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Abstract 0 The rate of penetration of propionic and butyric acids through 
excised porcine skin was determined in vitro in specific apparatus allowing 
optimal control of operational conditions. In one technique, the rate was fol- 
lowed by continuous pH-stat titration of acid appearing in the perfusate, in 
another, by periodic monitoring of [I4C]propionic acid in the perfusate. With 
the assumption that Fick‘s equation applies to the process of penetration, it 
was found that the permeability coefficient, K ,  increases with increasing mass 
of neat penetrant applied per unit area to the donor side, increases with in- 
creasing concentration of penetrant in n-heptane as vehicle, increases with 
increasing temperature, E ,  = 1 1.4 kcal/mol, and decreases with decreasing 
perfusion rate of the acceptor side when this rate is smaller than 60 mL/h. 


Keyphrases 0 Absorption, percutaneous-alkanoic acids in vitro, porcine 
skin, permeability coefficients, operational conditions 0 Alkanoic acids- 
percutaneous absorption in vitro, porcine skin, permeability coefficients, 
operational conditions 0 Permeability coefficients-alkanoic acids through 
porcine skin, in vitro percutaneous absorption, operational conditions 


The process of transdermal drug absorption is a subject of 
current interest in the areas of pharmaceutics, applied phar- 
macology, and toxicology. For passage through the skin, the 
penetrating molecule must move first through the stratum 
corneum, then into the viable epidermis, the papillary dermis, 
and the capillary walls into the bloodstream. Scheuplein and 
Blank (1) analyzed the diffusional resistance of the different 
skin layers, and it was shown clearly that the stratum corneum 
is overwhelmingly dominant. 


This and the passive nature of the stratum corneum enabled 
application of Fick‘s equation to the transport process across 
the skin. A passive system has two main characteristics: ( a )  
a delay period following contact of the penetrant with the 
surface, during which time the membrane itself becomes 
charged with the penetrant and (b) flow across the bulk of the 
membrane barrier at a steady rate, which lasts as long as the 


From Reservoir 
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To Reservoir 


Figure 1-Schematic representation of the pH-stat assembly. Key: (B) bath; 
(C) cooler; (0) diffusion cell; ( I )  immersion coil; (P) peristaltic pump; (T) 
thermostat. 


penetrant remains in adequate supply on one side and is being 
removed from the other. The steady-state flux of penetration, 
J ,  is given by: 


where K, = KmD/X. K, is the permeability coefficient, D is 
the diffusion coefficient, Km is the membrane-solution par- 
tition coefficient, and X is the thickness of the membrane. AC, 
expresses the concentration difference under steady-state 
conditions between the two phases at either side of the mem- 
brane. The permeability coefficient, K,, is physically equiva- 
lent to the solute permeability coefficient at zero-volume flow, 
w, as shown by Kedem and Katchalsky (2); the relationship 
is given by K ,  = RTw. It was shown by many workers (1) that 
Fick‘s law holds fairly well for skin whether the penetrating 
substance is a gas, an ion, or a nonelectrolyte. 


For optimal control of operational conditions, the penetra- 
tion process is usually studied in uitro. Excised skin is used in 
diffusion cells in which a barrier of animal or human skin is 
interposed between two compartments, and the passage of 
compounds is measured ffom the epidermal surface on one side 
into a bathing fluid on the other side. 


The present work is a pilot study of operational factors that 
affect the percutaneous absorption of propionic and butyric 
acids through excised porcine skin in uitro. Its main objective 
has been the generation of adequate knowledge to allow a 
systematic investigation of the permeation process by these and 
other members of this class of compounds. Concern with the 
alkanoic acids stems from an interest in the applicability of 
regular solution theory (3) to pharmaceutical sciences in 
general and to percutaneous drug application in particular. 
Recent accurate data (4) on the solubility parameter and molal 
volumes of a wide range of alkanoic acids suggested their use 
as candidates of choice in such a study, in preference to other 
potential permeating species, such as the series of alcohols used 
by Scheuplein ( 5 ) .  Compliance of the alkanoic acids with this 
theory is being presented in the second paper of this series 


The methodology used in this study is a modified extension 
of procedures that had been adequately described by earlier 
workers in this field, notably Ainsworth (7), Blank (8, 9), 
Wurster and Kramer (lo), Scheuplein ( 5 ) ,  Polano and Ponec 


( 6 ) .  
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Figure 2-Schematic representation of the automatic sampling skin penr- 
tration system. using radioisotope-labeled penetrant. Key: (B) bath; (C) cooler; 
(D)  dijfision cell; ( I )  immersion coil; (M) centrijugal pump, ( P )  peristaltic 
pump; (R)  perfusate reservoir; (T) thermostat; ( y ) T-ualue, time actuated; 
(d  ) collecting vial. 


( 1  l ) ,  and others (12). The main improvements over earlier 
procedures consisted in the design of the diffusion cells, which 
allowed much flexibility in the choice of experimental condi- 
tions, and in the automation of the perfusate sampling proce- 
dure, which was based on either of two independent methods: 
pH-stat titration of acid or the monitoring of isotope-labeled 
acid in the perfusate. Occasionally, both sampling procedures 
were used jointly, with remarkable agreement. 


EXPERIMENTAL 


Apparatus-Two procedures were used in the skin penetration studies. In  
one the penetration process could be followed directly by recording the titration 
of the acid appearing in  the perfusate over a given period. This procedure 
however. was limited to relatively high concentrations of penetrants and to 
one diffusion cell at a time. In the automatic sampling system. using a radio- 
isotope-labeled penetrant. one could use four diffusion cells in parallel and 
much lower concentrations of penetrant. The diffusion cells used in either 
procedure were almost identical, differing only in some external features. 


pH-Star System --This consisted of the diffusion cell assembly and the 
analyzing or titration assembly. The diffusion cell assembly is schematically 
shown in Fig. I .  The diffusion cell (I)) was immersed in a thermostatic bath 
(B). The perfusate was made to flow i n  a closed circuit, being continuously 
sucked from the reservoir by a peristaltic pump (P), through an immersion 
coil ( I ) .  into the lower entrance of the diffusion cell, and through the exit of 
thediffusion cell. back to the reservoir. The flow rate in all theseexperiments 


'OOr  I 


MINUTES 


Figure 3---Penetration of butyric acid through porcine skin at 37°C by the 
pH-stat procedure showing acid mass effect. Points and bars are means and 
SE from 3-5 runs. Key: ( 0 )  80 p L ,  860 pmol; ( 0 )  40 p L ,  430 pmol; ( A )  20 
p L ,  215 pmol; (0 )  10 p L .  112 pmol. 


Table I-Penetration of Neat Rutyric Acid Through Porcine Skin at 
37°C * 


Permeability 
Flux at Coefficient 


Steady State ( K P  X lo3), Breakthrough 
Acid Applied. p L  ( J s ) ,  pmol/cm2/min cm/min Time, min 


10 0.95 0.09 10 
20 1.33 0.12 10 
40 2.68 0.25 10 
80 3.50 0.33 10 


Applied amount effect. determined by the titrimetric procedure 


was 1 mL/min. The temperature of the bath was controlled by a thermostat 
(T), equipped with a pump which was connected to the heating mantle of the 
reservoir. In cases where the room tempcraturc was higher than the working 
temperature. a cooler (C) was used. The temperature in the bath was measured 
with a Brand thermometer, 0.IoC scale division. 


The titration assembly was used in its pH-stat mode of operation. At that 
mode, the apparatus recorded the supply of the corresponding base required 
to keep the reservoir a t  a constant pH as  a function of time. The equipment' 
included the following parts: recorder. pH meter, titrator. autoburet, stirring 
motor, and a reservoir equipped with a heating mantle and a combined mi- 
croclectrode2. Nitrogen was bubbled into the reservoir to minimize access to 
atmospheric carbon dioxide. 


The diffusion cell was of polytef and consisted of two parts assembled to- 
gether to hold the skin sample. The lower part had a cylindrical hollow I-cm2 
crosscircular area and I-mL volume. Two stainless steel pipes of 1 mm i.d. 
entered the hollow, one at the bottom and one at the upper edge of the cylinder. 
Buffered solution flowing from the reservoir entered the diffusion cell through 
the lower pipe and left the cell. now with penetrant, through the upper pipe 
and back to the reservoir for titration. The skin to be tested was mounted on 
needle tips so that it constituted a tight barrier betwccn the two compartments 
of the diffusion cell. The upper part of the diffusion cell contained suitable 
holes through which the needles passed, leading metal pins for convenience 
and accurate closing of the cell, and three screws for tightening the two parts 
of the cell to each other. The upper part was equipped also with a screw cap 
and a neoprene O-ring which enabled water-tight closure and immersion of 
the whole diffusion cell in the thermostatic bath. 


Automatic Radioisotope Sampling Svstem- -A diagram of this system 
is shown in Fig. 2. The perfusate was contained in the reservoir (K) at  a con- 
stant temperature maintained by the thermostat (T). When working at lower 
temperatures, the cooler (C) was used. The perfusate was sucked in parallel 
through four channels by the peristaltic pump and it was delivered into the 
lower entrance of each of the four diffusion cells. The perfirsate containing 
the penetrant left each cell through the upper exit tube into thc proper col- 
lecting vial. When working at high perfusate flow ratcs, the effliient from each 
diffusion cell was divided by a T-valve, electro-pneumatic actuated in  a pre- 
determined time cycle so that the proper amounts were in the vials and the 
rest was discarded. The 4-ml. collecting vials were held in a special tray, in 
four rows of 24 vials each. The tray was shifted to each of its 24 positions, 
according to a predetermined time cycle. The tray shifting was activated by 
an electro-pneumatic system composed of a solenoid valve, a feeder. and two 
synchronic motorsof I and 2 rph. When the tray reached its last position the 
whole system. including the peristaltic pump. was ailtomatically switched 
off. 


This experimental system was planned to work also at low perfusate flow 
rates and it became important to shorten. as much as  possible, the distance 
from the exit of the diffusion cell to thc sampling vial. This requirement could 
not be fulfilled when the cells had to be dipped into a thermostated bath. 
Therefore, it was decided to use diffusion cells of similar construction and 
design, but also equipped with a jacket for temperature control. To achieve 
good heat transfer. and yet work with noninteracting materials. the diffusion 
cells were made of stainless steel. In principle. each of the two parts of the 
diffusion cell could he temperature controlled independently. simulating the 
condition of the skin in r:ico. In experiments in which the whole cell was kept 
at a single temperature. the jackets of the two parts of the diffusion cell were 
connected in series. The thermostatic fluid flowing through two diffusion cells 
was driven by the pump of the thermostat (T). The two other cells got their 
thermostatic fluid through the pump (M). The four diffuqion cells were placed 
on a special tray, over and near the sampling vials tray. 


Skin Samples-Intact porcine skin was used in all the experiments. Skin 
was clipped from the backs of male minipigs (Kibbutz Lahav strain) weighing 


I Radiometer. Copenhagen * Ingold,type 2293. 
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Table 11-Penetration of Propionic Acid (1 M n-Heptane Solution) 
Through Porcine Skin 


Permeability 
Temperaturea, Coefficient Breakthrough 


“C ( K ,  x lo3). cmlmin Time. min 


n 


0 400t I 


50 
37 
30 
25 
15 


6.72 
3.00 
1.64 
1.25 
0.81 


4 
8 


10 
20 
40 iu I f  


Temperature effect determined by titrimetric procedure. 


-15 kg each. The skin was fastened to a hard board, enclosed in a plastic bag, 
and stored at --2OoC until used. In preliminary tests, it was found that 
storage under these conditions for 2 months did not affect the penetration rate 
of propionic acid through the skin. The fat was carefully removed with a scalpel 
just before the skin sample was fastened in the diffusion cell. All samples of 
new skin were standardized before use by running a penetration experiment 
with 1 M propionic acid in n-heptane and by measuring the thickness of the 
stratum corneum, using the frozen-section technique (1 3). 


Materials-All the compounds used in this study were of the highest ana- 
lytical grade available commercially. The specific activity of [14C]propionic 
acid was about 55 mCi/mmol; as a marker, it was diluted with “cold” propi- 
onic acid, to suitable working concentrations. The scintillation medium was 
prepared by mixing the following reagents, all scintillation grade: xylene (1 
L), triton X-100 (0.5 L), 2.5-diphenyloxazole (6 g), and 1,4-bis-2-(4- 
methyl-5-phenyloxazoly1)benzene (0.15 9). The perfusate medium was 
phosphate buffer, pH 7.4, composed of 140 mM NaCI, 0.4 mM KH2PO4, and 
2 mM K2HP04. 


Operating Procedure-At the beginning of each experiment the titration 
assembly was calibrated with two buffer solutions, pH 7.0 and 4.0. A 25.0-mL 
volume of the corresponding phosphate buffer solution was introduced into 
the reservoir, and uia the peristaltic pump the buffer solution flowed into the 
open diffusion cell and created a dome over the cylindrical hollow. The skin 
was mounted on the needles, pressed by the upper part of the diffusion cell, 
and fastened by screws into the proper position. In mounting the skin into the 
diffusion cell, care was taken to exclude air bubbles. The diffusion cell was 
then closed by its screw cap, dipped into the thermostatic bath, and precon- 
ditioned for 2 h to wash away the intrinsic acidity of the skin. This point, when 
reached, could be inspected easily from the trace of the recorder. In general, 
during the last half-hour of the preconditioning time no acid entered the 
perfusate. 


After the preconditioning period, the diffusion cell was taken out of the bath, 
the cap was removed, and the proper amount of penetrant was applied to the 
skin. In all experiments except those in which the influence of the neat acid 
was studied, the penetrating medium was applied in a volume of 0.3 mL. The 
cap was replaced and the diffusion cell was returned to the thermostatic bath. 
As the penetrating acid entered the titration reservoir, it was automatically 
measured by titration with base. This allowed for direct recording of the 
penetration curve. In experiments where titration and radioactive analysis 
were simultaneously performed as a cross-check, 100-pL samples were taken 
from the reservoir at  half-hour intervals. A 3-mL volume of scintillation 
medium was added, and the samples were counted in a scintillation counter. 
Triplicate runs were made for a given set of penetration conditions. 


l . O r  


o . l ~  0 
1 0 - ~  5 x  lo-)  5 x  l o - ’  5 x  lo-’ 1 


CS, mol/L 
Figure 4-Penetration of propionic acid from n-heptane solution through 
porcine skin at 25”Cand at a perfusate $ow rate of 3 mL/h by the radioiso- 
tope and pH-stat procedures, showing concentration effect. Points and bars 
are mean and SE from 3-5 runs. 


Figure 5-Penetration of propionic acid ( I  M n-heptane solution) through 
porcine skin by the pH-stat procedure, showing temperature effect. Points 
and bars are mean and SE from 3-5 runs. Key: ( 0 )  IYC;  (0) 25°C; (0) 
30°C; (A) 37°C; (a) 50°C. 


In the automatic sampling system the main procedure was essentially 
similar. The four diffusion cells were connected to the perfusate reservoir and 
the thermostatic fluid uia flexible tygon tubing. The skin samples were 
mounted into the diffusion cell, the system was equilibrated for 2 h, and the 
penetrant was added to each of the diffusion cells. At the end of the penetration 
process the sampling vials were removed, and their contents were mixed with 
scintillation medium and counted. A 10-mL aliquot of scintillation liquid was 
added to 3 mL of sample; these proportions were found to give reproducible 
counting efficiencies. The first two samples were used as blanks for background 
counting immediately after the preconditioning period and before application 
of the penetrant. 


The two techniques gave almost identical penetration curves and were 
complementary to each other. The titration assembly offered the advantage 
of direct recording of a continuous breakthrough curve and the convenience 
of following the penetration process in  “real time.” The system was simple 
to operate, but required use of relatively high donor phase concentrations. 


In the automatic sampling system, use of radiolabeled penetrant increased 
the sensitivity of detection and estimation, making possible operation at  low 
concentrations of the penetrant in the donor medium. But in this case, pene- 
tration analysis was not a continuous process as in the titration method. 
Samples of the perfusate were taken at distinct time intervals for analysis, the 
cumulative penetrating mass was calculated, and the penetration curve was 
drawn accordingly. 


RESULTS AND DISCUSSION 


Applied Mass Effect-The influence of the applied mass of the neat acid 
on the penetration characteristics was tested with butyric acid at  37°C. Ex- 
periments were done with 10,20,40, and 80 pL applied to the upper part of 
the skin; the corresponding penetration curves are shown in Fig. 3. The rates 
of penetration at steady state (J,) and the corresponding permeability coef- 
ficients (Kp) are given in Table I; the values of K, were calculated from Eq. 
1 setting AC, equal to the reciprocal molal volume of the neat acid. Break- 
through time was defined as the period taken for the first detectable pene- 
trating molecules to appear in the perfusate. 


With penetrating agents that do not interact with the skin membrane, it 
would be reasonable to assume that as long as the exposed skin area in the 
diffusion cell was covered with penetrant, the amount applied would not 
change the penetration curve. However, if the penetration rate depended on 
the amount of penetrant, as was indeed observed, then it could be reasoned 
that there occurred an interaction between the stratum corneum and the 
penetrant. From Fig. 3 it can be clearly seen that, in the early phase of pene- 
tration, the breakthrough time was similar for all amounts of acid applied. 
But as the process of penetration advanced further, the rate of penetration 
appeared to increase with the amount applied to the donor side. It is con- 
ceivable that butyric acid eventually affected the integrity of the stratum 
corneum barrier, which became less resistant as a barrier to the flow of the 
penetrant. The present finding agrees with those of Allenby et al. (14) who 
measured skin impedance changes after applying neat acids, Changes in im- 
pedance were found for neat acids, but almost nochange was found for formic 
acid aqueous solutions (<80%). 


Further insight into the effect of neat acid may be sought from a careful 
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Figure 6-Arrhenius plot of the dependence on temperature of the penetration 
of propionic acid (I M n-heptane solulion) through porcine skin: log K, = 
6.69 - 2.87 X 103/T (r = 0.99). 


consideration of the penetration curves (Fig. 3). There is first an exponential 
transient region, followed by a steady-state region. then an exponential decay 
region. The relative length of time for each region appears todepend on the 
amount of applied acid. 


From the recovered fraction of the amount applied at  the end of the 
steady-state region, it is conceivable that the eventual decline in penetration 
rate was due to the combined effect of depletion and a water back-diffusion 
process through which the acid on the donor side had bccome diluted to an 
extent that decreased its penetration. Such a process could also explain the 
apparent dependence of the penetration curves on the amount of compound 
applied, because it is expected to have a greater effect for smaller amounts 
of applied penetrant. 


Concentration Effect-The effect of concentration was studied in the au- 
tomatic sampling system using labeled propionic acid. The experiments were 
done at 25OC and at a perfusate flow rate of 3 mL/h; n-heptane solutions in 
the range of 0.001 -1 M were uscd. Typical penetration curves were obtained, 
and the permeability coefficients. K ,  were calculatcd and plotted as a function 
of the penetrant concentration (Fig. 4). For convenience, the concentrations 
were drawn on a log scale. It can be seen that there is a smooth increase in the 
permeability coefficient as the concentration is increased. The increase in the 
permeability coefficient over a concentration range of three orders of mag- 
nitude is -4.5. 


The effect of concentration has b w n  reportcd in many papers, but not much 
fundamental work has been done. It is generally taken as obvious that as the 
concentration increases, the flux also increases. Scheuplein and Blank ( I )  
measured the penetration of butanol from aqueous solutions, in a concentration 
range of 0.01 -0.3 M, and their results arcconsistant with the present findings; 
namely. there was a slight but continuous increase in the permeability coef- 
ficient as the penetrant concentration in  the donor phase increased. The rate 
of change in K, was larger for the higher concentrations. This change could 
be ascribed to altercd barrier function as presumcd to occur with large amounts 
of applied acid. 


Temperature Effect-The effect of temperature on skin penetrations was 
studied for 1 M propionic acid in  n-hcptane. The experiments were carried 
out at I5”C, 2 5 T .  30°C, 3 7 T ,  and 50°C. The corresponding permeability 
coefficients are listed in  Table 11, and the penetration curves at these tem- 
peratures are shown in Fig. 5. A plot of log permeability coefficients against 
the absolute temperature reciprocal (Fig. 6) gave a straight line, the slope of 
which was used to derive the corresponding Arrhenius activation energy. Thc 
activation energy for propionic acid was found to be 11.4 kcal/mol. For 
comparison, Scheuplein and Blank ( I )  found values of 16.5 and 10 kcal/mol 
for the polar and nonpolar alcohols, respectively. It should be recalled that 
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Figure ’I-Penetration of propionic acid (I M n-heptane solutions) through 
porcine skin at  25°C by the pH-stat procedure. showing the effect ofperfusion 
flow rate. Points and bars represent the mean and SE of 3-5 runs. 


they used a single membrane for the whole range of temperatures studied, in 
a procedure that took as long as 2 weeks to perform. In the present procedure, 
use was made of new skin samples for each experimcnt. The f i t  of results to 
a straight line (Fig. 6) is very good ( r  = 0.99). 


This relationship, while useful, does not allow direct extrapolation tocon- 
ditions that occur in iiioo, where there is a temperature gradient across the 
skin. The sharp dependence of K ,  on temperature implies a corresponding 
dependence of either K ,  or D or both (Eq. 1)  on the same variable. A tcm- 
perature rise (or drop) across the skin may have a differential effect on each 
of the partitioning and diffusion steps in the overall permeation process. 


Perfusate Flow Rate Effect--The perfusate flow rate is an operational factor 
which must be considered, especially if one intends to extrapolate from in oitro 
to in vioo conditions and also for a proper comparison of experimental data 
obtained from different sources. In a transport process whcre the diffusion 
through the membrane is the rate-limiting factor. it would be reasonable to 
assume that the penetration profile would not be affected by a change in the 
perfusate flow rate. But this would be true only for a certain range; the sit- 
uation would change when the perfusate flow rate approaches zero, especially 
for the fast penetrants. In view of this, the effect of perfusate flow rate was 
considered in more detail. Accordingly, a study was made of the effect of the 
perfusate flow rate in the range of 3-1 20 mL/h, on the penetration rate of 
propionic acid (1 M in n-heptanc). The results are shown in Fig. 7. As ex- 
pected. the effect was pronounced at the lower perfusate flow rates, but a t  a 
now rate of -60 mL/h there was no further effect on permeability. Similar 
results were obtained by Tregear (15)  for the penetration of tri-n-butyl 
phosphate through perfused porcine skin. 
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Table 11-Plasma Levels of Acetaminophen (c(g/0.5 mL) Following Administration of 325.0 mg of Acetaminophen at 0 and 6 h 


Hours After Treatment 
Subject 0 1 2 3 4 5 6 7 8 9 10 12 16 24 


1 N.D." 1.421 0.905 0.936 0.671 0.496 0.449 0.711 1.196 1.368 0.911 0.626 0.237 0.078 
2 N.D. 1.058 0.923 0.615 0.464 0.294 0.238 0.343 1.688 1.178 0.814 0.454 0.187 0.065 
3 N.D. 1.512 0.989 0.702 0.517 0.436 0.333 1.074 1.506 1.010 0.701 0.381. 0.119 N.D. 
4 N.D. 1.357 1.049 0.744 0.530 0.406 0.292 1.169 1.494 0.982 0.777 0.384 0.109 N.D. ~ ~~~ ~ . . . ~  ~ ~~ ~ ~ ~. ~ ~~~ . ~.~ ~ ~~. 


5 N.D. 1.110 0.758 0.584 0.399 0.271 0.210 0.189 0.671 0.711 0.811 0.376 0.i43 0.073 
6 N.D. 1.239 1.542 0.798 0.617 0.361 0.249 0.651 1.954 1.233 0.861 0.400 0.165 0.078 
7 N.D. 2.249 1.557 1.181 0.939 0.801 0.523 0.696 2.703 2.055 1.609 0.752 0.278 0.094 
8 N.D. 1.265 1.360 1.110 0.702 0.554 0.441 0.885 2.212 1.354 0.878 0.494 0.172 0.056 
9 N.D. 1.696 1.200 0.811 0.551 0.439 0.378 0.279 2.199 1.488 1.117 0.551 0.230 0.089 


N.D.-not detectable. 
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Determination of a New Antihypertensive Agent (2R ,4R) - 
2- (2-Hydroxyphenyl) -3- (3-mercaptopropionyl) - 
4-thiazolidinecarboxylic Acid in Blood by 
High-Performance Liquid Chromatography with 
Electrochemical Detection 
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Abstract 0 A sensitive method has been developed for the determination 
of  a new antihypertensive agent, (2H,4H)-2-(2-hydroxyphenyl)-3-(3- 
mercaptopropionyl)-4- thiazolidinecarboxylic acid ( I ) ,  in human blood. 
Because the drug is unstable in biological fluids, it was immediately de- 
rivatized by treating the freshly drawn blood specimens with N-(4-ani- 
1inophenyl)maleimide. The adduct was separated and determined by 
high-performance liquid chromatography with electrochemical detection 
o n  a reverse-phase column. The assay method was satisfactory with re- 
spect to  the sensitivity and precision, providing a quantitation limit of 
'2 ng/ml and coefficient of variation of 3%. Preliminary pharmacokinetic 
data were obtained by orally administering I to two patients with essential 
hypertension. 


Keyphrases 0 Antihypertensive agents-(')R,4H)-2-(2-hydroxyphen- 
yI)-:{-( :~-mercaptopropionyl)-4-thiazolidinecar~~xylic acid, determination 
in human blood, high-performance liquid chromatography with elec- 
trochemical detection o High-performance liquid chromatography- 
determination of (2R,4R)-2-(2-hydroxyphenyl)-3-(3-mercaptopropi- 
onyl)-4-thiazolidinecarboxylic acid in human blood, electrochemical 
detection ('.'R,4R)-2-(2-Hydroxyphenyl)-3-(:l-mercaptopropionyl)- 
3-thiazolidinecarboxylic acid-determination in human blood, high- 
performance liquid chromatography with electrochemical detection 


(2H,4R) - 2 - (2-Hydroxyphenyl) - 3 - (3-mercaptopropi- 
onyl)-4-thiazolidinecarboxylic acid (SA 446, I), a newly 
developed potent and specific inhibitor of angiotensin- 
converting enzyme. appears to be a promising antihyper- 


tensive agent (1,2).  This drug is several times more potent 
in uitro than captopril, a specific and orally active inhibitor 
of angiotensin-converting enzyme proven useful in patients 
with hypertension and congestive heart failure (3,4).  The 
lower therapeutic dose of I requires a more sensitive 
method for the determination of the drug in biological 
fluids for pharmacokinetic studies. A sensitive GC method 
using an electron capture detector has been reported, but 
this procedure requires a two-step derivatization ( 5 ) .  
High-performance liquid chromatography (HPLC) with 


I :  R=H 
11: R=CHa 


IV :  R= H 
V : R=CH3 
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Figure 1-Chromatograms obtained with (a) a standard 5-ng sample, 
(b) a blank sample, and (c) a blood sample of a patient orally adminis- 
tered 50 mg of I (325 nglmL). Key: ( I )  I-N-(4-anilinophenyl)maleimide 
adduct; (2) N-(4-anilinophenyl)maleimide, (3) internal standard- 
N-(4-anilinophenyl)maleimide adduct. 


electrochemical detection (ED) continues to gain popu- 
larity for the sensitive and selective determination of trace 
components in complex biological samples (6,7). 


In our previous work we developed a sensitive method 
for the quantitation of captopril at therapeutic doses in 
human blood. Captopril was derivatized with N-(4-di- 
methylaminopheny1)maleimide into the electrochemically 
active adduct, which was then separated and determined 
by HPLC-ED (8). It was also found that N-(4-anilino- 
pheny1)maleimide (111) was a better derivatization reagent 
for thiol compounds than N-(4-dimethylaminophenyl)- 
maleimide because of its higher sensitivity to ED (9). This 
paper describes a new method for the determination of I 
in whole blood, which involves derivatization with N-(4- 
anilinopheny1)maleimide into the electrochemically active 
form followed by HPLC-ED. 


EXPERIMENTAL 


Instruments-The apparatus used for this work was a high-perfor- 
mance liquid chromatograph' equipped with an electrochemical detec- 
tor2. The applied potential was set a t  +LO V uersus a silver-silver chloride 
reference electrode. A sample was introduced by a universal injector3 with 
an effective volume of 2 mL. A reverse-phase column4 (30.5 X 0.4-cm id.)  
was used under ambient conditions. A 1:l mixture of acetonitrile and 0.8% 
NH4H2P04 (pH 3.0, adjusted with phosphoric acid) was used as a mobile 
phase a t  a flow rate of 1 mL/min. 


Materials-(2R,G)-2- (Hydroxyphenyl) -3-(3-mercaptopropionyl)-4- 
thiazolidinecarboxylic acid5 and the internal standard5, (2R,4R)-2-(2- 
methoxyphenyl)-3- (3-mercaptopropionyl) -4-thiazolidinecarboxylic acid 
(SA 427,II) were used as received. N-(4-Anilinophenyl)maleimide was 
prepared in-house as described in a previous paper (9). All other chemi- 
cals were of analytical reagent grade. 


Standard Solutions-Standard solutions of I and the internal stan- 
dard were each prepared by dissolving 2.0 mg of pure sample in 5.0 mL 
of methanol. These solutions were stable a t  least for 1 week when stored 
a t  -20". A solution of 10 mg of N-(4-anilinophenyl)maleimide dissolved 
in 1.0 mL of acetone could be stored unchanged in a refrigerator for 
several months. 


Model ALC/GPC 202; Waters Associates, Milford, Mass. 
Model VMD 101; Yanagimoto Co., Kyoto, Japan. 
Model U6K; Waters Associates, Milford, Mass. 
pBondapak C18; Waters Associates, Milford, Mass. 
Santen Pharmaceutical Co., Osaka, Japan. 


Table  I-Recovery of I Added to  Human Blood 


I I 
Added, Found, 
ng/mL ng/mL Recovery, %n 


40 
100 
200 
600 


1000 


29.5 
75.1 


151 
449 
740 


73.7f1.94 
75.1f1.59 
75.6f1.74 
74.9f1.93 
74.0f1.77 


~ ~ ~ ~ _ _ _  


0 Mean f SD; n = 6. 


Subjects and Medication-Two female patients with essential hy- 
pertension were orally given 50 or 30 mg of I in capsule form after an 
overnight fast. The subjects were kept supine during the study period. 
Blood samples were withdrawn prior to administration of the drug and 
at intervals up to 2 h thereafter. 


Assay Procedure-Duplicate 0.5-mL aliquots of each whole blood 
sample were poured immediately into tubes containing 20 pL of a 1% 
N-(4-anilinophenyl)maleimide solution and 0.3 mL of 0.033 M sodium- 
potassium phosphate buffer (pH 6.85). After addition of 100 ng of the 
internal standard, the tube was vortexed and then allowed to stand at  
0°C for 30 min. The samples were frozen in a dry ice-acetone bath until 
analyzed. 


The thawed sample was extracted twice with 2 mL of ether-hexane 
(1:l). After addition of -500 pg of glutathione to consume the excess 
reagent, the aqueous layer was kept a t  O°C for 20 min and then depro- 
teinized with 3 mL of acetone. After centrifuging a t  1500Xg for 5 min, 
the precipitate was washed with 3 mL of acetone. The supernatant and 
washings were combined and evaporated to -1 mL in uacuo a t  room 
temperature. The concentrate was diluted with 6 mL of water and applied 
to a reverse-phase cartridge6. After washing with 2 mL of water, the ad- 
ducts of I and the internal standard with N-(4-anilinophenyl)maleimide 
were eluted with 8 mL of acetonitrile. The effluent was evaporated to 
dryness in uacuo below 40°C. The residue was dissolved in 0.2 mL of 
methanol, an aliquot of which was applied to the HPLC. 


A calibration curve was constructed by assaying blood samples spiked 
with known amounts of I in the manner described above. The peak height 
ratio of I to the internal standard (11) was plotted against the blood 
concentration of I. 


Derivatization of I-To a solution of 10 pg of N-(4-anilinophenyl)- 
maleimide in 1 ml of 0.033 M sodium-potassium phosphate buffer (pH 
6.85) kept a t  O°C in an ice-bath was added 4.0 pg of I. The reaction was 
terminated by extracting with 2 mL of ether-hexane (1:l) to eliminate 
the excess reagent. A 10-pL aliquot of the remaining aqueous layer was 
applied to the HPLC. 
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Figure 2-Change in blood level after oral administration o f1  in two 
patients with essential hypertension. Key: (0) subject A, dose 50 mg; 
(0)  subject B, dose 30 mg. 


6 Sep-pak CIS; Waters Associates, Milford, Mass. 
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Table 11-Acccuracy and Precision of the Present Method for 
Determination of I in Human Blood 


Table 111-Pharmacokinetic Parameters of I in Patients with 
Essential Hmertension 


~ 


I I 
Added, Found, 
ng/mL ng/mLa CV, o/c 


40 
200 


1000 


41f 1.2 
200f 4.2 


1007f21 


3.0 
2.1 
2.1 


a Mean f SD; n = 6. 


RESULTS AND DISCUSSION 


It is well known that thiol compounds are unstable, especially in bio- 
logical fluids because of their high reactivity. In addition, the thiol 
compound I exhibits no prominent UV absorption responsive to UV 
detection. Therefore, appropriate precolumn labeling is needed for 
sensitive detection of I. The use of a derivatization reagent both reactive 
towards the thiol group and responsive to ED seemed to he promising. 
Accordingly, N-(4-anilinophenyl)maleimide, readily obtainable by a 
known method (9, lo), was chosen for investigation as a derivatization 
reagent. 


First, the effect of reaction time on the formation of the adduct was 
investigated. After treatment with N-(4-anilinophenyl)maleimide in 
phosphate buffer a t  O'C, I was quantitatively derivatized into the adduct 
(IV) in 10 min. The internal standard-N-(4-anilinophenyl)maleimide 
adduct (V) was similarly formed from I1 which was used as the internal 
standard. Among the columns tested, an octadecylsilane reverse-phase 
column4 was the most favorable for efficient separation of the compounds. 
A hydrodynamic voltammogram of the I-N-(4-anilinophenyl)maleimide 
adduct indicated that the maximum sensitivity was obtainable a t  the 
potential of - +1.0 V, which was therefore used for the electrochemical 
detection. The electrochemical behavior of the internal standard-N- 
(4-ani1inophenyl)maleimide adduct was similar to that of the I-N-(4- 
anilinopheny1)maleimide adduct. Typical chromatograms of the adducts 
formed from I and the internal standard (11) are illustrated in Fig. la. The 
detection limit (S/N = 2 at  4 nA full scale) was estimated to be 40 pg for 
I. 


The next effort was focused on establishing a clean-up procedure for 
I in biological fluids. Compound I in human blood was immediately de- 
rivatized with N-(4-anilinophenyl)maleimide to prevent oxidative de- 
composition. Excess reagent was eliminated by extraction with ether- 
hexane and treatment with glutathione; the glutathione-h'-(4-anilino- 
pheny1)maleimide adduct was eluted a t  the solvent front on the chro- 
matogram. More polar solvents such as ether or ethyl acetate were ef- 
fective for removal of excess reagent, but reduced the recovery rate be- 
cause the adducts of I and internal standard were also partially lost. The 
deproteinized sample was applied to a reverse-phase cartridge6, and the 
adducts of I and the internal standard were eluted with acetonitrile. No 
interfering peaks were present with the blank specimen, as shown in Fig. 
1 b and c. Interferences of endogenous polar substances due to saturation 
of the output of the detector were overcome by disconnecting the detector 
for -5 min after injection ( 1  1). 


A known amount of I was added to the bltxd, and the overall recovery 
was estimated. Compound I spiked at  five levels was recovered a t  the rate 
of >70% (Table I). In addition, the mean recovery rate for 100 ng of the 
internal standard (11) was 73.9fl.l%. When the peak height ratio of I/  
internal standard was plotted against the concentration of I (20-1000 


Body 
Age, wt., Dose, t,,,, (:ma,, AUCo-,, t ~ / z ,  


Subject yr kg mg min pg/mL pcg.min/mL min 


A 45 65.6 50 45 1.12 54.6 22 
B 29 49.8 30 60 0.712 40.7 24 


ng/mI,) spiked in a human blood specimen, a linear correlation was ob- 
served with the regression line defined by a slope of 11.96, a y-intercept 
of 0.018, and a correlation coefficient of 0.9998. The proposed method 
was also satisfactory with respect to both accuracy and precision (Table 
11). 


The present method was then applied to the determination of I in blood 
samples taken from two patients (subjects A and B) orally administered 
50 and 30 mg of I, respectively. The blood concentration-time profiles 
observed are illustrated in Fig. 2; the individual pharmacokinetic data 
of the two patients are listed in Table 111. The I levels reached maximum 
values, 1.12 and 0.721 pg/mL, a t  45 and 60 min after administration, re- 
spectively. The hlotd concentrations decreased to 0.063 and 0.095 pg/ml 
a t  120 min, with half-lives of 22 and 24 min, respectively. 


The proposed method for the determination of I in human blood is 
satisfactory with respect to sensitivity and reliability and, hence, would 
be useful for clinical pharmacokinetic studies. The newly developed 
method may he widely applicable to the determination of biologically 
and pharmacologically important thiol compounds. 
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Abstract 0 The dehydration of the P-hydroxycyclopentanone, 11,16- 
dihydroxy-16-methyl-9-oxo-13-trans-protenoic acid methyl ester, an 
analogue of prostaglandin El, proceeds with acid catalysis (pH < 3), by 
uncatalyzed routes (pH N 4 and N 7), and with base catalysis (pH N 5-6 
and > 8). Deuterium from the solvent is not introduced a to the reactant 
keto function a t  WO reaction at  pH N 1, hut -30% exchange has occurred 
a t  pH = 5,50% a t  pH = 7, and 80% at pH N 9. The data are consistent 
with a mechanism in which the substrate is initially enolized with catalysis 
by acid, base, and water to a 1,3-enedioI, which looses water with catalysis 
by acid, base, and water. The first stage is rate determining in very acidic 
solution, while the second stage assumes the limitation of rate to an ever 
greater degree as the solution becomes more basic. 


Keyphrases Prostaglandin El-P-hydroxycyclopentanone analogue, 
dehydration kinetics, mechanism u Kinetics-dehydration of the 
fl-hydroxycyclopentanone analogue of prostaglandin El, mechanism 0 
Dehydration-P-hydroxycyclopentanone analogue of prostaglandin El, 
mechanism, kinetics 


The prostaglandins are a structural class of compounds 
exhibiting the most diverse biological activities (1). Pros- 
taglandin El (alprostadil, Ia) possesses, among other ca- 
pacities, the potential for inhibiting gastric secretion in 
humans (2). The analogue of prostaglandin El (Ib) also 
possesses this activity and is in fact 30-fold more potent 
than the parent compound when administered orally 
(3). 


E-type prostaglandins tend to undergo dehydration to 
yield the unsaturated A (11) and B (111) forms (4-6) 
(Scheme I). We report here some observations on the de- 
hydration of Ib, which illuminate the mechanistic char- 
acter of its degradation. 


EXPERIMENTAL 
Materials-Racemic mixtures of the 1601- and 16fl-hydroxy epimers 


and their respective antipodes for 11,16-dihydroxy-16-methyl-9-oxo- 
13-trans-protenoic acid methyl ester (Ih, SC-29333) and its dehydration 
products, IIb and IIIb, were used as supplied'. 


Kinetics-The UV assay method developed by Monkhouse et al. (5) 
was adopted to follow the dehydration kinetics of Ib. Stock solutions of 


I 


Ia RI --.(CHa)6COOH 


Ih (2.53 X M in methanol) were diluted 50-fold with thermostated 
aqueous buffer (glycine-HCI, acetic acid-sodium acetate, sodium dihy- 
drogen phosphate-sodium hydroxide, boric acid-sodium hydroxide), 
purged with nitrogen, and maintained a t  a constant temperature. Sam- 
ples were withdrawn a t  measured intervals and spectra were recorded 
in Suprasil cells2 from 200-350 nm. First-order rate constants were cal- 
culated; the pH values of the highly acidic solutions were calculated from 
the known concentrations of hydrochloric acid, with mean activity 
coefficients obtained or extrapolated from literature data (7). The pH 
values of the buffer solutions were read a t  the temperature of study with 
a pH-meter3 standardized a t  the same temperature. 


Deuterium Exchange-Exchange reactions were carried out to -60% 
dehydration under each set of conditions, in a 44% (v/v) deuterated 
methanol-deuterated water solvent (CDsOD-D20) of 4.5-mL volume, 
containing 20 mg of Ih. This solution was then extracted with 5 mL of 
CDC13; the extract was evaporated under nitrogen and reconstituted to 
3 mL with CDC13. The NMR spectrum a t  350-500 Hz downfield from 
tetramethylsilane was recorded with 150-Hz scale expansion and time 
averaging. The ratio of integrated peak areas for the a - H  a t  (2-10 (368 
Hz) to that of the 8-H a t  C-11 (448 Hz) was calculated. 


Experiments were initiated by combining 2 m1, of a CD30D solution 
of Ib with 2.5 mL of a D20 solution of appropriate materials. The latter 
solutions were: (a )  0.1 M DCI in DaO; ( b )  29 mg of CH3COONa and 0.1 
mL of CDJCOOD in 10 mL of D20, ( c )  68 mg of KHzP04 and 1.49 mL of 
0.2 M NaOD in 10 mL of D20; and ( d )  31 mg of H3B03 and 4.4 mL of 0.1 
M NaOD in 10 mL of D2O. The corresponding temperature and reaction 
times were: (a) 60°C, 3.5 h; ( b )  7OoC, 113 h; ( c )  8OoC, 6 h; and ( d )  50"C, 
2 h. 


L' 


ob- 


(VIII)  


~~ 


1 Ib, IIh, and IIIb were provided by the Chemical Development and Chemical 


2 Su rasil Cell, Scientific Products, McCaw Park, Ill. 
3 pt!Meter; Radiometer, Copenhagen, Denmark. 


Research Departments of Searle Laboratories. 
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Figure 1-Typical apparent first-order plots for the dehydration re- 
action of Ib at 60OC. Key: ( 1 )  0.1 M HC1, pH 1 . 1 1 ;  (2) 2.60 X M 
KH#O,-NaOH, pH 7.65; (3) 3.18 X M KHZPOd-NaOH, pH 7.23; 
(4)  2.60 X M 
KH#04-NaOH, pH 6.24; (6) 1.6 X M CH3COOH-CH&OONa, 
pH 5.14. 


Solvent Isotope Effect-The solvent isotope effect in acidic solution 
was monitored a t  80°C. This study utilized 0.01 M HCI (pH 2.0) with 1% 
methanol and 4 . 0 1  M DCI (pD was adjusted to 2.0) with 1% CDBOD. 


M KHZPOd-NaOH, pH 6.72; (5) 3.30 X 


RESULTS AND DISCUSSION 


Stoichiometry-The dehydration of Ih was followed by the appear- 
ance of UV bands characteristic of IIh (Amnx 222 nm, c 11,000) and IIIb 
(A,,, 288, c 28,000), as shown by independent synthesis and spectral 
study of IIh and IIIb. Compound IIh appeared to be formed first and then 
converted to IIIh, which also decreased in concentration after some time. 
Small amounts of other products, including the 8-epimersof Ih and IIb, 
could be detected by HPLC, but were minor (<lo%) in comparison with 
IIh and IIIb in 0.1 M HC1 and pH 7.4 solutions at 60OC. It is very unlikely 
that the 8-epimer formation affects the rate of the dehydration reaction 
of Ih (I - 11). 


Another possible reaction intermediate, a prostaglandin C-type 
product (IV), could be formed (Scheme 11). Jones (8)  reported that 
prostaglandin C in methanol exhibits a UV A,,, at 234 nm (c 21.000) with 
shoulders occurring a t  228 and 243 nm. However, there was no indication 
of formation of this type of intermediate in the UV spectra throughout 
the course of the present kinetic studies. It may, of course, he formed hut 
not accumulated in sufficient amounts to be detected because of the in- 
stability of this intermediate (8.9). 


I1 


OH OH 0 OH 


IV 
Scheme I1 


2 x  1 0 - 7  1 2 4 6 8 10 


PH 


Figure %--Log h p p - p H  profiles for  the dehydration kinetics of Ib at  
several temperatures, where all points were experimentally obtained 
and the solid lines were fitted by Eq. 1. Key: (0) 5OOC; (0) 60OC; (0)  
70OC; (8 )  80OC. 


When the concentration of Ih a t  any time was calculated from [Ib] = 
(Iblo - ([IIb] t [IIIb]), with [IIb] and [IIIb] determined spectrophoto- 
metrically, first-order plots for loss of Ib were linear for two or more 
half-lives. Typical first-order plots a t  various pH values are given in Fig. 
1. These data suggest that the major process under study is the irre- 
versible conversion of Ib to IIh, which then proceeds to IIIb and other 
materials (Scheme I). Our observations do not bear on the conversion of 
IIb to IIIb or other products, although it is easy to see how IIIb might form 
from IIb by two simple proton-transfer reactions. 


Effect of pH-The complete log k,,,-pH profiles for the dehydration 
reaction of Ib at  four temperatures are given in Fig. 2. Buffers were used 
to maintain the pH, but at a concentration of only 3 X M so that the 
effects are essentially those of pH. The points of Fig. 2 are experimental; 
the lines are theoretical and are derived from: 


The rate constants k ~ ,  ko, k s ,  and k o ~ ,  as well as the apparent disso- 
ciation constant K a ,  were shown to be a complex combination of rate 
constants (no simple definition of those empirical constants can reliably 
be made a t  the present stage; however, see Eqs. 13-17). These constant 
values were determined from the best fit of the log ka,,-pH profiles in 
accordance with Eq. 1 (Table I). 


Activation Parameters-The Arrhenius plots for the rate constants 
of Eq. 1 are shown in Fig. 3. The enthalpies and entropies of activation 


Table I-Apparent Catalytic Ra te  Constants ( k ~ ,  ko, kg, and 
k o ~ )  and  Kinetic Dissociation Constant (K.) for  the 
Dehydration of I b  in Aqueous Solution (1% Methanol) a t  
Various Temperatures  


50 f 0.5 0.29 0.46 0.03 0.69 0.21 
60 f 0.5 0.94 1.11 0.57 1.55 0.27 
70 f 0.5 2.16 2.47 0.75 4.27 1.27 
80 f 0.5 5.14 5.20 1.11 9.44 3.59 


0 Determined from the best fit of the log k,,,-pH profiles in accordance with 
Eq. 1. 
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Table 11-Activation Parameters  a Associated with the Catalytic 
Constants for  t h e  Dehydration of Ib 


Catalytic AH*, AS*, 
Constant * kca lho l  cal/K.mol 


-l.ol 


a -3.0 
0 


-4.0 
s 


I I I I I I L 
2.7 2.8 2.9 3.0 3.1 3.2 


ciin x 10' 


Figure 3-Arrhenius plots for the apparent catalytic rate constants 
and the kinetic dissociation constant of dehydration kinetics of I. where 
each constant was defined by Eqs. 13-1 7 and each unit was shown as 
in Table I. Key: (0) koH; (0)  kH; (A) kB; fM) ko; (0) K.. 


for each constant of Eq. 1 are shown in Table 11. 
Solvent Isotope Effect-At 80°C and pH (pD) 2.0, the ratio kH 


(H&)/kH(D@) was found to be 0.8. 
Deuterium Exchange a t  (2-10 of Ib-It was possible to make an 


approximate determination of the degree of deuterium incorporation a t  
the methylene carbon next to the keto function of Ib (C-10) by comparing 
the intensity of the NMR signal for the a-hydrogen a t  C-10 (368 Hz) to 
that of the ?-hydrogen at C-ll(448 Hz). The NMR spectrum of IIb ob- 
tained from the dehydration reaction of Ib in a medium of 0.05 M 
DC1-4570 CDsOd showed that no incorporation occurred up to 60% re- 
action a t  60°C. In deuterated acetate buffer in the same solvent at 7O0C, 
-30% of the C-10 hydrogen had been exchanged a t  60°C reaction. A 
similar experiment with deuterated phosphate buffer showed 50% ex- 
change a t  80°C and with deuterated borate buffer 80% exchange a t  
50°C. 


General base catalysis of enolization by buffers might give a,ldrger ratio 
of exchange to dehydration at the higher buffer concentrations used in 
the exchange experiments in comparison with the kinetic experiments. 
However, it seems very unlikely that it could have resulted in,an incorrect 
assignment of the rate-determining steps, since enolization seems clearly 
established as rate determining a t  low pH and the shape of the pH-rate 
profiles requires a partial change in the rate-determining step a t  pH >7 
(c f . ,  Mechanistic Analysis). 


Formulation of the Rate Equation-A simple mechanism for loss 
of I, consistent with these findings, is shown in Scheme 111. This postu- 
lates the conversion of I to i t s  enolic form (V), which is assumed to be 
present in low steady-state concentrations, by pathways involving acid, 
base, and water catalysis (10). The enol V then decomposes by three 
similar pathways to 11. Of course, V will be partly or wholly converted to 
enolate in the more basic solutions, but this will not affect the observable 


K?. H* A:. H' 


K!,. H' 
. . _  - 


- V 


Kbl. OH' 
Scheme 111 


22 f 1 
1 8 f 1  
10 f 1 
20 f 1 
19 f 2c 


-7 f 3 
-31 f 3 
- 5 4 f 3  


+2 3 
+29 f 6c 


a Standard states of unit molnritg at 80°C. * See. 4 . 1 .  These are properly AH" 
and AS' for intercdnversion of activated complexes. 


kinetics (and cannot be deduced from the kinetics, only assumed on the 
basis of analogy). 


In Scheme 111, kla, klw, ana klb are the rate constants for hydronium 
ion-, neutral (water), and hydroxide ion-catalyzed enolization. The terms 
k-la, k-lW, and k-lb are for the reverse enolization reaction. For dehy- 
dration, X p ,  X p ,  and Xzb are the rate constants for the hydronium ion-, 
neutral (water), and hydroxide ion-catalyzed dehydration reaction (V - 11). 


The rate of change in concentration of I, 11, and V is described by: 


The steady-state kinetic law for this mechanism is: 


(Eq. 4) 
It is convenient & multiply the numerator and denominator of Eq. 4 by 
the equilibrium constant (K1) for enolization of I: 


K1 = (kla/k-la) = (kiw/k-lw) = (klb/k-lb) (Eq. 5) 
This yields Eq. 6, in which kza = K I X f ,  kpw = KlXZw, and k2b = 
K 1 Xzb: 


(Eq. 6) 
This formulation,has the advantage that each rate constant has an initial 
reference state of I, rather than some referring to I (the K values) and 
some to V. 


The mechanistic kinetic law of Eq. 6 can be related to the phe- 
nomenological law of Eq. 1 by expanding the numerator of Eq. 6. Each 
term in the expansion will be important in a particular pH region: 


1. In acidic solution, only terms in a H  are important, and so Eq. 6 
can be simplified to: 


(Eq. 7) 


2. In less acidic conditions (pH -41, only klw and kzW may be im- 
portant, so that: 


(Eq. 8) 


3. Near neutral pH, acid-catalytic terms are not important, so 
that: 


klWk2w(aH)2 + klbkzb(Kw)2 + klWkzbK@H + klbkzwK@H 
[(kl" + kzW)aH t (klb + kzb)Kw]a~ kapp 2 


(Eq. 9) 
where klWkzW(aH)2 and klbk2b(Kw)2 are negligible, so that Eq. 9 gives: 


((k: + kzb)Kw] 
(klbkZw + kzbk1.") lw + kzw 


kapp = klb + kzb [(kcu++kt;wKw 


where klWkzW(aH)2 and klbk2b(Kw)2 are negligible, so that Eq. 9 gives: 


I(kib + kzb)Kw] 
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4. At high pH (pH >9) only the k l b  and kzb are important, so that 
Eq. 6 is simplified to: 


The overall rate expression, kapp.  may be represented as the sum of Eqs. 
7,8,10, and 11, because when one term is important, all the others are 
not: 


A comparison of Eqs. 1 and 12 reveals that both have the same math- 
ematical form, so that Eq. 11 provides the correct log k,,,-pH profiles 
for the dehydration of I. From Eqs. 1 and 12, the relationships shown in 
Eqs. 13-17 are obtained: 


Mechanistic Analysis-The deuterium exchange data and solvent 
isotope effect can aid in bringing out further detail. First, a t  low pH, as 
Eq. 13 emphasizes, either hydronium-catalyzed proton removal from I 
(kf) or hydronium-catalyzed elimination of water from V ( k p )  deter- 
mines the rate. Lack of deuterium exchange suggests that kza > k f  (no 
reversion from v ) ,  so that kapp = klaaH, with a rate-limiting transition 
state resembling VI (where I, = H in H20, D in DzO). 


The solvent isotope effect'at 25°C for such a transition state would be 
given (11) by kH2o/kDa  = (0.69)3/$1$22, where $1 and $2 are isotopic 
fractionation factors relative to water for the hydrogen attached to the 
keto group ($1) and those of the reacting water molecule ( $ 2 ) .  For a lim- 
iting reactant-like structure, $1 - 0.69, $2 - 1.0 and k ~ f i / k ~ ~  = 0.48. 
For a limiting product-like structure, $1 - 1.0, $2-0.69, and kHB/kDrO 
= 0.69. Rough correction to 80°C gives limiting predictions of 0.53 
(reactant-like) and 0.73 (product-like). The latter is not far from the 
observed effect of 0.8 f 0.1. 


In acetate buffer, exchange of deuterium concurrently with reaction 
was observed, with -30% exchange accompanying 60% dehydration. In 
this pH range, the dominant term is ko (Eq. 14). The exchange indicates 
some reversion from enol to reactant, so that apparently k p  >" k lW,  with 
enol formation more important than elimination but not exclusively rate 
determining ( k a p p  N k l w ) .  


Setting aside the phosphate buffer experiment momentarily, we can 
examine the borate buffer findings. These pertain to the high pH region 
governed by k o ~  (Eq. 16). Since exchange exceeds dehydration (80% 
exchange. 60% dehydration), base-catalyzed decomposition of the enol 
dominates but does not wholly control rate limitation ( k l h  >" kZh, kapp 
N k ZbKwla H )  . 


Returning to the phosphate buffer exchange data, we note that these 
are related to the pH region of -7, where: 


(Eq. 18) 


with k~ given by Eq. 15 and K .  by Fq. 17. A t  low pH in this range. k a p p  
= k&/aH or: 


(Eq. 19) 


From arguments in the last two paragraphs, k l b  >" kZh and kzW 
we can expect that  k l b k p  > klwk2b in Eq. 19, or: 


k lw ,  so 


so that the main rate-limiting process a t  the acidic end of this pH range 
is base-catalyzed enolization (presumably proton abstraction from I by 
the hydroxide ion). At the high pH end of the range, kapp = k~ (cf. Eq. 
151, and by the same arguments as just given: 


(Eq. 21) 


so that the rate-determining step now tends toward water-catalyzed 
elimination from V. If enol formation truly determined the rate below 
pH 7, no exchange would be expected there, and if elimination from the 
enol truly determined the rate above pH -7, then 100% exchange would 
be expected there. In fact, in a phosphate buffer, -50% exchange was 
observed a t  60% reaction. 


We can compare finally the deductions made from the kinetics and the 
exchange experiments with the activation parameters for consistency. 
For example, we conclude that k~ is dominated by k1a with a transi- 
tion-state structure like VI. From Table 11, the formation of VI from I 
and hydronium ion is indicated to require AH* N 22 kcal/mol, AS* u 
-7 eu. These are acceptable in terms of the hypothesis, a small negative 
AS* being consistent with a bimolecular process in which some solvation 
(presumably from the hydronium ion) is released. 


For the region of pH 4-5 where ko rules, the most important rate con- 
stant was k l w  with some contribution from kZW. Speculative structuree 
for the transition state would be VII and VIII, respectively. According 
to Table 11, conversion of I in aqueous solution to chiefly VII and some 
VIII is accompanied by AH* = 18 kcal/mol, AS* = -31 eu. The entropy 
change, in particular, is reasonable for the "freezing" of water molecules 
associated with proton transfer and development of change. Since k~ is 
roughly determined by kzW (see argument for Eq. 21), its activation pa- 
rameters should also correspond to those expected for a transition state 
like VIII. Indeed the values found (AH* = 10 kcal/mol, AS* = -54 eu) 
are of the magnitudes anticipated. 


For koH, determined chiefly by kZh with some contribution from k lb ,  
the appropriate transitinn-state structures are IX and X. Here, as for 
formation of VI, the energy-requiring, entropy-producing release of water 
on binding of the strongly solvated hydroxide ion to generate a charge- 
delocalized transition state leads to relatively large AH* (20 kcal/mol) 
and-from compensation with entropy loss in the bimolecular reac- 
tion-to a negligible AS* (2 eu). 


Lastly we have the equilibrium constant K O ,  defined by Eq. 17. This 
equilibrium constant is for the reaction of Eq. 22; the reactant state for 
this equilibrium: 


(Eq. 22) 


is a weighted average of activated complexes VII and VIII (for water- 
catalyzed enolization and elimination, respectively), the more stable 
transition state contributing more to the average, while the product state 
is a similar weighted average of IX and X (for base-catalyzed formation 
and decomposition of enol). As the values of K O  in Table I show, the 
water-catalysis activated complexes are acids of pK. N 5.4-6.7 at 50- 
8OoC, with pK, estimated a t  7.6 a t  25OC. As anticipated, this is inter- 
mediate between values of 1.74 for H30+ (product-like structure for 
VII-X) and 15.74 (reactant-like structure for VII-X). 


On the other hand, the thermodynamic parameters of ionization are 
unlike those of stable acids, as judged by the very extensive collection of 
Izatt and Christensen (12). Most stable acids have smaller, positive AH 
(compared with 19 kcal/mol) and much more negative AS (uersus 29 eu) 
of ionization than these activated complexes. Conceivably this is a re- 
flection of a greater internal structural plasticity of activated complexes 
and the greater attendant release of solvation upon ionization. 
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Abstract 0 The anticonvulsant potencies (EDm) of a,a-diphenylsuc- 
cinimide, phenytoin, and phenobarbital were evaluated in mice by a 
standard maximal electroshock technique. Potencies were expressed in 
terms of intraperitoneal dosage and blood and brain concentrations. 
Overt neurotoxicity (TDm) was assessed by the rotorod method. These 
data were compared with relative hydrophobicities for the above com- 
pounds and three others [carbamazepine, cyheptamide, and (diphenyl- 
acety1)urea) taken from the literature. An approximate parabolic de- 
pendence of anticonvulsant potency on hydrophobicity was observed 
regardless of the means of expressing potency (intraperitoneal dosage, 
blood concentration, or brain concentration); approximate optimal hy- 
drophobicities were in the range of 2.18-2.23 (log P). Calculated ther- 
apeutic indices (TDm/EDw) also displayed a parabolic dependence on 
hydrophobicity, while toxic potency (TDm) displayed a linear dependence 
(within the limited range of log P values studied). Implications of the 
parabolic dependence of anticonvulsant potency and linear dependence 
of toxic potency on hydrophobicity are discussed with respect to the 
possible mechanisms involved. 


Keyphrases a,a-Diphenylsuccinimide-anticonvulsant potency, 
hydrophobic properties, overt neurotoxicity, maximal electroshock screen 
in mice 0 Anticonvulsants-a,a-diphenylsuccinimide, hydrophobic 
properties, overt neurotoxicity, maximal electroshock screen in mice 0 
Hydrophobicity-a,a-diphenylsuccinimide, anticonvulsant potency, 
overt neurotoxicity, maximal electroshock screen in mice 


The synthesis of a,&-diphenylsuccinimide (I) was re- 
ported by Miller and Long in 1951 (1). The anticonvulsant 
profile of the compound was evaluated in rats by a 
pentylenetetrazole model and in mice by a maximal elec- 
troshock (MES) model of epilepsy (1,2). The compound 
was judged ineffective (500 mg/kg) in the prevention of 
pentylenetetrazole-induced seizures. However, sufficient 
dosage conferred complete protection against MES sei- 
zures; the EDM (oral) in the MES model was 45 mg/kg (1, 
2). A quantitative estimate of neurotoxicity was not pro- 
vided. Since this early work, additional reports on the 
pharmacology of this compound have not appeared, and 
after three decades its profile remains unclear. 


The present study was undertaken ( a )  to evaluate the 
anticonvulsant, neurotoxic, and hydrophobic properties 


0 C H  
’+N-H 


G H f  
0 


I 


of a,&-diphenylsuccinimide, phenytoin, and phenobarbital 
and ( b )  to compare these properties with the same prop- 
erties for carbamazepine, cyheptamide, and (diphenyla- 
cety1)urea (3, 4). Relative anticonvulsant potencies, de- 
termined using a standard MES model of epilepsy (5), are 
expressed in terms of intraperitoneal dose and blood and 
brain concentrations. Neurotoxicity was assessed using a 
rotorod method (6). Relative neurotoxicities and thera- 
peutic indices are reported on the basis of intraperitoneal 
dose. Relative hydrophobicities were approximated using 
hydrophobic s-constants (7). Inspection of the data 
suggests that the potency of a,a-diphenylsuccinimide is 
subject to the same parabolic dependence on hydropho- 
bicity already described for other compounds (8). 


EXPERIMENTAL 


Drugs-Phenytoin sodium’ and phenobarbital sodium2 were gifts. 
a,a-Diphenylsuccinimide was prepared utilizing a modification of a 
method described previously (1). The procedure involved the addition 
of ethyl bromoacetate to a mixture of diphenylacetonitrile in sodium 
ethoxide. The intermediate ethyl 8-cyano-B,B-diphenylpropionate was 
hydrolyzed, initially in potassium hydroxide to P-cyano-B,&diphenyl- 
propionic acid and subsequently in concentrated hydrochloric acid to 
a,a-diphenylsuccinic acid. At this point the synthesis deviated from the 
published procedure. a,a-Diphenylsuccinic acid was heated at  reflux in 
acetyl chloride to give the anhydride, an ethereal solution of which was 
treated with ammonia. The intermediate a,a-diphenylsuccinamic acid 
was removed by filtration and heated at reflux with acetyl chloride to give 
a,adiphenylsuccinimide, which was recrystallized from methyl alcohol, 
mp 140-142’C (reported mp (1) 140-142’C). This material showed one 
spot on TLC (silica gel, alumina; chloroform). IR (chloroform): 1770 and 
1740 cm-l &membered ring, imide C=O’s); ‘H-NMR (deuterochloro- 
form): d 3.38 (s, 2, CHz), 7.16 ( s ,  10, ArH), and 8.84 ppm ( s ,  1, NH). 


Animal Studies-Phenytoin sodium was suspended in 30% polyeth- 
ylene glycol 400, and a,a-diphenylsuccinimide was suspended in 5% gum 
acacia. Phenobarbital sodium was dissolved in 0.9% NaCI. The suspen- 
sions were sonicated (probe-type) for -5 min to produce a fine suspen- 
sion. The drugs were administered intraperitoneally in a volume of 0.01 
mL/g of body weight to male CF1 mice3, average weight 22 g. The mice, 
30-32 d of age when received, were allowed several days to acclimatize 
before testing. Food and water were given ad libitum. 


The anticonvulsant activity of each drug was evaluated by a standard 
MES test (5). A 60-Hz alternating current (50 mA) was applied for 0.2 
s uia corneal electrodes. Protection was defined as the absence of tonic 


1 Warner-Larnbert Co., Morris Plains, N.J. 
2 SterlingWinthrop Research Institute, New York, N.Y. 
3 Charles River Breeding Laboratories, Wilrnington, Mass. 
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Abstract 0 The solubility of theophylline in polyethylene glycol 400-water 
binary mixtures was analyzed in terms of solute-solvent interaction using the 
solubility parameter principle of Hildebrand. Preliminary in situ (rat gut 
permeation) studies with the solvent mixtures having varying polarity as ex- 
pressed by the solubility parameter showed that (a) the more alike the solu- 
bility parameter of theophylline ( 6 2  = 14, as obtained from solubility studies) 
and the solubility parameter of the solvent mixture, the greater was the at- 
traction of solvent for the drug (b)  sufficient similarity must exist between 
the solubility parameter of theophylline and that of the intestinal mucosa to 
promote bioabsorption, and (c) from the above, it follows that there exists a 
competition between solvent and rat gut membrane for the drug. The solubility 
parameter of the solvent vehicle must be such that it does not impede a b  
sorption of the molecules into the intestinal mucosa. 


Keyphrases 0 Solubility parameter-theophylline in  propylene glycol 
400-water, in situ release in the rat gut, membrane solublity parameter 0 
Release rate-theophylline in propylene glycol 400-water, in situ rat gut 
model, membrane solubility parameter 0 Solute-solvent interactions-effect 
on the solubility of theophylline in propylene glycol 400-water, in situ release 
in the rat gut, membrane solubility parameter 


The principle of solute-solvent interaction and its influence 
on drug solubility and solubilization has been studied exten- 
sively (1 - 10). Recent works ( 1 1 - 13) have extended the Hil- 
debrand-Scatchard model (1,2) to handle solubility predic- 
tions of drugs in polar solvents. 


This report examines the influence of solvent polarity, sol- 
vent attraction for the solute (theophylline), and the effect of 
this interaction on theophylline release. The method of Doluisio 
et al. (1 4), in which drug absorption is followed using an in situ 
rat gut preparation, was employed to monitor theophylline 
disappearance from various polyethylene glycol 400-water 
mixtures into the rat intestinal membrane. The results of this 
study are analyzed according to the postulates of previous work 
(3-5, 15-17). 


EXPERIMENTAL 


I n  Situ Rat Cut Method-Male Sprague-Dawley rats, 220-250 g, were 
fasted for 16 h with free access to water and housed in mesh screen cages to 
prevent coprophagy. The rats were anesthetized with 75 mg/kg ip injections 
of sodium pentobarbital. After the onset of anesthesia, a midline incision was 
made to expose the intestines. Two L-shaped glass cannulae were inserted into 
the intestine and ligated. The proximal cannula, which was placed just below 
the bile duct, and the distal cannula were spaced -61 cm apart. Four-centi- 
meter lengths of Tygon tubing were attached to each cannula, and a 30-mL 
hypodermic syringe was connected to each Tygon tube using a three-way 
stopcock as a connector. The proximal syringe was filled with a pH 7 phosphate 
buffer, previously warmed to 37OC. and the intestine was flushed until the 
perfusate was observed to be clear as it left the distal cannula. Nine milliliters 
of various polyethylene glycol 400-water mixtures, having a range of solubility 
parameters and resulting in  varing solubility for the drug, were formulated 
with each containing 2 mg/mL of theophylline and 1200 cpm of I4C-labeled 
polyethylene glycol 4000, which was used as a nonabsorbable marker to 
monitor water flux. These solutions were placed in the prepared gut uia the 
distal cannula and flushed back and forth through the intestines several times 
to effect uniform mixing. Two time zero samples (0.1 mL each) of the solution 
were then removed. After sampling, the solution was returned to the intestine 
and the stopcocks were closed to maintain the solution in place. A stop watch 
was activated, and serial time samples were removed thereafter. The stop 
watch was stopped during sampling time and restarted when the solution was 


returned to the gut. Samples were removed from alternate syringes at  each 
time period. One of the two samples removed was placed in a 20-mL vial, I5 
mL of scintillation cocktail was added, and the sample was counted in a liquid 
scintillation counter utilizing single-channel counting to monitor water flux. 
The second sample was added to a 10-mL volumetric flask, brought to volume 
with the same solvent that the drug was dissolved in, and the absorbance 
measured in a spectrophotometerl a t  272 nm. 


Solubility Studies-Data from an earlier investigation (1 1) on the solubility 
of theophylline in dioxane-water mixtures were utilized in the study to obtain 
the solubility parameter of theophylline and to assess its solubility in solvent 
mixtures of varying solubility parameters (6 values). 


RESULTS 


Rate Constants for Absorption-The disappearance of theophylline from 
the solvent provided semilogarithmic plots, as observed in Fig. 1, which when 
analyzed, suggested the following model: 


5 k 3  
DC - D M  + DB (Eq. 1) 


The quantity DG represents the concentration of drug in the intestine, DM is 
the drug concentration in the membrane, k l ,  k2, and k3 are the rate constants 
for transfer of drug between the compartments, and DB is the drug concen- 
tration in the blood. 


Differential equations for the process represented by the above model were 
written from which the following solutions were obtained: 


where D represents the concentration of drug in the solution that was perfused 
into the intestine. The general form of Eq. 2 may be written as: 


DG = X l e - a r  + X2e-flr (Eq. 3) 


where a is the slope of the residual line feathered from the nonlinear initial 
phase of the curve in Fig. I ,  and P is the slope of the terminal log-linear phase. 
The respective intercepts or these two straight lines are X I  and Xz ,  and are 
written as: 


where DG is defined at  time zero, i .e . ,  DGO. by the expression: 


Do0 = X I  + X2 


k l ,  k l .  and k l  are obtained from the identities: 


a + P =  kl + kz + k j  


and: 


= k l k ]  


Substituting Eqs. 6 and 7 into E!q. 4 and rearranging yields: 


which enables one to calculate k ]  from Eq. 8 and kz from Eq. 7. 
Biological Partition Parameter and a Membrane Solubility Parameter- 


From the shape of the experiemental curve of Fig. 1. it is assumed that equi- 
librium of theophylline exists between compartments G and M due to a par- 


' Beckman 
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Figure I -- Semilogariihmic plot showingfirst-order biexponeniial absorption 
of theophylline from the rat small intestine. Key: 1+) waierjlux as monitored 
itsing the nonabsorbable marker /14C]polyethylene glycol 4000; the straight 
line shows concentration of the pure binary solveni in the rat intestine alter 
correction for waierjlux; (0) theophylline concentrationr in ihe rai iniestine. 
B = 0.021; (0) residual feathered line representing the equilibrium phase 
of drug between contents of the gut and the rat intestinal membrane, u = 
0.348. 


titioning of the drug. The partition parameter, K, for this process (absorption 
and desorption of theophylline in the intestinal membrane) is written as: 


k 
k2 


K 


The parameter K ,  of Fq. 10, obtained from insitu rat gut data, should be 
rclated to the physicochemical properties of the drug-solvent carrier system. 
An equation. written in different forms by Davis (1 5), Cammarata and Rogers 
(18). Weimer and Prausnitz (19). Yeh and Higuchi (20). and Srebrenik and 
Cohen (21), and introducing 60 as the solubility parameter representing the 
rat gut membrane, is shown below: 


log K ,  = ~ y2Q12 [ ( b ,  - 6 2 ) 2  - (60 - (Eq. I I )  2.303RT 
This equation may be used to analyze the data of the current study. The 
quantity R is the gas constant, T is the absolute temperature, and V2 is the 
liquid molar volume of the solute, which for theophylline is 124 mL/mol. The 
terms $1  and 61 are, respectively, the volume fraction and the solubility pa- 
rameter of the solvent, and 62 is thesolubility parameter of thesolute. Mullins 
( 1  6) has reviewed various methods by which 60 for biological membranes may 
bc obtained. He estimated from thermodynamic considerations that the 60 
value of the frog sciatic nerve ranges from -10.0 to 13.0. Mullins also noted 
for the frog nonsynaptic membrane that a value of 11.5 was in agreement with 
cxperimental results, whereas a value of 10.0 seemed more favorable for the 
6 value of synaptic nerve membranes. Cammarata et al. (17), using the 
erythrocyte membrane as a model for drug partitioning in biological systems, 
obtained a value of 8.05 as the apparent solubility parameter for the eryth- 
rocyte membrane. 


Equation 11 does not account for entropic effects such as molecular size 
differences between solvent, solute, and membrane. Flory (22, 23) and 
Huggins (24.25) introduced such size differences,i.e., the molar volumes of 
solute and solvent, to account for deviations of solution phenomena from 


Table I-Solubility of Tbeophylline, 62 = 14.0 (cal/mL)'1*, V2 = 124 
mL/mol. in Selected Polvethvlene Glvcol400-Water Mixtures a t  25°C 


Perecentage of 
Polyethylene Solubility, 
Glycol 400 61 QI (61 - 6 d a  mg/mL SD 


100 10.5 0.9893 -3.5 15.539 f0.174 
90 11.8 0.9879 -2.2 17.594 f0.102 
80 13.1 0.9876 -0.9 17.937 f0.257 
75 13.7 0.9885 -0.3 16.728 f0.096 
70 14.4 0.9908 0.4 13.294 f0.231 
65 15.0 0.9920 I .o 1 1.660 f0.058 
60 15.7 0.9928 I .7 10.445 f0.034 


0 81 is the solubility parameter of the mixed solvent; 82  is the solubility parameter of 
the solute, thcophylline. 


ideality. The inclusion of these factors together with corrections for possible 
membrane metabolism and changes in solute molar volume across the bio- 
membrane would seem warranted. Nevertheless, the present simplified approach 
was attempted as  a first approach to the calculation of solute-solvent at- 
tractions and the estimation of 60 values in biological systems. 


Solubility Parameters, h g  Release, and Bioabsorption-The terms of Eq. 
I ldescribe solute-solvent and solute-membrane interaction forces due to polar 
interactions, in addition to dispersion or van der Waals forces as expressed 
by the classical Hildebrand equation ( I ) .  Analysis of the data using Eqs. 1, 
3, and 7-10 provided pharmcokinetic parameters, which were correlated with 
solubility of theophylline and its release from the respective polyethylene glycol 
400-water mixtures. A listing of these parameters is found in Tables I and 
11. Figure 2 shows that the closer the solubility parameter of theophylline 
( 14.0)2 and the solubility parameter of the particular solvent mixture (poly- 
ethylene glycol 400-water), the greater the attraction of solvent vehicle for 
the drug. A solvent whose solubility parameter is identical to that of theo- 
phylline would, according to regular solution theory, lead to the greatest sol- 
ubility of the drug, barring solute-solvent interactions. 


One would also expect an interplay of multiple physicochemical attractive 
forces in the drug release process due to differences between the membrane 
solubility parameter and that of the solvent and solute (Eq. 1 I ) .  In this case, 
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Figure 2-Influence of solubility parameter difference (61 - 6 2 )  on theo- 
phylline in situ partitioning (K,) and the biological half-life (1112)  for ab- 
sorption across the rat gut membrane. b I is ihe solubility parameter of the 
mixed solvent: 62 is the solubility parameter of the drug, theophylline. Key: 
(e) half-life for theophylline absorption; (0) pariirion coefficient for theo- 
phylline absorption from solvent mixiures of varying solubiliiy purame- 
ters. 


*The solubility parameter of theophylline was taken from Ref. 12. 
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Table 11-Pbarmcokinetic Parameters Obtained for Theophylline 62 = 14.0 (cal/mL)’l*, V2 = 124.0 mL/mol, from InSitu Rat Cut Absorption Studies 


Percentage of 60 
Polyethylene r 1/28. 8. a, X I ,  x2 k i ,  k2, k3. log hiJ& 
Glycol 400 mm min-’ min-l mg/mL mg/mL min-1 min-l mini-’ KP* K P  low 


90 58 0.012 0.080 0.490 0.672 0.041 0.028 0.023 1.464 0.166 :;.;: 
80 63 0.01 1 0.094 0.396 0.752 0.040 0.039 0.026 I .026 0.011 ;I,;; 
75 99 0.007 0.149 0.382 0.768 0.054 0.083 0.019 0,651 -0.186 \“j:; 
70 69 0.010 0.143 0.302 0.750 0.048 0.075 0.030 0.640 -0.194 \;,I; 
65 63 0.01 1 0. I28 0.226 0.838 0.036 0.064 0.039 0.563 -0.250 !,;.:; 
60 58 0.012 0.090 0.340 0.740 0.037 0.036 0.029 1.028 0.012 ;;,;: 


K, 5 kl f k2.b Membrane solubility parameters were calculated from the quadratic Eq. 11, and the two roots designated high and low are reported here. 


Eq. 1 I seems to suggest that 60, the membrane solubility parameter, would 
be important in evaluating the effects of solvent solubility parameters on drug 
absorption. Figure 2 shows that as the solubility parameter of the solvent gets 
closer to that of the solute, there is a rapid fall in the in siru partition parameter 
and a significant increase in the half-life for absorption (disappearance from 
the intestine) of theophylline. This is considered to be due to stronger inter- 
actions of solute and solvent. Conversely, when the solubility parameter of 
the solvent and solute are significantly different, the extent to which the drug 
and solvent molecules interact would be expected to be small. In such case, 
drug solubility would be reduced, resulting in greater release from the vehicle 
and a larger absorption rate constant. 


Inspection of the lines in Fig. 2 and the parameters of Eq. 1 1 reveals a de- 
pendence of K ,  (drug partitioning parameter) on 6 2  and 60, the membrane 
solubility parameter. A solvent mixture for optimum theophylline release and 
bioabsorption would have a solubility parameter that operates in conjunction 
with 6 2  and 60 so that solubility and partitioning effects were simultaneously 
changed. That is to say, the solubility parameter of drug and solvent (vehicle) 
must be sufficiently different to allow ready release of theophylline from the 
solvent, yet be similar enough to provide a reasonable concentration of the 
drug. And 62 and 60 must be sufficiently alike to favor drug absorption into 
the membrane. 


To obtain quantitative measurements for the solubility parameter 60 of the 
rat gut membrane, the data summarized in Tables I and 11 were substituted 
into Eq. I 1 for each polyethylene glycol 400-water solvent mixture, assuming 


z 1 .OO. Average values for the two roots of the resulting quadratic equations 
were found to be 15.4 and 12.6. A 60 value of 12.6 for the rat gut membrane 
would seem to be more reasonable, since it is generally accepted that the in- 
testinal membrane has low polarity. it is in fair agreement with the value of 
1 1.6 suggested by Mullins (1 6) for synaptic nerve tissue. A value of 15.4 would 
suggest a polar membrane in conflict with the relatively lipophilic character 
of the intestinal mucosa (26). 


Membrane solubility parameters may play a critical role in drug permeation 
and partitioning studies. The values may differ depending on the part of the 
intestines under consideration, such as for some antibiotics (27-29) for which 
“windows” or regions exist in the upper intestines where the drug is more 
readily absorbed. 


DISCUSSION 


Attempts have been made by some workers (30-32) to analyze the move- 
ment of drugs across cell membranes. These authors studied the kinetics of 
absorption of sulfonamides and barbiturates in the intestinal, gastric, and 
rectal regions of the GI tract. Utilizing theoretical models and introducing 
physical dimensions, some of which are associated with various membranes 
and others determined by in  uirro experiments, these authors attempted to 
calculate physical constants consistent with the experimental data. 


Khalil and Martin ( 5 )  studied the kinetics of [i4C]carboxyl salicylic acid 
through model membranes and observed that the closer the 6 value of the drug 
molecule to that of the lipoidal barrier, the faster the disappearance of the drug 
from an aqueous buffer layer of pH 2 (representing stomach contents) and 
the slower its appearance in an aqueous buffer of pH 7.4 (representing plas- 
ma). Khalil el al. (33.34) employed the solubility parameter as an index of 
drug activity of several barbiturates. In their investigation, these authors 
observed that there was a linear relationship between the solubility parameter 
and logarithm of the partition coefficient reported in the literature for the 
various barbituric acid derivatives studied. They also observed a good corre- 
lation between solubility parameters of the barbiturates and their reported 
activities, and suggested that the solubility parameter concept might be a 


possible substitute for the partition coefficient in structure-activity rela- 
tionships. Pagay er al. (35) studied the influence of acetaminophen bio- 
availability and the dielectric prsperties of the vehicle. These studies, like those 
presented here, are attempts to understand the many factors that affect the 
solubility of drugs and their absorption properties. 


Some workers (3-5,33-38) have suggested that solubility parameters and 
dielectric requirements affect the bioavailability of drugs in uiuo. Others (18, 
19.39-44) have concluded that permeability and the partition coefficient are 
useful parameters to be employed in monitoring drug absorption. Hansch er 
al. (45) have reported on a optimum log P for drug partitioning or penetration 
into the central nervous system which appears to be remarkably constant a t  
a value of 2.0. The work reported in this paper suggests that not only the sol- 
ubility parameter of the drug and solvent (drug carrier) but also the &of bi- 
ological membranes should be considered by formulators in drug design work. 
However, the solubility parameter for the membrane as well as for the solute 
and solvent will probably have to be redefined to reflect the polar and hydro- 
gen-bonding interactive forces involved in solute-solvent attraction and the 
permeation of the membrane by the solute. This problem has been studied 
(1 1-13) and is the subject of continuing work. 


CONCLUSIONS 


A method has been developed to optimize in uiuo release characteristics 
of drug molecules based on solute-solvent interactive forces and use of the 
Hildebrand solubility parameter. A solubility parameter of 12.6 for the rat 
gut membrane has been estimated and is used to demonstrate the role of so- 
lute-solvent interactive forces in drug release studies. This method for ob- 
taining the solubility parameter of a membrane uses an in siru drug absorption 
approach and a living membrane (rat gut) as  the permeation barrier. The 
results obtained from this preliminary work are encouraging. However, further 
work must be done with various pharmaceutical drug-solvent systems before 
definitive conclusions can be made. Extended testing may provide improved 
solubility and penetration parameters characteristic of various living mem- 
branes and tissues which would prove useful in physical medicinal chemistry 
and quantitative drug design. It is suggested that theophylline, and possibly 
other poorly soluble drugs whose solubility and biological activity require 
careful control for optimum therapeutic effects, may be formulated using a 
generalized solubility parameter approach. Relative interaction of drug 
molecules with the vehicles in which they are  formulated and the biological 
membranes they penetrate must be assessed in a number of systems bcfore 
fundamental principles can be established. 
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Abstract 0 Several 13-cis-retinamides were synthesized from 13-cis-retinoic 
acid via either 13-cis-retinoyl chloride or 13-cis-1 -retinoylimidazole. All- 
trans-retinoylglycine was prepared from all-trans-retinoyl chloride and ethyl 
glycinate. Detailed procedures were developed for the preparation of other 
all-rrons-retinamides on a large scale for studies of the chemoprevention of 
cancer. 


Keyphrases 0 13-cis-Retinamides-synthesis and chemical properties 0 
All-rrans-retinamides-synthesis and chemical properties 0 Synthesis- 
13-cis- and all-rrans-retinamides, chemical properties 


Compounds of the vitamin A group (retinoids) are essential 
for normal cellular differentiation and for the growth of epi- 
thelial tissues (1 -4). During recent years, many studies, re- 
viewed by Sporn and co-workers (3-9) and Bollag and co- 
workers (10-12), have shown that retinoid deficiency in ani- 
mals enhances susceptibility to chemical carcinogenesis, that 
epithelia in certain organ cultures develop preneoplastic lesions 
in the absence of retinoids, and that administration of certain 
retinoids may prevent or reduce carcinogen-induced neoplasia 
in epithelial tissues of animals, as well as preneoplasia (6, 


13-16) in organs in culture. In particular, certain derivatives 
and analogues of all-trans-retinoic acid (tretinoin, also known 
as vitamin A acid; Ia) exert a prophylactic (and, in some cases, 
a therapeutic) effect on the development of preneoplastic and 
malignant epithelial lesions (e.g., 11, 16-25). Among the more 
interesting derivatives of retinoic acid and its analogues are 
the amides (retinamides and retinamide analogues). The 
purpose of this report is to describe the preparation of several 
all-trans-retinamides (11) and 13-cis-retinamides (IV) for 
long-term studies of chemoprevention in animals. Only one 
13-cis-retinamide, the primary amide (IV, R = H), had been 
previously described (without a synthesis procedure) in the 
literature (26). 


RESULTS AND DISCUSSION 


The preparation of all-rrons-retinamides IIa-d (27) and Ile (28) has been 
briefly outlined in the patent literature, but the characterization data (mp, 
UV) were sparse. The 4-hydroxyphenyl amide (all-rrans-N-(4-hydroxy- 
pheny1)retinamide; Ilm) was synthesized originally by Gander and mworkers 
(24.28). The preparation of llf-I has not been described previously, but IIf-i 
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Abstract 0 The anticonvulsant potencies (EDm) of a,a-diphenylsuc- 
cinimide, phenytoin, and phenobarbital were evaluated in mice by a 
standard maximal electroshock technique. Potencies were expressed in 
terms of intraperitoneal dosage and blood and brain concentrations. 
Overt neurotoxicity (TDm) was assessed by the rotorod method. These 
data were compared with relative hydrophobicities for the above com- 
pounds and three others [carbamazepine, cyheptamide, and (diphenyl- 
acety1)urea) taken from the literature. An approximate parabolic de- 
pendence of anticonvulsant potency on hydrophobicity was observed 
regardless of the means of expressing potency (intraperitoneal dosage, 
blood concentration, or brain concentration); approximate optimal hy- 
drophobicities were in the range of 2.18-2.23 (log P). Calculated ther- 
apeutic indices (TDm/EDw) also displayed a parabolic dependence on 
hydrophobicity, while toxic potency (TDm) displayed a linear dependence 
(within the limited range of log P values studied). Implications of the 
parabolic dependence of anticonvulsant potency and linear dependence 
of toxic potency on hydrophobicity are discussed with respect to the 
possible mechanisms involved. 


Keyphrases a,a-Diphenylsuccinimide-anticonvulsant potency, 
hydrophobic properties, overt neurotoxicity, maximal electroshock screen 
in mice 0 Anticonvulsants-a,a-diphenylsuccinimide, hydrophobic 
properties, overt neurotoxicity, maximal electroshock screen in mice 0 
Hydrophobicity-a,a-diphenylsuccinimide, anticonvulsant potency, 
overt neurotoxicity, maximal electroshock screen in mice 


The synthesis of a,&-diphenylsuccinimide (I) was re- 
ported by Miller and Long in 1951 (1). The anticonvulsant 
profile of the compound was evaluated in rats by a 
pentylenetetrazole model and in mice by a maximal elec- 
troshock (MES) model of epilepsy (1,2). The compound 
was judged ineffective (500 mg/kg) in the prevention of 
pentylenetetrazole-induced seizures. However, sufficient 
dosage conferred complete protection against MES sei- 
zures; the EDM (oral) in the MES model was 45 mg/kg (1, 
2). A quantitative estimate of neurotoxicity was not pro- 
vided. Since this early work, additional reports on the 
pharmacology of this compound have not appeared, and 
after three decades its profile remains unclear. 


The present study was undertaken ( a )  to evaluate the 
anticonvulsant, neurotoxic, and hydrophobic properties 


0 C H  
’+N-H 


G H f  
0 
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of a,&-diphenylsuccinimide, phenytoin, and phenobarbital 
and ( b )  to compare these properties with the same prop- 
erties for carbamazepine, cyheptamide, and (diphenyla- 
cety1)urea (3, 4). Relative anticonvulsant potencies, de- 
termined using a standard MES model of epilepsy (5), are 
expressed in terms of intraperitoneal dose and blood and 
brain concentrations. Neurotoxicity was assessed using a 
rotorod method (6). Relative neurotoxicities and thera- 
peutic indices are reported on the basis of intraperitoneal 
dose. Relative hydrophobicities were approximated using 
hydrophobic s-constants (7). Inspection of the data 
suggests that the potency of a,a-diphenylsuccinimide is 
subject to the same parabolic dependence on hydropho- 
bicity already described for other compounds (8). 


EXPERIMENTAL 


Drugs-Phenytoin sodium’ and phenobarbital sodium2 were gifts. 
a,a-Diphenylsuccinimide was prepared utilizing a modification of a 
method described previously (1). The procedure involved the addition 
of ethyl bromoacetate to a mixture of diphenylacetonitrile in sodium 
ethoxide. The intermediate ethyl 8-cyano-B,B-diphenylpropionate was 
hydrolyzed, initially in potassium hydroxide to P-cyano-B,&diphenyl- 
propionic acid and subsequently in concentrated hydrochloric acid to 
a,a-diphenylsuccinic acid. At this point the synthesis deviated from the 
published procedure. a,a-Diphenylsuccinic acid was heated at  reflux in 
acetyl chloride to give the anhydride, an ethereal solution of which was 
treated with ammonia. The intermediate a,a-diphenylsuccinamic acid 
was removed by filtration and heated at reflux with acetyl chloride to give 
a,adiphenylsuccinimide, which was recrystallized from methyl alcohol, 
mp 140-142’C (reported mp (1) 140-142’C). This material showed one 
spot on TLC (silica gel, alumina; chloroform). IR (chloroform): 1770 and 
1740 cm-l &membered ring, imide C=O’s); ‘H-NMR (deuterochloro- 
form): d 3.38 (s, 2, CHz), 7.16 ( s ,  10, ArH), and 8.84 ppm ( s ,  1, NH). 


Animal Studies-Phenytoin sodium was suspended in 30% polyeth- 
ylene glycol 400, and a,a-diphenylsuccinimide was suspended in 5% gum 
acacia. Phenobarbital sodium was dissolved in 0.9% NaCI. The suspen- 
sions were sonicated (probe-type) for -5 min to produce a fine suspen- 
sion. The drugs were administered intraperitoneally in a volume of 0.01 
mL/g of body weight to male CF1 mice3, average weight 22 g. The mice, 
30-32 d of age when received, were allowed several days to acclimatize 
before testing. Food and water were given ad libitum. 


The anticonvulsant activity of each drug was evaluated by a standard 
MES test (5). A 60-Hz alternating current (50 mA) was applied for 0.2 
s uia corneal electrodes. Protection was defined as the absence of tonic 


1 Warner-Larnbert Co., Morris Plains, N.J. 
2 SterlingWinthrop Research Institute, New York, N.Y. 
3 Charles River Breeding Laboratories, Wilrnington, Mass. 
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hind limb extension greater than a 90" angle with the trunk. The time 
of peak anticonvulsant effect was determined as described previously 
(9). Complete dose-response profiles were determined for each drug a t  
its time of peak effect. 


Immediately after the MES test, 100 pL of blood was collected in 2010 
sodium fluoride, and the animal was decapitated. The entire brain was 
removed and blotted on filter paper. The specimens (including blood) 
were stored at  -80°C until assayed. Blood and brains from 10 mice were 
pooled for each dose, and a t  least five doses were employed for each 
drug. 


klat ive neurotoxicity was assessed by the rotorod methtd (6) in which 
the rodent is placed on a 2.54-cm diameter knurled rod, rotating at  6 rpm. 
Minimal neurological deficit was defined as the inability of a mouse to 
remain on the rotating rod for 1 min in a t  least two of three trials. 


The anticonvulsant and neurotoxicity data were evaluated with 95% 
confidence limits hy a quanta1 statistical method (10). The relative 
anticonvulsant potencies (ED%) are expressed in terms of blood and brain 
concentrations, as well as intraperitoneal dosage. The relative neuro- 
toxicity data (TDm) are expressed in terms of intraperitoneal dosage 
only. 


Analytical Methods-The blood and brain concentrations for each 
drug were assayed by GC. The method for extraction from blood and 
brain is similar for all three compounds. Aqueous suspensions of blood 
and homogenized whole brain were saturated with ammonium sulfate 
and acidified with concentrated hydrochloric acid. These suspensions 
were extracted with toluene, and the toluene layer was hack-extracted 
with tetramethylammonium hydroxide. The drugs were then derivatized 
with methyl iodide (11) and extracted into chloroform in the presence 
of excess 1 M monohasic potassium phosphate. 5-(p-Methylphenyl)- 
5-phenylhydantoin was used as internal standard for the analysis of 
phenytoin and a,tu-diphenylsuccinimide, and 5-ethyl-5-tolylbarbituric 
acid was used for the phenobarbital away. Phenytoin was recovered from 
brain and blood specimens with 77 and 86% efficiency, respectively. 
Phenobarbital and n,n-diphenylsuccinimide were recovered from either 
specimen with a t  least 86% efficiency. Each drug was chromatographed 
using Supelcoport, 80-100 mesh. 


Blood and brain extracts of phenytoin were assayed isothermally a t  
230°C on 3% OV-17 (injector port and detector temperature 300°C). The 
retention times for phenytoin and its internal standard were 5.9 and 8.3 
min, respectively. Phenobarbital was assayed isothermally in brain ex- 
tracts a t  210°C on 3% OV-17 (injector port temperature 280"C, detector 
temperature 300°C) and in blood extracts a t  170°C on 3% OV-101 (in- 
jector port temperature 27OoC, detector temperature 340°C). The re- 
tention times for phenobarbital and its internal standard were 2.3 and 
3.3 min, respectively, for the brain extract, and 2.2 and 3.3 min, respec- 
tively, for the blotd extract. n,a-Diphenylsuccinimide (1) in brain extracts 
was assayed with a programmed run from 170°C to 240'C (lO"C/min) 
on 3% OV-17 (injector port and detector temperature 300'C). Assay of 
I in blood extracts was programmed as follows: 130°C held for 2 min, 
I'ollowed by a 10°C/min increase to 21O0C, where it was held for a final 
2 min (3% OV-101; injector port temperature 270°C. detector tempera- 
ture 300°C). The retention times for n,n-diphenylsuccinimide and its 
internal standard were 8.3 and 3.1 min, respectively, for the brain extract, 
and 8.9 and 3.7 min, respectively, for the blood extract. 


Each method employed flame-ionization detection. The carrier gas 
(nitrogen), flow rates (50 ml,/min), and column dimensions (2-mm i.d. 
X 1.83 m) were also common for the three drugs, in both blood and brain 
extracts. An example of a typical chromatogram for a,a-diphenylsuc- 
cinimide extracted from brain tissue is depicted in Fig. 1. 


RESULTS AND DISCUSSION 
a,a-IXphenylsuccinimide produced qualitatively the same alteration 


of MES-induced seizure pattern as that produced by phenytoin or phe- 
nobarbital; i.e., the tonic hind limb extension was abolished with suffi- 
cient dosage of each drug. The EDSO (intraperitoneal dosage) for 
tu,cx-diphenylsuccinimide was 26.5 mg/kg (95% confidence limits: 
23.4-30.0) (Table I).  This is lower than the 45 mg/kg estimate reported 
for an oral dosage (1,2). (The apparently greater potency by the intra- 
peritoneal route can likely he ascribed to the greater surface area for 
ahsorption by this route.) In comparison, phenytoin and phenobarbital 
are more potent than tr,tu-diphenylsuccinimide when estimates are based 
on intraperitoneal dosage (Table I). However, the difference in potency 
among these drugs is much smaller when estimates are based on blood 
or brain concentrations. In fact, o,a-diphenylsuccinimide is more potent 
than phenobarhital when hlood or brain concentration forms the basis 
of comparison (Table I). 


Figure 1-Chromatogram of a,cu-diphenylsuccinimide (DPS) from 
brain extract. Internal standard (IS) was 5-fp-rnethylphenyl)-5- 
phenylhydantoin. See text for methods. 


Much of the variation in anticonvulsant potency among these drugs 
can be explained by a parabolic dependence of potency on hydropho- 
bicity, already described for other agents (8). This is evident if one 
compares the potency and log P (logarithm of the partition coefficient) 
values of phenobarbital, carbamazepine, phenytoin, up-diphenylsuc- 
cinimide, cyheptamide, and (diphenylacety1)urea (Table I). It will he seen 
that potency (expressed in terms of intraperitoneal dosage or blood 
concentrations) increases from phenobarbital to carbamazepine to 
phenytoin, with the increase of log P from 1.63 to 2.18 to 2.23, respec- 
tively. However, potency decreases from phenytoin to cu,n-diphenyl- 
succinimide to cyheptamide to (diphenylacetyl)urea, with the continued 
increase of log P from 2.23 to 2.63 to 2.74 to 2.83, respectively. If expressed 
in terms of brain concentrations, potency increases from phenobarbital 
to carbamazepine with the increase of log P from 1.63 to 2.18, respectively; 
further increases in log P result in decreased potency. Thus, the optimal 
hydrophobicity among these compounds is expressed by log P values in 
the range of 2.18-2.23. This is not too different from the optimal hy- 
drophobicities (log Po) predicted by others for antielectroshock activity 
in rats (1.8) and mice (3.7) (12) and for hypnoticactivity in rats and mice 
(2.0) (13). (The fact that log PO for antimnvulsant activity dnes not differ 
significantly from log PO for hypnotic activity indicates that changes in 
hydrophobicity alone may not result in more selective anticonvulsant 
agents.) 


A conceptual explanation for the parabolic dependence of potency on 
hydrophobicity is that molecules must possess a certain degree of lipid 
solubility in order to "dissolve" in and penetrate the lipid matrix of 
membranes, and increases in lipophilicity (hydrophobicity) will, within 
limits, facilitate this process. However, increases beyond a certain optimal 
hydrophobicity (log Po) result in lower potency because the molecules 
increasingly partition within the lipid matrix of the membrane. Because 
the probability of membrane penetration is thus diminished, higher 
concentrations of drug are necessary to permit an eventual efficacious 
engagement of receptors. 


If the data in Table I are arranged to express brain-blood concentration 
ratios, it will he seen that the distribution of drug between the two com- 
partments also follows an approximate parabolic relationship with hy- 
drophobicity. The ratios increase from phenobarbital (0.87) to carbam- 
azepine (2.04) to phenytoin (2.41) with increases in log P up to 2.23; 
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Table I-Anti-Maximal Electroshock Potency (EDa),  Overt  Neurotoxicity (TDm), and  Calculated Log P of a,a-Diphenylsuccinimide, 
Pbenytoin, Phenobarbital, Carbamazapine. Cyheptamide, and (Diphenylacety1)urea 


Phenobarbital Phenytoin a,a-Diphenyl- (Diphenyl- 
(111) Carbamazepine (11) succinimide (I) Cyheptamide acety1)urea 


ED50 lg.O(l7.1-21.2) 9.7(8.5-11.0) 7.1(6.5-7.8) 26.5(23.4-30.0) 81.0(52.0-127.0) 406(349-472) 


17.2(15.5-19.1) 2.4(2.2-2.7) 2.2(1.8-2.8) 5.0(3.4-7.2) 5.5( 3.9-7.8) 23( 12.6-42.1) 
15.0(13.&16.5) 4.9(4.1-5.7) 5.3(4.7-5.9) 8.4(6.4-11.1) 8.9(7.5-10.6) 40( 25.5-62.8) 


intra eritoneal, mg/kg 
b l d  pglmL 
brain, F /g T D ~ ,  mgkg ipa 66(62-7 1) 71 91 (84-98) 220(2OO-24 1) 170 * - C 


1.63 2.18f 2.231 ’ - 2.63 2.741 G4f Therapeutic indexd Log P 3.5(3.1-3.9) 7.6 12.8 11 4 14.3) 8.3(7.3-9.5) 2.1 C 


a Overt toxicity was assessed by the rotorod method (Ref. 6). Obtained from the literature (Refs. 15 and 16). Not available from the literature. Calculated for 
each drug as the ratio TD&Dm with respect to the intraperitoneal dose (mgkg). Calculated by A (barbiturate function) + A (CsH,) + r (ethyl) = -1.35 (Ref. 13) + 1.96 (Ref. 7) + 1.02 = 1.63 (Ref. 7). The calculated log P was used in preference to the experimental value (1.42, Ref. 13) to maintain consistency among calculated values. 
1 Obtained from the literature (Refs. 3 and 4). 8 Calculated by x (succinimide) + 2 ~ ( C , h )  = -1.29 (Ref. 12) + 3.92 = 2.63. 


further increases in log P result in lower ratios. (The only compound 
which is in poor compliance with this relationship is (diphenylacety1)- 
urea.) This, of course, is expected on the basis of the conceptual frame- 
work discussed above. Each membrane interposed along the phar- 
macokinetic path a drug might follow to its receptor will lessen the 
probability that the drug will ever engage its receptor. The greatest re- 
duction in such probability occurs a t  extreme values of the partition 
coefficient. Since one or more membranes must separate the blood from 
the brain (and receptor) compartments, the decrease in the b ra in -b ld  
ratios with either very low or very high log P values is likely the result of 
a failure to enter the lipid bilayer or a failure to penetrate once entry has 
been made, respectively. 


After a comparison was made of the average potency ratios among the 
above drugs within each category ( i .e . ,  intraperitoneal dosage, blood 
concentration, and brain concentration), it was found that the smallest 
average potency ratio (3.1, SD = 2.2, n = 15) was for potencies expressed 
in terms of brain concentrations; the largest average ratio was for 
potencies expressed in terms of intraperitoneal dosage (12.1, SD = 16.5, 
n = 15), and the average ratio in terms of blood concentrations (4.2, SD 
= 3.1, n = 15) was intermediate. This also can be explained within the 
conceptual framework already discussed. As the number of membranes 
a drug must penetrate increases, the probability of a particular molecule 
penetrating all of the membranes decreases; this decrease is dispropor- 
tionately greater for drugs with hydrophobicities a t  either extreme. 
Hence, the smaller average potency ratios expressed on the basis of brain 
concentrations might simply be an expression of a smaller difference in 
probability permitted by fewer barriers separating the drug from its re- 
ceptor. In the formalism of shallow uersus deep compartmentalization 
(14), the receptors exist in a relatively more shallow compartment when 
potency is expressed in terms of brain concentrations than when ex- 
pressed in terms of intraperitoneal dosage or blood concentration. 


Another factor which might partially explain the larger average potency 
ratios for intraperitoneal dosage is limited aqueous solubility. The log P 
value is an index of relative solubility in a hydrophobic uersus aqueous 
solvent; it is not a measure of the absolute aqueous solubility of a com- 
pound. Thus, the role that variance in log P might play in the parenteral 
absorption of the above drugs might be insignificant in comparison with 
the variance imposed by significant differences in absolute aqueous 
solubility. If the drug is not sufficiently soluble in water to permit inti- 
mate association with the membrane, the role of hydrophobicity in drug 
absorption will be minimized. 


In contrast with the MES data, overt neurotoxicity assessed by the 
rotorod method did not exhibit an apparent parabolic dependence on 
log P. Neurotoxicity data are not available for (diphenylacetyl)urea, but 
the rotorod TDm values for carbamazepine and cyheptamide in mice are 
71 (15) and 170 mg/kg (161, respectively (the estimate for cyheptamide 
was based on oral dosage). Thus, neurotoxicity seems to be inversely re- 
lated to log P; higher log P values are associated with lower toxic potency 
(i.e., higher TDm values). This observation is supported by regression 
analysis of 16 compounds (15) which provided the following: 


log l /C  = 15.9410g MW - 0.9710g P + 0.55~ - 33.19 (Eq. 1) 


where C is the dose producing (in mice) measurable toxicity in 50% of the 
test population ( i e . ,  TDm), MW is the molecular weight, and p is the 
dipole moment. If one compares the above equation with one of several 
equations which have been written to characterize anti-MES potency, 
it becomes apparent that overt neurotoxicity is not simply an extension 
of anticonvulsant activity. For example, anti-MES potency in mice has 
been characterized by: 


log 1/C = -0.22(10g P)2 + 1.1510g P - 0.37~ + 2.99 (Eq. 2) 


where C is the dose conferring protection against seizures in 50% of the 
test population (i .e. ,  EDm). Thus, there is considerable evidence for a 
linear dependence of neurotoxicity on log P (within the dosage range 
evaluated) and a parabolic dependence of anticonvulsant potency on 
log P. Furthermore, neurotoxic potency is directly proportional to p, 
whereas anticonvulsant potency is inversely proportional to p. Therefore, 
it is apparent that the mechanisms conferring toxicity are fundamentally 
different than those that confer an anticonvulsant effect. 


This can also be rationalized if one compares the therapeutic indices 
(TD&Dw) for the above drugs. These indices exhibit the same para- 
bolic dependence on log P as does anticonvulsant potency. For example, 
the therapeutic indices increase from phenobarbital (3.5) to carbamaz- 
epine (7.6) to phenytoin (12.8) with successive increases in log P,  but the 
indices decrease from phenytoin (12.8) to a,a-diphenylsuccinimide (8.3) 
to cyheptamide (2.1) with continued increases in log P (the therapeutic 
index is not yet known for (diphenylacety1)urea). This parabolic de- 
pendence of therapeutic ratio would not be expected if the toxic and 
anticonvulsant actions were the result of identical mechanisms. 


Although at  first thought it might seem that the uniqueness of mech- 
anisms involved might make it easier to design more selective (less toxic) 
anticonvulsant compounds, the parabalic dependence of therapeutic 
index on log P severely limits the utility of this parameter in such design. 
However, it is also apparent that  other indices, such as dipole moment, 
should be explored more thoroughly. As is apparent from the above 
equations, larger dipole moments might be associated with lower anti- 
convulsant potency, but greater toxic potency. Thus, it might make sense 
to screen hypothetical compounds for dipole moment as well as hydro- 
phobicity. Furthermore, as the quantitative structure-activity rela- 
tionships (QSAR) of anticonvulsant compounds become more fully 
documented, it is distinctly possible that other physicochemical or em- 
pirical indices will contribute still more to rational drug design. The po- 
tency data provided herein should be useful in QSAR studies of anti- 
convulsant compounds, in particular because potency expressed in terms 
of brain concentration appears more suited for such analysis than potency 
expressed as parenteral dosage. 


REFERENCES 


(1) C. A. Miller and L. M. Long, J. Am. Chem. SOC., 73, 4895 


(2) G. Chen, R. Portman, C. R. Ensor, and A. C. Bratton, J. Phar- 


(3) G. L. Jones, R. J. Amato, G. H. Wimbish, and G. A. Peyton, J. 


(4) R. J. Amato and C. L. Jones, Drug Deu. Res., 2.47 (1982). 
(5) E. A. Swinyard, Epilepsia, 10,107 (1969). 
(6) N. W. Dunham and T. S. Miya, J.  Am. Pharm. Assoc. Sci. Ed., 


(7) C. Hansch and A. Leo, “Substituent Constants for Correlation 


(8) C. Hansch and J. M. Clayton, J. Pharm. Sci., 62.1 (1973). 
(9) J. G. Millichap, G. L. Pitchford, and M. G. Millichap, Proc. SOC. 


(10) J. T. Litchfield and F. Wilcoxon, J. Pharrnacol. Exp.  Ther. ,  96, 


(11) G.  F. .Johnson, W. A. Dechtiaruk, and H. M. Solomon, Clin. 


(1951). 


macol. Exp. Ther., 103,54 (1951). 


Pharm. Sci., 70,618 (1981). 


46,208 (1957). 


Analysis in Chemistry and Biology,” Wiley, New York, N.Y., 1979. 


Exp. Riol. Med.,  127,1187 (1968). 


99 (1949). 


Chem., 21,144 (1975). 


312 I Journtll of Pharmaceutical Sciences 
Vol. 73, No. 3. Merch 1984 







(12) E. .J. Lien, J. Med. Chem., 13,1189 (1970). 
(13) C. Hansch, A. R. Steward, S. M. Anderson, and D. Bentley, J. 


(14) E. R. Garrett, Drug Res., 21, 105 (1977). 
(15) E. J. Lien, R. C. H. Liao,and H. G. Shinouda,J. Pharm. Sci., 68, 


(16) A. B. H. Funcke, M. C. van Reek, G. van Hell, U. I. Lavy, H. 


Timmerman, and P. Zandberg, Arch. Int. Pharmacodyn., 187, 174 
(1970). 


Med. Chem., 11,1(1967). 
ACKNOWLEDGMENTS 


463 (1979). Supported in part by grants from the Epilepsy Foundation of America 
and the Texas College of Osteopathic Medicine. 


Pharmacokinetic Analysis of Concentration-Time Data 
Obtained Following Administration of Drugs that are 
Recycled in the Bile 


WAYNE A. COLBURN 
Received October 4,1982, from the Department of Pharmacokinetics and Biopharmaceutics, Hoffmann-La Roche Inc., Nutley, N J  
07110. Accepted for publication January 18,1983. 


Abstract A pharmacokinetic model for calculating the pharmacoki- 
netic parameters fdr a compound that is recycled in the bile is presented 
and tested using theoretical as well as experimental data. The results 
indicate that this method is stable and only slightly susceptible to sam- 
pling and recycling times. I t  is apparent from the present study that 
pharmacokinetic terms that have been used in classical situations are not 
directly applicable to drugs that enter the enterohepatic circulation. 
Effective half-life and effective clearance are used to describe the intrinsic 
ability of the eliminating organs to remove drug from the blood, whereas 
net half-life and net clearance are used to describe the irreversible 
elimination of the drug from the body. 


Keyphrasea Pharmacokinetics-biliary recycling of drugs, theoretical 
model, applications to cimetidine and isotretinoin Biliary excre- 
tion-incorporation in pharmacokinetics, model, applications to ci- 
metidine and isotretinoin Mathematical models-incorporation of 
biliary recycling in pharmacokinetics, application to cimetidine and 
isotretinoin 


The ability to predict plasma concentration-time pro- 
files observed following repetitive doses from data ob- 
tained following a single dose is an important aspect of 
pharmacokinetic analysis. In most cases, drugs that follow 
linear pharmacokinetic models allow these predictions to 
be made with reasonable certainty. However, when plasma 
concentration-time data cannot be adequately described 
by classical pharmacokinetic equations, i .e . ,  saturable 
processes or enzyme induction, this predictive capability 
becomes impaired. When a compound is excreted in the 
bile and subsequently reabsorbed from the GI tract, a 
similar situation exists in that classical equations cannot 
be used to sufficiently characterize the erratic and fluc- 
tuating plasma concentration-time curves. The purpose 
of the present investigation was to develop a biliary re- 
cycling model, to test its susceptibility to sampling times 
and experimental error, and to apply it to experimental 
data from drugs that are known to recycle in the bile. 


THEOHETICAL 


Two distinct types of compounds must be considered when discussing 
hiliary excretion and enterohepatic circulation. In the first category, there 
are compounds that are recycled but still are eliminated in 124  h; indo- 
methacin ( I ) ,  cimetidine (2), and imipramine (3) are examples from this 


category. In the second category are compounds that persist for much 
longer than 24 h; isotretinoin (4), digitoxin (5), and phenprocoumon (6) 
are examples from this category of substances. For compounds that are 
eliminated from the body in -24 h or less, extensive sampling of body 
fluids is required over the entite interval, whereas for compounds that  
take substantially longer than 24 h to be eliminated from the body, ex- 
tensive sampling during the first 24 h and subsequent samples at 24-h 
intervals are required. The modeling procedure developed herein con- 
siders both types of compounds. 


Model Developmeqt-The following compartmental models (Fig. 
1) are among those applicable to the study of blood concentration-time 
data profiles of compounds that undergo enterohepatic circulation. The 
models differ only in the sites of elimination. It can be shown that models 


p 0  


Figure 1-Four possible enterohepatic recycling models. Compartment 
A is the absorption site, compartment I is the sampled blood compart- 
ment, and compartment 2 is the storage compartment that includes the 
gallbladder and the transit-time factor. The first-order rate constants 
k.1 and klz represent the transfer of drug from the absorption site to 
the sampled blood compartment and from the sampled compartment 
to the gallbladder storage compartment whereas k,,~, klo. and km are 
rate constants that represent first-order elimination from the absorption 
site, sampled compartment, and gallbladder storage compartment. The 
arrow between compartments 2 and A represent the discontinuous 
emptying process of the gallbladder such that the amount of drug in the 
gallbladder is transferred instantaneously to the absorptiori site a t  the 
time (tb,le) that reabsorption begins and V is the volume of the sampled 
compartment. 
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Abstract 0 Several 13-cis-retinamides were synthesized from 13-cis-retinoic 
acid via either 13-cis-retinoyl chloride or 13-cis-1 -retinoylimidazole. All- 
trans-retinoylglycine was prepared from all-trans-retinoyl chloride and ethyl 
glycinate. Detailed procedures were developed for the preparation of other 
all-rrons-retinamides on a large scale for studies of the chemoprevention of 
cancer. 
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All-rrans-retinamides-synthesis and chemical properties 0 Synthesis- 
13-cis- and all-rrans-retinamides, chemical properties 


Compounds of the vitamin A group (retinoids) are essential 
for normal cellular differentiation and for the growth of epi- 
thelial tissues (1 -4). During recent years, many studies, re- 
viewed by Sporn and co-workers (3-9) and Bollag and co- 
workers (10-12), have shown that retinoid deficiency in ani- 
mals enhances susceptibility to chemical carcinogenesis, that 
epithelia in certain organ cultures develop preneoplastic lesions 
in the absence of retinoids, and that administration of certain 
retinoids may prevent or reduce carcinogen-induced neoplasia 
in epithelial tissues of animals, as well as preneoplasia (6, 


13-16) in organs in culture. In particular, certain derivatives 
and analogues of all-trans-retinoic acid (tretinoin, also known 
as vitamin A acid; Ia) exert a prophylactic (and, in some cases, 
a therapeutic) effect on the development of preneoplastic and 
malignant epithelial lesions (e.g., 11, 16-25). Among the more 
interesting derivatives of retinoic acid and its analogues are 
the amides (retinamides and retinamide analogues). The 
purpose of this report is to describe the preparation of several 
all-trans-retinamides (11) and 13-cis-retinamides (IV) for 
long-term studies of chemoprevention in animals. Only one 
13-cis-retinamide, the primary amide (IV, R = H), had been 
previously described (without a synthesis procedure) in the 
literature (26). 


RESULTS AND DISCUSSION 


The preparation of all-rrons-retinamides IIa-d (27) and Ile (28) has been 
briefly outlined in the patent literature, but the characterization data (mp, 
UV) were sparse. The 4-hydroxyphenyl amide (all-rrans-N-(4-hydroxy- 
pheny1)retinamide; Ilm) was synthesized originally by Gander and mworkers 
(24.28). The preparation of llf-I has not been described previously, but IIf-i 
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and 11 I were among the retinoids evaluated in organ culture by Newton et 
a/. (16) and were synthesized, originally, elsewhere’. 


All-trans-retinamides have been prepared (24-31) from retinoic acid (la) 
uia all-trans-retinoyl chloride (Ib) in benzene (29), benzene-dimethylform- 
amide (24,28), or ether (27). The acid chloride (Ib) was prepared initially 
from la and phosphorus trichloride in  benzene (29) and subsequently from 
la and thionyl chloride in pyridine-ether (30). Most of the retinamides de- 
scribed here were obtained by modifying the phosphorus trichloride method 
and adapting it to large-scale syntheses. The volume of benzene may be re- 
duced considerably below that used in the original procedure (29) for the 
preparation of a retinamide. Although Ha-i and Ilk have thesame general 
structure, the isolation procedures used to obtain good yields of the various 
retinamides differ in detail. Compound Ilh could also be obtained uia Ib, but 
it was more conveniently prepared from 1 -(all-trans-retinoy1)imidazole (Ic), 
which was prepared from la and 1,l’-carbonyldiimidazole (32). The dihy- 
droxypropyl amide (Ili) was prepared by both methods; the isopropylidene 
derivative (Ilj) was prepared from Ili by a procedure adapted from nucleoside 
chemistry (33). All-trans-N-retinoylglycine (I1 I )  was prepared by treating 
Ilb with an excess of ethyl glycinate free base and saponifying the resulting 
ester (Ilk). 


Differences among some of the all-trans-retinamides in their sensitivity 
to atmospheric oxygen were observed. Since all have the same basic retinoid 


I Compounds Ilf-i were first supplied for biological evaluation (16) by BASF Ak- 
ticngesellschaft. Ludwigshafen am Rhein, West Germany, and compounds 1lm.n. by 
Johnson and Johnson, New Brunswick, N.J. 


structure, these differences are probably due principally to differences in 
crystal structure and particle size (Experimental). The 2.3-dihydroxypropyl 
amide (Hi) appeared to be the most sensitive of theall-trans-retinamides to 
deliberate exposure to air, whereas the ethyl amide (IIb) and 4-hydroxyphenyl 
amide (Ilm) appeared to be among the least susceptible to atmospheric 
oxygen. 


The 13-cis-retinamides (IV) were prepared from 13-cis-retinoic acid (Illa) 
by way of either 13-cis-retinoyl chloride (Illb) or I - (  13-cis-retinoyl)imidazole 
(Illc). In initial runs, it wasshown by NMRand HPLC that 13-cis-retinoic 
acid (IlIa) could be converted to 13-cis-retinoyl chloride (Illb) and thence 
to 13-cis-N-ethylretinamide (IVa) without causing isomerization of the 13-cis 
structure to the all-trans isomer. Compounds IVa-c could be prepared uia 
Il lb in yields of 74-82% from Illa. 1-( 13-cis-Retinoyl)imidazole (Illc) was 
prepared from llla and 1.1’-carbonyldiimidazole by a procedure similar to 
that employed for the preparation of the all-trans isomer. A specimen of I l k  
was purified, but less pure specimens, which might have contained varying 
amounts of imidazole, were satisfactory for the formation of 13-cis-retina- 
mides. The conversion uia I l k  was quite satisfactory, and superior to the acid 
chloride method, for the preparation of the hydroxyalkyl amides (lVd,e). In  
later, large-scale runs, l l lc was prepared and used in sifu; consequently, the 
use of lIlc for the preparation of 13-cis-retinamides is comparable in simplicity 
to the acid chloride method. Yields of 1Vd.e were 60-70’70. 


Although amides are simple derivatives and IVa-e are all representatives 
of the same general structure, the preparation of these 13-cis-retinamides was 
not without difficulties. The most serious problem was the occasional for- 
mation during the preparation or isolation of IVa and IVb of considerable 
amounts (10-25%) of the all-trans isomer. The reasons for these occasional 
lapses were not apparent, but it is evident that the synthesis of a 13-cis-reti- 
namide should be carefully monitored by HPLC and NMR to ensure the 
absence of significant amounts of the corresponding all-trans isomers. Other 
operational difficulties were caused by idiosyncracies of individual structures. 
The ehydroxybutyl derivative (We) could be crystallized initially only from 
cyclohexane; it then retained cyclohexane (-1:l) tenaciously (Experimental). 
Once a crystalline specimen was obtained free of cyclohexane, 1Ve could be 
readily recrystallized from acetonitrile-water. The 2-hydroxyethyl amide 
(IVd), which is isolated as a syrup, dissolves in hexane at room temperature 
and crystallizes. The crystalline solid is then only sparingly soluble in boiling 
hexane, but it is soluble in cyclohexane and can be recrystallized from the latter 
solvent. Compound IVc showed a tendency to retain benzene, the reaction 
solvent. The butyl amide (IVb) resisted crystallization and appeared to un- 
dergo considerable degradation during attempts to purify and crystallize it 
until seed crystals were finally obtained. 


Other than differences owing to absorptions of the R groups, there is little, 
or no, variation in the NMR spectra2 of the all-tram-retinamides (11) or of 
the 13-cis-retinamides (IV). The major differences between the 100-MHz 
‘H-NMR spectra of the all-trans (IIa-I) and the 1 3 4 s  amides (IVa, b, d, 
and e) are the pronounced downfield shift of the C- I2 proton signal and the 
upfield shifts of the C-14 and C-20 proton signals in the spectra of the 13-cis 
amides. For example, the C-12 proton signal in the spectrum of all-rrans- 
N-ethylretinamide (lib) is part of a multiplet (CH of C-7, C-8, C-10, and 
C-12 t NH) at d 6.0-6.4 ppm, and the (2-20 and C-14 proton signals are 
approximate singlets at d 2.37 and d 5.71 ppm, respectively; whereas the 
corresponding proton signals in the spectrum of the 1 3 4 s  isomer (1Va) are 
6 7.84 (d, C-12), 2.01 (s, C-20). and 5.57 ppm (s, C-14). The ‘)C-NMR 
spectra of the all-frans-retinamides are in excellent agreement with one an- 
other and with data from spectra of other all-trans-retinoids determined by 
Englert (35) and assigned with the use of lanthanide shift reagents. The 
greatest differences in the IT-NMR spectra (obtained in CDCI3) of the 
13-cis-retinamides (IVa, b, d, and e) relative to the spectra of the all-trans 
amides (Ha-I) are the downfield shift of (2-20 (-7.2 ppm) and the upfield shift 
ofC-I2 (5-6 ppm).Significant upfieldshiftswerealsoobserved in theC-I3 
(1.8-2.1 ppm), C-14 (1.7-1.8 ppm), and C-15 (0.4-0.5 ppm) peaks in the 
13-cis-retinamide spectra. These differences are exemplified by chemical shifts 
in the I3C-NMR spectra of the all-trans- and 13-cis-N-ethyl amides: C-20. 
6 13.54 (Ilb) and 20.73 ppm (IVa); C-12, C 135.79 (Ilb) and 129.7-130.6 ppm 
[one of four closely spaced peaks ((2-5, C- 10, C- 1 1, and C- 12) in the spectrum 
of IVa]; C-13.6 147.89 (Ilb) and 145.98 ppm (IVa); C-14,d 121.95 (Ilb) and 
120.23 ppm (IVa); C-15,d 167.12 (Ilb) and 166.66 ppm (IVa). 


The UV spectra2 of the aliphatic all-trans-retinamides have an absorption 
maximum at 347-348 nm with a molar absorptivity (c)  of -5O,OOo-51,000. 
This maximum is shifted slightly (2-4 nm) to longer wavelengths in the spectra 
of the 13-cis-retinamides, and the molar absorptivity is lower (range: 
42.200-47.700). Both the absorption maxima and the absorptivity are greater 
in the N-aryl amides. The IR spectra* of all of these retinamides (I1 and IV) 


* Detailed spectrometric data for the individual retinamides (Ila-n and 1Va-e) are 
listed in a complementary publication (34). 
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show at least one strong band in the region of 965-985 crn-l. This band is due 
to the C-H out-of-plane vibrations of the rransdisubstituted ethylene groups 
(36). The molecular ion (M) is one of the most intense peaksobserved above 
m/z 200 in the mass spectra of the retinamides ( I 1  and IV) when the spectra2 
are measured in the electron-impact mode at  a direct-probe temperature of 
-2O'C. Additional characteristic, though less intense, peaks observed are  
M - 15, loss of a methyl group; M - 123, loss of the 2,6,6-trimethyl-l-cy- 
clohexenyl group; and M - R, m/z 298. loss of the R group, when R is not an 
aryl group. In all of the spectra in the region above m/z 200, other charac- 
teristic peaks that are usually more intense than the peak at  M - 15 or at  m/z 
298 are m/z 282 (M - NHR - H), 267 (282 - CH3), 255 (M - CONHR), 
241 (M - CH3 - CONHR + H), 240,239,225 (240 - CH3). 21 3,211, and 
201. Other prominent peaks, as well as less intense peaks, also appear in the 
region above m/z 200, and numerous strong peaks are present in all of the 
spectra in the region below m/z 200. 


Most of these retinamides have been evaluated in the hamster trachael organ 
assay and are highly active (16). Several have been shown to have chemo- 
preventive activity (24, 25) in uiuo and to be significantly less toxic than is 
all-frans-retinoic acid (37). All-rrans-retinoylglycine, ( I 1  I) like all-rrans- 
and 13-cis-retinoic acids, is a strong inducer of retinoic acid metabolism (38) 
and is more active against hyperplasia in mouse prostate organ cultures than 
is all-trans-retinoic acid (39). 


EXPERIMENTAL 


All operations involved in the preparation, isolation, purification, and 
transfer of retinoids were performed in an atmosphere, or under a current, 
of dry nitrogen or argon. All such operations werealso performed in dim light 
or photographic darkroom light and, insofar as possible, with containers 
wrapped with aluminum foil or with black cloths. All retinoids were stored 
in an atmosphere of argon or nitrogen in hermetically sealed containers a t  
-2O'C or -8OOC. 


Melting temperatures were determined in capillary tubes). UV spectra4 
were determined with ethanol solutions (except for Ilm, where methanol was 
employed). IR spectra5+6 were determined from specimens in pressed potas- 
sium bromide disks. Mass spectral data were taken from low-resolution, 
electron-impact spectra determined at 70 eV7; the direct-probe temperature 
was 20'C. 'H-NMR spectra were determined at 100 MHze. I3C-NMR 
spectra were determined at  25.2 MHz8 or 100.6 MHz9. Both the 'H- and 
"C-NMR spectra were recorded from CDCI) solutions except for the spectra 
of Ilm and IVc, which were recorded from MezSO-ds solutions. The more 
salient spectroscopic data are summarized in the discussion. 


TLC was performed on plates of fluorescing silica gelto, and developed 
plates were examined with UV lamps (254 and 365 nm) unless otherwise in- 
dicated in parentheses. Other pertinent information (amount applied, devel- 
oping solvent, other methods of detection) is given parenthetically a t  the ap- 
propriate places in the experimental procedures. 


HPLC was performed with a components system" and an integratorI2 or 
with a complete systemt3 and was monitored by UV at  340 nm. unless oth- 
erwise indicated. Reverse-phase HPLC was performed on columns of octa- 
decylsilane (ODS) chemically bonded to silica: column A, pBondapak" CIS. 
10-pm particle size; column B, Spherisorbt4 ODs,  5-pm particle size; column 
C, Partisilts ODs-2, 10-pm particle size. HPLC eluting solvents were: solvent 
A, gradient 60:40 acetonitrile-water (solution (I) - 98:2 acetonitrile-water 
(solution b). 0% solution b - IWosolution b; solvent B, 85:IS acetonitrile-1% 
aqueous ammonium acetate, isocratic; solvent C, 80:20 acetonitrile- 1% 
aqueous ammonium acetate, isocratic. 


All-tram-retinoyl Chloride (Ib)-All-frans retinoic acid (la, 400 g, 1.33 
mol) was suspended in 4 L of dry, reagent-grade benzene in a dry 12-L, 3- 
necked, round-bottom flask fitted with a motor-driven stirrer, thermometer, 
addition funnel, and inlet and exit tubes for nitrogen. A solution of 129.3 g 
(0.94 mol) of phosphorus trichloride in 1.6 L of dry benzene was added in a 
fast, continuous stream to the vigorously stirred mixture a t  -25'C. N o  in- 
crease in temperature was observed during the addition; stirring was continued 


~ ~ ~ 


Mel-Tem apparatus. ' Cary Mocfel 17 UV spectrophotometer. 
Perkin-Elmer Model 621 spectrometer. 
Nicolet Model MX-I Fourier Transform spectrometer. 
Varian/MAT Model I I 3  A mass spectrometer. 
Varian XL-100-15 NMR spectrometer. 


Silica Gel GF prccoatcd % ~ ~ ~ ~ f l u o - n t ) ,  250 pm thickness; Analtech lnc.. 


Waters Associates. Milford, Mass. 
Model 3380 S; Hewlett-Packard. 
Model 1084 B; Hewlett-Packard. 


9 Bruker WH-400 NMR s 


Newark, Del. 


I4 Spectra-Physics, Houston, Tex. or Universal Scientific Inc.. Atlanta, Ga. 
' J  Whatman Inc., Clifton, N.J. 


under a brisk current of nitrogen and with occasional warming to maintain 
the temperature at 25-3OOC. The retinoic acid slowly dissolved, and the 
mixture changed from a suspension to an orange solution plus a gummy pre- 
cipitate (phosphorus compounds) that generally collected on the walls of the 
flask. On this scale, all of the retinoic acid dissolved within -3 h. The solution 
was stirred for an additional 1 h, stirring was discontinued, and the gummy 
precipitate was allowed to settle. 


While the retinoyl chloride solution was being prepared, a dry benzene or 
benzene-dimethylformamide solution of the amine required for the desired 
retinamide was prepared under nitrogen and cooled. The retinoyl chloride 
solution was decanted under nitrogen into an addition funnel for introduction 
into the appropriate amine solution. 


All-~mw-N-methylretinamide ([In)-By the procedure described for the 
preparation of IIb (below), methylretinamide I la  was prepared from Ib  and 
methylamine, recrystallized from methanol, and dried in uacuo a t  room 
temperature to yield 11.3 g from 15 g of la (72%). mp 175-176'C. Since TLC 
revealed a trace impurity and N M R  showed the presence of a small amount 
of methanol, the product was recrystallized from ethanol (300 mL) to yield 
8.6 g (55%) ,  mp 175-176OC [lit. (27) mp 174-175'C]; TLC: I spot (99:l 
chloroform-methanol); HPLC: 100% (column A, solvent A, monitored at 345 
and 254 nm). 


Anal.-Calc. for C ~ I H ~ I N O :  C. 80.47; H, 9.97; N, 4.47. Found: C, 80.42; 
H, 10.03; N. 4.40. 
All-tram-N-ethylretinamide ( I I b t T h e  general procedure (25) for the 


preparation of IIb and similar all-fruns-retinamides is illustrated by the fol- 
lowing procedure. A solution of all-trans-retinoyl chloride (Ib) prepared, as 
described above, from 400 g (1.33 mol) of Ia was added during 0.5 h to a 
stirred solution of 595 g (13.2 mol) of ethylamine in I100 mL of dry. re- 
agent-grade benzene at  IO'C. The temperature was maintained at 10-15'C 
with an ice-salt bath, and the reaction mixture was stirred an additional 0.5 
h a t  IO'C. Cold water (4 L) was added during -10 min, stirring was continued 
for 15 min, and the mixture was concentrated in uacuo with a large rotating 
evaporator to remove the benzene and excess ethylamine. The yellow, crys- 
talline solid suspended in the aqueous mixture was collected by filtration, 
pressed by suction with a rubber sheet to remove a yellow, oily material, 
washed thoroughly on the filter with water, pressed again with a rubber sheet 
to remove as much water as possible, and dried further in uacuo. The solid was 
dissolved in hot methanol (-5 L), the solution was filtered, and the hot filtrate 
was diluted with warm water to the cloud point. The mixture was allowed to 
cool to room temperature and was then stored in a refrigerator overnight. The 
yellow, crystalline product was collected by filtration, washed with cold 
methanol-water (4:1), and dried in uacuo to constant weight to yield 356 g 
(82%). mp 138-140'C [lit. (27) mp 137-138'1; TLC: I spot (99:l chloro- 
form-methanol); HPLC: 99.7-100% (column B with solvent B or column A 
or C with solvent C. monitored at  350 and 254 nm). 


All-tmm-N-hutylretinnmide (1Ic)-Compound Ilc was prepared by the 
procedure described for I lb  from butylamine (580 mL in 1 L of dry benzene) 
and a solution of Ib  (prepared from 400 g of la, 81.3 mL of phosphorus tri- 
chloride, and 5 L of dry benzene). The mixture was stirred for 45 min and then 
washed thoroughly with cold water (1.5 L). The organic layer was washed 
again with cold water (1 L), concentrated to -1 L, filtered to collect a yellow 
precipitate, and concentrated further to obtain a second cropt6. The crude 
product (450 g) obtained by combining the twocrops was recrystallized from 
methanol-water (9:l. 2.7 L). The yellow, crystalline solid was collected by 
filtration, washed with cold methanol-water, and dried in uacuo a t  room 
temperature to yield 376 g (79%) of Ilc, mp92-94'C [lit. (27) mp92-93'CI; 
T L C  1 spot (99:l chloroform-methanol); HPLC: >99.9% (column B, solvent 
B). 


And-Calc. for C24H37NO: C, 81.07; H,  10.49; N, 3.94. Found: C, 81.03; 
H,  10.68; N, 3.75. 


AU-~rs-N-(Zhydroxyethyl)re6namide old)-Compound IId was prepared 
by the procedure described for IIb from ethandamine (dried over molecular 
sieves, 600 mL in 1 L of dry benzene) and a solution of Ib (prepared from 350 
g of Ia in 4.8 L of dry benzene). After a reaction period of 45 min a t  10°C, 
the product (pasty solid) was isolated (difficult filtrations) as  was Ilb, washed 
with cold methanol-water ( l : l ) ,  triturated with cold methanol-water (2:1, 
400 mL), and recrystallized (cJ,  Ilb) twice from methanol-water (3:l). The 
yellow crystals were dried in uacun at room temperature to yield 335 g (84%) 
of Ild, mp 139-141'C [lit. (27) mp 138-139OCJ; TLC: 1 spot with tailing 
( 9 5 5  chloroform-methanol); HPLC: 99.8- 100% (column B and solvent B 
or column C and solvent D). 


Anal.-calc. for C22H33N02: C, 76.93; H, 9.68; N, 4.08. Found: C, 76.63; 
H, 9.88; N,  3.98. 


l 6  Compound Ilc could also be isolated by evaporating benzene and butylamine from 
the water-organic mixture ( c J ,  Ilb) after addition of the second portion of water and 
then including the yellow, oily layer to crystallize. 
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AIClram-N-propylretmide (IIekCompound Ile was prepared from la 
(50 g) and n-propylamine (59 g) by the procedure described for Ilb. The crude 
product (51 g) was recrystallized from ethanol-water (5:l. 600 mL) to yield 
45.8 g @I%), mp 113-114"C [lit. (28) mp 113-115"C]; HPLC:99.4% 
(column B, solvent B). 


Aml.-Calc. for C23H35NO C, 80.88, H, 10.33; N, 4.10. Found: C, 81.18; 
H, 10.69; N, 3.89. 
(f)-All-trsm-N-(2-bydroxypropyl)retinamide (1If)-Compound IIf was 


prepared by the procedure described for Ilb from (i)-I-amino-2-propanol 
(420 mL in 1.8 L of dry benzene) and a solution of Ib (prepared from 300 g 
of la, 60.8 mL of phosphorus trichloride, and 3.8 L of dry benzene). After a 
reaction time of 1 h at 10- 15°C and concentration of the reaction mixture 
to -50% of the original volume, the addition of cold water (1.5 L) to the 
stirring mixture caused precipitation of the product. The mixture was allowed 
to stand in an ice bath, and the precipitate was then collected by filtration, 
pressed with a rubber sheet by suction on the filter. washed with water, and 
dried. The benzene layer was separated from the filtrate, concentrated, and 
diluted with cold water (500 mL). A second portion of Ilf was separated by 
filtration as above. The two portions were combined (279 g) and recrystallized 
from 2:l acetonitrile-water (3 L). The pale yellow, crystalline product was 
collected by filtration and dried at room temperature to yield 237 g (67%) of 
Ilf, mp 116-1 17°C; TLC: 1 spot (955 chloroform-methanol); HPLC: 
99.4-99.9s (column B, solvent B). 


Anal.-Calc. for C23H35NO2: C, 77.27; H, 9.87; N, 3.92. Found: C, 77.58; 
H. 10.1 I;  N, 4.08. 


All-trans-N-(3-bydroxypropyl)retinarnide (1Ig)-A mixture of la (200 g, 
0.67 rnol). I,l'-carbonyldiimidazole (1 24 g. 0.79 mol), and anhydrous benzene 
(2 L) was stirred at room temperature for 2 h. The resulting solution was 
warmed at 50°C in a water bath for 15 min, cooled to room temperature, and 
slowly added to a cold (IO'C), stirred solution of 3-amino-I-propanol (260 
mL, 3.6 mol) in anhydrous benzene (1 L). The reaction mixture was stirred 
at 10°C for 2 h, allowed to stand at room temperature overnight, and diluted 
with ether (-I L) to minimize emulsification. The resulting solution was 
washed with water (2 X 1 L), and the organic layer was dried over sodium 
sulfate and concentrated to a low volume. The yellow. finely divided precipitate 
was collected by filtration, washed with small amounts of benzene and ether, 
and dried in uucuo to yield 195 g. A second crop (1 8 g) was obtained from the 
filtrate (total yield of crude Ilg = 89.4%). The two portions were combined 
and dissolved in hot ethyl acetate ( I  L). The pale yellow precipitate was filtered 
from the cool mixture and dried in uucuo to yield 154 g (65%) of IIg, mp 
110-1 1 1°C (cap., inserted at 95OC); TLC: 1 spot (955 chloroform-metha- 
nol); HPLC: 99.7-100% (column B, solvent B). 


Anal.-Calc. for C23H35N02: C, 77.27; H, 9.87; N. 3.92. Found: C, 77.30 
H, 10.05; h', 4.14. 
AU-trnns-N-(4-hydroxybutyl)retinemide (IIh)-The procedure was similar 


to that described for the preparation of Ilg except that the ratio of the amine 
(4-aminobutanol, 0.97 mol) to la (0.33 mol, 100 g) was lower. After the 
benzene-ether solution had been washed with cold water (3X). it was con- 
centrated to a viscous oil that crystallized after seed crystals were added. The 
yellow, crystalline solid was triturated with cyclohexane-hexane (1:2, 100 
mL), collected by filtration, dried in uucuo (weight, 96 g), and recrystallized 
from acetonitrile (hot). The pale yellow crystals were filtered from the cold 
mixture and dried in uacuo at room temperature to yield 93 g (73%) of Ilh, 
mp 1 1 1 - 1  13°C (cap., inserted at 80°C); T L C  1 spot (955 chloroform- 
methanol); HPLC: 99.8% (column B, solvent B). 


Anal.-Calc. for C Z ~ H ~ ~ N O ~ :  C, 77.58; H. 10.04; N, 3.77. Found C, 77.76; 
H, 10.30; N. 3.65. 


A polymorphic form of Ilh was also obtained (from cyclohexane or aceto- 
nitrile), mp 95-96°C. The solid-state IR spectrum differed from, but was 
similar to, that of the higher-melting form. The two forms wereshown to be 
identical by TLC, HPLC, IH-NMR, and I3C-h'MR. 
(f)-All-tmns-N-(2,3-dibydroxypropyl)retinamide (1li)-A solution of all- 


tram-retinoyl chloride (prepared from 100 g of la, 2 I mL of phosphorus tri- 
chloride, and 1300 mL of dry benzene) was added to a solution of 200 g of 
(i)-3-amino-l,2-propanediol in I200 mL of dry benzene and 300 mL of di- 
methylformamide at a rate that did not cause the mixture temperature to 
exceed 20°C. The orange, two-phase mixture was stirred overnight at room 
temperature. The supernatent solution was decanted from the gummy amine 
hydrochloride and divided into approximately equal amounts in two 5-L 
separatory funnels, each containing 1 L of water and 1.5 L of ethyl acetate. 
The emulsions separated during standing, and the aqueous layers were re- 
moved. The organic layers were extracted repeatedly (5-8 times) with 600-mL 
portions of water. Additional amounts of ethyl acetate and small portions of 
sodium chloride were added, as needed, during these extractions to cause 
separation of the emulsions. The two organic layers were combined, and the 
solution waschilled in an ice bath, dried over anhydrous magnesium sulfate, 
and concentrated in uucuo to -1 L. (Much magnesium sulfate was required 


to dry the solution and considerable heat was evolved.) Finely divided, yellow 
crystals formed, and 1 L of cyclohexane was added. After the mixture had 
been stored in a freezer overnight, Ili was collected by filtration, washed with 
I : I  ethyl acetate-cyclohexane, and dried in uucuo at room temperature to 
constant weight to yield 103 g (83%). mp 101-104°C. Polymorphic formsof 
Ili were obtained: mp 83-85°C from acetonitrile; mp 101-104°C from ethyl 
acetate. The specimen described above (103 g) was recrystallized from ace- 
tonitrile to yield 98 g (79%) of IIi, mp 83-85°C; HPLC: 98-1004b (column 
B, solvent B). 


Anal.-Calc. for C ~ ~ H ~ S N O ~ :  C, 73.96; H, 9.44; N, 3.75. Found: C, 73.21; 
H, 9.64; N, 3.63. 


Preparation of Derivative IIj-A solution prepared by carefully adding 
16.74 mL of 60?6 perchloric acid to a stirred solution of 11.16 mL of 2,2- 
dimethoxypropane and 415 mL of anhydrous acetone was stirred for 5 min, 
(i)-all-fruns-N-(2,3-dihydroxypropyl)retinamide ( I  2.5 g) was added in one 
portion, and the resulting solution was stirred for 50 min. Pyridine (16.75 mL) 
was added, and the solution was concentrated in uucuo to a gummy residue 
that was partitioned between chloroform (500 mL) and saturated aqueous 
sodium bicarbonate (500 mL). The aqueous layer was reextracted twice with 
250-mL portions of chloroform, and the chloroform solution (3 portions 
combined) was dried over magnesium sulfate and concentrated in uucuo to 
an orange syrup. A solution of the residual syrup in petroleum ether (I25 mL, 
bp 30-60°C) was filtered and then refrigerated. A yellow precipitate was 
collected by filtration, washed with cold petroleum ether, and dried inuocuo 
at room temperature to give 11.8 g. Since TLC showed that this material still 
contained some of the starting material, it was chromatographed on a column 
of silica gel. The column was eluted with 955  chloroform-methanol, and the 
fractions containing IIj were located by TLC. Concentration of these fractions 
in uucuo left a yellow syrup (8.2 g) that was crystallized from petroleum ether 
(1 50 mL). Yellow crystals were filtered from the cold mixture, washed with 
petroleum ether, and dried in uucuo at room temperature to yield 6.02 g 
(43.5%) of IIj, mp 106-1 10°C; HPLC: 97.2% (column B, solvent B); UV,, 
(ethanol): 348 nm (c 47,500). 


All-~ram-N-retinoylglycine Ethyl Ester (1Ik)-A solution of 196 g (1.40 
mol) of glycine ethyl ester hydrochloride in 200 mL of water was covered with 
400 mL of ether. The mixture was cooled to 0°C in  an ice bath, and 160 mL 
of 33% aqueous NaOH was added at  such a rate that the temperature of the 
reaction mixture did not exceed 4OC. Immediately after the sodium hydroxide 
had been added, anhydrous potassium carbonate was added until the water 
layer was a pasty mass. The ether layer was decanted, and the residual mass 
was extracted twice with 250-mL portions of ether. The combined. cold. ether 
extracts were dried over a 9:1 mixture of anhydrous potassium carbonate and 
barium hydroxide and filtered through a pad of anhydrous magnesium sulfate. 
The total volume of the combined filtrate and ether washings was 900 mL. 
The solution was cooled to 5°C and used in the coupling reaction with Ib. (In 
an earlier, small-scale reaction, concentration of the dried, ether extracts af- 
forded a fluid, colorless oil; examination of this product by MS and by IH- 
NMR indicated that little or no diketopiperazine was present.) 


A solution of Ib in 450 mL of dry benzene (prepared from 45 g of la) was 
added to the vigorously stirred ethyl glycinate solution (described above) at 
a rate that did not cause the temperature to exceed 10°C. The mixture was 
then stirred at 10°C for 1 h. Ice-cold water (450 mL) was added in a dropwise 
manner, the two-phase mixture was concentrated in uucuo at -35°C to re- 
move the ether and benzene, and the fluid yellow syrup that remained in 
suspension was extracted into a minimum amount of ether. The ether layer 
was stirred vigorously with water (400 mL) to ensure thorough mixing, the 
mixture was concentrated in uucuo to remove the ether, and the water was 
decanted from the viscous syrup. This process was repeated, but the water- 
syrup mixture was refrigerated overnight before the water was decanted. An 
ether solution of the residual syrup was dried (MgS04) and concentrated in 
uucuo at 35°C to constant weight to yield 55  g (95%) of a yellow glassy ma- 
terial. Crystalline Ilk was obtained by dissolving the glassy material in warm 
ethanol and storing the filtered solution at - 15°C; mp 91-93"C;TLC: 1 spot 
(1O:l chloroform-acetone); HPLC: 99% (column A, solvent A). 


Anal.-Calc. for C24H35NO3: C, 74.76; H, 9.1 5 ;  N. 3.63. Found: C, 74.39; 
H. 8.95; N, 3.36. 


All-trsnoN-retinoylglyci~ (I1 I t A  stirred solution of 15.0 g (38.9 mmol) 
of crude N-retinoylglycine ethyl ester in 265 mL of ethanol that contained 
15.0 g of 85% KOH was heated at 6OoC for I h. The reaction mixture was 
poured into 600 mL of water at 0°C. and the solution was extracted with ether 
(3 X 250 mL) to remove neutral and basic impurities. When the aqueous layer 
was acidified to pH 3 with I .5 M sulfuric acid, a fluid oil separated. The 
mixture was extracted with 250 mL of ether, and the extract was washed twice 
with water and dried over anhydrous magnesium sulfate. Concentration of 
the dried extract afforded 13.5 g (97%) of a viscous orange syrup. Crystalli- 
zation of the crude product twice from acetonitrile (about 10 ml/g) gave 
yellow microcrystals, mp 94-97°C; TLC: 1 spot (8:2:1 butanol-acetic acid- 
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water); HPLC: >98% (column A, solvent 1:1 acetonitrile-I% ammonium 
acetate). 


And.-Calc. for C ~ ~ H ~ I N O ~ :  C, 73.91; H, 8.74; N, 3.92. Found: C, 73.68; 
H, 8.21; N, 3.78. 
AII-tmns-N-(4-bydroxypbenyl)retinnmide (I1m)-The preparation of Ilrn 


was based on the procedure of Gander and co-workers (24,28) and is similar 
to the preparation of other all-tram-retinamides from IIb. The literature 
procedure (24.28) was modified to adapt it to large-scale synthesis as follows. 
The precipitate of Caminophenol hydrochloride was filtered from the reaction 
mixture; the filtrate was washed with water, concentrated, and chilled; and 
the crude, crystalline product was collected (1 -3 crops). These modifications 
obviate the need for the large quantities of ether used in the original procedure 
and permit the preparation of 300-400 g of IIm per run. (Some ether was 
added during the workup of some of the preparations of Ilrn in order to min- 
imize emulsification.) The crude product was recrystallized from metha- 
nol-water and then from ethanol-water, mp 173-175OC; TLC: 1 spot (955 
chloroform-methanol); HPLC: 99.9% (column B, solvent B). 


Ann/.-Calc. for C~H33N02: C, 79.77; H, 8.50; N, 3.58. Found: C, 79.55; 
H, 8.75; N, 3.54. 


This compound evidently crystallizes in several polymorphic or solvated 
forms. Among many specimens prepared by the procedure outlined above, 
thempof 173-175°C was typical,and theIRspectraofmostofthesespeci- 
mens were identical; however, the solid-state IR spectra of a few specimens 
that melted over a 1-2OC range between 171 OC and 176OC differed in fine 
structure from the typical spectrum. Therefore, there may be more than one 
form with a melting point in this range. Also, a form obtained by slow crys- 
tallization of Ilrn from methanol melted at 178-1 81 OC and retained methanol. 
The form reported by Gander and co-workers (24) melted at 162-163OC and 
apparently is more soluble in chloroform than the typical form described above. 
All of these forms, including a specimen with mp 162-163OC (24). were shown 
by UV, IH-NMR, 13C-NMR, MS. TLC, and HPLC to be identical with one 
another and to be Ilrn of high purity. 
All-trrns-N-(e(~valoyloxy)pbelyl~etinnmide ( I In tTh i s  compound was 


prepared by acylating IIm with pivaloyl chloride in benzene-pyridine, pouring 
the reaction mixture into water, and recrystallizing the yellow precipitate from 
methanol-water and then from ethanol-water, mp 158-160OC; TLC: 1 spot 
(99:l chloroform-methanol); HPLC: 99.9-1009b (column B. solvent B). 


Ann/.-Calc. for C ~ ~ H ~ I N O ~ :  C, 78.28; H, 8.69; N, 2.94. Found: C, 78.23; 
H, 8.72; N, 2.71. 
l-(l3-cls-Retinoyl)imjdazde (IIIc)-A mixture of 13-cis-retinoic acid (20 


g, 66 mmol) and I ,1'-carbonyldiimidazole (12.4 g, 76 mmol) in benzene (300 
mL) was stirred at room temperature for 3 h; gas evolution had ended by this 
time. The solution was warmed to 50°C for 15 min and then concentrated in 
uucuo to an orange syrup. A mixture of the residue and cyclohexane (250 mL) 
was stirred at room temperature. filtered to remove a beige solid, and con- 
centrated to dryness under reduced pressure. A solution of the residue in cy- 
clohexane (I50 mL) was diluted with hexane (50 mL) and cooled with stirring 
in an acetone-dry ice bath at -1OOC. A yellow precipitate was collected by 
filtration and dried to yield 18 g (77% yield of crude product). Recrystalli- 
zation of a 13-g portion of this material from cyclohexane and refrigeration 
of the mixture afforded 7 g of a yellow solid, mp 70-85OC; HPLC: 98%. A 
second crop of 2.4 g (mp 75-80OC; HPLC: 96.6%) was obtained after the 
filtrate was diluted with hexane and refrigerated. A cyclohexane ( I  50 mL) 
solution of 6.9 g of this material (crop 2 plus part of crop 1) was washed with 
water (2 X 50 mL). dried (MgS04). concentrated to -30 mL, and stored at 
-1 5°C. A yellow crystalline solid was collected by filtration and dried in uucuo 
to yield 5.0 g of I l k ,  mp 85-86OC (cap., inserted at 65OC); HPLC (column 
B, solvent B): 98.2% I l k  (retention time, 20.2 min) and 1.2%of an impurity 
(retention time, 17.6 min). A spike at  6 1.42 ppm on the upfield side of a 
multiplet in the IH-NMR spectrum indicated the presence of a small amount 
of cyclohexane in this specimen. A portion was crushed to a powder and dried 
thoroughly in uucuo prior to microanalysis. 


Ann/.-Calc. for C23H30N20 C, 78.82; H, 8.63; N, 7.99. Found C, 78.94; 
H, 8.79; N, 8.26. 


From another run beginning with 40 g of 13-cis-retinoic acid, compound 
lIIc was obtained in three crops of crystals from cyclohexane-hexane: 2.4 g, 
mp 77-8OOC; 22.6 g, mp 73-83°C; and 13.3 g. mp 82-84OC. The total yield 
of I l k  satisfactory for use as an intermediate was 82%. 


13-ck-N-Ethylretirrrmide (IVn)-l3-cis-Retinoic acid (Ma, 75 g, 0.25 mol, 
dried in uucuo over P205) was suspended in 700 mL of dry, reagent-grade 
benzene, and a solution of 15.2 mL of phosphorus trichloride in 200 mL of 
dry benzene was added rapidly to the vigorously stirred mixture. The reaction 
mixture was then stirred at 25OC for 3 h. During this time, 13-cis-retinoic acid 
slowly dissolved and a gummy precipitate formed. Stirring was discontinued, 
the precipitate was allowed to settle, and the supernatant solution was decanted 
into an addition funnel. 


The acid chloride (IIlb) solution was added slowly to a stirring solution of 


130 mL of ethylamine in 300 mL of dry benzene at 10°C, and stirring was 
continued for 0.5 h. Cold water (250 mL) was added with stirring, the layers 
were separated, and the aqueous layer was discarded. The benzene layer was 
washed with two more 250-mL portions of water and concentrated in uucuo 
to a viscous, yellow syrup. The syrup was dissolved in methanol (175 mL). and 
the solution was diluted slowly with water just short of the cloud point and 
then seeded with previously obtained crystals of IVa. After some crystallization 
had occurred, more water was added slowly with stirring (50-75 mL). and 
the mixture was refrigerated overnight. The precipitate (68 g) was collected 
by filtration, dried, and recrystallized by dissolving it in refluxing acetonitrile 
and adding water (-6:1 acetonitrile-water) to yield 64 g (78%), mp 114- 
115°C (cap., inserted at 95OC); TLC: 1 spot (99:l chloroform-methanol); 
HPLC (column B. solvent B): >99.9%. 


Anal.-Calc. for C22H33NO: C. 80.68; H, 10.16; N, 4.28. Found: C. 80.75; 
H, 10.44; N, 4.41. 


1J-cis-N-Butylretinnmide (1Vb)-A solution of 13-cis-retinoyl chloride 
(IIIb) (prepared as described above (IVa) from 40 g (133 mmol) of 134s-  
retinoic acid in 400 mL of dry benzene and 8.1 mL (93 mmol) of phosphorus 
trichloride in I55 mL of dry benzene] was added slowly to a vigorously stirred, 
cold (10°C) solution of 64 mL (650 mmol) of n-butylamine in 300 mL of dry 
benzene. Stirring was continued for 1 h, the mixture was extracted with cold 
water (2 X 500 mL), and the benzene layer was dried with anhydrous sodium 
sulfate and concentrated in uucuo to give a viscous. orange syrup. A solution 
of the syrup in 95% acetonitrile at room temperature was seeded with previ- 
ously obtained crystals of IVb and refrigerated. The pale yellow, crystalline 
solid was collected by filtration, washed sparingly with cold 95% acetonitrile, 
and dried in uucuo to yield 35 g (74%). mp 77-78OC (cap., inserted at 5OOC); 
TLC: I spot (98:2 chloroform-methanol); HPLC (column B, solvent B): 
>99.9%. 


Ann/. -Cak. for Cz4H3,N0 C, 8 1.07; H, 10.49; N, 3.94. Found: C, 8 1. I 1 ; 
H, 10.69; N, 4.03. 


13-&-N+%HydroxypbenyI~tinamide ( W c t A  solution of 13-cis-retinoyl 
chloride in benzene was prepared by the procedure described above for IVa 
from 65 g of 13-cis-retinoic acid (dried in uucuo overnight over PzOs), 13.2 
mL of phosphorus trichloride, and 750 mL of dry benzene. The benzene so- 
lution of IIla was added slowly to a cold (IOOC), stirring solution of 100 g of 
4-aminophenol in 400 mL of dimethylformamide (spectral grade), and the 
reaction mixture was allowed to warm to room temperature and stirred 
overnight. The mixture, containing precipitated Caminophenol hydrochloride, 
was stirred in an ice bath for 1 h before it was filtered to remove the precipitate. 
Water (400 mL) was added to the stirring filtrate, and the aqueous layer was 
separated and discarded. (Much of the product sometimes precipitated during 
the water extraction or during a second water washing.) The benzene layer 
was concentrated under reduced pressure to -300 mL, cooled in an ice bath, 
and filtered to remove the yellow precipitate, which was washed with benzene 
and dried. This material (66 g) was combined with a second crop (14 g), o b  
tained similarly from the filtrate and washings, and the total product was 
recrystallized from methanol-water. A refluxing ethanol solution of the re- 
crystallized material (72 g) was diluted with water well past the pint  at which 
crystallization began, and the mixture was cooled to room temperature and 
then refrigerated. The yellow, crystalline precipitate was collected and dried 
to yield 70 g (82%) of 1Vc; mp 186-188OC (cap., inserted at 165OC); TLC: 
I spot (95:s chloroform-methanol); HPLC (column B, solvent B): 
>99.7%. 


Anal.-Calc. for C26H33N02: C. 79.77; H, 8.50; N, 3.58. Found: C, 79.99; 
H, 8.86; N, 3.66. 
13-cisis-N-(2-Hydroxyetbyl)retinamide (1Vd)-From Isolured Ilk-A so- 


lution of 5 g (14.3 mmol) of I-(13-cis-retinoyl)imidazole ( I lk )  in 50 mLof 
dry benzene was added slowly to a stirring mixture of 6.4 mL (105 mmol) of 
ethanolamine and 50 mL of benzene at 5-IOOC. The mixture was stirred 
vigorously at 5OC for 2 h and then diluted with cold water (50 mL). Ether (100 
mL) was added to cause separation of the emulsion. The benzene-ether layer 
was separated, washed with saturated aqueous sodium chloride, dried 
(Na2S04). and concentrated under reduced pressure to a viscous syrup. The 
syrup was dissolved in hexane (50 mL) at room temperature, and the solution 
was filtered and stored at 5OC. A yellow, crystalline precipitate was collected 
by filtration and dried to give 3.5 g (71%). The crystalline product was only 
sparingly soluble in hexane, but it could be recrystallized by dissolving it in 
hot cyclohexane and cooling: yield 2.8 g (57%) of IVd; mp 107-109°C 
(cap., inserted at  95°C); HPLC (column B, wlvent B): 98.8%. 


From IIIc In Situ-A mixture of 13-cis-retinoic acid (50 g), I.l'-carbnyl- 
diimidazole (3 I g), and dry benzene (500 mL) was stirred for 3 h at 20-25OC 
and then heated to 50°C for 15 min. The dark orange solution was slowly 
added to a stirring mixture of ethanolamine (62 mL) in benzene ( 5 0 0  mL) 
at -1OOC. This mixture was stirred for 2 h at 1O-2O0C; at this time TLC 
showed the absence of starting material. Cold, saturated, aqueous sodium 
chloride solution (500 mL) and then ether (500 mL) were added to the stirring 
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reaction mixture. The organic layer was separated and washed again with 
saturated aqueous NaCI. The benzene-ether solution was dried (Na2S04) 
and concentrated in vacuo to a viscous syrup that was dissolved in hexane (450 
mL) and refrigerated overnight. A yellow, crystalline precipitate was separated 
by filtration, slurried with hot hexane (400 mL) in which it was only slightly 
soluble, and recrystallized from cyclohexane to yield 38 g (66%) of IVd, mp 
107-109°C (cap., inserted at 8OOC); TLC: major spot and two slower, trace 
impurities (95:9 chloroform-methanol); HPLC (column B, solvent B): 99% 
IVd, retention time 6.6 min; 0.5% impurity, retention time 5.1 min; and 0.5% 
impurity, retention time8 min. 


And-Calc. for C22H33N02: C, 76.93; H, 9.68; N, 4.08. Found: C, 76.82; 
H, 9.65; N, 3.94. 
Ilc&-N-(4-Hydroxybutyl)retinarnide (IVebChmpound IVe was prepared 


from 35 g ( 1  17 mmol) of Illa, 21.7 g (134 mmol) of l,l’-carbonyldiimidazole, 
and 350 mL of benzene by the second procedure described for the preparation 
of IVd, but the reaction mixture was concentrated under reduced pressure 
to a viscous syrup without first adding water. An ether (500 mL) solution of 
the syrup was extracted with water (2 X 250 mL), dried (Na2S04), and 
evaporated to a viscous, orange syrup. A solution of the syrup in warm ace- 
tonitrile (200 mL) was filtered, diluted with warm water (-50 mL), seeded 
with IVe previously induced to crystallize from acetonitrile-water, cooled 
(with scratching) to room temperature, and stored in a refrigerator overnight. 
The pale yellow, crystalline precipitate was collected by filtration, washed 
sparingly with acetonitrile-water (21). and dried in uacuo to yield 26 g (60%) 
of IVe; mp 53-57OC (cap., inserted at 45OC); TLC: 1 spot with streaking (95:5 
chloroform-methanol); HPLC (column B, solvent B): 99.3% IVe (retention 
time 6.8 min); 0.2% impurity, retention time 5.3 min; and 0.3% impurity, re- 
tention time 8.4 min. 


Ad-Calc.  for C ~ ~ H ~ ~ N O ~ . O . ~ H Z O :  C, 75.76; H, 10.07; N, 3.68. Found: 
C, 75.82; H, 10.08; N, 3.56. 


Compound IVe was first obtained as a solvate with cyclohexane. The syrup 
obtained by the procedure described above from the ether solution was dis- 
solved in warm cyclohexane. The solution was cooled to room temperature, 
refrigerated, and filtered to remove a yellow, crystalline product, mp 71-76OC 
(63% yield calculated as a I:l solvate). The solvate was recrystallized from 
cyclohexane (92% recovery) mp 73-76OC (cap., inserted at 65OC); TLC: IVe 
as a strong spot and a trace impurity (95:5 chloroform-methanol); HPLC: 
99%. IH-NMR (6 1.42, s, CDCI3) and mass spectra (m/z 284) revealed the 
presence of cyclohexane; elemental analysis, UV, and ‘H-NMR indicated 
that the molar ratio of cyclohexane to IVe was -1:I. 


Awl.-Calc. for C24H37NO&,H12: C. 79.08; H, 10.83; N, 3.08. Found: 
C, 78.87; H, 10.86; N, 3.00. 


A specimen (43 g) kept in a high vacuum (continuous pumping, oil pump) 
at room temperature for 5 d did not lose weight. A specimen recrystallized 
from 90% acetonitrile appeared to retain at least some of the cyclohexane (mp 
54-75OC; MS, m/z 84). A solution of the solvate in ethanol was evaorated to 
dryness in uacuo, and this process was repeated four times. The residual syrup 
was crystallized from acetonitrile-water, mp 53-57OC; HPLC: 98%. IH- 
NMR, UV. and MS indicated that the cyclohexane had been removed. 


Stability and Storage-Observations of the sensitivity of several all- 
trans-retinamides in the crystalline state to atmospheric oxygen indicated that 
there are differences among compounds with this structure. The 2,3-dihy- 
droxypropyl amide (IIi, polymorph with mp 83-85OC) appeared to be the most 
susceptible to deterioration during deliberate exposure to air. The crystalline 
material became amorphous, and the UV maximum decreased markedly. 
Eventually, the UV spectrum became a broad plateau with very low absorb- 
ance from 220-360 nm and slight elevations centered near 340 and 240 nrn. 
HPLC analyses monitored by UV and tased on relative areas may give grossly 
inaccurate (and high) assays of retinoids that have deteriorated in this manner. 
However, Ili could be. stored for long periods in a liquid-nitrogen freezer, at 
low temperatures in flame-sealed ampules containing an inert atmosphere, 
or at low temperatures in heat-sealed, impervious plastic bags (below) con- 
taining an inert atmosphere. Crystalline specimens of the 2-hydroxyethyl (Ild), 
2-hydroxypropyl (Ilf) ,  and 4-hydroxybutyl (IIh) all-rruns amides were also 
susceptible, but less so, to absorption of atmospheric oxygen; the ethyl (IIb) 
and 4-hydroxyphenyl (1Im) amides appeared to be more stable. These dif- 
ferences probably arise from differences in crystal form and particle size. For 
example, as expected, a finely crushed specimen of IIi (lower-melting poly- 
morph) absorbed oxygen m r e  rapidly than did an uncrushed specimen; also, 
the lower-melting polymorph of IIi absorbed oxygen more rapidly than did 
the higher-melting polymorph. Storage of retinoids at very low temperatures 
docs not necessarily prevent deterioration unless the retinoids are continuously 
in an inert atmosphere such as that provided by a liquid-nitrogen freezer, 
flc)mestaled ampules containing nitrogen or argon, or heat-sealed plastic bags 
containing argon or nitrogen; If a retinoid is p l a d  in a container sealed at 
room temperature with a screw cap and if the container contracts more than 


the cap, crevices may develop at low temperatures that would permit the ex- 
change of outside air with the container atmosphere. 


Crystalline specimens of the retinamides ( I1  and IV) were stored in an argon 
atmosphere in flame-sealed, all-glass ampules or in a liquid-nitrogen freezer. 
The ampules were the freeze-drying type, so they could withstand evacuation 
with a vacuum pump. The retinamide were put into ampules in a nitrogen 
atmosphere in a controlled-atmosphere box. After the ampules were loaded 
with the retinoids, the ampule necks were cleared of adhering crystals to 
prevent decomposition of small amounts of the retinoids during flame-sealing. 
Theampules were then attached to a system that included a manometer and 
a vacuum pump and evacuated; argon was then admitted into the ampules 
to atmospheric pressure. This process was repeated five times. After the final 
admission of argon, the neck of the ampule (still attached to the closcd system) 
was sealed with a torch while the body of the ampule containing the retinoid 
was kept cool. The seals of the ampules were examined with a stereoscope 
(magnification 30X). The ampules were then placed in dry ice or in a freezer 
at -8OOC at least overnight. The seals were then reexamined with the ste- 
reoscope to see if cracks had developed because of stresses during storage at  
low temperatures. If the retinoid was to be stored for extended periods, the 
ampules were kept either at -2OOC or at -8OOC. Retinoids stored for short 
periods of time were put in brown, screw-cap bottles. Argon or nitrogen was 
admitted into these bottles in an evacuated desiccator. Each sealed bottle, with 
tape around the cap, was then placed in an impervious plastic bag. The bag 
was heat-sealed except for a hole in a corner, flushed with nitrogen or argon 
with a tube through the corner, and then sealed completely. The sealing was 
done with a heat-pressure device. 
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Abstract 0 A simple, accurate, and rapid high-performance liquid chroma- 
tographic method for the analysis of oxprenolol in commercial formulations 
is described. The analysis was performed on a cyano radial compression car- 
tridge, with 0.0539 M. pH 3 phosphate buffer-acetonitrile-methanol (76: 
15.6:8.4) as the mobile phase. The flow rate was 5 mL/min. with detection 
at 272 nm; the mobile phase was employed for extraction. The assay was a p  
plied to the content uniformity test of three oxprenolol hydrochloride tablet 
formulations of different strengths and the contents of a 2-mg dry ampule for 
intravenous/intramuscular injection. The percent of label claim for each 
formulation tested was within 91.7-1 1056. The applicability of this assay to 
the analysis of some other 8-blocking drugs was investigated. It was found 
that under the above conditions, atenolol, metoprolol, oxprenolol. and pro- 
pranolol can be fully resolved in <3 min. 


Keypbrnses 0 Oxprenolol-tablet and dry ampule formulations, assay alone 
or simultaneously with other 8-adrenergic drugs, HPLC 0 8-Adrenergic 
drugs-oxprenolol, propranolol, atenolol, and metoprolol, individual and si- 
multaneous assay in formulations, HPLC 


Oxprenolol, (&)- 1 - [o-(allyloxy) phenoxy] -3-( isopropy- 
1amino)-Zpropanol (I), is a 0-adrenergic drug frequently used 
in the treatment of hypertension ( l ) ,  cardiac arrhythmias (2), 
and angina pectoris (3). The low dosage of I, particularly when 
administered intravenously, and its susceptibility to light and 
other storage conditions require assurance of potency and 
content uniformity of its dosage forms. 


Several methods have been reported for the analysis of I in 
biological fluids including GC (4-8), TLC with fluorescence 
detection (9 ) .  and high-performance liquid chromatography 
(HPLC) (10, 11). While the GC assays involve prechroma- 
tography derivatization and multiple-step extraction, the TLC 
method includes derivatization of I to a fluorescing compound. 
The utilization of HPLC for the analysis of I provides a real 
advantage, since it does not involve lengthy derivatization steps 
and the compound is detected directly. However, the previously 
reported HPLC methods, in addition to lacking a high chro- 
matographic efficiency, have not been applied to the analysis 


of I in formulations. No pharmacopeial assay of I is avail- 
able. 


The present report describes an expedient, accurate, and 
specific HPLC method for the analysis of I in formulations. 
The procedure can be applied for the chromatography of some 
other @blocking drugs (atenolol, metoprolol, nadolol, and 
propranolol) under the same conditions employed for I. 


EXPERIMENTAL 


Materials-Methanol’, acetonitrile’, hexane2, monobasic sodium phos- 
phate*, and 85% phosphoric acid2 were either analytical or HPLC grade. 
Purified water3 was used as obtained. The oxprenolol hydrochloride formu- 
l a t i o n ~ ~  tested (20-, 40-, and 80-mg tablets and 2-mg dry ampules) were ob- 
tained in-house. Propranolol hydrochloride5, nadolo16, atenolol’, and me- 
toprolol tartrate’ were used as received. Oxprenolol (I) was first extracted 
from a saturated solution of oxprenolol hydrochloride in 5 M NaOH with 
boiling hexane and was recrystallized several times (mp 77.1OC) from 
hexane. 


Apparatus-The chromatograph used consisted of dual solvent delivery 
systems* with a mixing chamber, automatic sample injection processor9, 
printer-plotter integrator data modulelo, variable-wavelength UV detector’ I ,  


and radial compression module12. The analysis was performed on a 10-pm, 
8-mm X 10-cm cartridge”. 


Chromatography Conditions-The mobile phase was methanol-acetoni- 
trile-0.0539 M sodium phosphate buffer solution at pH 3 (8.4:15.6:76) filtered 
twice and deaerated before use. A flow rate of 5 mL/min was used throughout 
(pressure = 1100 psi). The UV detector was set at 272 nm, and the volume 
injected into the cyano cartridge was 40-60 pL. 


Burdick and Jackson Laboratories Inc.. Muskegon. Mich. 
Fisher Scientific Company. Fair Lawn, N.J. 


3 Du Pont. Wilmington. Del. ‘ Ciba Laboratories, Horsham, Switzerland. 
ICI Limited, Macclesfield. Cheshire. U.K. 


6 E. R. Squibb 8r Sons. New Brunswick. N.J. 
Ciba-Gcigy Co.. Bask. Switzerland. * Model M45; Waters Associates, Milford, Mass. 
Model 710B WISP; Waters Associates. Milford, Mass. 


lo Model 730 Data Module; Waters Associates, Milford. Mass. 
Model 480 Lambda; Waters Associates, Milford, Mass. 
Model RCM-100; Waters Associates. Milford, Mass. 


l 3  Radial Pak /.I Bondapak CN; Waters Associates, Milford, Mass. 
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Abstract The permeability coefficient, K p ,  of pure unbranched alkanoic 
acids (Cz-C,) applied to isolated porcine skin, reached a maximum in the 
solubility parameter ( 8 2 )  range of 9.7-10 ~ a l ’ / ~ / c m ~ / ~ .  When these and other 
penetrants were delivered from a solvent vehicle, the following linear rela- 
tionships could be demonstrated: ( a )  between log K ,  and the molar attraction 
constant of the penetrant [ 6 2 0 2  or ( - E u ) ’ / 2 ]  for six unbranched and six 
branched acids delivered from 1 M solution in n-heptane; ( b )  between K ,  and 
the partial molal volume difference in n-heptane (62 - 0;) for the unbranched 
acids; and (c) between K ,  and ( 6 2  - 0s )  for propionic acid delivered from 1 
M solutions in nine solvents having 61 values in the range 7.4-12.7 
crn3I2. Drug penetrability in a given series could be assessed from knowledge 
of the excess free energy of the penetrant in the delivery system used. 


Keyphrases 0 Absorption, percutaneous-alkanoic acids in vitro, porcine 
skin, permeability coefficients, application of regular solution theory 0 Al- 
kanoic acids-percutaneous absorption in uitro, porcine skin, permeability 
coefficients, application of regular solution theory Permeability coeffi- 
cients-alkanoic acids through porcine skin, in vitro percutaneous absorption, 
application of regular solution theory 


Percutaneous absorption is determined by two major pro- 
cesses: dissolution and diffusion. The contribution of each of 
these in the overall process is expressed in Fick’s equation in 
terms of the partition coefficient and the diffusion coefficient 
(1). Both of these factors are affected by the molecular char- 
acterislics of the penetrant, such as solubility, size, and 
shape. 


Solubility is dominant in skin penetration. Its importance 
was recognized early when it was found that compounds with 
both lipid and water solubilities penetrate better than sub- 
stances with either high water or high lipid solubility. This led 
many workers to seek a correlation between skin penetrability 
and the partition coefficient of the penetrating compound 
between two reference solvents, such as ether-water (2), olive 
oil-water (3), benzene-water (4), and others. Later, it was 
recognized (3) that such partition coefficients may be mis- 
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Figure 1 - Penefrufion of purr struight-chain alkanoic acids (430 pmol) 
through porcine skin at 37°C. determined by titrimetry. Number of carbon 
atoms: (A)  3; (B) 4; (C) 2; (D) 5; (E)  6; (F) 7; (G) 8. 


leading, since none represent the true partitioning between the 
penetrant and the stratum corneum. 


The situation is even more complex when a vehicle is used. 
To ensure penetration from a vehicle, one approach utilizes 
the differences in thermodynamic activities of the penetrant 
between the vehicle and membrane phases. Ideally, such ve- 
hicles or formulations “push” the drug into the skin without 
causing detectable injury to the skin membrane. Intuitively, 
one would choose a vehicle that does not bind the incorporated 
drug too strongly; i.e., the thermodynamic activity of the active 
ingredient in the vehicle should be relatively high. On the other 
hand, the flux is proportional to the drug concentration, and 
these two opposing factors lead to the conclusion that for each 
drug an optimal delivery system could be designed through a 
judicious combination of vehicle and concentration. Poulsen 
( 5 )  analyzed vehicle effects for some theoretical cases in which 
one vehicle system, composed of two components, was used. 
The change in flux, related to the change in the partition 
coefficient and the drug concentration, was illustrated as a 
function of the change in the vehicle composition. The use of 
such an analysis in an experimental system is laborious and 
difficult to apply to practical problems. Thus, a more 
straightforward measure of vehicle effect on drug penetrability 
seems necessary. 


Little is known about the effect of molecular size and shape 
on penetration through skin. An inverse relationship appears 
to exist between absorption rate and molecular weight (6). 
Small molecules penetrate more rapidly than large molecules, 
but within a narrow range of molecular size, there is little 
correlation between size and penetration rate. It has not been 
easy to separate the contribution of the size factor in the overall 
process when there is also a simultaneous change in solubility. 
For example, in a study of the percutaneous absorption of 
closely related compounds in human skin, Feldman and 
Maibach (7) found wide differences in penetration which could 
not be explained on a strict basis. 


The present work deals with the application of regular so- 
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Figure 2-Relationship beiween the permeability coefficient and the solubility 
parameter of pure straight-chain alkanoic acids. 
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Table I-Penetration of Pure Straight-Chain Alkaaoic Acids Through 
Porcine Skin at 37'C. 


; 100 


1 + 


Table 11-Penetration of Straight-Chain Alkanoic Acids in Solution 
Through Porcine Skin at 37°C 


Flux 
Carbon Atoms at  Steady Permeability Solubility* 


in Rate (J,) Coefficient Parameter 
Molecule pmol/cm2/min (KP X lo3) cm/min (6) ~ a l ' / ~ / c m ~ / ~  


2 
3 
4 


2.46 0.14 10.6 
3.27 0.26 10.0 
2.68 0.25 9.7 
0.74 0.08 9.5 
0.19 0.02 9.5 
0.15 0.02 9.4 
0.04 0.006 9.4 


~ ~ ~ ~ ~ 


Determined by the titrimetric procedure From Ref. 14. 


lution theory (8) to the percutaneous absorption of alkanoic 
acids as model penetrants. This theory provides for the con- 
tribution of both solubility and size in the dissolution pro- 
cess. 


THEORETICAL 


Solubility and Molal Volume-Fick's equation was originally formulated 
using penetrant concentrations within the membrane: 


'D,,,AC, 
X 


J ,  = - 


where the subscript m refers to the membrane. In the extreme case where the 
solubility of the penetrant in the membrane is nil, AC,,, = 0, and the flux (J,) 
must vanish. The concentrations within the membrane can be related to the 
concentrations in the donor and receptor phases using the partition coefficient 
term. Fick's law is then expressed in its more familiar form; hence, knowledge 
of D, and K, should allow the prediction of drug penetrability, but these two 
constants are usually not accessible. 


Scheuplein and Blank (3) studied the penetrability of straight-chain alco- 
hols, members of an homologous series. They found that homologues from 
methanol to octanol had almost the same diffusion coefficient. Therefore, any 
change in the permeability coefficient could be related directly to the change 
in the partition coefficient or the solubility of a particular homologue. In view 
of this, one expects to find for members of an homologous series a correlation 
between the permeability coefficient Kpand K, or its equivalent in terms of 
regular solution. A necessary oversimplification is the consideration of the 
admittedly complex structure of the skin as an homogenous phase. Such an 
approach would be justified if the analysis of skin penetration data could be 
simplified, or a t  least correlated with parameters predicted from regular so- 
lution theory. In this theory, the heat of mixing AHM was given by Hildebrand 
et al. (9) as: 


AHM = (XIUI  + Xzu2)(61 - 62)2dJ~dJ2 (Eq. 2) 


where X is the mole fraction, Q is the volume fraction, u is the molal volume, 
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Figure 3- Penetration of straight-chain alkanoic acids (300 p L  of I M so- 
lutions in n-heptane) through porcine skin at 37°C. determined by titrimetry. 
Number of carbon atoms: (A)  3; (B)  2; (C) 4; (0) 5; E (6); (F) 7. 


Difference 
in Partial 


Carbon Permea bilitv Molal Volume 
Atoms Coefficieni a t  25OC 


in  K,X lo3, 02 - 04, mL/ 6202 = (-Eu)II2, 
Molecule cm/min log K, mol kcal-L1/2/mol 


2 5.86 -2.23 5.57 
3 3 .oo -2.52 2.90 
4 1 .oo -3.00 1.94 
5 0.25 -3.60 0.84 
6 0.08 -4.10 0.72 
7 0.03 -4.52 0.05 


0.6 I 
0.75 
0.89 
1.04 
1.19 
I .35 


Determined by the titrimetric procedure using 300 pL of I M solutions in n-hep 
tane. 


and subscripts 1 and 2 relate to the solute and solvent, respectively1. The Gibbs 
free energy change in the mixing process is given by: 


AFM = AHu - T A P  


The smaller AFM the more compatible the elements being mixed. This means 
that the best mixing conditions will be achieved when 62 approaches 61. If we 
consider the stratum corneum membrane as a solvent having an average sol- 
ubility parameter 61, different molecules will dissolve and penetrate through 
this medium in accordance with their specific solubility parameter, 62. 


Davis (10) expressed the relationship between solubility parameter and 
partition coefficient, and later Srebrenik and Cohen ( 1  I )  developed a more 
refined expression that takes into account partial molal volume changcs. The 
partition coefficient was given by: 


(Eq. 3) 


where K, is the partition coefficient, subscript 2 refers to solute which par- 
titions between two phases (subscripts 1 and 3), and i721 and ij23 are the partial 
molal volumes of solute 2 in phase 1 and phase 3, respectively. The application 
of Eq. 4 to skin transport analysis is not straightforward, but nevertheless it 
could be used with approximation, as will be shown later. A dissolution process 
is accompanied by a change in the molal volume of the solute. The degree of 
this change depends on the similarity between the solute-solvent pair; for low 
solute concentrations it is given by: 


(Eq. 5) 


3 MINUTES 
V 


Figure 4-Penetration of branched alkanoic acids (300 p L  of I M solutions 
in n-heptane) through porcine skin at 37°C. determined by titrimetry. Key: 
(A) Cyclopropane carboxylic; (B)  3-methylbutyric; (C) 2-methylbutyric; (D) 
piualic; (E)  3.3-dimethylbutyric; (F) 2-ethylbutyric. superimposed on (E) .  


I For the sake of consistency with previous publications and throughout this article, 
the subscript 2 refers only to solute or penetrant, subscripts 1 or 3 refer to solvents or 
biophase. 
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Table 111-Penetration of Branched-Chain Alkanoic Acids in Solution 
Through Porcine Skin at 37'C ,I 


Acid 


Permeabilitv Solubilitvb 
Coefficient Parameter 


K, x 103, (a), a2u2 =(-Ev)llZ, 
cm/min log K, cm3l2 kcal.LL/2/mol 


Butyric 1.00 -3.00 9.7 0.89 
Cyclopropane- 2.28 -2.64 9.5 0.76 


3-Methylbutyric 0.31 -351 9.6 1.06 


Pivalic 0.20 -3.70 10.3 1.13 
3.3-Dimethylbutyric 0.08 -4.10 9.3 1.19 


car boxylic 


2-Methylbutyric 0.26 -3.59 9.3 1.02 


2-Ethylbutyric 0.07 -4.15 9.5 1.20 


a Determined by the titrimetric procedure using 300 1 L  of 1 M solutions in n-heptane. 
From Ref. 14. 


For solutions obeying regular solution theory, the solute excess free energy 
is directly proportional to the change in the solute partial molal volume 
(12): 


AFzex = (52 - u ~ ) ( ~ E / ~ u ) T  (Eq. 6) 
The excess free energy of the solute in the donor phase is an important pa- 


rameter that may be considered as thedriving force for the penetration process 
through the skin membrane. Since the value of the excess free energy is higher, 
the flux (and hence the permeability coefficient) is increased. In principle, 
knowledge of 8 2  and uqof a particular homologue in a given series should allow 
the prediction of its relative penetrability through a common membrane, in 
this case the stratum corneum. 


EXPERIMENTAL 


The experimental system used has been described in detail in the previous 
paper (1). All skin penetration experiments weredone on excised porcine skin 
maintained at 37.OoC or 25.OoC on either side of the membrane. Pure pene- 
trants were applied to the donor side in a constant mass. Solutions of penetrants 
in n-heptane (1 M)  were applied in a constant volume. The total penetrated 
mass over time was determined either by automatic titration of acid appearing 
in the perfusate or by scintillation counting of the carbon-I4 radioisotope label 
added to the penetrant (1). 


The effect on the skin of the pure solvent as vehicle was studied by simu- 
lating penetration experiments in diffusion cells with no penetrant added. The 
skin was removed after 5 and 20 h, and the condition and thickness of the 
stratum corneum were examined using the paraffin and frozen-section tech- 
niques (13). No significant changes were observed from untreated skin. 


Partial molal volumes of penetrants (B2) at high dilution in a given solvent 
were determined by a previously described densitometric procedure (14). All 


L -2.0 


0 1 2 3 4 5 6 7  
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Figure 5-Penetration of straight-chain alkanoic acids ( I  M in n-heptane) 
through porcine skin at 37°C. Permeability coefficient as a function ofthe 
number of carbons in the chain; log Kp = -1.17 - 0.4811 (r = 1.00). 


Table IV-Vehicle Effect on the Penetration of Propionic Acid from 1 M 
Solutions Through Porcine Skin at 25°C a 


Partial 
Permeability Solubilityb Molal Volume 


Solvent 


Heptane 
Cyclohexane 
Carbon Tetrachloride 
Toluene 
Chlorobenzene 
o-Dichloroben- 


zene 
Bromonaph- 


thalene 
Nitroethane 


Coefficient 


cm/min Log K, 
K, x 103, 


1.25 -2.90 
1.67 -2.78 
0.92 -3.04 
0.88 -3.06 
0.80 -3.10 
0.69 -3.16 


0.41 -3.39 


0.10 -4.00 


7.4 
8.2 
8.6 
8.9 
9.5 


10.0 


10.6 


11.1 


Change 


mL/mol 
(52 - US), 


2.90 
4.84 
1.83 
0.83 
0.49 
0.41 


0.02 


-0.82 
Acetonitrile 0.006 -5.22 11.9 - 1.47 
Nitromethane 0.007 -5.15 12.7 -1.15 


a Determined by the radioisotope procedure. b Taken from Ref 17. 


chemicals and solvents were of the highest analytical grade available com- 
mercially. 


RESULTS AND DISCUSSION 


Pure Straight-Chain Alkanoic Acids-The donor phase consisted of 430 
pmol of each tested compound. The acids may be classified into two main 
groups according to the rate of penetration (Fig. 1; Table I). The faster pen- 
etrants were the acetic-butyric acids; the slower ones were hexanoic-octanoic 
acids; valeric acid had an intermediate penetration rate. The slower penetrants 
showed a steady penetration rate over the entire experimental period, whereas 
the more rapid penetrants showed a characteristic curve (1) with a lag phase 
region, a steady-state region, and a decay region. The latter could be due to 
the decline in penetrant mass at the donor side or its dilution with water 
through back-diffusion. Propionic acid, rather than acetic acid, had the highest 
rate of penetration. A plot of the permeability coefficients of these acids as 
a function of their solubility parameter (Fig. 2). shows a maximum at 8 2  = 
9.7 - 10.0 ~ a l ~ / ~ / c m ~ / ~ .  This range could be taken to represent the solubility 
parameter of the stratum corneum, but with the reservation that the lower 
acids could considerably alter this parameter with increasing applied mass, 
as observed earlier for butyric acid (1). 


Straight and Branched-Chain Alkanoic Acids-n-Heptane Solution Ex- 
periments-The problem encountered in the use of the pure penetrants could 
be minimized by studying penetration rates from dilute solutions in a relatively 
"inert" solvent, in this case n-heptane. The penetration of the straight-chain 
alkanoic acids, delivered from 300 pL of 1 M solutions in this solvent, is shown 
in Fig. 3. From the penetration curves thus obtained, the permeability coef- 
ficients were calculated and tabulated with the corresponding values of the 
partial molal volume differences, (52 - uq determined at 25OC) and the values 
ofthe square root of the volume-cohesive energy product or 82vq (Table 11). 
The value (a2 - 0:) is proportional to excess free energy AFfX at infinite 
dilution in n-heptane (Eq. 6); 620: is the molar attraction constant of the 
penetrant, irrespective of vehicle used. On theoretical grounds (Eq. 4), there 
should exist a correlation between K ,  (and hence K,) and each of these pa- 
rameters. The penetration data of some branched alkanoic acids are given 
separately (Fig. 4, Table 111). Cyclopropane carboxylic acid was the fastest 
penetrant, whereas the isomeric 3,3-dimethylbutyric and 2-ethylbutyric acids 
were the slowest, both showing a similar penetration profile. 


From Fig. 5 ,  the correlation between log K, and the number ofcarbon atoms 
in the molecule of unbranched acids is very good ( r  = 1.00). A similar result 
was obtained by Scheuplein and Blank (3) for normal alcohols in aqueous 
solution. 


In view of the linear relationship between the number of carbon atoms in 
the molecule and log K, on the one hand, and the number of carbon atoms 
and the square root of the volume-cohesive energy product (-Eu)'12 or 82uq 
(14) on the other, one expects to find a linear relationship between (-Eu)'l2 
and log K,. Such a plot is shown in Fig. 6 where K ,  had been derived from data 
at 37OC, but (-Eu)'12 from data at 25°C. The linearity of the plot should not 
be affected by this difference in temperature since it can be demonstrated (1 5 )  
that in related compounds with an almost common thermal expansion coef- 
ficient: 


( 6 u ) ~  = (&I)+ - constant (Eq. 7) 


Remarkably, the branched-chain homologues follow the same relationship. 
The fit to a straight line [log Kp = -0.16 - 3.26(-E~)' /~] is very good ( r  = 
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Figure 6-Penetration of alkanoic acids through porcine skin at 37°C. 
Permeability coefficient as a function of the square root of the volume co- 
hesive energyproduct: log K,, = -0.16 - 3 . 2 6 ( - E ~ ) ~ / ~ *  (r = 0.99j. See Fig. 
4 for  key: A refers to  straight-chain acids. 


0.99). This relationship is important because it enables one to evaluate the 
permeability coefficient of an untcsted acid from its solubility parameter (62) 
and molal volume (v!). In this context, there is some analogy between the 
present findings and the demonstration by Ostrenga (16) of the relationship 
between the molal attraction constant and the relative degree of drug-receptor 
interaction for several different groups of structurally related compounds. 


From Fig. 6 and Eq. 4 one can derive the following empirical relationship 
(see the Appendix): 


where 61 = 6,. the solubility parameter of the stratum corneum; 6 3  = 7.4. the 
solubility parameter of n-heptane; and b (constant) = -0.16. From the slope 
(-3.26). temperature (3 10 K), and any given value of 620;. it can be shown 
that 61 = 9.7. This value is compatible with the rapid penetration rates found 
for pure propionic and butyric acids (Figs. I and 2). which have comparable 
62 values. 


In an alternative approach, a plot of K, a t  37OC as  a function of the net 
molal expansion (ii2 - us) ,  at infinite dilution in n-heptane at 25OC (Table 
11) gave a straight line (not shown) with an acceptable correlation coefficient 
( r  = 0.97) for this type of experiment. This means that permeability could 
be. related to excess free energy (Eq. 6). As this last function becomes larger 
for a given solvent-solute system the permeability coefficient of the penetrant 
through the skin should increase. 


Vehicle Effect-The vehicle effect was studied for I M propionic acid so- 
lutions in the solvents listed in Table IV. The penetration experiments with 
n-heptane through bromonaphthalene were done in the titration assembly 
system, whereas those with nitroethane through nitromethane were done in 
the automatic radioisotope sampling system. Experiments with n-heptane were 
also carried out in the last system as a cross-check. 


If regular solution behavior were to hold throughout the whole range of 
solvents used, Eqs. 5 and 6 predict a parabolic relationship between K, and 
61, with a minimum in penetration rate for the solvent having the closest sol- 
ubility parameter to that of propionic acid. However, the experimental data 
show a steady decrease i n  K, as one moves from n-heptane to nitromethane 
(a monotonous increase in the solubility parameter). The reason for this 
phenomenon might be due to the breakdown of regular solution behavior 
beyond a certain polarity (61 > 10). 


Irrespective of this apparent discrepancy it is still possible to analyze the 
vehicle effect by use of the excess free energy approach. Figure 7 is a plot of 
the permeability coefficient K, as  a function of the partial molal volume 
change; the fit, over this wide range, is very good ( r  = 0.97). This function also 
accounts for the higher permeability coefficient of the penetrant in cyclohexane 
(61 = 8.2) relative to n-heptane (61 = 7.4). NegativevaluesofB2 - 0s for ni- 
troethane, acetonitrile, and nitromethane are also well correlated with the 
change in  the permeability cocfficient. The excess free energy is a measure 
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Figure 1-Penetration of propionic acid from I M solutions through porcine 
skinat 25"Cshowing~iehicleeffect. Kp = 4.57 X + 2.75 X 1 0 - 4 ( V 2 -  
4). 
of the force driving the penetrant molecule from its solution in a given vehicle. 
The determination of the partial molal volume of the penetrant in a given 
solvent affords an excellent means for the assessment of its delivery into the 
skin. 


APPENDIX 


The following applies to penetrants that are members of an homologous 
series delivered from a common solvent vehicle into a common skin sample. 
Under these conditions, 61.63, U I ,  and v 3  become constant and Eq. 4 can be 
written: 


where a1 and a2 are constants. 


of the three phases considered is negligible, then: 
If the differences between the partial molal volumes of the solute in each 


0s N ~ 2 1  u '23 


L J ~  = a3 + a4 n 


(Eq. 10) 


(Eq. 11)  


For an homologous series: 


where a3 and a4 are constants and n = 0.1,2,3. . . Eq. 9 now becomes: 


In K, = -2(61 - 
R T  


620; + (a1 - az ) (a j  + a4 n )  (Eq. 12) 


For low n values a3 > 0 4 .  n ,  and the expression (a1 - a2)(a3 + a c n )  is 
practically constant. Even at n = 5 (equivalent to heptanoic acid), the change 
in the value (a1 - a2)(a3 + a c n )  is still small compared with the value of 
-2(& - 63) /RT 62v!, so that: 


where as is a constant. 
In an homologous series, D, is almost constant, therefore: 


In K ,  = In K ,  + constant (Eq. 14) 


or 
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Abstract 0 An ion-pair column chromatographic/UV spectrophotometric 
method for assaying trimethobenzamide hydrochloride in capsules and in- 
jections is presented, as well as a method for the detection of 3,4,5-tri- 
methoxybenzoic acid in trimethobenzamide hydrochloride bulk drug and 
dosage forms. Results obtained by the USP XX, Pharmacopeial Forum, and 
ion-pair column assay procedures are compared, and results of a collaborative 
study of the proposed assay and impurity detection methods are presented. 


Keyphrases 0 Trimethobenzamide hydrochloride-quantitative analysis by 
ion-pair column chromatography, semiquantitative analysis of 3,4,5-tri- 
methoxybenzoic acid 0 3,4,5-Trimethoxybenzoic acid-semiquantitative 
analysis by thin-layer chromatography, quantitative analysis of trimetho- 
benzamide hydrochloride 0 Ion-pair column chromatography-quantitative 
analysis of trimethobenzamide hydrochloride, semiquantitative analysis of 
3,4,5-trimethoxybenzoic acid by thin-layer chromatography 


Monographs (1, 2) for trimethobenzamide hydrochloride 
(I) in capsules and injections have several shortcomings. The 
USP (1) assay method for the capsules involves direct dilution 
in 0.1 M HCl and UV spectrometric comparison with the USP 
reference standard. This procedure does not separate possible 
impurities, such as 3,4,5-trimethoxybenzoic acid (11), or in- 
terfering excipients. The Pharmacopeial Forum (PF) assay 
for injection preparations (2) also involves a UV assay which 
has several shortcomings. 


This paper describes an ion-pair column chromatographic 


Table I-Recovery Data for I using the Proposed Ion-Pair, USP, and PF 
Injection Assay Methods 


Column USP P F  
Ion Pair Injection Injection 


I, mg 8 200 200 
Number of assays 10 10 10 
Mean amount recovered, % 99.4 96.6 97.6 


SD 0.8 1 0.91 0.68 
T V  7” 0 82 0.94 0.70 


Range, % 98.3- 101 .O 95.4-98.1 96.1-98.4 


assay procedure, in which I is quantitatively removed from an 
aqueous acidic chloride column with a chlorinated organic 
solvent. Ether is used to remove phenolic ingredients and 
breakdown products prior to the elution of I. 


Also, a TLC procedure is reported for the detection of I1 in 
amounts as low as 0.25% of the weight of I. Compound I1 is 
both a synthetic precursor and a breakdown product of I and 
could be encountered as a contaminant in drug prepara- 
tions. 


EXPERIMENTAL 


Reagents-Trimethobenzamide hydrochloride USP reference standard 
was dried at  l05’C for 4 h prior to use. Methylene chloride2, pentane2, and 
ether* were commercial distilled-in-glass grade. Compounds I3 and II’, 
chromatographic diatomaceous earth4, glass wool, and the other reagents were 
used as received. 


Apparatus-An ultrasonic bath, chromatographic tubes5, a tamping rods, 
commercial TLC plates coated with a 250-pm layer of silica gel with a fluo- 
rescent indicator, a suitable TLC developing chamber, and a recording UV 
spectrophotometer were used. 


Standard Preparation-Approximately 10 mg of trimethobenzamide hy- 
drochloride USP reference standard was accurately weighed and transferred 
to a 100-mL volumetric flask. Methylene chloride (70 mL) was added, and 
the mixture was sonicated. The resulting solution was diluted to volume with 
methylene chloride. A 20-pg/mL solution was obtained by diluting quanti- 
tatively and stepwise with methylene chloride. 


Chromatographic Column-A pledget of fine glass wool was packed in the 
base of a chromatographic column. A flexible spatula was used to mix 1 g of 
chromatographic diatomaceous earth with 500-pL of 1 M HCI in a 50-mL 
beaker. The mixture was transferred to a column and tamped. 


Capsule Assay Preparation-The contents of 120  capsules were transferred 
to a tared container, and the average weight/capsule was determined. The 


USP Reference Standards; U.S. Pharmacopeial Convention, Rockville, Md. 
Burdick and Jackson Laboratories, Muskegon, Mich. 
Hoffmann-LaRoche, Inc., Nutley, N.J. 
Celite; Johns Manville Corp, New York, N.Y. 
AOACBook of Methods 13rh Ed., 37.002(a) and (b) (3). 
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Structural Characteristics of Phospholipid 
Multilamellar Liposomes 


D. LICHTENBERG *x and T. MARKELLO * 
Received August 16, 1982, from the *Department of Biochemistry, Uniuersity of Virginia School of Medicine, Charlottesuille, V A  22908 and 
‘Department of Physiology and Pharmacology, Tel Auiu University Sackler School of Medicine, Ramat Auiu 69978, Israel. Accepted for 
publication November 11,1982. 


Abstract The relative proportion of lipid on the external surface of 
spherical multilamellar vesicles and the aqueous volume trapped within 
them, can be computed as a function of a liposome’s outer radius, inter- 
lamellar aqueous spacing, and the number of bilayers. When known ex- 
perimental data is put into these calculations, the results lead to the 
conclusion that spontaneously formed liposomes are on the average 
composed of up to 10 lamellae, whose total thickness is 4 . 1  pm, and traps 
an aqueous sphere whose average radius is 4 . 5  pm. Most of the aqueous 
medium entrapped within the multi-bilayers is contained in the internal 
core of the liposome. When assuming spherical liposomes and using 
percent exposure data, this calculation overestimates the experimentally 
detected trapped volumes. 
Keyphrases 0 Liposomes-phospholipid, multilamellar, structural 
characteristics, determination of external lipid layer and aqueous volume 


Vesicles-multilamellar phospholipid liposomes, structural charac- 
teristics, determination of external lipid layers and aqueous volume 
Delivery systems-phospholipid liposomes, structural characteristics, 
determination of external lipid layers and aqueous volume 


A wide variety of phospholipids spontaneously form 
multilamellar vesicles (liposomes) on hydration which are 
constructed of stacked concentric bimolecular lamellae 
interspersed with an aqueous medium (1, 2). These ag- 
gregates, often referred to as “onion-like” structures, are 
relatively impermeable to entrapped ions (3) and other 
solutes, which has generated interest in their use as an 
experimental tool for drug delivery (4). Despite extensive 
studies, the structural characteristics of these liposomes 
are not well defined. The properties of the liposomes de- 
pend on the composition and concentration of constituent 
phospholipids and the ionic strength of the aqueous me- 
dium (5, 6), as well as the method of phospholipid sus- 
pension and the time of hydration (5,7). 


A common feature of all dispersions made by shaking 
phospholipids in aqueous medium is the size heterogeneity 
of the resultant multilamellar liposomes. In egg phos- 
phatidyl choline dispersions, electron microscopy reveals 
the existence of liposomes with diameters <0.2 pm as well 
as some with diameters >3 pm (5). Although average ra- 
dius and average number of bilayers have limited signifi- 
cance as physical characteristics, attempts have been made 
to measure these parameters. Electron microscopic data 
are helpful for such studies; however, for these purposes 
the usefulness of electron microscopy is limited both by 
the need for vesicle fixation and by difficulties in the 
analysis of heterogeneous dispersions. Alternatively, two 
experimentally available parameters are the average 
trapped aqueous volume (VT) and percent of lipid exposed 
on the external surface ( E ) .  Both these parameters have 
been examined for various liposome preparations, and the 
results have been interpreted in terms of the average 
liposome radius ( R ) ,  number of bilayers ( n ) ,  and/or the 
thickness of the intervening aqueous layers (d).  For this 
kind of analysis, a relationship between the observed pa- 
rameters and the intrinsic features of the liposomes must 


either be assumed or calculated on the basis of certain 
assumptions. 


Assuming that the outer radius of the multi-bilayers is 
large when compared with the bilayer thickness, and that 
successive lamellae, therefore, have very similar surface 
areas, Schwartz and McConnell(7) calculated the average 
number of lamellae from the percent exposure of an ESR 
spin label to an externally added reducing agent. They 
concluded that this number varies between 6 and 10, de- 
pending on the exact method of liposome preparation. For 
large multilamellar vesicles (MLV) with an average radius 
of 4 . 7  pm (5), successive lamellae of <50 A thickness, and 
interlammelar spacing of <lo0 A, the assumptions made 
by Schwartz and McConnell seem to be justified by their 
experimental results. However, in a recent review, Szoka 
and Papahadjopoulos (8) commented that accounting for 
the decreasing surface areas of successive lamellae and for 
the interlamellar spacing “would tend to considerably 
increase the calculated number of lamellae.” 


Formulas for calculating the number and surface areas 
of liposomes in any suspension from the trapped aqueous 
volume and the partial specific volume of the constituent 
lipids have recently been published by Pidgeon and Hunt 
(9). They have used these formulas to simulate electron 
microscopic results for number of lamellae and average 
radius in various lipid dispersions. In these calculations, 
Pidgeon and Hunt used combinations of liposomes with 
different interlamellar distances. This assumes a priori 
that significantly different interlamellar distances can 
occur within a liposome preparation. In fact, lipid dis- 
persions made from a wide variety of lipids and lipid 
mixtures, both artificial and natural, show distinct X-ray 
diffraction bands. The presence of these bands strongly 


J b  
45.7 8, 


Ri = R ,  - [ ( i  - 1 )(45.7 + d ) ]  
Figure 1-Multilamellar structure of bilayers. Key: (R3 outermost 
radius of the liposome; (i) serial number of the bilayer; (d) constant 
thickness of intervening aqueous shells. 
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Figure %--Calculated dependence of percent exposure (E, Ey. 2) (A-C) and the total aqueous trapped uolume (VT, Ey. .?) (Do-F) as u function 
o f t h e  number of  lamellae, for  various fixed interlamdlar spacings (d). Key;  (a)  R1 = 0.2 p m ,  (b) R1 = 0.5 p m ,  (c) R1 = 1.0 pn). 


argues that the majority of vesicles have a fixed repeat 
distance in a given preparation of liposomes (10). 


In our view, there are several problems with the Pidgeon 
and Hunt model. Because they chose the innermost lam- 
ellae to begin their calculations, they were forced to assume 
that all of the vesicles had a fixed minimum radius com- 
mon to all liposomes. In all cases they chose the radius 
determined for homogeneous sonicated vesicles, the 
smallest and most accurately known radius for any lipid 


vesicle (lo), but one with no apparent constitutive rela- 
tionship to multilamellar dispersions. The Pidgeon and 
Hunt formulas also are highly sensitive to deviations from 
the assumption of vesicle sphericity. This is because of the 
third-power relationship of entrapped volume (or encap- 
sulation efficiency) to vesicle radius. 


Percent exposure calculated from surface area mea- 
surements (a r2 )  should be less sensitive to deviations from 
sphericity than trapped-volume measurements (a r3) .  
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Figure 3-Duta in Fig. 2plo t ted  with various fixed R1 radii. Key:  (a) d = 40 A ,  (b) d = 60 A ,  (c) d = 80 A.  Calculations were terminated when 
H, 5 100 A or n 2 3 IameUae. 
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Calculations based on percent exposure therefore, can be 
regarded as a more reliable basis for evaluating the number 
of lamellae in the multilamellar liposomes because this 
evaluation depends on the calculated radius. This is the 
approach which Schwartz and McConnell used. To avoid 
the criticism by Szoka and Papahadjopoulos, the differ- 
ences in surface areas of successive lamellae and the exis- 
tence of interlamellar spacing have been taken into con- 
sideration in the following treatment. 


THEORETICAL 


We adopted the assumption of vesicle sphericity as a first-order ap- 
proximation. We also assumed that the thickness of the hydrated phos- 
pholipid bilayer is constant at 45.7 A, and that the surface area per 
phospholipid molecule is constant at 72.5 Az (11). In addition, we assumed 
that the bilayers are separated by intervening aqueous shells of constant 
thickness, d. 


For a multilamellar structure of n bilayers, the radius of the outer 
surface of any given bilayer is: 


R, = R1 - [(i - 1)(45.7 + d)] 0%. 1) 


where R1 is the outermost radius of the liposome and i is the serial 
number of that bilayer, counted inward from the outermost bilayer (Fig. 
1). The surface areas of both faces of the ith bilayer are closely approxi- 
mated by 4aR, 2. The number of molecules for this bilayer is then twice 
this value divided by the surface area per molecule. The percent exposure 
is taken as equal to the external surface area of the outer bilayer (4TR12) 
divided by the total surface area of all the bilayers and multiplied by 
100 


% (Ea. 2) 
100R1’ E =  


2 2[R1 - (i - 1)(45.7 + d)I2 


Aqueous medium is trapped within the innermost bilayer shell (bilayer 
n )  forming the aqueous core and between the concentric bilayers. The 
aqueous core has a radius of R, = R1- [45.7n + d(n  - l)] and a volume 
of V,, = 4/3(aRn3). The volume of each of the inter-bilayer compartments 
can be calculated from the difference between the volumes of the two 
spheres defined by the inner radius of any given bilayer (i) and the outer 
radius of the next bilayer (i + 1). The moles of phospholipid per multi- 
bilayer are calculated as the sum of the surface areas of all bilayers divided 
by the assumed area per molecule and Avogadro’s number. If the sum 
of all the trapped volume elements is divided by the moles of phospho- 
lipid, the following expression is obtained for the trapped volume as a 
function of R ,  d ,  and n: 


i = l  


3A-C). On the other hand, the calculated trapped volume is very sensitive 
to R and d (Figs. 2D-F and 3D-F). For liposomes of 5 10 bilayers, the 
calculated trapped volume primarily depends on the number of lamellae 
and the outer radius of the liposome (Fig. 2D-F). In liposomes with more 
bilayers, the trapped volume becomes less sensitive to the number of 
lamellae (Figs. 2D-F and 3D-F), and the major factor is the outer radius 
of the liposome (Fig. 2D-F). The interlamellar spacing (d )  in vesicles with 
an outer radius of 0.5 pm is significant only in multi-bilayers with >20 
lamellae (Fig. 3E). 


Average Number of Bilayers in Multilamellar Liposomes-The 
number of lamellae (not the radius nor interlamellar distance) is the 
major factor in determining the percent exposure. The radius, and to a 
lesser extent the interlamellar distance, markedly affect the trapped 
volume in spherical multi-bilayers. Thus, for multilamellar liposomes 
any approximation of the average number of lamellae would best be based 
on the fraction of exposed lipid and not on the encapsulated volume. 


Schwartz and McConnell found in their ESR spin label experiments 
that liposomes made under specific conditions from dimyristoyl phos- 
phatidyl choline, dipalmitoyl phosphatidyl choline, and binary mixtures 
of dipalmitoyl phosphatidyl choline and cholesterol “all have the same 
portion of external lipids” (7). The variation of the percent exposure in 
these uncharged liposomes was within the range of 5-9%, depending on 
the conditions of liposome preparation. This is similar to the value of 8.5% 
obtained previously for the percent of lipid exposed to U0z2+ in liposomes 
composed of egg phosphatidyl choline (6). For liposomes of an average 
radius which is >0.4 pm (5,6) and in this range of exposure (5-9%), the 
fraction of exposed lipid primarily reflects the average number of lamellae 
(Figs. 2 and 3). Therefore, we conclude that these liposomes are con- 
structed of 5-10 bilayers on the average. 


It should be pointed out that liposomes made of various phospholipids 
differ in their gel-liquid crystalline phase transition temperature. Thus, 
at  room temperature egg phosphatidyl choline is in a liquid crystalline 
state, whereas dipalmitoyl phosphatidyl choline is in a gel state. The close 
similarity of the percent exposure, therefore, suggests that the average 
number of lamellae in the liposomes can only be slightly affected by the 
physical state of the phospholipid. 


For negatively charged liposomes composed of 10% dicetyl phosphate 
and 90% dipalmitoyl phosphatidyl choline, 11% of the lipid is exposed 
to an externally added reagent (7). This may indicate that in the charged 
liposomes the average number of lamellae is smaller than in the un- 
charged liposome average. 


The number of lamellae found by Schwartz and McConnell closely 
agrees with our calculations. Contrary to the suggestion of Szoka and 
Papahadjopoulos (8), accounting for the decreasing surface areas of 
successive bilayers and for the presence of interlamellar space does not 
increase the number of lamellae by more than one over the simple ap- 
proximation of Schwartz and McConnell, which represents the minimal 
number of lamellae for any given percent exposure, since it models a 
liposome in which the radius of the inner aqueous core is very close to the 
external radius. Our computations support the suggestion of Schwartz 


RESULTS AND DISCUSSION 


The dependence of the trapped volume ( VT)  and the percent exposure 
( E )  on the number of lamellae (n )  is presented in Figs. 2 and 3. These 
curves are computed for various outermost radii (R1) and interlamellar 
spacing ( d )  using Eqs. 2 and 3. These calculations suggest that both the 
trapped volume and percent exposure depend on R ,  d ,  and n. As previ- 
ously proposed by Szoka and Papahadjopoulos (8), both the computed 
trapped volume and percent exposure decrease sharply as the number 
of lamellae increase. However, the dependence of the calculated trapped 
volume on the various parameters is quite different from the dependence 
of the calculated percent exposure. 


Consider liposomes with 110  bilayers and radii >0.2 pm. The calcu- 
lated percent exposure primarily depends on the number of lamellae and 
is insensitive to both the liposome outer radius (Fig. 2A) and the inter- 
lamellar distance (Fig. 3A). Furthermore, in liposomes with >I0 bilayers, 
but radii of 0.5-1.0 pm and interlamellar distances of 40-80 A, the major 
determinant of the calculated percent exposure is the number of lamellae 
and not the outer radius (R1) (Fig. 2A-C) or interlamellar distance (Fig. 


and McConnell that for realistic values of the membrane thickness and 
aqueous interlamellar spacing, the multilamellar liposome can be de- 
scribed as having a large aqueous cavity entrapped within compact 
mu 1 ti 1 am e 11 a. 


Trapped Volume and Shape of Multilamellar Liposomes-Con- 
sider egg phosphatidyl choline multilamellar liposomes with six bilayers 
[E = 8.5% (6)] with an average radius in the range of 0.4-1.0 pm. The 
calculated trapped volume range of 4-12 L/mol is higher than that ob- 
served previously [1.5 L/mol(6)]. Moreover liposomes made of charged 
lipids, which are probably composed of fewer bilayers (7), have an average 
trapped volume that varies from 3 to 8 L/mol(5,6). The upper limit of 
this range is obtained only in low ionic strength suspensions, where the 
liposomes are postulated to have fewer lamellae (12). In all other cases, 
the experimental values for the entrapped volumes are 1.5-4 times lower 
than predicted by our calculations. 


Two factors may contribute to this large discrepancy. One possibility 
is a lower internal concentration of the trapped volume indicator within 
the liposome relative to the indicator concentration in the bulk medium. 
This could be due to the permanent exclusion of small solute molecules, 
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such as sucrose or other volume indicators, from a layer of water of hy- 
dration of the phospholipid. For dimyristoyl phosphatidyl choline lipo- 
somes, this “nonsolvent water” has been shown to be 11.5 mol of water/ 
mol of phosphatidyl choline, or approximately one-third of the enclosed 
liposomal water (13). The second factor is the difference between the true 
liposomal structure and the geometric approximations made in our 
model. For example, any change in the shape of‘ the model to a non- 
spherical geometry will decrease the trapped volume relative to the 
percent exposure ( r2  uersus r3) .  This does not imply that multi-bilayers 
are nonspherical, hut deviations from sphericity can account for this 
discrepancy. 


In conclusion, our calculations clearly show that the estimation by 
Schwartz and McConnell for the number of lamellae in multilamellar 
vesicles is essentially correct. This, in fact, implies that  the wall of the 
average liposome spontaneously formed hy hydration of phospholipids, 
consists of ,510 bilayers and has a total thickness < 4 . 2  pm. Thus, “fully 
swollen” (spherical) liposomes of a diameter of 1.4 pm, on the average, 
contain an inner aqueous cavity >1.0 pm. When viewed obliquely, a 
nonspherical multi-bilayer could result in the observed space-filling 
“onion-like” structures seen in some electron micrographs and give a 
somewhat misleading impression of the large central cavity which we 
calculate to be present in multilamellar liposomal structures. Finally, we 
conclude that therapeutic strategies using encapsulation of aqueous 
components into simple multilamellar lipid dispersions must take into 
account the fact that the vast majority of encapsulated material will reside 
in the central cavity of these liposomes. 
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Abstract 0 5R,6R-Beneylpenicilloic acid was found to epimerize slowly 
in alkaline media to 5S,6R-benzylpenicilloic acid until equilibrium was 
established. Epimerization proceeded uia the imine tautomer of 
penamaldic acid rather than the enamine form and was found to favor 
the 5S,6R -epimer a t  equilibrium. The conversion process was monitored 
using both reverse-phase high-performance liquid chromatography and 
NMR spectroscopy. 


Keyphrases 0 Benzylpenicilloic acid-epimerization, alkaline media, 
imine tautomer of penamaldic acid as intermediate Epimerization- 
benzylpenicilloic acid in alkaline media, imine tautomer of penamaldic 
acid as intermediate 0 Penamaldic acid-imine tautomer, intermediate 
in the epimerization of benzylpenicilloic acid 


Penicilloic acid has been reported to be the principal 
hydrolysis and excretion product of penicillin (1,2). It has 
also been cited as a minor antigenic determinant, although 
it is structurally incapable of reacting directly with pro- 
teins to form the highly reactive penicilloyl conjugate (3). 
This compound is believed to exert its antigenic activity 
by reacting with disulfide linkages of proteins (4). Despite 
the important role which penicilloic acid may play as an 
antigenic determinant and its reported existence as a 
mixture of isomers in alkaline media (5, 6), virtually no 
attempt has been made either to separate the isomers or 
to investigate the isomerization process. 


In this paper, a combination of high-performance liquid 


chromatography (HPLC), NMR, polarography, and UV 
spectroscopy was used to separate the 5R,6R- and 
5S,GR-epimers of benzylpenicilloic acid, monitor the 
conversion process, and examine the epimerization 
mechanism. 


EXPERIMENTAL 


Chemicals and Reagents-Penicillin G potassium’ was obtained 
commercially and used without further treatment. Acetonitrile* was 
HPLC grade, while all other chemicals were either USP or reagent grade. 
Double-distilled water was used to prepare buffer solutions. 


Preparat ion of Disodium Penicilloate-The disodium salts of 
5R,6R- and 5S,6R-benzylpenicilloic acids were prepared by procedures 
similar to those used in the preparation of penicic and epipenicic acids 
(7). 


Disodium 5H.,6R-Henzylpenicilloate-An 8.64-g sample of penicillin 
G potassium wm dissolved in 15 mL of double-distilled water and allowed 
to cool in an ice-salt bath. After the solution temperature reached 4 ” C ,  
4.64 mL of cold 10 M NaOH was added in one increment. Fifteen minutes 
later, the pH was adjusted to 8.7 [the equivalence point of the disodium 
salt of benzylpenicilloic acid (7)] using 1 M HCI, and the reaction mixture 
was immediately lyophilized. I3CC-NMR: 6 26.4 and 26.7 (C-2O and C-20), 
42.5 (C-9), 58.6 (C-2), 59.9 (C-6), 66.1 (C-j), 75.4 (C-3), 127.4 (C-4‘), 129.0 
(C-3’). 129.4 (C-27,135.0 (C-l’), and 173.9,175.4,and 175.9 (C-3u, C-6-, 
and C-8). ‘H-NMR (DzO): d 1.07 (s, CHs), 1.34 (s, CHs), 3.26 (9, H-3), 3.53 


1 Sigma Chemical Co., St. Louis, Mo. 
2 Waters Associates, Milford, Mass. 
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Abstract A pharmacokinetic model for calculating the pharmacoki- 
netic parameters fdr a compound that is recycled in the bile is presented 
and tested using theoretical as well as experimental data. The results 
indicate that this method is stable and only slightly susceptible to sam- 
pling and recycling times. I t  is apparent from the present study that 
pharmacokinetic terms that have been used in classical situations are not 
directly applicable to drugs that enter the enterohepatic circulation. 
Effective half-life and effective clearance are used to describe the intrinsic 
ability of the eliminating organs to remove drug from the blood, whereas 
net half-life and net clearance are used to describe the irreversible 
elimination of the drug from the body. 


Keyphrasea Pharmacokinetics-biliary recycling of drugs, theoretical 
model, applications to cimetidine and isotretinoin Biliary excre- 
tion-incorporation in pharmacokinetics, model, applications to ci- 
metidine and isotretinoin Mathematical models-incorporation of 
biliary recycling in pharmacokinetics, application to cimetidine and 
isotretinoin 


The ability to predict plasma concentration-time pro- 
files observed following repetitive doses from data ob- 
tained following a single dose is an important aspect of 
pharmacokinetic analysis. In most cases, drugs that follow 
linear pharmacokinetic models allow these predictions to 
be made with reasonable certainty. However, when plasma 
concentration-time data cannot be adequately described 
by classical pharmacokinetic equations, i .e . ,  saturable 
processes or enzyme induction, this predictive capability 
becomes impaired. When a compound is excreted in the 
bile and subsequently reabsorbed from the GI tract, a 
similar situation exists in that classical equations cannot 
be used to sufficiently characterize the erratic and fluc- 
tuating plasma concentration-time curves. The purpose 
of the present investigation was to develop a biliary re- 
cycling model, to test its susceptibility to sampling times 
and experimental error, and to apply it to experimental 
data from drugs that are known to recycle in the bile. 


THEOHETICAL 


Two distinct types of compounds must be considered when discussing 
hiliary excretion and enterohepatic circulation. In the first category, there 
are compounds that are recycled but still are eliminated in 124  h; indo- 
methacin ( I ) ,  cimetidine (2), and imipramine (3) are examples from this 


category. In the second category are compounds that persist for much 
longer than 24 h; isotretinoin (4), digitoxin (5), and phenprocoumon (6) 
are examples from this category of substances. For compounds that are 
eliminated from the body in -24 h or less, extensive sampling of body 
fluids is required over the entite interval, whereas for compounds that  
take substantially longer than 24 h to be eliminated from the body, ex- 
tensive sampling during the first 24 h and subsequent samples at 24-h 
intervals are required. The modeling procedure developed herein con- 
siders both types of compounds. 


Model Developmeqt-The following compartmental models (Fig. 
1) are among those applicable to the study of blood concentration-time 
data profiles of compounds that undergo enterohepatic circulation. The 
models differ only in the sites of elimination. It can be shown that models 


p 0  


Figure 1-Four possible enterohepatic recycling models. Compartment 
A is the absorption site, compartment I is the sampled blood compart- 
ment, and compartment 2 is the storage compartment that includes the 
gallbladder and the transit-time factor. The first-order rate constants 
k.1 and klz represent the transfer of drug from the absorption site to 
the sampled blood compartment and from the sampled compartment 
to the gallbladder storage compartment whereas k,,~, klo. and km are 
rate constants that represent first-order elimination from the absorption 
site, sampled compartment, and gallbladder storage compartment. The 
arrow between compartments 2 and A represent the discontinuous 
emptying process of the gallbladder such that the amount of drug in the 
gallbladder is transferred instantaneously to the absorptiori site a t  the 
time (tb,le) that reabsorption begins and V is the volume of the sampled 
compartment. 
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Table I-Schematic  Representation of the Blood Sampling 
Schedules 


Schedule Designation 
Time, h A B C D 


0 
1 


4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 -~ 
22 
23 
24 


+ + + + + + + + + 
t + + + + + + + 
t 
t + 
t + 
t 
t 
t 


+ 
+ 


+ 


+ 


+ 


+ 


+ 
1A and 1B are pharmacokinetkally differentiated from model 1C when 
recycling occurs a t  nonuniform intervals. However, within the limits of 
analytical precision and considering the biological variation that is as- 
sociated with experimental data, the four models are not structurally 
identifiable when blood concentration-time data are evaluated. The four 
models are pharmacokinetically unique only if blood, urine, feces, and 
bile are collected following both intravenous and oral doses and analyzed 
for both parent drug and all metabolites. 


One of these models (1A) has been previously described by Veng- 
Pedersen and Miller (7) and Steimer et al. (8). but the integrated equa- 
tion derived in these manuscripts included only one recycling of bile 
during the experiment (7). For the purpose of testing the impact of 
sampling time and experimental error on the model predictions, data will 
be simulated assuming that the gallbladder empties at each meal inges- 
tion (9) (e.g., a t  0700,1300,1900 on each day of the study) and that drug 
is administered at 0700 on day 1 with no meal being ingested at that time. 
Therefore, the first gallbladder emptying occurs a t  1300 on day 1. In the 
first example (case I) it is assumed that reabsorption begins each time 
(tbile) that the gallbladder empties. However, in many cases, a conjugate 
of parent compound is excreted in the bile, deconjugated in the lower 
intestinal contents, then reabsorbed (10-12). This situation could result 
in substantial time delay between meal ingestion and subsequent reab- 
sorption (13). For this purpose, blood concentration-time data were 
simulated after incorporating a 3-h (case 11) or 6-h (case 111) transit-time 
lag between gallbladder emptying and the onset of reabsorption (tbjle) 
such that the first reabsorption begins 9 or 12 h after the dose, respec- 
tively. 


Model Testing-The ability of the recycling model to adequately 
describe simulated blood concentration-time data following a single dose 
of drug was tested under the following experimental conditions: 


1. Ideal data sets (cases 1-111) with four different sampling schedules 
(see Table I). 


2. Ten errant data sets (case I1 only) with uniformly distributed ran- 
dom error using each of the four different sampling schedules. 


3. Ten errant data sets assuming that gallbladder emptying occurred 
a t  5 and 11 h and 10 errant data sets assuming gallbladder emptying oc- 
curred a t  7 and 13 h during the first 24-h period after dosing to determine 
the effect of nonsampled recycling times. 


In addition, two sets of experimental data were fitted with the model 
to assess the impact of repeated recycling during the experimental in- 
terval. In the first example, cimetidine concentration-time data (14) were 
fitted with model 1A. Patient data were obtained following a single 
300-mg oral dose 3 h prior to breakfast (14); no mention was made of 
subsequent meal times. The results from the present curve-fitting 
technique are compared with previous attempts to fit the data with the 
single recycling technique (2). For the second example, blood concen- 
tration-time data from a recently completed single 100-mg oral dose 
pharmacokinetic study with isotretinoin (4) were fitted with model 1A. 


Table 11-Ideal Theoretical Data Sets Curve-Fitted Using the 
Different Sampling Schedules 


tbile, h k , ,  h-' k l z ,  h-' klo ,  h-' V ,  L 


Case I 
Ideal 6.00 0.693 0.420 0.0800 400 
Schedule 


A 6.00 
B 6.00 
C 6.00 
D 6.00 


Ideal 9.00 
Schedule 


A 9.00 
B 9.00 
C 9.00 
D 9.00 


Ideal 12.0 


0.695 0.419 
0.694 0.420 
0.696 0.418 
0.696 0.419 


0.693 0.420 


0.695 0.419 
0.694 0.420 
0.695 0.419 
0.706 0.411 


0.693 0.420 


Case I1 


Case I11 


0.0801 401 
0.0802 400 
0.0800 401 
0.0801 401 


0.0800 400 


0.0800 401 
0.0800 400 
0.0801 401 
0.0800 406 


0.08oO 400 
Schedule 


A 12.0 0.695 0.419 0.0801 400 
B 12.0 0.695 0.419 0.0800 400 
C 12.0 0.696 0.418 0.0800 401 
D 12.0 0.695 0.419 0.0802 401 


In this second example, it was assumed that the gallbladder emptied a t  
meal ingeation and that the time to transit in the intestine to sites where 
deglucuronidation could wcur was constant after each meaL In this way, 
a single recycling parameter could be estimated and used to calculate 
subsequent recycling times on the basis of meals ingested. All concen- 
tration (CB) data were fitted with the differential equations required to 
describe model 1A in conjunction with the nonlinear least-squares re- 
gression program, NONLIN (15), using 1/CB weighting'. 


In addition, a net elimination rate constant during recycling (BR) can 
be determined by performing log-linear regression on concentration-time 
data a t  24-h intervals during the elimination phase, e g . ,  24,48,72, and 
96 h or 12,36,60, and 84 h. The determination of BR is based on the as- 
sumption that gallbladder emptying and subsequent reabsorption occur 
a t  the same times each day. Therefore, if recycling occuw at the same time 
during each 24-h interval, the BR obtained by fitting data points collected 
a t  24-h intervals should reflect the true elimination rate since the con- 
centration-time points fall on the same portion of the sinusoidal recycling 
curve. Experimentally, this can be achieved by controlling the time and 
type of food intake. This curve-fitting procedure was tested by intro- 
ducing uniform random error into theoretical concentrations. 


RESULTS 


The parameters estimated for ideal theoretical data sets from cases 
1-111 with the four different sampling schedules (Table I) are presented 
in Table 11. The parameters estimated for 10 errant data sets from case 
I1 using the four different sampling schedules are presented in Table 111. 
The parameters estimated for 10 errant data sets from 5- and 11-h re- 
cycling data and from 7- and 13-h recycling data are presented in Table 
IV. 


I t  is apparent from the parameter estimates in Table 11, that when no 
error is present in the data, the curve-fitting procedure is not dependent 
on either the times of recycling or sampling. Similarly, the mean pa- 
rameter estimates presented in Tables I11 and IV would indicate that, 
on the average, the curve-fitting procedure is not strongly influenced by 
either recycling or sampling times. However, the variation around the 
mean values are greater for sampling schedules C and D than for sched- 
ules A and B, i .e.,  when nonsampled intervals (Table I) become >2 h. 


By introducing f10% error into the 24-, 48-, 72-, 96-, and 120-h sam- 
ples, it was possible to assess the impact of random error on the estimation 
of &. For the purpose of testing an extreme case, 10% error was added 
to the 24-h concentration and subtracted from either a 48-, 72-, 96-, or 
120-h concentration. When 10% error was subtracted from the 48-, 72-, 
96-, and 120-h concentration, the error introduced into BH was 29.0,14.5, 
9.7, and 7.370, respectively. It is apparent that  the more time points and 
the longer the time used to calculate OR, the more precise will be the es- 
timate. 


The results from curve-fitting the cimetidine blood concentration-time 


* A listing of the FORTRAN program used in this study is available from the 
author on request. 
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Table 111-Parameters Estimated from 10 Sets of Theoretical Concentration-Time Data  Containing f10% Uniformly Distributed 
Random Error and  Simulated According to Case I1 


Ideal 9.00 0.693 0.0800 0.420 400 
Schedule A 


Schedule B 


Schedule C 


Schedule D 


Mean f SD 9.04 f 0.06 0.742 f 0.095 0.0786 f 0.0053 0.405 f 0.036 418 f 35.6 
Range (8.99-9.16) (0.579-0.882) (0.0714-0.0873) (0.362-0.487) (350-460) 


Mean f SD 8.99 f 0.13 0.749 f 0.135 0.0774 f 0.0057 0.407 f 0.048 420 f 43.3 


Mean f SD 9.11 f 0.20 0.763 f 0.149 0.0846 f 0.0110 0.392 f 0.058 430 f 61.1 
Range (9.00-9.64) (0.573- 1.01 4) (0.0640-0.0999) (0.269-0.500) (351-536) 


Mean f. SD 9.26 f 0.24 0.747 f 0.143 0.0865 f 0.0122 0.402 f 0.050 422 f 53.9 


Range (8.78-9.12) (0.565-0.972) (0.0711-0.0879) (0.337-0.501) (343-486) 


Range (9.00-9.67) (0.553-0.988) (0.0637-0.1090) (0.319-0.491) (349-494) 


Table IV-Parameters Estimated from 10 Sets of Theoretical  Concentration-Time Data  Containing f10% Uniformly Distributed 
Random Error and Simulated With Recycling Occurr ing at Nonsampled Times 


Ideal 5.00 
Schedule D 


Mean f SD 5.01 f 0.14 
Range (4.71-5.18) 


0.693 


0.735 f 0.168 
(0.570-0.954) 


0.0800 0.420 400 


412 f 59.6 0.0790 f 0.0177 
(0.0590-0.0950) (0.338-0.496) (346-487) 


0.421 f 0.056 


Ideal 7.00 0.693 0.0800 0.420 400 
Schedule D 


Mean i SD 7.09 f 0.37 0.728 f 0.166 0.0807 f 0.0208 0.431 f 0.057 408 f 60.1 
Range (6.47-7.60) (0.559-1.000) (0.0510-0.1093) (0.322-0.503) (348-498) 


data are presented in Table V, and a representative plasma concentra- 
tion-time profile is presented in Fig. 2. Similarly, the results obtained 
by curve-fitting isotretinoin blood concentration-time data are presented 
in Table VI, and a representative curve is presented in Fig. 3. The pa- 
rameter estimates determined by curve-fitting experimental data from 
the literature for cimetidine (14) and blood concentration-time data 
presently being generated in this laboratory for isotretinoin show the 
applicability of the procedure. 


Comparing the resulb of the present analysis of cimetidine blood 
concentration-time data with thase reported in the literature using the 
single-recycling model of Veng-Pedersen and Miller (21, it appears that 
the complexities associated with the previously reported model may not 
be required to fit the data. If one assumes that a second recycling occurs 
during the time-course of the study, one can adequately fit the data 
without having to involve the complexities inherent in the two-com- 
partment distribution model of Veng-Pedersen and Miller. I t  is difficult 
to justify the more complex model when recycling occurs at  2 4  h intervals 
and sampling is not sufficiently frequent to differentiate biphasic dis- 
tribution characteristics from the recycling characteristics. In fact, it can 
be shown that when sampling is infrequent a recycled drug that conforms 
to model 1A in Fig. 1 exhibits what appears to be a two-compartment 
model profile. In addition, when it is not possible to simultaneously fit 
data from several routes and modes of administration, parsimony dictates 
that the simplest model should be chosen. 


2.0 r 


DISCUSSION 


A model-dependent method for calculating the pharmacokinetic pa- 
rameters for acompound that is recycled in the bile has been presented 
and tested using simulated theoretical data as well as experimental data. 
The results indicate the the method is stable, only slightly susceptible 
to changes in sampling and recycling times, and adequate to describe the 
blood concentration-time profiles of drugs that recycle in the bile. 


The results of the present analysis suggest that more explicit terms are 
required to describe the pharmacokinetic parameters of compounds that 
are recycled in the bile. The blood clearance (CLB) determined by the 
classical method: 


Dose CLB = - 
AUCo_- 


does not reflect the effectiue clearance (CLE)  of the drug by the liver. 
From model lA ,  it can be shown that: 


CLE = V .  K (Eq. 2) 


where the effectiue elimination rate constant (K)  is the sum of k l o  and 
k12 in model 1A. However, the net clearance ( C L N )  derived from model 
1A according to the following equation: 


CLN = V .  k l o  (Eq. 3) 


Figure 
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2-Representative blood concentration-time profile of cimet idine along with the model-predicted line for subject 5.  
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Table V-Parameters Estimated by Curve Fitting Cimetidine Blood Concentration-Time Data Following a Single 300-mg Oral  Dose * 


1 0.20 2.65 
2 0.15 1.50 
3 0.15 1.98 
4 0.10 1.92 
5 0.20 1.98 
6 0.15 2.50 
7 0.10 1.17 
8 0.20 1.94 
9 0.00 2.98 
10 0.00 1 .m _. .... 


11 0.20 1.83 
12 0.05 1.96 


Mean 0.125 2.02 
SD 0.075 0.49 
Range 0-0.2 1.17-2.98 


5.85 
3.90 
5.98 
3.92 


4.50 
3.67 
3.74 
- 


4.60 
5.83 


4.67 
0.97 


3.67-5.98 


- 


1.46 
2.24 
8.91 
4.83 


35.4 
39.3.. 


1.38 
4.13 
2.42 
1.81 
5.00 
3.04 
9.17 


13.4 
1.38-39.3 


0.790 
0.340 
0.312 
0.566 
0.022 
0.340 
0.452 
0.212 
0.241 
0.320 
0.459 
0.171 
0.352 
0.199 


0.022-0.790 


0.700 
0.490 
0.393 
0.089 
0.538 
0.077 
0.124 
0.434 
0.148 
0.006 
0.020 
0.113 
0.261 
0.235 


0.006-0.700 


87.4 
109 
123 
103 
220 
172 


144 
192 
172 
145 
316 
156 


88.4 


65.5 
87.4-316 


0.998 
0.995 
0.988 
0.997 
0.996 
0.995 
0.982 
0.996 
0.996 
0.973 
LOO0 
0.937 


a Concentration-time data obtained from Ref. 14. tbildl) and tbde(2 )  represent the times of the first and second recycling. respectively. Correlation coefficient. 


Table  VI-Parameters Estimated by Curve Fitting Blood Concentrations of Isotretinoin Following a Single 100-mg Ora l  Dose to Five 
Normal Male Subjects 


Subject 
Parameter 1 2 3 4 5 Mean f 1 SD 


0.87 0.77 0.88 f 0.67 1.95 0.71 0.10 
7.83 11.8 9.53 9.83 17.9 11.4 f 3.9 
1.33 0.609 0.635 0.456 0.825 0.771 f 0.339 


k 10, h-' 0.182 0.099 0.052 0.072 0.087 0.098 f 0.050 
ki2, h-' 0.333 0.478 0.125 0.152 0.299 277 f 0.144 BR, h-' 0.0521 0.0206 0.0265 0.0312 0.0247 0.0310 = 0.0214 
t 13.3 33.6 26.2 22.2 28.1 22.4a 


A U C D ~  ng-h/mL 
r 1 .ooo .999 .999 998 1 .OOo 


379 116 421 739 180 367 f 245 
1450 8708 4568 1879 6386 4598 k 3057 


L%?L 


a Harmonic mean. * Model-dependent area (AUCo) calculated as (F.Dosell(V4zlo) and model. 


is equivalent to CLB. This distinction in clearance terms is similar to the 
approAch previously employed by Kwan et al. (1) with indomethacin. 
However, it is a more unified approach which incorporates the differences 
in clearance into a single pharmacokinetic modeling technique. 


Levy (16) has stated that fitting concentration-time data obtained 
following the administration of drugs that are involved in the entero- 
hepatic circulation to classical pharmacokinetic models results in an 
overestimate of the true volume of distribution and an overestimation 
of the true half-life of the compound. In fact, curve-fitting data from 
compounds that are recycled to classical bi- or triexponential equations 
does overestimate the true volume of distribution and the effective 
elimination half-life (tl/=), derived from 0.693/K. However, curve-fitting 
with classical equations may not, depending on the erratic nature of the 
blood concentration-time profile, overestimate the net elimination 


I I I 


0 3 6  12 18 ;4 h 3 - A  
TIME (UOURS I AFTER DOSE 


Figure 3-Representative blood concentration-time profile of isotre- 
tinoin from subject 8 along with the model-predicted curve. 


half-life (t1/2N), derived from 0.693/p~ where PR is the net elimination 
rate constant. / 3 ~  is related to the elimination rate constant (klo) by: 


PR = Fi-kio (Eq. 4) 


where F1 is the average fraction of the total amount of drug in the body 
that is in the blood compartment during any 24-h interval. This net 
elimination half-life ( t l l z ~ )  is in fact the true elimination half-life, since 
i t  reflects the fraction of a dose that still remains to be irreversibly 
eliminated (17). 


If one applies these concepts to the data obtained for cimetidine and 
isotretinoin, interesting results are obtained. For cimetidine CLE = 1393 
mL/min (range 849-2170) and CLN = 777 mL/min (range 81-1151), 
suggesting a first-pass effect ( E  = C L d Q  + CLE) of 0.36-0.59. However, 
using the net clearance to calculate the apparent first-pass effect ( E  = 
CLN/Q + CLN)  yields values of 0.05-0.43, which are consistent with the 
conclusions from the original report (14). For isotretinoin, CLE = 1906 
mL/min (range 1116-3253) and CLN = 571 mL/min (range 191-1150), 
suggesting a true first-pass effect of -0.40. However, since isotretinoin 
is eliminated solely by liver clearance, 65-77% of the drug that is cleared 
by first-pasa will be returned through enterohepatic cireulation, resulting 
in an apparent first-pass effect of 4 . 2 8 .  The average fraction (F1) of the 
total amount of drug in the body that was in the blood compartment was 
0.32. 


I t  became apparent during these curve-fitting procedures that the 
pharmacokinetics of drugs that are incorporated into the enterohepatic 
circulation are complex, and development of their profiles will require 
specialized clinical studies. Two important aspects of performing clinical 
pharmacokinetic studies with compounds that recycle in the bile is to 
establish an appropriate experimental design and to maintain well- 
controlled conditions. Sufficient blood samples must be obtained to 
adequately characterize the recycling time course during a 24-h interval, 
and the time of meal ingestion must be controlled to ensure that the 
variation in recycling times is minimized. 


In conclusion, a model-dependent method for analyzing pharmacok- 
inetic data from drugs that are recycled in the bile has been developed 
and tested. It is apparent that  the pharmacokinetic terms used in other 
situations are not directly applicable to drugs that enter the enterohepatic 
circulation. Effective half-life and effective clearance have been intro- 
duced to describe the intrinsic ability of the liver to remove drug from 
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the blood, whereas net half-life and net clearance have been used to de- 
scribe the permanent elimination of the drug from the body. 
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Abstract A gas chromatographic-electron capture (GC-EC) method 
has been developed for the determination of N-  (trans-2-dimethyl- 
aminocyclopentyl)-N-(3’,4’-dichlorophenyl)propanamide, a potential 
antidepressant drug, and its N-demethyl metabolite in serum. The 
GC-EC system employed a 3% OV-17 on 100/120 mesh Supelcoport, 2-m 
X 2-mm i.d. glass column and an isothermal temperature of 195’C. The 
parent drug and metabolite were extracted from alkalinized serum (pH - 13) with toluene, back-extracted into an acidic solution (pH - l),  and 
finally, after adjusting to pH 13, extracted again with toluene. The ex- 
tensive sample cleanup was necessary to remove serum components which 
interfered with the analysis. The analytical method was shown to give 
quantitative recovery of the drug and metabolite, to be linear over a 
100-fold concentration range, and to have the necessary precision and 
sensitivity to detect and quantify as little as 1 ng/mL of the drug or its 
metabolite. The method has been employed to determine the serum level 
of drug and metabolite in dogs receiving a single oral dose and to deter- 
mine the possible correlation between the administered dose and serum 
levels. 


Keyphrases 0 N- (trans-2-Dimethylaminocyclapentyl)-N-(3’,4’-di- 
chloropheny1)propanamide-quantitative determination, N-demethyl 
metabolite in dog serum, gas chromatography-electron capture 0 Gas 
chromatography-electron capture, quantitative determination of N -  
(trans-2-dimethylaminocyclopentyl) -N- (3’,4‘-dichlorophenyl) propan- 
amide and i t s  N-demethyl metabolite, dog serum 
~~~ ~ 


Some tricyclic antidepressants (e.g., imipramine) used 
in the treatment of endogenous depression require an in- 
duction period of several days before improvement is noted 
and have been reported to have frequent side effects (1,2). 
A potential antidepressant drug, N -  (trans-2-dimethyla- 
minocyclopenty1)-N-(3’,4’ - dichloropheny1)propanamide 
(I) which may have a more rapid onset of therapeutic ac- 
tivity and fewer side effects was recently reported (3). 


For definition of the pharmacokinetic and metabolic 


profiles of this potential antidepressant drug, a sensitive, 
precise, and specific analytical method is required. The 
presence of two chlorine moieties in the aromatic ring 
provides sufficient electronegativity for electron-capture 
(EC) detection after gas chromatographic (GC) separation. 
Initial studies’ had shown that the drug was quickly 
demethylated at the dimethylamine functional group to 
give 11. Also, a homologue of I with a cyclohexyl ring in 
place of the cyclopentyl ring was available (111) and was an 
ideal internal standard. 


This report describes the GC-EC method for the 
quantitative determination of I, its N-demethyl metabo- 
lite, and the internal standard and the sample preparation 
procedure necessary to isolate the compounds from serum 
and to provide a sample amenable to GC-EC determina- 
tion. Application of the methodology was demonstrated 
by the determination of serum levels of I and I1 in dogs 


c 


CH, 
I: R = CH,, n = 1 


11: R = H, n = 1 
111: R = C H 3 , n  = 2 


I Unpublished data 
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Abstract 0 A simple, accurate, and rapid high-performance liquid chroma- 
tographic method for the analysis of oxprenolol in commercial formulations 
is described. The analysis was performed on a cyano radial compression car- 
tridge, with 0.0539 M. pH 3 phosphate buffer-acetonitrile-methanol (76: 
15.6:8.4) as the mobile phase. The flow rate was 5 mL/min. with detection 
at 272 nm; the mobile phase was employed for extraction. The assay was a p  
plied to the content uniformity test of three oxprenolol hydrochloride tablet 
formulations of different strengths and the contents of a 2-mg dry ampule for 
intravenous/intramuscular injection. The percent of label claim for each 
formulation tested was within 91.7-1 1056. The applicability of this assay to 
the analysis of some other 8-blocking drugs was investigated. It was found 
that under the above conditions, atenolol, metoprolol, oxprenolol. and pro- 
pranolol can be fully resolved in <3 min. 


Keypbrnses 0 Oxprenolol-tablet and dry ampule formulations, assay alone 
or simultaneously with other 8-adrenergic drugs, HPLC 0 8-Adrenergic 
drugs-oxprenolol, propranolol, atenolol, and metoprolol, individual and si- 
multaneous assay in formulations, HPLC 


Oxprenolol, (&)- 1 - [o-(allyloxy) phenoxy] -3-( isopropy- 
1amino)-Zpropanol (I), is a 0-adrenergic drug frequently used 
in the treatment of hypertension ( l ) ,  cardiac arrhythmias (2), 
and angina pectoris (3). The low dosage of I, particularly when 
administered intravenously, and its susceptibility to light and 
other storage conditions require assurance of potency and 
content uniformity of its dosage forms. 


Several methods have been reported for the analysis of I in 
biological fluids including GC (4-8), TLC with fluorescence 
detection (9 ) .  and high-performance liquid chromatography 
(HPLC) (10, 11). While the GC assays involve prechroma- 
tography derivatization and multiple-step extraction, the TLC 
method includes derivatization of I to a fluorescing compound. 
The utilization of HPLC for the analysis of I provides a real 
advantage, since it does not involve lengthy derivatization steps 
and the compound is detected directly. However, the previously 
reported HPLC methods, in addition to lacking a high chro- 
matographic efficiency, have not been applied to the analysis 


of I in formulations. No pharmacopeial assay of I is avail- 
able. 


The present report describes an expedient, accurate, and 
specific HPLC method for the analysis of I in formulations. 
The procedure can be applied for the chromatography of some 
other @blocking drugs (atenolol, metoprolol, nadolol, and 
propranolol) under the same conditions employed for I. 


EXPERIMENTAL 


Materials-Methanol’, acetonitrile’, hexane2, monobasic sodium phos- 
phate*, and 85% phosphoric acid2 were either analytical or HPLC grade. 
Purified water3 was used as obtained. The oxprenolol hydrochloride formu- 
l a t i o n ~ ~  tested (20-, 40-, and 80-mg tablets and 2-mg dry ampules) were ob- 
tained in-house. Propranolol hydrochloride5, nadolo16, atenolol’, and me- 
toprolol tartrate’ were used as received. Oxprenolol (I) was first extracted 
from a saturated solution of oxprenolol hydrochloride in 5 M NaOH with 
boiling hexane and was recrystallized several times (mp 77.1OC) from 
hexane. 


Apparatus-The chromatograph used consisted of dual solvent delivery 
systems* with a mixing chamber, automatic sample injection processor9, 
printer-plotter integrator data modulelo, variable-wavelength UV detector’ I ,  


and radial compression module12. The analysis was performed on a 10-pm, 
8-mm X 10-cm cartridge”. 


Chromatography Conditions-The mobile phase was methanol-acetoni- 
trile-0.0539 M sodium phosphate buffer solution at pH 3 (8.4:15.6:76) filtered 
twice and deaerated before use. A flow rate of 5 mL/min was used throughout 
(pressure = 1100 psi). The UV detector was set at 272 nm, and the volume 
injected into the cyano cartridge was 40-60 pL. 


Burdick and Jackson Laboratories Inc.. Muskegon. Mich. 
Fisher Scientific Company. Fair Lawn, N.J. 


3 Du Pont. Wilmington. Del. ‘ Ciba Laboratories, Horsham, Switzerland. 
ICI Limited, Macclesfield. Cheshire. U.K. 


6 E. R. Squibb 8r Sons. New Brunswick. N.J. 
Ciba-Gcigy Co.. Bask. Switzerland. * Model M45; Waters Associates, Milford, Mass. 
Model 710B WISP; Waters Associates. Milford, Mass. 


lo Model 730 Data Module; Waters Associates, Milford. Mass. 
Model 480 Lambda; Waters Associates, Milford, Mass. 
Model RCM-100; Waters Associates. Milford, Mass. 


l 3  Radial Pak /.I Bondapak CN; Waters Associates, Milford, Mass. 
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Table I-Calibration Curve Data Obtained on Different Days 


Correlation 
Day Intercept Slope Coefficient 


1 0.0193 3.03 I 0.99995 
2 0.00945 3.043 0.99999 
3 0.01 38 3.03 I 0.99999 
4 0.01 59 3.027 0.99999 
5 0.01 39 3.03 3 0.99999 


Peak area ratio u c w s  concentration plots obtained by linear regression analysis; 
mean of four determinations (two samples in duplicate injections). 


Preparation of the Buffer and Standard Solutions-The buffer solution was 
prepared by adding dropwise ( ~ 0 . 4 5  mL/drop) 85% phosphoric acid to I L 
of 0.05 M monobasic sodium phosphate to adjust the pH to 3. The final buffer 
concentration was ~0 .0539  M. 


Fifty milligrams of I or propranolol hydrochloride (internal standard) was 
weighed and carefully transferred into a SO-mL volumetric flask with fresh 
mobile phase. The solution was shaken until a complete dissolution was ob- 
tained, then brought to volume with a fresh mobile phase. 


Calibration Curves-Calibration curves were constructed by transferring 
I ,  3 , 5 1 0 ,  and 20 mL of the I standard solution into 25-mL volumetric flasks, 
and 5 mL of the internal standard solution was added to each flask. The so- 
lutions were brought to volume with fresh mobile phase and thoroughly mixed. 
Ad aliquot (-3 mL) of each solution was transferred into an autosampler vial 
and placed on the tray. The automatic sample injection processor was pro- 
grammed to inject 50 p L  of each vial in duplicate. Standard curves were pre- 
pared on different days, toestablish linearity, and prior to each assay, for the 
calculation of I in the samples arialyzed. 


Combined Tablet Sample Assay-Fifteen tablets of each strength, i.e., 80, 
40, and 20 mg. were weighed and pulverized into a fine powder. An aliquot 
equivalent to 20 mg of oxprenolol hydrochloride (17.58 mg of 1) was accurately 
weighed and carefully transferred to a 100-mL volumetric flask with fresh 
mobile phase. The flask was then shaken for 2 min, and the fluid was brought 
to volume with fresh mobile phase. The suspension was filtered through a 
filtration unitt4, and -20 mL of the filtrate was transferred to a 25-mL vol- 
umetric flask containing 5 mL of the internal standard solution. The solution 
was then shaken and brought to volume with an adequate aliquot of the above 
filtrate. An aliquot (-3 mL) of this solution (theoretical final concentration 
is 0.14 mg/mL of I) was transferred to an autosampler vial and analyzed as 
described earlier. This assay was performed on eight replicate samples in 
duplicate injections. 


Combined 2-mg Dry Ampule Samples Assay-The contents of five dry 
ampules were carefully transferred to a 50-mL volumetric flask with a syringe 
after reconstitution with fresh mobile phase. The ampules and syringe were 
thoroughly rinsed with mobile phase, and the rinse was added to the flask. 
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Figure 1 -Representative chromatogram of a calibration curve sample 
containing oxprenolol ( I )  with propranolol (11) as internal siandard at a 
concentration of 0.2 mg/mL each. The mobile phase was pH 3 phosphate 
bufler-acetonitrile-methanol(76:1.5.6:8.4) at ajlow rate Bf 5 mL/min; the 
stationary phase was a cyano cartridge. 


Millipore 


Table 11-Analyses of the Combined Dosage Unit Samples Skowing the 
Reproducibility of the Assay 


Sample 


I 
2 
3 
4 
S 
6 
7 
8 


Mean 
SD 
CV 


Percent of Label Claim" 
80-mg 40-mg 20-mg 2-mg Dry 
Tablet Tablet Tablet Ampule 


104.8 102.3 99.5 104.0 
106.1 98.3 99.6 105.5 
107.8 101.4 103.0 107.0 
107.6 99.4 103.0 109.5 
99.9 102.5 101.4 1 10.0 


101.7 103.4 101.0 - 
106.8 99.7 101.2 - 
105.9 99.9 104.3 - 
105.1 100.9 101.6 107.2 


2.85 1.79 1.70 2.56 
2.71 I .78 1.67 2.39 


Mean value of two injections. 


After the volume was brought to the mark with mobile phase, 8 mL of the 
solution was transferred to a 10-mL volumetric flask containing 2 mL of the 
internal standard solution. The flask was then shaken, and an aliquot (-3 mL) 
of thissolution (theoretical final concentration 0.14 mg/mLof I)  was trans- 
ferred to an autosampler vial and analyzed as  described earlier. This assay 
was performed on five replicate samples in duplicate injections. 


Content Uniformity Test-Tablet Formulations-The tablet was pul- 
verized into a fine powder and carefully transferred to a 100-mL volumetric 
flask with fresh mobile phase, and 20 mL of the internal standard solution was 
added. The suspension was then brought to volume with fresh mobile phase 
and shaken vigorously for 2 min. A sufficient aliquot of the suspension was 
filtered through a filtration unit14, and the filtrate was transferred to an au- 
tosampler vial and analyzed in duplicate as  described earlier. 


Dry Ampule for Intravenous/lntramuscular Injection-The content of 
the dry ampule was reconstituted with 2-mL aliquots of fresh mobile phase 
and transferred with a syringe to a 10-mL volumctric flask containing 2 mL 
of the internal standard solution. The ampule and syringe were rinsed with 
small aliquots of the mobile phase, and the rinse was added to the 10-mL 
volumetric flask. The solution was then shaken and brought to volume with 
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Figure 2-Ejfect of the 0.0.539 Mphosphate buffer (pH 3) concentration in 
the mobile phase on the retention times of oxprenolol (A) and propranolol 
(0). 
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Table 111-Content Uniformity Test of Orprenolol Hydrochloride 
Formulations According to the Described Assay 


I Im 


0 2 4  
MINUTES 


Figure 3- Typical chromatogram obtained from the analysis of powdered 
80-mg tablets. Key: ( I )  impurity; (11) oxprenolol; (111) propranolol. 


fresh mobile phase. An aliquot of this solution was transferred to an auto- 
sampler vial and analyzed in duplicate as  described earlier. 


Recovery of I from Tablets-Six accurately weighed 50-mg aliquots of a 
combined tablet powder (80-mg tablets) were transferred to 100-mL volu- 
metric flasks. To five of these flasks, 5 mg of I was added; the remaining flask 
received no I. These samples were analyzed according to the procedure de- 
scribed under combined tablet sample assay using the sample which did not 
receive the additional 5 mg of I as a blank. 


Chromatograph of Other fl-BlockeR-Dilute solutions of nadolol, atenolol, 
and metoptolol tartrate in fresh mobile phase were prepared and transferred 
to autosampler vials. The retention time of each drug was then determined 
under the same chromatographic conditions employed for 1. A combined so- 
lution of atenolol, metoprolol tartrate, l, and propranolol hydrochloride in 
mobile phase was also prepared and chromatographed. 


RESULTS AND DISCUSSION 


A typical chromatogram of I and propranolol under the conditions employed 
is depicted in  Fig. 1 .  As can be seen in this figure, a high efficiency (sharp, 
symmetrical peaks) and full resolution between I and propranolol are obtained 
in  <3 min. Using C I S  packing, the retention times under the conditions used 
were excessive, and although at high concentrations of methanol-acetonitrile 
in mobile phase the elution was quite rapid, tailing prevailed, suggesting strong 
binding of both compounds to silanol groups of the Cla packing. With the 
0.0539 M phosphate buffer (pH 3)-acetonitriIe-methanol mixture as the 
mobile phase, these compounds seemingly favor cyano packing, where both 
the normal- and reverse-phase modes of chromatography operate. 


In an attempt to optimize the chromatography conditions of I and pro- 
pranolol, the effect of the composition of the mobile phase on the retention 
times of these compounds was studied (Fig. 2). At zero concentration of the 
organic mixture (acetonitrile-methanol; 65:35) in the mobile phase the re- 
tention times of I and propranolol were 5.58 and 19.15 min, respectively, but 
the peaks were broad. As the concentration of the organic phase was increased. 
shorter retention times and sharper peaks were obtained; however, a t  an in- 
organic phase concentration of 546% (v/v), both compounds were eluted 
concomitantly without an appreciable change in retention times. 


Based on these findings. it was concluded that the 76% phosphate buffer 
concentration in the mobile phase is an ideal composition for performing the 


- 
MINUTES 


0 2 4  


Figure 4- Typical chromatogram obtained from the analysis of the contents 
of a 2-mg dry ampule. Key: (1, 11) impurities; (Ill) oxprenolol; (IV) pro- 
pranolol. 


Percent of Label Claim" 
20-mg 40-mg 80-mg 2-mg Dry 


Sample Tablet Tablet Tablet Ampule 


I 102.5 94.8 103.5 101.7 
2 103.2 105.8 104.3 105.0 
3 94.8 105.7 102.3 100.4 
4 107.8 104.5 103.3 97.0 
5 91.6 104.3 99.5 100.0 .. . 


6 i o i o  io4.i 102. I 104.0 
7 108.7 107.3 101.7 109.4 
8 98.6 104.0 103.8 105.4 
9 106.3 106.0 105.2 107.0 


10 103.3 101.5 103.5 110.0 
Mean 102.0 104.0 102.9 104.0 
SD 5.50 3.60 1.60 4.22 
Ranee 91.6-108.7 94.8-107.3 99.5-105.2 97.0-1 10.0 


a Mean of four determinations (two samples i n  duplicate injections). 


chromatography, since it yields a high chromatographic efficiency and full 
resolution between I and propranolol in the shortest possible time; this was 
therefore selected for the analysis. 


The peak area ratio (I/internal standard) uersus concentration calibration 
curves were linear ( r  > 0.9999) in the concentration range employed in this 
study (0.04-0.8 mg/mL) and were utilized to calculate I concentrations in 
the samples analyzed. The day-to-day variations in the slope and intercept 
were very small (Table I), indicating excellent concentration-response re- 
producibility. 


The chromatogram presented in Fig. 3 is representative of a combined 
80-193 tablet sample assay. The small front peak (retention time = 0.7 min) 
is an impufity or tablet excipient peak and does not interfere with the assay, 
since it is fully resolved from the peaks in question. The two minor peaks 
(retention times 0.86 and I .  I5 min) which appear in the chfomatogram of a 
single dry ampule analysis (Fig. 4) were also fully fesolved. 


The recovery of I from tablets was determined by adding 5 mg of I to 50 
mg of powdered 80-mg oxprenolol hydrochloride tablets, equivalent to -I4 
mg of I. The analysis of five such samples yielded the following recoveries: 
100.8,98.5,98.3,99.2, and 99. I %  with a mean of 99.2% and a coefficient of 
variation of 0.991%. These data indicate that the assay precision is excellent 
and that the extraction procedure (using mobile phase and 2 min of shaking) 
employed is adequate, yielding a full recovery of I from tablets. 


The reproducibility of the assay to analyze I in commercial formulations 
is clearly evident from the results of the combined tablets or dry ampule assay 
(Table 11) where eight replicate analyses of each tablet lot and five replicate 
analyses of the combined dry ampule were performed. At no instance did the 
coefficient of variation exceed 2.7%. which indicates excellent assay repro- 
ducibility. 


The results of the content uniformity test of commercial oxprenolol hy- 
drochloride formulations are provided in  Table 111. The data were obtained 
from the application of the assay to three different-strength tablet formulations 
and a dry ampule for injection. Ten samples of each lot were analyzed indi- 
vidually, and the percent of label claim for each wascalcblated using an ox- 
prenolol hydrochloride to I conversion factor of 0.879. As demonstrated in 


T 
02 w 
I 


II,, 
0 2 4  
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Figure 5-Chromatogram obtained for a solution containing atenolol (I ) ,  
metoprolol(11). oxprenolol(111). and propranolol ( I  V )  in mobile phase. 
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Table 1V-Relative Retention Times' of Various FAdrenergic Blocking 
Drugs 


/%Blocking Drug Relative Retention Time 


Atenolol 
Metoprolol 
Nadolol 
Oxprenolol 
Pro~ranolol 


0.340 
0.479 
0.394 
0.64 I 
I .ooo 


Retention time of the 8-blocking drug/retention time of propranolol 


Table I l l ,  the percent of label claim for all formulations tested were within 
the range of 91.6-1 10%. Unfortunately, no official USP or BP assay for I is 
available and, therefore, a comparison between the content uniformity test 
results obtained according to this method and those of an official assay was 
not possible. However, if this assay is to be used for such a test, it is clear that 
all the formulations investigated meet the USP content uniformity require- 
ments(100f 15%). 


The applicability of this assay for the analysis of some other 8-blocking 
drugs was investigated, and the relative retention times (retention time of 
drugjretention time of propranolol) of these agents are listed in Table IV. It 
is clear that, with the exception of nadolol-atenolol (due to poor resolution), 
it is possible to analyze these drugs under the described chromatography 
conditions using one drug as the internal standard and the other as the un- 
known. Indeed. without changing a single chromatography condition, this 
assay can be utilized for the chromatography of atenolol, metoprolol, 1. and 


propranolol simultaneously with a high efficiency and good resolution (Fig. 
5 )  in C3.0 min. 
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Abstract 0 A sensitive, specific. and rapid high-performance liquid chro- 
matographic procedure was developed for the determination of pirmenol in 
human biological fluids. Plasma or urine samples were alkalinized and ex- 
tracted with cyclohexane. The organic extract was evaporated to dryness, 
reconstituted with the mobile phase, and then chromatographed on a mi- 
croparticulate spherical trimethylsilane stationary phase with U V  detection 
at 254 nm. The procedure for the assay of pirmenol in  plasma was linear from 
0. I25 to 5.0 pg/mL. The reproducibility of the peak area ratios of the standard 
curves had relative standard deviations between 7.7 and I .8% and a relative 
error of 0-4.6% over the linear range. The accuracy for thedetermination of 
pirmenol in human plasma containing 0.5, 2.5, and 4.0 pg/mL had relative 
errors of 9.0,3.8, and 3.6%. respectively. Thirty compounds were tested and 
found not to interfere in the assay of the drug in plasma, and the method was 
found to be suitable for clinical samples. The urine procedure was linear be- 
tween 1.0 and 30.0 pg/mL. The reproducibility of the peak areas of the 
standard curves had relative standarddeviations that ranged from 1.9 to 6.2% 
over the linear range. The accuracy for the determination of pirmenol in 
human urine containing 5.0. 17.5. and 25.0 pg/mL had relative errors of 1.4, 
0.5. and 2.890, respectively. 


Keyphrases 0 Phenol-improved HPLC assay, plasma and urine, cyclo- 
hexane extraction 0 HPLC-improved assay for pirmenol, plasma and urine, 
cyclohexane extraction 


Pirmenol hydrochloride, ( f ) - c i s - a -  [ 3-(2,6-dimethyl- 
1 -piperidinyl)propyl]-a-phenyl-2-pyridinemethanol mono- 
hydrochloride (I), a new antiarrhythmic drug currently being 
tested in Phase I clinical trials, is a promising agent because 
of its therapeutic response, lack of toxicity, and relatively long 
half-life (1). This report describes an improved procedure for 


the analysis of pirmenol when compared to a recently reported 
procedure (2). The present method is more accurate and pre- 
cise due to the choice of extraction solvent and internal stan- 
dard. The method has 'been validated for human biological 
samples, and various potential interfering compounds have 
been evaluated to demonstrate method specificity. 


/ 
H,C 


1 : R - O H  
11: R - H 


EXPERIMENTAL 


Reagents-Pirmenol hydrochloride' and the internal standard' (*)-cis- 
2444 2.6-dimethyl- I -piperidin yl)- 1 -phenylbutyl Jpyridine monohydrochloride 
(11) were used as received. Distilled water was further purified using an ion- 
exchange charcoal filtration system2. Cyclohexane3 and acetonitrile-' were 


~~~~~~~ ~ 


I Warner-LambertjParkc-Davis. Ann Arbor, Mich. 


3 Omni-solv grade: MCB. Cincinnati, Ohio. 
Water-I: Gclman Filtration Products. Ann Arbor. Mich. 
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Abstract 0 An ion-pair column chromatographic/UV spectrophotometric 
method for assaying trimethobenzamide hydrochloride in capsules and in- 
jections is presented, as well as a method for the detection of 3,4,5-tri- 
methoxybenzoic acid in trimethobenzamide hydrochloride bulk drug and 
dosage forms. Results obtained by the USP XX, Pharmacopeial Forum, and 
ion-pair column assay procedures are compared, and results of a collaborative 
study of the proposed assay and impurity detection methods are presented. 


Keyphrases 0 Trimethobenzamide hydrochloride-quantitative analysis by 
ion-pair column chromatography, semiquantitative analysis of 3,4,5-tri- 
methoxybenzoic acid 0 3,4,5-Trimethoxybenzoic acid-semiquantitative 
analysis by thin-layer chromatography, quantitative analysis of trimetho- 
benzamide hydrochloride 0 Ion-pair column chromatography-quantitative 
analysis of trimethobenzamide hydrochloride, semiquantitative analysis of 
3,4,5-trimethoxybenzoic acid by thin-layer chromatography 


Monographs (1, 2) for trimethobenzamide hydrochloride 
(I) in capsules and injections have several shortcomings. The 
USP (1) assay method for the capsules involves direct dilution 
in 0.1 M HCl and UV spectrometric comparison with the USP 
reference standard. This procedure does not separate possible 
impurities, such as 3,4,5-trimethoxybenzoic acid (11), or in- 
terfering excipients. The Pharmacopeial Forum (PF) assay 
for injection preparations (2) also involves a UV assay which 
has several shortcomings. 


This paper describes an ion-pair column chromatographic 


Table I-Recovery Data for I using the Proposed Ion-Pair, USP, and PF 
Injection Assay Methods 


Column USP P F  
Ion Pair Injection Injection 


I, mg 8 200 200 
Number of assays 10 10 10 
Mean amount recovered, % 99.4 96.6 97.6 


SD 0.8 1 0.91 0.68 
T V  7” 0 82 0.94 0.70 


Range, % 98.3- 101 .O 95.4-98.1 96.1-98.4 


assay procedure, in which I is quantitatively removed from an 
aqueous acidic chloride column with a chlorinated organic 
solvent. Ether is used to remove phenolic ingredients and 
breakdown products prior to the elution of I. 


Also, a TLC procedure is reported for the detection of I1 in 
amounts as low as 0.25% of the weight of I. Compound I1 is 
both a synthetic precursor and a breakdown product of I and 
could be encountered as a contaminant in drug prepara- 
tions. 


EXPERIMENTAL 


Reagents-Trimethobenzamide hydrochloride USP reference standard 
was dried at  l05’C for 4 h prior to use. Methylene chloride2, pentane2, and 
ether* were commercial distilled-in-glass grade. Compounds I3 and II’, 
chromatographic diatomaceous earth4, glass wool, and the other reagents were 
used as received. 


Apparatus-An ultrasonic bath, chromatographic tubes5, a tamping rods, 
commercial TLC plates coated with a 250-pm layer of silica gel with a fluo- 
rescent indicator, a suitable TLC developing chamber, and a recording UV 
spectrophotometer were used. 


Standard Preparation-Approximately 10 mg of trimethobenzamide hy- 
drochloride USP reference standard was accurately weighed and transferred 
to a 100-mL volumetric flask. Methylene chloride (70 mL) was added, and 
the mixture was sonicated. The resulting solution was diluted to volume with 
methylene chloride. A 20-pg/mL solution was obtained by diluting quanti- 
tatively and stepwise with methylene chloride. 


Chromatographic Column-A pledget of fine glass wool was packed in the 
base of a chromatographic column. A flexible spatula was used to mix 1 g of 
chromatographic diatomaceous earth with 500-pL of 1 M HCI in a 50-mL 
beaker. The mixture was transferred to a column and tamped. 


Capsule Assay Preparation-The contents of 120  capsules were transferred 
to a tared container, and the average weight/capsule was determined. The 


USP Reference Standards; U.S. Pharmacopeial Convention, Rockville, Md. 
Burdick and Jackson Laboratories, Muskegon, Mich. 
Hoffmann-LaRoche, Inc., Nutley, N.J. 
Celite; Johns Manville Corp, New York, N.Y. 
AOACBook of Methods 13rh Ed., 37.002(a) and (b) (3). 
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Table 11-Linearity of Recoveries for I using Ion-Pair and P F  Injection 
Assay Methuds 


Column Ion Pair PF 
Amount Amount 


1. mg Recovered, % I, mg Recovered, % 


4.0 98.1 122 97.3 ~~ 


6.0 97.8 I62 98.i 


12.0 99.0 284 98.2 


8.0 98.6 203 97.5 
10.0 98.3 243 97.5 


Mean ( n  = 15)  98.4 97.7 
Range‘ 6.0-12.0 96.2-99.4 122-162 97.0-98.9 
SD (n = 15) 0.77 0.52 
CV, % (n = 15) 0.78 0.54 


contents were finely powdered and mixed. and an accurately weighed portion 
of powder equivalent to 200 mg of I was transferred to a SO-mL volumetric 
flask. Thirty milliliters of water was added, the mixture was shaken me- 
chanically for 10 min, and then diluted to volume with water. The mixture 
was filtered (the first 10 mL was discarded). 


Injection Assay Preparation-An accurately measured volume of injection 
solution, equivalent to 200 mg of 1, was transferred to a 50-ml. volumetric 
flask, then diluted to volume with water. 


Procedure--Assay preparation (2 mL) was tranferred to a 100-mL beaker. 
200 pL of hydrochloric acid was added, and the mixture was swirled gently. 
Three grams of chromatographic diatomaceous earth was added, mixed well 
with a flexible spatula, and transferred to the column. The beaker was 
scrubbed with 1 g of diatomaceous earth, which was added to the column, and 
tamped with a pledget of glass wool. Fifty milliliters of water-saturgted ether 
then four 50-mL portions of water-saturated methylene chloride were passed 


through the column. The methylene chloride eluants were combined; a 25 mL 
portion was diluted to 50 mL with methylene chloride. 


The absorbance of this solution and the standard preparation were con- 
comitantly determined in I-cm cells a t  the wavelength of maximum absorb- 
ance, 261 nm, with a spectrophotometer. using methylene chloride as  the 
blank. The quantity (in mg) of I in the portion of the capsules was calculated 
by IOC(A,/A,). Thequantity (in mg) of I /mL of injection taken was calcu- 
lated by (IOC/V)(A,/A,). C is the exact concentration in pg/mL) of I in the 
standard preparation; V is the volume (in mL) of the injection solution; and 
A,  and As are the absorbances of the sample solution and the standard prep- 
aration, respectively. 


A w y  for 3,4,5-Trimetboxybenzoic Acid (4)-The standard solution was 
prepared by diluting 25 mg of 3,4,5-trirnethoxybenzoic acid to 50 mL with 
methanol. The bulk drug samples were prepared by transferring 400 mg of 
I. accurately weighed, to a 10-mL volumetric flask. Methanol was added to 
volume, and the contents were mixed until a solution was obtained. 


Capsule Sample Preparafion-An accurately weighed portion of the 
capsule contents equivalent to 400 mg of I was transferred to a 10-mL volu- 
metric flask. Methanol (-7 mL) was added, and the flask was shaken for -5 
min. The solution was  diluted tovolume with methanol, mixed, and centrifuged 
or let stand until the precipitate settled. 


Injecfion Sample Preparu!ion---An accurately measured volume of in- 
jection solution equivalent to 200 mg of I was transferred to a separator con- 
taining 5 mL of water and 3 mL of I M HCI and extracted with two 20-mL 
portions of ether. The ether extracts were combined and extracted with 10 
mL of water. The aqueous layer was discarded, the ether layer was filtered 
through cotton premoistened with ether into a small glass-stoppered flask and 
evaporated under a stream of nitrogen, and the residue was dissolved in 2.0 
mL of methanol. 


Procedure--A 25.0-pL aliquot of bulk drug or capsule sample preparation, 
or 10.0 p L  of injection sample preparation, and 10.0 p L  of standard prepa- 


Table Ill-Results for Commercial I Capsules Using the Column Ion-Pair and USP Assay Procedures 


Code Column Ion Pair” USP X X h  
mg/Capsule Percent of mg/Capsule Percent of 


Label Label 


A 
Mean 
SD 
cv. a 
High 
Low 


Mean 
SD 
CV, % 
High 
Low 


Mean 
SD 
cv, % 
High 
Low 


B 


C 


D 


100.8 
0.32 
0.32 


101.2 
100.1 


100.5 
0.35 
0.34 


101.3 
100. I 


99.8 
0.37 
0.37 


100.4 
99.3 


100-mg Capsule 


100.8 
0.32 
0.32 


101.2 
100.1 


100.5 
0.35 
0.34 


101.3 
100.1 


99.8 
0.37 
0.37 


100.4 
99.3 


250-mg Capsule 


103.5 
0.31 
0.30 


103.8 
103.2 


101.6 
0.67 
0.66 


102.0 
100.8 


101.8 
0.59 
0.58 


102.2 
101.1 


103.5 
0.3 1 
0.30 


103.8 
103.2 


101.6 
0.67 
0.66 


102.0 
100.8 


101.8 
0.59 
0.58 


102.2 
101.1 


Mean 255.8 102.3 260.1 104.0 
SD 1.59 0.64 I .73 0.70 
cv, % 0.62 0.63 0.67 0.67 
High 2%. I 103.2 261.1 104.4 
Low 253.1 101.2 258.1 103.2 


Mean 253.6 101.4 255.2 102.1 
SD I .58 0.61 1.60 0.65 
cv. % 0.62 0.60 0.63 0.64 
High 255.6 102.2 256.8 102.7 
Low 250.9 100.4 253.6 101.4 


Mean 250.8 100.3 258. I 103.3 
SD I .79 0.72 3.35 I .35 
cv, % 0.71 0.72 1.30 I .39 
High 253.2 101.3 26 I .4 104.6 
Low 248. I 99.2 254.7 101.9 


E 


F 


n = 10. n = 3.  
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Table IV-Results for Commercial I Injections Using the Column Ion-Pair, PF, and USP XX Assay Procedures 


USP xxc Column Ion Pairb PFb 
Container and Percent of Percent of Percent of 


Code mg/2 mL Label mg/2 mL Label mg/2 mL Label 


Ampule 
A 


Mean 
Range 
SD 
cv, % 


Mean 
Range 
SD 
cv, % 


Mean 
Range 
SD 
cv, % 


Syringe 
A 


Mean 
Range 
SD 
cv, % 


Mean 
Range 
SD 
cv, % 


Mean 
Range 
SD 
cv, % 


Mean 
Range 
SD 
cv, % 


Mean 
Range 
SD 
cv, % 


Mean 
Range 
SD 
cv, % 


B 


C 


B 


C 


Vial 
A 


B 


C 


97.5 
96.4-98.4 
0.89 
0.91 


98.1 
97.8-98.6 


0.42 
0.42 


96.6 
96.4-96.8 


0.20 
0.21 


99.4 
98.4-100.0 


0.72 
0.72 


98.0 
97.9-98.1 


0.11 
0.12 


98.2 
97.7-98.6 
0.45 
0.46 


97.5 
95.9-98.2 


1.09 
1.12 


98.6 
97.8-99.0 
0.69 
0.70 


96.3 
95.2-97.0 
0.99 


202.8 
200.7-205.4 


1.69 
0.83 


201.0 
199.9-204.1 


1.46 
0.72 


199.3 
197.6-201.5 


1.60 
0.81 


206.1 
203.1-209.0 


2.00 
0.97 


204.3 
202.8-206.3 


1.10 
0.54 


200.9 
199.1-202.6 


1.37 
0.68 


201.5 
198.7-203.0 


1.51 
0.75 


199.4 
197.2-200.3 


0.87 
0.44 


200.9 
198.3-202.7 


101.4 
100.4- 102.7 


0.82 
0.8 1 


100.5 
100.0-102.0 


0.70 
0.69 


99.7 
98.8-100.8 
0.82 
0.83 


103.1 
101.6-104.5 


0.99 
0.96 


102.2 
101.4- 103.2 


0.57 
0.56 


100.4 
99.6-101.3 
0.66 
0.66 


100.8 
99.4-101.5 
0.73 
0.73 


99.7 
98.6- 100.2 
0.45 
0.46 


100.5 
99.2- 101.4 


200.5 
198.6-201.5 


0.86 
0.43 


200.8 
200.3-201.4 


0.40 
0.20 


198.6 
196.9-200.6 


1.12 
0.56 


201.1 
199.7-203.7 


1.20 
0.60 


202.1 
199.9-203.9 


1.39 
0.69 


203.1 
202.8-203.9 


0.47 
0.23 


200.5 
194.9-202.3 


2.12 
1.06 


201.4 
199.4-203.1 


0.94 
0.47 


196.4 
194.4-198.1 


100.2 
99.3-100.8 
0.44 
0.44 


100.4 
100.2-100.7 


0.19 
0.19 


99.3 
98.4-100.3 
0.58 
0.59 


100.5 
99.8-101.8 
0.61 
0.60 


101.1 
100.0- 102.0 


0.7 1 
0.70 


101.6 
101.4-102.0 


0.26 
0.25 


100.2 
97.4- 101.2 


1.09 
1.09 


100.7 
99.7-101.6 
0.49 
0.48 


98.2 
97.2-99.0 


195.0d 


1.78 
0.91 


192.8-196.8 


196.2 
195.5- 197.3 


0.95 
0.48 


193.3 
192.9-193.6 


0.35 
0.18 


198.2d 
196.8-200.1 


1.48 
0.74 


196.1 
195.8- 196.2 


0.23 
0.12 


196.4 
195.4-197.3 


0.95 
0.49 


195.0d 


2.15 
1.10 


19 1.8-196.4 


197.2 
195.7- 197.9 


1.27 
0.64 


192.7 
190.4-194.0 


I .44 0.72 1.08 0.52 2.00 
0.72 0.72 0.55 0.53 1.04 1.02 


a Labeled to contain 200 mg of trimethobenzamide HC1/2 mL. n = 10. n = 3. n = 4. 


ration were applied -2.5 cm from the bottom of a TLC plate coated with a 
250-pm layer of fluorescent silica gel. The plate was developed in a mixture 
of pentane-acetic acid (88:12) in a suitable unlined chamber until the solvent 
had ascended 10 cm above the spotting line. The plate was removed, dried in 
air, and observed under short-wavelength UV light. The Rf value of I1 is 4 . 3 ;  
I remains on the spotting line. 


RESULTS AND DISCUSSION 


Assay Method-The compositing method herein includes a “finely powder” 
step not usually included for capsules. This was necessary because the varying 
particle sizes of the components caused stratification of the composite, re- 
sulting in nonuniform sample portions. 


Methylene chloride was chosen as the eluting solvent rather than chloro- 
form, even though the solubility of I is over fourfold greater in chloroform than 
in methylene chloride6. Because the UV cutoff of CHCI, is at -245 nm, it 
is a poor solvent for the UV determination of I, whose maximum and minimum 
are at 261 and 240 nm, respectively. If chloroform were used as an eluting 
solvent and then evaporated so that the residue could be dissolved in methanol 
or 0.1 M HCI, breakdown could occur during heating and evaporating, cat- 
alyzed by traces of HCI eluting from the column with the CHCI3. The UV 
cutoff of CH2Cl2 is -230 nm, and by using it as the eluant, the evaporation 
and redissolution steps are eliminated, as is the opportunity for decomposition. 
The FDA Compendia1 Monograph Evaluation and Development (CMED) 


Unpublished results. 


program guidelines require that at least 95% of the drug be eluted in the first 
half of the eluate when column chromatography is used. Analysis of fractions 
of eluate of bulk I taken through the column ion-pair elution show that 
methylene chloride is a satisfactory solvent for meeting this requirement. 


Statistical results comparing replicate recoveries of bulk I using the column 
ion-pair, PF, and the USP injection assay procedures are shown in Table I. 
Recoveries average 99.4% for the column ion-pair procedure, which is -2-3% 
higher than recoveries by the PF and USP methods. Linearity of the column 
ion-pair and PF techniques are shown in Table 11. Both methods were found 
to be equally linear throughout the ranges tested, i.e., 4-1 2 mg for the column 
ion-pair and 122-284 mg for the PF methods. Assay results for commercial 
capsules are shown in Table 111, with statistical comparison of the proposed 
and USP methods. Results are higher using the USP method, but since this 
is a direct dilution with no cleanup other than filtration, it was expected. Table 
IV shows results of injection preparation assays by the ion-pair, USP, and PF 
methods. Both the column ion-pair and PF results are higher than those for 
the USP method for all lots tested, indicating improved recoveries. 


Collaborative Study-All samples for the study were distributed as coded, 
blind duplicates. Capsule samples were sent to the collaborators as powders. 
Capsule sample A was prepared by finely powdering and blending 240 com- 
mercial I capsules7 labeled to contain 250 mg of I/capsule. Capsule sample 
B was composited by finely powdering and blending the contents of 390 cap- 
s u l e ~ ~  of I labeled to contain 100 mg of I/capsule. Capsule sample C was an 
“authentic” mixture prepared by finely powdering and blending I with the 


Beecham-Massengill, Inc., Bristol, Tenn. 


544 I Journal of Pharmaceutical Sciences 
Vol. 73, No. 4, April 1984 







Table V-Collaborative Capsule Assay Results Using the Ion-Pair Method 


Composite A, Composite 8, Composite C, 
Lab. %of Label6 %of Label‘ % Theoreticald 


Mean 
SD 
cv 


101.8 
98.3 


100.5 
98.0 
99.9 


102.5 
100.5 


I .75 
I .74 


101.4 
98.4 


101.6 
99.4 


103.0 
102.0 


100.6 
97.5 


120.2‘ 
98.8 


100.7 
101.3 


99.1 
2.05 
2.07 


100.5 
94.5 
99.9’ 
98.7 


100.1 
98.0 


98.1 98.5 
96.7 98.3 


100.0“ 
91.9 
97.8 


99.9” 
98.1 
97.1 


98.0 96.9 
97.7 
0.62 
0.63 


Outliers by Dixon test; not included i n  mean, SD, or CV calculations (5 ) .  Commercial 250-mg capsule. Commercial 100-mg capsule. Authentic sample, 480 mg of l ig.  


Table VI-Collaborative Injection Assay Results Using the ton-Pair Method a 


Ampule, %of Vial, % of Syringe, % of 
Lab. Theoretical* Label‘ Label 


1 
2 
3 
4 
5 
6 


Mean 
SD 
cv 


98.9 99.3 
96.9 97.1 
97.6 98.6 


101.0 101.3 
99.0 98.6 
98.7 100.6 


I .42 
I .43 


99.0 


99.8 101.2 
97.7 97.3 
97.7 99.4 


102.6 103.1 
99.3 99.1 


100.8 100.8 
100.0 


1.86 
1.86 


102.7 102.9 
100.1 98.9 
102.2 101.6 
104.1 105.1 
101.9 103.1 
103.9 102.5 


102.4 
I .70 
I .66 


,I Labeled as containing 200 mg of I/2 mL. Authentic sample. composite A. Commercial sample, composite B. Commercial sample, composite C. 


manufacturer’s designated excipients to achieve a concentration of -450 mg 
of I/g and an amount of I 1  equal to 0.25% of the weight of I. Injection solution 
sample A was an authentic mixture simulating the ampule formulationof I 
plus I 1  equal to 0.25% of the weight of 1. lnjcction solution samples B and C 
were composites of 22 20-mL vials’ and 168 2-mL disposable syringes7. re- 
spectively, each labeled to contain I 0 0  mg of I/mL. Bulk drug samples con- 
tained I with 0.8% of a d d 4  11, I with 0.25% of I I ,  or I alone. 


Collaborative assay results are presented in Tables V and VI.  Average re- 
sults for both capsules and injection solutions ranged from 97.7 to 102.4% 
(recovered or of theoretical) with coefficients of variation of S2.07%, indi- 
cating good recovery and reproducibility. 


None of the commercial lots of the bulk drug, capsules, or injection prep- 
arations of I were found to contain II ,  but the TLC impurity test was developed 
and included in the collaborative study because it is a rapid and sensitive 
method for detecting degradation of 1. Collaborators reported results on a basis 
of 20.5% of the amount of I .  <0.5% of the amount of I, and no 11. One col- 
laborator reported incorrectly that one of the 0.8% bulk drug samples was 
<0.5% and another analyst incorrectly reported that both authentic injection 
samples had 20.5%. Otherwise, the results correlated well. 


CONCLUSIONS 


The back-extraction method was studied by the author prior to its publi- 
cation in PF and was found to be a definite improvement over the USP in- 
jection assay method. However, a method was desired that would be specific 
and stability indicating for I. be applicable to assays of capsule as well as  in- 
jection formulations, and eliminate the problems inherent in separator ex- 
tractions with ether. The ion-pair chromatography method has been demon- 


strated by both statistical and collaborative studies to have achieved these 
purposes. In addition, the proposed TLC procedure has been shown to be a 
rapid, sensitive, and reliable method for detecting the presence of 11, an im- 
purity of 1, in bulk drug and formulations. 
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such as sucrose or other volume indicators, from a layer of water of hy- 
dration of the phospholipid. For dimyristoyl phosphatidyl choline lipo- 
somes, this “nonsolvent water” has been shown to be 11.5 mol of water/ 
mol of phosphatidyl choline, or approximately one-third of the enclosed 
liposomal water (13). The second factor is the difference between the true 
liposomal structure and the geometric approximations made in our 
model. For example, any change in the shape of‘ the model to a non- 
spherical geometry will decrease the trapped volume relative to the 
percent exposure ( r2  uersus r3) .  This does not imply that multi-bilayers 
are nonspherical, hut deviations from sphericity can account for this 
discrepancy. 


In conclusion, our calculations clearly show that the estimation by 
Schwartz and McConnell for the number of lamellae in multilamellar 
vesicles is essentially correct. This, in fact, implies that  the wall of the 
average liposome spontaneously formed hy hydration of phospholipids, 
consists of ,510 bilayers and has a total thickness < 4 . 2  pm. Thus, “fully 
swollen” (spherical) liposomes of a diameter of 1.4 pm, on the average, 
contain an inner aqueous cavity >1.0 pm. When viewed obliquely, a 
nonspherical multi-bilayer could result in the observed space-filling 
“onion-like” structures seen in some electron micrographs and give a 
somewhat misleading impression of the large central cavity which we 
calculate to be present in multilamellar liposomal structures. Finally, we 
conclude that therapeutic strategies using encapsulation of aqueous 
components into simple multilamellar lipid dispersions must take into 
account the fact that the vast majority of encapsulated material will reside 
in the central cavity of these liposomes. 
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Abstract 0 5R,6R-Beneylpenicilloic acid was found to epimerize slowly 
in alkaline media to 5S,6R-benzylpenicilloic acid until equilibrium was 
established. Epimerization proceeded uia the imine tautomer of 
penamaldic acid rather than the enamine form and was found to favor 
the 5S,6R -epimer a t  equilibrium. The conversion process was monitored 
using both reverse-phase high-performance liquid chromatography and 
NMR spectroscopy. 


Keyphrases 0 Benzylpenicilloic acid-epimerization, alkaline media, 
imine tautomer of penamaldic acid as intermediate Epimerization- 
benzylpenicilloic acid in alkaline media, imine tautomer of penamaldic 
acid as intermediate 0 Penamaldic acid-imine tautomer, intermediate 
in the epimerization of benzylpenicilloic acid 


Penicilloic acid has been reported to be the principal 
hydrolysis and excretion product of penicillin (1,2). It has 
also been cited as a minor antigenic determinant, although 
it is structurally incapable of reacting directly with pro- 
teins to form the highly reactive penicilloyl conjugate (3). 
This compound is believed to exert its antigenic activity 
by reacting with disulfide linkages of proteins (4). Despite 
the important role which penicilloic acid may play as an 
antigenic determinant and its reported existence as a 
mixture of isomers in alkaline media (5, 6), virtually no 
attempt has been made either to separate the isomers or 
to investigate the isomerization process. 


In this paper, a combination of high-performance liquid 


chromatography (HPLC), NMR, polarography, and UV 
spectroscopy was used to separate the 5R,6R- and 
5S,GR-epimers of benzylpenicilloic acid, monitor the 
conversion process, and examine the epimerization 
mechanism. 


EXPERIMENTAL 


Chemicals and Reagents-Penicillin G potassium’ was obtained 
commercially and used without further treatment. Acetonitrile* was 
HPLC grade, while all other chemicals were either USP or reagent grade. 
Double-distilled water was used to prepare buffer solutions. 


Preparat ion of Disodium Penicilloate-The disodium salts of 
5R,6R- and 5S,6R-benzylpenicilloic acids were prepared by procedures 
similar to those used in the preparation of penicic and epipenicic acids 
(7). 


Disodium 5H.,6R-Henzylpenicilloate-An 8.64-g sample of penicillin 
G potassium wm dissolved in 15 mL of double-distilled water and allowed 
to cool in an ice-salt bath. After the solution temperature reached 4 ” C ,  
4.64 mL of cold 10 M NaOH was added in one increment. Fifteen minutes 
later, the pH was adjusted to 8.7 [the equivalence point of the disodium 
salt of benzylpenicilloic acid (7)] using 1 M HCI, and the reaction mixture 
was immediately lyophilized. I3CC-NMR: 6 26.4 and 26.7 (C-2O and C-20), 
42.5 (C-9), 58.6 (C-2), 59.9 (C-6), 66.1 (C-j), 75.4 (C-3), 127.4 (C-4‘), 129.0 
(C-3’). 129.4 (C-27,135.0 (C-l’), and 173.9,175.4,and 175.9 (C-3u, C-6-, 
and C-8). ‘H-NMR (DzO): d 1.07 (s, CHs), 1.34 (s, CHs), 3.26 (9, H-3), 3.53 


1 Sigma Chemical Co., St. Louis, Mo. 
2 Waters Associates, Milford, Mass. 
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5R,6R-benzylpenicilloic acid penemaldic acid 
(enaminel 


A 


benzylpenicilloic acid 


5R,6R-benzylpenicilloic acid penamaldic acid 
(imine) 


,U 


SS,6R-benzylpenicilloic acid 


B 


Scheme I-Proposed epimerization pathways for benzylpenicilloic acid. 


(s, CHz), 4.09 (d, J = 5.7 Hz, H-6), 4.92 (d, J = 5.7 Hz, H-5), and 7.23 (s, 


Disodium 5S,GR-Benzylpenicilloate-A 3.73-g sample of penicillin 
G potassium was dissolved in 100 mL of 0.2 M NaOH at  25OC. The mix- 
ture was stirred continuously using a magnetic stirrer, and the pH re- 
mained greater than 12  throughout the reaction time. After 30 min, the 
pH was adjusted to 8.7 by the addition of 1 M HCl, and the mixture was 
allowed to stand at  3OoC for 48 h, and then was lyophilized. I3C-NMR: 
6 28.0 (C-2“ and C-2@), 42.6 ((2-9). 55.3 (C-6),58.4 (C-2), 67.2 (C-5), 75.8 
(C-3), 127.5 (C-4‘), 129.2 (C-39,129.6 (C-2’), 134.4 ((2-1’1, and 174.6 and 


C6H5). 


174.8 (C-3a, C-6”, and C-8). ‘H-NMR (D20): 60.87 (9, CH3), 1.41 (9, CH3), 
3.25(~,H-3),3.61 (~,CH2),4.61 ( d , J =  3.1 H~,H-6),4.90(d, J=3.1Hz,  
H-51, and 7.24 (s, C6H5). 


Assignments of the structures of the 5R,6R- and 5S,GR-benzylpeni- 
cilloic acids were made after the lH- and 13C-NMR spectra of the two 
isomers were examined. The proton-decoupled 13C-NMR spectra showed 
clearly that these two epimers were distinctly different species. The 
structural difference of the two compounds was unequivocally established 
partly by focusing on the chemical shifts of C-5 and C-6, which are sig- 
nificantly different. Since one or both of these carbons are likely to par- 
ticipate in the isomerization of benzylpenicilloic acid, this distinction has 
also an additional importance in the present work. The peaks were as- 
signed to the various carbons primarily on the basis of the proton-coupled 
13C-NMR spectra of the two isomers. In addition, comparison has been 
made with the reported assignments for penicillin G potassium (8). The 
lH-NMR spectra also revealed that the compounds have different cou- 
pling constants for the protons at C-5 and C-6.5R,GR-benzylpenicilloic 
acid displayed a coupling constant of 5.7 Hz, while the 5S,6R-epimer 
exhibited a coupling constant of 3.1 Hz. This significant difference in 
coupling constants is in close agreement with that reported for the di- 
methyl esters of the two epimers (9). Moreover, examination of the signals 
of the protons on the methyl groups of C-2 and the chemical shifts of the 


Table I-HPLC Data Demonstrating the Relative Peak Height 
Ratios of 5R,6R-Benzylpenicilloic Acid to 5S,6R- 
Benzylpenicilloic Acid as a Function of Time 


Time, h 
Peak Height Ratio 


(5R ,6R/5S,6R) 


0.50 
1.00 
1.50 
2.00 
3.00 
6.00 


12.00 
24.00 
48.00 
72.00 
96.00 


120.00 


11.4 
7.8 
5.9 
4.9 
3.6 
2.1 
1.0 
0.5 
0.3 
0.2 
0.2 
0.2 


proton on C-6 clearly demonstrate that the two compounds are indeed 
structurally different. 


Instrumentation-HPLC-A liquid chromatograph consisting of 
a solvent delivery system3 and an UV absorbance detector4 that operates 
at 254 nm was used. A commercially produced stainless steel column5 (250 
X 4.6-mm id.) prepacked with 5-pm particles that are chemically bonded 
to a monomolecular layer of octadecyl groups was employed. The mobile 
phase was composed of acetonitrile-0.05 M KH2P04 (17233) adjusted to 
pH 4.0 using 1 M H&’Or. The mixture was filtered through a 0.2-pm pore 
filter6 and deaerated prior to use. Samples were introduced uia an in- 
jection port7 fitted with a 2.0-mL loop. The flow rate and chart speed were 
1.2 mL/min and 0.25 cm/min, respectively. 


W-NMR-The natural-abundance I3C-NMR spectra were obtained 
on a spectrometers operating at  25.1 MHz. The free-induction decays 
were recorded using a 5-KHz spectral width and 16K computer memory. 
This allowed a digital resolution of 0.61 Hddata point in the transforms. 
The sample was irradiated with a 10-ps pulse (40’ flip angle) a t  4-s in- 
tervals. A noise-modulated 100-MHz frequency source was used to 


I 1  


. . -*?- 
0 2 4 6 0  2 4 6 0  2 4 6 0  2 4 6 0  2 4 6 


MINUTES 
Figure 1-Reverse-phase chromatograms of SR,GR-penicilloic acid (a) 
and the 5S,6R-epimer (b) a t  specific time intervals during the epi- 
merization process obtained using an ultrasphere-0DS column with 
a mobile phase of CH3CN-0.05 M KH2POa ( I  7:83) a t  pH 4.0 and de- 
tection at  254 nm. Key: (A) 0.03 h; (B) 6 h; (C) 12 h; (0) 24 h; (E) 48 
h. 


Model 6000A; Waters Associates. 
Model 440 Absorbance Detector; Waters Associates. 
Ultrasphere-ODS; Beckman Instruments, Irvine. Calif. 
Millipore Corp., Bedford, Mass. 
U6K; Waters Associates. 
Joel PFT-100; Joel Co.. Cranford, N.J. 


126 I Journal of Pharmaceutical Sciences 
Vol. 73, No. 1, January 1984 







Table 11-NMR Data Obtained During the Epimerization of 
5R,6R-Benzylpenicilloic Acid to 5S,GR-Benzylpenicilloic Acid 


Time, h 5R,6RIISo 5S,6RIISa 5R,6R/5S,6R 


0.25 0.71 
1 .o 0.66 
3.0 0.61 


12.0 0.51 
24.0 0.38 
48.0 0.25 
72.0 0.20 
96.0 0.15 


120.0 0.15 


0.04 
0.07 
0.11 
0.26 
0.40 
0.54 
0.57 
0.61 
0.61 


20 
9.1 
5.6 
2.0 
0.95 
0.46 
0.35 
0.25 
0.25 


IS = internal standard 


achieve broad-band decoupling of the protons. Proton-coupled 13C-NMR 
spectra were obtained by gated decoupling (i.e., decoupler off during 
acquisition) in order to maintain the nuclear Overhauser enhancement 
for the carbon signals. The carbon signals were referenced to an external 
standard of dioxane a t  66.6 ppm. 


Iff-NMR-The 'H-NMR spectra of disodium penicilloate in deute- 
rium oxide or sodium deuteroxide in deuterium oxide were obtained on 
a spectrometerg operating a t  79.59 MHz. The free-induction decays were 
recorded using a 1000-Hz spectral width and 8K computer memory. This 
permitted a digital resolution of 0.21 Hz/data point in the transforms. 
The sample was irradiated with 1 5 - j ~  pulse (30' flip angle) a t  9-s inter- 
vals. All chemical shifts were referenced to acetone at 2.04 ppm. 


Pohrography-Polarographic data were obtained with a polarographic 
analyzer10 which was used in conjunction with a drop timer". Dropping 
mercury was used as the working electrode while the reference electrode 
was a saturated calomel electrode (SCE). A platinum wire was employed 
as an auxilliary electrode. 


UV Spectroscopy-UV scans were made using a double-beam spec- 
trophotometer12 equipped with a single-pen recorderI3. 


RESULTS AND DISCUSSION 


Levine (1) investigated the decomposition of benzylpenicillin a t  pH 
7.5 and 37OC and suggested that benzylpenicilloic acid appears to exist 
as a mixture of isomers. Furthermore, studies'" on benzylpenicillin 
degradation indicated that benzylpenicilloic acid is extremely stable in 
mildly alkaline solutions and, hence, remains unchanged for extended 
periods of time. The epimerization of benzylpenicilloic acid was, there- 
fore, studied in alkaline media where it is the most stable. 


A reverse-phase HPLC technique was developed to separate the 
5R,6R- and 5S,GR-epimers of benzylpenicilloic acid. The method was 
specific for the two epimers and, consequently. was utilized to monitor 
the epimerization process. The chromatograms in Fig. 1 demonstrate that 
in aqueous alkaline solutions, 5R,6R-benzylpenicilloic acid gradually 
epimerizes at  room temperature to 5S,6R-benzylpenicilloic acid until 
equilibrium is established. At equilibrium, 5S.fiR-benzylpenicilloic acid 
was found to be the favored product. Table I shows the ratios of the rel- 
ative concentrations of the two epimers at specific time intervals. 


'H-NMR was also employed to examine the epimerization process. 
Once again, the spectra of benzylpenicilloic acid in alkaline media re- 
vealed the progressive conversion of 5H,6R-benzylpenicilloic acid to 
5S,6R-benzylpenicilloic acid with a preponderance of the latter epimer 
forming a t  equilibrium (Table 11). The conversion of 5R,GR-benzylpen- 
icilloic acid to the 5S,GR-epimer was monitored by utilizing, respectively, 
the methyl signals a t  13 1.07 and 6.87 ppm (Fig. 2). Acetone was used both 
as a reference for chemical shifts and as an internal standard. Integrations 
are not shown for the sake of clarity. 


Based on mechanistic considerations, two pathways can he proposed 
for the epimerization process. The first (Scheme I, pathway A) involves 
the enamine tautomer of penamaldic acid, a compound which exhibits 
strong UV absorption at  280 nm. as an intermediate, while the second 
(Scheme 1, pathway B) involves the imine tautomer, a compound which 
possesses a unique polarographically active group (C=N). These ana- 
lytically significant differences in the proposed intermediates were, 
therefore, utilized not only to distinguish between the intermediates 
themselves, but also to elucidate the actual epimerization pathway. 


FT-80; Varian Instruments, Palo Alto, Calif. 


Model 174/70; Princeton Applied Research Corp., Princeton, N.J. 
lo Model 174A; Princeton Applied Research Corp., Princeton, N.J. 


l2 Perkin-Elmer, Norwalk, Conn. 
ID Beckman Instruments, lrvine. Calif. 
" Unpublished observations. 


I t  has been suggested that the enamine form of penamaldic acid exists 
in equilibrium with benzylpenicilloic acid in alkaline solutions (10,l l) .  
If this were the case, alkaline solutions of benzylpenicilloic acid would 
be expected to exhibit a strong absorption in the 280-nm region of the 
UV spectrum. In addition, deuterium exchange would occur a t  C-6 if C-6 
were, indeed, involved in any way in the isomerization process (Scheme 
I, pathway A). However, solutions of the disodium salt of benzylpenicilloic 
acid in water, phosphate buffer (pH 7.41, or borate buffer (pH 10.0) did 
not show strong absorption at  280 nm during the lifetime of the experi- 
ment. This phenomenon was also observed by Busson and coworkers (9). 
Moreover, to determine whether C-6 participates in the epimerization 
process as would be the case if the enamine tautomer of penamaldic acid 
were an intermediate, a sample of disodium 5R,6R-benzylpenicilloate 
was dissolved in dilute aqueous solution of sodium deuteroxide and al- 
lowed to stand at  room temperature. lH-NMR spectra revealed that 
conversion of the 5R,6R- to the 5S,GR-epirner proceeded without deu- 
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PPM 
Figure 2-IH-NMH specfra showing the epimerization of 511,6H- 
benzylpenicilloic acid (A) to 5S,6R-benzylpenicilloic acid (E)  at specific 
lime intervals. Key: (A )  6 h; (B)  12 h; (C) 24 h; (1)) 48 h; (h') 120 h; (a) 
acetone; (d) water. 
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terium incorporation. Though the chemical shifts of the protons at C-6 
and C-5 and their coupling constants changed due to the conversion of 
one isomer to the other, the protons themselves remained coupled to each 
other, and the intensities of the peaks remained unchanged relative to 
the peaks of the other protons in the spectrum. These observations appear 
to contradict the suggestion that the enamine form of penamaldic acid 
exists in equilibrium with penicilloic acid in alkaline media and, conse- 
quently, exclude the enamine as an intermediate in the conversion of 
5R,6R-benzylpenicilloic acid to the 5S,6R -epimer. Hence, the imine 
tautomer of penamaldic acid remains as the only probable intermediate 
involved in the epimerization process (Scheme I, pathway B). 


An analytical technique employed to determine the imine in the 
presence of other degradation products including the enamine at  very 
low concentrations was differential pulse polarography. Unlike the other 
compounds that may be present in solution, the imine tautomer contains 
a C=N group which is reducible at an electrode surface. Consequently, 
a solution of disodium 5R,6R-benzylpenicilloate was prepared and 
polarographed in the differential-pulse mode of operation. A reduction 
wave with a peak potential a t  -1.1 V uersus SCE was observed. When 
aliquots were withdrawn from the reaction vessel after 12,24, and 36 h 
and polarographed, the wave remained constant in height. An oxidation 
wave was also observed in the sulfhydryl region of the polarogram (- -0.6 
V uers’sus SCE). However, it was not utilized for unequivocal identification 
since it is subject to interference from other sulfhydryl-containing 
compounds. Based on these results, it is concluded that in alkaline 
aqueous solutions 5R,6R-benzylpenicilloic acid epimerizes to 5S,6R- 
benzylpenicilloic acid and involves the imine tautomer rather than the 
enamine form of penamaldic acid as an intermediate. 


The kinetic transformation of 5R,6R-benzylpenicilloic acid to its 
5S,GR-epimer was determined quantitatively using the ‘H-NMR data 
presented in Table 11. Assuming that the intermediate attains a steady- 
state concentration during the epimerization process and that the reac- 
tion rates are first order, the rate constants for both the forward and re- 
verse reactions were computed using the following equations: 


R S S  
k r  


and 


(Eq. 3) 


where Ro is the initial concentration of 5R,6R-benzylpenicilloic acid, R,  
is the equilibrium concentration of 5R,6R -benzylpenicilloic acid, R is the 
concentration of 5R,6R-benzylpenicilloic acid at time t ,  kf is the forward 
rate constant, k, is the reverse rate constant, K is the equilibrium constant 
of the reaction, S is the concentration of 5S,6R-benzylpenicilloic acid 
at time t ,  and S,, is the equilibrium concentration of SS,GR-benzylpen- 
icilloic acid kf was found to be 7.4 X h-l. 
These values indicate that, at equilibrium, the ratio of the concentration 
of 5R,6R-benzylpenicilloic acid was - 0 . 2  X that of the 5S,6R-epimer, a 
value that is in agreement with the HPLC analysis (Table I). 


h-l, while k, was 1.8 X 
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Abstract 0 An isothermal chromatographic (GC) method employing 
an SE-30 column and flame-ionization detection has been developed for 
the simultaneous assay of methyl, ethyl, propyl, and butyl4-hydroxy- 
benzoates and 4-hydroxybenzoic acid in liquid antacid formulations. The 
method, which uses a silica column chromatographic cleanup step prior 
to GC, is specific for the compounds with respect to possible degradation 
products, impurities, and excipients. 


Keyphrases 0 4-Hydroxybenzoic acid-simultaneous determination 
with its methyl, ethyl, propyl, and butyl esters, liquid antacid formula- 
tions, gas chromatography 0 Antacid formulations-liquid, simultaneous 
determination of 4-hydroxybenzoic acid and its methyl, ethyl, propyl, 
and butyl esters, gas chromatography 


The methyl (I), ethyl (II), propyl (III), and butyl (IV) 
esters of 4-hydroxybenzoic acid (V) in various combina- 
tions are commonly used as preservatives in liquid phar- 


maceutical preparations. Since the antimicrobial activity 
of various combinations of esters are generally more than 
additive (l), a method for simultaneously determining the 
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the blood, whereas net half-life and net clearance have been used to de- 
scribe the permanent elimination of the drug from the body. 
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Abstract A gas chromatographic-electron capture (GC-EC) method 
has been developed for the determination of N-  (trans-2-dimethyl- 
aminocyclopentyl)-N-(3’,4’-dichlorophenyl)propanamide, a potential 
antidepressant drug, and its N-demethyl metabolite in serum. The 
GC-EC system employed a 3% OV-17 on 100/120 mesh Supelcoport, 2-m 
X 2-mm i.d. glass column and an isothermal temperature of 195’C. The 
parent drug and metabolite were extracted from alkalinized serum (pH - 13) with toluene, back-extracted into an acidic solution (pH - l),  and 
finally, after adjusting to pH 13, extracted again with toluene. The ex- 
tensive sample cleanup was necessary to remove serum components which 
interfered with the analysis. The analytical method was shown to give 
quantitative recovery of the drug and metabolite, to be linear over a 
100-fold concentration range, and to have the necessary precision and 
sensitivity to detect and quantify as little as 1 ng/mL of the drug or its 
metabolite. The method has been employed to determine the serum level 
of drug and metabolite in dogs receiving a single oral dose and to deter- 
mine the possible correlation between the administered dose and serum 
levels. 


Keyphrases 0 N- (trans-2-Dimethylaminocyclapentyl)-N-(3’,4’-di- 
chloropheny1)propanamide-quantitative determination, N-demethyl 
metabolite in dog serum, gas chromatography-electron capture 0 Gas 
chromatography-electron capture, quantitative determination of N -  
(trans-2-dimethylaminocyclopentyl) -N- (3’,4‘-dichlorophenyl) propan- 
amide and i t s  N-demethyl metabolite, dog serum 
~~~ ~ 


Some tricyclic antidepressants (e.g., imipramine) used 
in the treatment of endogenous depression require an in- 
duction period of several days before improvement is noted 
and have been reported to have frequent side effects (1,2). 
A potential antidepressant drug, N -  (trans-2-dimethyla- 
minocyclopenty1)-N-(3’,4’ - dichloropheny1)propanamide 
(I) which may have a more rapid onset of therapeutic ac- 
tivity and fewer side effects was recently reported (3). 


For definition of the pharmacokinetic and metabolic 


profiles of this potential antidepressant drug, a sensitive, 
precise, and specific analytical method is required. The 
presence of two chlorine moieties in the aromatic ring 
provides sufficient electronegativity for electron-capture 
(EC) detection after gas chromatographic (GC) separation. 
Initial studies’ had shown that the drug was quickly 
demethylated at the dimethylamine functional group to 
give 11. Also, a homologue of I with a cyclohexyl ring in 
place of the cyclopentyl ring was available (111) and was an 
ideal internal standard. 


This report describes the GC-EC method for the 
quantitative determination of I, its N-demethyl metabo- 
lite, and the internal standard and the sample preparation 
procedure necessary to isolate the compounds from serum 
and to provide a sample amenable to GC-EC determina- 
tion. Application of the methodology was demonstrated 
by the determination of serum levels of I and I1 in dogs 


c 


CH, 
I: R = CH,, n = 1 


11: R = H, n = 1 
111: R = C H 3 , n  = 2 


I Unpublished data 
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Figure 1-Mean peak height ratio (n = 3) versus concentrations of I 
(0) and I I  (0) in the reference standard solutions. Concentrations 
ranged from 160 t o  16,000 nglmL for I and from 140 t o  14,400 nglmL for 
II. Bars represent f 2 S D .  Linear regression equations: (-) y = 1 . 9 7 ~  
+ 0.42, r = 0.999; (- - -) y = 1 . 5 4 ~  t 0.16, r = 0.996. 


administered a single oral dose of I and in dogs receiving 
different dose levels of I to determine the correlation be- 
tween administered dose and serum levels. 


EXPERIMENTAL 


Apparatus and  Reagents-The gas chromatograph2 was equipped 
with a 6JNi electron-capture detector. The toiuene and methanol were 
distilled in glass3. Reference standards of the parent compound (I) ,  the 
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Figure 2-Determination of I and I1 by GC-EC. Key: (A) reference 
standard solution containi?g 96 ng of I ,  86 ng of I I ,  and 61 ng of the in- 
ternal standard; (B)  extracted blank serum containing 60 ng of the in- 
ternal standard (arroim indicate dution positions for I and 11); (C) 
serum sample fortified with 64 nglmL of I ,  58 nglmL of I I .  and 60 ng of 
the internal standard. 


2 Model 222, Tracor Instruments, Austin, Tex. 
3 Burdick & Jackson Laboratories, Muskegon, Mich. 


Table I-Recovery of I and  I1 Added to Serum 


Amount Amount Found,a SD 
Added, ngImL ngImL f RSD,% Recovery,% 


1602 
1202 
96 1 
80 1 
641 
481 
320 
160b 
128 
96 
80 
64 
48 
32 
16 
8c 
0 


1438 
1079 
863 
719 
575 
431 
288 
144 
115 
86 
72 
58 
43 
29 
14 
7c 
0 


1530 
1100 
920 
790 
640 
480 
350 
175 
117 
81 
76 
61 
45 
34 
21 
12 
5 


1450 
1010 
830 
690 
570 
440 
310 
151 
96 
74 
76 
49 
40 
28 
14 
8 
1 


I 
25 
46 
26 
15 
10 
20 
6 


22 
15 
14 


2 
8 
5 
2 
2 
1 
2 


76 
35 
42 
35 
6 


15 
6 


18 
21 
2 
6 
8 
3 
4 
1 
1 
0 


I1 


1.6 95.2 
4.2 91.1 
2.9 94.9 
1.9 98.0 
1.6 99.1 
4.2 98.8 
1.7 107.8 


12.4 106.2 
i0.2 87.5 
17.3 79.2 
2.7 88.8 


13.9 87.5 
11.0 83.3 
4.5 90.6 
1.3 100.0 


11.8 87.5 
34.6 - 


5.3 100.8 
3.4 93.6 
5.0 96.2 
5.0 96.0 
1 .o 99.1 
3.5 102.1 
1.9 107.6 


11.9 104.9 
2.2 83.5 
3.1 86.0 
8.0 105.6 


14.1 84.5 
7.5 93.0 


14.4 96.6 
4.1 100.0 
8.8 114.3 
0 - 


0 Averagr value; n = 3 unless otherwise s tated.  b n = 5. n = 2. 


N-demethyl metabolite (111, and the internal standard (111) were used 
as obtained4. All other reagents and chemicals were of the highest quality 
available. 


Chromatographic Conditions-A 3% (w/w) OV-17 on 1001120 mesh 
Supelcoport5 in a 2-m X 2-mm.i.d. glass column was used throughout 
these studies. The column was conditioned a t  27OOC for 24 h and deac- 
tivated by injecting 20 X 5 pL of bis(trimethylsilyl)trifluoroacetamide6. 
The conditioning and deactivation were necessary to prevent tailing by 
the compounds. The injector and detector temperatures were maintained 
a t  300OC, and the column was isothermal a t  195OC. The argon-methane 
(95:5, vlv) carrier gas flow rate was 25 mllmin,  and the purge flow was 
40 mL/min. The 63Ni EC detector was operated in the pulse mode. All 
injections were made with a 10-pL syringe7, and injection volumes varied 
from 2 to 5 pL. 


Stock Solution Preparation-Stock solutions of I and 11 were pre- 
pared by accurately weighing 10.0 mg of I and 11 each into 100 mL of 
toluene-methanol (80:20, vlv), with concentrations of I and I1 a t  100 
pg/mL. Aliquots from this stock solution were diluted to give a working 
stock containing 1000 ng/mL of each compound. The working stock so- 
lution was used to prepare reference standard solutions and to fortify 
serum samples a t  various levels of I and 11. An internal standard stock 
solution was prepared in a similar manner. The working internal standard 
stock solution concentration was 250 ng/mL. 


Sample Preparat ion Procedure-The analysis of low levels, i.e., 
nanograms per milliliter, of compounds in physiological fluids by GC-EC 
techniques requires that the compounds of interest be isolated from most 
components present in the sample and be dissolved in an organic solvent 
amenable to EC detection. The following sample preparation procedure 
employed liquid-liquid extraction to isolate I and I1 from serum com- 
ponents. 


One milliliter of serum was transferred into a culture tube with a pol- 


4 Pharmaceutical Research and Development Laboratories, The Upjohn Co., 


fi Regis Chemical Co.. Morton Grove. Ill. 


Kalamazoo, Mich.. 
Supelco, Inc., Hellefonte, Pa. 


Hamilton, Reno, Nev. 
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Figure 3-Serum levels of I (0) and I1 (0) in dogs administered 10 
mg/kE of I .  


ytef-lined screw cap. An equal volume of 1 M NaOH containing 100 
mg/mL of NaCl was added, and the solution was mixed thoroughly. A 
250-pL aliquot of the 250-nghL internal standard stock solution was 
added, followed by the addition of 4 mL of toluene-methanol (80:20, v/v). 
The solution was capped, vortexed for 45 s, and centrifuged a t  2000 rpm 
for 10 min. The organic layer was transferred to a clean culture tube, and 
the extraction was repeated with 2 X 3 mI, of toluene. 


The organic phase wascombined with the previous extract, and 2 mL 
of 1 M HCI was added. The solution was vortexed for 30 s, the organic 
phase was discarded, and the aqueous phase was washed by vortexing 
with 3 mL of toluene. The toluene was discarded, and the aqueous phase 
was made alkaline by adding 1 mL of 4 M NaOH containing 100 mg/mL 
of NaCl. This solution was extracted with 3 X 3 mL of toluene by vor- 
texing for 30 s and centrifuged if necessary. 


The toluene extracts were combined in a clean culture tube and 
evaporated to dryness a t  40°C under a stream of nitrogen. The residue 
was dissolved in 100 pL of toluene-methanol (w):20, v/v); a 4-pL aliquot 
was injected into the chromatographic system. 


Samples and Sample Handling-Serum levels of I and 11 were de- 
termined in two dogs, one male and one female, following oral adminis- 
tration of 1. Blood samples were obtained prior to dosing and a t  0.25,0.5, 
1 ,2 ,4 ,  and 8 h after dosing. The blood was allowed to clot, and the serum 
was obtained by centrifugation. The serum was immediately frozen and 
maintained a t  -20 "C until sample preparation and analysis. 


In addition, serum samples were obtained from a group of dogs being 
used in the evaluation of I. The dogs were a number of days into the 
evaluation, and thus, the samples that were collected were considered 
to be a t  steady state in relation to I. Four dogs, two male and two female, 
were selected from the I-, 3-, and 10-mg/kg dosage levels and controls. 
Serum samples were obtained a t  1 and 4 h after a daily dose. These 
sampling times were selected to provide samples at the expected highest 
serum concentration for I (1 h) and I1 (4 h). The serum samples were 
maintained a t  -20°C until sample preparation and analysis. 


Calculations-The validation of the analytical method and the de- 
termination of I and I 1  levels in dog serum were accomplished using the 
relative weight response (RWR) to an internal standard calculation 
method: 


The average RWR of reference standard solutions of I and I1 analyzed 
with a sample set was employed to calculate the level of I and I1 in the 
samples: 


where PH+ and PHis are the peak heights of either I or I1 and the in- 
ternal standard, and ngls and ngcpd are the nanograms of internal stan- 
dard and I or I1 in the reference solution or sample. For the serum sam- 
ples, 1.0 mL of serum was used; thus, ngcpd/sample was equivalent to 
ng,pa/mL of serum. 


The reference standard solutions for each sample set were prepared 


Table 11-Serum Levels of I and I1 in  Dogs Receiving Different 
Doses of I 


~ ~ ~~ 


Time 
Dose After Amount in Serum, ng/mL 


I, Dose, Dog Group" 
mg/kg Compound h A I3 C D 


10 I 1 17 13 4 11 
4 14 10 14 18 


19 60 
4 332 126 130 102 


3 I 1 4 17 4 16 
4 4 5 3 4  


13 61 I1 1 13 92  
17 21 4 24 64 


1 I 1 2 2 5 3  
4 1 2 


I1 1 7 3 6 <1 
4 2 4 6 <I 


4 <1 < 1  < I  <1 
<1 <I 


4 <I <1 <I <1 


I1 1 226 53 


2 <I* 


0 I 1 2 <I  -1 -1c 


I1 1 < I  < 1  


a Dog groups A and €3 are female and groups C and D are male. Below the de- 
tection limit ( 1  ng/mL) of the analytical method for I and 11. Small peak detected 
and calculated to be -1 ng/mL. 


over a concentration range equal to 15-300 ng/mL of 1 and I1 in serum. 
A minimiim of five levels were selected for the reference standard solu- 
tions for each sample set. The recovery of I or I1 added to serum samples 
to validate the sample preparation procedure and to determine the ac- 
curacy of serum sample analyses was calculated as: 


ng of cpd in the fortified sample %R = x 100 
ng of cpd added + ng of cpd in the neat sample 


(Eq. 3) 


where %R is the percent recovery and the calculated amounts of I or I1 
in the fortified and neat (unfortified) serum samples are in nano- 
grams. 


RESULTS AND DISCUSSION 


The GC-EC analytical technique was evaluated for linearity, precision, 
and sensitivity by analyzing triplicate reference solutions of I and I1 at 
eight concentration levels. The concentration levels ranged from 160 to 
16,000 ng/ml, for I and from 140 to 14,400 ng/mI, for 11. Figure 1 presents 
graphically the peak height ratio of I and I1 to the internal standard 
versus the concentrations of  I and 11. Linear regression equations and 
correlation coefficients for these data were Y = 1 . 9 7 ~  + 0.42 ( r  = 0.999) 
and y = 1 . 5 4 ~  + 0.16 ( r  = 0.996) for I and 11, respectively. The figure also 
shows two standard deviations around the average peak height ratio a t  
each concentration. These data indicate the precision of the analytical 
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Figure I---GC-EC detprmination of I and I1 in serum from dogs re- 
ceiving different doses of I .  Key :  (A) dose O /  1 0  mglkg; (B) dose of 3 
mglkg; (C) dose of I mglkg, (I)) control 
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technique. The sensitivity of the GC-EC (signal to noise ratio >51)  was 
demonstrated to be <I0 ng/mL for I and 11. Assuming an initial serum 
volume of 1.0 mL and a final sample volume of 0.1 mL, the analytical 
technique can detect and quantify 1 ng/mL of serum for 1 and 11. 


The sample preparation procedure for the extraction of I and I1 from 
serum was developed through a series of experiments. The choice of 
toluene as the extraction solvent was made because of its low EC response 
and the high solubility of the compounds in this solvent. The serum 
samples were made alkaline to ensure a un-ionized species for extraction, 
and the addition of the salt to increase the ionic strength improved the 
extractability of the compounds. Initial studies indicated that stable 
emulsions formed when serum was extracted with toluene alone. By 
adding a small amount of methanol to the first toluene extraction, the 
emulsion problem was eliminated and the extraction efficiency was not 
affected. When only the first toluene extractions were employed to re- 
move I and I1 from the serum, acceptable results were obtained for high 
levels, i.e., >I50 ng/mL, of I or 11. However, interfering serum components 
a t  the GC elution positions of I and 11 prevented the single extraction 
technique from providing acceptable results below I5O-ng/mL levels. 
Acidification of the toluene extracts from the serum removed I and I1 
from the organic phase. The aqueous phase was alkalinized, and I and 
I1 were extracted with toluene. The double extraction gave very clean 
GC-EC chromatograms, and the recovery of I and I1 from the serum was 
high considering the extensive cleanup procedure employed. Figure 2 
presents representative chromatograms of a reference solution, a blank 
serum sample, and a serum sample fortified with 64 ng/mL of I and 58 
ng/mL of 11. 


The final sample preparation procedure was validated by preparing 
and analyzing replicate serum samples with added I and I1 at 16 con- 
centration levels. The concentration ranges were 8-1600 and 7-1440 
ng/mL for I and 11, respectively. The results for these analyses are sum- 
marized in Table I. The average amount found for I and I1 a t  each con- 
centration level and the standard deviation and relative standard de- 
viation of the average are presented. Linear regression of the average 
amount found uersus the amount added gave the following equations and 
correlation coefficients: y = 0.947~ + 8.5, r = 0.399 for I and y = 0 .981~  
- 0.6, r = 0.999 for 11. 


A small interfering serum component was observed a t  the elution po- 
sition of I and gave a y-intercept of 8.5 ng/mL for I. The level of this un- 
known component in the blank serum was uniform and, thus, the level 
of 1 can be obtained by substracting the amount of the interfering com- 
ponent in blank serum from the level of I in the samples. However, serum 


levels of I <lo ng/mL must be considered questionable due to the possible 
presence of the unknown serum component. The percent recovery (%R) 
of I and I1 added to the serum gave average recoveries of 93.5 f 7.9 for 
I and 97.7 f 8.5 for 11, indicating that the extraction efficiencies for I, 11, 
and the internal standard were very similar and that no corrections for 
recovery of 1 and I1 from serum were necessary. These data demonstrate 
that the sample preparation procedure and analytical technique can 
provide reliable quantitative data over a large concentration range and 
that the recovery of I and I1 extracted from serum is quantitative. 


The analytical method was utilized to determine the serum levels of 
I and I1 in two dogs administered a single oral lO-mg/kg dose of I. Blood 
samples were obtained before dosing and at 0.25,0.5,1,2,4, and 8 h after 
dosing. The serum from each dog was assayed for I and 11, and the results 
are presented graphically in Fig. 3. Little or no compound was detected 
until 2 h after dosing. The level of the parent drug (I) in the serum was 
considerably lower than the N-demethyl metabolite (II), indicating 
possible extensive first-pass metabolism in the liver. Since both I and I1 
have been reported to have similar therapeutic effects (3), the combi- 
nation of the serum levels of I and I1 must be used to determine the 
concentration of active drug substance. 


The method was also employed to awes if the serum levels of I and 
I1 correlated with the oral dose for dogs considered to be under steady- 
state conditions. Four dogs a t  each of three dose levels (10,3, and 1 mg/kg) 
and four control dogs were evaluated; blood samples were obtained a t  
1 and 4 h after dosing. The data indicate that the serum levels of the 
parent drug and its N-demethyl metabolite may increase with increasing 
dose for the 10- and 3-mgkg levels (Table 11). At the I-mgbg dose, the 
levels of I and I1 in the serum approached the sensitivity limit of the 
method. Figure 4 presents representative chromatograms of serum 
samples from dogs at each dose level. The limited number of serum 
samples analyzed precludes statistical evaluation of the correlation of 
serum levels of I and I1 to the administered dose of I. 
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Abstract The effect of pfI on the cumulative transfer of theophylline 
across the everted rat jejunum in uitro was ihvestigated. Intestinal in- 
tegrity was assessed by light and scanning electron microscopy, while the 
biochemical viability of the intestine was evaluated using glucose transfer 
measurements. The initial (0-30 min) clearance of theophylline was di- 
rectly proportional to the fraction un-ionized a t  pH 5.5,7.4,8.0, and 10.0. 
Plots of cumulative theophylline transfer uersus time over 60 min were 
nonlinear, but could be subdivided into two linear segments of 30-min 
duration. Due to this nonlinearity, differences in theophylline transfer 


with pH were significant only over the firat 30 min of the experiment. 
Intestinal tissue integrity and viability correlated with the time at which 
the clearance (slope) increased, while the magnitude of the increase in 
clearance was proportional to the degree of ionization of theophylline. 


Keyphrases 0 Theophylline-transfer across the everted-jejunum, rats, 
effect of pH Jejunum-everted, effect of pH on theophylline transfer, 
rats, o pH-effect  on the theophylline transfer across the everted 
jejunum, rats 


Theophylline, a bronchdilator widely used for treating 
chronic obstructive pulmonary diseases such as asthma or 
emphysema, may be given orally or parenterally in the 


form of various salts. Although theophylline is usually 
given orally, its absorption from the GI tract can be erratic. 
Nausea and gastric irritation often accompany the oral 
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Table 1V-Relative Retention Times' of Various FAdrenergic Blocking 
Drugs 


/%Blocking Drug Relative Retention Time 


Atenolol 
Metoprolol 
Nadolol 
Oxprenolol 
Pro~ranolol 


0.340 
0.479 
0.394 
0.64 I 
I .ooo 


Retention time of the 8-blocking drug/retention time of propranolol 


Table I l l ,  the percent of label claim for all formulations tested were within 
the range of 91.6-1 10%. Unfortunately, no official USP or BP assay for I is 
available and, therefore, a comparison between the content uniformity test 
results obtained according to this method and those of an official assay was 
not possible. However, if this assay is to be used for such a test, it is clear that 
all the formulations investigated meet the USP content uniformity require- 
ments(100f 15%). 


The applicability of this assay for the analysis of some other 8-blocking 
drugs was investigated, and the relative retention times (retention time of 
drugjretention time of propranolol) of these agents are listed in Table IV. It 
is clear that, with the exception of nadolol-atenolol (due to poor resolution), 
it is possible to analyze these drugs under the described chromatography 
conditions using one drug as the internal standard and the other as the un- 
known. Indeed. without changing a single chromatography condition, this 
assay can be utilized for the chromatography of atenolol, metoprolol, 1. and 


propranolol simultaneously with a high efficiency and good resolution (Fig. 
5 )  in C3.0 min. 
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Abstract 0 A sensitive, specific. and rapid high-performance liquid chro- 
matographic procedure was developed for the determination of pirmenol in 
human biological fluids. Plasma or urine samples were alkalinized and ex- 
tracted with cyclohexane. The organic extract was evaporated to dryness, 
reconstituted with the mobile phase, and then chromatographed on a mi- 
croparticulate spherical trimethylsilane stationary phase with U V  detection 
at 254 nm. The procedure for the assay of pirmenol in  plasma was linear from 
0. I25 to 5.0 pg/mL. The reproducibility of the peak area ratios of the standard 
curves had relative standard deviations between 7.7 and I .8% and a relative 
error of 0-4.6% over the linear range. The accuracy for thedetermination of 
pirmenol in human plasma containing 0.5, 2.5, and 4.0 pg/mL had relative 
errors of 9.0,3.8, and 3.6%. respectively. Thirty compounds were tested and 
found not to interfere in the assay of the drug in plasma, and the method was 
found to be suitable for clinical samples. The urine procedure was linear be- 
tween 1.0 and 30.0 pg/mL. The reproducibility of the peak areas of the 
standard curves had relative standarddeviations that ranged from 1.9 to 6.2% 
over the linear range. The accuracy for the determination of pirmenol in 
human urine containing 5.0. 17.5. and 25.0 pg/mL had relative errors of 1.4, 
0.5. and 2.890, respectively. 


Keyphrases 0 Phenol-improved HPLC assay, plasma and urine, cyclo- 
hexane extraction 0 HPLC-improved assay for pirmenol, plasma and urine, 
cyclohexane extraction 


Pirmenol hydrochloride, ( f ) - c i s - a -  [ 3-(2,6-dimethyl- 
1 -piperidinyl)propyl]-a-phenyl-2-pyridinemethanol mono- 
hydrochloride (I), a new antiarrhythmic drug currently being 
tested in Phase I clinical trials, is a promising agent because 
of its therapeutic response, lack of toxicity, and relatively long 
half-life (1). This report describes an improved procedure for 


the analysis of pirmenol when compared to a recently reported 
procedure (2). The present method is more accurate and pre- 
cise due to the choice of extraction solvent and internal stan- 
dard. The method has 'been validated for human biological 
samples, and various potential interfering compounds have 
been evaluated to demonstrate method specificity. 


/ 
H,C 


1 : R - O H  
11: R - H 


EXPERIMENTAL 


Reagents-Pirmenol hydrochloride' and the internal standard' (*)-cis- 
2444 2.6-dimethyl- I -piperidin yl)- 1 -phenylbutyl Jpyridine monohydrochloride 
(11) were used as received. Distilled water was further purified using an ion- 
exchange charcoal filtration system2. Cyclohexane3 and acetonitrile-' were 


~~~~~~~ ~ 


I Warner-LambertjParkc-Davis. Ann Arbor, Mich. 


3 Omni-solv grade: MCB. Cincinnati, Ohio. 
Water-I: Gclman Filtration Products. Ann Arbor. Mich. 


754 f Journal of Fbrrnaceuticai Sciences 
Vol. 73, No. 6, June 1984 


0022-3549/84/ 0600-0754$0 1.OW 0 
@ 1984. American ~macsut ica l  Assocletlon 







A B 
/Pirmenol 


0.004AU 


Internal 
Standard 


I 


- 
0 2 4 6 8 1 0 1 2  


u 
0 2 4 6 8 1 0 1 2  


MI N UTES MINUTES 
Figure 1-Typical chromatograms for pirmenol and the internal standard 
in plasma. Key: (A) pirmenol in a 40-min plasma sample following infusion 
(150) mg iv at 5 mgfmin) was estimated to be 1.7 pgfmL); ( B )  preinfusion 
plasma sample. 


chromatographic grade. Monobasic sodium phosphate4, t r ie thylamin~~,  
phosphoric acid4, hydrochloric acids, and sodium hydroxideJ were analytical 
reagent grade and were used as received. 


Apparatus-The liquid chromatographic system was equipped with a 
constant-volume pump6. valve-type injector’, 254-nm fixed-wavelength de- 
tectors, and a data acquisition system9. Separations were performed on a 25 
crn X 4.6 mm i.d. stainless steel column containing 6-pm spherical trimeth- 
ylsilane stationary phaselo. 


Mobile Phase-The mobile phase was prepared by diluting 150 mL of 
acetonitrile to 1 L with phosphate buffer containing 0.5% triethylamine. The 
phosphate-triethylamine buffer was prepared by adding 6.9 g of monobasic 
sodium phosphate monohydrate and 5.0 mL of triethylamine to water, ad- 
justing the pH to 2.6 with phosphoric acid, and then diluting to I L with water. 
The mobile phase was filtered through a 0.2-pm filter and deaerated by vac- 
uum. The flow rate of the mobile phase was 1.5 mL/min, which produced a 
pressure of -27W psi. All separations were performed at ambient tempera- 
ture. A 50-pL aliquot of extracted sample was injected into the chromato- 
graphic system. 


Standard and Stock Solutions-Stock solutions of pirmenol ( 1  10.7 mg of 
pirmenol hydrochloride/lO mL of 0.05 M HCI) and the internal standard (11) 
( 1  1.1 mg of l I / lW mL of 0.05 HCI) were prepared. Standard solutions for 
plasma containing 0.25, 1.0, 2.0. 4.0.6.0, 8.0, and 10 pgfmL and standard 
solutions for urine containing 4, 20, 40, 60, 80. 100, and 120 pg/mL were 
prepared by serial dilution of the stock pirmenol solution with 0.05 M HCI. 
The internal standard solution was further diluted 3:lOO. 


Pirmenol Plasma and Urine Seeded Control Pools-One milliliter of SO-, 
250-. or 400-pg/mL solutions of pirmenol (in 0.05 M HCI) was added to a 


A 


0.008 AU I Pirmenol LL 
1 1 1 1 1 1 J  


I 
\ 1 1 l 1 1 1  


0 2 4  6 8 i O t 2  0 2 4 6 8 1012 
MINUTES MINUTES 


Figure 2- Typical chromatograms for pirmenol in human urine. Key: (A )  
predrug urine sample; (B) pirmenol in an 18-h postdose urine sample of a 
patient administered I50 mg of pirmenol was estinrated to be 4.0 pgfmL. 


‘ J.  T. Baker, Phillipsburg. N.J. ’ Acculute; Anachemia Chemical, Champlain. N . Y .  
Model-M-45; Waters Associates. Milford, Mass. ’ Model U6K; Waters Associates, Milford, Mass. 
Model 440; Waters Associates, Milford, Mass. 
Sigma 10 Perkin Elmer, Norwalk, Conn. 


l o  Zorbax TMS; DuPont, Wilmington. Del. 


Table I-Precision and Accuracy of the Pirmenol Calibration Curves 
During a 3-d Period 


Pirmenol Peak 
Conc. Added. Area Relative 


M / m L  N Ratio“ RSD, % Error, % 


Plasma 
0. I25 9 0.037 7.7% -0.8 
0.500 8 0.254 4.7% 4.6 
I .00 9 0.49 I 5.7% -4.3 
2.00 9 1.02 4.2% -3.5 
3.00 8 1.61 3.0% 0 
4.00 9 2.15 5.1% 0.5 
5.00 8 2.78 1.8% 2.8 


Urine 
I .o 6 0.376 3.1% 0 
5.0 8 I .62 6.0% -8 


10.0 8 3.53 3.8’70 -2 
15.0 9 5.48 6.2% 0 
20.0 8 7.5 I I .90% 2 
25.0 8 9.54 2.09‘ 3.2 
30.0 9 11.5 2.2% 4.3 


a Peak arca used for urine samples 


I W m L  volumetric flask and brought to volume with control plasma to yield 
seeded control samples of 0.5. 2.5, and 4.0 pg/mL of pirmenol. Lrine seeded 
controls were prepared by adding 0.5, 1.75, and 2.5 mL of a I .O mg/mL 
standard solution and diluting to 100 mL with control urinc to yield 5.0-, 1 7 5 ,  
and 25.0-pgfmL samples. The plasma and urine samples were then divided 
into 2.5-mL portions and frozen. 


Assay for Pirmenol in Plasma and Urine-To a I-mL sample in  a 10-mL 
screw-top test tube were added 0.5 mL (0.25 m L  for urine samples) of either 
0.05 M HCI or pirmenol standard solution, 0.5 mL of internal standard so- 
lution (no internal standard is used for urine samples), 4 mL of cyclohexane. 
and 0.15 mL (0.2 mL for urine samples) of I M NaOH. After shaking for 10 
min on a horizontal shaker and centrifuging” at  206Xg for 5 min, 3 mL of 
the organic phase was transferred to a clean tube and evaporated to dryness. 
The residue was reconstituted in 0.2 mL ( I  mL for urine samples) of the mobile 
phase by vortexing, and 50 p L  (100 pL for urine samples) was injected into 
the chromatograph. 


Interference Study-The specificity of the plasma procedure was assessed 
by direct injection of a number of potentially interfering compounds. I f  a 
compound eluted in the void volume or had a retention time > I ?  min. then 
the compound was deemed not to interfere in the assay. Those compounds 
having a retention time similar to either pirmenol or the internal standard were 
further tested in  the following manner. Plasma containing 1 pg/ml. of pir- 
menol was spiked with 100 pg/mL of the potentially interfering compounds. 
These samples were then assayed for pirmenol. I f  the pirmenol concentration 
deviated > f 5 %  of the established value, than the compound was considered 
to interfere in  the assay. 


Method Application-To test the suitability of the procedure, samples from 
a clinical trial were assayed. In this trial, patients received a 150-mg dose of 
pirmenol intravenously or orally. For the intravenous dosing, patients were 
infused over a 30-min period with the drug dissolved in 5% dextrose. Blood 
samples were drawn at  15. 30,32,35,40,50,60,75,90 min, and 2, 3 , 5 . 7 , 9 ,  


I-I ’\ 


0 2 4 6 8 10 12 14 16 18 20 22 24 
TIME AFTER DOSING, h 


Figure 3-Plasma concentration-time curi’e in a patient given I50 mg of 
pirmenol. Key: (*J intravenous; (A) oral. 


I ’  Centra 7R.  International Equipment Company, hcedham Hts, Mass. 


Journal of Pharmaceutical Sciences 1 755 
Vol. 73. No. 6. June 1984 







Table 11-Extraction Eficiency of Tritiated Pinnenol in Plasma and Urine Determined by Liquid Scintillation Counting 


[3H]Pirmenol Added, 


N 
Mean Recovery (%) 
RSD (%) 


(rg/mL) 


Plasma 
0.1 1 .o 5.0 


Urine 
1 .o 10.0 25.0 


3 4 3 4 4 4 
84.8 85.2 87.4 82.5 89.4 90.3 
7.6 8.8 1.6 4.4 1.1 1.2 


~ ~~ ~ 


Table III--Detennination of Pirmenol Concentrations in seeded Plasma and Urine Control Pooled Samples Assnyed During a 3-d Period 


Plasma Urine 
Pirmenol Conc. 0.500 2.500 4.000 5.0 17.5 25 0 


Added, (pg/mL) 
9 8 9 9 9 9 


Mean Conc. Found, (pg/mL) 0.545 2.594 4.144 4.9 17.6 25.7 
RSD (96) 5.0 3.4 3.6 5.2 1.5 1.8 
Relative Error 1%) 9.0 3.8 3.6 -1.4 0.5 2.8 


NI 9 


12, 16, 20, and 24 h into heparinited tubes, and the plasma was harvested 
following centrifugation. For the oral study, the same patients were admin- 
istered I 50-mg capsules 48 h after the intravenous dose. Blood samples were 
takenat0,0.25,0.50,0.75,1,1.25.1.5,2,3,4,5,7,12,16,20,and24hfol- 
lowing drug administration. The plasma was harvested following centrifu- 
gation. Timed urine collections of 2 h were collected for the first 6-h period 
followed by 6-h collections for 48 h postdose. 


RESULTS AND DISCUSSION 


The present procedure for the analysis of pirmenol in human plasma and 
urine involves a single-step alkaline extraction with cyclohexane. The super- 
natant is evaporated to dryness and reconstituted with the mobile phase. 
Cyclohexane was found to give improved extraction recoveries and cleaner 
sample extracts compared with ether (2). An internal standard was found not 
to be necessary in the urine procedure due to the high pirmenol concentration 
and simple sample preparation (3). The validity of the assay was established 
through a careful study of linearity of response, reproducibility of standard 
curve, extraction recovery, accuracy, precision, and potential interference 
studies. 


The retention times for pirmenol and the internal standard were 6.4 and 
9.5 min. respectively. Figure 1 illustrates typical chromatograms for control 
human plasma and that from the plasma of a patient who received an intra- 
venous dose of pirmenol. Figure 2 illustrates typical chromatograms for blank 
urine and a n  18-h postdose urine sample. The total time required for the 
plasma and urine assays was 12 and 7 min, respectively. 


The linearity of response of the amount of pirmenol added to control human 
plasma and urine was found to be linear over a range of 0.125-5.00 pg/mL 
for plasma and 1-30 pg/mL for urine. These ranges cover the projected 
therapeutic plasma and urine concentration ranges. The best-fit line was ob- 
tained using linear regression analysis with weighting factors of 1 /concen- 
tration squared (4). The resultsof a typical regression analysis were: peak area 
ratio = 0.563 X plasma concentration + 0.0357 ( r  = 0.9987) and peak area 
= 0.367 X urine concentration + 0.0067 ( r  = 0.9948). 


The reproducibility of the calibration curves was assessed by assaying tri- 
plicates of each plasma and urine standard over a 3-d period. The relative 
standard deviations of the peak area ratios for plasma and peak areas for urine 
between the lowest and highest concentrations were found to range from 7.7 
to 1.8% and from 1.9 to 6.2%, respectively. The accuracy for these standards 
had relative errors of 0-4.6% and 0-4.3% for plasma and urine, respectively. 
These data are summarized in Table 1. 


The extraction efficiency for tritium-labcled pirmenol was determined using 


liquid scintillation counting12 and is given in Table 11. These data show that 
the extraction efficiency of pirmenol from plasma and urine ranges from 85 
to 87% and 82 to 90%. respectively. 


The relative error of the plasma procedure was determined by assaying 
seeded control plasma pooled samples containing 0.5,2.5, and 4.0 gg of pir- 
menol/mL over a 3-d interval and was found to be 9.0, 3.8, and 3.61, re- 
spectively. The relative error of the urine procedure was assessed by assaying 
seeded control urine pooled samples containing 5.0. 17.5, and 25.0 pg/mL 
and was found to be 1.4.0.5, and 2.8%. respectively (Table 111). 


The specificity of the plasma assay was assessed by determining the chro- 
matographic behavior of a number of potentially interfering compounds. The 
following compounds were found not to interfere with the quantification of 
pirmenol based on retention time: acetaminophen, clonidine hydrochloride, 
diazepam, disopyramide, ethacrynic acid, fenoprofen sodium, furosemide, 
hydralazine hydrochloride. hydrochlorothiazide, ibuprofen, methotrimep 
razine. methyldopa. prazepam, prazosin hydrochloride, procainamide, pro- 
pranolol hydrochloride. propoxyphene hydrochloride, reserpine, and tolmetin 
sodium. Compounds that had a similar retention time as primenol, but were 
found not to interfere were: aspirin, bretylium tosylate, chlorthalidone, nap  
roxen, oxazepam, quinidine, salicylate. triamterene. and zomepirac sodium. 
To date, over 650 human plasma samples and 200 urine samples have been 
assayed for pirmenol using this methodology, and no apparent interfering 
compounds have been detected. Figure 3 illustrates typical plasma time courses 
for pirmenol after intravenous and oral dosing. 


The method provides several improvements over a previous procedure (2). 
The improvements include cleaner sample extracts, improvement in  chro- 
matographic baseline due to choice of reconstitution solvent, an internal 
standard for plasma that is structurally similar to pirmenol, and increased 
sample throughput and ability to reinject samples if required. The data for 
the procedure are in agreement with the predicted precision expected for the 
internal or external calibration technique (3). 
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Abstract A sensitive radioimmunoassay (RIA) procedure was developed 
to assay for bromperidol levels in human plasma after therapeutic drug ad- 
ministration. The antisera used in the RIA procedure was generated in rabbits 
against a haloperidol-bovine serum albumin conjugate. Tritiated haloperidol 
was used as the radioligand in the assay. A single ether extraction of alkalinized 
plasma was used to separate bromperidol from its more polar metabolites and 
to reduce assay variability encountered with a direct plasma assay. The lower 
limit of detection was -0.5 ng/mL of parent drug in plasma. The assay ex- 
hibited within- and between-assay variabilities of -9 and 14%, respectively. 
A 103-106% recovery of bromperidol from quality control plasma samples 
was observed over the concentration range of 1-150 ng/mL. A correlation 
coefficient of 0.9999 with respect to measured uersus expected bromperidol 
content in the quality control plasma samples was exhibited. Cross-reactivity 
characteristics of the antisera indicated that dehydrobromperidol could sig- 
nificantly interfere (-25% cross-reactivity) with the RIA procedure. However, 
biotransformation studies have not suggested this compound as a metabolite 
of bromperidol. Predose (C",") plasma levels of bromperidol in schizophrenic 
patients maintained on drug therapy are also reported. 


Key phrases 0 Bromperidol-radioimmunoassay, human plasma levels, ha- 
loperidol-bovine serum albumin conjugate Radioimmunoassay-brom- 
peridol, human plasma levels, haloperidol-bovine serum albumin conju- 
gate 


Bromperidol (I), 4- [4-(p-bromophenyl)-4-hydroxypiperi- 
dino]-4'-fluorobutyrophenone, the bromo analogue of halo- 
peridol (11), is a potent neuroleptic agent which has beeh under 
clinical investigation for the treatment of psychoses such as 
schizophrenia. The bioavailability and pharmacokinetics of 
this drug in dogs under steady-state conditions following 
multiple-dose oral administration have been reported (1 ). A 
limited study comparing preliminary pharmacokinetic results 
from dogs and humans was also reported (2). In general, re- 
lating pharmacokinetics of the psychotropic agents with ef- 
fective treatment of psychiatric disorders is difficult partly due 
to the lack of a sensitive and reliable analytical methodology. 
This problem can be aggravated by the different neuroleptic 
plasma levels observed in patients receiving concurrent med- 
ication (3).  


A radioimmunoassay (RIA) method was developed in our 
laboratory and was used to measure levels of bromperidol in 
human plasma (4, 5). With this methodology the bioavail- 
ability and pharmacokinetics of bromperidol in patients 
chronically receiving drug therapy was studied (5). This paper 
describes the RIA procedure used to measure bromperidol 
plasma levels in schizophrenic patients. Also reported are mean 
Cmin drug plasma levels from 15 schizophrenic patients 
maintained on various drug regimens. 


EXPERIMENTAL 


Materials-Antisera' used in the RIA procedure was generated in rabbits 
against a haloperidol hapten chemically linked to bovine serum albumin uia 
the tertiary alcohol functional group. Tritiated haloperidol', specific activity 
-I4 Ci/mmol, was used as the radioligand in the RIA procedure and to de- 
termine extraction efficiencies of drug material in the biological sample ex- 
traction procedure. 


Radioimmunoassay-A bromperidol standard RIA curve was routinely 


' Janssen Pharmaceutica, Beerse, Belgium. The haloperidol contained one tritium 
atom orrho to the chlorine atom. 


generated from a series of test tubes (12 X 75 mm) prepared to contain an 
extract of control plasma sample (50 pL), unlabeled competitor (bromperidol, 
0.02-10.0 ng in 50 pL of buffer), [3H]halopetidol (50 pL containing -6600 
cpm), haloperidol antisera (50 pL, final antisera dilution of 1:1800), and RIA 
buffer (0.1 M sodium phosphate, 0.9% NaCl, 0.1% bovine IgG, and 0.1% 
sodium azide, pH 7.0) to achieve a final volunie of 600 pL/tube. The contents 
were then mixed and incubated2 at room temperature (-21OC) for -18 h. 
(Note that this incubation period was chohen for convenience, since equilib- 
rium of the radioligand binding to the antisera was demonstrated for an in- 
cubation period of 6 h.) Bound and free [3H]haloperidol were separated by 
adsorption of free radioligand using dextran-coated charcoal (200 p L  of a 
suspension containing 1 g of charcoal2 and 100 mg of dextran3 in 50 mL of 
RIA buffer). The charcoal suspension Was incubated for 1.5 h, at  room tem- 
perature. Centrifugation at -330Xg for 15 min adequately separated the 
charcoal-adsorbed material from that bound to the antisera. The supernatants 
were decanted into scintillation vials containing 15 mL of liquid scintillation 
cocktail4 and 600 pL of water to aid dissolution of the sample. Bound radio- 
activity for each sample was determined using a liquid scintillation 
counters. 


Quality control plasma samples were prepared to contain known amounts 
of bromperidol ranging frotn 1 to 150 ng/mL. These samples were prepared 
at the start of the study, stored at  --2OoC, and assayed throughout the study 
period (-6 months). Data from these analyses provided a measure of the drug 
stability in the biological matrix, as well as information from which assay 
statistics were calculated. 


Patient plasma samples and quality control plasma samples were extracted 
according to the procedure outlined in Scheme I. This extraction procedure 


SAMPLE OF PLASMA (1 mL) 


Spike with -3000 cpm - TOTAL CPM 
[3Hlhaloperidol (50  WL) SPIKE SAMPLE I I 


I ALKALINIZE WITH 0.1 M NaOH (2mL) 


I 
I EXTRACT WITH ETHER (10 mL) 


I EVAPORATE ETHER LAYER TO DRYNESS UNDER 
N2 AND WARM WATER BATH (-40°C) 


I RECONSTITUTE EXTRACT IN RIA BUFFER (1 mL) 


/\ I 
RIA ALIQUOT (50 pL) RECOVERY ALIQUOT I 
1. Dilute when necessary 
2. Assay in triplicate 
3. Interoolate bromperidol level 


(100 p L  in duplicate) 


from standard Eurve t 
DETERMINE EXTRACTION 


EFFICIENCY \ /  
C A L C U I ~ A ~ ~ I ~ ~ ~ m A L L B s ~ ~ ~ ~ ~ R I D O L  


CORRECT FOR EXTRACTION EFFICIENCY 
Scheme I-Plasma sample extraction procedure and assay proiocol for the 
bromperidol RIA. 


* Norite SG Extra; J. T. Baker Chemical Co., Phillipsburg, N.J. 
Dextran T-70; Pharmacia Fine Chemicals. Piscataway, N.J. 
Biofluor; New England Nuclear Corp., Boston, Mass. 
Model SL4000; Intertechnique Corp., IN/US, Fairfield, N.J. 
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Table I-Comwunds Examined for Cross-Reactivitv Characteristics 
Relative 
Percent 
Cross- 


Com- Reactivi- 
mund Structure Dco'. nR ty* 


I 


I I  


Ill 


I V  


V 


V I  


VII  


V l l l  


IX 


X 


0.26 100.0% 


0.28 92.9% 


277.4 0.1% 


I .07 24.32 


>I000 N.D.I.< 


>loo0 N.D.I. 


5.76 4.5% 


>I000 N.D.I. 


>lo00 N.D.I. 


>I000 N.D.I. 


Dw is the amount of compound required to depress the radioligand binding to the 
antisera 50%. (Dw brompcridol/D% competitor) X 100. No detectable interfcr- 
ence. 


was required in order to remove potential interferences (presumably conjugates 
of bromperidol). The reconstituted extracts, or dilutions thereof, were assayed 
in replicate (3 X 50-pL aliquots) for drug content as described for the standard 
curve. 


Data Processing-The standard curve and plasma bromperidol levels were 
determined using the logit-log computer program of Frazier and Rodbard 
(6). 


Antisera Selectivity-The cross-reactivity of the compounds in Table I was 
determined by competing the individual substances, over a rangeof 0.05-1000 
ng, with a fixed amount of radioligand and antisera. A 50%displacement value 
(Dso, amount of compound required to displace the radioligand binding to 
the antisera by 50%) was determined for each compound. The ratio of Dm 
observed for bromperidol to the Dso observed for the other compounds was 
used to determine a relative percent cross-reactivity. 


Patient Samples-Schizophrenic patients (n = 15) were maintained on 
bromperidol therapy given in tablet form6 once daily. Whole blood samples 
were collected by venipuncture using heparinized evacuated blood collection 
tubes (10-1 5 mL) prior to medication over a period of several days (n = 4-10, 
Table 11). Each whole blood sample was centrifuged (-5OOXg for 10 min at 
4 T ) ,  and the plasma was separated and frozen. At an appropriate time the 
plasma samples were thawed, and aliquots (1  mL) were transferred to test 
tubes and sealed with a polytef screw cap. The aliquots were refrozen and 
maintained at  - -2OOC until analysis could be performed (usually within 
4 weeks) by the RIA procedure. Duplicate 1 -mL aliquots of selected plasma 
samples were assayed in parallel to estimate between-sample variability. 


RESULTS AND DISCUSSION 
A history of standard curve parameters for the bromperidol RIA was 


compiled. The mean (*SO) BO value', slope, intercept, Dm, and minimal 


I n  house, bromperidol, Cilag-Chemie, Schaffhausen. Switzerland. ' Bo is the amount of radioactivity bound to the antisera when no unlabeled drug is 
present. 


Table 11-Patient Plasma Bromperidol Levels 
Dose Daily Dose', Mean f SDb, 


Patient mg/kg mg n d m L  CVc,% Nd 
~ _ _ _  ~~ 


A 0.15 10 3.73 f 0.94 25.1 9 
B 0.10 10 1.65 f 0.97 58.5 5 
C 0.14 12 6.67 f 1 . 3 1  19.6 10 
D 0.23 18 8.25 f 1.83 22.2 9 
E 0.35 20 12.02 f 5.06 42.1 4 
F 0.33 20 7.62 f 3.13 41.0 4 
G 0.26 20 7.14 f 1.19 16.7 10 
H 0.51 30 10.15 f 4.48 44.1 9 
I 0.44 30 10.36 f 1.44 13.9 10 
J 0.44 30 12.77 f 5.19 4 2 7  7 
K n 55  50 9.20 f 0.42 4.6 4 _ _  .. 


L 0.93 50 10.i2 2 0 . 9 4  8.8 10 
M 0.55 50 20.24 f 2.1 I 10.4 7 
N 0.9 1 60 55.13 f 14.85 26.9 9 
0 1 .00 60 32.23 f 4.12 12.8 9 


~ ~~~ ~~~~ 


0 Administered once a day in tablet form. Determined from plasma samples collected 
Determined as follows: I00 X (SD/mean). prior to dose administration (C,,,,"). 


d Number of days C,i. blood samples were collected. 


detectable amount, as  described by the data handling computer program (6) 
calculated from 10 assays, were 39.8% (5.1%), -1.06 (0.06). -1 .13  (0.19), 
0.35 ng (0.06 ng), and 0.03 ng (0.01 ng), respectively. The mean extraction 
efficiency for the quality control plasma samples (n = 227) assayed in the 10 
assays was 84.6 f 7.3%. This sample extraction step was necessary to reduce 
the variability observed when the plasma sample was assayed directly and to 
separate bromperidol from its polar metabolites. A similar extraction proce- 
dure was used by Van den Eeckhout et al. (2) to eliminate interfering plasma 
constituents. 


The RIA procedure for the measurement of bromperidol levels in human 
plasma was demonstrated by investigating the following criteria: ( a )  accu- 
racy--correlating measured bromperidol in human plasma samples (quality 
control plasma samples) containing known amounts of drug (i.e., I ,  5, 10.25, 
50, 100, and 150 ng/mL of brompcridol; (b) precision-determining replicate, 
within-assay, and between-assay variability statistics; and (c) selectivity- 
determining cross-reactivity characteristics of several structurally related 
compounds and potential metabolites of bromperidol. Table I l l  summarizes 
the results obtained from the analysis of approximately five samples of each 
quality control human plasma specimen in several different assays performed 
over a dmonth period. (Note that not all quality control plasma concentrations 
were analyzed in every assay.) The mean values of the observed bromperidol 
content and between-assay variation, as well as the within-assay and replicate 
variations for each of the quality control plasma samples, are shown. 


The quality control plasma sample concentrations of 1-50 ng/mL (reported 
in Table I l l )  were compared with the expected (theoretical) values. Linear 
regression of the observed uersus expected data yielded y = 1 . 0 2 6 ~  + 1.3 17, 
with a correlation coefficient of 0.9994. I f  the 100- and I5O-ng/mL quality 
control plasma results were included in this correlation, linear regression 
yielded y = 1 . 0 5 1 ~  + 0.889, with a correlation coefficient of 0.9999. (Note 
that there were a limited number of assays, n = 3 and 2, which included the 
100- and I 50-ng/mL samples, respectively.) 


The mean coefficient of variation [CV = 100 X (SD/mean)] observed 
between sample replicates (triplicate) for the seven quality control plasma 
concentrations ranged from 6 to 9.6%. Likewise, the mean CV observed be- 
tween samples within an assay ranged from 5.4 to 12.4% and the CV between 
assays ranged from 2.1 to 21.4% for the seven quality control plasma con- 
centrations. In both instances, the within- and between-assay precision was 
greatest at the higher bromperidol concentrations and lowest a t  the I-ng/mL 
concentration. These results demonstrate the stability of bromperidol in the 
biological matrix under the storage conditions and reasonable reproducibility 
of the RIA throughout the study. 


The selectivity of the RIA for bromperidol is summarized in Table I, which 
lists the compounds examined for cross-reactivity characteristics with the 
haloperidol antisera. As can be seen. bromperidol (I) and haloperidol (11) show 
almost identical cross-reactivity characteristics with the antisera. Of the re- 
maining compounds examined. only dehydrobromperidol (IV) showed ap- 
preciable cross-reactivity with the antisera (-25%). However, interference 
of dehydrobromperidol with the analysis of bromperidol in plasma is not likely 
to occur since there is no suggestion that this compound is a metabolite of 
brornperido18. 


~ ~~ 


* Bromperidol is extensive1 metabolized in humans with the major metabolite being 
an 0-glucuronide conjugate oythe intact drug. Oxidative-N-dealkylation does not appear 
to be a major metabolic pathway of the drug in humans. Thcse rau l t s  have been prexnted 
at the 23rd Annual American Society of Pharmacognosy Meeting in Pittsburgh. Pa.. 
August 1982. 
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Table 111-Radioimmunonssay Statistics for Bromperidol Determination in Human Plasma Quality Control Samples 


Bromperidol Concentration ng/ml 
l a  5“ 10“ 25 50b 1 ooc  1 5OC 


Number of assays 7 
Total number of samples 22 


Mean f SD 
n 7 
Between-assay CVd, % 21.2 


Mean f SD 
n 7 


Mean f SD 
n 22 


Bromperidol concentration 
1.49 i 0.32 


Within-assay sample variation CV“, % 


Sample replicate variation CVf, % 


12.2 f 9.4 


9.6 f 5.9 


10 
46 


6.38 f 0.99 
10 


15.6 


10.3 f 4.4 
10 


6.0 f 3.8 
46 


10 10 10 3 
46 46 46 13 


12.60 i 1.52 27.14 f 3.80 52.37 ZE 3.89 105.35 f 4.51 
10 10 10 3 


12.1 14.0 7.4 4.3 


7.1 f 4.1 7.7 f 3.8 8.91 f 3.8 8.2 f 4.3 
10 10 10 3 


6.0 f 5.1 6.0 f 3.4 7.1 f 4.5 8.8 f 4.4 
46 46 46 13 


2 
8 


159.14 f 3.27 
2 


2.1 


5.4 f 0.5 
2 


8.1 f 6.3 
8 


Quality control plasma samples were reconstituted to original sample volume ( 1  mL) with RIA buffer and assayed directly by RIA method. Quality control plasma samples 
were diluted 1 :2 after reconstitution with RIA buffer prior to being assayed by RIA method. Quality control plasma samples were diluted either 1 :2,1:3, or 1 :9 after reconstitution 
with RIA buffer prior to being assayed by RIA method The mean (fSD) and CV of the bromperidol concentration was calculated averaging the mean bromperidol concentration 
of each assay for each quality control plasma concentration. e The mean f SD of the CV observed between samples within an assay was calculated averaging the mean CV between 
samples of each assay for each quality control plasma concentration. /The mean f SD of the CV of the replicates of all samples assayed for each quality control plasma concentra- 
tion. 


Bromperidol levels (C,,,in) determined in the patient plasma samples are 
summarized in Table 11. These data represent the mean bromperidol con- 
centrations determined in samples collected immediately before the daily 
medication (n = 4-10 d) was administered. The patient plasma samples 
generally demonstrated the same degree of precision described for the quality 
control plasma samples with regard to replicate and within-assay variability. 
These variabilities (CV) were 7.1 f 3.9 (n = 101) and 6.6 f 4.6 (n = 45), 
respectively. However, intrasubject variability, the variability observed be- 
tween the Cmin values of an individual, ranged from 4.6 to 58.5% with noap- 
parent correlation between the W a n d  the level of drug measured (Table 11). 
In addition, comparison of the mean Cmin drug levels from subjects receiving 
approximately the same dose per body weight demonstrated substantial in- 
tersubject variability. Specifically, patients A and C (dose, 0.14-0.1 5 mg/kg) 
had mean Cmin levels of 3.73 and 6.67 ng/mL, respectively; patients K and 
M (dose, 0.55 mg/kg) had mean C,in levels of 9.20 and 20.24 ng/mL, re- 
spectively; and patients L, N,  and 0 (dose, 0.91-1.00 mg/kg) had mean Cmin 
levels of 10.72, 55.13, and 32.23, respectively. Realistically, this intra- and 
interindividual variability observed in mean C,i, bromperidol levels cannot 
be explained solely by assay variability. Rather a combination of metabolism, 
elimination, and possibly concurrent medication may significantly influence 
the scatter in these single time point determinations. 


In conclusion, this report describes an RIA procedure used to assay the 
bromperidol content of human plasma samples. Predose plasma samples, 


obtained from schizophrenic patients chronically receiving bromperidol 
therapy, were assayed using this RIA method. Substantial intra- and inter- 
subject variabilities in the C,in drug levels were demonstrated. The bio- 
availability and pharmacokinetic information of bromperidol in schizophrenic 
patients will be reported elsewhere. 
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Abstract 0 Conventional adhesive ointments cause irritation to the mucous 
membranes. Therefore, a novel mucosal adhesive ointment based partly on 
neutralized polymethacrylic acid methyl ester was formulated. The flow curves 
of the ointment vehicle showed pseudoplastic properties. The rheological 
behavior as well as the adhesion on the mucosal membrane could be varied 
by the type and concentration of the polymer used and the base used for 
neutralization. During clinical studies, the ointment vehicle as well as  a tre- 
tinoin (vitamin A acid) preparation for the treatment of lichen planus did not 
cause any local irritation or systemic side effects. Both vehicle and preparation 
were found to be pleasant for the patients to use. The new system of the mu- 


cosal adhesive ointment is not limited to the incorporation of tretinoin as the 
active agent; combined with other drugs the system could be applied to all types 
of mucosal membranes. 


Keyphrases 0 Adhesive ointment, mucosal-tretinoin, irritation-free for- 
mulation, clinical assessment 0 Lichen ruber planus-treatment with treti- 
noin, irritation-free formulation, mucosal adhesive ointment 0 Tretinoin- 
mucosal adhesive ointment, irritation-free formulation, clinical testing for 
lichen ruber planus 


Ointments employed for the treatment of the mucous 
membranes of the mouth must be suited to the special condi- 
tions pertaining to that particular site of application. The flow 


of saliva and the mechanical stress generated by the continuous 
movements of the buccal cavity prevent any long-term adhe- 
sion of the ointment subsequent to its application. The quantity 
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terium incorporation. Though the chemical shifts of the protons at C-6 
and C-5 and their coupling constants changed due to the conversion of 
one isomer to the other, the protons themselves remained coupled to each 
other, and the intensities of the peaks remained unchanged relative to 
the peaks of the other protons in the spectrum. These observations appear 
to contradict the suggestion that the enamine form of penamaldic acid 
exists in equilibrium with penicilloic acid in alkaline media and, conse- 
quently, exclude the enamine as an intermediate in the conversion of 
5R,6R-benzylpenicilloic acid to the 5S,6R -epimer. Hence, the imine 
tautomer of penamaldic acid remains as the only probable intermediate 
involved in the epimerization process (Scheme I, pathway B). 


An analytical technique employed to determine the imine in the 
presence of other degradation products including the enamine at  very 
low concentrations was differential pulse polarography. Unlike the other 
compounds that may be present in solution, the imine tautomer contains 
a C=N group which is reducible at an electrode surface. Consequently, 
a solution of disodium 5R,6R-benzylpenicilloate was prepared and 
polarographed in the differential-pulse mode of operation. A reduction 
wave with a peak potential a t  -1.1 V uersus SCE was observed. When 
aliquots were withdrawn from the reaction vessel after 12,24, and 36 h 
and polarographed, the wave remained constant in height. An oxidation 
wave was also observed in the sulfhydryl region of the polarogram (- -0.6 
V uers’sus SCE). However, it was not utilized for unequivocal identification 
since it is subject to interference from other sulfhydryl-containing 
compounds. Based on these results, it is concluded that in alkaline 
aqueous solutions 5R,6R-benzylpenicilloic acid epimerizes to 5S,6R- 
benzylpenicilloic acid and involves the imine tautomer rather than the 
enamine form of penamaldic acid as an intermediate. 


The kinetic transformation of 5R,6R-benzylpenicilloic acid to its 
5S,GR-epimer was determined quantitatively using the ‘H-NMR data 
presented in Table 11. Assuming that the intermediate attains a steady- 
state concentration during the epimerization process and that the reac- 
tion rates are first order, the rate constants for both the forward and re- 
verse reactions were computed using the following equations: 


R S S  
k r  


and 


(Eq. 3) 


where Ro is the initial concentration of 5R,6R-benzylpenicilloic acid, R,  
is the equilibrium concentration of 5R,6R -benzylpenicilloic acid, R is the 
concentration of 5R,6R-benzylpenicilloic acid at time t ,  kf is the forward 
rate constant, k, is the reverse rate constant, K is the equilibrium constant 
of the reaction, S is the concentration of 5S,6R-benzylpenicilloic acid 
at time t ,  and S,, is the equilibrium concentration of SS,GR-benzylpen- 
icilloic acid kf was found to be 7.4 X h-l. 
These values indicate that, at equilibrium, the ratio of the concentration 
of 5R,6R-benzylpenicilloic acid was - 0 . 2  X that of the 5S,6R-epimer, a 
value that is in agreement with the HPLC analysis (Table I). 


h-l, while k, was 1.8 X 
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Abstract 0 An isothermal chromatographic (GC) method employing 
an SE-30 column and flame-ionization detection has been developed for 
the simultaneous assay of methyl, ethyl, propyl, and butyl4-hydroxy- 
benzoates and 4-hydroxybenzoic acid in liquid antacid formulations. The 
method, which uses a silica column chromatographic cleanup step prior 
to GC, is specific for the compounds with respect to possible degradation 
products, impurities, and excipients. 


Keyphrases 0 4-Hydroxybenzoic acid-simultaneous determination 
with its methyl, ethyl, propyl, and butyl esters, liquid antacid formula- 
tions, gas chromatography 0 Antacid formulations-liquid, simultaneous 
determination of 4-hydroxybenzoic acid and its methyl, ethyl, propyl, 
and butyl esters, gas chromatography 


The methyl (I), ethyl (II), propyl (III), and butyl (IV) 
esters of 4-hydroxybenzoic acid (V) in various combina- 
tions are commonly used as preservatives in liquid phar- 


maceutical preparations. Since the antimicrobial activity 
of various combinations of esters are generally more than 
additive (l), a method for simultaneously determining the 
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0 2 4 
MINUTES 


Figure 1-Chromatogram of the trimethylsilyl derivatives of 1.5 pg of 
methyl 4-hydroxybenzoate (I), I pg of ethyl 4-hydroxybenzoate (II), 
0.2 pg of propyl 4-hydroxybenzoate (III) ,  0.11 pg of butyl I-hydroxy- 
benzoate (IV),  0.03 pg of 4-hydroxybenzoic acid (V), and 0.75 pg of 
3,4-drmethoxybenzoic acid rnternal standard (IS) using a 3% SE-30 
column at 150'C. 


concentrations of the four esters along with that of the 
hydrolytic degradation product (V) would be desirable. 
This would both aid the development of the optimum 
combination and concentration of the esters for maximum 
antibacterial effectiveness and assist in a study of the 
preservative stability in finished dosage forms. 


Among the available assays, the HPLC assays of I-IV 
do not allow sufficient retention of V to separate it from 
the excipients. The weak eluant required for any signifi- 
cant retention on p-phenyl or p-Cla columns (2) makes 
elution of I-IV lengthy. The addition of a tetrabutylam- 
monium ion pair does not significantly increase the re- 
tention of V on reverse-phase columns (3); however, this 
is not surprising since Doyle and Proctor have found that 
V yields low ion-pair extraction efficiency with tetrabu- 
tylammonium as the counter ion (4). 


GC appears more promising for a simultaneous assay of 
I-V mainly because the large difference in the polarity of 
V from that of I-IV can be negated by the formation of 
derivatives of both the phenolic and carboxylic functions. 
SE-30 and OV-17 columns have been used to analyze plant 


Vlll 


u 
0 2 4 


MINUTES 


Figure 2-Chromatogram of the trimethylsilyl derivatives of methyl 
( I ) ,  ethyl (II) ,  propyl ( I I ) .  and butyl (IV) 4-hydroxybenzoates, 4- 
hydroxybenzoic acid (V), 3,I-dimethoxybenzoic acid (IS),  and possible 
impurities and degradation products: benzoic acid (VI),  methyl sali- 
cylate (VII), salicylic acid (VIII) ,  and 2,5-dihydroxybenzoic acid ( I X )  
Using a 3% SE-30 column at 150'C. A peak for phenol was not ob- 
served. 


extracts for trimethylsilyl derivatives of V and other 
phenolic acids (5). Similarly, OV-11 and OV-1 columns 
have been used to assay derivatized V and other aromatic 
acids in urine (6). A cyclohexane-dimethanol succinate 
column was used to assay trimethylsilyl derivatives of I-IV 
in an injection preservative (7), and a sucrose acetate iso- 
butyrate column was used in the separation of the four 
esters in cosmetics (8). The present work involves similar 
approaches and the development of a column chromato- 
graphic cleanup step to yield a GC assay for simultaneously 
determining I-V in liquid antacid formulations. 


EXPERIMENTAL 
Reagents and Chemicals-All reagents and chemicals were ACS, 


USP, or NF quality and were used without further purification. Silyla- 
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Table I-Linearitv of the Peak Height Ratios 


Parameter 


4-Hydroxybenzoate Esters 
4-Hydroxy- 


Methyl Ethyl Propyl Butyl benzoic Acid 


Correlation coefficient 
Standard error of estimate (SE,/,) 
Intercepta, % 
Variationb. % 


0.9997 
0.2 
3.7 
1.9 


0.9998 0.9998 0.9997 0.9996 
0.09 0.016 0.007 0.02 


-0.6 -3.6 -8.0 2.1 
1.5 1.6 1.8 2.9 


(I (y-intercepth) X 100, where 7 is the average of y values (9). (SE,&) X 100. 


tion-grade pyridinel and N,O-bis(trimethylsily1) trifluoroacetamide’ were 
used as received. 


Apparatus-A chromatograph2 equipped with a flame-ionization 
detector was used with a 1.8-m X 2-mm i.d. glass column3 containing 3% 
SE-30 on 100-200 mesh support4. The gas flow rates were adjusted as 
follows: helium carrier gas, 30 mL/min; hydrogen, 50 mL/min; air, 400 
mL/min. The detector and injector temperatures were both set at 250°C. 
The column temperature was set at 15OOC for isothermal runs. Additional 
work was done with a 5% OV-1 column with temperature programming, 


VI 
I 


VII 


I 


IX 


L 


1 I I I I 
0 5 10  15 20 


MINUTES 


Figure 3-Chromatogram of the trimethylsilyl 4-hydroxybentoates, 
4-hydroxybenzoic acid, impurities, and degradation products using a 
5% OV-I column, I5OoC for  10 min, 3Z°C/min t o  175°C. See Fig. 2 for  
peak identification. 


~~ ~ 


Pierce Chemical Co., Rockford, Ill. 


Supelcort, Supelco. 


2 Perkin-Elmer Model 900. 
3 Supelco, Bellefonte, Pa. 


Table 11-GC Assay of Commercial Liquid Antacids 


Sample Amount‘ Recovered, mg/mL 
Sample Weight,g I I1 I11 IV V 


10  0.7053 
0.7148 
0.6740 
0.9192 
0.9285 
0.8125 
1.038 
0.9910 
0.9424 
1.2885 
1.3027 
1.2816 


Mean 
RSD ( la)  


2 b  1.191 
36 1.001 


1.52 
1.51 
1.43 
1.53 
1.48 
1.44 
1.45 
1.48 
1.45 
1.50 
1.52 
1.48 
1.48 
2.3% 


0.12 
- 


0.97 
0.94 
0.93 
0.98 
0.95 
0.94 
0.95 
0.93 
0.93 
0.96 
0.98 
0.96 
0.95 
1.8% 
- 
- 


0.179 0.121 


0.172 0.116 
- - 


0.172 0.122 
0.171 0.116 
0.174 0.117 
0.178 0.120 
0.168 0.117 
0.173 0.118 
0.170 0.116 
- - 
0.174 0.121 
0.173 0.118 
2.0% 1.9% 
0.05 0.05 
0.21 - 


0.062 


0.060 
0.056 
0.058 
0.058 
0.060 
0.057 
0.061 
0.060 


0.061 
0.059 
3.5% 
0.20 
0.81 


- 


- 


~ ~~~ 


0 Sam le 1, Experimental liquid antacid from Nonvlch Eaton; sample 2, Mylanta 
11; sam 3, Maalox. Label is 1.75 mg/mL for I, 1.02 mg/mL for IL0.20 mg/mL for 
111, anf0.12 mg/mL for IV. b Label values not known. 


as described below. Peak heights were determined either manually or with 
a computerized data acquisition system5. 


Sample and Standard Preparation-One gram of liquid antacid, 
0.4 mL of 1 M HCI, and 2.5 g of silica gel were mixed in a beaker until a 
fine, free-flowing powder formed. The powder was transferred to a 1-cm 
i.d. glass tube containing a glass wool pledget and eluted with 25-30 mL 
of ether at -2 mL/min. Exactly 2.0 mL of a 0.2-mg/mL ether solution of 
3,4-dimethoxybenzoic acid (internal standard) was added to the eluate, 
and the solution was evaporated to dryness under a nitrogen stream at  
room temperature. (Insufficient aqueous solubility precluded adding the 
internal standard prior to this step.) Similarly, 2.0-4.0 mL of an ether 
standard solution (depending on the expected 4-hydroxybenzoate content 
of the sample) containing 440 pg/mL of I, 225 pg/mL of II,60 pg/mL of 
III,60 pg/mL of IV, and 7.5 pg/mL of V was added to a test tube. Exactly 
2.0 mL of the internal standard solution was added, and the solution was 
evaporated to dryness as for the sample. (Since studies have shown that 
no sample losses occur if an aqueous standard solution was eluted with 
ether through a silica column, a “method standard” was not necessary.) 
Trimethylsilyl derivatives of the compounds were formed by adding 0.4 
ml of pyridine and 0.4 mL of N,O-bis(trimethy1silyl)trifluoroacetamide 
to the sample and standard residues. After briefly mixing, 1 pL of the 
solution was injected into the chromatograph. 


Forced Degradation Sample-A fresh liquid antacid sample con- 
taining I and 111 (with no V initially present) was raised to a pH of -10 
by the addition of 2 M NaOH and heated in a stoppered container at 65OC 
for 48 h. The sample was extracted, derivatized, and chromatographed 
as described above. 


RESULTS AND DISCUSSION 


Initial attempts a t  solvent extraction of I-V from synthetic liquid 
antacid samples (placebo spiked with standard) yielded 100% recovery 
for I-IV but only -50% recovery for V. Ion-pair extraction with tetra- 
ethylammonium ion also proved fruitless since V does not readily pair 
with other ions (4). A silica column chromatographic cleanup step, as 
described above, was found to be successful, yielding (after derivatization) 
the chromatogram shown in Fig. 1. 


The compounds are resolved from possible degradation products 
(phenol, benzoic acid), impurities (methyl salicylate, 2,5-dihydroxy- 
benzoic acid), and excipients. Salicylic acid is only partially resolved from 


Hewlett-Packard Model 3356. 
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I; however, it was not present in the antacid formulations studied (Fig. 
2). I t  was found that salicyclic acid could be better resolved, if necessary, 
by utilizing a 5% OV-1 column and temperature programming (150°C 
for 10 min, then 32"C/min to 175°C) (Fig. 3). However, chromatography 
time increased from -5 min (SE-30 column) to >16 min (OV-1 column) 
per injection. 


Assay of the forced degradation antacid sample revealed that -10% 
of I had been converted to V. Compound 111 had not appreciably hydro- 
lyzed during this short interval. No additional degradation peaks were 
observed. 


The linearity data for I-V, determined by plotting peak height ratios 
(samplehnternal standard) uersus weight ratios injected, are presented 
in Table I. The correlation coefficients and percent variations (9) all in- 
dicate good linearity over the range studied: 0.75-6 fig for I, 0.5-3.8 pg 
for I1,O.l-0.9 pg for III,0.06-0.5 pg for IV, and 0.014-0.7 f i g  for V. The 
percent intercepts indicate no serious problem with single-point standard 
calculations, except for IV. The significant negative intercept for IV 
demands that standard and sample concentrations be matched within 
10%. Alternatively, a standard curve analysis could be run. 


Assays of eight synthetic liquid antacid samples made by spiking 
placebo with solutions containing known amounts of standard I-V a t  
levels of 60-125% of the theoretical yielded average recoveries and relative 
standard deviations of 99.0 f 2.0% for I, 99.3 f 1.9% for II,98.7 f 1.8% 
for 111, 100.3 f 1.6% for IV, and 100.0 f 1.4% for V. 


Twelve replicate assays of an actual liquid antacid sample containing 
all four preservatives and their common hydrolysis product yielded 
good precision, as shown in Table 11. The assay results of two other 
commercial liquid antacids are also shown in Table 11. Since these sam- 
ples had been stored for -2 years prior to assay, relatively high concen- 
trations of V were encountered. Although only antacids were examined 
in the present work, the technique should be readily applicable to other 
pharmaceutical preparations, such as liquids, elixirs, parentrals, creams, 
and gels. 
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Analysis of Ritodrine in Serum by High-Performance 
Liquid Chromatography with Electrochemical Detection 


LI SHE1 LIN *, STEVE N. CARITIS $, and LAN K. WONG *x 


Received July 16,1982, from the 'Department of Pharmacology, School of Pharmacy and the 'Department of Obstetrics and Gynecology, 
Magee- Wornens Hospital, Unioersity of Pittsburgh, Pittsburgh, P A  25261. Accepted for publication December 12, 1982. 


Abstract 0 A sensitive and specific assay for ritodrine in serum was 
developed using high-performance liquid chromatography (HPLC) with 
electrochemical detection. Serum samples were alkalinized to pH 9.4 by 
the addition of a sodium carbonate buffer and extracted with ethyl ace- 
tate. The extracts were evaporated to dryness and the residues were re- 
constituted in the H P I X  mobile phase and chromatographed on a oc- 
tadecylsilane reverse-phase column. The detection of ritodrine was 
achieved by an electrochemical detector with a glassy carbon electrode. 
The sensitivity was 0.2 ng for on-column injection. The extraction effi- 
ciency was 80%. 


Keyphrases Kitodrine-analysis in serum, high-performance liquid 
chromatography with electrochemical detection High-performance 
liquid chromatography-analysis of ritodrine in serum, electrochemical 
detection 


Ritodrine hydrochloride, erythro-p- hydroxy- 
cu-[1-[(p-hydroxyphenethyl)amino]ethyl]benzyl alcohol 
hydrochloride (I), is a P-adrenergic receptor stimulant 
developed specifically for obstetrical use in the manage- 
ment of premature labor. Pharmacological studies have 
shown that ritodrine is a potent inhibitor of myometrial 
contractility with only minor cardiovascular effects (1-4). 
Studies on experimental animals have demonstrated the 
uterine relaxant properties of ritodrine. Depending on the 
animal species and the route of administration, the effec- 
tive dose ranges from 5 pg/kg to 15 mg/kg (5). In humans, 
the therapeutic dose varies from 50 to 200 pg/min. The 
infusion rate is maintained 24-48 h according to the re- 
sponse of the patient and side effects (6). Treatment is 
usually followed with an oral 10-mg dose four to eight times 


daily for several days or until term. Human disposition 
studies have been carried out on healthy nonpregnant 
volunteers using tritiated ritodrine. It was found that the 
majority of the drug was excreted in the urine with a 
maximal excretion rate attained within 1 h after drug ad- 
ministration. The data suggested a two-compartment open 
model with half-lives of 2 and 13 h (5). 


Analytical assay of ritodrine had been limited to the use 
of radioactively labeled drug (5) until recently when a 
sensitive RIA (7) was reported. The RIA has a sensitivity 
of <1 ng and has been used to measure serum levels of ri- 
todrine in humans after oral or parenteral administration. 
Whereas good sensitivity was achieved by this procedure, 
some unexplained variability was observed in the data, 
possibly due to cross-reactivity with some endogenous 
interferences in the samples. The RIA antiserum is cur- 
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technique. The sensitivity of the GC-EC (signal to noise ratio >51)  was 
demonstrated to be <I0 ng/mL for I and 11. Assuming an initial serum 
volume of 1.0 mL and a final sample volume of 0.1 mL, the analytical 
technique can detect and quantify 1 ng/mL of serum for 1 and 11. 


The sample preparation procedure for the extraction of I and I1 from 
serum was developed through a series of experiments. The choice of 
toluene as the extraction solvent was made because of its low EC response 
and the high solubility of the compounds in this solvent. The serum 
samples were made alkaline to ensure a un-ionized species for extraction, 
and the addition of the salt to increase the ionic strength improved the 
extractability of the compounds. Initial studies indicated that stable 
emulsions formed when serum was extracted with toluene alone. By 
adding a small amount of methanol to the first toluene extraction, the 
emulsion problem was eliminated and the extraction efficiency was not 
affected. When only the first toluene extractions were employed to re- 
move I and I1 from the serum, acceptable results were obtained for high 
levels, i.e., >I50 ng/mL, of I or 11. However, interfering serum components 
a t  the GC elution positions of I and 11 prevented the single extraction 
technique from providing acceptable results below I5O-ng/mL levels. 
Acidification of the toluene extracts from the serum removed I and I1 
from the organic phase. The aqueous phase was alkalinized, and I and 
I1 were extracted with toluene. The double extraction gave very clean 
GC-EC chromatograms, and the recovery of I and I1 from the serum was 
high considering the extensive cleanup procedure employed. Figure 2 
presents representative chromatograms of a reference solution, a blank 
serum sample, and a serum sample fortified with 64 ng/mL of I and 58 
ng/mL of 11. 


The final sample preparation procedure was validated by preparing 
and analyzing replicate serum samples with added I and I1 at 16 con- 
centration levels. The concentration ranges were 8-1600 and 7-1440 
ng/mL for I and 11, respectively. The results for these analyses are sum- 
marized in Table I. The average amount found for I and I1 a t  each con- 
centration level and the standard deviation and relative standard de- 
viation of the average are presented. Linear regression of the average 
amount found uersus the amount added gave the following equations and 
correlation coefficients: y = 0.947~ + 8.5, r = 0.399 for I and y = 0 .981~  
- 0.6, r = 0.999 for 11. 


A small interfering serum component was observed a t  the elution po- 
sition of I and gave a y-intercept of 8.5 ng/mL for I. The level of this un- 
known component in the blank serum was uniform and, thus, the level 
of 1 can be obtained by substracting the amount of the interfering com- 
ponent in blank serum from the level of I in the samples. However, serum 


levels of I <lo ng/mL must be considered questionable due to the possible 
presence of the unknown serum component. The percent recovery (%R) 
of I and I1 added to the serum gave average recoveries of 93.5 f 7.9 for 
I and 97.7 f 8.5 for 11, indicating that the extraction efficiencies for I, 11, 
and the internal standard were very similar and that no corrections for 
recovery of 1 and I1 from serum were necessary. These data demonstrate 
that the sample preparation procedure and analytical technique can 
provide reliable quantitative data over a large concentration range and 
that the recovery of I and I1 extracted from serum is quantitative. 


The analytical method was utilized to determine the serum levels of 
I and I1 in two dogs administered a single oral lO-mg/kg dose of I. Blood 
samples were obtained before dosing and at 0.25,0.5,1,2,4, and 8 h after 
dosing. The serum from each dog was assayed for I and 11, and the results 
are presented graphically in Fig. 3. Little or no compound was detected 
until 2 h after dosing. The level of the parent drug (I) in the serum was 
considerably lower than the N-demethyl metabolite (II), indicating 
possible extensive first-pass metabolism in the liver. Since both I and I1 
have been reported to have similar therapeutic effects (3), the combi- 
nation of the serum levels of I and I1 must be used to determine the 
concentration of active drug substance. 


The method was also employed to awes if the serum levels of I and 
I1 correlated with the oral dose for dogs considered to be under steady- 
state conditions. Four dogs a t  each of three dose levels (10,3, and 1 mg/kg) 
and four control dogs were evaluated; blood samples were obtained a t  
1 and 4 h after dosing. The data indicate that the serum levels of the 
parent drug and its N-demethyl metabolite may increase with increasing 
dose for the 10- and 3-mgkg levels (Table 11). At the I-mgbg dose, the 
levels of I and I1 in the serum approached the sensitivity limit of the 
method. Figure 4 presents representative chromatograms of serum 
samples from dogs at each dose level. The limited number of serum 
samples analyzed precludes statistical evaluation of the correlation of 
serum levels of I and I1 to the administered dose of I. 
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Abstract The effect of pfI on the cumulative transfer of theophylline 
across the everted rat jejunum in uitro was ihvestigated. Intestinal in- 
tegrity was assessed by light and scanning electron microscopy, while the 
biochemical viability of the intestine was evaluated using glucose transfer 
measurements. The initial (0-30 min) clearance of theophylline was di- 
rectly proportional to the fraction un-ionized a t  pH 5.5,7.4,8.0, and 10.0. 
Plots of cumulative theophylline transfer uersus time over 60 min were 
nonlinear, but could be subdivided into two linear segments of 30-min 
duration. Due to this nonlinearity, differences in theophylline transfer 


with pH were significant only over the firat 30 min of the experiment. 
Intestinal tissue integrity and viability correlated with the time at which 
the clearance (slope) increased, while the magnitude of the increase in 
clearance was proportional to the degree of ionization of theophylline. 


Keyphrases 0 Theophylline-transfer across the everted-jejunum, rats, 
effect of pH Jejunum-everted, effect of pH on theophylline transfer, 
rats, o pH-effect  on the theophylline transfer across the everted 
jejunum, rats 


Theophylline, a bronchdilator widely used for treating 
chronic obstructive pulmonary diseases such as asthma or 
emphysema, may be given orally or parenterally in the 


form of various salts. Although theophylline is usually 
given orally, its absorption from the GI tract can be erratic. 
Nausea and gastric irritation often accompany the oral 
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administration of theophylline, a condition which is fre- 
quently treated with antacids. A recent study by Shargel 
et al. (1) indicated that the concurrent administration of 
15 mL of magnesium aluminum hydroxide antacid did not 
significantly affect the pharmacokinetics of theophylline. 
This result contrasts with the work of Arnold et al. (2) who 
reported that 30 mL of magnesium aluminum hydroxide 
suspension significantly decreased the absorption rate 
constant for theophylline. Furthermore, a study by Rohr 
et 01. (3) indicated that theophylline may be adsorbed onto 
some antacid materials but not others. Since antacids can 
possibly alter the GI absorption (4) of drugs, it was of in- 
terest to determine how changes in the pH might alter the 
absorption of theophylline. 


Several studies (5-7) have previously demonstrated the 


Faure 1-(A) Details of intestinal villus immediately 
(t = 0) following eversion (original magnification 
SOOX). ( R )  Scanning electron micrograph showing 
surface detail of everted intestine (t = 0). 


utility of everted intestinal preparations for evaluating the 
in uitro absorbability of drugs and nutrients and how 
various factors influence this process. In this report, can- 
nulated everted jejunal segments of rat intestine (8) were 
used to evaluate the influence of pH on theophylline 
transfer. The structural integrity and biochemical viability 
of the intestinal segments were monitored by means of 
light and scanning electron microscopy and by measuring 
the rates of active glucose transfer, respectively. 


EXPERIMENTAL 
Reagents-The following reagent-grade chemicals were employed: 


theophylline', l-[2-(~-n-glucopyranosyloxy)-4,6-dihydroxyphenyl]-~- 


1 Sigma Chemical Co., St. Louis, MO 63178. 
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Table I-Effect of pH on Theophylline Transfer Across t he  
Everted Rat Jejunum 


Table 11-Ionization and Mean Intestinal Clearances (f SD) for  
Theophylline at Various pH Values 


Time, PH 
min 5.5 7.4 8.0 10.0 


Clearance (mL/min) X lo2 
Un-ionized a. Period I Period 11 (Period III 


Clearance Ratio 


10 0.117 f 0.30° 0.099 f .047 0.071 f .016 0,052 f .016 


20 0.278 f .030 O(276 f .065. Oi187 f .034 0 137 f .056 


30 Oi476 f .074 Oi443 f .097 0 Q35 f .062 Oi264 f .076 


40 0.671 f .118 0.653 f .I28 OiM2 f .083 0,446 f .OM 


50 0.861 f .166 0.879 i .160 0.695 f .lo2 0.668 f 0.93 


60 1,05 f 217 1.10 f .199 0.898 f .130 0,910 f .lo7 


a Values represent the cumulative microgtams of theophylline transferred per 
unit mucoenl concentration *SD. All values represent the mean of six segments 
(proximal and distal combined) except at pH 7.4 and 8.0 where eight segmenta were 
used. A one-way analysis of variance was performed on the data to test for significant 
differences between means at a given time point. Ban  enclosing valuea indicate 
means are not significantly different ( p  > 0.05). Means not connected are signifi- 
cantly different ( p  < 0.05) from each other. 


(4-hydroxyphenyl) - 1 -propanone (phlorizjn) 1, 3-0 -methyl -D- [ 1 -3H] - 
glucose (U2, glucose3, and acetonitrile'. Monobasic sodium phosphate 
monohydrate, anhydrous dibasic sodium phosphate, sodium carbonate, 
and sodium bicarbonate were used in preparing the isotonic buffers. 


Preparation of Everted Jejunum-Everted jejunal segments from 
nonfasted Sprague-Dawley rats of both sexes, weighing 150-300 g, were 
prepared according to methods described previously (8). The intestines 
were removed from ether-anesthetized animals following a midline ab- 
dominal incision and transection of the intestine a t  the pyloric and il- 
eocecal junctions. The proximal 30 cm of unstretched intestine was dis- 
carded to prevent inclusion of the bile duct. The next 30 cm was sepa- 
rated, rinsed in physiological saline a t  37'C, then cut into two 15-cm 
segments designated as proximal and distal in reference to their original 
position relative to the pyloric junction. 


The everted segments were positioned on the perfusion apparatus as 
described previously (a), and the total assembly time following removal 
was 7-10 min. The serosal surfaces were rinsed with 25 mL of serosal 
buffer solution prior to the first collection. Buffer pH was measured5 
before and after each experiment. Oxygen was bubbled through the 
m u d  solutions continually. Serosal and mucosal buffer solutions were 
warmed to 37OC prior to coming in contact with the tissue. Serosal buffer 
samples (5 mI,) were collected at  10-min intervals for 1 h and replaced 
with fresh buffer within 20 s. 


Buffer Composition-A Modified Krebs-Henseleit phosphate buffer 
was used for all experiments conducted a t  pH 5.5,7.4, and 8.0 (9). This 
buffer was chosen instead of the Krebs bicarbonate, which reportedly 
provides the best environment for maintaining the viability of the in- 
testine (lo), because bicarbonate buffer does not function optimally over 
the pH range of 5.S8.0. Experiments conducted at  pH 10 used the m e  
Krebs-Henseleit electrolyte solution except that the phosphate buffer 
was replaced by an equimolar amount of carbonate-bicarbonate buffer 
(9). Calcium ion was deleted from the buffer solution due to its tendency 
to precipitate in the presence of phosphate at  pH >7.4. The absence of 
calcium ion was observed to have no effect on drug transfer. Glucose a t  
a concentration of 130 mg% (7 mM) was added to the mucosal buffer 
only. 


Preparation of Tissue Samples for Histological Evaluation- 
Histology was performed on jejunal segments immediately after eversion 
( t  = 0 min) and after 60 min of incubation in a pH 7.4 phosphate buffer 
(t  = 60 min). Everted intestinal segments were also examined using light 
microscopy after 30 min incubation a t  pH 5.5,8, and 10. Specimens for 
light microscopy were fixed in 10% w/v buffered formalin, paraffin sec- 
tioned, and stained with hematoxylin and eosin. Specimens for scanning 
electron microscopf were fixed in isotonic Karnofsky's solution and 
stained with 1% w/v osmium tetroxide prior to critical point drying from 
acetone. These specimens were sputter-coated with gold to a thickness 
of 300 A and examined. 


Transport of I-O-Methyl-D-[ l-3H] glucose-The transport of 
tritiated 3-O-methyl-~-ghcose (I), specific activity 2 Ci/mmol, was de- 
termined using liquid scintillation counting. Fifty microliters of 3-0- 


Amersham Radiochemical, Arlington Heights, IL 600M. 
Matheson, Coleman and Bell, Norwood, OH 4521 2. 
Burdick and Jackson Laboratories, Muskegon, MI 49422. 
E H y r  Digital pH Meter, Beckman Instruments, Fullerton, CA 92634. 


I bC Autoscan. ETEC Corp., Hayward, CA 94545. 


PH % (0-30 min) (30-60 min) Period I) 
5.5 99.90 1.794 1.894 1.051 


(0.38) (0.50) (0.11) 
7.4 92.64 1.721 2.236 1.309 


(0.31) (0.43) (0.18) 
8.0 75.97 1.321 1.981 1.526 


(0.25) (0.27) (0.24) 
10.0 3.07 1.058 2.328 2.378 


(0.30) (0.36) (0.82) 


* The de ree of ionization of theophylline was calculated from the Henderson- 
Hasselbalcf equation, using a pK, of 8.5 (20). 


methyl-D-glucose (1 mCi/mL) was added to each 100 mL of buffer. This 
solution was used as the mucosal buffer for each intestinal segment. Two 
segments also has phlorizin (a specific inhibitor of glucose transport) 
added to give a final concentration of 1 mM, and two did not. The serosal 
and mucosal concentrations of I were measured by placing 1-mL aliquots 
of each solution into vials, adding 10 mL of liquid scintillation cocktail7, 
and counting in a liquid scintillation count& for 10 min. Intestinal tissue 
concentrations of I were measured by weighing accurately -100 mg of 
jejunum (-1 cm) after rinsing and blotting with absorbant tissue. Sam- 
ples were digested in a counting vial by the addition of 0.5 mL of 0.6 M 
NaOH. Ten milliliters of cocktail and 1 mL of water were then added, 
and the vial was counted for 10 min. Counting efficiencies were deter- 
mined by the external standard method. Tissue radioactivity was ex- 
pressed as disintegrations per min per mg of wet tissue (dpm/mg) divided 
by the mucosal concentrations of I in dpm/mL. D-glucose levels were 
determined in duplicate in an automated glucose analyzerg using the 
glucose oxidase method. 


Theophylline Assay-Theophylline analyses were performed using 
an HPIX assay. A reverse-phase HPLC columnlo, 4 mm i.d. X 30 cm, 
was used. The mobile phase of acetonitrile-water-acetic acid (10:89:1 
v/v/v) was pumped" through the column a t  a flow rate of 3 mL/min. 
Detection of eluted theophylline was accomplished at  280 nm using a 
fixed-wavelength detectorI2. 


Aliquots (25 pL) of serosal buffer solution were injected directly onto 
the column. Quantitation was performed by comparing measured peak 
heights against a standard curve of theophylline peak height uersus 
concentration. Samples were either assayed immediately or frozen a t  
-2OOC until analyzed. Theophylline concentrations were stable for 7-10 
d under these storage conditions. 


Measurement of Cumulative Transfer Rates-Theophylline 
transfer across the everted intestine was expressed as a cumulative mu- 
cosal to serosal clearance (transfer rate constant). In essence: 


Clearance - cumulative amount (pg) transferred per t min 
(mL/min) mucosal concentration (pg/mL) x t 


- 


(Eq. 1) 
The clearances were actually determined from the slopes of the plots of 
the cumulative amount of theophylline transferred per unit mucosal 
Concentration versus time. The slopes of these plots were calculated using 
least-squares linear regression. 


The average cumulative amount (pg) of theophylline transferred 
(&SD)  was calculated at  each 10-min interval throughout the course of 
the 60-min experiments for the various pH values tested, as shown in 
Table I. These data were subjected to a one-way analysis of variance 
(ANOVA) to detect any significant differences in clearance between the 
various pH values over a given time interval. The level of significance used 
for all analyses wasp < 0.05. The Tukey test was employed post hoc to 
determine where pair-wise differences between means existed (11). 


RESULTS AND DISCUSSION 
The viability and structural integrity of an in uitro model must be 


considered when interpreting data from such a system (12,131. Viability 
of the rat jejunal model has been characterized by many investigators. 


Heckman GP, Heckman Instruments, Fullerton, CA 92634. 
Mtdel LS-31391', Beckman Instruments, Fullerton. CA 92634. 
Glucose Analyzer I, Beckman Instruments. Fullerton. CA 92634 


1o pHondapak-Cl8, Waters Associates! Milford, MA 01757. 
I '  Model 6000-A pump, Waters Associates. Milford, MA 01757. 
l 2  Model 400, Waters Associates, Milford. MA 01757. 
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It has been shown that oxygen uptake is linear for 1-3 h (14,15), and that 
active uptake of L-histidine and iodine-131 (141, as well as linear active 
uptake of D-glucose, occur for up to 1 h (16). 


In this study, the structural integrity of the everted rat jejunum was 
evaluated using both light and scanning electron microscopy. Intestinal 
segments were examined immediately after eversion ( t  = 0 min) and after 
60 min of incubation in isotonic pH ’7.4 phosphate buffer (t  = 60 min). 
At  t = 0 min, sections examined by light microscopy had good cytoplasmic 
and nuclear detail and good detail in submucosal structures (Fig. 1A). 
Examination by scanning electron microscopy also showed normal surface 
morphology with well-defined and well-separated villi and no evidence 
of gross damage (Fig. IB). After a 60-min incubation, light microscopy 
revealed minimal disruption of submucosal or muscle layers, but a sub- 
stantial disruption of the villous epithelium and areas where the basement 
membrane had separated from the lamina propria (Fig. 2A). Electron 
microscopy also demonstrated changes in villous structure (Fig. 2B). 
Everted intestinal segments incubated a t  pH 5.5, 8, and 10 for 30 min 
exhibited no gross morphological changes when examined using light 
microscopy. 


The functional integrity of the everted rat jejunum was evaluated by 
determining the active transport of glucose and I. Since the active 
transport of glucose by the small intestine in uitro is known to require 
intact, functioning intestinal epithelial cells (171, the rate of appearance 
of glucose on the serosal side of the preparation over the 60-min incu- 
bation period was used as a measure of the biochemical and structural 
state of the epithelium. 


The intestinal transport of glucose a t  pH 7.4 demonstrated that the 
amount of glucose appearing in the s e r d  fluid rose from an initial value 
a t  t = 0 min to a maximum a t  30 min, then declined back to the initial 
value by 60 min. This coincides with the findings of Porteus and Pritchard 


Figure 2- (A)  Appearance of intestinal uillus after 60-min 
incubation at 37OC in pH 7.4 phosphate buffer (original 
magnification 800X). ( R )  Scanning electron micrograph of 
intestinal segment after 60-min incubation at 37OC in pH 7.4 
phosphate buffer. 


(16) who observed that the rates of glucose transport by the intact in- 
testine increased linearly to 30 min, then slowly decreased to zero by 60 
min. The concentration gradient present in the direction of transport (i.e.,  
mucosal to serosal) was disregarded since the in Liitro small intestine 
actively transports glucose 10-20 times faster than its rate of diffusion 
(18). Furthermore, a t  concentrations of 5500 mg?h, the rate of passive 
glucose transport up or down a concentration gradient is of the Same order 
of magnitude (18). 


The biphasic glucose transfer observed here was taken as evidence of 
a functioning active-transport system. This is supported by the fact that 
transport was eliminated when phlorizin, a specific inhibitor of active 
transport, was added to the mucosal solution. The rates of glucose transfer 
in the presence of phlorizin were considered to be those maximally ob- 
tainable by diffusion alone. Since there was no increase in transfer from 
0 to 60 min, in the presence of phlorizin, it was concluded that the in- 
tegrity of the intestinal membrane was not compromised to the extent 
of becoming ‘‘leaky’’ toward the relatively small (mol. wt. = l80), hy- 
drophilic glucose molecule. 


T o  examine the role of any metabolic utilization and/or transport of 
endogenous glucose stores by the intestine, experiments were conducted 
to measure the transport of I. This glucose analogue is actively trans- 
ported by the same system that transports glucose across the intestine; 
however, it is not metabolized by the intestine (19). The transport of I 
showed a biphasic pattern similar to that found for glucose. In addition, 
the average tissue concentration of I in the presence of phlorizin was 
about one-seventh (0.5 uersus 3.4 dpm/mg of tissue per 106 dpm in buffer) 
the control value. These data indicated that the biphasic nature of the 
transport curves was not due to the metabolism of glucose by the jejunal 
segments since I, which was not metabolized, exhibited a similar transport 
pattern. The histological studies and the biphasic transport of glucose 
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Figure t-Cumulati~.e transfer of theophylline across the euerted rat 
jejunum at various pH values as a function of time. All values represent 
the mean of six segments (proximal and distal combined) except at pH 
7.4 and 8.0 where eight segments were used. Error bars are deleted for 
clarity. Key: (O-O)pH5.5;  ( O - - - O ) p H  7.4; (o -O)pH8.0 ;  (.---a) 
pH 10.0. 


and I, together with their inhibition by phlorizin, were taken as evidence 
that the preparation was biochemically intact up to 30 min, but that after 
30 min the functional integrity was decreased, and by 60 min there were 
signs of both functional and structural disruption. 


Effects of pH on Theophylline Transfer  Rates-The transfer of 
theophylline appears to follow zero-order kinetics as is shown by the 
linear segments of the plots shown in Fig. 3. This linear transfer occurred 
because the concentration of theophylline in the mucosal solution re- 
mained essentially constant and was much higher than that in the serosal 
solution during the course of the experiment. This was achieved by re- 
placing the serosal fluid a t  10-min intervals and by using a large volume 
of mucosal solution relative to serosal solution. The intestinal clearances 
of theophylline a t  various pH values are shown in Table 11. 


Due to the biphasic nature of theophylline clearance over the 60-min 
time course of the experiments it was not possible to obtain the clearance 
a t  each experimental pH using transfer data from all the time points. 
Examination of Fig. 3 revealed that the slope of the clearance curve began 
to increase after 30 min for all pH values tested. This change in slope was 
such that transfer rates at different pH values were statistically nonsig- 
nificant ( p  > 0.05) after the first 40 min. Prior to the 30-min time point, 
the transfer of theophylline a t  all pH values tested was judged to be 
sufficiently linear (i .e. ,  all lines had r2 2 0.95) to  derive a clearance. 
Therefore, clearance values for all experiments were derived from the 
cumulative amount of theophylline transferred in the first 30 min. These 
initial theophylline clearances were directly proportional to the fraction 
un-ionized ( f , )  as shown in Fig. 4. 


If we assume that both the ionized and un-ionized forms of theophyl- 
line are capable of being transported across the everted rat jejunal 
membrane then the total clearance (CL,)  can be expressed as: 


(Es. 2) 


wher CLi and CL,  represent the clearances of the ionized and un-ionized 
species, respectively, and f i  and f u  are the fractions of the drug present 


CL, = / ; m i  + f ,  CL. 
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FRACTION UN-IONIZED If,) 
Figure 4-Relationship between the initial (0-30-min) clearance of 
theophylline across the euerted rat jejunum and its theoretical fraction 
un-ionized, f, (r = 0.6375; p < 0.0005). 


in the ionized and un-ionized forms, respectively. Since: 


/i = (1 - f u )  (I%. 3) 


CL, = CL; + (CL” - CLi) f ,  (I%- 4) 


Thus, from Eq. 4, it is evident that  in a plot of CLt uersus fU, such as 
Fig. 4, the intercepts a t  f u  = 0 and f ,  = 1 will represent CLi and CL,, re- 
spectively. 


Using this approach, linear regression of the data in Fig. 4 indicated 
that CL,  and CLi were equal to 1.693 X lo-* and 0.978 X mL/min, 
respectively. Thus, the ratio of intrinsic clearances for these two species 
in the 0-30-min time period was CL,/CLi = 1.732. It is possible that 
undetected intestinal tissue damage may have occurred which could have 
artificially altered some of the clearance data in Fig. 4. However, the 
excellent agreement of the CL,/CL, ratio with the value recently reported 
by Crommelin pt al. (21) for theophylline transfer across the rat rectum 
indicates that if such alterations did occur, their effects on theophylline 
transfer were minor. These authors reported values for the absorption 
rate constants of the un-ionized and ionized forms of theophylline which 
were very similar (i .e. ,  K,,/Ki = 0.805 and 1.13) and concluded that the 
absorption rates of the two forms “do not differ much.” Our value is also 
similar in magnitude to the value (1.905) found for lidocaine a t  pH 6.4 
and 7.4 by Cascella and Feldman (22) and to the values that Crouthamel 
et al. (23) calculated for sulfaethidole (5.56) and barbital (3.08) over the 
pH range of 5.15452. The results indicate that the ionized forms of these 
compounds cross the in uitro rat intestine at a rate which is comparable 
with that of their un-ionized forms, a condition which may or may not 
exist in uiuo. In fact, Turner et al. (24) noted that ionized species are more 
easily transferred across in uitro membrane systems, such as the one 
utilized here, than they are across in uiuo membranes. 


The use of the early time points to determine clearance values has been 
proposed by other authors (13) who recognized the phenomenon of in- 
creasing clearance with time. The assumption that the initial transfer 
rates are a more appropriate measure of clearance across the everted 
intestine than those obtained using the total amount of solute transferred 
over the course of a typical experiment (i .e. ,  60 min) was also reached 
independently by Benet et al. (10) and is consistent with the assessment 
of the everted intestine as a method for studying drug transfer made by 
Levine et a / .  (12). 


it follows that: 
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In our experiments, we observed that only the initial (0-30 min) 
transfer rates were pH dependent. Therefore, structural integrity of the 
everted intestine appeared to be necessary to demonstrate the effect of 
pH on theophylline transport. In contrast, the biochemical integrity of 
the intestinal segment was relatively unimportant in affecting the transfer 
of theophylline, since this compound is believed to be transported pas- 
sively (25). 


The change in theophylline clearance across the intestine was observed 
to increase as the pH increased, as shown by the data in Table 11. There 
WBB also a time-dependent increase in the clearance a t  all pH values. This 
was believed to be due to a time-dependent degradation of the intestinal 
membrane, which resulted in an increased permeability of the membrane 
for theophylline, apparently due to a loss of structural integrity of the 
membrane. 


One possible explanation for these observations is that  the epithelial 
and the underlying connective and muscle tissue barriers are both intact 
only over the first 30 min of the experiment (26,27), during which time 
the epithelial barrier is rate limiting (27). This is substantiated somewhat 
by Fig. 4, in which the initidclearance values are directly proportional 
to the fraction of theophylline un-ionized, which would be predicted from 
the pH-partition hypothesis (28). After 30-min incubation, the epithelial 
barrier may no longer be intact, with the result that the clearance in the 
30-60-min time period (period 11) is increased a t  all pH values relative 
to the corresponding 0-30-min (period I) clearance. Since the ionized 
form of the drug is less permeable than the un-ionized form, any dis- 
ruption of the epithelial barrier would be expected to result in a more 
pronounced change in the clearance of this species. The relatively small 
effect of changes in the structural integrity of the intestinal membrane 
on the transfer rates of the un-ionized species over the 30-60-min period, 
observed a t  low pH, is consistent with previous suggestions that the ep- 
ithelium is not the rate-limiting barrier to the transfer of nonpolar, 
lipid-soluble molecules (such as un-ionized theophylline) across this 
membrane model (13). 


CONCLUSIONS 
It has been shown that pH al ten the initial (0-30-min) transfer of 


theophylline across the everted rat jejunum. The cumulative amount of 
theophylline transferred over the first 30 min was directly proportional 
to the calculated un-ionized fraction. A time-dependent change in 
transfer rate was also demonstrated which correlated with the structural 
integrity of the preparation. Thew results indicate that intestinal transfer 
rates measured during the first 30 min may be more valid than mea- 
surements taken over longer time periods. The ionized form of theo- 
phylline appears to be transported across the everted rat intestine in uitro 
at a rate comparable with that of the un-ionized form. 
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Abstract 0 Solid dispersions of griseofulvin and dimyristoylphosphatidyl- 
choline (lecithin) have been prepared as both coprecipitates and physical 
mixtures, and their physical characteristics and dissolution behavior compared 
with pure griseofulvin. The dissolution of the physical mixtures was similar 
to pure drug, but the coprecipitates yielded a 3.5-fold greater initial dissolution 
rate and a limiting concentration after 60 min which was 72% greater a t  a 
griseofulvin-lecithin weight ratio of 19:l. Increasing the lecithin content to 
1.5.1 compositions resulted in only a further 5O?h increase in the initial dis- 
solution rate and a further 12% increase in the limiting concentration. The 
effect of the pH of the medium on dissolution was slight, but varied with the 
composition of the system. The phase diagram indicated that these systems 
have no significant eutectic or solid solution formation. X-ray diffraction 
spectra further showed that freshly prepared or aged coprecipitates contained 
griseofulvin crystals, and photomicrographs showed that the crystals essen- 
tially retained their characteristic shapes and sizes in all systems. Differential 
thermal analysis yielded heats of fusion that gave a good linear correlation 
with the percent of griseofulvin dissolved from coprecipitates a t  all time in- 
tervals, but not with physical mixtures. Furthermore, aged coprecipitates 
underwent a slower rate of dissolution compared with fresh samples. The re- 
sults are interpreted to suggest that griseofulvin undergoes improved disso- 
lution from coprecipitates due to the formation of crystals of lower stability. 
In addition, the rapid dispersion of lecithin in the aqueous medium (as seen 
microscopically) entraps griseofulvin in myelinic structures and liposomes 
and effectively increases the saturation concentration of drug in the diffusion 
layer during the dissolution process. 


Keypbrases 0 Drug-phospholipid coprecipitates-griseofulvin-dimyris- 
toylphosphatidylcholine system, dissolution behavior, physical properties 0 
Dissolution-griseofulvin-dimyristoylphosphatidylcholine coprecipitates, 
comparison with physical mixtures, physical properties Griseofulvin- 
coprecipitates with dimyristoylphosphatidylcholine, physical properties, 
dissolution behavior 


The dissolution of solid drugs having low water solubility 
is often a rate-limiting step in obtaining bioavailability. Thus, 
several formulation approaches have been explored to improve 
bioavailability of such drugs, including the use of lipid vehicles 
and the preparation of solid dispersions. In those cases where 
lipids have been used, the dissolution and bioavailability of 
drugs have been found to be dependent on the nature of the 
lipids used in the formulation, being either increased ( 1  -4), 
decreased (1, 3 - 3 ,  or unaffected (1). In most instances, the 
dosage form contains a large proportion of lipid. Likewise, solid 
dispersions involving water-soluble carriers require a large 
proportion of carrier to be effective. On the other hand, it 
would be advantageous to incorporate a minimal amount of 
carrier to produce either rapid dissolution or sustained release 
of a drug from a solid dosage form. 


Phospholipids spontaneously disperse in aqueous media to 
form bilayer structures which have the capacity to entrap or 
sequester solutes. This dual behavior could prove beneficial 
for improving bioavailability of drugs in a number of ways. 
According to the Nernst film theory of dissolution, an in- 
creased saturation concentration of drug in the stationary layer 
leads to an increase in the dissolution rate. It is not important 
that the concentration achieved is due to the intrinsic solubility 
of the drug in the medium of the stationary layer or due to a 


partitioning process. Encapsulated or entrapped drug within 
the bilayer structures (myelinic or liposomal) during the dis- 
solution process may be transported, first to the stationary or 
diffusion layer, then to the bulk solution, then to the site of 
absorption to yield rapid delivery of a drug to the general cir- 
culation. Furthermore, for drugs which may be susceptible to 
degradation or solubility changes within the GI fluids, en- 
trapment may afford a degree of protection (6.7). 


The system of griseofulvin-dimyristoylphosphatidylcholine 
has been chosen to test these hypotheses and to evaluate the 
performance of a phospholipid in a solid dispersion formula- 
tion. The purpose of the present report is to present some 
preliminary data for this system and to evaluate its potential 
in controlled-release dosage form design. 


EXPERIMENTAL 


Materials-Micronized griseofulvin' (1) was pretreated by dissolving it 
in chloroform then removing the solvent by warming slightly over a water bath 
and applying a gentle stream of air. Drying of the crystals was carried out 
under vacuum over desiccants. The melting points of untreated and treated 
I were identical. Pure I and all binary mixtures were passed through an 80- 
mesh sieve2 prior to testing. 


L-cu-Dimyrist~ylphosphatidylcholine~ (11). claimed to be 9 8 1  pure, was 
used as received. All solvents and chemicals were reagent grade, and distilled 
water was used to prepare the dissolution media. 


1 1 I I I I 1 
10 20 30 40 50 60 70 


Time (min) 
Figure 1-Dissolution behavior of I and 1-11 solid dispersion systems at p H  
2.0 and 37°C. Key: (- - -) coprecipiiaies; and I-) physical mixiures or pure 
I; (0)  chloroform-ireated I; (a) 9:1 composition ofl-11; (A) 1.5:1 compo- 
sition of l-11. 


I Glaxo Canada Ltd., Toronto, Ontario. 


'Sigma Chemical Co., St. Louis. Mo. 
Standard (US. Series) sieve. 
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Table I-Dissolution of Griseofulvin-Dim yristoylphosphatidylcholine 
Compositions at pH 2.0 and 37°C 


Initial Dissolution Rate, Limiting Conc. 
mg/L/min After 60 min, mg/L 


Composition Physical Physical 
(Weight Ratio) Coprecipitates Mixtures Coprecipitates Mixtures 


1 :o 0.36 0.36 15.0 15.0 
19:l 1.26 - 25.8 - 
9: 1 1.68 0.60 24.9 15.3 
4: 1 1.67 - 35.3 - 


I . 5 :  I I .86 0.48 28.8 13.7 


Preparation of Coprecipitates and Physical Mixtures-Solid dispersions 
of 1-11 compositions were prepared by the solvent method from chloroform, 
yielding coprecipitates which were subsequently dried under vacuum over 
desiccants as before. Coprecipitates were usually examined within 48 h after 
preparation. Physical mixtures were prepared by triturating appropriate 
quantities of I and I 1  using a mortar and pestle, then transferring to a vacuum 
desiccator until ready for use. 


Thermalmicroscopic Method-The thaw and melt temperatures of all 
samples were determined by the hot-stage microscopic technique4. The heating 
rate was set a t  Z°C/min. just below the predetermined thaw temperature. 


Differential Thermal Analysis-The differential thermal analyzerS was 
calibrated with indium6, tin6, and lead6 using a 15-mg sample against an empty 
pan as reference. The heating rate was set at IO°C/min, the differential 
tempcrature sensitivity was 0.3'C/2.54 cm. and the reference temperature 
sensitivity was 13.7OC/2.54 cm. Heats of fusion were determined from the 
areas under the endothermic peaks (planimeter method), and the corre- 
sponding calibration coefficients were obtained from the fusion temperatures 
(taken at the peak of the endothermic event) and the calibration curve (8). 


X-ray Diffraction Studies-Samples for low-angle powder X-ray diffraction 
studies (-50 mg) were uniformly dispersed on a glass slide. A piece of 
transparent cellulosc tape was then used to secure the powder in position. X-ray 
diffraction spectra' were obtained employing CuK, radiation and run at 
2O/min and a 28 angle. 


Dissolution Studies-The spin-filter dissolution test apparatusn employing 
a I-pm porosity filter screen was used (9). Filter rotation speed was maintained 
at 600 rpm i n  900 mL of dissolution medium. which was either HCI-KCI 
buffer at pH 2.0 or phosphate buffer at pH 5.0. at 37'C. Measurement of 
concentrations of I in the dissolution medium was carried out employing au- 
tomated UV spectrometry at X = 293 nm ( 1  0). A SO-mg sample was dispersed 
in the dissolution medium in each instance. The presence of I 1  in the dissolution 
medium did not interfere with the analysis of I .  Experiments were run in du- 
plicate and the results averaged, although at no time was a significant dif- 
ference found between duplicates. 


Photomicrographic Analysis--Representative samples of powders were 


ZAO r 


40 
Solid DMPC + Solid Griseofulvin 


0 I I 1  1 I I I 1 I I 
0 02 04 06 0.5 10 


Weight  Fract ion of Griseofulvin 
Figure 2-Phase diagram of binary systems of I and I1 determined from 
dijjPrential thermal analysis and hot-stage microscopy. Key: (0) thaw and 
melt temperatures of the lower-melting component (11): (0) thaw and meli 
temperatures of the higher-melting component (I]. 


' Mcttler FP52. hot-stage microscope; Mcttler Instrument Corp.. Princeton, N.J 
Fisher Thermalyzcr, Model 370; Fisher Scientific Co.. N.J. 
Calorimetric Standards: Fisher Scientific Co.. N.J.  ' Philips X-Kay Diffrdctomcler. Model 1380, wi th  a Norelco focusing monochro- 


Magne-Drive Dissolution Test Apparatus; Clow-Coffman Industries. Kansas City, 
mator. 


Kan. 


2e 


Figure 3 - b ~  angle powder X-ray dgfraction spectra of I1 (A), chloro- 
form-treated I (B) .  and 19:l. 1-11 coprecipitate (C). 


examined microscopically9, 320X magnification, in either light mineral oil 
or water. PhotomicrographsIo were obtained for comparison of crystal shape 
and size and to record the various stages of dissolution. 


RESULTS 


Dissolution Studies-The dissolution of 1 from a multiparticulate 1-11 
coprecipitate was found to beconsiderably greater than from physical mixtures 
or pure I. Typical dissolution profiles are given in Fig. I ,  where it is apparent 
that the initial dissolution rates and the amount of I dissolved after 60 min 
from the coprecipitates exceeded those of pure I or the corresponding physical 
mixtures. Furthermore, the dissolution of 1 5 1  coprecipitates was greater than 
that of the 9:l composition, whereas the dissolution behavior of the corre- 
sponding physical mixtures was in the reverse order. The initial dissolution 
rates (IDR) (computed over the first 5 min of dissolution) and concentrations 
of I achieved after 60 min, which were essentially limiting after this period 
(LDC), are compared in Table 1. The IDR of the 1-11 coprecipitate exhibits 
an increase of 3.5-fold with as little as 5% of 11 in the total sample (19:l weight 
ratio) and an increase of 5-fold for samples containing 4 m o f  I1 ( I  .5:1 weight 
ratio). In contrast. the IDR of I from physical mixtures increased only slightly 
with a higher content of 11. Valuesof LDC obtained from coprecipitatesclearly 
indicate a substantial increase in the apparent solubility of I in thedissolution 
medium. On the other hand, an increased fraction of I1 in the physical mixture 
compositions docs not increase the apparent solubility of I and, indeed. at 40% 
I I  the LDC is somewhat lower than that for pure I .  The superior dissolution 
of 1-11 coprecipitates is further exemplified by the data in Table I I .  Percent 
dissolved of I from coprecipitates is more than twice that dissolved from 
physical mixtures a t  corresponding times. 


The dissolution of I appears to have a slight dependency on the pH of the 
dissolution medium. This is more pronounced after the first 10 min of disso- 
lution and is reflected in the LDC as  shown in Table 111. In all cases, except 
the 9: 1 coprecipitate. the LDC is less at pH 5.0 than pH 2.0 which is consistent 
with other reports of the dissolution of griseofulvin coprecipitates a t  various 
pH values (4). However, the 9:l coprecipitate displayed a reverse and sig- 
nificant pH dependency in its dissolution profile which is not readily explained. 
This result, together with the unusually greater LDC of the 4:l coprecipitates. 
suggest that the physical characteristics of the crystals formed in the copre- 
cipitates differ from sample to sample and are dependent on the proportions 
of I and 11. 


SolidStnte Analysis-Differential thermal analysis (DTA) of 1 pretreated 
with chloroform yielded a sharp major endothermic peak a t  221'C [lit. (4) 
mp 220-222OCI. However, a distinct, broad peak also occurred at  120-1 26OC. 


Zeiss standard microscope with integral 6-V 10-W halogen illuminator equipped 
with an MC63 photomicrographic camera; Carl & i s .  Obcrkochcn. WCSI Germany. 


l o  Kodak Plus-X Pan Film, ASA 125. 1 /15-s exposure. 
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Table 11-Comparison of Percent Dissolved from Criseofulvin-Dimyristoylphosphatidylcholine Coprecipitrtes, Physical Mixtures, and Pure Griseofulvin 


Composition Coprecipitates 
(Weight Ratio) 5 min 20 min 40 min 60 min 


Physical Mixtures 
5 min 20 min 40 min 60 min 


1 :o 
9: I 


1 S : l  


3.2 15.8 
16.8 43. I 
27.9 72.8 


23.8 
48.7 
83.9 


27.0 
49.8 
86.4 


3.2 
5.6 
7.0 


15.8 
18.5 
25.1 


23.8 27.0 
24.5 17.5 
35.7 41.1 


It also appeared in the thermograms of coprecipitates and physical mixtures, 
but its height varied in proportion to the I content of the sample. This peak 
did not appear in thermograms of 1 pretreated with methanol or acetone or 
untreated I. Chloroform solvates of 1 have been reported ( 1 1 ,  12) and, 
therefore, i t  is concluded that the unexpected peak was due to chloroform, 
in  spite of fairly rigorous drying of each treated sample. 


Thermograms of the binary systems contained two peaks: a peak corre- 
sponding to the melting of I and a peak corresponding to the melting of 11. 
Determination of the thaw and melt temperatures from each peak enabled 
construction of the phase diagram (Fig. 2). The line for the solid indicates a 
slight depression of the melting point of 11 as thecomposition increases with 
respect to 1. Likewise, the line for the liquid displays a slight decrease in the 
melting point of I as the composition decreases with respect to I. Hot-stage 
microscopy permitted visualization of the melting of each component and 
confirmed the thaw and melt temperatures. Above 70% 11, the I peak on the 
DTA thermogram was too small to accurately measure, so hot-stage mi- 
croscopy results are recorded only. The phase diagram is typical of a mono- 
tectic system (13), which indicates the absence of eutectic or solid solution 
formation. Thus, no strong interaction between I and I 1  exists. 


The relevant fusion temperatures and heats of fusion (AHr) for systems 
examined for their dissolution behavior are given in Table IV. It can be seen 
that the fusion temperatures are similar for coprecipitates and physical mix- 
tures, but the heats of fusion differ. There is a gradual and uniform decrease 
in AHrwith coprecipitate compositions, whereas an abrupt decrease in AHr 
occurs with the 19:l physical mixture; it remains essentially constant for all 
other compositions. 


The dissolution studies demonstrated that the dissolution of I from the 19: I 
coprecipitate was nearly as dramatic as from other coprecipitates containing 
a larger fraction of I 1  (Table I). Thus, the physical state of the 19:l compo- 
sition was studied in detail in order to gain an insight into the mechanisms of 
dissolution of these systems. Several possibilities exist which may account for 
the increased dissolution of 1-11 coprecipitates. Therefore, X-ray diffraction 
spectra were prepared to attempt to resolve some of these issues. Typical X-ray 


diffraction patterns of powdered samples of 11, chloroform-treated I, and the 
19:l coprecipitate are shown in Fig. 3. The crystalline properties of I are 
characterized by two major and four minor peaks in the spectrum, whereas 
the I1 spectrum displays the properties of an amorphous material. The iden- 
tifiable peaks of I are also visible in the spectrum of the 19:l coprecipitateeven 
though there appears that some broadening and loss of detail of the peaks has 
occurred. The positions of the diffraction peaks of I were not altered compared 
with that of the pure compound. Physical mixtures and 19:l coprecipitates 
all exhibited the identifiable peaks of I in their spectra 2 h. I week, and 2 weeks 
after preparation although there were variations in the shapes and intensities 
of the peaks. These clearly indicate that I does not exhibit polymorphism, 
complex formation, eutectic, or solid solution formation with 11 in the 
coprecipitate. 


DISCUSSION 


When the solid dispersion system has been employed to formulate drugs 
having low water solubility, invariably the inert carrier is one which either 
undergoes rapid dissolution (e.g., urea, polyethylene glycol, or polyvinylpyr- 
rolidone) to increase the dissolution of the drug (14) or it is one which 
undergoes slow dispersion in aqueous media to provide sustained release [e.g., 
tristearin, cholesterol, or cholesteryl ester (3,7)]. If the lipid has significant 
surface activity [e.g., cholesteryl stearate (3) or polyoxyl 40 stearate (4)] 
usually an increase in dissolution of drug due to wetting is observed. Solubil- 
ization of the drug during dissolution may also play a role (4). Phospholipids 
have not previously been employed to prepare solid dispersions of drugs. Yet 
these nontoxic agents have the ability to both increase the wetting of hydro- 
phobic drug particles and to spontaneously disperse into colloidal aggregates, 
with the capacity to sequester substantial quantities of drug in lipidic or 
aqueous compartments. 


The best solid dispenion systems from the point of view of rapid release of 
drug have been those containing large ratios of carrier to drug ( I  9, although 
compositions high in drug content have been chosen in some instances as  


Figure 4-Photomicrographs of various test samples dispersed 
in light mineral oil (320X magnification). Key: ( A )  untreated 
II;  (B) untreated. micronized I;  (C) chloroform-treated I ;  (0) 9:1 
1-11 coprecipitate; (E)  4:1 I - I I  coprecipitate; (F) I .5:I I - I I  
coprecipitate. 
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Table 111-Effet of pH on the Dissolution of Coprecipitates of Criseofulvin 
and Mmyrktoylphosphatidylcholine 


Initial Dissolution Limiting Conc. 
Composition After 60 min, m L 


(Weight Ratio) pH 2.0 p f 5 . 0  


1 :o 0.36 0.40 15.0 12.4 
19:l 1.26 1.21 25.8 25.4 
9: I 1.68 1.53 25.9 28.8 
4: I I .67 1.63 35.3 34.0 


1.5:I 1.86 I .56 28.8 26.2 


representing eutectic mixtures (16-18). However, it has now been demon- 
strated that high rates of dissolution are possible from coprecipitates with drug 
content as  high as  95% using a phospholipid carrier. Furthermore, as the 
carrier content of the coprecipitate is increased, the IDR of I increases by a 
further 50%, while the apparent solubility of I at pH 2.0 (LDC) increases by 
a further 12%, following an 8-fold increase in the percentage of phospholipid 
in the sample (see Table I). Thus, unlike the griseofulvin-succinic acid solid 
dispersion (19), decreasing the carrier content, when it is phospholipid, does 
not tlecessarily result in the formation of larger crystals of 1. 


The X-ray diffraction spectra and the phase diagram for the 1-11 system 
clearly indicate the lackof any specific 1-11 interaction. This is substantiated 
by the observation that under the microscope crystals of I and 1-11 coprecip 
itates have approximately the same shape and size (Fig. 4C-F). 


In view of the above discussion, there are two possible mechanisms which 
may be responsible for the greater dissolution behavior of coprecipitates than 
for pure drug or physical mixtures. In the first instance, it is reasonable to 
assume that on coprecipitation of I and I1 from chloroform, crystals are formed 
having mainly characteristics of chloroform-treated I, a t  least with medium 
to high I compositions. The chloroform solvate of I is an important factor in 
its physical state, as described earlier in the DTA results and previously by 
others ( I  1,12,20). However, it would appear that the packing arrangement 
of the molecules in the coprecipitate crystal is different than in the absence 
of 11, leading to a major change in the stabilization energy of the crystals. This 
packing arrangement would appear to be ideal for rapid release of 1 and its 
transfer from the solid state to the solution state. A good linear correlation 
was found between the percent of I dissolved and AHr for coprecipitates ( r  
> 0.97) at all dissolution times, but not with physical mixtures after 5 min. 
Furthermore, aging of the coprecipitates resulted in reduced dissolution rates, 
although X-ray diffraction patterns of aged samples were essentially un- 
changed. The dissolution behaviors of untreated micronized I, treated I, and 
aged treated I were essentially identical. 


According to the film theory of dissolution (21) factors influencing the rate 
of dissolution include the diffusion coefficient, the stationary or diffusion layer 
thickness, the surface area, and the difference between the saturation con- 
centration in the diffusion layer and the bulk solution concentration. Under 
identical conditions of dissolution testing for the same compositions of 1-11, 
differences in dissolution behavior between coprecipitates and physical mix- 
tures or pure drug are likely to originate from changes in the total surface area 
during the dissolution process and the diffusion layer concentration-bulk 
solution concentration difference at  any given time. In the case of the copre- 
cipitate, very fine crystallites of I may become available as the original crystals 
fracture and break up in the dissolution medium, thereby increasing the total 
surface area of 1. The situation is obviously different with regard to the physical 
mixtures, where the phospholipid, which may not undergo rapid dispersion, 
provides very little wetting of the crystals of I and only a minor increase in the 
effective surface area. The result is a slight increase in the IDR as Seen in Table 
1. 


The solubilization effect in the diffusion layer surrounding the particles 
may be exerting the most substantial effect in the dissolution process. More 
specifically, it is the rapid, spontaneous dispersion of I I  into colloidal aggre- 
gates of phospholipid bilayers (liposomes) and the simultaneous incorporation 


Table IV-Fusion Temperatures and Heats of Fusion of Criseofulvin and 
Criseofulvin-MmyristoylphospbPtidylcboli~ Compositions 


Fusion Temp., OC AH(, cal/g 
Commit ion Phvsical Phvsical 


(Weight Ratio) Coptecipitates Miitures Coprecipitates Miitures 


1 :o 221.8 221.8 28.4 28.4 
19:l 219.0 219.3 25.7 19.7 
9: 1 217.0 218.8 24.0 19.6 
4: I 217.4 216.0 20.8 19.3 


1.5:I 21 5.3 214.5 18.2 20.5 
01 67.9 67.9 17.1 17.1 


Figure 5-Photomicrographs of 1.5:1 1-11 coprecipitate crystals dispersed 
in water at various time periods after preparation (320X magnification) 
Key: (A)  2 min; (BJ 3 min; (C) 5 min. 


of I molecules into this partitioning system that is analogous to an increase 
in the saturation concentration in the diffusion layer. In the case of physical 
mixtures, I I  is not in as  desirable a physical state for spontaneous dispersion 
and, in addition, I molecules must be dissociated from thc solid state by solvent 
and then become sequestered by the liposomes. The vigorous agitation of the 
dissolution medium coupled with its large volume decrease the chances of any 
substantial sequestering of I molecules adjacent to the particle surfaces. 


In an attempt to determine the validity of this reasoning, microscopic o b  
servation of coprecipitate crystals undergoing dissolution in water was carried 
out. Figure 5 shows a sequence of photomicrographs of a 1 5 1  coprecipitate 
sample undergoing dissolution. As early as 2 min following mixing, it is ap- 
parent that multitudes of long, finger-like bodies (myelinic structures) had 
formed at  the crystal surfaces. These could be seen as growing and extending 
further outward into the medium as part of a rapid, dynamic process of dis- 
persion and what may be considered as part of the process of dissolution. It 
was interesting to note that a similar picture was observed when a physical 
mixture was examined, but the formation and dispersal of the myelinic 
structures was much slower. Although these observations are based on what 
must be considered as a static system, i n  relative terms, it demonstrates that 
phospholipids can play a role in solid dispersion formulations that is much 
different than that observed with other lipids or surfactants. Studies are 
continuing along these lines to determine the potential of phospholipids in 
developing formulations which have the dual roles of controlled release of drug 
and bioavailability improvement following oral administration. 
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Abstract 0 Current drug levcl predictions in nonlinear pharmacokinetics are 
based on specific pharmacokinetic models in contrast to the model-independent 
(structureless), dose-linearity, and superposition principles used in linear 
pharmacokinetics. Such modcl-dependent methods may not provide reliable 
predictions due to their inherent nonuniqucness, computational complexity. 
and often unrealistic kinetic assumptions. Some novel model-independent 
methods for predicting the steady-state drug levels of extravascular, intra- 
venous bolus, and intravenous infusion adminislrations arc prescnted that 
should overcome such disadvantages. The methods only assume an autonomic 
nonlinear kinetic behavior, which implies that following an intravenous bolus 
administration the derivatives of the drug concentration-time profile at ar-  
bitrary drug levcls arc independent of the dose given. Such a kinetic behavior 
is found for any nonlinear pharmacokinetic system when the rate of change 
of the drug level following an intravenous bolus administrations depends only 
on thc drug level, i.e.. dC/dt = -4(c'), where 4 can be any function dependent 
only on C and time-invariant kinetic parameters. The basic approach presented 
represents a novel alternative which avoids the very difficult and often im- 
practical task of identifying and incorporating the numerous kinetic param- 
eters and processes responsible for the observed drug concentration data into 
il useful pharmacokinetic model. The focus in the kinetic analysis is instead 
on two much simpler processes: ( a )  fitting empirical functions to estimate the 
mean drug disposition behavior of thc subject or population and ( b )  testing 
the validity of the assumptions involved. 


Keyphrases 0 Pharmacokinetics-nonlinear, model independent. steady-state 
plasma drug-lcvel predictions, theory and mathematical models 0 Plasma 
drug levels-prediction at steady state. model-independent nonlinear phar- 
macokinetics. theory and mathematical models 


Steady-state plasma level predictions in linear pharmaco- 
kinetics are done by extrapolations using the dose-linearity and 
superposition principles or by using the convolution property 
of linear pharmacokinetics. The plasma level profiles used for 


the predictions are most commonly determined by fitting 
suitable model-independent equations, typically of an expo- 
nential type,  to available plasma level data. Such model-in- 
dependent methods cannot be used for drugs showing nonlinear 
pharmacokinetics because the superposition and dose-linearity 
principles do not apply. Consequently, drug level predictions 
in nonlinear pharmacokinetics have been based on model- 
dependent methods, which may not provide reliable predictions 
due to their inherent nonuniqueness, computational com- 
plexity, and often unrealistic model assumptions. A model- 
independent approach is presented which overcomes some of 
these disadvantages. 


THEORETICAL 


The proposed methodology applies to drugs showing what will be called 
au/onomic nonlinearpharmacokinetics; i.e., the drug-concentration profile 
resulting from an intravenous bolus dose adheres to the autonomic differential 
equation: 


where q stands for any function only dependent on the drug concentration C 
and time-invariant kinetic parameters. It  is assumed that q is such that the 
solution of Eq. I ,  C(r ) ,  is monotonically decreasing with time. Autonomic 
nonlinear pharmacokinetics is readily identified in a model-independent 
manner from "the horizontal superposition property" (Fig. I ). Different in-  
travenous bolus doses result in drug-concentration profiles with identical s l o p  


I The terminology "model-inde ndent" is used here to denote a general approach 
not b a d  on a specific structured Godel-dependent) kinetic analysis of the individual 
kinetic components of the pharmacokinetics. 
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Table 111-Radioimmunonssay Statistics for Bromperidol Determination in Human Plasma Quality Control Samples 


Bromperidol Concentration ng/ml 
l a  5“ 10“ 25 50b 1 ooc  1 5OC 


Number of assays 7 
Total number of samples 22 


Mean f SD 
n 7 
Between-assay CVd, % 21.2 


Mean f SD 
n 7 


Mean f SD 
n 22 


Bromperidol concentration 
1.49 i 0.32 


Within-assay sample variation CV“, % 


Sample replicate variation CVf, % 


12.2 f 9.4 


9.6 f 5.9 


10 
46 


6.38 f 0.99 
10 


15.6 


10.3 f 4.4 
10 


6.0 f 3.8 
46 


10 10 10 3 
46 46 46 13 


12.60 i 1.52 27.14 f 3.80 52.37 ZE 3.89 105.35 f 4.51 
10 10 10 3 


12.1 14.0 7.4 4.3 


7.1 f 4.1 7.7 f 3.8 8.91 f 3.8 8.2 f 4.3 
10 10 10 3 


6.0 f 5.1 6.0 f 3.4 7.1 f 4.5 8.8 f 4.4 
46 46 46 13 


2 
8 


159.14 f 3.27 
2 


2.1 


5.4 f 0.5 
2 


8.1 f 6.3 
8 


Quality control plasma samples were reconstituted to original sample volume ( 1  mL) with RIA buffer and assayed directly by RIA method. Quality control plasma samples 
were diluted 1 :2 after reconstitution with RIA buffer prior to being assayed by RIA method. Quality control plasma samples were diluted either 1 :2,1:3, or 1 :9 after reconstitution 
with RIA buffer prior to being assayed by RIA method The mean (fSD) and CV of the bromperidol concentration was calculated averaging the mean bromperidol concentration 
of each assay for each quality control plasma concentration. e The mean f SD of the CV observed between samples within an assay was calculated averaging the mean CV between 
samples of each assay for each quality control plasma concentration. /The mean f SD of the CV of the replicates of all samples assayed for each quality control plasma concentra- 
tion. 


Bromperidol levels (C,,,in) determined in the patient plasma samples are 
summarized in Table 11. These data represent the mean bromperidol con- 
centrations determined in samples collected immediately before the daily 
medication (n = 4-10 d) was administered. The patient plasma samples 
generally demonstrated the same degree of precision described for the quality 
control plasma samples with regard to replicate and within-assay variability. 
These variabilities (CV) were 7.1 f 3.9 (n = 101) and 6.6 f 4.6 (n = 45), 
respectively. However, intrasubject variability, the variability observed be- 
tween the Cmin values of an individual, ranged from 4.6 to 58.5% with noap- 
parent correlation between the W a n d  the level of drug measured (Table 11). 
In addition, comparison of the mean Cmin drug levels from subjects receiving 
approximately the same dose per body weight demonstrated substantial in- 
tersubject variability. Specifically, patients A and C (dose, 0.14-0.1 5 mg/kg) 
had mean Cmin levels of 3.73 and 6.67 ng/mL, respectively; patients K and 
M (dose, 0.55 mg/kg) had mean C,in levels of 9.20 and 20.24 ng/mL, re- 
spectively; and patients L, N,  and 0 (dose, 0.91-1.00 mg/kg) had mean Cmin 
levels of 10.72, 55.13, and 32.23, respectively. Realistically, this intra- and 
interindividual variability observed in mean C,i, bromperidol levels cannot 
be explained solely by assay variability. Rather a combination of metabolism, 
elimination, and possibly concurrent medication may significantly influence 
the scatter in these single time point determinations. 


In conclusion, this report describes an RIA procedure used to assay the 
bromperidol content of human plasma samples. Predose plasma samples, 


obtained from schizophrenic patients chronically receiving bromperidol 
therapy, were assayed using this RIA method. Substantial intra- and inter- 
subject variabilities in the C,in drug levels were demonstrated. The bio- 
availability and pharmacokinetic information of bromperidol in schizophrenic 
patients will be reported elsewhere. 
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Abstract 0 Conventional adhesive ointments cause irritation to the mucous 
membranes. Therefore, a novel mucosal adhesive ointment based partly on 
neutralized polymethacrylic acid methyl ester was formulated. The flow curves 
of the ointment vehicle showed pseudoplastic properties. The rheological 
behavior as well as the adhesion on the mucosal membrane could be varied 
by the type and concentration of the polymer used and the base used for 
neutralization. During clinical studies, the ointment vehicle as well as  a tre- 
tinoin (vitamin A acid) preparation for the treatment of lichen planus did not 
cause any local irritation or systemic side effects. Both vehicle and preparation 
were found to be pleasant for the patients to use. The new system of the mu- 


cosal adhesive ointment is not limited to the incorporation of tretinoin as the 
active agent; combined with other drugs the system could be applied to all types 
of mucosal membranes. 


Keyphrases 0 Adhesive ointment, mucosal-tretinoin, irritation-free for- 
mulation, clinical assessment 0 Lichen ruber planus-treatment with treti- 
noin, irritation-free formulation, mucosal adhesive ointment 0 Tretinoin- 
mucosal adhesive ointment, irritation-free formulation, clinical testing for 
lichen ruber planus 


Ointments employed for the treatment of the mucous 
membranes of the mouth must be suited to the special condi- 
tions pertaining to that particular site of application. The flow 


of saliva and the mechanical stress generated by the continuous 
movements of the buccal cavity prevent any long-term adhe- 
sion of the ointment subsequent to its application. The quantity 
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Figure I-pH value oJpolymethyl methacrylate preparations using various 
bases. Key: (1) NaOH; (2) triethanolamine: (3) diisopropanolamine. 


of saliva produced each day ranges from 0.5 to 1.5 L (1, 2); 
with suitable stimulation, transient flow rates of up to 10 
mL/min have been found (3,4). On the one hand, therefore, 
mucosal adhesive ointments should be sufficiently hydrophilic 
to permit intimate contact with and adhesion to the skin sur- 
face; on the other hand, they should include a lipophilic com- 
ponent to prevent the ointment base from being washed away, 
or at least to delay this process. It is for this reason that such 
ointments frequently contain a hydrogel constituent suspended 
in a lipophilic base, which swells and exhibits its adhesive 
characteristics only after contact with mucous membranes and 
saliva. Typical ointments that have been developed in this way 
are a polyacrylatel-calcium carbonate-liquid paraffin sus- 
pension (5) and a sodium carboxymethylcellulose, pectin, and 
gelatin combination in a polyethylene-paraffin base2. In some 
cases, highly viscous solutions or hydrogels with no lipophilic 
admixtures are also used for this purpose, in which case natural 
and synthetic macromolecular compounds such as tragacanth 
alginates, pectin, methylcellulose, and polyacrylatel are in- 
corporated. 


The intended objective, apart from good mucosal adhesion 
over as long a period as possible, is for the ointment base to be 
as free from mechanical, physical, and chemical irritant 
properties as is practical, depending on the indication. Any 


7.5 190 1?5 X S  


5 7.5 lOrnmd/g 


Figure 2- Viscosity dependence on the stoichiometric saturation 01 the 
carboxyl groups (5% polymethyl methacrylate hu neutralized with NaOH; 
shear rate D = 90 s-I). 


I Carbopol; Goodrich. Cleveland Ohio. 
2 Orabase; Squibb Pharmaceuticals, Mooton. England. 


Figure 3-Flow curves of polymethyl methacrylate-Na (100% S) using 5% 
polymethyl methacrylate m, mu, and hu. 


irritation of the oral mucosa should be strictly avoided, as it 
is extremely sensitive. This whole problem has to be faced, for 
example, in developing a mucosal adhesive ointment for the 
treatment of lichen planus mucosae oris with tretinoin (vitamin 
A acid). Tretinoin, described by Gunther (6) in 1972 in the 
treatment of lichen ruber planus, has been employed with great 
success by many clinicians. However a number of patients have 
complained of reddening of the mucosa, pain, burning sensa- 
tions, and maceration (7-10); the ointment bases were con- 
sidered to have caused irritation to the sensitized oral mucosa. 
Therefore, there has been a need to formulate a nonirritating 
mucosal adhesive ointment containing tretinoin. 


Polymethyl methacrylate3 would seem to be a logical can- 
didate for these tests, as it is a polymer with lipophilic methyl 
groups and hydrophilic carboxyl and ester groups. Both of 
these components were mentioned earlier as being essential 
for a mucosal adhesive ointment. The solubility of this polymer 
in water and its adhesiveness and viscidity can be varied, within 
certain limits, by using different degrees of neutralization (1 1). 
However, as polymethyl methacrylate has not previously been 
used as a mucosal adhesive ointment, the drug-free ointment 
base was first clinically investigated in volunteers. For der- 
matological reasons, no preservations, surfactants, stabilizers, 
or taste adjusters were added either to the ointment base or to 
the final tretinoin preparation, because of their potential ir- 
ritant and allergenic effects. 


EXPERIMENTAL 


Production of the Polymethyl Methacrylate Base-Dilute polymethyl 
methacrylate salt solutions (<lo%) were produced from concentrated master 
batches (2 10%) and, following the neutralization reaction (-1 h), made up 
to the required end concentration with water. For the master batch, polymethyl 
methacrylate was steeped for 10 min in 3-4 times i ts  velume of cold water 
(20'C). and the amount of base required for neutralization was added cold 
with the remaining water (2OoC) with continuous stirring. A 7.5-mmol volume 
of base/g of polymethyl methacrylate is needed for complete neutralization 


Eudispert hv; RBhm Pharma, Darmstadt. West Germany 
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Table 1-Tretinoin Grain Size Distribution as a Function of Storage 
Temperature and Time 


Storage Particle Storage Time 
Temp. Size, wn Nil 3 months 6 months 


8OC 10 91% 98% 97% 


25OC 10 98% 97% 98% 


10-20 2.8% 1.7% 2.7% 
20 0.2% 0.2% 0.3% 


10-20 1.8% 2.7% 1.7% 
20 0.2% 0.3% 0.3% 


(Fig. I ) .  It was possible to accelerate the reaction by heating the mixture to - 6OoC in uacuo. A detailed procedure has been described previously (1 1). 
The Anal stage in preparing the ointment base involved its sterilization for 
20 min at 121 OC in a steam autoclave. 


Production of tbe Adhesive Ointment Base-The following quantities were 
used to prepare a I-kg batch 50 g of polymethyl methacrylate in 200 g of water 
and 12 g of NaOH in 238 g of water. The sterilized polymethyl methacrylate 
ointment base was produced from the above ingredients, into which the fol- 
lowing components were incorporated under aseptic conditions: 1 g of treti- 
noin4, 200 g of glycerol (85%)s, and 299 g of water. The tretinoin was mi- 
cronized with the aid of a high-efficiency mill6 and a three-roller mill'. The 
ointment was placed into 20-g tubes for the clinical tests. 


Flow Characteristics-The flow characteristics of the aqueous polymethyl 
methacrylate solutions were investigated with a rotational viscometer* at  
25OC. The number of rpm was changed by 25 s-l. The pH value was measured 
with a digital pH meter9. 


Tretinoin Determination-The tretinoin content in the finished preparation 
was determined with a UV-visual spectrophotometer at  351 nm (E! tm = 
1500). For this purpose, 1 g of ointment was dissolved in 50 mL of water, 
brought to 100 mL with isopropyl alcohol. and measured against a blank made 
from drug-free ointment base, water, and isopropyl alcohol. This complies 
essentially with the requirement described in the USP XX (12). The particle 
size of the active agent in the ointment was determined microscopically im- 
mediately after manufacture and after 3 and 6 months of storage at  room 
temperature and at 8OC. The drug content was also checked after storage. 


Clinical Testing-Clinical testing was carried out in three sections: study 


WS-1 T 1 2 3 4  


-75 


Figure 4-Flow curves of 5% polymethyl methacrylate hv (100% S )  neu- 
iralized wiih Na2B407 ( I ) .  NaOH (2). triethanolamine (3). and diisopropatwl- 
amine (4). 


Fa. Hoffmann-La Roche, Bade, Switzerland. 


Ultra-Turrax TP 18/10: Janke und Kunkel. Stauffen. West Germanv. 
5 Merck, Darmstadt, West Germany. 


7 Kup r, Troisdorf, test Germany. * M&RV 12 with MV-System; Haake, Karlsruhe, West Germany. 
Model 532; Metrohm, Herisau, Switzerland. 
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Figure 5-Flow curves of 5% polymethyl methacrylate hv neutralized wiih 
NaOH. Key: ( I }  50% S; (2) 75% S; (3) 100% S; (4) 125% S. 


of the ointment base on ( A )  skin and (B) mucous membranes and (C) appli- 
cation of the tretinoin adhesive ointment. 


Seciion A: Parch Testing of the Polymethyl Methacrylate Ointmeni 
Base-A nonallergenic test patchlo to which the ointment base under inves- 
tigation had been applied was afiixed to the flexor surface of the right forearm 
of each of 16 subjects, aged 17 to 43 years (10 females and 6 males), with no 
skin or mucosal disorders. The patch was removed after 24 h. The skin reaction 
was read after 24,48, and 72 h and once again after 1 week, in accordance with 
the procedure of Bandmann and Dohn (1 3). 


Seciion B: Application of the Polymethyl Methacrylate Ointment Base 
to the Oral Mucosa-The same ointment base was then tested on the oral 
mucosa of the same 16 subjects. The test was carried out over a period of 14 
d in each case. The subjects were each provided with a 20-g tube of ointment 
base and were instructed to apply the ointment four times daily to the same 
area of the oral mucosa. They were reexamined and questioned after 1 and 
2 weeks. Fifteen of the subjects completed the study; one dropped out pre- 
maturely due to a recurrence of perli?che, which was apparently associated 
with poorly fitting dentures. 


Section C: Application of the Tretinoin Adhesive Ointment io the Oral 
Mucosa-A total of 18 patients (7 females and 11 males) with lichen ruber 
planus, confirmed histologically in each case, were treated over a nearly 2-year 
period. The changes in the mucous membranes had first appeared on the av- 
erage 20.8 months earlier and had been treated, unsuccessfully, with adhesive 
ointments and lozenges containing such active ingredients as cortisone, psy- 
chopharmacological drugs, external agents with a local anesthetic action, and 
antimycotics. The condition affecting 17 of the patients was a striate or re- 
ticular form of lichen ruber planus, while one patient had lichen planus an- 
nularis of the mucosa, which manifested the same kind of changes found on 
the skin. No erosive or verrucose lesions were observed. While two patients 
were found to have eruptions on the tongue in addition to buccal changes, only 
the upper surface of the tongue was affected in two others. 


RESULTS AND DISCUSSION 


One of the most important criteria in assessing the consistency of ointments 
is the flow behavior. Among other factors the rheological behavior of aqueous 
polymethyl methacrylate preparations was influenced by the degree of the 
neutralization. Strong bases such as sodium hydroxide produced a sharp rise 
in the pH at the end point corresponding to 7.5 mmol of base/g of the polymer. 
Weaker bases produced a flatter curve (Fig. I ) .  The neutralization charac- 
teristics of polymethyl methacrylate were similar to those of a weak acid. 
Maximal viscosity was achieved on the stoichiometric neutralization (100% 
S) of the carboxyl groups (Fig. 2). 


~~ 
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Figure 4-Buccal mucosa oj’a patient with lichen planus mucosae oris. right (a)  and left (b) sides. 


Admittedly, rheological measurements of polymethyl methacrylate had 
already been carried out by various researchers (14-16). but these were mainly 
discontinuous measurements which had lent themselves to widely differing 
interpretations. To obtain some unequivocal evidence, therefore, it would seem 
advisable to repeat an investigation of the flow characteristics of the poly- 
methyl methacrylate preparations with a modern rotational viscometer. For 
this purpose the three standardly marketed types of polymethyl methacrylate 
(nv. low; mv, medium; hv, high viscidity) were investigated as 5% solutions 
neutralized with sodium hydroxide. Viscous texture flow curves typical of 
macromolecular disperse systems were obtained. 


The flow characteristics were pseudoplastic; no pronounced thixotropic 
effect was observed. The highest viscosity was found with polymethyl meth- 
acrylate hv (Fig. 3), in line with the molecular weight which, according to the 
type, varied between 5 X 10’ and 2 X 106 (17). In  addition to the molecular 
weight, the solvation status of the polymer coil is also a significant factor in 
the viscosity of the solution. 


The type and concentration of the base (degree of neutralization) can in- 
fluence the viscosity of the polymer solution. This influence exerted by the 
base was investigated with sodium tetraboratc, sodium hydroxide, trietha- 
nolamine, and diisopropanolaminc. Relatively small cations, such as sodium 
ions, afforded relatively low viscosities; sterically expansive cations such as 
those of the amines, afforded higher viscosities (Fig. 4). 


Different concentrations of thc base influenced the viscosity of the polymer 
solution equally (Fig. 5 ) .  Fully neutralized carboxyl groups, corresponding 
to a 100% S (100% saturation) degree of neutralization, resulted in a high 
viscosity. A probable explanation of this behavior may be the degree of sol- 
vation of the polymer. Polymethyl methacrylate as a weak acid is badly dis- 
sociated and insoluble in aqueous systems ( 1  I ) .  After neutralization of the 
polymer it can be assumed that nearly all acid groups are dissociated and the 
polymer is completely solvated, resulting in a viscous solution. Partly neu- 


tralized Preparations as well as those with an excess of base were less viscous; 
in the first case, not all the carboxyl groups were completely solvated, and in 
the second, free cations interfered with complete solvation. 


The polymethyl methacrylate preparations became increasingly tacky as 
the degree of neutraliiation was reduced, which is a desirable feature for good 
mucosal adhesion. Since saliva is weakly acidic-the values quoted in the 
literature vary between pH 5.8 and 7.8 (18-20), with average normal saliva 
at pH 6.4 -only partly neutralized polymethyl methacrylate (80700) was used 
for the mucosal adhesive ointment. The resulting ointment was free of irri- 
tation due to isohydria and had good mucosal adhesion, due to partial neu- 
tralization. The active substance, tretinoin, is stable in the weakly acidic milieu 
afforded by the ointment base. 


Solubilizers and organic solvents such as  those in tretinoin preparations 
for external application (21) should not be used to incorporate the active 
substances for mucosal ointments. Consequently, the micronized drug could 
only be suspended in the ointment base. Hence, there is a possibility of sedi- 
mentation due to the base lacking any thixotropic effect; in addition, crystal 
growth is possible and had to be tested for. To that end, the fineness and degree 
of dispersion of the active substance were determined as  a function of storage 
conditions. The majority of the particles were <I0 Wm. Larger particles up 
to 60 pm were observed sporadically. Table I shows that there is noappreciable 
recrystalliiation as judged by the grain size distribution as a function of storage 
time. 


I f  due allowance is made for the variations that occur with the analytical 
method, it will be seen that the drug content was practically constant over the 
observation period (Table 11). Neither sedimentation nor any loss of active 
substance occurred during storage. These qualities go far beyond the re- 
quirements of the USP X X  with regard to tretinoin ointments, which allow 
contents to vary between YO and 130% ( I  2). For the clinical tests, the ointment 
was supplied to the patients in 20-g tubes. This was at most a 2-week supply: 


Figure 7-Buccal mucosa of the same patient after treatment with the tretinoin adhesive ointment. right (a)  and left Ib) sides. 
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Figure 8-Buccabmucosa of the same patient 20 months after completing a 3-week course of treatment with the tretinoin adhesive ointment, right (a) and 
leji (b) sides. 


The use of this package size reduced to a low level the risk of any secondary 
contamination of the ointment. 


No positive skin reaction was found in any of the subjects when the patch 
test was evaluated. No observable objective changes in either the treated or 
untreated areas were found when the oral mucosa of the subjects remaining 
in the trial were examined macroscopically with illumination of the buccal 
cavity. Subjectively, a feeling of “numbness” or of “stickiness” at the she of 
application lasting some 10-15 min after application of the ointment was 
reported. 


With twice-daily treatment with tretinoin mucosal adhesive ointment, the 
macroscopic lesions disappeared after an average of 3.12 weeks in 15 of 18 
patients (Figs. 6 and 7). This observation was also in accordance with the 
histological findings in two patients who agreed to an exploratory excision 
of tissue after completing therapy. To examine the long-term effect, the pa- 
tients returned for a checkup 11.4 months (on average) after discontinuing 
therapy; this revealed that none had suffered a relapse (Fig. 8). The two pa- 
tients who had lesions on the tongue only were among the three subjects in 
whom therapy was unsuccessful. The tongue lesions of one patient who had 
buccal changes as well also failed to respond to treatment. However, other 
authors have also reportdd that tongue changes in lichen ruber planus exhibit 
similar resistance to therapy (22). No undesirable side effects of the oral 
mucosa occurred in any of our cases. The ointment caused no unpleasant 
sensations and had good adhesive qualities. 


As a novel concept, aqueous polymethyl methacrylate preparations can be 
employed as extremely well-tolerated ointment bases for use in mucous 
membranes. These ointment bases are characterized by an excellent adhesion. 
A description of a model for the determination of the adhesive time of mucosal 
adhesive ointment$ in vitro will be published elsewhere. The preparation of 
the polymethyl methacrylate ointment base as well as the incorporation of 
the active agent is hsily carried out. The system can be utilized for other drugs, 


Table 11-Percentage of Tretinoin in Polymethyl Methacrylate Mucosal 
Adhesive Ointment as a Function of Storage Temperature and Time 


Storage Storage Time 
Temp. Nil 3 months 6 months 


8OC 0.102% 0.101% 0.100% 
25OC 0.101% 0.098% 0.099% 


other symptoms, and all mucous membranes, with possible application to oral 
and vaginal mycoses, herpes labialis, pyoderma, and aphthosis. 
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I; however, it was not present in the antacid formulations studied (Fig. 
2). I t  was found that salicyclic acid could be better resolved, if necessary, 
by utilizing a 5% OV-1 column and temperature programming (150°C 
for 10 min, then 32"C/min to 175°C) (Fig. 3). However, chromatography 
time increased from -5 min (SE-30 column) to >16 min (OV-1 column) 
per injection. 


Assay of the forced degradation antacid sample revealed that -10% 
of I had been converted to V. Compound 111 had not appreciably hydro- 
lyzed during this short interval. No additional degradation peaks were 
observed. 


The linearity data for I-V, determined by plotting peak height ratios 
(samplehnternal standard) uersus weight ratios injected, are presented 
in Table I. The correlation coefficients and percent variations (9) all in- 
dicate good linearity over the range studied: 0.75-6 fig for I, 0.5-3.8 pg 
for I1,O.l-0.9 pg for III,0.06-0.5 pg for IV, and 0.014-0.7 f i g  for V. The 
percent intercepts indicate no serious problem with single-point standard 
calculations, except for IV. The significant negative intercept for IV 
demands that standard and sample concentrations be matched within 
10%. Alternatively, a standard curve analysis could be run. 


Assays of eight synthetic liquid antacid samples made by spiking 
placebo with solutions containing known amounts of standard I-V a t  
levels of 60-125% of the theoretical yielded average recoveries and relative 
standard deviations of 99.0 f 2.0% for I, 99.3 f 1.9% for II,98.7 f 1.8% 
for 111, 100.3 f 1.6% for IV, and 100.0 f 1.4% for V. 


Twelve replicate assays of an actual liquid antacid sample containing 
all four preservatives and their common hydrolysis product yielded 
good precision, as shown in Table 11. The assay results of two other 
commercial liquid antacids are also shown in Table 11. Since these sam- 
ples had been stored for -2 years prior to assay, relatively high concen- 
trations of V were encountered. Although only antacids were examined 
in the present work, the technique should be readily applicable to other 
pharmaceutical preparations, such as liquids, elixirs, parentrals, creams, 
and gels. 
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Abstract 0 A sensitive and specific assay for ritodrine in serum was 
developed using high-performance liquid chromatography (HPLC) with 
electrochemical detection. Serum samples were alkalinized to pH 9.4 by 
the addition of a sodium carbonate buffer and extracted with ethyl ace- 
tate. The extracts were evaporated to dryness and the residues were re- 
constituted in the H P I X  mobile phase and chromatographed on a oc- 
tadecylsilane reverse-phase column. The detection of ritodrine was 
achieved by an electrochemical detector with a glassy carbon electrode. 
The sensitivity was 0.2 ng for on-column injection. The extraction effi- 
ciency was 80%. 


Keyphrases Kitodrine-analysis in serum, high-performance liquid 
chromatography with electrochemical detection High-performance 
liquid chromatography-analysis of ritodrine in serum, electrochemical 
detection 


Ritodrine hydrochloride, erythro-p- hydroxy- 
cu-[1-[(p-hydroxyphenethyl)amino]ethyl]benzyl alcohol 
hydrochloride (I), is a P-adrenergic receptor stimulant 
developed specifically for obstetrical use in the manage- 
ment of premature labor. Pharmacological studies have 
shown that ritodrine is a potent inhibitor of myometrial 
contractility with only minor cardiovascular effects (1-4). 
Studies on experimental animals have demonstrated the 
uterine relaxant properties of ritodrine. Depending on the 
animal species and the route of administration, the effec- 
tive dose ranges from 5 pg/kg to 15 mg/kg (5). In humans, 
the therapeutic dose varies from 50 to 200 pg/min. The 
infusion rate is maintained 24-48 h according to the re- 
sponse of the patient and side effects (6). Treatment is 
usually followed with an oral 10-mg dose four to eight times 


daily for several days or until term. Human disposition 
studies have been carried out on healthy nonpregnant 
volunteers using tritiated ritodrine. It was found that the 
majority of the drug was excreted in the urine with a 
maximal excretion rate attained within 1 h after drug ad- 
ministration. The data suggested a two-compartment open 
model with half-lives of 2 and 13 h (5). 


Analytical assay of ritodrine had been limited to the use 
of radioactively labeled drug (5) until recently when a 
sensitive RIA (7) was reported. The RIA has a sensitivity 
of <1 ng and has been used to measure serum levels of ri- 
todrine in humans after oral or parenteral administration. 
Whereas good sensitivity was achieved by this procedure, 
some unexplained variability was observed in the data, 
possibly due to cross-reactivity with some endogenous 
interferences in the samples. The RIA antiserum is cur- 
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rently unavailable precluding the routine clinical moni- 
toring of ritodrine. Thus, it was deemed desirable to de- 
velop an alternative method for the assay of this drug in 
biological fluids. This report describes a simple, sensitive, 
and specific high-performance liquid chromatographic 
(HPLC) assay using electrochemical detection for the 
measurement of nanogram quantities of ritodrine in serum 
or plasma. 


EXPERIMENTAL 


Reagents and Materials-Ritodrine hydrochloride' and the internal 
standard*, 1-(3,5-dihydroxyphenyl)-2-( 1,l-dimethylbuty1amino)ethanol 
(11), were used as received. Distilled-in-glass ethyl acetate3 and methanol4 
were used in the extraction and chromatographic procedures, respec- 
tively. All other chemicals were reagent grade. 


Apparatus-Chromatographic analyses were performed a t  ambient 
temperature on a liquid chromatograph5 equipped with an electro- 
chemical detector6 fitted with a thin-layer cell containing a glassy carbon 
electrode. The electrochemical potential of the glassy carbon working 
electrode was set a t  +0.90 V relative to a silver-silver chloride reference 
electrode. A 4.6-mm X 26-cm prepacked octadecylsilane reverse-phase 
column7 with a precolumn8 (1.2 mm X 7.1 cm) was used. Samples were 
introduced onto the column through a septumless injectorg with a 100-pL 
syringe. Chromatograms were recorded on a strip-chart recorderla. 


Chromatographic Condition-The chromatography was performed 
a t  an isocratic mode. The mobile phase was a methanol-phosphate buffer 
(25:75, v/v) with a flow rate of 1.5 mL/min. The phosphate buffer was 
composed of 0.01 M KHzPOd, 0.3 mM sodium octanesulfonate, and 0.1 
mM EDTA (disodium ethylenediaminetetraacetate) and had a final pH 
of 4.5. The solvent mixture was deaerated by stirring under vacuum be- 
fore use. 


Extraction--A serum sample (1 mL) was adjusted to pH 9.4 by the 
use of 2 M sodium carbonate buffer. The internal standard (200 ng) was 
added to each sample, and the mixture was then vortexed and extracted 
with 6 mL of ethyl acetate by reciprocal shaking for 15 min. After cen- 
trifugation, the organic layer was transferred to another tube and evap- 
orated to dryness under a nitrogen stream at 35°C. The dry residue was 
then redissolved in 400 p L  of the HPLC mobile phase by vigorous vor- 
texing. A 40-pL aliquot of the mixture was injected into the chromato- 
graph for quantitation. 


A set of standard samples prepared from blank serum spiked with 
known amounts of ritodrine and 200 ng of the internal standard were 
processed as above. The peak height ratios of ritodrine to the internal 
standard in these samples were determined, and a calibration curve was 
constructed from the resulting data. The concentrations of unknown 
samples were derived from this calibration curve. The recovery of rito- 
drine by the extraction procedure was 80%. 


Mass Spectrometry-The identity of the ritodrine peak on the HPLC 
chromatogram was verified by MS. The eluate corresponding to the ri- 
todrine fraction was collected from the HPLC, and the pH was adjusted 
to 9.4 with sodium carbonate. Ritodrine was extracted with ethyl acetate 
and evaporated to dryness under a nitrogen stream. The residue was 
applied to a sample vial of the spectrometer''. MS analysis was performed 
uia a direct probe inlet in the electron-impact ionization mode a t  70 eV. 
The mass spectrum of authentic ritodrinel showed the following char- 
acteristicfragment ions: m/z 121 (loo%), 164 (65%), 107 (23%), 77 (21%), 
and 91 (10%). No molecular ion was observed for ritodrine. The HPLC 
peak of interest exhibited ions at  m/z  121 (loo%), 164 (65%), 107 (23%), 
77 (21%), and 91 (10%). MS data were identical to those of the authentic 
sample. 


RESULTS AND DISCUSSION 


The sensitivity of detection for ritodrine during on-column injection 
was found to be 0.2 ng. This was established by observing that the peak 


Philip-Duphar Research Laboratories, Wees , The Netherlands. 
2 Research Laboratories of A B Draco, Lund, {weden. 
3 Mallinckrodt, Paris, Ky. 
4 Burdick & Jackson Laboratories, Muskegon, Mich. 


7 pBondapak ClS; Waters Associates, Milford, Mass. 


10 Linear Instruments. Irvine. Calif. 


Model M-45; Waters Associates, Milford, Mass. 
Model LC-4B; Bioanalytical Systems, West Lafayette, Ind. 


HC Pellosil; Whatman, Clifton, N.J. 
Model U6K; Waters Associates, Milford, Mass. 


l 1  Model 3200; Finnigan Corp., Sunnyvale, Calif. 
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Figure I-Chromatograms of samples prepared from blank serum 
pooled from pregnant women (A), blank serum spiked with 40 ng of ri- 
todrine hydrochloride and 200 ng of the internal standard (B), and 
serum of a patient receiving ritodrine therapy (C). 


height of 0.2 ng of ritodrine versus the internal standard was significantly 
different from zero when it was compared with the 95% confidence in- 
terval of the y-intercept. Under the described chromatographic condi- 
tions, the retention times of ritodrine and the internal standard were 7.8 
and 12.0 min, respectively. Comparing the chromatogram (Fig. 1A) of 
an extraded blank serum sample pooled from pregnant women with that 
of a similar serum sample spiked with 40 ng of ritodrine hydrochloride 
and 200 ng of the internal standard (Fig. lB) ,  it can be concluded that 
little or no interferences from endogenous substances are present. A 
typical chromatogram from a patient receiving ritodrine for premature 


Table  1-Analysis of Ritodrine Level in Serum 


Mean Value Ratio of 


ng/mL Ratio" ng/mL Spiked 
Ritodrine Spiked, Peak Height Assayed, Assayed to 


2 


5 


10 


0.095 
0.091 
0.119 
0.098 


2.08 1.04 


0.131 
0.165 
0.144 
0.130 


0.131 
0.165 
0.144 
0.130 


5.31 1.06 5.31 1.06 


20 0.400 
0.345 
0.366 
0.460 


19.6 0.978 


40 0.731 
0.760 
0.708 
0.752 


80 1.35 
1.57 
1.50 
1.43 


39.9 0.998 


82.3 1.03 


Ritodrinelinternal standard. 
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labor is shown in Fig. 1C. The specificity of this method was also con- 
firmed by mass spectral studies. The HPLC eluate corresponding tori-  
todrine was found to exhibit MS characteristics identical to those of pure 
ritodrine. The spectrum shows a base peak at  m/z 121 and a strong 
fragment ion a t  m/z  164. No molecular ion is detectable for ritodrine in 
the electron-ionization spectrum. 


The calibration curve for ritodrine using the internal standard bears 
a linear relationship ( r2  = 0.9910) over the range (2-80 ng/mL) studied. 
Table I illustrates the reproducibility of the method. To demonstrate the 
applicability of this method for the therapeutic monitoring of ritodrine, 
a serum sample from a pregnant woman receiving ritodrine for premature 
labor was analyzed. The patient received an intravenous infusion of ri- 
todrine a t  100 pg/min for 3.5 h. The serum level of ritodrine 20 min after 
the end of the infusion was 12.8 ng/mL. The concentration compares 
favorably with the results obtained by the RIA method (7). The degree 
of sensitivity achieved by the HPLC-EC method is suitable for drug 
monitoring and pharmacokinetic studies of ritodrine, since serum con- 
centrations of the drug during clinical use usually range from several to 
-100 ng/mL. The linearity of the calibration curve indicates that the 
assay methodology is appropriate for these measurements. 


The usefulness of electrochemical detection has been demonstrated 
in the HPLC analysis of catecholamines (8-101, uric acid (111, ascorbic 
acid ( l l ) ,  and acetaminophen (12) in biological fluids and pharmaceutical 
preparations. Kitodrine, a compound structurally related to catechol- 
amines, evokes a strong electrochemical response due to the two phenolic 
moieties in the molecule. The method described herein permits a rapid 
analysis of ritodrine a t  the nanogram level. 


The sensitivity of the electrochemical detector is quite comparable with 
that of the RIA technique, and the assay speed of the two methods is also 
very comparable. The RIA method appears to be more convenient be- 
cause no extraction is required. However, it takes -40 min to incubate 
and equilibrate a sample with the antiserum plus additional time for 
scintillation counting, not to mention the time for preparing the antise- 
rum, On the other hand, the analysis time by HPLC requires -15 min 
according to the protocol. Most importantly the HPLC-EC method may 
be superior to the RIA in terms of specificity. Previous work in the assay 
of ritodrine by RIA showed negligible cross-reactivity with the drug 
conjugates (7). However, the possibility of cross-reactivity with endog- 


enous catecholamines has not been evaluated. The fact that  abnormal 
variability was observed in the data during the RIA quantitation of ri- 
ttdrine (7) points to the potential problem of cross-reactivity. It is known 
that serum catecholamine levels are elevated during labor (13). This may 
cause erroneous determination of ritodrine by RIA under such conditions. 
On the other hand, the accuracy of the HPLC-EC method is not affected 
by these endogenous substances. 
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Abstract The biological activity of a series of 10 silver sulfanilamides 
is studied in relation to the physical parameters pK,, log K, and the 
aqueous solubility. None of the parameters demonstrate a simple rela- 
tionship with the activity. A discussion of the significance of log K and 
the solubility in relation to the activity is given. 


Keyphrases 0 Silver sulfanilamides-structure-activity relationships, 
correlation between activity and ph',, log K ,  and solubility 0 Struc- 
ture-activity relationships-silver sulfanilamides, correlation between 
activity and pK,, log K ,  and solubility 


An increasing interest in the silver sulfanilamide com- 
plexes was stimulated by the successful use of silver sul- 
fadiazine (I) as an efficacious topical antibacterial agent 
in burn treatment (1). A number of efforts were made to 
account for the good in uiuo activity of I as compared with 


other silver sulfanilamides (2-4). In this study the rele- 
vance of some physical parameters in relation to the in oioo 
antimicrobial activity are discussed. 


BACKGROUND 


The antimicrobial activity of I is thought to result from alteration of 
the mesosomal function of the microbial cell by the silver moiety of the 
molecule (5). The sulfadiazine moiety does not enter the cell and does 
not contribute appreciably to the antimicrobial action; therefore, I is not 
antagonized by p-aminobenzoic acid (3). A possible role of sulfadiazine 
is to localize the action of silver to the cell. The undissociated molecule 
1 seems to interact with the microbial cell and is dissociated next a t  the 
cell surface into silver and sulfadiazine (6,7). 


The role of the sulfadiazine anion and other anions is rather unclear. 
Wysor assumed as a prerequisite for an active silver sulfanilamide that, 
like I, these compounds need to be stable in a chloride-containing solution 
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Abstract 0 The relative bioavailability and pharmacokinetics of a 
combination product containing pentazocine and acetaminophen were 
studied in 20 healthy human males. Each subject, in a single-dose 
three-way crossover design, received two different preparations con- 
taining 50 mg of pentazocine (as base) and 1300 mg of acetaminophen 
either as capsule-shaped tablets or as a solution. Plasma concentrations 
of pentazocine and acetaminophen were determined from 0.25 to 12 h 
following oral administration. The plasma data for both compounds in 
the tablet formulation were described by an open one-compartment body 
model with first-order absorption. The average ( f S D )  bioavailability 
of the tablet relative to that of the solution was 85.0 f 31.1 and 88.6 f 
13.18 for pentazocine and acetaminophen, respectively. The apparent 
first-order regression-dependent elimination rate constants for penta- 
ztcine from the tablet and solution preparations were 0.19 f 0.08 and 0.20 
f 0.06 h-', respectively, while the rate constants for acetaminophen were 
0.26 f 0.03 and 0.25 f 0.0:) h-I for the tablet and solution preparations, 
respectively. These rate constants correspond to terminal elimination 
half-lives of -3.6 h for pentazocine and -2.7 h for acetaminophen. 


Keyphrases Pentazocine-relative bioavailability, pharmacokinetics, 
coadministration with acetaminophen 0 Acetaminophen-relative 
bioavailability, pharmacokinetics, coadministration with pentazocine 


Rioavailability-relative, coadministered pentazocine and acetami- 
nophen, pharmacokinetics 0 Pharmacokinetics-coadministered pen- 
tazocine and acetaminophen, relative bioavailability 


Pentazocine, a weak narcotic antagonist, is a potent 
analgesic in humans. The analgesic efficacy of both oral 
(1,2) and parenteral(3-8) formulations of pentazocine is 
well documented. Acetaminophen is commonly used as a 
mild analgesic and antipyretic (9, 10). Both pentazocine 
and acetaminophen have low incidences of adverse side 
effects at  therapeutic dosages (3,9,10). 


Since pentazocine is thought to act centrally and acet- 
aminophen acts primarily peripherally, the simple additive 
effect of a narcotic antagonist and an antipyretic-analgesic 
given together may be substantially greater than the an- 
algesia obtained from each component separately (11,12). 
In our investigation, the bioavailability and pharmacoki- 
netic parameters of pentazocine and acetaminophen were 
determined in human subjects following administration 
of two different preparations of pentazocine combined 
with acetaminophen. 


EXPERIMENTAL 


Subjects--The subjects were 20 healthy male volunteers, ranging in 
age from 19 to 33 years and in weight from 53 to 104 kg. No subject had 
a clinical history or laboratory findings that were suggestive of renal, 
hepatic. or cardiac dysfunction. Appropriate institutional review and 
approval were obtained. 


Drug Administration and Sampling-Each subject received two 
dill'erent preparations of pentazocine and acetaminophen in a single dose 
according to a randomized three-way crossover design. One dose was two 
capsule-shaped tablets', each containing 25 mg of pentazocine base and 
650 mg of acetaminophen, and the other dose was a solution containing 
50 mg of pentazocine base and 1300 mg of acetaminophen (prepared in- 
~ 


' Talacen; Winthrop 1,ahoratories. New York. N.Y. 


house). For the third dose, one-half of the subjects received a repeat dose 
of the solution and the other half of the subjects received a repeat dose 
of the tablets. There was a 1-week washout interval between medications. 
Blood samples were collected by venipuncture prior to drug adminis- 
tration and a t  0.25,0.50,0.75, 1 , 2 , 4 , 6 , 7  and 12 h after treatment; po- 
tassium oxalate was used as the anticoagulant. All subjects were fasted 
for a t  least 8 h before treatment and 3 h afterwards. Blood samples were 
centrifuged. and the plasma was separated and frozen until it was as- 
sayed. 


Analytical Methods-Pentazocine plasma concentrations were de- 
termined using a minor modification of the RIA procedure (13) developed 
in these laboratories; toluene was used for the extraction in place of 
benzene. The minimum quantifiable level of the assay was estimated as 
the concentration whose lower 95% confidence limit just encompassed 
zero and was -0.4 ng/mL. Blind analyses of plasma samples spiked with 
pentazocine over the range of 0 and 0.4 to 100 ng/mL revealed a mean 
intraassay variation coefficient of 8.2% ( n  = 18) and a mean interassay 
coefficient of variation of 11.64 ( n  = 3). 


Plasma concentrations of acetaminophen were determined by the 
HPI,C methtxl reported by Horwitz and Jatlow (14), with the following 
modifications. Plasma was extracted with 7 mLof diethyl ether instead 
o f  5 mL. The residue remaining after evaporation of the solvent was 
dissolved in 200 pL  of the mobile phase, and 50 pL  were injected onto a 
: W m m  i.d. X 30-cm phenyl column2 using a solvent system of 7% ace- 
tonitrile in 0.1 M KHzP04 (v/v) adjusted to pH 2.4 with phosphoric acid. 
The flow rate was increased to 2.0 mL/min. The mean quantifiable level 
for acetaminophen was estimated by linear regression of the peak-height 
ratios as the concentration whose lower 80% confidence limit just en- 
compassed zero ( 1  5) and was between 0.02 and 0.06 c(g/0.5 mL. Blind 
analyses of acetaminophen standards prepared with human control 
plasma over the range of 0 and 0.1 to 15 pg/0.5 mL yielded an intraassay 
coefficient of variation (precision) of &4.% ( n  = 2). The accuracy of the 
assay, defined as the mean percent difference from a nominal value, 
ranged from -7.5 to 3.0% (n  = 18). 


Pharmacokinetic Calculations-Pharmacokinetic parameters for 
pentazocine and acetaminophen were derived by analysis of the plasma 
concentration data by means of a weighted nonlinear regression proce- 
dure (NLIN) using the Marquardt algorithm (16). The plasma concen- 
trations were weighted as the squares of their reciprocals (17,18). Where 
appropriate, results are expressed as the mean fSD. 


The plasma data obtained for pentazocine (tablet and solution) and 
acetamimphen (tablet) was fitted to an open one-compartment body 
model with first-order absorption and was described by the following: 


(,' = A[e-hdt-lol - p - k d f - f d ]  (Eq. 1) 


where C is the plasma concentration a t  time, t ,  t o  is the lag time (before 
absorption begins), A is a constant, and k ,  and k,are apparent first-order 
rate constants for absorption and elimination, respectively. Since the 
absorption of acetaminophen in solution is very rapid, the data from the 
analysis of the acetaminophen solution dose was fit to a one-compartment 
open model assuming instantaneous absorption (intravenous model) by 
means of a weighted regression analysis as above, and was described by 
the following: 


where H is a constant and the other terms are defined above. 
The apparent volume of distribution (uncorrected for bioavailability), 


VdIE', which relates the plasma concentration to the total amount of drug 
in the body, was calculated by the use of the following: 


C = B ( e w k o f )  (Es. 2) 


Dose . k ,  
Vd'F = A ( k ,  - k , )  (Eq. 3) 


p-Hondapak CN; Waters Associates, Milford, Mass 
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Figure I-Mean plasma concentrations of pentazocine (A)  and acetaminophen (El) in 20 human volunteers after oral administration of either 
tcuo tablets (0) or a solution (0) containing 60 mg of  pentazocine and 1368 mg of acetaminophen. The 1ino.s rc.present the respective model-dependent 
curijes derived from the mean pharmacokinetic parameters. 


Dose 
co VdIF = - (Eq. 4)  


where F is the fraction of the administered dose which is available to the 
systemic circulation; the other terms are defined above. The apparent 
total plasma clearance (CL,)  relates to drug availability ( F )  and was 
calculated from: 


CL,  Dose 
F AUC," 
-- (Eq. 5) 


The total area under the plasma concentration versus time curve (AUC;) 
for each subject was determined from the following: 


- F a  Dose AUCo -- 
Vd * k ,  


(Eq. 6) 


(Eq. 7) 


In addition to the regression-dependent parameters (defined above), 
the plasma concentration data were analyzed with respect to the following 
regression-independent parameters: the maximum observed plasma 
Concentration (C$tX), the time a t  which the maximum plasma concen- 
tration was observed ( t$J ,  and AUCA:2. The latter was calculated by the 
trapezoidal rule, including all of the data for the study period. For those 
subjects who had detectable concentrations of pentazocine or acetami- 
nophen in the last sample examined, the AUC was extrapolated to infinite 
time by use o f  the following: ,. 


AUC," = AIJCb2 + 5 (Eq. 8) 
kt 


where C,, was the pentazocine or acetaminophen concentration observed 
in the last measurable sample taken and k ,  is the estimated apparent 


first-order terminal elimination rate constant; kt  was estimated,by linear 
regression on the natural logarithms of the observed plasma concentration 
from t,,, to the last data point. 


The regression-independent volume of distribution (uncorrected for 
bioavailability), VdIF, was determined hy the following equation: 


Dose VdIF = ___ 
kt AUC," (Eq. 9 )  


The bioavailability of the tablet doses relative to thaiof the solution doses 
was determined from the ratio of their respective extrapolated AUC 
values: 


x 100 (Eq. 10) 
AUC; (tablet) 


AIJC; (solution) 
Relative bioavailability = 


RESULTS 


Pentazocine-The plasma levels of pentazocine for each subject de- 
clined exponentially with time and were best f i t  with an open one-com- 
partment body model with first-order absorption. The mean plasma 
concentrations are shown in Fig. 1A. The mean apparent first-order 
elimination rates for the tablet and solution were 0.19 f 0.08 and 0.20 f 
0.06 h-I, respectively, which corresponds to a half-life of -3.6 h for both 
the tablet and solution preparations. Results are shown in Tables I and 
11, respectively. 


The apparent volume of distribution showed considerable variation 
between individuals for hoth preparations. The mean apparent VdIF for 
the tablet was 1614 I,, with a range of 495-4906 L, and the solution had 
a mean apparent VdIF of 1177 L, with a range of 243-2865 L. Plasma 
clearance (CL, )  and the first-order absorption rate ( k , )  demonstrated 
considerable intersubject variation. The mean AUC; values for the tablet 
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Table I-Pharmacokinetic Parameters Derived from Pentazocine Plasma Data from Subjects Receiving Tablets Containing 
Pentazocine and Acetaminoohen 


Model Independent 
C k L  C L J F ,  .4UCb2, 


Subject tO,bb,,h ng/mL Vd/F,L L-h-' ngh/mL kt,h- '  


Regression Dependent 
A ,  VdIF,  CL,IF, AUC;, 


ng1mL k., h-' k,, h-' t o ,  h L L-h-' ngh/mL 


101 
101 
102 
102 
103 
103 
104 
104 
105 
105 
201 
20 1 
202 
202 
203 
203 
204 
204 
205 
205 
301 
302 
303 
304 
305 
40:! 
403 
404 
405 
406 


Mean 
*SD 


2.0 86 
1 .0 35 
2.0 94 
2.0 162 
2.0 21 
0.75 41 
1.5 24 
1 .o 62 
0.75 20 
1.0 32 
1.0 61 
1 .o 91 
0.5 52 
0.75 55 
7.0 3 8 
1 .o 62 
3.0 9.0 
0.75 8.0 
3.0 63 
3.0 45 
1 .0 25 
1 .0 38 .. 


i .o 121 
2.0 28 
1.0 61 
2.0 27 
2.5 18 
0.75 19 
2.0 68 
4.0 35 
1.74 50.0 
1.32 34.3 


645 
1302 
549 
426 


2140 
1502 
1754 
926 


2591 
2088 
1129 
829 


924 
740 
963 


4386 
5275 
764 
824 


1812 
1321 
448 


1544 
1019 
1600 
2154 
2796 
617 
952 


1502 
1105 


1038 


148 
235 
27.5 
34.1 


342 
301 
420 
222 
521 
481 
237 
208 
467 
278 
118 
202 
526 
735 


140 
382 
238 


340 
214 
305 
345 
336 
148 
162 
275 
164 


99.4 


49.3 


306 
184 
821 
866 
121 
150 
110 
208 
86 
95 


188 
226 
107 
173 
316 
218 
70 
57 


357 
304 
119 
182 
688 
134 


144 
122 
114 
315 
252 
238 
211 


208 


0.23 
0.18 
0.05 
0.08 
0.16 
0.20 
0.24 
0.24 
0.20 
0.23 
0.21 
0.25 
0.45 
0.30 
0.16 
0.21 
0.12 
0.14 
0.13 
0.17 
0.21 
0.18 
0.11 
0.22 
0.21 
0.19 
0.16 
0.12 
0.24 
0.17 
0.19 
0.07 


68.3 
39.8 
79.1 
63.7 
27.2 
32.9 
29.4 
55.3 
20.8 
21.3 
39.3 
47.9 
50.6 
49.8 
25.1 
45.4 
12.2 
10.7 
61.4 
63.5 
30.4 
41.4 


33.2 
50.8 
33.9 
28.1 
17.9 
93.5 
88.8 
45.6 
24.2 


107 


1.24 
4.51 


2.77 
1.10 


2.45 
1.25 
2.51 


2.32 
2.36 


2.44 


6.43 
1.25 
3.39 
1.27 
1.51 
1.64 
4.36 
1.53 
1.85 


1.42 
1.31 


1.56 
0.55 


52.7 


63.8 


52.9 


53.6 


52.8 


60.5 


59.5 


14.9 
23.5 


0.21 
0.19 
0.03 
0.07 
0.17 
0.20 
0.24 
0.24 
0.21 
0.23 
0.19 
0.22 
0.48 
0.30 
0.02 
0.21 
0.11 
0.16 
0.14 
0.17 
0.21 
0.19 
0.11 
0.22 
0.24 
0.19 
0.18 
0.12 
0.24 
0.20 
0.19 
0.08 


0.24 
0.46 
0.25 
0.48 
0.39 
0.50 
0.19 
0.24 
0.24 
0.47 
0.48 
0.23 
0.25 
0.06 
0.49 
0.49 


0.34 
0.48 
0.47 
0.16 
0.43 
0.24 
0.24 
0.25 
0.42 
0.46 
0.48 
0.21 
0.44 
0.35 
0.13 


- 0 


879 
1311 
633 
495 


2165 
1525 
1887 
1114 
2615 
2359 
1385 
1152 
996 


1144 
1992 
1138 
4498 
4906 
918 
889 


1894 
1263 
503 


1711 
989 


1698 
2059 
2800 
633 
877 


1614 
1040 


183 
244 


19.8 
34.9 


360 
301 
459 
263 
544 
542 
266 
256 
476 
342 


235 
510 
780 
133 
153 
406 
244 


382 
234 
314 
362 
340 
154 
171 
293 
174 


38.5 


55.9 


273 
205 


2528 
1432 
139 
166 
109 
190 
91.9 
92.3 


188 
195 
105 
146 


1300 
213 
98.1 
64.1 


376 
327 
123 
205 
895 
131 
214 
159 
138 
147 
324 
292 
362 
526 


a No meaningful value, not included in the mean. 


and solution preparations were 362 f 526 and 404 f 474 ng.h/mI,, re- 
spectively. The calculated hioavailahility of pentazocine in the tablet 
relative to the solution demonstrated considerable intrasubject, variation, 
as well as significant interindividual variability, and ranged from 37.0 


to 216% with a mean value of 85.0 f 31.1%. Individual AUCF values and 
relative bioavailahility data are presented in Table 111. 


The observed regression-independent parameters are in reasonable 
agreement with those estimated from the open one-compartment body 


Table JI-Pharmacokinetic Parameters Derived from Pentazocinc Plasma Data from Subjects Receiving a Solution Containing 
Pcntaxocine and Acetaminophen 


101 0.62 
102 1.0 
103 2.5 
104 1 .o 
105 0.50 
20 1 3.0 
202 0.75 ~~ 


203 0.75 
204 0.75 
205 0.75 
301 0.75 
30 1 0.75 
302 0.75 
302 0.75 
303 2.0 
:103 0.75 
304 0.50 
304 0.87 
305 1 .o 
305 1 .0 
402 2.5 
402 1 .0 
403 0.75 
403 0.50 
404 2.0 
404 0.75 
405 0.75 
405 1 .0 
406 1 .o 
406 0.75 


Mean 1.06 
G D  0.65 


89 658 
166 229 
20 1921 
28 1749 
37 1869 
32 1082 
8 5 820 
36 1279 
lfi 3173 ~. 


127 665 
38 1279 
56 1348 
46 914 
99 638 .~ 


120 374 
203 254 
83 1243 
.53 1073 
.i I) 855 


131 549 
34 1142 
54 1066 
35 1567 
42 1582 
26 1691 
21 2797 


162 275 
219 236 
49 792 


2 14 285 
79.3 1140 
61.1 721 


112 
27 


327 
333 
485 
216 
22 1 
255 
413 
80 


320 
300 
182 
153 
49 
38 


300 
258 
171 
143 
251 
224 
312 
316 
287 
391 
66 
61 


127 
60 


216 
123 


382 
1055 


129 
131 
96 


202 
214 
174 
95 


443 
148 
155 
248 
301 
790 


1033 
153 
180 
262 
327 
179 
200 
142 
140 
148 
10'2 
707 
768 
335 
744 
333 
283 


~~~~ 


Model Independent 
C;k, CL,/F, AUC;', 


Subject t$&, h ng/mL VdIF, L L-h-l ng-hImI, kt, h-' 


0.04 


0.17 
0.12 
0.17 
0.19 
0.26 
0.20 
0.27 
0.20 
0.13 
0.12 
0.25 
0.22 
0.20 
0.24 
0.13 
0.15 
0.24 
0.24 
0.20 
0.26 
0.22 
0.21 
0.20 
0.20 
0.17 
0.14 
0.24 
0.26 
0.16 
0.21 
0.20 


Regression Dependent 
A ,  Vd/F, CL,IF, AUC;, 


ne1mL k, .  h-' k,.  h-l to. h I, L-h-' ng.h/mL 


74.7 
99.8 
31.5 
28.7 
24.6 
48.8 
52.7 
44.0 
18.3 
72.9 
38.0 
34.0 
65.1 
72.4 


145 
186 
32.9 
42.1 
55.2 
94.3 
47.2 
45.3 
32.7 
30.2 
31.2 
18.2 


187 
222 


147 
79.7 


70.0 
54.4 


54.1 
5.39 
1.29 
2.31 


1.27 
9.16 
3.98 
2.03 
6.67 


56.0 


56.9 
56.6 


1.96 
8.95 
1.50 
2.74 


72.1 
51.7 
17.5 
52.4 


1.33 
4.09 


49.5 
63.2 


1.64 
3.29 
5.36 
3.78 
1.07 


61.5 
22.0 
25.9 


0.17 
0.04 
0.19 
0.19 
0.26 
0.19 
0.26 
0.28 
0.15 
0.11 
0.25 
0.21 
0.22 
0.23 
0.13 
0.15 
0.22 
0.23 
0.19 
0.31 
0.21 
0.21 
0.21 
0.19 
0.17 
0.14 
0.25 
0.27 
0.19 
0.20 
0.20 
0.06 


0.25 
0.24 
0.45 
0.23 
0.25 
0.23 
0.21 
0.20 
0.20 
0.21 
0.25 
0.48 
0.16 
0.24 
0.25 
0.24 
0.24 
0.24 
0.23 
0.25 
0.16 
0.23 
0.25 
0.25 
0.24 
0.24 
0.21 
0.23 
0.20 
0.25 
0.20 
0.06 


672 
505 


1854 
1895 
2041 
1207 
976 


1224 
2941 
889 


1320 
1475 
864 
709 
379 
285 


1524 
1192 
917 
533 


1260 
1163 
1535 
1661 
1787 
2865 
280 
243 
761 
342 


1177 
128 


115 
21 


345 
352 
523 
232 
250 
247 
435 
76 


329 
311 
189 
162 
50 
44 


340 
273 
177 
166 
267 
238 
318 
320 
303 
397 
69 
65 


142 
67 


227 
129 


434 
2431 


145 
142 


216 
200 
144 
115 
654 
152 
161 
265 
309 


lo00 
1136 
147 
183 
283 
301 
187 
210 
157 
156 
165 
126 
727 
772 
351 
746 
404 
464 


95.6 
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Table 111-Relative Bioavailabilitv of Tablet  ComDared to Solution Based on Rearession-Indewndent AUCn" Data 


Pentazocine Acetaminophen 
AUC;, ng-h/mL Relative AUC;, pg.h/mL Relative 


Subiect Tablet Solution Bioavailability Tablet Solution Bioavailability 


101 
101 
102 
102 
103 
103 
104 
104 
105 
105 
20 1 
201 
202 
202 
203 
203 _._ 


204 
204 
205 


337 
213 


1821 
1466 
146 
166 
118 
225 
96 


104 
21 1 
241 
107 
180 
422 
248 
95 
68 


503 


447 


1822 


153 


1 w 
103 


231 


226 


196 


122 


626 


- 


- 


- 


- 


- 


- 


- 


- 


- 


75.4 
47.8 


80.5 
95.4 


78.9 


93.8 


91.3 


47.4 
79.8 


100 


109 


120 


101 


104 


216 
127 
78.2 
55.7 
80.3 


51.2 
56.4 
49.2 
56.9 
88.5 
93.4 
53.6 
60.9 
45.7 
51.2 
71.6 
93.0 
65.8 
59.5 
61.4 
66.7 
56.7 
60.8 
40.6 


67.5 


53.4 


89.9 


55.3 


54.1 


75.8 


74.4 


66.7 


59.5 


66.2 


- 
- 
- 
- 


- 
- 


- 


- 


- 


75.8 
83.6 
92.1 


107 ' 
98.5 


104 
96.9 


110 
84.4 
94.7 
94.6 


88.4 
80.0 
92.1 


95.3 


61.0 


123 


100 


102 


205 357 - 57.0 41.2 - 62.2 
301 131 156 84.0 63.2 67.4 93.6 
301 - 169 77.9 - 73.9 85.4 
302 210 274 76.9 57.2 68.9 83.1 
302 - 327 64.4 - 83.6 68.5 


98.7 54.1 60.3 89.7 
- 64.0 84.5 


303 1015 1028 
303 - 1313 77.3 
304 147 168 87.8 53.3 64.0 83.2 
304 - 194 15.8 - 65.8 81.0 


292 79.9 61.6 62.8 98.1 
- 68.6 89.8 


305 234 
305 - 350 66.8 


199 82.7 54.9 60.5 90.8 
- 63.7 86.2 


402 164 
402 - 223 73.7 


145 160 90.8 61.8 60.0 103 
403 - 158 91.8 - 64.7 95.6 
403 


73.8 85.8 86.0 
86.4 85.4 


149 174 85.7 404 
404 - 128 117 


44.6 78.7 102 77.0 
- 103 76.2 


405 338 757 
405 - 814 41.4 


78.4 57.1 68.8 83.0 
- 97.3 58.7 


406 309 394 
406 - 834 37.0 


Mean 332 406 85.0 61.3 77.1 88.6 
*SD 401 404 31.1 13.3 13.6 13.1 


- 


model with first-order absorption. The C,,, values for the tablet and 
solution preparations were 50 f 34.3 and 79.3 f 61.1 ng/mL, respectively, 
and their respective I,,, values occurred a t  1.74 f 1.32 and 1.06 f 0.65 
h. The regression-independent t I/> values for the tablet and solution 
preparation were identical to the regression-dependent t 112 values. 


Acetaminophen-As seen in Fig. lB, the plasma levels of acetami- 
nophen in volunteers receiving the tablet declined exponentially with 
time, suggesting that an open one-compartment body model with first- 
order absorption would be appropriate. The plasma levels of acetami- 
nophen in volunteers receiving the solution declined exponentially and 
were best described by a one-compartment body model assuming in- 
stantaneous absorption (intravenous model). The mean apparent first- 
order elimination rates for the tablet and solution were 0.26 f 0.03 and 
0.25 f 0.03 h-l, respectively, which corresponds to a t l p l  of 2.7 h. The 
pharmacokinetic parameters are shown in Tables IV and V. 


The mean apparent volume of distribution ( V d I F )  for the tablet and 
solution were 90.3 f 17.2 and 76.5 f 14.7 I,, respective1y:Clearance of 
the tablet varied from 14.6 to 37.9 L.h-I, while the plasma clearance of 
the solution ranged from 12.4 to 24.6 Leh-l. The mean ALJC," values for 
the tablet and solution formulation were 57.5 f 13.0 and 72.0 f 14.4 
pgh/mL, respectively. 


The observed, regression-independent parameters are in reasonable 
agreement with those calculated from the regression-dependent pa- 
rameters. The mean apparent first-order terminal elimination rate 
constants were 0.25 f 0.04 and 0.24 f 0.03 h-I, respectively, for the tablet 
and solution preparations. The C$'ix for the tablet data was 13.6 f 3.7 
pg/mL, and the respective t$:= occurred a t  0.95 f 0.64 h. 


The calculated bioavailability of the tablet relative to the solution 
ranged from 58.7 to 123'70, with a mean value of 88.6 f 13.1%. Indivjdual 
AUC; values and relative bioavailability are presented in Table 111. The 
regression-independent AUC; for the solution data was in close agree- 
ment to that of the AUC," calculated from the regression-dependent 


parameters. This suggests that the model which assumed instantaneous 
absorption was appropriate for the available data. 


DISCUSSION 


Pentazocine-Pharmacokinetic parameters for each subject were 
estimated after computer-fitting of the data by a weighted iterative 
nonlinear least-squares regression technique. The plasma data from each 
subject was best fit by an open one-compartment body mtdel with 
first-order absorption. Attempts to fit the data from each subject to an 
open two-compartment body model with first-order absorption yielded 
residual sum-of-squares values significantly greater than the comparable 
values for an open one-compartment body model. The half-lives for the 
capsule-shaped tablet and solution data, 3.65 and 3.46 h, respectively, 
are similar to those reported by Ehrnebo et al. (19): 333 f 1.18 and 2.95 
f 0.57 h, following intravenous and oral administration, respectively. The 
present values are in very close agreement with the mean half-life of 3.83 
f 0.47 h reported by Neal et al. (20) for four normal subjects. The elim- 
ination half-lives for the urinary excretion rate of intact pentazocine for 
a period of 24 h ranged from 2.0 to 5.5 h (21,22), which are in accordance 
with our plasma values. The mean apparent V d / F  for the tablet and so- 
lution preparations were 1610 and 1110 L, respectively, or, dividing by 
the mean body weight, 21.4 and 14.7 L/kg. These values suggest that 
pentazocine may be bound or partition favorably into tissues. Ehrnebo 
et al. (19) and studies conducted in our laboratories" have demonstrated 
that first-pass metabolism of pentazocine after oral administration was 
-80%. Taking this into account, one obtains mean estimates of 222 and 
322 L for the tablet and solution treatments, which are in reasonable 
agreement with the range of 251-548 L reported by Ehrnebo et al. (19) 


3 Unpublished data 
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Table IV-Pharmacokinetic Parameters Derived from Acetaminophen Plasma Data from Subjects Receiving Tablet Containing 
Pentazocine and Acetaminophen 


Model Independent 
C% CL,IF, AUCA', 


Subject t%, h d m L  Vd/F,L L-h-' ng.h/mL kt,h-' 


Regression Dependent 
A, VdIF, CLJF,  AUC,", 


pg/mL k.,h-l k,,h-l t0,h L L.h-1 ng.h/mL 


101 
101 
102 
102 
103 
103 
104 
104 
105 
105 
201 
201 
202 
202 
203 
203 
204 
204 
205 
205 
301 
302 
303 
304 
305 
402 
403 
404 
405 
406 


Mean 
*SD 


1.0 
0.50 
0.25 
1.0 
2.0 
0.75 
0.75 
0.75 
0.25 
0.50 
1 .o 
0.75 
0.25 
1.0 
0.75 
1 .o 
0.50 
0.50 
2.0 
3.0 
1 .o 
2.0 
0.75 
0.50 
0.25 
1 .o 
I .O 
1.0 
0.50 
2.0 
0.95 
0.64 


12 
14 
15 
12 
12 
15 
15 
17 
11 
14 
13 
24 
16 
15 
17 
17 
12 
12 
10 


11 
12 
10 
11 
24 
10 
11 
13 
15 
9.6 


13.6 
3.7 


7.6 


90.8 
82.3 
94.4 


77.3 
81.9 
80.9 
76.3 


94.0 
82.5 
51.7 
75.9 
72.8 
75.6 
74.9 
95.5 
93.0 


104 


105 


110 
105 
103 


109 
75.7 


97.6 
70.3 


95.5 
76.5 
66.1 
99.0 
87.4 
14.6 


103 


25.4 
23.0 
26.4 
22.8 
14.7 
13.9 
24.2 
21.4 
28.4 
25.4 
18.2 
14.0 
19.8 
21.8 
21.2 
19.5 
22.9 
21.4 
32.0 
31.6 
20.6 
22.7 
24.0 
24.4 
21.1 
23.7 
21.0 
17.6 
16.5 
22.8 
22.1 
4.4 


48.8 
54.1 
47.2 
52.5 
78.0 
80.5 
51.7 
58.2 
43.5 
48.6 
65.7 
88.6 
63.2 
57.4 
58.4 
62.9 
52.6 
56.6 
38.6 
39.4 
56.2 
55.1 
50.2 
50.6 
59.4 
50.9 
56.4 
69.1 
75.1 
52.8 
57.4 
11.6 


0.28 
0.28 
0.28 
0.22 
0.19 
0.17 
0.30 
0.28 
0.27 
0.27 
0.22 
0.27 
0.26 
0.30 
0.28 
0.26 
0.24 
0.23 
0.29 
0.30 
0.20 
0.30 
0.22 
0.25 
0.30 
0.23 
0.22 
0.23 
0.25 
0.23 
0.25 
0.04 


16.2 
15.3 
12.2 
12.8 
18.6 
23.3 
16.6 
18.0 
11.8 
13.5 
18.9 
26.0 
17.4 
18.6 
14.0 
17.7 
14.3 
13.7 
13.1 
13.6 
13.1 
20.4 
11.9 
14.0 
17.6 
13.7 
17.8 
18.7 
20.9 
21.7 
16.5 


2.09 
49.0 


a 
2.66 
1.73 
1.46 
6.70 
3.33 


43.9 
52.6 


1.67 
5.37 


2.98 
8.45 
3.64 
7.81 
8.74 
1.29 
1.54 
3.36 
1.58 
5.10 
5.22 


3.04 
0.96 
2.84 
4.11 
0.80 
8.83 


15.3 


- a 


3.6 14.4 


0.30 
0.29 
0.27 
0.22 
0.19 
0.24 
0.31 
0.28 
0.28 
0.27 
0.24 
0.28 
0.27 
0.29 
0.28 
0.26 
0.28 
0.23 
0.30 
0.28 
0.21 
0.30 
0.22 
0.26 
0.31 


0.24 
0.24 
0.26 
0.26 
0.26 
0.03 


0.a4 


0.18 
0.25 
0.18 
0.15 
0.17 
0.11 
0.02 
0.22 
0.18 
0.22 
0.22 
0.18 


0.21 
0.23 
0.19 
0.21 
0.22 
0.23 
0.22 
0.23 
0.14 


0.12 
0.25 
0.21 
0.15 
0.22 
- a 


0.16 
0.19 
0.05 


- n 


- a 


93.6 
85.4 


106 
111 
78.5 
67.0 
82.3 
78.8 


96.8 
80.2 
52.6 
75.9 
77.2 
95.7 
79.0 
94.6 
97.2 


111 


128 
117 
106 


114 
78.7 


97.5 
73.9 


97.8 
75.9 
66.3 
89.2 
90.3 
17.2 


103 


27.8 
25.0 
29.0 
23.9 
14.9 
16.3 
25.2 
22.2 
30.7 
26.3 
19.0 
14.7 
20.2 
22.1 
26.4 
20.7 
26.8 
22.3 
37.9 
33.2 
22.4 
23.8 
24.9 
25.2 
22.6 
24.5 
23.7 
18.0 
17.1 
14.6 
23.4 
5.4 


46.7 
52.0 
44.9 
54.3 
87.5 
79.9 
51.5 
58.7 
42.3 
49.5 
68.3 
88.7 
64.4 
58.9 
49.2 
62.9 
48.6 
58.2 
34.3 
39.2 
58.1 
54.5 
52.2 
51.6 
57.6 
53.1 
54.9 
72.3 
76.1 
89.2 
57.5 
13.0 ~. 


0 No meaningful value; not included in the mean. 


and similar to those of Neal et al. (20), ,342 f 188 L, following intravenous 
administration of 0.8 mg/kg. 


The regression-independent bioavailability of the tablet relative to 
that of the solution was 85.0 f 31.1%. The AUC; values varied consid- 


Table V-Pharmacokinetic Parameters Derived from Acetominophen Plasma Data from Subjects Receiving a Solution Containing 
Pentazocine and Acetaminophen 


erably among these volunteers by a factor of 28 and 15 for the tablet and 
solution, respectively. The data obtained from the solution did not show 
the same degree of intrasubject variation as that of the tablet. Others have 
observed the same interindividual variation (19, 21). In general, it has 


Model Independent Regression Dependent 
VdIF, CLJF, AUCb' cop VdIF, CLdF,  AUC,", 


Subject t%, h cob r d m L  L L-h-' pg.h/mL kt,h-l  pg/mL k,,h-l L L-h-l pgh/mL 


101 
102 
103 
104 
105 
20 1 
202 
203 
204 
205 
30 1 
301 
302 
302 
303 
303 
304 
304 
305 
305 
402 
402 
403 
403 
404 
404 
405 
405 
406 
406 


Mean 


0.50 
0.50 
0.75 
0.50 
0.25 
1 .0 
0.25 
0.50 
0.75 
0.25 
0.25 
0.50 
0.25 
0.25 
0.50 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.50 
0.50 
0.75 
2.0 
0.25 
0.50 
1.0 
0.50 
0.49 


19 
16 
15 
13 
22 
15 
20 
19 
11 
28 
16 
22 
18 
24 
15 
18 
20 
28 
22 
32 
11 
17 
10 
15 
16 
16 
22 
26 
11 
22 
18.6 


71.4 
87.0 
65.7 
87.1 
89.0 
71.5 
62.4 
72.2 
99.4 
89.3 
83.8 
79.9 
72.5 
55.6 
86.2 
84.6 
81.2 
76.0 
69.0 
65.4 
97.7 
81.7 


95.7 
68.8 
60.2 
53.0 
50.4 
89.9 
78.6 
76.5 


108 


19.3 
24.3 
14.5 
23.5 
24.0 
17.2 
17.5 
19.5 
21.8 
19.6 
19.3 
17.6 
18.9 
15.6 
21.6 
20.3 
20.3 
19.8 
20.7 
20.0 
21.5 
20.4 
21.7 
20.1 
15.2 
15.0 
12.8 
12.6 
18.9 


43.4 
18.8 


64.4 
51.2 
84.4 
52.6 
51.1 
70.8 
71.5 
63.5 
55.0 
58.4 
62.7 
66.6 
65.5 
80.2 
56.7 
59.8 
60.1 
62.1 
60.8 
65.6 
55.9 
59.7 
54.5 
59.5 
79.5 
81.6 
96.3 
98.0 
63.1 
82.0 
66.4 


0.27 
0.28 
0.22 
0.27 
0.27 
0.24 
0.28 
0.27 
0.22 
0.22 
0.23 
0.22 
0.26 
0.28 
0.25 
0.24 
0.25 
0.26 
0.30 
0.29 
0.22 
0.25 
0.20 
0.21 
0.22 
0.25 
0.24 
0.25 
0.21 
0.17 
0.24 


18.6 0.28 
15.0 0.28 
20.0 0.22 
15.3 0.28 
14.7 0.28 
19.6 0.25 
21.1 0.28 ~ ~. 


18.8 0.28 
13.2 0.22 
17.3 0.26 
16.1 0.24 
17.6 0.23 
17.2 0.26 - .  .- . ~. 


23.9 0.28 
15.5 0.25 
15.9 0.24 
16.0 0.25 
16.1 0.25 
19.3 0.30 
19.7 0.29 
12.0 0.21 
16.5 0.26 
11.9 0.20 
14.0 0.21 
19.6 0.22 
21.4 0.23 
24.3 0.24 
26.3 0.25 
15.2 0.21 ~~ ~ 


16.3 0.16 
17.6 0.25 
3.5 0.03 


69.9 
86.4 
64.9 
85.1 
88.3 
66.3 
61.6 
69.0 
98.7 
75.2 
80.9 
74.0 
75.6 
54.4 
83.3 
82.0 
81.3 
81.0 
67.3 
66.1 


78.8 


92.9 
66.5 
60.6 
53.5 
49.4 
85.6 
79.6 
76.5 
14.7 


108 


110 


19.4 67.1 
24.0 54.2 
14.4 90.6 
23.5 55.4 
24.6 52.8 
16.4 79.5 
17.1 75.9 
19.3 67.3 
2i.4 60.7 
19.3 67.5 
19.3 67.5 
17.2 75.8 
19.5 66.6 
i5.2 85.4 
21.0 61.8 
20.0 65.0 
20.2 64.2 
20.1 64.8 
20.2 64.5 
19.2 67.7 
22.5 57.8 
20.1 64.6 
22.0 59.2 
19.8 65.8 


14.2 91.6 
12.6 103 
12.4 105 
18.1 71.7 
13.1 99.1 
18.6 72.0 
3.3 14.4 


14.7 88.7 


*SD 0.36 5.5 13.2 3.2 12.5 0.03 
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been observed that the AUC values vary substantially for drugs with 
pronounced hepatic clearance, such as nortriptyline (23) and imipramine 
(24); the data suggest this is also true for pentazocine. In addition, the 
oral bioavailability of pentazocine was significantly enhanced in patients 
with cirrhosis of the liver, due to reduction in hepatic clearance (20, 
“5). 


Acetaminophen-The plasma data obtained from the solution was 
fit to a one-compartment body model assuming instantaneous absorption 
because the first blood sample obtained, in the majority of the subjects, 
contained the highest level of acetaminophen, while the data obtained 
I‘rom the tablet treatment was fit to a one-compartment body model with 
first-order absorption. The half-lives for the tablet and solution, 2.67 and 
2.77 h, respectively, are in close agreement with those reported by Lee 
et al. (26): 2.6 h in both obese and nonobese subjects. Divoll et al. (27) 
and Rawlins et al. (28) found that the mean half-life was 2.7 and 2.8 h 
after intravenous administration of 650 mg and 500 mg of acetaminophen, 
respectively. Others have reported half-lives ranging from 2.24 to 3.0 h 
(17, 29-34). Sotiropoulus et 01. (35), based on urinary elimination of 
acetaminophen, reported half-lives of 2.77, 3.14, and 4.12 h after oral 
administration of three different commercial tablets. 


The apparent V d / F  of acetaminophen ranged from 52.6 to 128 L for 
subjects receiving the tablet and from 49.4 to l lOL for subjects receiving 
the solution. The mean apparent volumes of distribution, when corrected 
by the mean body weight, were 1.2 and 1.02 L/kg, respectively, for the 
tablet and solution suggesting that acetaminophen distributes into total 
body water. Divoll et 01. (27) reported a mean value of 1.09 L/kg after 
intravenous administration of 650 mg of acetaminophen in young human 
males. As reported by others, the volume of distribution ranged from 0.60 
to 1.36 L/kg (9,18,27,29,30). The regression-independent bioavailability 
of the tablet relative to that of the solution was 88.6 f 13.1%. 


In summary, the relative bioavailability of pentazocine and acetami- 
nophen in the capsule-shaped tablet formulation proved to be equivalent 
to that of the solution. In addition, the pharmacokinetic parameters of 
pentazocine and acetaminophen were not altered after oral administra- 
tion of the combination of both drugs. 
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Abstract 0 Current drug levcl predictions in nonlinear pharmacokinetics are 
based on specific pharmacokinetic models in contrast to the model-independent 
(structureless), dose-linearity, and superposition principles used in linear 
pharmacokinetics. Such modcl-dependent methods may not provide reliable 
predictions due to their inherent nonuniqucness, computational complexity. 
and often unrealistic kinetic assumptions. Some novel model-independent 
methods for predicting the steady-state drug levels of extravascular, intra- 
venous bolus, and intravenous infusion adminislrations arc prescnted that 
should overcome such disadvantages. The methods only assume an autonomic 
nonlinear kinetic behavior, which implies that following an intravenous bolus 
administration the derivatives of the drug concentration-time profile at ar-  
bitrary drug levcls arc independent of the dose given. Such a kinetic behavior 
is found for any nonlinear pharmacokinetic system when the rate of change 
of the drug level following an intravenous bolus administrations depends only 
on thc drug level, i.e.. dC/dt = -4(c'), where 4 can be any function dependent 
only on C and time-invariant kinetic parameters. The basic approach presented 
represents a novel alternative which avoids the very difficult and often im- 
practical task of identifying and incorporating the numerous kinetic param- 
eters and processes responsible for the observed drug concentration data into 
il useful pharmacokinetic model. The focus in the kinetic analysis is instead 
on two much simpler processes: ( a )  fitting empirical functions to estimate the 
mean drug disposition behavior of thc subject or population and ( b )  testing 
the validity of the assumptions involved. 


Keyphrases 0 Pharmacokinetics-nonlinear, model independent. steady-state 
plasma drug-lcvel predictions, theory and mathematical models 0 Plasma 
drug levels-prediction at steady state. model-independent nonlinear phar- 
macokinetics. theory and mathematical models 


Steady-state plasma level predictions in linear pharmaco- 
kinetics are done by extrapolations using the dose-linearity and 
superposition principles or by using the convolution property 
of linear pharmacokinetics. The plasma level profiles used for 


the predictions are most commonly determined by fitting 
suitable model-independent equations, typically of an expo- 
nential type,  to available plasma level data. Such model-in- 
dependent methods cannot be used for drugs showing nonlinear 
pharmacokinetics because the superposition and dose-linearity 
principles do not apply. Consequently, drug level predictions 
in nonlinear pharmacokinetics have been based on model- 
dependent methods, which may not provide reliable predictions 
due to their inherent nonuniqueness, computational com- 
plexity, and often unrealistic model assumptions. A model- 
independent approach is presented which overcomes some of 
these disadvantages. 


THEORETICAL 


The proposed methodology applies to drugs showing what will be called 
au/onomic nonlinearpharmacokinetics; i.e., the drug-concentration profile 
resulting from an intravenous bolus dose adheres to the autonomic differential 
equation: 


where q stands for any function only dependent on the drug concentration C 
and time-invariant kinetic parameters. It  is assumed that q is such that the 
solution of Eq. I ,  C(r ) ,  is monotonically decreasing with time. Autonomic 
nonlinear pharmacokinetics is readily identified in a model-independent 
manner from "the horizontal superposition property" (Fig. I ). Different in-  
travenous bolus doses result in drug-concentration profiles with identical s l o p  


I The terminology "model-inde ndent" is used here to denote a general approach 
not b a d  on a specific structured Godel-dependent) kinetic analysis of the individual 
kinetic components of the pharmacokinetics. 
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Figure I-Illustration of the horizontal superposition property of autonomic 
nonlinear pharmacokinetics (A = B)t which is characterized by an intravenous 
bolus disposition behavior that follows to the general autonomic differential 
equation (Eq. I ) .  


at the same concentration levels. Thus, a horizontal shift of the curves will 
result in their exact superposition (Fig. I). For example, a parallel first-order 
and Michaelis-Menten elimination: 


will result in this behavior; so will any pharmacokinetic system incorporating 
nonlinear binding, excretion, metabolism, etc., as long as the kinetics can  be 
described in the general form of Eq. 1. However, due to the model-independent 
nature of the method proposed, there is no need to postulate a specific kinetic 
relationship. 


The most studied nonlinear drug, phenytoin, appears quite consistent to 
show autonomic disposition kinetics ( I ) .  The fall-off curves studied for 10 
subjects for a period of 4 consecutive days after different daily doses of 
phenytoin were discontinued seem to agree well with Eq. 1 (1). Other examples 
of the horizontal shift and the superposition concept include the pharmaco- 
kinetics of alcohol (2). 


SteedyState Prediction of Extravascular Dosing-In linear pharmacoki- 
netics, steady-state predictions can be made solely from a single dose, without 
using the information about the basic disposition of the drug provided by an 
intravenous drug administration. For example, if data from a single extra- 
vascular dose is well approximated by a sum of exponentials: 


BOLUS RESPONSE 


I T I M E  I T I M E  


Figure 2-Empirical evaluation of the disposition function q (Eq. I )  according 
to Eq. 9. The function C,,(t) denotes o suitable, monotonically decreasing 
function fitted to data from an intravenous bolus injection; C;. = dCi, 
W d t .  


Figure 3-Boundary value behavior of Eq. 14 (Eq. I3 simplified). An initial 
value for y(0) is chosen and improved by an iterative procedure until the 
corresponding y(T) value, obtained by numerical integration of Eq. 14. is the 
same as y(0). in which case the steady-state solution C,,(t) = y(tJ is ob- 
tained. 


where ZAi = 0, then the steady state can be predicted by: 


where T is the dosing interval. 
To make predictions in nonlinear pharmacokinetics in a model-independent 


way, it is, contrary to the linear case above, always necessary to have data 
available from a known intravenous administration to evaluate and properly 
account for the basic disposition behavior2. In the present case,data from an 
intravenous administration are used to empirically dctermine the functional 
behavior of the disposition function q (Eq. 1)  without knowing its functional 
(algebraic) form. This is done as follows. Let Civ(t) denote a suitable mono- 
tonically decreasing equation that fits the intravcnous bolus data well (e.g., 
by least-squares regression): 


c = C,"(t)  
then: 


dC 
dt 
- = dCiy(t)/dt  = Ci,(t) 


Since Civ(r) is monotonically decreasing its inverse C,'(C) exists, and can 
be found algebraically or numerically: 


t = C,i(C) (Eq. 7) 


Substituting Eq. 7 into Eq. 6 gives: 


-- dC - C,[C, ' (C)]  
dt 


Comparing Eqs. 8 and 1. it is seen that the disposition function q can be 
evaluated empirically from the function Ci.,(t) fitted to the intravenous bolus 
data: 


The simple evaluation of q ( x )  is illustrated graphically in Fig. 2. 
Consider now a single extravascular dosing. which results in some arbitrary 


systemic drug input f ( t )  (mass/timc). The differential equation relating to 
this input is: 


where v is a constant of dimension volume. Let C d i )  denote a suitable arbi- 
trary equation that fits the data from the extravascular dosing well, then Cf(t) 
should satisfy Eq. 10 to give: 


This may %em as a disadvantage in comparison with the model-dependent methods. 
where such predictions can be made without this additional information. However, such 
predictions will be highly inaccurate and unreliable because the disposition parameters 
in such models are allowed to "float" in an unconstrained way in the curve fitting. There 
is only hope for reasonable predictions if additional data from an intravenous adrninis- 
tration arc available. so the disposition parameters can be estimated without the con- 
founding interference from the absorption process. 
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F i  4-Empirical evaluation of the disposition function q (Eq. I )  according 
to Eq. 17. The function C,(t) denotes a suitable monotonically increasing 
function fitted to data from a constant-rate intravenous infusion; C;.,(t) = 
dCiu(t!/dt. 


Consider next the same extravascular dose given to the same subject a t  


I .  The drug disposition kinetics do not change (kinetic parameters of q are 


2. The drug absorption f ( t )  from each dose is reproducible. 
3. The drug is absorbed quickly enough in comparison with the dosing 


interval 7'. so that the absorption is completed before a new dose is given. The 
steady-state drug level profile will, under these assumptions, follow Eq. 10: 


regular dosing intervals, T. Let the following assumptions be made: 


time invariant). 


The drug absorption is assumed reproducible; thus, f ( t )  in Eq. 12 can be 
substituted with the expression in Eq. 1 I to give: 


Equation 13 is the final differential equation from which the steady-state 
drug level profile C&) can be calculated, when data from a single extra- 
vascular dose are available in addition to data from an intravenous bolus ad- 
ministration. Mathematically C&) is the solution, y(r ) ,  to a boundary value 
problem, which can be stated in its most simplified form as  follows. Find the 
particular solution y ( t )  of the differential equation: 


which satisfies the boundary condition: 


~ ( 0 )  = Y ( T )  


Equation 14, which is a simplified restatement of Eq. 13, is recognized as  a 
simple first-order differential equation which can be integrated numerically 
using a suitable algorithm>. The initial value y ( 0 )  of Eq. 14 is unknown. An 
initial estimate for y (0 )  is therefore required as a tentative solution which can 
be improved in  an iterative manner as follows. Integration of Eq. 14 (from 
t = OtotT)producesay(T)correspondingtothecurrenty(O). I fy (T)  >y(O),  
then y ( 0 )  is too small and must be increased in the next iteration. Similarly 
ify(T) < y(O), then y ( 0 )  should be decreased in the next iteration. They(0) 
- y ( T )  versus y ( 0 )  relationship is sketched in Fig. 3. The above so-called 
"shooting method" is a standard approach to solve nonlinear boundary value 
problems and is easily implemented on a computer. When the process con- 
verges, i.e., y (0 )  = y ( T ) ,  then the steady-state profile C,(r) = y ( t )  is given 
by the integration of Eq. 14 in the last iteration. The steady-state minimum 
and maximum levels are simple "by-products" of the process; i.e.. = y (0 )  
= y(T) and p i s  the maximum valueof y ( t )  reached in the last integration. 
The mean steady-state level can readily be calculated by integrating the y ( r )  


~~ 


A Runge-Kutta method (3) appears to bea suitable first choice because of its sim- 
plicity and economical evaluation. However, it must bc expected that  in some cases Eq. 
14 may be numerically unstable in the inte ration region (which varies during the 
boundary value iterations), in which case thekunge-Kutta method IS inaccurate. This 
inaccuracy c a n  readily be detected by comparing the inte ration results to those obtained 
using a substantially smaller (e.g.. I/ 10) step size. In sucf cases, it is necessary to swltch 
lo a more elaborate and accurate multistep predictor-corrector type algorithm (3). 
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Figwe 5-Hysteresis iteration method (E9s. 19-24) to predict peak and 
trough plasma levels in multiple intravenous bolus dosing. The steady-state 
drug level is reached at convergence when CF$ N C y  and C:!? N Grin. 
The function Ciu(t) denotes a suitable monotonically decreasing function 
fitted to data from an intravenous bolus administration, and T is the dosing 
period. 


points (e.g.. using a trapezoidal or log-trapezoidal rule) and dividing the area 
by the dosing interval (4): 


In summary, the steps required to predict the steady-state plasma levels 
are: 


1. Suitable arbitrary equations C,,( t )  and Cdr) are fitted todata from a 
single intravenous bolus and extravascular (e.g., oral) administration, re- 
spectively. 


2. The intravenous bolus response approximation, Ciy(t), and the absorption 
response approximation, Cdt) ,  are differentiated algebraically to define C&t)  
and C;<t). 


3. An initial estimate for y ( 0 )  is chosen (e.g., zero) and Eq. 14 (i.e.,  Eq. 
13) is integrated repeatedly in an iterative manner that improves they(0) value 
until it closely agrees with its corresponding y ( T )  value. When converged the 
steady-state drug level is given by the integrated equation, Cs(t) = y ( t ) .  


Not all drugs can be given by an intravenous bolus administration due to 
excessive side effects resulting from a too rapid systemic input. However, Eq. 
I 3  can still be applied if the drug in  question can be administered by a con- 
stant-rate intravenous infusion. In this case i t  can be shown (Appendix I )  that 
the disposition function q i n  Eq. 13 can be evaluated empirically according 
to: 


9 ( x )  = c:m - c:"[c;Yx)l (Eq. 17) 


where Ci, (contrary to Ci, in Eq. 8) is an arbitrary monotonically increasing 
function which provides a good fit to the data from the constant-rate drug 
infusion. The evaluation of q ( x )  in this case is illustrated graphically in Fig. 
4. 


A simple precaution must be taken in the initial (I  = 0) evaluation of q 
during the numerical integration of Eq. 14 (Eq. 13). An evaluation of q ( 0 )  
according to Eq. 9 may cause floating point overflow. For example, if a 
monotonically decreasing function Ci,(t) which asymptotically approaches 
zero for t - - has been chosen for the intravenous bolus approximation, then 
C,'(x) - - for x - 0 and C;'(O) is not defined. Thus, q(0)  cannot be 
evaluated according to Eq. 9 in this case. However, by setting q(0) = 0 (see 
Appendix I )  the problem is readily solved. Subsequent evaluations of q ( x )  
for x > 0 should not cause any numerical problems. 
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Figure 6-Solution conjiguration of the root-solving method (Eq.  30) to 
determine the steady-state peak and trough drug levels in intravenous bolw 
administration. The function Ciu(t) denotes a suitable. monotonically de- 
creasing function fitted to data from an intravenous bolus administration. 
and T is the dosing period. 


The evaluation of the inverse C,,(t) function (Eq. 7)  is done in a straight- 


c - Ci"(1) = 0 (Eq. 18) 


for given values of C, where C,,(t) is the function previously fitted to the data 
from the intravenous drug administration. Most scientific computer program 
libraries (5-7) and many books dealing with numerical analysis (3 ,8)  have 
general programs for finding the root of an arbitrary nonlinear equation, 
suitable for solving Eq. 18 in a routine manner. The same root-finding a l p  
rithm used to solve Eq. 18 can also be used in the "shooting method" to find 
the root of the boundary value function (Fig. 3). 


It is evident from Eq. 13 that in order to calculate the steady-state drug 
levels, the single-dose response function Cdr) only needs to be evaluated in 
the time interval t = 0 to I = T. This is a definite advantage, since the difficult 
problem of evaluating or extrapolating Cdt) beyond t = T is avoided. This 
would not be the case for a method that makes use of area under the curve 
(AUC) or total clearance. 


Steady-Stnte Prediction of Intravenous Bolus Dosing-The following 
derivation shows how the plasma level profile in any drug interval in multiple 
dosing can  be predicted from data from a single intravenous bolus dosing. Let 
Civ(t) denote an arbitrary monotonically decreasing function that provides 
a good fit to data from an intravenous bolus dose DO. If after the drug is 
eliminated the same subject is given an intravenous bolus dose D every T hours, 


forward manner by numerically finding the root, t ,  of the expression: 


BOLUS RESPONSE 
I 


C i V < t >  
t 


I- 
4 
K 
c 


Figure 7-Method to predict the steady-state drug level. C,. resulting from 
a consiant rate. R. drug infusion. The prediction is done according to Eq. 36 
on the basis of data from an intravenous bolus (Do) administration. The 
function C,,(t) denotes a suitable monotonically decreasing function fitted 
to the intravenous bolus data; Ci,(t) = dC,,(t)/dt. 


then the predicted initial concentration Pax will be DCi,(O)/Do if it is as- 
sumed that the autonomic nonlinear pharmacokinetics show a dose-linear 
initial behavior. This appears a reasonable assumption, since the nonlinearity 
is more likely to be due tosecretion and metabolic processes than to the initial 
distribution. 


will, due to the horizontal super- 
position property (Fig. I ) ,  follow the Ci,(t) curve. Thus, if point  A i n  Fig. 5 
is the point on the Ci,( t )  curve at the Cya level, then the first dosing profile 
is predicted by the curve segment AD which stretches over T hours (BC, Fig. 
5 ) .  When the second dose is given at point D, then the drug level rises to point 
E where ED = AB = (Fig. 5). Point E (v) is projected to point Fon 
the Civ(t) curve. Point F now becomes the new point replacing the original 
point A and the same procedure is iterated, i.e., GH = T hours, I = @". J 
= C;lax, etc. 


and c" ( n  = I ,  2, . . .) can quickly be 
predicted graphically according to this hysteresis iteration method. However, 
it is more accurate to evaluate these quantities on a computer according to 
the corresponding algorithm, specified by Eqs. 19-24: 


= DCi,(O)/Do (Es. 19) 


n = l  (Eq. 20) 


(Eq. 21) 


C?'" = Ci,(t) (Eq. 22) 


n = n + l  (Es. 23) 


The decline in  the drug level from 


The peak and trough levels 


t = G ' ( c )  + T 


The peak and trough levels are obtained sequentially when iterating Eqs. 
21-24 as indicated. The iterations will eventually converge such that c+: N 


and c', N c, in which case, by definition, the steady-state drug level 
profile has been reached. The mean steady-state drug level can  subsequently 
be calculated from: 


where I in Eq. 25 is the t value calculated in Eq. 21 at convergence. 
The steady-state drug levels can be calculated more directly without having 


to evaluate the inverse C J t )  function (Eq. 21) according to the following 
alternative method. The peak level at steady state is equal to the trough level 
plus the concentration increment ACD resulting from the dose injected at the 
end of the dosing interval: 


ca = CEn + ACD 0%. 26) 


As previously discussed, it is assumed that the pharmacokinetics show a 
dose-linear initial value behavior, so that ACD is proportional to the dose: 


ACD = D/V ( ~ q .  27) 


Equation 26 can, as illustrated in Fig. 6, be transformed into an equivalent 
expression involving Clv: 


C, , (X)  = C,,(X t T )  + ACD (Eq. 28) 


Y = DO/CdO) (Eq. 29) 


The proportionality term Y in Eq. 27 is given by: 


Combining Eqs. 27-29 yields the expression: 
D 
Do 


Ci,(X + T )  + - Ci"(0) - C,,(X) = 0 (Eq. 30) 


Solving Eq. 30 for X numerically using any suitable general purpose root- 
finding program will subsequently give the steady-state peak, trough, and 
mean drug levels: 


cy = C,"(X) ( ~ q .  31) 


The root-solving method (Eq. 30) is the most suitable because of its sim- 
plicity when the primary interest is to predict the steady-state quantities C,, 
Cr",  and c". However, if additionally it is desirable to evaluate how long 
(nT)  it will take to reach 90% of steady state, then the hysteresis iteration 
method (Eqs. 19-24) must be used. 


Steadyatate Prediction of Constant-Rate Infusion--The differential 
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equation describing the drug level profile resulting from a constant-rate ( R )  
intravenous infusion is given by Eq. I A  (see Appendix I). At steady state, 
dC/dr = 0, in which case Eqs. IA and 29 give: 


q(Css) = RCiv(O)/Do (Eq. 34) 


Let q - ’ ( x )  denote the inverse of the disposition function; then, the steady-state 
level is obtained by inversion of Eq. 3 4  


Css = q-’(RCiv(O)/Do) (Eq. 35) 


The problem is now to evaluate the q - ’ ( x )  function, which is best illustrated 
graphically as “q evaluated in reverse.” I f  - q ( x )  in Fig. 2 is set equal to 
-RCiv(0)/Do, then x will be q-l(RCiv(0)/Do),  i.e., x will be Cu (Eq. 35). 
From this it is seen (Fig. 2) that: 


Cu = Civ [C;,’(-RCiv(O)/Do)I (Eq. 36) 


where G‘( ) denotes the inverse of the <,( ) function. Equation 36 enables 
the steady-state drug level resulting from a constant-rate ( R )  drug infusion 
to be predicted in a model-independent manner when data from an intravenous 
bolus dose (DO) are available. The procedure is simply: 


I .  A suitable monotonically decreasing function Civ(t) is fitted (e.g.. by 
least-squares technique) to the intravenous bolus data to appropriately a p  
proximate the bolus response. 


2. The function is differentiated to give < , ( r ) .  
3. The predicted steady-state drug level is calculated according to Eq. 36. 


The evaluation procedure is graphically illustrated in Fig. 7. The evaluation 
of the inverse of <, ( I )  (Fig. 7) can be done readily in the same way as the 
inverse of CiV( / ) ,  as previously discussed (Eq. 18). 


DISCUSSION 


The above derivations and theoretical analysis have shown how steady-state 
predictions can be made for extravascular, intravenous bolus, and intravenous 
infusion administrations for drugs showing autonomic nonlinear pharmaco- 
kinetics. The methodology is certainly not a general solution to the very dif- 
ficult prediction problems in  nonlinear pharmacokinetics. However, the 
methodology does Seem appealing because it is model independent and requires 
few assumptions, which can be tested readily (e.g.. the horizontal superposition 
property, Fig. I ) .  It represents a novel alternative that appears less academic 
and more practical than the model-dependent methods with their often un- 
realistic kinetic assumptions and computational complexity. The methodology 
avoids the very difficult and often impractical task of identifying and incor- 
porating the numerous kinetic parameters and processes responsible for the 
observed drug concentration data into a useful mathematical model. The focus 
in the kinetic analysis is instead on two much simpler processes: ( a )  fitting 
empirical functions to drug concentration data to estimate the mean drug 
disposition behavior of the subject or population (i.e., the disposition function 
q )  and ( b )  testing the validity of the assumptions involved. 


The empirical sum of exponentials, which are fitted quite successfully in 
linear pharmacokinetics, apparently do not fit nonlinear pharmacokinetic data 
properly. Preliminary investigations were therefore carried out to identify a 
suitable type of function that could be used. It was found that the following 
function: 


(Eq. 37) 


produced very excellent fits to all typical Michaelis-Menten type intravenous 
bolus data investigated. Extensions of the numerator and denominator in  Eq. 
37 to include more exponential terms seem to hold some promise for other 
types of administrations and other types of nonlinearities. Alternatively, the 
use of least-squares splines may provide a more general and flexible approx- 
imation approach (9). Work is in progress to experimentally investigate the 
methodology proposed. 


APPENDIX I 


The differential equation describing the drug level profile resulting from 
a constant-rate ( R )  intravenous infusion is: 


Let C,,(t) denote an arbitrary monotonically increasing function which fit 
the data from a constant-rate infusion well; then, dC/dr can be determined 
according to Eq. 8 as previously described. By comparing Eqs. 1A and 8, it 
is seen that the disposition function q can  be estimated empirically from the 
function Civ(t) fitted to the intravenous infusion data according to: 


R 
q ( x )  = - V - C,(C,’(X) (Eq. 2 4  


I t  is evident from Eq. 1 that g(0) = 0 since dC/dt = 0 for C = 0 following an 
intravenous bolus administration. Thus, the volume term in Eq. 2A can be 
evaluated from the initial condition of Eq. 1A to give: 


V = R/d.,(O) (Eq. 3 N  
Inserting this expression for V into Eq. 2A givcs Eq. 17. 


APPENDIX 11: GLOSSARY 


Ai, a, 
C = Drug concentration 
C d t )  


ddr) = dCdr)/dr 
Civ(r) = Drug concentration-time profile resulting from an intravenous 


C’( ) = Inverse function of Civ(t) 
& t )  = dCiv(t)/dt 
G‘( ) , - Inverse function of C&) 
p,r - Peak and trough drug concentrations, respectively. in the nth 


= Constants (parameters) of an empirical equation (Eq. 3) 


= Drug concentration-time profile resulting from an arbitrary rate 
of systemic inputf(r) 


bolus dose or a constant-rate drug infusion (as indicated) 


( n  = 1,  
2,.  . .) 


dosing period in an intravenous bolus dosing regimen 


C,  = Steady-state drug concentration 
cu 
D 
Do 
f ( t )  


= Mean steady-state drug concentration 
= Intravenous bolus dose in multiple administration 
= Intravenous bolus dose in a single administration 
= Arbitrary rate of systemic drug input (mass/time) resulting from 


an extravascqlar dose 
= dC10)l + cdt) (Q. 14) 


K 
K,,, 
Pi 
q( ) 
q-I( ) 
R 
I = Time 
T = Dosing interval 


v m  


Y 


= Constant kinetic parameter (Eq. 2) 
= Michaelis-Menten parameter (Eq. 2) 
= Constants (parameters) of an empirical equation (Eq. 37) 
= Disposition function (Eq. I )  
= Inverse of the disposition function q 
= Constant rate of intravenous drug infusion 


U - Constant of dimension volume 
= Michaelis-Menten parameter (Eq. 2) 
= Variable defined by Eqs.  I3 and I4 
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Abstract 0 The relationships between 210 aliphatic group dipole moments 
(p) and Taft polar constants (a*) are explored, and they are shown to be 
correlated by a general equation: p = -a-n* - b d  - c, where a, h,  and care  
constants. The value n’ is a parameter reflecting the attenuating factor due 
to the number and electronic nature of the interval atoms between the most 
electronegative atom and the first atom connected to the acetate in the mea- 
surement of u*. The p and a* values of over 214 aliphatic substituents are  
compiled for future correlation studies. Comparative examples using o* and 
p in quantitative structure-activity relationships are presented. 


Keyphrases 0 Dipole moment-- aliphatic group. correlation with Taft polar 
substituent constants, quantitative structure-activity relationships 0 Taft 
polar substituent constants-correlation with aliphatic group dipole moment, 
quantitative structure-activity relationships 0 Quantitative structure- activity 
relationships -interrelationships between aliphatic group dipole moment and 
Taft polar substituent constants, applications 


I n  addition to the electronic parameters like the Hammett 
a constant and Taft polar constant (a*), the group dipole 
moment, a free energy-related parameter, has been used to 
study drug-receptor interactions and quantitative structure- 
activity relationships, especially if a or other electronic pa- 
rameters fail to give meaningful correlations ( I ) .  It has becn 
reported ( 1 )  that the correlation between the aromatic group 
dipole moment ( p )  and a, or a/, varies drastically, or fails 
completely, if noncongeneric groups are pooled together. 


The Taft polar constant (a*), which describes mainly the 
magnitude of inductive electron-withdrawing power of the 
substituent in the aliphatic system X-CH2COOR on the 
reactive center, is defined by (1):  


c* = ( 1 / 2 * 4 8 ) [ b  ( K X / K O ) R  - log ( K X / K O ) A l  (Eq. 1) 
in which B and A designate base- and acid-catalyzed hydrol- 
yses of the ester with the substituent a to the carbonyl group. 
Although there are problems associated with the definition of 
a*, it is a reasonably accurate measure of the inductive effect, 
i.e., the inductive electron-withdrawing power of an atom or 
group of atoms in a molecule. One may expect a better corre- 
lation between the aliphatic dipole moment p, a measure of 
the charge separation in the group, and a* than that of p and 
a, or up. There have been some reports about the correlation 
of a* values with dipole moments (2), but they mainly involve 
some limited congeneric series of substituents. The present 
report attempts to make a wider exploration of the problem 
and to compile a table of aliphatic group dipole moments and 
cr* for future use in correlation studies. 


EXPERIMENTAL 


A total of 214 substituent groups (for which both p and u* wereavailable) 
were analyzed to examine the relationship between p and a*, Taft polar 
constants (a*) were taken from Hansch and Leo (3) and Pcrrin (4). The ali- 
phatic group dipole moments ( p )  were taken from the corresponding aliphatic 
molecular dipole moments (5). where the group is attached to an alkyl group, 
CHj(CH2). - X ( n  = 0-6). assuming the dipole moment value of the alkyl 
group to be zero. The sign is assigned by comparison of the electronegativities 
between the substitucnt and the alkyl group to which the substituent group 


is connected. A negative sign indicates an electron-withdrawing group. All 
the regression lines were derived by a computer’ via the method of non- 
weighted least-squares fit. 


RESULTS AND DISCUSSION 


Equation 2 shows the overall correlation between CT* and p of 21 4 substit- 
uent groups: 


p = -0.676~* - 1.055 


ti = 214 r = 0.583 s = 1.031 (Eq. 2) 


I t  is obvious that the correlation is not good, and only 34% (r2 = 0.34) of the 
variance in the data can be explained by this equation. Since the exact number 
of n in CH,(CH2),R will not affect the dipole moment, but will affect the u* 
value of such an R(CH*),, group attached to an acetate used in the acid- and 
basecatalyzed hydrolyses, the attenuated polar effect due to different n values 
needs to be corrected. 


According to an alternative approach to the definition of localized effect, 
a new parameter d was proposed by Roberts and Moreland (6) using the pK. 
of 4-substituted bicycle[ 2.2.2loctane- I-carboxylic acids: - 


X-COOH 


where 


Kirkwood and Westheimer used Eq. 4 to describe the effect of the substituent 
on the acid strength of a series of XG-COOH (7): 


C~,.COS 8 
log K,y/KH = 


2.303.RT)3-r2 0%. 4) 


where e is the electric charge on the proton, p x  is the moment of the X-CJ 
bond, r is the distance between the proton and the center of the dipole, 0 is the 
angle made by the distance r and the X-G bond, and D is the dielectric 
constant. 


Combining Eq. 4 with the Hammett equation, one obtains (7): 


epx-cos 8 
2.303.RTD-r2 


p‘.ox = (Eq. 5 )  


Equation 5 indicates that the localized effect of the constituent group is not 
only dependent on its dipole moment, but also inversely proportional to the 
square of the distance from the center of the dipole to the reaction site.Ac- 
curately determining the distance and the electrical effect of G between X 
and the reaction site is not easy. The polar effect of the substituent group is 
some combination of the inductive (through a bond) and field (through space) 
effects; therefore, the interval atom number between the most electrone8ative 
atom (wherc the negative inductive effect predominates) and the first atom 
of the group connecting the reaction site in the measurement of a*, as  well 
as their electronic character, need to be considerd to fully reflect the effect 
of G on the magnitude of a*. This requires the addition of an attenuating 
parameter in correlating p with u*. 


Each interval atom exerts a shielding effect to transmit the inductive 
electron-withdrawing power as measured by u*. The higher the interval atom 
number ( n ) ,  the greater will be the total shielding effect. When going over 
three -CH2-- the inductive effect of the group becomes insignificant. 


I Model 370/185; IBM. 
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Table I-Correlation Equations for Anticonvulsant Activity of Substituted Benzyl N,N-Dimethyl Carbamates 


U b C Constant n r S Fl ,xa  Eq. No. 


-log EDSO 
0.191 
0.200 


+ b(l0g p) + C*O 
-0.150 


constant 
2.541 
2252 


20 
20 


0.702 
0.720 


0.212 
0.213 Fi i h < O  


12 
13 _._i 


0.217 0.905 2.481 18 0.814 0.175 14 
0.245 1.040 -0.324 2.392 18 0.876 0.150 F1.14 = 6.3 15 
-log EDSO = -u(log p)2 + b(log p )  + C'jiC(ph + constant 
0.219 0.898 0.077 2.565 20 0.801 0.183 F1,16 = 6.4 16 
0.213 0.882 2.499 18 0.800 0.182 17 
0.262 1.077 0.102 2.486 ~~ 


-log EDso = -a(log p ) z  + b(log p )  + c-u* + constant 
0.212 0.895 -0.208 2.575 
0.217 0.905 2.48 1 


18 


20 0.740 0.206 F1.16 = 2.08 19 
18 0.8 14 0.175 20 


- 18 0.940 0.106 F l , i 4  = 29.4 - 


0.250 1.058 -0.253 2.501 18 0.860 0.158 F1.i~ = 4.42 21 
-loe EDsn = -ulloe D ) ~  + b(loe D\ + cu + constant 


\ Y ,  


0.20"s- 0.7'58" ' 0.'129 ' 2.965 20 0.891 0.139 F1.16 = 22.4 22 


0.226 0.861 0.118 2.863 - 18 0.946 0.102 F1.14 = 30.8 - 
0.217 0.905 2.481 18 0.8 14 0.175 23 


24 


Fi.i6;0.95 = 4.49; Fi,14:0.95 = 4.60; F1,16;0.99 = 8.53; F1.14:0.99 = 8.86. 


However, different types or locations of the interval atom will have different 
electronic environments which may produce different shielding effects. Thus, 
n' as an attenuating parameter reflecting the environmental factor of G should 
not only be the atom number, but be determined on the basis of its contribution 
to the electron-withdrawing power. Among the environmental factors con- 
tributing appreciably to the electron-withdrawing power, the intrinsic elec- 
tronegativity of the atoms is the most important. If the interval atoms are such 
that their electronegativity is higher than an sp3-hybrid carbon atom 
(-CH2-) such as 0, N ,  S, sp2-, sp-hybrid carbon atom, or the sp3-carbon 
atom attached by two electronegative atoms (-CCl2-, -CBrZ-) or groups 
like NO*, -c&5, their shielding effect is smaller than that of -CH2-. This 
is not only due to electron delocalization of p or d orbitals formed for trans- 
mission of inductive action, but also the additive inductive effect on their 
neighboring atom. Generally, this effect can be shown by causing a downfield 
shift in NMR spectrum of the proton attached to these atoms. Daily and 
Shoolery (8) have proposed a scale of electronegativity of substituent groups 
obtained from shifts in the N M R  spectra of ethyl and methyl derivatives; it 
was strikingly demonstrated that the electronegativities obtained in this 
manner are essentially equal to the electronegativities of the Pauling scale of 
the first atom in the group. 


For the reasons mentioned above, the following rough rules are suggested 
as an initial premise to determine the n' values introduced into the regression 
analysis as a parameter: 


1. For each -CHz- and other atom that has less electronegativity than 
a carbon atom, n' = 1. 


2. For N,  S, -CH=CH--, -C=C-, =C=O, and carbon atoms 
to which two halogen atoms or electronegative groups are attached si- 
multaneously, n' = 0.5 each. For the conjugated system -C6H4-. 
-CH=CH-CH=CH-, and -CH=CH--, n' = 1 .  


3. Carbon or other atoms to which three or more oxygen or halogen atoms 


are attached are assigned n' = 0, for example, -CC13, --S03R. 
The above method is employed to determine the n' values of each group. 


For example, with a p-nitrophenyl sulfide group, the -NO2 withdraws 
electrons from all atoms, the negative pole of this group is toward oxygen 
atoms, the interval atoms include one sulfur atom (n' = 0.5). one benzine ring 
(n' = l) ,  and a nitrogen atom (n' = 0.5); therefore, the total n' = 0.5 + I + 
0.5 = 2.0. 


By introducing the n' into the regression analysis together with u* values, 
Eq. 6 was obtained: 


p = -0 .853~* - 1.04511' - 0.160 


n = 214 y = 0.801 s = 0.762 (Eq. 6 )  
Comparison with Eq. 2 shows that the correlation coefficient is markedly 
improved. An F-test indicates that the interval atom factor n' is statistically 
highly significant (Fl,211 = 171) for studying the relationship between u* and 
P.  


By deleting those groups which deviate greater than 2 SD from this re- 
gression and by dividing the 210 substituents into two subgroups, the following 
equations were obtained. For subgroup I:  


j i  = -0 .687~* - 0.760 
n = 177 r = 0.686 s = 0.755 (Eq. 7) 


n = 177 r = 0.921 s = 0.406 (Eq. 8) 
j i  = -0.8530* - 0.942~1' - 0.028 


Table 11-Anticonvulsant Activity and Physicochemical Parameters of Substituted Benzyl N,N-Dimetbyl Carbamates 


X 
log l /EDsoo 


Obs. Calc. 


m-NH2 
m-CI 
p-CI 
m-N(CH,h 
m-0-i-Pr 
p-OCH2Ph 
p-NO2 
p-CN 
p-Br 
P-I 
D-CFX 


3.71 
3.58 
3.50 
3.49 
3.46 
3.45 
3.41 
3.35 
3.29d 
3.21 
3.1 9d3e 
3.19 
3.16 
3.15 
3.14 
3.10 


3.67 2.16 
3.55 2.63 
3.44 2.30 
3.53 2.09 
3.52 2.20 
3.35 
3.28 
3.22 


1.06 
2.82 
2.93 


3.46 2.28 
3.35 2.80 
3.09 3.27 
3.16 1.95 
3.15 1.67 
3.18 3.01 
3.02 3.32 
3.14 3.08 
2.91 3.55 
2.55 4.14 
3.21 1.59 
3.19 2.12 


6" 


0.00 
-0.15 


0.17 
0.13 


-0.12 
-0.14 


0.37 
0.27 


-0.15 
0.04 


-0.42 
0.82 
0.69 
0.26 
0.27 
0.53 


P C  
~ 


0.03 
0.36 


- 1.43 
-0.65 
-1.30 


0.80 
-0.80 
-1.59 


0.80 
-0.65 
-1.35 
-4.13 
-4.08 
-1.57 
-1.36 
-2.61 


0.75 -0.38 
0.59 -0.10 
0.81 -1.78 
0.62 - 1.25 
0.42 - 1.23 
0.16 -1.44 ~ ~. 


0.85 -1.82 
0.92 - 1.90 
0.16 - 1.60 
0.62 -1.25 
0.42 - 1.23 
1.14 -4.43 
1.05 -4.41 
0.90 -1.91 
0.87 - I  .76 
0.96 - 1.94 


0.25 -0.58 0.35 -1.38 
-0.17 0.52 0.43 0.00 


0.22 -3.70 1.4W -3.90 
0.08 -1.34 0.66 -4.08 


a Taken from Ref. 11; log 1 /ED50 calculated using Eq. 24. Value along the poro-direction. The value of substituent Qx Outliers in Eq. 16. Outliers in Eqs. 13, 
19. and 22. /Calculated from Eq. 10. 
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Table 111- Antifungal Activity and Physicocbemial Parameters 


R O d % Z J P  LoKMW 


H 
Me 
Et 
n-Pr 
lsopr 
n-Bu 
Ph 
S-Me 


S-n-Pr 
S-n-Bu 
S-n-Pent 


CH2-S-n-Pr 
CH2-S-Isopr 
SOMe 
SO-n-Pr 
S02Me 
S02Et 
SO2-n-Pr 
S02-n-Bu 


S-Et 


CH2-S-Et 


CH?-SO,-Et 


5.58 5.63 2.39 
5.62 5.69 2.41 
5.73 5.71 2.44 
5.83 5.85 2.46 
5.89 5.83 2.46 
5.99 5.94 2.49 
6.00 5.89 2.51 
5.49 5.52 2.46 
5.68 5.58 2.48 
5.70 5.64 2.50 
5.79 5.69 2.52 
5.65 5.75 2.54 
5.48 4.64 2.50 
5.62 5.69 2.52 
5.68 5.69 2.52 
5.06 5.10 2.49 
5.25 5.21 2.53 
5.11 5.07 2.51 
5.27 5.13 2.53 
4.92 5.19 2.55 
5.15 5.22 2.56 
5.38 5.19 2.55 


I .90 
2.22 
2.76 
3.30 
3.17 
3.84 
3.36 
1.28 
1.82 
2.36 
2.90 
3.44 
2.36 
2.90 
2.77 


-0.94 
0.14 


-1.37 
-0.83 
-0.29 
0.25 


-0.29 


U 


-0.02 
0.00 
0.00 
0.08 
0.08 
0.08 


-0.38 
-1.45 
-1.47 
- 1.47 
- 1.47 
-1.47 
- 1.47 
- 1.47 
-1.47 
-3.88 
-3.88 
-4.26 
-4.26 
-4.26 
-4.26 
-4.26 


H 5.47 5.63 2.39 2.77 -0.02 
Me 5.80 5.69 2.41 3.09 0.00 
Et 5.95 5.71 2.44 3.63 0.00 
Isopr 5.83 5.83 2.46 4.04 0.08 
tert-Bu 5.90 5.92 2.49 4.45 0.08 
Ph 5.19 5.89 2.51 4.23 -0.M 


0 Taken from Ref. 12. b Calculated from Eq. 31. 


For subgroup 11: 
p = -0.6350. - 2.666 


n = 33 r = 0.787 s = 0.648 (Eq, 9) 
p = -0.763~’ - 0.85311’ - 1.820 


n = 33 r = 0.940 s = 0.366 (Eq. 10) 


The first subgroup includes 180 substituent groups of no distinct structural 
relationship, but the second subgroup includes 33 substituent groups char- 
acterized structurally as amido, sulfonyl, sulfone, nitrophenyl. and amino 
groups. 


All the equations have very similar slopes, and n’ shows similar contribution 
to the overall correlation. Thus, the rclationship between thedipole moment 
and polar substituent constant u* may be presented by the following: 


p = - 0 . ~ 8  - b.n’ - c (Eq. 11) 


n‘ is a complex factor including the number and electronic nature of the in- 
terval atoms. Whether n’ can be expressed more accurately by the chemical 
shift values of these atoms in ‘H- or I C N M R  remains to be studied. Careful 
examination of the data shows that for practical application of the equation, 
the range of the value of n’ is limited to 0-2.5, and the total value of n’ gen- 


Table IV-Equations Correlating Antifungal Activity with Pbysicochemical C 


erally should not be greater than the value of u* or p to obtain a reasonable 
result (Appendix). 


In Eq. I I ,  c is a constant representing the types of substituent groups. 
Substituents in the second subgroup, like amido, sulfonyl, sulfone. amino, and 
nitrophenyl groups. have considerably larger p values with relatively small 
u* values. For amines and amides this may be due lo the lone pair electron 
on the nitrogen atom decreasing the inductive electron-withdrawing power 
of C=O and SOz-, while at the same time increasing the dipole moment 
through its resonance effect. For sulfonyl and sulfone groups, the relatively 
large dipole moment values may be due to presence of much larger mesomeric 
moments (9, 10). 


On the basis of the correlations obtained, u* expresses the total electronic 
effect of the substituent, including the X and G in the group. Thus if interaction 
between drug and receptor is controlled by the total electronic nature (X + 
G) of the substituent through transmission toward the reactive site, u* con- 
stants may be a suitable descriptor of electronic effects for QSAR. If, on the 
other hand, the interaction is intermolecular in nature and is controlled directly 
by the electronic nature of the X portion of the substituent, then dipole moment 
p as  a measure of the charge separation in the group may give a more mean- 
ingful correlation. 


For instance, Eqs. 12-24 (Table I) show the QSAR between the anticon- 
vulsant activity and physicochemical parameters (Table 11) of substituted 
benzyl N,N-dimethyl carbamates rcportcd by Yamauea er a/.  (1 I):  


JJ-CH~CKC”H,)~ 
X 


Equations 13 and 15 were obtained by using simultan’eously Hammett u 
constant and Hansch’s T ,  but in Eqs. 16 and 18, the aromatic group dipole 
moment p p h  was used as an electronic parameter instead of (I. When the 
substituted benzene is regarded as an a l ipb t ic  substituent group of 
CH,-OCON(CH,)z, Eqs. 19 and 21, and 22 and 24 are  obtained by using 
the Taft polar constant u* and aliphatic group dipole moment p as the elec- 
tronic parameters, respectively. 


According to the correlation coefficient and F-test. the dipole moment 
(whether aromatic group moment p(ph,or aliphatic group moment p )  gives a 
statistically more significant correlation than the Hammett u or Taft u*. 
Among these electronic parameters used, the aliphatic group dipole moment 
seems to be the best, giving the highest degree of correlation in the case ex- 
amined (Eq. 24). 


Takayama el a/. (12) reported the QSAR of antifungal I-(3,5dichloro- 
phenyl)-2,5-pyrrolidinediones and 3-(3,5-dichlorophenyI)-2,4-oxazoli- 
dinediones and showed that the activity becomes greater with the increasing 
hydrophobicity of the substituents on the imido ring, independent of the 
electronic (u*)  and steric effects (h) (Table Ill). Reexamination with ali- 
phatic group dipole moment p as an electronic parameter and log MW as a 
measure of bulk is shown by Eqs. 25-31 (Table IV). The correlation with p 
or log p alone is statistically significant, although the improvement in re- 
gression with log p by introducing p or log MW is generally not very significant 
(Fl.25 = 2.58 or 0.25, respectively) because of considerable covariance between 
log p and p or p and log MW. Among the two parameter equations, the 
combination of log MW and p gives the highest correlation (Eq. 31), and the 
combination of log p and p gives a slightly lower correlation (Eiq. 30). The 
addition of log MW is statistically significant a t  the 99.9% level, as indicated 
by an F-test (Fl .25  = 21.80). Thissuggests that both thesizeof themolecule 
( I  3) and the dipole moment of the substituent group are  important in deter- 
mining the antifungal activity of the compounds examined. 


The existence of the covariance among log p, log MW, and p is shown in 
the following squared correlation matrix: 


log M W  1% P Ir 
log MW I 0.13 0.50 
log P I 0.8 I 
CC 1 


Use of these three parameters simultaneously or the addition of (log P ) ~  does 
not result in a further improvement in correlation. 


:onstants 


Equation n r S FI .25 Eq. No. 


PI50 = -2.352(log MW) + 11.442 28 
PI50 = 0. I53p + 2.582 28 
PISO = 0.158(logp) + 5.258 28 
plso = (log p ) z  + 0.1 59(10g p )  4- 5.258 28 
p l ~ ,  = -0.35O(log MW) 28 + O.I55(loe n\ + 6.133 


0.378 
0.87 I 
0.907 
0.907 
0.908 


0.281 
0.145 
0.128 
0.130 
0.130 


25 
26 
27 
28 


0.25 29 
. - - o r ,  - -~~ 


PI50 = 0.1 13(10g p )  + 0.050p + 5.428 28 0.91 5 0.125 2.58 30 
31 pI50 = 2.879(10g MW) + 0.212~ - 1.252 - 28 0.934 0.1 11 21.80 - - 
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Appendix Aliphatic Dipole Moments and Taft Polar Constants (u*) 
CHs(CHz),,R, where n = 0-6 


No. Formula R n' pR, Debye U* WLN Solventa Temp., "C 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 :: 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 


BH202 
Br 
CI 
C102Sb 
C12PS 
CIS 
F 
FO2S 
F4P 
I 
NHCHO 
NCO 


NH2 
NO 
NO2 


No3 


N3 
OH 
SH 


H2NO 


NH202S 


N2H3 


S02CH3 
SO3CH3 
SeCH3 
CClO 
CCI3 
C F3 
CN 
CNS 
CNSe 
CHBr2 


CHO 


CH2Br 


CHCl2 


CHOz 


CH2CI 
CH21 
CH2NO 
CHzNO2 
CH2C10 
CH2SH 


CH3N2Sb 
CH30 
CH3OS 
CH302S 
CH303S 
CH3S 
CH4N 
CH4N 


CH3 


C2H 


-NOW2 
-Br 
-CI 
-S02CI 
-PSC12 
-SCI 
-F 
-S02F 
-PF4 
--I 
-NHCHO 
-NCO 
-NHOH 
-NH2 
-NO 
-NO2 
-S02NH2 
-ON02 
-NHNH2 
-N=N=N 
-OH 
-SH 
-S(O)OCH3 
-S02CH3 
-SeCH, 
-COCI 
-CCI3 
-CF3 
-CN 
-SCN 
-SeCN 
-CHBrZ 
-CHC12 
-CHO 
-COOH 


-CH2CI 
-CH2I 
-CONH2 
-CH?NO? 


-CH2Br 


- o c H 2 c i  
-CH2SH 
-CH3 
-NHCSNH? 
-0CHi 


-NHCH~ 
-CH2NH2 
-C=CH 
-SCCH 
-CHCHCI 
-CHCHN02 
-CHzCCI, 
-COCH2CI 
-CH=CH2 
-CHBrCH?Br 


-CH2COOH 
-COOCH3 
-0COCH3 
-SCH=CH2 
-CHBrCH3 
-CH2CH2Br 
-CHClCH2 


0.5 
0.0 
0.0 
0.0 
0.0 
0.5 
0.0 
0.0 
0.0 
0.0 
1 .o 
1 .o 
0.5 
0.0 
0.5 
0.5 
0.5 
0.5 
0.5 
0.0 
0.0 
0.0 
0.5 
0.0 
1 .o 
0.5 
0.0 
0.0 
0.5 
1 .o 
1.5 
0.5 
0.5 
0.5 
0.5 
1 .o 
1 .o 
1 .O 
0.5 
1.5 
0.0 
1 .o 
0.0 
0.0 
0.0 
0.5 
0.5 
0.0 
0.0 
0.0 
1 .o 
0.0 
0.0 
I .O 
1.5 
1 .O 
0.5 
0.0 
1 .o 
1 .o 
0.5 
1.5 
0.5 
1.5 
0.5 
0.0 
0.0 
1 .O 
2.0 
1 .o 
2.0 
2.0 
1 .o 
1.5 
2.5 
0.0 
0.0 
1 .o 


-1.16 
- 1.97 
-1.93 
-2.28 
-3.00 
-2.00 - 1.90 
-3.39 
-2.55 
-1.79 
-3.86 
-2.8 1 
-0.80 
- 1.35 
-2.30 
-3.59 
-4.60 
-3.08 
- 1.82 
-2.17 
-1.66 
-1.51 
-2.83 
-4.16 
-1.41 
-2.48 
-1.84 
-1.94 
-3.63 
-3.89 
-3.91 
-1.90 
- 1.96 
-2.58 
-1.65 
-1.97 
-1.93 
- 1.79 
-3.73 
-3.29 
- 1.90 
-1.52 


0.0 
-0.16 
- 1.27 
-3.88 
-4.26 
-4.18 
-1.45 
-1.01 
-1.35 
-0.78 
- 1.69 - 1.64 
-3.99 
-1.84 
-2.27 
-0.40 
-1.43 
-2.07 
-2.33 
-2.23 
-2.77 
- 1.68 
- 1.75 
-1.81 
- 1.38 
-2.08 
-1.97 
-2.05 
-1.93 
-1.79 
-3.81 
-3.75 
-2.69 


0.0 
-1.27 
- i .32 
- 1  69 


0.95 
2.84 
2.68 
5.00 
3.70 
2.50 
3.21 
4.70 
2.80 
2.46 
1.62 
2.25 
0.30 
0.62 
2.08 
4.25 
2.61 
3.86 
0.40 
2.62 
1.55 
1.68 
2.84 
3.62 
0.95 
1.81 
2.65 
2.61 
3.30 
3.43 
3.61 
1.90 
1.94 
2.15 
2.08 
1 .oo 
1.05 
0.85 
1.68 
1.73 
2.56 
0.62 
0.0 
1.80 
1.81 
2.88 
3.68 
3.62 
1.56 


-0.8 1 
0.50 
1.30 
2.00 
0.87 
1.75 
0.75 
2.50 
0.56 
1.38 
1.08 
1.53 
0.62 
1.81 
1.08 
2.00 
2.56 
1.31 
1.25 
0.44 
1 .oo 
0.41 
0.41 
1.40 
0.3 1 
0.50 


-0.10 
1.68 


*BQQ 
*E 
*G 
*SWG 
*PS&GG 
*SG 
*F 
*SWF 
*PFFFF 
*I 
*MVH 
*NCO 
*MQ 
* Z  
*NO 
*N W 
* s w z  
*ON W 
*MZ 
*NNN 
*Q 
*SH 
*SO&Ol 
*OSWI 
*-Se- 1 
*VG 
*XGGG 
*XFFF 
*CN 
*SCN 
*-Se-CN 
*YEE 
*YGG 
*VH 
*VQ 
*lE 
*1G 
*1I 
* v z  
*INW 
*01G 
*1SH 
* I  
*MYZUS 
*o 1 
*SO&I 
*SWI 
*SWOI 
*s 1 
*M 1 
*1Z 
*IUUI 
*SIUUl 
*IUIG 
*1UINW 
*1XGGG 
*VIG 
*lUl  
*YEIE 
*YGYGG 
*XGG I 
*lVH 
*V1 
*IVQ 
*vo1 
*OVl 
*SIUI 
*YE 
*2E 
*YG 
*2G 
*21 
*MVI 
*1vz  
*2N W 
*2 
*02 
*lo1 


G 


cc14 
B 
B 
G 
G 
B 
G 
CCl4 
B 
B 
B 
B,CHx 
G 
G 
D 
G 
G 
G 
B 
B 
B 
D 
G 
cc14 
CHx 
B 
B 
B 
B 
CHx 
B 
B 
B 
CCI4 
cc1.q 
cc14 
B 
B 
B 
G 
G 
B 
B 
B 
B 
D 
B 
G 
B,CHx 
NS 
G 
G 
B 
CHx 
cc14 
G 
B 


I 
B 
B 
B 
B 
B 
B 
cc14 
cc14 
cc14 
cc14 
B 
B 
B 
G 
B 


cc14 


- 


cc4 


cc14 
CHx 


1 I5 
25 
25 
25 
20 


NS 
25 


25 
25 
20 
25 
25 


NS 
20 
30 


-78 
25 


NS 
25 
25 
25 
25 


NS 
25 
25 
25 
30 
25 
25 
25 
25 
25 
30 
25 
25 
25 
25 
25 
0 


-50 


25 
25 
20 
25 
25 
25 


NS 
25 


NS 
-53 


20 
25 
25 


-78 
25 


31-55 
25 
30 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
30 


NS 
25 
25 
25 


- 


3 1-70 


- 


- 


- 


, 
-0C2H5 
-CH20CH3 0.66 
-CH(OH)CH, 1 .o 0.46 *YQ .._ ~ 


continued 
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Appendix (continued) 


No. Formula R n' hR, Debye U* WLN Solvento Temp., "C 


no 
81  


84 


82 
83 


85 
86 
87 
88 


90 
91 
92 
93 
94 
95 
96 
97 


99 
100 
101 
102 
I03 
I04 
105 
106 
107 


I09 
I10 
I l l  
I I2 
I13 
I14 
I15 
I16 
I17 


119 
I20 
121 
I22 
123 
124 
125 
126 
I27 
128 
129 
I30 
131 
I32 
I33 
134 
135 
I36 
137 


139 
140 
141 
142 
143 
I44 
I45 
146 
147 
I48 
I49 
150 
151 
I52 
153 
154 
I55 
I56 
157 
158 
159 
160 


89 


98 


1 on 


1 18 


I 38 


--cti2Cllct 12 
-C HC H CH 3 
-CYCIO-C,H~ 
-COC2tl5 
-CH2CH 2C HO 
-CH2COCH3 
-CH20COCH3 
-COOC2H5 
-C H 2COOC H 3 
-CON(CH3)2 
-NHCOC2H5 


N(CH,)COCH, 
-CH2Ctl2CON H2 
-CH2N HCOCH, 
- N H COOC2 H 5 
- OCOh(CH3)2 
-CH(CH3)2 
--C3H7 
-OCH(CH,)2 


CHzOC2Hs 
- OC3Hi 
-CH2CH(OH)CH3 
- CH2CH20CH3 


--C(OH)(CH3)2 
-SC,H, 
-SCH(CH3)2 
-SO2CH(C113)2 
- -CHCHC2H5 
-CHC(CH3)2 
-CH2CHCHCH, 


-0C4H9 
-NHC4H9 


-O-CVCIO-CIH~ 


-GH9 


-0P(OC2H5)2 


--CiH; 3-F 
-ChH4--4-F 


2.0 
0.5 
1.5 
0.0 
0.5 
1 .o 
1 .o 
0.0 
I .o 
2.0 
2.5 
0.0 
I .o 
0.0 
0.0 
0.5 
2.5 
I .5 
1 .o 
0.5 
1.5 
0.5 
I .o 
1 .o 
2.5 
2.0 
I .o 
0.0 
0.0 
0.0 
0.0 
1 .o 
0.0 
2.0 
2.0 
I .o 
0.0 
0.0 
0.5 
0.0 
0.0 
1 .O 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.5 
1.5 
0.0 
0.0 
1 .O 
I .o 
I .o 
1 .o 
1 .O 
I .o 
I .o 
I .5 
1.5 
I .5 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
2.0 
2.0 
2.0 
0.0 
0.0 
0.0 
0.0 
0.0 
2.5 


- I  .66 


-4.40 
- 1.26 
-4.7 1 
-4.71 
-4.20 
-0.84 


-1.94 
-3.5 1 
-0.34 
-0.35 
-0.25 
-0.14 
-2.79 
-2.23 
-2.80 


-1.81 


-2.84 


-0.84 


- I  3 4  


-1.84 
-3.81 


-3.86 
-3.78 


-3.55 


-3.55 
-3.80 
-3.80 
0.08 


- I  .32 
-1.27 
-1.32 
-1.77 
- 1.27 
- 1.72 
- 1.63 
-1.61 
-4.50 
-0.34 
-0.34 
-0.34 


0.08 
-1.26 
- 1.27 


- 1.60 
0.10 


-1.32 
- I  .63 
- 1.27 
- 1.95 
-1.19 
-2.77 
-1.91 
-1.34 
- 1.90 


0.08 


-2.88 


-1.82 
- 1.78 
- 1.78 
- I  .76 
-3.60 
-3.40 
-4.43 
-2.50 
-2.05 
-2.37 
-2.06 
-2.30 
-2.25 
-2.14 
-4.05 
-4.00 
-4.00 
-1.83 
- 1 .no 
-1.83 
-1.81 
-1.64 


0.2 I 


I .32 
-0.62 


2.62 
2.10 


1.20 


0.32 
0.49 


0.0 
0.36 
0.15 
1.61 
0.29 
0.62 
1.06 
2.26 
1 .oo 
I .94 
I .56 
2.25 
0.19 
0.43 
1.99 


-0.19 
-0. I2 


I .62 


I .68 
0.16 
0.24 
0.35 


1.49 
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2.57 
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Appendix (continued) 


No. Formula R d FR, Debye U* WLM Solventa Temp., OC 


161 
162 
163 
164 
I65 
166 
167 
168 
169 
170 
171 
172 
173 
174 
175 
176 
177 
178 
179 
180 
181 
182 
183 
184 
185 
186 
I87 
188 
189 
190 
191 
192 
193 
194 
195 
196 
197 
198 
199 
200 
20 1 
202 
203 
204 
205 
206 
207 
208 
209 
210 
21 1 
21 2 


2.5 
0.0 
0.5 
0.5 
0.0 
0.0 
0.0 
0.0 
0.5 
0.0 
0.0 
1 .o 
1 .o 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.5 
0.0 
0.0 
1 .o 
1 .o 
0.0 
0.0 
1 .o 
0.0 
0.0 
0.0 
1 .o 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.5 
0.5 
0.0 
1 .o 
0.0 
0.0 
1 .o 
0.0 
1 .o 
1 .o 
0.0 
0.0 
0.5 
1 .o 


-4.38 
-2.80 
-3.26 
-3.08 
-0.38 
-1.38 
-2.46 
-3.48 
-4.75 
-4.99 
-1.29 
-1.16 
-4.62 


0.00 
- 1.68 
- 1.56 
-4.39 
-1.94 
-3.48 
-2.90 
-1.94 
-1.69 
-3.62 
-0.39 
-0.54 
-0.10 
- 1.38 
- 1.09 
- 1.25 
- 1.23 
- 1.23 
-1.26 
-1.58 
- 1.72 
- 1.46 
- 1.38 
- 1.49 
-1.74 
- 1.98 
-4.24 
-5.08 
-1.81 
-1.46 
-1.41 
-0.77 
-0.40 
-3.04 
-3.63 
-5.30 
-0.15 


0.0 
- 1.39 
-4.66 


1.83 
3.63 
3.14 
3.14 
0.75 
2.43 
2.60 
3.25 
3.55 
3.62 
1.87 
0.72 
1.99 
0.18 
1.81 
1.33 
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2.63 
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2.57 
2.57 
1.68 
0.27 
0.62 
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0.87 
2.29 
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2.42 
2.32 
1.56 
1.89 
1.80 
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1.66 
3 .OO 
3.32 
1.69 
1.23 
1.31 
0.41 
0.37 
2.91 
1.37 
1.44 
0.56 
0.52 
1.06 
1.71 
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C;;H;iP 
213 C12HioOP -PO(&H;)z 
214 C13HiiS2 -CH(SCsHsh 0.5 - 1.72 1.56 *YSR&SR B 


Key: (B) benzene; (D) dioxane; (G) gaseous phase; (CHx) cyclohexane; (HP) heptane; (I) liquid; (NS) not stated. Omitted in equations 8 and 10. 
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labor is shown in Fig. 1C. The specificity of this method was also con- 
firmed by mass spectral studies. The HPLC eluate corresponding tori-  
todrine was found to exhibit MS characteristics identical to those of pure 
ritodrine. The spectrum shows a base peak at  m/z 121 and a strong 
fragment ion a t  m/z  164. No molecular ion is detectable for ritodrine in 
the electron-ionization spectrum. 


The calibration curve for ritodrine using the internal standard bears 
a linear relationship ( r2  = 0.9910) over the range (2-80 ng/mL) studied. 
Table I illustrates the reproducibility of the method. To demonstrate the 
applicability of this method for the therapeutic monitoring of ritodrine, 
a serum sample from a pregnant woman receiving ritodrine for premature 
labor was analyzed. The patient received an intravenous infusion of ri- 
todrine a t  100 pg/min for 3.5 h. The serum level of ritodrine 20 min after 
the end of the infusion was 12.8 ng/mL. The concentration compares 
favorably with the results obtained by the RIA method (7). The degree 
of sensitivity achieved by the HPLC-EC method is suitable for drug 
monitoring and pharmacokinetic studies of ritodrine, since serum con- 
centrations of the drug during clinical use usually range from several to 
-100 ng/mL. The linearity of the calibration curve indicates that the 
assay methodology is appropriate for these measurements. 


The usefulness of electrochemical detection has been demonstrated 
in the HPLC analysis of catecholamines (8-101, uric acid (111, ascorbic 
acid ( l l ) ,  and acetaminophen (12) in biological fluids and pharmaceutical 
preparations. Kitodrine, a compound structurally related to catechol- 
amines, evokes a strong electrochemical response due to the two phenolic 
moieties in the molecule. The method described herein permits a rapid 
analysis of ritodrine a t  the nanogram level. 


The sensitivity of the electrochemical detector is quite comparable with 
that of the RIA technique, and the assay speed of the two methods is also 
very comparable. The RIA method appears to be more convenient be- 
cause no extraction is required. However, it takes -40 min to incubate 
and equilibrate a sample with the antiserum plus additional time for 
scintillation counting, not to mention the time for preparing the antise- 
rum, On the other hand, the analysis time by HPLC requires -15 min 
according to the protocol. Most importantly the HPLC-EC method may 
be superior to the RIA in terms of specificity. Previous work in the assay 
of ritodrine by RIA showed negligible cross-reactivity with the drug 
conjugates (7). However, the possibility of cross-reactivity with endog- 


enous catecholamines has not been evaluated. The fact that  abnormal 
variability was observed in the data during the RIA quantitation of ri- 
ttdrine (7) points to the potential problem of cross-reactivity. It is known 
that serum catecholamine levels are elevated during labor (13). This may 
cause erroneous determination of ritodrine by RIA under such conditions. 
On the other hand, the accuracy of the HPLC-EC method is not affected 
by these endogenous substances. 
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Abstract The biological activity of a series of 10 silver sulfanilamides 
is studied in relation to the physical parameters pK,, log K, and the 
aqueous solubility. None of the parameters demonstrate a simple rela- 
tionship with the activity. A discussion of the significance of log K and 
the solubility in relation to the activity is given. 


Keyphrases 0 Silver sulfanilamides-structure-activity relationships, 
correlation between activity and ph',, log K ,  and solubility 0 Struc- 
ture-activity relationships-silver sulfanilamides, correlation between 
activity and pK,, log K ,  and solubility 


An increasing interest in the silver sulfanilamide com- 
plexes was stimulated by the successful use of silver sul- 
fadiazine (I) as an efficacious topical antibacterial agent 
in burn treatment (1). A number of efforts were made to 
account for the good in uiuo activity of I as compared with 


other silver sulfanilamides (2-4). In this study the rele- 
vance of some physical parameters in relation to the in oioo 
antimicrobial activity are discussed. 


BACKGROUND 


The antimicrobial activity of I is thought to result from alteration of 
the mesosomal function of the microbial cell by the silver moiety of the 
molecule (5). The sulfadiazine moiety does not enter the cell and does 
not contribute appreciably to the antimicrobial action; therefore, I is not 
antagonized by p-aminobenzoic acid (3). A possible role of sulfadiazine 
is to localize the action of silver to the cell. The undissociated molecule 
1 seems to interact with the microbial cell and is dissociated next a t  the 
cell surface into silver and sulfadiazine (6,7). 


The role of the sulfadiazine anion and other anions is rather unclear. 
Wysor assumed as a prerequisite for an active silver sulfanilamide that, 
like I, these compounds need to be stable in a chloride-containing solution 
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Table I-Biological and Physical Data of the Silver Sulfanilamides 


Compound 


Silver Ion 
Concentration, 


mortality, %a PKa log K C  log K'd mg/100 mLe 


I Silver sulfadiazine 
I1 Silver sulfathiazole 


111 Silver sulfisomidine 
IV Silver sulfamethizole 
V Silver sulfanilamide 


VI Silver sulfamerazine 
VII Silver sulfapyridine 


IX Silver 5-methoxvsulfadiazine 
VIII Silver 5-methylsulfadiazine 


25.6 
40 
60 


6.46 f 0.02 3.62 f 0.05 3.57 0.05 f 0.001 
7.19 f 0.01 4.18 f 0.22 3.97 0.01 f 0.003 
7.47 f 0.01 3.69 f 0.13 3.35 0.11 f 0.003 


65 5.63 f 0.01 3.55 f 0.18 3.54 0.10 f 0.004 
77 10.57 f 0.10 4.13 f 0.11 0.96 0.70 f 0.003 
90 
75 
80 
80 


6.88 f 0.1 1 3.91 f 0.04 3.80 0.06 f 0.003 
8.57 f 0.01 4.02 f 0.04 2.82 0.11 f 0.003 
6.68 f 0.05 3.66 f 0.08 3.58 0.19 f 0.002 
6.67 f 0.04 3.48 f 0.08 3.41 0.06 f 0.002 


X Silver benzenesdfonamidopyrimidine 100 6.12 f 0.08 3.42 f 0.04 3.40 0.05 f 0.005 


0 Mortality for untreated mice: 88%; mortality for mice treated with ointment base: 65% (8). * Mean f SD; n = 4-8. Mean f SD; n = 9-14. d Conditional stability 
constant (log K')  = log K - log (YL(H) at pH 7.4. e Mean concentration of silver ion in a saturated aqueous solution f SD: n = 5. 


(no formation of silver chloride) (2). Only sulfanilamides with 2-pyri- 
midino as the N-1 substituent meet this criterion. Use of this information 
did not lead to the successful design of active compounds. Fox and Mcdak 
partly explained the large differences in in uiuo antimicrobial activity 
of the silver sulfanilamides by differences in dissociation constants (pK,) 
of the acidic N(l)-H of the parent sulfanilamides (3).  Nesbitt and 
Sandmann reported a nonlinear relationship between the i n  uiuo activity 
and pK, t log K, (solubility product) (4). 


EXPERIMENTAL 


A series of 10 silver sulfanilamides was selected for this study (Table 
I). The in uiuo activity data (percentage of mortality of mice with burns 
over 30% of their bodies which were infected with Pseudornonas aerug- 
inosa)  were derived from the literature (8) or obtained from C. L. Fox, 
Jr., Columbia University, New York, N.Y. The acid dissociation constants 
(pK,) of the sulfanilamides and the stability constants (log K) of their 
silver complexes were measured according to the method of Boelema et 
al. (9), using a microcomputer-controlled titration method in which the 
silver ion' and hydrogen ion2 concentrations were determined in a com- 
bined measurement. The conditional stability constants (log K') were 
calculated from the pK, and log K values using log K' = log K - 
log N L ( H ) ,  where (YL(H) = 1 t [H30+].K;' is the side reaction coefficient 
of the sulfanilamide with the hydrogen ion. The sulfanilamides (I-IX) 
used in this study were obtained commercially and recrystallized from 
acetone-water; X was synthesized as described previously (10). 


The solubility measurements of the silver sulfanilamides were per- 
formed by equilibration in double-distilled water at 25 f 0.1"C for 1 week 
in 100-mL vials wrapped with aluminum foil with covered3 rubber clo- 
sures. The vials were rotated during equilibration. The saturated solu- 
tions were filtered through a 25-mm diameter (1.2-pm average pore size) 
filter4; the first 25 mL of filtrate was discarded. The pH5 of the filtrate 
was measured, and the filtrates were analyzed for sulfanilamide content 
by UV6 and silver by atomic absorption spectroscopy7. The silver com- 
pounds used in this study are described elsewhere and were micronized8 
(10, 11). 


RESULTS AND DISCUSSION 


In Table I the biological and physical data of the 10 silver sulfanil- 
amides are summarized. Efforts to measure the distribution coefficient 
(log P) for octanol-water failed; the silver compounds decomposed with 
the formation of metallic silver. Calculation of the correlation coefficients 
between percent mortality and pK,, log K, log K', and the silver ion 
concentration reveals that a simple linear relationship between these sets 
of data does not exist; the coefficients are r = 0.07,0.21,0.21, and 0.19, 
respectively. Nesbitt and Sandmann (4) previously reported a nonlinear 
relationship between pK, + log K ,  and percent mortality. From Fig. 1 
it  is clear that this relationship is confirmed by our extended series; the 
points are spread randomly. 


Ion-selective silver sulfide electrode, Orion research 941600. 
Glass electrode, Radiometer G 2040. 


Selectron-filter, type ST 69; Schleicher-Schull. Dassel, West Germany. 
3 Using parafilm M .  


4 erkin-Elmer - 124. ' Perkin-Elmer, type 303, acetylene-air flame, lamp: 3 UAX/Ag-Cathodeon Ltd, 


* Trost Gem T Mill; Helme Chemicals, Inc., Helmetta, N.J. 


H Meter, type PHM 22 r; Radiometer, Copenhagen, Denmark. 


328.1 nm. 
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Figure 1-Relationship between percent mortality and log K,  + pK,. 
T h e  points of Nesbitt and Sandmann (4) are marked by encircled dots. 
T h e  solubility product K,  is calculated from [Ag12 = ([H~O+].K,/K.J 
+ K, (4). 


The data for log K' (pH 7.4), the conditional stability constant, can 
explain in a qualitative way some of the observations made in earlier 
studies. Wysor (2) found that the silver sulfanilamides with 2-pyrimidino 
as the N-1 substituent (I, VI, VIII, IX, and X) were stable in a chloride- 
containing solution; V and VII, with lower log K' values, were unstable. 
Another example is the reaction of the silver compounds with human 
serum (3). Silver nitrate and V reacted completely within 2 h with the 
components of the serum, I reacted at  a moderate rate (80% in 40 h), and 
I1 and VI reacted very slowly (-30% in 40 h). The log K' values of these 
compounds increase in the same order. 


One unexpected result is that treatments with ointment bases con- 
taining the silver sulfanilamides V-X give rise to higher mortality rates 
than the ointment base alone. This is especially hard to understand for 
VI and VIII, which are structurally very similar to I. Also hard to un- 
derstand in relation to the mortality data are the i n  uitro activities of the 
silver compounds. The minimum inhibitory concentration (MIC) of all 
the silver compounds in Table I are approximately the same for one type 
of microorganism. The MIC values for 10 different organisms vary be- 
tween 6.3 and 200 pLg.rnL-I (12). Thus, the differences in in vivo activity 
between the silver compounds are in no way reflected by their MIC 
values. 
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COMMUNICA TIONS 


Enhancement of Fluoride Concentration in 
Saliva after Topical Application of 
Fluoride Sustained-Release Dosage Form on 
Orthodontic Plates 


Keyphrases Fluoride, sustained release-topical application, con- 
centration in whole saliva 


To the Editor: The beneficial role of fluoride topical 
applications for caries prevention is now well established. 
The effectiveness of a topical treatment resides in the 
amount of fluoride incorporated in apatitic form (1) and 
in the continuous supply and renewal of the fluoride con- 
tent of tooth enamel (2-3). None of the topical dosage 
forms of fluoride marketed today (dentifrices, mouth 
rinses, and gels) are able to supply fluoride for a long period 
of time. A sustained-release dosage form of fluoride for 
topical application should provide conditions that will 
result in the major product being a stable fluoroapatite. 
The research effort expended to date on the development 
of a sustained-release delivery system for fluoride is minor 
compared with efforts expended in the areas of other 
drugs; however, significant progress has been made. 


Three general approaches are being taken now to de- 
velop a sustained-release delivery system of fluoride: ( a )  
matrix tables (4), ( b )  aerosol containing microcapsules for 
direct application on the tooth surface (5), and ( c )  intraoral 
system (6). 


In our previous in vitro work (7, 8) it. was shown that 
fluoride release could be sustained by embedding NaF or 
CaF2 in ethylcellulose polymers. The aim of this work was 
to establish the fluoride level of saliva in children using 
orthodontic plates coated with a long-acting fluoride ap- 
plication. 


A group of nine children aged 7-12 undergoinf ortho- 
dontic treatment participated in the study. The subjects 
resided in the Jerusalem area, which had -0.4 ppm fluo- 
ride in the water supply. None of the children had brushed 
their teeth with a fluoride dentifrice or received a fluoride 
supplement (including tea) 2 d before or during the ex- 
periment. The palatinale part of the upper orthodontic 
plates was coated by immersing the plates in a 10% NaF 


suspension in ethanol solution of ethylcellulose and al- 
lowing them to dry at  room temperature (8). 


The amount of the coating layer on the orthodontic 
plates was determined by weighing the difference between 
the uncoated and coated materials. The fluoride (F) con- 
centration was calculated from the weight ratio of fluoride 
and polymer used and was in the range of 4.g5.1 mg/plate. 
Whole saliva samples were collected by chewing paraffin 
wax, and the F concentration was determined in the cen- 
trifuged sample with a fluoride ion electrode (9). Statistical 
significance was determined by the paired t test. 


F release resulted in a significant ( p  < 0.005) increase 
in the amount of fluoride in the saliva during the first 4 
days of the study but returned to its initial level on the 5th 
day (Table I). By the use of fluoride dentifrices or ingestion 
of 1-mg fluoride tablets, similar increases in the F content 
in the saliva were reported (10). However, the increase was 
for a short period only, with the F concentration returning 
to the initial levels after 90 min. 


A relationship between the natural fluoride content in 
water and the prevalence of dental caries is well established 
today. 


In communities with a fluoride content of 21 ppm, the 
prevalence of dental caries was less than in those com- 
munities whose water supplies contained fluoride a t  a 
concentration 50.6 ppm. 


It has been shown by Yao and Grdn (9) that the fluoride 
content in the saliva of children who consumed drinking 
water containing 1 ppm of fluoride was 0.01-0.05 ppm. 


These values are similar to the fluoride concentration 
obtained in the saliva of the children using sustained re- 
lease application of fluoride in this study. 


In our previous work (7) it was shown that thickness of 
the coating applied on the orthodontic plate did not affect 


Table I-F Content in Mixed Saliva of Nine Children after 
Fluoride Sustained Release Application a 


Day after Application 
1 2 3 4 5 


F, mean f SD 0.015 f 0.02 f 0.016 f 0.01 f 0.007 f 


P <0.005 <0.005 <0.005 <0.005 NS 
0.003 0.003 0.003 0.002 0,0002 


~~~~ 


Control (F concentration in saliva before the experiment) 0.008 f 0.002 ppm. 
6 NS = not signlficant. 
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Abstract 0 The pharmacokinetics of the antirheumatic proquazone and 
its conjugated and unconjugated m-hydroxy meta’bolites were investi- 
gated in five healthy male volunteers after both intravenous (7s and 122 
mg) and peroral (300and 900 mg uia capsules) administration. For ade- 
quate intravenous dosing of the poorly water-soluble proquazone, ad- 
vantage was taken of the high degree of protein binding of the drug. 
Proquazone wm admixed with 40% sterile human albumin, and these 
proteinaceous drug-containing solutions were injected. The pharmaco- 
kinetics of proquazone and of the measured metabolites after intravenous 
administration and after the 300-mg po dose were first order, whereas 
deviations from linear kinetics were observed a t  the 900-mg dose level. 
The apparent half-lives of the a, fl, and y phases of proquazone in plasma 
were 2, 14, and 76 min, respectively, on intravenous administration. The 
total clearance of proquazone was 700 mI,/min, which indicated a high 
hepatic extraction. The apparent volume of distribution a t  steady state 
was 40 L, implying extensive binding or partitioning of the lipophilic drug 
in the tissues. Unchanged proquazone (<0.001%), the m-hydroxy me- 
tabolite (<LO%), and the Conjugated m-hydroxy metabolite (20%) were 
renally excreted after intravenous administration. The extent of ab- 
sorption of prcquazqne was -7% and was entirely the result of a large 
first-pass effect. Digital computer analysis of the data after intravenous 
administration was performed with a linear three-compartment model. 
A model-independent approach was used in the analysis of the peroral 
data. 


Keyphrases Proquazone-m-hydroxy metabolites, peroral and in- 
travenous pharmacokinetics, humans, NONLIN, SAAM Pharmaco- 
kinetics-proquazone and i t s  m-hydroxy metabolites, humqns. oral and 
intravenous administration, NONLIN, SAAM 0 Antirheumatics- 
proquazone and i t s  m-hydroxy metabolites, oral and intravenous phar- 
macokinetics in humans, NONLIN, SAAM 


Proquazone (I), a nonsteroidal anti-inflammatory drug 
(1, 2) which has been marketed in several countries in 
Europe since 1977l, exhibits activities in animal models 
and humans comparable with those of classical nonster- 
oidal anti-inflammatory drugs (1-4). Its primary thera- 
peutic indications are in the treatment of rheumatoid ar- 
thritis, osteoarthritis, and gouty arthritis (5 ,  6). Proqua- 
zone is very different chemically from other representa- 
tives of this class of drugs. It is a quinazolinone derivative 
and a weak base which is highly lipophilic and shows poor 
solubility in water (7). 


The goal of this study was to delineate the pharmaco- 
kinetics of the parent proquazone and its primary me- 
tabolites in healthy humans after intravenous and oral 
administration. Preliminary pharmacokinetic experiments 
in healthy humans had been performed only after oral 
administration of the drug (8,9). These studies indicated 
that the drug is extensively metabolized, and seven me- 
tabolites have been identified (8). Another investigation 
claimed an increased bioavailability of proquazone when 
the drug was administered concomitantly with food (9); 
first-order disposition kinetics for the drug were assumed 
in this study. Intravenous studies have not been executed 
with this drug. The sensitivity of the available assay 


Bierison; Sandoz L td ,  Hasle and Wander Ltd., Herne, Switzerland. 


methods and the poor water solubility of the drug neces- 
sitated either administration of too small a dosage in 
aqueous solution or of higher dosages dissolved in excessive 
volumes of solubilizers*. 


The study of the plasma protein binding of proquazone 
showed that the drug was highly bound to albumin (98%) 
(7). Subsequent experiments with human albumin indi- 
cated that the apparent solubility of proquazone was sig- 
nificantly increased in the presence of concentrated al- 
bumin solutions (7). Preliminary pharmacokinetic ex- 
periments showed that larger intravenous dosages could 
be administered by means of this “biological solubilizer” 
(7) and that a follow-up of the plasma concentrations and 
urinary excretion of proquazone and metabolites over 
sufficient time was possible with the available fluorometric 
and HPLC methods2. 


EXPERIMENTAL 


Materials-The following were used: proquazone’ ( I ) .  n-ethylpro- 
quazone’, and m-hydroxyprtquazone3 (11). Proquazone in 4-hydroxv- 
methyl-1,3-dioxolane-5-hydroxy 1,3-dioxane ( I:2)J (7.5% w/v) was em- 
ployed in the intravenous studies, and proquazone capsules5 (300 mg) 
were administered in the oral studies. The dissolution characteristics of 
the capsules in 0.1 M HCI using the rotating basket method were 83. I ,  
93.4, and 97.5% of the drug dissolved after 15,:30, and 60 min postinitia- 
tion, respectively. Human albuminfi (20% w/v) was employed as solubi- 
lizer for the intravenous dosages of proquazone; heparin: was used to 
prevent coagulation. ~-Glucuronidase-sulfatase~ was employed for en- 
zymic hydrolysis of conjugated rn-hydroxyproquazone (111). 


Pharmacokinetic Procedures-Five nonsmoking, healthy, male 
volunteers (A-E), 22-24 years old, were selected for the study. Written 


CH,, ,C& 
\ /  


CH 
I 
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Ri 


I:  H 


11: OH 


111: o,,,j 


* Unpuhlished data. 
a Sandoz I & . ,  Rasle. Switzerland. 


Chemie I h z .  Austria. 
5 Charge number 34fi L 6. 
!Human albumin SRK, Herne, Switzerland. 
’ I.iquemin,Heparin; F. Hoffmann-l,a Roche Ltd., fhsle. Switzerland. 
8 Clusulase: B-Clucuronidase (145.474 Fishman I!) and arylsulfatase: (47,890 


Roy IJ) Endo I.aboratories, Inc., Garden City, N.Y. 
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Figure 1-Digital computer fitting (SAAM) of plasma data of I (@) in 
subject Dafter intravenous administration of 75 mg, in accordance with 
on intravenous infusion linear mmil lary three-compartment body 
model. The inset is for an expanded time scale. 


consent was obtained from all volunteers. An individual was considered 
healthy when he had a normal status, history, and laboratory checkup 
[complete blood count, hematocrit, sedimentation rate, serum electro- 
phoresis, total proteins, creatinine clearance, urinalysis, bilirubin, serum 
glutamic oxaloacetic transaminase, serum glutamic pyruvic transaminase, 
alkaline phosphatase, and serum electrolytes (sodium, potassium, cal- 
cium, iron, inorganic phosphate)]. These tests were repeated prior to the 
second, third, and fourth study on each individual to determine possible 
adverse drug effects or changes due to the experimental procedures. 
Creatinine clearance of the individuals (117 f 24 mL/min) was within 
the normal range (10). 


Four different studies were performed in each of the selected volun- 
teers: intravenous administration of 75 and 122 mg in human albumin 
solution and oral administration of 300 and 900 mg in capsules. The 
122-mg iv dose corresponded to the largest amount of the drug that could 
safely be administered within 45 mL of human albumin solution. The 
75-mg iv dose permitted a follow-up of the plasma concentrations and 
urinary excretion of proquazone and its main metabolite over sufficient 
time. The 300- and 900-mg PO dosages corresponded, respectively, to a 
therapeutically effective maintenance dose and a cumulative daily dose 
during antirheumatic treatment. A total of 20 studies were conducted, 
and the design of the studies was identical for each volunteer. They first 
received the 900- and 300-mg PO dosages and then the 122- and 75-mg 
iv dosages in that order. Preliminary experiments with other groups of 
volunteers had indicated that these dosages were well tolerated*. Intervals 
of at least 2 weeks were maintained between thestudies to ensure washing 
out of the drug and to exclude any possible enzyme induction in the 
subjects due to repeated administration of the drug. 


The volunteers were supine during the first 24 h after administration 
of the drug. Following this they were ambulatory, but no exercise was 
allowed. The individuals were fasted 12 h before drug administration in 
both the intravenous and oral studies. After drug administration, the 
volunteers fasted 6 h. Within the first 24 h after drug administration, the 
food intake was restricted to fluids, e.g., soups, shakes, and other bev- 
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Figure %--Semilogarithmic plot against time of proquazone plasma 
concentrations following intravenous administration of 75 mg of the 
drug to subject D. The constants A, B, C, a, @, and y were obtained by 
the method of residuals. The inset is for a n  expanded time scale. Key 
(A) original data; (V,@,H) feathered values 


erages. The fluid intake amounted to 3000 mL/24 h for the duration of 
the study. No beverage or food containing caffeine or other diuretically 
effective substances were allowed. Three hours prior to drug adminis- 
tration, the volunteers received a peroral water loading (10 mL/kg). 
One-half hour prior to administration of the drug, a catheter9 was placed 
in a cubital vein and a constant drip of 0.45% N a C P  (flow rate 2.0 
mL/min) was started. In the intravenous studies an additional catheter3 
was inserted in a contralateral cubital vein, and a constant drip of 0.9% 
N a W o  (flow rate, 2.5 mL/min) was started. Both infusion solutions 
contained 1 USP U of heparin/mL to prevent coagulation. Preliminary 
experiments had demonstrated, that the presence of heparin did not alter 
the plasma protein binding of I. 


The second catheter was used for administering the drug in the in- 
travenous studies and was removed 2 h after drug administration. The 
first catheter was employed for blood sampling and was removed 11 h 
after drug administration. Later blood samples were taken by veni- 
puncture". Blood samples (10 mL) were taken through the catheter with 
syringes using a three-way stopcock within 10 s a t  0, 1.5,2,2.5,3,5,7,10, 
15,20,25,30,40,50,60,75, and 90 min, 2,2.5,3,3.5,4,4.5,5,5.5,6,6.5, 
7.5,8,9, and 10 h after intravenous administration of the drug and a t  0, 
2.5,5,7.5,10,15,20,30,45,60,75, and 90 min, 2,3,4,5,6,7,8,10,15,18, 
24,36,42, and 48 h after oral administration. A total volume of approxi- 
mately 1200 mL of blood was obtained from the volunteers in the four 
studies within a period of three months. The initial 2 mL of blood was 
discarded when blood was sampled through the catheters. The blood 
samples were immediately transferred to heparinized centrifuge tubes 
and subsequently centrifuged a t  300 X g for 10 min. Centrifugation of 
the samples was always accomplished within 1 h after sampling. The 
plasma was then immediately transferred to storage tubes and kept at 
-2OOC until assayed. In both intravenous and peroral experiments, total 
volumes of urine were obtained for the following collection periods: -3-0, 


Viggo Venflon; Viggo AB, Helsin borg, Sweden. 


Vacutainer; Recton, Dickinson and Co., Rutherford, N.J. 
lo Kantonsspitnl Basel. Switzerlan8: 
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Table I-Pharmacokinetic Parameters  of Proquazone After Intravenous Administration Derived From the Best Fit  by Digital 
ComDuter Pronrams * 


Subject Mean f SD 
D Parameter A R c E In  = 10) 


Weight, heightb 70,185 83,184 68,177 73,174 
Surface area, m2 1.92 2.06 1.84 1 .n7 
Dose, mg iv 74.33 
( Y C ,  102 min-1 48.6 


(1.48) 
/3~, 102 min-1 4.90 


(1.31) 
y'. 102 min-1 1.09 


(0.97) 
A'. % dosell  12.7 


(1.59) 
Hc, % dosel l  2.16 


(1.35) 
C' . 70 dose/L 0.747 


(1.05) 
V d .  L fi.4 1 -. .. .~ 
V p d ,  L 66.1 
V,,f 9 L 37.6 
CLX. mL/min 745 


121.96 74.90 122.00 74.50 122.12 74.52 121.94 
86.8 17.6 26.9 14.6 16.7 44.0 59.2 
(0.96) (4.78) (0.96) (0.87) (2.11) (1.04) (1.00) 
8.20 6.88 5.09 4.18 2.78 5.10 5.50 


(0.97) (0.97) (0.94) (1.16) (1.45) (1.04) (1.03) 
1.09 1.09 0.720 1.09 0.843 0.880 0.950 


(0.96) (0.87) (0.83) (1.27) (1.27) (0.96) (0.93) 
11.6 1.15 4.47 1.48 3.93 13.2 8.91 
(0.96) (6.25) (1.03) (1.29) (1.38) (1.02) (1.01) 
3.43 3.51 3.45 3.24 3.22 3.10 3.68 


0.900 0.846 0.229 0.599 0.372 0.395 0.699 
(1.01) (1.0s) (0.97) (0.91) (1.16) (0.96) (1.01) 


(0.96) (0.86) (0.91) (1.59) (2.11) (1.01) (0.92) 
6.28 18.2 12.3 18.8 13.3 5.99 7.53 


66.6 67.9 120 62.6 64.7 83.7 67.7 
42.7 43.2 43.0 32.4 28.4 34.5 37.2 


772 727 857 702 559 730 644 
0.435 0.014 0.081 0.020 0.053 0.194 0.284 . __.  


0.285 0.152 0.148 o.iiS 0.094 0.130 0.528 
0.102 0.027 0.019 0.011 0.006 0.041 0.043 
0.023 0.021 0.009 0.015 0.010 0.012 0.016 


82, 181 
2.02 


74.55 121.90 
30.9 32.1 36.7 23.1 
(1.48) (0.68) (1.54) (1.21) 


4.97 1.63 3.74 3.32 
(1.45) (0.97) . .  
'0.800 0.560 
(1.15) (0.94) 
9.35 6.13 


(1.32) (1.00) 
2.40 2.32 


(1.35) (0.99) 
0.472 0.B7 


(1.40) (0.92) 
8.18 11.5 


81.5 136 
39.1 56.4 


64 1 729 
0.136 0.149 
0.099 0.116 
0.028 0.020 
0.012 0.008 


(1.13) (0.20) 
0.911 0.185 


(1.02) (0.16) 
' 7.29 4.49 
(1.69) (l.fi2) 
3.05 0.543 


(1.08) (0.158) 
0.550 0.224 


(1.17) (0.41) 
10.8 4.80 
81.6 25.6 
39.5 7.69 


711 81.fi 
0.160 - 0 . i ~  
0.146 0.063 
0.035 0.028 
0.015 0.005 


k H 2 ,  min-1 0.112 0.116 0.041 0.070 0.036 0.041 0.123 0.085 0.080 0.066 0.077 0.032 
~ ~~ 


a NONLIN and SAAM. * Weight in kg; height in cm. Parameters of the sum of the tri-exponential equations toexpress the plasma concentration of proquazone as 
a function of time as obtained using the digital com uter programs NONLIN and SAAM. SAAM results expressed as fractions of the estimates by NONLIN are in parentheses 


Calculated from F4.2. C Obtained using Q. 6. ?Derived from Q. 7.8 Computed from Eq. 5; the plasma area was obtained using Eq. 3b. Rate constants of distribution 
calculated using the method in Ref 28. ' Rate constant of elimination obtained using the method in Ref. 28. 


0-1, 1-2.2-4,4-6,6-8,8-10,lO-12, 12-18, 18-24,24-36.36-48,48-60, 
60-72, and 72-96 h after drug administration. The urinary pH was 
monitored, and aliquots of 20-30 mL were transferred to storage con- 
tainers and kept a t  -20°C until assiiyed. Heart rate and blood pressure 
were monitored a t  hourly intervals in all the studies up to 10 h after ad- 
ministration. 


Preliminary experiments investigated the possible binding of i to sy- 
ringes, stopcocks, and urine containers. No significant drug binding was 
found for the drug with these materials. 


Drug Administration-lntraoenous- Freshly prepared sterile so- 
lutions of 1.6 and 1.0 mI, of I in 4-hydroxymethyl-1,3-dioxolane-5-hy- 
droxy 1.3-dioxane (12) (7.5C wlv) in 2-mL syringes were slowly added 
to 45 mL of human albumin solution kept in 50-mL syringed2 using a 
three-way stopcockI3. The solutions had been brought to a temperature 
of' 3 7 O C  previously. After mixing the combined solutions thoroughly, 2-ml 
iiliquots were taken for the determination of the dosages administered. 
The drug-containing albumin solutions were injected a t  a constant rate 
over a peritd of60 f 5 s through one of the catheters. The catheter was 
immediately flushed with 10 ml, of blood which had been taken previ- 
ously from the volunteer and had been heparinized subsequently. This 
time was considered as time zero. 


Peroral-The capsules ( 1  or 3) were swallowed together with 100 mL 
of water. The time of swallowing was considered as time zero. 


Analytical Procedures-Proquazone in plasma and urine was de- 
termined by a fluorometric method2. The main metabolite (11) and i ts  
conjugated product (111) were measured in urine by an HPLC assay'. 


The fluorometric assay involved extraction under alkaline conditions 
into n-heptane and back-extraction under acidic condit.ions into an 
aqueous phase. Fluorescence was determined at  an emission wavelength 
of 510 nm (excitation at  326 nm). Unknown concentrations of I were 
determined by means of standard curves derived from samples spiked 
with known amounts of the drug. The individual time zero samples ob- 
tained from each volunteer served as blanks. The fluorometric assay was 
specific for I, and its lower level of sensitivity was at  10 ng/mL in plasma 
and urine. The mean percentage recovery ( fSD)  of the assay determined 
from samples which were spiked with known amounts of 1 was 108 f 8% 
(n  = 25) and 104 f 5% ( n  = 7), respectively, for concentrations between 
50 and 100 ng/mL in plasma and 95 f 7% (n = 11) at a concentration of  
50 ng/mL in urine. The mean percent precision (10' SDIMean) of the 
fluorometric assay estimated from measurements of samples spiked with 
known amounts of I was 3% ( n  = 6) for the concentration range 10-1oOO 


l2 Disposable Syringes; ASlK I/S Hospital Supplies, Denmark. 
Pharmaseal Laboratories, Glendale, Calif. 


ng/mI, in plasma and 9% ( n  = 6) for the concentration range 10-10,000 
ng:mI, in urine. 


The HPLC method developed for the measurement of I1 in urine in- 
cluded an extraction into carbon tetrachloride-chloroform (1:l) prior 
to injection into the HPLC and measurement of the UV absorbance at 
237 nm. HPLC conditions were as follows. A stainless steel column (25 
X 0.4-cm i.d.)I4 prepacked with silica ge115 was used for separation. It was 
protected by a stainless steel precolumn (4.0 X 0.4-cm i.d.1 which was 
dry-packed with porous beads of silica gel16. A ternary mixture of isooc- 
tane+ther+!thoxyethanoI(650:350:50, v/v/v) was employed as the mobile 
phase a t  flow rates of 1.6-2.0 mL/min. n-Ethylproquazone was used as 
internal standard. The respective retention times for I1 and n -ethyl- 
proquazone were 6.6 and 7.8 min. 


For the determination of total [conjugated t unconjugated (11 + III)] 
metabolites, the urine samples were exposed to enzymic hydrolysis a t  
37OC for 2 h at  pH 5.35. The enzymic digests were then extracted into 
benzene-isopropyl alcohol (5:l) and subsequently injected into the HPLC. 
The amounts of 111 were obtained from the difference between the indi- 
vidually determined total metabolites and the amount of 11. The lower 
level of sensitivity of the HF'LC method in urine was 20 ng/mI,. The mean 
percent recovery (&SO)  for I1 plus Ill with this method was 98 f 10 (n 
= 22) for the concentration range 0.2-1.0 pg/mL. The respective mean 
percent precisions of the method for I1 plus 111 and 11 obtained from 
samples spiked with known amounts of the metabolites were similar and 
were 7 and 11% (n = 6) for the above concentration ranges. 


Estimates for the relative precision of the fluorometric and HPLC 
methods were also calculated from the replicate determinations of the 
samples obtained in the pharmacokinetic studies. In plasma the relative 
precision of the fluorometric method was constant over a large concen- 
tration range (8000-50 ng/mlJ and was high (2%). In the lower concen- 
tration range (50-5 ng/mL), the relative precision of the method was 
clearly smaller (35%). In urine the variability of the fluorometric method 
for I in the concentration range of 50-5 ng/mL was large, and the relative 
precision was Wh. Similarly obtained estimates for the relative precision 
of I1 and 111 measurements by the HPLC method yielded average values 
of 7% (4.0-0.01 fig/mL) and 6% (250-0.01 pg/mL), respectively. All 
measurements in plasma and urine by fluorometry or HPLC were per- 
formed in duplicate. The means of these determinations were used for 
graphical and digital computer analyses. 


Pharmacokinetic Data Analysis-Proyuazone-The data analyses 


Hibar; Merck Ltd., Darmstadt. West Germany. 
1,5 Iickrosorb; Merck Ltd., Darmstadt, West Germany. 
16 Perisorb; Merck Ltd., Darmstadt. West Germany. 
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Table 11-Urine Data  of Proquazone and Its m-Hydroxy Metabolites 


102 u!Iu!~= 102 (J$~t1lI)/Dd Subject Dose, mg 104 U J D a  lo2 U!IDh lo2 U!’lDc 


A 75 iv 
122 iv 
300 PO 
900 PO 


B 75 iv 
122 iv 
300 po 
9oopo 


C 75 iv 
122 iv 
300 PO 
900 PO 


D 75 iv 
122 iv 
300 PO 
900 PO 


E 75 iv 
122 iv 
300 PO 
900 PO 
75 iv 


122 iv 
300 po 


PO 


122 iv1300 PO 
122 iv1900 DO 


Mean f SD (n  = 5) 


Paired t test 300 pol900 PO 


0.616 0.201 
0.078 
0.068 


1.749 0.176 
0.163 
0.040 


0.346 


0.733 


0.600 


0.363 
0.371 
0.116 


0.358 
0.208 
0.150 


0.149 
0.043 
0.049 


0.781 f 0.492 0.250 f 0.010 
0.173 f 0.129 
0.085 f 0.046 


p < 0.14 


14.36 
15.62 
10.35 


18.75 
23.29 
11.05 


27.85 
28.03 
19.35 


18.78 
17.10 
10.68 


18.28 
15.85 
13.55 


19.60 f 4.97 
19.97 f 5.47 
13.00 f 3.77 


p < 0.02 


14.53 
14.56 
15.69 
10.42 
23.32 
18.93 
23.45 
11.11 
24.00 
28.21 
28.40 
19.46 
19.19 
19.14 
17.32 
10.84 
21.16 
18.43 
16.28 
13.61 


20.44 f 3.80 
19.85 f 5.03 
20.23 f 5.50 
13.08 f 3.78 


p < 0.02 


1.40 
0.496 
0.657 


0.936 
0.700 
0.391 


1.30 
1.32 
0.598 


1.91 
1.21 
1.40 


0.815 
0.274 
0.359 


1.27 f 0.430 
0.800 f 0.450 
0.680 f 0.420 


p < 0.05 
p < 0.005 


a Fraction of dose renally excreted as unchanged proquazone at infinite time, obtained using Eq. 9. * Fraction of dose renally excreted as rn-hydroxyproquazone at 
infinite time, obtained using Eq. 17. Fraction of dose 
renally excreted at infinite time as the sum of unconjugated and conjugated rn-hydroxyproquazone. e Ratio of the renallyexcreted amounts at infinite time of unconjugated 
to conjugated m-hydroxyproquazone. 


Fraction of dose renally excreted as conjugated rn-hydroxyproquazone at infinite time, obtained using Eq. 17. 


on I after intravenous administration used graphical and digital computer 
methods. Initial (0-2.5 min) and terminal (LO h e )  concentrations were 
not available. However determinations of clearance and volume of dis- 
tribution parameters are based on plasma concentrations from time zero 
to infinity. Hence, plasma concentrations in the initial and terminal in- 
tervals were generated by fitting the experimentally determined plasma 
concentrations of I (C, )  after intravenous administration to polyexpo- 
nential functions. The fittings were performed with the individual data 
using the nonlinear least-squares estimation programs SAAM (11) and 
NONLIN (12). Best results were obtained with both SAAM and NON- 
LIN when the experimental data were fitted to the class (13) of three- 
compartment intravenous infusion models (without any assumptions 
regarding topology of the compartments) in accordance with: 


C ,  = A’e-Uf’ + B’e-01’ + Ce-7’’ (Eq. 1) 


where A’, B’, and C’ are the coefficients and a, b, and y are exponents 
of the three-exponential equation and t’ is the postinfusion time. Dif- 
ferent weighting procedures were evaluated in preliminary fitting at- 
tempts with both programs. Weighting according tow = lIKeC,, where 
K corresponds to a constant, and w = 1/C, was most adequate for the 
definitive fitting of the data by SAAM and NONLIN, respectively. The 
assumption of an intravenous infusion model was justified since the large 
value of the rate constant of the early disposition phase ( t ~ / z . ~  = 2 min) 
necessitated consideration of the 1-min infusion time. Fitting the data 
to a three-exponential equation, but not to a two-exponential equation, 
yielded random scatter of the data points about the regression line in all 
10 data sets (by NONLIN and SAAM); a typical example (SAAM) is 
given in Fig. 1. Fitting the data to a four-exponential equation did not 
produce a significant reduction of the weighted sum of squared deviations 
(14), although four phases were separable by graphical analysis in some 
plots. 


In fitting the data to the class of three-compartment models, no as- 
sumptions were made regarding the topology of the compartments. 
However, when clearance and steady-state volume of distribution values 
were derived from the coefficients and exponents of the fits, it was pre- 
sumed that elimination of the drug occurred exclusively from the mea- 
sured site, i.e., plasma compartment (15). Only a few of the class of 
three-compartment models fulfill this requirement. Among those, a 
mamillary three-compartment model was arbitrarily chosen, and its 
volume and rate constant parameters calculated from the coefficients 
and exponents obtained in the fits. Mamillary models, which presume 
elimination to occur exclusively from the measured site, i.e., the central 
compartment (15), represent the most often used model type in phar- 
macokinetic data analysis. The study of a particular type of model per- 


mits one to follow the time course of the drug in the tissue compartments 
and to evaluate depth and capacity of the different body compart- 
ments. 


The peroral data were analyzed in a different way; they were not fitted 
to polyexponential equations. Only the terminal logarithmic linear phase 
plasma concentrations were fitted to obtain plasma concentrations over 
the entire time course. The plasma concentrations of I after peroral ad- 
ministration were much smaller and showed more scatter than the in- 
travenous data. In addition, a possible deviation from first-order kinetics 
of I at  the 900-mu dose level was implied by the metabolite data and could - 
not be rejected. 


m-Hydroxy Metabolites-The urinary data on metabolites I1 and I11 
after both modes of administration were subjected to a model indepen- 
dent analysis. 


ume of distribution of the central compartment, V, was estimated by: 
Pharmacokinetic Calculations-Proquazone-The apparent vol- 


V = D/Co = D/(A + R + C )  (Eq. 2) 


where D corresponds to the dose, CO is the drug concentration at  time zero 
(intravenous bolus model), and A, R ,  and C represent the coefficients 
of the corresponding model equation (16). The total area under the 
plasma concentration time curve, AUC, was obtained from: 


AUC = Ala + BIP + Cly  (Eq. 3a) 


AUC = AUC(to,tl) + AUC(t1,tz) + AUC(tn,t-) (Q, 3b) 


where AUC(t0,t 1) and AUC(t1,tz) correspond, respectively, to the partial 
area during the time of infusion and to the partial area during the time 
interval after the infusion was stopped to the last measured sample, and 
AUC(tz,t,) is the partial area from the time of the last measured sample 
(10 h) to infinity on the presumption of terminal logarithmic linear decay. 
AUC(to,tl) and AUC(t1,tz) were obtained by numerical integration 
(linear trapezoidal rule) after the plasma concentration at the end of 
infusion was estimated from Eq. 1. AUC(t2,tJ was determined by alge- 
braic integration in accordance with: 


AUC(tz,t,) = Cio h/y 0%. 4) 


where C ~ O  h corresponds to the concentration of the last measured sample. 
The ratio of the AUC(t0,tI) to AUC was, on average, 0.04; the ratio of 
AUC(tn,t,) to AUC was negligibly small (<0.004). The  total clearance 
of drug, CL,  was estimated according to: 


CL = DIAUC (Eq. 5) 
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Figure 3-Linear plots o f  the clearance f a )  and steady-state volume 
of distribution fb)  against body surface area i n  volunteers A-E, using 
the mean values obtained in  the  intravenous experiments for each in- 
dividual. There are apparent linear relationships between CL and ASA 
[y = 435 (f440) + 588 ff226)-x, r = 0.832, p < 0.051 and V,, and RSA 
[y = 83.6 (333.5) + 63.4 (fi9.8).x, r = 0.880, p < 0.051. 


The apparent pseudo-steady-state volume of distribution, V,, was ob- 
tained from: 


v, = C L / y  (h. 6) 
The apparent steady-state volume of distribution was estimated ac- 
cording tQ: 


(h. 7) 


Amounts of unchanged drug excreted in urine at infinite time, U ,  were 


u =  Ugh+(dU/d t )6h /y  (h. 8) 


where u.5 hand (dU/dt)6 h correspond, respectively, to the amounts ex- 
creted up to 6 h and to the urinary excretion rate 6 h after drug admin- 
istration; y was estimated from semilogarithmic plots of the excretion 
rate against time. Renal clearance, CL,,,, was calculated according to: 


CL,,. = U/AUC (Es. 9) 


CLglom = CLcr * f u (Eq. 10) 


where CL,, corresponds to the individually measured creatinine clear- 
ance, and f u  is the fraction of drug unbound in the plasma of the indi- 
vidual (7). 


On the assumption that all nonrenal elimination occurred in the liver, 
the hepatic extraction efficiency (hepatic first-pass effect) was computed 
from: 


obtained from: 


Glomerular clearance, CLglom, was predicted from: 


(Eq. 11) 


I I I I I 


10 30 60 7 0  
HOURS 


Figure 4-Semilogarithmic plots against t ime after intravenous ad- 
ministration of the  rates of urinary excretion per minute (dU/dt) for 
11 (v), 111 (O),  and II plus III (B). A semilogarithmic plot of  plasma 
concentration against time of If.) is included for comparison. The  
metabolites I I  and 111 have similar triphasic profiles with peak rates 
a t  I h after administration and apparent terminal logarithmic linear 
phases with slopes of - / ? I I J I I .  Data were obtained in subject C after 
an  intravenous dose of 122 nag. 


where CLhep and Ohep correspond to the liver clearance and liver plasma 
flow [825 mL/min (17)], respectively. 


The percentage of an oral dose of I that reached the syetemic circulation 
unchanged [extent of absorption (18)], E, was estimated according to: 


( AUClD), 
(AUC/D)i, 


E = 102 (Eq. 12) 


The fraction of the dose eliminated by first pass on oral administration, 
t, was estimated from the urinary data of I1 and 111 using: 


€I1 = R1l((U1l/D), - [(U1*/D)iv. E/102]) (Eq. 13a) 


clll = ~ " l ( ( ~ l l ' / ~ )  po - [(U'"/D)iv * E/102]) (a. 13b) 


where RI1 = [(D - U1)/UJ1]i, and R"' = [(D - U')/U"]i, on the as- 
sumption that the ratio of drug metabolized to other metabolite(s) or 
eliminated by routes other than renal to the amount of I1 and I11 formed 
is invariant with route of administration. Estimates for t were also ob- 
tained from proquazone data in accordance with: 


fI*2 = 1 - (E/102) (%. 14) 


The total extent of absorption of unchanged plus changed drug at  the 
300-mg dose level, Wt, was estimated from: 


Pt = 102t1J + E (h. 15) 


m-Hydroxy Metabolites-The respective amounts of I1 or 111 excreted 


u"~"' = [U72 h + (dU/dt)72 h//?]ll,lll (Eq. 16) 


where U$tl corresponds to the excreted amounts of I1 or I11 at 72 h and 


in urine at  infinite time, W 1 l r ,  were obtained from: 
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Figure 5-Semilogarithmic plot against time of proquazone plasma 
concentration following administration of 900 mg po to subject A 
showing a triphasic profile. The apparent terminal logarithmic phase 
is linear with a slope of -y. 


(dU/dt)# to the excretion rates of I1 and 111 72 h after drug adminis- 
tration; /3"J1' was estimated from semilogarithmic plots of the respective 
urinary excretion rates against time. The ratios of (U72 h--/U)I1 and 
(UT2 h_../U)III were insignificant (<0.01). 


Statistics-Paired t test statistics were performed with the proqua- 
zone and metabolite data after peroral administration of the drug. 


RESULTS 


Procedural and  Adverse Effects-The values of the clinical labo- 
ratory data that were obtained prior to each of the four administrations 
of proquazone were always within the normal range for males of this age 
group (19). Proquazone a t  the four dosage levels was well tolerated, and 
no adverse drug effects were observed. Blood pressure and heart rate did 
not show significant changes in the interval up to 10 h after administra- 
tion of the drug. 


Pharmacokinetics of Proquazone and Its m-Hydroxy Metabo- 
lites-Mean values for the parameters as estimated by NONLIN are 
given hereafter in the text; the plus and minus values for these means 
refer to the standard deviation. The number of values considered was 10 
unless otherwise specified. The volume and clearance parameters of I are 
referenced to total (bound plus unbound) drug concentration in plasma. 
It was assumed that the concentration ratio of total to unbound drug in 
plasma was maintained during the passage of I through the capillaries 
of the liver. Negligible concentrations of I were found in erythrocytes in 
whole blood (7). 


Intravenous Administration-Proquazone-The NONLIN and 
SAAM estimates for the coefficients and exponents of the fitted three- 
exponential equation were equivalent (Table I). The values respectively 
obtained for A and a varied the most. There was good agreement between 
the estimated total clearance (NONLIN, 708 mL/min; SAAM, 689 
mL/min) and steady-state volume of distribution (NONLIN, 39.5 L; 
SAAM, 39.7 L) obtained by the two programs. 


The CL estimates by NONLIN and SAAM were close to those obtained 
by application of the trapezoidal rule (711 mL/min), suggesting that the 
polyexponential fittings by both programs were adequate. The dose- 
normalized plasma concentration-time data at the lower and higher dose 
levels were superimposable and indicated first-order kinetics of I. The 
dose percentages of unchanged I eliminated by the renal route were ex- 


Table  111-Pharmacokinetic Parameters  of Proquazone Derived 
from Plasma Data  After Peroral  Administration 


AUCO-ID h 
Dose, t m a x b ,  C m a x c ,  IDd,  


Subject mg yo, lo2 min-I min 5 dosen, lo2 min/L 


A 300 0.75 45 0.087 10.45 
900 0.72 45 0.068 10.07 


B 300 0.84 180 0.030 5.45 
900 0.81 240 0.016 4.14 


C 300 0.65 90 0.027 8.44 
900 0.44 90 0.036 7.88 


D 300 0.77 60 0.020 3.60 
900 1.24 30 0.056 3.94 


E 300 0.87 60 0.088 13.77 
900 0.83 30 0.241 32.50 


Mean f SD 300 0.78f 0.08 8 7 f 5 5  0.051 f 8.43+ 
( n  = 5) 0.034 4.02 


900 0.81 f 0.29 87 f 89 0.083 f 11.71 f 
0.090 11.91 


Slopes of the apparent terminal logarithmic linear y phase. Times of the 
maximum plasma concentration of proquazone. Maximum plasma concentration 
of proquazone at time t,,, after peroral administration. d Dose corrected quasi 
total areas under the plasma concentration time curve from time zero to 10 h after 
administration, obtained using F4. 3. 


tremely small (<0.001%) and could be measured reliably only after the 
higher intravenous dose (Table 11). Three phases with mean apparent 
half-lives of 2 ( f l )  min (t1/2,Jl 14 ( f 5 )  min ( t l r ~ ~ ) ,  and 76 (f15) rnin 
( t ~ r l , ~ )  were separable in the curves in plasma (Fig. 2, Table I). The latter 
value was confirmed by tIp2,). = 98 ( f 3 O )  min (n  = 5) estimated from 
semilogarithmic plots of the urinary excretion rates against time. In all 
the experiments, the plasma samples taken a t  1.5 min after the end of 
the infusion yielded maximum concentrations and indicated fast initial 
mixing in plasma. The apparent volume of distribution of the central 
compartment ( V )  was, on average, 11 (f4.8) L (Table I) and exceeded 
the plasma volume [3 L (2011 significantly. This suggested fast extra- 
vascular distribution of the highly plasma protein-bound drug (7). Total 
clearance of I, C L ,  averaged 707 (f83.7) mL/min. The extraction effi- 
ciency of the liver for I (c) was 0.86 (fO.lO1) and suggested that I can be 
classified as a highly extracted compound (21,22). There was an apparent 
linear correlation between CL and body surface (BSA), hut not between 
CL and weight, for the individuals (Fig. 3a). The renal clearance, CL,,,, 
averaged 0.06 (3~0.05) ml,/min and was smaller than the estimated glo- 
merular clearance, CL,I,, = 2.5 (f0.50) mL/min, indicating tubular 
reabsorption in excess of possible tubular secretion for the highly lipo- 
philic drug. 


There was no indication for urine flow or urine pH dependency of the 
renal elimination of I. The volumes of distribution at  pseudo-steady-state 
(V,) and a t  steady state (V,) were 82 ( f26)  and 39 (f7.7) L, respec- 
tively, (Table I). The large difference between these values indicated that 
the microscopic rate constants of distribution into the tissue compart- 
ment T' (ks?.. and ~ T B , )  were small relative to the rate constant of 
elimination (Table I). The slower equilibrating tissue compartment 
T (Fig. 1) must be regarded as a deep compartment. Its capacity for the 
drug is much larger than that of the shallow compartment T (Table I). 
The volume of distribution a t  steady state, V,, depended linearly on the 
RSA of the individuals (Fig. 3b). In contrast, no such correlation existed 
between V ,  and weight of the individuals, indicating that the widely used 
principle of weight normalization of kinetic parameters may be ques- 
tionable. 


m-Hydroxy Metabolites-Semilogarithmic plots against time of the 
urinary excretion rates of I1 and I11 showed triphasic profiles with ter- 
minal half-livest1pL8, of 6.7 ( f 3 . 1 )  h (n = 5) for I1 and 10.6 (f3.0) h (n = 
5) for I11 (Fig. 4). This implied that the m-hydroxy metabolites have a 
considerably larger time of residence in the body than the parent drug. 
Metabolite I1 is reportedly pharmacologically active'. The percentages 
of the administered dose renally excreted as m-hydroxy metabolites (11 
plus 111) were 20.4 f 3.80%and 19.9 f 5.03% ( n  = 5) (Table 11) after the 
16wer and higher intravenous dosages, respectively. This imRhed first- 
order kinetics of the metabolites. The combined urinary recoveries of I, 
11, and 111 amounted to 20%, indicating that 80% of the dose was elimi- 
nated by alternative routes. The renally recovered dose percentages of 
111 [ 19.6 f 4.97% ( n  = 5)] clearly exceeded those of I1 10.25 f 0.01% ( n  = 
5)] (Table 11). 


A model comprising all the experimental findings after intravenous 
administration is given in Scheme I. As mentioned previously, a model- 
dependent data analysis was performed with the parent drug data, 
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Table IV-Extent of Absorption and First-Pass Effect of Proquazone 


Extent of Absorption 
Unchanged t 


Dose Unchanged Drug Changed Drug First-Pass Effect 
Subject mg E" El01 b t l . l C  t"ld f i l e  +I 


B 300 4.5 124 0.96 1.20 0.88 0.95 


A 300 8.2 109 0.92 1.01 0.38 0.78 
900 7.7 


9 0  3.3 


900 5. I 


900 2.7 


900 22.4 


900 8.2 f 8.2 


C 300 5.4 101 0.76 0.95 0.97 0.94 


D 300 2.7 91 0.83 0.89 0.56 0.95 


E 300 9.7 87 0.83 0.78 0.19 0.66 


M e a n f S D  300 6.1 f 2.8 103 f 1.5 0.86 i 0.13 0.96 f 0.16 0.60 f 0.33 0.86 f 0.13 
~~ 


Calculated from Eq.  12. Computed according t o  Eq. 15. Obtained using Eq. 1 1 .  Estimated from F4. 13a using IJI data. Calculated from Eq. 1 %  using 11 data. 
!Obtained in accordance with Eq. 14 after rearrangement. 


whereas a model-independent approach was effected with the metabolite 
data. Scheme I reflects this approach. The model depicted is the most 
simple that can account for all the kinetic events observable with the type 
of data analysis chosen. The parent drug is represented hy a three-com- 
partment hody model with extrarenal (formation of 11, formation of un- 
identified metabolite(s), and biliary excretion ( X ) ]  and renal ( U )  elim- 
ination. The identified metabolites I1 and I11 are represented each by a 
body compartment (11, 111) with renal ( L I 1 1 ,  U I I I )  and extrarenal [for- 
matitrn of Ill, formation of unidentified metabolite(s), and biliary ex- 
cretion ( X ) ]  elimination. As  can be seen, the amounts of I, JI, and III 
passing through all routes of elimination, which were not monitored di- 
rectly, are lumped together ( X ) .  


Peroral Administration-f'roquazone-Maximally, three (Fig. 5) 
or two phases were separable in the plasma concentration-time profiles 
of I after administration of the two peroral dosages. The triphasic profiles 
peaked earlier than the biphasic profiles. These findings indicated that 
absorption was faster than early disposition in the former, but slower 
than early disposition in the latter experiment$. The times of peak plasma 
concentration (tmax), the dose-normalized peak plasma concentrations 
( 102Cmax/Il), and the dose-normalized areas under the plasma concen- 
tration time curves (1@AUCslo h / n )  were not significantly different for 
the two dose levels (Table 111). The slopes of the terminal logarithmic 
linear phase (y) after oral dosing agreed with those previously found after 
intravenous dosing. These results suggest that first-order kinetics were 
operative for I after oral dosinR a t  both dosage levels. In four of the five 
individuals tested (A-D), the dose-normalized AUC values were re- 
markably similar at  bath dosage levels, whereas in one individual (E) this 
parameter was clearly larger after 900 mg than after 300 mg (Table 111). 
The extent of absorption (18) averaged 6.1 f 2.8% ( n  = 5) and did not 
differ significantly from E = 8.2 f 8.2% ( n  = 5) after the 900-mg dose 
(Table 1V). The small dose fractions of drug reaching the systemic cir- 
culation unchanged implied a poor absorption or a large first-pass effect 
for I. 


m-Hydroxy Metabolites-Semilogarithmic plots of the urinary ex- 
cretion rates against time after oral dosing showed profiles similar to those 
observed after intravenous administration except that they peaked later 
(Figs. 4 and 6). The percentages of the administered dose renally excreted 
as I1 and 111 after the 900-mg dose tended to be smaller than after the 
300-rng dose, representing respectively 65 and 50% of the recoveries found 
at the lower dose level (Table 11). The ratios of the urinary recoveries of 


T' 


r j I I  UIII 


Schemr I-Model for intrauenous administ ration of proquazone. 


11 to I11 were equivalent after administration of the two peroral dosages 
(Table II), suggesting that the observed dose-dependent, nonlinear ki- 
netics were associated with the formation of 11. This was in contrast to 
the previously observed linear kinetics of disposition of I after peroral 
dosing, which implied linear kinetics of formation for 11. When the dose 
fractions of I eliminated during first pass a t  the 300-mg dose level were 
estimated from I1 and 111 data assuming linear kinetics, average values 
of c'l  = 0.60 and cl'l = 0.96 were obtained (Table IV). Only the latter value 
was in accordance with t estimates by proquazone data [ c ' , l  = 0.86, cl,z 
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Figure 6-Semilogarithmic plots against time after oral administration 
of the rates of urinary excretion per minute, IdUldtj for /I Irj, III (O) ,  
and / I  plus I11 (m). A semilogarithmic plot of plasma concpntration 
against time of If.) i s  included for comparison. Thr  metabolites 11 and 
Ill have similar triphasic profiles with peak rate8 at 3 h after admin- 
istration and apparent [cgarithmic linear phaws with slopes of -pl l - l l l .  
Data w r e  obtained in  subject C after an oral dose of300 mg. 
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= 0.92, (Table IV)]. The underestimated values for c obtained from I1 
data (Table IV) implied that a significant percentage of I (-40%) was 
metabolized not only to I1 but subsequently to I11 during the first pass. 
The total extent of absorption (unchanged plus changed drug) of I was 
complete [Ern' = 103 f 15% (n = 5), Table IV]. These results suggested 
that (a) the total first-pass effect should be assessed from 111 data, not 
from I1 data; ( b )  the low extent of absorption found for I was due to a large 
first-pass effect, and not due to poor absorption in accordance with the 
lipophilic nature of the compound; and (c) the assumption of first-order 
kinetics at  the 300-mg dose level was reasonable. 


DISCUSSION 


The plasma and urinary data of proquazone and its rn-hydroxy me- 
tabolites after administration of 75 and 122 mg iv and 300 mg po were 
indicative of first-order kinetics. Nonlinear, dose-dependent kinetics of 
formation for I1 were evident from the metabolite data a t  the 900-mg po 
dose level, whereas the parent drug data implied first-order kinetics of 
disposition for 1 (and hence first-order kinetics of generation for 11) a t  
this dose level. These findings were irreconcilable only if presystemic or 
systemic metabolism of I to I1 were the sole or major route of elimination 
for the parent drug, as equivalent 35% deviations from linear kinetics 
should then be found with both parent drug and metabolite data. How- 
ever, if the percentage of I metabolized to I1 were smaller (140%), the 
parent drug data would deviate from linear kinetics by 1 14% (0.40-35?0), 
whereas a unvariable 35% (1.045%) deviation from linear kinetics would 
be found with the metabolite data. Two other studies with administra- 
tions of 100 and 400 mg po of drug t o  15 healthy volunteers determined 
quantitatively not only I1 and 111, but all the metabolites which could be 
derivatives of I1 and IIP. These studies used urinary data and permitted 
a quantitative assessment of the rn-hydroxy pathway. The results showed 
that the percentage of I metabolized to I1 was 135%. Hence, the findings 
obtained a t  the 900-mg po dose level in the present study can be ration- 
alized, and that the nonlinearity of the kinetics of I were recognized only 
with the metabolite data is reasonable. Considering the variability of the 
peroral plasma data of I. deviations on the order of 514% were too discrete 
to become apparent. 


A major fraction of 11 (and 111) after peroral administration of I was 
generated during first pass of drug through the liver; only a minor fraction 
of I1 (and 111) was formed systemically from I (Table IV). The observed 
dose-dependent kinetics of formation of 11 (and 111) a t  the 900-mg dose 
level was largely the result of a saturation of this first-pas effect. Whether 
or not the kinetics of systemically formed I1 (and 111) were dose depen- 
dent a t  the higher peroral dose level could not be decided based on the 
available experimental evidence. A delineation as to the type of the 
nonlinear kinetics observed, i e . ,  Michaelis-Menten kinetics ( 2 3 ,  product 
inhibition kinetics (24), or blood flow-dependent kinetics (21, 22) 
(pharmacologic,ally induced temporal decrease of the liver blood flow), 
was not possible with the available experimental data. However it is in- 
teresting to note that primarily hydroxy metabolites cause "product in- 
hibition" (25). , 


The statistical design of the present study was not balanced. However, 
it is improbable that the nonlinearity of the kinetics observed a t  the 
900-mg po dose level was a period- (procedure-) rather than a treatment- 
(dose-) related effect. First, the laboratory data gave no evidence for the 
existence of procedural effects. Second, the 900-mg dose was the first 
treatment given to the volunteers and procedural effects are more likely 
to become significant in the later experiments (300 mg po and 122 and 
75 mg iv) as a result of a cumulative (carry over) effect. However, the 
kinetics of the parent drug and metabolites were first order in these ex- 
periments. Third, the intervals of at least 2 weeks which were maintained 
between the studies should have minimized possible carry-over ef- 
fects. 


Reports on data-fitting obtained by different computer programs can 
rarely be found in the literature (26,271. The results of the present study 
indicated that there was reasonable agreement for the parameter esti- 
mates obtained by NONLIN and SAAM. There is a need for more of 
these comparative fitting efforts, so that the reliability and inter- 
changeability of pharmacokinetic data obtained with different computer 
programs can be assessed definitively. 


APPENDIX: GLOSSARY 


D 
C P  
CO 


= Dose of proquazone (mg) 
= Concentration of proquazone in plasma (ng/mL) 
= Concentration of proquazone in plasma at  time zero 


after intravenous injection (ng/mL) 


X 


A ,  H, C 


p11.111 


t' 
BSA 


= Maximum plasma concentration of proquazone a t  
time tmB, after peroral administration (ng/mL) 


= Amount of proquazone in the central compart- 
ment 


= Amount of proquazone in the shallow peripheral 
compartment 


= Amount of proquazone in the deep peripheral 
compartment 


=Amount of rn-hydroxyproquazone in the body 
compartment 


= Amount of the conjugated rn-hydroxyproquazone 
in the body compartment 


= Respective amounts of proquazone renally excreted 
unchanged a t  time t and a t  infinite time after 
administration 


= Respective amounts of rn-hydroxyproquazone and 
conjugated rn-hydroxyproquazone renally ex- 
creted a t  time t and a t  infinite time 


= Amounts of proquazone, rn -hydroxyproquazone, 
and conjugated rn-hydroxyproquazone elimi- 
nated by routes that were not monitored directly: 
amounts of I, 11,111 excreted in bile and/or me- 
tabolized to unidentified metabolites 


= Amount of drug or metabolite excreted in urine, d l l ,  
(pg or ng) during a time interval, d t  (min) 


= Parameters of the three-exponential fit of the 
plasma concentrations of proquazone according 
to an intravenous infusion three-compartment 
model, where .4', A', and C' are in ng/mL and a, 
p, and y are in min 


= Parameters of the corresponding intravenous in- 
jection three-compartment model for proqua- 
zone, where A ,  B ,  and C are in % of dose/L 


= Generalized form for the microscopic first-order 
rate constant from the i th to the j t h  compart- 
ment for proquazone (min-1) 


= Slope of the apparent terminal logarithmic linear 
phase of rn -hydroxyproquazone and conjugated 
rn-hydroxyproquazone 


= Volume of distribution of proquazone in the central 
compartment (L) 


= Apparent pseudo-steady-state volume of distri- 
bution of proquazone (L) 


= Apparent steady-state volume of distribution of 
proquazone (L) 


= Respective areas under the plasma concentra- 
tion-time curve from time zero to time t and from 
time zero to infinity of proquazone 


= Total clearance of proquazone (mL/min) 
= Hepatic plasma flow (mL/min) 
= Renal clearance of proquazone (mI,/min) 
= Glomerular clearance of proquazone (mL/min) 
= Fraction of proquazone in plasma unbound 
= Extent of absorption of unchanged proquazone 
=Total  extent of absorption of unchanged plus 


changed proquazone 
= Respective estimates of first-pass effect (hepatic 


extraction efficiency) for proquazone from pro- 
quazone, m-hydroxy metabolite, and conjugated 
rn-hydroxy metabolite data 


= Postinfusion time (min) 
= Body surface area (m2) 


REFERENCES 


( 1 )  R. V. Coombs, H. P. Dauna, M. Denzer, G. E. Hardtmann, B. 
Huegi, G. Koletar, H. Ott, E. Junkiewicz, J. W. Perrine, and E. 1. Takesue, 
J. Med. Chern., 16, 1237 (1973). 


(2)  G.  E. Hardtmann, B. Huegi, G. Koletar, S. Kroin, J .  W. Perrine, 
and E. I. Takesue, J .  Med. Chem.,  17,636 (1974). 


(3)  E. I. Takesue, J. W. Perrine, and J. H. Trappold. Arch. Int. 
Pharrnacodyn., 221,122 (1976). 


(4)  U. Gubler and M. Baggiolini, Scand. J. Rheum., Suppl . ,  21, 8 
(1978). 


(5) R. Allan and M. Bleicher, J. Int. Med.  R e x ,  5,253 (1977). 
(6) M. Nissila and A. Kajander, Scand. J. Rheum., Suppl., 21, 36 


(1978). 


Journal of Pharmaceutical Sciences I 339 
Vol. 73. No. 3, March 1984 







(7) A. Roos and P. H. Hihderling, J .  Pharm. Sci., 70,252 (1981). 
(8) H. Ott and J. Meier, Scand. J. Rheum., Suppl., 21, 12 (1978). 
(9) E. E. Ohnhaus, Int. J. Clin. Pharmacol., 18,136 (1980). 


(10) K. Siersback-Nielsen, J. Mgilholm Hansen, J. Kampmann, and 
M. Kristensen, Lancet, i, 1133 (1971). 


(11) M. Berman and M. F. Weiss, ‘‘User’s Manual for SAAM,” Public 
Service, Publication No. 1703. National Institutes for Health, Bethesda, 
Md. (1967). 


(12) C. M. Metzler, “A User’s Manual for NONLIN,” The Upjohn Co., 
Technical Report 7292/69/7292/005, Kalamazoo, Mich. (1969). 


(13) J. G. Wagner, J. Pharmacokinet., Riopharm., 3,457 (1975). 
(14) H. G. Boxenbaum, S. Kiegelman, and K. M. Elashoff, J. Phar- 


(15) L. Z. Benet and R. L. Galeazzi, J. Pharm. Sci . ,  68,1071 (1979). 
(16) M. Gibaldi and D. Perrier, “Pharmacokinetics.” Dekker, New 


York, N.Y., 1975, pp. 72-73. 
(17) A. C. Guyton, “Textbook of Medical Physiology,” 3rd ed., 


Saunders, Philadelphia, Pa., 1968, p. 325. 
(18) M. Gibaldi and D. Perrier, “Pharmacokinetics,” Dekkler, New 


York, N.Y.. 1 9 7 5 , ~ .  145. 
(19) K. Diem and C. Lentner (Eds), “Documenta Geigy, Scientific 


Tables,” 7th ed. Geigy Pharmaceuticals, Division of Ciha-Geigy Corp., 
Ardsley, N.Y., 1975, pp. 617,579. 


(20) A. C. Guyton,”Textbook of Medical Physiology,”3rd ed., Saun- 
ders, Philadelphia, Pa., 1968, p. 419. 


macokinet. Hiopharm., 2,123 (1974). 


(21) A. S. Nies, D. G. Shand, and G. R. Wilkinson, Clin. Pharmacok- 


(22) G. R. Wilkinson and D. G. Shand, Clin. Pharmacol. Ther., 18,377 


(23) E. R. Garrett, J. BrBs, K. Schnelle, and I,. L. Rolf, J .  Pharma- 


(24) J. J. Ashley and G. Levy, J. Pharmacokinet. Riopharm., 1.99 


(25) D. Perrier, J. J. Ashley, and G. Levy, J. Pharmacokinet. Rio- 


(26) P. Veng Pedersen, J. Pharmacokinet. Biopharm., 5, 513 


(27) H. Wijnand and C. J. Timmer, J. Pharrnacokinet. Riopharm., 


(28) M. Gibaldi and D. Perrier, “Pharmacokinetics,” Dekker, New 


inet., I, 135 (1976). 


(1977). 


cokinet. Hiopharm., 2,43 (1974). 


(1973). 


pharm., 1,231 (1973). 


(1977). 


7,681 (1979). 


York, N.Y. 1975, pp. 93-94. 


ACKNOWLEDGMENTS 
Supported in part by a grant provided by Sandoz Ltd., Bade, for which 


the authors are grateful. 
We thank Ms. R. Leder and the nursing staff of the Merian lselin 


Hospital in Bade for their expert technical assistance in performing the 
pharrnacokinetic studies and Dr. W. Pacha, Dr. H. P. Keller, and the 
Sandoz Laboratories in Bade for performing the assays in plasma and 
urine. 


Quantitative Determination of Captopril in Blood and 
Captopril and Its Disulfide Metabolites in Plasma by 
Gas Chromatography 


M. S. BATHALAX, S. H. WEINSTEIN, F. S. MEEKER, JR., 
S. M. SINGHVI, and B. H. MIGDALOF 
Received December 8, 1982, from the Lkparlment of Drug Metabolism, The Squibb Institute for Medical Research, Princeton, N J  
OH.540. Accepted for publication February 11, 1983. 


Abstract 0 A sensitive, quantitative gas chromatographic-electron 
capture (CC-EC) method for the determination of captopril in blood and 
captopril and its disulfide metabolites (collectively) in plasma was de- 
veloped. After addition of an internal standard and N-ethylmaleimide 
to the biological samples, excess N-ethylmaleimide and naturally oc- 
curring interfering substances were removed by extraction with benzene 
followed hy acidification and extraction with hexane. The N-ethyl- 
maleimide adducts of captopril and of the internal standard were then 
extracted with benzene and converted to their hexafluoroisopropyl esters. 
For thc assay of captopril and its disulfide metabolites, tributylphosphine 
was used to reduce the disulfide metabolites to captopril prior to deri- 
vatizat ion. The hexafluoroisopropyl esters of the N-ethylmaleimide 
adducts of captopril and of the internal standard, the 4-ethoxyproline 
analogue of captopril, were separated by GC on a column packed with 


Captopril, 1 - [ (2s) -3-mercapto-2-methylpropionyl] - 
],-proline (I), the first orally active inhibitor of angioten- 
sin-converting enzyme (peptidyl dipeptide hydrolase, 
kininase 11, E.C. 3.4.15.1) to be used clinically, is a potent 
antihypertensive agent used to treat both renovascular and 
essential hypertension (1, 2). It is of particular value in 
treating hypertension resistant to conventional drugs (31, 
and shows great promise for use in congestive heart failure 
(234). 


The predominant route of excretion of captopril is uia 
the kidneys (5-7). Since kidney function is often impaired 
in patients with hypertension, a sensitive assay for the drug 
in blood or plasma using readily accessible analytical 


3% OV-101 on Chromosorb W-HP. The lower limits of sensitivity were 
20 ng/mL for captopril in blood and 50 ng/mL for captopril and its di- 
sulfide metabolites in plasma. Linearity, precision, and accuracy were 
excellent. The method was validated by comparison of results obtained 
for total captopril in dog plasma by the GC-EC assay with results ob- 
tained by a published GC-MS method. The assay was applied to dog and 
human samples to explore its general utility. 


Keyphrases 0 Captopril-quantitative determination in blood and 
plasma, disulfide metabolites, gas chromatography Metabolites, di- 
sulfide-captopril, plasma, quantitative determination by gas chroma- 
tography Gas chromatography-captopril, quantitative determination 
in blood and plasma, disulfide metabolites 


equipment would be of value in optimizing dosage. Assays 
for both unchanged captopril and its disulfide metabolites 
would be useful, since interconversions occur among these 
compounds in rats, dogs, and humans (8-11). Metabolites 
of captopril include the symmetrical disulfide (IIA), cap- 
topril-L-cysteine mixed disulfide, captopril-glutathione 
mixed disulfide, and mixed disulfides of captopril with 
plasma proteins (IIB). Current methods for measurement 
of the drug in biological fluids are either not sensitive 
enough for monitoring therapeutic levels (12-14) or involve 
analytical equipment not available to the average clinical 
laboratory (15-17). Therefore, a sensitive method has been 
developed for quantifying captopril in blood and captopril 
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Abstract 0 The dimerization of doxorubicin, daunorubicin, and their 4- 
demethoxy, 4'-epi, and 4'-deoxy analogues was studied spectrophotometricaIly. 
Self-association was found to be influenced by buffer composition and ionic 
strength. Kd values were 1.3 X lo4 and 2.3 X lo4 M-] for doxorubicin and 
daunorubicin, respectively, and ranged from 3.8 X lo3 to 6.1 X lo3 M-I for 
the 4-demethoxy analogues. For 4'-epi- and 4'-deoxydoxorubicin, tetramer- 
ization has also been considered. On this basis, values of 2.0 X I O4 and 2.2 X 
lo4 M-' were found, respectively, for the formation constant of the dimeri- 
zation process. Stability of the dimeric species appears to be strongly in- 
fluenced by substitution of the chromophore moiety. 


Keyphrases 0 Doxorubicin-self-association. 4-demethoxy, 4'-epi, 4'-deoxy, 
4-demethoxy-4'-cpi, analogues, effect of buffer concentration and ionic 
strength 0 Daunorubicin-self-association, 4-demethoxy analogues, effect 
of buffer concentration and ionic strcngth 0 Dimerization-doxorubicin, 
daunorubicin, and their 4-demethoxy, 4'-epi, and 4'-deoxy analogues, effect 
of buffer concentration and ionic strength 


During investigations carried out in this laboratory on 
doxorubicin-biopolymer interactions, knowledge of the drug 
dimerization process under the conditions used was necessary. 
The self-association of doxorubicin ( I )  and daunorubicin ( I  1) 
in aqueous solutions has been the subject of several studies; 
such self-association was generally considered to be of the same 
type as that shown by actinomycin ( I ) ,  acridine dyes (2, 3), 
and purine derivatives (4). The cooperative-type phenomena 
related to the effect of ligand dimerimtion on the manifestation 
of the binding process have been well documented ( 3 , 5 , 6 ) .  


For this reason, and also because the available literature 
data (7-1 5 )  exhibited large variations apparently related to 
the different experimental conditions used, we have determined 
the dimerization constants of these clinically important an- 
thracyclines in three aqueous buffer systems, employing a 
spectrophotometric technique with the elimination of inter- 
ference due to fluorescence. Figure 1 shows the differences 


among specific absorption spectra of doxorubicin at various 
concentrations in Tris buffer plus NaCI. These differences are 
considered to be due to dimerization (8, 10, 12). New second 
generation antitumor anthracyclines, showing more favorable 
pharmacological properties, have also been included in the 
study. * 


cHHo OH 


I : R':OH; R. OCH, 


II : R': H ; R * =  OCH, 


Ill : R ' z O H ;  R':H 


I V  : d: d= H 


@@- 
0 


R' c@ 


V :  R'IOCH,; R'rOH 


V I  : R'=OCH,; R':H 


VII : R'-H;  R': OH 


EXPERIMENTAL 


Chemicals---Doxorubicin (I) ,  daunorubicin ( I I ) ,  4-demethoxydoxorubicin 
(I1 I ) ,  4-demethoxydaunorubicin (IV).  4'-epidoxorubicin (V), 4'-deoxydox- 
orubicin (VI),  and 4-demethoxy-4'-epidoxorubicin (VII )  were used as hy-  
drochlorides. All the drugs were isolated or synthesized in our laboratories 
and purified by crystallization as hydrochloride salts. The chemical titers of 
I-VI I were 197% as determined by an HPLC procedure (16). Phosphate and 
Tris buffer solutions at pH 7.0 were prepared at  the same ionic strength ( p  
= 0.05). Tris buffer plus NaCl was prepared by adding NaCl (final concen- 
tration: 0.15 M) to pH 7.0, 0.05 M Tris-HCI in order to make the ionic 
strength 0.196 M. 


Apparatus-Spectrophotometric measurements1 were carried out at 477 
nm (22°C). and interferential filters were placed beyond the cells to cut off 
the cmitted fluorescence. The concentration range of the drugs was 1 X 10-6-5 
X M, and 5-, 2-, and I-cm path length cells were used. The wall ad- 
horption effect, as already described by others ( 1  I ) ,  prevents the use of cells 
of small volume (such as 0.1-cm path length) for which thesurface tovolume 
ratio is very unfavorable. 


450 MO 
WAVELENGTH, nrn 


Figure 1- Visible absorption spectra of I at dijferent Concentrations in p H  
= 7.0 7 r i s  buJj'er + NaCI. Key: (a)  1.7 X M; (ci 1.7 
x 10-4 M .  


M ;  (b) 1.7 X 
I Coleman, Perkin-Elmer model 575. 
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F v  2-Theoretical behavior of A/[CI] = f([CI/) (upper) 
and dA/d[C,/ = f(/C,/) (lower), described by Eqs. 5 and 
6, respectively. 
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Figure %Molar absorptivity versus log Cr for I (A) and I1 (B) in pH 7.0 Tris 
buffer + NaCI. according to the direct procedure. The solid lines represenr 
the bestjlt of experimental points according to Eq. 5. 


Direct Plocedure-Different amounts of a stock drug aqueous solution were 
diluted with the buffer up to the desired concentrations. The absorbance of 
each sample was measured without delay in 5- and I-cm path length cells 
according to the concentration used. Each sample was prepared at  least in 
triplicate. 


hcremntal Procedure-Increasing amounts of buffered stock drug solution 
were pipctted into the cell containing a predetermined volume of the same 
buffer. For concentration values ranging from 8 X lo-’ to 3 X M, 15-mL 
cells of 2-cm path length were employed, with a starting volume of I0 mL of 
buffer solution, to which from 200 to 900 p L  of buffered stock drug solution 
was added. For concentration values ranging from 6 X M, 
I-cm path length cells containing 2 mL of buffer were used. Absorbance was 
measured after the addition of increasing amounts (from 50 to 200 pL)  of the 
drug solution. 


True Spectra of Monomer and Dimer-The true spectra of monomer and 
dimer were obtained by differential measurements, using two cuvettes of 
different path length (5 and 1 cm) in order to allow subtraction of the ab- 
sorption contribution due to the other species. 


THEORETICAL 


to 2 X 


The absorbance of a monomeric species in equilibrium with its dimeric form 
is defined by: 


A = fm[Cm] + 2fi(Cd] (Eq. 1) 


where A is the experimental absorbance divided by the cell path length (in 
centimeters) at a stated wavelength; em and c i  are the molar absorptivities of 
monomer and dimer, respectively, calculated using the monomer molecular 
weight; and [C,] and [Cd] are the molar concentrations of the monomcr and 
dimer, respectively. For the mass balance, the total concentration is: 


where [C,] is the total molar concentration expressed as monomeric units. The 
dimerization constant is defined by: 


Table I-Dimerimtion Constants and Molar Absorptivities 


Kd f SE,  c, f S E ,  c i  f S E ,  
Compound 103 X M-’ lo3 X M-’ X cm-’ lo3 X M-’ X cm-’ 


I 16.64 f 2.16‘ 13.10 f 0.05 9.26 f 0.14 
12.99 f 1.196 13.15 f 0.03 9.27 f 0.09 
22.79 f 2.6SC 13.16 f 0.05 9.33 f 0.09 
17.18 f 2.34C*d 13.08 f 0.08 8.15 * O . l 5  


I1 12.98 f 1.74‘ 12.96 f 0.06 8.84 f 0.14 
13.44 f 1.9Ib 12.93 f 0.05 8.85 f 0.15 
16.07 f 1.53c 12.93 f 0.04 8.88 f 0.09 


a pH 7.0. p = 0.05 hosphate buffer. pH 7.0. p = 0.05, Tris buffer. pH 7.0. p = 
0.196. Tris buffer + daCl. Value obtained without interferential filters. 
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Table II-Dhenzation a d  Tetramerization Constants 


e; f SE,  Kt f S E ,  r; f SE, 
Compound K,j f SE, lo3 X M-l em f SE, lo3 X M-I X cm-l lo3 X M-I X cm-I lo3 X M-] lo3 X M-I X cm-' 


V a  11.10 f 0.76 


VI" 12.54 f 0.94 
19.84 f 12.28c 


22. I3  f 1 1 .94c 
1110 6.11 f 1.01 
IV" 4.25 f 0.57 


VIIb  3.79 f 1.40 


13.05 f 0.03 
13.10 f 0.05 
13.07 f 0.04 
13.14 f 0.05 
10.79 f 0.01 
10.79 f 0.03 
10.46 f 0.07 


8.18 f 0.09 
9.57 f 1.59 
7.72 f 0.10 
9.11 f 1.44 
7.64 f 0.33 
6.79 f 0.20 
6.66 f 0.60 


8.43 f 0.49 


7.68 f 0.97 


9.61 f 3.01 


6.84 i 3.64 


a pH 7.0, p = 0.196, Tris buffer + NaCI. * pH 7.0, = 0.05, Tris buffer. C The large value of SE is due to the high correlation coefficients found between the parameters of the 
model. 


Equations 1-3 can provide the evaluation of the dimerization constant ( 5 .  
11). Solving the system of Eqs. 1-3 for the absorbance in terms of the total 
concentration, one obtains: 


where Ac = c, - e;. Dividing Eq. 4 by [C,] the result is: 


and by derivation of Eq. 4 with respect to [C,] we obtain: 


The unknown parameters of Eqs. 4-6 are Kd, cm. and ci.  They can be si- 
multaneously estimated by a nonlinear least-squares fitting procedure from 
each of the three preceeding equations. Theoretical behavior of functions 5 
and 6 is shown in Fig. 2. Data obtained following the direct procedure were 
treated by Eq. 5 ,  applying a modified version of the Fletcher and Shragcr 
program (17). The incremental procedure was employed for 1 and I1 in 
phosphate buffer. The data obtained, together with those from the direct 
procedure, were simultaneously treated by a nonlinear fitting, taking into 
account both Eqs. 5 and 6. The parameters describing the tetramerization 
process were obtained by the same fitting procedure. employing a suitable 
extension of Eqs. 1-3 to obtain the solving equation corresponding to Eq. 
5 .  


RESULTS 


Doxorubicin and Daunorubicin-Figure 3 shows the molar absorptivities 
of I and I1 as a function of the total concentration in pH 7.0 Tris buffer plus 
NaCI, p = 0.196, following the direct procedure. Estimates of Kd, c,, and ti, 
obtained from the best fitting of Eq. 5 for the three buffers employed, are 
reported in Table I. Different Kd values were found for the three conditions. 


I \\ 
lkb !&I 550 


WAVELENGTH, m 


Figure 4-True spectra of I monomer (a) and dimer (6). obtained by dqfer- . 
ential measurements, at 2.14 X 
Key: (a) 1.05 X 
solution in a I-cm cuvette; (b) 5.10 X 
against 5.92 X 


M X cm in pH 7.0 Tris bufler + NaCI. 
M solution in a 5-cm cuvette against 3.10 X lo-' M 


M solution in a I-cm cuvette 
M solution in a 5-cm cuvette. 


Figure 4 shows the differential spectra, in Tris buffer plus NaCI, of the 
monomeric and dimeric species of 1. The concentrations were calculated using 
the corresponding parameters reported in Table 1. 


Figure 5 reports the molar absorptivities obtained from the direct and in- 
cremental procedure for 1 and 11 in phosphate buffer. The two sets of experi- 
mental data were treated simultaneously as described above. The values of 
the parameters Kd, t,, and c i  so obtained were found to be in close agreement 
with those presented in Table I. To evaluate the influence of the ionic strength 
on Kd values, measurements were performed in pH 7.0 phosphate buffer, with 
concentrations ranging from -1.8 X to 1.8 X 10-I M. Kd values were 


f a ' 4 1  


.-I I -0 -6 -4 -3 


Loo ct  


a 
c " F  


Loo ct 
Figure 5-Molar absorptivity (a) and incremental molar absorptivity (b) 
versus log Ct for I (A) and I1 (B), in pH 7.0 phosphate buffer, according to 
the direct and incremental procedures. 
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obtained from the absorbance mcasurcments applying Eqs. 1-3 and using the 
em and 6: values previously determined. The dependence of Kd on the ionic 
strength is reportcd in Fig. 6. 


4'-Epi, 4'-Deoxy, and QDemetboxy Analogues-As shown in Table 11, V 
and VI exhibit apparent c: and Kd values significantly lower than those of the 
parent drug. The corresponding dimerization curves are presented in Fig. 7. 
Table I1 also shows thc results obtained for V and VI  when a tetramerization 
process is taken into account. The Occurrence of such a process is strongly 
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Figure 7 -Molar absorptivity vcrsus log C, for  V (A )  and VI (B). The con- 
ditions were the same as those in Fig. 3. 


Figure &Variation of the K d  as a function of the ionic 
strength. 
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DISCUSSION 


The spectrophotometric behavior of I and 11, as shown by the curves of Figs. 
3 and 5, is near to that theoretically expected for a simple dimerization process. 
The values of the parameters obtained in different conditions (Table I) indicate 
that the dimerization constant is dependent on both the buffer composition 
and ionic strength. The Kd values observed for 1 seem to experience, on increase 
of the ionic strength, a larger variation than the corresponding Kd values of 
11. strongly suggesting an involvement of the 14-hydroxyl group in the di- 
merization process, either directly (e.g., by formation of hydrogen bonds) or 
indirectly (e.g., dipole effects). The dimerization constant values of I and 11. 
as found in this study, are generally larger than those reported by others. In- 
deed the Kd values we found are twice as  large as those reported by Stutter 
et al. (14) and Martin (12) for I and 11. respectively, although the latter author 
worked with a lower buffer ionic strength. The results we obtained are prac- 
tically identical to those reported by Eksborg (9), but markedly differ from 
those of Schiitz el al. (1 I )  and Chaires er al. ( I  5) for 11. No explanation can 
be given at  this point for these differences, and it may be noted that the values 
of the molar extinction coefficients of both monomer and dimer given by these 
authors are not in agreement with the values reported in the present study. 


Among the hundreds of doxorubicin analogues, V and VI have been selected 
for further development toward clinical evaluation because of their favorable 
pharmacological properties (1 8, 19). In this connection, a comparison of their 
properties at the molecular level with those of I is of particular interest. As 
regard to self-aggregation in solution, the two analogues either give rise to 
a somewhat less stable dimeric species or show a higher tendency toward the 
formation of tetramers. In both cases the latter interpretation of the results 
would give a slightly better fitting of the experimental data (RMS2 = 70.2 
for V and 75.8 for VI) than does the former (RMS = 75 and 81 for V and VI, 
respectively). The greater ability to form tetrameric species can be tentatively 
related to the lower hydrophilicity of V and V1 as compared with 1, favoring 
hydrophobic stacking aggregation. Accepting the tetramerization hypothesis, 
the dimerization constants for V and VI are very near to that found for I, in 
agreement with the identical electronic structure of the chromophoric 
moiety. 


A clearly different situation exists in the case of the 4-demethoxy analogues. 
Compounds I l l ,  IV, and V I I  show a distinctly lower tendency toward di- 
merization when compared with the parent drugs. The reduced dimer stability 
appears to be a consequence of the substitution of the C-4 methoxyl group with 
a hydrogen atom, a modification that strongly influences the electronic 
structure of the chromophore. The demethoxy analogues are up to 10 times 
more potent than the corresponding methoxylated derivatives in different 
biological systems (20.21); this property is not based on a higher affiflity for 
the DNA receptor (22). Whether the lower tendency to self-aggregation 
mirrors a diminished tendency to other aspecific interactions and therefore 
increases, for instance, the rate of accumulation within the cells and corre- 
spondingly the availability at the receptor site, remains to be established. 
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Abstract 0 Esters of several glutathione analogues have been synthesized in 
which the glycine moiety was replaced by straight-chain fatty acids and the 
mercapto group was benzylated. Two of the derivatives (sufficiently water- 
soluble for the assay) were found to inhibit glyoxalase 1 to a greater extent 
than did S-methylglutathione. The two glyoxalase I inhibitors did not inhibit 
P388 lymphocytic leukemia in mice, however. 


Keyphrases 0 N-Alkanoyl-S-benzyl-L-cysteinylglutamic acid esters- 
synthesis, anticancer activity in the P388 leukemia screen, glyoxalase I inhi- 
bition 0 Anticancer agents-potential, N-alkanoyl-S-benzyl-L-cysteinyl- 
glutamic acid esters, activity in the P388 leukemia screen. glyoxalase I inhi- 
bition 


S-Alkyl and S-aryl glutathiones are potent competitive 
inhibitors of glyoxalase (1). The glyoxalase enzyme system 
converts methylglyoxal to lactic acid in the presence of the 
cofactor glutathione (2). Since methylglyoxal and other a-keto 
aldehydes are known to be carcinostatic (3), it was suggested 
that inhibitors of the glyoxalase system may create a build-up 
of methylglyoxal in the cells and thus inhibit cellular growth 
(4). The fact that glutathione concentration in the cells is 
rapidly increased (5) just prior to cell division suggests that 
the glyoxalase system is involved in the regulation of cell 
growth by maintaining a proper concentration of methylgly- 
oxal (1 ) .  The high concentration of lactic acid (6) and defi- 
ciency of methylglyoxal(7) in cancer cells suggests further that 
such cells, having lost the ability to maintain the necessary 
balance of methylglyoxal, continue to grow at an uncontrolled 
rate. Inhibitors of the glyoxalase system that result in a 
build-up of cellular methylglyoxal could, therefore, function 
as anticancer agents. To some extent this has been realized. 
Some of the S-alkyl and S-aryl glutathione inhibitors of the 
glyoxalase system exhibited cytotoxic activity against L12 10 
leukemia and K B  cells in tissue culture (8) .  However, a-hyd- 
roxy thiol esters of glutathione inhibited glyqxalase I but 
lacked antileukemic activity against L1210 lymphoid leukemia 
(9). 


The rapid metabolism of S-substituted glutathiones by 
glutathionase rendered the S-alkyl and S-aryl glutathiones 
inactive when tested in uioo (10). Glutathione and S-substi- 
tuted derivatives are rapidly hydrolyzed by two enzymes, 
glutathionase and cysteinylglycinase (1 1). In an attempt to 
find glutathione analogues that might be resistant to enzymatic 
hydrolysis, a series of analogues ( I )  having the glycine residue 
replaced by a fatty acid was synthesized. The djester function 
was not successfully converted to the carboxyl function, 
however. I t  was also considered possible that such a derivative 
would have greater lipophilicity and possibly provide a more 
strongly bound enzyme-inhibitor complex. A series of S- 


Table I-Physical Properties of the N-Alkanoyl-S-benzyl-L-cysteines 


SCH2ChHs 
I 


RCON HCHCOzH 


Reaction Yield, Melting 
R Formula Time, h 90 Point, OC 


30 69 86.0-86.5 


Dimethyl N-Alkanoyl-S-benzyl-L-cystcinylglutamates ( I  
C2H5 C 2 n b N 2 0 6 S  2 61 1 3 - 1 1 4  
C3H7 C ~ I H ~ O N Z O ~ S  2 59 93-94 
CRH I 7 C~cHinN70nS 2 50 107- I08 


a Elemental anal ses for C. H. N. and S were within f 0.4% of the theoretical values 
for all compounds. K.Recrystallized from n-hexanc. 


(w-phtha1imidoalkyl)glutathiones and S-(w-aminoalky1)- 
glutathiones, for instance, showed greater inhibition of 
glyoxalase I with greater lipophilicity (12). 


SCHiCsHs 


CHi 
I 
I 


RCONHCHCONHCHCOiCH, 
I 


DISCUSSION 


Chemistry-S-Benzyl-L-cysteine was readily converted to fatty acid amidcs 
(11) by reaction of the pyridinium salt ofS-benzyl-L-cysteine with the fatty 
acid chloride in excess pyridine at OOC. Yields of 18-6990 were realized, with 
chain lengths ranging from 3 to 10 carbons with the longer chain acids giving 
progressively lower yields. Physical properties of the N-alkanoyl-S-benzyl- 
L-cysteines are recorded in  Table I .  


Condensation of the N-alkanoyl-S-benzyl-I;cysteines with dimethyl glu- 
tamate was carried out by conversion of the cysteine moiety to a mixed an- 
hydride with isobutyl chlorocarbonate in the presence of N-methylmorpholine. 
Condensation with dimcthyl glutamate hydrochloride in the presence of tri- 
ethylaminc took place readily at - 10 -0OC giving reasonable yields (50-61%) 
of I, in the case of the propanoyl, butanoyl. and octanoyl derivatives. Attempts 
to hydrolyze the methyl ester functions were unsuccessful. The reaction se- 
quence is shown in Scheme I,  and physical properties of I arc listed in Table 
1. 


Biological Testing-The method of Racker ( 1  3) for measuring inhibition 
of glyoxalase I was used. This was based on the formation of S-lactoylgluta- 
thione, catalyzed by glyoxalase I.  which has high optical density at 240 nm. 
The rate of increase in absorption at  240 nrn was measured, and the ratio of 
inhibitor concentration to substrate concentration at 50% inhibition was used 
to compare relative inhibitory properties of the compounds. To determine the 
Concentration of inhibitor required for 5Wo inhibition, a plot of on/ol oersus 


0022-35491 8 4  0400-055950 1.001 0 
@ 1984, American Pharmaceutical Association 


Journal of &rmaceutical Sciences I 559 
Vol. 73, No. 4, April 1984 







Table 11-Inhibition of Clyoxalase I 


ComDound IDm mM II/Slw' 


S-Methylglutathione 6.10 9.84 
Dimethyl N-propanoyl-S-benzyl- 1.95 3.15 


Dimethyl N-butanoyl-S-benzyl- 1.90 3.06 
L-cysteinylglutamate 


L-cysteinylglutamate 


Ratio of inhibitor concentration to substrate concentration at 50% inhibition. 


Table 111-Antileukemic Activities in Mice a 


Weight 
Differ- 


Compound mg/kgb ( T - C )  
Dose, ence 


Dimethyl N-propanoyl-5'-benzyl- 200 0.8 
L-cysteinylglutamate 100 0.3 


50 -0.2 
Dimethyl N-butanoyl-S-benzyl- 200 -0.2 


L-cystein ylglutamate 100 1.4 
50 1 . 1  


Median Survival 
Time (T/C), %c 


97 
100 
110 
96 


104 
104 


a CDFl mice were inoculated (5 X lo6 cells) with P388 lymphocytic leukemia. * Drugs 
were administered intraperitoneally daily, for 9 d; observations were continued for 30 
d. A T/C% value of > I25 is considered a positive result. 


[I] was made, where uo is the initial velocity of the uninhibited enzymatic 
reaction and U I  is the initial velocity of the inhibited reaction at various con- 
centrations of inhibitor (Table 11). The N-propanoyl- and N-butanoyl-S- 
benzyl-L-cysteinylglutamic acid esters both showed better inhibitory activities 
than did S-methylglutathione. The longer-chain amide proved to be too in- 
soluble in water to be measured by this method. 


Antileukemia testing' of the propanoyl and butanoyl amides was carried 
out in mice against P388 lymphocytic leukemia, according to the NCI protocol 
(14). Details regarding dose and survival times are listed in Table 111. Neither 
of the compounds showed positive activity in this screen. 


EXPERIMENTAL* 


S-Benzyl-L-cysteine-L-(+)-Cysteine hydrochloride (36.0 g, 0.229 mol) 
was dissolved in a small amount of water, and 27.5 g (0.687 mol) of sodium 
hydroxide was added. Benzyl bromide (38.9 g, 0.229 mol) was added in a 
dropwise manner to the solution, and the mixture was shaken vigorously for 
1 h. The unreacted benzyl bromide and benzyl alcohol were extracted with 
ether. The aqueous solution was acidified with 20% acetic acid, and the white 


RCOCl + CsHrCHzSCH2CHC0,- 'HNCsHs 
I 


NHz v C d h N  


rHzCsHr 
(p SCHzCsH, 


RCONHCHC02- 'HNCsH, I s. T 
RCONHCHCOz H 


N H z C H C ~ C H B  
I1 \I CHiCHzCOzCHj 


I 
Scheme I 


I Testing was done at the National Cancer Institute; results were made available 
through the courtesy of Dr. Harry B. Wood, Jr. * Melting pints were taken in capillaries with a Mel-Temp block and are uncorrected. 
IR spectra were obtained with a Perkin-Elmer model 457 A grating spectrophotometer. 
The glyoxalase inhibition assay was determined with a Beckman model DB spectro- 
photometer. Elemental analyses were done by Dr. F. B. Straws, Oxford, England. TLC 
was carried out using silica gel plates, and products were detected by exposure to iodine 
vapor. Organic reagents were supplied by J .  T. Baker Laboratory Chemicals and Prod- 
ucts. Eastman Organic Chemicals, or Fisher Scientific Co. Glyoxalase I, L-glutamic acid 
dimethyl ester hydrochloride, S-methyl-glutathione, and methylglyoxal were supplied 
by Sigma Chemical Co. 


crystals were collected and recrystallized from water, yielding 36.5 g (75%); 
mp215-217°C [lit. (15) mp213-214"CI. 


N-Alkanoyl-S-benzyl-~~ysteines~-S-Benzyl-~-cysteine (3 1.65 g, 0.15 
mol) in 180 mL of pyridine was cooled to 0°C. After 30 min, 13.02 mL (0.1 5 
mol) of propanoyl chloride was added in a dropwise manner with vigorous 
shaking and ice cooling during 30 min. The mixture was shaken mechanically 
for 30 h at room temperature, and the excess pyridine was removed under 
reduced pressure. The syrupy residue was acidified with 10% HCI (Congo Red 
endpoint), and the oily product was extracted three times with ethyl acetate. 
The extract was dried (NaZS04) and concentrated to a small volume using 
a rotary evaporator. The residual solution was treated with petroleum ether 
and stored at O°C; recrystallization of the product from benzene gave 27.6 
g (69%) of white needles, mp 86.0-86.5OC; IR(KBr): 3380 (N-H), 1735 
(C=O), 1600 (C=O), and 1525 cm-I (CNH). 
N-Alkanoyl-S-benzyl-L-cysteinylglutamic Acid Dimethyl EstersP-A so- 


lution of 5.35 g (0.02 mol) of N-propanoyl-S-benzyl-L-cysteine in 60 mL of 
dry tetrahydrofuran containing 2.20 mL (0.02 mol) of N-methylmorpholine 
was cooled to - 1 5 O C ,  and 2.80 mL (0.021 mol) of isobutyl chlorccarbonate 
was added with stirring. After 1 5  min, 4.66 g (0.022 mol) of L-glutamic acid 
dimethyl ester hydrochloride was added, followed by 3.0 mL (0.021 mol) of 
triethylamine in 60 mL of cold tetrahydrofuran. Stirring was continued at 
-10-0°C for 30 min and at O°C for 1.5 h. The reaction mixture was diluted 
with 300 mL of cold water, and a yellow-green oil separated and was extracted 
three times with ethyl acetate. The extract was dried (NaZS04) and concen- 
trated to a small volume using a rotary evaporator. Crystallization resulted 
on storage at  O°C, and recrystallization from absolute ethanol gave 5.2 g (61% 
yield) of white crystals, mp 113-114°C; IR (KBr): 3300 (N-H), 1755 
(C=O), 1735 (C=O), 1660 (C=O), 1640 (C=O), and 1545 cm-' 
(CNH). 


Inhibition of Clyoxalase I-The enzymatic reactions were carried out at 
room temperature in 0.05 M phosphate buffer, pH 6.6. A fresh solution of 
glutathione in distilled water was made before each assay. For each assay, the 
spectrophotometer cell contained a total volume of 3.0 mL, which was 5.0 mM 
in methylglyoxal and 0.869 mM in glutathione. 


A commercial 40% (w/v) solution (10 mL) of methylglyoxal was diluted 
to SO mL with distilled water, and the acidic components were removed by 
a Dowex 1-X8 (200-400 mesh, carbonate form) column. The solution was 
standardized by the method of Friedemann (16). Glyoxalase 1 was diluted 
to a concentration of 40 pg of protein/mL with 0.05 M phosphate buffer (pH 
6.6) containing 0.1% bovine serum albumin. 


Sufficient amounts of glyoxalase I were employed to give an easily mea- 
surable initial rate, which was followed by increase in absorption at 240 nm. 
Methylglyoxal, glutathione, and buffer were added to the cell and allowed 
to equilibrate for exactly 6 min before addition of the enzyme. The ratio of 
the inhibitor concentration to that of the substrate for 50% inhibition, [I/S]sa 
was determined for each compound measured. To determine the concentration 
of inhibitor required for 50% inhibition (IDso), a plot of u o / u ~  uersus [I] was 
made, where uo is the initial velocity of the uninhibited reaction and u1 is the 
initial velocity of the inhibited reaction at various inhibitor (1) concentrations 
(17). At least two of the points on the plot were in the 30-70% inhibition range. 
Initial velocity measurements were determined by the change in absorbance, 
AO.D./time with readings at I-min intervals for 3 min. 
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Abstract 0 A sensitive radioligand binding assay is described for the deter- 
mination of scopolamine in human urine. As a measure for the drug concen- 
tration, the quantitative displacement of scopolamine of tritiated quinuclidinyl 
benzylate from rat brain receptors was used. The assay is sensitive to con- 
centrations as low as 1.2 ng/mL, surpassed only by GC-MS techniques. It 
can be performed easily and quickly and does not include extraction proce- 
dures. Scopolinc and scopine, possible metabolites of scopolamine, do not 
interfere with the assay. After transdermal administration of scopolamine, 
34% of the drug is found in the urine. Of the total scopolamine excreted, 79% 
is conjugated to glucuronic and/or sulfuric acid and 21% is excreted in the 
unbound form. 


Key phrases 0 Scopolamine- -urinary determination. radioligand binding 
assay, 0 Radioligand binding-simple assay, determination of urinary sco- 
polamine 0 Excretion, urinary-scopolamine, determination by radioligand 
binding assay 


The lack of suitable methods for measuring low concen- 
trations of scopolamine and other strongly acting parasym- 
patholytic substances in biological fluids after therapeutic 
dosages in humans makes it difficult to obtain exact phar- 
macokinetic data on these drugs. Several methods exist for the 
determination of scopolamine, but these do not allow a rapid 
and sensitive measurement of low drug concentrations. GC (1)  
or acid-dye techniques (2) are not sensitive enough, while a 
GC-MS method (3) is not specific and involves difficult ex- 
traction procedures. 


The development of radioligand binding techniques for 
studies of drug interactions with cholinergic receptors, using 
tritiated quinuclidinyl benzylate ( I )  as the radioligand (4), 
allows (analogous to RIA) the measurement of drugs having 
strong affinity to muscarinic receptors. Using tritiated I we 
developed a radioligand binding assay for the determination 
of the very low urinary concentrations of scopolamine that are 
found after transdermal administration of the drug. 


EXPERIMENTAL 


Preparation of Rat brain Homogenate--Male rats (Tif RAI f SPF) of 
I50--250-g body weight were used. After being sacrificed by decapitation, the 
brains were removed and the cerebral cortices dissected on ice and homoge- 
nizedl for 30 s, at position 5, in 20 volumes of ice-cold 50 mM Tris-HCI buffer 
(pH 7.3). The homogenate was centrifuged at 26,OOOXg for 10 min, and the 
pellet was resuspendcd in the same volume of fresh buffer; this step was re- 
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pcated three times. All procedures were performed at 4 O C .  The final pellet 
was suspended in 20 volumes of Tris-HCI and divided into I-mL aliquots, 
which were rapidly frozen in liquid propane (-- 160OC) and stored at -3OOC. 
(After storage at -3OOC for up to 3 months no loss of binding capacity was 
observed.) For the radioreceptor assay, the I-mL aliquots were thawed for 
5 min in a water bath (37OC) and diluted 17-fold by addition of ice-cold 
Tris-HCI. Membrane suspensions were not used in the assay for longer than 
12 h after thawing. 


Radioligand Binding Assay-The radioreceptor assay was performed at 
room temperature in  5-mL polystyrene tubes in a total volume of 2 mL of 
Tris-HCI containing brain membranes 1-100 pg of protein as determined 
according to Lowry et al. (5)]. 0.2 nM [3H]-12 (33 Ci/mmol), and a 50-pL 
urine sample. 


After 30 min, the incubation was terminated by filtration through a 
glass-fiber filter (2.4 cm diameter-’) under reduced pressure. The filters were 
rinsed twice with 5-mL ice-cold Tris-HCI. After incubation of the filters for 
30 min with I-mL of tissue solubilizer4 (diluted I : l  with propanol). 10 mL 
of acidified scintillation fluid5 was added and the radioactivity was determined 
in a liquid scintillation counte+. Nonspccific binding was defined by lo-’ M 
unlabeled 1’. Scopolamine hydrobromide trihydrates was used as a stan- 
dard. 


For the calibration curve, different concentrations of scopolamine were 
added to blank urine and tested as  described above. The displacement (in 
percent) of 3H-QN B from the muscarinic receptors in the brain homogenate 
was plotted on logit-log scale against the scopolamine concentration. Unknown 
urinary scopolamine concentrations were calculated from the calibration curve. 
To determine the total scopolamine (conjugated and free drug), urine samples 
were incubated at 37OC for 3 h with an equal volume of I M acetate buffer 
(pH 4.75) and 7.5 p L  of ~-glucuronidase-sulfatase9/mL of the mixture. The 
pH was adjusted to 7.3 with NaOH before the binding assay was per- 
formed. 


Scopolamine Medication and Collection of Urine-Scopolamine was ad- 
ministered transdermally to nine healthy volunteers as a transdermal thera- 
peutic system with scopolaminelO. Thedrug system was applied on the skin 
surface behind the ear. Each system contains 1.5 mg of scopolamine base and 
can deliver 4 . 5  mg of drug over 72 h. The system is programmed to release 
0.15 mg as a loading dose during the first few hours; afterward. -5 pg of 
scopolamine/h pass through the skin into the blood circulation. The drug 
system was applied for 64 h, delivering -0.45 mg of scopolamine. Urine was 
collected in plastic bottles before the medication, in 12-h periods during the 
application, and for 8 X 6 h after removal of the drug. Aliquots were stored 
at -2OOC in plastic tubes until assayed. For each subject, an individual urine 
blank for the calibration of the assay was collected before the medication. 


New England Nuclear, Boston, Mass. ’ GF/B; Whatman. 
Soluene; Packard. 
Aquasol; Packard. 
Tri-Carb 46OC; Packard. 


EGA Chemic, Steinheim. West Germany. 
Calbiochem. 


’ Synthesized by Dr. A. Storni, Ciba-Gcigy. Basel. Switzerland. 


lo Scopoderm ‘ITS; Ciba-Geigy. 
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COMMUNICA TIONS 


Enhancement of Fluoride Concentration in 
Saliva after Topical Application of 
Fluoride Sustained-Release Dosage Form on 
Orthodontic Plates 


Keyphrases Fluoride, sustained release-topical application, con- 
centration in whole saliva 


To the Editor: The beneficial role of fluoride topical 
applications for caries prevention is now well established. 
The effectiveness of a topical treatment resides in the 
amount of fluoride incorporated in apatitic form (1) and 
in the continuous supply and renewal of the fluoride con- 
tent of tooth enamel (2-3). None of the topical dosage 
forms of fluoride marketed today (dentifrices, mouth 
rinses, and gels) are able to supply fluoride for a long period 
of time. A sustained-release dosage form of fluoride for 
topical application should provide conditions that will 
result in the major product being a stable fluoroapatite. 
The research effort expended to date on the development 
of a sustained-release delivery system for fluoride is minor 
compared with efforts expended in the areas of other 
drugs; however, significant progress has been made. 


Three general approaches are being taken now to de- 
velop a sustained-release delivery system of fluoride: ( a )  
matrix tables (4), ( b )  aerosol containing microcapsules for 
direct application on the tooth surface (5), and ( c )  intraoral 
system (6). 


In our previous in vitro work (7, 8) it. was shown that 
fluoride release could be sustained by embedding NaF or 
CaF2 in ethylcellulose polymers. The aim of this work was 
to establish the fluoride level of saliva in children using 
orthodontic plates coated with a long-acting fluoride ap- 
plication. 


A group of nine children aged 7-12 undergoinf ortho- 
dontic treatment participated in the study. The subjects 
resided in the Jerusalem area, which had -0.4 ppm fluo- 
ride in the water supply. None of the children had brushed 
their teeth with a fluoride dentifrice or received a fluoride 
supplement (including tea) 2 d before or during the ex- 
periment. The palatinale part of the upper orthodontic 
plates was coated by immersing the plates in a 10% NaF 


suspension in ethanol solution of ethylcellulose and al- 
lowing them to dry at  room temperature (8). 


The amount of the coating layer on the orthodontic 
plates was determined by weighing the difference between 
the uncoated and coated materials. The fluoride (F) con- 
centration was calculated from the weight ratio of fluoride 
and polymer used and was in the range of 4.g5.1 mg/plate. 
Whole saliva samples were collected by chewing paraffin 
wax, and the F concentration was determined in the cen- 
trifuged sample with a fluoride ion electrode (9). Statistical 
significance was determined by the paired t test. 


F release resulted in a significant ( p  < 0.005) increase 
in the amount of fluoride in the saliva during the first 4 
days of the study but returned to its initial level on the 5th 
day (Table I). By the use of fluoride dentifrices or ingestion 
of 1-mg fluoride tablets, similar increases in the F content 
in the saliva were reported (10). However, the increase was 
for a short period only, with the F concentration returning 
to the initial levels after 90 min. 


A relationship between the natural fluoride content in 
water and the prevalence of dental caries is well established 
today. 


In communities with a fluoride content of 21 ppm, the 
prevalence of dental caries was less than in those com- 
munities whose water supplies contained fluoride a t  a 
concentration 50.6 ppm. 


It has been shown by Yao and Grdn (9) that the fluoride 
content in the saliva of children who consumed drinking 
water containing 1 ppm of fluoride was 0.01-0.05 ppm. 


These values are similar to the fluoride concentration 
obtained in the saliva of the children using sustained re- 
lease application of fluoride in this study. 


In our previous work (7) it was shown that thickness of 
the coating applied on the orthodontic plate did not affect 


Table I-F Content in Mixed Saliva of Nine Children after 
Fluoride Sustained Release Application a 


Day after Application 
1 2 3 4 5 


F, mean f SD 0.015 f 0.02 f 0.016 f 0.01 f 0.007 f 


P <0.005 <0.005 <0.005 <0.005 NS 
0.003 0.003 0.003 0.002 0,0002 


~~~~ 


Control (F concentration in saliva before the experiment) 0.008 f 0.002 ppm. 
6 NS = not signlficant. 
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the release constant but determined the duration of fluo- 
ride release. 


According to this it may be assumed that by an increase 
in the thickness of the coating applied to the plates, a 
prolonged continuous increase of F in saliva will be possi- 
ble. The increase in the thickness of the coating may be 
easily achieved by adding additional layers of the coating 
solution. 


The continuous presence of fluoride in saliva, achieved 
in this study, may favor the remineralization phase oc- 
curring between periods of enamel dissolution (2) and 
significantly increase the value of fluoride in caries pre- 
vention. 
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Precursor-Metabolite Interaction in the 
Metabolism of Lidocaine 


Keyphrases Lidocaine-precursor-metabolite interaction, metabo- 
lism 0 metabolites-interaction with precursor in metabolism of lido- 
caine 0 metabolism-lidocaine in the liver 


To the Editor: 


Lidocaine is a local anesthetic and antiarrhythmic drug 
that has been known to be extracted exclusively by the 
liver with a high extraction ratio after oral administration 
(1-4). As shown in Scheme I (5), lidocaine is extensively 
metabolized in rats to monoethylglycinexylidide (I) and 
3-hydroxylidocaine (11) by P450-dependent N-deethylase 
and 3-hydroxylase activities. These primary metabolites 
are further 3-hydroxylated and N-deethylated, respec- 
tively, to form a common secondary metabolite, 3-hy- 
droxymonoethylglycinexylidide (111). In common with 
other drugs highly cleared by the liver, the areas under the 
blood concentration uersus time curve (AUC) obtained 
after portal vein infusion of lidocaine at a dose range of 


595t 19 
9.80 k 0.85 Lidocaine - Monoethyl- 


glycine- 
xylidide 


(1 1 I 1.78 k 0.20 
0.298 f 0.036 


20.9 ? 3.4 
0.111 ? 0.006 1 


3-hydroxy- - 3-hydroxy- 
lidocaine 7.14 ? o.29 monoethyl- 


562? 78 


(11) glycinexylidide 
(111) 


Scheme I-Parallel metabolic pathways o f  lidocaine and the kinetic 
parameters. The  figures are expressed as means &SE (n = 3) p M  for 
apparent Michaelis constants ( top numbers) and nmollmin-mg mi- 
crosomal protein for maximum velocities (lower numbers). Substrate 
concentration range: 200-2000 p M  for N-deethylation of lidocaine and 
3-hydroxylidocaine (II); 1-100 p M  for 3-hydroxylation of lidocaine and 
monoethylglycinexylidide ( I ) .  


1-10 mg/kg were smaller (approximately one half) than 
those after peripheral vein infusion of equal doses in rats 
(6). However, of special interest is our preliminary finding 
that the AUC of I, a pharmacologically active lidocaine 
metabolite, obtained after portal vein infusion of lidocaine 
was -10 times as large as that obtained after peripheral 
vein infusion (6). The AUC of metabolite 11, on the other 
hand, did not differ significantly depending on the route 
of administration of lidocaine. If a drug and its metabolites 
are eliminated linearly and exclusively by hepatic me- 
tabolism, the AUC of the metabolites, or the ratios of AUC 
of any two metabolites, are independent of the route of 
administration (4). The unusually high AUC of I and also 
the difference in the AUC ratios of the two metabolites of 
lidocaine depending on the route of administration can be 
explained by the following possibilities: (a)  the elimination 
of I itself is nonlinear; ( b )  3-hydroxylation of lidocaine is 
saturable at lidocaine concentrations attained by portal 
vein infusion but N-deethylation is not, resulting in the 
formation of I in higher concentrations; ( c )  lidocaine in- 
hibits the metabolism of I in the liver and the elimination 
of I decreases in the presence of high concentrations of 
liodcaine. The AUC of I (1.5-7.5 mg/kg) was found to in- 
crease in an apparently linear fashion with increasing in- 
traportal dosage (6). Therefore, either the second or the 
third possibility or both of them may be operative in these 
phenomena. 


Studies by von Bahr et al. (7) and from our laboratory 
(8) have indicated that the 3-hydroxylation and N -  
deethylation pathways of lidocaine are catalyzed by dif- 
ferent P450 species. It is then of interest to test if the par- 
allel hydroxylation pathways (3-hydroxylations of lido- 
caine and I) are catalyzed by the same P450 species or dif- 
ferent. If they are catalyzed by the same P450 species, lid- 
ocaine and I would be mutually competitive inhibitors of 
their metabolism. Then this would partly explain the un- 
usually high AUC of I obtained after portal vein infusion 
of lidocaine as described above. By the same token, it is 
also of interest to examine if the N-deethylation pathways 
of lidocaine and I1 share the same species of P450. In this 
communication, we report in uitro metabolic kinetics of 
lidocaine and its metabolites in order to characterize the 
nature of lidocaine metabolism and to investigate the 
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Abstract 0 A sensitive, quantitative gas chromatographic-electron 
capture (CC-EC) method for the determination of captopril in blood and 
captopril and its disulfide metabolites (collectively) in plasma was de- 
veloped. After addition of an internal standard and N-ethylmaleimide 
to the biological samples, excess N-ethylmaleimide and naturally oc- 
curring interfering substances were removed by extraction with benzene 
followed hy acidification and extraction with hexane. The N-ethyl- 
maleimide adducts of captopril and of the internal standard were then 
extracted with benzene and converted to their hexafluoroisopropyl esters. 
For thc assay of captopril and its disulfide metabolites, tributylphosphine 
was used to reduce the disulfide metabolites to captopril prior to deri- 
vatizat ion. The hexafluoroisopropyl esters of the N-ethylmaleimide 
adducts of captopril and of the internal standard, the 4-ethoxyproline 
analogue of captopril, were separated by GC on a column packed with 


Captopril, 1 - [ (2s) -3-mercapto-2-methylpropionyl] - 
],-proline (I), the first orally active inhibitor of angioten- 
sin-converting enzyme (peptidyl dipeptide hydrolase, 
kininase 11, E.C. 3.4.15.1) to be used clinically, is a potent 
antihypertensive agent used to treat both renovascular and 
essential hypertension (1, 2). It is of particular value in 
treating hypertension resistant to conventional drugs (31, 
and shows great promise for use in congestive heart failure 
(234). 


The predominant route of excretion of captopril is uia 
the kidneys (5-7). Since kidney function is often impaired 
in patients with hypertension, a sensitive assay for the drug 
in blood or plasma using readily accessible analytical 


3% OV-101 on Chromosorb W-HP. The lower limits of sensitivity were 
20 ng/mL for captopril in blood and 50 ng/mL for captopril and its di- 
sulfide metabolites in plasma. Linearity, precision, and accuracy were 
excellent. The method was validated by comparison of results obtained 
for total captopril in dog plasma by the GC-EC assay with results ob- 
tained by a published GC-MS method. The assay was applied to dog and 
human samples to explore its general utility. 


Keyphrases 0 Captopril-quantitative determination in blood and 
plasma, disulfide metabolites, gas chromatography Metabolites, di- 
sulfide-captopril, plasma, quantitative determination by gas chroma- 
tography Gas chromatography-captopril, quantitative determination 
in blood and plasma, disulfide metabolites 


equipment would be of value in optimizing dosage. Assays 
for both unchanged captopril and its disulfide metabolites 
would be useful, since interconversions occur among these 
compounds in rats, dogs, and humans (8-11). Metabolites 
of captopril include the symmetrical disulfide (IIA), cap- 
topril-L-cysteine mixed disulfide, captopril-glutathione 
mixed disulfide, and mixed disulfides of captopril with 
plasma proteins (IIB). Current methods for measurement 
of the drug in biological fluids are either not sensitive 
enough for monitoring therapeutic levels (12-14) or involve 
analytical equipment not available to the average clinical 
laboratory (15-17). Therefore, a sensitive method has been 
developed for quantifying captopril in blood and captopril 
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# NAME R R i  R2 


I 


I A  


IB 


1IA 


Captopril H H H 


N-ethylmaleimide H 
adduct of captopril 


Ester of N-ethylmaleimide H 
adduct of captopril 


Captopril disulfide H 


I IB Mixed disulfides of 
captopril 


111 


IIIA 


SO 25,761 *c2 5 


Ester of N-ethylmaleimide 4 C 2 H 5  
adduct of SQ 25,761 


H 


NH2 I 
H -SGH2GHCOOH 


FONHCH2COOH 


NH2 
H -SCH2-7H I 


HNCO(CH2)2CHC02H 


H -Plasma proteins 


H H 


and its disulfide metabolites in plasma by gas chroma- 
tography with electron capture detection (GC-EC). 


EXPERIMENTAL 


Materials-N-Ethylmaleimidel, hexafluoro-2-propanolz, trifluo- 
roacetic anhydride2, sodium chloride?, hydrochloric acid3, and tributyl- 
phosphine4 were obtained from commercial sources and used without 
I'urther purification. Benzene, hexane, and methanol were suitable for 
HPLC analysis and used as supplied". Captopril and the 4-ethoxyproline 
analogue of captopril (SQ 25,761, the internal standard) were of phar- 
maceutical quality and were used as received6. 


The chromatographic column was glass, 1.8 m X 2 mm i.d., packed with 
3% methyl silicone on 100-120 mesh chromatographic (high-perfor- 
mance) diatomaceous earth7. Nitrogen and argon-methane (955) of the 
highest availableR purity were used. 


Equipment-GC was performed using an instruments equipped with 
a nickel-63 electron-capture detector. All extractions were carried out 
by shaking the samples on a reciprocating shakerlo. An analytical evap- 
orator" was used for removing solvents from extracts with a nitrogen 


Eastman Kodak Co., Rochester, N.Y. 
Pierce Chemical Co., Rockford, 111. 
Mallinckrodt Inc., Paris, Ky. 


4 Aldrich Chemical Co., Milwaukee, Wis. 
6 Rurdick and Jackson Laboratories. Muskegon. Mich. 
6 E. H. Squibh & Sons, Inc., Princeton, N.J. 
7 3% OV-101 on Chromosorb W-HP (100--120 mesh); Alltech Assoc., Deerfield, 


8 Linde Corp., New York, N.Y. 


1') Eherbach Corp., Ann Arbor, Mich. 
1' N - h a p  Model I 12; Organomation Assoc., Northhorough, M a s .  


111. 


Model 5880A; Hewletc-Packard. Avondale, Pa. 


stream. The reduction of the biological samples with tributylphosphine 
and subsequent esterification with hexafluoro-2-propanol were per- 
formed by incubating in a heating block12. 


Extraction, Derivatization, and Chromatography of Unchanged 
Captopril  in Blood-For spiking blood or plasma samples, separate 
stock solutions of captopril and the internal standard (111) were prepared 
in distilled water containing excess N-ethylmaleimide (1:5 molar ratio). 
Control dog or human blood (1 mL) containing 5 mg of N-ethylmaleimide 
was spiked with aqueous solutions of captopril containing N-ethyl- 
maleimide to give standard solutions containing 20-200 ng/mL of cap- 
topril. The internal standard, 400 ng in 50 pL  of aqueous solution, was 
added to each sample. All samples were extracted in acid-washed (16 X 
125-mm) glass culture tubes. Twelve milliliters of benzene was added to 
each sample, and the samples were shaken on a reciprocating shaker for 
10 min. After centrifuging the sample for 10 min at  3000Xg. the benzene 
(upper) layer was removed by aspiration and discarded. One milliliter 
of 1 M HCI and 2 g of NaCl were added to each tube, and the contents of 
each tube was mixed on a vortex mixer for -30 s. Ten milliliters of hexane 
was added to each sample, and the contents of each tube was again shaken 
for 10 min and then centrifuged for 10 min. The hexane (upper) layer was 
removed by aspiration and discarded. Each sample was then extracted 
with 12 mL of benzene by shaking for 20 min, followed by centrifugation 
for 10 min. 


The organic layer was transferred to a clean tube and evaporated to 
dryness under a stream of nitrogen. The residue in each tube was deriv- 
atized with 100 p1, of hexafluoro-2-propanol and 10 pL of trifluoroacetic 
anhydride a t  W°C for 1 h. Excess reagents were removed by evaporation 
under a stream of nitrogen. Each residue, which contained derivatized 
captopril and internal standard, was reconstituted in 1 mL of benzene; 


l 2  Thermolyne Corp.. Dubuque, Iowa. 
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Table I-Precision of the GC-EC Assay of Captopril and  
Cautouril  D ~ U S  its Disulfide Metabolites 


Actual Conc., Observed Conc., 
n d m L  ng/mL Mean f SD CV, 7' 


Captopril in Human Blood 
20 16 22 f 4.5 20.5 


20 
26 
23 
27 


W 
ln z 
ln w 
B 
a 100 101 8.1 8.1 112 


94 
a 
0 
I- 
V 
w 
I- w 
n 


-. 


96 
102 


0200 


Captopril and its Disulfide Metabolites in Dog Plasma 
50 55 49 f 4.4 9.8 


45 
49 
52 
45 


100 102 f 3.7 3.7 102 
99 0 4 8 12 a 4 8 12 


MINUTES MINUTES 


.. 


101 
108 
106 


500 464 
465 
502 
52 1 
504 


491 f 25.2 5.2 
(Cl (dl 


lo00 1018 1023 f 40.3 3.9 
1016 
1027 
927 1 w 


v) 
2 
0 n 
ln 
w 
LT 
a 
0 
I- 
V w 


0 
c, 


unknown samples to those from the calibration curve permitted quan- 
titation of the assayed samples. 


Extraction, Derivatization, and  Chromatography for  Quantita- 
tion of Captopril and i ts  Disulfide Metabolites in Plasma-One- 
milliliter samples of plasma containing 800 ng of the internal standard 
(111) were transferred to acid-washed glass culture tubes (16 X 125 mm); 
0.1 mI, of a 2% solution of tributylphosphine in methanol was added to 
each sample. All tubes were mixed on a vortex mixer for -30 s and then 
were heated for 30 min a t  50°C. The samples were washed with 10 mL 
of hexane to remove excess tributylphosphine. The plasma layer was then 
mixed with 0.2 mL of a freshly prepared 2.5% aqueous solution of N -  
ethylmaleimide and allowed to stand for 15 min a t  room temperature. 
Further extraction, derivatization, and GC analyses then were performed 
as outlined for captopril in blmd. Standard curves were constructed from 
spiked plasma samples containing 0-1000 ng/mL of captopril and 800 
ng of the internal standard. Calibration curves, constructed on each day 
that analyses were performed, were used to quantitate the unknown 
samples. 


Gas Chromatography-Mass Spectrometry-The derivatives of 
captopril and the internal standard were subjected to GC-MS analyses 
to confirm their structures. Mass spectra were obtained on a hyperbolic 
quadrupole mass spectrometer':' in the electron-ionization mode. 


2 


4 
- -  


4 8 12 
MINUTES 


1 I 1 
4 8 12 


MINUTES 


Figure I---Typical chromatograms of control human blood fa) ,  control 
hurnnti hlood containing deriuatizpd captopril and internal standard 
fh) ,  control dog plosma (c)~ and control dog plasma containing deriua- 
rrzvd c,uptr,pril und internal standard (d). Key: ( I )  captopril; (2) internal 
srcindurd. 


RESULTS AND DISCUSSION 


Derivatization of Captopril-Because of the reactivity of the thiol 
moiety of captopril, it was necessary to prevent oxidative degradation 
of  captopril by adding N-ethylmaleimide to the samples of blood. N -  
Ethylmaleimide immediately reacts with captopril to form a stable 
thioalkyl derivative (IA) and prevents formation of the symmetrical (IIA) 
or mixed disulfides (IIB). The assay procedure for captopril and its di- 
sulfide metabolites is based on the quantitative reduction of its disulfide 
metabolites with tributylphosphine, as reported by Kawahara et 01.  (13). 


;in aliquot ( 5 5  PI,) of each benzene solution was injected into the GC 
cdumn. The column had been previously conditioned for 24 h a t  250°C 
with the carrier gas (argon-methane, 955) a t  a flow rate o f  10 mI,/min. 
The detector and injector temperatures were 250°C and 225"C, respec- 
tively. The column operating temperature was 22OoC, and the carrier gas 
flow rate was 40 mL/min. 


Standard curves were constructed from spiked blood samples con- 
taining 0-200 ng/ml, of captopril and a constant amount (400 ng/mL) 
of  the internal standard. The peak height ratios of the unknown to the 
internal standard were plotted against concentrations. A new calibration 
curve was constructed daily. Comparison of peak height ratios from the I n  Hewlett-Packard, Palo Alto, Calif. 
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Table 11-Analysis for Captopril and Captopril plus i ts  Disulfide 
Metabolites in Spiked Human Blood and  Plasma 


I 2.51 / 


“050100 200 300 400 500 600 700 800 900 1000 
CAPTOPR I L, n g h  L 


Figure 2--Calibration ( u r w s  for unchanged captopril in spikpd human 
blood (A )  and capfopri l  and i t s  disulfide m1~tahiJ~itC.S measured a s  de- 
riivJtizc,d captopril in  spikrd dog plasma (H). Each point is thr mean 
J ( A )  or / icr  IHj . S P ~ , S :  thP bars rrpresenf / h P  ranges /or each 
nicari 


Actual Conc., Observed Conc., Percent 
Deviationu na/mL ng/mL 


Captopril in Human Blood 
- 0 0 


50 52 t 4 . 0  
60 63 t 5.0 
70 71 t 1 . 4  
sn 93 t 3 . 3  - .. 


100 
150 


.. 


111 +11.0 
150 0 


200 184 -8.0 
500 512 t 2 . 4  
500 525 $5.0 


Captopril and its Disulfide Metabolites in Human Plasma 
- n 0 


61 
82 
96 


170 
202 
256 
287 
470 
690 


6 s  
90 
98 


182 
167 
274 
286 
458 
682 


t 1.5 
t9 .7  
+2.1 
+7.1 


-17.3 
f 7 . 0  
-0.3 
- 2 5  
-1.1 .. ~ 


832 839 +0.8 
878 967 t10.1 


” Percent deviation = [(Observed Conc. - Actual Conc.)/Actual Conc.] X 100. 


ng/mL) in dog plasma was demonstrated by five consecutive calibration 
curves (Fig. 2R). The correlation coefficient and the y-intercept for the 
straight lines were 0.999 and 0.004, respectively, for the captopril assay, 
and 0.999 and -0.001, respectively. for the assay of captopril and its di- 
sulfide metabolites. The average Coefficient of variation ( C V )  for all the 
peak height ratios for both procedures was f8%. 


Precision and Accuracy-The precision of the method for captopril 
was determined by analysis of replicate human blood samples spiked a t  
three concentrations (20,100, and 200 ng/mL). Captopril and its disulfide 
metabolites were also assayed in replicate samples of dog plasma spiked 
a t  four concentrations (SO, 100,500, and 1000 ng/mL). For unchanged 
captopril assays, the CV was 20% a t  20 ng/mI, and 3% a t  200 ng/mL; the 
CV for the assays of captopril and its disulfide metabolites was <lo% 
(Table 1). 


To determine the relative accuracy of the methods, coded, spiked 
human b l d  and plasma samples were analyzed for captupril and cap- 
topril and its disulfide metabolites. The plasma samples spiked with 
various amounts of captopril ( I ) ,  captopril disulfide (IIA), and capto- 
pril-l.-cysteine mixed disulfide (IIH) were analyzed for captopril and its 
disulfide metaholites. Good agreement was observed between the actual 
concentrations and the experimentally determined concentrations for 


The liberated captopril was treated with N-ethylmaleimide to form the 
stable derivative (IA). Compound IA formed from either unchanged 


rivatized to give the hexafluoroisopropyl ester. The structures of the 


Table ~ ~ ~ - c o m P a r i s o n  of GC-MS and GC-EC Assays for  
Captopril  and i ts  Disulfide Metabolites in Dog Plasma After a n  
Oral  f.fi-mg/kg Dose of Captopril captopril or  captopril arising from reduced disulfides was further de- 


esters of thethioalkyl derivatives of both captopril (IB) and the internal 
standard (II1A) were confirmed hy GC-MS. The molecular ion peak (m/z  
49’L), base peak (mlz 264), and other fragment ion peaks ( m / z  366 and 


Time After Plasma Concentration, ng/mI, Percent 
Dosing, h CC-MS CC-EC ~ ~ ~ h ~ ) d  ~ ) ~ ~ i ~ ~ i ~ ~ ~  


228) obtained in the spectrum of derivatized captopril were in good 
agreement with those reported by Matsuke r1 a/ .  (12). The characteristic 
fragmentation pattern of the derivatized internal standard (IIIA) agreed 
well with the known structure ( m / z  M+ 536,410, and 264). 


The retention times of the derivatized captopril and internal standard 
were 3.4 and 5.8 min, respectively. No interfering peaks were ohserved 
in the extracts of the control human or dog bltwd. Typical chromatograms 
of an extract of human blood are shown in Fig. l a  and I). After treatment 
of plasma samples with trihutylphosphine, no interfering peaks were 
observed in extracts of control human or dog plasma samples. Typical 
chromatograms of an extract of dog plasma are shown in Fig. Ic and d. 


Linearity and Reproducibility-Known amounts of captopril and 
the internal standard were added to control dog or human blood to give 
standards suitable for captopril analysis. A plot of chromatographic peak 
height ratios uersus concentrations was linear for captopril from 20 to 
200 ng/mL (Fig. 2A); the linearity and reproducibility of the assay for 
captopril by the GC-EC method in human blood was demonstrated by 
six consecutive calihration curves. Linearity and reproducibility of the 
GC-EC method for captopril and its disulfide metabolites (50-1000 


HO-56 0 
0.5 
1 


0 
1551 
2955 


1.5 2122 
2 1633 


HO-60 0 128 
0.5 2946 
1 2465 
1.5 2057 
2 1532 
2.5 I005 
3.5 734 
4.5 487 
6 578 


- 0 
1512 -2.5 
3222 +9.0 
1996 -6.9 
I444 -11.6 
1036 -0.2 
676 -9.1 
506 -2.3 
364 +7.4 
104 -18.8 


2678 -9.1 
2420 -1.8 
2050 -0.3 
1436 -6.3 
978 -2.7 
738 +o.s 
482 -0.1 
322 -44.3 


Percent Deviation = ((CC EC Value - CC MS Valur)/fX- MS Value] X 
100. 
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both assays (Table 11). The accuracy of the methods was further validated 
by comparing results from the assay of captopril and its disulfide me- 
tabolites by the GC-EC method with results from the GC-MS assay (15) 
in plasma from dogs that had been given oral doses of captopril (2.5 
mghg). The generally excellent agreement obtained for the two methods 
is shown in Table 111. 


The GC-EC assay described appears suitable for determining blood 
concentrations of unchanged captopril and plasma concentrations of 
captopril and its disdfide metabolites in samples from dogs and humans. 
In the range of blood concentrations (captopril) from 20 to 200 ng/mL 
and plasma concentrations (captopril and its disulfide metabolites) from 
50 to lo00 ng/mL, the linearity, reproducibility, precision, and accuracy 
of the assays were generally excellent. The lower limits for quantitation 
of captopril and i ts  disulfide metabolites by the GC-EC method are 
comparable to the existing GC-MS (15) and liquid chromatography- 
electrochemical detector methods (16, 17). The thin-layer radiochro- 
matographic method (18) is more sensitive when high specific activity 
[14C]captopril is used. The GC-EC method is 4- to 10-fold more sensitive 
than the other quantitative methods (12, 14) previously reported. 
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Abstract 0 A relatively rapid and simple method was developed to 
characterize the droplet size of a metered-dose nasal spray. The study 
primarily concerned the measurement of the relative proportion of small 
to large droplets. A small droplet could potentially reach bronchi or al- 
veoli, depending on its size, and was therefore undesirable for the topical 
corticosteroid therapy of rhinal disease. The nasal spray was a solution 
of flunisolide, a topically active anti-inflammatory corticosteroid, ad- 
ministered by a manually operated, metered-dose pump spray system. 
The method utilized a cascade impactor fitted with a glass chamber; the 
cascade impactor collected and sized droplets into six fractions 0.5-16 
pm in diameter, while the glass chamber collected droplets > I6  jtm in 
diameter as another fraction. Results showed that the majority of the 
spray droplets deposited in the glass chamber. Less than 0.5% by weight 


The particle or droplet size of an aerosol spray dosage 
form is important for both efficacy and toxicity. Inhalation 
aerosols intended for local activity in the lung must have 
the majority (by weight) of the particles in the size range 
of 2-6 pm in diameter to reach the terminal bronchi and 
alveoli (1). Particles <0.5 pm may fail to remain in this area 
(2), while particles >10 pm in diameter are mostly de- 
posited in the upper respiratory tract (3). 


In contrast, a nasal spray such as the metered-dose 


of the spray dose was delivered in droplets <8 jtm aerodynamic diameter. 
These results are in good agreement with the droplet size distribution 
obtained by laser holography. The cascade impactor method showed that 
the number of undesirable small droplets produced by the flunisolide 
nasal spray unit was negligible. The method can be used with other 
aerosols where there is a similar concern for the inhalation of small par- 
ticles. 


Keyphrases Cascade impactor method-droplet-size characterization, 
metered-dose nasal spray Nasal spray-metered-dose, cascade im- 
pactor method for the droplet-size characterization 0 Droplet-size 
characterization-cascade impactor method, metered-dose nasal 
spray 


flunisolide nasal solution requires a majority of droplets 
having diameters >10 pm to localize delivery in the nose 
and to avoid possible undesired effects resulting from the 
material reaching the lung. It is therefore important, from 
an efficacy standpoint, to ensure that the nasal spray unit 
primarily produces droplets >10 gm in diameter. However, 
droplets <10 pm in diameter inevitably exist in small 
quantity in a spray. The ability of these small droplets to 
advance in the trachea-bronchi system depends on their 
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High-Performance Liquid Chromatographic Determination of 
Diltiazem and Six of Its Metabolites in Human Urine 
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Abstract 0 The use of the calcium antagonist diltiazem (I) is increasing, 
particularly in treating unstable angina. This study describes a simple and 
specific high-performance liquid chromatographic method for the determi- 
nation of 1 and six of its metabolites in urine. Diltiazem and its conjugated 
and unconjugated metabolites were assayed in the urine of patients treated 
with a dose of 120 mg p of diltiazem tid. Sensitivity of the method was 100 
ng/mL for I and the metabolites desacetyldiltiazem (II) ,  N-desmethyldesa- 
cetyldiltiazem (IV). 0-desmethyldesacetyldiltiazem (V), 0-desmethyl-N- 
desmethyldesacetyldiltiazem (VII),  N-oxide desacetyldiltiazem (I l l ) ,  and 
0-desmethyl-N-oxide desacetyldiltiazem (VI). In the urine of patients, the 
extent of conjugation of six metabolites was >8Wo. 


Keyphrnses 0 Diltiazem-HPLC determination, six metabolites, human urine 
0 HPLC-diltiazem and six metabolites, human urine 


Diltiazem, (+)-cis-3-(acetyloxy)-5-[2-(dimethylamino)- 
ethyl] - 2,3 -dihydro -2- (4-methoxyphenyl) - 1,5 - benzothi- 
azepin-4(5H)one monohydrochloride, is a new calcium an- 
tagonist which has been shown to be useful in the treatment 
of unstable angina (1 ,  2). Limited data are available on the 
metabolism and pharmacokinetics of this new drug, but the 
recent development of sensitive and specific analytical methods 
will advance understanding in these areas. A GC method (3, 
4) has been published, but it did not separate diltiazem (I) from 
its six metabolites and required a derivatization of the principal 


II 


I 


III Ip 


&On I b  


mz 


metabolite, desacetyldiltiazem (11). A spectrophotornetric 
method has also been published ( 5 ) ,  but it has limited speci- 
ficity and sensitivity. 


The present article describes a simple method for the de- 
termination of I and its six metabolites in urine using high- 
performance liquid chromatography (HPLC). This method 
has been applied to the measurement of urine metabolites 
(conjugated and unconjugated) of I in two patients receiving 
120 mg PO of I tid. 


EXPERIMENTAL 


Materials-Diltiazem' (I) ,  the six metabolites (11-Vll)' ,  and loxapine2 
(the internal standard) were used as hydrochloride salts. All solvents and re- 
agents were of analytical grade except acetonitrile and water, which were 
H PLC grade. 


Apparatus-The assays were performed on a liquid chromatograph3 
equipped with a variable-wavelength UV detector set a t  210 nm with atten- 
uation at  128 AU X cm. The 25 X 0.46 cm i.d. CIS column4 packed with 
5-pm Spherisorb ODS was eluted with acetonitrile-0.01 M phosphate buffer, 
pH 3 (72:28). The mobile phase had a flow rateof 2.5 mL/min from 0 to 5.5 
min, increasing to 3 mL/min from 5.5 to 13 min. 


Extraction-Unconjugated Metabolites-To 1 mL of urine, contained in 
a culture tube, were added 1 mL of 0.1 M acetate buffer adjusted to pH 5 and 
I00 p L  of internal standard solution (100 pg/mL). The solution was vortexed 
for 30 s a n d  extracted with 10 mL of chloroform containing 1% isoamyl al- 
cohol. The mixture was agitated for 10 min on a reciprocating shaker and then 
centrifuged at 2500 rpm. The organic phase was transferred to a second culture 
tube and evaporated to dryness on a hot plate at 60°C under a nitrogen stream. 
The aqueous phase was then passed over a C I S  cartridge' (previously prepared 
with 2.5 mL of H20.2.0 mL of methanol, and another 2.5 mL of H20, fol- 


L 
2 4 6 8 10 12 14 


TIME, min 


Figure I -Typical chromatogram of a urine extract. 


I Tanage Seigaku Ltd. Japan. 
Lederle. 
Hewlett-Packard 1080B. 
Cosyns and Spain. 


5 SEP-PAK; Waters Associates P PI 
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Table I-Retention Time. Lower Limit of Detection. and Calibration Curve of Diltiazem and I t s  Six Metabolites in Urine 


80 


70 


E" 


r 
0' 60- 


W 
(z 


W 
50- 


5 40- 
2 a 


z 
30 


W 


F 


4, 2 0 -  


4 u 


Retention Limit of 
Time, Sensitivity", Calibration 


Compound min M/mL Curve r2 


Diltiazem ( I )  10.09 0.100 y = 0 .2004~  -0.0046 0.9999 
I I  8.94 0.100 y = 0 .2259~  -0.0029 0.9999 


IV 7.37 0.100 y = 0 .2210~  -0.0028 0.9991 
V 6.59 0.100 y = 0.21 34x -0.0027 0.9996 


VII 5.25 0.100 y = 0 . 2 2 0 5 ~  -0.0031 0.9964 
I l l  4.63 0.100 y = 0.2 I99x -0.0038 0.9885 
VI 4.13 0.10 y = 0 .2105~  -0.0026 0.9905 


a Limit of detection 0.050 pg/mL. 


Table 11-Recoverv of Diltiazem and Its Metabolites at Different Urine Concentrations 


- 


- 


- 


Urine conc., Recovery, 90" 
u d m L  Diltiazem ( I )  11 IV V VII 111 VI 


10 


0.1 99.6 f 3.4 100.0 f 2.5 91.5 f 4.68 74.3 f 10.1 73.8 f 4.9 91.4 f 3.0 85.0 f 3.3 
0.2 100.0 f 2.7 100.0 f 2.7 93.8 f 5.2 78.5 f 9.4 74.0 f 5.3 92.4 f 3.9 84.5 f 3.1 
0.4 101.4 f 3.3 99.8 f 2.8 90.9 f 5.0 77.8 f 8.5 73.8 f 6.0 90.9 f 4.0 82.3 f 2.4 
0.8 98.5 f 2.9 99.5 f 2.5 92.1 f 4.9 75.2 f 7.8 75.5 f 5.5 94.5 f 3.8 85.0 f 3.0 
I .6 100.0 f 3. I 100.0 f 3.1 91.6 f 4.5 77.4 f 8.5 76.0 f 4.8 95.0 f 3.7 84.8 f 3.0 
4.0 100.0 f 2.9 98.2 f 3.5 93.8 f 6.0 76.5 f 7.4 74.9 f 4.8 92.9 f 4.5 86.2 f 3.4 
4.8 99.5 f 3.2 95.8 f 4.0 94.5 f 5.4 76.9 f 7.0 78.5 f 5.6 94.5 f 3.0 85.0 f 2.0 


Percent recovery f S E  (mean of thrce assays). 


lowed by 2 mL of 0.1 M phosphate buffer at pH 3.0 and finally 3 mL of ace- 
tonitrile). The filtrate (acetonitrile) was transferred to the tube containing 
[he residue of the organic phase. The solution was vortexed for 30 s and the 
solution was evaporated to dryness. The residue was dissolved in 0.3 mL of 
0.01 M HCI. and a 150-pL aliquot was analyzed by HPLC. 
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Figure 2--Cumulati~..e amounts of I and its metabolites excreted in urine afier 
a single oral 120-mg dose. 


Conjugated Metabolites-To determine the total amount of I and me- 
tabolites excreted in urine, the conjugated products were hydrolyzed. The 
optimum conditions necessary for complete hydrolysis were evaluated. The 
conditions chosen consisted of incubation of I mL of urine containing 100 pg 
of loxapine with 0. I mL of 8-glucuronidase-sulfatase solution6 at 37OC for 
16 h. After incubation, the extraction was done as described above for un- 
conjugated metabolites. 


Calibration Curves-Standard samples were prepared by spiking human 
urine samples wi th  increasing concentrations (0. I ,  0.2.0.4.0.8. I .6,4.0, and 
4.8 pg/mL) of I and the six metabolites. Calibration curves were constructed 
by plotting the ratios of the peak areas of I-VII to that of the internal standard 


Patient 2 


4 64 12 4 18 24 
TIME, h 


Figure 3-Cumulative amounts of I and its metabolites excreted in urine ajier 
adminiswation ofthejirst three doses (I20 mg rid). Arrows indicate the times 
of dosing. 


6 Gl~~sulase (5000 U of arylsulfatase and P-glucuronidase in 0.14 M sodium acetate 
buffer pH 5 ) ;  Sigma. 
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Table 111-Re~roducibilitv of the Assev of Diltiazem and Metabolites 


Urine 
Conc., 


Compound Ccg/mL N cv, 90 
Diltiazem (I )  0.8 


4.8 
I I  0.8 


4.8 
IV 0.8 


4.8 
V 0.8 


4.8 
VII 0.8 


4.8 
I l l  I .6 


4.8 
V I  I .6 


4.8 


I2 3.0 
I 2  3.2 
9 4. I 
9 3.9 
9 4.7 
9 4.5 
9 5.1 
9 2.8 
9 6. I 
9 3.7 
9 6.2 
9 4.7 
9 7.4 
9 3.3 


against the respective concentrations I-VII. Five samples were run for each 
of the seven concentrations. 


Analytical recoveries of 1 and metabolites were determined by comparing 
the peak areas obtained by direct injection of standard aqueous solution with 
those obtained after the extraction procedure. This procedure was done for 
each concentration of I and metabolites used in the calibration curves. 


Clinical Study-Urine samples were taken from two patients treated for 
unstable angina with I20 mg po tid of diltiazem. In patient I ,  the urinesamples 
were taken at  2.5, 3,4.  7. and 8 h after the first dose. In patient 2, the urine 
samples were taken over a period of 24 h, during and after the first three doses, 
at 5,6 ,  14, 15, and 24 h following the first dose. 


RESULTS AND DISCUSSION 


A typical chromatogram showing the separation of I and the metabolites 
is presented in Fig. I .  Table I gives the retention time, sensitivity of the method, 
and results obtained for the calibration curve of I and its metabolites. The 
standard curves were linear throughout the range studied, and the limit of 
sensitivity of I and its metabolites was 100 ng/mL. Analytical recovery of I  
and its metabolites is presented in Table 11. The day-to-day reproducibility 
of replicate analyses of standard urine samples containing different concen- 
trations of I and metabolites is presented in  Table I l l  and shows a very good 
precision, with a coefficient of variation of 3-7.4%. Standard solutions of I 
and metabolites were freshly prepared and stored in darkness at low tem- 
perature (refrigerator) for short periods of time. New standard solutions were 
made every week, and particular attention was given to stock solutions of 
metabolites IV,  V.  and VII, which showed degradation products after a few 
hours at room temperature. 


Cardiovascular drugs that may be given to patients without producing in- 
terferences in the assay of I and metabolites are: digoxin, propranolol, pro- 


Table IV-Percent of Conjugated Diltiazem and Metabolites in the Urine 
of Two Patients 


Patient I Patient 2 
~~~~ ~ ~ 


Diltiazem (I) 040 0% 
II 7Wo 71% 


IV 8Wo 75% 
V 9Wo 96% 


VII 95% 96% 
111 98% 95% 
VI 97% 98% 


cainamide. nitroglycerin, isosorbide dinitrate. and furosemidc. On the other 
hand, benzodiazepines (flurazepam and diazepam) interfere with the me- 
tabolites of I. but not with I itself. 


In Figs. 2 and 3 the cumulative amounts of I and metabolites excreted in 
urine are presented, and Table IV gives the ratio of conjugated to free products 
in the urine of two patients. In  fact, >8Wo of each metabolite excreted in urine 
is conjugated, and only a small amount of I was found unchanged in the urine 
(Table 11). More than 50% of the dose was excreted in  the first 8 h. 


After a single oral 120-mg dose, metabolites I l l  and VII appeared to be the 
main metabolites in urine, followed by successively smaller amounts of IV, 
VI. V, and I I .  The same metabolic pattern is observed during chronic ad- 
ministration (120 mg tid) with the exception of IV, which did not show a 
significant increase (Fig. 3). In fact, the cumulative amounts of IV excreted 
were 8 mg after a single dose and 10 rng after chronic administration. For I 
and other metabolites, there is a three- or fourfold difference in concentrations 
between single and chronic dosing. 


This method was applied to the measurement of plasma concentrations of 
I and metabolites, but the lack of sensitivity does not permit adequate phar- 
macokinetic studies when concentrations are as  low as 20 ng/mL. 
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Abstract 0 A sensitive radioligand binding assay is described for the deter- 
mination of scopolamine in human urine. As a measure for the drug concen- 
tration, the quantitative displacement of scopolamine of tritiated quinuclidinyl 
benzylate from rat brain receptors was used. The assay is sensitive to con- 
centrations as low as 1.2 ng/mL, surpassed only by GC-MS techniques. It 
can be performed easily and quickly and does not include extraction proce- 
dures. Scopolinc and scopine, possible metabolites of scopolamine, do not 
interfere with the assay. After transdermal administration of scopolamine, 
34% of the drug is found in the urine. Of the total scopolamine excreted, 79% 
is conjugated to glucuronic and/or sulfuric acid and 21% is excreted in the 
unbound form. 


Key phrases 0 Scopolamine- -urinary determination. radioligand binding 
assay, 0 Radioligand binding-simple assay, determination of urinary sco- 
polamine 0 Excretion, urinary-scopolamine, determination by radioligand 
binding assay 


The lack of suitable methods for measuring low concen- 
trations of scopolamine and other strongly acting parasym- 
patholytic substances in biological fluids after therapeutic 
dosages in humans makes it difficult to obtain exact phar- 
macokinetic data on these drugs. Several methods exist for the 
determination of scopolamine, but these do not allow a rapid 
and sensitive measurement of low drug concentrations. GC (1)  
or acid-dye techniques (2) are not sensitive enough, while a 
GC-MS method (3) is not specific and involves difficult ex- 
traction procedures. 


The development of radioligand binding techniques for 
studies of drug interactions with cholinergic receptors, using 
tritiated quinuclidinyl benzylate ( I )  as the radioligand (4), 
allows (analogous to RIA) the measurement of drugs having 
strong affinity to muscarinic receptors. Using tritiated I we 
developed a radioligand binding assay for the determination 
of the very low urinary concentrations of scopolamine that are 
found after transdermal administration of the drug. 


EXPERIMENTAL 


Preparation of Rat brain Homogenate--Male rats (Tif RAI f SPF) of 
I50--250-g body weight were used. After being sacrificed by decapitation, the 
brains were removed and the cerebral cortices dissected on ice and homoge- 
nizedl for 30 s, at position 5, in 20 volumes of ice-cold 50 mM Tris-HCI buffer 
(pH 7.3). The homogenate was centrifuged at 26,OOOXg for 10 min, and the 
pellet was resuspendcd in the same volume of fresh buffer; this step was re- 
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pcated three times. All procedures were performed at 4 O C .  The final pellet 
was suspended in 20 volumes of Tris-HCI and divided into I-mL aliquots, 
which were rapidly frozen in liquid propane (-- 160OC) and stored at -3OOC. 
(After storage at -3OOC for up to 3 months no loss of binding capacity was 
observed.) For the radioreceptor assay, the I-mL aliquots were thawed for 
5 min in a water bath (37OC) and diluted 17-fold by addition of ice-cold 
Tris-HCI. Membrane suspensions were not used in the assay for longer than 
12 h after thawing. 


Radioligand Binding Assay-The radioreceptor assay was performed at 
room temperature in  5-mL polystyrene tubes in a total volume of 2 mL of 
Tris-HCI containing brain membranes 1-100 pg of protein as determined 
according to Lowry et al. (5)]. 0.2 nM [3H]-12 (33 Ci/mmol), and a 50-pL 
urine sample. 


After 30 min, the incubation was terminated by filtration through a 
glass-fiber filter (2.4 cm diameter-’) under reduced pressure. The filters were 
rinsed twice with 5-mL ice-cold Tris-HCI. After incubation of the filters for 
30 min with I-mL of tissue solubilizer4 (diluted I : l  with propanol). 10 mL 
of acidified scintillation fluid5 was added and the radioactivity was determined 
in a liquid scintillation counte+. Nonspccific binding was defined by lo-’ M 
unlabeled 1’. Scopolamine hydrobromide trihydrates was used as a stan- 
dard. 


For the calibration curve, different concentrations of scopolamine were 
added to blank urine and tested as  described above. The displacement (in 
percent) of 3H-QN B from the muscarinic receptors in the brain homogenate 
was plotted on logit-log scale against the scopolamine concentration. Unknown 
urinary scopolamine concentrations were calculated from the calibration curve. 
To determine the total scopolamine (conjugated and free drug), urine samples 
were incubated at 37OC for 3 h with an equal volume of I M acetate buffer 
(pH 4.75) and 7.5 p L  of ~-glucuronidase-sulfatase9/mL of the mixture. The 
pH was adjusted to 7.3 with NaOH before the binding assay was per- 
formed. 


Scopolamine Medication and Collection of Urine-Scopolamine was ad- 
ministered transdermally to nine healthy volunteers as a transdermal thera- 
peutic system with scopolaminelO. Thedrug system was applied on the skin 
surface behind the ear. Each system contains 1.5 mg of scopolamine base and 
can deliver 4 . 5  mg of drug over 72 h. The system is programmed to release 
0.15 mg as a loading dose during the first few hours; afterward. -5 pg of 
scopolamine/h pass through the skin into the blood circulation. The drug 
system was applied for 64 h, delivering -0.45 mg of scopolamine. Urine was 
collected in plastic bottles before the medication, in 12-h periods during the 
application, and for 8 X 6 h after removal of the drug. Aliquots were stored 
at -2OOC in plastic tubes until assayed. For each subject, an individual urine 
blank for the calibration of the assay was collected before the medication. 
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Figure I-Displacement of tritiated quinuclidinyl benzylate (QNB) from rat 
brain membranes by scopolamine (logit-log scale). Different concentrations 
of scopolamine were added to blank urine. The displacement of the labeled 
I from rat brain membranes was determined under the assay conditions de- 
scribed in Experimental. The values are means f S D  of two measure- 
ments. 


RESULTS AND DISCUSSION 


Under the test conditions selected, there was a linear correlation on logit-log 
scale between inhibition of t3H]-I binding and scopolamine concentration in 
the range of 1O-In-2.5 X M. This corresponds to a 1.2-30-ng/mL sco- 
polamine concentration in 0.05-mL urine samples (Fig. I ) .  The ICm value 
was 4.7 X M. 


To test the intra- and interassay reproducibility of the binding assay, blank 
urine samples containing 2, 10, and 25 ng/mL of scopolamine, respectively, 
were assayed repeatedly on a single day or different days. The results of these 
measurements are shown in Table I. 


To exclude interference of the radioligand binding assay by scopoline and 
scopine, possible degradation products of scopolamine, these two substances 
were added to the urine blank in different concentrations (1O-Io, and 


M in theincubation mixture). Under theseconditions, no displacement 
of [3H]-I from brain membranes was observed. 


The radioligand binding assay was used to measure the urinary excretion 
of scopolamine after administration of the transdermal system for 64 h. During 
the time of medication and 48 h thereafter, a total urinary excretion of 156 
p g  (80-276 p g )  of scopolamine was observed (mean of nine volunteers). 
Steady state was reached after -12 h of medication, lasting until the removal 
of the drug system (Fig. 2). 


Scopolamine is excreted mainly in its conjugated form (79% versus 21% 
in unbound form), as determined after P-glucuronidase-sulfatase incubation. 
Assuming a total delivery of 0.45 mg of scopolamine to the circulatory system, 
an average of 34% (1 7-60%) of the administered scopolaminecan be detected 
in the urine. Scopolamine, in very small amounts, was recovered from the urine 
even in the last collection period [42-48 h after the removal of the system (Fig. 


The use of radioligand binding techniques was originally established for 
studies of drug-receptor interactions in vitro. Radioreceptor assays were also 
exploited to measure concentrations of hormones (6), neurotransmitters (7, 


Table I-lntra- and Interassay Reproducibility of the Radioligand Binding 
Assay * 


21. 


Conc. Conc. 
n Given, ng/mL Found. ng/mL CV, % Recovery, % 


10 2 
10 5 
I0 10 
10 25 


11 2 
10 5 
20 10 
21 25 


Within Day 
2.3 13.7 1 I3 
5.5 5.0 109 


11.7 8.0 1 I7 
27.8 7.9 I l l  


2.3 32.1 1 I4 
Day- to- Day 


5.7 11.3 115 
10.3 12.1 I03 
25.6 12.6 103 


Scopolamine was added to the urine blank in  different concentrations (2 .5 ,  10, and 
25 ng/mL). The samples were assayed as described in  the text either in one series or on 
different days. 


4 , , Total Sfopolonlnr I 
fr.. Scopolamln. 


e 12 24 36 413 64 76 138 iae i i z  
hours 


Figure 2-Urinary excretion of scopolamine after transdermal administra- 
tion. Application time was 64 h. Urine was collected as described under Ex- 
perimental. The values are means f SD from nine volunteers. 


8), or drugs (9) in biological fluids (10). Recently, such an assay for the 
measurement of atropine in plasma was published (1 I ) .  


The method described here was developed to determine the very low 
amounts of scopolamine excreted in the urine after transdermal administration 
of the drug. In spite of similar detection limits with this method (1.2 ng/mL) 
and that of Metcalfe (0.9 ng/mL) (1 I ) ,  scopolamine concentrations in plasma 
could not be measured after application of a transdermal delivery system. This 
could be explained by the different amounts of drug administered. While 
Metcalfe injected 2 mg im of atropine, the transdermal system only delivers 
0.5 pg of drug/h to the blood. 


The sensitivity of the radioligand binding method is only surpassed by the 
GC-MS technique (3). which has a detection limit of 50 pg/mL. However, 
this GC-MS assay has several disadvantages compared with the radioligand 
binding test. First, deuterated scopolamine has to be synthesized as an internal 
standard. Second, the method includes a complicated and time-consuming 
extraction procedure. Third, scopolamine is hydrolyzed to scopoline in this 
method, and the latter substance would be detected under the same peak. 
Additionally, the authors state that scopine and apo-scopolamine (possible 
metabolites of scopolamine) would also interfere with their assay. 


The radioligand binding assay is easily and quickly performed; 50 samples 
can be determined in half a day, because no extraction is needed. The assay 
also shows good reproducibility (Table I). Measurements of the urinary ex- 
cretion of scopolamine after administration of the transdermal system indicate 
that only 21% of scopolamine is excreted in free form, while 79% is conjugated 
to glucuronic and/or sulfuric acid. This confirms similar observations from 
animal studies ( 1  2), where the 9’-glucuronide was found to be the main me- 
tabolite of scopolamine in the mouse. 


If one assumes that during a 64-h period 0.45 mg of scopolamine is absorbed 
through the skin, then an average of 7% of the total drug is excreted in the 
urine. This agrees with the results of Bayneet al. (3) and with those of Shaw 
et al. ( 1  3), both using a GC-MS method. Bayne et al. (3) recovered 4-5% 
of an oral dose unchanged in the urine, while Shaw et al. (13) measured 10% 
of the drug as free scopolamine given either intravenously or intramuscularly. 
Comparable results from this study, therefore, show the suitability of the 
radioligand binding technique. 


Up to 48 h after removal of the drug system, scopolamine can still be de- 
tected in urine. despite its short elimination half-life of -1 h (14). Similar 
results were obtained by Shaw and Urquhart (15), who assumed that an in- 
tradermal reservoir continues to deliver scopolamine to the circulation even 
after termination of the transdermal medication. 
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Abstract 0 The topical anti-androgen I7P-hydroxy- 1 a-methyl-1 7a-pro- 
pyl-5a-androstan-3-one is determined in plasma samples by extracting with 
ether and subsequent mass fragmentography with single-ion detection at  m/z 
303. 17P-Hydroxy- I a-methyl-l7a-pcntyl-5a-androstan-3-one. added to the 
samples before extraction, is used as the internal standard. Reproducibility 
was calculated to be f5 .9% at  the 5-ng/mL level and 0.4% at  the 2O-nglmL 
level. The limit of detection is -I ng/mL. Total gas chromatography-mass 
spectrometry analysis time is -10 min/sample. 


Keyphrases 0 178- Hydroxy -la-methyl-l7a- propyl -5a- androstan -3- 
one-determination in plasma, gas chromatography-mass spectrometry, 
single-ion detection 0 Mesterolone - I  7a-propyl analogue, determination 
in plasma, gas chromatography-mass spectrometry, single-ion detection 


17P-Hydroxy- 1 a-methyl- 17a- propyl-5a-androstan-3-one, 
the 17a-propyl analogue of mesterolone, is currently under 
investigation as a topical anti-androgen for the treatment of 
acne and seborrhea. Pharmacological data of this compound, 
which may act similarly to the l7a-propyl analogue of tes- 
tosterone ( l ) ,  have been reported earlier (2). 


Topical anti-androgens act locally in the skin, and the sys- 
temic availability of this class of compounds should be as low 
as possible in order to avoid endocrinological disorders. 
Therefore, any analytical method applied to the determination 
of these drugs in plasma must be very sensitive to be able to 
detect very small portions of absorbed substances. Because the 
drug molecule may be metabolized during passage through 
the skin, there are also certain requirements regarding speci- 
ficity of the assay. In the present report an analytical method 
for the determination of plasma concentrations of 17P-hy- 
droxy-1 a-methyl- 17a-propyl-5u-androstan-3-one (I)  is de- 
scribed, which is devoid of tedious extraction or derivatization 
procedures and may, therefore, be useful in clinical tolerance 
studies of this compound when relatively high doses of drug 
are administered. Furthermore, i t  may serve for controlling 
the specificity of an RIA procedure. 


EXPERIMENTAL 


Subjects and Medication-Two healthy male volunteers (40 and 31 years 
of age, and 88 and 70 kg, respectively) were treated topically two times daily 


with 10 mL of a 3% solution of 1 in 70% aqueous cthanol. The drug was spread 
over the total body of the volunteers. During the first week the skin area to 
which the drug has bcen applied was kept under occlusion for 22 h/d. Blood 
was drawn into hcparinized syringes before the treatment and in weekly in- 
tervals up to 8 weeks after the beginning of the 6-week treatment. The samples 
were immediately centrifuged, and the plasma stored frozen until analysis. 


Chemicals-All solvents (ethanol, n-hexane, and ether) were of analytical 
reagent grade’ and were used without further purification. 


Extraction Procedure-Fifty nanograms of the internal standard (178- 
hydroxy-1 a-methyl- 17a-pentyl-Scr-androstan-3-0ne) dissolved i n  50 pL of 
n-hexanc was transferred into a 15-mL stoppered test tube and evaporated 
to dryness under a stream of nitrogen. One milliliter of plasma was added, 
followed after a short mixing time by 3 mL of ether. After thoroughly mixing 
on a vortex mixer for 1 min and centrifugation at  I200Xg for 5 min, the or- 
ganic phase was transferred to another test tube and evaporated to give a final 
volume of -I0 pL. One microliter of this solution was analyzed by gas chro- 
matography-mass spectrometry (GC- MS). The recovery of the extraction 
procedure was determined by spiking I-ml. plasma samples with either 20 
or 50 ng of radiolabclcd I ,  with subsequent determination of the radioactivity 
in  the organic phase. 


Gas Chromatography-Mass Spectrometry -A GC-MS system2 with the 
following components was used: a gas chromatograph), a quadrupole mass 
spectrometefl, and a data systems. The gas chromatograph was equipped with 
a CP-SiL 5-coatcd open-tubular glass column (25 m X 0.25 mm) used in the 
direct-coupling mode or, alternatively, a CP-SiL 5 CB wall-coated open- 
tubular fused silica column (25 m X 0.23 mm), which wasdirectly introduced 
into the ion source. 


The temperature program applied to the column was 240°C for I min, then 
rising to a final temperature of 260OC at a rate of IO”C/min. Using the fused 
silica column the program was 200°C for 2 min, then IO”C/min up to 300°C. 
The injector was kept at 29OoC, the direct coupling device at 280°C. Helium 
was used as carrier gas with a pressure of 14 psi in front of the column. The 
split ratio was 1:5. 


Calibration Curve -The standard curve was constructed with 1-mL blank 
plasma samples containing 0.5, 10, 15, 20, and 50 ng of I and 50 ng of the 
internal standard. These samples were extracted by the method described 
above. The peak areas of the internal standard and drug were measured, and 
the calibration curve (peak area ratio of drug/standard uersus the concen- 
tration of I )  was constructed. The precision of the assay was calculated from 
consecutive determinations of the drug within 1 d and by comparison with the 
results obtained on different days. 
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the release constant but determined the duration of fluo- 
ride release. 


According to this it may be assumed that by an increase 
in the thickness of the coating applied to the plates, a 
prolonged continuous increase of F in saliva will be possi- 
ble. The increase in the thickness of the coating may be 
easily achieved by adding additional layers of the coating 
solution. 


The continuous presence of fluoride in saliva, achieved 
in this study, may favor the remineralization phase oc- 
curring between periods of enamel dissolution (2) and 
significantly increase the value of fluoride in caries pre- 
vention. 
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Precursor-Metabolite Interaction in the 
Metabolism of Lidocaine 


Keyphrases Lidocaine-precursor-metabolite interaction, metabo- 
lism 0 metabolites-interaction with precursor in metabolism of lido- 
caine 0 metabolism-lidocaine in the liver 


To the Editor: 


Lidocaine is a local anesthetic and antiarrhythmic drug 
that has been known to be extracted exclusively by the 
liver with a high extraction ratio after oral administration 
(1-4). As shown in Scheme I (5), lidocaine is extensively 
metabolized in rats to monoethylglycinexylidide (I) and 
3-hydroxylidocaine (11) by P450-dependent N-deethylase 
and 3-hydroxylase activities. These primary metabolites 
are further 3-hydroxylated and N-deethylated, respec- 
tively, to form a common secondary metabolite, 3-hy- 
droxymonoethylglycinexylidide (111). In common with 
other drugs highly cleared by the liver, the areas under the 
blood concentration uersus time curve (AUC) obtained 
after portal vein infusion of lidocaine at a dose range of 


595t 19 
9.80 k 0.85 Lidocaine - Monoethyl- 


glycine- 
xylidide 


(1 1 I 1.78 k 0.20 
0.298 f 0.036 


20.9 ? 3.4 
0.111 ? 0.006 1 


3-hydroxy- - 3-hydroxy- 
lidocaine 7.14 ? o.29 monoethyl- 


562? 78 


(11) glycinexylidide 
(111) 


Scheme I-Parallel metabolic pathways o f  lidocaine and the kinetic 
parameters. The  figures are expressed as means &SE (n = 3) p M  for 
apparent Michaelis constants ( top numbers) and nmollmin-mg mi- 
crosomal protein for maximum velocities (lower numbers). Substrate 
concentration range: 200-2000 p M  for N-deethylation of lidocaine and 
3-hydroxylidocaine (II); 1-100 p M  for 3-hydroxylation of lidocaine and 
monoethylglycinexylidide ( I ) .  


1-10 mg/kg were smaller (approximately one half) than 
those after peripheral vein infusion of equal doses in rats 
(6). However, of special interest is our preliminary finding 
that the AUC of I, a pharmacologically active lidocaine 
metabolite, obtained after portal vein infusion of lidocaine 
was -10 times as large as that obtained after peripheral 
vein infusion (6). The AUC of metabolite 11, on the other 
hand, did not differ significantly depending on the route 
of administration of lidocaine. If a drug and its metabolites 
are eliminated linearly and exclusively by hepatic me- 
tabolism, the AUC of the metabolites, or the ratios of AUC 
of any two metabolites, are independent of the route of 
administration (4). The unusually high AUC of I and also 
the difference in the AUC ratios of the two metabolites of 
lidocaine depending on the route of administration can be 
explained by the following possibilities: (a)  the elimination 
of I itself is nonlinear; ( b )  3-hydroxylation of lidocaine is 
saturable at lidocaine concentrations attained by portal 
vein infusion but N-deethylation is not, resulting in the 
formation of I in higher concentrations; ( c )  lidocaine in- 
hibits the metabolism of I in the liver and the elimination 
of I decreases in the presence of high concentrations of 
liodcaine. The AUC of I (1.5-7.5 mg/kg) was found to in- 
crease in an apparently linear fashion with increasing in- 
traportal dosage (6). Therefore, either the second or the 
third possibility or both of them may be operative in these 
phenomena. 


Studies by von Bahr et al. (7) and from our laboratory 
(8) have indicated that the 3-hydroxylation and N -  
deethylation pathways of lidocaine are catalyzed by dif- 
ferent P450 species. It is then of interest to test if the par- 
allel hydroxylation pathways (3-hydroxylations of lido- 
caine and I) are catalyzed by the same P450 species or dif- 
ferent. If they are catalyzed by the same P450 species, lid- 
ocaine and I would be mutually competitive inhibitors of 
their metabolism. Then this would partly explain the un- 
usually high AUC of I obtained after portal vein infusion 
of lidocaine as described above. By the same token, it is 
also of interest to examine if the N-deethylation pathways 
of lidocaine and I1 share the same species of P450. In this 
communication, we report in uitro metabolic kinetics of 
lidocaine and its metabolites in order to characterize the 
nature of lidocaine metabolism and to investigate the 
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possible precursor-metabolite interactions between the 
parallel metabolic pathways. 


N-deethylations and 3-hydroxylations of lidocaine and 
its metabolites were studied at 37OC using a hepatic mi- 
crosomal suspension obtained from male Wistar rats 
weighing from 280 to 310 g. The incubation mixture con- 
tained the substrate, glucose-6-phosphate, glucose-6- 
phosphate dehydrogenase, and NADP in 50 mM Tris-HC1 
buffer, pH 7.4. The concentrations of I, 11, and I11 after 
incubation for 2.5 min were determined using a reverse- 
phase' high-performance liquid chromatographic assay2. 
The rate of formation of I and I1 from lidocaine was linear 
up to 3 min a t  the substrate concentration range used in 
this study. Formation of I11 was not detected within this 
incubation period. The linearities of these reactions were 
lost, thereafter, due to the conversion of I and I1 into 111. 
The formation rate of I11 from I or I1 was also linear, at  
least during the first 3 min. 


Scheme I shows kinetic parameters for the metabolism 
of lidocaine and its metabolites. The metabolism of lido- 
caine consisted of N-deethylation with a large apparent 
Michaelis constant (K,) and a high maximum velocity 
(Vmax) and 3-hydroxylation with a small K ,  and a low 
V,,,. These data reflect the effects of substrate concen- 
tration on these reactions; that is, a t  low concentrations 
(<5 pM) larger fractions of lidocaine were 3-hydroxylated 


1 pBondapak C-18; Waters, Associates, Milford, Mass. * Unpublished data. 
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Figure 2-I,ineweauer-Burk plots of lidocaine and 3-hydroxylidocaine 
( I I )  (N)-deethylations in the presence of inhibitors, 3-hydroxylidocaine 
( I I ) ,  and lidocaine, respectiuely. 


than N-deethylated, but a t  high concentrations larger 
fractions were N-deethylated than 3-hydroxylated. These 
results indicate that the second possibility stated above 
seems to be at  least one of the reasons for the unusually 
high AUC of I after portal vein infusion of lidocaine. This 
also seems to be one of the reasons for the large difference 
in the AUC of I and 11. The K ,  of 3-hydroxylation of I was 
-10-fold that of lidocaine 3-hydroxylation and V,,, about 
a third of that of lidocaine 3-hydroxylation. The N -  
deethylation of I1 possessed similar K ,  and V,,, values 
to those of lidocaine fi-deethylation. 


The results of the studies on the effects of' lidocaine 
metabolites on lidocaine metabolism or uice uersa are 
shown in Figs. 1 and 2. 


Figure 1A shows the Lineweaver-Burk plots of the rate 
of formation of I1 from lidocaine (lidocaine 3-hydroxylase 
activities) in the presence of various concentrations of I. 
A clear competitive inhibition was observed. Figure 1B 
shows the Lineweaver-Burk plots of the rate of formation 
of I11 from I in the presence of various concentrations of 
lidocaine. Since I11 is formed from lidocaine added as an 
inhibitor via its metabolites (I and 11) as well as from the 
substrate (I), the apparent rate of formation of I11 in this 
assay system is not the accurate rate of 3-hydroxylation 
of I, but is the sum of the rates of formation of 111 from I 
and lidocaine uia its two metabolites. Therefore, the lin- 
earity of the plots in Fig. 1B obtained with this assay sys- 
tem, especially in the presence of a high lidocaine con- 
centration, was not as good as the plots in Fig. 1A. How- 
ever, the general pattern of these plots indicates the 
competitive nature, and since the inhibition of lidocaine 
3-hydroxylation by I is competitive, it is naturally assumed 
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that the 3-hydroxylation of I’is also competitively inhibited 
by lidocaine. 


Figure 2A shows the Lineweaver-Burk plots of the rate 
of formation of I from lidocaine (lidocaine N-deethylase 
activities) in the presence of various concentrations of 11. 
As in the case of the inhibition of lidocaine 3-hydroxylase 
activity by I, lidocaine N-deethylase activity was com- 
petitively inhibited by 11. Figure 2B shows the Line- 
weaver-Burk plots of the rate of formation of I11 from I1 
in the presence of various concentrations of lidocaine. 
Since I11 is formed from lidocaine as well as I, as stated 
above, the rate of formation of I11 does not accurately 
measure the rate of N-deethylation of I1 as in the case of 
the assay for 3-hydroxylation of I. However, these plots 
clearly show that the inhibition is of a competitive nature, 
as in the case of the inhibition of 3-hydroxylation of I by 
lidocaine. 


The 3-hydroxylations of lidocaine and I and the N- 
deethylations of lidocaine and I1 are each mutually com- 
petitive, indicating that those two 3-hydroxylation path- 
ways and N-deethylation pathways are each sharing the 
same species of P450. The inhibition of 3-hydroxylation of 
I by lidocaine was more effective than that of lidocaine 
3-hydroxylation by I. The inhibitions of N-deethylations 
of I1 and lidocaine by lidocaine and 11, respectively, were 
of the same magnitude as expected from the K ,  values of 
the corresponding inhibitors. The observed precursor in- 
hibition, the inhibition of the further metabolism of a 
primary metabolite (I) by the precursor (lidocaine) may 
be operative in an in uiuo system (the third possibility). 
The findings that 3-hydroxylation of lidocaine is saturable 
at a low concentration but N-deethylation is not, even at  
a high concentration, and that the precursor inhibition for 
I1 is much less effective than that for I may explain the 
difference in the ratios of the AUC of the two primary 
metabolites. Th‘erefore, it appears that both the second 
and third possibilities stated above may cause the un- 
usually high AUC of I only after portal vein infusion of 
lidocaine. 


These types of precursor-metabolite interactions 
(precursor inhibition and product inhibition) between the 
metabolic pathways that are parallel to each other, as 
shown in Scheme I, is not an isolated phenomenon for 
lidocaine metabolism alone, but was observed in the me- 
tabolism of imipramine3 and amitriptyline (9). These 
“parallel pathway interactions” may be observed in drugs 
possessing similar metabolic pathways, such as metham- 
phetamine and diazepam. 
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Abstract 0 The topical anti-androgen I7P-hydroxy- 1 a-methyl-1 7a-pro- 
pyl-5a-androstan-3-one is determined in plasma samples by extracting with 
ether and subsequent mass fragmentography with single-ion detection at  m/z 
303. 17P-Hydroxy- I a-methyl-l7a-pcntyl-5a-androstan-3-one. added to the 
samples before extraction, is used as the internal standard. Reproducibility 
was calculated to be f5 .9% at  the 5-ng/mL level and 0.4% at  the 2O-nglmL 
level. The limit of detection is -I ng/mL. Total gas chromatography-mass 
spectrometry analysis time is -10 min/sample. 


Keyphrases 0 178- Hydroxy -la-methyl-l7a- propyl -5a- androstan -3- 
one-determination in plasma, gas chromatography-mass spectrometry, 
single-ion detection 0 Mesterolone - I  7a-propyl analogue, determination 
in plasma, gas chromatography-mass spectrometry, single-ion detection 


17P-Hydroxy- 1 a-methyl- 17a- propyl-5a-androstan-3-one, 
the 17a-propyl analogue of mesterolone, is currently under 
investigation as a topical anti-androgen for the treatment of 
acne and seborrhea. Pharmacological data of this compound, 
which may act similarly to the l7a-propyl analogue of tes- 
tosterone ( l ) ,  have been reported earlier (2). 


Topical anti-androgens act locally in the skin, and the sys- 
temic availability of this class of compounds should be as low 
as possible in order to avoid endocrinological disorders. 
Therefore, any analytical method applied to the determination 
of these drugs in plasma must be very sensitive to be able to 
detect very small portions of absorbed substances. Because the 
drug molecule may be metabolized during passage through 
the skin, there are also certain requirements regarding speci- 
ficity of the assay. In the present report an analytical method 
for the determination of plasma concentrations of 17P-hy- 
droxy-1 a-methyl- 17a-propyl-5u-androstan-3-one (I)  is de- 
scribed, which is devoid of tedious extraction or derivatization 
procedures and may, therefore, be useful in clinical tolerance 
studies of this compound when relatively high doses of drug 
are administered. Furthermore, i t  may serve for controlling 
the specificity of an RIA procedure. 


EXPERIMENTAL 


Subjects and Medication-Two healthy male volunteers (40 and 31 years 
of age, and 88 and 70 kg, respectively) were treated topically two times daily 


with 10 mL of a 3% solution of 1 in 70% aqueous cthanol. The drug was spread 
over the total body of the volunteers. During the first week the skin area to 
which the drug has bcen applied was kept under occlusion for 22 h/d. Blood 
was drawn into hcparinized syringes before the treatment and in weekly in- 
tervals up to 8 weeks after the beginning of the 6-week treatment. The samples 
were immediately centrifuged, and the plasma stored frozen until analysis. 


Chemicals-All solvents (ethanol, n-hexane, and ether) were of analytical 
reagent grade’ and were used without further purification. 


Extraction Procedure-Fifty nanograms of the internal standard (178- 
hydroxy-1 a-methyl- 17a-pentyl-Scr-androstan-3-0ne) dissolved i n  50 pL of 
n-hexanc was transferred into a 15-mL stoppered test tube and evaporated 
to dryness under a stream of nitrogen. One milliliter of plasma was added, 
followed after a short mixing time by 3 mL of ether. After thoroughly mixing 
on a vortex mixer for 1 min and centrifugation at  I200Xg for 5 min, the or- 
ganic phase was transferred to another test tube and evaporated to give a final 
volume of -I0 pL. One microliter of this solution was analyzed by gas chro- 
matography-mass spectrometry (GC- MS). The recovery of the extraction 
procedure was determined by spiking I-ml. plasma samples with either 20 
or 50 ng of radiolabclcd I ,  with subsequent determination of the radioactivity 
in  the organic phase. 


Gas Chromatography-Mass Spectrometry -A GC-MS system2 with the 
following components was used: a gas chromatograph), a quadrupole mass 
spectrometefl, and a data systems. The gas chromatograph was equipped with 
a CP-SiL 5-coatcd open-tubular glass column (25 m X 0.25 mm) used in the 
direct-coupling mode or, alternatively, a CP-SiL 5 CB wall-coated open- 
tubular fused silica column (25 m X 0.23 mm), which wasdirectly introduced 
into the ion source. 


The temperature program applied to the column was 240°C for I min, then 
rising to a final temperature of 260OC at a rate of IO”C/min. Using the fused 
silica column the program was 200°C for 2 min, then IO”C/min up to 300°C. 
The injector was kept at 29OoC, the direct coupling device at 280°C. Helium 
was used as carrier gas with a pressure of 14 psi in front of the column. The 
split ratio was 1:5. 


Calibration Curve -The standard curve was constructed with 1-mL blank 
plasma samples containing 0.5, 10, 15, 20, and 50 ng of I and 50 ng of the 
internal standard. These samples were extracted by the method described 
above. The peak areas of the internal standard and drug were measured, and 
the calibration curve (peak area ratio of drug/standard uersus the concen- 
tration of I )  was constructed. The precision of the assay was calculated from 
consecutive determinations of the drug within 1 d and by comparison with the 
results obtained on different days. 


’ F.. Merck. Darmstadt. West Germany 
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Finnigan 9610. 
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Figure 1-Mass fragmentograms of (a) a mixture of mesterolone (A) and 
its 17a-methyl- (B) ,  I 7a-propyl- (C), and 17a-pentyl (D) analogues; (b) a 
plasma extract containing 5 ng of internal standard; and (c) a plasma extract 
with 7.5 ngof 1 and 5 ng of internalstandard. The ch;omatograms wereob- 
tained with a CP-SiL 5 glass capillary cotumn. 


RESULTS AND DISCUSSION 


Assay-This report describes a sensitive and highly selective method for 
the determination of I in plasma utilizing GC-MS with single-ion detection. 
Plasma samples are extracted with ether after the addition of the internal 
standard, and the extract is evaporated to dryness, taken up in n-hexane, and 
injected directly into the GC-MS system. 


Detection of the substances eluted from the chromatographic column is 
performed by means of single-ion measurements a t  m/z 303. This mass con- 
stitutes the base peak of the spectrum of both the drug and the internal stan- 
dard, and it probably results from cleavage at  the propyl and pentyl side 
chains. 


The retention times of I and the internal standard using the glass column 
were 4.8 and 6.7 min, respectively. Figure 1 shows chromatograms of a blank 
plasma sample, of a sample containing drug and internal standard, and of some 
reference compounds. 


Plasma concentrations of I were determined by comparing the peak areas 
of the drug and the internal standard added to the plasma before extraction. 


Table I-Calibration Curves of the Assay Obtained on Five Different Days 


Correlation Coefficient 
Dav Calibration Curveff ( r f  


1 y = -0.020 + 0.022X 0.9990 
2 y = 0.001 + 0 . 0 1 9 ~  0.9995 
3 y = 0.005 + 0 . 0 2 0 ~  0.9997 
4 y = -0.007 + 0 . 0 2 1 ~  0.9990 
5 y = -0.006 + 0 . 0 2 1 ~  0.9997 


Mean y = -0.005 + 0 . 0 2 1 ~  0.9994 


Data obtained with the fused silica column; y = peak area of the drug/peak area 
of the internal standard and x = concentration of thedrug (ng/mL). 


Table 11-Interassay Variation of Different Concentrations of I Using the 
Fused Silica Column 


Amount 
Added Peak Area Ratio 
ng/mL (Drug/Standard) n RSD, % 


5 0.100 f 0.016 
I 0  
15 
20 


0.201 10 .012  
0.300 f 0.01 1 
0.394 f 0.009 


5 16.0 
10 5.7 
5 3.7 


14 2.2 


Table 111-Plasma Concentrations of I Determined After Repeated Daily 
Topical Applications of 600 mg of Drug to Two Male Volunteers 


Mean f 


0 0 0 O f 0  
1 16 14 1 5 f l  
2 
3 18 12 1 5 f 4  
4 20 15 1 8 f 4  


Week Subject 1 Subject 2 SD 


- 8 - 


5 
6 
7 


_. 


12 
11  
0 


11 
11 
0 


1 2 f  1 
11 f O  
O f 0  


8 0 0 O f 0  


Typical calibration curves of the assay are described in Table I. The recovery 
of the extraction process was determined by measuring the radioactivity in 
the organic phase of samples spiked with 3H-labeled drug. With 20 and 50 
ng/mL, 83 f 4 and 80 f 1 % were recovered in the ether phase (n  = 5 each), 
respectively. 


The recovery of the internal standard was identical with that of I, as could 
be demonstrated by establishing a calibration curve of unextracted drug. The 
data obtained were identical with that described in  Table 1. 


The overall accuracy of the assay, expressed as  the standard deviation of 
seven consecutive plasma determinations of 5 ng/mL, was 5.9%. With 20 
ng/mL, an accuracy of 0.4% was calculated. The interassay variation, de- 
termined by comparing peak area ratios on different days, is given in Table 
11. The limit of detection was found to be -1 ng/mL. 


Plasma Concentrations-After daily repeated topical applications of 600 
mg of I to two male volunteers, plasma levels of the drug were <20 ng/mL 
(Table 111). During the first week of treatment the body was kept under oc- 
clusion for 22 h/d, while in the following weeks there was no occlusion. 
However, there were no differences in plasma levels between the two parts 
of the study. One week after the last treatment, the concentration of I had 
dropped below the limit of detection of -1 ng/mL. 


The analytical assay described differs from other methods for the detection 
of steroids by its simple extraction and, more importantly, lack of derivati- 
zation for a GC analysis. For similar molecules, such as testosterone and di- 
hydrotestosterone, less simple procedures have been described in the literature 
(3-6). These compounds are extracted with ether, purified on Sephadex L H  
20 and Lipidex 5000, derivatized with silylating agents, and finally detected 
in a high-resolution mass spectrometer either by single-ion monitoring or by 
metastable peak determination. 


In the present report, on the other hand, ether extracts are taken to dryness, 
the residue is dissolved in n-hexane, centrifuged, and the supernatant injected 
onto the column; the drug concentration is assayed by single-ion detection in 
a quadruple mass spectrometer. Deterioration of the capillary column, either 
the glass or the fused silica columns used, was not observed as  might be ex- 
pected from the very simple extraction procedure. The column was heated 
every evening at  300'C for 1 h. Therefore, we were able to analyze >300 
plasma samples without any loss of resolution. The method described, there- 
fore, seems to be suitable for routine analysis of I in clinical studies. 
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both assays (Table 11). The accuracy of the methods was further validated 
by comparing results from the assay of captopril and its disulfide me- 
tabolites by the GC-EC method with results from the GC-MS assay (15) 
in plasma from dogs that had been given oral doses of captopril (2.5 
mghg). The generally excellent agreement obtained for the two methods 
is shown in Table 111. 


The GC-EC assay described appears suitable for determining blood 
concentrations of unchanged captopril and plasma concentrations of 
captopril and its disdfide metabolites in samples from dogs and humans. 
In the range of blood concentrations (captopril) from 20 to 200 ng/mL 
and plasma concentrations (captopril and its disulfide metabolites) from 
50 to lo00 ng/mL, the linearity, reproducibility, precision, and accuracy 
of the assays were generally excellent. The lower limits for quantitation 
of captopril and i ts  disulfide metabolites by the GC-EC method are 
comparable to the existing GC-MS (15) and liquid chromatography- 
electrochemical detector methods (16, 17). The thin-layer radiochro- 
matographic method (18) is more sensitive when high specific activity 
[14C]captopril is used. The GC-EC method is 4- to 10-fold more sensitive 
than the other quantitative methods (12, 14) previously reported. 
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Abstract 0 A relatively rapid and simple method was developed to 
characterize the droplet size of a metered-dose nasal spray. The study 
primarily concerned the measurement of the relative proportion of small 
to large droplets. A small droplet could potentially reach bronchi or al- 
veoli, depending on its size, and was therefore undesirable for the topical 
corticosteroid therapy of rhinal disease. The nasal spray was a solution 
of flunisolide, a topically active anti-inflammatory corticosteroid, ad- 
ministered by a manually operated, metered-dose pump spray system. 
The method utilized a cascade impactor fitted with a glass chamber; the 
cascade impactor collected and sized droplets into six fractions 0.5-16 
pm in diameter, while the glass chamber collected droplets > I6  jtm in 
diameter as another fraction. Results showed that the majority of the 
spray droplets deposited in the glass chamber. Less than 0.5% by weight 


The particle or droplet size of an aerosol spray dosage 
form is important for both efficacy and toxicity. Inhalation 
aerosols intended for local activity in the lung must have 
the majority (by weight) of the particles in the size range 
of 2-6 pm in diameter to reach the terminal bronchi and 
alveoli (1). Particles <0.5 pm may fail to remain in this area 
(2), while particles >10 pm in diameter are mostly de- 
posited in the upper respiratory tract (3). 


In contrast, a nasal spray such as the metered-dose 


of the spray dose was delivered in droplets <8 jtm aerodynamic diameter. 
These results are in good agreement with the droplet size distribution 
obtained by laser holography. The cascade impactor method showed that 
the number of undesirable small droplets produced by the flunisolide 
nasal spray unit was negligible. The method can be used with other 
aerosols where there is a similar concern for the inhalation of small par- 
ticles. 


Keyphrases Cascade impactor method-droplet-size characterization, 
metered-dose nasal spray Nasal spray-metered-dose, cascade im- 
pactor method for the droplet-size characterization 0 Droplet-size 
characterization-cascade impactor method, metered-dose nasal 
spray 


flunisolide nasal solution requires a majority of droplets 
having diameters >10 pm to localize delivery in the nose 
and to avoid possible undesired effects resulting from the 
material reaching the lung. It is therefore important, from 
an efficacy standpoint, to ensure that the nasal spray unit 
primarily produces droplets >10 gm in diameter. However, 
droplets <10 pm in diameter inevitably exist in small 
quantity in a spray. The ability of these small droplets to 
advance in the trachea-bronchi system depends on their 
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Table I-Total Recovery and  Droplet  Size Distribution of the 
Flunisolide Nasal Spray by Cascade Impactor 


Figure 1-Experimental setup for Characterization of the droplet size 
of flunisolide nasal spray. Key: (A )  glass chamber; (B) air inlet; (C) 
polytetrafluoroethylene stopper with a hole to fi t  the nasal spray unit; 
(I)) flunisolide nasal spray unit; (E)  polytetrafluoroethylene adaptor 
which has a conical cavity; (F) cascade impactor; (G) flow meter. 


sizes. Therefore, it is equally important, from a safety 
standpoint, to determine the amount and the size distri- 
bution of droplets <10 pm in diameter. 


BACKGROUND 


Numerous methods for sizing aerosol particles have been 
developed in the past ( 4 . 4 ,  the most common of which are 
direct microscopy (7), light scattering (8), laser holography 
(9), and the impaction method (10-12). In the microscopic 
method, particles collected on a slide are counted and sized 
simultaneously. The method is simple, but tedious 
without the aid of an automatic image analyzer. Further- 
more, in the case of liquid aerosols (as opposed to solid 
aerosols) the observed sizes need to be corrected for the 
spreading of the droplets. Light-scattering methods are 
based on the phenomenon that particles suspended in air 
are capable of scattering incident light. The method de- 
termines the particle size directly in the aerosol cloud. 
Laser holography employs a pulsed laser of short pulse 
duration to illuminate moving particles and consequently 
obtain the stop-action image of the droplets. The image 
is usually video-taped and replayed in slow motion for 
manual or automatic sizing. This method gives relatively 
accurate particle sizes and distributions, since the recon- 
structed hologram is essentially an undistorted image of 


Flunisolide Recovered, '?h 
Spray Class Total 
Unit Stage 1 Stages 2-6 Chamber Recoveryo 


No. 1 1.20 0.49 98.30 99.99 - _ -  
c i o 2 . i i b  (104.7) (101.4) 


No. 2 1.75 0.55 97.70 99.50 
(100.5) (102.7) (100.8) 


No. 3 0.90 0.34 98.76 102.10 


- _ -  
c i o 2 . i i b  (104.7) (101.4) 


No. 2 1.75 0.55 97.70 99.50 
(100.5) (102.7) (100.8) 


No. 3 0.90 0.34 98.76 102.10 
(102.1) (106.0) (101.4) 


No.4 0.33 0.19 99.48 99.50 
(103.0) (105.0) (100.5) 


No. 5 0.40 0.24 99.37 101.60 
(102.0) (105.0) (99.0) 


No. 6 0.38 O.?O 99.42 102.10 
(102.0) (104.0) (97.0) 


Mean f S.D. 0.83 f 0.57 0.34 f 0.15 98.84 f 0.72 100.80 f 1.28 


0 Percentage based on the weight difference of the spray unit before and after 
the experiment; converted to micrograms of flunisolide using density = 1.04 and 
concentration = 0.025% (w/v). b Number in parentheses is the recovery of the in- 
ternal standard added into the washing solvent to quantitate the evaporation during 
washing. 


particles in the aerosol cloud. However, the equipment is 
costly. 


A cascade impactor, on the other hand, is relatively in- 
expensive. Various stages of thk cascade impactor are ca- 
pable of collecting and classifying particles ranging from 
0.5-16 pm in diameter; a glass chamber can be employed 
to collect droplets >16 pm in diameter. The use of a cas- 
cade impactor fitted with a suitable glass chamber could 
therefore adequately provide the aforementioned critical 
droplet size information for the nasal spray product, 
namely the percentage of droplets >16 pm in diameter and 
the size distribution of the remaining small droplets. Al- 
though a 10-pm cutoff point is more desirable, the 16-pm 
cutoff point is dictated by the design of the cascade im- 
pactor. The six stages of the cascade impactor collect and 
size the droplets into 16-, 8-, 4-, 2-, I-, and 0.5-pm diameter 
fractions. Nevertheless, since the primary concern about 
the particle size of a nasal spray is the relative proportion 
of small to large particles, the cascade impactor method 
is well suited for the purpose. This report describes the 
design of a glass chamber and its use with a cascade im- 
pactor for the droplet size characterization of a metered- 
dose nasal spray. 


EXPERIMENTAL 


Materials-The flunisolide nasal solution consisted of flunisolide' 
(0.25 mg/mL) in an aqueous vehicle containing propylene glycol, poly- 
ethylene glycol 3350, citric acid, sodium citrate, and benzalkonium 
chloride. 


Assembly and Operation of the Nasal Spray-The nasal spray 
system consisted of four basic elements: a plastic bottle, a cap, a pump, 
and a shroud (plus its dust cap). Flunisolide nasal solution was packaged 
in the plastic bottle and capped, with the pump and shroud presented 
unassembled. Prior to the experiment, the original cap was removed from 
the bottle and discarded, and the pumbhhroud system was assembled 
onto the bottle. During the experiment, the system was operated by rapid, 
firm finger and thumb pressure on the shroud and the base of the bottle, 
which forced a metered amount of drug solution up through the actuator 
to exit as a fine spray a t  the orifice. Metering was accomplished by the 
length of stroke of the pump piston, which forced the drug solution 
through the orifice. The meter chamber and the sealing action of the steel 


Flunisolide, (6n.11~,16~)-6-fluoro-l1,21-dihydroxy-16,17- (1 methylethyli- 
dene)bis(oxy) pregna-1,4-diene-3.2O0-dione; Institute of Organic (!hemistry, Syntex 
Research, P a k  Alto, Calif. 
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Table 11-Recoveries of Flunisolide from Various Components 
of the Cascade Impactor and the Glass Chamber for  Flunisolide 
Delivered by a Nebulizer 


50%0 
Cutoff Flunisolide Recoveredb, ?h 


Stage Diameter", pm Exp. 1 Exp.2 Exp.3 


4 
5 


16.0 0.95 0.73 0.83 
8.0 
4.0 
2.0 
1 .o 36.20 37.20 39.90 


. _ _  
2.14 1.23 1.49 


11.95 9.90 1.85 
36.20 35.70 33.20 


6 0.5 12.60 15.20 16.80 
Glass - 0.00 0.00 0.00 


Total - 100.00 100.00 100.00 
chamber 


Diameter of spherical particles of unit density for which 50% will impact on a 
ven slide and 50% will pass around to a succeeding stage. b Recoveries of flunisolide ? rom 20 sprays of the nebulizer. 


ball on release of the actuator provided a fixed volume of drug solution 
for dosing. Each actuation of the pump system administered -100 pL 
of the solution. 


Assembly and Operation of the Cascade Impactor-The single- 
orifice metal cascade impactor2 (10) was constructed of a succession of 
six jets, each followed by a glass impaction slide. It was based on the 
principle that particles in a moving air stream impacted on a slide placed 
in their path, if their momentum was sufficient to overcome the drag 
exerted by the air stream a6 it moved around the slide. As each jet was 
smaller than the preceding one, the velocity of the air stream, and 
therefore that of the dispersed particles, was increased as the aerosol 
advanced through the impactor. Consequently, small particles eventually 
acquired enough momentum to impact on a slide, and a complete particle 
sizing of the aerosol was achieved. 


The air flow rate was maintained a t  12.5 L/min in the system by 
applying a suitable vacuum a t  the impactor outlet and was monitored 
by a flow meter3. A t  this flow rate, the 50% cutoff diameters for each of 
the six jet stages were pre~al ibrated~ to be 16,8,4,2,1, and 0.5 pm. The 
50% cutoff diameter is defined as the diameter of spherical particles of 
unit density for which 509'0 will impact on a given slide and 50% will pass 
around to a succeeding stage. 


The impaction glass slide was attached to each of the six jets and the 
jets were assembled prior to the experiment. No entrapment was used 
for the impaction glass slide because flunisolide droplets remained liquid 
after spraying and, thereby, self-entrapping. 


Glass Chamber-The design of the glass chamber for this study was 
similar to that of Sciarra et a1 (12). The glass chamber was made of a 5-L 
three-necked round-bottom flask with the bottom removed, and the re- 
maining part of the flask joined to a 4-L beaker. The chamber was placed 
upside down on top of the cascade impactor with a ground glass joint and 
a p~lytetrafluoroethylene~ adapter connecting a side-neck of the flask 
to the top stage of the impactor as depicted in Fig. 1. The other side-neck 
of the flask was left open for the air inlet, while the central neck of the 
flask was attached to the spray unit. Introduction of the spray mist into 
the chamber was accomplished by a vertical upward spraying at the 
central neck. A polytetrafl~oroethylene~ stopper with an opening to fit 
the head of the spray unit was employed to prevent the loss of the mist 
from the central neck. 


Droplet  Size Characterization Study-The glass chamber and 
cascade impactor were connected as shown in Fig. 1. After establishing 
an airflow of 12.5 L/min, the flunisolide nasal solution was sprayed into 
the glass chamber a total of 20 times a t  10-s intervals. The glass chamber 
and its parts were removed and washed with the HPLC mobile phase. 
The impaction glass slide of stages 1-6 were detached and washed sep- 
arately with the HPLC mobile phase. Washings from stages 2-6 were 
combined in certain experimental runs as indicated in the tabulated re- 
sults. The amounts of flunisolide in the washings were then determined 
by HPLC. 


Liquid Chromatographic Assay fo r  Flunisolide-A high-perfor- 
mance liquid chromatograph6 equipped with a variable-wavelength UV 


Table 111-Droplet Size Distribution of Flunisolide Nasal Spray 
by a Cascade Inpactor  


50% 
Cutoff Flunisolide Recovered, % 


Stage Diameter", pm Exp. 1 Exp. 2* 


1 16.0 1.30 1.14 
2 8.0 0.38 0.20 
3 4.0 0.29 0.13 
4 2.0 0.12 0.04 
5 1 .o 0.07 0.01 
6 0.5 0.00 0.00 
Glass - 91.82 98.74 


0 Diameter of spherical particles of unit density for which 50% will impact on a 
given slide and 50% will pass around to a succeeding stage. b The same spray unit 
was used. 


detector7 and a 100-pL fixed-loop injecto$ was used for the quantitation 
of flunisolide. The wavelength chosen for detection was 240 nm. A com- 
mercially available microparticulate reverse-phase column9 was operated 
a t  ambient temperature. A mixture of acetonitrile-water-acetic acid 
(3564:1, v/v/v) was used as the mobile phase. Fluocinonidelo was used 
as an internal standard. None of the excipients other than flunisolide and 
the internal standard appeared on the chromatogram. 


chamber 


RESULTS AND DISCUSSION 


Design of the Glass Chamber-The design of the glass chamber is 
critical for sizing aerosol sprays. Care must be taken to ensure that: (a) 
the aerosol cloud is carried through the cascade impactor by the imposed 
air flow and not by the imparted pumping force, in the case of a manually 
operated spray unit, or by the force of the propellant, in the case of a 
propellant-driven spray unit; ( b )  there is no dripping of the condensed 
liquid from the chamber wall into the cascade impactor and onto the first 
slide; ( c )  there is no retention of the small droplets, which are to be sized 
by the cascade impactor, by the glass chamber. 


Sciarra et al. (12) studied several designs of glass chambers for sizing 
an aerosol hair spray. They claimed that a 1- or 2-L round-bottom flask 
with the bottom removed to fit the top stage of a cascade impactor, and 
the neck enlarged and extended a t  an angle 105" to the body was most 
suitable. However, in their design, the aerosol was sprayed into the 
chamber along with the imposed air flow a t  the neck which extended a t  
an angle of 105O to the body of the cascade impactor. I t  is questionable 
that their design best fulfilled the aforementioned caution a. Further- 
more, their design was not tested for fulfillment of caution c. Violation 
of caution c would result in a lower weight percentage of the impactor- 
detectable small droplets, which might lead to a misconception of product 
safety. 


The glass chamber for the present study, to overcome the aforemen- 
tioned shortcomings, was designed in such a manner that the mist pro- 
duced by the spray unit would lose the momentum imparted by the pump 
operation and be carried into the cascade impactor by the imposed air- 
flow. The large volume (9 L) of the chamber and the long distance (45 cm) 
between the tip of the spray unit and the top of the chamber helped to 
reduce the probability of droplets hitting the glass wall. The glass joint 
connecting the chamber and the cascade impactor aided in preventing 
the condensed liquid from dripping into the cascade impactor. 


Total  Recovery-The total recovery of the flunisolide sprayed into 
the system was checked by comparing the weights of the materials re- 
covered from the various components of the system and the weight dif- 
ferences of the spray unit before and after the experiment, as shown in 
Table I. Of the six trials conducted, the total recoveries ranged from 99.50 
to 102.10% with a mean value of 100.78%. The satisfactory total recovery 
indicated that there was no loss of the droplets through the open air inlet. 
Also listed in Table 1 are the recoveries (the numbers in parentheses) of 
the internal standard which was added to the washing solvent to deter- 
mine the possible evaporation during washing. This procedure is neces- 
sary because only 1 mL of the HPLC mobile phase was used to wash an  
impaction slide plate of 3.8 cm in diameter. The increase in concentration 


_ _ _ ~ ~ ~  ~~ ~~ ~~~ ~~~~~~ ~~~~~ 


* Model Cl-S-6; Sciotec Corp., Columbus, Ohio. It was originally designed by 


3 Precision flowmeter; I s b  Crest Scientific, Warminster, Pa. 
Factory-precalibrated, at 12.5 L/min flow rate, using dibutyl phthahte drop- 


6 Teflon, Du Ponl 
Altex model l lOA; Altex. Berkeley, Calif. 


Schoeffel model 770; Schoeffel Instrument Corp., Westwood, N.J. 
Valco universal inlet; Altex. Mitchell and Pilcher of Battelle Memorial Institute. Columbus, Ohio. 


9 Spectra-Ph sics prepacked Spherisorh ODS 10 pm column; Spectra-Physics, 
Santa Clara, Cafif. 


lets. lo Fluocinonide, ~6a,ll~,16a~-21-~acetyloxy~-6.9-difluoro-ll-hydroxy-l6,17- 
(1-methyl ethylidene)bis(oxy) pre na 1.4 diene 3,20-dione. Institute of Organic 


khemistry. Syntex Research, k l o  h t~,  Calif. 


346 I Journal of Pharmaceutical Sciences 
Vol. 73. No. 3, March 1984 







Table IV-Effect of Emptying on the Droplet  Size of Flunieolide Nasal Spray 


Flunisolide Recovered. 70 
Stage 1 Stages 2-6 Glass Chamber Total Recovery= 


Day Day Day Day 
Subject 0 19b 0 196 0 19b 0 196 


~~ ~ 


7 0.33 0.94 0.19 0.37 99.48 98.69 99.5 100.2 
12 0.38 0.22 0.20 0.01 99.42 99.77 102.1 99.3 
14 0.40 0.80 0.24 0.27 99.37 99.94 101.6 101.0 


Percentage based on weight difference of the bottle before and after the spray, converted to micrograms of flunisolide using density = 1.04 and concentration = 0.025% 
(w/v). * Nineteen days after the unit w a  used according to directions of four sprays, twice daily. 


Table V-Droplet Size Distribution of Flunisolide Nasal Spray 
by Laser Holography 


Flunisolide, % 
Spray Unit No. 1 Spray Unit No. 2 


Diameter. um 2.54 cma 7.62 cma 2.54 cma 7.62 cma 


0.5-1 .o 
1.0-5.0 
5.0-10.0 


10.0-20.0 
20.0-30.0 
30.0-40.0 
40.0-50.0 
50.0-60.0 
60.0-70.0 
70.0-80.0 
80.0-90.0 
90.0-100.0 


100.0-110.0 
110.0-120.0 
120.0-130.0 
130.0-140.0 
140.0-150.0 
150.0- 160.0 
160.0-170.0 
170.0-180.0 
180.0-190.0 
190.0-200.0 


>200.0 


0.000 
O.OO0 
0.003 
0.053 
0.191 
0.294 
0.417 
0.729 
0.628 
0.563 
0.468 
0.980 
0.662 
1.159 
0.744 
0.938 
1.162 
2.129 
3.425 
1.021 
1.207 
O.OO0 


83.227 


0.001 
0.051 
0.435 


11.917 
11.379 
19.870 
10.055 
14.686 
6.060 
O.Oo0 
0.000 
O.OO0 


25.547 
O.Oo0 
O.Oo0 
O.OO0 
0.000 
O.Oo0 
O.OO0 
O.OO0 
O.Oo0 
0.000 
0.000 


O.Oo0 
0.001 
0.008 
0.173 
0.514 
1.071 
1.665 
1.216 
1.840 
3.083 
2.618 
3.133 
0.705 
1.853 
1.190 
2.997 
3.714 
4.536 
2.736 
O.OO0 
O.Oo0 
0.000 


66.947 


0.0W 
O.Oo0 
0.003 
0.079 
0.105 
0.075 
0.187 
0.097 
0.241 
0.741 
0.000 
0.251 
O.Oo0 
O.OO0 
0.000 
O.OO0 
O.OO0 
O.OO0 
O.OO0 
O.Oo0 
O.OO0 
0.000 


98.221 
Total 100.0 100.0 100.0 100.0 


a The aample was taken at either 254 or 7.62 cm downstream from the tip of the 
unit. 


as a result of the evaporation was found to be only a few percent (Table 
I). 


Condensation on the Chamber Wall-As discussed in the section 
on the design of the glass chamber, the condensation of droplets on the 
chamber wall could retain some small droplets which should have entered 
the cascade impactor. The relative proportion of small to large droplets 
determined by this device could potentially be biased if this phenomenon 
is not accounted for. The degree of condensation of the small droplets 
was therefore examined using a nebulizerll which generated primarily 
1-2-pn size dropletsJ2. The procedure was the same as that for the nasal 
spray. The nebulizer was equipped with a squeeze bulb. Each complete 
squeeze delivered approximately one one-hundredth of the amount de- 
livered by one spray of the nasal unit. Table 11 lists the flunisolide re- 
covered from various stages of the cascade impactor and the sampling 
chamber for three experiments with the nebulizer. The distribution 
patterns agreed well with one another. The majority of the droplets had 
diameters between 1 and 2 pm (Table 11) which was consistent with the 
data from the manufacturer's technical report. As can be seen in Table 
11, the flunisolide retained by the glass chamber was essentially unde- 
tectable for a total of 20 squeezes. Evidently, the deposition of small 
droplets on the glass chamber is negligible. 


Droplet Size Characterist ics of the Nasal Spray-Results of the 
droplet size characterization are shown in Tables I and 111. As can be seen 
in Table 1,98.84 f 0.72% (mean f SD) (by weight) of the spray was found 
in the glass chamber. The glass chamber was shown (Table 11) not to re- 
tain droplets <16 p n  in aerodynamic diameter, as discussed in the pre- 
vious section. It is therefore believed that the nasal spray unit primarily 
produces droplets of >16-pn aerodynamic diameter. 


l 1  Devilhiss No. 40 Nebulizer, Health Care Division, DeVilbiss, Somerset. PA 


l2 A technical report from DeVilbiss. 
15501. 


The data in Table I were produced with six randomly selected spray 
units. The unit-to-unit variation was reasonably small, as shown by the 
standard deviation. The amounts of flunisolide found in stage 1 (16 pm) 
and in stages 2-6 combined (8-0.5 p n )  were 0.83 and 0.34%, respectively 
(Table I). Details of the size distribution of this small droplet portion of 
the spray are shown in Table 111. Only two experiments on one spray unit 
were performed because their purpose was to illustrate the size distri- 
bution obtained by the cascade impactor, not to show the within-unit 
variability. A clear trend can be seen, i.e., the smaller the droplet size, 
the smaller their weight percentage. 


Table IV shows the reproducibility among operators and the effect of 
emptying of the spray unit on the droplet size. The study was a part of 
a use test (13) in which 17 units were sprayed by 17 operators according 
to label instructions until the units ceased to deliver. Only three units 
were analyzed for the droplet size, among other parameters studied (13), 
because the assay reduced the availability of the nasal solution for other 
testings. I t  can be seen that the relative proportion of small to large 
droplets is reasonably consistent among the operators and between a full 
unit and an almost empty unit for each operator. 


Table V lists results of the droplet size distribution13 obtained inde- 
pendently by laser holography14. Examining Tables I, 111, IV, and V, one 
can see that the relative proportion of small to large droplets obtained 
by the cascade impactor agrees well with that obtained by laser holog- 
raphy. The laser holographic results (Table V) reveal that  the weight 
percentage of the small droplets between 0.5 and 10.0 p n  in diameter is 
0.13 f 0.24% (mean f SD).  The weight percentage of the small droplets 
collected on stages 2-6 of t.he cascade impactor (i.e., droplets 0.5-8.0 pm 
in diameter) is 0.34 f 0.15% (Table 1). Evidently, there is no statistical 
difference between the two results. 


CONCLUSION 


Since concern for the droplet size of a nasal spray is primarily to ensure 
that the weight percentage of droplets <10 pm in diameter (and thereby 
potentially deliverable to the lower respiratory tract) produced by the 
spray unit is negligble, the cascade impactor method was demonstrated 
to be quite satisfactory for this purpose. The cascade impactor method 
developed here is a simple, economical, and reliable method for the 
droplet size characterization of a metered-dose flunisolide nasal spray. 
The method can be used for other aerosol products where there is a 
similar concern for the inhalation of small particles. 


REFERENCES 


(1) I. Porush, C. G. Thiel, and J. G. Young, J .  Am. Pharm. Assoc., 


(2) H. D. Landahl, T. Tracewell, and W. H. Lassen, A.M.A. Arch. Ind. 


(3) H .  D. Landahl and R. Hermann, J. I n d .  H y g . .  80,181 (1948). 
(4) M. 1,efebvre and R. Tregan, Aerosol A@,  10(7), 31 (1965); 10(8), 


(5) J. L. Kanig, J. Pharm. Sci., 52,513 (1963). 
(6) W. €3. Tarpley, Aerosol Age, 2(12), 38 (1957). 
(7) G. W. Hallworth and R. R. Hamilton, J.  Phorm. Pharrnacol., 28, 


(8) D. Sinclair and V. K. LaMer, Chem. Reu., 44,245 (1949). 
(9) B. J. Thompson and J. H. Ward, Sci. Res., 1(10), 37 (1966). 


Sci. Ed., 49,70 (1960). 


Hyg. ,  3,359 (1951). 


32 (1965). 


890 (1976). 


lD Data were generated with randomly selected spray units, instead of those shown 


I4 Contracted Rtudies by Laser Holography Inc., Santa Barbara, Calif. 
in Tables I, Ill, and IV. 


Journal of Pharmaceutical Sciences I 347 
Vol. 73. No. 3. March 1984 







(10) R. I. Mitchell and J. M. Pilcher, Znd. Eng. Chem., 51(9), 1039 


( 1  1) W. M. Grim, .J. B. I'ortnoff, F. A. Hestaino, and R. V. Toberman, 


(12) J. J. Sciarra, P. McCinleyand L. Izzo,J. SOC. Cosmet. Chem., 20. 


(13) C. D. Yu, R. E. Jones, J. Wright, and M. Heneaian, Drug Deu. lnd. 
(1959). Pharm., 9,473 (1983). 


Aerosol Age, 13(3), 22 (1968). 


385 (1969). 


ACKNOWLEDGMENTS 


The authors thank Dr. R .  J. Poulsen for his support. 


Pharmacokinetics of Diazepam and Nordiazepam in the Cat 


S. COTLER", J. H. GUSTAFSON, and W. A. COLBURN 
Received May 11,1982, from the Department of Pharmacokinetics and Biopharmaceutics, Hoffmann-La Roche lnc. ,  Nutley, N J  
07110. Accepted for publication February 1,1983. 


Abstract  o The cat has been used extensively as an experimental model 
for studying the pharmacology of compounds that exhibit CNS activity 
including diazepam and nordiazepam. However, since little is known 
about the distribution and elimination of diazepam in this species, the 
pharmacokinetics of diazepam and nordiazepam were studied in the cat 
following intravenous doses of 5,10, and 20 mg/kg of diazepam and 5 and 
10 mg/kg of nordiazepam. The disappearance of diazepam and nordi- 
azepam from blood was fitted with classical equations. Theoretical and 
trapezoidal areas under the curve (AUCth and AUCt,) were calculated. 
The volumes of distribution (Vd& were calculated as model-independent 
parameters for diazepam and nordiazepam. Intrinsic hepatic clearance, 
extraction ratio, and tissue binding parameters were also calculated for 
diazepam. From the observed data, it is apparent that  the blood con- 
centrations and the resulting areas under the curves are proportional to 
the dose of diazepam administered and that the pharmacokinetics of 
diazepam were linear over the dose range studied. In addition, nordi- 
azepam formed after diazepam administration appeared to be propor- 
tional to the dose of diazepam administered. The terminal elimination 
rate constant of nordiazepam remained constant over the dose range 
studied. It appears that both diazepam and nordiazepam are highly 
bound to tissue. The total body clearance of diazepam (4.72 f 2.45 
mL/min/kg) is approximately six times that of nordiazepam (0.85 f 0.25 
mL/min/kg). Approximately 50% of an administered dose of diazepam 
was biotransformed to nordiazepam in the cat. 


Keyphrases 0 Diazepam-pharmacokinetics in the cat, nordiazepam 
o Nordiazepam-pharmacokinetics in the cat, diazepam 0 Pharmaco- 
kinetics-diazepam and nordiazepam in the cat after intravenous 
doses 


The benzodiazepines are centrally active compounds 
that reduce anxiety, produce sedation and sleep, have 
anticonvulsant effects, and may cause muscle relaxation. 
In addition, the benzodiazepine diazepam is also used in 
the treatment of alcohol abusers during potentially life- 
threatening withdrawal episodes (1). Diazepam has a long 
effective duration of action, probably due to slow elimi- 
nation of parent compound and biotransformation to ac- 
tive metabolic products including nordiazepam (2). Many 
of the pharmacological properties of the benzodiazepines 
seen in humans are present in the cat (3-5). Diazepam has 
been shown to be effective in the cat in the control of sei- 
zures in experimental epilepsy (6) and with the sudden 
abstinence of alcohol after chronic use (5). Although the 
cat has been used extensively to study the effects of di- 
azepam, little is known about the pharmacokinetics of 
diazepam and nordiazepam in this species. Morselli et al. 
(7) described the distribution of diazepam and its major 
metabolites in plasma and in several areas of the brain of 
the cat. A direct correlation was established between blood 


flow to various tissues of the brain and the diazepam found 
in these tissues. However, the accumulation of nordi- 
azepam, the major blood metabolite, in the brain appeared 
to be inversely related to blood flow. Unfortunately, this 
data did not lend itself to an overall pharmacokinetic 
profile of diazepam or nordiazepam in this species. 


The present study in the domestic short-hair cat was 
performed to ( a )  establish the pharmacokinetics of di- 
azepam and nordiazepam following 5-, lo-, and 20-mg/kg 
iv doses of diazepam and ( b )  to compare the pharmacoki- 
netic profile of nordiazepam after nordiazepam adminis- 
tration to its profile observed after the administration of 
diazepam in this species. These data will establish the 
fundamental pharmacokinetic profile of diazepam and 
nordiazepam in the cat. 


EXPERIMENTAL 


Animal Model-Domestic short-haired female cats (2.5-3.0 kg) were 
used for all experiments. Hematocrit values were determined before 
surgery and drug administration and were found to be within the normal 
range (8). Cats were anesthetized with 0.33-0.44 mL of a solution con- 
taining 100 mg/mI, of ketamine and 7.5 mg/mI, of promazinel. An inci- 
sion was made in either the right or left leg exposing a branch of the 
femoral vein. A butterfly infusion set2 with the needle removed, leaving 
the tubing and Luer fitting intact, was used as a cannula. The catheter 
was inserted into the vein, exteriorized, and the incision was closed with 
OOO surgical silk3. The catheter was cleared daily and kept patent with 
a sodium heparin flush. Diazepam or nordiazepam (10 mg/mL) was dis- 
solved in dimethyla~etamide~ immediately prior to administration. 


Study Design-Unanesthetized fasted cats, with a femoral vein 
catheter previously implanted to facilitate blood sampling, were ad- 
ministered 5-, lo-, and 20-mg/kg doses of diazepam or 10 mghg of nor- 
diazepam intravenously as a short infusion (20 s) via a peripheral vein. 
Two weeks were allowed for recuperation between doses. 


Sampling and Analysis-Blood specimens (0.5 mL) were obtained 
from the femoral vein catheter. The first specimen was obtained 2.5 min 
following intravenous administration and subsequent specimens were 
obtained for as long as 96 h. The blood specimens were collected in tubes 
containing dried heparin5 and kept a t  -20°C until analyzed. The samples 
were analyzed simultaneously for diazepam and nordiazepam using the 
electron capture GC method of Weinfeld et al. (9) with the following 
modifications. Whole blood (0.1 mL) was extracted into 1 mL of benzene 
after adjusting the pH to 9.0 with a 1 M HsBOFKCl-Na&Oa buffer. The 
percent standard deviation for the intraassay variability averaged 3.6% 
for diazepam and 3.4% for nordiazepam over the range of 50-2000 ng/mL 


' Ketaset Plus; Rristol Labs. Syracuse, N.Y. * Mtdel No. 44492; Abhott Laboratories, Chicago, I l l .  
Ethicon, New Hrunswick, N.J. 
Mtdel No. 4972, Eastman Kodak, Rochester, N.Y. 


5 Model No. 3206. Recton. Dickenson, Rutherford, N.J.  
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Abstract The effects of drug stability, radioactive tracer purity, buffer 
composition, protein concentration, and fluid shifts on the nonlinear plasma 
protein binding of prednisolonc were examined by equilibrium dialysis. 
Prednisolone exhibits a concentration-dependent degradation; however, the 
limited extent of this does not affect protein binding. lmpure tritiated pred- 
nisolone used as a tracer produces incorrect. low fractional binding values with 
the binding parameters generated for transcortin affected more than those 
for albumin. Isotonic sodium phosphate and Krebs original Ringer phosphate 
buffers yield similar fractional binding of prednisolone and identical protein 
binding parameters. Fractional binding of the steroid decreases with total 
plasma protein concentration. but the association constants remain constant 
over a twofold dilution of plasma proteins. Further dilution increases these 
parameters. A time-dependent colloidal osmotic fluid shift during dialysis 
c a w s  dilution of plasma protein concentrations and diminished drug binding. 
Theoretical simulations show that the osmotic fluid shifts produce the largcst 
changes in fractional binding for compounds that are bound by low-capacity 
proteins with low association constants (K < I @  M-I). A mathematical 
equation was developed to correct bound drug concentrations and fraction 
bound for protein dilution caused by this effect. The fluid shifts can be pre- 
rented by the addition of dextran (mol. wt. 70,000) to the dialysis buffer in 
;I concentration of 55% of the total protein concentration. Multiple factors 
c a n  diminish the nonlinear prcdnisolone binding as artifacts during equilibrium 
dialysis, but the changes are relatively modest. 


Keyphrases 0 Plasma protein binding-prednisolone, equilibrium dialysis, 
cffects of drug stability, radiotracer purity, buffer composition, and fluid shifts 
0 Prcdnisolonc-plasma protein binding, equilibrium dialysis, cffects of drug 
stability, radiotracer purity, buffer composition, and fluid shifts 0 Equilibrium 
dialysis-plasma protein binding of prednisolone, effects of drug stability, 
radiotracer purity, buffer composition, and fluid shifts 


Determinants of the plasma protein binding of ligands can 
be separated into two categories: authentic and experimental. 
Authentic factors include drug concentrations, plasma protein 
concentrations, competitors or inhibitors of binding that may 
be present in plasma, and other natural physiological factors 
such as pH. Experimental determinants are due to the ma- 
nipulations that are necessary to obtain in uitro measurements. 
These factors are often characteristic of the experimental 
method employed. The most widely used method of deter- 
mining the extent of drug plasma protein binding is equilibrium 
dialysis. Protein binding by this method can be affected by 
drug stability, radioactive tracer purity, time of equilibration, 
dilution, temperature, pH, buffer composition, and colloidal 
osmotic fluid shifts caused by plasma proteins. 


The interaction of glucocorticoids with proteins and the 
examination of factors affecting binding have been the subject 
of numerous publications over the past 25 years. These steroids 
are bound in plasma principally by transcortin, albumin, and 
a,-acid glycoprotein. Hydrocortisone, corticosterone ( I ) ,  and 
prednisolone (2) are bound strongly to transcortin, but this 
protein is easily saturated due to its low binding capacity (2, 
3). Albumin has a large capacity, but low affinity for binding 
these steroids. al-Acid glycoprotein exhibits both weak affinity 
for binding hydrocortisone (4) and prednisolone ( 5 ) ,  as well 
as low binding capacity. Its contribution to overall steroid 
binding in plasma can be neglected (5). 


Saturation of transcortin binding sites results in a nonlinear 


relationship between the fraction bound and the plasma 
prednisolone concentration. There is a decrease in the fraction 
of prednisolone bound at higher drug concentrations. Thus, 
one concern in measuring prednisolone binding by equilibrium 
dialysis has been the effects of dilution of the original plasma 
drug concentration, which shifts binding to a greater fraction 
bound than exists at the original in vivo concentration (6,7).  
In  addition, lower plasma albumin concentrations produce less 
drug binding, but increase the number of binding sites or af- 
finity constants (i .e. ,  N X ) ,  of several drugs (8) including hy- 
drocortisone (9, 10). The net movement of fluid from buffer 
to plasma that occurs during equilibrium dialysis results in a 
dilution of the plasma proteins. Thus, fluid shifts that occur 
during equilibrium dialysis may yield unpredictable changes 
in prednisolone binding. Equations for correcting for such 
dilution effects on thyroxine binding were originally proposed 
by Oppenheimer and Surks (1 1). 


The composition of the buffer used in equilibrium dialysis 
can have a marked influence on drug binding. For example, 
the fractional binding of quinidine to albumin is higher when 
isotonic phosphate rather than Krebs-Ringer phosphate buffer 
is used (12, 13). 


Impure radioactive tracer or degradation of ligand during 
dialysis may lead to inaccurate results (14). Impurities in a 
radioactive tracer, more likely than not, bind differently than 
the ligand being examined. Degradation products of an un- 
stable ligand may also either interfere with the protein binding 
of the ligand itself or decrease the amount of ligand in the di- 
alysis system. The latter also occurs if the drug binds nonspe- 
cifically to the membrane or cell. 


The purpose of the present study was to assess the effects 
of drug stability, radioactive tracer purity, time of equilibra- 
tion, buffer composition, protein concentration, and volume 
shifts on prednisolone binding by equilibrium dialysis. A 
mathematical approach to correct for protein dilution caused 
by fluid shifts was developed. Physically preventing fluid shifts 
from occurring by adding dextran to the buffer was examined. 
Simulations were performed to assess the expected degree of 
perturbation in binding caused by fluid shifts for drugs and 
proteins with diverse association constants. 


EXPERIMENTAL 


F4uilibrium Dialysis-Prednisolone’ was added to pooled human plasma, 
treated with charcoal to remove endogenous steroids, to yield concentrations 
ranging from 0 to 1000 ng/mL (2.8 pM).  Total plasma protein and albumin 
concentrations were measured chemically2. Acrylic’ dialysis cells, checked 
to ensure that no leakage occurred, and dialysis membrane4 with a 12,ooO- 
I4.000 molecular weight cutoff were used. Tritiated prednisoloneS (41 Ci/ 
mmol) was purified by HPLC (15). Plasma (0.8 ml.) with trace amounts 


~~~~ ~ ~~ 


I Sigma Chemical Co., St. Louis, Mo. 
Technicon Auto Analvzer. Tarrvtown. N.Y 


3 Plexiglas. 
Spectrapor 11. Spcctrum Medical Industries, Inc.. Los Angeles. Calif. 
Amersham Corp.. Arlington Heights. 111. 
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Figure I-Stability of prednisoloneas a function of time at 37°C. Key: (A) 
Stability profiles for prednisolone in normal (0) and nephrotic (0) serum 
contained in glass tubes and normal (0) and nephrotic serum (8)  in the di- 
alysis cells. The initial concentration of each set of samples was lo00 ng/mL. 
[B)  Stability profiles for prednisolone in normal serum contained in glass 
rubes (0) and normal serum in the dialysis cells (8). The initial concentration 
of each set of samples was 200 ng/mL. (C) Stability profiles forprednisolone 
in isotonic phosphate buffer, pH 7.4, contained in glass tubes ( 0 )  and in the 
dialysis apparatus (8 )  at an initial concentration of loOa ng/mL. 


( 10,000 cpm) of tritiated prednisolone was dialyzed against isotonic sodium 
phosphate buffer, pH 7.4, (0.8 mL) at 37OC for 16 h. Postdialysis plasma and 
buffer volumes were measured using a syringe6. Aliquots (0.5 mL) of plasma 
and buffer Here added to water (2.5 mL) and scintillation cocktail’ (10 mL) 
and counted with a scintillation countel.8. Counts per minute were converted 
to disintegrations per minute using the external standard ratio method (16). 
Experiments were done in duplicate or triplicate. 


Stability and Membrane Binding-The stability of prednisolone was assessed 
in normal and pooled nephrotic patient serum and in isotonic phosphate buffer, 
ptI 7.4. Prednisolonc was dissolved in each of these fluids to produce con- 
centrations of 200 or ID00 ng/mL. Serum and buffer samples were gently 
shaken in glass tubes maintained at 37OC with samples of each solution taken 
at 0, I .  2 , 4 , 6 , 8 ,  14.5.21,24. and 48 h after placement intoa water bath. 


To  determine the stability and extent of adsorption of prednisolone in  the 
presence of dialysis membranes and dialysis cells, aliquots of the above solu- 
tions were added to the dialysis apparatus. The cells were gently shaken in  
it water bath at 37OC. with removal of samples at 0.2 .6 ,  12.21, and 24 h after 
initiation of the study. 


All samples were frozen (-20°C) immediately on removal from the water 
bath. Prcdnisolone concentrations were determined in all samples using the 
IIPLC technique of Rose and Jusko ( 1  5). 


Radioactive Tracer Purity-Equilibrium dialysis experiments were carried 
out using tritiatcd prednisolone, which had been maintained in a freezer 
(-ZOOC) in benzene-ethanol (9: l )  for 6 months. The material was purified 
by HPLC. and the dialysis experiments were repeated. The same plasma was 
used for both experiments. 


Equilibrium Rate-The time required to obtain equilibration of free 
prcdnisolone concentrations between the plasma and buffer compartments 
of dialysis cells was evaluated at both low (50-ng/mL) and high (1000-ng/mL) 
plasinagrednisolone concentrattons. Plasma, with prednisolone added, was 
dialyze agdinst either isotonic sodium phosphate buffer or isotonic buffer 
with dextran added. At various times after the initiation of dialysis, plasma 
and buffer samples were removed from the cells. The volumes of the samples 
were measured and aliquots placed i n  scintillation vials for counting of the 
radioactive tracer. Samples were obtained over a 24-h period. Fractional 
binding of prednisolone was calculated at each sampling time. 


Unimetrics Corp.. Anaheim, Calif. ’ Aquasol; N e w  England Nuclear. Boston. Mass. ” Packard. 
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Figure 2-Fraction bound versus posidialysis plasma prednisolone concen- 
tration before (0) and ajier (0)  purification of the tritiated prednisolone 
tracer by HPLC. 


Influence of Buffer Composition-Krebs original Ringer phosphate, pH 
7.4 (0.14 M),  was prepared according to Dawson et al..( 17). Isotonic sodium 
phosphate buffer, pH 7.4 (0.14 M), was composed of 0.054 M Na2HP04, 
0.013 M KH2P04 and 0.075 M NaCI. Both buffers were prepared in distilled 
deionized water. Plasma, with prednisolone added, was dialyzed against the 
Krebs and phosphate buffers. 


Effect of Protein Concentration-The total protein Concentration of pooled 
human plasma (total protein = 5.5 g/dL, albumin = 3.7 g/dL) was defined 
as  100%. This plasma was diluted with various volumes of isotonic sodium 
phosphate buffer, pH 7.4, to yield total protein concentrations of 87.5% (4.8 
g/dL). 75% (4.1 g/dL), 50% (2.8 g/dL), and 25% (1.4 g/dL). Prednisolone 
was added to each protein dilution (0-lo00 ng/mL) and dialyzed as describcd 
previously. 


Fluid Shifts-Mathematical Correction-The concentration of drug bound 
was corrected for protein dilution due to fluid shifts by: 


D B  = ( D T ~  - D F )  * 5 (Eq. I )  
Vpi 


where DF and DB are the free and protein-bound plasma prednisolone con- 
centrations, D T ~  is the total plasma prednisolone concentration at equilibrium, 
and Vpi and V, are the initial and equilibrium plasma volumes. The fraction 
of prednisolone bound to plasma proteins ( F B )  can be calculated by: 


( D T ~  - D F )  * !!E2 
Vpi 


(Eq. 2) 
F B  = [(&e - DF) * 3  + DF “ 1  VPI 


Thederivation of these equations is provided in  the Appendix. 
Dex~an-Dext ran~ with an average mol. wt. of 70,000 was added to the 


isotonic sodium phosphate buffer to offset osmotic fluid shifts caused by 
plasma proteins. Various concentrations of dextran (0-5 g/dL) in buffer with 
prednisolone (0-2000 ng/mL) added were dialyzed against buffer to assess 
whether binding of prednisolone to dextran occurs. To develop an equation 
to predict the concentration of dextran needed to prevent fluid shifts, dextran 
(0-5 g/dL) in buffer was dialyzed against plasma (total protein = 5.5 g/dL), 


Q3 8& % T O  + 
0 6 0 ,  


5 0.8 
0 


L L  
OS2* 0. 0 O - 0  4 8 12 16 20 24 


T I M E ,  h 
Figure 3-Apparent fraction bound versus equilibration time for prednisolone 
plasma concentrations of 50 ng/mL (0.0) and loo0 ng/mL (D.8). dialyzed 
against isotonic sodium phosphate buffer (closed symbols) and phosphate 
bufler with dextran added [open symbols). 


Pharmacia Fine Chemicals AB, Uppsala, Sweden. 
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Figure 4- Relationship between the plasma protein binding ojprednisolone. 
unbound drug concentrations. and proiein concentrations of 100% (@), 87.5% 
(4), 75% (8), 50% (+), and 25% (0). 


and postdialysis plasma and buffer volumes were measured. Mean postdialysis 
plasma and buffer volumes were plotted as a function of dextran concentration. 
The intersect of ordinary least-squares regression lines drawn through the 
postdialysis plasma and buffer volumes uersus dextran concentration points 
occurs at the dextran concentration (3.0 g/dL) needed to offset perfectly fluid 
shifts caused by a total protein concentration of 5.5 g/dL. Rearrangement 
of the direct proportionality: 


[Dextran] - 3.0 g/dL 
[Total Plasma Protein] 5.5 g/dL (Eq. 3) -- 


yields 


[Dextran] = [Total Plasma Protein] X 0.5455 (Eq. 4)  


which can be. used to predict the dextran concentration required to prevent 
fluid shifts based on total plasma protein concentration. The predictive value 
of Eq. 4 was examined over a wide range of total plasma protein concentrations 
by employing plasma from 10 normal volunteers and 9 patients with nephrotic 
syndrome, a condition that results in  hypoproteinemia. Total plasma protein 
concentrations were measured, and the appropriate dextran concentrations 
were determined using Eq. 4. Samples were dialyzed against buffer containing 
the calculated dextran concentrations, and postdialysis plasma and buffer 
volumes were measured. To examine the effect of dextran on prednisolone 
binding, plasma containing prednisolone was dialyzed against buffer in  the 
absence and presence of dextran. 


Data Analysis- When radioactive tracer methods are employed to deter- 
mine the fractional binding, Eq. 2 can be written as: 


(DPMp-  DPMB) *!I?! 
Vpi 


F B  = (Eq. 5 )  
V 


(DPMp - DPMB) -b DPMB 
Vpi 


0 . 4  
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Figure 5-Fraction of prednisolone bound VCNUS postdialysis plasma 
prednisolone concentrations showing results of correction for protein dilu- 
tions. Symbols represent experimental data at protein concentrations of 100% 
(@), 87.5% (A), 75% (8) ,  50% (+), and 25% (0). 


Figure 6-Postdialysis plasma volume versus time where plasma was di- 
alyzed againsi isotonic sodium phosphate bufler (@) and buffer with dexiran 
(0). 


where DPMp and DPMB are disintegrations per minute in  the plasma and 
buffer after background counts have been subtracted. When fluid shifts were 
observed, Eq. 5 was used tocalculate the fraction of prednisolone bound. I n  
the absence of fluid shifts (i.e., when dextran was added to the dialysis buffer), 
the fraction bound was calculated by: 


DPMp - DPMB 
DPMp 


F B  = 


The plasma protein binding of prednisolone can be described by the rela- 
tionship: 


(Eq. 7) 


where NT and NA are the number of binding sites on transcortin and albumin, 
KT and K A  are the association constants for transcortin and albumin, PT and 
P A  are the plasma concentrations of transcortin and albumin, and D B  and DF 
are the plasma concentrations of bound and free prednisolone. Least-squares 
estimates of NTKTPT. K T ,  and NAKAPA were obtained by the method of 
Priore and Rosenthal (18). Since PA was measured chemically. N A K A  could 
be calculated. PT was calculated assuming an NT value of one. The total 
prednisolone concentration at equilibrium was generated using a variation 
of the methods of Behm and Wagner (6) and Rose el al. (7). 


Statistics---The paired t test was used todetermine whether there were any 
differences in  the binding parameters obtained with phosphate and Krebs 
buffers. Regression lines for protein concentration uersus postdialysis volumes 
were fitted by the weighted perpendicular least-squares method assuming error 
in both variables (19). 


RESULTS AND DISCUSSION 


Stability-The results from the stability study are presented in Fig. I .  At 
initial prednisolone concentrations of lo00 ng/mL, degradation in normal 
serum, nephrotic serum, and buffer at the end of 24 h was 6.7, 14.2. and 16.5% 
a s  determined by log-linear regression of concentration-time data. This 
dcgradation appears to be concentration dependent since no significant loss 
occurred in normal serum at initial drug concentrations of 200 ng/mL (Fig. 
I B). The extent of this degradation does not appear to present any problem 
in  analyzing prednisolone binding data. While the protein binding of the 
steroid was examined at  concentrations as high as 1000 ng/mL. most samples 
have concentrations that were much lower and, therefore, may be subject to 
less degradation. There was no significant difference between the loss of 
prcdnisolone as  a function of time from solutions contained in glass tubes 
rcrsus solutions studied in the dialysis cells. This suggests that adsorption of 
prednisolone onto dialysis membranes and cell walls does not occur. 


Radioactive Tracer Purity-The effects on binding of using aged uersus 
freshly purified tritiated prednisolone tracer are shown in Fig. 2. The use of 
pure radioactive tracer resulted in fractional binding data higher than the data 
obtained using impure tracer. The binding parameters NTKTPT. K T ,  and 
NAKAPA were 5.33.  1.21 X 10' M-',and 0.84 when impure radioactive tracer 
was used and 8.56, 2.16 X lo7 M-', and 0.85 when purified tracer was em- 
ployed. Thus, the products of both radiolysis and of chemical degradation bind 
less readily, if at all, to transcortin and albumin, resulting in an increased 
apparent free drug concentration and incorrect, low fractional binding data. 
We have found that purification of tritiated prednisolone approximately every 
3 months is required to obtain valid binding results. 
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Table I-Plasma Protein Binding Parameters for Prednisolone Related to Protein Concentration Without and With Correction for Dilution 


NTKTPT 
Protein Without With 


K T ,  M-' X 
Without With 


N A K A P A  N A K A ,  M-I x 
Without With Without With 


Conc.. g/dL Correct ion Correction Correction Correction 


5.5 
4.8 
4.1 
2.8 
1.4 


11.4 13.2 2.87 3.26 0.917 1.12 1.94 2.06 
11.6 
8.91 
6.98 


14.4 
12.6 
13.8 


3.16 
2.62 
3.10 


3.35 0.793 I .03 
3.28 0.704 1 . 1 1  
4.86 0.566 I .36 


1.88 1.89 
1.88 2.04 
2.18 2.50 


4.93 15.8 4.37 7.40 0.359 I .61 2.64 2.96 


F4uilibration Rate-The results of the equilibration study are presented 
in  Fig. 3. When isotonic sodium phosphate buffer is used as the dialysatc, 
equilibration of free prednisolone occurs within 8 h and is independent of the 
prednisolone concentration. The inclusion of dextran in the buffer results in 
a slower equilibration rate (10-14 h), with the higher prednisolone concen- 
trations requiring a longer time to attain equilibrium. This may be due to 
obstruction of pores in the dialysis membrane by dextran. Fractional binding 
values remain constant from the minimum time required to reach equilibrium 
of free prednisolone to at least I8 h, reinforcing our conclusion that prednis- 
olone degradation during dialysis is minimal. 


Buffer Composition-Isotonic sodium phosphate buffer and Krebs original 
Ringer phosphate yield similar binding of prednisolone. The mean (SD) 
NTKTPT.  K T .  and N A K A P A  obtained were 8.59 (2.53). 1.71 X lo7 (0.35 X 
lo7) M-I, and 0.92 (0.15) when isotonic phosphate buffer was used and 8.17 
(3.02), 1.73 X lo7 (0.48 X lo7) M-I, and 0.91 (0.15) when Krebs buffer was 
employed. There were no statistically significant differences between the 
binding parameters obtained using the two buffers. 


These protein binding parameters agree well with previously reported values 
for prednisolone (2.20-22). Chan and Slaunwhite (23) noted small decreases 
in the binding of hydrocortisone and progesterone to transcortin as dialysate 
NaCl concentrations decreased below 0.15 M. However. lower NaCl con- 
centrations in the isotonic sodium phosphate buffer than in  Krebs original 
Ringer phosphate (0.075 uersus 0.1 18 M) did not produce this effect with 
prednisolone. 


Protein Concentration-Figure 4 illustrates the fraction of prednisolone 
bound as a function of unbound prednisolone concentration and plasma protein 
concentration. The surface was calculated using binding parameters obtained 
by fitting fractional binding data from the 75-100% protein concentration 
range, where no differences were found in the binding parameters (see below). 
The data from the 25% protein concentration deviates slightly from the pre- 
dicted values. Nonlinear binding is seen at all protein concentrations examined, 
with less fractional binding of prednisolone at lower plasma protein concen- 
trations. The fractional binding of prednisolone diminished as the total protein 
concentration decreased as a result of lower plasma transcortin and albumin 
concentrations. At higher prednisolone concentrations, the drug is predomi- 


? 
-1 


nantly bound to albumin. Because the affinity of albumin for prednisolone 
is low (10' M-I), the diminished fractional binding is proportional to the re- 
duced protein concentration (24). At low prednisolone concentrations, where 
transcortin is the major protein responsible for binding prednisolone, the 
change in the fractional binding is less marked owing to the high affinity of 
transcortin for prednisolone (24). At the middle range (100-300 ng/mL) of 
prednisolone concentrations, the fractional binding changes are also appre- 
ciable becauseof the saturation of transcortin binding. Figure 5 presents the 
fractional binding data shown in Fig. 4 after corrections for the protein dilu- 
tions have been made. All the corrected data, except that from the 25% protein 
concentration, cluster together. 


Decreases in albumin concentrations in albumin solutions (9. 10) and i n  
serum (10) have resulted in increases in the binding parameter K.K. Increases 
in a!-acid glycoprotein concentrations, on the other hand. result in increases 
in  the binding affinity for hydrocortisone and corticosterone (4). but not for 
prednisolone (5). The computer-fitted binding parameters obtained at  each 
protein concentration. before and after correcting for plasma dilution, are listed 
in  Table 1. Without any correction, KT remains constant over the protein 
concentration range of l00-50?6, but increases at the 25% protein concen- 
tration. The N A K A  values remain constant between 100 and 75% protein 
concentrations, but increase at lower protein concentrations. After correctihg 
the binding data for the plasma protein dilutions, the KT and N A K A  values 
remain constant above the 75% protein concentration, but increase at lower 
total protein concentrations. Inspection of Table I shows that the correction 
for protein dilution in the protein concentration range of 75-100% does not 
appreciably affect K T  and N A K A  values. 


The magnitude of the increases in KT and N A K A  at low protein concen- 
tration is not particularly great, yet helps explain the deviations noted at  the 
25% protein concentration (Figs. 4 and 5). The N A K A  for prednisolone, which 
does not increase until the albumin concentration has decreased to 5 W  ( P A  
= 2.7 X lo-' M), appears to be more resistant to changes in albumin con- 
centration than hydrocortisone, which shows increases in  N A K ~  a t  albumin 
concentrations <9 X lo-' M (10). No change occurs in KT until protein 
concentrations are reduced to 25% ( P T  = 1 . 1  X lo-' M). When diluting 
plasma, the possibility arises that the increases seen in the binding parameters 
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PREDNISOLONE CONCENTRATION, ng/mL 


Figure 1-Plasma protein binding of prednisolone in relation to free 
drug concentratiom under the following conditiom: (A) without (0) 
and with (@) mathematical correction forjluid shqtrs using Eq. 5. 
maximum difference 6%; (B)  without (0) and with (0)  dextran 
added toprevent fluid shifts; (C) with dextran added to buffer (@) 
and after mathematical correction (Eq. 5)  for the fluid shifts that 
occur with buffer alone (0). 
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Figure (I- Postdialysis volume dvferences (plasma side minus buffer side) 
observed when plasma containing various total protein concentrations were 
dialyzed against buffer, with dextran content calculated by Eq. 4. Key: (@) 
normal subjects: (0) patients with nephrotic syndrome: (-) no fluid 
shift. 


are due to lower concentrations of binding inhibitors, although these were 
probably removed by the charcoal. Another explanation might be that con- 
formational changes in the albumin molecule may make available binding 
sites that were previously inaccessible (25). This may explain the increases 
in N A K A ,  but no increase occurs in the number of binding sites on the tran- 
scortin molecule. The trimer-polymer form of albumin has been shown to have 
a lower binding affinity for progesterone than the monomer or dimer forms 
(26). The binding affinity of transcortin in the rat (27) and rabbit (28) has 
also been shown to decrease owing to polymer formation. Whether or not 
human transcortin forms polymers is still being debated (29-31). A decrease 
in polymer formation at low protein concentrations may explain the increases 
seen in KT and NAKA.  I t  is important to note that KT and NAKA remain 
constant up to a twofold dilution of the plasma proteins. 


The colloidal osmotic pressure of plasma proteins tends to pull fluid into 
the plasma compartment of a dialysis cell, resulting in lower postdialysis 
protein concentrations. A decrease in the fractional binding of ligand to protein 
may also occur. Linear relationships were observed between postdialysis 
plasma ( r  = 0 . 9 9 4 , ~  < 0.005) and buffer ( r  = 0 . 9 6 6 , ~  < 0.01) volumes and 
plasma protein concentration. Fluid shifts were greatest with undiluted plasma 
and decreased as plasma protein concentration decreased. The decreases in 
protein concentration caused by these fluid shifts resulted in decreases in the 
fractional binding of prednisolone. As the protein binding parameters for 
prednisolone are constant over the range of dilutions that result from fluid 
shifts, this low fractional binding of prednisolone can be corrected mathe- 
matically. 


A L B U M I N  
FRACTION B O U N D  


Volume Shifts- Mathematical Correction-Equal volumes (0.8 mL) of 
plasma and isotonic sodium phosphate buffer were placed in each equilibrium 
dialysis cell. Figure 6 presents measured postdialysis plasma volumes as  a 
function of time, showing progressive increases in the plasma volume between 
2 and 14 h. Plasma volumes were static after 14 h. Mean (SD) plasma and 
buffer volumes typically found at 16 h are 0.91 (0.04) mL and 0.67 (0.04) mL, 
respectively. Volume shifts of similar magnitude were noted when plasma was 
dialyzed against Krebs original Ringer phosphate and with both hypotonic 
and hypertonic sodium phosphate buffers. This produces postdialysis protein 
concentrations that are -86% of the initial concentrations. Equation 5 was 
employed to correct for this fluid shift, and Fig. 7A presents the binding results 
with (Eq. 5 )  and without (Eq. 6) this adjustment. The dilution of plasma 
proteins caused by fluid shifts results in lower values for the fractional binding 
of prednisolone. The KT and NAKA were 2.83 X lo7 M-I and 2.06 X lo3 M-I 
without correction and 3.55 X lo7 M-I and 2.28 X lo3 M-' with correc- 
tion. 


Oppenheimer and Surks (1 I ) ,  in the first attempts to correct protein binding 
data for dilution of plasma proteins, corrected the free drug concentration for 
dilution in terms of the total volume of the diqlysis system. Our method differs 
in that we correct the bound drug concentration for dilution of proteins using 
pre- and postdialysis volumes of the plasma compartment only. The bound 
drug concentration was corrected since this is the variable that is dependent 
on drug and protein concentrations (Eq. 7). Correction of the free drug con- 
centration would appear to introduce an artifact into the system, particularly 
when binding is nonlinear. 


Volume shifts that occur in our equilibrium dialysis system yield postdialysis 
protein concentrations that are -86% of their initial value. As shown previ- 
ously, protein dilutions of this magnitude have no effect on NTKTPT, K T .  or 
NAKA. If DF is held constant, the only changing variables in Eq. 7 are PT and 
PA. These can be corrected for by use of a dilution factor and DB can then be 
calculated. This dilution factor can be expressed as the ratio of the equilibrium 
plasma volume ( Vp.) to the initial plasma volume ( VPJ. The higher DB and 
FB obtained after correction are then functions of the initial protein concen- 
tration. A dilution factor could also be calculated from directly assayed pre- 
and postdialysis protein concentrations. Mathematical correction for fluid 
shifts cannot be used if the binding parameters are highly dependent on protein 
concentration. 


Dextran-Dextran, when added to dialysis buffer, alters the magnitude 
and direction of fluid shifts. EquatiQp 4 was found to be useful for calculating 
the dextran concentration reqyired to prevent fluid shifts, based on total 
plasma protein concentration. As shown in Fig. 8, 19 samples dialyzed against 
buffer containing dextran resulted in fluid shifts of <0.05 mL, while 16 re- 
sulted in shifts of <0.01 mL. No binding of prednisolone to dextran oc- 
curred. 


The results of dialyzing plasma containing prednisolone against buffer alone 
and buffer with dextran added are shown in Fig. 79.  The fractional binding 
of prednisolone determined by dialyzing plasma against plain buffer is lower 
as a result of the dilution of plasma proteins. When dextran was added to the 
buffer, no fluid shifts occurred. The KT and NAKA values were 2.38 X lo7 
M-' and 2.06 X lo3 M-' for plain buffer and 3.54 X lo7 M-' and 2.25 X lo3 I.& 1.0 


K =  105 


Figure 9-Relationship between the 
fraction of ligand bound to albumin, free 
ligand concentration. and postdialysis 
plasma volume. Dots indicate the percent 
decrease in fractional binding due to vol- 
ume shvts at Iigand concentrations of 
lo-). loo. and lo3 p M .  
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M-I for buffer with dextran. Figure 7C shows the same data with correction 
for the typical volume shifts. The results with dextran and those obtained with 
the mathematical correction coincide on the same binding curve, although 
the latter are shifted slightly to the left as a result of the increased plasma 
volume (6.7). The computer-fitted K ~ a n d  N A K A  were 3.54 X lo7 M-I and 
2.25 X lo3 M - ’  for results obtained with dextran and 3.55 X lo7 M-’ and 
2.28 X lo3 M-I for the mathematically corrected binding data. 


Dextran, when added to buffer in appropriate amounts, prevents the oc- 
currence of any fluid shift, so that the binding results obtained are then directly 
related to the initial protein concentration. Inhibitors of binding also remain 
undiluted. The concentration of dextran (mol. wt. 70,000) required to prevent 
volume shifts is 55% of the total plasma protein concentration. 


The use of other dialysis membranes or systems may also prevent volume 
shifts. Lima el 01. (32) found that a thicker membrane with a molecular weight 
cutoff of 6OOO-8OOO will diminish the fluid shift. We also examined equilib- 
rium dialysis of prednisolone with cells that have a larger membrane-to-volume 
surface areal0. Equilibration was obtained by 2 h, and no volume shifts were 
observed. Prednisolone binding data in these cells were identical with results 
obtained by mathematical correction or addition of dextran in the present 
system. 


Calculated Effects of Volume Shifts-Simulations were employed to il-  
lustrate the effects of volume shifts on the protein binding (DR) of ligands at  
various protein concentrations (P) .  association constants ( K ) ,  and free ligand 
concentrations (DF). Normal valuesof albumin (4.8 g/dL) and a]-acid gly- 
coprotein (70 mg/dL) concentrations were used to depict high and low protein 
concentrations. Association constants employed were lo3 M-]  and lo’ M-’ 
for albumin and los M-’ and lo7 M-I for al-acid glycoprotein. The number 
of binding sires per protein molecule ( N )  was assigned as 1 for both proteins. 
It was assumed that neither N nor K changed as a result of increases in the 
postdialysis plasma volume. The equation used for these simulations is: 


V .  
N .  K. P. D~.-$’ 


where ligand concentration ranged from to lo-) M. Postdialysis plasma 
volumes ( V , )  ranged from 0.8 mL (no volume shift, Vp,) to I .O mL. 


Simulations depicting drug binding to albumin in relation to volume changes 
are shown in Fig. 9. The fractional binding calculated with both association 
constants is linear over a wide range of ligand concentrationsdue to the high 
binding capacity of albumin. The higher association constant ( K  = I @  M-I) 
yields higher fractional binding at all ligand concentrations. When K = 10’ 


l o  Spectrum Medical Industries Inc.. Los Angeles. Calif. 


i” K =  1 0 5  


Figure 10-Relationship 
beiween the fraction of 
ligand bound to a I -acid 
glycoprotein. free ligond 
concentration. and posi- 
dialysis plasma volume. 
Dots indicale the percent 
decrease in fractional 
binding due to oolume 
shiJts at ligand concen- 
traiions of lo-? loo. and 
103 PM. 


2 0 %  


M-I, an increase in the plasma volume from 0.8 ml, to I .O mL produces < I %  
decrease in the fraction bound over a ligand concentration rangeof 10-3-101 
p M .  At higher ligand concentrations, volume shifts produce progressively 
larger decreases in fractional binding. A t  a ligand concentration of lo3 pM. 
a shift in plasma volunie from 0.8 to 1 .O mL results in a 13% decrease (from 
0.41 to 0.36) in fraction bound. When K = lo3 M-I, the same volume shift 
produces a 13% (0.05 absolute F B )  decrease in fractional binding up to a ligand 
concentration of lo2 pM. A similar 16% decrease (from 0.26 to 0.22) in 
fractional binding occurs at a ligand concentration of lo3 pM. 


Simulations illustrating binding of ligand to al-acid glycoprotein are pre- 
sented in Fig. 10. Saturation of this low-capacity protein at D F  >lo-* pM 
produces marked nonlinearity in the fractional binding. As expected, the 
higher association constant yields greater fractional binding of the drug. When 
K = lo7 M-I, volume shifts produce no change in fractional binding when 
ligand concentrations range from lo-) to lo-’ pM. At a ligand concentration 
of loo pM, the 20% increase in plasma volume results in a 2% decrease (0.94 
to 0.92) in fractional binding. As the ligand concentration increases further, 
the percent decrease in fractional binding caused by volume shifts progressively 
increases. The largest absolute change in  fractional binding (0.05) as a result 
of fluid shifts occurs at a ligand concentration of 10) pM. When K = los M-I, 
volume shifts produce a 9% (0.05 absolute) decrease in fractional binding over 
a ligand concentration range of 103-101 p M .  At higher ligand concentrations 
the absolute changes in fractional binding are extremely small. 


These theoretical simulations show that changes in protein binding of a li-  
gand are dependent on the protein concentration. the association constant, 
the free ligand concentration, and the magnitude of the volume shift. In 
general, the decrease in fractional binding is greatest with lower initial protein 
concentrations. lower association constants, higher free drug concentrations, 
and larger fluid shifts. The fluid shifts can be either corrected for mathema- 
tically or prevented with dextran. 


With prednisolone, the binding results obtained by correction or dextran 
addition agree well. The mathematical approach requires that binding pa- 
rameters remain constant and also that possible competitors or inhibitors of 
binding are not influenced by fluid shifts. The equations used can easily be 
written into a computer program. The dextran approach requires an accurate 
measurement of the total plasma protein concentration for each compound. 
For prednisolone, the fluid shifts produce a slight decrease in the fractional 
binding and do not present any major errors in  binding results. 


APPENDIX: Correction for Volume Shifts in Protein Binding 


The amount of protein (AP, )  initially placed in the dialysis cell is: 


APi = P ,  * Vp, (Eq. A ] )  
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where Pi is the initial protein concentration and V ,  is the initial dialysate 
volume. After equilibration of free drug, the amount of protein (AP,)  in the 
plasma compartment is: 


A p e =  P , .  V, (Eq. A2) 


where P, is the postdialysis protein concentration and V, is the postdialysis 
dialysate volume. Assuming there is no loss of protein from the protein com- 
partment: 


APi = AP, (Eq. A3) 


and therefore: 


Pi - vpi = P, v P (Eq. A4) 


Rearranging: 


(Eq. A5) 
V i  P , = P i . m  
v, 


In the absence of volume shifts, the concentration of bound drug ( D d  for 
m classes of binding sites can be predicted by: 


given the number of binding sites per protein molecule ( N ) ,  the association 
constant ( K ) ,  the freedrug concentration ( D F ) .  and Pi. When volumeshifts 
occur, the same equation applies, except for the change in  protein concen- 
tration. Thus, the bound drug concentration ( D k )  is given by: 


(Eq. A7) 


Substituting for P,: 


I f  it is assumed that N a n d  K do not vary with changes in P ,  then: 


Note that the same value for the independent variable, DF, is used with and 
without volume shifts. However, the measured DF would differ from the D F  
obtained had no nuid change occurred. This causes the corrected binding curve 
to shift up and to the right when plotting fraction bound uersus equilibrium 
total drug concentration (see Fig. 7) .  


The fraction of drug bound at the initial protein concentration is calculated 
by: 


From Eq. A9: 


Substituting for D B ~ :  


(Eq. AIO) 


The values of D T ~  and D F  are obtained experimentally. Since: 


then: 


(Eq. A14) 


thus: 


(DT,  - D F )  * !k 


( D T , - D F ) - ~ + D ,  Vpi 


Vpi F B ~  = 


as presented in the text. 
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Abstract 0 The stability of cefotaxime sodium in water (with either hydro- 
chloric acid, phosphate buffers, or other ingredients) dextrose. and sodium 
chloride has been studied using a stability-indicating high-performance liquid 
chromatographic method with a relative standard deviation of I.WO based on 
six injections. The optimum pH range of stability was determined to be 
-4.3-6.2. In this pH range, the decomposition process was catalyzed only by 
the solvent. At pH 53.4.  the hydrogen ion also catalyzed the reaction while 
a t  pH >6.2. the hydroxyl ion hastened the process ofdecomposition. The so- 
lutions in 5% dextrose and 0.9% NaCl injections were stable for at least l ,  22, 
and 112 d at 24OC. 4OC. and -lO°C, respectively. For both solutions, the loss 
in potency was <5% at - 10°C in 224 d, <9% at 4OC in 42 d, and <3.1% at 
24OC in 1 d. 


Keyphrases 0 Cefotaxime sodium-stability as determined by high-perfor- 
mance liquid chromatography 0 Stability-cefotaxime sodium, determined 
by high-pcrformance liquid chromatography 


Cefotaxime sodium, a new semisynthetic cephalosporin 
antibiotic, is effective against a wide variety of microorganisms 
when administered intravenously. Stability studies (1) indicate 
that solutions for intravenous use are stable for 24 h at  25OC, 
10 d under refrigeration (<5OC) and for at least 13 weeks in  
the frozen state. I t  also appears that cefotaxime solutions ex- 
hibit maximum stability in the pH range of 5-7 and that it is 
not advisable to prepare solutions with diluents having a pH 
>7.5 (1). In  general, cephalosporins have been reported to be 
stable (2). 


Elrod et al. (3)  reported the various methods available for 
the quantitation of P-lactam antibiotics, including microbio- 
logical (4), iodometric (3, colorimetric (6-8), and high-per- 
formance liquid chromatographic (HPLC) (9-1 2) assays. The 
two official procedures often specified for cephalosporins are 
the microbiological agar diffusion ( 1  3) and hydroxylamine 
(14) methods. An HPLC procedure for the quantitation of 
cefotaxime in serum ( 1  5) has been reported. 


The purpose of this investigation was to study the stability 
of ccfotaxime sodium at various pH values and in intravenous 
admixtures. A stability-indicating HPLC method is described 
which is rapid, accurate, and sensitive. 


EXPERIMENTAL 


Materials -All chemicals and reagents were either USP, NF. or ACS 
quality and were used without further purification. Cefotaxime sodium' 
powder was used as received. The high-pressure liquid chromatograph2 was 
equipped with a multiple-wavelength detector), a recorder4, and an integrators. 
A semipolar6 column (30 cm long X 4 mm i.d.) was used. 


The mobile phase for method A contained 0.02 M ammonium acetate and 
l X %  v/v of methanol in water. The flow rate was 2.5 mL/min, the sensitivity 
was 0.1 AUFS (254 nm), and the chart speed 30.5 cm/h. The temperature 
was ambient. Chromatographic conditions were the same for method B except 


I Ihechst-Roussel Pharmaceuticals. Somerville. N.J. 


' Spectrollow monitor SF770; Schoeffcl Instrument Corp., Westwood. N.J. 


Model ALC 202 equip@ with U6K universal injector; Waters Associates, Milford. 


Omniscribc 5313-12; Houston Instruments, Austin, Tx. 
Autolab mini rator; Spectra-Physics. Santa Clara. Calif. 
j thndapak  pkenyl (Catalog No. 27198); Waters Associates. 


Mass. 


that the mobile phase contained 9% v/v of acetonitrile instead of methanol 
and the sensitivity was 0.04 AUFS. 


Method-A stock solution was prepared fresh daily by dissolving 100 mg 
of cefotaxime sodium in  enough water to make 100 mL of the solution. The 
stock solution was diluted further with water as needed. The standard solution 
contained 100 pg/mL of cefotaxime sodium. All the antibiotic solutions were 
prepared using a simple solution method (Table I). After the initial data 
(physical appearance, pH values7, and assays) were obtained, the solutions 
were stored either a t  room temperature (24 f IOC), under refrigeration (4 
f I O C ) ,  in the freezer (-10 & l°C),  or at all the three temperatures. 


At appropriate intervals, solutions of cefotaxime were assayed using the 
HPLC method. Before analysis, all solutions were diluted with water to an 
appropriate concentration (identical to the standard solution based on the label 
claim). Before dilution, the solutions were always brought to rwm temperature 
by putting the bags/bottles in tap water. 


A 20-pL aliquot of the assay solution was injected into the chromatograph 
using the described conditions. For comparison, an identical volume of the 
standard solution was injected after the assay solution eluted. The concen- 
tration of cefotaxime sodium in the standard solution was identical to label 
claim of the assay solution. 


Since preliminary investigations indicated that the peak heights were related 
directly to the concentrations (range tested was 0.3--2.4 p g ) .  the results were 
calculated using: 


0, X 100 = percent of label claim 
(Ph)S 


where (Ph) ,  is the peak height of the assay solution and (Ph),  is the peak 
height of the standard solution of an identical concentration based on the label 
claim. 


TIME (MINUTES) 
Figure 1-Typical chromatograms: peak 3 is from cefotaxime and all others 
are from the decomposition products. Chromatograms A-C are from a 3-d 
old solution (pH 1.5). a standard solution. and 3-d old solution (pH 8.5). 
respectively. Chromatographic method A was used (see text). 


' All pH values were measured using Reckman Zeromatic SS-3,  pH meter. 
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Table I-Cefotaxime Solutions Prepared for the Stability Studies 


Conc. of Cefotaxime PH, 
Solution Sodium, mg/mL Initial 


Other Ionic Storage 
Container Ingredients Strength" 


1 10.0 4.7 5% Dextrose b Plastic Baec 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 


10.0 
1 .o 
1 .o 
1 .o 
1.0 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 


4.6 
1.5 
2.8 
3.4 
4.3 
4.3 
4.3 
5.4 
6.2 
7.5 


0.9% NaCl b Plastic BagC 
0.1 M HC1 0.3 Bottled 
0.1 M Phosphate 0.3 Bottle 
0.1 M Phosphate 0.3 Bottle 
0.1 M Phosphate 0.3 Bottle 
0.2 M Phosphate 0.3 Bottle 
0.1 M Phosphate 0.6 Bottle 
0.1 M Phosphate 0.3 Bottle 
0.1 M Phosphate 0.3 Bottle 
0.1 M Phosohate 0.3 Bottle 


i2 1 .o 8.5 0.1 M Phosphate 0.3 Bottle 


a Adjusted with KCI. Ionic strength of this solution was not adjusted. The original plastic Viaflex PL 146 bags (Travenol Laboratories), from which either 5% dextrose or 
0.9% NaCl injection in water was withdrawn to make the solutions. All bottles are 60-mL amber colored glass; Brockway Glass Co., Brockway, Pa. 


RESULTS AND DISCUSSION 


Assay Method-The method developed is reproducible with a relative 
standard deviation of 1.9% based on six injections. The developed procedure 
separated a number of decomposition products (Fig. 1A-C) from the intact 
drug (peak 3 in Fig. 1). 


The HPLC methods developed are stability indicating (Fig. 1). In a solution 
of pH 1.5, there was no intact drug present after 7 d of storage. Instead there 
were four new peaks from the decomposition products. The author feels that 
the HPLC method may be better, since the results are more accurate and 
precise compared with the microbiological assay method. Moreover, the de- 
composition products, especially when only the 3-acetoxy group may have 
been hydrolyzed, could interfere with the microbiological assay technique, 
since the intact p-lactam moiety is expected to be active against the bacteria. 
With the HPLC procedure, this interference is not expected, due to separation 
of the decomposition products. 


Effect of pH and Order of Reaction-The decomposition was first order 
(Fig. 2). The optimum pH range of stability (Fig. 3) was in the 4.3-6.2 range. 
At pH values of 3.4 and 7.5, the decomposition was -10% faster than in the 
4.3-6.2 pH range. At pH 1.5, the degradation was the fastest (-1 1 times faster 
than in the optimum range), and at pH 8.5 the Kob was -3 times faster than 
the K o b  between pH 4.3 and pH 6.2. The increase in buffer concentration 
(phosphate) and the ionic strength (solutions 6-8 in Table I) did not affect 
the decomposition constant. Since pH had very little effect on KobS the pH 
range of 4.2-6.2 and reaction was catalyzed only by water, it can be assumed 
that K, in Eq. 2 is 0.056 d-' (Kobs in the pH range of 4.3-6.2): 


Kob = K"(H+) t K ,  t Ko"(OH-) (Eq. 2) 


Neglecting the effect of OH- at pH 1.5 and that of H+ at pH 8.5, the K H  and 


4.1 


n 
W 


c 
W a 
c z w 2A 
0 


4 3.l 


I 
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1 .I 


I I I I I I I I 1 


0 2 4 6 8 


TIME (DAYS) 
Figure 2-First-order plots of the degradation of cefotaxime in solutions 
of p H  1.5 and 8.5. 


KOH values were estimated to be 18.0 and 3.3 X lo4 M-' - d-', respec- 
tively. 


Decomposition of Cefotaxime-It is well documented (2) that at  lower pH, 
the p-lactam moiety undergoes hydrolysis ( K I  step in Scheme I, cf Ref. 2). 
and at higher pH (-8), the side chain undergoes hydrolysis (K2 step). In Fig. 
1A (as compared with Fig. 1B) the additional unidentified peaks are from the 
hydrolysis of side chain (peaks 1-2) and lactonization (peaks 4-5) of the 
p-lactam ring. In Fig. lC, the additional peaks (peaks 1 and 2) are from the 
hydrolysis of the 3-acetoxy group (side chain). The decomposition of cefo- 
taxime in this assay solution of pH 1.5 was fast. It is obvious that decompo- 
sition products from the side chain elute immediately after the solvent, while 
those from the p-lactam lactonization elute after the intact drug (Fig. 1A) 
This was expected, since the hydrolysis of the 3-acetoxy group produced more 
polar product(s) while lactonization produced less polar product(s). Lac- 
tonization predominates only in the acidic medium (2). In these investigations, 
peaks 3-4 were small in solutions of pH 2.8 and 3.4 and absent in others (pH 
4.3-8.5). The absence of lactonization in neutral and basic solutions was ex- 
pected. Obviously, lactonization does not proceed even under weakly acidic 
conditions. Peaks 1-2 were larger in pH 8.5 solution, since hydrolysis of the 
3-acetoxy group was fastest at  this pH (highest in the series of solutions 
studied), 


Stability of Intravenous Solutions-The testing results of intravenous so- 
lutions indicate (Table 11) that the manufacturer-recommended (1) expiration 
date of 24 h at room temperature is reasonable. However, cefotaxime sodium 
solutions were stable for 22 d at  4OC uersus the manufacturer-recommended 
expiration date of 10 d. Even in 35 d, the loss in potency was <5%. The frozen 


'9 I 
cu 
+ 
Y 


8 


0 2 4 0 8 


PH 
Figure 3-A pH-rate profile curve from data ofsolutions 3-12 (Table I) .  
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Table 11-Assay Results and DH Values of the Solutions at Various Temwratures. 


Vehicle 


Amount Retained* Based on the Label Claim, 9’0 
24 f 1°C 


Od I d  3 d  7 d  


5% Dextrose 100.2 97.0 75.9 60.4 


5% Dextrose 


0.9% NaCl 


(4.7) (4.5) (4.5) (44)  


(4.6) (4.4) (4.4) (4.2) 
0.9% NaCl 100.8 98.0 76.7 59.0 


4 f  1°C 
Od I I  d I7 d 22 d 35 d 42 d 


100.2 101.2 101.2 100.8 96. I 92.5 
(4.7) (4.7) (4.7) (4.7) (4.5) (4.7) 
100.8 99.6 100.2 99.2 95.2 91.7 
(4.6) (4.6) (4.6) (4.6) (4.5) (4.6) 


-10 f 1°C 
Od 28 d 63 d 112d 224 d 


5% Dextrose 


0.9% NaCl 


100.2 
(4.7) 
100.8 


100.2 
(4.7) 
100.8 


100.4 
(4.7) 
100.2 


99.8 
(4.7) 
99.6 


~~ 


95.3 
(4.6) 
95.6 


(4.6) (4.6) (4.6) (4.6) (4.5) 
a Results (using chromatographic method A )  of buffered solutions are presented in Figs. 2 and 3. The increase in buffer concentration and the ionic strength (solutions 6-8 .  Table 


I )  did not affect the Kob value All solutions containing I .O mg/ml. ofcefotaxime sodium were clear and ptl values were constant to the last day of these investigations. The solutions 
containing I% cefotaxime sodium were very slightly yellow in color on day 0. The intemity of color increased after 1. 25. and I I 2  d of storage a t  2 4 T .  4OC. and - IOOC. respectively. 


These were determined using chromatographic method R. The results obtained on selected samples with chromatographic method A were similar. The pH value is in paren- 
theses. 


’ E > C H  COOH 2 OCOCH 


COOH lxz 


lactam hydrolysis product 


Scheme I -Decomposition ./ Cefotaxime. H represents the amide side 
chain. 


solutions were stable for at least 16 w e e k  I n  32 weeks, the loss in potency was 
<5%. and the change in pH was negligible. However, an additional important 


factor must be considered, e.g.. a poor mixing technique could contaminate 
the admixture and make i t  unsuitable for use. 


REFERENCES 


(1 )  Hoechst-Roussel Pharmaceuticals, Claforan Insert 7 1789, Somerville. 


(2) K.  A. Connors, G.  L. Amidon. and L. Kennon. “Chemical Stability 


(3) L. Elrod, Jr., L. R. White. 0. C. Wimer, and R. D. Cox. J. C‘hroma- 


(4) J. V. Bennett, J. L. Brodie, E. J. Benncr. and W. M. M. Kirby, Appl. 


(5) J .  F. Alicino. Anal. Chem., 33,648 (1961). 
(6) J. W. Munson, D. Papadimitriou, and P. P. Deluca, J. Pharm. Sci.. 


(7) L. P. Merrelli. J. Pharm. Sci . ,  57,2172 (1968). 
(8) L. P. Merrelli in “Cephalosporins and Penicillins,” E. H. Flynn, Ed., 


(9) E. R. White. M. A. Carroll, and J .  E. Zarernbo. J .  Antihiot., 30,81 I 


N.J., Rev. 1981. 


of Pharmaceuticals.” Wiley, New York, N.Y., 1979 p. 195. 


t o p . ,  237.5 15 ( 1982). 


Microhiol., 14, 170 (1966). 


68, 1333 (1979). 


Academic, New York, N.Y., 1972 pp. 617- 619. 


(1  977). 


I 183 (1980). 


(10) M. G. Young, J. C‘hromatogr.. 150,221 (1978). 
(1  I )  J .  M. Indelicato, B. A. Steward, and G. L. Engel, J .  Pharm. Sci., 69, 


(12) V. D. Gupta and K .  R. Stewart, J .  Pharm. Sci.. 69,1264 (1980). 
(13) Code of Federal Regulations. Title 21. U.S. Govt. Printing Office. 


(14) Code of Federal Regulations, Title 21. US. Govt. Printing Office. 


( I  5) T. Rergan and R. Solberg, Chemofherapia, 27, 155 (198 I ) .  


Washington. D.C., 1980, Part 436.105. 


Washington, D.C., 1980, Part 4.36.205. 


Journal of Pharmaceutical Sciences I 567 
Vol. 73. No. 4, April 1984 












JOURNAL OF 


FEBRUARY 1984 
VOLUME 73 NUMBER 2 


PHARMACEUTICAL 
ENCES 


RESEARCH ARTlCL ES 


Correlation Between the Bioavailability of 
Microencapsulated Bacampicillin Hydrochloride in 
Suspension and In Vitro Microcapsule Dissolution 


JAN SJOVALL *X, ROLF SJOQVIST *, BERNHARD HUITFELDT 8 ,  and 
HAKAN NYQVIST * 
Received July 12,1982, from the 'Medical Department, the $Research and Development Laboratory, Pharmaceut ics, and the §Medical 
Statistics Department, ASTRA LAKEMEDEL A R ,  S-15185 SGdertalje, Sweden. Accepted for publication December 2,1982. 


Abstract 0 The relative bioavailability of microencapsulated bacam- 
picillin hydrochloride in suspension was correlated with the in vitro 
dissolution half-lives of the microcapsules. Simultaneously, a sensory 
evaluation was performed to evaluate the taste acceptability of the sus- 
pension. The in uitro dissolution half-life is directly related to the coating 
thickness of the microcapsules. The four suspensions of bacampicillin 
hydrochloride, containing microcapsules with different coating thickness, 
were given as single 400-mg oral doses to 12 healthy volunteers after 
overnight fasting using a crossover design with balanced sequences. 
Bacampicillin is a prodrug of ampicillin, the concentration of which was 
determined in plasma and urine by bioassay. There were significant in- 
verse linear relationships between the dissolution half-life and plasma 
peak concentration, area under the curve, and urinary recovery. The 
terminal exponential disposition phases of the curves were similar for 
all four suspensions. There was a significant direct linear relationship 
between the dissolution half-life and overall taste and bitterness. The 
results show that the mean bioavailability of bacampicillin hydrochloride 
from a microcapsule suspension can be predicted from an in uitro dis- 
solution half-life. The results also suggest that bacampicillin hydro- 
chloride can be given in a suspension with sufficient microcapsule film 
thickness to reduce the bitter taste of the drug and still retain adequate 
bioavailability. 


Keyphrases Bioavailability-bacampicillin hydrochloride, mi- 
croencapsulated oral suspensions, correlation with in uitro dissolution 


Bacampicillin hydrochloride-encapsulated oral suspensions, in viuo 
bioavailability correlations with in uitro dissolution, taste evaluation 0 
Dissolution-in uitro, microencapsulated bacampicillin hydrochloride 
in oral suspensions, correlation with in uiuo bioavailability, taste evalu- 
ation 


Bacampicillin hydrochloride, an oral prodrug of ampi- 
cillin, is absorbed more rapidly and to a greater extent than 
ampicillin (1, 2). The drug cannot be formulated as a 
simple solution due to its  bitter taste. However, using an 
aqueous suspension of small particles of bacampicillin 
hydrochloride coated with a thin polymeric film of ethyl- 


cellulose (microencapsulated) and, for instance, adjusting 
the pH of the aqueous phase, the release of bacampicillin 
can be counteracted and the bitter taste masked'. In- 
creased thickness of the microcapsule coating decreases 
the in uitro dissolution rate of bacampicillin in water. This 
might influence both the rate and extent of absorption of 
the drug. On the other hand, with too thin a coating it is 
possible that the microcapsules in the aqueous suspension 
may release bacampicillin in the mouth prematurely, 
thereby causing a bitter taste. 


The purpose of this investigation was to compare the 
relative bioavailability of microencapsulated bacampicillin 
hydrochloride in four aqueous suspensions. The only dif- 
ference between the suspensions was the coating thickness 
of the microcapsules. These were characterized by differ- 
ent in uitro dissolution half-lives of the bacampicillin. A 
sensory evaluation of the four suspensions was made si- 
multaneously. 


EXPERIMENTAL 


Subjects-The study was conducted on three female and nine male 
nonobese volunteers, aged 23 to 37 years (mean 31 years) with body 
weights ranging from 56 to 86 kg (mean 74 kg). All were determined to 
be healthy by routine clinical and laboratory examinations within a 14-d 
period preceding the study and had no known allergy to penicillins or 
cephalosporins. The subjects had taken no other drugs for a t  least 1 week 
prior to the start of the study. 


Pharmaceutical  Preparations-Microcapsules of bacampicillin 
hydrochloride were prepared by fluid bed coating with ethylcellulose. 
Four different coating thicknesses were used for the microcapsules, with 
total polymer contents of 17,23,29, and 37%. respectively. 


R. Sjwvist,  J. Sjovall, H. Nyqvist, and D. Westerlund; unpublished data. 
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Figure 1-In vitro dissolution, as a function of time, of four microcap- 
sules of bacampicillin hydrochloride with different coating thicknesses 
expressed as the total content of polymer in the granules. Vertical lines 
indicate dissolution half-liues. Key: (-) 17%; (- - -) 23%; (- - -) 29%; 
(. - . -) 37%. 


The microcapsules were characterized by different in uitro dissolution 
rates. The in uitro release rate of bacampicillin hydrochloride from the 
microcapsules was determined in the USP XX paddle apparatus with 
500 mL of water (37OC) as the dissolution medium. The rotating speed 
of the shafts was 100 rpm. Six samples of 500 mg of microcapsules were 
run in each test. The amount of bacampicillin dissolved was monitored 
continuously in a spectrophotometer at 255 nm. 


The microcapsules were administered as a flavored, aqueous suspen- 
sion2, of identical composition for the four different microcapsules. The 
suspension (40 mg/mL) was prepared 0.5 h before administration by 
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Figure 2-Mean plasma concentrations after four single 400-mg doses 
of microencapsulated bacampicillin hydrochloride in suspension with 
different in vitro dissolution half-lives. Crossover study in l2subjects. 
Key: (0) 2.5 min; ( A )  5 min; (0) 12.5 min; (V) 22 min. 


* PENGLOBE granules for reconstitution; Astra Lakemedel AB, Sweden. 
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Figure 3-Relationship between in vitro dissolution half-life and in- 
dividual peak concentration after single 400-mg doses of microencap- 
sulated bacampicillin hydrochloride in suspension. Crossouer study in 
12 subjects. The 95% confidence limits for the mean regression line 
(- - - -) and for the prediction of a new observation in a random subject 
(. . , .) after dosing with bacampicillin hydrochloride suspension with 
a given dissolution half-life are indicated. 


adding a standardized volume (4.8 mL) of water to single dose cups 
containing an exact dose of microcapsules and excipients. 


Experimental Design-The subjects were given the four suspensions 
according to a randomized, crossover design with balanced sequences and 
an interval of 1 week between doses. All subjects fasted for a minimum 
of 8 h (from midnight to drug administration) with the exception of 250 
mL of water taken on rising, a t  least 1 h before dosing. The suspension 
was given in single oral doses containing 400 mg of bacampicillin hy- 
drochloride. After swallowing the dose 150 mL of water was immediately 
ingested, part of which was used'to rinse the cup twice. The subjects 
continued fasting for 3 h after drug ingestion, except for 150 mL of water 
given after 1 and 2 h and permitted ad libitum thereafter. A standardized 
meal was served 3 h after drug administration. The subjects were in- 
structed not to engage in any strenuous or athletic activities during the 
days of drug administration. Smoking was permitted, but not snuff. The 
study protocol was reviewed and approved by a peer committee and 
written informed consent was obtained. 


Sampling and Assay-Blood samples (5 mL) were drawn from the 
antecubital vein just prior to dosing and at  10,20,30,45,60,80, and 100 
min and 2, 3,4, 6, and 8 h after drug administration. All samples were 
collected by direct puncture using evacuated heparinized blood collecting 
tubes3. Plasma was quickly separated by centrifugation and filtration4. 
The samples were frozen within 20 min of collection and were kept at 
-7OOC in labeled vials until assayed. The total urine output was collected 
over 2-h intervals during the 8-h study period. The weight of the total 
volume collected during each interval was recorded and a 5 to 10-mL 
portion was frozen (-70°C) until assay. The plasma and urine samples 
were assayed for ampicillin by a microbiological technique using the 
cylinder plate method with Micrococcus luteus ATCC 9341 as the test 
organism (2). 


Pharmacokinetic Calculations-The kinetics of ampicillin after 
intravenous injection can be adequately characterized by the two-com- 
partment open model (3,4). The individual plasma concentration versus 
time curves in the present study showed a biexponential decline, which 
also indicated that the two-compartment open model was valid. To de- 
termine the kinetics of absorption, the exponential parameters in the 
following equation were obtained using the nonlinear regression analysis 
program NONLIN (5): 


Cb = Ae-"L + Be-@ - Ce-kat (mg/L) (Eq. 1) 


3 Venoject; Terumo Europe NV, 3030 Leuven, Belgium. 
Sera-Clear; Technicon AB, Stockholm, Sweden. 
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Table I-Pharmacokinetic Variables After Single 400-mg Doses of Microencapsulated Bacampicillin Hydrochloride in Suspension a 


Dissolution Rate 
two, min k ,  h-I k,, h-I 


Urinary 
AUC, mg-h/L Recovery, % 


2.5(0.13) 16.7(0.87) 
S.O(O.23) 8.3(0.38) 


12.5(0.56) 3.3(0.15) 
22.0(0.72) 1.9(0.06) 


8.7 ( 1.6) 
8.2(2.0) 
7.1( 1.0) 
4.9(0.94) 


4.3(2.1) 0.6010.24) 
3.8(1.2) 0.57(0.13) 
3.6(1.9) 0.53(0.11) 
3.4(1.8) 0.52(0.14) 


13.9i1.6) 
13.3(2.2) 73.2(13.4) 
10.1 (2.1) 53.7(14.2) 


0 Expressed as mean f ,SD for a crossover study, n = 12. n = 11. 


where A,  B ,  and C are the intercepts at  the y-axis (at t = 0) obtained from 
the semilogarithmic plot of Cl, versus t ,  a and pare first-order disposition 
rate constants of the biexponential decline of the curve, and k, is the 
apparent first-order absorption rate constant. Initial parameter estimates 
used in NONLIN were calculated using a computer adaptation of the 
classical residual, peeling-off technique (CSTRIP) (6). 


The areas under the plasma concentration-time curves (AUC) were 
calculated by use of the trapezoidal rule. The estimated area from the 
last sampling time t ,  to infinity was calculated from 


(Eq. 2) 


where CF is the plasma concentration a t  the last sampling time. An es- 
timation of the relative bioavailability of the four microcapsule suspen- 
sions was made by comparing the AUC values as well as the amount of 
ampicillin excreted in the urine during 8 h. The suspension with the 
shortest dissolution half-life was used as the standard. 


Sensory Evaluation-Within 5-10 min after administration of each 
dose, the subjects recorded their sensory evaluation on two visual ana- 
logue scales. The first scale was related to the overall palatability, with 
the endpoints “extremely bad” and “excellent.” The second was a rating 
of the bitter aftertaste with the endpoints “strong” and “none.” 


Statistical Analysis-The relationship between dissolution half-life 
and each of the response variables [plasma peak (C,,,=), area under the 
plasma concentration-time curve (AUC), and urinary recovery] was 
evaluated in a regression analysis. Since a crossover design was used, the 
observations within a subject are dependent in a manner requiring a 
modification of the standard regression technique. This modification is 
described in the Appendix. 


For the sensory evaluation variables, for which a visual analogue scale 
was used, a nonparametric approach was taken in the analysis. The direct 
observations expressed as millimeters on the analogue scale were trans- 
formed to rank numbers after an overall ranking of the data. The rank 
numbers were then used in the regression analysis, a procedure which 
has been shown to give useful results for data on an ordinal scale (7). 


A linear relationship between dissolution half-life and different vari- 
ables was tested against the hypothesis of no relationship (slope of re- 
gression line = 0) using the Student’s t test. The criterion for the choice 
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Figure 4-Relationship between in vitro dissolution half-life and areu 
under the p l a s m  concentration-time curve (AUC) after single 400-mg 
doses of microencapsulated bacampicillin hydrochloride in suspension. 
Crossover study in 12 subjects. The lines are CIS defined for Fig. 3. 


between dissolution half-life (tm) and dissolution constant [k = 
(In 2 ) l t m  h-11 as the independent variable was the correlation between 
this variable and the response variable. The highest correlation coefficient 
was observed consistently for t m ;  this measure was chosen, therefore, 
as the independent variable. 


Since /3 was not expected to respond to differences in the dissolution 
rate, p was analyzed by using a two-way analysis of variance. The variable 
time-to-peak is a crude measurement of the absorption rate. Therefore, 
only descriptive methods were used in the evaluation of this variable. As 
such, these data give only supplementary information to the results of 
the nonlinear regression analysis. 


RESULTS 


In Vitro Diesolution-The amount of polymer in the film coating 
applied had a strong influence on the in oitro dissolution rate of ba- 
campicillin (Fig. l ) ,  which followed first-order kinetics as shown by the 
linear curves in the inset diagram in Fig. 1. The mean calculated times 
for 50% of the drug to dissolve (dissolution half-life) were 2.5,5.0, 12.5, 
and 22.0 min for the microcapsules with 17,23,29, and 37% film coating, 
respectively. A doubling of the thickness of the film coating thus increased 
the dissolution half-life by a factor of -10. A variation in the stirring rate 
between 50 and 200 rpm did not affect the dissolution rate. 


Dissolution Rate versus Plasma Levels-The highest mean plasma 
concentration-time curve was seen after the subjects received the sus- 
pension with the shortest dissolution half-life, and the lowest mean curve 
after receiving the suspension with the slowest dissolution rate (Fig. 2). 
The suspension with the slowest dissolution rate produced a lower and 
flatter maximum drug concentration. However, the slopes of the curves 
for the terminal disposition phase (8) of ampicillin did not differ signif- 
icantly following administration of the four suspensions (Table I). 


After receiving the three suspensions with the more rapid dissolution 
rates, no subject had a plasma peak below 5 mgL,  as compared with five 
subjects after receiving the suspension with a dissolution half-life of 22 
min. An inverse linear relationship was noted between the plasma peak 
and dissolution half-life (Fig. 3). The regression lines had a mean (SO) 
slope of -0.19 (0.08), which is significantly different from zero a t  p < 
0.001, and a mean correlation coefficient of 0.77 (0.18). There was a major 
deviation from the expected ranking order of the suspensions in only 
three subjects, all of whom had the highest peak after receiving the sus- 
pension with a dissolution half-life of 5 min. Proceeding from the lower 
limit of the 95% confidence interval for the regression line, a mean plasma 
peak of >5 m g L  can be predicted with a microcapsule suspension having 
a dissolution half-life of 519 min. 


Dissolution Rate  versus Absorption Rate-The absorption rate, 
as estimated from the time of the plasma peak concentrations, tended 
to increase with a decrease in the dissolution half-life (Table 11). There 
tended to be less variation between individuals after receiving the sus- 
pension with the highest dissolution rate. The results of the nonlinear 
regression analysis show a slight tendency toward an increase in the ap- 
parent absorption rate with an increase in the dissolution rate (Table I). 
The regression lines had a mean (SD) slope of -0.04 ( O . l l ) ,  which is not 


Table  11-Frequency Distribution and Median Time of Plasma 
Peak Concentrations After Single 400-mg Doses of 
Microencapsulated Bacampicillin Hydrochloride in Suspension a 


Dissolution 
Half-Life, Time of Plasma Peak, h 


min 0.33 0.5 0.75 1.0 1.33 1.67 2.0 Median 


2.5 6 5 1  0.63 
5 4 3 1 4  0.75 


12.5 1 2 4 2 2 1  0.75 
22 4 3 4  1 1.0 


Crossover study, n = 12. 
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Figure 5-Relationship between in vitro dissolution half-life and uri- 
nary recovery of ampicillin during 0-8 h after single 400-mg doses of 
microencapsulated bacampicillin hydrochloride in suspension. Cross- 
ouer study in 12 subjects. The lines are as defined for Fig. 3. 


significantly different from zero, and a mean correlation coefficient of 
0.61 (0.28). 


Dissolution Rate versus Bioavailability-The extent of bioavail- 
ability was estimated from the AUC and the urinary recovery of ampi- 
cillin (Table I). Both of these variables correlated well with the dissolution 
half-life. The regression lines for the inverse relationship between AUC 
and dissolution half-life had a mean (SD) slope of -0.21 (0.101, which 
is significantly different from zero at  p < 0.001, and a mean correlation 
coefficient of 0.77 (0.19) (Fig. 4). The linear regression lines between 
dissolution half-life and urinary recovery (Fig. 5) had a mean (SD) slope 
of -1.12 (0.82), significantly different from zero at  p < 0.001, and a mean 
correlation coefficient of 0.67 (0.27). There were major deviations from 
the expected ranking order of the suspensions in only two subjects with 
regard to AUC and four with respect to urinary recovery. A mean urinary 
recovery of a t  least 60% can be predicted with 95% confidence for a sus- 
pension having a dissolution half-life of 114 min. 


There was good agreement between the mean relative bioavailability 
when calculations were based on total AUC values and the amount of 
ampicillin recovered in urine (Table 111) and a notable reduction in the 
bioavailability of the suspension with the longest dissolution half-life. 
The results with the two suspensions with the slowest dissolution rates 
were more variable when based on urinary excretion than on AUC. 


Dissolution Rate versus Sensory Evaluation-There was a direct 
linear relationship between the dissolution half-life and the bitter af- 
tertaste (Fig. 6) as well as the overall taste. The regression lines had mean 
(SD) slopes of 0.68 (0.71) and 0.53 (0.69), respectively, both significantly. 
different from zero at  p < 0.01 and p < 0.05. Their mean coefficients of 
correlation were 0.65 (0.29) and 0.56 (0.33), respectively. No adverse re- 
actions were reported in any of the subjects. 


DISCUSSION 


The extent of bioavailability of bacampicillin hydrochloride from the 
three microcapsule suspensions with an in vitro dissolution rate of 112.5 
min was similar to that previously reported with bacampicillin hydro- 
chloride tablets. After 400-mg doses in tablet form, mean peak serum 
concentrations of 7.7-8.9 mgL, a mean AUC of -15 mghL,  and a mean 
urinary recovery of 71-75% have been reported (1,2,8). When given as 
tableta, 8647% of the bacampicillin hydrochloride dose is absorbed (3, 
4). 


The significant correlation between the in vitro dissolution half-life 
of bacampicillin hydrochloride from the microcapsules and phar- 
macokinetic variables such as plasma peak, AUC, and urinary recovery 
can be used to predict the in uiuo behavior of bacampicillin hydrochloride 
from in uitro tests of the microcapsule suspension. The 95% confidence 
limits for the mean regression lines in our study indicate that we can be 
fairly confident in predicting the mean of pharmacokmetic variables from 
in uitro data. The prediction of a new observation in a random subject 


Table 111-Relative Bioavailability a After Single 400-mg Doses 
of Microencapsulated Bacampicillin Hydrochloride in 
Suspension 


Bioavailability, % 
Dissolution AUC Urinary Recovery 
Half-Life, Method Method 


min Mean SD Mean SD 


2.5 100.0 100.0 
5 97.9 17.6 97.1 17.1 


12.5 93.4 14.9 99.1 24.8 
22 70.1 11.9 72.3 22.7 


Based on the total AUC or amount of ampicillin recovered in the urine 0-8 h 
postdose in a crossover study, n = 12. * n = 11. 


is less accurate, however, due to the variation between individuals and 
the relatively small sample size in the present study. 


The bacampicillin hydrochloride microcapsules are coated with eth- 
ylcellulose, which is practically insoluble in aqueous solution. Thus, the 
rate-limiting step with respect to drug dissolution in uitro is diffusion 
through the film. That this process is also a rate limiting factor in  uiuo 
is supported by the good in uitro-in uiuo correlation observed. Also, the 
lack of influence of stirring rate on the in uitro dissolution of the micro- 
capsules favors a strong correlation and is similar to the findings of Levy 
et al. (9). The diffusion through the film is highly dependent on wall 
thickness, which has also been reported with regard to microcapsules 
containing phenethicillin potassium (10). 


The weak correlation between the apparent absorption rate constant 
(k , )  and the dissolution rate constant (k) indicates that the diffusion 
through the microcapsule coating is not the rate-limiting step in the ab- 
sorption process. The results of parameter estimation of a polyexpon- 
ential model should be interpreted with great caution. This applies also 
to results obtained from computer programs based on nonlinear regres- 
sion analysis. Especially when the exponents are close together, as is 
frequently the case with drugs with a short half-life like the penicillins, 
this approach may lead to inaccurate estimates of the parameters (11). 
Furthermore, in such cases the estimates are highly dependent on the 
choice of starting values in the iterative procedure. This was also obvious 
from some simulation in the present material, in which the nonlinear 
regreeaion analysis gave very different estimates after even small changes 
in the initial values for some subjects. 


The suspension with the slowest dissolution rate did not yield more 
sustained plasma concentrations than the others. A possible reason for 
this is that the microcapsules had passed the upper duodenum before 
bacampicillin was released. According to Swahn (12), the upper duo- 
denum is where bacampicillin is most efficiently absorbed. Another 
possibility is that bacampicillin was released too far in the intestine and 
then decomposed to ampicillin which was destroyed by the 8-lactamases 
which are abundant in the intestinal flora. The results clearly show that 
little benefit is to be expected from a slow-release formulation of mi- 
croencapsulated bacampicillin hydrochloride. 


A review of two previous bioavailability studies on volunteers verifies 
the correlation in the present study and indicates reproducible results. 
Thus, a similar microcapsule suspension with a dissolution half-life of 
-20 min has been used and produced, after a 400-mg dose, a mean plasma 
peak, AUC, and urinary recovery of 5.2 mgL,  10.8 mg-hL, and 55.7%, 
respectivelf. The same microcapsule batch (dissolution half-life 22 min) 
and dose as used in this study, but suspended in water without such ex- 
cipients as sweeteners, flavoring, and thickening agents, generated a mean 
plasma peak, AUC, and urinary recovery of 4.3 mgL, 7.8 m g h L ,  and 
45%, respectively, in another group of volunteers'. Thus, the excipients 
do not seem to influence the bioavailability from the microcapsule sus- 
pension. A microcapsule formulation essentially similar to that used in 
the present study has also been found to be well absorbed in infants (13, 
14). 


Quantitative correlations have been reported between in uitro disso- 
lution and in viuo bioavailability from other preparations of the present 
type, e.g., estradiol suspensions with different rates of drug dissolution 
owing to differences in particle sizes (15). Sjogren and Bogentoft (16) were 
able to control aspirin absorption from enteric-coated granules with 
different in vitro dissolution profiles. The microcapsules were given in 
hard gelatin capsules. Wagner (17) and Smolen (18) have noted that in 
oitro-in viuo correlations have often been of little use in predicting the 
bioavailability of formulations not included in a study. However, the in 
uitro-in uiuo correlation may apply to specific products manufactured 


5 J. Sjovall and R. Sjijqvis$ unpublished data. 
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Figure 6-Relationship between in vitro dissolution half-life and bitter 
aftertaste expressed as the rank number after an overall ranking of 
sensory recordings on a visual analogue scale. Crossover study in 12 
subjects using single 400-mg doses of microencapsulated bacampicillin 
hydrochloridp in suspension. High rank numbers indicate less bitter- 
ness. The lines are as dpfined for Fig. 3. 


by similar methods, e g . ,  different amounts of coating agents, as shown 
in the present study. Substances with good solubility in water and lipids, 
and which show linear pharmacokinetics, offer more favorable conditions 
for a good in uitro-in uiuo correlation. These factors are applicable to 
bacampicillin hydrochloride, which is soluble in both water and lipids. 
The total amount of bacampicillin hydrochloride absorbed is a linear 
function of the dose (19). 


Although the present study was not optimally designed for a sensory 
evaluation of the taste of the suspension, a significant correlation between 
taste and dissolution rate was found. This verifies the results from pre- 
diction tests on volunteers in which the microencapsulation of bacam- 
picillin hydrochloride was found to reduce the bitter taste in suspensions 
to a level similar to that of other aminopenicillins6. 


There is an inverse linear relationship between the bioavailability of 
bacampicillin hydrochloride from a microcapsule suspension and the 
microcapsule in ui t ro  dissolution half-life. On the other hand, there is 
a direct linear relationship between masked bitterness and dissolution 
half-life. The present results suggest that  bacampicillin hydrochloride 
can be administered in a microcapsule suspension with sufficient mi- 
crocapsule film thickness to reduce the hitter taste and still retain good 
bioavailabilitg. 


APPENDIX 


One important objective of this study was to evaluate the relationship 
between dissolution half-life ( x )  and each of the response variables ( y )  
plasma peak concentration (Cmax), area under the plasma concentra- 
tion-time curve (AUC), urinary recovery, and the results of the sensory 
recordings. In this evaluation the standard linear regression analysis has 
been adapted to the crossover design. In principle, this means that in- 
dividual regression equations have been estimated and then combined 
in an overall estimate. Formally, the following procedure was used. For 
each individual (i = 1 , .  . . .  n )  the following linear regression model was 
assumed: 


y = a, + pJ + c, (Eq. 3) 


where CY is the intercept and fi  the slope of the regression line. The random 
error c is assumed to be normally and independently distributed with 
mean = 0 and variance = 0;. Each of these models has been estimated 
separately by using the method of least squares, giving: 


y = a; + b,x (Eq. 4) 


An overall linear relationship has been estimated by averaging the indi- 
vidual regression model estimates, which yields: 


y = a + b x ,  (Eq. 5) 


wherea = ( l /n)  Ba, and b = ( l /n)  Zb;.  
The standard error for a + bx has been calculated according to: 


where SD2@i) and SD2(bi) is the variance of the mean value ofy and the 
regression coefficients, respectively, calculated from the individual re- 
gression lines. i is the overall mean value of dissolution half-lives. A 95% 
confidence interval for the overall regression line has been calculated as 
follows: 


(a  + b x )  f t:Yi-z) . SE(a + bx)  (Eq. 7) 


where t:&) is the value of the Student’s t distribution with n(k - 2) 
degrees of freedom appropriate for a 95% interval. 


The standard error of a new observation of y in a random subject with 
x = xo  has been calculated as: 


(Eq. 8) 


(Eq. 9) 


The corresponding 95% prediction interval is: 


(a  + bxo) f t:?J-2)- SE(a + bxo) 


This procedure is developed in analogy to that described in Brownlee 
(20). 
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Abstract  o The cat has been used extensively as an experimental model 
for studying the pharmacology of compounds that exhibit CNS activity 
including diazepam and nordiazepam. However, since little is known 
about the distribution and elimination of diazepam in this species, the 
pharmacokinetics of diazepam and nordiazepam were studied in the cat 
following intravenous doses of 5,10, and 20 mg/kg of diazepam and 5 and 
10 mg/kg of nordiazepam. The disappearance of diazepam and nordi- 
azepam from blood was fitted with classical equations. Theoretical and 
trapezoidal areas under the curve (AUCth and AUCt,) were calculated. 
The volumes of distribution (Vd& were calculated as model-independent 
parameters for diazepam and nordiazepam. Intrinsic hepatic clearance, 
extraction ratio, and tissue binding parameters were also calculated for 
diazepam. From the observed data, it is apparent that  the blood con- 
centrations and the resulting areas under the curves are proportional to 
the dose of diazepam administered and that the pharmacokinetics of 
diazepam were linear over the dose range studied. In addition, nordi- 
azepam formed after diazepam administration appeared to be propor- 
tional to the dose of diazepam administered. The terminal elimination 
rate constant of nordiazepam remained constant over the dose range 
studied. It appears that both diazepam and nordiazepam are highly 
bound to tissue. The total body clearance of diazepam (4.72 f 2.45 
mL/min/kg) is approximately six times that of nordiazepam (0.85 f 0.25 
mL/min/kg). Approximately 50% of an administered dose of diazepam 
was biotransformed to nordiazepam in the cat. 


Keyphrases 0 Diazepam-pharmacokinetics in the cat, nordiazepam 
o Nordiazepam-pharmacokinetics in the cat, diazepam 0 Pharmaco- 
kinetics-diazepam and nordiazepam in the cat after intravenous 
doses 


The benzodiazepines are centrally active compounds 
that reduce anxiety, produce sedation and sleep, have 
anticonvulsant effects, and may cause muscle relaxation. 
In addition, the benzodiazepine diazepam is also used in 
the treatment of alcohol abusers during potentially life- 
threatening withdrawal episodes (1). Diazepam has a long 
effective duration of action, probably due to slow elimi- 
nation of parent compound and biotransformation to ac- 
tive metabolic products including nordiazepam (2). Many 
of the pharmacological properties of the benzodiazepines 
seen in humans are present in the cat (3-5). Diazepam has 
been shown to be effective in the cat in the control of sei- 
zures in experimental epilepsy (6) and with the sudden 
abstinence of alcohol after chronic use (5). Although the 
cat has been used extensively to study the effects of di- 
azepam, little is known about the pharmacokinetics of 
diazepam and nordiazepam in this species. Morselli et al. 
(7) described the distribution of diazepam and its major 
metabolites in plasma and in several areas of the brain of 
the cat. A direct correlation was established between blood 


flow to various tissues of the brain and the diazepam found 
in these tissues. However, the accumulation of nordi- 
azepam, the major blood metabolite, in the brain appeared 
to be inversely related to blood flow. Unfortunately, this 
data did not lend itself to an overall pharmacokinetic 
profile of diazepam or nordiazepam in this species. 


The present study in the domestic short-hair cat was 
performed to ( a )  establish the pharmacokinetics of di- 
azepam and nordiazepam following 5-, lo-, and 20-mg/kg 
iv doses of diazepam and ( b )  to compare the pharmacoki- 
netic profile of nordiazepam after nordiazepam adminis- 
tration to its profile observed after the administration of 
diazepam in this species. These data will establish the 
fundamental pharmacokinetic profile of diazepam and 
nordiazepam in the cat. 


EXPERIMENTAL 


Animal Model-Domestic short-haired female cats (2.5-3.0 kg) were 
used for all experiments. Hematocrit values were determined before 
surgery and drug administration and were found to be within the normal 
range (8). Cats were anesthetized with 0.33-0.44 mL of a solution con- 
taining 100 mg/mI, of ketamine and 7.5 mg/mI, of promazinel. An inci- 
sion was made in either the right or left leg exposing a branch of the 
femoral vein. A butterfly infusion set2 with the needle removed, leaving 
the tubing and Luer fitting intact, was used as a cannula. The catheter 
was inserted into the vein, exteriorized, and the incision was closed with 
OOO surgical silk3. The catheter was cleared daily and kept patent with 
a sodium heparin flush. Diazepam or nordiazepam (10 mg/mL) was dis- 
solved in dimethyla~etamide~ immediately prior to administration. 


Study Design-Unanesthetized fasted cats, with a femoral vein 
catheter previously implanted to facilitate blood sampling, were ad- 
ministered 5-, lo-, and 20-mg/kg doses of diazepam or 10 mghg of nor- 
diazepam intravenously as a short infusion (20 s) via a peripheral vein. 
Two weeks were allowed for recuperation between doses. 


Sampling and Analysis-Blood specimens (0.5 mL) were obtained 
from the femoral vein catheter. The first specimen was obtained 2.5 min 
following intravenous administration and subsequent specimens were 
obtained for as long as 96 h. The blood specimens were collected in tubes 
containing dried heparin5 and kept a t  -20°C until analyzed. The samples 
were analyzed simultaneously for diazepam and nordiazepam using the 
electron capture GC method of Weinfeld et al. (9) with the following 
modifications. Whole blood (0.1 mL) was extracted into 1 mL of benzene 
after adjusting the pH to 9.0 with a 1 M HsBOFKCl-Na&Oa buffer. The 
percent standard deviation for the intraassay variability averaged 3.6% 
for diazepam and 3.4% for nordiazepam over the range of 50-2000 ng/mL 


' Ketaset Plus; Rristol Labs. Syracuse, N.Y. * Mtdel No. 44492; Abhott Laboratories, Chicago, I l l .  
Ethicon, New Hrunswick, N.J. 
Mtdel No. 4972, Eastman Kodak, Rochester, N.Y. 


5 Model No. 3206. Recton. Dickenson, Rutherford, N.J.  
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Table I-Diazepam Pharmacokinetic Parameters  and Percent Coefficient of Variation a a f t e r  Intravenous Administration of 
Diazepam to the Ca t  


Cat 
Parameter 1 2 3 4 5 6 


0 6 -  0 


m 
s 


0.10 


5 
2.7 


4.43 
(13.7) 


2.30 
(32.3) 


2.58 
(23.6) 


0.204 
(22.8) 
713 


1684 
0.42 


14.6 
15.0 
5.70 
5.55 


\ 


A 


I , --n, I 


10 
2.5 


28.8 
(20.8) 


1.44 
(25.8) 


3.15 
(24.2) 


0.123 
(10.9) 
313 


1783 
0.18 


45.6 
59.2 
3.65 
2.80 


5 
2.7 


9.28 
(11.4) 


2.56 
(21.8) 


2.77 
(13.9) 


0.064 
(33.6) 
416 


1668 
0.25 


46.6 
49.3 


1.78 
1.68 


10 
2.4 


25.4 
(9.90) 
15.4 


(12.7) 
7.40 


(6.08) 
.717 


(14.2) 
1.30 


(21.3) 
0.0125 


(95.6) 
293 


6864 


116 
116 


0.043 


1.43 
1.43 


20 
2.7 


24.2 
(8.84) 
2.63 


(16.8) 
8.08 


(8.88) 
0.048 


(19.8) 
618 


2345 
0.26 


177 
186 


1.88 
1.78 


5 10 
3.0 3.0 


4.55 10.4 
(10.4) (9.70) 


1.29 1.26 
(21.0) (20.5) 


1.25 2.09 
(34.7) (34.5) 


0.120 0.111 
(56.0) (46.9) 
862 800 


2997 3327 
0.29 0.24 


14.0 27.1 
13.9 31.1 
5.95 6.17 
6.00 5.35 


20 
3.0 


18.1 
(3.40) 
1.65 


(6.86) 
3.85 


(7.40) 
0.077 


(11.5) 
911 


4259 
0.21 


60.7 
66.0 
5.48 
5.05 


10 10 10 
2.5 2.8 2.8 


12.4 
(11.6) 


3.58 
(21.4) 


2.41 
(21.3) 


0.149 
(35.2) 
675 


3418 
0.20 


19.6 
22.6 
8.48 
7.38 


8.99 
(13.5) 


2.08 
(29.3) 


2.06 6.98 
(30.5) 


0.096 0.397 
(46.4) 8.39 
905 


4047 1432 
0.22 


25.8 18.9 
26.8 19.2 
6.47 8.76 
6.20 8.68 


a W CV in parentheses. 


of blood for diazepam and 100-4000 ng/mL of blood for nordiazepam. 
The interassay variability for the same range was 6.0 and 8.9% for di- 
azepam and nordiazepam, respectively. 


Blood-to-plasma ratios were determined for diazepam and nordi- 
azepam. Diazepam and nordiazepam (1500 ng) were added to 3-mL ali- 
quots of blood, previously collected in a tube6 containing dried heparin. 
The blood and the two components were gently shaken in a reciprocal 
shakers a t  4 excursions per minute for 1.5 h. A 0.5-mL aliquot of whole 
blood was removed and the remainder was centrifuged for 30 min a t  2,500 
rpm to separate the plasma from the red blood cells. A 0.5-mL volume 
of plasma WBB taken for each analysis. Both whole blood and plasma were 
analyzed for diazepam and nordiazepam by a specific and sensitive HPLC 
method (10). 


Pharmacokinetic Analysis-Following rapid intravenous infusion 
of diazepam and nordiazepam, blood concentration-time curves were 
analyzed by a weighted iterative nonlinear least-squares regression 
technique (11). Data points were fitted with one of the following equa- 
tions: 


cb = Be+ (Es. 1) 


(Eq. 2) 


(Eq. 3) 


Cb = Ae-"' t Be-@' 


cb = Pe-.' t Ae-aL + Be-@' 


6 Eberbach Corp., Ann Arhor, Mich 


In all equations, c b  is the blood diazepam or nordiazepam concentration 
a t  time t after the dose. P ,  A ,  and H are coefficients and T, a, and pa re  
hybrid rate constants that describe the disposition and elimination 
phases, respectively. 


The equation selected for fitting the data was determined by comparing 
the sum of the squared deviations using the F-ratio test (12) and by 
scatter of the actual data points around the fitted function. Model-de- 
pendent pharmacokinetic parameters such as the theoretical areas under 
the blood concentration-time curves (AUCth) were calculated from the 
following equations: 


(Eq. 4) 
B 


AUCth = 3 


The volume of the central compartment (V,) was calculated by dividing 
the dose (mg/kg) by the sum of the coefficients, and the volume of dis- 
tribution ( VdB) was determined with the following: 


(Eq. 7) 


where 0 is the terminal elimination rate constant. The theoretical total 
body clearance (TBCth) was determined from the relationship of dose 
to the theoretical area under the curve: 


(Eq. 8) 


Table 11-Pharmacokinetic Parameters  for  Nordiazepam a f t e r  
Intravenous Diazepam Administration to Cats 


Dose, Wt, A AUCG-, (AUC,,,) D" 
Cat mg/kg kg h-I w h / m L  (AUC,,,) N 
1 5 2.7 0.0424 47.2 0.45 


10 2.5 0.0356 108 0.79 
2 5 2.7 0.0503 51.3 


10 2.4 0.0239 105 0.69 
20 2.7 0.0329 188 


3 5 3.0 0.0135 97.0 
10 3.0 0.0297 114 0.50 
20 3.0 0.0189 425 


4 10 2.5 0.119* 38.0 0.20 
5 10 2.8 0.0501 87.8 0.37 
6 10 2.8 0.0250 166 0.50 


a Area under the nordiazepam blood concentration- time curve following di- 
azepam administration divided by the area under the nordiazepam blood concen- 
tration-time curve following an equal dose nt nordiazepam. In Cat 4 of the series, 
/3 and AUC,, of nordiazepam after diazepam administration were determined to 
be aberrant values and were not included in calculating the mean value of these 
parameters (26). 
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Table 111-Pharmacokinetic Parameters a n d  Percent Coefficient of Variation a for  Nordiazepam a f t e r  Intravenous Nordiazepam 
Administration to Cats 


Wt, Dose, A, Areath, AUCtr, CLtr, Vc, Vdo, 
Cat kg mgkg  d m L  a ,h -*  B,pg/mL &h-' .pg.h/mL pg-h/mL mL/min/kg mL/kg mL/kg V,/Vd,s 


1 2.7 5 4.31 0.0474 91 105 0.80 1004 
1 2.5 10 6.21 (23.5) 1.82 (43.6) 4.91 (10.71 0.0389 (8.81 130 136 1.23 899 1890 0.45 
2 2.4 10 5.61 (27.0) 1.52 (45.0) 3.11 (11) 0.0236 (12) 136 152 1.08 1146 2754 0.37 
3 3.0 10 4.81 (15) 0.957 (35) 6.24 (7.2) 0.0285 (10) 224 229 0.73 904 1543 0.58 
4 2.5 10 15.6 (41) 8.26 (39) 5.51 (5.7) 0.0329 (11) 170 187 0.88 473 2217 0.26 
5 2.8 10 27.9(65) 7.95(51) 4.75 (11) 0.0255(17) 214 237 0.70 306 1647 0.16 
6 2.8 I0 4.19(31.5) 0.776(76) 6.09(15) 0.0188 (28) 327 332 0.50 972 1602 0.60 


a % CV in parentheses. 


The model-independent areas under the blood concentration time 
curves were also calculated from time zero to infinity (AUCtr) by adding 
the area from time t ,  of the final measurable concentration estimated by 
trapezoidal summation (AUCG~), to the area from time t to infinity 
(AUC,_,) calculated with the following (13): 


AUCC-, = Cb'/fl (Eq. 9) 


where Cb' is the observed blood concentration at time t and /3 is the 
terminal elimination rate constant estimated by nonlinear regression. 
The calculated total clearance (TBC,) was calculated as the dose divided 
by AUCt,. In addition, the intrinsic clearance CLI was calculated as: 


(Es. 10) 


where HBF is the hepatic blood flow. The extraction ratio (ER) was 
calculated as: 


CLI 
HBF + CLI 


ER = (Eq. 11) 


as described by Wilkinson and Shand (14). The blood-to-plasma distri- 
bution ratio was calculated from the concentration of drug in whole blood 
divided by the concentration of drug in plasma. 


RESULTS AND DISCUSSION 


The mean f S D  blood-to-plasma distribution ratios for diazepam and 
nordiazepam in the cat were 0.56 f 0.13 and 0.65 f 0.19, respectively, 
which are similar to the 0.64 and 0.60 values observed for diazepam and 
nordiazepam in humans (15). From the blood-to-plasma distribution 
ratios, it is possible to estimate from blood concentration data the amount 
that would be in a corresponding plnsma sample by simply dividing the 
blood concentration by the distribution ratio (16). In addition, i t  is pos- 
sible to correct the pharmacokinetic parameters V and CL calculated 


50 f 
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0 8 16 24 32 40 48 56 64 72 
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Figure 2-Diazepam and nordiazepam blood concentrations after 
IO-rnglkg diazepam intrauenous administration to Cat 5 .  Key: (0) di- 
azepam; ( 0 )  nordiazepam. 


' Since fl  rather than half-life appears to have a normal distribution, harmonic 
rather than arithmatic mean half-lives are re orted. (P. R. Gwilt and S. P.  S ma. 
Paper presented at 29th national meeting ofthe American Phmmaceuticacsso- 
ciation, San Antonio, Texas, Nov. 1980.) 


from the blood Concentration data for comparison with similar parame- 
ters calculated from plasma concentration data in other studies (16). 
Similarly, it was possible to calculate blood free fraction from known 
plasma free fraction values. 


Typical diazepam blood concentration-time curves following the ad- 
ministration of 5.10, and 20 mgkg  of diazepam to a representative cat 
are presented in Fig. 1. The decline of diazepam blood concentrations 
were described by exponential functions. Visual inspection of the ob- 
served points about the fitted curve indicated a satisfactory randomness 
of scatter. Percent coefficients of variation of the parameters, P, T ,  A ,  
a, R ,  and B were <50% (Table I), indicating that the good fit was de- 
pendent on each of these parameters. The disposition (a) phase was rapid 
with a harmonic mean half-life7 of 0.35 h, and the harmonic mean ter- 
minal elimination half-life was 5.46 h. 


The theoretical areas are virtually identical with the areas calculated 
from the trapezoidal rule. There is a proportional increase in diazepam 
blood concentrations between the 5-, lo-, and 20-mgkg dose (Fig. 1). This 
relationship was supported by a doubling of the AUC,, of diazepam with 
a doubling of the administered dose of diazepam (Table I). The mean 
fSD total body clearance of diazepam is 4.72 f 2.45 mL/min/kg, which 
represents an extraction ratio of 0.12 based on a total hepatic blood flow 
of 40 mL/min/kg (17) and assuming that diazepam is eliminated totally 
by hepatic clearance. The average intrinsic clearance (CL,)  is 5.35 
mL/min/kg, which indicates that total body clearance is only slightly 
dependent on the hepatic'blood flow. The total body clearance varied 
among cats, but for a single cat the clearance was constant over the dose 
range studied. It was concluded from the linear relationship of the blood 
concentrations and the areas under the blood concentration-time curves 
to the dose of diazepam administered, and the constant clearance within 
animals, that the pharmacokinetics of diazepam in the cat are linear over 
the dose range studied. 


The mean fSD of V ,  and Vdb were 651 f 235 and 3075 f 1603 mLdg,  
respectively. The ratio of V JVdo (0.23 f 0.094) suggests that -23% of 
the dose of diazepam in the animal is in the central compartment avail- 
able for elimination a t  any time, whereas -774 of the dose is in a pe- 
ripheral compartment unavailable for elimination. Distribution to a 
peripheral compartment tends to reduce the overall elimination of di- 
azepam in humans, as previously observed by Kaplan et al. (18). The 
value for Vds was greater than total body water, which is generally in- 
dicative of extensive binding and/or localization in the tissue space. 
Previous studies with the cat also indicated that diazepam is highly bound 
to plasma protein (94%P. 


From the following equation (19), one can estimate the average fraction 
(FT) of diazepam in tissue space that is not bound to tissue: 


where the volume of distribution (Vdo) was 3075 mL/kg, the volume of 
the blood ( VB)  was 66.7 mL/kg (20). the average volume of the tissue ( VT) 
(21,22) was 563 mLkg, and the calculated fraction of the drug that is free 
in blood (Fe) was 0.11. Solving Eq. 12 for FT yields a value of 0.019. 
Therefore, an estimate of the fraction of diazepam in the tissue that is 
bound to tissue protein is 0.981. 


Figure 2 shows typical blood concentration-time curves for diazepam 
and its major blood metabolite, nordiazepam, observed after a 10-mgkg 
iv dose of diazepam. The concentrations and the resulting AUC values 
of nordiazepam, the major blood metabolite seen after diazepam ad- 
ministration, appeared to increase in proportion to the dose of diazepam 
administered (Table 11). Initially, the formation rate of nordiazepam after 
diazepam administration appeared to be rapid for 6-8 h and slower 
thereafter. Similar rate phenomena were observed in humans (18). The 
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8 Data on file, Hoffmann-La Roche. Nutley, NJ 07110 
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Figure 3-Nordiazepam blood concentrations for Cat I after intraoe- 
nous administration of 5- (0) and 10- ( 0 )  mglkg doses of nordi- 
azepam. 


maximum blood concentrations of nordiazepam were generally observed 
at  24 h after diazepam administration. The value is only an approxima- 
tion since no samples were obtained between 7 and 24 h after drug ad- 
ministration. The mean hSD terminal elimination rate constant for 
nordiazepam was 0.032 f 0.012 h-1, with a harmonic mean half-life of 
21.3 h, which is 4.3 times slower than diazepam. From this data for nor- 
diazepam after diazepam administration, it can he inferred that the 
amount of nordiazepam present is also directly proportional to the dose 
of diazepam administered and that the elimination of nordiazepam is not 
affected by the presence of diazepam over the dose range studied. 


Corresponding nordiazepam data (Table 111) were obtained following 
lO-mg/kg nordiazepam administration as a short (204) infusion to the 
same cats that received diazepam. In addition, one cat received 5 mg/kg 
of nordiazepam. Figure 3 is a typical nordiazepam blood concentra- 
tion-time curve; the observed nordiazepam data could he satisfactorily 
described by a biexponential equation except for the cat that received 
5 mg/kg, whose data appeared to be monoexponential. The disposition 
phase (a) for nordiazepam was rapid and variable (Table 111). The ter- 
minal elimination phase ( p )  was much slower and less variable, with a 
harmonic mean elimination half-life of 21 h. The t test ( p  < 0.05) showed 
no significant difference between the terminal elimination half-lives of 
nordiazepam formed from diazepam and those for nordiazepam itself. 
This substantiates the earlier observation that the terminal elimination 
of nordiazepam after diazepam administration is not affected by the 
presence of diazepam nor by the rate of nordiazepam formation following 
diazepam administration. 


The clearance of nordiazepam (mean f SD = 0.85 f 0.24 mL/min/kg) 
was approximately one-sixth the clearance of diazepam. This clearance 
value suggests a negligible potential for first-pass metabolism for nor- 
diazepam. The model-independent value for the volume of distribution 
(Vds )  for nordiazepam is also greater than total body water, which is 
generally indicative of extensive binding andlor localization in the tissue 
space as previously indicated for diazepam. As seen with diazepam (18), 
the distribution of nordiazepam into peripheral compartments reduces 
the overall elimination of nordiazepam from the cat. 


Comparing the area of nordiazepam after nordiazepam administration 
to area of nordiazepam after the administration of an equivalent dose 
of diazepam (Table II), it was estimated that an average of 54% of the 
diazepam dose was biotransformed to nordiazepam in the cat. This ob- 
servation of 54% conversion of diazepam to nordiazepam in the cat is in 
good agreement with the 50% fractional conversion of diazepam to nor- 
diazepam observed in humans (23). 


The observation that the pharmacokinetics in the cat were linear with 
respect to dose has been observed in humans. Greenblatt et al. (24) ob- 
served that in cases of diazepam overdose in humans, the terminal 
elimination half-lives for diazepam fell within the range observed in in- 
dividuals after a therapeutic dose of diazepam. When the pharmacoki- 
netic data in the cat are compared with those known for humans, a much 
more rapid elimination for diazepam and nordiazepam is apparent in the 


cat. The elimination half-lives of diazepam in humans are reported to 
be in the range of 24-48 h for adults (23) and 18 h for children, and the 
terminal elimination half-lives for nordiazepam are reported to be in the 
range of 51-120 h (25). It is apparent that  nordiazepam has a longer 
elimination half-life than diazepam in humans; this relationship in the 
half-lives was also observed for the cats during this study. The first-paas 
effect of diazepam and nordiazepam in the cat and human is negligible 
compared with other animal species. 


In conclusion, the cat has  been previously used as an experimental 
model for studying the CNS pharmacology of diazepam and nordiazepam. 
The similarities between cat and human with respect to the pharmaco- 
kinetics of these compounds suggest that the cat may not only be a good 
model species for pharmacological studies but for pharmacokinetic 
studies as well. 
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Abstract 0 Spray-dried lactose tablets containing cellulosic disintegrators 
or microcrystalline cellulose were compressed at different compressional 
forces. USP disintegration times were measured as a function of pH and 
compressional force. Two dimensionless quantities were derived from the 
experimentally determined disintegration times, and their utility in the study 
of tablet formulations was demonstrated. These dimensionless quantities were 
used to assess the effect of compressional force and pH on distintegration 
behavior as  well as to compare disintegrator efficiency. Two internally 
cross-linked sodium carboxymethylcellulose disintegrators were found to be 
the most efficient; their efficiency increased with increasing compressional 
force at  all pH values. 


Keyphrases 0 Compressional force-effect on tablets containing cellulosic 
disintegrators, dimensionless disintegration values 0 Disintegrators, cellu- 
losic-effect of compressional force on tablets, dimensionless disintegration 
values 0 Disintegration-dimensionless values, effect of compressional forces 
on tablets containing cellulosic disintegrators 


Considerable knowledge has been accumulated in the past 
concerning the behavior and mechanism of action of disinte- 
grators, particularly those belonging to the starch family ( 1 ,  
2). With the introduction of several new disintegrators in re- 
cent years, interest has become focused on methods of evalu- 
ation of disintegrator function and on the elucidation of their 
mechanism of action (3-7). The one basic measurement gen- 
erally used in evaluating disintegrators in a tablet formulation, 
regardless of all other aspects of the study, is the measurement 
of disintegration time. 


It  is the aim of this paper to define two dimensionless 
quantities which can be derived from the experimentally de- 
termined disintegration times and, furthermore, to illustrate 
by the use of a simple tablet formulation that their application 
gives access to a wealth of information concerning the per- 
formance of disintegrators under a variety of processing and 
testing conditions. Also, our aim is to demonstrate that in- 
formation inherent, but not immediately evident, in disinte- 
gration times can be extracted by a simple and considerably 
underutilized technique of data analysis. Compressional force 
was chosen as the processing variable and pH as the testing 
variable to demonstrate the utility of dimensionless disinte- 
gration values. The importance of pH in the evaluation of 
disintegrator behavior has been demonstrated by Shangraw 
et al. (4). 


EXPERIMENTAL 


Materials-The tablet matrix consisted of spray-dried lactose’ containing 
0.25% magnesium stearateZ as the lubricant. The disintegrators used were 
two sodium carboxymethylcellulw derivatives (croscarmellose sodium type 
A’ and type B4) and low-substituted hydroxypropyl cellulose5. Microcrys- 


I Foremost Foods, agent Charles Tcnnant & Co. Canada Ltd.. Dorval. Quebec. 
2 Witco Chemicals. Montreal. Quebcc. 


‘ CLD-2; Buckeye Cellulose, Memphis, Tenn. 
5 L-HPC Type LH-I I ;  Shinetsu. agent Biddle Sawyer, New York. N.Y. 


AcDiSol: FMC Corp, Dorval. Quebec. 


talline cellulw6 was included for comparison in an additional series of tablets. 
All excipients were used at  a fixed concentration of 3%. 


Methods-A portion of the spray-dried lactose (-90%) was mixed with 
the disintegrator in a laboratory-scale twin-shell blender’ for 7 min. The re- 
maining spray-dried lactose was mixed with the magnesium stearate, the mix 
passed through a @mesh screen, and added to the bulk material. The entire 
mixture was then blended for 7 min. 


Tablets were compressed on an instrumented rotary tablet machine (8) 
tooled with 12.7-mm round flat-faced punches. The tablet weight of each 
formulation was 725 mg. Samples of each tablet formulation were compressed 
at  four different compressional forces. Although the forces were not identical 
in each series, their values were comparable (Table I ) .  Values for tablet 
hardness were determined using a Schleuniger hardness testefl and are re- 
ported in  kiloponds (kp, I kilogram-force) as the average of 10 measure- 
ments. 


Disintegration times were measured according to USP XX method. Besides 
distilled water (pH 6.0). USP simulated gastric fluid (pH 1.5) and intestinal 
fluid (pH 7.5) without enzymes were also used to assess the effect of pH. All 
measurements were carried out using I-day-old tablets. 


RESULTS AND DISCUSSION 


Physical Properties and U S P  Disintegration Times-The compressional 
forces used and the resulting physical properties of the control matrix and 
tablets containing the disintegrators are listed in Table 1. Tablet hardness 
showed typical compressional force-dependent behavior as expected; i.e., tablet 
breaking strength increased with increasing compressional force within each 
tablet formulation. Tablets containing low-substituted hydroxypropyl cellulose 
or microcrystalline cellulase had breaking strengths considerably higher than 
the control matrix. The increase was found to be approximately the same with 
these two excipients. 


Since spray-dried lactose is soluble in aqueous media, its behavior in the 
absence of disintegrators should be properly described as slow dissolution 
rather than disintegration. However, for sake of uniformity and for purposes 
ofcomparison, the term disintegration will be used throughout the paper to 
describe the behavior of tbe control matrix. 


Disintegration times of the control tablets were found to be both com- 
pressional force and pH dependent, as indicated by the values listed in  Table 
11. Regardless of the pH of the test fluid, disintegration times increased with 
increasing compressional force and at  each compressional force. the shortest 
disintegration time was measured at  pH 1.5. 


Tablets containing croscarmellose sodium, type A or B, had disintegration 
times apparently independent of both the processing and testing variable. i.e.. 
within both series, disintegration times were approximately the same at all 
compressional forces and at  all pH values. A somewhat similar insensitivity 
of disintegration times tocompressional force was found by Miller et 01. (9) 
when studying the behavior of acetaminophen tablets containing these 
disintegrators. The disintegration times of tablets containing low-substituted 
hydroxypropyl cellulose were relatively insensitive to pH, but varied with 
compressional force exhibiting a minimum at  92.9 MN/m2 (sample 2) and 
then increasing with increasing compressional force. The presence of 3% 
microcrystalline cellulose resulted in a decrease in disintegration times for 
the lower compressional forces (samples 1 and 2). followed by a considerable 
increase at  higher compressional forces (samples 3 and 4) at  all pH values. 


Except for the control matrix, disintegration times did not correlate with 
tablet hardness in any of the tablet formulations. Such a lack of correlation 
has been reported recently (10) for theobromine tablets containing cornstarch, 
microcrystalline cellulose, or crospovidone as disintegrators. 


Dimensionless Disintegration Value, TN-To facilitate comparison among 


A v i d  PH 101; FMC Cor ’ The Patterson-Kelley Co. kc., East Stroudsburg. Pa. 
8 Vector Corp., Marion, Iowa. 
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Table I-Pbysical Properties of Tablets 


a 
4 -  


I -  


Average Compressional 
Force, 


Disintegrator Sample No. MN/m* 


effectively designed to disintegrate in a particular medium. 
To illustrate this point one may compare the behavior of tabletscornpressed 


at -90 MN/mZ (sample 2) and containing either croscarmellose sodium (type 


Average Tablet Average Breaking 
Thickness f SD, Strength f SD, 


mm kp 


2 -  


Control 


I I I 8 


-1 


Disintegration Time, s 
b Disintegrator Sample KO. pH 1.5 pH 6.0 pH 7.5 


2 -  
312 340 


1 2 168 345 370 
3 218 392 500 
4 525 680 720 


1 90 95 115 
2 100 83 110 
3 105 88 100 


I 73 78 95 
2 2 70 78 90 


3 85 83 102 
1 4 98 98 110 


Control 1 115 
I -  - 


I L 1 a 
Croscarmellose sodium C - 


Type A - 
I I I s 4 100 100 120 


1 -  - 
Type B 


I I Low-substituted 
:Il d' 


Croscarmellose sodium 
Type A 


Low-substituted 
hydroxypropyl cellulose 


Microcrystalline 
cellulose 


1 
2 
3 
4 


1 
2 
3 
4 
1 
2 
3 
4 


1 
2 
3 
4 


1 
2 
3 
4 


52.9 
86.1 


120.3 
155.9 


64.9 
93.2 


128.8 
161.8 
63.0 
90.1 


129.1 
166.2 


55.0 
92.0 


125.4 
167.2 


61.9 
92.9 


123.8 
159.4 


~~ ~ 


4.81 f 0.02 
4.60 f 0.01 
4.38 f 0.01 
4.24 f 0.01 


4.82 f 0.02 
4.60 i 0.01 
4.40 f 0.01 
4.28 f 0.01 
4.88 f 0.02 
4.62 f 0.01 
4.36 f 0.01 
4.23 f 0.01 


4.74 f 0.01 
4.45 f 0.01 
4.29 f 0.01 
4.14 f 0.01 


4.74 f 0.02 
4.47 f 0.02 
4.29 f 0.02 
4.18 i 0.02 


4.1 f 0.1 
6.4 f 0.2 
9.3 f 0.2 


13.9 f 0.5 


3.2 f 0.2 
5.9 f 0.3 
9.3 f 0.4 


12.7 f 0.5 
4.5 f 0.2 
6.7 f 0.3 


11.2f0.3 
15.1 f 0.5 


5.2 f 0.5 
8.0 f 0.2 


13.0 f 0.2 
17.2 f 0.9 


5.7 f 0.3 
9.3 f 0.3 


13.1 f 0.6 
17.5 f 0.6 


tablets of different compositions, the disintegration times were normalized 
to that of tablets compressed at the lowest compressional force (sample 1 )  in 
each series according to the definition given by EQ. 1A (see APPENDIX). 
Values of TN are plotted in Fig. 1. 


The use of a dimensionless quantity such as TV allows direct comparison 
of trends in tablet behavior with compressional force or with any other variable 
affecting disintegration times, e.g., concentration of disintegrator, concen- 
tration of other excipients such as materials to improve the powder flow and 
lubricants, and the length of time of mixing of tablet ingredients prior to 
compression. In such a comparison the disintegration time of the first tablet 
of the series (in this case the tablet compressed at the lowest compressional 
force) becomes unity. Values of TN < 1 are indicative of a beneficial effect 
of the variable on disintegration, whereas values of TN > 1 indicate a detri- 
mental effect. 


In addition to overall trends, small differences in disintegration properties 


due to the presence of different disintegrators in the tablet matrix become 
immediately apparent, as illustrated in Fig. I .  Admixing of croscarmellose 
sodium type A is shown to result in a complete insensitivity of disintegration 
behavior to both  pH and compressional force, at least within the limits used 
in this study. The addition of croscarmellnse sodium type B results in complete 
pH insensitivity and an apparent slight compressional force dependence. This 
behavior was found to be reproducible. 


Dimensionless Disintegration Value, Tc-A second dimensionless quantity 
may be derived from the experimentally determined disintegration times 
according to Eq. 2A (see Appendix). Here, the disintegration times of tablets 
containing a variety of disintegrators are normalized to the disintegration times 
of a common matrix. The quantity so obtained allows one to quantitatively 
assess and compare disintegrator efficiency. 


Values of Tc are plotted in Fig. 2. While the previously discussed dimen- 
sionless quantity TN allows direct comparison of the disintegration behavior 
of tablets of widely different disintegration times, TC gives clear indications 


+I- 1; 
ll 


+= 


n Table 11-Disintegration Times * as a Function of Compressional Force 
and pH of Test Fluid 


Figure 1 -Plots of the dimensionless disintegration quantity (Eq. IA) as a 


calculated from the experimentally determined USP disintegration times 2 125 165 180 
3 460 500 790 
4 615 755 945 for spray-dried lactose tablets containing (a) no disintegrant. (b) croscar- 


mellose sodium, type A, (c) croscarmellose sodium, type B. (d) low-substi- 
ruled hydroxypropyl cellulose. and (4 microcrystalline cellulose. Key: (0) 
pH 1.5;(A)pH6.0;(V)pH 7.5. is given. 


Microcrystalline 
function of compressional force and pH of test fluid. Values of TN were cellulose 1 64 95 105 


',The average of the longest disintegration times measured on two sets of six tablets 
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A or B) or low-substituted hydroxypropyl cellulose. In  simulated gastric fluid, 
the tablet containing croscarmellose sodium type A has a T c  value of 0.6; i.e., 
due to the presence of the disintegrator, the disintegration time of the tablet 
is 60% of that of the control matrix in a highly acidic medium. The tablet 
containing croscarmellose sodium type B has a Tc value of 0.42, and that 
containing low-substituted hydroxypropyl cellulose has T c  = 0.60. Clearly. 
the most efficient disintegrator in  this case is croecarmellosc sodium type B, 
since its presence in the tablet formulation results in a larger reduction of 
disintegration time than the inclusion of either of the other two cellulosic 
disintegrators. 


In simulated intestinal fluid, however, the behavior of all three tablet for- 
mulations is very nearly identical, as indicated by the values of T c .  For the 
tablet containing croscarmellose sodium type A, Tc = 0.30 ( i .e . ,  a 70% re- 
duction in  disintegration time in a near neutral medium), and for those con- 
taining croscarmellose sodium type B or low-substituted hydroxypropyl cel- 
lulose, Tc = 0.24. Here, then, any of the three disintegrators would be similarly 
efficient. 


In addition to allowing the formulator to assess disintegrator efficiency, 
the dimensionles disintegration quantity, Tc, has further utility. It was noted 
earlier that the absolute values of disintegration times were independent of 
compressional force when either croscarmellose sodium type A or B were used 
as the disintegrator. When describing the behavior of these tablet formulations 
in terms of Tc, the effect of compressional force becomes evident. In fact, 
values of Tc indicate that all tablet formulations used in this study exhibited 
compressional force as well as pH-dependent behavior from the point of view 
of disintegrator efficiency. I n  all tablet formulations the disintegrators were 
found to be the least efficient at pH 1.5, where the spray-dried lactose matrix 
disintegrated most readily. and were about equally efficient at pH 6.0 and 7.5, 
except low-substituted hydroxypropyl cellulose, which seemed to be mast 
efficient at pH 7.5 in tablets processed at  low compressional forces. 


Examining the trends shown by tablets containing the sodium carboxy- 
methylcellulose derivatives, the effect of compressional force on these two 
disintegrators is highlighted quite dramatically. The higher the compressional 
force applied to the tablets, the more efficient these two disintegrators become. 
Le., the reduction in disintegration times from that ofcontrol increases with 
increasing compressional force. This effect is most pronounced at pH 1.5. as 
illustrated by Fig. 2a and b. It is felt that this type of behavior is a strong in- 
dication of the importance of deformation due to compression in the mecha- 
nism of action of croscarmellose sodium. 


Tablets containing microcrystalline cellulose show a biphasic trend, as al- 
ready mentioned when discussing disintegration times (Table 11). It is inter- 
esting to note here that in terms of disintegrator efficiency, microcrystalline 
cellulose (used at  the unusually low concentration of 3%) did indeed act as  
a true disintegrator at the two lower compressional forces, where the reduction 
of disintegration time with respect to the control was found to be comparable 
with that obtained with the other disintegrators. The two samples made a t  
higher compressional force, however, showed increased disintegration times 
at all pH values when compared with the appropriate controls. Here, the ex- 
cipient caused retardation of disintegration rather than facilitating it. The 
extent to which microcrystalline cellulose facilitated or hindered disintegration 
is numerically expressed by values of Tc.  


CONCLUSIONS 
Two dimensionless quantities were defined and calculated from the ex- 


perimentally determined USP disintegration times, and their use was dem- 
onstrated with a simple tablet formulation. Although the practice of using 
dimensionless quantities is not widespread in physical pharmacy, their utility 
may be considerable when comparisons must be made among systems of 
widely differing properties, such as  those encountered during the development 
of pharmaceutical dosage forms. 


APPENDIX-DEFINITION OF DIMENSIONLESS 
DISINTEGRATION VALUES 


The first dimensionless quantity, T N .  facilitates comparison within a given 
tablet formulation and is defined as: 


(Eq. IA) 


where TJample is the disintegration time of the nth member of a series of 
tablets all containing the same disintegrator and compressed at  different 


Tsnrnplc n 


Tsarnplc I 
T N  


a 1 


I h l  


t i  
I= 


I \  1 
I I 1 
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t o  


I I I 1  1 I 
I m 1W 50 f f l  1% 


COMPRESSIONAL FORCE, MN/m2 


Figure 2-Plots of the dimensionless disintegration quantity (Eq. 2A) as a 
function of compressionalforce and p H  of test fluid obtainedfor spray-dried 
lactose tablets containing la) croscarmellose sodium, type A .  (b)  croscar- 
mellose sodium, type B. (c) low-substituted hydroxypropyl cellulose, and 
(d) microcrystalline cellulose. Key: (01 p H  1.5; (A) p H  6.0; (v) p H  7.5. 


compressional forces, and TMmplc 1 is the disintegration time of the tablet 
processed at  the lowest compressional force within the series. Both disinte- 
gration times must be determined at  the same pH. 


The second dimensionless quantity, Tc, is used to evaluate disintegrator 
efficiency and is given by: 


where Tsarnple is the disintegration time of a tablet containing a specific 
disintegrator and compressed at a given compressional force, and Tmnlrol is 
the disintegration time of a tablet which contains no disintegrator and is 
compressed a t  the same compressional force. Both Tsarnptc and Twntr0~ must 
be determined at the same pH. 
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Abstract I-J A crude methanoiic extract of the fruit of Nandina domestica 
Thunberg strongly inhibits serotonin-induced contractions of the rabbit aorta. 
The extract of the fruit has been fractionated to afford nantenine (0-meth- 
yldornesticine) as the active agent. 


Keyphrases Nandina domestica Thunberg-nsntenine, extraction, sero- 
tonergic receptor antagonist, isolated rabbit aorta 0 Nantenine-serotonergic 
receptor antagonist extracted from Nandina dornestica Thunberg, isolated 
rabbit aorta 0 Serotonergic receptor antagonist-nantenine, extracted from 
Nandina domestica Thunberg, isolated rabbit aorta 


fruit Selectively inhibited serotonin-induced COntraCtiOnS Of 
isolated rabbit aorta without producing inhibitory effects on 
contractions induced by potassium chloride or histamine. In  
this paper, the isolation and the determination of the chemical 
structure of the antiserotonergic substance from the fruit are 
described. 


The fruit of Nundina domesticu Thunberg (Berberidaceae) 
has been used to treat asthma, whooping cough, pharynx 
tumor, and uterine bleeding in Japan for many years (1). 
Chemical studies on the constituents of the plant have revealed 
that presence of numerous alkaloids in this species (1 -1 8). 
Initially, it was found that the crude methanolic extract of the 


I 
Ethyl acetate-soluble portion 


(136 8) (-1 


I 
Water-soluble portion (+) 


extraeted with n-butyl alcohol 


n-Butyl alcohol-soluble portion 
(158 g) (+I 


I 


Water-soluble portion 
(428 g) (-1 


chromatographed on silica gel 
(chloroform-methanol) 


Fraction I Fraction I1 Fraction 111 Fraction IV 
(37 g1 (-1 (44 g) (+I (22 t?) (-) (26 €3 (-1 


chromatographed on silica gel 
(chloroform-methanol) 


Fraction A Fraction B Fraction C 
(12.8 91 (+I (0.4 9) (-1 (20.0 9) (-1 


tecrystatlized (ethyl acetate) 


nantenine 
(8.O.g) ( + I  


Scheme I-Procedure for the isolation of the serotonergic receptor antagonist from Nandina dornestica Thunberg. Key: (+ J active; I-) inactiue. 
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Figure I-Effect of nantenine on the dose-response curve f o r  serotonin (A), hisfamine (B) and potassium chloride (K+) (C) added I 5  min afrer administration 
of nantenine ro isolated rabbit aorta. The maximum response to serotonin (3 X M) is expressed as 100%. 
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Figure 2-Ejj'ect of nanrenine on the dose-response curve for  serotonin (A), carbachol (B).  and potassium chloride (K+)  (C) added I5 min after administration 
of nantenine to isolated rat stomach. The maximum response to serotonin ( lovs  M), curbachol MI is expressed as 100%. Verrical 
lines indicare SEM (n = 6). Key: (0) control; (0 )  treatment with nantenine (3 X 


M). and K+ (8 X 
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EXPERIMENTAL' 


Isdation-The dried, powdered fruit2 (4 kg) of N .  domestica were extracted 
with methanol (3 X 6 L) at room temperature yielding an cxtract (729 g). 
which was fractionated and monitored for inhibitory effects on the seroto- 
nin-induced crlntraction of rabbit aorta, as shown in Scheme I. The pharma- 
cologically activc n-butyl alcohol fraction was evaporated to dryness in vacuo. 
the residue (158 g) was chromatographed on silica gel3 eluted with chloro- 
form-methanol mixtures of incrcasing polarity, and fractionated successively. 


~~~ ~ ~ ~ ~~ 


I Melting points were obtained on a Yanagimoto micro melting point apparatus and 
arc uncorrected. Optical rotation was recorded on a J a m  DIP- I80 digital polarimeter. 
UV spectra were obtained with a Hitachi 200-20 spectrophotomcter. IR spectra were 
obtained on a Hitachi R-22 spectrometer. ' H -  and "C-NMR spectra were recorded on 
a Shimadzu LKB-9000B. 


Purchased from Nippon Hunmatsu Yakuhin. Ltd. 
Silica gel 60. Merck. 


Each fraction was monitored by TLC4 with chloroform-methanol-water 
(65:30:4) as the developing solvent and Dragendorf reagent as the detecting 
spray. The active second fraction (fraction 11) was evaporated to dryness in 
vacuo, and the residue (44 g) was rechromatographed on silica gel using the 
chloroform-methanol solvent system. The active fraction (12.8 g) from the 
first eluate (fraction A) was recrystallized from ethyl acetate to give 8.0 g of 
nantenine as colorless needles (C2oH2,NO3). mp 14O-14IoC [lit. (2) mp 


(pyridine-ds): 6 2.43 (s, 3, N-CHj), 3.72 (s, 3, C(I)-OCH,), 3.76 (s, 3, 


C(8)--H). and 8.20 pprn (s, I ,  C( I I)-H); I3C-NMR (pyridine-ds): 6 29.66 
(1, C-4). 35.52 (I. C-5). 44.03 (9, N-CH3), 53.47 (1, C-7). 55.86 (d, C-6a). 


139°C], [(Y]D + I02.0° ( C  1.0, CHCI3) [lit. (2)  [.ID + 101.7°]; ' H - N M R  


C(2)-OCH3). 6.00 (s, 2. O--CH2--0). 6.66 (s, 1. C(3)-  .H) ,  6.87 (s. I ,  


60.06 (9. C( I)-OCHj), 63.02 (4, C(Z)--OC'H,), 101.47 (I, 0 CHz--O), 
108.95(d.C-3), 109.22(d,C-8), l l l .8O(d ,C- l l ) ,  126.21 ( ~ , C - l l b ) ,  127.28 


TLC plates silica gel 60 F134 (0.25 mm). Mcrck 
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(s, C-llc) ,  128.25 (s, C-7a), 129.44 (s, C-3a), 131.68 (s, C-l la), 145.24 (s, 
C-2), 147.01 (s, C-9*), 147.13 (s, C-lo*), and 152.60ppm (s, C-l).Assign- 
ments are interchangeable between carbons with an asterisk. The MS and UV 
spectra were identical with published spectra ( 1  1, 13). 


Bioassey-Male albino rabbits (2-3 kg) were killed by cervical dislocation. 
The aortae were removed and cut into helical strips. The strips were mounted 
vertically in a 20-mL organ bath containing Krebs-Ringer bicarbonate so- 
lution (pH 7.4) of the following composition (in mmoles): sodium chloride, 
120; potassium chloride, 4.8; calcium chloride, 1.2; magnesium sulfate, 1.3; 
monobasic potassium phosphate, 1.2;:sodium bicarbonate, 25.2; and glucose, 
5.8. The solution was bubbled with a gas mixture of oxygen-carbon dioxide 
(95:5, v/v) and maintained at 37°C. A resting tension of 1 g was applied to 
the strips and isometric contractions were recorded with a force displacement 
transducer. 


Male Wistar rats (300-350 g) were killed by a blow on the neck and the 
stomach was removed. The fundus was cut longitudinally into strips (20 X 
2 mm) as described by Offermeiser and Ariens (19). The strips were suspended 
in a 20-mL organ bath containing Krebs-Ringer bicarbonate solution. The 
solution was aerated with oxygen-carbon dioxide (955  v/v) and maintained 
at  37°C. A resting tension of 0.5 g was applied to the strips. Mechanical re- 
sponses were recorded isotonically on a pen recorder through an isotonic 
transducer. 


RESULTS AND DISCUSSION 


A methanolic extract of the fruit of M. domestica almost completely in- 
hibited the serotonin-induced contractions of isolated rabbit aorta and had 
no effect on contractions induced by potassium chloride or histamine. To 
isolate the active substance, fractionation of the methanolic extract of the fruits 
were performed (Scheme I), accompanied by a bioassay using isolated rabbit 
aorta. Silica gel chromatography of the n-butyl alcohol-soluble portion of the 
methanolic extract afforded the active substance as colorless crystals (8.0 g, 
0.2% dry weight of the fruit). The compound showed a positive Dragendorff 
test and its physicochemical properties ( i .e . ,  melting point, specific optical 
rotation, UV absorption, and mass spectrum) agreed with those of nantenine 
( I ,  5,6, I I ,  13), which was previously isolated as a major alkaloid of the same 
material. Furthermore, the 'H- and I3C-NMR spectra also supported the 
identity of the active substance as  nantenine (see Experimental). 


M) produced a parallel, right 
shift of the dose-response curve for the contractile effect of serotonin, but had 
no effect on the dose-response curves for histamine and potassium chloride 
(Fig. I ) ,  indicating competitive antagonism. Furthermore, in rat stomach 
strips, nantenine (3 X M) shifted the dose-contractile response curve 


In isolated rabbit aorta, nantenine (3 X 


for serotonin to the right in a similar manner, but the dose-response curves 
for carbachol and potassium chloride were not affected by nantenine (Fig. 
2). These results suggest that nantenine selectively inhibits the contractile 
response of these tissues to serotonin. On the basis of the present results, it is 
concluded that M. domestica Thunberg has a serotonergic receptor blocking 
action in the isolated rabbit aorta, and that the main active compound is 
nantenine. 
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COMMUNICA TIONS - 
Computation of Model-Independent 
Pharmacokinetic Parameters During Multiple 
Dosing 


Keyphrases Pharrnacokinetic parameters-model independent, multiple 
dosing 


To the Editor: 


In a recent article, Bauer and Gibaldi (1) reported an al- 
ternate, noncompartmental method to calculate pharmaco- 
kinetic parameters during multiple dosing. The method was 
based on reverse superposition from which a single-dose drug 
concentration-time curve was derived from data obtained at 
steady state. The following method would be a more general 
approach for computation of model-independent phar- 


macokinetic parameters during multiple dosing. The plasma 
drug concentration-time curve after the Nth dose ( C N )  of a 
fixed dose of a drug at a given dosing interval of 7 can be de- 
scribed by Eq. 1, when a drug obeys linear pharmacoki- 
netics: 


n 1 - exp(-NkiT) CN = c Ai exp(-kit) 
;=I  1 - exp(-ki~)  


n 


;= 1 
= c I; exp(-kit) (Eq. 1) 


where Ai and I; are the coefficients of the specific first-order 
rate constant, k;,  after a single dose and the Nth dose, re- 
spectively; t is the time after each drug administration. The 
total area under the plasma drug concentration-time curve 
(AUC) from the time after the Nth dose is given to time in- 
finity, AUC( m ) N  can be obtained as follows: 


570 I Journal of Pharmaceutical Sciences 
Voj. 73, No. 4, April 7984 


0022-3549/84l0400-0570$0 1.001 0 
@ 7984, American Pbarmaceutical Association 
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Two-Site Model for Hydroxyapatite Dissolution Kinetics 
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Abstract 0 A powder dissolution method has been developed, and ex- 
periments with the hydroxyapatite suspensions confirm earlier conclu- 
sions based on dissolution from hydroxyapatite disks. Although a 
quantitative assessment of the properties of site 1 was not possible from 
the data obtained in the present study, a rather accurate and independent 
evaluation of the properties and the behavior of site 2 of the two-site 
model for hydroxyapatite dissolution was possible, and the results clearly 
validate the original two-site model. The present work together with the 
earlier disk studies show that dissolution from site 2 is well described by 
a first-order expression, rate = k,2 (Csz - C ) ,  where k,z is a first-order 
rate constant, C.2 is the apparent solubility for site 2 (defined by an ion 
activity product, K w ,  of the form al0caz+ afipo43- a 2 0 ~ - ,  and the solution 
conditions), and C is the microenvironmental solution concentration of 
hydroxyapatite. For four different precipitated hydroxyapatite prepa- 
rations, a single K H A ~  value of 1 X f 1 was found to be consisteet 
with experiments using solutions covering wide ranges of partial satu- 
ration and calcium-phosphate ratios. The hydroxyapatite powder and 
pellet methods (including the data evaluation procedures) now offer a 
powerful combination for investigating the complex kinetics associated 
with dental enamel dissolution in particular and enamel chemistry in 
general. 


Keyphrases Hydroxyapatite-dissolution kinetics, powder suspension 
method for critically re-examining the two-site model Dissolu- 
tion-powder suspension method for critically re-examining the two-site 
model for hydroxyapatite kinetics 0 Kinetics-powder suspension 
method for critically re-examining the two-site model for hydroxyapatite 
dissolution Powder suspension method-re-examination of two-site 
model for hydroxyapatite dissolution kinetics 


Because of the clinical importance (1,2) there has been 
considerable interest in developing an understanding of 
the acid dissolution rate behavior of dental enamel and of 
hydroxyapatite, the principal mineral component of 
enamel. Research during the past 20 years has revealed, 
however, that the problem is extremely complicated both 
from the theoretical standpoint and from the experimen- 
tal. Only recently, has progress been made toward 
achieving a degree of understanding at  a generalizable 
level. 


Recently, a model was presented for describing the acid 
dissolution rate of hydroxyapatite based on experiments 
with compressed hydroxyapatite disks (3). The model 
featured dissolution from two sites on the hydroxyapatite 
crystal and diffusion of species in the pores of the matrix 
as well as diffusion across the aqueous boundary layer. The 
purpose of the present study was to directly assess the 
crystal dissolution process by determining the dissolution 
rate of fine suspensions of hydroxyapatite crystals dis- 
persed by ultrasonication so that the surface solution mi- 
croenvironmental conditions were essentially the same as 
the bulk solution conditions. 


BACKGROUND 


Gray (4), following the postulate of Stralfors (5) that acid dissolution 
of dental enamel may be solution diffusion controlled, reported some 
carefully conducted experiments with block enamel using several acids 
under a variety of conditions. These experiments suggested an approach 


to the mechanistic study of the kinetics of dental enamel dissolution 
based on the use of mathematical modeling. In the earliest attempts, the 
dissolution of enamel in an acid buffer under sink conditions ( i e . ,  not 
partially saturated with hydroxyapatite) was described by a mathematical 
relationship (6-8): 


J = AkC, (Eq. 1) 


where A is the exterior exposed enamel surface area, k is a rate constant 
which is a function of the hydrodynamics (solution agitation conditions), 
and C ,  is the solubility of hydroxyapatite in the acid buffer. For the sit- 
uation in which all species have about the same intrinsic diffusivity value 
(DaJ and when diffusion potentials may be neglected, one may write k 
= D,,/h where h is the aqueous boundary layer thickness in the Nernst 
approximation. 


In this diffusion-controlled model, it was assumed that the hydroxy- 
apatite phase would determine C ,  (which is a function of the solubility 
product for hydroxyapatite, the solution equilibrium constants, the acid 
buffer dissociation constant ( K O ) ,  the buffer concentration, buffer pH, 
and the activity coefficients for all the species in the system). An alter- 
native model (6) was also considered at  that time which assumed that the 
C,-determining phase was dicalcium phosphate dihydrate. Analysis of 
the data of Gray on initial dissolution rates yielded results (6) that were 
remarkably consistent with the hydroxyapatite phase model, but not the 
dicalcium phosphate dihydrate model. Over a wide range of pH, acid 
buffers, buffer concentration, and common ion (i.e., calcium and phos- 
phate) concentrations, a single solubility product value for hydroxy- 
apatite of (based on a10ca2t a6p043- a20H) was found to  be con- 
sistent with all of the data of Gray. It was noted then (6), however, that 
this best-fit kinetic solubility product (hereafter designated as K H A P  
value was somewhat low; it was much later that this low K H A ~  value was 
understood to be not the actual thermodynamic solubility product of 
hydroxyapatite, but an apparent solubility product (and an ion activity 
product) governing the kinetics of dissolution (3,8). 


The hydroxyapatite model was extended to powdered dental enamel 
dissolution studies (9) under conditions similar to those utilized by Gray 
in his block enamel experiments. Essentially the same favorable results 
were obtained; i.e., over a wide range of acetate and lactate buffer con- 
centrations, pH, and common ion concentrations, the hydroxyapatite 
model with a single K H A ~  value agreed well with all of the 
dissolution rate data. The best fitting K H A ~  value, however, was again 
noted to  be low compared with the currently published thermodynamic 
value 


A synthetic hydroxyapatite sample prepared by aqueous precipitation 
and digestion a t  100°C was obtained'. This prototype sample was des- 
ignated NBS hydroxyapatite and, subsequently, similar samples were 
prepared in these laboratories. The first studies with NBS hydroxyapatite 
were conducted using compacted pellets (to simulate block enamel) of 
this material in the rotating disk assembly with its well-developed hy- 
drodynamics (11). All of the initial studies (8) were again under sink 
conditions paralleling the conditions of the experiments of Gray (4) and 
those studies (9) with the powdered enamel. Interestingly, all of the sink 
data, again obtained over a wide range of conditions, could be rather 
accurately fitted to the simple hydroxyapatite phase model with a single 
K ~ n p  value of lO-1Z5 (very close to that obtained in the dental enamel 
experiments and, therefore, suggesting that NBS hydroxyapatite may 
be a good baseline model for enamel in kinetic studies). 


It was learned from this study in which the hydrodynamics was 
quantitatively defined, however, that both aqueous diffusion and surface 
kinetics contributed significantly to the rate constant k (at low rotation 
speeds, k was predominantly diffusion controlled; at  the higher speeds 
k was only 30-50% diffusion controlled). When these experiments with 
NBS hydroxyapatite were extended to acid buffers that were partially 


1 Supplied by Dr. P. R. Patel, American Dental Association, National Bureau 


(10) for the solubility product of hydroxyapatite. 
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Figure 1-General problem of hydroxyapatite crystal surface kinetics, 
pore diffusion. and bulk p h a w  diffusionlconuection. 


saturated with respect to hydroxyapatite, one of the most important 
results of this research followed. The large body of data obtained with 
NBS hydroxyapatite pellets under partially saturated conditions deviated 
significantly from the predictions of the one-site (or the one-phase) hy- 
droxyapatite model (12). Subsequent theoretical work culminated in the 
deduction of a new NRS hydroxyapatite pellet dissolution model, the 
two-site model (3), and accompanying mathematics in which it is assumed 
that the NBS hydroxyapatite crystal dissolution may occur a t  two sites 
each characterized by an apparent solubility, C,, and a first-order crystal 
surface-solution reaction rate constant, k,. These conclusions based on 
kinetic studies were subsequently supported by electron microscopic 
experiments (13 ,  which showed that dissolution into partially saturated 
buffers proceeded uia formation of holes in the crystals while dissolution 
of comparable amounts of mineral into completely unsaturated buffers 
showed no such holes. 


The development of the two-site model has been considered a break- 
through, as the model has been found to be capable of explaining a wide 
range of previously unexplained observations regarding hgdroxyapatite 
behavior. Of particular interest is the ability of the model to predict all 
of the various sets of conditions leading to zonal (as opposed to surface) 
dissolution from NHS hydroxyapatite pellets. Zonal dissolution is be- 
lieved to be a prerequisite for the formation of the pre-carious lesions 
known as "white spots" in clinical dentistry. The purpose of the present 
report is to describe the results of hydroxyapatite crystallite suspension 
dissolution rate studies aimed at  critically evaluating the baseline two-site 
model, which had been developed entirely using experimental data in- 
volving compacted pellets of hydroxyapatite crystals. 


THEORETICAL 


The theory (3) as developed for the pellet dissolution system is rela- 
tively complex as, in addition to the events a t  the crystal-solution in- 
terface, diffusion of species in the pellet pores and in the aqueous 
boundary layer had to he taken into account. As  discussed below, when 
appropriate crystallite or crystallite aggregate sizes and suitable hydro- 
dynamics are employed as defined by the two-site model parameter 
values in crystallite suspension dissolution experiments, the crystal 
surface microenvironmental conditions are well approximated by the bulk 
solution conditions. Therefore solution diffusion, both in the aqueous 
boundary layer and in the aqueous pores in the case of crystal aggregates, 
may be neglected, and the dissolution rates may be related directly to the 
bulk solution conditions. The theory fur dissolution from the pellet is 
insensitive, in certain situations, to some of the parameter values asso- 


Table I -hst-Fi t  Parameter  Values for  the Two-Site Model 


1) PKHAP.) PKHAP:~ klc1, s/cm k',t, s/cm 
_ _ _ _ ~  ~ 


1.0 x lo-,; 120 128 1252 111 
1.5 x 10- * 122 130 844 65 


0 See Fig. 6 of Ref. 3. h See Fig. 7 of Ref. 3. 


. 


1 2 3 -i- 3 + 0  20 30 40 60 60 70 60 
RADIUS (a) OF THE AGGREGATE, jtm 


Figure 2-lnfluence of the aggregate sire on the extent t o  which the 
dissolution rate is controlled by crystal surface kinetics. Key: (-) k 
= 0 . 3 0 ~ - ' ;  (-.--.-) k = ~ O S - ' .  


ciated with defining the events a t  the crystal-solution interface; this is 
directly related to the above in that the contributions from diffusional 
processes in the aqueous pores of the pellet and in the aqueous boundary 
layer must be considered and accounted for in the calculations. 


A third problem associated with analyzing pellet dissolution data only 
with the theory has been how to deal with the question of quasi-steady- 
state uersus non-steady-state conditions. The theory, as developed (3), 
is for steady-state conditions, and there are instances where transient 
effects resulting from slow diffusion in the pores may be long compared 
with experimental times, e.g., when foreign agents are present in the bulk 
solution that may adsorb and influence the dissolution rates. Combined 
analysis of the pellet dissolution data with the crystal suspension data 
should help greatly in these situations. Finally, there are cases where 
phase changes may occur regionally in the pellet during dissolution; such 
situations would be extremely difficult to interpret using pellet data 
alone. 


Parameter  Values Deduced from the Two-Site Model and  Hy- 
droxyapatite Pellet Expe r imen t sF igure  1 illustrates schematically 
the general problem of hydroxyapatite pellet dissolution into a stirred 
medium. The basic steady-state differential equation for describing the 
simultaneous diffusion (in the aqueous pores) and hydroxyapatite dis- 
solution reaction within the pellet matrix is: 


d2C 
dx 


D ' - + R = O  


where C is the concentration of hydroxyapatite at  point x ,  D' is the dif- 
fusivity (considered to be equal for all species in the matrix), and R is the 
rate of dissolution of crystalline hydroxyapatite a t  x .  Equation 2 is for 


7.01 61 addition of 
\, sink buffer 


wco-0-0- 
0 


0 
0 0  
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Figure 3-pH profile of the dissolution medium during dissolution of 
hydroxyapatite powder (NRS-P).  Initially, Ca = P = 0. 
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Table 11-Compositions of Dissolution Media Used in the 
Present  Studv 
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Figure 4-Influence of ultrasonic radiation on the  dissolution rate of 
hydroxyapatite powders UM-T (A) and NBS-P (B) suspension; Ca = 
Pz1 .76rnMat  t = O f o r  UM-T;Ca = P = 3 . 5 m M a t  t=OforNBS-P. 
Key: (@), sonicated; (0, a), not sonicated. 


the one-dimensional problem, which is appropriate for the case of the 
pellet geometry employed in the previous investigation (3). The key as- 
sumption for the two-site model enters this equation via R by the func- 
tion: 


R = kci(Csi - C) + k,z(C,z - C) (Eq. 3) 


where C,1 and C,Z are the apparent solubilities associated with the two 
crystalline sites, and k,l and k,z are the respective first-order kinetic rate 
constants. C,1 and C,Z are functions of the bulk solution and the ion ac- 
tivity products, KHAPJ and KHAP,~,  which are the more basic parameters 
characterizing the driving forces for the dissolution reactions a t  the two 
sites. As discussed previously (31, C,1 and C,Z are defined as the moles 
of Calo(PO.&,(OH)z per liter that  would have to be added to the bulk 
solution to saturate sites 1 and 2, respectively (see Appendix for how C,1 
and C,Z values may be calculated for different solution conditions). Cis  
defined as the number of moles of hydroxyapatite that  would have to be 
added to the bulk solution to give a solution identical to that at point x.  
In the limit where diffusion is very rapid compared with the surface re- 
actions, C - 0 in the pellet matrix. 


It should be emphasized that C,, and Cs2 are not true solubilities in 
the thermodynamic sense. Rather they are apparent solubilities that one 
could deduce assuming solubility-controlled dissolution and extrapolating 
the dissolution rate uersus concentration dependence to zero dissolution 
rate. Thus, apparent solubilities really represent a threshold concen- 
tration below which dissolution proceeds a t  a perceptible rate. That is, 


Nominal 
Percent 
Partial Solution Ca-P Calcium, Phosphate, Ionic 


Saturation” P K H A P  Ratio mM mM aH Strength 


0 - 0:o 0 0 4.5 0.5 
2 143.3 1:l 0.4405 0.4405 4.5 0.5 
4 138.2 1:l 0.881 0.881 4.5 0.5 
6 135.9 1:l 1.3215 1.3215 4.5 0.5 
8 132.9 1:l 1.762 1.762 4.5 0.5 


12 130.9 1:l 2.643 2.643 4.5 0.5 
16 128.4 1:1 3.524 3.524 4.5 0.5 
20 127.4 1:l 4.405 4.405 4.5 0.5 
24 126.1 1:l 5.286 5.286 4.5 0.5 
0 m l:o 1 0 4.5 0.5 
0 m 3:O 3 0 4.5 0.5 
0 m 5:O 5 0 4.5 0.5 
0 m 6:O 6 0 4.5 0.5 
0 m 100 10 0 4.5 0.5 
0 m 0:l 0 1 4.5 0.5 
0 cn 0:3 0 3 4.5 0.5 
0 m 0.5 0 5 4.5 0.5 
0 m 0:6 0 6 4.5 0.5 
0 m 010 0 10 4.5 0.5 


135.2 2.14:l 1.881 0.881 4.5 0.5 
132.1 4.40:l 3.881 0.881 4.5 0.5 
130.3 6.68:l 5.881 0.881 4.5 0.5 
136.5 1:2.14 0.881 1.881 4.5 0.5 
134.7 L4.41 0.881 3.881 4.5 0.5 
133.6 1:6.68 0.881 5.881 4.5 0.5 


Based on K H A ~  = 1 X as 100% saturation. 


solution concentrations a t  or above these apparent solubilities do not 
result in precipitation or crystal growth, but merely a lack of dissolution. 
This situation must be distinguished from that for completely diffu- 
sion-controlled dissolution. In this latter case, the crystal surfaces are 
in rapid equilibrium with the adjacent solution, and the apparent solu- 
bility deduced from dissolution studies coincides with the thermodynamic 
solubility. 


Table I presents the two-site model parameter values taken from the 
earlier study (3). These were determined by a best-fitting procedure 
employing a large amount of dissolution rate data obtained with NBS 
hydroxyapatite pellets in acetate buffers of varying degrees of partial 
saturation and calcium-phosphate ratios. A D value of 1 X cm2/s 
is believed to be a reasonable estimate (8) of the average aqueous solution 
diffusivity. The D value of 1.5 X cm2/s should represent an upper 
limit. The k’ ,  values, which were directly deduced from the best-fit 
procedures, are related to the k‘, values in Eq. 3 by: 


k’,  (k ,D’)-1/2 (Eq. 4) 


As D‘ is the diffusivity in the pellet matrix, it can only be estimated uia 
an expression such as: 


D’ = f D,, (Eq. 5) 


where c is the porosity and T is the tortuosity in the matrix. Both c and 
T are expected to be dependent on x .  


Accordingly, estimates of k , ~  and k,z from the klcl and k’,2 values may 
be made using Eqs. 4 and 5. Using D ,  = 1 X cmz/s, k ’ , ~  = 1252 s/cm, 
and k‘,2 111 s/cm from Table I, we have: 


T 


1 
k c l =  7 (Eq. 6) 


and 
1 


k,z = ___ (Eq. 7) 
0.12 (;) 


The average c value may be 0.2-0.5 during pellet dissolution. The values 
would depend to some extent on whether initial rates are involved or 
whether quasi-steady-state conditions are approximated. In general, the 
average c for site 2 kinetics would be expected to be larger than that for 
site 1 kinetics because of the greater “region-averaged” extent of disso- 
lution for hydroxyapatite crystals involved in site 2 dissolution in the 
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Figure 5-Data showin(: little or no effect of rotation speed on the 
dissolution of  hydroxyapatite powder (UM-T) in sink buffer (Ca = P 
= O), pH 4.-5. Key: (0). not sonicated, 600 rpm; (O), not sonicated, 400 
rpm. 
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. 
m a pellet (cf. Fig. A1 in Ref. 3). The T values are estimated to be 1.C2.0 based 


on random spheres. I t  is found, therefore, that  C/T N 0.2, k,l N 0.3 s-l, 
and kc2 N 40 s-l from these numbers. 


Conditions for  Surface Controlled Kinetics in the  Hydroxyapa- 
tite Crystal Suspension Dissolution Rate Experiments-The hy- 
droxyapatite crystals in most of the preparations used in the present 
study, including the NBS hydroxyapatite (3, 13), are on the order of 
102-103 A in size. Light microscope examination of aqueous dispersions 
of these preparations show, however, the presence of large aggregates in 
the 20- to 100-pm range. As discussed later in this paper, ultrasonic ir- 
radiation of the aqueous dispersions effectively reduces the aggregate 
size to 51 pm. The following analysis shows that this aggregate size re- 
duction is necessary if aqueous diffusion is to be eliminated as an im- 
portant contributing step in the dissolution kinetics of these prepara- 
tions. 


If the dispersed aggregates of hydroxyapatite crystals are, as a first 
approximation, assumed to be spherical, we may write: 
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dc I a ac - = D - - r 2 -  + k,(C, - C) 
dt r 2 d r  dr (Eq. 8) 
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700 800 
which is analogous to Eq. 2 but for the spherically symmetric one-di- 
mensional case involving single-site dissolution. D is the diffusivity, r 
is the radial coordinate, and the other symbols have already been defined. 
The first term on the right-hand side represents diffusion, and the eecond 
term a first-order dissolution process as before. For the quasi-steady-state 
case, dC/dt = 0, and the differential equation is easily solved to yield the 
following equation for the dissolution rate: 
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J =  C. (Eq. 9) e 


where a is the radius of the spherical aggregate and 01 = (kc/D')l'z. As 
previously, D' is the effective diffusivity in the matrix of the aggregate, 
D,, is the diffusivity in the bulk aqueous solution, and C, is the apparent 
hydroxyapatite solubility in the bulk solution. 


Equation 9 describes the dissolution process for the one-site problem 
and takes into account a first-order surface process, diffusion in the 
matrix of the aggregate, and bulk diffusion from r = a to r = (and 
therefore the worst case from the standpoint of bulk phase diffusion). 
It is instructive to use Ek+ 9 for the purpose of determining how small the 
aggregate radius ( a )  must be so that diffusion processes are negligible 
compared with the surface kinetics. Calculations carried out for k ,  = 0.3 
s-' (site 1) and k ,  = 40 s-l (site 2) are presented in Fig. 2 for different a 
values. Reasonable values for D' and D ,  have been employed based on 
the discussion in the previous section. First, it is seen that fork, = 0.3 s-l 
surface kinetics dominates even when a is rather large (i.e., r = 25 pm). 
For k ,  = 40 s-l, however, it is necessary to have a Z 1 pm (or a diameter 
of 2 pm) for the dissolution kinetics to be 198% surface controlled. 


I t  is fortunate that, as discussed later in this paper, ultrasonic irra- 
diation easily reduces hydroxyapatite aggregate sizes to il pm in di- 
ameter, and under these conditions, neither diffusion in the intercrystal 
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Figure 6-Dissolution of sonicated hydroxyapatite powders NBS-P 
(A), NBS-B (B) ,  and UM-T (C) in partially saturated solutions, pH 
4.5,O.l M acetate buffer, 0.5 p a t  600 rpm. Key: (0) Co = P = 0; (0) Ca 
= P = 0.881 mM; (*) Ca = P = 1.762 mM; (9.0) Ca = P = 2.643 mM; 
(0) Ca = P = 3.524 mM; (a) Ca = P = 4.405 mM for A and C, Ca = P 
= 0.4405 mM for B; f 0 )  Ca = P = 5.286 mM. 
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Table 111-Comparison of the Site 2 Parameters from the 
Present Powder Studies with Those Determined Previously from 
the Disk Experiments 


Parameter Powder Disk 
Values ExDeriments ExDeriments 


PKHAP for Site 2 128 1 1 1 2 8 O  
First-Order Rate Constant (k) 40-60 s-l 40 s-' 


for Site 2 


Based an D = 1 X cmz/s. Based on f / T  = 0.2. 


spaces nor bulk diffusion away from the aggregate should contribute 
significantly to the dissolution rates. Equation 9 reduces to the following 
equation under these conditions: 


3 
J = 4 aa3k,Cs 0%. 10) 


and, by inspection, the appropriate limiting equation for the two-site 
model becomes: 


4 
3 


J = - ra3(kclC.1 + kczCs2) (Eq. 11) 


For an experiment in which M is the total mass of hydroxyapatite crystals 
in suspension, since: 


(Eq. 12) M = -apZniaa 


where ni is the number of the crystal aggregates of radius ai, and pi is the 
average density of the aggregates, we have: 


4 
3 


(Eq. 13) 


where G is the total dissolution rate. Actually, Eq. 11 applies when the 
bulk solution conditions are unsaturated with respect to both sites 
and: 


when the bulk solution conditions are unsaturated only with respect to 
site 1. 


EXPERIMENTAL 


Materials-Hydroxyapatite-Four different preparations of syn- 
thetic hydroxyapatite were used in this study; two were supplied by the 
National Bureau of Standards. NBS-P was made according to a method 
described by Avnimelech et al. (14)l. Pure phosphoric acid was slowly 
added to a carbon dioxide-free calcium oxide solution at  100°C or heated 
at reflux. The resulting precipitate was digested for 1 week at 100OC. The 
residue was washed with double-distilled water a t  10OoC, the precipitate 
was removed by filtration, rinsed with acetone, and then dried at  105OC. 
This was the original sample used in the pellet studies (3) from which the 
two-site model was developed. The calcium-phosphate ratio was 1.714; 
the surface area was 22.5 m2/g. 


The other NBS sample (NBS-B) was prepared2 using the method 
developed by Mattama13. In this preparation, dicalcium phosphate di- 
hydrate was treated with calcium acetate in a pH 5.0 acetic acid solution. 
The mixture was heated at  reflux for -3 weeks with stirring in a nitrogen 
atmosphere. The solid was removed by filtration, washed with double- 
distilled water, and dried at -150OC overnight. The calcium-phosphate 
ratio was 1.644. 


The third hydroxyapatite sample (UM-T) was prepared in-house 
based on a method which is a slight modification of the one described by 
Avnimelech et al. (14). The digestion time was extended to 6 weeks. The 
calcium-phosphate ratio was 1.644. 


Sample RZL was also supplied to us4. The detailed method is not 
known, but it was prepared by a precipitation procedure at 100OC. 


All the preparations were of relatively high purity with good stoi- 
chiometric calcium-phosphate ratios. The NBS-P, NBS-B, and UM-T 
samples were studied extensively, while limited studies were conducted 
with the RZL sample. 


Solutions-Calculated amounts of acetic acid and sodium acetate stock 


* Provided by A. P. Brunetti, National Bureau of Standards. 
3 G. J. Mattamal, National Bureau of Standards, personal communication. 
4 Provided by R. 2. Legeros, New York University Dental Center. 
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Figure 7-Initial dissolution rate of hydroxyapatite as a function of 
the solution ion actiuityproduct, K H ~ .  Key: (e) NBS-P; (a) NBS-B; 


solutions were used to make buffer solutions of pH 4.50. Partially satu- 
rated buffer solutions were made by adding predetermined amounts of 
calcium chloride or sodium dihydrogen phosphate to the buffer. The 
PKHAP values of these solutions were calculated with the computer 
program developed by Fox et al. (15). Sodium chloride was added to all 
buffer solutions to maintain an ionic strength of 0.5. The pH values of 
the solutions were measured to an accuracy of 10.01 using a digital pH 
mete+. All chemicals were of reagent grade. The compositions of all 
dissolution media are listed in Table 11. 


Preparation of Suspensions-Clumps of hydroxyapatite were broken 
down by light grinding until no visible lumps were present. Exactly 10 
mg of this powder was suspended in 12.5 mL of double-distilled water 
in a 50-mL water-jacketed (3OOC) reaction vessel. This suspension was 
magnetically stirred for -20 s at  600 or 400 rpm before being sonicated6 
for 30 s to produce a milky suspension. In cases where the powder was 
not preground, sonication was carried out for longer periods, usually 4 0  
s. After sonication, stirring was resumed, and 12.5 mL of dissolution 
medium (double concentration) was added to the suspension. Addition 
and mixing was completed in 1-2 s, and the pH at that point was recorded 
to be 4.50 f 0.01 (Fig. 3). Samples of 0.5 mL were withdrawn at prede- 
termined times during the dissolution experiment and immediately 
passed through filter paper7 (GSU) with a pore size of 0.22 pm. Sampling 
and filtering was completed within 4-6 s. The filtrate was analyzed for 
phosphate and/or calcium, and whenever both were analyzed, the dis- 
solution was always congruent with respect to hydroxyapatite under the 
conditions of these experiments. For cases in which the suspension was 
not sonicated, the above procedure was followed except for the sonication 
step. 


Analytical Methods-Phosphate Concentration-Phosphate con- 
centrations were determined according to the method of Gee et al. (16). 
The phosphsammonium molybdate complex formed was reduced by 
stannous chloride. The absorbance of the resulting color was determined 
at  the end of 15 min at h = 720 nm in a spectrophotometera. 


Calcium Concentration-Calcium concentrations were determined 
according to an unpublished methodg. A purified arsenazo III'O solution 
was mixed with small amounts of glacial acetic acid, and the pH was ad- 
justed to 3.8 with tetrabutylammonium hydroxidelo. It was then diluted 
with distilled water to the desired concentration. When a solution con- 
taining calcium was mixed with this reagent, a pink color waa obtained, 
and the solution absorbance was determined at X = 650 nm in a spec- 
trophotometer6. 


(0) UM-T; (0) RZL. 


Altex Model 4500. 
Ultrasonic General Model AK500, Acoustica, Los Angeles, Calif. 
Millipore Corp. 
Beckman Model 25. 
Chow et d., personal communication. 


10 Aldrich Chemical Co., Milwaukee, Wis. 
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RESULTS AND DISCUSSION 300 1 
Preliminary Results and Assessment of the Method-Simple visual 


comparison of the dispersed hydroxyapatite aggregate particles, with 
1.17-mm diameter polystyrene latex particles using an ordinary light 
microscope, showed that most of the hydroxyapatite crystals or the crystal 
aggregates in aqueous suspension after sonication were 51 pm in diam- 
eter. The unsonicated hydroxyapatite aggregates were found to be in the 
range of < -1-100 pm with -50% in the 15- to 5O-pm range. 


Figure 4A shows typical results demonstrating the effect of ultrasonic 
irradiation on the dissolution rate behavior of sample UM-T under sink 
conditions and under a moderately low partial saturation condition (Ca 
= P = 1.76 mM). The effect of sonication on the initial dissolution rate 
under these considerations is to increase the dissolution rate by a factor 
of I -2. This is consistent with the predictions of the results in Fig. 2 with 
k ,  -40 s-l, i.e., a mass-mean diameter of 10-20 pm for the aggregate 
would be expected to show about a twofold reduction in rate over the 
1-pm particles according to the theoretical calculations. Figure 4B shows 
that the sonication effect is absent or a t  least much smaller when the level 
of partial saturation is higher (Ca = P = 3.5 mM). From the results to be 
discussed later it may be interpreted that site 2 contributes little to the 
dissolution rate when Ca = P = 3.5 mM (which corresponds to a solution 
PKHAP value of -128) and only site 1 is primarily active under these 
conditions. According to the theoretical calculations (Fig. 2), sonication 
would be expected to have much less effect for this situation (i.e., when 
k, is -0.3 9-l). 


Figure 5 shows that changing the rotation speed from 400 to 600 rpm 
has a small or negligible effect even without sonication under sink con- 
ditions. These results suggest that even when moderately large aggregates 
are present, boundary layer diffusional resistance is small compared with 
both diffusional resistance in the intercrystal spaces (pores) of large ag- 
gregates and surface kinetic factors. This is as predicted by calculations 
with Eq. 7 using parameter values discussed earlier. 


Initial Dissolution Rates at a Calcium-Phosphate Ratio of 
1.0-The procedure implemented for most of the experiments involved 
10 mg of hydroxyapatite in 25 mL of solution agitated a t  a stirring rate 
of 600 rpm. Figure 6A-C shows all of the raw rate data for hydroxyapatite 
samples NBS-P, NBS-B, and UM-T, respectively, with Cam = 1.0. 


Initial slopes were estimated from the data in Fig. 6. With all three sets 
of data, reasonably linear initial regions could be determined up to partial 
saturations of Ca = P = 3.5 mM. When duplicate experiments were 
conducted, the reproducibility of the initial slopes were on the order of 
10% except near sink conditions (Ca = P = 01, where the uncertainties 
were greater because of the extremely rapid rates. At the higher partial 
saturations, the data points scattered greatly and meaningful initial slopes 
could not be found. This was true with all of the hydroxyapatite prepa- 
rations. This scatter in the data is believed to be not altogether related 
to the poorer precision of the phosphate and calcium analyses arising from 
high backgrounds. Some of the scatter is believed to be associated with 
the unusual dissolution rate behavior previously noted (17) for hydroxy- 
apatite a t  moderate-to-high partial saturations and characterized by 
cyclical or oscillatory dissolution patterns. 


The initial dissolution rates calculated from the data in Fig. 6 are 
presented in Fig. 7; results obtained with the fourth hydroxyapatite 
sample (RZL) are also presented. This figure shows the relationship of 
the rapid dissolution kinetics (predominantly site 2) region to the ther- 
modynamic K., (14). Also indicated in Fig. 7 is the region where site 1 
dissolution only was expected. Unfortunately, the larger variability in 
dissolution behavior in this region (120 < P K H A ~  < 128) precludes making 
any quantitative judgments for the behavior in this region with this 
data. 


The present focus is on how good the agreement is between the disso- 
lution rate behavior in the site 2 region (m > P K H A ~  > 128) and the 
findings and predictions of the earlier pellet studies (3). Table 111 sum- 
marizes both the best K H A P , ~  and the kc* values estimated from the 
present work and the previous dissolution studies, and it is seen that the 
agreement is remarkably good. I t  should also be noted that except for the 
values obtained under sink conditions (i.e., Ca = P = 0) the first-order 
assumption is obeyed rather well in the partial saturation region up to 
16%, i.e., the plots for all experiments are well approximated by straight 
lines going through the abscissa a t  1618% partial saturation (or PKHAP 
= 128 f 1). It may be said, therefore, that  not only are the parameter 
values for site 2 in good agreement, but the first-order approximation also 
seems to represent the facts rather satisfactorily. 


Initial Dissolution Rates with a Calcium-Phosphate Ratio # 
1.0-The results of additional experiments conducted for C a p  < 1.0 and 
Cam > 1.0 are presented for the UM-T sample in Fig. 8. Initial slopes 
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Figure 8-Dissolution of sonicated hydroxyapatite powder (UM-T) 
in dissolution media with a CalPrat io  <1 or a CalPrat io  > I .  Key: (8) 
Ca = 0.881 mM, P = 1.881 mM; (*) Ca = 0.881 mM, P = 3.881 mM; (0 )  
Ca = 0.881 mM, P = 5.881 mM; (0) Ca = 1.881 mM, P = 0.881 mM; (a)  
Ca = 3.881 mM, P = 0.881 mM; (8)  Ca = 5.881 mM. P = 0.881 mM. 


estimated from these data are plotted in Fig. 9 and compared with the 
theoretical line (PKHAP = 127.3 and k 2  = 36 s-l). 


The reasonably good agreement between the experimental results and 
theory further substantiates the conclusions presented in the previous 
section. These results a t  CaIP # 1.0, however, add an important new 
dimension. Because these experiments are over a 40-fold range in the 
C a p  ratio, the good agreement between the experimental results and 
the theory strongly suggests that  the form of the Ce2 expression is es- 
sentially correct, i.e., the apparent solubility (Cs2) in JZq. 3 indeed seems 
to be definable by the ion activity product expression, K H A ~  = 
a1OCaz+ a6p0,3- U ~ O H -  (= 1 X which is not a true solubility 
product, but defines a threshold below which dissolution occurs a t  an 
appreciable rate. 


Relationship of the Present  Powder Hydroxyapatite Studies to  
the Work of Others-Smith et 01. (18) reported studies on the kinetics 
of the acid dissolution of hydroxyapatite powder using a pH.stat tech- 
nique. The dissolution rates were determined by following the amount 
of acid added with time. Various mathematical expressions were com- 
pared with the data. These included first-, second-, third-order, and si- 
multaneous (two parallel reactions) first-order equations. These inves- 
tigators found that, while all of the equations fit the experimental data 
over varying periods of time, none would f i t  all the data in every case 
under all conditions. An expression which did fit the data more com- 
prehensively was: 


- -= k ( w ,  - w,) exp(-bw) (Eq. 15) 


where w is the acid added at  time 1 ,  w', is the amount of acid necessary 
to dissolve the calcium and phosphate a t  saturation, and k and b are 
constants. Equation 15, which is referred to as the restriction model, is 
able to account for the fact that  the decline in the dissolution rate for 
hydroxyapatite is much faster than that based on a single exponential 
(i.e., a simple first-order law). These investigators, furthermore, ruled 
out the possibility that this rapid decline is due to an initial dissolution 
of small particles with a large specific surface because repeat experiments 
with the same sample yielded titration curves with similar shapes. 


These findings by Smith e t  al. (18) are totally consistent with the re- 
sults of our present investigations, and the data in Figs. 6 and 8. Our 
analysis (Figs. T and 9) was limited to initial ( t  = 0) conditions only in 
order that  the dissolution rates under different solution conditions could 
be compared for the Same state of the crystalline powder. It may be noted, 
however, that  the shapes of most of our raw data curves are biphasic, i.e., 
they are characterized by an initial fast-dissolving phase followed by a 
more slowly dissolving region. We have associated the fast-dissolving 
phase with that dominated by dissolution from site 2, for which the 
phenomenology is completely describable by the second term on the 
right-hand side of Eq. 3. 


Another study on the dissolution rate behavior of hydroxyapatite 
crystals in suspension was reported recently by Christoffersen (19). All 
of the experiments in this study were conducted near pH 7.0 and, as in 
the experiments of Smith et al. (18), a pH-stat technique was used. 
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Figure 9-A further test of the two-site model (CaIP # 1.0). Key: (0) 
Ca = 0.881 mM, P = 1.881,3.881, and 5.881 mM; (@) P = 0.881 mM, Ca 
= 1.881,3.881, and 5.881 mM; (-- -) theoretical C, based on P K H A ~  = 
127.3, k = 36 s-l. 


Christoffersen analyzed the dissolution rate data entirely on the basis 
of a simple two-dimensional nucleation theory in two regimes, the mo- 
nonuclear and the polynuclear regions. 


Although the nucleation theory leads to explicit expressions for the 
rate as a function of solution conditions and although reasonably good 
consistency of the data with the model was obtained, i t  is difficult for a 
number of reasons to assess the applicability of the two-dimensional 
nucleation theory in hydroxyapatite dissolution kinetics. There is the 
usual objection (20) to treating the energetics of small particles as the sum 
of the bulk phase energetics and the surface energetics or the edge en- 
ergetics (as in the present case). For hydroxyapatite, this problem requires 
special examination because one is dealing with the question of the 
meaning of a nucleus whose edge length (a) is less than one-half the di- 
mension of the smallest of the three unit cell axes (uiz., 9.42,9.42, and 
6.88 A). The theoretical treatment assumes the nuclei energetics to be 
the sum of bulk energetics and edge energetics when there is less than 
a representative unit cell present in the nucleus (at least, in one direction). 
Although it might be argued that the “averaging” law may apply, it 
would be a poor approximation in the case of hydro- 
xyapatite as the calcium, phosphate, and hydroxide ion densities (both 
individually and collectively) are not uniform as one proceeds through 
the unit cell of hydroxyapatite (21, 22). This also begs the question of 
hydration at  the surface, which may vary with the varying surface. 
Consequently, where smooth surfaces are stable (23), different lamellae 
in a unit cell could have different nucleation requirements. This may, 
however, be a basis for alternatively arguing that the relevant critical 
nucleus applies to that lamella in the unit cell associated with the highest 
free energy of activation which may not necessarily be the average for the 
unit cell. 


Another difficulty in attempting to evaluate the applicability of the 
nucleation theory to  hydroxyapatite dissolution kinetics is the lack of 
an independent experimental check. In the case of the three-dimensional 
nucleation of vapor-to-liquid, a direct independent test is possible (24, 
25) because surface tensions may be measured directly and accurately. 
Unfortunately, in two-dimensional crystal growth or dissolution, the edge 
free energy (u) cannot be determined experimentally. Consequently, u 
becomes functionally an adjustable parameter in the examination of the 
theory with experimental dissolution rate data. It would be of interest, 
however, to test the hypothesis that, even though u is ill defined, it may 
be relatively constant over a wide range of experimental conditions. More 
data than what is reported in the study of Christoffersen, however, would 
be needed to examine this possibility. 


Finally, a third problem in comparing experimental data with the 
simple two-dimensional nucleation theory is that the theory, as presented 
by Christoffersen, assumes that the “averaging” law applies to all sites 
of dissolution and, therefore, that the parameters defining the dimensions 
and the energetics for the nuclei are the same for all sites. A recent study 
(13) in our laboratory has shown that different morphologies for hy- 
droxyapatite crystals are found depending on the degree of solution un- 
saturation during dissolution. When the solution was partially saturated 
(acetate buffer, pH 4.5), a large number of holes were found within the 
hydroxyapatite crystals; for sink conditions (i.e.,  highly unsaturated 
solutions), no such holes were found for the same extent of hydroxyapatite 
dissolution. These data suggest that prism plane and/or basal plane 
dissolution (i.e.,  the thinning of crystals or the shortening of crystals) 


require higher levels of unsaturation than dissolution, leading to the 
formation of holes. Clearly, more studies on this point are needed, but 
the evidence to date suggests that a single-site model would be inadequate 
to describe hydroxyapatite dissolution kinetics. 


APPENDIX: Calculation of C,1 and C,z from KHAPJ and KHAP,:! 
For i = 1 or 2, C,i is defined as the number of moles of hydroxyapatite 


that will be dissolved in the bulk solution, if the K,, for hydroxyapatite 
were given by KHAP,,. Thus, the calculation of C ,  from KHAP is done in 
exactly the same manner that hydroxyapatite solubility in a given solu- 
tion is calculated. 


The heart of the method is a technique for the merical solution of the 
calcium phosphate solution equilibrium problem; that is, the calculation 
of concentrations of all species when given total quantities of each element 
in a liter of solution (e.g., total calcium, total phosphate, total buffer, total 
proton, total hydroxyl, e tc . ) .  This equilibrium problem can be stated 
mathematically as a nonlinear system of algebraic equations (two equa- 
tions with two unknowns for the hydroxyapatite system). Our experience 
over the years with a number of numerical techniques indicates none 
more suitable than the Levenberg-Marquardt technique as implemented 
by Powell (26), and such probIems are typically solved in 2-3 ms on a large 
mainframe computer. 


Given an efficient technique for solving the equilibrium problem, the 
calculation of C ,  can be clone as follows. A trial guess, say r ,  is made for 
C,. The total quantities per liter of each element are calculated for a bulk 
solution to which x mol of hydroxyapatite has been added. The solution 
equilibrium problem is solved for such a solution, and the ion activity 
product (IAP = alocs+z a6p04-3 a 2 0 ~ )  is calculated and compared with 
the KHAP. This procedure is repeated for different values of x until the 
calculated IAP is equal to KHAP. Mathematically, we are trying to find 
the zero of a function of asingle variable, and we use the so-called Pegasus 
algorithum as described by Jarratt (27), a technique which is guaranteed 
to converge and does so rapidly in practice. 
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Abstract 0 The effect of microparticles on the survival of cultured mouse 
peritoneal macrophages was investigated using doses of 0.01-0.1 mg of 
lyophilized particleslml of medium and 5 X lo5 cells, corresponding to 
-4OOO-40.000 particles per cell. The lowest dose did not significantly 
change the survival time as compared with the controls, while -75% of 
the cells were lost during the first 48 h on exposure to the highest dose. 
High doses of particles induce cellular damage. The morphology and 
stability of the lysosomal apparatus was followed with electron micros- 
copy, acid phosphatase cytochemistry, and acridine orange uptake. Al- 
teration of the lysosomal vacuome was characterized by a greatly en- 
hanced rate of autophagocytosis, the formation of huge secondary lyso- 
somes containing microparticles, and labilization of the vacuome with 
loss of acidity and a tendency to leak acid phosphatase into the cell 
sap. 


Keyphrases 0 Microspheres-polyacrylamide, phagocytosis by cultured 
mouse peritoneal macrophages, ultrastructural cellular alterations 0 
Macrophages, peritoneal-cultured from mice, effect of phagocytosis 
of microparticles, ultrastructural cellular alterations Phagocytosis- 
microparticles, by cultured mouse peritoneal macrophages, ultrastruc- 
tural cellular alterations 


Acrylic polymer microparticles have been introduced 
recently as carriers for enzymes and other macromolecules 
(1). When such particles are injected intravenously into 
mice and rats they are eliminated rapidly from the circu- 
latory system, mainly by the fixed macrophages of the 
reticuloendothelial system (RES) (2), and accumulate 
intracellularly within the lysosomal vacuome of these cells 
(3). This lysosoinotropic character of the particles has been 
utilized in an experimental animal model to effect an ar- 
tificial storage disease (4). 


When massive doses of particles (160 mg/kg of body 
weight) were injected intravenously into mice, some ad- 
verse reactions occurred (3). The first general reaction was 
a megaly of the liver and spleen. This phenomenon, de- 
tected by light and electron microscopy, was due to initial 
cell damage with mitochondria1 swelling, rupture of the 
cristae, and cellular edema. This was later followed by 
cellular necrosis and invasion of inflammatory cells (3). 
The megaly was thus due to both cellular swelling and 
accumulation of inflammatory cells in the affected organs. 
The microscopic study also showed that the megaly was 
reversible and that the normal anatomical structure of the 


tissues was restored in -4 weeks. The  effects detected are 
dose dependent and are not seen in mice after injection of 
moderate doses (40 mg/kg) (3). 


The ultrastructural changes detected in the liver, spleen, 
and bone marrow after injection of large amounts of acrylic 
microspheres are of general interest, as they can be ex- 
pected to  occur on injection of any small-sized particles. 
Even injection of relatively rapidly degradable liposomes 
give rise to  ultrastructural changes in the liver and spleen 
(5). 


The relationship between the dose of particles and the 
cellular effect is not conveniently studied in animal models, 
where the relationship between particles and affected cells 
cannot be quantitatively controlled. I t  is therefore, nec- 
essary to  develop a method in which the number of parti- 
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Figure I-Survival rates of cultured mouse peritoneal macrophages 
after exposure to  microparticles at  dose levels ofo.ol (A), 0.02 (A), 0.05 
(8) ,  and 0.1 mglmL (0). The normal survival rate (0) was followed 
during a period ( ~ f  7d .  The arrows indicate the time of exposure to mi- 
croparticles. Each point represents the mean &SD from four experi- 
ments. 
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Abstract 0 We have analyzed the molecular interaction of 28 sulfona- 
mide inhibitors with human carbonic anhydrase C (HCAC) using an in- 
teractive computer graphic display. Small aromatic sulfonamides gain 
most of their inhibitory power towards HCAC from the interaction of 
hydrogen bond acceptors at the para or meta positions with hydrophilic 
residues of the enzyme. Additional coordinated water molecules stabilize 
the complexes of heterocyclic sulfonamides (i.e.,  thiophenes, 1,3-thiazoles, 
and 1,3,4-thiadiazoles) with HCAC. We propose two different modes of 
binding of the heterocyclic ring with respect to the active site cleft: the 
heterocyclic sulfur atom of a 3,4-unsubstituted thiophene approaches 
the oxygen atom of a coordinated water molecule (sulfur ‘‘out”), whereas 
in 3,4-unsubstituted 1,3,4-thiadiazoles, the sulfur is in contact with a 
hydrophobic part of the receptor site (sulfur “in”). This proposal is 
consistent with crystallographic evidence. Sulfonamides with two aro- 
matic or heterocyclic rings also interact with a hydrophobic pocket of the 
enzyme located >10 8, away from the active site metal Zn2+. We also 
discuss the possibility that the relative inactivity of thiazide diuretics 
is due to the steric interaction of the ortho chlorine atom with the enzyme 
receptor cavity. 


Keyphrases Sulfonamides-structure-activity relationships with 
human carbonic anhydrase C, interactive computer graphic display 
Human carbonic anhydrase C-structure-activity relationships with 
sulfonamides, interactive computer graphic display 0 Structure-activity 
relationships-enzyme-inhibitor complexes, modeling by interactive 
computer graphic display, sulfonamides with human carbonic anhydrase 
C 


The isoenzymes of human carbonic anhydrase (HCAB, 
HCAC) reversibly catalyze the decomposition of carbonic 
acid into carbon dioxide and water at a remarkably fast 
rate (up to 1 X 106 s-l). These zinc-containing enzymes 
consist of 260 amino acids with a molecular mass of -30 
kDa. The active site of human carbonic anhydrase contains 
a four-coordinated zinc ion: three nitrogen atoms (N-€2 
of His 94, N-€2 of His 96, and N--6 of His 119) and one 
oxygen atom (coordinated water molecule, a t  higher pH 
values a hydroxide anion) leading to distorted tetrahedral 
metal coordination (1). 


Aromatic and heterocyclic sulfonamides are very specific 
inhibitors of carbonic anhydrase when the sulfonamido 
group is unsubstituted. The inhibition of carbonic anhy- 
drase was first reported by Keilin and Mann (2). Kinetic 
studies have shown sulfonamides to be competitive to the 
dehydration of carbonic acid as well as the hydration of 
carbon dioxide (3). 


The detailed interaction of sulfanilamide, acetazol- 
amide, and acetoxymercury sulfanilamide with HCAB and 
HCAC has been reported by Kannan et al. (4, 5). The 
sulfonamido group binds the metal ion at  the fourth 
coordination site (replacing the water molecule from the 
native enzyme) through the nitrogen or oxygen atom of the 


1 Dedicated to Professor J. D. Dunitz mentor and friend in honor of his 60th 
birthday. 


sulfonamido moiety, probably through the amide nitrogen 
atom. This atom is also hydrogen-bonded to the hydroxyl 
group of Thr 199 in the same way as the fourth coordinated 
water molecule in the native enzyme. One of the two oxy- 
gen atoms is liganded to a fifth coordination site of the zinc. 
The sulfur atom (or carbon atoms) from the heterocyclic 
(or aromatic) ring interact with Ma 121 in HCAB and with 
Val 121 in HCAC, respectively. 


Little attention has been paid thus far to enzyme-in- 
hibitor interactions removed from the active site. Never- 
theless, these interactions with protein side chains may 
contribute significantly to the stability of the enzyme- 
sulfonamide complex. While 4-methylbenzenesulfonamide 
forms an enzyme-inhibitor complex with a K value of 1.95 
X lo6 mol-l, the complex formation constant of p-(sali- 
cyl-5-azo)-benzenesulfonamide is 2.38 X 108 mol-I, two 
orders of magnitude greater. This is only explainable by 
the interaction of the salicyl group with side chains of the 
enzyme located >10 8, from the active site metal (i.e., Ile 
91, Trp 123, and Phe 131 in HCAC). We have, therefore, 
investigated sulfonamide-carbonic anhydrase (HCAC) 
interactions in an extended environment of the active site 
using original crystallographic coordinates and an inter- 
active computer graphic display. 


THEORETICAL 


Several experimental and computational methods are now sufficiently 
developed to provide insight to the interaction of a small molecule with 
a macromolecule. Interactive computer graphic techniques are very useful 
for the study of molecular interactions characterized as recognition, 
binding, enzyme catalysis, and inhibition. 


Basic adjustments of the model (i.e., inhibitor molecule) to the receptor 
structure ( i e . ,  enzyme) on a 3-dimensional display are possible in real 
time (no intermediate keyboard commands) by means of the program 
FIT (6): 


1. Model: ( a )  complete or subunit model translations relative to the 
receptor; ( b )  individual atom translation; ( c )  complete or subunit model 
rotation; ( d )  complete subunit rotation about a given bond; and ( e )  di- 
hedral rotation before or after afiy selected bond. 


2. Receptor: in principle the same as for the model, but due to the 
complexity of the protein only reorientations of amino acid side chains 
have been performed so far by dihedral rotation about single bonds. 


In addition to the above functiom, which are basic to any model-fitting 
method, several utility functions are furnished including (a) picture scale; 
( b )  stereo image separation (right-left or topbottom); (c) global picture 
translation and rotation; ( d )  receptor-model relative intensities; and ( e )  
I/O functions to exchange or modify the receptor structure, exchange 
models, print any geometric information about the model (ie., atom 
identification, bond length, bond angles, dihedral angles), aave the current 
picture and output the current model coordinates, calculate distances 
of enzyme-inhibitor interactions, and facilitate still or motion-picture 
photography. 
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Table I-Enzyme-Inhibitor Complex Formation Constants K (mol-I) for Sulfonamides with Human Carbonic Anbydrase 


Inhibltor Molecule 


Taylor et al. (9)O Sprague 
Affinity Kakeya et 01. (lo)* (1l)C 


Stop Flow Titration Relatived calorimetry Relative6 (Relative)d 


Benzenesulfonamide Substituent 
4-H- 
4-CH3- 
4-NH2- 
4 4 0 2 -  
4-NO2- 
4 4 3 -  


4-SOzNH2- 


3-S02NHz,4-C1- 


4 - N ~ c -  


3,4-di C1- 


2,4,5-tri C1- 
2,4,6-tri C1- 
2,5-di NO*, 4-C1- 
3-SO~NH2,4,5-di Cl- 
~ - S O ~ N H Z , ~ - C ~ - ~ - N H ~ -  


Benzenesulfonamide Substituent 
4-H- 
4-CH3- 
4-NH2- 
4 4 0 2 -  
4-NO2- 
4 4 3 -  
4 - N ~ c -  
4-SO9NHs- 
3,4-d;Cl- 


2.4.5-tri C1- 
3-S02NHz,4-C1- 


21416-tri C1- 


Sulfonamide Substituent 
2-H-thiophene- 
2-NO2-thiophene 
5-H- 1,3-thiazole-2- 
2-NHv-1.3-thiazole-5- 
4-CH:1--1,3-thiazole-2- 
2-Acetamido- 1,3-thiazole-5- 
2-H-1,3,4-thiadiazole-5- 
2-NH2-1,3,4-thiadiazole-5- 
2-Acetamido.l,3,4-thiadiazole-5- 
2-Propamido-1,3,4-thiadiazole-5- 
2-Butamido-1,3,4-thiadiazole-S- 
2-Acetimido-3-CH3-1,3,4-thiadiazole-5. 


p-(Salicy1-5-azo)-benzenesulfonamide 
2-Renzenesulfonamido-1,3,4-thiadiazole-5-sulfonamide 
2-(p-Chloro)-benzenesulfonamido-1,3,4-thiadiazole-5- 


sulfonamide 
4-Chloro-N-furfurvl-5-sulfamovlanthranvlic acid 


(furosemide) 
5-Dimethylam’inona hthalene 1 sulfonamide 
2-(4-Sulfamylphenykzo)-l -hydioxonaphthalene-4,6. 


Aromatic Sulfonamides 


6.46 X 105 6.48 X 105 
1.95 X 106 1.95 X l@ 


3.71 X 106 


8.27 X 106 


3.71 X 106 


8.27 X 106 
1.53 x 107 1.60 x 107 


1.56 x 107 1.56 x 107 


1.29 x 107 1.40 x 107 


6.78 X 106 
4.57 x 106 


6.80 X 106 
4.57 x 106 


1.60 X 1@ 
Heterocyclic Sulfonamides 


1.60 X l@ 


2.38X 108 >1@ 


7.10 x 107 7.10 x 107 


Complex Sulfonamide 
3.48X IW >lo8 


6.15 X 105 
7.74 X 106 


5.80 X 105 
6.90 X 106 


1 .00 
3.01 


5.73 
24.3 
12.8 


24.1 


10.5 
7.05 
20.8 


2.47 


368 


110 


526 


0.92 
11.3 


1.33 X lo5 
3.13 X lo5 
4.00 x 104 


1.82 X 106 
9.09 x 105 
1.54 X 106 


3.33 x 106 


1.85 X I @  
8.33 X 106 


1.00 x 107 


1 .oo 
2.36 
0.30 


13.7 


11.6 


25.0 


6:83 


13.9 
62.2 


75.2 


1 .00 
2.13 
0.25 
2.50 
5.75 
4.50 
3.75 
10.0 
14.0 
23.3 


43.8 
0.93 
3.75 


0.90 


30.0 
0.75 
12.5 
3.75 
19.8 


82.5 
99.0 
99.0 
132 


421 
314 


0.3 


disulfonate- 


0 Using HCAC, pH 6.5.25 “C. 


6-Ethoxybenzothiazole-2-sulfonamide (ethoxzolamide) 6.25 X 1@ 


(H suhstituted at the 4-position). Seegef.  13. 
Usin HCAR and HCAC, pH 7.0 15 ‘C. Using HCAB and HCAC, pH 5.5.25 O C  (50% inhibition). Relative to benzenesulfonamide 


Thus, a flexible substrate may be fit into a relatively rigid receptor site. 
While potentially limiting, this assumption is reasonably valid for “lock 
and key”-type enzymes. These methods are entirely general in terms of 
the size and functionality of the receptor site and ligand. A number of 
advantages of graphically generated models (reproducibility, instant 
quantification of geometric parameters, and accessibility to refinement 
procedures) make this approach superior to desk-top modelling ap- 
proaches. 


EXPERIMENTAL2 


Except for modified enzyme side-chain positions, the crystal structure 
parameters of the native human isoenzyme C were used [HCAC; Protein 
Data Bank 1976,2.0-A resolution (7)]. Individual side chains in the active 
site were repositioned, if necessary, by appropriate torsional rotations. 
The molecular coordinates (sulfonamides) were taken from crystal 
structure determinations or generated by the program PAD (8). To obtain 
a more realistic fitting, the side chains of the enzyme were not restricted 
to their native conformation. These dihedral rotations were also per- 
formed with the program FIT. 


The starting coordinates for the sulfonamido group in the fitting 
routine were taken from the crystal structure determination of the 
HCAC-acetazolamide enzyme-inhibitor complex (5). The potency of 
some inhibitors can only be explained if one takes into account their in- 


The following standard designations for amino acida are used t h o u  hout this 
paper: (Ala) alanjne; (As4  asparagine; (Cln) glutamine; (Gly) glycine; (his) histi- 
dine; (Ile) isoleucme; (Leu) leucme; (Phe) phenylalanine; (Pro) proline; (Ser) serine; 
(Thr) threonine; (Trp) tryptophan; (Val) valine. 


teraction with additional coordinated water molecules; these were gen- 
erated by PAD and inserted with FIT. 


RESULTS AND DISCUSSION 


A large number of sulfonamides have been examined by kinetic and 
thermoanalytical methods by Taylor et al. (9), Kakeya et al. (lo), and 
Sprague (11); an abstract of these data is given in Table I. The general 
features of sulfonamide interactions with HCAC are presented in Table 
11. 


Aromatic Sulfonamides-In addition to the interaction of the sul- 
fonamido group with the enzyme, two additional types of interactions 
are observed for aromatic sulfonamides: 


1. Hydrophobic interactions of the benzene ring and aliphatic sub- 


2. Hydrogen bonding involving hydrophilic substituents and polar 
stituents with nonpolar residues of the enzyme. 


residues of the enzyme. 


The orientation of the benzene ring is very sensitive to the number and 
type of hydrogen bond interactions of its substituents and may be con- 
strained in a less favorable position with respect to its hydrophobic 
contacta and vice versa. For example, 4-aminobenzenesulfonamide shows 
a threefold smaller inhibition constant than the unsubstituted 4-H- 
benzenesulfonamide (cf. Table I or Ref. 10). The crystal sttucture de- 
termination of the 4-aminobenzenesulfonamide-HCAC complex (5 )  
shows that the interaction of the benzene ring with the hydrophobic part 
of the enzyme forces the amino group in the para position to a repulsive 
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Table 11-General Features of Sulfonamide Interaction with HCAC 


Functional Group of Inhibitor Interaction with HCAC Residue Type of Interaction 


coulombic" 
coulombic, hydrogen bond" 


Aromatic Sulfonamides 
Zn2+, (His 119) 
Zn2+, Thr 199 


0, ............ 
..... 


............ 
. -  


(NH of Thr 199 after small reorientation of the backbone of the enzyme) 


Val 121, Leu 141 
Val 143, Leu 198 
Val 207 


hydrophobica n B 
Ring Substituents 
para: aliphatic 


meta: aliphatic 


ortho: aliphatic 


charged or hydrophilic 


charged or hydrophilic 


hydrophobic 
hydrogen bonds" 
hydrophobic 
hydrogen bonds 
hydrophobic 


Phe 131, (Ile 91) 
Gln 92, (Asn 67) solvent 
Val 121, (Pro.200,201) 
His 64, Gln 92,0=C< of Pro 201, (Asn 67) solvent 
Leu 198, Val 121 
Leu 141, Val 143 
Val 207 
not very favorable 


Heterocyclic Sulfonamides 
charged or hydrophilic 


0.. ............ 


ll 
-!-KH,.. ..... 


() ............. 
as aboveb 


ring C: Val 121, Leu 141 
ring S: H20.. .O=C< of Thr 200 and Pro 201 


hydrophobicC 
hydrogen bondsc 


(S pointing out) 


ring C, N: H2O.. .O=C< of Thr 200 or Pro 201 
ring S: Val 121 


repulsive ?, hydrogen bonds 
hydrophobic 


(S pointing in) 


ring C, N: Val 121, Leu 141 
ring S: H20.. .O=C< of Thr 200 and Pro 201 


hydrophobic 


(S pointing out) 


hydrophobicd 
hydrogen bondsd 


ring S: Val 121 
ring N: H20.. .O=C< of Thr 200 or Pro 201 


(S pointing in) 
R aliphatic 


charged or hydrophilic 
hydrophobicb 
hydrogen bondse 


Phe 131, Ile 91 (Trp 123) 
Gln 92, (Asn 67), His 64, solvent 


Complex Sulfonamides 
............ I f.. 


8. ............. --s- -NHi...... 
as sboveavb 


-N=N- 
-CO-NH- 
-CH*-NH- 
-SOz-NH- 
-S-NH- Ra 
R = small aliphatic 


charged or hydrophilic 


Gln 92, solvent 
Gln 92, solvent 
Gln 92, Phe 131 
Gln 92, His 64, Asn 67, solvent 
Gln 92, solvent 


Phe 131, Ile 91 (Trp 123) 


Phe 131. Ile 91 (Tro 1231 


hydrogen bondsf 
hydrogen bonds 
hydrogen bonds, hydrophobicR 
hydrogen bonds 
hydrogen bonds 


hydrophobicfa 


hvdroDhobic . . .  
solvent hidr&en bondsf 


a See Fig. I. * See Figs. 3-5. c See Fig. 3. See Fig. 4. e See Figs. 3-6. f See Fig. 6. a See Fig. 7. 


interaction with the amido group of Gin 92. (A reorientation of the amido 
moiety is not very probable, since its carbonyl oxygen atom is also hy- 
drogen-bonded to the N-H of His 94). 


Hydrogen bond acceptors are favorably oriented with respect to the 
para and meta positions, since more hydrophilic residues of HCAC are 
located in this region and the active site funnel is open to the solvent 
(hydrogen bonds to Asn 67 and Pro 201 through coordinated water 
molecules). 3-Sulfamoyl-4,5-dichlorobenzenesulfolfonamide is a very potent 
inhibitor of HCAC. The ortho position is not very favorable for hydro- 
philic or bulky hydrophobic substituents; steric hindrance with Leu 198 
requires a rearrangement of the backbone of the enzyme. 4-Nitro-2- 


carboxybenzenesulfonamide inhibits HCAC three orders of magnitude 
less than 4-nitro-2H-benzenesulfonamide [<lo" versus 1.60 X lo7 (9)]. 
As an example, p-nitrobenzenesulfonaide will be discussed in detail 


(Fig. 1). The sulfonamido group has discrete interactions with the en- 
zyme: 


1. The amino group (2.14% ionized in free solution at pH 7.38) occupies 
the fourth coordination site a t  the Zn2+ ion (d  = 2.5 A) and is hydro- 
gen-bonded to Thr 199 (d = 2.8 A). This position is identical with the 
coordinated water molecule in the native enzyme. 


2. 0-1 Occupies the fifth coordination site at  the Zn2+ ion (d = 3.0 A). 
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Table 111-Main Interactions of Various Sulfonamides with HCAC 


Functional Group 
of Inhibitor Atom Enzyme Residueb Atom Distance, A C  


SO2NHz 


Benzene ring 


Thiophene ring 


Nitro group 


SOpNH2 


Thiadiazole ring 


Acetamido group 


SO2NH2 


Thiadiazole ring 


Acetimido group 


S02NH2 


Benzene ring 


Azo bridge 


N 


0-1 
0 - 2  


c-2 
c-3  


0 - 2  


N 


0- 1 
0-2 
s-1 
c - 3  


c -4  


0 - 2  


N 


0-1 
0 - 2  
s-1 
N-3 


N-4 


N 
0 
C 


N 


0-1 
0-2  
s-1 
Ring-CHa 


0 
C 


p-Nitrobenzenesulfonamide 
Het 301 
Thr 199 
Het 301 
Leu 198 
Thr 199 
Val 121 


Val 121 


Gln 92 


Het 301 
Thr 199 
Het 301 
Val 143 
Water 
Val 121 
Leu 141 
Val 121 


Leu 141 
Gln 92 


2-Nitrothiophene-5-sulfonamide 


Acetazolamide 
Het 301 
Thr  199 
Het 301 
Val 143 
Val 121 


Water 


Water 


Phe 131 
Gln 92 
Phe 131 


Metazolamide 
Het 301 
Thr 199 
Het 301 
Val 143 
Val 121 


Phe 131 
Leu 141 
Leu 198 
Gln 92 
Ile 91 
Phe 131 


p-(Salicyl-5-azo)-benzenesulfonamide 
N Het 301 


Thr 199 
0-1 Het 301 
0-2 Val 143 
c-2 Val 121 


c-3 
c-4 
N- 1 


Val 121 
Val 121 
Phe 131 


Zn2+ 
0-7 
Zn2+ 
C-(Y 
NH 
c-Y 
C-Y2 
C - y  
c-Y2 
N-€2 


Zn2+ 
0-7 
Zn2+ 
C-72 
0 
c-Y 
c-62 
C-Y 
c-72 
C-62 
N-€2 


Zn2+ 
0-7 
Zn2+ 
c-72 
c-Y 
c-Y2 
0 


0 


C-€2 
N-€2 
c-€2 


Zn2+ 
0 - Y  
Zn2+ 
c-72 
C-Y 
C'Y2 
c-€2 
c-62 
c-Y 
N-€2 
C-Y2 
c -Y 
c-€2 
( 2 - 6 2  


Zn2+ 
0-7 
Zn2+ 
c - Y 2  
c-Y 
C-Y2 
c-Y 
C-Y 
C-€2 


2.5 
2.8 
3.0 
3.1 
3.7 
4.1 
3.6 
4.1 
4.0 
2.9 


2.4 
3.4 
2.9 
3.4 
3.8 
3.2 
3.5 
3.4 
3.4 
3.5 
2.8 


2.8 (2.5) 
3.2 (3.2) 
3.0 (3.1) 
3.1 (3.0) 
3.2 (3.4) 
3.1 (2.9) 
2.9 


2.9 


3.2 (3.0) 
2.6 (1.7) 
3.2 (3.1) 


2.5 
3.4 
3.0 
3.5 
3.3 
3.0 
4.1 
3.9 
3.8 
2.1 
3.6 
3.1 
2.1 
2.7 


2.7 
3.4 
2.7 
3.4 
3.2 
3.1 
2.5 
3.6 
3.1 
3.6 
2.8 


Gln 92 N-C; 
N-2 Phe 131 C-€2 


Since no relaxation of the backbone of HCAC was performed, these hydrophobic contacts with Ile 91 and Phe 131 turn Salicyl ring 
out to be a little too short (<2 and 3 A). 


S02NH2 N 
Fur o s e m i d e 


Het 301 
Thr 199 


Zn2+ 2.7 
0-7 3.2 


continued 
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Table 111-Continued 


Functional Group 
of Inhihitor Atom Enzyme Residue 


0-1 Het 301 
0-2 Val 143 


Benzene ring c-2 Leu 141 
Ring substituents c0z:o-1 Gln 92 


C1 Leu 141 
Furfuryl group c-3 Phe 131 


c-4 Ile 91 
Phe 131 


c-5  Ile 91 
Phe 131 


Atom Distance, A c  
Zn2+ 3.4 
C-72 3.0 
C-62 3.5 
N-€2 2.6 
c-62 2.5 
C-€2 3.0 
C-6 2.9 
C-Y 2.8 
C-6 2.8 
C-Y 3.1 


a Atomic coordinates for the inhibitors in the proposed model fits are available from the author on request. * Het = Protein Data Bank notation 
Values in parentheses are calculated using atomic coordinates from the crystal structure determination of the for any hetero atom or group. 


HCAC-acetazolamide complex; taken from Ref. 5. 


Because the dehydration of carbonic acid requires both the fourth and 
fifth coordination sites at the zinc, sulfonamides are competitive inhib- 
itors to this reaction. 


3. For 0-2 no strong interaction could be found using the native con- 
formation of the backbone of HCAC. However, it seems possible that a 
small reorientation of residues 196-200 would allow a better interaction 
of this oxygen atom with Tbr 199 (NH of the backbone) and increase the 
distance to Leu 198 (Table 111). 


The benzene ring interacts with the hydrophobic part of the enzyme: 
C-2 and C-3 approach Val 121 at  d = 3.6 A and d = 4.0 A, respectively. 
A hydrogen bond between the 0 - 2  of the nitro group towards Gln 92 is 
present, d = 2.9 A. Additional solvent molecules (Hz0) could be expected 
to bridge the oxygens of the nitro group with the carbonyl groups of Pro 
201 and Asn 67. Since the most powerful aromatic inhibitors (cf. Table 
I) have good hydrogen bond acceptors in the para or meta position, these 
additionai bridging water molecules may contribute significantly to the 
enzyme-inhibitor complex stability. 


Heterocyclic Sulfonamides-Participation of Soluent Mole- 
cules-A 1,3,4-thiadiazole ring attached to the sulfonamido group fa- 
cilitates sulfonamide-HCAC complex formation. Acetazolamide (2- 
acetamido-1,3,4-thiadiazole-2-sulfonamide) shows a 45-fold greater in- 
hibition constant than 4-acetamidobenzenesulfonamide (K = 7.1 X 10" 
uersus 1.6 X 106 mol-1). A crystal structure study of the acetazol- 
amide-HCAC complex shows the heterocyclic sulfur atom of the 1,3,4- 
thiadiazole ring pointing towards Val 121. This interaction was reported 
to be the main reason why acetazolamide hinds 10 times stronger to 
HCAC than to HCAB, where the ring sulfur atom approaches Ala 121. 


We propose that in the acetazolamide-HCAC complex an additional 
significant contribution to the complex stability can be attributed to the 
interaction of the two heterocyclic nitrogen atoms through a coordinated 
water molecule with the backbone of Thr 200 or Pro 201 (Fig. 2). The 
structural rigidity of the portion of the receptor cavity occupied by Pro 
201 and cis-Pro 202 should be noticed. The fixed backbone carbonyl 
groups, nevertheless, are well positioned for hydrogen bonding. Because 
this pprt of the enzyme is open to the solvent, the water molecule might 
be dynamically exchanged making it undetectable by X-ray diffraction 


Figure 1-Stereoprojection of the model fit of p-nitrobenzenesulfo- 
nomide in the receptor site of HCAC. The hydrogen atoms of the enzyme 
are not shown; the Zn2+ ion is represented by a cross f+). 


HOH Thr 199 3NH$y$ Pro P r o 2 0 0  201 Hp gH+$ Pro p f o 2 0 0  201 


0 nR Val 111 0 Val 121 


Figure 2-H20 molecule bridging the heterocyclic nitrogen atoms of 
the l,J,I-thiadiazole ring of acetazolamide and the carbonyyl group of 
Thr 200 or Pro 201. 


analysis a t  ambient temperatures. In the receptor site of HCAB this 
coordinated water would interact in an unfavorable manner with His 200 
(HCAC has a Thr residue at  this position) and, thus, would be less 
probable. 


Such a coordinated water molecule is very probably present in all 
heterocyclic sulfonamides with a 3,4-unsubstituted 1,3,4-thiadiazole ring 
interacting with HCAC, as well as with thiophene ring systems (Fig. 3). 
Another water molecule may be expected to bridge the amino terminus 
of Asn 67 with the carbonyl function(s) of inhibitor molecules. Because 
no good interaction of 0 - 4  of the sulfonamido group could be found with 
HCAC complexes, one might expect an additional water molecule be- 
tween 0-4 and an hydrophilic residue or the backbone in the vicinity Le., 
Gly 196, Ser 197, Leu 198, Thr 199, Thr 200). With the coordinates of the 
native enzyme, however, no good site could be detected within the limits 
of the rigid receptor assumption. 


Orientation of the Heterocyclic Ring-2-Nitrothiophene-5-sulfo- 
namide is a very strong inhibitor for HCAC [K = 2.38 X 10s uersus 7.10 
X 107 for acetazolamide (ll)]. Assuming the same orientation as found 
in acetazolamide, the ring sulfur atom would point toward Val 121 and 
the 3,4-ring carbon atoms outward into the solvent. This would not 
contribute favorably to the binding energy of the enzyme-inhibitor 
complex and could not explain the large binding constant. 


We therefore propose that 3,4-unsubstituted thiopheneaulfonamides 
show an inverted binding to the active site cleft with respect to the or- 
ientation of the ring sulfur atom. 2-Nitrothiophenesulfonamide would 
thus achieve very good interactions of the ring carbon atoms with Val 121 


Figure 3-Stereoprojection of the model fit of Z-nitrothiophene-5- 
sulfonumide into the receptor site of HCAC, with the bridging H20 
molecule t o  the right of the ring S atom. 
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Figure 4-Stereoprojection of the model fit of 2-acetamido-1,3,4- 
thiadiazole-5-sulfonamide (acetazolamide) into the receptor site of 
HCAC, with the bridging H 2 0  to the right of the ring N atoms. 


and Leu 141, and the sulfur atom would approach the oxygen atom of the 
coordinated water molecule (Fig. 3, Table 111). 


For 3,4-unsubstituted 1,3-thiazolesulfonamides, both orientations of 
the heterocyclic ring seem possible (Table 11). This could also explain the 
unusually strong activity of 5-H-1,3-thiazole-2-sulfonamide uersu-s 2- 
acetamido-1,3-thiazole-5-sulfonamide (Table I). For 3,4-unsubstituted 
1,3,4-thiadiazolesulfonamides, an inverted binding of the heterocycle 
is very improbable, since the 3,4-ring nitrogen atoms would point into 
a hydrophobic part of the enzyme (i.e.,  Val 121 and Leu 141). 


The sulfonamido group of these inhibitors interacts with HCAC in the 
same manner as described for the aromatic sulfonamides. The main 
difference is that due to the lower pK value, heterocyclic sulfonamides 
may bind in the ionized form. At pH 7.38 (pH 6.50) acetazolamide is 49.9% 
(11.2%) deprotonated and metazolamide is 54.6% (13.7%) deproto- 
nated. 


With the inverted binding of the thiophene ring, 4-nitrothiophen- 
esulfonamide achieves the following interactions with HCAC. The ring 
carbon atoms C-3 and C-4 are in contact with Val 121 and Leu 141 (d  = 
3.2 A, d = 3.4 A; d = 3.4 A, d - 3.5 A), whereas the ring sulfur atom ap- 
proaches the oxygen atom of the postulated coordinated water molecule 
(d = 3.8 A) which would be hydrogen bonded to the carbonyl group of 
Thr 200 (d  = 3.0 A) and Pro 201 (d = 2.7 A). The nitro group would be 
hydrogen bonded to Gln 92 (d  = 2.8 A) and probably to the open solvent 
(Fig. 3, Table 111). 


The fit of acetazolamide, disregarding the additional water molecule 
bridging the heterocyclic ring with Thr  200 or Pro 201, is derived from 
crystal structure data reported by Kannan (5). Interactions include the 
heterocyclic sulfur atom with Val 121 (d  = 3.1 8, and d = 3.2 A), the 
acetamido oxygen with Gln 92 (d = 2.6 A), and the methyl group with Phe 
131 ( d  = 3.2 A). The acetamido group is therefore tilted 74O out of the 
ring plane. In the crystal structure of molecular 2-acetamido-1,3,4- 
thiadiazole-5-sulfonamide (acetazolamide), this group is reported to be 
almost coplanar (4.9O) with the 1,3,4-thiadiazole ring, which allows an 
intramolecular S(ring). . O(acetamid0) contact of 2.75 A (12). The two 
ring nitrogen atoms are located 2.9 A from the water molecule (Fig. 4, and 


which is hydrogen bonded to Thr  200 (d  = 3.4 A) or Pro 201 


Figure 5-Stereoprojection of the model fit of 2-acetamido-3- 
methyl-1,3,4-thiadiazole-5-sulfonamide (metazolamide) into the re- 
ceptor site of HCAC. 


Figure 6-Stereoprojection of the model f i t  of p-(salicyl-S-azo)-ben- 
zenesulfonamide into the receptor site of HCAC. 


The inhibitory power of metazolamide (2-acetamido-3-methyl- 
1,3,4-thiadiazole-5-sulfonamide) is reported to be 60% higher than in 
acetazolamide (11). This may be attributed to an additional interaction 
of either the 3-methyl group or the imido nitrogen atom of metazolamide 
with HCAC (Fig. 5). The heterocyclic sulfur atom is in contact with Val 
121 (d = 3.0 A, d = 3.3 A). The ring methyl group is located in a hydro- 
phobic pocket: Phe 131 (d  = 4.1 A), Leu 141 (d  = 3.9 A) and Leu 198 (d 
= 3.8 A). The acetamido oxygen is hydrogen bonded to Gln 92 (d  = 2.7 
A), whereas the methyl group is in contact with Ile 91 (d = 3.6 A) and Phe 
131 (d = 2.7 A). The carbonyl group is tilted 35' out of the ring plane, and 
the intramolecular O(carbony1). . S(thiadiazo1e) distance is 3.27 A. 


Complex Sulfonamides-The interactions of p-(salicyl-5-azo)- 
benzenesulfonamide and furosemide (4-chloro-N-furfuryl-5-sulf~oyl- 
anthranylic acid) with HCAC will be discussed in detail. The benzene 
ring of p-(salicyl-5-azo)-benzenesulfonamide has close contacts to Val 
121 ( d = 2 . 5 A , d = 3 . 1 A , d = 3 . 2 A , a n d d = 3 . 6 A ) ( F i g . 6 ) . T h e a z o n i -  
trogen atoms are 2.8 A and 3.1 A away from Phe 131, respectively. The 
amido nitrogen atom of Gln 92 interacts with the a-system of N-1 (d  = 
3.6 A). The apparently short contacts of the salicyl group to Ile 91 and 
Phe 131 are not unrealistic if one takes into account that  the backbone 
of the enzyme is not rigid and will relax to a more favorable conformation. 
(This additional degree of freedom is one of the subjects of our future 
investigations using force-field refinement.) The hydroxyl and carboxyl 
groups form hydrogen bonds with the surrounding solvent, which prob- 
ably bridges these groups to the carbonyl group of Asn 67. A fit of the 
salicyl group into the hydrophobic pocket between Phe 131 and Val 135 
was also investigated, but leads to less favorable contacts of the benzene 
ring. 


Earlier investigations on aromatic sulfonamides indicated an enhancing 
effect of certain substituents ( i . e . ,  halogens, trifluoromethyl, nitro, and 
methyl) ortho to the sulfonamido group with respect to diuretic activity. 
This structural alteration has decreased enzyme inhibitory activity and 
shifted the excretion pattern to a saluretic response. This separation of 
the two biological activities has been maintained and extended in the 
thiazide diuretics (11). 


We therefore have investigated the steric interactions of such a sul- 
fonamide drug, furosemide, with HCAC. With the native conformation 
of HCAC no favorable fit of furosemide could be obtained (C1. . .Leu 141: 
d = 2.5 A). The chlorine in the ortho position of the benzene ring hinders 


Figure 7-Stereoprojection of the model fit of furosemide into the re- 
ceptor site of HCAC. 
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the molecule from entering deeply enough into the active site cleft to form 
good contacts (i .e. ,  sulfonamido group with ZnZ+ and Thr  199, C0;with 
Gln 92, fury1 ring with Ile 91 and Phe 131). More drastic rearrangements 
of the hydrophobic part of the receptor site would be necessary in order 
to form good interactions. Therefore, simply for steric reasons, furosemide 
is expected to be a rather poor inhibitor of carbonic anhydrase; this is 
confirmed by in uitro measurements (11). 


Figure 7 and Table 111 show that furosemide (without a chlorine atom 
in the ortho position) would be a good inhibitor of HCAC. The carboxyl 
group could hydrogen-bond to Gln 92 (d = 2.6 A) and probably through 
a coordinated water molecule to the carbonyl groups of Pro 201. The 
furfuryl group would be located in the hydrophobic pocket between Ile 
91 and Phe 131 (d  = 2.8 A through d = 3.3 A), its oxygen atom pointing 
out into the solvent. 


CONCLUSIONS 


We have investigated 28 sulfonamide-HCAC complexes with inter- 
active computer graphics in order to obtain a realistic starting confor- 
mation for force-field refinement. Aromatic sulfonamides gain most of 
their inhibitory power toward HCAC from the interaction of hydrogen 
bond acceptors in the para and meta positions with Cln 92 and Pro 201 
and (uia a coordinated water molecule) with Asn 67. No significant re- 
arrangement of the backbone uersus the conformation of native HCAC 
is expected, so long as the benzene ring is not substituted with bulky or 
multiple ligands. 


In general, heterocyclic sulfonamides ( i . e . ,  thiophenes, 1,3-thiazoles, 
and 1,3,4-thiadiazoles) are more potent inhibitors of HCAC than aromatic 
sulfonamides. This is due to the interaction of their heterocyclic ring with 
a hydrophobic part of the receptor site (Val 121.. 6) and with Thr  200 
and Pro 201 uia a coordinated water molecule (S,N.. .HzO.. .O=C<). 
We propose two different orientations of the heterocyclic ring with re- 
spect to the active site cleft: 


1. The ring sulfur atom is in contact with Val 121, whereas the ring 
nitrogen atoms build hydrogen bonds to Thr 200 and Pro 201 (sulfur “in”) 
for 3,4-unsubstituted 1,3,4-thiadiazoIes. This is confirmed by the crystal 
structure determination of the acetazolamide-HCAC complex (5). 


2. The ring sulfur atom is in contact with the oxygen atom of a coor- 
dinated water molecule, whereas the ring carbon atoms are located in a 
hydrophobic part of the receptor site such as Val 121 and Leu 143 (sulfur 
“out”) for 3,4-unsubstituted thiophenes. 


In addition to those interactions mentioned above, complex sulfon- 
amides (two or more aromatic or heterocyclic rings) also show interactions 
of the “bridge” between the two ring systems (e.g., -N=N-, 
-CO-NH-) with Gln 92 and the solvent. A significant contribution 
to the complex stability is derived from the interaction of aliphatic and 
aromatic substituents with the hydrophobic pocket around Ile 91, T rp  
123, and Phe 131. Such sulfonamides, as well as aromatic or heterocyclic 
sulfonamides with larger substituents, may require a rearrangement of 
parts of the enzyme in order to bind. The hydrophobic pocket (Ile 91, Trp 
123, Phe 131) for bulky aromatic or aliphatic parts of the inhibitor and 
the backbone around Leu 198 may need to be rearranged in order to ob- 
tain better interactions between the second sulfonamide oxygen atom 
and the enzyme. 


Bulky ligands in the ortho position of the aromatic ring are not very 
favorable to inhibitory activity. Steric hindrance with Leu 141 and Leu 


198 is the main reason why thiazide diuretics (C1 in the ortho position) 
are rather poor inhibitors of HCAC. 


While crystallographic studies offer definitive information on the locus 
of binding and type of coordination of the sulfonamides with HCAB and 
HCAC, individual details cannot always be elucidated a t  the atomic level. 
By surveying the literature and applying known rules of stereochemistry 
and weak interactions, we have been able to propose alternative modes 
of binding of these small-molecule inhibitors that are consistent within 
the limits of the crystallographic studies and offer a better explanation 
for kinetic values. Interactive computer graphics, therefore, is a useful 
tool in surveying a broad literature data base to seek detailed correlations 
of structure and function. Such methods, when aided by the developing 
discipline of force-field refinement, offer the potential for detailed 
structure-activity studies. They may be extended by the intuitive chemist 
to include the prediction and design of novel drugs, inhibitors, and 
transition state analogues. 
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Abstract 0 Hemoglobin was freezedried in the presence of salts of EDTA, 
sulfonic acids used as buffers, or derivatives of pantothenic acid. At 0.25 M 
most of the compounds effectively inhibited the formation of methemoglobin. 
The various model compounds used (sodium zinc EDTA. tris(hydroxy- 
methyl)methylaminopropanesulfonic acid, and DL-pantothenol) produced 
similar decreases in methemoglobin formation as a function of the concen- 
tration of protective agent between 0.01 and 0.20 M. Experiments on the 
storage of the freeze-dried materials revealed substantial denaturation of 
oxyhemoglobin after 12 months at  4°C. On the whole, these compounds were 
less effective than amino acid salts, during both desiccation and storage. The 
multiplicity of compounds that inhibit the denaturation of hemoglobin during 
freeze-drying indicates that their mode of action is nonspecific. 


Keypbrases 0 Oxyhemoglobin-oxidation to methemoglobin during 
freezedrying, protection by EDTA salts, sulfonic acid buffers, and pantothenic 
acid derivatives 0 EDTA salts-protection of oxyhemoglobin during 
freeze-drying, prevention of methemoglobin formation 0 Sulfonic acid buf- 
fers-protection of oxyhemoglobin during freeze-drying, prevention of 
methemoglobin formation 0 Pantothenic acid derivatives-protection of 
oxyhemoglobin during freeze-drying, prevention of methemoglobin forma- 
tion 


Oxyhemoglobin has been freeze-dried under various con- 
ditions, and it has been definitely established that desiccation 
leads to oxidation of the heme iron and to the formation of 
methemoglobin (metHb) representing up to 60% of the orig- 
inal hemoglobin (1-3). Until now, the only way of obtaining 
nondenatured freeze-dried hemoglobin has been to add a 
sufficient concentration of a protective agent before freezing 
the solution. The demonstration by Smith and Pennell in 1952 
(4) of a protective effect of glucose has been followed more 
recently by exploration of a series of chemical compounds such 
as amine buffers (9, carbohydrates (6), and macromolecules 
(7). for which dose-response relationships have been estab- 
lished. Better understanding of protective agents would be 
useful in stabilizing solutions of hemoglobin for eventual use 
as a blood substitute and in other biotechnologies. 


We describe here experiments with representatives of three 
series of chemical compounds not previously studied as pro- 
tective agents in freeze-drying, chosen for the following rea- 
sons: EDTA salts, because of their effects on the process of 
oxidation of hemoglobin (8, 9); buffer compounds, to follow 
up our earlier studies of Tris derivatives ( 5 ) ;  and derivatives 


Table I-F’hysiological Properties of Hemoglobin after Freeze-Drying in 
th Presence of 250 m M  of Diflerent EDTA Salts 


Oxyhemo- Methemo- 
globin, globin, Hill 


EDTA Salt n % % pH coefficient 


Dipotassium 3 85.3 14.0 5.31 1.96 
Sodium zinc 3 91.9 6.5 7.07 2.18 
Dipotassium magnesium 3 89.7 3.5 7.30 2.36 
Disodium magnesium 3 92.8 2.9 7.26 2.52 
Tetrasodium 3 84.4 1.5 8.56 2.88 
Tripotassium 3 86.9 2.8 7.70 2.52 


of pantothenic acid, because their parent molecule is struc- 
turally related to some protective compounds already 
known-&alanine and quaternary carbon polyols (2,5). 


EXPERIMENTAL 


Reagents-A solution of human hemoglobin was prepared from citrated 
blood samples taken 3 weeks earlier. The red blood cells were separated and 
washed in 0.1 5 M NaCI. and then hemolyzed in deionized water. The stromata 
were separated by centrifugation twice a t  25,000Xg for 30 min and decan- 
tation of the hemoglobin solution. This solution was dialyzed against deionized 
water a t  4°C for 15 h, then centrifuged once again to remove the remaining 
stromata and adjusted to a hemoglobin concentration of 100 g/L. The EDTA 
salts used were: dipotassium.2 20’, sodium zinc.4H202, dipotassium mag- 
ncsiuml, discdium magnesium.H202, tetrasodiuml, and t r i p o t a ~ i u m ~ .  The 
pantothenic acid (vitamin Bs) derivatives were: calcium D-pantothenate4, 
DL-pantothenic alcohol4, D-pantothenic alcohol4, ( -)-D-pantoyllactone4. and 
sodium DL-pant~ykaurinate~. The buffers were 3-(1V-morpholino)propanc- 
sulfonic acid (I)‘, N-(2-hydroxyethyl)-l -piperazinepropanesulfonic acid ( 
2[(2-amino 2-oxoethyl)amino]ethanesulfonic acid ( 111)2, N,N-bis(Z-hy- 
droxyethyl)-2-aminoethanesulfonic acid (IV)2, N-tris(hydroxymethy1) 
methyl-2-aminwthanesulfonic acid (V)2, and tris( hydroxymethy1)methyl- 
aminopropanesulfonic acid (VI)z. 


Procedures-In the initial series of experiments, the samples to be freeze- 
dried were made up of a homogeneous mixture of 5 mL of an aqueous IOO-g/L 
solution of hemoglobin and 5 mL ofan aqueous 0.5 M solution of the protective 
agent being studied. This made it possible to verify that these materials were 
indeed soluble. Next, for one agent from each of the three chemical series we 
looked at  the dose-response relationship, plotting the percentage of methe- 
moglobin formed uersus the molar concentration of the protective agent, from 
0.01 to 0.2 M. at a constant hemoglobin concentration as  before and with a 
volume of 10 mL before freeze-drying. Each sample was studied in tripli- 
cate. 


More detailed studies were carried out with EDTA. First, a series of ex- 
cellent freeze-dried materials, obtained from 10 mL of solutions containing 
100 g/L of hemoglobin and 0.25 M of each of its salts, were stored in darkness 
for 12 months in air a t  4°C. Next, samples freeze-dried in  the presence of 
0.01-0.20 M sodium zinc EDTA were stored in the same conditions for 12 
months. Finally, we wished to find out (as has not yet to our knowledge been 
systematically studied) whether the concentration of hemoglobin influenced 
the proportion of methemoglobin formed, at a constant concentration of 
protective agent chosen to give a level of oxidation that was neither zero nor 
too high. The experiments were carried out on 10 mL of freeze-dried material, 
with 0.05 M sodium zinc EDTA and 250-1000 mg of hemoglobin. 


The freeze-drying was carried out in a freeze-drying apparatus’ under the 
following conditions. Samples (10 mL) were frozen at -40°C in the bottom 
of 100-mL flasks in the apparatus, followed by desiccation with the control 
set at 70% (heating of shelf 70% of time) and final temperature displayed as 
4°C. The vacuum was broken and the freeze-dried materials were immediately 
stoppered in air. The samples were macroscopically examined (for appearance 
and color) and dissolved in 10 mL of Srensen’s 0.066 M phosphate buffer 
of pH 6.4, 7.4, or 7.8, depending on the pH before freeze-drying. The other 
examinations carried out were: 


1. Estimation of methemoglobin by the method of Evelyn and Malloy 
(10). 
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2. Measurement of oxyhemoglobin in the aqueous solution with an oxi- 


3. Determination of the pH7 of the reconstituted hemoglobin solution. 
4. Plotting of the dissociation curven of the hemoglobin at 37OC and P COz 


5. Plotting of the spectrum9 of the hemoglobin from 5 0 0  to 700 nm. 
6. Calculation of the concentration-protection relationships using a pro- 


meter6. without correction for the concentrations of methemoglobin. 


of 40 Torr, and calculation of the Hill coefficient. 


grammable calculatorto linked to a plotter. 


RESULTS AND DISCUSSION 


I n  all our previous experiments on freeze-drying carried out under similar 
conditions, unprotected hemoglobin contained 49 f 8% of methemoglobin 
(metHb) after freeze-drying ( n  = 45). Its oxygen saturation was 56 f 5% ( n  
= 29), and its cooperativity was lost (Hill coefficient = 1.76 f 0.07, compared 
with a normal value of >2.6). 


Protection Due to EDTA Salts-On coming out of the freeze-drier, the 
samples were red and powdery; they dissolved rapidly and totally. All the 
EDTA salts studied here, except for dipotassium EDTA, seemed to be pro- 
tective agents that inhibited the formation of methemoglobin, giving <lo% 
methemoglobin (Table I ) .  The tetrasodium salt was the most effective. but 
i t  led to the lowest saturation valuesand a pH very different from physiologic 
values. Least-squares best estimates were calculated for straight lines on Hill 
plots; the Hill coefficients obtained demonstrated that the physiological 
properties of the hernoglobin were well preserved, except with the dipotassium 
salt. 


We arbitrarily chose the sodium zinc salt for the other studies. The color 
of the dry freeze-dried materials, ranging from brown to red, indicated de- 
creasing proportions of methemoglobin as the concentration of protective agent 
increased. The samples showed no turbidity when reconstituted with a pH 7.4 
buffer. but the more altered the hemoglobin, the slower they were to dissolve. 
The relationship between the percentage of methemoglobin (y-axis) and the 
percentage of oxyhemoglobin (x-axis) fitted the equation j = -x + 97.1 ( n  
= 33. r = -0.97. p < 0.001). There was a linear relationship between the 
logarithm of the proportion of methemoglobin and the molar concentration 
ofprotectiveagent:y = - 4 . 1 2 ~  + 1.51 (n  = 33,r = - 0 . 9 0 3 , ~  <O.OOI)(Fig. 
I ) .  After 12 months, the freeze-dried materialsobtained with the EDTA Salts 
showed methemoglobin levels between 8.8% (with the tetrasodium salt) and 
64.7% (with the dipotassium salt). The order of effectiveness of the various 
salts was the same as a t  time zero. The saturations were low (56-7070). 
especially in the presence of tetrasodium EDTA, although the spectrum of 
the hemoglobin of this sample was altered very little. 


The samples containing various concentrations of sodium zinc EDTA dis- 
played proportions of methemoglobin between 50.9 and 26.8%. yielding the 
correlation h e y  = - 1 8 5 . 6 ~  + 58.9 ( n  = 10, r = - 0 . 9 1 8 . ~  < 0.001); this 
line cuts the x-axis a t  0.32 M. which is the hypothetical concentration of 
EDTA in a hemoglobin solution that will prevent any oxidation to methem- 
oglobin during both desiccation and storage. This concentration is much higher 
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Figure I-Linear regression between the log 
merhemoglobin (%I and molar concentration 
(0.01 10 0.20 M) of "a -Zn  EDTA. 


Table 11-Physiological Pro rties of Hemoglobin after Freeze-Drying in 
the Presence of 250 m M  of &er Compounds 


Oxyhemo- Methemo- 
globin, globin, Hill 


Buffer n % % pH coefficient 


I 3 93.6 2.2 6.15 2.90 
11 3 99.0 1.9 6.65 2.40 


i i i  3 65.5 47.1 6.35 - 


1v 3 94.6 4.6 6.23 2.01 
V 3 96.0 2.2 6.33 2.07 


v1 3 97.6 3.5 7.13 3 .00 
~~ ~~~ 


than those we found with other protective agents under similar conditions ( I  I ) ,  
which indicates that EDTA salts are much less effective. The proportion of 
methemoglobin varied greatly with the concentration of hemoglobin, as seen 
in Fig. 2 (y = 0 . 0 2 6 ~  + 2.89; n = 14, r = 0 . 9 8 , ~  < 0.001). This relationship 
between hemoglobin and protective agent is in accordance with the previous 
relationship (Fig. I ) :  both show that hemoglobin was correctly protected only 
in certain narrowly defined conditions of concentration. This sensitivity of 
hemoglobin to small changes in concentration was found also for the other 
classic protective agents (such as  glucose or sucrose) for which we have es- 
tablished equations of the same type". 


Protection Due to Buffer Compounds-Buffer 111 is poorly soluble in 
aqueous media and had no protective effect, whereas the five other buffers 
gave satisfactory protection (Table 11). The structure of these compounds 
(sulfonic acids) and their concentrations produced acid solutions despite their 
being dissolved in an alkaline buffer solution. At these pH values. the Barcroft 
curve was displaced towards low affinities and thep5Ovalues were high (21 -45 
Torr). 


The dose-response relationship was studied with VI. At concentrations of 
20.075 M it gave satisfactory levels of methemoglobin, i .r.  < 10%. The rela- 
tionship bctween the logarithm of the percentage of methemoglobin and the 
concentration of VI took the form y = - 5 . 7 6 ~  + I .52 ( n  = 33, r = -0.867, 
p < 0.001) (Fig. 3). Here too, the correlation between methemoglobin and 
oxyhemoglobin was very significant: y = - 0 . 7 5 ~  + 75.62 ( n  = 33, r = -0.975, 
p < 0.001). Two samples of hemoglobin frceze-dried in the presence of VI or 
V were stored for 12  months at  4OC; the levels of oxyhemoglobin and 
methemoglobin were then found to be 76% and 22%. respectively, and their 
respective Hill coefficients were 2.1 3 and I .66. As with the EDTA salts, these 
protective agents seemed to be greatly inferior to the amino acid salts and 
sucrose studied previously ( 1  1 ). 


Protection Dw to Derivatives of Pantothenic Acid-These derivatives were 
quite difficult to study, because D-pantothenol is very viscous and dissolves 
poorly in water, while (-)-D-pantOyllaCtOne yielded a poorly soluble freeze- 
dried material, whose solution was slightly turbid, brown, and in need of 
centrifugation. Calcium pantothenate yielded even greater turbidity, which 
prevented any precise estimation of methemoglobin in the centrifugation 
supernatant. Nevertheless these compounds were effective protective agents, 
as seen in Table 111. The correlations established above were again found for 
log (methemoglobin percentage) uersus molarity of the protective agent 


' I  Unpublished results 


Journal of Pharmaceutical Sciences J 705 
Vol. 73, No. 6, June 1984 







DL-pantothenol 
and for methemoglobin uersus oxyhemoglobin 
r = -0.98. p < O.OOl)].  


= -7 .19~ + 1.64 (Fig. 4) ( n  = 33,r = -0 .95 ,~  <O.OOl)] 
= - 0 . 8 6 ~  + 84.6 ( n  = 33, 


CONCLUSIONS 


This study has demonstrated the protective effect during the freeze-drying 
of hemoglobin of representatives of three different chemical series, adding 
to those already known (5-7). With EDTA salts, where only the cation and 
the pH differed, the proportion of oxyhemoglobin was generally low, and pH 
seemed to be involved, since the extreme pH values gave both the best and the 
worst results. With one exception, the sulfonic acids used as biological buffers 
were effective protective agents. The same was true for the pantothenate family 
that we have investigated, since they derive from both 8-alanine and a qua- 
ternary carbon alcohol. This remark suggests that there may be possible 
structure-activity relationships in this series. 


On the other hand, three reasons lead us instead to conclude that a non- 
specific antioxidant action is present: ( a )  the multiplicity and the variety of 
chemical families in which protective agents for hemoglobin have already been 
found-carbohydrates, amine buffers, macromolecules, amino acids, etc., 
(b )  the observation by ESR that glucose, 8-alanine. or Tris. taken as models, 
do not interact with heme iron and its environment (12). and ( c )  the result 
with the same models using circular dichroism (CD) that the absence of 
protector only weakly influences the conformation in the vicinity of the heme 
and alters the secondary structure by slightly increasing the helicity. The CD 


i- M 


Figure 2-Linear regression between methemoglobin (%) and the 
amount (or concentration) of hemoglobin during freeze-drying with 
50 mM Na-Zn EDTA. 


Table 111-Physiological Properties of Hemoglobin after Freeze-Drying in 
the Presence of 250 m M  of Pantothenic Acid Derivatives" 


Oxyhemo- Methemo- 
globin, globin, Hill's 


Derivative n % % pH Number 


5.61 - D-Pantothenic acid, 3 97.4 - 


DL-Panthenol 3 99.3 2.3 7.29 2.51 
D- anthenol 3 98.3 3.4 7.35 2.49 


D-Pantoyllactone 3 75.3 23.3 7.28 2.11 
2.0 8.28 2.53 DL-Pantoyhaurine 3 100.0 


hemicalcium salt 


(-5- 
sodium salt 


Derivatives were dissolved in buffer, pH 6.38. 


spectra also suggest that the protector may not enter into the heme pocket, 
since one would then observe much greater spectral changes in the visible 
region and the Soret band ( 1  3). 


Taking in account the preceding remarks, it appears that the oxidation of 
ferrous iron remains the main denaturer of hemoglobin and that the estimation 
of methemoglobin is the first and one of the best tests to evaluate the effects 
of freeze-drying on hemoglobin. The mechanism of action of the protectors 
is still poorly understood, but our current experiments link this action with 
concomitant effects of vacuum and removal of water. It is not impossible that 


+ t 


t 


Figure 3-Linear regression between ihe log 
of merhemoglobin (%) and molar concenira- 
tion (0.01 to 0.20 M) of VI. 


t 


700 I Journal of phermaceutical Sciences 
Vol. 73, No. 6, June 1984 







log MetHbl 


Figure 4-tinear regression between the log 
of methemoglobin (%) and molar concentra- 
tion (0.01 to 0.20 M )  of DL-panthenol. 
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such protectors “modify” the structure of globin as has been described for some 
proteins and glycerol by Gekko and Timasheff (14). 


The changes in the proportion of methemoglobin as  a function of concen- 
tration of the protective agent always fitted a hyperbola that could be lin- 
earized by a logarithmic transformation, giving a straight line with a negative 
slope. The three correlation lines thus obtained had slopes of the same order 
of magnitude, which indicates that these three model compounds are fairly 
similar in effectiveness. However, they are much less effective, during both 
freeze-drying and storage, than the amino acid salts that we have studied 
previously. This difference in behavior, which undoubtedly derives from quite 
specific physicochemical properties of the protective agents, remains unex- 
plained. 
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Abstract 0 The effect of nephrectomy on the disposition of ethambutol was 
investigated in seven adult mongrel dogs: five were nephrectomized and two 
served as the control. Each dog was intravenously administerd 500 mg eth- 
ambutol, followed by blood sample collection for 12 h. Total urine was coi- 
lected over 24 h from the normal control dogs. Ethambutol contents in plasma 
and urine were assayed by a G C  method. The nephrectomized group and the 
control group exhibited differences in the following pharmacokinetic pa- 
rameters: half-life, 5.0 versus 4.1 h (significant a t p  < 0.1); total body clear- 
ance. 8.4 versus 13.2 mL/min/kg (significant a t  p < 0.1); and volume of 
distribution, 2.7 versus 3.8 L/kg (significant a t  p < 0.1). Comparison of 


- 
pharamacokinetic parameters among rabbits, dogs, and humans revealed 
distinct interspecies differences with regard to total body clearance. renal 
clearance, volume of distribution, and fractional renal excretion. One com- 
parable parameter shared by all species is the #?-phase half-life. 


Keypbrnses 0 Ethambutol-disposition, pharmacokinetics in the dog, effect 
of nephrectomy. interspecies comparison 0 Pharmacokinetics-ethambutol 
disposition in the dog, effect of nephrectorny. interspecies comparison 
Distribution-ethambutol in the dog. effect of nephrectomy. pharmaco- 
kinetics, interspecies comparison 


Ethambutol (I), an antitubercular agent, is used alone or 
in combination with other drugs for the treatment of tuber- 
culosis. The absorption and excretion of 1 has been studied in 


rats and mice ( l ) ,  dogs (2, 3), and human subjects (4-6). In 
mice receiving single oral doses of I, peak serum concentrations 
were reached within 1 h of administration, and the compound 
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(s, C-llc) ,  128.25 (s, C-7a), 129.44 (s, C-3a), 131.68 (s, C-l la), 145.24 (s, 
C-2), 147.01 (s, C-9*), 147.13 (s, C-lo*), and 152.60ppm (s, C-l).Assign- 
ments are interchangeable between carbons with an asterisk. The MS and UV 
spectra were identical with published spectra ( 1  1, 13). 


Bioassey-Male albino rabbits (2-3 kg) were killed by cervical dislocation. 
The aortae were removed and cut into helical strips. The strips were mounted 
vertically in a 20-mL organ bath containing Krebs-Ringer bicarbonate so- 
lution (pH 7.4) of the following composition (in mmoles): sodium chloride, 
120; potassium chloride, 4.8; calcium chloride, 1.2; magnesium sulfate, 1.3; 
monobasic potassium phosphate, 1.2;:sodium bicarbonate, 25.2; and glucose, 
5.8. The solution was bubbled with a gas mixture of oxygen-carbon dioxide 
(95:5, v/v) and maintained at 37°C. A resting tension of 1 g was applied to 
the strips and isometric contractions were recorded with a force displacement 
transducer. 


Male Wistar rats (300-350 g) were killed by a blow on the neck and the 
stomach was removed. The fundus was cut longitudinally into strips (20 X 
2 mm) as described by Offermeiser and Ariens (19). The strips were suspended 
in a 20-mL organ bath containing Krebs-Ringer bicarbonate solution. The 
solution was aerated with oxygen-carbon dioxide (955  v/v) and maintained 
at  37°C. A resting tension of 0.5 g was applied to the strips. Mechanical re- 
sponses were recorded isotonically on a pen recorder through an isotonic 
transducer. 


RESULTS AND DISCUSSION 


A methanolic extract of the fruit of M. domestica almost completely in- 
hibited the serotonin-induced contractions of isolated rabbit aorta and had 
no effect on contractions induced by potassium chloride or histamine. To 
isolate the active substance, fractionation of the methanolic extract of the fruits 
were performed (Scheme I), accompanied by a bioassay using isolated rabbit 
aorta. Silica gel chromatography of the n-butyl alcohol-soluble portion of the 
methanolic extract afforded the active substance as colorless crystals (8.0 g, 
0.2% dry weight of the fruit). The compound showed a positive Dragendorff 
test and its physicochemical properties ( i .e . ,  melting point, specific optical 
rotation, UV absorption, and mass spectrum) agreed with those of nantenine 
( I ,  5,6, I I ,  13), which was previously isolated as a major alkaloid of the same 
material. Furthermore, the 'H- and I3C-NMR spectra also supported the 
identity of the active substance as  nantenine (see Experimental). 


M) produced a parallel, right 
shift of the dose-response curve for the contractile effect of serotonin, but had 
no effect on the dose-response curves for histamine and potassium chloride 
(Fig. I ) ,  indicating competitive antagonism. Furthermore, in rat stomach 
strips, nantenine (3 X M) shifted the dose-contractile response curve 


In isolated rabbit aorta, nantenine (3 X 


for serotonin to the right in a similar manner, but the dose-response curves 
for carbachol and potassium chloride were not affected by nantenine (Fig. 
2). These results suggest that nantenine selectively inhibits the contractile 
response of these tissues to serotonin. On the basis of the present results, it is 
concluded that M. domestica Thunberg has a serotonergic receptor blocking 
action in the isolated rabbit aorta, and that the main active compound is 
nantenine. 
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COMMUNICA TIONS - 
Computation of Model-Independent 
Pharmacokinetic Parameters During Multiple 
Dosing 


Keyphrases Pharrnacokinetic parameters-model independent, multiple 
dosing 


To the Editor: 


In a recent article, Bauer and Gibaldi (1) reported an al- 
ternate, noncompartmental method to calculate pharmaco- 
kinetic parameters during multiple dosing. The method was 
based on reverse superposition from which a single-dose drug 
concentration-time curve was derived from data obtained at 
steady state. The following method would be a more general 
approach for computation of model-independent phar- 


macokinetic parameters during multiple dosing. The plasma 
drug concentration-time curve after the Nth dose ( C N )  of a 
fixed dose of a drug at a given dosing interval of 7 can be de- 
scribed by Eq. 1, when a drug obeys linear pharmacoki- 
netics: 


n 1 - exp(-NkiT) CN = c Ai exp(-kit) 
;=I  1 - exp(-ki~)  


n 


;= 1 
= c I; exp(-kit) (Eq. 1) 


where Ai and I; are the coefficients of the specific first-order 
rate constant, k;,  after a single dose and the Nth dose, re- 
spectively; t is the time after each drug administration. The 
total area under the plasma drug concentration-time curve 
(AUC) from the time after the Nth dose is given to time in- 
finity, AUC( m ) N  can be obtained as follows: 
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n A i [ l  - exp(-(N - l)k;7) exp(-k;.r)] 
k;[l - exp(-ki~)]  + c  


; = I  


Ai exp(-Nk;~)  
= AUC(m)ss - 2 ki [ 1 - exp(ki?-)] 


(Eq. 2) 
When the dosing interval is located in the terminal phase, Q. 
2 can be approximated by Eq. 2a: 


A U C ( ~ ) N  = AUC(@) + Cmin ,v- l /kn = AUC(m),, 
- (Cmin ss - Cmin N-I)/kn (Eq. 2a) 


where AUC(=) and AUC(-),, are the total areas after a 
single dose and at steady state, respectively; Cmin N-I and 
Cmin ss are the plasma drug concentrations at the dosing in- 
terval after the (N - 1)th dose and at steady state, respectively; 
kn is the terminal phase disposition rate constant. 


The AUC( m ) ~  can be obtained by numerical integration 
using the trapezoidal rule from the time course data of plasma 
drug concentrations: 


The residual area from f *  (usually the last sampling time 
point) to infinity is usually approximated by CN*/kn, where 
CN* is the estimated drug concentration at time t* after the 
Nth dose. 


The total area under the first moment of the plasma drug 
concentration-time curve after the Nth dose, AUMC( m ) ~  can 
be calculated as follows: 


When the 7 is located in the terminal phase, Eq. 4 can be ap- 
proximated by Eq. 4a: 


AUMC(m)n = AUMC(-) + Cmin N-I/kn2 
= AUMC(m)ss - (Cmin ss - Cmin ~ - ~ ) / k n ~  (Eq. 4a) 


where AUMC(-) and AUMC(w),, are the total area mo- 
ments after a single dose and at steady state, respectively. The 
A U M C ( ~ ) , V  can also be obtained as follows: 


n I  


i l l  2 
A U M C ( ~ ) , V  = - (tjCNj + t i - lCNj- j ) ( t j  - t i - ! )  


n I j  


;=I  k; 
+ ~ ( 1  + kit*) exp(-kit*) (Eq. 5) 


The residual area moment from t* to infinity is usually ap- 
proximated by: 


According to the statistical concept of moments for pharma- 
cokinetics, the mean residence time of a drug in the body 
(MRT) after a single dose is defined as follows (2): 


i= I 


This concept can be extended to the observed data after the 
Nth dose and at steady state by applying Eqs. 2a and 4a as 
follows: 


MRT = 
kn2 A U M C ( ~ ) N  - Cmin ~ - 1  


kn[knAUC(m)N - CminN-11 


For the data obtained during the dosing interval: 


- - knAUMC(7)ss + 7Cmin ss - - AUMC(7)ss + ~ C m i n  ss 


k n  AU C ( 7 ) s  AUC(7)ss knAUC(~)ss 
(Eq. 8)  


Although Bauer and Gibaldi ( 1 )  stated that the apparent 
volume of distribution at steady state, Vd,,, cannot be calcu- 
lated directly from steady-state data, Vd, can be calculated 
from the MRT (using Eq. 7 or Eq. 8) after multiple intrave- 
nous bolus dosing of a drug as (3): 


Vd, = TBC-MRT (Eq. 9) 
where total body clearance (TBC) after the Nth dose and at 
steady state can be calculated as: 


(Eq. 10) 
No model has to be assumed to calculate MRT, Vd,, and TBC 
after multiple dosing. This method can be applied to data ob- 
tained from any number of doses including steady state and 
does not require the plasma drug concentrations derived by 
means of reverse superposition. The method describes an exact 
solution and its approximation. The approximation requires 
an assumption that doses must be administered during the 
terminal phase. This assumption is generally valid. When the 
assumption is not valid, one may use the exponential equations 
to calculate the residual area and area moment. 
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Abstract 0 The effect of microparticles on the survival of cultured mouse 
peritoneal macrophages was investigated using doses of 0.01-0.1 mg of 
lyophilized particleslml of medium and 5 X lo5 cells, corresponding to 
-4OOO-40.000 particles per cell. The lowest dose did not significantly 
change the survival time as compared with the controls, while -75% of 
the cells were lost during the first 48 h on exposure to the highest dose. 
High doses of particles induce cellular damage. The morphology and 
stability of the lysosomal apparatus was followed with electron micros- 
copy, acid phosphatase cytochemistry, and acridine orange uptake. Al- 
teration of the lysosomal vacuome was characterized by a greatly en- 
hanced rate of autophagocytosis, the formation of huge secondary lyso- 
somes containing microparticles, and labilization of the vacuome with 
loss of acidity and a tendency to leak acid phosphatase into the cell 
sap. 


Keyphrases 0 Microspheres-polyacrylamide, phagocytosis by cultured 
mouse peritoneal macrophages, ultrastructural cellular alterations 0 
Macrophages, peritoneal-cultured from mice, effect of phagocytosis 
of microparticles, ultrastructural cellular alterations Phagocytosis- 
microparticles, by cultured mouse peritoneal macrophages, ultrastruc- 
tural cellular alterations 


Acrylic polymer microparticles have been introduced 
recently as carriers for enzymes and other macromolecules 
(1). When such particles are injected intravenously into 
mice and rats they are eliminated rapidly from the circu- 
latory system, mainly by the fixed macrophages of the 
reticuloendothelial system (RES) (2), and accumulate 
intracellularly within the lysosomal vacuome of these cells 
(3). This lysosoinotropic character of the particles has been 
utilized in an experimental animal model to effect an ar- 
tificial storage disease (4). 


When massive doses of particles (160 mg/kg of body 
weight) were injected intravenously into mice, some ad- 
verse reactions occurred (3). The first general reaction was 
a megaly of the liver and spleen. This phenomenon, de- 
tected by light and electron microscopy, was due to initial 
cell damage with mitochondria1 swelling, rupture of the 
cristae, and cellular edema. This was later followed by 
cellular necrosis and invasion of inflammatory cells (3). 
The megaly was thus due to both cellular swelling and 
accumulation of inflammatory cells in the affected organs. 
The microscopic study also showed that the megaly was 
reversible and that the normal anatomical structure of the 


tissues was restored in -4 weeks. The  effects detected are 
dose dependent and are not seen in mice after injection of 
moderate doses (40 mg/kg) (3). 


The ultrastructural changes detected in the liver, spleen, 
and bone marrow after injection of large amounts of acrylic 
microspheres are of general interest, as they can be ex- 
pected to  occur on injection of any small-sized particles. 
Even injection of relatively rapidly degradable liposomes 
give rise to  ultrastructural changes in the liver and spleen 
(5). 


The relationship between the dose of particles and the 
cellular effect is not conveniently studied in animal models, 
where the relationship between particles and affected cells 
cannot be quantitatively controlled. I t  is therefore, nec- 
essary to  develop a method in which the number of parti- 
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Figure I-Survival rates of cultured mouse peritoneal macrophages 
after exposure to  microparticles at  dose levels ofo.ol (A), 0.02 (A), 0.05 
(8) ,  and 0.1 mglmL (0). The normal survival rate (0) was followed 
during a period ( ~ f  7d .  The arrows indicate the time of exposure to mi- 
croparticles. Each point represents the mean &SD from four experi- 
ments. 
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Figure 2-Normal mouse macrophage cultured in vitro, showing 
elongated mitochrondria and sec0ndar.y lysosomes (arrowheads). G 
denotes the Golgi apparatus. 


cles and phagocytic cells can be easily determined. The 
present paper describes a system in which mouse perito- 
neal macrophages in culture have been used to semi- 
quantitatively study the effects of particles on cellular 
ultrastructure. The cellular alterations in the macrophages 
after exposure to particles were further correlated with 
biochemical and cytochemical changes in the cells. 


EXPERIMENTAL 


Acrylamide', N,N'-methylenebisacrylamide', cationized ferritin2, 
N,N,N',N'-tetramethylethylenediamine2, and other chemicals were of 
analytical grade. Pathogen-free male mice3, weighing 20 g, were used 
throughout. 


Preparation of Microparticles-Microparticles with immobilized 
cationized ferritin were prepared using a reported method (1, 3). The 
cationized ferritin (104 mg), acrylamide (0.3 g), and N,N'-methylene- 
bisacrylamide (0.1 g) were dissolved in 5 mL of 0.005 M sodium phosphate 
buffer, pH 7.4, while maintaining a nitrogen atmosphere. The catalyst, 
ammonium peroxodisulfate (100 pL of a 0.5-g/mL solution in water) was 
added, the solution was poured into 200 mL of toluene-chloroform (4:l) 
containing 0.5 g of a detergent4, and the resulting mixture homogenized 
to produce an oil-in-water emulsion. The accelerator N,N,N',N'-tetra- 
methylethylenediamine (1.0 mL) was added to the emulsion, and after 
a few minutes polymerization started. The suspension was magnetically 
stirred for 20 min, and the microparticles were isolated by centrifugation 
and washed several times with buffer. After the last washing the particles 
were suspended in sterile physiological saline supplemented with anti- 
biotics. Using this method, the microparticles had diameters ranging from 
0.3-0.5 pm. 


Figure 3-Macrophage 72 h after exposure to ferritin-labeled micro- 
particles (0.1 mg/mL of medium) showing a large vacuole containing 
ferritin-labeled particles (arrowheads). 


Eastman Kodak Co. 
Sigma Chemical Co. 
NMRI-mice; Anticimex, Stockholm, Sweden. 
Pluronics F-68 (polyoxyethylene-derived polyoxypropylene). 


Figure 4-Macrophage 72 h after exposure to ferritin-labeled micro- 
particles (0.1 mglmL) Note the localization of ferritin particles t o  the 
periphery of a large secondary lysosome (arrowheads). 


Preparation of Peritoneal Macrophage Cultures-Mouse peri- 
toneal macrophages were collected by washing the unstimulated peri- 
toneum of adult male mice with 3 4  mL of warm (37OC) phosphate- 
buffered saline, as described previously (3). The peritoneal exudate cells 
were suspended in 10 mL of cold (4OC) phosphate-buffered saline and 
centrifuged at 180X g for 10 min. The pellet was resuspended in a nutrient 
medium5 (6) containing 15 mM 4-(2-hydroxyethyl)-l-piperazineethane 
sulfonic acid, pH 7.4. The medium was supplemented with penicillin G 
(100 U/mL), streptomycin (10 pg/mL), and 20% fetal calf serum. The cells 
were plated into 35-mm plastic dishes6 at  a concentration of 5 X lo5 cells 
per dish and cultured at  37OC in air (85% relative humidity) containing 
5% CO2. After incubation for 2 ha t  37OC, nonadherent cells were removed 
by washing with complete culture medium and fresh medium was added. 
The cultures were then incubated for 24 h. After that time, the medium 
was again changed and microparticles were added. During the ensuing 
cultivation period the medium was changed every 48 h. 


Macrophage cultures were exposed to 0.01-0.1 mg/mL of microparticles 
containing ferritin as a marker. The cells were exposed to these particles 
for 24 or 48 h. To follow the number of viable and stretched macrophages 
in the dishes during the cultivation period, the mean number of cells 
counted in 10 different parts of the dishes was estimated every second 
day (before the medium was changed). With the aid of a stencil, 10 circles 
(diameter 3 mm) were drawn on the bottom of each dish in such a way 
as to ensure even distribution, but avoiding the exact center and the ex- 
treme periphery. In the center of each of these circles the cells were 
counted on a circular area of 0.24 mm2 using an inverted phase-contrast 
microscope7 and a 32X objective lens. 


Preparation of Macrophages for Transmission Electron Mi- 
croscopy-For morphological studies, the cells were fixed in 2% gluta- 
raldehyde in 0.1 M cacodylate buffer with 0.1 M sucrose, pH 7.2 (total 
osmotic pressure 510 mosm, effective osmotic pressure 300 m0sm) (7, 
8) for 15 min at 37OC and for 45 min at 4OC. They were then rapidly rinsed 
in 0.15 M cacodylate buffer and postfixed in 1% OsO4 in 0.15 M cacodylate 
buffer (pH 7.2) for 90 min at room temperature. The cells were then de- 
hydrated in situ in an ethanol series, counter-stained en block for 12 h 
in 1% uranyl acetate in 50% ethanol, and embedded in plastic as described 
earlier (9). After polymerization, thin sections for transmission electron 
microscopy were cut with diamond knives, stained with lead citrate ac- 
cording to Reynolds (lo), and examined at  60 kV in an electron micro- 
scopes. 


Demonstration of Acid Phosphatase-Coverslips with attached 
macrophages were fixed for 1 h a t  0°C in 2% glutaraldehyde in 0.1 M so- 
dium cacodylate-HCI buffer with 0.1 M sucrose (pH 7.2; total osmolality 
510 mOsm, vehicle osmolality 300 mOsm), rinsed for 2 h in several 
changes of 0.1 M cacodylate buffer with 0.1 M sucrose (pH 7.2; 300 mOsm, 
O"C), and incubated in a Gomori-type medium for acid phosphatase 
without the addition of sucrose or dimethyl sulfoxide to the incubating 
medium (7,11,12). The cells were incubated for 30,45, and 60 min, and 
the secondary reaction product (lead phosphate) was converted to lead 
sulfide with a 1% solution of ammonium sulfide. After a light counter- 
staining with hematoxylin, the cells were dehydrated, cleared, and 
mounted in a synthetic resin. 


F-10 medium: GIBCO BIO-CULT. 
6 Nunc. petri dishes. 


Leitz microscope. 
8 Philips 201. 


154 I Journal of Pharmaceutical Sciences 
Vol. 73. No. 2, February 1984 







Figure 5-Macrophage 72 h after exposure to microparticles. Note 
(arrowheads) the excessiue formation of multilayer membranes 
wrapping around cytoplasmic areas (formation of autophagic vacuoles). 
C; denotes a Golgi area. 


Visualization of t he  Lysosomal Vacuome with Acridine Or -  
ang-Coverslips with attached macrophages were cultured in plastic 
dishes6. Acridine orange was added to the medium to give a final con- 
centration of 10 gg/mL. The cells were exposed to the dye for 10 min, 
whereupon the medium was changed twice. The cells were kept in fresh 
medium for 30 min in the dark in the incubation cabinet; the coverslips 
were then inverted on a drop of medium on an objective glass and rapidly 
examined under a fluorescent microscope7 equipped with a high-pressure 
mercury lamp, a 5-mm BC-12 emission filter, and a 510-nm barrier filter. 
Acridine orange in lysosomes gives a bright red granular fluorescence, 
but in cells with a damaged lysosomal vacuome the nuclei and the cyto- 
plasm show a diffuse green fluorecence with few remaining red granules. 
Micrographs were taken using black and white filmg. 


RESULTS 


Effect of Polyacrylamide Microspheres on the Survival of Cul- 
tured Mouse Peritoneal Macrophages-The effect of various doses 
(0.01,0.02,0.05, and 0.1 mg[mL of medium, total culture medium 2 mL) 
of polyacrylamide particles on the survival of macrophages is shown in 
Fig. 1. The cells were exposed to the particles over a 48-h period. As seen 
in the figure. the difference in survival between controh and macrophages 
treated with 0.01-0.02 mg/mI. of microspheres is not significant, while 
concentrations of >0.02 mg/mI, cause a rapid decline in survival rate. The 
significance of the difference was verified by variance analysis, p <0.01. 
The highest dose (0.1 mg/mL) initiates a rapid decline in the number of 
viable and stretched macrophages. After an exposure time of 48 h, only 
-30% of the initial cells remained, while the controls showed 90-100% 
viability. 


Transmission Electron Microscopy-The control macrophages 
showed a normal ultrastructural appearance with extensive surface 
projections, many of which folded back on the plasma membrane under 
formation of macropinocytotic vacuoles. The nuclei were bean shaped 
with a euchromatic pattern and closely localized to them were several 
well-developed Golgi areas. The mitochondria were elonged, the endo- 
plasmic net was regular, and the cells contained an abundance of secon- 
dary lysosomes with a moderate electron-dense, irregular matrix without 
any ferritin-like structures. Many of the lysosomes were large, and liquid 
droplet  were observed (Fig. 2). 


Following ingestion of ferritin-laheled microparticles, most secondary 
lysosomes were moderately enlarged and showed accumulations of ferritin 
particles in clusters (Fig. 3). The ferritin particles were usually localized 
near the periphery of the secondary lysosomes and sometimes formed 
a rim along the whole circumference (Fig. 4). In the cells exposed to acrylic 
microspheres there was a greatly enhanced rate of autophagtxytosis with 
many flattened saccules wrapping around cellular structures during 
formation of autophagosomes (Fig. 5.) 


Acid Phosphatase (Gomori Staining)-Control cells showed a dis- 
tinct granular reaction product pattern with almost no diffuse staining 
and no nuclear impregnation. The cells had the same appearance 48 and 
72 h after initiating the cultures. 


Cells exposed to spheres in various concentrations (0.01,0.05, and 0.1 
mg/mL of cell medium) deviated from the control cells by a reduction 


Agfa, black and white 27 Din 400 ASA film. 


Figure 6-Macrophages 48 h after exposure to microparticles (0.01 
mg/mL). Reaction product, indicating acid phosphatase activity, is 
localized in granular sites in a way similar to control Cells. Original 
magnification 640X. 


of granularity and an increase of diffuse cytoplasmic staining. The effect 
was dose dependent, with little or no effect a t  the 0.01-mg/mL dose (Fig. 
6) and pronounced effect a t  the 0.1-mg/mL dose (Fig. 7). After 48 h many 
cells exposed to the high dose showed few remaining granular reaction 
sites and intense diffuse cytoplasmic staining. Many of these cells were 
becoming round and were obviously degenerating and dying. A number 
of cells in the 0.0.5- and 0.1-mg/mI, groups contained no reaction product 
a t  all, neither granular nor diffuse. 


Acridine Orange Uptake-Control cells showed distinct, red cyto- 
plasmic granular fluorescence and weak nuclear green fluorescence. The 
red granular fluorescence corresponded well with the Gomori lysosomal 
pattern. 


After treatment with high doses (0.05 and 0.1 mg/mL) of microparticles 
for 24 h, several cells, still being well stretched as detected by phase- 
contrast microscopy, had lost their granulated red fluorescence. As seen 
in Table I, this effect was dose dependent. Thus, 17% of the remaining 


Figure 7-Macrophagrs 24 h aftc>r exposure to microparticles (0.1 
mg/mL). Compare with Fig. 6 and note cc~lls with nongranular, diffuse 
reaction product as tvell as se~wral  almost unreactiue cells. Original 
magnificat ion 640 X.  
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Table I-Uptake of Acridine Orange by Macrophages Exposed 
to Microparticles 


Dose of Well-Stretched Cells 
Exposure Time, Micropar- with Granular Red Fluor- 


h ticles, mg/mL escence, %a 


24 


48 


Control 
0.01 
0.05 
0.1 


Control 
0.01 
0.05 
0.1 


98.6 f 0.0 
94.3 f 3.6 
78.2 f 5.5 
83.6 f 4.2 
100 f 0.0 


98.3 f 1.1 
93.0 f 2.1 
84.2 f 2.3 


0 Mean f SE;  n = 10. 


stretched cells exposed to a 0.1-mg/mL dose for 24 h contained no red 
granules at  all and almost no green cytoplasmic or nulcear fluores- 
cence. 


DISCUSSION 


The results presented in this study clearly show that the adverse effects 
on the reticuloendothelial system (RES) of massive doses of acrylic mi- 
crospheres, previously demonstrated in mice (3), can be studied in greater 
detail in cultures of mouse peritoneal macrophages in vitro. The toxic 
reactions detected in these cultqre cells are strictly dose related and de- 
tectable only when the cells (5 X lo5 cells/dish) are exposed to >0.01 mg 
of lyo hilized particles/mL of medium (total culture medium per dish 
is 2 m!). Frorp a particle density of 1.14 mg/mL (13) and a mean diameter 
of 0.25-0.3 pm, it can be estimated that 0.01 mg contains -1 X lo9 par- 
ticles. This means, that the ratio between the number of particles and 
cells is -4000 when the cellular alterations can first be detected. In a 
previous study (3), it was shown that an intravenous injection of 1 mg of 
particles to mice (weighing -20 g) produced only insignificant changes 
in the liver, spleen, and bone marrow. I t  was also shown that 50% of the 
injected dose was localized to the liver. This means that -50 X lo9 par- 
ticles were distributed to and taken up by the macrophages of the liver. 
I t  is reported by Knook and Sleyster (14) that the liver from a young rat 
contains 10 X lo7 Kupffer cells per gram of tissue, and if we assume that 
the mouse liver is commensurable, it means that -5000-6000 particles 
were taken up per phagocytosing cell before any reaction was detected 
in the tissue. The results of the present study thus indicate that cultured 
peritoneal macrophages are more sensitive to exposure of particles than 
fixed macrophages of the RES and that they may serve as a sensitive tool 
for studying the toxicity of microparticles. 


The microspheres were phagocytosed by the macrophages and accu- 
mulated within large secondary lysosomes. Since the acrylic polymer itself 
has very little electron density, the particles had to be labeled with ferritin 
to allow visualization in the electron microscope. The uneven distribution 
of the ferritin particles within the secondary lysosomes (mostly periph- 
eral) is probably due to partial resolution of the microspheres during 
dehydration and embedding in plasticlo. 


The most drastic effect seen was the enormously enhanced rate of 
autophagocytosis seen in macrophages exposed to the largest concen- 
tration of microspheres. Autophagocytosis is a normal process and is 
enhanced as an unspecific response to a broad variety of cell-damaging 
processes (15). As judged from the cytochemical demonstration of the 
lysosomal enzyme acid phosphatase, there are indications of enhanced 
fragility of secondary lysosomes. Many exposed cells exhibited diffuse 
activity and few granular reaction sites. This may reflect alterations that 


10 Epon. 


occurred in a more pronounced way in the exposed cells than in control 
cells during fixation and the cytochemical procedure. It may, however, 
also indicate leakage of lysosomal enzymes from dilated secondary ly- 
sosomes already in culture as a response to the heavy loading of the ly- 
sosomal vacuome with microparticles. Such a conclusion is supported 
by the congruent result obtained with acridine orange shming that many 
exposed cells have few or no secondary lysosomes with the normal low 
pH. If so, such a leakage of hydrolytic lysosomal enzymes may contribute 
to the cell damage and stimulate the demonstrated autophagocytosis. 


After exposure to high doses of microparticles some cells did not reveal 
any acid phosphatase at  all with the Gomori method. About the same 
number of cells failed to accumulate the weak base acridine orange, which 
normally accumulates in the acidic milieu of the lysosomal vacuome (16). 
These findings suggest that some cells have completely lost the normal 
content of their lysosomal vacuome as a result of particle phagocytosis. 
Macrophages exposed to a variety of stimuli are subject to escape of the 
lysosomal enzymes during phagocytosis. This is referred to as regurgi- 
tation during feeding (17-19). Such regurgitation may possibly become 
extreme and lead to complete disappearance of lysosomal control, re- 
sulting in cells without the positive reaction for acid phosphatase and 
without uptake of acridine orange. Whether such cells will regain normal 
lysosomal content or will die and detach from their substratum is un- 
known. 
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Abstract 0 The bioavailability of hydrochlorothiazide was determined 
following single oral 25-, 50-, loo-, and 200-mg tablet and suspension 
doses in 12 healthy male volunteers. Plasma and urine levels of hydro- 
chlorothiazide were determined by HPLC. Plasma levels of hydrochlo- 
rothiazide were satisfactorily described by a triexponential function. 
Mean peak plasma levels, C,,, (127-135,270-280, and 437-490 ng/mL 
from the 25-, 50-, and 100-mg doses, respectively) were dose proportional, 
as were areas under plasma profiles, AUCo. .:%. Mean percentage recovery 
of unchanged hydrochlorothiazide in 48-h urine samples accounted for 
50-59,5455,6043, and 54-57% of the 25-,50-, 100-, and 200-mg doses, 
respectively. There were no significant differences among these values. 
Correlation coefficients between 48-h urinary recovery of hydrochloro- 
thiazide and the plasma values (C,,, and AUC0-s) for the 25-, SO-, and 
100-mg doses were 0.73 and 0.84. There were no differences in the net 
increases in electrolyte excretion among the treatments during the 0-12-h 
postdose period. The systematic availability of hydrochlorothiazide, 
unlike that of chlorothiazide, is dose proportional in the therapeutic 
range. 


Keyphrases 0 Hydrochlorothiazide-bioavailability from tablets and 
suspensions, pharmacokinetics Rioavailability-hydrochlorothiazide, 
tablets and suspensions, pharmacokinetics 0 Pharmacokinetics-hy- 
drochlorothiazide, bioavailability from tablets and suspensions 


Despite their close molecular similarity, the diuretics 
chlorothiazide and hydrochlorothiazide appear to have 
different absorption characteristics after oral dosing. It has 
been reported that chlorothiazide absorption is incomplete 
and dose dependent, being more efficient with decreasing 
dosage (1-4). On the other hand, preliminary studies have 
suggested that hydrochlorothiazide absorption is dose 
proportional (5). Hydrochlorothiazide is also absorbed 
more efficiently than chlorothiazide, but is administered 
at lower doses (6). A t  a dose of 50 mg, the bioavailabilities 
of chlorothiazide and hydrochlorothiazide are similar 
(4). 


The objective of this study was to explore the prelimi- 
nary observation that hydrochlorothiazide absorption is 
dose proportional (5). The previous observation was based 
on 25-100-mg tablet doses to two individuals. In the 
present study, both tablet and suspension dosage forms 
were administered a t  a range of 25-200 mg to 12 individ- 
uals. 


EXPERIMENTAL 
Protocol--Twelve healthy male volunteers1, 22-29 years of age (mean 


24 years) and weighing 67-84 kg (mean 78 kg) participated in the study 
after passing a physical examination and giving informed consent. Each 
subject was instructed to refrain from taking any other medication for 
2 weeks prior to and during the study and caffeine-containing beverages 
were restricted for 24 h prior to and during the study. 


Subjects were divided into six groups of two, and the single oral 25-, 
50-, and 100-mg oral tablet2 and suspension doses of hydrochlorothiazide 


Technical staff and graduate students. 
Hydrtdiuril25 mg (lot Eo25l), 50 mg (lot Eo254), and 100 mg (lot Eo509 tablets; 


Merck Sharp and Dohme, West Point, Pa. 


were administered as a 6 X 6 crossover design. Doses were administered 
1 week apart. All doses were given a t  8 a.m. after overnight fast; no food 
was permitted until 4-h postdose. Tablets were administered with 240 
mL of water. Suspension doses were prepared by grinding the appropriate 
tablet to a fine powder in a beaker, adding 50 mL of water, and admin- 
istering directly from the beaker. Quantitative dosing was ensured by 
repeated washes of the beaker with water to complete intake of 240 mL. 
Additional 240-mL water volumes were administered a t  2,4,6,8,  and 12 
h after each drug dose to ensure adequate urine output. Total urine 
output during the 12-h period prior to dosing and aliquots of urine col- 
lected during the 12-h postdose period were retained for electrolyte (K+, 
Na+, C1-) analysis. 


Urine for drug analysis was collected quantitatively through 48 h 
postdose. Twenty-milliliter urine aliquots were stored a t  -20°C until 
assayed. Heparinized blood samples (-8 mL) were obtained from a 
forearm vein immediately before and at 0.5,1,1.5,2,3,4,6,8,12,24, and 
36 h postdose. Plasma was separated and stored a t  -20°C until assayed. 
Plasma and urine were assayed within 2 weeks of sampling. 


In a separate study, the same 12 subjects received single oral 200-mg 
doses of hydrochlorothiazide (2 X 100-mg tablets) under the same con- 
ditions as those described above. Urine was collected through 48 h to 
determine hydrochlorothiazide excretion. Plasma drug levels and elec- 
trolyte excretion were not determined in this study. 


Analytical Procedures-Concentrations of hydrochlorothiazide in 
plasma and urine were determined by HPLC, as described previously (7). 
Assay response was linear for hydrochlorothiazide concentrations of 
10-750 ng/mL in plasma and 1-100 pg/mL in urine, with correlation 
coefficients of 0.999 and 0.996, respectively. The coefficient of variation 
in assay response was <lo%. Concentrations of K+, Na+, and C1- ions 
in urine were determined by direct potentiometrfj. 


Data Analysis-Individual plasma hydrochlorothiazide concentration 
profiles following the 25-, 50-, and 100-mg doses were fitted to a triex- 
ponential function of the form: 


C = xe-ut + ye-dt + te -71  (Eq. 1) 


where C is the concentration of drug in plasma at  any time 1 and other 
values are constants. Initial parameter estimates were obtained graphi- 
cally. Improved estimates, with statistical analyses were obtained by 
nonlinear regression using the NREG computer program (8). Plasma and 
urine data were examined by ANOVA for crossover design. When sig- 
nificant treatment effects were observed, differences between specific 
dosages were examined by means of Tukey's test (9). 


RESULTS 


Mean plasma hydrochlorothiazide levels from the six treatments are 
given in Table I, the data are summarized in Fig. 1. Plasma pharrnacok- 
inetic values are given in Table 11. 


Absorption was rapid from all dosages, and peak drug levels in plasma 
occurred uniformly a t  -2 h. Suspension doses tended to produce some- 
what higher drug levels than the equivalent tablet doses at  early sampling 
times and, with the 50- and 100-mg doses, somewhat lower values a t  later 
times. However, differences between the two dosage forms were signifi- 
cant ( p  < 0.05) only a t  0.5 h. When plasma drug levels from all dosages 
were normalized for dose size, there were no significant treatment effects 
at  sampling times after 0.5 h. The mean peak drug levels, C,,, were dose 
proportional: 127-134 ng/mL for the 25-mg doses, 270-280 ng/mL for 
the 50-mg doses, and 437-490 ng/mL for the 100-mg doses. Increasing 
the tablet dose from 25 to 100 mg resulted in a 3.4-fold increase in the 
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Table I-Plasma Hydrochlorothiazide Levels Following Single Oral  Doses to 12 Healthy Male Volunteers 


Plasma Hydrochlorothiazide, ng/mL 
Dosage, mg 0.5 h I h  1.5 h 2 h  3 h  4 h  6 h  8 h  12h 24 h 36 h 


Tablet 
25 Mean 


SD 
50 Mean 


100 Mean 
SD 


SD 
Suspension 


25 Mean 


50 Mean 


100 Mean 


SD 


SD 


SD 


22.8 71.6 97.9 107 115 92.6 
21.9 32.4 39.1 36 29 21.1 
49.5 184 232 251 212 178 
38.6 125 92 102 51 28 


115 284 351 368 401 353 
113 150 I48 138 90 99 


41.7 103 122 123 118 96.5 
29.4 52 4 5 44 35 26.9 


105 213 257 227 208 173 
51 79 84 67 50 34 


125 34 1 451 460 401 344 
12 151 124 117 113 94 


54.2 
11.6 


113 
16 


206 
60 


51.4 
15.4 


103 
21 


197 
57 


39.3 23.3 9.0 4.6 
9.5 11.9 6.3 5.2 


80.7 44.3 19.7 8.7 
13.5 10.5 7.7 4.6 


142 84.3 32.2 12.5 
35 16.2 10.4 5.4 


37.5 20.3 10.6 7.4 
9.4 7.3 5.5 6.0 


67.0 42.1 17.0 8.1 
18.4 11.0 7.6 7.1 


139 68.5 28.4 12.0 
32 22.9 10.4 9.0 


Table 11-Pharmacokinetic Parameter  Values for Hydrochlorothiazide a 


Tablet Suspension 
Parameter 25 mg 50 mg 100 mg 25 mg 50 mg 100 mg 


c‘,,,, ng/mLb 127 f 34 280 f 108 437 f 105 134 f 44 270 f 76 490 f 130 
tmnx., h‘ 2.4 f 0.9 2.1 f 1.0 2.3 f 1.0 2.4 f 0.9 1.8 f 0.7 1.8 f 0.3 


256 f 89 C L U .  mL/mine 257 f 83 222 f 36 232 f 52 232 f 78 233 f 83 
AUCo -36, ng.h/rnIAd 978 f 237 1968 f 390 3554 f 779 1038 f 282 1910 f 344 3493 f 735 


(1 Mean f 1 SD, n = 12. Maximum concentration of hydrochlorothiazide in plasma. Time of Cm.=. Area under hydrochlorothiazide concentration curve in plasma 
Renal clearance of hydrochlorothiazide. calculated from A u d A U C o  .%where A u ~  is the 0-36-h urinary recovery. from 0 to 96 h. calculated hy the trapezoidal rule. 


This parameter could not be calculated for the 200-mg dose. 


Table 111-Values of Rate  Constants Obtained by Fitting Individual Plasma Hydrochlorothiazide Profiles to Eq. 1 


Tablet Suspension 
Parameter 25 me 50 me 100 mg 25 mg 50 mg 100 mg 
~ . ~ ~ . . ~ ~ ~ . ~ ~ ~  


0.26 f 0.05 a, h-’ 0.40 f 0.35 0.32 f 0.28 0.32 f 0.12 0.30 f 0.07 0.29 f 0.05 
0.085 f 0.084 


0.99 f 0.31 0.85 f 0.77 0.94 f 0.28 1.26 f 0.63 0.98 f 0.27 0.90 f 0.30 


r t p a ,  h 0.97 f 0.02 0.97 f 0.01 0.98 f 0.02 0.97 f 0.02 0.97 f 0.03 0.96 f 0.03 


0.10 f 0.11 0.060 f 0.060 0.067 f 0.031 0.081 f 0.062 0.082 f 0.084 b, h-’ 
7, h-’ 8.2 f 8.4 8.4 f 5.4 12.1 f 8.9 10.9 f 9.6 10.4 f 5.6 8.5 f 6.4 


a Mean f SD; n = 12. * Half-life of the slowest rate constant 8, calculated irom t1120 = In 2/13. Coefficient of determination, r2 = (z,b2 - &.,2)/&ev2. 


mean value of C,,, and a 3.8-fold increase in the mean area under the 
drug plasma curve for 0 to 36 h, AUCo -:%. Increasing the suspension dose 
from 25 to 100 mg resulted in a 3.7-fold increase in C,,, and a 3.5-fold 
increase in AUC0-x. 


Plasma levels from all dosages exhibited the familiar triphasic char- 
acteristic (:3,6,7). After peak concentrations had been reached, drug levels 
declined rapidly through 12 h and then a t  a slower rate. In some subjects 
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Figure I-Mean plasma levels of hydrochlorothiazide following single 
2*5- (e), 50- (A), and 100-rn.g (8)  tablet and 25-  (O), 50- (A), and I(x)-mg 
(0) suspension doses (n = 12). 


there was evidence of curvature in the logarithmic drug level uersus time 
profiles throughout the postabsorptive period. 


Analysis of individual drug curves in terms of Eq. 1 yielded the nu- 
merical values for the first-order rate constants 0, /3, and y shown in 
Table 111. The value of each constant was similar for all treatments, and 
no significant treatment effects were detected by ANOVA. The uniformly 
high coefficients of determination (r2) show that individual drug profiles 
are satisfactorily described by a triexponential function. The mean 
half-life of the slowest rate constant /3, which represents the terminal drug 
elimination half-life in plasma, ranged from 8.2 to 12.1 h; this is consistent 
with previously reported values (6,7). 


The mean cumulative recovery of hydrochlorothiazide in urine at  6, 
24, and 48 h is summarized in Fig. 2. Recovery was markedly consistent 
between dose levels a t  each collection interval. The mean percentage 
urinary recoveries from the 25-, 50-, loo-, and 200-mg tablet doses were 
62.9, 54.5, 50.3, and 54.0%, respectively. From equivalent suspension 
doses, the percentage recovery was 60.2,54.1,59.0, and 57.3%. There were 
no significant dosage or formulation effects in the percentage recovery 
a t  any collection time. The mean renal clearance of chlorothiazide (Table 
II), 222-257 ng/mL, was similar from all treatments for which this pa- 
rameter could be calculated and is in close agreement with values reported 
earlier (6, 7). 


The mean net increases in electrolyte excretion during the 0-12-h 
post-dose period following the 25-, 50-, and 100-mg doses, compared with 
the 12-0-h predose period are summarized in Table IV. There was con- 
siderable individual variation in these values. The mean net increases 
were 93-140 mmol for Na+, 15.2-23.0 mmol for K+,  and 132-176 mmol 
for C1-. The increases were independent of dose size and formulation. 
Similar observations to these have been made with chlorothiazide ad- 
ministered over a 125-500-mg dosage range (2). 


DISCUSSION 
Previous studies have shown that the absorption efficiency of orally 


administered chlorothiazide is dose dependent over a dosage range of 
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Figure  2--Mean cumulative urinary recovery of hydrochlorothiazide 
following 25- (O), 50- (A), 100- (m), and 2OO-mg (+) tablet and 2-5- (O), 
50- (A), 100- (O), and 200-mg (0) suspension doses (n = 12). 


50-500 mg, the efficiency decreasing with increasing dose (1-4). The  
results of this study confirm the previous suggestion that the absorption 
efficiency of oral hydrochlorothiazide, unlike that of chlorothiazide, is 
independent of dose size (5). 


The original objectives of this study were ( a )  to examine the absorption 
efficiency of hydrochlorothiazide from tablets and suspension doses 
within the normal therapeutic range of 25- 100 mg, (6) to compare urinary 
excretion and plasma levels, and (c) to evaluate the effect of dose size on 
electrolyte excretion. Mean plasma levels of hydrochlorothiazide were 
independent of formulation and proportional to dose size, and mean 
urinary recovery accounted for 50-60% of all dosages. 


T o  determine whether hydrochlorothiazide absorption continued to 
be dose proportional a t  dose levels similar to those of chlorothiazide, and 
also in view of the good agreement between urinary excretion of  hydro- 
chlorothiazide and plasma levels, an additional dose of 200 mg was ad- 
ministered to the same subjects and absorption efficiency was assessed 
from urinary recovery alone. The  percent urinary recovery of hydro- 
chlorothiazide from this dose was the same as from the lower doses. The 
absorption efficiency of oral hydrochlorothiazide is thus independent 
of dose size over an eight-fold dosage range, which extends into the 
therapeutic dosage range for chlorothiazide. 


These data show that hydrochlorothiazide and chlorothiazide exhihit 
different absorption characteristics. Whereas chlorothiazide exhibits a 
marked saturation or “absorption window” effect, hydrochlorothiazide 
absorption is constant over a wide dosage range. The absorption efficiency 
of chlorothiazide approaches that of hydrochlorothiazide only a t  the 
50-mg dose level (4). 


The reason for the different absorption behavior of the two thiazides 
is uncertain. The small differences in their molecular structure and 
physical and chemical characterist.ics should not cause differences in their 
absorption if both drugs are absorbed by passive mechanisms. 


.4 possible explanation for their different behavior is that hydrochlo- 
rothiazide is efficiently absorbed by a passive process, while chlorothia- 
zide absorption is controlled by an active, saturable component, together 


Table IV-Net Increase in Electrolyte Excretion in Ur ine  
Dur ing  the 12-h Interval Following All Hydrochlorothiazide 
Administrations 


Increase in Electrolyte Excretion, mmol 
Dosage, mg Na + K+ Cl- 


Tablet 
25 102 f 64 20.2 f 17.9 I36 f 71 
50 93 f 62 23.0 f 12.5 132 f 66 


100 109 f 76 15.2 f 20.3 142 f 85 
Suspension 


25 103 f 57 15.3 f 21.3 137 f 61 
50 125 f 58 20.7 f 19.3 160 f 67 


with a passive component which is less efficient than that of hydrochlo- 
rothiazide. Alternatively, chlorothiazide availability may be influenced 
by an “ahsorption window” to a far greater extent than that of hydro- 
chlorothiazide. 


Whereas other studies in this laboratory and elsewhere have reported 
poor correlations between plasma levels and urinary excretion of hy- 
drochlorothiazide (6, 10, 11 ), good agreement was obtained between these 
parameters over the dosage range used in this study. Typically, linear 
regressions of 48-h urinary recovery against AUC” .:jG and C,,, values 
for the combined 2 5 ,  50-, and 100-mg tablet and suspension dosages 
yielded quite high correlation coefficients of 0.84 and 0.73, respectively. 
Thus, both plasma level and urinary dala may he suitable for determining 
hydrochlorothiazide bioavailability, but the relative ease of obtaining 
urine data makes this the methtd of choice. 


The electrolyte excretion data indicate that regardless of the absorption 
efficiency of hydrochlorothiazide, the maximum pharmacological effect 
occurs at  low doses. There were no increases in net electrolyte excretion 
as doses were increased from 25 to 100 mg. These results are similar to 
those reported elsewhere (12, 13). Whether the plateau in pharmaco- 
logical effect is due to maximal response a t  lower doses or to an inhibition 
effect at  higher doses (13) cannot he ascertained from our data. Whatever 
the reason for the plateau effect it is evident that the therapeutic effec- 
tiveness of both chlorothiazide and hydrochlorothiazide may be limited 
a t  high doses, but for different reasons. 


The mechanism causing biphasic elimination of hydrochlorothiazide 
is uncertain; the prolonged (Y  phase of decline, extending to 12 h postdose, 
is probably too long to explain in terms of tissue uptake or redistribution 
according to risual two-compartment model concepts (14). A factor 
common to studies in which this phenomenon has heen reported is water 
loading during the initial 12 h postdosc in order to ensure adequate urine 
output (4,5). This may influence hydrochlorothiazide elimination by a 
variety of mechanisms, including decreased reabsorption of drug from 
the hladder (15). 
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Figure 4-tinear regression between the log 
of methemoglobin (%) and molar concentra- 
tion (0.01 to 0.20 M )  of DL-panthenol. 
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such protectors “modify” the structure of globin as has been described for some 
proteins and glycerol by Gekko and Timasheff (14). 


The changes in the proportion of methemoglobin as  a function of concen- 
tration of the protective agent always fitted a hyperbola that could be lin- 
earized by a logarithmic transformation, giving a straight line with a negative 
slope. The three correlation lines thus obtained had slopes of the same order 
of magnitude, which indicates that these three model compounds are fairly 
similar in effectiveness. However, they are much less effective, during both 
freeze-drying and storage, than the amino acid salts that we have studied 
previously. This difference in behavior, which undoubtedly derives from quite 
specific physicochemical properties of the protective agents, remains unex- 
plained. 
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Abstract 0 The effect of nephrectomy on the disposition of ethambutol was 
investigated in seven adult mongrel dogs: five were nephrectomized and two 
served as the control. Each dog was intravenously administerd 500 mg eth- 
ambutol, followed by blood sample collection for 12 h. Total urine was coi- 
lected over 24 h from the normal control dogs. Ethambutol contents in plasma 
and urine were assayed by a G C  method. The nephrectomized group and the 
control group exhibited differences in the following pharmacokinetic pa- 
rameters: half-life, 5.0 versus 4.1 h (significant a t p  < 0.1); total body clear- 
ance. 8.4 versus 13.2 mL/min/kg (significant a t  p < 0.1); and volume of 
distribution, 2.7 versus 3.8 L/kg (significant a t  p < 0.1). Comparison of 


- 
pharamacokinetic parameters among rabbits, dogs, and humans revealed 
distinct interspecies differences with regard to total body clearance. renal 
clearance, volume of distribution, and fractional renal excretion. One com- 
parable parameter shared by all species is the #?-phase half-life. 


Keypbrnses 0 Ethambutol-disposition, pharmacokinetics in the dog, effect 
of nephrectomy. interspecies comparison 0 Pharmacokinetics-ethambutol 
disposition in the dog, effect of nephrectorny. interspecies comparison 
Distribution-ethambutol in the dog. effect of nephrectomy. pharmaco- 
kinetics, interspecies comparison 


Ethambutol (I), an antitubercular agent, is used alone or 
in combination with other drugs for the treatment of tuber- 
culosis. The absorption and excretion of 1 has been studied in 


rats and mice ( l ) ,  dogs (2, 3), and human subjects (4-6). In 
mice receiving single oral doses of I, peak serum concentrations 
were reached within 1 h of administration, and the compound 
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Table I-Mean Plasma Ethembutol Concentrations in Five Nephrectomized Dogs and Two Normal Control Dogs ' 
Plasma Concentrations (pg/mL) at Time (min) 


5 30 6 0  90 120 150 180 210 240 300 360 420 480 600 720 


Kcphrectomizeddogs(n = 5) Mean 33.18 13.93 10.43 9.14 7.91 6.35 5.91 5.30 4.27 3.75 3.26 2.26 1.88 1.55 1.21 
SD 6.26 5.79 4.44 3.62 2.95 2.75 3.43 2.33 2.64 2.51 2.49 1.34 1.18 0.92 0.81 


Kormal dogs ( n  = 2) Mean .- 18.84 12.41 3.35 2.73 1.57 1.45 1.01 1.07 0.91 0.79 0.76 0.63 0.42 0.33 
SD - 13.67 13.85 2.23 1.40 0.57 0.21 0.28 0.54 0.18 0.17 0.25 0.36 0.24 0.18 


Eihambutol was administered to each dog at a dose of 500 mg IV. 


was rapidly excreted ( 1 ) .  The medium lethal dose of I varied 
considerably for the different routes of drug administration 
to mice ( l ) ,  suggesting a first-pass metabolism of the drug 
when administered nonparenterally. The first-pass effect was 
demonstrated for I using a rabbit model in which a low bio- 
availability of 28% was observed', in comparison with the 
nearly 80% oral bioavailability in humans ( 5 ) .  


After a single oral lOO-mg/kg dose of 1 to dogs, absorption 
was rapid and the drug was cleared from the blood with a 
half-life of 1.5 h (2). Within 8 h of an intravenous injection of 
[I4C]I, 57% of the radioactivity appeared in the urine as the 
unchanged drug, determined after separation of metabolites 
by counter-current distribution (3). Arnaud et af. (7) reported 
a substantial urinary excretion of the unchanged I in two dogs, 
up to 50% of the dose within 2 h of a rapid intravenous injec- 
tion. Limited studies of I in dogs make it difficult to relate the 
pharmacokinetic similarities between dogs and humans, 
especially with respect to renal excretion. This study was in- 
tended to investigate the effect of nephrectomy on the dispo- 
sition of 1 in dogs and to compare the pharmacokinetics of I 
in rabbits, dogs, and humans. 


HCCH2CH ( R ) N H  ( C H 2 )  2NHCH (R) CH2OH 


I R = C 2 H 5  


I1 R = C H 3  


EXPERIMENTAL 


Materinls-Ethambuto12 and the methyl analogue of ethambutol (H)* were 
supplied as the dihydrochloride salts. Trifluoroacetic anhydride3 and pyridine' 
were used as derivatizing agents. Chromatographic-grade chloroform4 and 
benzene4 were used as supplied. 


Animal Experiments--Seven adult mongrel dogs weighing 13.6-24.5 kg 
were used in the study. Five dogs were bilaterally nephrcctomized, while two 
normal dogs served as the control. Dogs were surgically prepared after being 
anesthetized with 50 mg/kg of pentobarbital. The jugular and anticubital veins 
were cannulated for blood drawing and drug infusion, respectively. Normal 
dogs were allowcd sufficient time to recover from anesthcsia before drug ad- 
ministration. In the nephrectomized group, the drug study was not initiated 
until 2 d after the nephrectomization. During the waiting period, dogs were 
allowed limited acccss to food and water. Sham operations were not perrormcd 
on the normal control dogs; otherwise, both groups of dogs wcrc similarly 
treated prior to and during the experiment. Each dog was intravenously ad- 
ministered 500 mg of 1 cia the anticubital vein of the forelimb over a 3-min 
period. Blood samples were collected at various times for I2 h. In thc control 
dog study, total urine was collected by natural voiding over a 24-h period and 
aliquots were pooled. Plasma and urine samples were frozen at -20°C un t i l  
analysis. 


Analytical Procedure-Plasma and urine samples, to which a specific 
quantity of I 1  (the internal standard) was added, were extracted with chlo- 
roform, dcrivatized with trifluoroacetic anhydride, and subjected to a GC 
analysis (8). A gas chromatographS equipped with a h3Ni electron-capture 
detector, a 61-cm X 32-mm i.d. glass column, and a 5% liquid60n solid sup- 
port6 stationary phase was used. The carrier gas was nitrogen at 20 mL/min; 


I C. S. Lee el a/ . .  unpublished results. * Lcderle Laboratories, Pearl River, N.Y. 
Pierce Chemical, Rockford. 111. ' MCB. Norwood. Ohio. ' Hewlett-Packard, Model 5730 A. 
OV-101 on Gas Chrom Q 100/120 mesh; Applied Science, State College, Pa. 


tcmpcratures for thc oven. injector, and detector were 155OC. 21OoC, and 
24OOC. respectively. 


Pharmacokinetic AnalysiF-Plasma data were fitted to a twocompartment 
open body model using the N O N L I h  program (9). The /3-phase half-life 
( I  1 p . 8 )  and the total body clearance (CL, )  were determined as: 


t ~ p . ~  = In 2/P (Es. 1 )  


CL, = Do/AUC, (Es. 2) 
whcre P is the slopc of the log- linear phase of the plasma decay curve, Do is 
the dose, and AUC, is the area under the plasma concentration (C,) uersus 
time curve. calculated by the trapezoidal rule in conjunction with an area 
extrapolation method. The steady-state volume of distribution (Vd,,)  was 
dctcrmined using the model-independent expression of Benet and Galeazzi 
(10): 


V d ,  = D o .  (AUMC,)/(AUC,)2 (Eq. 3) 


whcrc AUMC is the area undcr the first moment of the plasma curve. 
The fraction of renal excretion ( fC) in normal dogs was calculated as 


f c  = ( 4 2 4  + CLr C&)/Dn (Eq. 4) 


whcrc Ae,24 is the amount of I excreted in  the 24-h urine sample and CL, is 
the rcnal clcarance determined by Ac/AUC using parameter values of up to 
I 2  h. The integration term actually reprcsents the extrapolated urinary re- 
covery of the drug from the last plasma sampling point to infinite time. In this 
study, thc last plasma datum at 24 h was extrapolated since the assay sensi- 
tivity could not allow accurate detection of plasma concentration <0.25 


Difference i n  mean pharmacokinetic parameters of the control and ne- 
phrectomizcd dogs was tested for significance by nonpaired Student's t sta- 
tistics. 


P m L .  


RESULTS AND DISCUSSION 


Table I records the mean plasma data obtained for the five nephrectomized 
and two normal dogs. The normal group appeared to maintain higher plasma 
lcvcl~ of I during the first hour or intravenous drug injection, whereas the 
nephrcctomized group retained substantially greater plasma concentrations 
aftcr I .5 h. At the end of the blood sampling period of 12 h, the mean plasma 
concentrations observed were I .2 I pg/mL for the nephrectomized group and 
0.33 Wg/ml, for the control group. Figure I depicts the time profiles for mean 
plasma levcls in the normal and nephrectomized dogs. A distinct distribution 
phase was noted in the normal control dogs, and the distribution equilibrium 
was not reached until 2.5 h after the drug injection. I n  the nephrectomized 


100 t I I I I I I 


V 
0.1 ' 1 I 1 I I I I 


0 2 4 6 8 10 12 


TIME. h 
Figure 1- Mean plasma concentration versus time plotsfor nephrectomized 
( W )  and normal dogs (A) mer a IS-h period following single 500-mg iu doses 
of eihambutol. 
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Table 11-Half-life, Total Body Clearance, and Volume of Distribution of 
Ethambutol in Five Nephrectomized and Two Normal Dogs 


Dog 
Nephrectomized 


I 
2 
3 
4 
5 


Mean 
SD 


Normal 
6 
7 


Mean 
SD 


Weight, 
kl? 


17.0 
20.0 
13.6 
16.3 
20.2 
17.4 
2.8 


24.5 
19.8 
22.2 
3.3 


1 Il2.8. 
h 


4.29 
5.18 
4.73 
4.79 
5.93 
4.98 
0.62 


3.52 
4.72 
4.12 
0.85 


CLI, 
mL/min/kg 


11.7 
12.4 
6.2 
5.0 
6.7 
8.4 
3.4 


16.5 
10.0 
13.2 
4.6 


I .8 
2.4 
2.7 
0.7 


4.4 
3.2 
3.8 
0.9 


group, the distribution phase was apparent, but less extensive. The rapid and 
extensive distribution phenomena of 1 have also been noted in rabbits’ and 
in human subjects (5). 


Since a distinct distribution phase was noted after drug injection, plasma 
concentrations of I were subjected to computer analysis using a two-com- 
partment open body model. Table I I  lists the pharmacokinetic parameters, 
and Table I l l  compares the mean parameter values. Half-lives in  the ne- 
phrectomizcd group varied from 4.29 to 5.93 h and those of the normal dogs 
were 3.52 and 4.72 h. The difference in the mean half-life of the twogroups 
represented a 20.9% prolongation of half-life, presumably caused by ne- 
phrectomi7ation. and was statistically significant (JJ < 0.1). Mean total body 
clearances of the nephrectomized (8.4 f 3.4 mL/min/kg) and the normal 
dogs ( I  3.2 f 4.6 mL/min/kg) showed a significant diffcrence of 36.33% (JJ 
< 0.1 ). In the limited number of dogs studied, nephrectomy induced a general 
trend for the increased half-life and reduced total body clearance of I, rc- 
flecting the renal excretory feature of the drug. The effect of nephrectomy 
on the elimination of 1 has not been reported in dogs, perhaps because such 
an effect is generally regarded as obvious. In  humans, chronic renal failure 
caused a reduction of total body clearance from 500 mL/min to <I0 mL/min 
(4). A prolongation of the half-life of I to -10 h was also reported in  renal 
failure ( I  1). 


Nephrectomized dogs were found to have a smaller volume of distribution 
(mean. 2.7 L/kg) than normal dogs (mean, 3.8 L/kg); the difference was 
statistically significant ( j~  < 0.1). Nephrectomy would presumably cause a 
decreased volume of distribution due, in  part, to the organ removal and the 
ligation of the vascular system. Chronic renal failure has been reported to alter 
the apparent volume of distribution for a number of drugs, notably digoxin 
( I  2) and phenytoin ( 1  3). It should be noted, however, that the nephrectomized 
dogs used in this study could only be deemed as approaching the chronic 
uremic state, since the drug investigation was initiated 2 d after the surgical 
preparation. Had the study been carried out at the steady state of chronic 
uremia, the change of pharmacokinetic parameters would have been more 
pronounced. Nevertheless, one can generally conclude that nephrectomy in- 
creased the half-life, decreased the total body clearance, and decreased the 
volume of distribution of I in  dogs. 


In a recent study of the effect of aluminum hydroxide on the absorption of 
I in rabbits’, a substantially lower bioavailability of 28% was observed in 
comparison with the 80510 bibavailability in humans, suggesting a first-pass 
metabolism of I in rabbits. With respect to renal excretion, rabbits excreted 
6 %  of the intravenous dose as the unchanged compound in 24 h; the equiv- 
alent values were 30% for normal dogs and 70% in healthy human volunteers 
(Table IV). The observations of renal excretion of I in rabbits and dogs are 
contradictory to the general belief that I is predominantly excreted unchanged 
in all animal species. Amaud el 01. (7) reported a substantial urinary excretion 
of up to 50% for I; however, the urine assay was performed by a relatively 


Table 111-Comparison of Mean Pharmacokinetic Parameter Values for 
Half-Life, Total Body Clearance, and Volume of Distribution Between the 
Nephrectomized and Normal Does 


~ 1 / 2 8 .  CL,, Vdw 
Dog h mL/min/kg L/kg 


Nephrectomized 4.98 8.4 2.7 
Normal 4.12 13.2 3.8 
Percent change‘ 20.9 36.3 28.9 
I value I .54 1.51 1.81 


All differenccs are significant at p < 0.1, 


Table IV-Comparison of Half-life, Total Body Clearance, Renal 
Clearance, Volume of Distribution, and Fractional Renal Excretion among 
Rabbits, Dogs, and Humans 


~ 


Parameter Rabbit a Dog Human 


11lz .p ( h )  3.87 4.12 4.21 
CL, (mL/mjn/kg) 43.7 13.2 8.6< 
CL, (mL min/kg)d 2.2 4.0 6.0 


8.5 3.8 3.9c 
5 30 7OC.‘ re (%) 


Vds.s(L/ i g) 


LI C. S. Lee el ol , unpublished results b Present study with normal dogs. From Ref. 
5. 


nonspecific and less sensitive colorimetric method (14). With regard to volume 
of distribution, rabbits exhibited the highest value ( I  3.6 L/kg), followed by 
dogs (4.6 L/kg), and humans had the smallest distribution volume (2.3 L/kg) 
of the three species. In  all cases, the volume of distribution exceeded total body 
weight, suggesting a localized distribution of I in the dogs. Pujet and Pujet 
( 1  5) have noted a preferential distribution of I in the deep layers of the lung. 
In addition, I has been demonstrated, both in uiuo and in uiiro, to have a 
preference for partition into red blood cells (3, 16). 


Total body clearance followed the same rank order as that of distribution 
volume: 43.7 mL/min/kg in rabbits, 13.2 mL/min/kg in dogs, and 8.6 
mL/min/kg in humans, respectively. Since all clearance values listed in Table 
IV were calculated independent of a pharmacokinetic model (CL = Do/ 
AUC), compartmentalization would not have contributed to the difference 
in clearances observed among the three spccies. Assuming a renal excretion 
of 5% in rabbits, 30% in dogs, and 70% in  humans, the respective renal clear- 
ances can be calculated as CL, = fe.CLt and values of 2.2. 4.0, and 6.0 
mL/min/kg would be obtained. In all cases, the renal clearance would exceed 
the glomerular filtration rate normalized to the body weight, indicating a net 
renal tubule secretion of the drug in all species. The active secretory mecha- 
nism of I has been demonstrated in humans, whose renal clearance was -400 
mL/min (4, 16). Since half-life is a function of both clearance and volume 
of distribution ( 1 1 p  = 0.693 V’CL), the three species actually shared similar 
half-lives-3.87 h in rabbits, 4.12 h in dogs, and 4.21 h in humans. However, 
there were distinct differences in other pharmacokinetic parameters, including 
total body clearance, renal clearance, volume of distribution, and fractional 
renal excretion. 


Calculated as/,-CL, based on the/. values listed. From Ref. 3. 
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Analytical Profiles of Drug Substances, Vol. 12. Edited by KLAUS 
FLOREY. Academic Press, 111 Fifth Avenue, New York, NY 10003. 
1983.735 pp. 15 X 23 cm. Price $47.00. 
Continuing the yearly volumes in the series, analytical profiles of 17 


drug substances are given in 713 pages. These are: amantadine, amikacin 
sulfate, benzocaine, dibucaine and dibucaine hydrochloride, estrone, 
etomidate, heparin sodium, hydrocortisone, metoprolol tartrate, phe- 
nylpropanolamine hydrochloride, pilocarpine, pyrazinamide, pyri- 
methamine, quinidine sulfate, quinine hydrochloride, rutin, and tri- 
mipramine maleate. There are also two profile supplements: dioctyl so- 
dium sulfosuccinate (8 pp.) and isopropamide (12 pp.). The main profiles 
for each of these are in Volume 2. 


This volume follows the pattern set in Volume 11. It has all of the 
strengths of the extensive data given in an analytical profile (including 
structures, spectra, tables of properties and chromatographic systems, 
and extensive references) and the lack of consistency inherent in having 
different authorships of each profile [see review of Vol. 11, J. Pharm. Sci., 
72,582 (198311. One reference which was looked for was found as reference 
69 under pilocarpine; however, the authors listed are not correct. This 
volume, like the others in the series, is a valuable reference for those en- 
gaged in pharmaceutical formulation and quality control and those 
needing information on drug metabolism, biopharmaceutics, and phar- 
macokinetics. 


Reviewed by Murray M. Tuckerman 
School of Pharmacy 
Temple University 
Philadelphia, PA 19140 


Cell Surface Receptors. Edited by P. G. STRANGE. John Wiley and 
Sons, Inc., One Wiley Drive, Somerset, NJ 08873.1983.298 pp. 16 X 
24 cm. Price $79.95. 
Dr. Strange has assembled a collection of some 15 reviews, average 


length 20 pages, dealing with a variety of membrane receptors and ap- 
proaches to the study of receptor structure and function. Included are 
chapters on az-adrenoceptors, opiate, benzodiazepine, dopamine, and 
calcium receptors, focusing largely on structure-activity relationships 
seen through pharmacological and radioligand binding studies. Other 
chapters discuss receptor changes and regulation including neurolep- 
tic-dopamine interactions, biogenic amine changes in schizophrenia, 
regulation of GnRH receptors, cyclase defects in pseudohypoparathy- 
roidism, and the implications of coexistence of amine and peptide 
transmitters. Coupling mechanisms are considered in chapters on 
phospholipids and adenylate cyclase. Final chapters discuss the gene 
coding of the nicotinic acetylcholine receptor and radioreceptor assays 
in quantitative drug assay. 


Despite the necessary brevity of the chapters, there is material of in- 
terest to expert and nonexpert alike. Each chapter is, at least, adequately 
written with decent illustrations and few misprints. Few will leave the 
book without both gaining some useful insights and a deepened appre- 
ciation for the rapid pace of development of the study of pharmacological 
receptors. However, it is difficult to determine the primary audience for 
this book. To the nonexpert, graduate student, or new worker in the field, 
the volume is simply not systematic enough; however, the volume could 
certainly be a helpful supplementary volume accompanying a more basic 
course. For this purpose, the book is highly priced. To the expert, the 
volume may be useful in providing brief reviews in a number of receptor 
areas, but probably not to the extent of individual purchase. 


In summary, I enjoyed reading this book and obtained some useful 
insights into a number of receptor areas. I do not recommend it for in- 
dividual purchase, but an institutional purchase would certainly be ap- 
propriate. 


Reoiewed by David J. Triggle 
Department of Biochemical Pharmacology 
State Unioersity of New York a t  Buffalo 
Amherst, NY 14260 


Manufacturing Processes for New Pharmaceuticals. By MAR- 
SHALL SITTIG. Noyes Publications, Mill Road at Grand Avenue, 
Park Ridge, NJ 07656.1983.612 pp., 15 X 23 cm. Price $84.00. 
This is Chemical Technology Review No. 220 from Noyes Publications. 


The book describes the processes for the manufacture of nearly 500 
new-chemical-entity pharmaceuticals. The great majority of the com- 
pounds are undergoing some level of FDA review, with approval as new 
drugs being the ultimate goal. The author states in the foreword to the 
book that the information used in the reviews was obtained from the 
patent literature, and that the new drugs described have attained generic 
name status, but in most cases have not yet received trade names. 


The arrangement within the reference is alphabetical by generic name. 
There is no index or cross-index of the compounds listed in the book by 
chemical name. The lack of such a chemical name index detracts from 
the value of the book, since its not possible to conveniently determine 
whether or not a particular compound is listed in the book, unless the 
generic name is known. 


Under each entry in the book, the generic name is given first, followed 
by the therapeutic function of the compound, the chemical name, the 
empirical chemical formula, the structural formula, in some cases a 
product description (usually limited to the melting point), the code 
number of the compound, the manufacturer and country, the manufac- 
turing process, and references. The manufacturing processes are de- 
scribed in detail. In some cases, several alternative syntheses are given. 
Where intermediates are involved, the syntheses of the intermediates 
are given. In addition to the one or more patent references given with each 
compound, other references are frequently given, where results of 
pharmacological studies or other data on therapeutic uses, adverse effects, 
or precautions may be found. 


The book is intended as a guide to future drugs. The book should thus 
be of interest to scientists engaged in the design and development of new 
drugs. Furthermore, some of the chemical synthesis manufacturing 
methods reported for the wide range of compounds in the book will be 
of interest to medicinal and organic chemists. 


Reviewed by Gilbert S. Banker 
Industrial and Physical Pharmacy 


School of Pharmacy and Pharmacal 


Purdue University 
West Lafayette, IN 47907 


Department 


Sciences 


Antibiotics: An Introduction. By ROLAND REINER. Thieme- 
Stratton Inc., 381 Park Avenue South, New York, NY 10016.1982.172 
pp. 12 X 19 cm. Price $9.95. 
This small volume is intended to provide “a condensed introduction 


to the chemistry, biochemistry, biology, pharmacy, and medical usage 
of antibiotics.” The book begins with a brief historical outline in tabular 
form of the discovery of important chemotherapeutic agents. This is 
followed by very brief discussions concerning the detection and deter- 
mination of antibiotic activity and the production and isolation of anti- 
biotics. The chapter entitled “Chemistry of Antibiotics” includes a lim- 
ited discussion of the structure proof of penicillin and oxytetracycline, 
followed by a series of schemes illustrating the partial and total synthesis 
of several antibiotics. The synthetic pathways are not discussed. The 
chapter on “Mechanism of Action of Antibiotics” is presented in tabular 
form listing the antibiotic class and site of action with minimal discussion. 
A chapter entitled “Chemotherapeutic Properties of Antibiotics” pro- 
vides a brief overview of the clinical use, antibacterial spectrum, ad- 
ministration and dosage, and bacterial resistance of important antibiotics. 
The information is presented primarily in tabular form. The fiial chapter, 
about one-third of the book, is entitled “Structural Formulas and Main 
Properties of Individual Antibiotics.” This chapter consists primarily 
of the structural and empirical formulas and molecular weight of over 
100 antibiotics. A bibliography containing an extensive listing of mono- 
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Abstract 0 The colorimetric method of Porter and Silber, originally 
developed for assaying cortisone and related corticosteroids, was adapted 
to  the assay of prednisolone in the presence and absence of a surfactant, 
octoxynol9. Optimal conditions for the colorimetric reaction between 
prednisolone and acidified phenylhydrazine solution were 30 min at 50°C. 
The slight interference of octoxynol9 with the absorbance of the yellow 
prednisolone-phenylhydrazine complex a t  410 nm was corrected by 
adding an equal surfactant concentration to the blank. When freshly 
prepared acidified phenylhydrazine solutions were used, the colorimetric 
method had a sensitivity of 0.2 pg/mL and a precision of 0.1 pg/mL. Its 
averaged relative standard deviation was 3.7% in the prednisolone con- 
centration range of 10-300 pg/mL. 


Keyphrases 0 Prednisolone-colorimetric assay, application to disso- 
lution, effect of octoxynol9 Colorimetry-assay of prednisolone, ap- 
plication to dissolution, effect of octoxynol9 0 Dissolution-predniso- 
lone, colorimetric assay, effect of octoxynol9 


Surfactants such as octoxynol9 NF enhance the disso- 
lution rate of prednisolone from tablets. To study the ef- 
fects of surfactants on the in uitro dissolution of prednis- 
olone from different tablet formulations, a sensitive ana- 
lytical method was required to determine the amount of 
dissolved prednisolone in the dissolution medium as a 
function of time. In the present application, a tablet con- 
taining 25 mg of prednisolone was dissolved in 900 mL of 
a 0.1 M HCl dissolution medium. At  4 and 100% dissolu- 
tion, the concentrations of dissolved prednisolone in the 
dissolution medium correspond to 1 and 28 pg/mL, re- 
spectively. The analytical method should have a minimum 
sensitivity of 1 pg/mL to afford an accurate assay of the 
amount of dissolved prednisolone in the dissolution me- 
dium even at  the beginning of a dissolution run. 


The colorimetric assay of Porter and Silber (1) for the 
determination of cortisone and related 17,21-dihydroxy- 
20-ketosteroids in adrenal extracts has a sensitivity of 1 
pg/mL, suitable for the present study. It is based on the 
development of a yellow color by the reaction between the 
steroid and an acidified phenylhydrazine reagent in a 


A 
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Figure 1-Absorption spectra of thp yellou; prednisolone-phenylhy- 
drazine complex (A)  and of an octoxynol9-phenylhydrazine solution 
(R)  . 


methanolic medium. Peterson e t  al. (2) developed a pro- 
cedure for assaying hydrocortisone based on the Porter- 
Silber method. Since prednisolone and hydrocortisone 
have similar chemical structures, D'Arcy et al. (3) and Is- 
bister et al. (4) used the Peterson procedure for the 
bioassay of prednisolone in plasma. These investigators 
made no attempt to develop specific reaction conditions 
appropriate for prednisolone. The present investigation 
shows that, at  least for prednisolone, the age of the acidi- 
fied phenylhydrazine solution as well as reaction time and 
temperature are crucial to the rate and extent of color 
development. Improper conditions resulted in poor re- 
producibility and led to considerable errors. 


Direct spectrophotometric determination of predniso- 
lone by UV absorption (5,6) is not sensitive enough for in 
uitro dissolution testing. Radioimmunoassay (5) is com- 
plicated and requires special handling. Because a fast and 
accurate assay was required for studying the release 
characteristics of prednisolone from tablets in the presence 
and absence of octoxynol9, the Porter-Silber method was 
specifically adapted to prednisolone. Optimum conditions 
for the rate of color development, stability and intensity 
of color, and sensitivity and accuracy of the assay were 
investigated. 


EXPERIMENTAL 


Materials-The following tableting ingredients were employed. Two 
grades of prednisolone were used as received: anhydrous coarse powders' 
A and B, and anhydrous and micronized2. Most of the work, especially 
the tableting, dissolution, and deflocculation studies, was done with the 
anhydrous and micronized sample, and the other two coarser samples 
were merely included as additional sources of prednisolone to verify that 
the analytical method was independent of the origin of the steroid. 
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Figure 2-Decrease in absorbance of the yellou! prednisolone-phen- 
ylhydrazine complex at 410 nm with the age of the acidified phen- 
ylhydrazine solution. Prednisoione concentration = 150 p g / m L .  


Coarse powder A supplied by Sigma Chemical Co.. St. Louis, Mo.. and coarse 
powder B supplied by The Up'ohn Co , Kalamazoo, Mich. * Schering Corp , Hloomfie/d. N.J. ' 
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Table I-Formulations of Prednisolone Tablets 


Weight of Ingredients, mg 
Formulation Formulation 


Ingredients" I I1 


Microcrystalline cellulose 75 75 
Octoxynol9 - 


Spray-dried lactose 100 100 


Magnesium stearate 5 5 


35 


Prednisolone 25 25 


Spray-dried lactose 295 260 
Listed in the order of mixing. 


Magnesium stearate3 and spray-dried lactose4 were USP grade. Octox- 
ynol g5 and microcrystalline cellulose6 were NF grade. The ACS-grade 
reagents used for the colorimetric assay were phenylhydrazine hydro- 
chloride, anhydrous methanol, hydrochloric acid, and sulfuric acid. 
Double-distilled water was used throughout the experiments. 


Equipment-Absorbances were measured with a double-beam grating 
spectrophotometer7 equipped with a synchronized chart recorder8 and 
1-cm quartz cells. A t  an input voltage span of 1 mV, an absorbance value 
of 0.001 f 0.0005 can be read directly from the chart. The temperatures 
for the colorimetric reaction were maintained within f0.5"C. 


Prednisolone tablets were prepared with a single-punch tablet pressg. 
Membrane filters1° were used to remove the undissolved tableting in- 
gredients from the dissolution medium. The filters consisted of a mixture 
of cellulose nitrate and cellulose acetate and had two different porosities, 
0.1 and 0.22 pm". 


Reagents-Sulfuric acid a t  68.7% w/w was prepared by diluting 1.63 
parts by volume of concentrated sulfuric acid (93% w/w) with 1 part by 
volume of water. Porter and Silber investigated the effect of the sulfuric 
acid concentration on the cortisone acetate assay over a wide range and 
found that the concentration used for this study, 68.7% w/w, gave the best 
results. Acidified phenylhydrazine solution was prepared by dissolving 
65 mg of phenylhydrazine hydrochloride in 100 mL of the 68.7% w/w 
sulfuric acid. Stock solutions of prednisolone were prepared in methanol 
at  10,13.5,15,20,28,30,60,90,150,210, and 300 pg/mL. A stock solution 
of 0.4% w/v octoxynol9 was prepared in 0.1 M HC1 and diluted to 0.004, 
0.01, and 0.05% w/v as required. 


Prednisolone Tablets-Tablets containing 25 mg of prednisolone 
were prepared according to formulations I and 11, as shown in Table I. 
Octoxynol9 was excluded from the first formulation; 35 mg of octoxynol 
9 was absorbed into the microcrystalline cellulose and incorporated into 
the second formulation. Several batches of 10 tablets each were prepared 
for each formulation using the following procedure. The tableting in- 
gredients were triturated in a mortar and pestle. Compression at  10,000 
psi on a single-punch tablet press yielded flat-faced cylindrical tablets 
with an average diameter of 12.8 mm, an average thickness of 2.8 mm, 
and an average tablet weight of 500 mg. 


Dissolution-Individual prednisolone tablets were dissolved in 900 
mL of 0.1 M HCl at  37°C using the USP XIX dissolution apparatus (7) 
and a 40-mesh metal basket rotated a t  100 rpm. Five-milliliter aliquots 
of the dissolution medium containing dissolved prednisolone were 
withdrawn at  appropriate time intervals and filtered through a 0.1-pm 
filter membrane that had been prewashed with 0.1 M HC1. 


Prednisolone Assay-The accuracy of the Porter-Silber method 
applied to the assay of prednisolone was investigated as follows. The test 
solution consisted of 1 mL of a methanol solution containing a known 
amount of dissolved prednisolone and 8 mL of acidified phenylhydrazine 
solution placed in a stoppered test tube. The blank solution consisted 
of 1 mL of the dissolution medium and 8 mL of the acidified phenylhy- 
drazine solution. Both solutions were heated for 20 min at  60°C (I), at  
which time the former developed a yellow color. After cooling to room 
temperature, the absorbance of the test solution was measured against 
the blank solution at 410 nm using 1-cm cells. Figure 1 shows a typical 


Impalpable powder; Mallinckrodt Inc., St.  Louis, Mo. 
4 Manufactured by Foremost Dairies Inc. and supplied by SmithKline Beckman 


Triton X-100; Rohm and Haas Co., Philadelphia, Pa. 
6 Avicel type PH-101; FMC Corp., Philadelphia, Pa. 
7 Coleman Model 124; Perkin-Elmer Corp., Norwalk, Conn. 


Coleman Model 165; Perkin-Elmer Corp., Norwalk, Conn. 
9 Carver Laboratorv Press. Model C: Fred S. Carver Inc.. Menomonee Falls. 


C o p . ,  Philadelphia, Pa. 
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PR EDN ISOLONE CONCENTRATION, bg/m L 


Figure 3-Effect o f  aging the  acidified phenylhydrazine solution on 
the relation between absorbance and prednisolone concentration. Key: 
(0) 0.5 h;  (A) 6 h;  (0) 96 h aging. 


absorption spectrum for the yellow prednisolone-phenylhydrazine 
complex, in which the maximum absorbance (Al l  occurred a t  410 nm. 
This wavelength agrees well with the one reported by Porter and Silber 
for the phenylhydrazine complexes of cortisone and related compounds 
(1). 


To correct for the absorbance due to the interaction between sulfuric 
acid and prednisolone in the absence of phenylhydrazine, a similar 
measurement was made omitting the phenylhydrazine solution from the 
reaction mixture. In this case, the absorbance (Az) of a mixture of 1 mL 
of the methanol solution containing dissolved prednisolone and 8 mL of 
68.7% w/w sulfuric acid was measured at  410 nm against a blank of 1 mL 
of the dissolution medium and 8 mL of the sulfuric acid solution. Both 
solutions were heated for 20 min at  60°C prior to the measurement. 
Subtracting the second absorbance (Az) from the uncorrected absorbance 
(Al) gave the correct absorbance for prednisolone solutions free from the 
interaction between sulfuric acid and prednisolone. Absorbance A2 varied 
with each test sample and generally amounted to 5-1576 of the uncor- 
rected value. 


RESULTS AND DISCUSSION 


The adaptation of the Porter-Silber method to prednisolone and the 
optimization of the reaction conditions for maximum reproducibility and 
accuracy are discussed below. 


Stability of the Acidified Phenylhydrazine Solution-Inconsistent 
results in preliminary experiments suggested that the acidified phen- 
ylhydrazine solution was unstable. The effect of aging of this solution on 
the absorbance of the colored complex with prednisolone was investi- 
gated. 


A master batch of acidified phenylhydrazine solution was stored a t  
0.8 1 
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pore Corp., Bedford, Mass. 60°C. 


Figure 4-Variation i n  absorbance of the  prednisolone-phenylhy- 
drazine complex at 410 nm with reaction time at different temperatures, 
Prednisolone concentration = 150 pg/mL. Key: (A) 40°C; (0) 50°C; (0) 


lo Fitted with Swinnex adaptors and Millipore membranes; Millipore Corp., 


11 Type GSWP of 0.22-pm pore size and type VCWP of0 . l -pm pore size; Milli- 
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Figure 5-Variation in absorbance of the prednisolone-phenylhy- 
drazine complex with prednisolone concentration obtained with the 
standard procedure. Key: (0) anhydrous prednisolone coarse powder 
A; (A) anhydrous prednisolone coarse powder R; (0) micronized 
prednisolone. The broken lines represent the 95% confidence limits for 
the calculated absorbance. 


room temperature in the dark. Eight-milliliter aliquots were withdrawn 
immediately after the solution was prepared and after intervals of 0.5, 
2,4,6, and 96 h. They were reacted with 1-mL volumes of prednisolone 
solution containing 150 pg/mL of dissolved prednisolone as described 
above. Corrected absorbance values at  410 nm are plotted against the age 
ofthe acidified phenylhydrazine solution in Fig. 2. A rapid initial decrease 
in absorbance is followed by a gradual leveling off. 


Aging of the acidified phenylhydrazine solution for 96 h or more sta- 
bilized the absorbance of the yellow complex. However, it also reduced 
the molar absorptivity, or the slope of the Beer's-law plot, by -40% (Fig. 
3). The data of Fig. 3 were obtained by treating 1-mL aliquots of pred- 
nisolone solutions containing the indicated concentrations with 8-mL 
aliquots of acidified phenylhydrazine solutions aged 0.6, and 24 h, re- 
spectively. Because of the high sensitivity required, subsequent pred- 
nisolone assays were performed within 1 h after the phenylhydrazine 
solution was prepared. 


Dependence of Absorbance of the Yellow Complex on Reaction 
Time and Temperature-Porter and Silber reported that the absorb- 
ance values for the yellow complex of cortisone a t  410 nm were repro- 
ducible when the colorimetric reaction was carried out at  6OoC for 20 min. 
However, preliminary experiments suggested that the absorbance values 
for the prednisolone-phenylhydrazine complex were poorly reproducible 
under these reaction conditions. The influence of reaction time and 
temperature on the absorbance of the yellow complex was investi- 
gated. 


One-milliliter aliquots of a 15O-pg/mL prednisolone solution were 
reacted with 8-mL portions of freshly prepared acidified phenylhydrazine 
solutions a t  4O0C, 5OoC, and 6OOC. Absorbance values of the yellow 
complex were measured at  410 nm after 5,10,15,20,40, and 60 min for 
each temperature. The solutions were cooled to ambient temperature 
in a water bath before absorbance measurements. Figure 4 shows that 
the absorbance peaked a t  different reaction times for the three reaction 
temperatures. Lowering the reaction temperature reduced the reaction 
rate so that the peak value occurred after a longer reaction time. For 
example, as the reaction temperature was lowered from 6OoC to 40% 
the time required to reach maximum absorbance increased from 10 to 
40 min. The peak was broader a t  the lower temperatures, indicating that 
these absorbance values are more reproducible than those obtained at  
higher temperatures. While the maximum absorption occurred a t  410 
nm for the three temperatures, the absorbance at  410 nm was consider- 
ably stronger at  the two lower temperatures. 


Selection of Standard Reaction Conditions-Of the three experi- 
mental conditions required to attain maximum absorbance (50 min a t  
4OoC, 30 min at 50°C, and 10 min a t  60"C), the intermediate conditions 


Table  11-Reproducibility of the  Prednisolone Assay 


Prednisolone 
Concentration, Average 


P d m L  Absorbance N a  SD SE RSD,% 
~~ 


10.0 0.046 2 0.001 0.001 2.2 
13.5 0.057 4 0.002 0.001 3.5 
15.0 0.063 4 0.003 0.002 4.8 
20.0 0.096 2 0.006 0.004 6.3 
28.0 0.128 2 0.003 0.002 2.3 
30.0 0.142 4 0.006 0.003 4.2 
60.0 0.283 3 0.006 0.004 2.1 
90.0 0.406 4 0.019 0.010 4.7 


150.0 0.683 6 0.044 0.018 6.4 
210.0 0.957 5 0.015 0.007 1.6 
300.0 1.344 4 0.038 0.019 2.8 


a Number of determinations. 


were selected as the best compromise between reproducibility and re- 
action time. Subsequent colorimetric reactions were conducted a t  5OoC 
for 30 min. 


Beer's Law Plot-The prednisolone assay for dissolution studies 
requires the use of a Beer's-law plot that correlates the absorbance of the 
prednisolone-phenylhydrazine complex with the prednisolone concen- 
tration. This plot was obtained by measuring the absorbance values of 
the yellow complex a t  410 nm using prednisolone solutions of 11 different 
concentration levels in the range of 10-300 Wg/mL. A total of 40 mea- 
surements were made, 14 with micronized prednisolone, 12 with the an- 
hydrous prednisolone coarse powder A, and 14 with coarse powder B. 
Prednisolone samples from three suppliers were used to ensure that the 
results were independent of the source of the steroid. 


The Beer's-law plot in Fig. 5 shows that the absorbance of the yellow 
complex is directly proportional to the prednisolone concentration up 
to a t  least 300 pg/mL. The absorbance values are independent of the 
source of prednisolone. The plot may be represented by the linear re- 
gression equation: 


A = 0.0045C (Eq. 1) 


where A is the absorbance a t  410 nm, C is the prednisolone concentration 
in pg/mL, and 0.0045 is the slope. The absorptivity of prednisolone cal- 
culated from the slope is 0.0045 mL/pgcm. I t  is equivalent to a molar 
absorptivity of 1622 L/mol.cm. The standard error for the slope of the 
regression line, SE,, and the standard error of regression, SEAC, were 
O.ooOo2 and 0.21, respectively (8,9). The broken lines in Fig. 5 represent 
the 95% confidence limits for the calculated absorbance (9). The equa- 
tions used for the linear regression analysis are given in the Appendix. 


Reproducibility of the  Prednisolone Assay-The standard devia- 
tion (SD) ,  standard error ( S E ) ,  and relative standard deviation (RSD)  
were calculated for each prednisolone concentration. Table I1 shows that 
the relative standard deviation varied randomly with the prednisolone 
concentration, ranging from 1.6 to 6.4% in the concentration range of 
10-300 pg/mL. An average relative standard deviation (RSD)  was cal- 
culated for the entire concentration range using Eq. 2: 


i=n  
RSD 


(Eq. 2) 


where RSD, is the relative standard deviation a t  concentration C, and 
n is the number ofconcentration levels used in the study. A value of 3.7% 
was obtained for RSD for concentrations ranging from 10 to 300 pg/mL. 
These statistics indicate that the measured absorbance is reproducible 
within f 4 %  for an entire dissolution run. 


Sensitivity of the Prednisolone Assay-With an input voltage span 
of 1 mV for the recorder, an absorbance value of 0.001 f 0.0005 can be 
determined directly from the chart. This is equivalent to a prednisolone 
concentration of 0.2 f 0.1 pg/mL according to Eq. 1. The sensitivity of 
the assay is, therefore, a t  least 0.2 pg/mL, which is equivalent to 0.7% 
dissolution for a 26-mg tablet dissolving in 900 mI, of dissolution medium. 
I t  far exceeds the required sensitivity of 1 pg/mL. 


Dissolution Studies in the Absence of Octoxynol 9-When the 
dissolution experiment did not involve octoxynol 9, the test solution 
consisted of a 1-mL aliquot of the filtered dissolution sample and 8 mL 
of the freshly prepared acidified phenylhydrazine solution. The blank 
solution consisted of 1 mL of the dissolution medium and 8 mL of the 
phenylhydrazine solution. The absorbance of the prednisolone-phen- 
ylhydrazine complex was measured at 410 nm against the blank solution 


, = = I  RSD = - 
n 
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Table 111-Accuracy of the Prednisolone Assay in the Absence 
of Octoxynol9 


Observed Prednisolone Content, 
Tablet mg/tableta 


A 25.2 24.9 
B 25.1 25.2 
C 24.8 25.1 
Mean 25.05 
N 6 
SE 0.07 
RSD 0.7% 


a Two determinations for each tablet. 


using the standard reaction conditions and corrected for interference due 
to the interaction between prednisolone and sulfuric acid. The amount 
of dissolved prednisolone in the dissolution sample was calculated using 
Eq. 1. Results of the dissolution studies are reported in a separate pub- 
lication (10). 


Dissolution Studies in the Presence of Octoxynol9-Preliminary 
experiments showed that 1 mL of a 0.0039% w/v octoxynol9 solution and 
8 mL of the acidified phenylhydrazine solution reacted at  the standard 
conditions to develop a pale yellow color. The absorption spectrum for 
the reaction mixture is shown in Fig. 1. Three samples of the octoxynol 
9-phenylhydrazine solution gave absorbance values at 410 nm ranging 
from 0.002 to 0.004. 


Therefore, in dissolution studies where the surfactant was present in 
the dissolution medium the following procedure was employed to com- 
pensate for the slight interference of octoxynol9 on the absorbance of 
the prednisolone-phenylhydrazine complex. The test solution consisted 
of a 1-mL aliquot of the filtered dissolution sample containing octoxynol 
9 and the dissolved prednisolone plus an 8-mL portion of the acidified 
phenylhydrazine solution. The blank solution consisted of 1 mL of the 
0.1 M HCI dissolution medium containing a quantity of the surfactant 
equal to the amount present in the test solution plus 8 mL of the acidified 
phenylhydrazine solution. The absorbance of the test solution was 
measured against this blank using the standard conditions and corrected 
for interference due to the prednisolone-sulfuric acid interaction. 


In tablets containing octoxynol9 (formulation II), the surfactant dis- 
solved rapidly during prednisolone dissolution (10). Its concentration 
in the dissolution medium increased from 0 initially to a maximum of 
0.0039% w/v at the complete release of the 35 mg of octoxynol9 in the 
dissolution medium (900 mL). The faint yellow color produced by the 
interaction between octoxynol9 in the filtered dissolution medium and 
phenylh ydrazine remained essentially constant during an entire disso- 
lution rmi: its absorbance was 0.003 at the time corresponding to the first 
prednisolone assay and 0.004 when all the prednisolone was dissolved. 


In another experiment, conducted in the absence of prednisolone, an 
equal amount of the surfactant was added to the dissolution medium 
rather than incorporated into the tablets. Thus, the surfactant concen- 
tration remained constant at 0.0039% w/v throughout the entire disso- 
lution run. The absorbance of this filtered dissolution medium when 
treated with the phenylhydrazine solution was 0.003 f 0.001, comparable 
with the values obtained in the experiment where 35 mg of octoxynol9 
was incorporated into the tablets. Therefore, the absorbance due to the 
interference of octoxjnol9 with phenylhydrazine was essentially constant 
throughout a dissolution run regardless of whether the 35 mg of octoxynol 
9 was originally incorporated into the tablet or added to the dissolution 
medium. A constant absorbance correction of 0.003 was made for both 
situations. 


Accuracy of the Prednisolone Assay in Dissolution Studies-The 
accuracy of the prednisolone assay in the absence of octoxynol9 was in- 
vestigated by the following procedure. Three prednisolone tablets of 
formulation I were triturated individually with 10 mL of methanol to 
ensure the complete dissolution of the 25 mg of prednisolone incorporated 
into the tablet. Each mixture was diluted to 1 L with 0.1 M HCl, resulting 
in a final prednisolone concentration of 25 pg/mL. Each suspension was 
filtered individually through a 0.22-pm membrane that had been pre- 
washed with a 5-mL portion of the 0.1 M HCI dissolution medium. 
Prednisolone assays were performed in duplicate for each filtrate as de- 
scribed above. The amount of dissolved prednisolone in the filtrate was 
calculated by means of Eq. 1. 


The results of the prednisolone assays, summarized in Table 111, shows 
that the experimental values of the drug content of the three tablets are 
in good agreement. The relative standard deviation was a mere 0.7%. The 
observed prednisolone contents are identical with the actual value of 25 


mg per tablet. Therefore, the colorimetric assay has high accuracy and 
precision. 


Nature of the Colored Complex-It is of interest to  consider the 
chemical nature of the yellow color obtained by the reaction of prednis- 
olone with phenylhydrazine. The reaction probably involves the following 
three steps: 


1. The carbonyl group on C-3 reacts with one molecule of phen- 
ylhydrazine to form the phenylhydrazone. 


2. The Mattox rearrangement involving the hydroxyl groups at C-17 
and C-21 and the carbonyl group at (2-20 produces the 17 p-glyoxd (C-20 
and C-21 contain carbonyl groups, while the C-17 hydroxyl group is 
lost). 


3. The carbonyl group at  C-21 reacts with one .molecule of phen- 
ylhydrazine to form a second phenylhydrazone. 


The yellow pigment is thus the 20-keto-3,21-diphenylhydrazone 
(11). 


APPENDIX 


Slope m of the regression line is given by: 


i=n 
L Ci2 


i = I  


(Eq. 3) 


where Ci is the prednisolone concentration in pg/mL, Ai is the absorbance 
of the yellow prednisolone-phenylhydrazine complex obtained at this 
concentration, and n is the number of concentration levels of predniso- 
lone solution used for the regression analysis (8,9). 


The standard error of regression SEAC is calculated by means of 


The standard error, SE,, of the slope of the regression line is calculated 
by means of the equation: 


(Eq. 5) 


The linear regression equation (Eq. 1) is used to calculate the ab- 
sorbance Ak for a known prednisolone concentration ck. The 95% con- 
fidence limits for the calculated absorbance, Ah, at a specific value of 
prednisolone concentration, c k  , are calculated using: 


Absorbance = A k  f t1.b SEA,k (Eq. 6) 


where ti.$ is the 5% point of a two-tailed t distribution with n - 1 degrees 
of freedom, and SEA,k is a modified form of Eq. 6.12.1 in Ref. 9: 


1f2 


(Eq. 7) (c - Ck)’ 


X (c - Ci)’ 
SEA,k = SEAC [ 4- ::: ] 


where is the mean of all Ci values. 
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Abstract  fl The rate of reduction was determined for a variety of azo 
dyes using the rat hepatic azoreductase enzyme system. In decreasing 
order, the rates of reduction for the a m  dyes expressed as nmol of ar- 
ylamine product formedlmin/0.25 g of liver were amaranth (33.2), azo- 
sulfamide (32.5) ,  orange C (12.4), 1,2-dimethyl-4-p-(carboxypheny- 
lam)-5-hydroxyhenzene (CPA) (9.27), hrilliant crystal scarlet (8.00). 
sulfachrysoidine (7.27), and Sudan I (1.03). A comparison of the partition 
coefficient with its rate of reduction indicated that the water-soluble azo 
dyes were reduced more rapidly than the lipid-soluble ones. Furthermore, 
higher rates of reduction were observed for those dyes containing elec- 
tron-withdrawing groups on the aromatic rings. 


Keyphrases Azoreductase-rat hepatic activity, relationship to  azo 
dye structure, amaranth, azosulfamide, orange G, 1,2-dimethyl-4-p- 
(carboxyphenylazo)-5-hydroxyhenzene, brilliant crystal scarlet, sulfa- 
chrysoidine, Sudan I 0 Azo dyes-relationship between structure and 
rat hepatic azoreductase activity, amaranth, azosulfamide, orange G, 
1,2-dimethyl-4-p-(carboxyphenyl~oj-~-hydroxybenzene, brilliant crystal 
scarlet, sulfachrysoidine, Sudan I 


The azo dyes and pigments form a large group of syn- 
thetic colorants used in many dye applications including 
foods, cosmetics, and pharmaceuticals. The chromophoric 
system consists of the azo group (N=N-) in association 
with one or more aromatic system. Monoazo, diazo, triazo, 
and polyazo dyes contain one, two, three, or more azo 
groups, respectively, yielding a large range of‘ colors in- 
cluding reds, oranges, and purples (1). 


In mammals, several enzyme systems are capable of 
reducing the azo bond including the liver (2-7) and the GI 
flora (4,8-10). These azoreductase enzyme systems reduce 
a variety of azo dye substrates and do not appear to have 
a strict structural requirement other than the azo bond (2, 
4,lO).  A number of azo dyes, such as dimethylaminoazo- 
benzene (butter yellow), amaranth, and others have car- 
cinogenic or suspected carcinogenic activity (4). This toxic 
activity may be due to the parent compound, which con- 
tains the intact azo bond, or to the resulting arylamine. 
Although the mechanism of the reduction of the azo bond 
has been studied (2, 3, 5 ,  11, 12) only a few papers have 
compared chemical structure with the rates of reduction 
of the azo bond (2, 13). The  objective of this study was to 
investigate the relationship of the structure of selected azo 
dyes to the rate of reduction to the corresponding amine 
by the rat  hepatic azoreductase enzyme system. The  rat 
hepatic azoreductase enzyme system obtained from the 


10,000 X g supernatant fraction of liver homogenates was 
chosen since the mechanism of azo bond reduction by this 
enzyme preparation has been characterized by a number 
of investigators (2 ,3 ,5-7,  11, 12). 


EXPERIMENTAL 
Reagents and  Chemicals-Azo dyes including brilliant crystal 


scarlet’, orange GI ,  Sudan I] ,  amaranth’, sulfachrysoidine’, azosulfam- 
ide2, and 1,2-dimethyl-4-(carboxyphenylazo)-5-hydroxyhenzene~ (CPA) 
were checked‘for chemical purity by either ‘IW on silica gel plates (n- 
hutyl alcohol-acetic acid-water, 6: 13)  or ascending paper chromatog- 
raphy (n-hutyl alcohol-acetic acid-water 1235). Cation-exchange4 and 
anion-exchange4 resins were washed with several volumes of distilled 
water prior to use. NADPj, glu~ose-6-phosphate-~, and n i c~ t inamide~ ,  
as well as other reagents and solvents, were used without further purifi- 
cation. 


Parti t ion Coefficient--A partition coefficient, K ,  in n-octanol-0.05 
M phosphate buffer (pH 7.4) was determined for each a m  dye in duplicate 
a t  room temperature. For water-soluble dyes, 1 mI, of an aqueous dye 
solution (-10 pmol) was placed in an extraction tube containing 4 mL 
of 0.05 M phosphate buffer (pH 7.4). To this sample was added 5 mL of 
n-octanol previously saturated with distilled water. Lipid-soluble dyes 
were initially dissolved in the water-saturated 1-octanol and added to 
5 mL of 0.05 M phosphate buffer (pH 7.4). Each sample was shaken, al- 
lowed to stand for a few minutes, and centrifuged. The distribution of 
the dye in each phase a t  equilibrium was obtained from absorbance of 
the dye in a spectrophotometerfi a t  an appropriate wavelength. The 
partition coefficient. for each dye was calculated with respect to a standard 
curve or from the absorbance of the aqueous nr lipid phase before and 
after equilihration. 


Preparation of Liver Homogenates-Male alhino Charles River CD 
rats (180-220 g) were used for all studies. Rats were weighed and then 
sacrificed by decapitation. Each liver was excised and immediately rinsed 
with ice-cold 1.15% KCI (isotonic). The livers were trimmed, weighed, 
and homogenized in three volumes of 1.157k KCI using a polytef pestle 
and glass mortar. All subsequent procedures were performed at  4OC. The 
tissue homogenates were centrifuged at 10,OOOXg for 15 min in a refrig- 
erated centrifuge. The  10,OoOXg liver supernatant containing the mi- 
crosomal enzymes and soluble fraction was filtered through gauze. Ap- 
proximately 15 mI, of the 10,oNlXg liver supernatant was placed in 50-mL 
glass ampules and shell-frozen in dry ice-acetone. This enzyme prepa- 
ration is stable at  dry ice temperature for a week or more. Previous studies 
have shown that lyophilization of this preparation stabilized the enzymes 
for as long as 6 months with no apparent loss of activity (14). 


I Aldrich Chemical Co., Milwaukee, Wis. 
2 Sterling-Winthrop Resrarct  Institute. Rensselaer, N.Y. 
:’ ICN Nutritional Biochemicn, Cleveland. Ohio. 
1 Cation exchange resin (AC5i)W-X8. ‘100-400 mesh) and anion exchange resin 


i’S,i ma Chemical Co.. St. I.ouis. Mo. 
( A f i L X ? ,  20@400 mesh); Rio-Rad Labs, Richmond, Valif. 


(,$/<is; Herkman Instruments, Inc.. Irvitie. ( M f .  
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Abstract 0 Binding of prednisolone to rabbit tissue was determined 
experimentally and by computation to assess factors and proteins re- 
sponsible for tissue distribution of this corticosteroid. Binding in tissue 
slices ranged from 36% in the lung to 83% in the liver. The results obtained 
were compared with steady-state tissue distribution data generated in 
uiuo in the rabbit. Linear uptake with good agreement between the two 
sets of data was observed for the skeletal muscle and kidney, hut not for 
the liver and lung. In uiuo uptake of prednisolone in the liver is severely 
affected by metabolism and biliary excretion, while i n  vitro distribution 
into liver slices showed a pattern typical of saturation of a low-capacity 
site followed by linear nonspecific binding a t  higher concentrations. 
Specific saturable binding (K1 = 1.95 X lo7 M-I) accounted for 74% of 
drug bound a t  a steroid concentration in the liver of 0.3 X 10-6 M, hut 
i t s  contribution decreased to 5% a t  a concentration of 20 X M. Ex- 
pected prednisolone binding in rabbit tissue was calculated based on 
various effective protein concentrations in tissues and binding parameters 
of prednisolone to rabbit plasma. The use of total Lowry protein con- 
centrations markedly overestimates, while albumin (and transcortin) 
concentrations severely underestimate the tissue binding of prednisolone. 
The thiopental effective protein fraction best approximates the i n  viuo 
and tissue slice binding of prednisolone. Metabolism and saturable 
binding in liver complicate the otherwise relatively linear uptake of 
prednisolone into various tissues where macromolecules other than al- 
bumin dominate in tissue binding of the steroid. 


Keyphrases I’rednisolone-pharmacokinetics, tissue distribution, 
tissue binding, rabbits 0 Tissue binding-prednisolone in the rabbit, 
liver, muscle, kidney, lung, albumin, effective protein fractions 


Current interest in tissue binding stems partly from its 
uncertain nature and a growing recognition of the magni- 
tude of effect on drug pharmacokinetics exerted by this 
process. The volume of distribution (l), biological half-life 
(2), and, of course, total tissue concentrations (3) are in- 
fluenced by, and respond linearly in some cases to, changes 
in the fraction bound in tissue. Simulations and limited 
experimental evidence suggest a stronger influence of 
tissue binding on these aspects of drug pharmacokinetics 
compared with plasma binding (3). Occasionally, evidence 
of saturable tissue uptake invalidates or complicates the 
assumptions implied in linear pharmacokinetic models (4). 
Accurate estimates of individual tissue binding parameters 
over the therapeutic range of concentration are usually 
required as direct input data in mass-balance equations 
of physiological pharmacokinetic models (5). 


From a pharmacodynamic point of view, the effect 
elicited by many drugs, including steroids, is a function of 
the amount of drug bound to receptors in tissues (6). In 
characterizing receptor binding as a unique type of tissue 
binding, it is important to be aware of the influence of 
methodological and pathophysiological factors on both 
specific and nonspecific tissue binding. 


Several approaches have emerged for generating tissue 
binding data. I n  vivo methods involve measurement of 
drug uptake in mammalian tissue, with drug gaining access 
to the tissue while the animal is alive. Drug in tissue, in 
excess of that diffused into t,he tissue water, is considered 


bound to cellular constituents in the absence of time fac- 
tors, metabolism, active transport, and pH effects. 
Steady-state conditions are necessary to be certain of the 
true degree of tissue binding or distribution. 


A semiphysiological approach involves the use of per- 
fused animal organs such as kidney, liver, and lung tissues 
(7, 8). However, the limited duration of organ viability 
may limit this approach, and it is best used for examining 
clearance processes. 


I n  vitro determination of tissue binding requires tissue 
reduction to a near-liquid state manageable in equilibrium 
dialysis and ultrafiltration procedures (9,lO). The question 
is often raised, however, as to the degree that the intact 
tissue characteristics are retained in the homogenate. A 
milder alternative method is to measure drug uptake into 
tissue slices suspended in a physiological medium (1 1,12). 
However, as with many other methods, the net drug uptake 
into slices may be the sum of several processes (transport, 
metabolism, and ion trapping) including binding. 


Prednisolone, a synthetic corticosteroid, is used under 
various dosage regimens, during which body tissues are 
exposed to a wide range of concentrations. Specific glu- 
cocorticoid receptors have been identified in numerous 
tissues (6). However, little information is available in the 
literature concerning binding to mammalian tissues over 
the therapeutic plasma concentration range. We have 
found that this steroid is taken up by the majority of 
tissues of the rabbit in amounts exceeding the diffusion of 
free drug into tissue water (13). This species also appears 
to handle prednisolone pharmacokinetically in a manner 
similar to humans (14). 


The aim of the present study was to determine pred- 
nisolone binding to rabbit tissue in vitro using tissue slices 
and to compare it with data obtained in vivo in rabbits 
(13). Further comparison will be made with predictions 
based on various effective (15) protein concentrations of 
rabbit tissues. 


EXPERIMENTAL 


Materials-Female New Zealand White rabbits, weighing 3.64.2 kg, 
were used. The animals were sacrificed with ether, and blood was drained 
from the abdominal aorta. Skeletal muscle, liver, kidney, and lung sam- 
ples were obtained, washed with ice-cold saline, blotted dry, wrapped in 
aluminum foil, and frozen. The steroids used were prednisolone’, pred- 
nisonel, hydrocortisone’, and dexamethasone’. 


Binding to Tissue Slices-The frozen tissues were cut with a razor 
blade into slices 4 . 5  mm thick, weighing 500 mg. Slices were blotted, 
weighed, and placed in stoppered vials containing 3.0 mL of steroid so- 
lution in isotonic phosphate-buffered saline, pH 7.4. The vials were os- 
cillated a t  37% for 3 h, which was predetermined to he adequate for 
equilibrium uptake of drug in the tissue slices. A t  equilibrium, slices were 
removed, washed quickly with 3 mL of ice-cold saline, blotted, weighed, 


’ Sigma Chemical Co., St. Ixiuis, Mo. 
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figure 1-Uptake of prednisolone in rabbit heart (A), skeletal muscle 
(O),  lioer (O),  and fat (0) showing the relationships to free concen- 
trations in plasma. 


and homogenized (1:5) with water in a cell disrupter. Vials containing 
steroid solution but devoid of tissue slices were included in all runs. Initial 
solutions, solutions remaining at  equilibrium, and tissue homogenates 
were analyzed by HPLC, as described elsewhere (13). The assay yielded 
equilibrium drug concentrations in the slice (S) and medium (M). Percent 
bound in tissue (% TB) was calculated from: 


S - M - f w  
s * 0.01 %TB = (Eq. 1) 


where fw is the fractional tissue water, determined by drying tissue s l im 
to a constant weight (13). 


Distribution to Rabbit Tissues In Vivo-Distribution data were 
obtained in an in uiuo study of prednisolone pharmacokinetics in the 
rabbit (13). Briefly, the study involved administration of a zero-order 
intravenous infusion of prednisolone and measurement of the steady- 
state uptake of the steroid in rabbit tissuea and plasma. Apparent percent 
binding was calculated for each tissue concentration (Ctk,,J and unbound 
plasma concentration (Cf) from: 


Ctiaaus - Cf f w  


Ctiesue 0.01 
%TB = 


It follows that  
K ,  - f w  %TB = - 
K ,  * 0.01 


(Eq. 3) 


(Eq. 4) 


where K, is the tissue-free plasma distribution ratio as reported previ- 
ously (13). 


Prediction of Binding to Rabbit Tissues-The in uiuo tissue dis- 
tribution data obtained previously in the rabbit (13), indicated linear 
binding of prednisolone in most rabbit tissues over the concentration 
range examined. Hence, bound (Cb) and free (Cr) concentration8 are 
related by: 


C b = n K . P - C f  (Eq. 5) 
and the fraction bound ( f b )  is: 


where nK is the composite binding parameter (number of binding sites 
x association constant) and P is the effective protein concentration in 
tissue. The assumption was then made that the nK value obtained from 
binding of prednisolone to rabbit plasma can characterize its binding to 
other tissue proteins. The value of nK was calculated from steady-state 
plasma Pn binding, determined in uiuo (131, using (16): 


where 00 is the extrapolated fraction bound in the linear binding range 


Table I-Binding of Prednisolone to Rabbit Tissue Slices 


Medium Prednisolone 
Concentration at 


Equilibrium, Recovery" Boundo 
Tissue ng/mL (SD), % (SD), % 


Lung 439 91.1 (1.3) 35.86 (10.5) 
Skeletal muscle 90-8000 92.8 (7.7) 60.91 (3.1) 
Skeletal muscleb 458 91.9 (1.8) 52.64 (4.0) 
Liver 30-8000 50.8 (11.3) 82.6-54.7c 
Kidney 399 85.1 (1.5) 61.87 (2.7) 


Uptake of prednisolone was measured in the presence 
of an equal initial prednisolone and hydrocortisone concentration in the medium 
of 500 ng/mL. 


and [Prot] is the molar concentration of binding proteins in plasma, 
calculated from the sum of albumin and transcortin concentrations re- 
ported in rabbit plasma (14). 


Fraction bound in tissue was then predicted (Eq. 6) using P values 
corresponding to total protein concentrations in tissue (17), albumin 
concentrations in tissue (la), and effective tissue protein concentrations 
reported for thiopental (15). The protein values used were reported as 
fractions of tissue weight and were converted to molar concentration 
assuming a molecular weight of 69,000 and tissue density of unity. For 
tissue albumin content, we employed the extravascular albumin spaces 
determined in rats by Studer and Potchen (181, except in the case of liver 
where data from dogs (19) were used because of inaccuracy in the rat 
value. 


Mean of 6 1 6  slices. 


Decreasing with increasing concentration. 


RESULTS 


In Vivo Distribution of Prednisolone-Steady-state tissue-to- 
plasma distribution of prednisolone was measured in five rabbits. Con- 
firmation of assay methodology, stability, recovery data, and other ex- 
perimental results are provided elsewhere (13). The equilibrium tis- 
sue-unbound prednisolone in plasma ratios for four tissues is shown in 
Fig. 1. All tissues except the liver showed linear distribution ratios. 


Binding in Tissue Slices-Steroid recoveries and percent tissue 
binding for the tissue slices are reported in Table I. Recovery data were 
generated by comparing the amount of prednisolone found in tissue s l im 
and medium at equilibrium to the amount of drug initially added to the 
medium. Both liver and kidney slices generated prednisone when incu- 
bated with prednisolone. The recovery values and standard deviations 
indicate good reproducibility of the data, with marked loss of drug oc- 
curring only in the liver. 


Binding Kinetics in Muscle and Liver Slices-Uptake of prednis- 
olone into muscle and liver slices was examined over a wide range of 


PERCENT BOUND a 
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Figure 2-Uptake of prednisolone in rabbit skeletal muscle slices at 
37°C. Verticle lines denote 1 SD. Percentage binding was calculated 
using Eq. 1 .  
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Table 11-Protein Fractions Used to Predict the Binding of Prednisolone to Rabbit Tissue 


Effective Protein Fraction 
Solid 


(Non-water) Total Protein Thiopental Albumin 
Tissue Fractiona Fractionb FractionC Fractiond 


Lung 0.217 - - 0.0040 


Skeletal muscle 0.235 0.195 0.0175 0.0036 
Brain 0.260 0.108 0.0212 0.0004 
Liver 0.298 0.190 0.0362 0.0014e 
Spleen 0.245 - - - 
Kidney 0.207 0.152 0.0237 0.0048 


- 0.0056 Small intestine 0.177 - 
- - 0.0072 Skin - 


Heart 0.210 0.144 0.0301 0.0022 


Data in the rabbit, Ref. 13. Data in the rabbit, Ref. 17. Data in the rabbit, Ref. 15. Data in the rat, calculated from EV alhumin space X 0.04, Ref. 18. Data in 
the dog, uncorrected for plasma space (Ref. 19). 


Table 111-Binding of Prednisolone to Rabbit Tissue Determined In Vivo, In Vitro. and by Prediction 


Prednisolone Bound, % 
Predicted ~ Using 


Effective 
Albumin Total Protein Thiopental 


Tissue In Viuo In Vitro Conc. Binding Protein Conc. 


Lung 
Heart 
Skeletal muscle 
Brain 
Liver 
S leen 
dciney 
Small intestine 
Skin 


72.6 
73.0 
50.3 
59.3' 


04.3- a a . 7  
34.9 
72.8 
87.6 
- 


35.9 


60.9 


82.6-54.7 


61.9 


- 


- 


- 


- 
- 


- 


92.4 
94.3 
90.2 
94.2 


92.8 
- 


- 
- 


- 
71.9 
59.8 
64.3 
75.5 


66.8 
- 


- 
- 


25.4 
15.8 
23.4 
3.3 


10.6 


29.0 
32.2 
38.0 


- 


Based on brain to CSF ratios (Ref. 13). 


concentrations (Figs. 2 and 3). Linear binding to the muscle was evident 
throughout the concentration range examined. Binding to liver slices w a ~  
nonlinear in the low concentration range but progressed linearly beyond 
that. The insert in Fig. 3 is a Scatchard plot of the binding data. Drug 
bound in the liver (Db) at each concentration yas calculated from S - 


M-fw,  while M - f ,  yielded free drug (Df) in the tissue. The shape of the 
plot suggests both nonlinear (subscript 1) and linear (subscript 2) binding 
in accordance with 


PERCENT BOUND 
30 
10 
SO 
50 


- 
0 1 2 3 4 5 6 7 6 9  


EQUlLlBRlW CONC. IN THE MEDIUM, p g / m l  
Figure 3-Uptake of prednisolone in rabbit liver slices at 37'C. The 
insert is a Scatchard plot of the binding data. 


Individual parameters were calculated as follows. At  high drug concen- 
tration the first term in J3q. 8 could be neglected and n2K2P2 was calcu- 
lated from the slope of a plot of Dh uersus Df. For each data point, drug 
bound nonspecifically (DbNS)  was calculated using D b N s  = n 2 K & - D f .  
Subtracting this term from the total drug bound yielded D=p. Plotting 
DMp/Df uersus D b ~ p  gave a straight line with an abscissa intercept of 
nlP1, and a slope of -K1. The parameters generated were: n&92 = 1.23 
(no units); nlP1 = 0.142 pg/g of liver; and K1 = 54.2 g/pg or 1.95 X 107 
M-1. 


Calculated Tissue Binding-The protein fractions of the rabbit 
tissues, obtained from three literature sources, are listed in Table 11. Of 
the total solids of the various rabbit tissues measured in our previous 
study (131, the Lowry assay-reactive proteins comprise 6683%. except 
for brain (42%). The albumin fraction is extremely small and does not 
change perceptibly when transcortin is included. The effective protein 
fraction with respect to thiopental binding generally reflects 1 . 8 ~ 6 %  
of the tissue weights. 


The calculated percentage binding of prednisolone using the three 
protein fractions are compared with the in uiuo and in uitro tissue binding 
values in Table 111. The use of total protein concentrations markedly 
overestimates, while albumin concentrations severely underestimate, 
the tissue binding of prednisolone. The effective protein fraction best 
approximates both the in viuo and tissue slice binding of predniso- 
lone. 


DISCUSSION 


The present study reports tissue binding data for prednisolone in the 
rabbit, obtained using different methods. The binding data were gener- 
ated over a range of steroid concentrations where linear tissue uptake was 
evident in most tissues both in uiuo and in uitro. The range of concen- 
trations investigated in tissue slices reached an equilibrium medium 
concentration of 8 pg/mL, which exceeds human plasma exposure to free 
drug at  usual therapeutic doses. However, some corticosteroids such as 
hydrocortisone and methylprednisolone are sometimes prescribed in large 
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doses, resulting in plasma levels of 1 mg/mL of total (bound and free) 
steroid (20,21), and it is of interest to investigate the manner by which 
mammalian tissues handle high steroid concentrations. 


Binding to Slices Compared with In Vivo Data-There was good 
agreement between slice uptake and in uiuo distribution of prednisolone 
in the case of skeletal muscle and kidney. This permits some speculation 
concerning the mode of entry of the drug into rabbit tissue. The fact that 
in uiuo uptake of prednisolone in tissues such as the skeletal muscle was 
linear and could be quantitatively reproduced in slices under the condi- 
tions described, suggests the absence of an active transport process. If 
the latter occurs in uiuo, but only partly in uitro, drug uptake in slices 
may underestimate in uiuo distribution, as reported for the tetraethyl- 
ammonium ion (22). 


Uptake of prednisolone into lung slices markedly differed from the in 
uivo situation. Many aspects of in uiuo drug localization in lung tissue 
are not well understood, and underestimation of in uiuo drug binding 
when using lung homogenates has been reported (23,24). 


Prednieolone Binding in the Liver-The liver showed a strikingly 
different uptake pattern in uiuo compared with the other tissues (Fig. 
1). We thus chose to further examine the uptake over a wide range of 
concentrations in both liver and a tissue such as skeletal muscle using 
the slice technique. The in uiuo and in uitro data indicated a disparate 
type of nonlinear binding or uptake of the steroid to the liver tissue. In 
uitro, the results showed a pattern typical of saturation of a low-capacity 
site followed by linear, nonspecific binding a t  higher concentrations. The 
in uiuo data showed the opposite saturation pattern in the high concen- 
tration range. However, these data were probably confounded by rapid 
metabolism and appreciable excretion in the bile (13) resulting in gross 
underestimation of the true tissue binding (5). In this respect, the slice 
technique offers the advantage of measuring drug uptake in the liver in 
the absence of total expression of its metabolic activity. However, judging 
by the relatively low recovery values of prednisolone from liver slices 
compared with other tissues (Table I), steroid metabolism in liver slices 
cannot be ruled out and may consequently have resulted in some un- 
derestimation of binding in the liver. 


In generating binding data, part of the information sought is identifi- 
cation of the binding constituent, usually protein, and characterization 
of the ligand-protein reaction by numerical parameters. Binding data 
in liver slices yielded an apparent association constant (K1) for specific 
nonlinear binding (1.95 X lo7 M-I), while for linear binding, only a value 
for percent bound (59.6%) could be calculated. 


The association constant of the liver protein, exhibiting high affinity 
but low capacity for prednisolone, fits within the range reported for the 
glucocorticoid receptor, but is also compatible with steroid affinities of 
other liver proteins such as ligandin and transcortin. Values reported for 
liver receptor binding range between 5-74 X lo7 M-l for dexamethasone 
in humans (25), rabbits (26), and rats (27), and for hydrocortisone and 
corticosterone in rats (28, 29). The ligandin association constants for 
steroids are in the range of 105 M-' for purified ligandin, but native cy- 
tosol binding may be greater (30). Receptors have been identified in 
numerous rabbit tissues including the skeletal muscle (31). Prednisolone 
uptake in muscle slices showed no evidence of high-affinity-low-capacity 
binding in the low concentration range, which suggests that the corre- 
sponding binding seen in liver slices may not necessarily be to the glu- 
cocorticoid receptors. 


Whatever the identity of the liver protein exhibiting high affinity for 
prednisolone, and whether or not it is directly involved in expression of 
steroid activity, it contributed significantly to drug uptake. The percent 
prednisolone bound specifically (related to total drug bound in liver slices) 
was as high as 74% a t  a total drug concentration of 0.3 X M, but 
decreased to 5% a t  a corresponding concentration of 20 X M. The 
activity of this protein, (K1 = 1.95 X lo7 M-I) is higher than that of al- 
bumin in plasma (nK = 6 X l@ M-') and is as high as that of transcortin 
in plasma (K = 2 X lo7 M-l) (14). It may thus be an important factor in 
the mechanism of uptake and concentration of prednisolone in liver 
cells. 


Predicted Tissue Binding Data  Compared with In Vivo Re- 
sults-The possibility of predicting prednisolone binding to rabbit tissue, 
based on parameters obtained for binding to rabbit plasma and an esti- 
mate of effective protein concentration, was explored in the present study 
(Table 111). Only a portion of tissue proteins are effective in drug binding 
(32); hence, the observation that total tissue protein binding overesti- 
mates prednisolone binding is not unexpected. Albumin, by virtue of its 
high concentration, is a major binding species in plasma, but apparently 
assumes a less significant role in tissues. Binding of prednisolone to al- 
bumin accounts for less than half of the calculated and measured Pn 
binding in the rabbit tissues (Table 111). Owing to the extremely low tissue 


concentrations, the addition of tissue transcortin to this calculation barely 
affects the binding values based on albumin alone. 


I t  was intriguing to note that the effective protein fraction calculated 
for thiopental from binding data to rabbit tissue homogenates (15) 
yielded good estimates of prednisolone binding in the m e  species (Table 
111). Values of the effective protein fraction for prednisolone, and possibly 
other drugs, may be similar to those reported for thiopental. The concept 
of a common array of tissue binding proteins for certain types of drugs 
in various species is worth contemplating, bearing in mind that the 
binding data presented in this study correspond to a concentration range 
governed mainly by nonspecific binding, a likely situation for most 
therapeutic agents. 


Recently, some criticism has been raised regarding the assumptions 
made when utilizing the concept of effective protein fraction in predicting 
tissue binding. Particularly strong are arguments against extrapolation 
of binding data from one species or from one protein concentration to 
another with the inherent assumptions that binding is independent of 
these factors. Experimental data and simulations have appeared which 
invalidate these assumptions (32,33). Furthermore, the effective protein 
fraction was shown to vary with drug concentration in some of the protein 
media examined (33). In the present study, mingling of data from dif- 
ferent species was minimal. The data presented, whether determined 
experimentally or predicted (apart from tissue albumin concentration) 
all pertain to the rabbit. Furthermore, the composite binding parameter, 
nK (E!q 7), was determined over the same range of plasma concentration 
used in the determination of tissue binding in uiuo. Hence, i t  is felt that  
the present data provided a good opportunity to test the usefulness of 
the effective thiopental protein fraction in predicting the tissue binding 
of other drugs. 
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Deaza Analogues of Adenosine as Inhibitors of Blood 
Platelet Aggregation 
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Abstract  A number of deaza analogues of adenosine were prepared 
and tested as inhibitors of platelet aggregation induced by ADP and 
collagen to investigate the structure-activity relationships in this class 
of nucleoside analogues. The results showed that the presence of a 6- 
amino group and nitrogen atoms a t  positions 3 and 7 of the purine moiety 
are required for inhibitory activity. 


Keyphrases 0 Adenosine-deaza analogues, inhibition of ADP- and 
collagen-induced platelet aggregation 0 Platelet aggregation-induction 
by ADP and collagen, inhibition by deaza analogues of adenosine 
Nucleoside analogues-deazaadenosines, inhibition of ADP- and colla- 
gen-induced platelet aggregation 


Blood platelets seem to play a dominant role in both the 
physiological and pathological events of hemostasis (I). 
In fact, platelet aggregation leads to the formation of either 
hemostatic plugs or thrombi. Several tissue constituents 
can give rise to platelet aggregation (2, 3). Among these 
substances, adenosine diphosphate (ADP) has been shown 
to be important as it can initiate aggregation (4) and can 
also mediate aggregation induced by other agents (3,5). 


Adenosine, a structural analogue of ADP, is a powerful 
inhibitor of platelet aggregation induced by ADP (6). A 
number of adenosine derivatives and analogues have been 
synthesized and tested in an attempt to clarify the struc- 
ture-activity relationships in this class of platelet-aggre- 
gation inhibitors (6-9). The present paper investigates the 
influence of the purine nitrogen atoms on adenosine ac- 
tivity. Some deaza analogues of adenosine and purine ri- 
boside have been prepared and tested in uitro as inhibitors 
of platelet aggregation induced by ADP and collagen. 


DISCUSSION AND RESULTS 


Adenosine' (Ia), 7-deazaadenosinez (Ie), and purine ribaide* (Ig) were 
purchased from commercial sources. 3-Deazaadenosine (Ic) was syn- 
thesized using a method previously described (10). I-Deazaadenosine 
(Ib) was synthesized using a modification of previous methods (11-14) 
(Scheme I). Imidazo[4,5-b]pyridine (11) (11) was prepared in a 73% yield 
by the condensation of 2,3-diaminopyridine with triethyl orthoformate. 


Fluka. 
Sigma Chemical Co. 


NH, triethyl 
orthoformate aj 


H 
I1 


0 0 
111 IV 


Scheme I 
Nitration of N-oxide 111, employing a nitric acid-trifluoroacetic acid 
mixture instead of a nitric acid-acetic acid mixture (12), gave 7-nitro- 
imidazo[4,5-b]pyridine-4-oxide (IV) in good yield. The other steps in- 
volved following known procedures (13,14). 1,3-Dideazaedenosine (Id) 
was synthesized as shown in Scheme I1 instead of the method reported 
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Solubility Parameter and Hydrophilic-Lipophilic 
Balance of Nonionic Surfactants 
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Abstract 0 The solubility parameters of various polyoxyethylated nonionic 
surfxtants were compared with their hydrophilic-lipophilic balance (HLB) 
numbers. The compounds included three homologous surfactant series based 
on dodecanol, octylphenol, and fatty acid esters of sorbitan, respectively, a 
polyoxyethylated sorbitol ester, and a polyethylene glycol. Solubility pa- 
rameters were calculated from measured heats of vaporization for the poly- 
oxyethylated dodecanol series and from molar attraction constants for all threc 
surfactant series. The values remained nearly constant and independent of 
the degree of polyoxyethylation, increasing at most by 1 ( c a l / ~ m ~ ) ~ / ~  while 
the HLB increased from 0 to 10. This discrepancy arose because HLB values 
are based on emulsification experiments, in which the poljoxyethylene or 
polyol moiety of the surfactants is hydrated, while the solubility parameter 
was calculated for anhydrous conditions. When the solubility parameter was 
corrccted for hydration by including a hydrogen-bonding component, plots 
of HLB tiersus this new solubility parameter were nearly linear and parallel 
for the threeseries of surfactants, with slopes of 5.0 f 0.2. The threc lines were 
spaced apart only -1.2 ( ~ a I / c m ~ ) ’ / ~  despite structural differences among the 
surfactants, indicating that the chemical nature of the hydrocarbon moiety 
exerts only a limited effect on the solubility parameter. The HLB, which 
considcrs only the weight percent of the hydrocarbon moietics of nonionic 
surfactants and completely disregards differences in structural features, is, 
therefore, not as  bad an approximation as had previously been thought. 


Keyphrases 0 Solubility parameter-polyoxyethylated nonionic surfactants, 
comparison with hydrophilic-lipophilic balance 0 Hydrophilic-lipophilic 
balance-polyoxyethylated nonionic surfactants. comparison with solubility 
parameter 0 Surfactants, nonionic-polyoxyethylated, solubility parameters 
compared with hydrophilic-lipophilic balance values 


The hydrophilic-lipophilic balance (HLB) system was de- 
veloped by Griffin to characterize the emulsifying efficiency 
of nonionic surfactants (1). Because the experimental deter- 
mination of HLB values through emulsification experiments 
is laborious and not very accurate, the following equation was 
dcveloped (2, 3): 


C I D  
L; T 1~ 


HLB=--- 
5 


where E is the percent (w/w) of polyoxyethylene and P the 
percent (w/w) of polyhydric alcohols in the surfactant mole- 
cule. 


A criticism leveled against the HLB concept, as embodied 
in Eq. 1, was that it disregards the effect of the chemical nature 
of the hydrocarbon moiety of the surfactants (4). The purpose 
of this work is to investigate the application of the solubility 
Table I-Values of Hydrophilic-Lipophilic Balance and Solubility 
Parameters for Polyoxyethylated Dodecanols 


P a  HLBb 6‘ 6 d  6 C  6 6  
0 8.04 - 8.39 9.63 


1 3.83 8.04 - 8.38 10.39 
0 


6.42 7.97 - 8.47 11.02 
8.30 8.51 - 8.47 1 1.42 


2 


4 9.72 8.92 - 8.45 11.70 
3 


6 11.73 - 9.49 8.4 I 12.09 
8 13.08 - 9.86 8.39 12.37 


10 14.05 8.37 12.57 
12 14.79 8.37 12.73 


a Average number of oxyethylene units per molecule. Calculated by Eq. 1 .  Cal- 
culated by Eq. 2 from experimental At1 values ( I  2). d Calculated by Eq. 2 from AH 
values extrapolated with Eq. 3. Calculated from molar attraction constants in Table 
II and Eq. 7. /Calculated by Eq. 8. 


parameter concept (5-7) to nonionic surfactants, because it 
takes into consideration the nature of their hydrophilic as well 
as their hydrophobic moieties. Even though the solubility pa- 
rameter is the subject of much current pharmaceutically ori- 
ented research ( 8 , 9 ) ,  it has been investigated only briefly in 
connection with nonionic surfactants (10, 11). 


BACKGROUND 


The solubility parameter, 6. is the square root of the cohesive energy density, 
i .e.9 the molar internal energy of vaporization AE per unit volume: 


where VI = M,/d is the molar volume in the liquid state, d is the density, and 
M, is the molecular weight. The molar heat of vaporization AH refers to 
constant pressure P. Therefore, it exceeds the molar energy of vaporization, 
which refers to constant volume, by the expansion term during vaporization 
P( V ,  - V l )  1 P V ,  = RT: V, is the molar volume in the gaseous state, R is 
the gas constant, and T is the absolute temperature (5-7). 


RESULTS 


Solubility Parameters from Heats of Vaporization-Vapor pressure mea- 
surements from which heats of vaporization can be calculated require such 
high temperatures that all but homologues with the lowest degrees of oxy- 
ethylation undergo decomposition. For polyoxyethylated dodecanol surfac- 
tants, C I ~ H ~ ~ O ( C H ~ C H ~ O ) ~ H ~  heats of vaporization were measured for p 
values up to 4 (12). A plot of the AH values for surfactants with p = 2.3, and 
4 fall on a straight line represented by the equation: 


AH = 8.4 t 5 . 6 5 ~  (Eq. 3)  


where the units of AH are kcal/mol. 
The densities, d ,  of polyoxyethylated dodecanols at 25OC are related to the 


logarithm of the average  number,^, of oxyethylene units per molecule by the 
equation: 


log p -6.64 + 7.631 (Es. 4) 


12 I 
11  


I 1 I I 1 1 1 
O 2 4 6 8 10 12 


H LB 
Figure 1 -Solubility parameiers of polyoxyethylated dodecanols obtained 
by three methods versus HLB. Key: (0) curve A, 6 based on measured (-) 
and extrapokaied ( -  - -) heats of vaporization calculated by Eq. 2: (0 )  curve 
B. 6 calculated from molar attraction constants with Eq. 7; ( 8 )  curve C, 60 
corrected for hydration. based on Eqs. 8 and 9. 
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Table 11-Molar Attraction Constants Ffor  Functional Croups of For polyoxyethylated p-tert-octylphenols, the following linear relation holds 
for p values <20: 


log p = - 12.53 t I2.72d (Eq. 5 )  


Applying Eq. 2 to the measured heats of vaporization (1 2) of dodecanol- 
based surfactants with p values of 0-4 and to the heats of vaporization ex- 
trapolated by Eq. 3 for surfactants with p values of  6 and 8 results in the 6 
values in  the third and fourth columns of Table I, respectively, and curve A 
of Fig. I .  The curve consists of two segments. The first is nearly horizontal. 
The second. for HLB values > 5  (p 3 2), is linear and represented by the 
equation: 


6 = 6.16 t 0.283 * HLB 0 3 . 6 )  


The slopes of both segments are unrealistically small. For the second segment, 
a change of 1 HLB unit produces a change of only 0.3 ( ~ a l / c m ~ ) ' / ~ .  The'two 
parameters actually span similar ranges of values: the HLB scale extends from 
0 to 20 (Eq. 1) and the 6 scale from 5 to 23 (13). 


The HLB values of the surfactants in Table I range from 0 to 15, Le.,  from 
surfactants primarily soluble in  liquids of low polarity such as vegetable or 
mineral oils (6 8) to surfactants primarily soluble in polar liquids like ethyl 
alcohol ( 6  = 12.8), propylene glycol (6 = 15.0), and water (6 = 23.6) (1. 3). 
Compounds are most soluble in solvents whose 6 values match their own most 
closely. Sincc the 6 values of the best solvents for the surfactants in Table I 
cover the range from 8 to a t  least 15, the 6 values of the surfactants should 
cover a similar range, rather than the more limited range of 8-10 obtained 
from heats of vaporization. The 8-10 range would indicate highest solubility 
i n  liquids of intermediate polarity, such as  esters, amines, and ketones ( 1  3), 
for all surfactants. One possible explanation for this discrepancy is that the 
linear extrapolation by Eq. 3 is unwarranted. 


Solubility Parameters from Molar Attraction Constants-Small ( 1  4) 
treated the solubility parameter as an additive-constitutive property. He noted 
that the so-called molar attraction constants, F = (Ae.u1)'/2, were additive; 
Ae and G I  are the contributions of the organic functional groups to the molar 
energy of vaporization and to the molar volume in the liquid state a t  25OC, 
respectively. Therefore, the solubility parameter of a compound can be cal- 
culated from the F values of its functional groups according to the following 
equation (14): 


The F values used here, selected from the various published sets (14, I5), are 
listed in Table 11. 


The structures for the three classes of surfactants investigated are 
C H ~ ( C H ~ ) I ~ ( O C H ~ C H ~ ) ~ O H ,  and I and 11 (shown below). I n  addition to 
the lauric acid ester of sorbitan shown (11). the stearic and oleic acid esters 
are also included. The total number of ethylene oxide molecules added during 
oxyethylation of the sorbitan monoesters are a t h t c = p .  As long as the 
value of p remains constant, the value of ZF is not changed if a polyoxyeth- 
ylene chain is inserted by transesterification between the ester group of the 
fatty acid and the hexitan ring during the oxyethylation reaction (16). Sorbitan 
is a mixture of 5- and 6-membered rings. These two ring structures make the 
same contribution to ZF. 


For dodecanol derivatives, the 6 values are represented by curve B in Fig. 
1 and the fifth column of Table I. For octylphenol and polyol derivatives, the 
rcsults are listed in the third columns of Tables 111 and lV, respectively. 


The 6 values of the dodecanol derivatives based on heats of vaporization 
are in good agreement with those calculated from molar attraction constants 
for derivatives with HLB 5 10 (p I 4) (compare the solid portion of curve A 
with curve B in Fig. I ) .  As the number,p, of oxyethylene units increases, the 
calculated 6 values remain constant for the dodecanol derivatives: curve B of 
Fig. I is horizontal. The 6 values actually decrease slightly for the octylphenol 
and sorbitan derivatives. Similar observations have been published ( l o , ]  I ) .  


Nonionic Surfactants 


F. 


-CH, I79 
-C H 2- I33  
C H C  67 


0 
-CH=CH- 23 1 


Group (cal/cm3)' l2/mol 


\ /  2- 
- C6H4- 658 


(0-. m-, or p-phenylene) 
Saturated 5- or 6-membered ring I05 
-OH aliphatic hydroxyl 240 
-C(=O)O- ester 303 
--ct. ether 70 


An empirical parameter. the product of the contribution of the hydrocarbon 
moiety to ZF times the weight fraction of that moiety, was developed as a 
consequence. It was inversely proportional to the H1.B ( I  I )  and offers. 
therefore, no advantage over that parameter. 


The reason that the solubility parameters obtained from these two ap- 
proaches are  nearly independent of the percentage of oxyethylene in the sur- 
factant molecule or its HLB is that they were computed for anhydrous systems. 
In the absence of water, the molar attraction constant for the ether oxygen 
is only 70, i.e.. not much larger than that of a hydrogen atom. Consequently, 
the polyoxyethylene moiety increases the polarity of the nonionic surfactant 
molecule little or not a t  all above that of its hydrophobic moiety. It is only in 
the presence of water, where the ether groups are  extensively hydrated, that 
the polyoxyethylene moiety becomes polar and raises the effective 6 of the 
surfactant. 


Emulsification experiments measure the HLB values of hydrated surfac- 
tants. Even surfactants dissolved in oil have their polyoxyethylene or polyol 
moieties immersed in  water when they are concentrated at  the oil-water in- 
terface during emulsification. Hydrogen bonding between water and the ether 
oxygens and/or hydroxyl groups of nonionic surfactants is responsible for their 
water solubility or, in the case of oil-soluble surfactants, for their surface ac- 
tivity. The two treatments underestimate the solubility parameters because 
they do not take into account these intermolecular hydrogen bonds. 


Solubility Parameters Corrected for Hydrogen Bonding- Intermolecular 
forces affecting the cohesive energy density of surfactants in  the presence of 
water include not only the dispersion forces (subscript D), which constitute 
the major components of the F values ofTable 11, but also the dipole-dipole 
forces (subscript P) and the hydrogen-bonding forces (subscript H). The overall 
solubility parameter 6 0  is calculated from these three components according 
to(?, 15, 17. 18): 


6 0  = d 6 J  t 6p2 t 6b ,2  0%. 8) 
The contribution of the polar forces. 6p. can be neglected because i t  is small 
in  relation to the hydrogen-bonding forces (18, 19). Furthermore, thep  oxy- 
gen-carbon dipoles in a randomly coiled polyoxyethylene moiety weaken each 
other to the point of annihilation (15). 


On the assumptions that each hydrogen bond contributes 5000cal/mol to 
the energy of vaporization and that each of t h e p  ether groups and each hy- 
droxyl group forms one hydrogen bond with water, the hydrogen-bonding 
component of the solubility parameter is calculated (20) as: 


(Eq. 9) 


Table 111-Values of Hydrophilic-Lipophilic Balance and Solubility 
Parameters for Polyoxyethylated Octylphenols 


Po HLBb 6 C  b o d  


0 0 8.85 10.06 
I 3.52 8.90 10.89 
2 5.98 8.90 11.43 
1 7.81 8.87 I I .80 
4 
6 
8 


9.21 
11.23 
12.61 


8.83 
8.77 
8.73 


12.06 
12.44 
12.70 


10 13.62 8.70 12.89 
13 14.70 8.67 13.10 


a Avcrage number of oxyethylene units p r  moleculc. Calculated by Eq. I .  Cal- 
culated from molar attraction constants in Tablc I I  and tiq. 7. Calculated by Eq. 8 
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Figure 2- Relaiionship between HLB and 60 for three classes ofpolyoxy- 
ethylaied surfacianis. Key: (a) dodecanol derivatives; (0) octylphenol de- 
rivatives; (A) sorbitan monooleate derivatives; (m) sorbitan monostearate 
derivatives; (0) sorbitan rnonolaurate derivatives; (0) polyoxyl40 sorbitol 
septaoleate; (e) polyethylene glycol 3350. 


for the dodecanol and octylphenol derivatives, which have one hydroxyl group 
per molecule. For sorbitan derivatives containing p oxyethylene units, the 
coefficient is p t 4 to account for the ether linkage in the ring and the three 
hydroxyl groups. For a polyethylene glycol formed by adding p ethylene oxide 
molecules to one water molecule, it is p t 1 since the compound contains p 
- 1 ether linkages and two hydroxyl groups. 


Because hydrogen bonding is an unsymmetrical interaction, two 6“ pa- 
rameters are sometimes employed, one for proton donation or acid character, 
the other for acceptor or base effects (18). In the present study, almost all 
donors are water molecules and all acceptor groups are  ether linkages. 
Therefore, the acid nature of the donor groups and the basic nature of the 
acceptor groups were constant in all surfactant systems, justifying the use of 
a single 6~ parameter and the assumption of a constant contribution of 5000 
cal/mol for all hydrogen bonds to the molar energies of vaporization (20). 


The overall solubility parameter 60 was calculated according to Eq. 8 as 
follows. The 6 values based on the molar attraction constants and Eq. 7 were 
used as the dispersion component 6 ~ ;  6p was neglected, and 6~ was calculated 
by Eq. 9. The 60 values for the three classes of surfactants are  listed in the last 
columns of Tables 1,111, and IV. For the dcdecanol derivatives, they are plotted 
in Fig. I on curve C. Thcy include the effect of hydration on the polarity of 
the nonionic surfactants, i.e., they are corrected for intermolecular hydrogen 
bonds. 


For polyethylene glycol 3350!, 6 or 60 is 9.28 and 60 is 14.96. These two 
values are in good agreement with the experimental 6 values determined for 
this compound, namely, 8.9 as  the lower end of the range in  poorly hydro- 
gen-bonded solvents and 14.5 as the upper end of the range in strongly hy- 
drogen-bonded solvents, especially, water (1 8). The former value corresponds 
to 6~ and the latter to 60. This agreement validates the methods for computing 
6 0 , 6 ~ ,  and AH. 


I Carbowax 4OOO; Union Carbide Corp. 


Table IV-values bf Hydrophilic-Lipophilic Balahce and Solubility 
Parameters for Polyoxyethylated Polyols 


Pol yo1 Po HLBb 6 C  6 0 d  


Sorbitan monolaurate 0 8.6 10.02 12.73 
4 13.3 9.83 13.51 


20 16.7 9.50 14.31 
Sorbitan monostearate 0 4.7 9.77 11.99 


4 9.6 9.68 12.87 
20 14.9 9.44 13.94 


Sorbitan monooleate 0 4.3 9.36 11.59 
5 10.0 9.38 12.74 


20 15.0 9.34 13.85 
Sorbitol septaoleate‘ 40 9.2 8.41 11.10 


Sorbitan monooleate 0 4.3 9.36 11.59 
5 10.0 9.38 12.74 


20 15.0 9.34 13.85 
Sorbitol septaoleate‘ 40 9.2 8.41 11.10 


a Average number of oxyethylene units per molecule. Taken from “Gcneral Char- 
aclcristics of Surfactants.’ ICI Amcricas, Inc.. Wilmin ton, Del.. 1979. < Calculated 


1087; ICI Americas. Inc.. Wilmington, Del. 
from molar attraction constants in Table I 1  and Eq. 7. f Calculated by Eq. 8. Atlox 


CONCLUSIONS 


The 60 values for the nonionic surfactants based on dodecanol, octylphenol, 
and sorbitan are plotted against their HLB values in Fig. 2. The points for the 
three classes of sorbitan esters based on lauric, stearic, and oleic acid, re- 
spectively, nearly fall on a single straight line which also includes polyethylene 
glycol 3350. The curves for the dodecanol and octylphenol derivatives are 
linear down to HLB values of 6. The three straight lines are parallel with 
slopes, dHLBld60,  of 5.0 f 0.2; the f sign precedes the range of values. 


The surprising fact is that the thrce curves belonging to three different 
categories of surfactants are spaced only -I .2 ( ~ a l / c m ~ ) ’ / ~  apart despite the 
structural differences. This observation indicates that the nature of the hy- 
drocarbon moiety of nonionic surfactants affects their solubility parameter 
only to a limited extent. The objection that the HLB calculated by Eq. 1 does 
not take into account the nature of the hydrocarbon moiety but only its weight 
percentage (or the weight percentage of the polyoxyethylene or polyol moiety, 
E or P) (4) has only limited validity. The solubility parameter t akes  the nature 
of the hydrocarbon moiety into account. Yet, a t  comparable HLB values, 
solubility parameters for different classes of surfactants based on different 
t y p s  of hydrocarbons are identical within limits that arc narrower than fl 
(cal/cm3)l/2. 
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Abstract  A number of deaza analogues of adenosine were prepared 
and tested as inhibitors of platelet aggregation induced by ADP and 
collagen to investigate the structure-activity relationships in this class 
of nucleoside analogues. The results showed that the presence of a 6- 
amino group and nitrogen atoms a t  positions 3 and 7 of the purine moiety 
are required for inhibitory activity. 


Keyphrases 0 Adenosine-deaza analogues, inhibition of ADP- and 
collagen-induced platelet aggregation 0 Platelet aggregation-induction 
by ADP and collagen, inhibition by deaza analogues of adenosine 
Nucleoside analogues-deazaadenosines, inhibition of ADP- and colla- 
gen-induced platelet aggregation 


Blood platelets seem to play a dominant role in both the 
physiological and pathological events of hemostasis (I). 
In fact, platelet aggregation leads to the formation of either 
hemostatic plugs or thrombi. Several tissue constituents 
can give rise to platelet aggregation (2, 3). Among these 
substances, adenosine diphosphate (ADP) has been shown 
to be important as it can initiate aggregation (4) and can 
also mediate aggregation induced by other agents (3,5). 


Adenosine, a structural analogue of ADP, is a powerful 
inhibitor of platelet aggregation induced by ADP (6). A 
number of adenosine derivatives and analogues have been 
synthesized and tested in an attempt to clarify the struc- 
ture-activity relationships in this class of platelet-aggre- 
gation inhibitors (6-9). The present paper investigates the 
influence of the purine nitrogen atoms on adenosine ac- 
tivity. Some deaza analogues of adenosine and purine ri- 
boside have been prepared and tested in uitro as inhibitors 
of platelet aggregation induced by ADP and collagen. 


DISCUSSION AND RESULTS 


Adenosine' (Ia), 7-deazaadenosinez (Ie), and purine ribaide* (Ig) were 
purchased from commercial sources. 3-Deazaadenosine (Ic) was syn- 
thesized using a method previously described (10). I-Deazaadenosine 
(Ib) was synthesized using a modification of previous methods (11-14) 
(Scheme I). Imidazo[4,5-b]pyridine (11) (11) was prepared in a 73% yield 
by the condensation of 2,3-diaminopyridine with triethyl orthoformate. 


Fluka. 
Sigma Chemical Co. 


NH, triethyl 
orthoformate aj 


H 
I1 


0 0 
111 IV 


Scheme I 
Nitration of N-oxide 111, employing a nitric acid-trifluoroacetic acid 
mixture instead of a nitric acid-acetic acid mixture (12), gave 7-nitro- 
imidazo[4,5-b]pyridine-4-oxide (IV) in good yield. The other steps in- 
volved following known procedures (13,14). 1,3-Dideazaedenosine (Id) 
was synthesized as shown in Scheme I1 instead of the method reported 


&. H 
V 


&J I 


ROCHZ Q 
VI 


NO2 
I 


NH3ICH3OH 
* 


24 h 


VII 
Scheme I1 


Id 
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Table I-Effect of Deaza Analogues of Adenosine on Human Platelet Aggregation H H, YY 
H 6  bH 


Compound 


Inhibition of Aggregation” 


R A W  
ADP Induced 


W X Y Z % 


Ia Adenosine N N N 
Ib  1-Deazaadenosine CH N N 
Ic 3-Deazaadenosine N CH N 
Id 1,3-Dideazaadenosine CH CH N 
Ie 7-Deazaadenosine (tubercidin) N N CH 
If 1,7-Dideazaadenosine CH N CH 


Purine riboside N N N :[ 1-D eazapurine riboside CH N N 


NHz 93 1 97 
NH2 82 0.88 87 
NH2 <10 <0.1 < 10 
NH2 <I0 <0.1 <10 
NH2 <10c <0.1 <10 
NH2 <10 <0.1 <10 
H < 10c <o. 1 <10 
H <10 <0.1 <10 


1 
0.89 


<0.1 
<0.1 
<0.1 
<0.1 
<0.1 
<0.1 


0 Corn unds were teated at l . , lO-4 M final concentration. b RAD is the relative potency of the compounds to adenwine tested at the same conditions. Values obtained 
for Jean& are in agreement with literature data (6.8). 


by Mizuno et 01. (15). Fusion of 4(7)-nitrobenzimidazole (V) (16) with 
tetra-O-acetyI-/3-ribofuranose followed by deacetylation with methanolic 
ammonia a t  room temperature gave VII in good yield. Ribonucleoside 
Id was then obtained by catalytic hydrogenation of VII with palladium- 
on-carbon (17). The same synthetic procedure was followed to prepare 
I-deazapurine riboside (Ih) as shown in Scheme 111, instead of the syn- 
theses previously described (18,19). The synthesis 1,7-dideazaadenosine 
(If) has been described elsewhere (20). 


-moR 
H 


I1 


R 
VIII 


HO OH 
R = COCH, Ih 


Scheme III  
The compounds in Table I were tested as inhibitors of ADP- and col- 


lagen-induced human platelet aggregation in uitro according to the 
method of Born and Cross (6). The inhibitory activity of each compound 
was estimated by the extent of the decrease in optical density after the 
addition of ADP and collagen and compared with adenosine activity 
(RAD). 7-Deazaadenosine (Ie) and purine riboside (Ig) were tested pre- 
viously and found to be -1% as active as adenosine (6,s). The results of 
the aggregation tests are shown in Table I. 


1-Deazaadenosine (Ib) proved to be the only deaza analogue of aden- 
osine showing significant inhibitory activity at 1 X M concentration. 
When 1-deazaadenosine was tested a t  different concentrations between 
5 X M, its effect on platelet aggregation induced by 
ADP and collagen was dose dependent, as shown in Fig. 1. The activity, 
also affected by the incubation period, was maximal after 7.5 min of 
preincubation (Fig. 2). 


When adenosine and 1 -deazaadenosine were coadministered, the cu- 
mulative effect was almost equal to the sum of the effects elicited by the 
substances separately. The results of aggregation tests clearly indicated 


M and 1 X 


that the nitrogen atoms a t  positions 3 and 7 of the purine ring are required 
for inhibitory activity. In fact 3-deazaadenosine (Ic), 7-deazaadenosine 
(Ie), 1,3-dideazaadenosine (Id), and 1,7-dideazaadenosine (If) did not 
show any significant inhibitory activity a t  a concentration of 1 X 
M. 


Elimination of the 6-amino group both in adenosine and l-deazaade- 
nosine resulted in loss of activity, as shown by the fact that purine riboside 
(Ig) and 1-deazapurine riboside (Ih) did not inhibit platelet aggregation 
induced by ADP and collagen (Table I). On the other hand, the nitrogen 
atom a t  position 1 of the purine ring appeared to be less critical than the 
other nitrogen atoms suggesting that some substituent changes can be 
made without loss of the inhibitory activity against platelet aggrega- 
tion. 


EXPERIMENTAL3 


Imidazo[4,5-b]pyridine (11)-A mixture of 20 g (0.183 mol) of 2,3- 
diaminopyridinel and 400 mL of triethyl orthoformate was heated a t  
reflux for 3 h. The solution was evaporated to dryness in uacuo, and then 
the residue was heated a t  reflux with 200 mL of concentrated hydrochloric 
acid for I h. The mixture was allowed to cool, neutralized with solid 
Na2C03, and extracted with ethyl acetate. The combined extracts were 
dried (Na2S04), and the solvent was removed at reduced pressure. The 
residue was dissolved in absolute ethanol, treated with charcoal, filtered, 
and then the solvent was evaporated to give 16 g of I1 as colorless needles 
(73% yield), mp 152-153°C [lit. (11) m p  153-154°C); ‘H-NMR 
(DMSO-d6): 67.3 (m, 1,6-H),  8.11 (d, 1, J = 8 Hz, 7-H), 8.45 (d, 1, J = 
5 Hz, 5-H), and 8.54 ppm ( s ,  1,2-H). 


7-Nitroimidazo[4,5- blpyridine-4-oxide ( W - T o  a cold (0°C) so- 
lutionof 13.6 g (0.1 mol) of imidazo[4,5-b]pyridine-N-oxide (111) (12) in 
100 mL of trifluoroacetic acid was added, in a dropwise manner, 65 mL 
of 90% fuming nitric acid. The mixture was heated a t  90°C for 3 h, cooled, 
and then poured into crushed ice. The mixture was neutralized with 
concentrated ammonium hydroxide while maintaining the temperature 
below 30°C. The resulting solid was filtered, washed with ice water, and 
dried to give 13.5 g of IV as light-yellow needles (75% yield). The structure 
of IV was confirmed by comparison of the data obtained with that in the 
literature (12). 
l-(Ff’,5‘-Tri-O-acetyl-~-~-ribofuranosyl)-4-nitrobenzimidazole 


(M)-A mixture of 4(7)-nitrobenzimidazole (Ig, 6.13 mmol) (171, 
1,2,3,5-tetra-0-acetyl-~-D-ribofuranose (3.9 g, 12.25 mmol) and p-tolu- 
enesulfonic acid (50 mg) was heated a t  160°C with stirring in uacuo (25 
mm) for 20 min. The mixture was cooled, and the resulting solid was 
neutralized with a saturated Na2COa solution and extracted with chlo- 
roform. The organic layers were dried (NazSOr), filtered, and evaporated 
to dryness. The residue was chromatographed on silica gel (ethyl acetate) 
to give 1.6 g (60%) of VI as light-yellow needles, mp 75-77°C; IH-NMR 
(CDCls): 6 2.0S2.15 (m, 9, 3 CHB), 4.4-4.63 (m, 3, 4’-H and 5’-CH2), 
5.36-5.63 (m, 2.2‘-H and 3’-H), 6.16 (d, 1, J = 5 Hz, l’-H), 7.3 (t, 1,6-H), 


~ ~~ 


The melting inta were determined with a BQchi ap aratus and are uncor- 
rected. The NMf;Ospectra were obtained with a Varian EM-390 90-MHz spec- 
trometer, using tetramethylsilane 89 the internal standard. For column chroma- 
tography silica gel 60 Merck was used. 
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Figure 1-Inhibitory effects of I-deazaadenosine (Ib) a t  different 
concentrations on human platelet aggregation induced by ADP (0) and 
collagen (0). I b  was incubated in platelet-rich plasma at  370C for 5 m’n 
before the addition of ADPand collagen. 


7.98 (d, l , J  = 8 Hz, 7-H), 8.17 (d, 1, J = 5 Hz,6-H), and 8.41 ppm (8, 1, 


Anal.-Calc. for C1$Il&09: C, 51.31; H, 4.55; N, 9.97. Found C, 
51.18; H, 4.59; N, 10.06. 


3 - (2’,3’,6’-Tri -0- acetyl-~-~-ribofuranosyl)-3R-imidazo- 
[4&b]pyridine (VII1)-An intimate mixture of I1 (200 mg, 1.66 mmol), 
1,2,3,5-tetra-0-acetyl-B-D-ribofuranw (1 g, 3.3 mmol), and p-toluene- 
sulfonic acid (20 mg) was heated at  1 6 0 O C  with stirring in uacuo (25 mm) 
for 20 min. The solid was neutralized with a saturated Na2C03 solution 
and extracted several times with ethyl acetate. The combined extracte 
were concentrated in uacuo to dryness, and the residue was chromato- 
graphed on silica gel (ethyl acetate-methanol, 9 1 )  to give 320 mg (6046) 
of VIII as a vitreous solid. 


Anal.-Calc. for C17Hl~N307: C, 54.11; H, 5.08; N, 17.28. Found: C, 
53.98; H, 5.11; N, 17.42. 


3-8-~-Ribofuranosyl-3EI-imidazo[4~b]pyndine (&)-A solution 
of VIII (280 mg, 0.74 mmol) in methanol saturated with ammonia (15 mL) 
was set aside at room temperature for 24 h. The solvent was removed in 
uacuo, and the residue was crystallized from water to yield 160 mg (85%) 
of Ih, mp 220-221OC [lit. (18) mp 220-222OCI. ‘H-NMR (DMSO-da): 6 
3.65 (m, 2, 5’-CHz), 4.02 (m, 1,4’-H), 4.22 (t, 1,3’-H), 4.7 (t, 1,2’-H), 6.1 
(d, l,J = 5.5 Hz, l’-H), 7.36 (m, 1,6-H), 8.16 (d, 1 , J  = 8 Hz, 7-H), 8.4 (d, 
1, J = 4 Hz, 5-H), and 8.72 ppm (s, 1,2-H). 


Inhibition of Platelet Aggregation-Platelet aggregation was 
measured by the method of Born and Cross (5), using a platelet aggre- 
gation meter‘. The aggregative agents ADP and collagen were purchased&, 
blood was obtained by venipuncture in the forearms of apparently healthy 
humans and collected in polyethylene tubes containing a 1:9 volume of 
3.8% sodium citrate. Platelet-rich plasma was obtained by centrifugation 
at 1200 rpm for 10 min, while platelet-poor plasma was obtained by 
centrifugation at  4500 rpm for 20 min. The platelet-rich plasma was ad- 
jueted to -250,000 plateleta/mL by adding platelet-poor plasma. 


A 50-pL aliquot of the test sample dissolved in Michaelie buffer was 
added to a cuvette containing 0.5 mL. of platelet-rich plasma, and a 60-pL 
aliquot of Michaelis buffer was added to the teat control. The cuvette was 
p l a d  in the aggregation meter and allowed to incubate a t  37OC for 5 min, 
after which 50 pL of ADP or collagen was added to the platelet-rich 
plasma. The final concentration of each sample ia reported in Table I and 
in Figs. 1 and 2. The percent inhibition of aggregation by a teat compound 


2-H). 


‘ I060 S Elvi 840 platelet aggregation meter. 
6 Centropa A6P teat; M m i a  Brunelli. 


1 O( 


1 


1 2.5 6 7.5 10 
INCUBATION TIME, min 


Figure 2-Effect of 1-deazaadenosine (Ib) (0) and adenosine (la) (A) 
on ADP-induced human platelet aggregation. The compounds were 
added to platelet-rich plasma at  i X lo-‘ M concentration and incu- 
bated a t  37OC for increasing intervals before the addition of ADP. 


was calculated by dividing the maximal deflection in the optical density 
curve in the presence of the compound by that observed in the control, 
then multiplying by 100. As inhibition percentage differed from prepa- 
ration to preparation of platelet-rich plasma, relative potency (FUD) to 
a reference standard (adenoeine) in the same concentration was a direct 
measure of the potency of inhibition. 


REFERENCES 


(1) K. M. Brinkhorn, R. W. Shermer, and F. K. Mostofi (Eds.), “The 


(2) J. F. Mustard and M. A. Packham, Pharm. Reu., 22,97 (1970). 
(3) B. B. Vargaftig, M. Chignard, and J. Benveniste, Biochem. 


(4) A. Gaarder, J. Jonsen, 9. Leland, A. J. Hellem, and P. A. h e n ,  


( 5 )  R. J. Haslam, Nature (London), 202,765 (1969). 
(6) G. V. R. Born and M. J. Cross, J.  Physiol., 168,178 (1963). 
(7) S. Clayton, G. V. R. Born, and M. J. Croas, Nature (London), 200, 


(8) G. V. R. Born, J. Haslam, and M. Goldman, Nature (London), 


(9) K. C. Agarwal, R. E. Parks, Jr., and L. B. Townsend, Biochem. 


(10) J. A. Montgomery, A. T. Shortnacy, and S. D. Clayton, Biochem. 


(11) V. Petrow and J. Saper, J. Chem. SOC., 1948,1389. 
(12) P. C. Jain, S. K. Chatteryee, and N. Anond, Indian J. Chem., 4, 


(13) R. W. Middleton and D. G. Wibberly, J. Heterocycl. Chem., 17, 


(14) T. Itoh, S. Kitano, and Y. Mizuno, J .  Heterocycl. Chem., 9,466 


(15) Y. Mizuno, M. Ikehara, F. Ishikowa, and H. Ikehara, Chem. 


(16) J. L. Rahinowitz and E. C. Wagner, J. Am. Chem. Soc., 73,3030 


117) S. R. Jenkins. F. W. Holly. andR. K. Robins. J. Med. Chem.. 11. 


Platelet,” Williams and Wilkina, Baltimore, Md., 1971. 


Pharmacol., 30,263 (1981). 


Nature (London), 192,531 (1961). 


138 (1963). 


206,678 (1965). 


Pharmacol., 28,501 (1979). 


Pharmacol., 14,195 (1977). 


403 (1966). 


1757 (1980). 


(1972). 


Pharm. Bull., 10,762 (1962). 


(1951). 
. .  _ .  


910 (i968). 
(18) Y. Mizuno, M. Ikehara, T. Itoh, and K. Saito, J. Org. Chem., 28, 


1837 (1963). 
(19) P. Jain and N. Anand, Indian J. Chem., 6,616 (1968). 


360 1 &urn~l of Phameceuthl Sciences 
Vol. 73, No. 3, March 1984 







(20) I. Antonini, F. Claudi, G. Cristalli, P. Franchetti, M. Grifantini, presented in part a t  the VII International Symposium on Medicinal 
Chemistry in Torremolinoa (Malaga), Spain, September 1980 (Abstract 
P40). 


The authors thank A. Biondi for elemental analysis, F. Lupidi for NMR 
spectra, and I. Pennacchioli for typing the manuscript. 


and S. Martelli. J. Med. Chem., 25,1258 (1982). 


ACKNOWLEDGMENTS 
This paper, number 3 in a series on platelet aggregation inhibitors, was 


Degradation and Epimerization Kinetics of Moxalactam in 
Aqueous Solution 


NAOFUMI HASHIMOTO =, TAKENOBU TASAKI, and 
HIROYOSHI TANAKA 
Received September 7,1982, from the Shionogi Research Laboratories, Shionogi & Co., Ltd . ,  Fukushima-ku, Osaka 553, Japan. 
for publication January 26,1988. 


Accepted 


Abstract 0 The kinetics of epimerization and degradation of moxalac- 
tam in aqueous solution was investigated by HPLC. The pH-rate profiles 
of the degradation and epimerization were determined separately over 
the pH range of 1.0-11.5 a t  37OC and constant ionic strength 0.5. The 
degradation and simultaneous egimerization were followed by measuring 
both of the residual R- and S-epimers of moxaladam and were found to 
follow pseudo-first-order kinetics. The degradation was subjected to 
hydrogen ion and hydroxide iop catalyses and influenced by the disso- 
ciation of the side chain phenolic group. The epimerization rates were 
influenced significantly in the acidik region by the dissociation of the side 
chain carboxylic acid group and in the basic region by hydroxide ion ca- 
talysis. The pH-degradation rate profile of moxalactam showed a mini- 
mum degradation rate constant between pH 4.0 and 6.0. The pH-epi- 
merization rate profiles of moxalactam showed minimum epimerization 
rate constants at pH 7.0. The epimerization rate constants of the R- and 
S-epimera were not very different. 


Keyphrases 0 Moxalactam-degradation and epimerization in aqueous 
solutions, kinetics, HPLC Degradation-moxalactam in aqueous so- 
lutions, kinetics, epimerization 0 Epimerization-moxalactam in 
aqueous solutions, kinetics, degradation 0 Kinetics-moxalactam deg- 
radation and epimerization in aqueous solutions, HPLC 


Stereoisomers, occurring widely in nature, display dif- 
ferent biological and pharmacological effects than their 
racemic mixtures. Many P-lactam antibiotics have ste- 
reoisomers with different antibacterial activities (1). Few 
reports (2,3) describe the kinetics of the epimerization of 
P-lactam antibiotics, a process which should offer valuable 
information for predicting and improving antibacterial 
activity. 


Moxalactam (6059-S)’ is a new semisynthetic (4), 
broad-spectrum (5) 1-oxacephalosporin which exists as the 
R-  and S-epimers, epimeric a t  C-7. The in uitro activity 
of the R-epimer is twice that of the S-epimer (1). In the 
present study, the epimerization and degradation of 
moxalactam were investigated kinetically. 


EXPERIMENTAL 
Materials-R- and S-epimers of moxalactam disodium and decar- 


boxy-moxalactam monosodium (decarboxylated in the 7-side chain)’ 
were used aa obtained. All other chemicals were of reagent grade. Water 
was purified with an ion-exchange column and distilled before being 
used. 


pH-The pH of the solution was controlled throughout the reaction 


Latamoxef; Shionogi & Co., Ltd., Osaka, Japan. 


by a pH-stat2. The titrated volume of diluted hydrochloric acid or sodium 
hydroxide solution was at  most 2% of the reaction volume. The ionic 
strength was adjusted to 0.5 by the addition of potassium chloride. No 
significant pH change was observed throughout the reaction. The pH 
metes was standardized with the combination of standard buffer solu- 
tions of pH 4 and 7 or pH 7 and 9 at  the temperature of the kinetic ex- 
periments. 


Analytical Procedures-HPLC4 was used to determine the con- 
centrations of R- and S-epimers of moxalactam and decarboxy-moxa- 
lactam. Quantification was based on integration of peak area8 using an 
inkgrab$. The elution was carried out on a 4.0 X 250-mm stainless steel 
column packed with octadecylsilane chemically bonded on silica gel6 at  
room temperature. The mobile phase employed to resolve R-  and S- 
epimers in the HPLC operation consisted of 0.05 M ammonium ace- 
tate-methanol (50:3). The mobile phase employed to resolve the decar- 
boxy-moxalactam consisted of a solution containing 5.2 g of tetra-n- 
butylammonium hydroxide (10% in water), 6.1 g of tetra-n-propylam- 
monium hydroxide (IWo in water), 1.0 g of dibasic sodium phosphate, 
and 1.0 g of monobasic sodium phosphate, adjusted to pH 6.0 by acetic 
acid, and methanol ( 7 3 .  The mobile phases were prepared by micropore 
filtration7 and deaerated. No difference in absorbance between R -  and 
S-epimers was observed at  any wavelength of the UV spectrum (6). Ac- 
cordingly, the peak areas of R -  and S-epimers represent their intact 
concentrations. The calibration curves of the peak area against the con- 
centration of moxalactam was satisfactorily linear. 


Kinetic Procedure-All kinetic experiments were carried out a t  37 
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a H-Stat titrator assembly consisting of ‘I1T80 titrator, ABSBO autoburet, 
P H h 4  research pH meter, RECBO servo graph, l”81 digital titrator, and TIKSOl 
titration keyboard; Radiometer, Copenhagen, Denmark. 


Radiometer PHM& research pH meter. ‘ Waters ALC/GPC 204 series with U6K universal injector, Model 440 absorbanca 
detector (254 nm), and Model M6000A pump, Waters Associates, Milford, Mass. 


Chromatopac C-ElR; Shimadzu, Kyoto, Japan‘. 
Nuclecail 7Cl8, particle size 5 pm; Macherey-Nagel Co., Diren, West Ger- 


many. 
0.45 pm H A W ;  Millipore Corp., Bedford, Mass. 
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BOOKS 


Analytical Profiles of Drug Substances, Vol. 12. Edited by KLAUS 
FLOREY. Academic Press, 111 Fifth Avenue, New York, NY 10003. 
1983.735 pp. 15 X 23 cm. Price $47.00. 
Continuing the yearly volumes in the series, analytical profiles of 17 


drug substances are given in 713 pages. These are: amantadine, amikacin 
sulfate, benzocaine, dibucaine and dibucaine hydrochloride, estrone, 
etomidate, heparin sodium, hydrocortisone, metoprolol tartrate, phe- 
nylpropanolamine hydrochloride, pilocarpine, pyrazinamide, pyri- 
methamine, quinidine sulfate, quinine hydrochloride, rutin, and tri- 
mipramine maleate. There are also two profile supplements: dioctyl so- 
dium sulfosuccinate (8 pp.) and isopropamide (12 pp.). The main profiles 
for each of these are in Volume 2. 


This volume follows the pattern set in Volume 11. It has all of the 
strengths of the extensive data given in an analytical profile (including 
structures, spectra, tables of properties and chromatographic systems, 
and extensive references) and the lack of consistency inherent in having 
different authorships of each profile [see review of Vol. 11, J. Pharm. Sci., 
72,582 (198311. One reference which was looked for was found as reference 
69 under pilocarpine; however, the authors listed are not correct. This 
volume, like the others in the series, is a valuable reference for those en- 
gaged in pharmaceutical formulation and quality control and those 
needing information on drug metabolism, biopharmaceutics, and phar- 
macokinetics. 


Reviewed by Murray M. Tuckerman 
School of Pharmacy 
Temple University 
Philadelphia, PA 19140 


Cell Surface Receptors. Edited by P. G. STRANGE. John Wiley and 
Sons, Inc., One Wiley Drive, Somerset, NJ 08873.1983.298 pp. 16 X 
24 cm. Price $79.95. 
Dr. Strange has assembled a collection of some 15 reviews, average 


length 20 pages, dealing with a variety of membrane receptors and ap- 
proaches to the study of receptor structure and function. Included are 
chapters on az-adrenoceptors, opiate, benzodiazepine, dopamine, and 
calcium receptors, focusing largely on structure-activity relationships 
seen through pharmacological and radioligand binding studies. Other 
chapters discuss receptor changes and regulation including neurolep- 
tic-dopamine interactions, biogenic amine changes in schizophrenia, 
regulation of GnRH receptors, cyclase defects in pseudohypoparathy- 
roidism, and the implications of coexistence of amine and peptide 
transmitters. Coupling mechanisms are considered in chapters on 
phospholipids and adenylate cyclase. Final chapters discuss the gene 
coding of the nicotinic acetylcholine receptor and radioreceptor assays 
in quantitative drug assay. 


Despite the necessary brevity of the chapters, there is material of in- 
terest to expert and nonexpert alike. Each chapter is, at least, adequately 
written with decent illustrations and few misprints. Few will leave the 
book without both gaining some useful insights and a deepened appre- 
ciation for the rapid pace of development of the study of pharmacological 
receptors. However, it is difficult to determine the primary audience for 
this book. To the nonexpert, graduate student, or new worker in the field, 
the volume is simply not systematic enough; however, the volume could 
certainly be a helpful supplementary volume accompanying a more basic 
course. For this purpose, the book is highly priced. To the expert, the 
volume may be useful in providing brief reviews in a number of receptor 
areas, but probably not to the extent of individual purchase. 


In summary, I enjoyed reading this book and obtained some useful 
insights into a number of receptor areas. I do not recommend it for in- 
dividual purchase, but an institutional purchase would certainly be ap- 
propriate. 


Reoiewed by David J. Triggle 
Department of Biochemical Pharmacology 
State Unioersity of New York a t  Buffalo 
Amherst, NY 14260 


Manufacturing Processes for New Pharmaceuticals. By MAR- 
SHALL SITTIG. Noyes Publications, Mill Road at Grand Avenue, 
Park Ridge, NJ 07656.1983.612 pp., 15 X 23 cm. Price $84.00. 
This is Chemical Technology Review No. 220 from Noyes Publications. 


The book describes the processes for the manufacture of nearly 500 
new-chemical-entity pharmaceuticals. The great majority of the com- 
pounds are undergoing some level of FDA review, with approval as new 
drugs being the ultimate goal. The author states in the foreword to the 
book that the information used in the reviews was obtained from the 
patent literature, and that the new drugs described have attained generic 
name status, but in most cases have not yet received trade names. 


The arrangement within the reference is alphabetical by generic name. 
There is no index or cross-index of the compounds listed in the book by 
chemical name. The lack of such a chemical name index detracts from 
the value of the book, since its not possible to conveniently determine 
whether or not a particular compound is listed in the book, unless the 
generic name is known. 


Under each entry in the book, the generic name is given first, followed 
by the therapeutic function of the compound, the chemical name, the 
empirical chemical formula, the structural formula, in some cases a 
product description (usually limited to the melting point), the code 
number of the compound, the manufacturer and country, the manufac- 
turing process, and references. The manufacturing processes are de- 
scribed in detail. In some cases, several alternative syntheses are given. 
Where intermediates are involved, the syntheses of the intermediates 
are given. In addition to the one or more patent references given with each 
compound, other references are frequently given, where results of 
pharmacological studies or other data on therapeutic uses, adverse effects, 
or precautions may be found. 


The book is intended as a guide to future drugs. The book should thus 
be of interest to scientists engaged in the design and development of new 
drugs. Furthermore, some of the chemical synthesis manufacturing 
methods reported for the wide range of compounds in the book will be 
of interest to medicinal and organic chemists. 


Reviewed by Gilbert S. Banker 
Industrial and Physical Pharmacy 


School of Pharmacy and Pharmacal 


Purdue University 
West Lafayette, IN 47907 


Department 


Sciences 


Antibiotics: An Introduction. By ROLAND REINER. Thieme- 
Stratton Inc., 381 Park Avenue South, New York, NY 10016.1982.172 
pp. 12 X 19 cm. Price $9.95. 
This small volume is intended to provide “a condensed introduction 


to the chemistry, biochemistry, biology, pharmacy, and medical usage 
of antibiotics.” The book begins with a brief historical outline in tabular 
form of the discovery of important chemotherapeutic agents. This is 
followed by very brief discussions concerning the detection and deter- 
mination of antibiotic activity and the production and isolation of anti- 
biotics. The chapter entitled “Chemistry of Antibiotics” includes a lim- 
ited discussion of the structure proof of penicillin and oxytetracycline, 
followed by a series of schemes illustrating the partial and total synthesis 
of several antibiotics. The synthetic pathways are not discussed. The 
chapter on “Mechanism of Action of Antibiotics” is presented in tabular 
form listing the antibiotic class and site of action with minimal discussion. 
A chapter entitled “Chemotherapeutic Properties of Antibiotics” pro- 
vides a brief overview of the clinical use, antibacterial spectrum, ad- 
ministration and dosage, and bacterial resistance of important antibiotics. 
The information is presented primarily in tabular form. The fiial chapter, 
about one-third of the book, is entitled “Structural Formulas and Main 
Properties of Individual Antibiotics.” This chapter consists primarily 
of the structural and empirical formulas and molecular weight of over 
100 antibiotics. A bibliography containing an extensive listing of mono- 
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Effect of Inorganic Additives on Solutions of Nonionic 
Surfactants VI: Further Cloud Point Relations 
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Abstract 0 Disperse dosage forms stabilized with nonionic surfactants fre- 
quently contain electrolytes as active ingredients or adjuvants. Salting out 
of the surfactants by these electrolytes may cause breakdown of the dosage 
forms. The cloud point of an aqueous solution of octoxynol 9 was used to 
measure the salt effects. Electrolytes which salt octoxynol9 out lower its cloud 
point, while salting-in electrolytes raise it. The observed cloud point effects 
are discussed according to the mechanisms involved. Salting out by dehy- 
dration in competition with octoxynol9 for the available water was observed 
with sulfate and phosphate anions, sodium, potassium, and ammonium tribasic 
cations, and the nonelectrolyte sorbitol. The extensive self-association of water 
by hydrogen bonds at and below room temperature weakens itssolvent power. 
Ions which reduce this self-association, breaking the structure of water, in- 
creased the cloud point of octoxynol9. Among them were the iodide, thiocy- 
anate. and nitroprusside anions. Ions which tighten the structure of water and 
enhance its self-association salted the surfactant out, lowering its cloud point. 
Among these were the fluoride and hydroxide anions. Complex formation 
between the ether linkages of octoxynol9 and the following cations increased 
its cloud point: hydrogen (from strong acids), silver, magnesium, and zinc. 
Including published data, the only cations which do not form complexes with 
polyoxyethylated surfactants (and are, therefore, unable to salt them in) were 
the alkali metal ions sodium, potassium, and cesium and the ammonium ion. 
The cloud point increases produced by a weak organic base and acids are as- 
cribed to the formation of mixed solvent$ with water. The hydrotropes sodium 
salicylate, phenobarbital sodium, and sodium benzoate raised the cloud p in t  
appreciably even at low concentrations. The most efficient cloud point boosters 
were the three surfactants studied, namely, two ionic and a nonionic surfactant 
with an elevated cloud point. They formed mixed micelles with octoxynol9. 
The changes in cloud point caused by electrolytes having a common ion were 
compared at equal values of a concentration parameter chosen to produce 
cloud point additivity. By using the nitrate ion as a reference and arbitrarily 
equating its change in cloud point to zero, cloud point shift values could be 
assigned to other individual ions. For the anions, these cloud point shift values 
were related by a smooth function to the lyotropic numbers in the Hofmeister 
series. There was no correlation between the cloud point shift values and the 
lyotropic numbers of cations, presumably because of complexation between 
thc ether groups of octoxynol9 and many of the cations. 


Keyphrases 0 Surfactants, nonionic-octoxynol9. effect of inorganic addi- 
tives, cloud point relations 0 Octoxynol 9-effect of inorganic additives on 
nonionic surfactants, cloud point relations 0 Cloud point relations--effect 
of inorganic additives on nonionic surfactants, octoxynol9 


The influence of electrolytes on the solubility of nonionic 
polyoxyethylated surfactants can be assessed by their effect 
on the cloud point (1 -5).  The present work extends cloud point 
measurements of a representative nonionic surfactant to so- 
lutions containing electrolytes with anions and/or cations used 
in dosage forms. It also presents a numerical system for rating 
the capacity of various ions to salt the polyoxyethylated sur- 
factant in or out. 


BACKGROUND 


Dosage forms consisting of micellar solutions and of disperse systems- 
suspensions, emulsions, ointments, and aerosols-are commonly stabilized 
with surfactants. Electrolytes may be present as active ingredients, adjuvants, 
or impurities. They frequently have an adverse effect on stability. Salting out 
of the surfactants by the elcctrolytcs may cause breakdown of the dosage 
form. 


The method generally used to study the effect of electrolytes 011 the solubility 
of nonelectrolytes is to determine that solubility in water (S:) and in aqueous 
solutions containing C, mol/L of electrolyte (S"). These parameters are re- 
lated by the Setschenow equation (6): 


log (S;/S,) = K * C, (Eq. 1) 


where the magnitude and sign of the salt parameter, K ,  indicate the extent 
of salting in or out. 


Solubility measurements of nonionic surfactants in water or aqueous salt 
solutions are difficult to perform because of the high values and the appear- 
ance, in concentrated systems, of viscous mesomorphic phases (7). The cloud 
point of these surfactants is sensitive to electrolytes (I-S), but insensitive to 
surfactant concentration within rather wide limits (8.9). It can be measured 
readily and reproducibly and serves, therefore, as a convenient parameter for 
salt effects. 


Electrolytes that raise the cloud point expand the region in the surfac- 
tant-water phase diagram between the upper consolute temperature, repre- 
sented by the cloud point curve, and either the Krafft point curve or the 
freezing point curve. In this region (Region I1 of Fig. 1 in Ref. 10). which 
contains a single phase, the surfactant exists in an undersaturated isotropic 
solution. Such electrolytes increase the solubility of the surfactant, salting 
it in (K < 0). Electrolytes that depress the cloud point reduce the region in 
which the surfactant is soluble, i.e., they salt it out (K > 0). 


Information on the effect of electrolytes on the cloud point of nonionic 
surfactants also has practical uses. Dosage forms stabilized with nonionic 
surfactants frequently break down when heated above the cloud point, e.g., 
during thermal sterilization. 


EXPERIMENTAL 


Materiels-The surfactant, octoxynol9 NF], was an anhydrous, viscous 
liquid. The following reagents were USP/NF grade: boric acid, citric acid, 
light magnesium carbonate, phenobarbital sodium. sodium benzoate, sodium 
fluoride, sorbitol, and trolamine (2,2',2"-nitrilotriethanol). Sodium bromide 
was purified2, tribasic sodium phosphate was technical grade2, and sodium 
salicylate was certified3. Sodium dodecyl sulfate, triethanolamine hydro- 
chloride, hexadecane, and xylenes were research chemical grad@. Another 
nonionic surfactant, polyoxyl20 oleyl ether5 (oleyl alcohol with 20 ethylene 
oxide units), was solid at room temperature. All other chemicals were ACS 
reagent grade. 


A stock solution of dibasic magnesium citrate. MgH(C6H507). was made 
by dissolving light magnesium carbonate in a citric acid solution. Stock so- 
lutions of the sodium citrates were made by neutralizing citric acid solutions 
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Figure I-cloud point increases by surfactants as a function of their molal 
concentrations. Key: (a) sodium lauryl suvate: (0) decylammonium chloride; 
(0) polyoxyl20 oleyl ether. 


I Supplied by Rohm & Haas Co. as  Triton X-100 * Amend Drug & Chemical Co. ' Fisher Scientific Co. 
Eastman Organic Chemicals. 


5 Supplied by ICI Americas Inc. a s  Brij 98. 
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Table I-Effect of Surfactants and Hydrotropes on the Cloud Point of Octoxynol9 


Rank 
No. Additive 


Concentration to A at  Molality, "C 
Produce A = I O T ,  m 0.0005 0.001 0.005 0.010 0.050 0.100 0.500 


1 Sodium lauryl sulfate 0.00013 26 
2 Decylammonium chloride 0.00093 5.5 I I  26 


5 Phenobarbital sodium 0.065 2 8 14 
6 Sodium benzoate 0.128 2 5.5 8.5 24.5 


Pol oxyl 20 oleyl ether 0.0035 2 3.5 13 20.5 
ium salicylate 0.023 3.5 6 13.5 20 ; sody 


Table 11-Effect of Acids on the Cloud Point of Octoxynol9 


Concentration 
Rank to Produce A at Molality, "C 
Nn. Additive A=IO"C.m 0.10 0.50 1.0 3.0 ~ ~~ - . -  ~~ ~~~ 
. . - - -. .. - - ~. 


7 Citric acid 0.45 2.5b I I  23 
I 3  Acetic acid 1.13 0.5 4 9 27.5 
15 Hydrochloric acid' I .46 - I  2 5 28.5 
16 Phosphoric acid 1.50 2 6 22.5 
18 Sulfuric acid" I .70 -2 0.2 3 28 
- Boric acid - 2 


(I Taken from Refs. 4 and 5 plus present data. Taken from Ref. 1 


with sodium hydroxide solutions to varying degrees. The water used was double 
distilled. 


Methods-Concentrated stock solutions of the electrolytes were analyzed 
as reported (4, 5 )  or by the official USP methods. Octoxynol9 solutions were 
aged for at least 48 h before mixing with the electrolyte solutions to permit 
complete hydration and breakdown of mesomorphic phases and large mi- 
celles. 


Cloud points were determined at the 2.00% octoxynol 9 level (4, 5). All 
concentrations in the ternary mixtures are based on the weight of water. 


An analysis of the errors incurred in weighing out stock solutions and water 
and in measuring cloud points indicates that the reported electrolyte molalities 
are accurate to three significant figures, resulting in  an accuracy for the cloud 
points of f0 .5"C or better. 


RESULTS AND DISCUSSION 


Five lots of octoxynol9 were used. Their cloud points ranged from 64.5"C 
to 67°C. Therefore, thechanges in the cloud point of 2.0Wooctoxynol9 so- 
lutions, A, were calculated as  the difference between the cloud point of the 
solutions containing octoxynol9 plus the additive and the cloud point of the 
corresponding blank octoxynol 9 solution. A positive A indicates salting in, 
and a negative A indicates salting out. The data are listed in Tables I-VI and 
plotted in Figs. 1-8. 


Cloud points usually varied monotonically with increasing additive con- 
centrations. The main exceptions were magnesium chloride and sulfuric acid. 
The plot of A uersus molality for the former (Fig. 6) went through a minimum 
of -16°C at 2 m. However, at 3.4 M ,  A was only - I  I "C, the same value as 
at 0.7 m .  The chloride ion probably acts as a ligand for magnesium in com- 
petition with the ether groups of octoxynol9. The upturn in the curve is as- 
cribed to increasing complexation with the latter at higher salt concentrations, 
either as a result of the law of mass action or because the coordination number 
of magnesium is incrcascd to 6. Sulfuric acid depressed the cloud point of 


m 


Figure 2-cloud point increases by hydrotropes as a$unction ojtheir molal 
concentrations. Key: (0) sodium salicylate; 10) phenobarbirol sodium: (0) 
sodium ben:oate. 


Table 111-Effect of Various Salting-In Electrolytes on the Cloud Point of 
Oetoxynol9 


Concentration 


A = I O T ,  m 0.50 1.0 2.0 
Rank to Produce A at  Molality. "C 
No. Additive 


14.5 21 7 NaSCN 0.32 
9 Na2[Fe(CN)+O] 0.55 9.5 15 


1 1  Nal  0.87 6.5 I 1  16 
10 AeNOa 0.87 6.5 I I  18 


1.43 4.5 7.5 
i . 5 6  
1.89 


4.5 7 .5  12.5 
5 7.5 10 


' Taken from Ref. 4 


octoxynol9 by 2°C at 0.10 m ,  but raised it considerably more at higher con- 
centrations (4). The A values of ammonia cover the narrow interval from 2°C 
to -6°C in the broad concentration range extending to 10 m (Table IV, Fig. 
5). 


Some of the plots of A cersus concentration were curved, indicating that 
the tendency towards salting octoxynol 9 in or out increased less than pro- 
portionally with the additive concentration. Linear plots of A uersus con- 
centration were observed for the following additives in the entire concentration 
range investigated: trolamine, acetic acid, dibasic sodium citrate, and tribasic 
sodium phosphate. Linearity for most of the plots was observed for citric acid 
(Fig. 3) and sodium nitrate (4). Sodium, ammonium, and magnesium sulfates 
had linear plots over 50-6770 of the concentration ranges investigated (Fig. 
7). 


The numbers in the first columns of Tables I-VI rank the salting-in or 
salting-out efficiency of the additives. Increasing numbers from I to 19 indicate 
that progressively higher additive molalities were required to boost the cloud 
point of octoxynol9 by 10°C. These numbers thus rank the additives in order 
of decreasing salting-in capacity. Increasing numbers from 20 to 40 indicate 
that progressively lower additive concentrations were required to reduce the 
cloud point of octoxynol9 by I O T .  These numbers rank the additives in order 
of increasing salting-out capacity. Thus, additive no. 1 is the most efficient 
salting-in agent, and additive no. 40 is the most efficient saltingout agent on 
a molal basis. Boric acid was not assigned a number because its solubility was 
too low to produce a A value of 10°C. The tabulated A values a t  the listed 
additive molalities were either measured directly or interpolated. No ex- 
trapolated values were used. 


Mechanisms of Electrolyte-Octoxynol 9 lnteraetion- Polyoxyethylated 
surfactants are soluble in water because of the hydration of their ether linkages. 
Studies with model ethers have shown that a maximum of two water molecules 
are bound directly to each oxygen by hydrogen bonding ( 1  1 ). The hydration 


2 0  - 
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4- 


10 - 


m 


Figure 3-Cloud point increases by acids as a Junction oJtheir molal con- 
cmtrarions. Key: (@) citric: (0 )  acetic; (0) phosphoric: (mi boric. 
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Table IV-Effect of Various Additives on the Cloud Point of Octoxynol9 
~~ ~ 


Rank Concentration to Produce A at Molality, "C 
No. Additive A = f10"C. m 0.50 I .o 3.0 6.0 10.0 


____ ~ _ _ _ _  


20 NH3 -12 I 2 -0.5 -6 
21 NHoNO3 3.0 -1 - 1  -10 
24 NH4Cl 0.96 -6 -10.5 -20.5 
35 (NH4)2S04 0.16 -28 -52 
12 Trolamine 0.98" 6 10 
26 Trolamine 0.80 -7.5 -12 


Tetrameth lammonium 0.45 -1 1 -19 30 


25 Sorbitol 0.93 -4.5 - I  I -38.5 


A = IO'C. For theother additives, A = -1O'C. Taken from Ref. 18. 


hydrochloride 


chloride K 


Table V-Effect of Various Salting-Out Electrolytes on the Cloud Point of Octoxynol9 


Rank Concentration to A at Molality, "C 
No. Additive Produce A = -lO°C, m 0.10 0.50 1 .o 2.5 5.0 


22 NaBr 
23 NaNO," 
29 NaCl 
32 NaOH 
33 NaF 


I .90 
1.59 
0.50 
0.28 
0.24 


-3.5 -6 -12.5 
- I  -2 -6 -13 
-2 -10 - 16.5 -33 -50 
-4 - 16.5 -30.5 
-4.5 -19 


27 MgCh 0.59 -9 -13 -15 
36 MgSOs 0.16 -6.5 -29.5 -68 
37 Na2S04 0.12 -8.5 -37 
39 Na3P04 0.093 -1 1 
40 AMS04)s 0.063 -16 


Taken from Ref. 4. 


of small and nearly spherical nonionic rnicelles varies between 0.4 and 6.3 
water molecules per rnicellar ether linkage (12). Water solubility and cloud 
point increase with the number of ether groups and the hydrophilic-lipophilic 
balance (HLB) of the surfactants. The various mechanisms by which elec- 
trolytes affect hydration, cloud point, and solubility of octoxynol 9 are dis- 
cussed below and used to interpret present and previously published data. 


Salting Out by Dehydration-Many cloud point-depressing electrolytes 
act through water binding or dehydration, reducing the amount of water 
available for the hydration of the polyoxyethylene moiety of the surfactant 
by tying up water through their own hydration. The sulfate and phosphate 
anions are examples of ions that salt out octoxynol9 by competing with the 
surfactant for water of hydration (see Table V. Figs. 4 and 7) (1-4). 


Dehydration is probably the most important salting-out mechanism for 
nonelectrolytes. Additional mechanisms include dielectric effects and elec- 
trostriction. Their application to nonionic surfactants has been discussed 
(5). 


2 5 t  


0 1 2 3 4 
m 


Figure 4-Cloud point increases by salting-in electrolytes as a function of 
their molal concentraiions. Key: (0) NaSCN; (0) Na2[Fe(CCN)sNO]; I.) 
AgNO3; (0) Nal; (A) Zn(NO3)2. 


Sorbitol also depresses the cloud point through water binding or dehydration 
(Table IV, Fig. 6). Although not an electrolyte. it was included among the 
additives because it is so hygroscopic that it,is used as a humectant. 


Modification of Water Structure- -At and below room temperature, water 
molecules are extensively self-associated by hydrogen bonding into "icebergs" 
or "flickering clusters" (1 3). Ions that reduce the self-association among water 
molecules, depolymerizing water and reducing its viscosity, are designated 
as structure breakers (13, 14). Only monomeric or nonassociated water 
molecules can hydrate the ether linkages of octoxynol9 effectively. Therefore, 
structure-breaking ions increase the solubility of octoxynol9 (raising its cloud 
point) by increasing the hydrogen bonding between ether groups and nonas- 
sociated water molecules at the expense of the hydrogen bonding among water 
molecules. 


Examples of structure breakers are the large and polarizable iodide, thio- 
cyanate, and nitroprusside anions (I 3). These anions were also efficient cloud 
point boosters (Table 111, Fig. 4). The nonelectrolyte urea has alsobeen found 
effective in breaking the structure of water and in raising the cloud point of 
nonionic surfactants (5). 


The mucolytic action of potassium iodide and sodium thiocyanate ( I  5, 16) 
is probably due to the same mechanism as their salting-in of octoxynol9. By 
breaking the structure of water and making the aqueous environment a better 
solvent, the gel structure and viscoelasticity of mucus are reduced. 


Ions that tighten the structure of water and increase its viscosity are des- 
ignated as structure promoters. They include the fluoride and hydroxide ions 
(13). These anions salt octoxynol 9 out by enhancing the self-association of 
water molecules. thereby reducing the association of water molecules with 
the ether linkages of the surfactant (Table V, Figs. 6 and 7). The tetrameth- 
ylammonium cation, which enhances the hydrogen bonding among water 


Table VI-Effect of Various Citrates on the Cloud Point of Octoxynol9 


Concentration 
Rank to Produce A at Molality, "C 
No. Additive A = -1O"C.m 0.10 0.50 1.0 


~ ~ ____ 


31 Dibasic 0.37 -3 
magnesium 
citrate 


sodium 
citrate 


sodium 


28 Monobasic 0.53 -2 -9.5 -17.5 


34 Dibasic 0.17 -6 -29.5 -61 


citrate 
38 Trisodium 0.10 -10 -45.5 


citrate 
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Table VII-Effect of Octoxynol9 on the pH of Solutions of Weak Acids 


pHa Percent 
In 2.00% Ionized 


Acid Concentration, m I n  Water Octoxynol9 in Water 


Citric I .oo I S O  1.53 2 
0.216 I .95 I .95 6 
0.051 5 2.28 2.30 12 


Acetic 2.50 2.19 2.19 0.3 
0.554 2.55 2.58 0.6 
0.132 2.90 2.9 I I .4 


At 26°C; pH of 2.00% (0.032 m )  octoxynol 9 solution was 5.32. 


molecules and the structure of water by hydrophobic bonding (17) also salts 
the surfactant out (18). 


Complex Formation-The ether oxygen atoms of model ethers like dioxane, 
ethyl ether, and eucalyptol act as ligands for most cations, forming adducts 
similar to hydrates. Nonionic polyoxyethylated surfactants, with their mul- 
tiplicity of ether groups, act as polydentate ligands and may, therefore, even 
displace water of hydration from these cations (4). Solid, water-soluble 
complexes with calcium chloride were isolated (19). 


When octoxynol9 solutions and silver nitrate solutions werecombined to 
produce mixtures containing 2.00?& octoxynol9, a white precipitate formed 
when the silver nitrate concentration exceeded 1 S O  m.  Higher silver nitrate 
concentrations produced larger amounts of precipitate. This precipitate, which 
is probably a complex between the two compounds, dissolved when the mixture 
was heated for the cloud point determination. Mixtures containing 2.5 and 
3.0 m AgNO3 turned clear at - 3 8 T  and 4 3 T ,  respectively. The precipitate 
reappeared on cooling. 


Complex formation between octoxynol9 and metal ions salts the octoxynol 
9 in, raising its cloud point. The only cations unable to form complexes with 
model ethers and to raise the cloud point of nonionic surfactants were sodium, 
potassium, cesium, ammonium (Tables IV and V, Figs. 5 and 7) (4), and 
presumably rubidium. Among other monovalent cations, lithium, silver, and 
especially the hydrogen ion, which forms oxonium ions with ether linkages, 
as well as all di- and trivalent cations raised the cloud point of nonionic sur- 
factants (Tables I1  and 111, Fig. 3) (4,5). Zinc and magnesium ions are in this 
category. Their nitrates raised the cloud point of octoxynol9, while magnesium 
sulfate and citrate lowered it (Tables V and VI. Figs. 7 and 8). The nitrate 
anion has an intermediate lyotropic number (20); it has a slight tendency 
towards salting in. Unlike the chloride ion, it does not tend to act as a ligand 
for metal ions in competition with ether linkages. The cloud point-depressing 
effect of the citrate and sulfate anions, which have low lyotropic numbers, 
overcame the cloud point-raising effect of the magnesium cation. 


m 
0 2 4 6 8 1 0  


1 


/ 


/ 


0 1 2 3 
m 


Figure 5-Cloud point changes by weak bases and their salts as a function 
of their molal concentrations. Upper abscissa scale refers to molality oj 
ammonia (0). lower abscissa scale refers to molality of trolamine (a]* tro- 
lamine hydrochloride (D), ammonium chloride (8).  and ammonium sulfate 
(A). 


I 1 I I 


2 3 4 5  0 1  
m 


Figure 6-Cloud point decreases by salting-out additives as a function of 
their molal concentrations. Key: (a) NaBr; (0) sorbiiol; (0 )  NaCI; (8)  
Mgc12; (A) NaF. 


On the other hand, in sulfuric acid, the cloud point-boosting effect of the 
two hydrogen ions overcame the cloud point-depressing effect of the sulfate 
ion. The cloud point-depressing action of the chloride anion when combined 
with the cloud point-raising lithium (1, 2). calcium (l-3), magnesium (2), 
or aluminum cation (1) is ascribed to its tendency to act as a ligand, displacing 
the ether group. This mechanism may also apply to the fluoride ion, which 
forms more stable complexes with some of these cations than the chloride 
ion. 


Mixed Micelles and Micellar Solubilizaiion-The two ionic and the 
nonionic surfactants listed in Table I were the most effective cloud point 
boosters (Fig. 1). Ionic surfactants exhibit no cloud points; their solubilities 
increase with temperature. The nonionic surfactant, polyoxyl20 oleyl ether, 


0 


-10 


\ 
\ 


m 


Figure 7-Cloud point decreases by salting-out electrolyies as a function 
ojtheir molal concenirations. Key: (a) NaOH; (8)  (NH&S04; (0) UgSO4; 
(0) Na2S0.4; (A) Na3PO4; (A) AIdSOJ3. 
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Table VIII-Additivity of Cloud Point Effects Caused by Electrolytes and Solubilized Hydrocarbons 


Hvdrocarbon Electrolvte Conc.. m &Loha. "C A d b .  "C 


Hexadecane 


Xylene 


None 
HCI 
Mg(NOd2 
NaSCN 
NaZS04 
NaCl 
None 
HCI 
Mg(N0dz  
NaSCN 
Na2S04 
NaCl 


.- 


2.00 
2.00 
1 .so 
0.40 
2.00 


2.00 
2.00 
1 .so 
0.40 
2.00 


- 


14.5 
29.5 
25 


-33 
-18 


-42.5 
-17.5 
- 20 


-9.5 
-60.5 


-18 


-58.5 


- 
29.5 
27 
41.5 


-15 
-14 


-26 
-30 
-15.5 
-72 
-7 1 


- 


0 I n  systems containing 2.00% octoxynol 9 + 0.50% hydrocarbon + electrolyte. Calculated as the sum of the A values of the systems containing 2.0096 octoxynol 9 + 0.50% 
hydrocarbon and 2.0096 octoxynol9 + electrolyte. respectively. 


has an HLB of 15.3 and a cloud point above 100°C. The great salting-in ef- 
fectiveness of surfactants has been ascribed to mixed micelles (1). The for- 
mation of mixed micelles between anionic and nonionic surfactants has been 
substantiated by various techniques (21.22). 


An alternate mechanism for the increase in cloud point of octoxynol 9 by 
other surfactants is the following. At temperatures well above its cloud point, 
the nonionic surfactant precipitates from its aqueous solution due to insuffi- 
cient hydration. The precipitated octoxynol 9 is then solubilized by micelles 
of the more soluble surfactants. The two mechanisms are related because 
micelles of the soluble surfactant containing solubilizcd octoxynol 9 molecules 
are, in effect, mixed micelles. 


A third mechanism, compatible with the previous two, to explain the in- 
crease in cloud point of octoxynol 9 by the other surfactants is complex for- 
mation. Anionic surfactanis are bound far more extensively to polyethylene 
oxide and to its low molecular weight analogue, polyethylene glycol, than 
cationic surfactants (23-25). The strong interaction of sodium lauryl sulfate 
with polyethylene oxide has been investigated by various techniques (26-28). 
Presumably, the binding or complexation of one nonionic surfactant by another 
is the weakest of the three classes of surfactants. Accordingly, sodium lauryl 
sulfate was 5-7 times more efficient in raising the cloud point of octoxynol 
9 than decylammonium chloride and 13-27 times more efficient than polyoxyl 
20 oleyl ether. 


Hydrotropy-The pronounced increases in cloud point produced by sodium 
salicylate, sodium benzoate, and phenobarbital sodium (Table 1, Fig. 2) are 
ascribed to hydrotropy (I 8). The first two of these compounds are recognized 
as typical hydrotropes (29). 


Mixed Solvents-As the temperature of nonionic surfactant solutions is 
increased, the critical micelle concentrations decrease and the micellar mo- 
lecular weights increase. The cloud point can be regarded as the temperature 
at which the micelles have become infinitely large, resulting in  macroscopic 
phase separation. The addition of increasing amounts of ethanol, dioxane. 
methanol, or propanol to aqueous solutions of nonionic surfactants at constant 
temperature progressively increased the critical micelle concentration and 
decreased the micellar sire (30 -34). thereby lowering the cloud point (30, 33. 
34). For instance, 5% (v/v) or 0.90 m ethanol decreased the micellar molecular 
weight of nonoxynol 10 by 18% and increased itscloud point by 12OC (33). 
These reductions in cloud point are analogous to the effect of several water- 
miscible solvents, whose addition to water increases the solubility of com- 
pounds poorly soluble in water but appreciably soluble in the solvent. Mixed 
solvents act through reductions in the dielectric constant. solubility parameter, 
or structure of water. The cloud point-boosting action of acetic acid, trolamine, 
and possiblyalsoofcitric acid (Table 11, Fig. 3) is attributed to the formation 
of such mixed solvent systems with water. At the pH values prevailing in their 
solutions, these compounds exist mainly in the un-ionized form (see Table V11 
for the two acids). 


Alternate salting-in mechanisms for the two acids are discussed below. Less 
soluble carboxylic acids, such as benzoic. p-hydroxybenzoic, and salicylic 
acids, formed complexes with polyethylene glycol (35) and were solubilized 
in micelles of nonionic surfactants (36). The extent to which citric and acetic 
acids are distributed between the polyoxyethylene shell of octoxynol9 micelles 
and water will be the subject of future investigations. Table VII shows only 
insignificant increases in the pH of citric and acetic acid solutions on the ad- 
dition of 2.00% or 0.032 m octoxynol9. Since the bulk of the two acids exists 
in the un-ionized form, the hydrogen ion activity is not a sensitive indicator 
for their binding to micellar octoxynol9. 


Increasing ionization of citric acid converted it progressively from an ef- 
fective cloud point booster to an effective cloud point depressant (Table VI ,  
Fig. 8). The tribasic citrate ion was the third most powerful salting-out ad- 
ditive. Tribasic magnesium citrate was not investigated because of its low 


solubility. In the dibasic magnesium citrate, the salting-out capacity of the 
C b H 6 0 ~ ~ -  anion outweighed the salting-in capacity of the magnesium cation, 
making the salt a cloud point depressant. 


Whereas ammonia exerted only a weak action on the cloud point of oc- 
toxynol 9, trolamine boosted it substantially. This observation is in keeping 
with the pronounced salting-in capacity of ethanol for polyoxyethylated sur- 
factants and the similarity in structure between trolamine and ethanol. The 
hydrochlorides of both bases reduced the cloud point of octoxynol 9 sub- 
stantially (Table IV,  Fig. 5). 


Additivity of Cloud Point Effects of Electrolytes and Hydrocarbons- 
Organic liquids of low water solubility either lowered or raised the cloud points 
of nonionic surfactants ( I ,  9). The additivity of these effects with the cloud 
point-lowering or -boosting effects of electrolytes is examined below. 


The effect of solubilized hexadecane and xylene on the cloud point ofoc- 
toxynol9 is shown in Fig. 9. The onset of turbidity on heating and the disap- 
pearance of turbidity on cooling were more gradual in  the presenceof the two 
hydrocarbons, especially at higher levels. The recorded cloud points, corre- 
sponding to the temperatures at which the solutions turned substantially cloudy 
on heating or cleared appreciably on cooling. were as much as 3-4OC above 
the temperatures a t  which the first cloudiness appeared or at which the last 
cloudiness disappeared. The arrow in Fig. 9 indicates the solubility limit of 
hexadecane in 2.0070 octoxynol9 solution at room temperature. Systems with 
higher hexadecane concentration separated visible oil droplets at room tem- 
perature. On heating, these droplets largely dissolved before the systems be- 
came cloudy due tooctoxynol9 separation. The solubility limit of xylene in 
2.00% octoxynol9 was over twice as large as that of hexadecane. 


The solvent systems in Table VIl l  contained either 0.5 g of hexadecane/ 100 
g of octoxynol 9 solution (0.023 m)  or 0.5 g of xylene/100 g of wtoxynol9 
solution (0.048 m). The table compares the A values produced by the joint 
addition of hydrocarbon plus electrolyte (&h) with the sum of the A values 


V 


a 


1 1 


0 0.5 1.0 1.5 


Figure 8--Cloud point decreuses by rurious citrates as u function of their 
molul concentrations. Key: (@) NaH2; (0) MgH; ( 8 )  NuazH; (0) Nu3. 
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- Table IX-Effect of Various Iom on the Cloud Point of Octoxywl9 at W 
= 2  


-10 


o l K  -20 


-50- -#-I- 
0 0.2 0.4 0.6 1.5 


HY DROCAR EON CONCENTRATION, 
g/100 g of OCTOXYNOL 9 SOLUTION 


Figure 9-Cloud poini changes by two solubilized hydrocarborn as a funciion 
of their concenfraiions. Arrow indicaies solubilizalion limit of hexaderane 
at 25°C. Key: (a) hexadecane; (0) xylene. 


produced when the hydrocarbon and the electrolyte were added to separate 
octoxynol9 solutions (&&. All systems contained 2.0090 (w/w) octoxynol 
9 based on the weight of water. 


Table VIII indicates that the cloud point-raising effect of hexadecane was 
approximately additive with the cloud point-raising or -lowering effects of 
salting-in and salting-out electrolytes. However, the cloud point lowering by 
xylene was between 6OC and 12.5OC smaller in the presence of salting-in as  
well as salting-out electrolytes than in their absence. 


Additivity of Cloud Point Effects of Electrolyte Mixtures and Ionic Cloud 
Point Shifts-The effects of mixtures of electrolytes on the cloud point of 
octoxynol9 were approximately additive. For instance, A M 6 0 4  a t  0.25 m 
was - ISOC, ANa2S04 at 0.25 m was - 19OC. A solution containing both 0.25 
m MgSO, and 0.25 m NazSO4 had A = -33OC compared with the additive 
value of -34OC. Similarly, a mixture containing 0.5 m NaCl and 0.5 m 
NH4CI has a A value of -16OC. identical to the sum of the A values of the 
two salts at 0.5 m concentrations. The A value of a mixture of 1 .O m NaCl 
and 1.0 m NaBr was -2IOC compared with an additive A value of 


The only discrepancies a r m  when one component was hydrochloric or 
sulfuric acid, presumably because they had slightly negative A values a t  low 
concentrations which became large and positive at higher concentrations. A 
solution containing 1 .O m NaCl and 1 .O m HCI had a A value of -8OC com- 
pared with an additive value of - 1 1 OC. A solution containing 0.25 m MgS04 
and 0.25 m H2S04 had a A value of -1 1 OC compared with an additive Aof 


Since the effects of individual ions on the cloud point are approximately 
additive, it is possible to assign a "cloud point shift" or A value to each ion. 


-22.5OC. 


-16OC. 


20 


0 2 4 6 8 1 0 1 2 1 4  
N 


Figure 10-Ionic cloud poinr shifr values. A, of various anions at W = 2 as 
a function oftheir lyorropic numbers. N. 


Cloud Point Shift A, OC 
From Sodium From Ammonium From Magnesium 


Ion Salt Salt Salt 


-. 


Br- 0 
I -  17 
SCN- 27 


-9.5 
-26 


F- -23 


17.5 
26 


-70 
-34 


From Nitrate From Chloride From Bromide 
Na+ -6 
N H4+ - 1  1 -2 
A I ~ +  4 
M 2+ 4.5 


Ae+ I I  
A+ 4.5 


From H2S04 From HCI From HNO3 
H+ 13 15 15 


Probably low due to complexation, see text. 


To do this, the A values of different electrolytes must be compared at identical 
values of some concentration parameter. Various parameters, including ionic 
strength, were investigated by trial and error. The following two criteria must 
be satisfied when comparisons of A values are made at equal values of a con- 
centration parameter that is suitable: 


1. The cloud point shift values calculated for various individual ions must 
add up to the changes in cloud point observed for the electrolytes containing 
these ions. 


2. Different electrolytes containing a common ion must furnish the same 
cloud point shift value for that ion. A self-consistent set of ioniccloud point 
shift values can then be calculated. 


The simplest concentration parameter that satisfied these conditions. 
designated molal strength ( W), is defined by: 


W = Zmz (Eq. 2) 
where m is the molality and z is the valence of the ions that constitute the 
electrolyte. According to this equation, a molal strength value of W = 2 cor- 
responds to the following molalities: for sodium chloride (a I : I  electrolyte), 
1.0; for sodium sulfate (a 1:2 electrolyte) and magnesium nitrate (a 2:1 elec- 
trolyte), 0.50; for magnesium sulfate (a 2:2 electrolyte), 0.50; and for tribasic 
sodium phosphate (a 1:3 electrolyte) and aluminum nitrate (a 3:l electrolyte), 
0.33. It is necessary to assign an arbitrary A value to one given ion to serve 
as reference. Accordingly, the cloud point shift value for the nitrate anion, 
ANO3-, was set equal to zero. 


The following calculations illustrate how the data in Table IX were ob- 
tained. At W = 2, sodium nitrate (no. 23, Table V) has a molality of 1.0. A 
solution containing 1 .O m NaNO3 and 2.00% octoxynol9 had a cloud point 
of 59OC. while a 2.00% solution of octoxynol9 from the same batch had a cloud 
point of 65°C. Hence, ANaNO3 = 59 - 65 = -6OC. Since ANaNO3 = 
ANa+ + ANO3- and ANO3- was arbitrarily set equal to zero, ANa+ = 
-6OC. The molality for sodium sulfate at W = 2 is 0.50 according to Eq. 2. 
The A value of 0.50 m Na2S04 was -37OC (no. 37, Table V). Therefore, 
Aso42- = ANa2S04 - 2ANa+ = -37 - (2)(-6) = -25OC. Since the A 
value of 0.50 m H2S04 was IOC, AH+ = '/2(AH2S04 - ASO&) = %[I - 
(-25)] = 13OC. 


Data a t  W = I and 4 were also calculated. To  conserve space, they were 
not included in Table IX, but they showed trends comparable with thedata 
at W = 2. As expected from the shape of the A versus m plots and Eq. 2, as 
the Wvalues increase, the absolute values of the ionic cloud point shifts in- 
crease commensurately. 


The ACI- values obtained from magnesium chloride were consistently lower 
than those obtained from sodium chloride or ammonium chloride. This dis- 
crepancy is ascribed to the fact that the chloride ion acts as a ligand for 
magnesium, in competition with the ether groups of octoxynol9. whereas the 
nitrate and sulfate ions do not. 


The ionic cloud point shift values of the anions are related by a smooth 
function to their lyotropic numbers in the Hofmeister series (20), shown in 
Fig. 10. As the lyotropic numbers of the anions decrease, the negative values 
of the standard free energies of formation of the aqueous anions at 25OC in- 
crease (37). A plot of the ionic cloud point shift values versus the standard 
free energies of formation of the anions in water has a shape similar to Fig. 
10 and can almost be superimposed on it. 
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For cations, the points of ionic cloud point shift values versus either lyotropic 
numbers or standard free energies of formation in water are scattered and do 
not fall on a single curve. This lack of correlation is ascribed to the fact that 
all cations except sodium, potassium, ammonium, rubidium, and cesium form 
complexes with the ether groups of octoxynol 9. The cloud points of polyoxy- 
ethylated surfactants are thus affected by cations in two ways. First, all cations 
tend to become hydrated, binding water and altering its structure. Second, 
there is a specific interaction by complexation between the ether groups of 
the surfactants and most cations, which predominates over their dehydrating 
effect to various degrees, resulting in net salting in or positive A values ( 4 , s ) .  
The ionic cloud point shift values for the complexing cations arc probably 
related to the stability constants of the complexes they form with the ether 
linkages of the polyoxyethylated surfactants and the standard free energy 
changes of complexation. 


Anions do not form complexes with the ether groups. Therefore. their effect 
on the cloud points of nonionic surfactants depends entirely on their interaction 
with water, which is also the dominant factor in ranking the anions in the 
Hofmeister series. 


The ionic cloud point shift values of Table IX refer to wtoxynol 9. They 
are higher than the corresponding absolute A values for polyoxyethylated 
surfactants having practically the same average number of ethllene oxide units 
per molecule and the same HLB but lacking an aromatic ring. Calculating 
the ionic cloud point shift values with the aid of Eq. 2 from the data of Ref. 
5 .  it was found that polyoxyl IOcetylcther and polyoxyl 10 stearyl ether had 
the lowest absolute A values. Those of polyoxyl 10 oleyl ether were somewhat 
higher, but still well below the corresponding values for octoxynol9. As the 
polarity of the hydrocarbon moiety of the surfactants decreased, the ionic cloud 
point shift values at a given W also decreased. Since the HLB values of the 
four surfactants were the same within one unit, this observation points up the 
major shortcoming of the HLB system, namely. that it does not take into ac- 
count the nature of the hydrophobic moiety of the surfactants (8, 38). 
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Abstract 0 A system wasdeveloped which is capable of monitoring the dis- 
solution profiles of each of the active components in a two-component corn- 


profiles. The HPLC system and equipment, can monitor six samples of this 
product a t  5-min intervals in real analysis time. 


bination product. The UV spectra of the two drugs (metoprold and hydro- 
chlorothiazide) overlap considerably, making conventional UV analysis of 
either component unrealistic. By resolving the two drugs on a high-perfor- 
m n c e  liquid chromatographic (HPLC) system both can be quantitated after 
%oaration. The analvsis is sufficientlv short to allow for the of a six-station 


Disso~ution-mu~ticom~nent product* rapid HPLC, me- 
tOprOlOl. hydrwhlorothiazide 0 Metoprolol-dissolution profile. multi- 
component product with hydrochlorothiazide, rapid HPLC 0 Hydrwhlo- 
roth-@ide-diMlUtiOn Profile. multicomponent product with metoprolol rapid 


dissolution tester iniandem with an‘HPLC for determination of dissolution HPLC. 


The determination of the release rate of an active drug from 
pharmaceutical dosage forms has become a standard technique 
in pharmaceutical development, research, and quality control 


testing laboratories. This information is valuable to formula- 
tors in selecting an optimum solid dosage formulation. I n  
uiuo-in uitro correlations can often be established which are 
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Abstract  fl The rate of reduction was determined for a variety of azo 
dyes using the rat hepatic azoreductase enzyme system. In decreasing 
order, the rates of reduction for the a m  dyes expressed as nmol of ar- 
ylamine product formedlmin/0.25 g of liver were amaranth (33.2), azo- 
sulfamide (32.5) ,  orange C (12.4), 1,2-dimethyl-4-p-(carboxypheny- 
lam)-5-hydroxyhenzene (CPA) (9.27), hrilliant crystal scarlet (8.00). 
sulfachrysoidine (7.27), and Sudan I (1.03). A comparison of the partition 
coefficient with its rate of reduction indicated that the water-soluble azo 
dyes were reduced more rapidly than the lipid-soluble ones. Furthermore, 
higher rates of reduction were observed for those dyes containing elec- 
tron-withdrawing groups on the aromatic rings. 


Keyphrases Azoreductase-rat hepatic activity, relationship to  azo 
dye structure, amaranth, azosulfamide, orange G, 1,2-dimethyl-4-p- 
(carboxyphenylazo)-5-hydroxyhenzene, brilliant crystal scarlet, sulfa- 
chrysoidine, Sudan I 0 Azo dyes-relationship between structure and 
rat hepatic azoreductase activity, amaranth, azosulfamide, orange G, 
1,2-dimethyl-4-p-(carboxyphenyl~oj-~-hydroxybenzene, brilliant crystal 
scarlet, sulfachrysoidine, Sudan I 


The azo dyes and pigments form a large group of syn- 
thetic colorants used in many dye applications including 
foods, cosmetics, and pharmaceuticals. The chromophoric 
system consists of the azo group (N=N-) in association 
with one or more aromatic system. Monoazo, diazo, triazo, 
and polyazo dyes contain one, two, three, or more azo 
groups, respectively, yielding a large range of‘ colors in- 
cluding reds, oranges, and purples (1). 


In mammals, several enzyme systems are capable of 
reducing the azo bond including the liver (2-7) and the GI 
flora (4,8-10). These azoreductase enzyme systems reduce 
a variety of azo dye substrates and do not appear to have 
a strict structural requirement other than the azo bond (2, 
4,lO).  A number of azo dyes, such as dimethylaminoazo- 
benzene (butter yellow), amaranth, and others have car- 
cinogenic or suspected carcinogenic activity (4). This toxic 
activity may be due to the parent compound, which con- 
tains the intact azo bond, or to the resulting arylamine. 
Although the mechanism of the reduction of the azo bond 
has been studied (2, 3, 5 ,  11, 12) only a few papers have 
compared chemical structure with the rates of reduction 
of the azo bond (2, 13). The  objective of this study was to 
investigate the relationship of the structure of selected azo 
dyes to the rate of reduction to the corresponding amine 
by the rat  hepatic azoreductase enzyme system. The  rat 
hepatic azoreductase enzyme system obtained from the 


10,000 X g supernatant fraction of liver homogenates was 
chosen since the mechanism of azo bond reduction by this 
enzyme preparation has been characterized by a number 
of investigators (2 ,3 ,5-7,  11, 12). 


EXPERIMENTAL 
Reagents and  Chemicals-Azo dyes including brilliant crystal 


scarlet’, orange GI ,  Sudan I] ,  amaranth’, sulfachrysoidine’, azosulfam- 
ide2, and 1,2-dimethyl-4-(carboxyphenylazo)-5-hydroxyhenzene~ (CPA) 
were checked‘for chemical purity by either ‘IW on silica gel plates (n- 
hutyl alcohol-acetic acid-water, 6: 13)  or ascending paper chromatog- 
raphy (n-hutyl alcohol-acetic acid-water 1235). Cation-exchange4 and 
anion-exchange4 resins were washed with several volumes of distilled 
water prior to use. NADPj, glu~ose-6-phosphate-~, and n i c~ t inamide~ ,  
as well as other reagents and solvents, were used without further purifi- 
cation. 


Parti t ion Coefficient--A partition coefficient, K ,  in n-octanol-0.05 
M phosphate buffer (pH 7.4) was determined for each a m  dye in duplicate 
a t  room temperature. For water-soluble dyes, 1 mI, of an aqueous dye 
solution (-10 pmol) was placed in an extraction tube containing 4 mL 
of 0.05 M phosphate buffer (pH 7.4). To this sample was added 5 mL of 
n-octanol previously saturated with distilled water. Lipid-soluble dyes 
were initially dissolved in the water-saturated 1-octanol and added to 
5 mL of 0.05 M phosphate buffer (pH 7.4). Each sample was shaken, al- 
lowed to stand for a few minutes, and centrifuged. The distribution of 
the dye in each phase a t  equilibrium was obtained from absorbance of 
the dye in a spectrophotometerfi a t  an appropriate wavelength. The 
partition coefficient. for each dye was calculated with respect to a standard 
curve or from the absorbance of the aqueous nr lipid phase before and 
after equilihration. 


Preparation of Liver Homogenates-Male alhino Charles River CD 
rats (180-220 g) were used for all studies. Rats were weighed and then 
sacrificed by decapitation. Each liver was excised and immediately rinsed 
with ice-cold 1.15% KCI (isotonic). The livers were trimmed, weighed, 
and homogenized in three volumes of 1.157k KCI using a polytef pestle 
and glass mortar. All subsequent procedures were performed at  4OC. The 
tissue homogenates were centrifuged at 10,OOOXg for 15 min in a refrig- 
erated centrifuge. The  10,OoOXg liver supernatant containing the mi- 
crosomal enzymes and soluble fraction was filtered through gauze. Ap- 
proximately 15 mI, of the 10,oNlXg liver supernatant was placed in 50-mL 
glass ampules and shell-frozen in dry ice-acetone. This enzyme prepa- 
ration is stable at  dry ice temperature for a week or more. Previous studies 
have shown that lyophilization of this preparation stabilized the enzymes 
for as long as 6 months with no apparent loss of activity (14). 


I Aldrich Chemical Co., Milwaukee, Wis. 
2 Sterling-Winthrop Resrarct  Institute. Rensselaer, N.Y. 
:’ ICN Nutritional Biochemicn, Cleveland. Ohio. 
1 Cation exchange resin (AC5i)W-X8. ‘100-400 mesh) and anion exchange resin 


i’S,i ma Chemical Co.. St. I.ouis. Mo. 
( A f i L X ? ,  20@400 mesh); Rio-Rad Labs, Richmond, Valif. 


(,$/<is; Herkman Instruments, Inc.. Irvitie. ( M f .  
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Table I-Structure and Partition Coefficients of Various Axo 
Dyes 


Partition 
Dye Structure Coefficient" 


Azosulfamide 


Orange G 


Amaranth 


Brilliant crystal 
scarlet 


CPA * 


Sudan I 


Sulfachry- 
soidine 


0.163 


0.950 


4.33 


-5.67 


0 Partition coefficient for n-octanol4.05 M phosphate buffer. %Dimethyl- 
4-p  -(carboxyphenylazo)-5-hydroxybenzene 


Enzyme Assays-The shell-frozen 10,OOOXg liver supernatant was 
used within 24-48 h and was slowly thawed on ice just prior to the azo- 
reductase assay. Each azo dye (10 pmol) was incubated anaerobically in 
5 mL of a reaction mixture containing 0.5 pmol of NADP, 40 pmol of 
glucobe-6-phosphate, 20 pmol of nicotinamide, 22 pmol of magnesium 
chloride, 50 pmol of phosphatebuffer, pH 7.4, and enzyme (10,000 X g 
liver supernatant, equivalent to 250 mg of liver). The reaction mixtures 
were incubated for 0,5,15,30,45, and 60 min a t  37OC using a continuous 
nitrogen flush to obtain anaerobic conditions, with gentle shaking. The 
reaction was stopped by the addition of 5 mL of 10% trichloroacetic acid 
solution. The mixture was centrifuged, and the supernatant was assayed 
for the arylamine. The in vitro azoreductase activity of each azo dye was 
measured in parallel with the azoreductase activity of CPA, which acted 
as a positive control. 


The azoreductase activity of CPA was measured by the rate of for- 
mation of p-aminobenzoic acid (13, IS), using the Rratton and Marshall 
procedure (16). Sulfanilamide was separated from azosulfamide or sul- 
fachrysoidine using a cation-exchange resin. The resin was prepared 
according to the method of Hernandez et al.  (3), and the amount of sul- 
fanilamide was quantitated by the Rratton and Marshall procedure (16). 
Aniline and naphthylamine were separated similarly from their corre- 
sponding amines by column chromatography using an anion-exchange 
resin. For these assays, a 5-mL aliquot of the trichoroacetic acid super- 
natant was placed on the column along with an additional 5 mL of dis- 
tilled water. The combined eluates were collected, mixed, and a 5-mL 
aliquot was used for the determination of either aniline or naphthylamine 
by the method of Bratton and Marshall (16). For each azo dye the 
quantitation of the arylamine product (either p-aminobenzoic acid, 
sulfanilamide, aniline, or naphthylamine) from each incubation flask was 
calculated by a suitable processed standard curve. 


The enzymatic azoreduction of amaranth was measured by following 
the rate of formation of its metabolite, 4-amino-1-naphthalenesulfonic 
acid. Samples (l5 pL) of the trichloroacetic acid supernatant collected 


50 60 30 40 E MINUTES 


Figure 1- Average hepatic azoreductase activity. Each azo dye (10 
pmol) was incubated anaerobically with the 10,000Xg rat liver super- 
natant and a NADPH-generating system (see text) .  The  amount of 
arylamine product formed by the reduction of each dye was measured 
at the  indicated time intervals. Key: (-) CPA, results include the 
SEM; (-.-) sulfachrysoidine; (-. -) brilliant crystal scarlet (,,...) Sudan 
I. See Table I for individual values. 


after incubation with amaranth were subjected to HPLC7 a t  room tem- 
perature on a microparticulate reverse-phase column8 (4 mm X 30 cm). 
Amaranth and its metabolites were eluted with a mobile phase containing 
2.5% acetonitrile in 0.01 M acetate buffer, pH 4 at  a flow rate of 4 mL/min 
chart speed 1.27 cm/min. The compounds were detected by UV absorb- 
ance a t  254 nm. The metabolite, 4-amino-1-naphthalenesulfonic acid. 
was quantitated from a processed standard curve. 


RESULTS 


The structures of various azo dyes and their partition coefficients 
(I-octanol-0.05 M phosphate buffer, pH 7.4) are shown in Table I. Dyes 
were chosen for their availability and chemical purity. The very lipid- 
soluble dyes sulfachrysoidine and Sudan I have partition coefficients of 
5.67 and 4.33, respectively; the highly water-soluble dyes azosulfamide 
ar?d amaranth have partition coefficients of 0.149 and 0.187, respec- 
ti v e 1 y . 


2400 1 T 
I I 


MINUTES 
Figure 2 --Average hepatic azoreductase activity. Each azo dye ( 1 0  
pmol) was incubated with the 10,000xg rat liver supernatant and a 
NALIPH-generating s j s tem (see text) .  The  amount of arylamine 
product formed by the reduction o f  each dye was measured at the  in- 
dicated time intervals. Key: (-) CPA, results include the SEM; (-.-) 
amaranth; (.....) azasulfamide (- - - j  orange G. See Table I for individual 
ualues. 


M o d d  AI.C/GPC 204; Water Assoriates. Milford, Moss. * pHondapak Clw; Water Associates, Milford, Mass. 
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Table 11-Hepatic Azoreductase Activity a 


Dye 
Amount of Product Formed, nmoV0.25 g of liver Azoreductase 


n 5 min 15 min 30 min 45 min 60 rnin Activity r 


CPA' 15 49.6 187 33 1 450 548 9.27 0.993 


Amaranth 2 163 579 1130 1700 1890 33.2 0.990 


Azosulfamide 3 198 669 1050 1576 1958 32.5 0.996 


BCS 3 53 127 230 357 493 8.00 0.968 


(10.9) (15.3) (29.7) (36.5) (43.5) (0.74) 


(50.1) (19.1) (304) (577) (577) (11.9) 


(36.4) (191) (209) (350) (534) (8.58) 


(3.34) (6.67) (25.2) (23.4) (63.7) (0.93) 


(6.94) (18.3) (10.9) (6.67) (36.3) (0.40) 


(45.1) (37.2) (32.9) (36.1) (32.6) (0.59) 


(7.5) (7.5) (6.0) (5.0) (2.5) (0.07) 


Sulfachrysoidine 3 36 124 226 329 438 7.27 0.996 


Orange G 3 85 327 485 632 745 12.4 0.976 


Sudan I 2 38 58 64 70 78 1.03 0.849 


0 Standard error in parentheses. * Azoreductase activity is equal to the slope of the linear regression line calculated from the nmoles of azo dye formed with respect 
to time (040  rnin). The azoreductase activity is expressed as nmoles of product formed/min/0.25 g liver. Each azoreductase activity was measured concurrently with 
('PA activity. 1,2-Dimethyl-4-p-(carboxyphenylazo)-S-hydroxyben~ene. 


The rate of reduction of each azo dye hy the 10,OOOXg supernatant 
fraction obtained from rat liver homogenates was measured by observing 
the formation of the arylamine with respect to time. The rate of reduction 
of CPA was measured concurrently with the azoreductase activity of each 
of the other azo dyes. Therefore, the integrity and consistency of the 
azoreductase enzyme preparation was verified. The  rates of formation 
of the arylamine from each substrate are shown on Figs. 1 and 2. Azore- 
ductase activity appeared to be linear for the reduction of each azo dye 
from 0 to 60 min. A regression line was calculated by the least-squares 
niethtd comparing the product formed with respect to time (0 to 60 rnin). 
The slope of this computed regression line is equivalent to the azore- 
ductase activity for each dye and is expressed as nmol of product 
formed/min/0.25 g of liver (Table 11). With the exception of Sudan I, the 
coefficients of correlation for each azoreductase activity were excellent, 
implying that the azoreductase activities were linear for 60 min. The 
correlation coefficient for the azoreductase activity of Sudan I was 
0.85. 


The  partition coefficient in 1-octanol-0.05 M phosphate buffer (pH 
7.4) was determined for each dye and compared with its azoreductase 
activity. A direct correlation between partition coefficient and azore- 
ductase activity was not observed. However, if the azoreductase activity 
is compared with the reciprocal of the partition coefficient, a regression 
line with a slope of 3.24 and correlation coefficient of 0.74 can be calcu- 
lated (Fig. 3). However, if the azoreductase activity for orange G is ex- 
cluded from the regression line calculation, a slope of 4.00 and correlation 
coefficient of 0.84 are obtained. Moreover, using the same data and 
comparing the rate of azoreductase activity with the logarithm of the 
partition coefficient (log K),  a regression line calculated with a slope of 
-0.20 and a correlation coefficient of -0.75. Thus, there appears to be 
a trend in which azoreductase activity increases with aqueous solubility, 
b u t  the correlation is not very strong. 


DISCUSSION 


From observation of each azo dye structure, factors other than lipid 
solut~ility may also affect the rate of azoreductase activity. Enzymatic 
reduction of azo dyes may either be a one- or two-electron transfer (17, 
IN.  Therelore, the rate of reduction should be influenced by the electron 
density at the azo bond. Structural variations which can modify this 
elrctron density include the nature of the substituents around the ring 
systems and the potential for intramolecular hydrogen bonding of the 
suhstituents with the azo bond (19). For example, electron-mcithdrawing 
groups will decrease the electron density, thereby enhancing azo bond 
reduction. Moreover, hydroxyl or amino groups in close proximity to the 
azo hond can enhance reduction by hydrogen bonding with the azo bond. 
Furthermore, Lhe nature of the aromatic systems around the azo bond 
should effect the rate of azo reduction. Thus, naphthalene provides 
greater steric hindrance, which should decrease the azoreductase activity 
in comparison with a phenyl ring. 


Several different pathways for the reduction of azo dyes exist in the 
rat hepatic microsomal fraction, including NADPH cytochrome c re- 
dwtase and cylochrome /'.Is,) (2-4, 10,12). Apparently azo dyes with low 
reduction potentials are reduced more rapidly by cytochrome P ~ s o ,  
whereas XLO dyes with higher reduction potentials are reduced more 


rapidly by NADPH cytochrome c reductase (5). In addition, amaranth 
azo reduction occurs primarily oia cytochrome P ~ M  and does not stim- 
ulate NADPH oxidation nor superoxide formation (5,17). Furthermore, 
the cytosol fraction contains an azoreductase enzyme which is more se- 
lective in reducing azo dyes compared with the microsomal fraction (6, 
7,20). Many investigators have also noted that the azo dyes may be re- 
duced nonenzymatically using reduced NADPH2 (2,3,  12) or reduced 
flavins (2,12,21). The nonenzymatic azo dye reduction is related to the 
reduation potential between NADP+/NADPH and the substrate which 
acts as a final electron acceptor (20). Therefore, important factors for 
comparing the rates of reduction of azo dyes by hepatic enzymes include 
the reduction potential of the substrate and its affinity for the enzyme 
system. 


The results of this investigation demonstrated that Sudan I had the 
slowest rate of a m  dye reduction probably due to both the lack of elec- 
tron-withdrawing groups on the aromatic ring system and its high lipid 
solubility. Higher rates of azo reduction are observed for those dyes 
containing electron-withdrawing suhstituents such as a sulfonamido 
group in sulfachrysoidine, a sulfonate group in both brilliant crystal 
scarlet and orange G ,  and carhoxylic group in CPA.  The higher rate of 


30 


> I  25 
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Figure 3-Correlation of azoreductase activity and partion coefficient 
for each dye. The azoreductase activitj (nmol of product forrnedlmin 
0.25 g of liver) for each dye is compared u:ith the reciprocal of the cor- 
responding partition coefficient (n-octanol-0.05 M phosphatt. buffer, 
p H  7.4). The calculated regression line (-) including the orange G 
nzoreductase activity gives a slope of 3.24 and  correlation coefficient 
Of 0.74. The calculated regression excluding the orange C; azoreductase 
activity (- - -) gives a slope of 4.00 and a correlation coefficienl ofU.84. 
Key: (8) Sudan I; (0) sulfachrysoidine; (A) CPA; ie) hrilliant crystal 
scarlet; (A) orange G; (0) azosulfamide; (0) amaranth. 
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azo bond reduction observed with orange G compared with brilliant 
crystal scarlet may be due to steric hindrance in the latter. Amaranth and 
azosulfamide had the highest rates of azoreductase activity due to the 
presence of more electron-withdrawing groups (sulfonates) in the ring 
system. Sulfachrysoidine, a lipid-soluble azo dye, as indicated by its large 
partition coefficient has a greater than anticipated rate of azo reduction 
due to the presence of the sulfonamido group. The potential for the for- 
mation of an intramolecular hydrogen bond between the hydroxyl or 
amino group a t  the ortho position of the aromatic rings and the azo ni- 
trogen is common to all the dyes investigated in this study and, therefore, 
should not be a major contributing factor in the observed differences in 
the rates of azo bond reduction. 


Because of the wide variety of structures of azo dyes, i t  is difficult to 
determine which physicochemical factor influences the rate of azo re- 
duction by the hepatic azoreductase enzymes the most. This investigation 
used the 10,OOOXg supernatant fraction from liver homogenates as the 
enzyme source to determine if an overall generalization could be deter- 
mined for the rates of reduction of azo dyes. The results of this investi- 
gation show that both the partition coefficient and the presence of elec- 
tron-withdrawing substituents will influence the rate of reduction of the 
azo bond. Apparently, the larger the number of electron-withdrawing 
groups, the more rapid the rate of reduction by the hepatic azoreductase 
system. 
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Abstract 0 A high-performance liquid chromatographic (HPLC) assay 
was developed for the quantitation of two structurally similar and highly 
active anticancer drugs, etoposide (I) and teniposide (II), and their po- 
tential metabolites (hydroxy acid, picrolactone, and aglycone). The assay 
utilizes electrochemical detection, which imparts specificity and sensi- 
tivity sufficient to detect 220 ng/mL in plasma, urine, and CSF. The 
mean assay coefficients of variation were 5.1 and 8.1% for teniposide (10 
pg/mL) and etoposide (5 Kg/mL), respectively. The extraction efficiencies 
were 86% for etoposide, 70% for its hydroxy acid metabolite, 66% for 
teniposide, and 54% for the hydroxy acid of teniposide. The correlation 
coefficient of the multilevel standard curve was 10.995 over the con- 


centration range of 0.05-50 pg/mL for the parent drugs and metabolites 
extracted from plasma. This method has been used to determine the 
concentrations of the parent drugs and their metabolites in the plasma, 
urine, and CSF of patients with cancer. 


Keyphrases Etoposide-analysis with metabolites, high-performance 
liquid chromatography with electrochemical detection, human urine, 
plasma, and CSF [II Teniposide-analysis with metabolites, high-per- 
formance liquid chromatography with electrochemical detection, human 
urine, plasma, and CSF 


Two relatively new and highly active antineoplastic 
drugs, etoposide (4’-demethylepipodophyllotoxin 9- 
[4,6-O-(R)-ethylidene-P-~-glucopyranoside], ( I ) \  and 
teniposide (4’-demethylepipodophyllotoxin 9-[4,6-0- 
(R)-2-thenylidene-P-D-glucopyranoside], (II)] have clinical 


activity in childhood leukemias, lymphomas, neuroblas- 
tomas, brain tumors, and germ cell tumors and adult lung, 
brain, bladder, and testicular cancers as well as adult leu- 
kemias and lymphomas (1-5). The proposed metabolic 
scheme was derived from the known molecular transfor- 
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BOOKS 


Analytical Profiles of Drug Substances, Vol. 12. Edited by KLAUS 
FLOREY. Academic Press, 111 Fifth Avenue, New York, NY 10003. 
1983.735 pp. 15 X 23 cm. Price $47.00. 
Continuing the yearly volumes in the series, analytical profiles of 17 


drug substances are given in 713 pages. These are: amantadine, amikacin 
sulfate, benzocaine, dibucaine and dibucaine hydrochloride, estrone, 
etomidate, heparin sodium, hydrocortisone, metoprolol tartrate, phe- 
nylpropanolamine hydrochloride, pilocarpine, pyrazinamide, pyri- 
methamine, quinidine sulfate, quinine hydrochloride, rutin, and tri- 
mipramine maleate. There are also two profile supplements: dioctyl so- 
dium sulfosuccinate (8 pp.) and isopropamide (12 pp.). The main profiles 
for each of these are in Volume 2. 


This volume follows the pattern set in Volume 11. It has all of the 
strengths of the extensive data given in an analytical profile (including 
structures, spectra, tables of properties and chromatographic systems, 
and extensive references) and the lack of consistency inherent in having 
different authorships of each profile [see review of Vol. 11, J. Pharm. Sci., 
72,582 (198311. One reference which was looked for was found as reference 
69 under pilocarpine; however, the authors listed are not correct. This 
volume, like the others in the series, is a valuable reference for those en- 
gaged in pharmaceutical formulation and quality control and those 
needing information on drug metabolism, biopharmaceutics, and phar- 
macokinetics. 


Reviewed by Murray M. Tuckerman 
School of Pharmacy 
Temple University 
Philadelphia, PA 19140 


Cell Surface Receptors. Edited by P. G. STRANGE. John Wiley and 
Sons, Inc., One Wiley Drive, Somerset, NJ 08873.1983.298 pp. 16 X 
24 cm. Price $79.95. 
Dr. Strange has assembled a collection of some 15 reviews, average 


length 20 pages, dealing with a variety of membrane receptors and ap- 
proaches to the study of receptor structure and function. Included are 
chapters on az-adrenoceptors, opiate, benzodiazepine, dopamine, and 
calcium receptors, focusing largely on structure-activity relationships 
seen through pharmacological and radioligand binding studies. Other 
chapters discuss receptor changes and regulation including neurolep- 
tic-dopamine interactions, biogenic amine changes in schizophrenia, 
regulation of GnRH receptors, cyclase defects in pseudohypoparathy- 
roidism, and the implications of coexistence of amine and peptide 
transmitters. Coupling mechanisms are considered in chapters on 
phospholipids and adenylate cyclase. Final chapters discuss the gene 
coding of the nicotinic acetylcholine receptor and radioreceptor assays 
in quantitative drug assay. 


Despite the necessary brevity of the chapters, there is material of in- 
terest to expert and nonexpert alike. Each chapter is, at least, adequately 
written with decent illustrations and few misprints. Few will leave the 
book without both gaining some useful insights and a deepened appre- 
ciation for the rapid pace of development of the study of pharmacological 
receptors. However, it is difficult to determine the primary audience for 
this book. To the nonexpert, graduate student, or new worker in the field, 
the volume is simply not systematic enough; however, the volume could 
certainly be a helpful supplementary volume accompanying a more basic 
course. For this purpose, the book is highly priced. To the expert, the 
volume may be useful in providing brief reviews in a number of receptor 
areas, but probably not to the extent of individual purchase. 


In summary, I enjoyed reading this book and obtained some useful 
insights into a number of receptor areas. I do not recommend it for in- 
dividual purchase, but an institutional purchase would certainly be ap- 
propriate. 


Reoiewed by David J. Triggle 
Department of Biochemical Pharmacology 
State Unioersity of New York a t  Buffalo 
Amherst, NY 14260 


Manufacturing Processes for New Pharmaceuticals. By MAR- 
SHALL SITTIG. Noyes Publications, Mill Road at Grand Avenue, 
Park Ridge, NJ 07656.1983.612 pp., 15 X 23 cm. Price $84.00. 
This is Chemical Technology Review No. 220 from Noyes Publications. 


The book describes the processes for the manufacture of nearly 500 
new-chemical-entity pharmaceuticals. The great majority of the com- 
pounds are undergoing some level of FDA review, with approval as new 
drugs being the ultimate goal. The author states in the foreword to the 
book that the information used in the reviews was obtained from the 
patent literature, and that the new drugs described have attained generic 
name status, but in most cases have not yet received trade names. 


The arrangement within the reference is alphabetical by generic name. 
There is no index or cross-index of the compounds listed in the book by 
chemical name. The lack of such a chemical name index detracts from 
the value of the book, since its not possible to conveniently determine 
whether or not a particular compound is listed in the book, unless the 
generic name is known. 


Under each entry in the book, the generic name is given first, followed 
by the therapeutic function of the compound, the chemical name, the 
empirical chemical formula, the structural formula, in some cases a 
product description (usually limited to the melting point), the code 
number of the compound, the manufacturer and country, the manufac- 
turing process, and references. The manufacturing processes are de- 
scribed in detail. In some cases, several alternative syntheses are given. 
Where intermediates are involved, the syntheses of the intermediates 
are given. In addition to the one or more patent references given with each 
compound, other references are frequently given, where results of 
pharmacological studies or other data on therapeutic uses, adverse effects, 
or precautions may be found. 


The book is intended as a guide to future drugs. The book should thus 
be of interest to scientists engaged in the design and development of new 
drugs. Furthermore, some of the chemical synthesis manufacturing 
methods reported for the wide range of compounds in the book will be 
of interest to medicinal and organic chemists. 


Reviewed by Gilbert S. Banker 
Industrial and Physical Pharmacy 


School of Pharmacy and Pharmacal 


Purdue University 
West Lafayette, IN 47907 


Department 


Sciences 


Antibiotics: An Introduction. By ROLAND REINER. Thieme- 
Stratton Inc., 381 Park Avenue South, New York, NY 10016.1982.172 
pp. 12 X 19 cm. Price $9.95. 
This small volume is intended to provide “a condensed introduction 


to the chemistry, biochemistry, biology, pharmacy, and medical usage 
of antibiotics.” The book begins with a brief historical outline in tabular 
form of the discovery of important chemotherapeutic agents. This is 
followed by very brief discussions concerning the detection and deter- 
mination of antibiotic activity and the production and isolation of anti- 
biotics. The chapter entitled “Chemistry of Antibiotics” includes a lim- 
ited discussion of the structure proof of penicillin and oxytetracycline, 
followed by a series of schemes illustrating the partial and total synthesis 
of several antibiotics. The synthetic pathways are not discussed. The 
chapter on “Mechanism of Action of Antibiotics” is presented in tabular 
form listing the antibiotic class and site of action with minimal discussion. 
A chapter entitled “Chemotherapeutic Properties of Antibiotics” pro- 
vides a brief overview of the clinical use, antibacterial spectrum, ad- 
ministration and dosage, and bacterial resistance of important antibiotics. 
The information is presented primarily in tabular form. The fiial chapter, 
about one-third of the book, is entitled “Structural Formulas and Main 
Properties of Individual Antibiotics.” This chapter consists primarily 
of the structural and empirical formulas and molecular weight of over 
100 antibiotics. A bibliography containing an extensive listing of mono- 
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azo bond reduction observed with orange G compared with brilliant 
crystal scarlet may be due to steric hindrance in the latter. Amaranth and 
azosulfamide had the highest rates of azoreductase activity due to the 
presence of more electron-withdrawing groups (sulfonates) in the ring 
system. Sulfachrysoidine, a lipid-soluble azo dye, as indicated by its large 
partition coefficient has a greater than anticipated rate of azo reduction 
due to the presence of the sulfonamido group. The potential for the for- 
mation of an intramolecular hydrogen bond between the hydroxyl or 
amino group a t  the ortho position of the aromatic rings and the azo ni- 
trogen is common to all the dyes investigated in this study and, therefore, 
should not be a major contributing factor in the observed differences in 
the rates of azo bond reduction. 


Because of the wide variety of structures of azo dyes, i t  is difficult to 
determine which physicochemical factor influences the rate of azo re- 
duction by the hepatic azoreductase enzymes the most. This investigation 
used the 10,OOOXg supernatant fraction from liver homogenates as the 
enzyme source to determine if an overall generalization could be deter- 
mined for the rates of reduction of azo dyes. The results of this investi- 
gation show that both the partition coefficient and the presence of elec- 
tron-withdrawing substituents will influence the rate of reduction of the 
azo bond. Apparently, the larger the number of electron-withdrawing 
groups, the more rapid the rate of reduction by the hepatic azoreductase 
system. 
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Abstract 0 A high-performance liquid chromatographic (HPLC) assay 
was developed for the quantitation of two structurally similar and highly 
active anticancer drugs, etoposide (I) and teniposide (II), and their po- 
tential metabolites (hydroxy acid, picrolactone, and aglycone). The assay 
utilizes electrochemical detection, which imparts specificity and sensi- 
tivity sufficient to detect 220 ng/mL in plasma, urine, and CSF. The 
mean assay coefficients of variation were 5.1 and 8.1% for teniposide (10 
pg/mL) and etoposide (5 Kg/mL), respectively. The extraction efficiencies 
were 86% for etoposide, 70% for its hydroxy acid metabolite, 66% for 
teniposide, and 54% for the hydroxy acid of teniposide. The correlation 
coefficient of the multilevel standard curve was 10.995 over the con- 


centration range of 0.05-50 pg/mL for the parent drugs and metabolites 
extracted from plasma. This method has been used to determine the 
concentrations of the parent drugs and their metabolites in the plasma, 
urine, and CSF of patients with cancer. 


Keyphrases Etoposide-analysis with metabolites, high-performance 
liquid chromatography with electrochemical detection, human urine, 
plasma, and CSF [II Teniposide-analysis with metabolites, high-per- 
formance liquid chromatography with electrochemical detection, human 
urine, plasma, and CSF 


Two relatively new and highly active antineoplastic 
drugs, etoposide (4’-demethylepipodophyllotoxin 9- 
[4,6-O-(R)-ethylidene-P-~-glucopyranoside], ( I ) \  and 
teniposide (4’-demethylepipodophyllotoxin 9-[4,6-0- 
(R)-2-thenylidene-P-D-glucopyranoside], (II)] have clinical 


activity in childhood leukemias, lymphomas, neuroblas- 
tomas, brain tumors, and germ cell tumors and adult lung, 
brain, bladder, and testicular cancers as well as adult leu- 
kemias and lymphomas (1-5). The proposed metabolic 
scheme was derived from the known molecular transfor- 
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trans-lactone 
I :  R =CHI 


R 


microsomal 
H,CO reductive glycosidase 


HO 


A = cis-(picro)lactone 


4 ' -demethyldeoxy- 
podophyllotoxin 
(deoxyaglycone) 


H,CO 


B = trans-/cis-hydroxy acid 4'-demethylepipodophyllotoxin 
111 (aglycone) 


Scheme I-Proposed metabolic transformations of the epipodophyllotoxin deriuatiues etoposide and teniposide 


mations of podophyllotoxin, the compound from which 
these two drugs are synthesized (Scheme I). The biologi- 
cally active molecules exist in a highly strained 2:3 trans- 
lactone ring that undergoes isomerization to a less active, 
more flexible, and less strained 2:3 cis-lactone or picro 
conformation hereafter referred to as picrolactones (IA, 
IIA) (6,7). There are reports suggesting this isomerization 
takes place in uiuo (8,9). Initial Phase I pharmacokinetic 
studies using radiolabeled drug (10) measured total ra- 
dioactivity in the chloroform-extractable layer and could 
not differentiate metabolites in human urine (11) and 
serum (12) that were later identified as chloroform-insol- 
uble hydroxy acids (IB, IIB). Potential aglycones (111) 
formed by reductive or oxidative hydrolysis of the sugar 
moiety and glucuronide and/or sulfate conjugates are in- 
cluded as potential metabolites, although they have not 
yet been detected in biological fluids. 


A new isocratic reverse-phase high-performance liquid 
chromatographic (HPLC) method utilizing the sensitivity 
and specificity of electrochemical detection was developed 
to quantitate these two drugs and their potential metab- 
olites in the biological fluids of patients with cancer. 


EXPERIMENTAL 


Drugs, Reagents, and Equipment-Etoposide (NSC 141540) and 
teniposide (NCS 122819) were gifts from the manufacturer'. The po- 
tential metabolites of etoposide and teniposide were synthesized as de- 
scribed elsewhere (12) or provided by other sources2. Drug standards were 
dissolved in methanol (1 mg/mL) and stored a t  -7O'C. The standards 


I Bristol Laboratories, Syracuse, N.Y. 
2 Dr. H. Stiihelin, Sandoz LTD., Basel, Switzerland. 


were routinely checked for purity by TLC and HPLC. HPLC-grade 
methanol, acetonitrile, ethyl acetate, and chloroform were used 
throughout. Water was deionized, distilled, and filtered for HPLC use. 
Other chemicals and glassware were of standard laboratory quality. TLC 
plates included commercially available analytical silica gel (0.25 mm), 
preparative silica gel (2 mm), and reverse-phase K C 1 8  (0.2 mm). The 
HPLC apparatus consisted of an isocratic pump?, an injector4, a 10-pm 
reverse-phase phenyl precolumn and analytical column5, and a UV ab- 


I 


= 15 


I( 
1 1 1 1 1 I  


4 812162024 
MINUTES 


I l l  


II 


1 1 l l r l  


4 8 1216202428 
MINUTES 


Figure 1-Chromatographic separation of (a) teniposide ( I l )  and its 
potential metabolites and (b) etoposide ( I )  and its potential metabolites. 
The HPLC conditions are described in the text.  


Laboratory Data Control, Riviera Beach, Fla. 
4 Model 7125 with a 50-pL loop; Rheodyne, Berkeley, Calif. 
6 4.6 mm X 250 mm, 10-pm, pBondapak phenyl; Water Associates, Milford, 


Mass. 
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Figure 8-Cyclic voltammograms ofpodophyllotorin (A) and etoposide 
(B). Forward scan (anodic) from 0.0 applied potential; the broken line 
in A is the solvent scan. 


sorbance detecto+ connected in series to an amperometric (electro- 
chemical) detector7. A dual-pen strip chart recorder was used for graphic 
display of the two detector outputs. Spectral identification of the me- 
tabolites was achieved by IRB, IH-NMRg, and MS'O. Cyclic voltammo- 
grams were performed in 70% sodium acetate (pH 5) and 30% 2-propanol. 
The scans initiated at  0.0 applied potential with the oxidative (anodic) 
preceding the reductive (cathodic) scan and returning to 0.0 poten- 
tial". 


Liquid Chromatographic Conditions-A prefiltered mobile phase 
of water-acetonitrile-acetic acid 68:30:2 at a flow rate of -1 mL/min 
(1500 psi) through a 10-pm reverse-phase HPLC columns was used to 
resolve teniposide and its metabolites (Fig. 1A). Assay conditions for 
etoposide and i ts  metabolites were similar, with a mobile phase consisting 
of water-acetonitrile-acetic acid (74:25:1) (Fig. 1B). 


Extraction of Biological Fluids-Teniposide-To 0.5 mL of plasma, 
urine, or CSF was added 0.5 mL of saturated ammonium sulfate followed 
by 4 mL of ethyl acetate and 10 pL of a lOO-pg/rnL stock solution of 
etoposide (used as an internal standard). The sample was vortexed for 
5 min and then centrifuged a t  3ooO rpm for 15 min. The upper (organic) 
layer was collected and set aside. The aqueous layer was reextracted with 
4 mL of ethyl acetate by vigorously vortexing, then centrifuged a t  3000 
rpm for 15 min. The organic layer was combined with the previously 
collected ethyl acetate layer. This organic extract was dried under a gentle 


Model UV Ill. 284 nm; Laboratory Data Control, Iiiviera Beach, Fla. 
LC-4A Amperometric Detector; Bioanalytical Systems, Inc., West Lafayette, 


8 IR-20AX; Heckman, Berkeley, Calif. 
EM-930; Varian, Sunnyvale, Calif. 


' 0  Varian M A r ;  Varian, Sunnyvale, Calif. 
I 1  CV-1B Cyclic Voltameter; Bioanalytical Systems, Inc., West Lafayette, Ind. 
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Figure 3-Blank serum (a) and serum with etoposide and I A  (b) 
showing relative UV (- - -) and electrochemical (-) response to the 
parent trans-lactone (I) and the picrolactone isomer (IA). 


nitrogen stream, and the residue was reconstituted with 200 p L  of 
methanol before HPLC analysis. 


Etoposide-To 0.5 mL of plasma, urine, or CSF was added 5 pL  of a 
2.5-pg/mL stock solution of IIB (internal standard for I analysis) followed 
by saturated ammonium sulfate and double ethyl acetate extraction, as 
described above. The organic layer was decanted, dried under a nitrogen 
stream, and reconstituted with 200 pL of methanol just prior to injec- 
tion. 


Extraction Efficiency-To calculate the extraction efficiency, 10 
aliquots of plasma containing either 10 pg/mL or 1 pg/mL of teniposide 
or etoposide and their respective metabolites were extracted, and the 
residues were reconstituted in 200 pL of methanol. Equivalent amounts 
(10 pg and 1 pg) of pure compounds in mobile phase were added to the 
residue of 1-mL blank plasma extracts. Extraction efficiency was calcu- 
lated by the integrated area (or peak height) of the compound extracted, 
divided by the area (or height) of the same concentration of the compound 
added after extraction. 


Precision and Accuracy-Teniposide or etopaside was added to 5 
mL of pooled plasma (10 pg/mL) and thoroughly mixed. The sample was 
divided into 10 aliquots (0.5 mL each) and frozen a t  -70°C. All 10 sam- 
ples were extracted and quantitated over a 3-d period. Daily (n = 4) and 
day-to-day (n  = 3/d) coefficients of variation were calculated (expressed 
as percentage). Accuracy was determined by preparing samples con- 
taining unknown (blind) quantities of the compounds of interest. Percent 
recoveries were determined by two different operators on the same 
chromatographic system. 


Multilevel Calibration Curves-Spiked samples in the concentra- 
tion range of 0.0550 pg/mL were extracted and each calibrator was an- 
alyzed in triplicate. Peak areas of the compounds were quantitated with 
the computing integrator, and peak heights were recorded by the strip- 
chart recorder attenuated to 100 mV. After chromatographic analysis, 
the peak areas, peak heights, peak area ratios (compound/internal 
standard), and peak height ratios were analyzed by linear regression 
against the known concentrations of the spiked samples. 


166 / Journal of Pharmaceutical Sciences 
Vol: 73, No. 2. February 1984 







I 
I 
I 
I 
I 
I 
I 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
I I  
I I  
II 
II 
II 
I1 
I1 


I rI I 


a 


Figure 4-Chromatograms of plasma obtained from a patient before 
(a) and 15 min after (b) a teniposide infusion. Key: (- - -) UV absorb- 
ance; (-) electrochemical response. 


Application to Biological Fluids-Blood (1-2 mL) was obtained in 
heparinized tubes prior to infusion and a t  0.5, 1,2,4,6,8,12,24, and 48 
h after the end of infusion and immediately placed on ice. Urine was 
collected for eight 6-h intervals in sterile containers and refrigerated. 


RESULTS 


Cyclic voltammograms of etoposide and podophyllotuxin are repro- 
duced in Fig. 2. Optimal potentials for electrochemical detection of 
teniposide and etoposide were 0.75 and 0.85 V,  respectively. Podophyl- 
lotoxin was not oxidized and i ts  cyclic voltammogram was not substan- 
tially different from the solvent scan. Since the 4'-demethylepidophyl- 
lotoxin (aglycone 111) of teniposide and etoposide possesses electro- 
chemical activity, the moiety responsible for the electroactivity of teni- 
poside and etoposide may be the phenolic hydroxyl group on the E-ring 
of these molecules, which is not present on pcdophyllotoxin. However, 
the exact redox mechanism remains to be elucidated. 


Typical HPLC profiles of teniposide, etoposide, and their potential 
metabolites are shown in Fig. 1A and H, respectively. The relative re- 
sponse of the parent drug and the picrolactone with UV and electro- 
chemical detectors can be seen in Fig. 3. The UV monitor was at  maximal 
detector sensitivity, and the electrochemical detector could have been 
adjusted 50-fold more sensitive. The enhanced electroactivity of the pi- 
crolactone over that of the trans-lactone is as yet unexplained. Table I 
shows the retention volumes (VR) and capacity factors ( K ' )  using the 
HPLC conditions noted above. Although separation of the trans-lactone 
from the picrolactone was not achieved using a nonpolar reverse-phase 
octadecylsilane (Cle or  ODS) bonded phase, separation was accomplished 
using a more polar bonded phase such as phenyl or cyanonitrile. 


The extraction efficiency of teniposide and its potential metabolites 
were: IIR, 70%; II,66%; and IIA, 556. The extraction efficiency of etop- 
oside and its potential metabolites were: IR, 90%; I, 88%; and IA, 80%. The 
retention volumes (or retention times) for components of either assay 


Table I-Retention Volumes ( VR) and Capacity Factors ( K ' )  of 
I, 11, and Their Potential Metabolites 


Compound VR, mL K' 


I" 
11" 
IIBa 
HA" 
IIIa 


1 
IBb 
IA 
IIB * 


I!I* 


a 
26 
12 
30 


14 
18 
9 


23 
30 


7.2 


1.67 
7.67 
3.00 
9.00 
1.40 
3.67 
5.00 
2.00 
6.67 
9.00 


Retention data from a phndapak phenyl column, 25 cm X 4.6 mm, with a 
mobile phase of water-acetonitrile-acetic acid (68:302) at a flow rate of 1 mL/min. 


Retention data from a pBondapak phenyl column, 25 cm X 4.6 mm, with a mobile 
phase of water-acetonitrile-acetic acid (74:25:1) at I mL/min. 


were reproducible with a day-to-day CV of <2%. Quantitative precision 
(CV) for I1 (10 rg/mL, n = 10) was 5.170, while the CV for 1(5 pg/mL, n 
= 10) was 8.1%. Day-to-day variations (n = 3) for 11, IIB, and IIA were 
3.8,7.6, and 4.2%. 


Least-squares regression analyses of teniposide and metabolite peak 
areas, peak area ratios, and peak height ratios to internal standard versus 
known concentration were linear from 0.05-50.0 pg/mL. The linear cor- 
relation coefficients of the best-fit line were >0.995 for the three methods 
of quantitation. Accuracy of the assay, determined by analysis of three 
prespiked unknown quantities of teniposide and metabolites was within 
f5% of the true values. 


A typical chromatogram of a preinfusion blank and 15-min postinfu- 
sion sample from one patient receiving teniposide (165 mg/m2 over 40 
min) is shown in Fig. 4. The concentration of teniposide in the sample 
chromatogram is 43.5 pg/mI,. Figure 5 is a reproduction of a 15-min 
postinfusion chromatogram for a patient who received etoposide (250 
mg/m2 over 35 min); the plasma concentration shown was 72.2 pg/mL. 


Figure 5-Chromatogram of plasma obtained from a patient 15 min 
after a n  etoposide infusion. Key: (- - -) IJV absorbance; (-) electro- 
chemical response. 
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Figure 6-Comparative plasma concentration versus time profiles of 
two patients who received etoposide at 250 mglm2 (W) and 200 mglm2 
(0) and two patients who received teniposide at  165 mglm2 (~0). 


Comparative plasma concentration versus time profiles of two patients 
are shown in Fig. 6.  


DISCUSSION 


Both etoposide and teniposide are undergoing extensive clinical in- 
vestigation for the treatment of various pediatric and adult malignancies. 
For this reason, a sensitive, specific, and simple analytical method for 
the determination of both etoposide, teniposide, and potential metabolic 
products of these drugs is necessary. 


With a slight variation in the mobile phase, I, 11, and all potential 
metabolites are well resolved from any coeluting endogenous substances. 
A relatively inexpensive electrochemical detector provides an almost 
10-fold greater sensitivity over previously described HPLC-UV methods. 
The multilevel calibration curve (0.05-50.0 pg/mL) gave a linear corre- 
lation coefficient of r 2 0.995, and the CV of each calibration point was 


58%. The single step extraction of both parent drugs and metabolites 
is not optimal, and we are currently pursuing more efficient methods of 
extraction. 


The hydroxy acids of teniposide and etoposide (IIB and IB) appear 
to be the metabolites detectable in plasma and urine, based on chroma- 
tographic peaks eluting in the region of the cis-hydroxy acids. The pi- 
crolactones of I and I1 (IA and IN) were detected in the plasma and urine 
of some patients, but the concentrations never exceeded 5.0 KglmL. The 
aglycone (111) has not been detected in any biological fluid to date. 


Clinical investigations are currently underway utilizing this sensitive 
and specific HPLC assay for etoposide, teniposide, and their metabolites. 
These data should describe the pharmacokinetics of the drugs, further 
define components of systemic clearance (i .e. ,  metabolic and renal 
clearance), and evaluate any differences in the extent of metabolism of 
etoposide and teniposide in pediatric and adult patients. 
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Abstract 0 The kinetics of epimerization and degradation of moxalac- 
tam in aqueous solution was investigated by HPLC. The pH-rate profiles 
of the degradation and epimerization were determined separately over 
the pH range of 1.0-11.5 a t  37OC and constant ionic strength 0.5. The 
degradation and simultaneous egimerization were followed by measuring 
both of the residual R- and S-epimers of moxaladam and were found to 
follow pseudo-first-order kinetics. The degradation was subjected to 
hydrogen ion and hydroxide iop catalyses and influenced by the disso- 
ciation of the side chain phenolic group. The epimerization rates were 
influenced significantly in the acidik region by the dissociation of the side 
chain carboxylic acid group and in the basic region by hydroxide ion ca- 
talysis. The pH-degradation rate profile of moxalactam showed a mini- 
mum degradation rate constant between pH 4.0 and 6.0. The pH-epi- 
merization rate profiles of moxalactam showed minimum epimerization 
rate constants at pH 7.0. The epimerization rate constants of the R- and 
S-epimera were not very different. 


Keyphrases 0 Moxalactam-degradation and epimerization in aqueous 
solutions, kinetics, HPLC Degradation-moxalactam in aqueous so- 
lutions, kinetics, epimerization 0 Epimerization-moxalactam in 
aqueous solutions, kinetics, degradation 0 Kinetics-moxalactam deg- 
radation and epimerization in aqueous solutions, HPLC 


Stereoisomers, occurring widely in nature, display dif- 
ferent biological and pharmacological effects than their 
racemic mixtures. Many P-lactam antibiotics have ste- 
reoisomers with different antibacterial activities (1). Few 
reports (2,3) describe the kinetics of the epimerization of 
P-lactam antibiotics, a process which should offer valuable 
information for predicting and improving antibacterial 
activity. 


Moxalactam (6059-S)’ is a new semisynthetic (4), 
broad-spectrum (5) 1-oxacephalosporin which exists as the 
R-  and S-epimers, epimeric a t  C-7. The in uitro activity 
of the R-epimer is twice that of the S-epimer (1). In the 
present study, the epimerization and degradation of 
moxalactam were investigated kinetically. 


EXPERIMENTAL 
Materials-R- and S-epimers of moxalactam disodium and decar- 


boxy-moxalactam monosodium (decarboxylated in the 7-side chain)’ 
were used aa obtained. All other chemicals were of reagent grade. Water 
was purified with an ion-exchange column and distilled before being 
used. 


pH-The pH of the solution was controlled throughout the reaction 


Latamoxef; Shionogi & Co., Ltd., Osaka, Japan. 


by a pH-stat2. The titrated volume of diluted hydrochloric acid or sodium 
hydroxide solution was at  most 2% of the reaction volume. The ionic 
strength was adjusted to 0.5 by the addition of potassium chloride. No 
significant pH change was observed throughout the reaction. The pH 
metes was standardized with the combination of standard buffer solu- 
tions of pH 4 and 7 or pH 7 and 9 at  the temperature of the kinetic ex- 
periments. 


Analytical Procedures-HPLC4 was used to determine the con- 
centrations of R- and S-epimers of moxalactam and decarboxy-moxa- 
lactam. Quantification was based on integration of peak area8 using an 
inkgrab$. The elution was carried out on a 4.0 X 250-mm stainless steel 
column packed with octadecylsilane chemically bonded on silica gel6 at  
room temperature. The mobile phase employed to resolve R-  and S- 
epimers in the HPLC operation consisted of 0.05 M ammonium ace- 
tate-methanol (50:3). The mobile phase employed to resolve the decar- 
boxy-moxalactam consisted of a solution containing 5.2 g of tetra-n- 
butylammonium hydroxide (10% in water), 6.1 g of tetra-n-propylam- 
monium hydroxide (IWo in water), 1.0 g of dibasic sodium phosphate, 
and 1.0 g of monobasic sodium phosphate, adjusted to pH 6.0 by acetic 
acid, and methanol ( 7 3 .  The mobile phases were prepared by micropore 
filtration7 and deaerated. No difference in absorbance between R -  and 
S-epimers was observed at  any wavelength of the UV spectrum (6). Ac- 
cordingly, the peak areas of R -  and S-epimers represent their intact 
concentrations. The calibration curves of the peak area against the con- 
centration of moxalactam was satisfactorily linear. 


Kinetic Procedure-All kinetic experiments were carried out a t  37 
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a H-Stat titrator assembly consisting of ‘I1T80 titrator, ABSBO autoburet, 
P H h 4  research pH meter, RECBO servo graph, l”81 digital titrator, and TIKSOl 
titration keyboard; Radiometer, Copenhagen, Denmark. 


Radiometer PHM& research pH meter. ‘ Waters ALC/GPC 204 series with U6K universal injector, Model 440 absorbanca 
detector (254 nm), and Model M6000A pump, Waters Associates, Milford, Mass. 


Chromatopac C-ElR; Shimadzu, Kyoto, Japan‘. 
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Figure I-Chromatograms at 254 nm for the reaction mixtures of 
moralactam at  pH 1.0 and 10.2 and the decarboxy-moxotactam a t  pH 
9.0. Key: (1) R-epimer; (2) S-epimer; (3) decarboxy analogue. 


f 0.1"C and ionic strength 0.5 unless otherwise stated. The accurately 
weighed sample (R-epimer, S-epimer, or decarboxy-moxalactam) was 
dissolved in 1 mL of 0.5 M KCl and immediately diluted with 20 mL of 
0.5 M KCl adjusted to the appropriate pH by the pH-stat and preheated 
to 37°C by a thermoregulato$ with i O . l ° C  precision. The final sample 
concentration was between 1 X 10-4 and I X M. Portions were re- 
moved from the reaction solution at  appropriate intervals and quickly 
frozen in a solid carbon dioxide-acetone bath. These were thawed just 
before HPLC analysis, and the remaining substances were deter- 
mined. 


Determination of Ionization Constante-The apparent ionization 
constants of moxaiactam were determined potentiometrically (7) a t  ionic 
strength 0.5 and 37°C. The apparent ionization constants pK,1, pKo2, 
and pK,3, which refer to the dissociation of the 4-carboxylic acid, the 


I- 
$ 60 


-\pH 10.45 


\ pH 11.00 
B t I I 1 
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MINUTES 


Figure 2-Apparent first-order plots for moxalactam (A) and decar- 
boxy-moxalnctam (B) degradation at  various pH values, 37OC. and ionic 
strength 0.5. 


8 Taiyo Therrno Unit C-550, Taiyo Kagaku Kogyo Co., Ltd., Tokyo, Japan. 


Table I-Rate Constants for  Epimerization and Degradation of 
Moxalactam at 37°C and Ionic Strength 0.5 


k p H ~  kH, k,", 102kb0, 1O2kCb, kdb, koH, 
h-I M-1.h-1 h-I h-1 h-' h-1 M-lh-I 


k l  2.37 0.61 3689 


k 3  0.417 0.42 0.584 210 
k2 3.02 0.82 4121 


Rate constants defined in Eq. 6. b Rate constants defined in Eq. 7 


7-side chain carboxylic acid, and the phenol group, were 2.17,3.38, and 
9.60, respectively (Scheme 1). 


RESULTS AND DISCUSSION 


Order of Degradation and Observed Rate Constants-Typical 
chromatograms of acidic (pH 1.0) and basic (pH 10.2) reaction mixtures, 
sampled at  suitable times, are shown in Fig. 1, indicating that the R- 
epimer, the S-epimer, and the degradation products can be reasonably 
separated from one another. The chromatogram taken at  pH 1.0 shows 
the reaction mixture which started with the R-epimer and that taken at  
pH 10.2 shows the reaction mixture which started with the S-epimer. 
Decarboxy-moxalactam, one of the degradation .products, was found as 
a single broad peak with a longer retention time under the HPLC con- 
ditions which separated the R- and S-epimers. So, decarboxy-moxaiac- 
tam is not shown in the chromatograms of the reaction mixtures starting 
with the R-  and S-epimers in Fig. 1. Figure 1 also shows a typical chro- 
matogram of the basic (pH 9.0) reaction mixture of the decarboxy- 
moxalactam. The parent compound can be separated from the degra- 
dation products. 


As shown in Fig. 2, the semilogarithmic plots of the percent residual 
total moxalactam and the percent residual decarboxy-moxalactam versus 
time were reasonably linear and indicated that the degradation of the 
drug and its analogue followed pseudo-first-order kinetics at constant 
pH, temperature, and ionic strength 0.5 under various pH conditions. 
The disappearance of the R-epimer and the appearance of the S-epimer 
and vice uersa were measured under various pH conditions. Figure 3 
shows typical plots of the percent residual R- and S-epimers of the initial 
concentration of moxalactam, which is the total concentration of R- and 
S-epimers a t  the time when the first portion was removed, at pH 2.32, 
2.36 and 10.20. A reversible epimerization was found to occur between 
R- and S-epimers. Furthermore, since the total amount of R-  and S- 
epimers decreased in a semilogarithmic linear fashion with time as shown 
in Figs. 2A and 3, the R- and S-epimers probably decompose to other 
products with almost the same degradation rate constant. If either the 
R- or S-epimer decomposes faster than the other, the semilogarithmic 
plots of the percent residual moxalactam uersus time must curve at  the 
early stage of the decomposition. 


From these results, the concentration-time profiles a t  various pH 
values are thought to be a consequence of the reaction illustrated in 
Scheme 11, where k l  is the epimerization rate constant from R-epimer 
to S-epimer, k2 is the reverse, and k3  is the degradation rate constant of 
moxalactam (R- and S-epimers). 


According to Scheme 11, the following kinetic equations can be written 
for the R -  and S-epimers: 


d(R)/dt = -kl(R) + k*(S) - k3(R) 


d(S)ldt = kl (R)  - kz(S) - k3(S) 


(Es. 1) 


(Eq. 2) 


The differential equations for R-  and S-epimers (Eqs. 1 and 2) can be 
solved using Laplace transforms. The solutions of Eqs. 1 and 2 are: 


k l  
R-epimer S-epimer 


I ka I 


t t 
Products Products 


Scheme 11 
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Figure &Time courses for the R-epimer (0). S-epimer (O), and moxaluctam (total of R- and S-epimers, .) at pH 2.32 (disappearance of R-epimer 
and appearance of S-epimer), pH 2.36 (disappearance of S-epimer and appearance of €2-epimer), and pH 10.2 [disappearance of €2-epimer and 
appearance of S-epimer (A) and vice versa (B) ] ,  37OC. and ionic strength 0.5. Moxalactam is semilogarithmically plotted versus time. The solid 
lines are the least-square fit (NONLIN) of the experimental data shown. 


( R )  + (S) = [(Ro) + ( S ~ ) ] e - ~ s ~  (Eq. 5) 


where ( R )  and ( S )  represent the concentrations of the R -  and S-epimers 
at time t, and (Ro) and (SO) represent the initial concentrations of R- and 
S-epimers, respectively. The experimental data, typified in Fig. 3, were 
fitted using the integrated forms of the equations through nonlinear re- 
gression analysis (NONLIN) (8) and yielded excellent fits to the theo- 
retical solid lines calculated from Eqs. 3 and 4. 


Primary Salt Effects-The primary salt effecta on the epimerization 
of R-  and S-epimers were studied at  pH 3.50 and 37°C. The ionic strength 
was varied by adding potassium chloride. Figure 4 shows semilogarithmic 
plots of the apparent epimerization rate constant, k p ~ ,  uersw the square 
root of ionic strength (4) based on an extended and modified form of 
the Debye-Huckel equation (9). Plots based on this equation should yield 
a linear relationship with a slope proportional to the product of the 
charges carried by the reactive species forming the activated complex. 
Although this modified equation holds, in theory, only up to an ionic 
strength of 4 .01 ,  it has been shown to predict the kinetic salt effect re- 
liably in some pharmaceutical systems to as high as an ionic strength of 
unity. 


The slopes of the regression lines in Fig. 4 fitted to the data at pH 3.50 
were slightly negative, -0.08 and -0.19 for k l  and k2, respectively. Nei- 
ther of these slopes exactly fits any theoretical model predicted by the 
equation used, but their relatively low values are probably more consis- 
tent with the absence of ionic charge on at  least one reactant rather than 
charges on all reactants. 


Dissociation Equilibrium-In the pH range studied, moxalactam 
exists in four different forms: as free RH3, a monoanion RH;, a dianion 
RH2-, and a trianion R3-. Some reports indicate that the pK, value of 
the carboxylic acid group at the 4-position of cephalosporins is between 
1.9 and 2.9 (10, 11). 


These results support the assignment of p K n ~  = 2.17 to the carboxylic 
acid group at the 4-position of the drug. Accordingly, the value of pK.2 
= 3.38 can be attributed to the carboxylic acid group in the 7-side chain. 


The apparent pK, values of RH3, RH;, and RH2- are 2.17,3.38, and 9.60, 
respectively (Scheme I). 


pH-Rate Profile-The pH dependencies of overall first-order rate 
constants k l  and k p  of moxalactam epimerization and k3 of moxalactam 
degradation at  37OC and ionic strength 0.5, are shown in Figs. 5 and 6. 
Figure 5 shows that the observed rates of the epimerization increased 
rapidly and uniformly with increasing pH above pH 7.5. Since the slopes 
of these straight-line portions of log k p ~  versus pH profiles are unity, it 
is likely that dissociation of the phenolic group has no effect on the epi- 
merization, and the specific hydroxide ion-catalyzed reactions of RH2- 
and R3- take place at  almost the same rate in this pH region. 


The profiles bent over to constant rates a t  pH values lower than pH 
4, indicating that a dbociition constant, pK,z, affected the epimerization 
rates. But the two reaction mechanisms, the hydrogen ion-catalyzed 
epirnerization reaction of RH2- and the water-catalyzed epimerization 


.* " 0.6 


I I I I I I 
0.2 0.4 0.6 0.8 1.0 


J;- 
Figure 4-Semilogarithmic plots of kPH versus the square root of ionic 
strength (6) for the epimerization of moxalactam at pH 3.50 and 
37'C. Key: (0) kl; (0) kz. 
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Figure 5-Log k,H-pH profile for moxalactam epimerization in aqueous solution a t  37OC and ionic strength 0.5. The points are experimental 
values and the solid line i s  the theoretical curve calculated from Eq. 6 and the constants in  Table I. Key: (A) k,; (B) k2. 


reactions of RH3 and RH; (undissociated moxalactam of the 7-side chain 
carboxylic acid group), give the same pH-rate profile and are kinetically 
equivalent in this pH range. However, it is possible to distinguish between 
the two reaction mechanisms according to the results of the primary salt 
effect of R- and S-epimers. The near lack of the primary salt effect a t  pH 
3.50, where the concentrations of the undissociated and dissociated forms 
of the 7-side chain carboxylic acid group are almost the same (Fig. 4) 
indicates that the water-catalyzed epimerization reactions may occur 
below pH 6. Proton abstraction, which is important for epimerization, 
by the water-catalyzed reaction is more likely to occur than the hydrogen 
ion-catalyzed reaction due to water having stronger basicity than the 
hydrogen ion. 


The total shape of log k uersus pH profiles of moxalactam epimeriza- 
tion (k l  and k2)  can be expressed by the following rate law: 


where k. and k b  are the first-brder rate constants of the undissociated 
and dissociated forms of the 7-side chain carboxylic acid group for the 
water-catalyzed epimerization, respectively, koH is the second-order rate 
constant for the hydroxide ion-catalyzed epimerization, and and Koz 
are the activity bf hydrogen ion measured by the glass electrode and the 
dissociation constant of the 7-side chain carboxylic acid group, respec- 
tively. The value for the autoprotolysis constant of water, K,, a t  37°C 
is 2.38 X lo-" (12). The solid lines in Fig. 5 represent the theoretical 
curves calculated by NONLIN and the points are the experimental re- 
sults. The rate constants k l  and R:! with the best fits of the observed 
rate-pH profiles are given in Table I. 


Figure 6 shows the log k,~-pH profile for the degradation of moxa- 
lactam (k3). The observed rate of the degradation decreased uniformly 
with increasing pH, and the slope of the straight-line portion of the 
log k p ~  uersus pH curve is negative unity below pH 2.5. The degradation 
rate of moxalactam between pH 4 and 6 showed pH independence, al- 


though there was a little dispersion. This implies that the overall degra- 
dation consists of the water-catalyzed or spontaneous reactions of mox- 
alactam. Such a pH-independent degradation is known to be a common 
feature for the degradation of the &lactam moiety of cephaloeporine (10). 
There waa a sigmoid dependence Of k p ~  on pH at  pH values near pK.3, 
followed by a rapid decrease of almost p i t i v e  unity aa the pH decreased. 
This inflection indicates that the degradation rate was influenced by the 
dissociation equilibria of the 7-side chain phenolic group (pK.3). The 
obaerved rate of the degradation increased by positive unity with in- 
creasing pH above pH 10.5, which shows the hydroxide ion-catalyzed 
degradation. 


The total shape of the log k,~-pH profile of moxalactam degradation 
can be expressed by the following rate law: 


where k ,  and. k d  represent the first-order rate constants for the water- 
catalyzed degradation of dianionic and trianionic moxalactam, k~ and 
k o ~  represent the second-order rate constants for the specific hydrogen 
ion-catalyzed and specific hydroxide ion-catalyzed degradation, and K03 
is the dissociation constant of the 7-side chain phenolic grdup. 


In Fig. 6, the solid line represents the theoretical curve calculated by 
NONLIN. The rate constants in Ekq. 7 that produced the best fit to the 
observed rate-pH profile are given in Table I; the white circles show the 
experimental results. The good agreement indicates that this equation 
adequately describes the kinetics of moxalactam degradation. The solid 
circles in Fig. 6 show the degradation rates of the decarboxy-moxalactam 
obtained from the slopes in Fig. 2B. The degradation rate of the drug is 
1.53 times aa large as the degradation rate of the decarboxy-moxalactam 
at  pH 7.5 and 9.0, and little difference exists between the degradation 
rates at pH 0.9,3.1,10.2, and 11.0. These results suggest that a sigmoidal 
dependency of the degradation rate on pH below pH 10 comes from the 
spontaneous decarboxylation reaction of the dissociated moxalactam of 
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Figure 6-Log k,,~-pH profiles for moxalactam (0) degradation (kd 
and the decarboxy-moxalactam (0) in aqueous solution at 37OC and 
ionic strength 0.5. The points are experimental values, and the solid line 
is the theoretical curve of moxalactam calculated from Eq. 7 and the 
constants in Table I. 


the 7-side chain phenolic group in parallel with the specific hydroxide 
ion-catalyzed degradation of the drug. 


Epimerization Mechanism-The pH-epimerization rate profiies 
yielded straight lines with a slope of unity verifying first-order depen- 
dence on hydroxide ion in the basic region. The mechanism for the epi- 


merization reaction can be written in terms of the abstraction of the 
a-proton by hydroxide ion leading to the formation of a planar carbanion 
(2). The mechanism for the epimerization reaction in the acidic region 
can be explained by the abstraction of the a-proton by water mainly from 
the undissociated moxalactam of the 7-side chain carboxylic acid group 
to the formation of a planar carbanion. 


The relative order of k, and kb in Table I agrees with the decrease in 
electron-withdrawing by the dissociation of the 7-side chain carboxylic 
acid group attached to the a-carbon and causes a corresponding decrease 
in the rate of epimerization. On the other hand, the dissociation of the 
7-aide chain phenolic group had little influence on the epimerization ratea. 
This is because the contribution of hydroxide ion toward the a-proton 
abstraction dominates in the basic region, and the influence of the dis- 
sociation of the phenolic group may disappear. However, factors other 
than the inductive effect of the substituenta attached to the a-carbon 
may be considered in determining the rate of epimerization, as the sta- 
bility of an enolate intermediate consisting of an amido or a carboxylic 
acid group resulting from the a-proton abstraction. 
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For cations, the points of ionic cloud point shift values versus either lyotropic 
numbers or standard free energies of formation in water are scattered and do 
not fall on a single curve. This lack of correlation is ascribed to the fact that 
all cations except sodium, potassium, ammonium, rubidium, and cesium form 
complexes with the ether groups of octoxynol 9. The cloud points of polyoxy- 
ethylated surfactants are thus affected by cations in two ways. First, all cations 
tend to become hydrated, binding water and altering its structure. Second, 
there is a specific interaction by complexation between the ether groups of 
the surfactants and most cations, which predominates over their dehydrating 
effect to various degrees, resulting in net salting in or positive A values ( 4 , s ) .  
The ionic cloud point shift values for the complexing cations arc probably 
related to the stability constants of the complexes they form with the ether 
linkages of the polyoxyethylated surfactants and the standard free energy 
changes of complexation. 


Anions do not form complexes with the ether groups. Therefore. their effect 
on the cloud points of nonionic surfactants depends entirely on their interaction 
with water, which is also the dominant factor in ranking the anions in the 
Hofmeister series. 


The ionic cloud point shift values of Table IX refer to wtoxynol 9. They 
are higher than the corresponding absolute A values for polyoxyethylated 
surfactants having practically the same average number of ethllene oxide units 
per molecule and the same HLB but lacking an aromatic ring. Calculating 
the ionic cloud point shift values with the aid of Eq. 2 from the data of Ref. 
5 .  it was found that polyoxyl IOcetylcther and polyoxyl 10 stearyl ether had 
the lowest absolute A values. Those of polyoxyl 10 oleyl ether were somewhat 
higher, but still well below the corresponding values for octoxynol9. As the 
polarity of the hydrocarbon moiety of the surfactants decreased, the ionic cloud 
point shift values at a given W also decreased. Since the HLB values of the 
four surfactants were the same within one unit, this observation points up the 
major shortcoming of the HLB system, namely. that it does not take into ac- 
count the nature of the hydrophobic moiety of the surfactants (8, 38). 
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Abstract 0 A system wasdeveloped which is capable of monitoring the dis- 
solution profiles of each of the active components in a two-component corn- 


profiles. The HPLC system and equipment, can monitor six samples of this 
product a t  5-min intervals in real analysis time. 


bination product. The UV spectra of the two drugs (metoprold and hydro- 
chlorothiazide) overlap considerably, making conventional UV analysis of 
either component unrealistic. By resolving the two drugs on a high-perfor- 
m n c e  liquid chromatographic (HPLC) system both can be quantitated after 
%oaration. The analvsis is sufficientlv short to allow for the of a six-station 


Disso~ution-mu~ticom~nent product* rapid HPLC, me- 
tOprOlOl. hydrwhlorothiazide 0 Metoprolol-dissolution profile. multi- 
component product with hydrochlorothiazide, rapid HPLC 0 Hydrwhlo- 
roth-@ide-diMlUtiOn Profile. multicomponent product with metoprolol rapid 


dissolution tester iniandem with an‘HPLC for determination of dissolution HPLC. 


The determination of the release rate of an active drug from 
pharmaceutical dosage forms has become a standard technique 
in pharmaceutical development, research, and quality control 


testing laboratories. This information is valuable to formula- 
tors in selecting an optimum solid dosage formulation. I n  
uiuo-in uitro correlations can often be established which are 
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Figure I--Schematic diagram of the sampling and injection hardware. Key: ( I )  six-way rolary value driven by a 60" stepping actuator; ( 2 )  loop injector 
ofthe liquid chromatograph. 


useful for predicting bioavailability, and at times it is possible 
to employ dissolution to satisfy the FDA requirements con- 
cerning the bioavailability of a product. 


Many dissolution techniques have been proposed, and sev- 
eral are in general usage. The most frequently used techniques 
are the USP rotating basket and USP rotating paddle methods 
(1). Other methods that have been employed are the spin filter 
(2,3), the rotating flask (4), and the USP disintegration basket 
( 5 ) .  Typically, samples of the test solution are taken at one or 
more time points, and the concentrations of the active com- 
ponent(s) are determined. Various analytical techniques are 
employed for evaluation concentrations. Wet chemistry 
techniques can be used to prepare the sample for analysis, or 
the samples can be analyzed directly without preparation de- 
pending on the particular drug excipients and the relative 
concentration ranges. Several automated dissolution methods 
have been proposed (6-8). In  addition, several commercial 
instruments are available which will sample, store, and prepare 
samples for UV analysis'. The development of high-perfor- 
mance liquid chromatographic (HPLC) techniques and 
equipment has simplificd the analysis of aqueous samples. This 
method can be employed for analyzing samples taken from the 
dissolution medium using a fraction collector, or the solution 
can be sampled automatically (9). 


This paper presents HPLC tcchniques and equipment which 
can be used in conjunction with most dissolution test methods. 
The system is capable of sequentially sampling six streams 
from the dissolution apparatus and subjecting these samples 
to chromatographic analysis in <5 min. In operation, all six 
streams from a dissolution test unit2 are continuously pumped, 
through in-line filters, into a six-way rotary valve3, which se- 
lects one stream to be diverted to the injection loop of a chro- 
matograph, while the other streams are returned to the dis- 
solution flasks. Kent et al. (10) used a similar valve to monitor 
the U V  absorbance of six dissolution streams. This system has 
the advantage of performing an HPLC separation and analysis 
of several components of a multicomponent product during the 
dissolution experiment. 


I SASDRA: 'Technician Industrial S \temc. Tarrytown. N.Y.; DISOGRAPI-I; ' 


Hanson, multiple, six-station, variable-speed model 72R-QC; Ilanson Research 
llanson Research Corp. Northridge. Cal ip  


Cor Northridge. Calif. 
h l t e x  model 50- I I .  six-way Teflon rotary valves. 


EXPERIMENTAL 


Equipment-An HPLC4 with programmable external events and a pneu- 
matic loop valve injector was used. The position of the injection valve was 
controlled by a program in  the chromatograph that used solenoids tocontrol 
the pneumatic pressure to the valve. "Tee" fittings were placed in the pneu- 
matic lines to control the action of a 60' stepping actuator. This actuator was 
used to rotate a six-way rotary valve5. As shown in Fig. I ,  each of six streams 
of dissolution medium from a dissolution unit is pumped to the six-way valve, 
where one stream is selected to go to the injection valve and the rest are re- 
turned through polytcf tee fittings to the dissolution unit. The stream going 
to the injection valve flows through the injection loop and then to waste (-2-3 
mL of medium is lost in  a 30-min analysis). 


On program command (external event), the injection valve switches from 
the load position to the inject position, and the sample is washed onto the an- 
alytical column. At the same time, the pneumatic pressure switches the 60' 
stepping actuator to the return position. The next external events command 
causes the injector valve to return to the load position, and the stepping ac- 
tuator is advanced simultaneously to select the next stream from the dissolution 
unit and send it through the injection loop. The injection loop is thus contin- 
uously flushed with new sample throughout the time required for the chro- 
matographic separation. 


Chromatographic Conditions-Since rapid turnaround is required for this 
application. thechromatography was optimized with a short (5-cm) column 
and a high flow rate. An analysis time of 30-45 s/sample was the targeted 
range. 


The rapid HPLC method used a 50 X 2.5-mm column packed with nuclensil 
5 SA. At ambient temperature. an isocratic mobile phasecomposed of0.015 
M KMeSO,. 0.025 M tetramethylammonium chloride, and 50% acetonitrile 
was employed at a flow rate of 2.7 mL/min (-1 50 atm) with a 10-pL injection 
loop. The detection was a t  212 nm, with 0.2 AUFS attenuation; resolution 
of the two components was achieved within 0.8 min. The samples in  the dis- 
solution experiment were started at  0.8-min intervalsso that the timing of the 
analysis would be synchronized with the dissolution time. This process allowed 
six samples to be analyzed in sequence within 5 min. 


Additionally, as an alternate system, a microprocessor6 was used to control 
the sequence of steps and provide the timing in an automated HPLC system. 
All of the instrument conditions were kept constant. except for the pneumatic 
actuation and the HPLC pumping system. I n  this case. two solenoid valves' 
were used under the control of the microprocessor. The microprocessor has 
16 1/0 ports, which are extensions of a resident versatile interface adapter. 
Two of these ports were used to control the solenoid valves. The pneumatic 
prcssure released by the solenoid valves was used to simultaneously power an 
itutomatic injector and 60" stepping actuator8. The timing and the sequence 


Model 5020LC with  external events and pneumatic loop valve injector; Varian 
Instrument Co. 


leflon rotary valves. 
Rheodyne model K 50-03 60' stepping actuator with two model 50-1 I six-way 


A I M  65: Rockwell Inrernntional. Anaheim. Calif. ' Rheodyne Model 7 I63 solenoid valve. 
Rheodyne Model 7010 sample injector valve with Rheodyne Model 7001 R V  


pneumatic actuator 
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Figure 2-UV spectra of metoprolol and 
hydrochorothiazide. Key: ( A )  metoprolol, 
0.1 mgfmL; ( B )  hydrochlorothiazide, 0.025 
mg/mL: (C)  metoprolol-hydrochlorothia- 
zide 0.1-0.025 mg/mL. 
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of steps were programmed in BASIC. Driving the injector to the load or inject 
positions was done by sending the appropriate signals through the 1/0 port 
to the appropriate solenoid (one for inject position, one for load position). 
System delays were easily accomplishcd by sending the BASIC program into 
;I loop for the appropriate period of time. 


The advantages of the microprocessor-based system arc that ( a )  it can be 
rctrofittcd to an existing HPLC pump and detector, ( h )  all of the hardware 
is commcrcially available and is relatively inexpensive, and ( c )  the pro- 
gramming on the microprocessor can be tailored to specific applications and 
is independent of another operating system (such as the timed event functions 
necessary on the chromatograph for this procedure). 


Dissolution Apparatus and UV Analyses-The USP paddle method was 
used at 50 rpm employing I L of distilled water as the dissolution medium. 
Thc dissolution profiles were determined by continuously monitoring the 
absorbance of the media through a series of flow cells in  a UV-visible spec- 
trophotometerY. The media were circulated through polytef tubing with an 
in-line filter holderlo using a thick prefilter". A wavelength of 252 nm was 
selected. where the sum of the absorbance is due to the hydrochorothiazide 
and the absorbance due to the metoprolol will be in a convenient range for 
;inalysis. 


~~ ~ 


Zciss Model DM-4. with mulliplc cell attachment; Karl Zciss. New York. N.Y. 


C a t .  No. AP25 040 00; Millipore Corp.. Hedford, Mass. 
l o  Swincx. 47 mm; Millipore Corp.. Bedlord. Mass. 
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RESULTS AND DISCUSSION 


This system is applicable for either single-component products (which have 
low extinction coefficients or some inactive material in the formulation that 
interferes with normal analysis) or multicomponent products. The obvious 
advantage is that the release rate profiles of the individual components in  
multicomponent products can be determined. The system proposed here can 
analyze six scparate dissolution samples within a 5-min turnaround time. This 
B I I O W S  for the dissolution experiment and the HPLC analysis of the active 
components to be conducted simultaneously. 


In developing an HPLC method for use in conjunction with a standard 
six-sample dissolution apparatus, analysis time is the prime consideration. 
f:or example. if the required dissolution profile allows for 5-min time intervals 
txtween groups of six samples for this apparatus, -0.8 min is available for 
each chromatogram. For separations which cannot be performed this quickly, 
longer sampling intervals such as 10 or I5 min would be required. 


The product, metoprolol-hydrochorothiazidc, was prepared in three 
strengths: 50:25, 100:25, and 100:50 mg. Each of the strengths was analyzed 
for dissolution profiles and each compared using the two different analytical 
methods. All results are the mean of six tests. 


The UV spectra of metoprolol and hydrochorothiazide are shown in Fig. 
2. The spectra are seen to overlap at  all points of the CjV spectrum. I t  would 
nearly be impossible to develop an accurate multiple-wavelength analysis for 
this combination product. HPLC analysis would bc an obvious method of 
choice in this case. 
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Figure 3-Comparison of rhe dissolution rates of ( A )  50:25-, ( B )  100:25-, 
and ( C )  IOa:50-mg combinations of metoprolol-hydrochlororhiazide. Key: 
(+) UV analysis (combination); (x)  HPLC analysis of meroprolol; (0 )  
HPLC analysis of hydrochlorothiazide. 


\ 
Figure 4-Chromarogram showing six injections made in a 5-min period. 


The three strengths of metoprolol-hydrochlorothiazide were tested using 
this rapid HPLC method, and comparison data were generated using the UV 
analysis method (Fig. 3). It  can be seen that the U V  analysis yields a disso- 
lution profile which is a composite of the individual release rates measured 
by the rapid HPLC method. For these sets of experiments, the analysis time 
for each batch of tablets required -1 .5 h using the rapid HPLC technique. 
For a conventional HPLC analysis technique, the time required to pull manual 
aliquots and analyze each sample is much greater. Before this technique was 
introduced intoour laboratory, it required -5 h to  analyze a similar dissolu- 
tion. 
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Table I-Peak Heights of Metoprolol-Hydrochlorothiazide Standard S l u t i o n s  


Concentration in Simulated Gastric Fluid, mg/L 
105 20: I0 60:30 80:40 10050 


METa H C T ~  MET HCT MET HCT MET HCT MET HCT 
~~ ~ ~ ~ ~ ~ ~ ~~ ~ ~ 


6.3 4.2 17.1 8.4 58.7 24.8 75.0 32.0 98.0 41.0 
6.3 4.1 17.2 9.1 58.1 32.5 75.0 32.0 98.0 42.0 
6.3 4.2 17.0 8.6 56.5 23.7 74.2 31.2 98.0 41.0 
6.1 4.0 17.0 8.2 56.5 24.3 75.7 31.6 96.5 40.5 


Mean 6.3 4.1 17.1 8.6 57.5 24.1 75.0 31.7 97.6 41.1 
SD 0.1 0.1 0.1 0.4 1.1 0.6 0.6 0.4 0.8 0.6 


MET, metoprolol. 6 HCT. hydrochlorothiazide. 


The advantage of a rapid screening technique for monitoring individual 
release rates of the active components of a multicomponent product is shown 
in Fig. 3. The composite release from the 100:25- and 100:50-mg formulations 
appear similar; however, the hydrochlorothiazide is the faster component in 
Fig. 3B (lOO:25 mg) and the slower component in Fig. 3C (l00:50 mg). 


A typical chromatogram is shown in Fig. 4. where six analyses were com- 
pleted. Peak height measurements for a series of standards are listed in Table 
I. Linear regression analysis on the mean peak height values of metoprolol 
and hydrochlorothiazide versus concentration yielded correlation coefficients 
of 0.9996 and 0.9994, respectively. 


The intent of these experiments was to demonstrate the utility of a novel 
approach to analyzing the dissolution rate profile of combination products. 
For this article, we selected an example of a dual-entity product which was 
manufactured in several strengths. The ease of operation and facility of this 
technique is demonstrated in the reduced time required for quantitative 
analysis of each of the two Components of this combination product. The 
progress being made in  HPLC techniques and equipment should allow this 
technique to be developed for other combination products and for single-entity 
products which have excipients that interfere in normal U V  analyses. 
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Abstract 0 1-(2,4-Dichlorophenyl)-4dimethylaminomethyl-l-nonen-3-one 
hydrochloride (Id) was shown to inhibit the growth of Escherichia coli GK-19 
at a concentration of 50 pg/mL in a medium of pH 6.5. Maximal antibacterial 
activity was found during the logarithmic growth phases rather than at the 
early stationary phase. Electron microscopy revealed that Id caused lysis. and 
inhibition of respiration and retardation of RNA and protein syntheses OC- 
curred in the bacteria with this compound at 50 pg/mL. 


Keyphr& 0 1 -(2.4-Dichlorophenyl)-4-dimethylaminomethyl-1 -nonen-3-one 
hydrochloride-antibacterial activity in Escherichia coli, effects of concen- 
tration, temperature, and medium pH 0 Antibacterial activity-l-(2,4- 
dichlorophenyl)-4-dimethylaminomethyl- 1 -nonen-3-one hydrochloride against 
Escherichia coli. effects of concentration, temperature, and medium pH 


Previous work from these laboratories showed that a number 
of Mannich bases derived from conjugated styryl ketones had 
antibacterial properties ( 1  -3). The aim of the present inves- 
tigation was twofold. First, it was hoped to unravel some of the 
factors affecting the action of a representative Mannich base 
on bacterial growth, and second, to discern the site or sites of 
action of the compound toward the bacteria. 


EXPERIMENTAL 


Synthesis of Compounds-Compound la was prepared by the literature 
method (4); Ib, d-f were synthesized by a previously described procedure ( 5 ) .  
as was Ic (6). 


h: R1 = R1 = R3 = H 
Ib: R' = R' = H; R3 = (CH,),CH, 
Ic: R' = 3-OH; R' = H; R' = (CHI)ICH, 
Id: R' = 243; R' = 4-Cl; R3 = (CH,),CH, 
Ie: R' = 2421; R' = 643; R3 = (CH1)4CH3 
If: R' = 3-Cl; R' = 4-Cl; R3 = (CHi),CH, 


Measurement of Bacterial Growth-In this study, an isolate of Escherichia 
coli K-I2 strain designated GK- I9 (7) was employed. The bacteria were grown 
in a minimal salts medium (8) to which casamino acids (0.5% w/v) and thi- 
amine (7.5 pg/mL) had been added. Adjustment of the pH was made using 
Srensen's buffer solutions (9). The cultures were grown in Erlenmeyer flasks 
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BOOKS 


Analytical Profiles of Drug Substances, Vol. 12. Edited by KLAUS 
FLOREY. Academic Press, 111 Fifth Avenue, New York, NY 10003. 
1983.735 pp. 15 X 23 cm. Price $47.00. 
Continuing the yearly volumes in the series, analytical profiles of 17 


drug substances are given in 713 pages. These are: amantadine, amikacin 
sulfate, benzocaine, dibucaine and dibucaine hydrochloride, estrone, 
etomidate, heparin sodium, hydrocortisone, metoprolol tartrate, phe- 
nylpropanolamine hydrochloride, pilocarpine, pyrazinamide, pyri- 
methamine, quinidine sulfate, quinine hydrochloride, rutin, and tri- 
mipramine maleate. There are also two profile supplements: dioctyl so- 
dium sulfosuccinate (8 pp.) and isopropamide (12 pp.). The main profiles 
for each of these are in Volume 2. 


This volume follows the pattern set in Volume 11. It has all of the 
strengths of the extensive data given in an analytical profile (including 
structures, spectra, tables of properties and chromatographic systems, 
and extensive references) and the lack of consistency inherent in having 
different authorships of each profile [see review of Vol. 11, J. Pharm. Sci., 
72,582 (198311. One reference which was looked for was found as reference 
69 under pilocarpine; however, the authors listed are not correct. This 
volume, like the others in the series, is a valuable reference for those en- 
gaged in pharmaceutical formulation and quality control and those 
needing information on drug metabolism, biopharmaceutics, and phar- 
macokinetics. 


Reviewed by Murray M. Tuckerman 
School of Pharmacy 
Temple University 
Philadelphia, PA 19140 


Cell Surface Receptors. Edited by P. G. STRANGE. John Wiley and 
Sons, Inc., One Wiley Drive, Somerset, NJ 08873.1983.298 pp. 16 X 
24 cm. Price $79.95. 
Dr. Strange has assembled a collection of some 15 reviews, average 


length 20 pages, dealing with a variety of membrane receptors and ap- 
proaches to the study of receptor structure and function. Included are 
chapters on az-adrenoceptors, opiate, benzodiazepine, dopamine, and 
calcium receptors, focusing largely on structure-activity relationships 
seen through pharmacological and radioligand binding studies. Other 
chapters discuss receptor changes and regulation including neurolep- 
tic-dopamine interactions, biogenic amine changes in schizophrenia, 
regulation of GnRH receptors, cyclase defects in pseudohypoparathy- 
roidism, and the implications of coexistence of amine and peptide 
transmitters. Coupling mechanisms are considered in chapters on 
phospholipids and adenylate cyclase. Final chapters discuss the gene 
coding of the nicotinic acetylcholine receptor and radioreceptor assays 
in quantitative drug assay. 


Despite the necessary brevity of the chapters, there is material of in- 
terest to expert and nonexpert alike. Each chapter is, at least, adequately 
written with decent illustrations and few misprints. Few will leave the 
book without both gaining some useful insights and a deepened appre- 
ciation for the rapid pace of development of the study of pharmacological 
receptors. However, it is difficult to determine the primary audience for 
this book. To the nonexpert, graduate student, or new worker in the field, 
the volume is simply not systematic enough; however, the volume could 
certainly be a helpful supplementary volume accompanying a more basic 
course. For this purpose, the book is highly priced. To the expert, the 
volume may be useful in providing brief reviews in a number of receptor 
areas, but probably not to the extent of individual purchase. 


In summary, I enjoyed reading this book and obtained some useful 
insights into a number of receptor areas. I do not recommend it for in- 
dividual purchase, but an institutional purchase would certainly be ap- 
propriate. 


Reoiewed by David J. Triggle 
Department of Biochemical Pharmacology 
State Unioersity of New York a t  Buffalo 
Amherst, NY 14260 


Manufacturing Processes for New Pharmaceuticals. By MAR- 
SHALL SITTIG. Noyes Publications, Mill Road at Grand Avenue, 
Park Ridge, NJ 07656.1983.612 pp., 15 X 23 cm. Price $84.00. 
This is Chemical Technology Review No. 220 from Noyes Publications. 


The book describes the processes for the manufacture of nearly 500 
new-chemical-entity pharmaceuticals. The great majority of the com- 
pounds are undergoing some level of FDA review, with approval as new 
drugs being the ultimate goal. The author states in the foreword to the 
book that the information used in the reviews was obtained from the 
patent literature, and that the new drugs described have attained generic 
name status, but in most cases have not yet received trade names. 


The arrangement within the reference is alphabetical by generic name. 
There is no index or cross-index of the compounds listed in the book by 
chemical name. The lack of such a chemical name index detracts from 
the value of the book, since its not possible to conveniently determine 
whether or not a particular compound is listed in the book, unless the 
generic name is known. 


Under each entry in the book, the generic name is given first, followed 
by the therapeutic function of the compound, the chemical name, the 
empirical chemical formula, the structural formula, in some cases a 
product description (usually limited to the melting point), the code 
number of the compound, the manufacturer and country, the manufac- 
turing process, and references. The manufacturing processes are de- 
scribed in detail. In some cases, several alternative syntheses are given. 
Where intermediates are involved, the syntheses of the intermediates 
are given. In addition to the one or more patent references given with each 
compound, other references are frequently given, where results of 
pharmacological studies or other data on therapeutic uses, adverse effects, 
or precautions may be found. 


The book is intended as a guide to future drugs. The book should thus 
be of interest to scientists engaged in the design and development of new 
drugs. Furthermore, some of the chemical synthesis manufacturing 
methods reported for the wide range of compounds in the book will be 
of interest to medicinal and organic chemists. 


Reviewed by Gilbert S. Banker 
Industrial and Physical Pharmacy 


School of Pharmacy and Pharmacal 


Purdue University 
West Lafayette, IN 47907 


Department 


Sciences 


Antibiotics: An Introduction. By ROLAND REINER. Thieme- 
Stratton Inc., 381 Park Avenue South, New York, NY 10016.1982.172 
pp. 12 X 19 cm. Price $9.95. 
This small volume is intended to provide “a condensed introduction 


to the chemistry, biochemistry, biology, pharmacy, and medical usage 
of antibiotics.” The book begins with a brief historical outline in tabular 
form of the discovery of important chemotherapeutic agents. This is 
followed by very brief discussions concerning the detection and deter- 
mination of antibiotic activity and the production and isolation of anti- 
biotics. The chapter entitled “Chemistry of Antibiotics” includes a lim- 
ited discussion of the structure proof of penicillin and oxytetracycline, 
followed by a series of schemes illustrating the partial and total synthesis 
of several antibiotics. The synthetic pathways are not discussed. The 
chapter on “Mechanism of Action of Antibiotics” is presented in tabular 
form listing the antibiotic class and site of action with minimal discussion. 
A chapter entitled “Chemotherapeutic Properties of Antibiotics” pro- 
vides a brief overview of the clinical use, antibacterial spectrum, ad- 
ministration and dosage, and bacterial resistance of important antibiotics. 
The information is presented primarily in tabular form. The fiial chapter, 
about one-third of the book, is entitled “Structural Formulas and Main 
Properties of Individual Antibiotics.” This chapter consists primarily 
of the structural and empirical formulas and molecular weight of over 
100 antibiotics. A bibliography containing an extensive listing of mono- 
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graphs is provided. However, failure to reference the material in the in- 
dividual chapters is a serious omission. 


This book may serve as a quick reference for chemical structures and 
chemotherapeutic properties of a large number of antibiotics. However, 
the handbook approach used to present the material makes this book 
unsuitable as a text. 


Reoiewed by Marvin R. Boots 
Department of Pharmaceutical Chemistry 
Medical College of Virginia 
Virginia Commonwealth Uniuersity 
Richmond, V A  23298 


This book is heartily recommended for the novitiate as well as the 
expert. Being a personal statement, you will enjoy the author’s strengths 
and weaknesses in terms of understanding the field. The index is unique 
in that it allows you to find the primary places where each author is 
mentioned throughout the book. In the short time that I have had it, I 
easily justified the cost of the book by rapidly finding author refer- 
ences. 


Reoiewed by Howard Maibach 
University of California 


San Francisco. CA 94143 
Medical School 


Solid-state Chemistry of Drugs. By STEPHEN R. BYRN. Academic 
Press, 111 Fifth Avenue, New York, NY 10003.1982.346 pp. 15 X 23 
cm. Price $55.00. 
The literature on solid-state chemistry is not abundant, and the topic 


of solid-state chemistry of drugs per se has not been treated previously 
in book form. (Granted, chapters in books and reviews in journals have 
appeared.) Dr. Byrn’s book hence fills a void. I t  is refreshing to note, at  
the onset, that it does this very well. 


The book is, first of all, self-contained. It commences with morpho- 
logical descriptions and definitions, followed by a broad overview of what 
actually happens in a solid when the molecules contained in it (or some 
of them) undergo chemical change. It then gives examples of the various 
types of solid-state reactions documented in the literature (and of 
pharmaceutical interest). 


A chapter is devoted to methods of analysis, in a somewhat different 
way than the casual reader might expect. The tools of trade in this field, 
if mechanistic understanding is the goal, are X-ray, spectroscopy, and 
thermal methods. In other words, the analysis section is not cluttered with 
specific assay methods, but rather with the specific tools. I t  might have 
been instructive to have a section dealing with high-vacuum techniques 
of gas analysis, since these are frequently used in solid-state kinetics in 
isothermal studies of gas-producing reactions. 


The chapter on solid-state kinetics is excellent and covers all essential 
principles. Particularly useful is Table I, where one particular reaction 
is treated by a large number of different mechanistic models, leading to 
the conclusion (not surprisingly) that simply fitting the data to a model 
will not, in itself, serve as a selection criterion. That philosophy is true 
in general, but is well stated. 


A large chapter is devoted to polymorphism, an important aspect not 
often thought of as “chemistry” (as implied in the title of the book). But, 
it certainly belongs in the book and should be of great usefulness to those 
working in this particular field. 


The book contains a wealth of examples. It is written in a very pleasant 
style. A must for the pharmaceutical scientist involved in solid dosage 
forms. 


Reoiewed by J. T. Carstensen 
School of  Pharmacy 
University of Wisconsin, 
Madision, WI 537U6 


Dermatological Formulations: Percutaneous Absorption. By 
BRIAN W. BARRY. Marcel Dekker, 270 Madison Avenue, New York, 
NY 10016.19&3.479 pp. 16 X 23.5 cm. Price $55.00 (2070 higher outside 
the US .  and Canada). 
This is a concise, single-authored overview of percutaneous penetration 


as it relates to dermatological formulations. Demonstrating the breadth 
and depth of his personal reading and experience, Dr. Barry single- 
handedly tackles many different areas. He starts with a brief overview 
of the structure, function, diseases, and topical treatment of human skin. 
The second chapter is a classical review of the principles of diffusion 
through membranes. He next discusses the facts and theory related to 
skin transport and properties influencing percutaneous absorption. 
Following a brief review of methods for quantitating absorption, he ends 
with two strong chapters on formulation and rheology of dermatological 
vehicles. 


Alkaloids, Volume 1: Chemical and Biological Perspectives. Edited 
by S. WILLIAM PELLETIER. Wiley-Interscience, 605 Third Avenue, 
New York, NY 10158. 1983.398 pp. 16 X 24 cm. Price $60.00. 
Alkaloids never seem to cease attracting the interest of chemists. Since 


the turn of the century, numerous books and series have been published 
on the subject. This is another ambitious, comprehensive treatise in- 
tending to add new perspectives to the subject. The series takes a new 
topic-oriented approach, departing from the traditional descriptive 
system based on the class of compounds. 


The first volume begins with the nature and definition of an alkaloid 
by the editor and includes such mixed topics as “Arthropod Alkaloids: 
Distribution, Functions, and Chemistry,’’ by T. H. .Jones and M. S. Blum; 
“Biosynthesis and Metabolism of the Tobacco Alkaloids,” by E. 1,eete; 
“The Toxicology and Pharmacology of Diterpenoid Alkaloids,” by M. 
H. Benn and J. M. Jacyno; and “A Chemotaxonomic Investigation of the 
Plant Families of Apocynaceae, Loganiaceae, and Rubiaceae by Their 
Indole Alkaloid Content,” by M. V. Kisakurek, A. J. M. Leeuwenberg, 
and M. Hesse. All were written by unquestionable experts in their par- 
ticular field and provide not only first-hand information by researchers 
themselves, but also deep insights into the individual subjects. 


Dr. Pelletier’s devotion to the chemistry of alkaloids, especially di- 
terpenoid alkaloids, is widely known, and his ability to cover this broad 
topic is also well-proven by his earlier publication in The Royal Society 
of Chemistry-Specialist Periodical Reports on alkaloids. In the first 
volume he has certainly exercised his knowledge of the topics and taken 
advantage of his close acquaintance with top researchers in the individual 
fields. However, it remains to be seen in future volumes how successful 
the series will be in raising the interest of interdisciplinary readers in such 
diversified areas as medicinal chemistry, natural products chemistry, 
pharmacology, pharmacognosy, biochemistry, phytochemistry, plant 
taxonomy, oncology, forensic science, and medicine as originally intended. 
At any rate, in conjunction with recent research interest in natural 
products chemistry, books taking the multidisciplinary approach as, for 
example, a series on marine natural products with the same subtitle 
(Marine Natural Products: Chemical and Biological Perspectiues, P. 
J. Scheuer, Ed., Academic Press, Volumes I-V), are seen more and more 
on the bookshelves. 


Reuiewed by Yuzuru Shimizu 
Department of Pharmacognosy and 


Environmental Health Sciences 
College of Pharmacy 
Ilnioersity of Rhode Island 
Kingston, H I  02881 


Annual Review of Pharmacology and Toxicology, Volume 23. Edited 
by ROBERT GEORGE, RONALD OKUN, and ARTHUR K. CHO. 
Annual Reviews Inc., 4139 El Camino Way, Palo Alto, CA 94306.1983. 
713 pp. 15 X 22 cm. Price $27.00. 
This review of pharmacology and toxicology continues a successful 


series of monographs in these areas. The btx)k contains 27 different re- 
views and a review of the reviews. Each of the reviews is written by a 
person familiar with the area of research. The reviews are normally 
concise and well referenced; important tables and figures are included 
in many of the reviews. The initial review by Leslie Iversen on “Nonopioid 
Neuropeptides in Mammalian CNS” provides some insight into the re- 
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Evaluation of the Bioavailability of Sarpicillin, the 
Methoxymethyl Ester of Hetacillin, in Humans 


S. STAVCHANSKY *x, H. S. PEARLMAN *, D. R. VAN HARKEN $, 
R. D. SMYTH $, G. H. HOTTENDORF $, A. MARTIN *, 
J. NEWBURGER*, and L. W. SCHNEIDER* 
Received March 15, 1982, from *The U n i u m i t y  of Texas a t  Austin,  College of Pharmacy, Drug Dynamics Insti tute,  Austin,  TX 7#712, and 
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Abstract D ‘The relative bioavailahility of sarpicillin (the methoxymethyl 
ester of hetacillin) from three different oral dosage forms was compared 
in humans employing a three-way crossover study design. Each unit dose 
contained 250 mg of sarpicillin in terms of anhydrous ampicillin activity. 
The comparative hioavailability at‘ a tablet containing added buffer, a 
liquid-filled capsule, and a standard powder-filled capsule was deter- 
mined. The bioavailability parameters were C,,,, t,,, and AUC of intact 
plasma sarpicillin levels and saliva ampicillin levels. Significant corre- 
lat ion was found between plasma sarpicillin levels and saliva ampicillin 
levels following the administration of sarpicillin. All three formulations 
yielded statistically similar C,,, and AUC values with respect to plasma 
sarpicillin and saliva ampicillin levels. However, a more rapid ahsorption 
of intact sarpicillin was observed with the buffered tablet formulation, 
as reflected by significantly smaller tmax for both plasma sarpicillin and 
saliva ampicillin levels. The faster absorption from the tablet formulation 
gave more precise ahsorption among subjects. 


Keyphrases Sarpicillin -evaluation of bioavailability, humans, me- 
t hoxymethyl ester of hetacillin 0 Hioavailability-sarpicillin, me- 
thoxymethyl ester of hetacillin, humans Hetacillin --methoxymethyl 
ester, evaluation of hioavailability of sarpicillin in humans 


Ampicillin (11) is an acid-resistant form of penicillin, 
whose oral absorption is incomplete and erratic in humans. 
Factors which have been shown to account for differences 
in ampicillin hioavailability are intersubject variability (l), 
age of subjects (2), liver disease (3), and variation in forms 
[hydrate (4) and salt (5)] of ampicillin. Esters of penicillin, 
such as pivampicillin hydrochloride and hetacillin have 
been introduced in an effort to improve the properties of 
ampicillin. Hetacillin is susceptible to rapid hydrolysis 
both in uiuo and in uitro (6, 7). However, this drug im- 
proves ampicillin bioavailability (S), and its activity de- 
pends on the formation of ampicillin. 


Sarpicillin free base [methoxymethyl (2SI5R,6R)-6- 
(2,2-dirnethyl-5-0~0-4-phenyl- 1 - imidazolidinyl) - 3,3- 
dimethyl-7-0x0-4-thia - 1 - azabicyclo[3.2.0]heptane - 2- 
carhoxylate] (I)  a new semisynthetic penicillin derivative, 
the methoxymethyl ester of hetacillin is a basic, nonion- 
izable, highly lipophilic antibiotic possessing the same 
antimicrobial spectrum and activity as ampicillin. I t  is 
effective against Gram-negative pathogens such as H e -  
nzophilus influenzae and the coliform group. The chemical 
relationship of sarpicillin to ampicillin is apparent. 


Distribution of antibiotics to tissues is of increasing 
clinical concern (9,lO). Sarpicillin is of particular impor- 
tance because it results in high tissue concentrations of 
ampicillin, particularly in lipid-rich regions such as the 
brain and prostatic tissue, as well as in the CSF and lungs. 


I I1 


High concentrations of ampicillin are also observed in red 
blood cells following the administration of sarpicillin 
(11-14). Sarpicillin administered orally in a single dose 
appears to have advantages such as more rapid absorption, 
higher and earlier plasma levels, and a larger volume of 
distribution when compared with ampicillin (15). The  
objective of the present investigation was to  prepare a 
formulation of sarpicillin base which would provide better 
systemic ampicillin levels compared with an equivalent 
dose of pure ampicillin and would protect sarpicillin from 
possible hydrolysis in the GI tract. Human plasma, saliva, 
and urine levels of sarpicillin in terms of ampicillin activity 
of three different formulations are presented. 


EXPERIMENTAL 


Study Design-Six normal healthy male volunceers, 120-35 years old, 
were selected for participation in the study. The range in subject weight 
did not exceed 30 kg. 


Within 1 week preceding the study, subjects were given a thorough 
physical examination, and the following clinical laboratory tests were 
performed: (a )  hematology: hemoglobin, hematocrit, sedimentation rate, 
white blood cell count, platelet estimate, and differential, ( b )  blood 
chemistry: SMA 12/60 analysis or equivalent, and (c) urinalysis: physical 
characteristics, albumin, sugar, and microscopic examination. Subjects 
whose values for any of the laboratory tests were outside of the normal 
range were excluded from the study. 


Subjects were excluded from the study who: (a )  had received any drugs, 
with the exception of moderate use of alcohol and tobacco, for a period 
of at least 2 weeks prior to  the study; ( b )  showed significant physical or 
organ abnormality or disease; ( c )  required maintenance therapy with any 
drug or history of drug dependency; ( d )  had any recognizable surgical 
disease; ( P )  had a history of hypersensitivity to any antimicrobial agents 
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Figure I-Ampicillin plasma concentration obtained after single oral 
administration of t rmtments  A ,  bufferrd tablet lo), n, soft gelatin 
c,apsu/c (e), and C, standard gelatin capsule (A). 
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Figure %-Urinary ampicillin excretion after single oral administration 
of treatments A, buffered tablet (O), B,  soft gelatin capsule (o), and 
C, standardgelatin capsule (A). 


or other allergens (pollens, etc.) ,  previous use of any cardiac glycoside, 
any type of anemia, cardiac or respiratory diseases, renal or liver im- 
pairment, thyroid disease, recent GI or glucose-6-phosphate dehydro- 
genase deficiency. Informed consent was obtained from the subjects. 


During the study day a physician was present, and all subjects were 
confined in the clinical facilities a t  the University of Texas Health Science 
Center at San Antonio. Subjects were fasted from midnight prior to the 
drug administration, and each subject drank at least 500 mL of fluids 
during the evening preceding the study day. No alcoholic beverages were 
allowed between supper and midnight. On the day of the study, no bev- 
erages were permitted during the fasting period. Following 4-h postdose 
fasting, the subjects were allowed to eat and drink a specific diet. 


All subjects were given 200 mL of water a t  the start of the treatment, 
regardless of dosage administered. An additional 200 mL of water was 
given every 2 h after treatment while the fasting was still being main- 
tained. After drug administration, the subjects were ambulatory 
throughout the test day, and proceeded with normal daily routine while 
being available for blood, saliva, and urine sampling. 


The experimental design in the present study is an exact balance of 
formulations over weeks, and each subject received every formulation. 
The design was repeated twice for a total of two Latin squares. Each 
subject received single 250-mg oral doses of sarpicillin base on each of 
3 study days. 


Study days were separated by 1-week washout periods to allow for drug 
elimination as well as to allow for stabilization for the blood volumes of 
the subjects. Treatments A, B, and C consisted of a buffered tablet, a soft 
gelatin capsule, and a standard gelatin capsule, respectively. Each for- 
mulation contained 250 mg of sarpicillin base in terms of ampicillin ac- 
tivity'. 


Blood samples were drawn by serial venipuncture a t  time zero (prior 
to drug administration) and at 15,30,45 min, 1,1.5,2,3,4,6, and 8 h after 
drug administration. All blood specimens were collected in heparinized 
tubes2. The heparinized tubes were gently inverted a few times to allow 
for complete mixing, cooled in ice for 3-5 min, and then centrifuged a t  
4500 rpm for 5 min in a refrigerated centrifuge. The plasma was trans- 
ferred into polypropylene tubes, immediately flash frozen by immersion 
in an ethanol-dry ice bath, and was then kept frozen until assayed. 


Urine specimens were collected a t  time zero (prior to drug adminis- 
tration). Saliva samples (-3-5 mL) were collected at time zero and at 15, 
30, 45 min, 1, 1.5, 2, 3, 4, 6, and 8 h after drug administration. Saliva 
production was induced by instructing the subject to roll a glass marble 
in his mouth for 3-5 min prior to the collection period and then to ex- 
pectorate into a plastic container. Each saliva sample was immediately 
frozen by immersion in an ethanol-dry ice bath and was kept frozen until 
assayed. 


Analytical Methodology-Bioassays for antibiotic activity were 
performed by standard microbiological agar-diffusion assay methodology 
(16). Sarpicillin was determined by extracting the biological sample with 
chloroform after the addition of an equal volume of 0.1 M phosphate 
buffer, pH 7.4. The ampicillin remained in the aqueous phase. Antibiotic 
activity in each phase was quantitated by the disk-plate assay using 
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Supplied by Bristol Laboratories, Syracuse, NY 13201. 
Becton, Dickinson, Rutherford, NJ 07070. 


Figure 3-Ampicillin saliva concentration obtained after single oral 
administration of treatments A, buffered tablet (O), B, soft gelatin 
capsule (O), and C, standard gelatin capsule (A). 


Sarcinea lutea ATCC 9341 as the assay organism. Ampicillin trihydrate 
and sarpicillin hydrochloride were used as the reference standards. 
Chloroform did not interfere with the assay. 


Ampicillin trihydrate standards were prepared in distilled water, and 
sarpicillin base standards were prepared in chloroform. Standard solu- 
tions (1 mg/mL) were prepared for both compounds based on ampicillin 
potency. Two milliliters of each stock solution was diluted to 100 ml using 
the appropriate diluents. From this diluted standard, 1.0, 2.0, 3.0, 4.0, 
5.0,6.0,7.0,8.0, and 9.0 mL were placed in 100-mL volumetric flasks and 
diluted to volume. These dilutions yielded 1-9 ng of ampicillin activity 
when 5 pL of each standard solution was spotted on opposite site disks 
in duplicate. When completed, each dish was covered with cardboard, 
marked, and stored a t  4°C until all samples were spotted. 


Plasma, saliva, and urine samples were made for each dilution so that 
an average diameter value could be obtained. When the spotting of all 
samples was completed, the samples and standard dishes were placed 
in an incubator a t  28°C overnight. Zone diameters for the various diluted 
samples were averaged and the concentrations determined from the 
appropriate standard curve. 


RESULTS 


Ampicillin-Average ampicillin plasma, saliva, and urine data ob- 
tained after oral administration of a buffered tablet, a liguid formulation 
in a soft gelatin capsule, and a standard gelatin capsule (treatments A, 
B, and C) containing 250 mg of sarpicillin base in terms of ampicillin 
activity are illustrated in Figs. 1-3, respectively. The data obtained 
represent unchanged ampicillin. 


The average ampicillin level versus time curves (Fig. 1) for treatments 
A, B, and C were fitted to Eq. 1 (17) using the digital computer program 
NONLIN (18): 


where k,  is the first-order absorption rate constant, K is the overall 
first-order elimination rate constant, D represents the absorbed dose, 
V d  is the volume of distribution, C, represents ampicillin plasma con- 
centration, and L is the lag time for absorption. The parameters of the 
computer fit are K ,  k , ,  DIVd, and L .  Based on R-squared values, slightly 
better fits were obtained when weights of l/y& were used rather than 
weights of one. The results for the three treatments are summarized in 
Table I. 


Based on the computer-generated parameters K ,  k,, L ,  and DIVd for 
ampicillin plasma data, estimates of the time to peak ( t m a x )  peak con- 
centration (C,,,), and area under the curve (AUC) were calculated: 


In ( K l k , )  t,,, = L + ~ 


K - k, 
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Table I-Pharmacokinetic Parameters  of Ampicillin After 
Administration of Sarpicillin 


Table 111-Bioavailability Parameters  and  Statistics for Saliva 
Ampicillin After Administration of SarDicillin 


'heatmenth 
Parameter" A R C Parameter" 


Treatmentb 
A B C 


K, h-I 


K c ,  h-1 
k., h-I 


L , h  


0.464 0.590 0.555 
(0.016) (0.068) (0,061) 
0.453 0.441 0.507 
6.958 1.528 1.320 


(i.337) (0.267) (0.259) 
0.184 0.221 0.295 


(0.013) (0.008) (0.036) 
DIV pglmL 2.998 4.006 4.224 


(0.081) (0.438) (0.454) 
CLn,  Llh ' 10.76 12.43 16.02 


See text for parameter definitions. Calculated from the NONLIN digital 
computer fit of average plama ampicillin levels. Weights = l /yob for treatment 
A (buffered tablet), treatment B (soft gelatin capsule), and treatment C (standard 
gelatin capsule). b S D  in parentheses. c Values obtained from si ma minus plots 
of urine data. d Paired t test a tp  < 0.05 indicates a significant differince between 
treatments A-B and A-C. e Values ohtained from overall renal clearance plots. 


The average of the observed values o f t  C,,,, and AUC for the indi- 
vidual ampicillin level uersus time curves are listed in Table I1 along with 
the results of analysis of variance (ANOVA) and paired t tests. 


The amount of ampicillin remaining to be excreted in the urine (IT, 
- Lrt ) was calculated and plotted versus time on a semilogerithmic scale 
(19). For these sigma-minus plots, the value of U, was taken as the 
amount of ampicillin excreted in the urine after 24 h. Least-squares linear 
regression was used to determine the slope, intercept, and correlation 
coefficient for the straight line which best fit the data. The results for 
treatments A, B, and C are listed in Table I. Renal clearance plots were 
prepared by plotting the ampicillin urinary excretion rate for each col- 
lection interval uersus the corresponding plasma ampicillin level a t  the 
midpoint of the collection interval. The data for each treatment (all six 
subjects) was fit to an equation for a straight line passing through the 
origin: 


(Eq. 5) 


where dU/dt  is the ampicillin urinary excretion rate and CLR represents 
the ampicillin renal clearance. The slopes of these plots represent am- 
picillin renal clearance CLR in liters per hour for treatments A, B, and 
C and are listed in Table I. The amount of unchanged ampicillin in the 
urine a t  time infinity (U,) for treatments A, B, and C are 82.04,104.65, 
and 122.12 mg, respectively. The values for 1; C,dt, the plasma ampi- 
cillin AUC from time zero to infinity, were approximated by the values 
obtained after 24 h. From Table 11, AUC values for treatments A, B, and 
C are 6.43, 7.07, and 7.58 h.mg/L, respectively. The calculated renal 
clearances are listed in Table I. 


Saliva Ampicillin-The values of t,,,, C,,,, and AUC for saliva 
ampicillin are presented in Table 111 along with the results of paired t 
tests. In every subject, saliva ampicillin levels were <0.2 pglmL. 


Sarpicillin-Typical sarpicillin plasma levels obtained after oral 
administration of treatments A, B, and C are illustrated in Fig. 4. The 
average of the observed values oft,,,, C,,,, and A U C  of the individual 
sarpicillin plasma level uersus time curves are compared in Table IV with 
the observed tmsx, C,,,, and AUC of the average sarpicillin plasma level 


Table 11-Bioavailability Parameters  and  Statist ics for  Plasma 
Ampicillin After Administration of Sarpicillin 


0.50 1.25 0.75 
0.46(0.10) 1.04(0.39) 0.81 (0.19) 


Cmaxc, 4 m L  I 0.20 0.10 0.15 
I1 0.20(0.09) 0.15(0.05) 0.18(0.12) 


AUCC, h pglmL I 0.18 0.16 0.17 
I1 0.18(0.10) 0.16(0.05) 0.17(0.90) 


a I = Values observed from average data. 11 = Average of values observed for 
individual subject data. b Treatment A (buffered tablet), treatment H (soft elatin 
capsule), and treatment C (standard gelatin capsule). SD in parentheses. C $aired 
t test at p < 0.05 indicates a significant difference between treatments A-B and 
A-C. 


data. Paired t tests between treatments for t,, are also included in Table 
IV. In every subject, traces of sarpicillin were found in the urine. 


Saliva-Plasma Drug  Ratios-Ratios of saliva ampicillin to plasma 
ampicillin and to plasma sarpicillin for each treatment are presented in 
Table V. A U C  ratios are also listed, and all values are calculated from 
average data for the six subjects. 


DISCUSSION 


Kinetic Analysis-Ampicillin-Jusko and Lewis (8) used a two- 
compartment open-body model to describe the disposition kinetics of 
ampicillin after intravenous administration in humans. After oral ad- 
ministration of ampicillin, absorption and distribution occur simulta- 
neously and could not be distinguished kinetically; a one-compartment 
open model was sufficient to fit the data (8). Pharmacokinetic analysis 
of the plasma ampicillin data after oral administration of sarpicillin also 
fit a one-compartment open model. A first-order input was used to rep- 
resent intestinal absorption. Since the initial rise of ampicillin plasma 
levels were slightly delayed, a lag time, L, was incorporated into the 
mathematical model as seen in Eq. 1 .  This lag time may be the result of 
delayed absorption, conversion of sarpicillin to ampicillin, or a combi- 
nation of both, since some conversion may occur prior to absorption. I t  
would seem that this model is an oversimplification of the true situation 
considering the lipophilic nature of the prodrug. This is probably the case, 
but the data were fit very nicely by this model, as seen in Table I. The best 
fits of the data, as judged by the R-squared values and visual inspection, 
were obtained using weights of l/yohs. 


The sigma-minus plots of urine data also show first-order elimination 
of ampicillin. The slopes of these plots represent the overall elimination 
rate constants and are in reasonable agreement with those from the 
plasma data (Table I). Jusko and Lewis found &phase elimination rate 
constants for ampicillin of 0.54 and 0.50 h-I after intravenous ampicillin 
and hetacillin administration, respectively (8). These values are similar 
to the ampicillin elimination rate constants after sarpicillin adminis- 
tration (Table I). The much larger rate constant for absorption and 
shorter lag time, clearly indicate that ampicillin appears in the plasma 
more rapidly from the buffered tablet (treatment A) than from either of 
the capsules (treatments B and C). The larger DIVd values for treatments 
B and C reflect the larger elimination rate constants and longer times to 
peak levels for these treatments. 


Renal clearance, estimated from the slopes of clearance plots, are listed 
in Table I for the three treatments. The smaller clearance for treatment 


Treatment* 
Parameter" A B C 


Table IV-Bioavailability Parameters  and Statistics for  Plasma 
SarDicillin 


0.5 1.5 1.5 
0.60 1.24 1.43 


Treatment 
Parameter" A B C 


1.08(0.96) 1.25(0.50) 1.46(0.51) 
CrnaxvcI (Lcg/mL) I 2.42 2.85 2.15 


11 2.47 2.20 2.25 
I11 2.65(0.83) 3.38(1.06) 2.65(0.66) 


AUCc, p h .  g/mL I 6.44 7.07 7.58 
I1 6.46 6.79 7.61 


111 6.43(0.56) 7.07 7.58(0.86) 


a I = Values observed from average data. 11 = Values from predicted ints after 
NONLIN digital computer fit. tl max, C,.,, and AUC were calculatefirom Eqs. 
2,3, and 4, respectively. 111 = Average of values observed for individual subject data. 


Treatment A (buffered tablet). treatment R (soft gelatin capsule), and treatment 
C (standard gelatin capsule). SD in parentheses. Paired t test at p < 0.05 indicates 
no significant difference between treatments. 


0.50 0.63 0.75 
0.38(0.14) 0.92(0.47) 0.71(0.19) 
0.83 0.40 0.70 
0.85(0.37) 0.72(0.23) 0.80(0.61) 


AUC, he pglmL I 0.65 0.55 0.75 
I1 0.68(0.33) 0.57(0.22) 0.78(0.62) 


I = Observed values from average date. I1 = Average of values observed for 
individual subject data. b Treatment A (buffered tablet), treatment €3 (soft elatin 
capsule), and treatment C (standard gelatin capsule). SL, in parentheses. AkOVA 
indicates a significant difference among treatments regarding t , ,  at p < 0.01. 
Paired 1 test at p < 0.05 indicates a significant difference for l,.. between treat- 
ments A-B and A-C. 
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Table V-Saliva-Plasma Drug Ratios of Mean Data for Six Subjectse  


Ratio 
Treatment 0.25 h 0.5 h 0.75 h 1.0 h 1.5 h 2.0 h AUC 


I/II A 0.229 0.241 0.228 0.286 0.375 - 0.265 
I/III A 0.148 0.083 0.054 0.038 0.017 0.016 0.028 
I/II B 0.067 0.150 0.200 0.303 0.270 1.333 0.281 
I/III B 0.059 0.044 0.043 0.053 0.035 0.020 0.023 
1/11 C 0.059 0.155 0.214 0.217 0.233 0.800 0.218 
I/III C 0.333 0.097 0.088 0.063 0.033 0.019 0.022 


a I = Saliva ampicillin concentration; XI = plasma sarpicillin concentration; XI1 = plasma ampicillin concentration. 


A appears to be due to the smaller amount of ampicillin eliminated in the 
urine compared with treatments B and C. Essentially no sarpicillin was 
detected in the urine, but if it is eliminated by this pathway, the residence 
time in the bladder would be sufficient for hydrolysis to occur. This would 
result in artificially high values of dCJ/dt and renal clearance for ampi- 
cillin. 


Sarpicillin- As previously indicated, plasma sarpicillin data did not 
fit the one-compartment model (Eq. 1) to a statistically acceptable degree. 
As a result, only the simplest pharmacokinetic analysis of this data can 
be made, which is comparison of the t,,,, C,,,, and AUC values. No 
significant differences were observed for the AUC and C,,, of sarpicillin 
plasma levels between treatments, but t,,, for treatment A is signifi- 
cantly smaller than for treatments B or C, as seen in the paired t test in 
Table IV. The rate of sarpicillin delivery to plasma is faster for treatment 
A than B or C, whereas the extent of sarpicillin delivery to plasma is 
statistically the same for all three treatments. 


Saliva-Plasma Drug Analysis- Although in this study sarpicillin 
saliva levels were found to be <0.2 pg/mL (CV I l O % ) ,  it is likely that the 
ampicillin present in saliva originated from plasma sarpicillin which was 
converted to ampicillin after it reached the saliva. This becomes evident 
when saliva ampicillin levels are compared with plasma sarpicillin and 
ampicillin levels. Plasma sarpicillin and saliva ampicillin levels fall to 
undetectable levels at  3 h, while plasma ampicillin levels are relatively 
high a t  that time and become undetectable only after 8 h. For each 
treatment, the shape of the saliva ampicillin curve more closely resembles 
that of plasma sarpicillin. The ratios of saliva ampicillin to plasma sar- 
picillin in Table V are more constant for each treatment than the saliva 
ampicillin to plasma ampicillin ratios. This is in agreement with the 
findings of Kjaer and Madsen (13) who suggested that prostatic fluid 
ampicillin levels in dogs were dependent on the plasma sarpicillin levels. 
Due to its low pK,, ampicillin is almost completely ionized in plasma a t  
pH 7.4 while sarpicillin is not. Therefore, ampicillin would be less likely 
to cross the lipoidal parotid epithelium and enter saliva. In addition, the 
slight acidity of human saliva (20) creates an unfavorable driving force 
for pH partitioning of ampicillin from plasma to saliva. Melon and Re- 
ginster (21) found that passage of ampicillin into saliva of humans is ir- 
regular and very slight, as would be expected. Due to the highly enzymatic 
nature of saliva, one would expect sarpicillin there to be rapidly converted 
to ampicillin. 
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Figure 4-Sarpicillin plasma concentration obtained after single oral 
administration of treatments A, buffered tablet (o), B, soft gelatin 
capsule (a), and C, standard gelatin capsule (A). 


Since saliva ampicillin levels, like plasma sarpicillin, fit the one com- 
partment model poorly, the data were compared by t,,, C,,, and AUC. 
As shown by the t,,, for saliva ampicillin levels in Table 111, treatment 
A delivers ampicillin to saliva more rapidly than treatments B or C, which 
correlates with the more rapid delivery of sarpicillin to plasma by treat- 
ment A. The C,,, and AUC values for saliva ampicillin levels are not 
significantly different for the three treatments. 


CONCLUSIONS 


Based on the time to peak, t,,,, the rates of delivery of sarpicillin to 
plasma, ampicillin to plasma, and ampicillin to saliva were greater for 
the buffered tablet than either the soft gelatin capsule or the standard 
gelatin capsule. The absorption rate constant obtained from the computer 
fit of the average plasma ampicillin data (Table I) is statistically greater 
for the buffered tablet. The t,,, calculated using k ,  and Eq. 2 is also 
statistically smaller (Table 11). However, statistical analysis oft,,, ob- 
tained from the average of values observed graphically for individual 
subject data indicates no significant differences among or between 
treatments. The reason for this result is the large t,,, obtained for subject 
4 (3 h) in comparison with the range of values fort,,, obtained in the rest 
of the subjects (0.5-1 h). If this subject is eliminated from the statistical 
analysis as an outlier, the data supports the contention that the plasma 
ampicillin time to peak is smaller for the buffered tablet than for the two 
capsule formulations. 


Based on AUC values, the extent of delivery of sarpicillin to plasma, 
ampicillin to plasma, and ampicillin to saliva were statistically the same 
among treatments. The results of the present investigation suggest that 
the buffered tablet is a faster and more precise delivery system for sar- 
picillin than either the liquid formulation in the soft gelatin capsule or 
the standard gelatin capsule. Reduced excretion of ampicillin following 
the administration of the sarpicillin buffered tablet may be an indirect 
indicator of more extensive tissue distribution of sarpicillin and tissue 
metabolism to inactive metabolites. 


Since ampicillin levels were observed in saliva after sarpicillin ad- 
ministration, it is likely that ampicillin levels in lipoidal tissues will be 
higher than after ampicillin administration. Clinical testing is necessary 
to determine whether this difference will result in a therapeutic advantage 
for sarpicillin over ampicillin. 


This study is the first human bioavailability comparison of three for- 
mulations containing the same amount of sarpicillin base. Further in- 
vestigation is needed to improve the oral absorption of antibiotics. The 
rationale for designing new drug delivery systems for sarpicillin and other 
antibiotics is partially for enhancement of GI absorption, which may 
potentially increase the tissue concentrations of sarpicillin and conse- 
quently maximize therapeutic activity. 
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Abstract 0 A spray-drying method was applied to the recrystallization 
of phenylbutazone, and the resulting samples were examined by X-ray 
powder diffractometry, differential thermal analysis, IR spectropho- 
tometry, scanning electron microscopy, and hot-stage photomicroscopy. 
Three different crystalline forms ( 8 ,  f l ,  and c) could be prepared from 
methylene chloride solution by varying the drying temperature of sprayed 
droplets from 120°C to 30OC. Form c, the fifth polymorph of phenylbu- 
tazone, was confirmed as a novel crystalline form which could not be 
prepared by recrystallization techniques. In this spray-drying system 
the composition of spray-dried samples was shown to be a function of the 
drying temperature. While the stable form b was obtained a t  higher 
drying temperatures, form c was obtained only under conditions affording 
a slower evaporation rate of the solvent. The dissolution properties of 
the pure modifications prepared by recrystallization techniques and the 
spray-dried samples were evaluated in simulated intestinal fluid. Form 
c showed excellent in uitro availability and much higher solubility than 
any other of the forms. 


Heyphrases 0 Phenylbutazone-recrystallized polymorphs, spray- 
drying technique, physicochemical characterization Spray-drying- 
recrystallized polymorphs of phenylbutazone, physicochemical charac- 
terization 0 Recrystallization-polymorphs of phenylbutazone, spray- 
drying technique, physicochemical characterization 


The physicochemical properties of solid drug substances 
are of considerable importance in preformulation studies, 
because they are related to both the production of dosage 
forms and bioavailability. The nature of the crystalline 
forms affects bioavailability through the effect of crystal 
properties on dissolution rate. In a particular polymorphic 
form, many solids may be prepared uia appropriate mod- 
ification of the conditions of crystallization. Some im- 
portant factors relating to the resulting crystalline forms 
when obtaining polymorphs by recrystallization tech- 
niques are the nature of solvent (its polarity and solvent 
power), temperature, and rate of cooling. The latter two 
factors can take part in the crystallization velocity. Al- 
though precise control of the recrystallization velocity is 


difficult for ordinary recrystallization techniques, a 
spray-drying method may enable one to produce different 
crystallization velocities by varying the drying conditions 
of the sprayed droplets. 


While several papers dealing with the polymorphism of 
spray-dried drug substances have been published (1-5), 
little information is available on the relationship between 
the operating factors and the resulting crystalline forms. 
An interesting polymorphism of phenylbutazone was 
found using a spray-drying method (6). This paper de- 
scribes a further investigation to provide basic physico- 
chemical information on the polymorphic forms. 


BACKGROUND 


There have been several reports describing the polymorphism of 
phenylbutazone, including our previous communication (Table I). 
Matsunaga et al. (7) found that phenylbutazone gave three polymorphs, 
i .e. ,  forms I, 11, and 111, among which the former two polymorphs 
(available commercially) were considered to be a stable form and one of 
the metastable forms, respectively. The mutual transformation among 
them by heating or through grinding and compression has been investi- 
gated. Ibrahim et al. (8) independently reporting on the polymorphism 
and feasibility of crystalline structural changes under tableting condi- 
tions, found the presence of four forms (I, 11, 111, and IV). Yuller (9) 
showed later that forms I and I1 were pseudopolymorphs resulting from 
solvation. This was also confirmed by our differential thermal analy- 
sis-thermogravimetry analysis (DTA-TG). While Muller suggested the 
existence of a fourth polymorph (form y) other than forms a, p, and 6 
(which had been already identified), he could not isolate it, despite de- 
scribing its thermogram. In the same year Chauvet et al. (10) reported 
the thermal behavior of three polymorphs, i .e . ,  forms I, 11, and 111, ob- 
tained by different methods, all of which were identical to those already 
found. They considered that form I1 was identical to that reported by 
Matsunaga; however, based on the results of thermomicroscopy and 
thermal analysis, we estimated that the form I1 should actually be iden- 
tical to the form y designated by Muller (9). In a previous publication, 
it was shown that a fifth crystalline form (form c)  is formed together with 
forms fl  and 6 in a spray-drying system. In this system forms a and y 
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Abstract  0 A series of aryl substituted N-benzoyl- and N-benzylsul- 
famic acid sodium salts and benzylsulfonamidqsodium salts have been 
prepared and examined for antihyperlipidemic activity in male CFI mice 
a t  a dose level of 20 mg/kg/d ip for 16 d. These substances were also 
subjected to toxicological evaluation and chemical stability studies. In 
general, both series of sulfamates and sulfonamides significantly lowered 
serum cholesterol and triglyceride levels in mice. The compounds were 
nonmutagenic, showed no acute toxicity or impaired liver or kidney 
function in male mice, and were chemically stable both as the monohy- 
drates and in aqueous solution over a pH range of 3.5-7.4. While both 
series of sulfamates and sulfonamides lowered serum cholesterol and 
triglyceride levels, the sulfamates were relatively more potent with regard 
to decreasing cholesterol levels, while the sulfonamides were more ef- 
fective in lowering serum triglyceride levels in mice. 


Keyphrases N-Benzoylsulfamates-potential antihyperlipidemic 
agents, structure-activity relationships, mutagenicity, toxicity in mice 
o N-Henzylsulfamates-potential antihyperlipidemic agents, struc- 
ture-activity relationships, mutagenicity, toxicity in mice 0 Renzylsul- 
fonamides-potential antihyperlipidemic agents, structure-activity 
relationships, mutagenicity, toxicity in mice 


Cardiovascular disease is currently a major cause of 
death of males in Western civilized societies. Atheroscle- 
rosis is characterized by partial or complete occlusion of 
the vessels that supply blood to the myocardial tissues, due 
primarily to the formation of the fibrous lesion known as 
a sclerotic plaque within the vessel lumen (1). Elevated 
levels of cholesterol and triglycerides have been detected 
in plaque cells, and there appears to be a link between 
plaque formation and long-term elevated serum lipids (2, 
3). Therefore, lowering of elevated serum lipid levels either 
by dietary restriction or chemotherapy appears desir- 
able. 


It has been demonstrated that a wide structural variety 
of chemical agents are active as antihyperlipidemics (1) 
including the synthetic sweetening agent, saccharin (4). 
Saccharin has demonstrated significant antihyperlipide- 
mic activity in male mice, with the optimum dose level of 
20 mg/kg/d ip affording serum cholesterol levels 67 f 10% 
of control values after 16 d of administration and triglyc- 
eride levels 51 f 16% of control values after 14 d. A series 
of N-benzoylsulfamic acid sodium salts as acyclic ana- 
logues of saccharin were prepared in an attempt to improve 


Saccharin N-Benzylsulfamic Acid 
(sodium salt)  (sodium sal t )  


C6H 5CONHS03-Na+ C6H&H2S02NH-Na+ 


(sodium salt)  (sodium sal t )  
N-Benzoylsulfamic Acid Benzylsulfonamide 


the antihyperlipidemic activity while eliminating the un- 
desirable effects which are associated with saccharin (5, 
6). Also prepared were two other structurally related 
classes of compounds, N-benzylsulfamates and benzyl- 
sulfonamides. Structural modifications among the series 
include aromatic substitutions with groups that vary in 
their lipophilicity, electronic character, and steric pa- 
rameters. In addition, replacement of the carbonyl func- 
tion (N-benzoylsulfamates) by a methylene group (N- 
benzylsulfamates) and alteration of the relative position 
of the nitrogen atom with regard to the aromatic and sul- 
fonyl functions (benzylsulfonamides) were examined. 


BACKGROUND 


Few reports exist concerning the synthesis of N-benzoylsulfamates. 
The unsubstituted prototype was prepared by Baumgarten and 
Marggraff (7) by heating benzamide and pyridine-sulfur trioxide complex 
(pyr.SO3) to the melting point with subsequent conversion to the sodium 
salt with aqueous sodium hydroxide. In our hands, this procedure af- 
forded extremely low yields of the prototype and no product for any 
aryl-substituted derivative. Dipyridinium imidodisulfonate (8) has also 
been employed for the sulfonation of benzamide but, again, yields are 
on the order of &lo%. Two procedures have been developed in this lab- 
oratory which permit the preparation of the series of aryl-substituted 
N-benzoyl- and N-benzylsulfamic acid sodium salts in significantly 
greater yields. The appropriate benzamide or benzylamine was treated 
with pyr-SO3 in pyridine solution for 3-5 h a t  80-90OC. The product was 
isolated as the ammonium salt and converted to the sodium salt by ion- 
exchange chromatography (Scheme I). In addition, the N-benzoylsul- 
famates may also be prepared by benzoylation of pyridinium sulfamate 
with the acid chloride in pyridine. 


The benzylsulfonamides were prepared from the corresponding sul- 
fonyl chlorides. which were obtained by treatment of the benzyliso- 
thioureas with chlorine a t  0-10°C (9) (Scheme 11). This procedure is 
satisfactory for derivatives that are substituted with electron-with- 
drawing groups or hydrogen atoms on the aromatic ring, whereas strong 
electron-releasing substituents (i.e., OCH3) induce chlorination of the 
aromatic ring during conversion to the sulfonyl chloride as evidenced by 
'H-NMR and MS data. This problem was circumvented by obtaining 
the nitrobenzylsulfonamide by the ahove procedure followed by intro- 
duction of the methoxy substituent oio the diazonium tetrafluoroborate 
salt. The compounds prepared were examined for chemical stability at 
room temperature, both as the monohydrates and in aqueous solution, 
over a pH range of 3.5-7.4 using both reverse-phase HPLC and TLC to 
detect the formation of hydrolysis products (i.e., benzamides and hen- 
zylsulfonic acids). 


RESULTS AND DISCUSSION 


Chemical stability studies using reverse-phase HPLC revealed that 
all of the compounds except VI were stable a t  room temperature both 


1. SO3.CfisN 
2. NH, 


R-C6&C( X)NHSO,-Na* R--CsH4C(X)NHa 3. ion-exchange * 
X = 0, H2 chromatography I-xv 


Scheme I 
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as the monohydrate and in aqueous solution over a pH range of 3.5-7.4 
for a period of a t  least 60 d. Compound VI underwent 55-60% hydrolysis 
in solution after 30 d and was completely degraded after 60 d. This 
compound was also found to be completely hydrolyzed after 3 months 
when stored in solid form, and was therefore not evaluated biologi- 
cally. 


None of the compounds were found to be mutagenic in the Ames assay; 
however, all of the compounds exhibited toxicity to bacteria at the 
high-dose level of 3000 pg/plate. It is advisable to include one toxic dose 
level when testing unknown compounds for mutagenicity (10). The 
toxicity assay indicated essentially no cell death; therefore, the toxic effect 
a t  3000 pglplate was not due to cell death, but rather to the inhibition 
of revertent colony growth via another mechanism. Results of acute 
toxicity testing in male mice indicated that none of the compounds tested 
produced abnormal levels of alanine amino transferase (ALT) activity 
or urea nitrogen, nor were any signs of toxicity or abnormal behavior 
observed during the 14-d period. No abnormalities or irregular fluctua- 
tions in body weight were observed on termination of the study and gross 
necropsy. Likewise, no toxicity was observed during the course of the 
antihyperlipidemic study. 


Of the two series, the N-benzoylsulfamates appear to be the more 
potent antihypercholesteremic agents with the 0- and p-chloro deriva- 
tives (IV, 11) being the most active (Table I). As indicated in Table 11, 
electron-withdrawing substituents on the aromatic ring lend slightly 
greater activity to the series than do electron-releasing substituents. 
Activity decreases somewhat with increasing substituent size. In general, 
activity within the series does not appear to be heavily dependent on the 
size, electronic properties, or lipophilicity of the aromatic substituents 
as the unsubstituted prototype (VII) is also quite active. A significantly 
greater structural dependence within this series resides in the side-chain 


Table  I-N-Benzoyl- a n d  N-Benzylsulfamic Acid Sodium Salts 


where 


X = NH,, N,' BFa-, CHjO 
Scheme I I  


requirement for the carbonyl function. By comparison of the p-CI, o-CI, 
p-OCH3, and unsubstituted derivatives (11, IV, I, and VII, respectively) 
with their carbonyl-reduced counterparts among the N-benzylsulfamates 
(XV, XIV, XII, and XIII, respectively), it is evident that  antihypercho- 
lesteremic activity is markedly reduced in the absence of the carbonyl 
function. This structural requirement for antihyperlipidemic activity 
has also been noted for saccharin as well as other imides (11). 


Serum triglyceride levels are moderately reduced by the N-benzoyl- 
sulfamates, with the exception of the p-CI (11) and p-isopropyl (XI) de- 
rivatives, which lower serum triglyceride levels to 55 f 7% and 49 f 8 2  
of control values, respectively, by day 16. As in the case of antihyper- 
cholesteremic activity, the dependence on the presence of the side-chain 
carbonyl for antihypertriglyceridemic activity appears evident when 
comparing 1,11, and VII with XII, XV, and XIII, respectively. However, 
N-benzylsulfamate (XIV) showed increased antihypertriglyceridemic 
activity compared with .V-benzoylsulfamate (IV). Each of the N-ben- 
zoylsulfamates shows greater antihypercholesteremic activity than clo- 
fibrate, which is not active a t  20 mg/kg, requiring dose levels of 150-200 
mg/kg to reduce serum cholesterol -15% in rodents. Saccharin a t  20 
mg/kg/d lowered serum cholesterol levels 35% and serum triglyceride 


R-CeH&(X)NHSO3-Na+ 


Synthetic 
Procedure or 


'H-NMR (DMSO-de), Literature Yield, 
Compound R X (6) ppm Reference % Formula 


I 


I1 


111 


IV 


V 


VI 


VII 


VIII 


IX 


X 


XI 


XI1 


XI11 


XIV 


xv 


p-OCH3 


p-CI 


m-C1 


0-c1 
m-OCH3 


0-OCH3 


H 


p-Br 


P - C H ~  


P - C H ~ C  


p-iso-CsH7 


P - O C H ~  


H 


0-CI 


p-c1 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


H2 


Hz 


Hz 


H2 


7.3 (q, 4, ArH) 
10.1 (9, 1, -NH-) 
3.7 (8.3. -0CHqI 


..I 


7.6 (q, 4, ArH) 


7.5 (m, 4, ArH) 
10.4 (9.1, -NH-) 


10.3 (9 .1 .  -NH-) 
7.3 (m, 4, ArH) 


10.3 Is. 1. -NH-) 
7.2 &4, ArH) ' 


10.2 (s,1,  -NH-) 


7.5 (m, 4, ArH) 
9.7 (s. 1. -NH-) 


3.7 ( ~ , 3 ,  -0CH:J 


3.7 is; 3; -0CHJ 
7.6 (m, 5, ArH) 


10.4 (s, 1, -NH-) 
10.56 (9, 1, NH) 
7.76 (a. 4. ArH) 


10.35 ($,'l,'NH) ' 
7.4 (s, 4, ArH) 


10.58 (s. 1. NH) 
2.35 ( ~ , 3 ,  CH3) 


8.04 (s, 4, ArH) 
2.68 (s. 3. CH?) 
7.6 (q, 4, ArHj' 


10.54 (s,1,  NH) 
3.0 [m, 1, (CH&CH] 
1.23 d, 6, (CH3)zI 
6.95 I a. 4. ArH) 
3.85 (dl 2; -CHz) 
3.70 (s, 3, -0CHs) 
4.45 (t, 1, -NH) 
7.3 (s, 5, ArH) 


4.7 It .  1. -NH) 
4.0 (d, 2, -CHz) 


7.3 (mS, ArH)' 


4.8 (t, 1, -NH) 
7.25 (9.4. ArH) 


4.0 (d, 2, --CHz) 


3.8 (d,.2,.-CHz) 
4.75 It .  1. -NH) 


8 


8 


8 


A 


8 


B 


8 


A 


A 


A 


A 


A 


A 


A 


A 


7 


11 


21 


50 


26 


42 


4 


31 


39 


28 


23 


36 


23 


18 


21 
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Table 11-Benzylsulfonamide Sodium Salts 
R-CF,H&H~SO~NH-N~+ 


~ ~ ~ ~~~~~~ 


'H-NMR (DMSO-ds), Yield, 
Compound R (6) ppm % Formula 


7.25 (m, 4, ArH) 83 C ~ H ~ C ~ N O Z S N ~ I - H ~ O  XVI 0-c1 


XVII 0-OCH3 6.95 (m, 4, ArH) 15 CsHloN03SNt1-2H20 


3.9 (s, 2, -CH2) 
3.0 (broad, 1, NH) 


3.8 ( ~ , 2 ,  CH2) (Overall) 


3.7 (s, 2, -CH2) (Overall) 
3.6 (9, 3,-OCH3) 


3.1 (s, 2, -CH2) (Overall) 


3.65 ( ~ , 3 ,  -0CH3) 
XVIII rn-OCH3 6.85 (m, 4, ArH) 8 CsHloNO3SN&l1/zHz0 


XIX p -0CH3 6.9 (q, 4, ArH) 20 CSHIONO~SN&~/~HZO 


3.7 (8.3, -0CH3) 
xx H 1.2 (m, 5, ArH) 37 G H s N S O ~ N ~ I - H ~ O  


3.7 (9, 2, CH2) 


3.8 ( ~ , 2 ,  CH2) 


3.7 ( ~ , 2 ,  CH2) 


G H ~ C ~ N O ~ S N ~ I - H ~ O  XXI rn-CI 7.2 (m, 4, ArH) 66 


XXII p-c1 7.1 (m, 4, ArH) 22 C ~ H ~ C I N O ~ S N ~ I - H Z O  


levels 46% in mice. Compounds I, 11,111, IV,and VII are more active than 
saccharin in lowering serum cholesterol levels, but less active in lowering 
triglyceride levels. 


Within the benzylsulfnnamide series (Table III), the 0-OCH3 derivative 
(XVII) was the most active antihypercholesteremic agent, being equal 
in activity to saccharin. In general, moderate antihypercholesteremic 
activity is displayed by this series, whereas antihypertriglyceridemic 
activity surpasses that of the N-benzoylsulfamates and clofibrate. The 
p-C1 derivative (XXII) is equally active with saccharin in this respect. 
Compounds XVIII and XX are more active than saccharin, lowering 
serum triglyceride levels to 42% of control values. Comparing the activities 
of XVI, XVIII, XX, and XXII, the most active antihypertriglyceridemic 
agents in the series, no dependence on substituent parameters is evi- 
dent. 


EXPERIMENTAL 


All chemicals were used as received from the manufacturer'. Melting 
points were obtained on a capillary melting point apparatus2. 'H-NMR 
spectra3 were obtained for all novel products. Elemental analyses' of all 
products w'ere within f0.470 of the theoretical values. Ion-exchange 
chromatography was performed using sodium-form resin5. Reverse-phase 
HPLC was performed on a gradient programmable high-pressure liquid 
chromatograph6 with a CIS column7 and radial compression module. Male 
CF1 mices were used for antihyperlipidemic testing. 


Aryl-Substituted Benzamides-According to the procedure of Vogel 
(12), the appropriate benzoyl chloride was treated with cold concentrated 
NH40H. The product was filtered, dried, and recrystallized from eth- 
anol-water. 


N-Benzoyl- and N-Benzylsulfamic Acid Sodium Salts (I-XV) 
--General Procedure A-The appropriate benzamide or benzylamine 
(5.0 g) and 1.1 equivalents of pyridine-sulfur trioxide complex were 
dissolved with warming in 50 mL of dry pyridine under nitrogen. The 
reaction was stirred at 80-90"C for 3-5 h, at which time TLC (ethyl ac- 
etate-acetic acid-water, 6:3:1) showed no further reaction. The solution 
was cooled in ice, and the excess precipitated pyridine-sulfur trioxide 
was removed by filtration and washed with cold pyridine. The filtrate 
was treated with gaseous ammonia for 10 min, concentrated in uacuo to 
approximately one-third i ts  volume, and poured into ether-methanol 
(4:l) with vigorous stirring. The precipitated ammonium salt was col- 
lected, washed with ether, and dried. Conversion to the sodium salt was 
effected by dissolving the crude ammonium salt in the least amount of 
water (warming if necessary) followed by rapid elution with water from 
an ion-exchange resin (sodium ion form). The aqueous eluant was con- 
centrated in uacuo, and the resulting crystals were stored at  3-5°C. The 


1 Aldrich Chemical Co 
*Thomas Hoover. 


Either on a Varian EM360 or JOEL FX 60 FT. 
Calbraith Laboratories, Knoxville, Tenn. All compounds were tested for C and 


H; I-VII and XII-XXII were tested for N. 
F, Bio-Rad AG50W-X8. 
6 Waters Associates. 


Radial-Pak, Waters Associates. 
Jackson Laboratories. 


product was collected, washed with cold water, dried, and recrystallized 
from methanol to give material melting a t  -100°C up to -200°C (Table 
I). 


General Procedure R-Pyridinium sulfamate (4-7 g) was suspended 
in 25 mL of dry pyridine under nitrogen. The appropriate benzoyl chlo- 
ride (1.2 equivalents) was added dropwise, followed by stirring a t  60°C 
for 3-4 h. Methanol (3.0 mL) was added, and the mixture was stirred for 
an additional 30 minutes, cooled to room temperature, treated with 
gaseous ammonia for 10 min; the sodium salt was prepared as in proce- 
dure A (Table I). 


Aryl-Substituted Benzyl Chlorides-According to the procedure 
of Brooks and Snyder (131, the appropriate benzyl alcohol was treated 
with thionyl chloride in pyridine at room temperature and the product 
was distilled. 


S-(Substituted Renzyl) Isothiourea Hydrochlorides-The procedure 
of Johnson and Sprague (9) was utilized. The appropriate benzyl chloride 
(0.05-0.2 mol) and one equivalent of thiourea were stirred under reflux 
in absolute ethanol (25 mL/0.05 mol of benzyl chloride) for 3-4 h. On 
cooling, the product crystallized in 85% yield. This material was used in 
the next step. 


Substituted Renzylsulfonyl Chlorides-The appropriate S-(substi- 


Table  111-Antihyperlipidemic Effects of Test Compounds in 
Male CFI Mice * 


Serum 
Triglyc- 


Serum Cholesterol erides 
Compound Day 9 Day16 Day16 


I 
I1 
111 
IV 
V 
VII 
VIII 
IX 
X 
XI 
XI1 
XI11 
XIV xv 
XVI 
XVII 
XVIII 
XIX xx 


6 3 3 ~ 6 ~  6 0 f 7 "  
57fsb  5 2 3 ~ 6 ~  
7 2 f  56 6 4 f 6 6  
1 8 f 6 b  5 1 f 5 b  
86 f 7 72 f 5b 
1 4 f 6 b  5 7 3 ~ 5 ~  
7 5 f 4 6  7 3 f 7 b  
i a  f 36 63 f 36 
95 f 3 72 f 46 
90 f 6 77 f 66 


81 f 26 8 8 f 4  
88 f 2 O  94 f 7 


8 4 f 8  78 f 2b 
94 f 2 93 f 4 


65 f 8b 
55 f 7b 
97 f 7 
8 6 f 8  
80 f l c  
70 f 6b 
88 f 3 
82 f 4 
69 f 6b 
49 f 86 
9 1 f 9  
97 f 8 
75 f 26 
79 f 76 


9 9 f 8  7 3 f 6 6  5 2 ~ k 6 ~  
6 9 f 4 h  6 8 f 7 6  5 8 f 6 6  
84 f 6c 7 9 f 7 6  4 2 f 4 b  
1 4 f 8 b  7 0 ~ k 5 ~  7 6 f 7 6  
95 f 8 7 5 f 5 b  4 2 f 3 6  


XXI 92 f 7 7 7 f 5 6  7 1 ~ k 5 ~  
XXII 94 f 7 7 8 f B b  4 8 S ~ 4 ~  
Saccharin 7 7 f 6 6  6 5 f 7 6  5 4 ~ k 6 ~  
Clofibrate 9 8 f  7 9 7 f 9  9 5 f 7  
1% Carboxymethylcellulose 100 f 7 1 0 0 f 6  l o o k 7  


(Control) 


Mean f SD as percent of control; n = 6. Significantly different, p < 0.001. 
Significantly different, p < 0.005. 
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tuted benzyl) isothiourea hydrochloride was dissolved in water (600-700 
mL/0.2 mol depending on solubility) and cooled in ice to 0-10°C. The 
solution was then treated with gaseous chlorine for 30 min while main- 
taining the temperature < 10°C. The solid or oily product was extracted 
into ether, and the ether extracts were dried (sodium sulfate) and evap- 
orated in vacuo to afford the product which was sufficiently pure for 
conversion to the sulfonamide. 


Substituted Bentykrulfonamides (X V I ,  XX. XX1,and XXI1)-The 
appropriate benzylsulfonyl chloride was dissolved in liquid ammonia, 
the resulting yellow solution was kept a t  -78°C for 1 h, and then the 
excess ammonia was allowed to evaporate. The residue was dissolved in 
chloroform and filtered. The filtrate was dried (sodium sulfate) and 
evaporated to afford the crude sulfonamide which was either recrystal- 
lized from ethanol or column chromatographed9 This material was 
converted to the sodium salt by treating an ethanolic solution with 1.0 
equivalent of 12 M aqueous NaOH. On cooling, the precipitated salt was 
collected and dried in UQCUO.  These products were obtained in varying 
degrees of hydration (Table 11). Melting points were >250”C. 


Catalytic Reduction of Nitrobenzylsulfonamides-A solution of the 
appropriate nitro-substituted benzylsulfonamide (prior to sodium salt 
formation) was dissolved in absolute ethanol (1600 mL/34 g of substrate) 
and was shaken f o r 6 8  h at 40°C10 with 1.0 g of 5% palladium-on-charcoal 
under 60 psi of hydrogen. When the reaction was complete by TLC, the 
catalyst was removed by filtration, and the filtrate was evaporated in 
oacuo to afford an essentially quantitative yield of the aniline com- 
pound. 


Diazotization of Aminobenzylsulfonamides (14)-A 24% solution of 
fluoroboric acid (0.12 mol) was added dropwise with cooling and stirring 
to 9-10 g of the aniline. The resulting solution was maintained a t  0-5°C 
while an aqueous solution of NaN02 (0.048 moll was added dropwise with 
stirring, and then the mixture was stirred at  0-5°C for 1.5 h. The pre- 
cipitated salt was collected by filtration, washed with 5% HBF4, cold 
methanol, and cold ether, and then was dried in uacuo to afford light-tan 
crystals. 


Methoxybentylsulfonamides ( 1 5 )  ( X V I I ,  X V I I I ,  and XIX)-A so- 
lution of the above diazonium fluoroborate salt in methanol (1200 mL/10 
g)  was heated at 50°C for 5 h. The orange solution was  then evaporated 
to dryness in uacuo, and the residue was column chromatographed” to 
afford material which w8s converted to the sodium salt as described above 
(Table 11). 


Ames Muugehicity Assay (16, 17)-Compounds I-V, V11, and 
XIl-XXII were each added to test culture plates in triplicate with and 
without mammalian microsomal activator S-9 present in the culture 
medium at dose levels of 0.3, 3, 30, 300, and 3000 fig/plate. Each com- 
pound was tested with five strains of non-histidine-producing Salmonella 
typhimurium. A threefold increase in the number of colonies per plate 
over background control constituted a positive mutagenic result. Control 
groups were treated only with the dosing vehicle (dimethyl sulfoxide). 


Acute Toxicity Studies-Compounds I-V, VII, and XII-XXII were 
subjeped to acute toxicity studies in male CD-1 mice (20-30 g)’* in full 
compliance with the Food and Drug Administration Good Laboratory 
Practices Regulations for Nonclinical Laboratory Studies (18). Blood 
samples were taken by tail vein bleeding 3 d before dosing and at  sacrifice 
on day 14 to be used for biochemical testing of liver and kidney function. 
Animals were weighed on days 0.7, and 14. A single 100-mghcg dose as 
a 1’70 solution in sterile water was administered by oral intubation on day 
0. At this time and at various times throughout the day for 14 d, the an- 
imals were observed for signs of toxicity and/or abnormal behavior. Six 
animals were used per test compound. The animals were maintained on 
rodent diet13 and water ad libitum. On day 14, the animals were weighed, 
sacrificed, and gross necropsies performed. The blood samples were as- 
sa*d for alanine amino transferase activity as a test for liver function 
and urea nitrogen as a test for kidney function. The tests were performed 
on a miniature centrifugal fast analyzer. Each individual assay included 
1 blank, 13 samples, and 2 controls (commercial sera samples of normal 
and abnormal alanine amino transferase and urea nitrogen levels). Ab- 


~ ~~ ~ ~~ 


Silica el 60. methylene chloride-methanol (9:l). 
lo Parr sffaker apparatus. 
l 1  Silica gel 60, methylene chloride-acetone (9:1), (8:2). 
l2 Acute toxicity studies and Ames assays were performed at the Research 


‘8 Purina Certified Rodent Chow. 
Triangle Institute, Research Triangle Park, N.C. 


normal values were defined as being >2 SD from untreated group 
values. 


Assay for Antibyperlipidemic Activity-Compounds I-V and 
VII-XXII, as well as saccharin and clofibrate, were administered daily 
to male CFI mice (-28 g) as a 1% carboxymethylcellulose suspension at 
20 mg/kg/d ip. On days 9 and 16, blood was obtained by tail vein bleeding 
and, after centrifugation to obtain serum, 25-pL samples were assayed 
for total cholesterol by the procedure of Ness et  al. (19). Serum triglyc- 
erides were assayed using a commercial kit1‘ on blood collected on the 
16th day. By comparison to standards, the amounts of cholesterol (mg 
%) and triglycerides (mg/dL) were calculated. Treated values were ex- 
pressed as percent of control (Table 111). 


Chemical Stability Studies-A 1% solution of each compound pre- 
pared in pH 3.5 citrate buffer, distilled water, and phosphate buffer (pH 
7 9  was allowed to stand at room temperature. These solutions, as well 
as a 1% solution in distilled water of eath compound which had been 
stored in solid form at room temperature, were analyzed directly by re- 
veise-phase HPLC (CIS, 254 nm, 10% aqueous acetonitrile) for the 
presence of benzamides, benzylsulfonic acids, or other decomposition 
products on days 2,6,18,30, and 60. These studies were paralleled using 
reverse-phase TLC platesI5 with methanol-water (91). 
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Table I-Peak Heights of Metoprolol-Hydrochlorothiazide Standard S l u t i o n s  


Concentration in Simulated Gastric Fluid, mg/L 
105 20: I0 60:30 80:40 10050 


METa H C T ~  MET HCT MET HCT MET HCT MET HCT 
~~ ~ ~ ~ ~ ~ ~ ~~ ~ ~ 


6.3 4.2 17.1 8.4 58.7 24.8 75.0 32.0 98.0 41.0 
6.3 4.1 17.2 9.1 58.1 32.5 75.0 32.0 98.0 42.0 
6.3 4.2 17.0 8.6 56.5 23.7 74.2 31.2 98.0 41.0 
6.1 4.0 17.0 8.2 56.5 24.3 75.7 31.6 96.5 40.5 


Mean 6.3 4.1 17.1 8.6 57.5 24.1 75.0 31.7 97.6 41.1 
SD 0.1 0.1 0.1 0.4 1.1 0.6 0.6 0.4 0.8 0.6 


MET, metoprolol. 6 HCT. hydrochlorothiazide. 


The advantage of a rapid screening technique for monitoring individual 
release rates of the active components of a multicomponent product is shown 
in Fig. 3. The composite release from the 100:25- and 100:50-mg formulations 
appear similar; however, the hydrochlorothiazide is the faster component in 
Fig. 3B (lOO:25 mg) and the slower component in Fig. 3C (l00:50 mg). 


A typical chromatogram is shown in Fig. 4. where six analyses were com- 
pleted. Peak height measurements for a series of standards are listed in Table 
I. Linear regression analysis on the mean peak height values of metoprolol 
and hydrochlorothiazide versus concentration yielded correlation coefficients 
of 0.9996 and 0.9994, respectively. 


The intent of these experiments was to demonstrate the utility of a novel 
approach to analyzing the dissolution rate profile of combination products. 
For this article, we selected an example of a dual-entity product which was 
manufactured in several strengths. The ease of operation and facility of this 
technique is demonstrated in the reduced time required for quantitative 
analysis of each of the two Components of this combination product. The 
progress being made in  HPLC techniques and equipment should allow this 
technique to be developed for other combination products and for single-entity 
products which have excipients that interfere in normal U V  analyses. 
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Some Effects of 1 -( 2,4-Dichlorophenyl)-4-dimethylamino- 
methyl- 1 -nonen-3-one Hydrochloride on Escherichia coli 
GK- 19 
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Abstract 0 1-(2,4-Dichlorophenyl)-4dimethylaminomethyl-l-nonen-3-one 
hydrochloride (Id) was shown to inhibit the growth of Escherichia coli GK-19 
at a concentration of 50 pg/mL in a medium of pH 6.5. Maximal antibacterial 
activity was found during the logarithmic growth phases rather than at the 
early stationary phase. Electron microscopy revealed that Id caused lysis. and 
inhibition of respiration and retardation of RNA and protein syntheses OC- 
curred in the bacteria with this compound at 50 pg/mL. 


Keyphr& 0 1 -(2.4-Dichlorophenyl)-4-dimethylaminomethyl-1 -nonen-3-one 
hydrochloride-antibacterial activity in Escherichia coli, effects of concen- 
tration, temperature, and medium pH 0 Antibacterial activity-l-(2,4- 
dichlorophenyl)-4-dimethylaminomethyl- 1 -nonen-3-one hydrochloride against 
Escherichia coli. effects of concentration, temperature, and medium pH 


Previous work from these laboratories showed that a number 
of Mannich bases derived from conjugated styryl ketones had 
antibacterial properties ( 1  -3). The aim of the present inves- 
tigation was twofold. First, it was hoped to unravel some of the 
factors affecting the action of a representative Mannich base 
on bacterial growth, and second, to discern the site or sites of 
action of the compound toward the bacteria. 


EXPERIMENTAL 


Synthesis of Compounds-Compound la was prepared by the literature 
method (4); Ib, d-f were synthesized by a previously described procedure ( 5 ) .  
as was Ic (6). 


h: R1 = R1 = R3 = H 
Ib: R' = R' = H; R3 = (CH,),CH, 
Ic: R' = 3-OH; R' = H; R' = (CHI)ICH, 
Id: R' = 243; R' = 4-Cl; R3 = (CH,),CH, 
Ie: R' = 2421; R' = 643; R3 = (CH1)4CH3 
If: R' = 3-Cl; R' = 4-Cl; R3 = (CHi),CH, 


Measurement of Bacterial Growth-In this study, an isolate of Escherichia 
coli K-I2 strain designated GK- I9 (7) was employed. The bacteria were grown 
in a minimal salts medium (8) to which casamino acids (0.5% w/v) and thi- 
amine (7.5 pg/mL) had been added. Adjustment of the pH was made using 
Srensen's buffer solutions (9). The cultures were grown in Erlenmeyer flasks 
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Figurel-Effectofld (50pg/mL)onthegrowrhof E.coliCK-19arpH7.0 
(8),  6.5 (O) ,  6.0 (V), and 5.0 (V). Compound Id was added (arrow) after 
exponential growth of the bacteria had commenced. 


at 37OC (unless otherwise stated) with a culture-to-flask volume of 1 5  or l : l O ,  
using a gyratory shaker incubator'. The growth of the cultures was monitored 
by determining the absorbancy at  6002 and 610) nm. The determination of 
cell viability was made by the appropriate dilutiom of the culture being placed 
onto nutrient agald and incubated at 37OC for 24-36 h. Colony-forming units 
were determined by plating. The compounds were dissolved in water prior to 
the addition of the medium unless otherwise indicated. 


Electron Microscopy-A pellet of bacterial cells was prepared5 by cen- 
trifugation (9650Xg for 3 min), and the cells were fixed in a solution of glu- 
taraldehyde (2.5% w/v) in 0.1 M cacodylate buffer, pH 7.4. After this process 
(105 min), the cells were embedded in a resin6, and ultrathin sections were 
prepared' and stained with uranyl acetate solution in methanol (1% w/v) 
followed by lead citrate solution (2.66% w/v). Negative staining was ac- 
complished by placing the cells prior to the fixation process, on 2Wmesh grids 
followed by treatment with phosphotungstic acid solution (3% w/v). The 
samples obtained by these procedures were examined by electron micros- 


Measurement of Respiration-Compound Id was added to E. coli GK-19 
at log phase in standard biological oxidation-demand bottles attached to a 
polarographic dissolved-oxygen electrode9. The addition and mixing process 
was complete within 30 s and oxygen consumption was measuredlo every 2 
min at 22-23°C. 


Effect of Id on DNA and RNA Syntheses-Compound Id (50 pg/mL) was 
added to a culture of E. coli GK- I9 at an optical density of 0.44. and the extent 
of incorporation of [3H]thymidine ( I  pCi/mL of culture) and [3H]uracil (0.1 
pCi/mL of culture) into DNA and RNA, respectively, was made by the batch 
method described previously (8) using a scintillation counter". The experi- 


copy8. 


I New Brunswick Scientific Co., Edison, N.J. * Spectronic 20 spectrophotometer; Bausch and Lomb. Rochester. N.Y. 
Horizon 5965-50 spectrophotometer; Horizon Ecology Co., Chicago, Ill. ' Difco, Detroit, Mich. 
Microfuge B; Beckman, Palo Alto, Calif. 
Araldite epon mixture. ' LKB 111 ultratome; Stockholm. Sweden. 
Hitachi H412 electron microscope. 
Model 97-08; Orion Research Inc.. Cambridge, Mass. 


lo Model 301; Orion Research Inc., Cambridge, Mass. 
I I  Model IS-9000 scintillation counter; Beckman, Palo Alto, Calif. 
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Figure 2-Effect of la-f (100 pgjmL) on the growth of E. coli GK-19. The 
arrow indicates the time ofaddition of Ia (0). Ib (0).  Ic (A). Id (A), Ie (0).  
and If (8);  (x) untreated controls. 


ments examining the rates of DNA and RNA syntheses were undertaken once 
and in triplicate ( f5%) ,  respectively. 


RESULTS AND DISCUSSION 


Six candidate antibacterial agents I were considered in which the substi- 
tution pattern of the aromatic ring varied, while the n-pentyl group present 
in Ib-f was absent in la. A laboratory strain of E. coli K-12, designated as 
strain GK-19. was used as  the test organism. 


The initial experiments were designed to examine some of the factors af- 
fecting the bacterial growth by a representative Mannich base. Since 
Mannich bases are known to be unstable under alkaline conditions ( 5 ,  lo), 
one of the derivatives (Id) was evaluated against E. coli GK-19 at neutral pH 
and in media which was mildly acidic (Fig. 1). At pH 7.0, a transient reducticn 
of the growth rate of the bacteria was observed after the addition of Id, but 
afterward virtually normal growth resumed. Under acidic conditions (pH 
values of 6.5,6.0, and 5.0) minimum absorbancy was noted after I h. Changes 
in pH can affect the ratio of un-ionized and ionized molecules ( I  I ) ,  and it is 
conceivable that lowering the pH increases the percentage of Id existing in  
the ionic form, which may be the bioactive species. 


The six Mannich bases were also examined at  pH 6.5 for their effect on 
bacterial growth (Fig. 2). Compounds la-c were virtually bereft of antibac- 
terial activity, while the dichlorinated derivatives (Id-f) caused a marked 
decrease in culture turbidity. Mannich base Id was selected for further studies. 
Reduction of the concentration of Id showed that the antibacterial effect was 
detectable a t  the lowest concentration examined, i.e., 5 pg/mL (Fig. 3). while 
a t  35 pg/mL substantial antibacterial activity was observed. However. this 
effect reversed after -I h, and colony-forming ability returned. At 35 pg/mL, 
Id was bacteriostatic (Fig. 3A) and at  50pg/mL it was bactericidal (Fig. 3A 
and B). Figure 3B shows that a t  50 pg/mL, the bactericidal activity is 
>99.9%. 


Compound Id was dissolved in three. different solvents to observe the effect 
of solvent on the antibacterial activity of Id (Fig. 4). When Id was dissolved 
in water and ethanol, minimal absorbancy was attained more rapidly than 
when a solution of Id in dimethyl sulfoxide was administered to a culture of 
the microorganisms. Gradual recovery occurred with solutions of Id in di- 
methyl sulfoxide and ethanol, but not when water was used. 


The effect of the antibacterial effect of Id on E. coli GK-19 at different 
temperatures is seen in Fig. 5 .  At 6OC, little bacterial growth is observed, in 
contrast to that seen at  23OC, 37OC. and 4OOC. At 23°C. addition of Id vir- 
tually abolished growth, but it was only after 1 h that the lytic effect was noted. 
At 37OC and 4O0C, lysis began on addition of Id. This observation is of interest 
insofar that a reduction in the respiration-inhibitory properties of some related 
Mannich bases on mitochondria1 function was noted at 2OoC compared with 
37OC (12) and, hence, the present study is germane to r w n t  reports in changes 
of biochemical function with variation in temperature ( I  3-15). In addition, 
the fatty acid composition of a yeast membrane varied with temperature (16). 
In summary, unless otherwise indicated subsequent experimentation utilized 
compound Id at a concentration of 50 pg/mL in a medium of pH 6.5 and a 
temperature of 37OC. 


A further question posed was the effect of Id on the age of the culture of 
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Figure 4-Effect of the addition (arrow) of Id (50 &mL) dissolved in di- 
methyl sulfoxide (A), water (B). and ethanol (C) on the growth of treated (@) 
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Figure 5-Eflect of the addition of Id (50 pg/mL) on treated (0)  and un- 
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Figure 3-Eflect of Id at concentrations of5 (0). 
20 (a), 35 (A), and 50 (A) pg/mL on the growth of 
E. coli GK-19. (m) untreated controls. Optical 
density (A)  and colony- forming ability (B) were 
measured at dvferent intervals. 


E. coli GK-19. Figure 6 shows that after a short lag phase of 4 . 5  h, the 
bacteria entered their logarithmic (log) growth phase, which continued for 
5 h. Compound Id was added to culture aliquots a t  times corresponding to early 
log, mid log, late log, and early stationary phases; antibacterial activity was 
demonstrated on all four occasions, although greater activity was seen during 
the logarithmic growth phases. However, the larger number of cells present 
in the early stationary phase could be an explanation for the reduced anti- 
microbial activity of Id at  this point in time. To examine such a possibility, 
a culture of E. coli GK- 19 was grown to early-mid log phase and concentrated 
fivefold by centrifugation; two quantities of Id (50 pg/mL) were added, 
separated by a 40-min period, and then the turbidity of the culture was fol- 
lowed for a further 90 min. No different effect was observed to that found for 
the early stationary phase shown in Fig. 6. In addition, the difference in the 
culture growth phase sensitivity to Id could be due to changes in the growth 
media, i.e.. the concentration of certain nutrients could have diminished by 
the time the bacteria had entered the stationary phase or, alternatively, new 
compounds could have formed and be present in the media. To test this pos- 
sibility, cells at the mid log phase were harvested by centrifugation and 
resuspended in both freshly prepared mcdia and also in media from which 
bacteria a t  the early stationary phase had been removed. The bacteria in both 
media responded to Id in an identical manner and. hence, the differential 
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Figure (-Effect of multiple additions (arrows) of Id (50 pglmL) on treated 
(@)and untreated (0) cultures of E. coli GK-19. 
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Figure 7-Electron micrographs of negatively stained cells of E. coli GK-19 before (A) and after (B)  treatment with Id (50 pg/mL). 


Figure 8-Electron micrograph of thin sections of E. coli GK-19 displaying surface layers (SL) and ribonucleoprotein (RNP).  


Figure 9-Electron micrograph of thin sections of E. coli GK-19 after treatment with Id (50 pg/mL) displaying nuclear condensation ( N ) ,  vesicle formation 
(V).  and aggregated vesicles (A V) .  
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Figure 10-Electron micrograph of thin sections of lysed cells of E. coli GK-19 caused by treatment of Id (50 pgjmL). 


sensitivity of Id at various growth stage-s was not due to changes in content 
of the media occurring during the growth of the bacteria. 


The second phase of the investigation consisted of attempts to delineate the 
site(s) of action of Id on E. coli GK-19. An initial questlon posed was whether 
there was retention of the integrity of the cell membrane and cellular con- 
stituents after treatment with Id or whether a lytic process occurred, in which 
case rupture of the cell membrane and leakage of intracellular material would 
take place. Figure 7A is an electron micrograph of E. coli GK- 19 cells taken 
from a culture of cells in the mid log growth phase, while Fig. 7B shows the 
effect of Id on these cells. After addition of Id, there aie distortions of the cell 
shapes, loss of surface layer, and altered stainability compared with the un- 
treated cells as noted in  Fig. 7. Thin sections of some of the untreated cells 
revealed the cell membrane and the cytoplasmic regions containing ribonu- 
cleoprotein complexes (Fig. 8); regions of nuclear material are shown as lighter 
areas. After treatment with Id, there is the appearance of condensation of 
nuclear material, disorganization of the cell membrane, disappearance of the 
ribonucleoprotein structures, and appearance of pockets of small rounded 
vesicles inside cells, as well as in aggregate forms outside the cells (Fig. 9). 
Lysed cellsof E. coli GK-19 after treatment with Id showed an increased loss 


Id lpwmL1 
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Figure 1 I-Eflect of Id on oxygen consumption in E. coli GK-19. 


of cellular constituents (Fig. 10). Hence, the Mannich base Id exerts a lytic 
effect on these bacteria at 50 Mg/mL. 


It is conceivable that Id could exert antibacterial activity in addition to lysis. 
In other words, while the lysis was in progress, Id could also act, for example, 
on the respiration apparatus and the macromolecular synthetic pathways of 
the bacteria. Figure 11 shows the effect of the addition of various concentra- 
tions of Id on oxygen consumption; at 50 pg/mL, there is complete inhibition 
of respiration. A plot of the rate of oxygen consumption at the end of 20 min 
versus concentration of Id (on linear paper) is shown as an inset in Fig. 1 I. 
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Figure 12-Effect of the sensitivity of E. coli GK-19 to  Id (50 pgjmL) by 
treatment with metabolic inhibitors. Key: (A) potassium cyanide ( I  950 
pglmL): (B) sodium azide (1950 pgjmL): (C) 2.4-dinirrophenol(18.4 mg/mL); 
(Dl chloramphenicol (IS0 WglmL). Compound Id was added simultaneously 
(O), 5 (0). 30 (A). or 120 (A) min after the addition of the metabolic inhib- 
itor. 
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Table I-Effect of Id ( S p g / m L )  on the Incorporation of (3Hvhymidine 
and [3H]Ur~cil into the DNA and RNA of E. coliGK-19. 


Counts per Minute of [’HI- Counts per Minute of [’HI- 
Time, Thymidine‘ Uracil’ 
min Control Treated Control Treated 


5 I00 100 I00 100 
10 102 100 294 I93 
20 I06 99 650 224 
30 I08 91 650 237 
40 112 96 650 255 


Figure in the table are relative to the counts per minute of labeled precursor in control 
experiments at the end of 5 min. 


In  addition, treatment of E.  coli GK-19 with potassium cyanide, sodium azide, 
and 2,4-dinitrophcnol, which are known inhibitors of respiration and energy 
production, was undertaken; Id was added simultaneously or at varying times 
after the addition of the inhibitors. The results are portrayed in  Fig. 12A-C. 
With pretreatment times of 30 and 120 min, the antibacterial effect of Id is 
markedly reduced, which further indicates that cellular respiration or energy. 
in part at least, is likely required for the lytic effect of Id on E. coli to be 
manifested. 


A similar study with chloramphcnicol, which is an inhibitor of protein 
synthesis, showcd that protein synthesis is required for the lysis of cells (Fig. 
12D). It is concluded that in order for Id to exert its maximum lytic effect, 
normal respiration, energy production, and protein synthesis are required. 
Because of thecellular physiological functions that were affected by Id, it was 
suspected that macromolccular synthesis, in  general, could also be affected. 
The conviction that protein synthesis was a site of action of this Mannich base 
was strengthened by its inhibition of the biosynthesis of the enzyme P-galac- 
tosidase. In E. coli GK-19. it is possible to induce the synthesis of this enzyme 
within 2-3 min with isopropylthiogalactoside (17), but addition of Id to a 
culture of this microorganism abolished the ability of the cells to synthesize 
this enzyme. 


The effect of Id on the synthesis of DNA and RNA was measured using 
radioactively labeled thymidine and uracil, respectively, and the results are 
shown in Table 1. Thedata indicate that while the synthesisof DNA is virtually 
unaffected, the inhibition of RNA synthesis commences after 5 min and is 
reduced by 66% aftcr 20 min. 


I n  conclusion, this study has unearthed some of the factors which affect 
the antibacterial activity of I-(2,4-dichlorophenyI)-4-dimethylami 
nomethyl-I-noncn-3-one hydrochloride (Id) against E. coli GK-19. In addi- 


tion. the bioactivity of this compound is due, a t  least in part, to its causation 
of lysis, and adverse effects on respiration, as well as protein and RNA bio- 
synthesis, take place. 
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Abstract 0 A specific analytical procedure for the quantitation of amphet- 
amine (I) ,  norephedrine ( I l l ) ,  and their amphoteric metabolites, p-hydroxy- 
amphetarnine ( 1 1 )  and p-hydroxynorephedrine ( I V ) ,  in biological samples 
using electroncapture gas chromatography (GC-EC) is described. The 
procedure utilizes the ion-pairing reagent, his( 2-cthylhexyl)phosphoric acid, 
which frees the amines from the efficient 
extraction of the amphoteric compounds (as acetates) from the aqueous so- 
lulion. Amincs 1 and 111 and acetylated amines 1 1  and I V  were pernuoro- 
acetylated prior to GC-EC analysis. Metabolism of I ,  11, and I l l  in the rat 
brain was studied. Results indicate that both in viuo and in oitro amincs I and 


I l l  arep-hydroxylated to I 1  and IV, respectively, and I I  is 8-hydroxylated to 
give 1V. Norephedrine ( I l l )  was not detected as a rat brain metabolite of 
amphetamine ( I ) .  


Key Phrases 0 Amphetamine-rat brain metabolism, norephedrine, phenolic 
metabolites. gas chromatography Norephedrine--rat brain metabolites. 
amphetamine. phenolic metabolites, gas chromatography 0 Metabolites, 
phenolic-amphetamine and norephedrine, rat brain metabolism. gaschro- 
matography 


c o n t a m i n a n t s  and 


When amphetamine ( I )  is administered systemically to rats, 
appreciable amounts of I and trace quantities of p-hydroxy- 
amphetamine (11) and p-hydroxynorephedrine ( IV)  are de- 


tected in the brain tissue. In attempts to associate these me- 
tabolites with some of the pharmacological actions of I, their 
presence in various brain regions and other tissues have been 
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Abstract  o-Chlorobenzylsulfonamide was observed to be a potent 
hypolipidemic agent in rodents, reducing serum cholesterol levels 71% 
and triglyceride levels 49% a t  60 mg/kg/d. The agent was effective both 
in normal and hyperlipidemic mice and was active both orally and in- 
traperitoneally. o-Chlorobenzylsulfonamide significantly inhibited 
phosphatidate phosphohydrolase activity and marginally inhibited 
sn-glycerol-3-phosphate acyl transferase activity both in uitro and in uioo. 
The lowering of serum cholesterol levels appeared to be correlated with 
the accelerated excretion of cholesterol oia the bile into the feces, with 
a marginal reduction of cholesterol absorption from the intestine. Re- 
duced concentrations of lipids, eg., cholesterol, triglycerides, and neutral 
lipids, were observed in the liver, small intestine, and blood lipoprotein 
fractions of rats. 


Keyphrases o-Chlorobenzylsulfonamide-antihyperlipidemic ac- 
tivity, rodents, cholesterol, triglycerides 0 Antihyperlipidemic 
agents-potential, o-chlorobenzylsulfonamide, activity in rodents, 
cholesterol, triglycerides 


Recently a series of N-benzoylsulfamates, N-benzyl- 
sulfamates, and benzylsulfonamides were shown to be 
potent hypolipidemic agents in mice (I). These agents were 
examined for hypolipidemic activity because of their 
structural resemblance to saccharin, which has been shown 
to lower serum cholesterol levels 33% and serum triglyc- 
eride levels 49% in mice (2) at a dose of 20 mg/kg/d for 16 
d. o-Chlorobenzylsulfonamide was observed to lower 
serum cholesterol levels 27% and serum triglyceride levels 
48% after dosing for 16 d at  20 mg/kg/d in mice (1). This 
series of compounds was nonmutagenic and demonstrated 
no acute toxicity or impaired liver or kidney functions in 
male mice (1). Since the saccharin moiety has been asso- 
ciated with potential carcinogenicity, and consequently 
may not be a desirable hypolipidemic agent, we decided 
to investigate the effects of o-chlorobenzylsulfonamide on 
lipid metabolism to assess the possibility of this compound 
being a more feasible therapeutic agent. 


EXPERIMENTAL 


Source of Compound-The sodium salt of o-chlorobenzylsulfona- 
mide was prepared as described previously (1). 


Antihyperlipidemic Screens in Normal Rodents-The sodium salt 
of o-chlorobenzylsulfonamide was suspended in 1% carboxymethylcel- 
lulose-water and administered to male CF1 mice (-25 g) intraperitoneally 
for 15 d or male Holtzman rats (-350 g) orally by an intubation needle 
for 14 d. On days 9 and 14 or 15, blood was obtained by tail vein bleeding, 
and the serum was separated by centrifugation for 3 min. The serum 
cholesterol levels were determined by a modification of the Lieber- 
mann-Burchard reaction (3). Serum was also collected on day 14 or 15 
and the triglyceride content was determined by a commercial kit'. 


Testing in Atherogenic Mice-Male CF1 mice (-25 g) were placed 
on a commercial diet2 which contained butterfat (400 g), cellulose3 (60 
g), cholesterol (53 g), choline dihydrogen citrate (4 g), salt mixture oil4 


Hycel Triglyceride Test Kit; Fisher Scientific Co. 
*Basal Atherogenic Test Diet; US. Biochemical Corp. 
3 Celufil. 
4 Wesson. 


(40 g), sodium cholate (20 g), sucrose (223 g), vitamin-free casein (200 g), 
and total vitamin supplement for 10 d. After the cholesterol and tri- 
glyceride levels were assayed and observed to be elevated, the mice were 
administered test drugs a t  20 mg/kg/d ip for an additional 12-d period. 
Serum cholesterol and triglyceride levels were measured after 12 d of drug 
administration. 


Animal Weights and  Food Intake-Periodic animal weights were 
obtained during the experiments and expressed as a percentage of the 
animal's weight on day 0. After dosing for 14 d with test drugs, selected 
organs were excised, trimmed of fat, and weighed. 


Toxicity S t u d i e g T h e  acute toxicity (LDm value) (4) was determined 
in male CFI mice by administering test drugs intraperitoneally from 100 
mg to 2 g/kg as a single dose. The number of deaths were recorded over 
a 7-d period for each group. 


Enzymatic Studies-In uitro enzymatic studies were determined 
using 10% homogenates of male CF1 mouse liver with 2.5-10 pmol of the 
test drugs. In  oiuo enzymatic studies were determined using 10% ho- 
mogenates of liver from male CF1 mice obtained after administering the 
agents for 15 d at a dose ranging from 10-60 mg/kg/d ip. The liver ho- 
mogenates for both in uitro and in uioo studies were prepared in 0.25 mM 
EDTA ((ethylenedinitri1o)tetraacetic acid]. 


Acetyl-CoA synthetase (5) and adenosine triphosphakdependent 
citrate lyase (6) activities were determined spectrophotometrically at 
540 nm as the hydroxamate of acetyl CoA formed after 30 min a t  37°C. 
Mitochondria1 citrate exchange was determined by the procedure of 
Robinson et  al. (7,8) using sodium (14CJbicarbonate (41 mCi/mmol) in- 
corporated into mitochondrial ('Tjcitrate after isolating rat mitochon- 
dria (9OOOXg for 10 min) from the homogenates. The exchange of the 
[14C]citrate was determined after incubating the mitochondrial fraction, 
which was loaded with labeled citrate and test drugs, for 10 min. Radio- 
activity was measured in the mitochondrial and supernatant fractions 
in scintillation fluid5 and expressed as a percentage. Cholesterol side- 
chain oxidation was determined by the method of Kritchevsky and 
Tepper (9) using [26-14C]cholesterol (50 mCi/mmol) and mitochondria 
isolated from rat liver homogenates. After an 18-h incubation at 37°C 
with the test drugs, the generated I4CO2 was trapped in the center well 
in ~2-[2-(p-1,1,3,3-tetramethylbutylcresoxy)ethoxy]ethyl~dimethyl- 
benzylammonium hydroxide6 and counted5. 3-Hydroxy-3-methylglutaryl 
CoA reductase (HMG-CoA reductase) was measured using [l-'4C]acetate 
(56 mCi/mmol) and a postmitochondrial supernatant (9OOOXg for 20 min) 
incubated for 60 min a t  37°C (10). The digitonide derivative of cholesterol 
was isolated and counted (11). Acetyl-CoA carboxylase activity was 
measured by the method of Greenspan and Lowenstein (12). Initially, 
the subunits of the enzyme had to be polymerized for 30 min at 37"C, and 
then the assay mixture containing sodium [14C]bicarbonate (41.0 mCi/ 
mmol) was added and incubated for 30 min at 37OC with test drugs. Fatty 
acid synthetase activity was determined by the method of Brady et al. 
(13) using [2-14C]malonyl CoA (37.5 mCi/mmol), which was incorporated 
into newly synthesized fatty acids that were extracted with ether and 
counted6. sn-Glycerol-3-phosphate acyl transferase activity was deter- 
mined with glycerol-3-phosphate [2-3H] (7.1 Ci/mmol) and the micro- 
somal fraction of the liver homogenates (14). The reaction was terminated 
after 10 min, and the lipids were extracted with chloroform-methanol 
(1:2) containing 2% concentrated HCl and counted. Phosphatidate 
phosphohydrolase activity was measured as the inorganic phosphate 
released after 30 min from phosphatidic acid by the method of Mavis et  
al. (15). The released inorganic phosphate after development with 
ascorbic acid and ammonium molybdate was determined a t  820 nm. 


Liver, Small Intestine and Fecal Lipid Extraction-In male CFI 
mice that had been administered test drugs for 15 d, the liver,small in- 
testine, and fecal materials (24-h collection) were removed and a 10% 


6 Fisher Scintiverse in a Packard Scintillation Counter. 
Hyamine Hydroxide; New England Nuclear. 
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Table I-Effects of o-Chlorobenzylsulfonamide on Serum Cholesterol and  Triglycerides in Mice and Rats a 


Compound 


Mouseb Rat' 
Serum Serum 


Serum Cholesterol Triglyceride Serum Cholesterol Triglyceride 
Day 9 Day 15 Day 15 Day 9 Day 14 Day 14 


Control (1% Carboxvmethvlcellulose) 1 0 0 f 5 d  1 0 0 f 6 e  100 f 6f 1 0 0 f 9 g  1 0 0 f 7 h  1 0 0 f 8 '  
o -Chlorobenzylsulfd;lamide 


10 mg/kg 
20 mdka  


- - - 77 f 4J 70 f 21 89 f 6 
90 f 3 k  70 f 6J 48 f 3J 8 4 f 7  71 f 6J 51 f 61 


- - - 40 m&kg 86 f 4J 62 f 3J 45 f 41 
- - - 60 mg/kg 70 f 31 56 f 51 2 9 f 2  . 


0 Expreseed aa percentage of control (mean f SD). b Administered intra ritoneally aa a suspension of the sodium salt in 1% carboxymethylcelluloe. C Administered 
orally aa a suspension of the sodium salt in 1% carboxymethylcelluloe. e25 mg%. e 122 mg%. I 137 mg/dL. B 75 mfl .  h 78 mp"/.. 110 mg/dL. J p 5 0.001, k p S 
0.005. 


Table 11--In Vitro Enzymatic Inhibition by o-Chlorobenzylsulfonamide of Liver Lipid-Synthesized Enzymes a 


Inhibition % of Control 
Control 50 dl4 100 LIM 200 LIM 


Mitochondria1 citrate exchange 100 f l o b  8 8 f 3  88 f 5 87 f 3 
Citrate lyase 100 f 9c 1 0 0 f 8  1 0 0 f 7  1 0 0 f 4  


1 0 0 f 6  Acet 1-CoA synthetase 100 f 8d  1 0 0 f 9  1 0 0 f 8  
100 f 8 


Cholesterol side-chain oxidation 100 f 8f - 58 f 5k - 
Acetyl-CoA carboxylase 100 f 6g 70 f 6k 8 6 f 5  103 f 7 
Fatty acid synthetase 100 i 7h 76 f 5k  80 f 6k 70 f 7k 
Phosphatidate phosphohydrolase 100 f 7' 22 f 3k 22 f 5 k  24 f 4k 
Acyl transferase 100 f 8J 78 f 6k 73 f 7k 61 f 5k 


80 f 6k HMd-COA reductase 100 f 7e 8 0 f 7  


Mean f SD; the com und waa administered as a suspension of the sodium salt in 1% carboxymethylcelluloe. (I 30.8 f 3.1 mg% exchan e in mitochondria1 citrate. 
30.5 f 2.74 mg if citretegdrolyzed/g of wet tiasue/30 min. 28.5 f 3.14 mg of acetyl CoA formed/g of wet tissueW0 min. e 384,900 f 26,943 fpm of cholesterol formed/g 


of wet tissue/60 min. 6980 f 558 dpm of COz formed/g of wet timuell8 h. 0 32,010 f 1921 dpm/g of wet tissue/30 min. h 37.656 f 2635 dpm/g of wet tissue/30 min. 16.70 
f 1.16 pg Pi/g of wet tissue/l5 rnin. J 537,800 f 43,024 dpm of triglyceride forrned/g of wet tiasue/lO min. p 5 0.001. 


homogenate in 0.25 M sucrose plus 0.001 M EDTA was prepared. A 2-mL 
aliquot of the homogenate was extracted by the methods of Folch et al. 
(16) and Bligh and Dyer (17) and the milligrams of lipid were determined. 
The lipid was taken up in methylene chloride and the cholesterol level 
(3), triglyceride levels', neutral lipid content (181, and phospholipid 
content (19) were determined. 


[SH]Cholesterol Distribution in Rats-Male Holtzman rats (-350 
g) were administered test agents orally for 14 d. On day 13, 10 pCi of 
[3H]cholesterol was administered intraperitoneally to mice and orally 
to rats, and.feces were collected after 24 h. Twenty-four hours after 
cholesterol administration, the major organs were excised and samples 
of blood, chyme, and urine were obtained. Homogenates (10%) of the 
tissues were prepared, combusteds, and counted5. Some tissue samples 
were plated on filter paperg, dried, and digested for 24 h in base6 a t  4OoC 
and counted5. Results were expressed as dpm per total organ. 


Cholesterol Absorption Study-Male Holtzman rats (-400 g) were 
administered test drug intraperitoneally for 14 d a t  20 mg/kg/d. On day 
13,lO pCi of [1,2-SH]cholesterol (40.7 Ci/mmol) was administered to the 
rat orally. Twenty-four hours later, blood was collected and the serum 
separated by centrifugation (20). Both the serum and the precipitate were 
counted5. 


Bile Cannulation Study-Male Holtzman rats (-400 g) were treated 
with test drugs a t  20 mg/kg/d orally for 14 d. The rats were anesthetized 
with chlorpromazinelo a t  25 mg/kg followed after 30 min by pentobar- 
bital" (22 mg/kg ip). The duodenum of the small intestine was isolated 
and ligatures were placed around the pyloric sphincter and distally to 
a site approximately one-third of the way down the duodenum. Sterile 
isotonic saline was injected into the sectioned off duodenal segment. The 
saline expanded the duodenum and the common bile duct. Once the bile 
duct was identified, a loose ligature was placed around it, an incision was 
made, and plastic tubing1* was introduced into the duct. Once past the 
ligature, the tubing was tied in place, and the ligatures around the duo- 
denum were removed. Once bile was freely moving down the cannulated 
tube, [ 1,2-3HH]cholesterol (40.7 mCi/mmol) was injected subcutaneously 
into the rats. The bile was collected over the next 6 h a n d  measured (in 
milliliters). Aliquots were counteds as well as analyzed for cholesterol 
content (3). 


1 Bio-Dynamicsibmc Triglyceride Kit. 
8 Packard Tissue Oxidizer. 
0 Whatman No. 1. 


' 0  Thorazine, chlorpromazine hydrochloride; Smith, Kline & French Leborato- 
rim 


l L  Nembutel, sodium pentobarbital; Abbott Laboratories. 
'2 PE-I0 lntramedic polyethylene tubing. 


Plasma Lipoprotein Fractions-Male Holtzman rats (-400 g) were 
administered test drugs a t  20 mg/kg/d for 14 d. On day 14, blood was 
collected from the abdominal aorta. Serum was separated from whole 
blood by centrifugation a t  3500 rpm. Aliquots (3 mL) were separated by 
density gradient ultracentrifugation into the chylomicrons, very low- 
density lipoproteins, high-density lipoproteins, and low-density lipo- 
proteins according to the methods of Hatch and Lees (21) and Have1 et 
al. (22). Each of the fractions was analyzed for cholesterol (31, triglycer- 
ide7, neutral lipids (18), phospholipids (191, and protein levels (23). 


RESULTS 
Data in the tables are expressed as the mean percent of control f the 


standard deviation. The probable significant level ( p )  between each test 
group and the control group was determined by the Student's t test. 


o-Chlorobenzylsulfonamide was found to effectively lower serum 
cholesterol and triglyceride levels in rats and mice (Table I). In mice, the 
agent lowered serum cholesterol levels after intraperitoneal adminis- 
tration in a dose-dependent manner with 60 mg/kg/d affording 44% re- 
duction, the maximum effect observed. Serum triglyceride levels were 
also reduced in a dose-dependent manner, with 60 mg/kg/d resulting in 
71% reduction on day 15. After 14 d of oral administration a t  20 mg/kg/d 
to rats, o-chlorobenzylsulfonamide reduced serum cholesterol levels 29% 
and serum triglyceride levels 49%, comparable to the same reductions 
observed in mice a t  20 mg/kg/d. Subsequent to inducing a hyperlipidemic 
state in mice, in which case serum cholesterol levels were elevated 183% 
(354 mg%) above normal control values (125 mg%), the agent reduced 
serum cholesterol levels to 76% (220 mg?h) above normal serum cholesterol 
levels. Serum triglyceride levels were elevated 168% (367 mg/dL) above 
the control value (137 mg/dL) by the high lipid diet; however, drug ad- 
ministration reduced the serum triglyceride levels to 40% (192 mg/dL) 
above control triglyceride values. Whereas the agent did not lower serum 
lipids absolutely to the normal value in male CF, mice, a significant re- 
versal of the induced hyperlipidemic state was observed by drug ad- 
ministration for 12 d. The LDM value for the agent was 400 mg/kg. 


I n  oitro mouse liver enzymatic studies (Table II), with o-chloroben- 
zylsulfonamide at  50-200 pM final concentration, showed that citrate 
lyase and acetyl CoA synthetase activities were not inhibited by the agent. 
Mitochondria1 citrate exchange and HMG-CoA reductase activity were 
marginally inhibited by the agent (0-20%). Acetyl-CoA carboxylase ac- 
tivity was reduced 30% at 50 pM, and fatty acid synthetase was inhibited 
20-30%. sn-Glycerol-3-phosphate acyl transferase activity was reduced 
in a dose-dependent manner, with 200 WM affording 39% inhibition. 
Phosphatidate phosphohydrolase activity was markedly inhibited 
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Table 111-Effects of o-Chlorobenzylsulfodamide on In Vivo CFI Mouse Liver Enzyme Activities Involved in Lipid Synthesis After 
15 d of Intrawritoneal Administration. 


Citrate Acetyl-CoA HMG-COA 
Compound Lyase Synthetase Reductase 


Control (1% Carboxymeth lcellulose) 100 f 10 1 0 0 f 8  1 0 0 f 8  


20 mg/kg 92 f 4 85 f 6 101 f 5 
40 mghg 96 f 4 78 f 76 101 f 8 


o -Chlorobenzylsul fonamidre 
10 mg/kg 9 0 f 6  8 4 1 7  103 f 3 


60 mg/kg 97 f 7 1 0 0 f 9  97 f 6 


Acetyl-CoA Fatty Acid 
Carboxylase Synthetase 


Control (1% Carboxymeth lcellulose) 1 0 0 f 7  1 0 0 f 8  


10 mghg  8 5 f 9  94 f 7 
20 mg/kg 87 f 4c 92 f 7 
40 mg/kg 93 f 3 77 f 6b 
60 mdkg 93 f 5 87 f 8 


o-Chlorobenzylsulfonamidre 


sn-Glycerol- 
3-P Acyl Phosphatidate 


Transferase Phosphohydrolase 
1 0 0 f 6  1 0 0 f 7  


78 f 76 
73 f 46 
77 f 5 b  
9 0 f 6  


54 f 56 
32 f 4 b  
28 f 26 
2 8 f 3 b  


0 Expr& aa percentage of control (mean f SD). The compound waa administered as a suspension of the sodium salt in 1% carboxymethylcellulose. b p  5 0.001. 
c p  5 0.005. 


Table IV-Effects of o-Chlorobenzylsulfonamide on Lipid Distribution of Rat Organs After 14 d of Administration at 20 mg/kg. 


Amount of Neutral 
Lipid, mg Cholesterol Lipids Triglycerides Phospholipids Protein 


Control 1 0 0 f 6  100 f 7* 100 f 4c 100 f lid 100 f 8 e  100 f 8f 
Treated 87 + 3 73 f 4' 55 f 5' 64 f 4* 84 f 4'* 102 f 6 


Control 1 0 0 f 5  100 f 78 LOO f 100 f 6' 100 f 8J 100 f 5* 
Treated 31 f 4' 40 f 3* 41 f 6* 20 f 3* 101 f 7 M i 6  


Control 1 0 0 f 8  100 f 8' LOO f 6"' 100 f 7" 100 f 5 O  100 f 7P 
Treated 7 0 f 6  116 f 9 77 f 5* 89 f 5 165 f 9* 9 6 f 6  


Blood Lipoproteins 
Ch lomicrons 


Liver 


Small Intestine 


Feces 


Sontrol 100 f 9s 100 f 8' 100 f 6' 100 f lot 100 f 7" 
Treated 71 f 6' 48 f 4' 55 f 6* 102 f 6 101 f 6 


Verv low-densitv 1iDoDrotein _ . .  
C'bntroI 
Treated 


Control 
Treated 


8At ro l  
Treated 


Low-density lipoprotein 


Hi h density lipoprotein 


Rat Bile 


100 f 8" 100 f 9w 100 f 7' 100 f 8 Y  100 f 81 
1 0 0 f 9  49 f 5* 37 f 3* 122 f 3* 87 f 8 


100 f 90" 100 f 766 100 f 8 C C  100 f 7dd 100 f 8- 
85 f 7 46 f 6' 86f4 189 f 11* 1 0 0 f 6  


100 f 8ff 100 f QBR 100 f 4hh 100 f 6'' 100 f 8JJ 
73 f 5' 43 f 2* 52 f 5' 126 f 7' 1 0 0 f 6  


Control 100 f 7kk 100 f 4" 100 f 6"'"' 100 f 4"" 100 f 800 
Treated 129 f 5' 108 f 3** 126 f 7* 122 f 8* 166 f 12* 


(7678%) by o-chlorobenzylsulfonamide from 50-200 ~ I M .  Cholesterol 
side-chain oxidation was reduced 52% a t  100 pM. 


In vivo enzymatic studies (Table 111) in mice showed similar patterns 
of inhibition by o-chlorobenzylsulfonamide. Citrate lyase, HMC CoA 
reductase, and acetyl CoA carboxylase activities were essentially unaf- 
fected by drug administration. Acetyl-CoA synthetase and fatty acid 
synthetase activities were inhibited 22 and 23%, respectively, a t  40 
mg/kg/d after 15 d of drug administration. Acyl transferase activity WBB 
inhibited 22-27% a t  doses from 20-60 mg/kg/d. 


Phosphatidate phosphohydrolase activity was inhibited 72% a t  lOand 
20 mg/kg/d, 68% at 40 mg/kg/d, and 46% at 60 mg/kg/d. The inhibition 
of phosphatidate phosphohydrolase activity was of el magnitude to ac- 
count for the degree of reduction of serum triglyceride levels observed 
after o -chlorobenzylsulfonamide treatment. However, the enzymes in- 
volved ih cholesterol synthesis were essentially unaffected by the agent. 
Thus, it seemed important to examine the effect of the agent on choles- 
terol distribution and excretion (Tables IV and V). 


o -Chlorobenzylsulfonamide markedly accelerates the movement of 
cholesterol through the normal excretion routes, i.e., high values of 
[3H]cholesterol content were observed in fecal and urine collections. Both 


kidney and urine showed increases (16% and 4070, respectively) of 13H]- 
cholesterol content after drug administration. The small intestine (115%). 
large intestine (71%), chyme (77%), and feces (185%) all demonstrated 
increases of (3H]cholesterol content in the respective organs above that 
of the control. Studies of the actual lipid content of the liver and small 
intestine of the rats showed a decrease in cholesterol, triglycerides, and 
neutral lipid levels compared with the control. The reduction of small 
intestine lipids was greater than that observed in liver. Feces showed an 
increase in cholesterol and phospholipid levels, but a reduction in tri- 
glyceride and neutral lipid levels. The bile cholesterol, triglyceride, and 
phospholipid levels were increased, with neutral lipid levels being a f f d  
the least. Marginal inhibition (2W) by the agent of cholesterol absorption 
from the intestine after oral administration of [3H]cholesterol was ob- 
served. 


The lipoprotein fractions were also examined for cholesterol content, 
which was lower in the chylomicron, low-density, and high-density 
fractions. All four fractions were reduced in triglyceride and neutral lipid 
content; however, phospholipid content was elevated in all four fractions 
after drug administration. Protein content of the limprotein fractions 
was not altered by drug administration. 
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Table V-Rat Organ Weights and Radioactivity Distribution of 
10 pCi of ['H Cholesterol After 14 d of Dosing with o- 
Chlorobenzy 3 eulfonamide at 20 mg/kg/d* 


Organ Weight dpmmotal Organ 
Control Treated Control T reated 


Liver 14.466 
Brain 1.966 
Spleen 
Lung 
Kidney 
Heart 


0.667 . .. 


2.600 
3.367 
1.334 


Stomach 2.967 
Small intestine 10.167 
Large intestine 4.100 
Chyme 2.567 
Feces 2.634 


Urine 
Bile 
Serum 


12.667 
1.966 
0.767 
1.700 
3.134 
1.200 
2.433 
6.333 
3.566 
7.583 
5.033 


47429 46375 
5877 5292 
2315 6339 
7069 7073 
8170 9482 
4004 4338 


11375 7077 
41656 89703 
14104 24116 
9226 16309 
8349 23779 


dpm/mL 
281 3Y3 


1016 1257 
648 523 


0 Administered aa a suspension of the sodium selt in 1% carboxymethylcellu- 
lOSe. 


DISCUSSION 


o-Chlorobenzylsulfonamide appears to be active in a safe therapeutic 
range. Whereas it was more effective in lowering serum triglycerides. 
significant effects were also observed for serum cholesterol. The agent 
was active orally and intraperitnneally in both normal and hyperlipidemic 
mice and was shown to be a more potent hypolipidemic agent than clo- 
fibrate. Clofibrate a t  150-200 mghg  lowers rat  cholesterol levels 15% 
maximally and serum triglyceride levels 25% (24). o-Chlorobenzylsul- 
fonamide did not suppress de nouo cholesterol synthesis in a manner 
similar to clofibrate a t  HMG CoA reductase, the regulatory site. However, 
like clofibrate, o-chlorobenzylsulfonamide did accelerate cholesterol 
excretion via the bile and feces. The lipids removed from the blood 
compartment were not deposited in the major organs. This can be ob- 
served from three different types of studies: ( a )  there was no increase in 
organ weight, (b) lipid content of the organs examined was reduced, and 
(c) the [3H]cholesterol distribution studies showed lower content in the 
treated animals than the normal tissue. 


The reduction of serum triglyceride levels can be explained by the 
observed reduction of phosphatidate phosphohydrolase and sn-glyc- 
erol-3-phosphate acyl transferase activities by o-chlorobenzylsulfona- 
mide. There appears to be a positive correlation between the two events, 
since clofibrate (14), saccharin (2), and phthalimide (25) all reduce the 
activity of these two enzymes and reduce serum triglyceride levels in 
rodents. Both enzymes play a major regulatory role in the synthesis of 
triglycerides. 


The effects of o-chlorobenzylsulfonamide on the lipid content of li- 
poprotein fractions were varied. Nevertheless, a marked reduction of 
triglyceride content of chylomicrons and very low-density lipoproteins 
(i.e., the lipoproteins which have the highest triglyceride content), as well 
as minor reduction of low- and high-density lipoprotein triglyceride 


content, were observed after drug treatment. Cholesterol content was 
marginally reduced (29-15%) in the chylomicron and high-density frac- 
tions. Whereas it is difficult to extrapolate observations of lipid reduction 
of rat  lipoprotein fractions by an agent t o  human lipoproteins, these 
studies do indicate that o-chlorobenzylsulfonamide has the capability 
tn modulate lipid content of lipoprotein fractions and may have the po- 
tential to affect the lipoprotein lipid levels of humans. 
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Abstract 0 A spray-drying method was applied to the recrystallization 
of phenylbutazone, and the resulting samples were examined by X-ray 
powder diffractometry, differential thermal analysis, IR spectropho- 
tometry, scanning electron microscopy, and hot-stage photomicroscopy. 
Three different crystalline forms ( 8 ,  f l ,  and c) could be prepared from 
methylene chloride solution by varying the drying temperature of sprayed 
droplets from 120°C to 30OC. Form c, the fifth polymorph of phenylbu- 
tazone, was confirmed as a novel crystalline form which could not be 
prepared by recrystallization techniques. In this spray-drying system 
the composition of spray-dried samples was shown to be a function of the 
drying temperature. While the stable form b was obtained a t  higher 
drying temperatures, form c was obtained only under conditions affording 
a slower evaporation rate of the solvent. The dissolution properties of 
the pure modifications prepared by recrystallization techniques and the 
spray-dried samples were evaluated in simulated intestinal fluid. Form 
c showed excellent in uitro availability and much higher solubility than 
any other of the forms. 


Heyphrases 0 Phenylbutazone-recrystallized polymorphs, spray- 
drying technique, physicochemical characterization Spray-drying- 
recrystallized polymorphs of phenylbutazone, physicochemical charac- 
terization 0 Recrystallization-polymorphs of phenylbutazone, spray- 
drying technique, physicochemical characterization 


The physicochemical properties of solid drug substances 
are of considerable importance in preformulation studies, 
because they are related to both the production of dosage 
forms and bioavailability. The nature of the crystalline 
forms affects bioavailability through the effect of crystal 
properties on dissolution rate. In a particular polymorphic 
form, many solids may be prepared uia appropriate mod- 
ification of the conditions of crystallization. Some im- 
portant factors relating to the resulting crystalline forms 
when obtaining polymorphs by recrystallization tech- 
niques are the nature of solvent (its polarity and solvent 
power), temperature, and rate of cooling. The latter two 
factors can take part in the crystallization velocity. Al- 
though precise control of the recrystallization velocity is 


difficult for ordinary recrystallization techniques, a 
spray-drying method may enable one to produce different 
crystallization velocities by varying the drying conditions 
of the sprayed droplets. 


While several papers dealing with the polymorphism of 
spray-dried drug substances have been published (1-5), 
little information is available on the relationship between 
the operating factors and the resulting crystalline forms. 
An interesting polymorphism of phenylbutazone was 
found using a spray-drying method (6). This paper de- 
scribes a further investigation to provide basic physico- 
chemical information on the polymorphic forms. 


BACKGROUND 


There have been several reports describing the polymorphism of 
phenylbutazone, including our previous communication (Table I). 
Matsunaga et al. (7) found that phenylbutazone gave three polymorphs, 
i .e. ,  forms I, 11, and 111, among which the former two polymorphs 
(available commercially) were considered to be a stable form and one of 
the metastable forms, respectively. The mutual transformation among 
them by heating or through grinding and compression has been investi- 
gated. Ibrahim et al. (8) independently reporting on the polymorphism 
and feasibility of crystalline structural changes under tableting condi- 
tions, found the presence of four forms (I, 11, 111, and IV). Yuller (9) 
showed later that forms I and I1 were pseudopolymorphs resulting from 
solvation. This was also confirmed by our differential thermal analy- 
sis-thermogravimetry analysis (DTA-TG). While Muller suggested the 
existence of a fourth polymorph (form y) other than forms a, p, and 6 
(which had been already identified), he could not isolate it, despite de- 
scribing its thermogram. In the same year Chauvet et al. (10) reported 
the thermal behavior of three polymorphs, i .e . ,  forms I, 11, and 111, ob- 
tained by different methods, all of which were identical to those already 
found. They considered that form I1 was identical to that reported by 
Matsunaga; however, based on the results of thermomicroscopy and 
thermal analysis, we estimated that the form I1 should actually be iden- 
tical to the form y designated by Muller (9). In a previous publication, 
it was shown that a fifth crystalline form (form c)  is formed together with 
forms fl  and 6 in a spray-drying system. In this system forms a and y 
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Table I-Crvstalline Modifications of Phenrlbutazone and Their Melting Points bu Differential Scanning Calorirnetrr 


E6 6 B 10 12 14 16 18 20 22 24 


Investieator Modifications (Melting Points, "C) 


Matsunaga et al. (7) I(103) I1 (93, 103) I11 (93) 


Matsuda et al. (6) 6 (103) P (91)b t (95)b 


Ibrahim et al. (8) IV (105) 111 (93) I1 (90)" I(80)" 
Miiller (9) 6 (107.5) a (93.5) 0 (95.1) y (106.0) 
Chauvet et al. (10) I(106) I11 (96) I1 (104) 


Solvates. * DTA data. 


28, deg 
I 


Figure 1-x-ray powder diffraction patterns of form 6 (a) and spray- 
dried samples prepared at drying temperatures of 120°C (b), 100°C (c), 
80°C (d),  70°C (e), 6OoC ( f ) ,  40°C (g), and 30°C (h). 


Form a 


a 
Form B 


Form 6 


I Form E: 


28, deg 


Figure 2-Relative X-ray diffraction intensity patterns of forms a, @, 
and 6 and the new form, t .  


could not be obtained. The nomenclature of polymorphs in the present 
paper follows Muller's designations. 


EXPERIMENTAL 


Materials-A single batch of commercial phenylbutazone was used 
as received'. The drug was confirmed to be form 6 (stable form) by X-ray 
powder diffraction analysis, differential thermal analysis (DTA), and 
IR spectroscopy. Form a was prepared by the method of Ibrahim (8); i.e., 
water was added to a 2-propanol solution of form 6 until it reached the 
cloud point, and Form 0 was prepared by pouring an ethanol solution of 
the same sample into cold water and stirring vigorously (9). These crystals 
were removed by filtration using a sintered-glass funnel and then dried 
under vacuum at room temperature. Methylene chloride was used as a 
solvent for spray drying. All the solvents were reagent grade and were 
used without further purification. 


Spray Drying-Ten grams of phenylbutazone was dissolved in 200 
mL of methylene chloride, and the solution was fed into a mini-spray 
drier2 through a peristaltic pump at  a flow rate of 20 mL/min. The tem- 
perature at the inlet of the drying chamber of the apparatus was varied 
in seven steps (12O"C, 100°C, 8O"C, 70"C, 60°C, 4OoC, and 30°C) in seven 
runs; the temperature at the outlet varied from 64OC to 27"C, depending 
on the inlet temperature. Thus, seven samples (sample-120, -100, -80, 
-70, -60, -40, and -30, respectively) were prepared. The other operating 


* Supplied by Ciba-Geigy (Japan) Ltd., lot no. 000978. 
* Mini-Spray ho; Yamato Kagaku Co., Tokyo, Japan. 
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Figure 3-DTA thermograms of spray-dried samples prepared a t  
drying temperatures of 12OOC fa), 100°C (b), 80°C (c), 70°C (d), 60°C 
(e), 40°C ff), and 30°C (g). 


conditions were: air pressure for atomizing, 2 kg/cm2; flow rate of com- 
pressed air, 20 L/min; degree of reduced pressure in the drying chamber, 
60-80 mm H20. 


Characterization of Polymorphe-X-ray Powder Diffraction 
Analysis-X-ray diffraction patterns were recorded on a X-ray dif- 
fractometes with Ni-filtered Cu-K, radiation. The diffractometer was 
set a t  35 kV-7 mA, 1" beam slit, and 0.2" detector slit with a count range 
of 2000 cps, a scanning speed of l0/min, and a chart speed of 10 mm/ 
min. 


Differential Thermal Analysis-The thermograms of spray-dried 
samples and crystalline modifications prepared by the recrystallization 
method were recorded on a thermal analyze+ in an open-pan system; dry 
nitrogen a t  a constant flow rate was used as the carrier gas. a-Alumina 
served as a standard material. The rate of heating was 10°C/min unless 
otherwise stated. Thermogravimetry (TG) was also carried out for 
spray-dried samples to investigate the feasibility of the formation of 
solvates. 


Infrared Spectroscopy-The IR spectra of forms 6 and c were recorded 
on a double-beam spectrophotomete@ using the potassium bromide disk 
technique. No polymorphic changes in form t were induced by grinding 
or compressing for sample preparation. 


Scanning Electron Microscopy-The scanning electron photomi- 
crographs of samples-120, -80, -60, and -30 were taken using a microscope6 
a t  magnifications ranging from 1000 to 3000X. 


Photomicroscopy by the Hot-Stage Method-A photomicroscope 
equipped with a hot-stage was employed, and appearance changes during 
polymorphic transformation were observed for forms a and p and sam- 
ple-30. The heating rate was 2"C/min. 


Measurements of Solubility and Dissolution Rate-The solubilities 


A Geigerflex 2011; Rigaku Denki Co., Tokyo, Japan ' Model DTA-30: Shimadzu Co., Kyoto, Japan. 
5 Model 295; Hitachi Co., Tokyo, Japan. 
*Model JSM-UI; Jeol Ltd., Tokyo, Japan. 


Form a. 


1 I I 
90 100 110 


TEMPERATURE, O C  


Figure 4-DTA thermograms of forms a, (3, 6, and c. 


of different spray-dried samples were determined in simulated intestinal 
fluid (USP XIX), pH 7.5. An excess amount of powdered sample and 100 
mL of the dissolution medium were placed in a 200-mL Erlenmeyer flask 
with a glass stopper. The flasks were fixed on the sample holder in a 
thermostatic water bath maintained a t  37OC and mechanically shaken 
a t  a fixed rate of 60 strokedmin. Aliquots (2 mL) of the solution were 
withdrawn a t  designated intervals with a pipet fitted with a sintered-glass 
filter and suitably diluted with the dissolution medium. The concen- 
trations of drugs were determined by measurement of the absorbance 
a t  264 nm using a UV spectrophotometer. The resultant loss in volume 
was compensated for by adding dissolution medium maintained a t  the 
same temperature. 


Using 500 mI, of the dissolution medium, the dissolution rate was de- 
termined by a stationary disk method similar to that described by Wood 


Figure 5-Scanning electron microphotographs of spray-dried samples 
prepared a t  drying temperatures of 120°C: fa), 80°C (b), 60°C (c), and 
30°C (d). Original magnification for a, 6, and c was I O O O X ;  for d it was 
3000x. 
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Figure 6-Schematic phase diagram of spray-drying system of phe- 
nylbutazone. 


et 01. (11) and Matsunaga et al. (7). A 100-mg portion of each sample was 
compressed in an 8-mm i.d. stainless steel die under the compression force 
of 1000 kg, using an accurate compression/tension-testing machine?. No 
polymorphic changes occurred during the compression for any of the 
samples. The rotation velocity of the stirring blade was maintained a t  
150 rpm during the experiment. The sampling procedures were the same 
as those described above; the rate was determined four times for each 
sample. 


RESULTS AND DISCUSSION 


Polymorphic Behavior-A wide range of drying temperature was 
applicable in this study; the spray drying could be performed successfully 
even at 120"C, which was much higher than the melting point of the stable 
form 6 (103.0°C), because the surface temperature of recrystallizing 
crystals dropped below the melting point due to the evaporation heat of 
the solvent. Another extreme temperature (30°C) was applied to the 
present operating condition, although the boiling point of solvent was 
40.1"C under atmospheric pressure. 


Figure 1 shows the X-ray powder diffraction patterns of spray-dried 
phenylbutazone samples prepared at  different drying temperatures to- 
gether with a pure modification, form 6. The diffraction pattern of the 
sample-120 was quite similar to that of form 6. Within the range of 
120-10OoC the diffraction intensities decreased with a lowering in drying 
temperature, and the diffraction peak at 14.9" disappeared and new peaks 
appeared at 19.0" and 27.4". This suggests that the sample-100 is not 
composed of only a single crystalline form. At  the drying temperature 
of 8OoC, although some of diffraction peaks attributable to the sample- 
120 still existed, the position of the maximum intensity peak at  8.0" 
(Which was characteristic to form 6, sample-120, and sample-100) shifted 
to slightly higher diffraction angles, and the diffraction pattern was 
converted to one differing from that of the sample-120. At  the tempera- 
ture of 70°C new diffraction peaks appeared at  13.2", 16.6", 19.6", and 
23.1", suggesting the presence of a third crystalline form in sample-70. 
Below 60°C the diffractograms showed quite different patterns from any 
of those obtained at  temperatures above 70°C; they were no longer af- 
fected by drying temperature. 


Figure 2 shows the relative X-ray diffraction intensity patterns of forms 
a, /3, and 6 [prepared by the recrystallization methods (8,9)] and a new 
crystal form t, obtained at 30°C. Distinct differences in the profiles were 
evident especially for form c. Based on the collation of the diffraction 
patterns in Fig. 1 with those of pure crystal modifications, sample-120 
was identified as form 6.  However, sample-100 most likely consisted of 
a mixture of forms 6 and /3. Samples-80 and -70 seemed to be composed 
of mixtures of forms 6, /3, and 6. 


The X-ray diffraction analysis is not always able to distinguish a 
mixture of crystalline forms in a sample. The thermal behavior of a 
sample can be utilized as a supporting method for the identification and 
analysis of various forms in a mixture. The DTA curves of the samples 
in Fig. 1 and those of pure crystal modifications, together with sample-30, 
are illustrated in Figs. 3 and 4, respectively. The DTA curves for sam- 
ples-120 and -100 showed a single endotherm at  about 103°C corre- 
sponding to that of form 6 despite of the differences in the X-ray dif- 


Model IS-5000; Shimadzu Co., Kyoto, Japan. 


TEMPERATURE, "C 


Figure 7-Vapor pressure curve of methylene chloride and the resul- 
tant crystalline forms by the evaporation method. Key: (-) form 6; 
(-.-) mixture of forms 6 and /3; (- - -) not determined. 


fraction patterns as seen in Fig. 1. The DTA curve for sample-80 showed 
an endothermic peak at 9l0C, followed by a small exotherm character- 
izing transformation to form 6 at -93°C. a slight hollow at 95°C. and then 
a melting endotherm at  103°C. At  the drying temperature of 70°C an- 
other small endothermic peak was observed at  95°C in addition to the 
peak at 92°C. Below 60°C such an endothermic change became more 
remarkable, showing another phase with thermodynamic instability. 
Conversely the endothermic peak at 91-92°C began to disappear as the 
drying temperature dropped. The possibility of the formation of solvate 
in the lower ranges of drying temperature was denied by the TG results 
and elemental analyses of these samples. 


Figure 5 shows the scanning electron photomicrographs of samples-120, 
-80, -60, and -30. As already pointed out by Muller (S), form 6 did not 
differ essentially from form /3 in shape. Nevertheless, the shape of form 
6 in sample-120 was obviously a needle with round ends at higher mag- 
nifications, the individual single "crystal" being cluster of polycrystals. 
In the case of the sample-80 each crystal was entangled a t  random, but 
the crystals of forms 6 and /3 were distinguishable from one another at 
higher magnifications. Simultaneously, the formation of form c having 
a stony coral shape which was quite different from that of the other crystal 
modifications was detected. Although the amount of form c obtained 
increased with a lowering in drying temperatures <6OoC, form c was not 
composed of a pure modification; a trace amount of form /3 existed even 
in sample-30. 


The interpretation of X-ray diffractograms, thermograms, and scan- 
ning electron photomicrographs proved that sample-100 was composed 
of forms 6 and /3, and that sample-80 consisted of a mixture of forms 6, 
/3, and 6, among which form /3 was the most abundant. The spray-drying 
system used in this investigation may qualitatively be summarized by 
a schematic phase diagram shown in Fig. 6. Very rapid evaporation of the 
solvent a t  higher temperatures in this system seemed to allow the max- 
imum freedom for molecular orientation, resulting in the formation of 
the most stable form (6) in the subsequent crystallization. 


The evaporation rate of a single solvent is controlled by various factors 
including the vapor pressure of the solvent a t  a given temperature, the 
rate at which the heat is supplied, thermal conductivity and specific heat 
of the solvent, latent heat of evaporation, and the rate at which the vapor 
in contact with the solvent is removed. The transportation phenomena 
of vapor from a solution system, as in the case of this study, involve more 
complicated dynamic aspects. However, the major contributing factor 
in each case is the vapor pressure of the solvent. To simulate the evapo- 
ration of solvent from the sprayed droplets, the same solution was 
evaporated in a rotary evaporator at different temperatures under re- 
duced pressure (15 mm Hg). The vapor pressure curve of methylene 
chloride and the forms of the resultant crystals are illustrated in Fig. 7. 
In this graph, while region I at  higher temperatures gave only form 6, 
region I1 gave a mixture of forms 6 and /3. Though form t could not be 
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Figure 8-Photomicrographs of form c 
taken during the hot-stage microscopy 
study. Key: fa) 30°C; fb) 95°C; fc) 97°C; 
(d) 100°C; (e) 105°C. 


obtained within the range of the experimental condition, the result oh- 
tained in Fig. 7 may explain the present spray-drying system. From Figs. 
6 and 7 form z appears to be formed only a t  an extremely slow evaporation 
rate of the solvent. 


Although form 6 fused at  i h  melting point and the liquid then recrys- 
tallized into form 6 without generating a recrystallization exotherm under 
the ordinary analytical condition, the thermogram showed an exothermic 
peak a t  heating rates of <5"C/min. Such thermal behavior could also be 


J 


1 1 1 1 1 I , 1 1 1 


3500 3000 2500 2000 1800, 1600 1400 1200 1000 800 600 400 
WAVELENGTH, cm-' 


Figure 9-IR spectra of forms 6 and c. 
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Figure 10-Solubility profiles (A) and dissolution rates (B) of pure modifications and spray-dried samples prepared at different drying temperatures 
in simulated intestinal fluid at 37OC. Key: (0) form 6; (I) form p; (A) sample at  120OC; ( A )  sample at  80OC; (0) sample at 3O0C. 
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was hard to interpret even if the sample was of sufficient purity, only the 
three spray-dried samples in which one crystalline form was dominant 
were used in the dissolution study. 


The apparent equilibrium solubilities of forms p and c were not affected 
by dissolution time, suggesting that they were not converted to form 6 
during the dissolution process. The dissolution rates of the samples in 
Fig. 10A are shown in Fig. 10B. Based on Muller's method (9), both the 
die and the punches were cooled with liquid nitrogen so as to prevent the 
polymorphic change during the disk preparation of sample-80. Good 
linear relationships were established for all the samples except for form 
6 ,  indicating that polymorphic transformation was also not induced 
during the dissolution measurement. The apparent dissolution rates 
calculated from the slopes of the regression lines, together with the 
solubilities in Fig. IOA, are given in Fig. 11 as functions of drying tem- 
perature. Both parameters increased with the increase in amount of form 
p in the sample, since the dissolution properties of form @ were superior 
to those of form 6. As expected from the purity, the solubility of sample-80 
reached nearly the same value as that of the pure modification @. How- 
ever, the apparent dissolution rate was far smaller than that of form f l .  
Below 80°C form c contributed to both parameters more predominantly 
as the drying temperature dropped, and sample-30 gave a solubility -1.56 
times higher than that of form 6 .  Both the solubility and apparent dis- 
solution rate of sample-30 were, of course, significantly higher than those 
of any of the other known crystalline forms including form a. The 
dependencies of these dissolution properties on the drying temperature 
were in good agreement, and the excellent in oitro availability of form 
c was confirmed. 


In the present investigation the spray-drying technique could be ap- 
plied to prepare different crystalline forms by varying the operating 
condition. More extensive research is necessary to examine the possibility 
of controlling the purity of the crystalline form. 
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Abstract  An expanded solubility parameter system was tested in 
conjunction with the extended Hansen soluhility approach and the 
UNIFAC method to calculate the solubilities of naphthalene and bcnmic 
acid in polar and nonpolar solvents. The expanded parameter system is 
characterized by bd for the dispersion force, 6, for dipolar forces, a basic 
or electron-donor parameter, dh,  and an acidic or electron-acceptor pa- 
rameter 6,. The correlation between the calculated and observed solu- 
bilities of benzoic acid was increased by use of the four-parameter system. 
An indicator variable was required to bring the solubilities into line in 
strongly dipolar solvents such as N,N-dimethylformamide. For naph- 
thalene, use of the four-parameter approach proved not to be an im- 
provement over the three-parameter extended Hansen solubility ap- 
proach. The IJNIFAC method was not successful in calculating solubil- 
ities of benzoic acid in the 40 polar and nonpolar solvents. A triangular 
plot of the three Hansen parameters for benzoic acid, p-hydroxyhenzoic 
acid, and methyl p-hydroxybenzoate illustrated the contributions of 
dispersion, dipolar, and Lewis acid-base (hydrogen bonding) interaction 
forces among the three benzoic acid compounds and the various classes 
of solvents. A multiple regression procedure for calculating the four 
partial solubility parameters of drug solutes was developed. 


Keyphrases Solubility parameters, expanded-individual solvents, 
four-parameter extended Hansen approach, UNIFAC, naphthalene, 
benzoic acid Extended Hansen approach--solubility of naphthalene 
and benzoic acid in individual solvents, four-parameter system, IINIFAC 
o Benzoic acid-model drug, solubility in individual solvents, four- 
parameter extended Hansen approach, UNIPAC 


Recently (1) the solubility of naphthalene was investi- 
gated in individual solvents. A new technique, the ex- 
tended Hansen solubility approach, was compared with 
the universal functional group activity coefficient (UNI- 
FAC) method (2) and the extended Hildebrand solubility 
approach (3). The present study was undertaken to  in- 
vestigate the extended Hansen method in more detail and 
to expand the number of partial solubility parameters from 
three in the original Hansen approach to  four to  account 
for Lewis acid-base (electron acceptor and donor) prop- 
erties. 


Naphthalene was studied in 26 solvents a t  4OoC and 
benzoic acid in 40 solvents a t  2 5 O C .  Naphthalene data were 
obtained from the literature (l), and benzoic acid data were 
generated in this laboratory. Both three- and four-pa- 


rameter solubility systems were used to  correlate the 
solubilities for naphthalene and benzoic acid. 


THEORETICAL 


Extended Hansen Solubility Approach-The extended Hansen 
method ( 1 )  was successful in predicting the solubilities of naphthalene 
in individual solvents. Naphthalene is a good model to begin the study 
of nonpolar compounds in single solvents; however, it is a poor prototype 
of a drug molecule. Although naphthalene provides T-electrons for so- 
lute-solvent interaction, its lack of functional groups and side chains 
makes it considerably less irregular than molecules typically encountered 
in the pharmaceutical sciences. Benzoic acid, with its behavior in water 
and other polar solvents, provides a considerably better model of a 
drug. 


The extended Hansen solubility equation is written: 
X.' 
XZ 


log = log (YZ = CoA + C I A ( b l d  - &d)2 -k C ~ A ( d l p  - b2p)' 


where X s l  is the solute ideal mole fraction solubility, X:, is the observed 
solute mole fraction solubility, ( ~ 2  is the activity coefficient of the solute, 
and C, (where i = 0,1,2,3) are regression coefficients obtained from re- 
gression analysis. b,d is the partial solubility parameter representing 
Iandon dispersion forces, d j p  is the Keesom dipolar solubility parameter, 
and 6,h is a term for generalized electron-transfer bonding which includes 
hydrogen bonding and other Lewis acid-base interactions; j is 1 for sol- 
vent and 2 for solute. These parameters are always taken at 25OC, re- 
gardless of use. A is a term from regular solution theory (4): 


(Es. 2) 


where V2 is the molar volume of the solid solute taken as a hypothetical 
supercooled liquid a t  25OC, $1 is the volume fraction of the solvent, R is 
the molar gas constant, and 7' is the absolute temperature. The volume 
fraction of the solvent is defined as: 


(1 - XdV1 
= (1 - X*)V1+ XZVZ 


(Es. 3) 


where VI is the molar volume of the solvent. 
The partial solubility parameters, bid, 61, and d l h  for the solvents are 


found in the literature (5). Solubility parameters for solid solutes are 
seldom reported because organic compounds may decompose near their 
melting points and because of the low vapor pressures of these com- 
pounds. The properties of the solid phase cannot be used since the state 
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Table I-Effect of Id ( S p g / m L )  on the Incorporation of (3Hvhymidine 
and [3H]Ur~cil into the DNA and RNA of E. coliGK-19. 


Counts per Minute of [’HI- Counts per Minute of [’HI- 
Time, Thymidine‘ Uracil’ 
min Control Treated Control Treated 


5 I00 100 I00 100 
10 102 100 294 I93 
20 I06 99 650 224 
30 I08 91 650 237 
40 112 96 650 255 


Figure in the table are relative to the counts per minute of labeled precursor in control 
experiments at the end of 5 min. 


In  addition, treatment of E.  coli GK-19 with potassium cyanide, sodium azide, 
and 2,4-dinitrophcnol, which are known inhibitors of respiration and energy 
production, was undertaken; Id was added simultaneously or at varying times 
after the addition of the inhibitors. The results are portrayed in  Fig. 12A-C. 
With pretreatment times of 30 and 120 min, the antibacterial effect of Id is 
markedly reduced, which further indicates that cellular respiration or energy. 
in part at least, is likely required for the lytic effect of Id on E. coli to be 
manifested. 


A similar study with chloramphcnicol, which is an inhibitor of protein 
synthesis, showcd that protein synthesis is required for the lysis of cells (Fig. 
12D). It is concluded that in order for Id to exert its maximum lytic effect, 
normal respiration, energy production, and protein synthesis are required. 
Because of thecellular physiological functions that were affected by Id, it was 
suspected that macromolccular synthesis, in  general, could also be affected. 
The conviction that protein synthesis was a site of action of this Mannich base 
was strengthened by its inhibition of the biosynthesis of the enzyme P-galac- 
tosidase. In E. coli GK-19. it is possible to induce the synthesis of this enzyme 
within 2-3 min with isopropylthiogalactoside (17), but addition of Id to a 
culture of this microorganism abolished the ability of the cells to synthesize 
this enzyme. 


The effect of Id on the synthesis of DNA and RNA was measured using 
radioactively labeled thymidine and uracil, respectively, and the results are 
shown in Table 1. Thedata indicate that while the synthesisof DNA is virtually 
unaffected, the inhibition of RNA synthesis commences after 5 min and is 
reduced by 66% aftcr 20 min. 


I n  conclusion, this study has unearthed some of the factors which affect 
the antibacterial activity of I-(2,4-dichlorophenyI)-4-dimethylami 
nomethyl-I-noncn-3-one hydrochloride (Id) against E. coli GK-19. In addi- 


tion. the bioactivity of this compound is due, a t  least in part, to its causation 
of lysis, and adverse effects on respiration, as well as protein and RNA bio- 
synthesis, take place. 
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Abstract 0 A specific analytical procedure for the quantitation of amphet- 
amine (I) ,  norephedrine ( I l l ) ,  and their amphoteric metabolites, p-hydroxy- 
amphetarnine ( 1 1 )  and p-hydroxynorephedrine ( I V ) ,  in biological samples 
using electroncapture gas chromatography (GC-EC) is described. The 
procedure utilizes the ion-pairing reagent, his( 2-cthylhexyl)phosphoric acid, 
which frees the amines from the efficient 
extraction of the amphoteric compounds (as acetates) from the aqueous so- 
lulion. Amincs 1 and 111 and acetylated amines 1 1  and I V  were pernuoro- 
acetylated prior to GC-EC analysis. Metabolism of I ,  11, and I l l  in the rat 
brain was studied. Results indicate that both in viuo and in oitro amincs I and 


I l l  arep-hydroxylated to I 1  and IV, respectively, and I I  is 8-hydroxylated to 
give 1V. Norephedrine ( I l l )  was not detected as a rat brain metabolite of 
amphetamine ( I ) .  


Key Phrases 0 Amphetamine-rat brain metabolism, norephedrine, phenolic 
metabolites. gas chromatography Norephedrine--rat brain metabolites. 
amphetamine. phenolic metabolites, gas chromatography 0 Metabolites, 
phenolic-amphetamine and norephedrine, rat brain metabolism. gaschro- 
matography 


c o n t a m i n a n t s  and 


When amphetamine ( I )  is administered systemically to rats, 
appreciable amounts of I and trace quantities of p-hydroxy- 
amphetamine (11) and p-hydroxynorephedrine ( IV)  are de- 


tected in the brain tissue. In attempts to associate these me- 
tabolites with some of the pharmacological actions of I, their 
presence in various brain regions and other tissues have been 


000 I Journal of Pharmaceutical Sciences 
Vol. 73. No. 6, June 1984 


0022-3549/8410600-0808$0 1.001 0 
@ 1984, American Pharmaceutical Association 







11, R = H 
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v = (CH3CO)20 


VI 0 (C2F5CO)20 


NHbOH 
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determined (1-1 1). It has been suggested ( 2 , 5 ,  12, 13) that 
amphetamine (I) is first p-hydroxylated in the liver, and trace 
amounts of the resulting p-hydroxyamphetamine (11) pene- 
trate the blood-brain barrier and accumulate in brain tissue 
where 0-hydroxylation of I1 to p-hydroxynorephedrine (IV) 
occurs (14, 15). However, there is alternative evidence from 
in uitro studies to suggest that p-hydroxylation of I can also 
occur in the brain (9). 


In a continuation of our studies on trace amines in the brain, 
we wished to determine whether analytical techniques previ- 
ously developed (1 6- 18) could be applied to the measurement 
of amphetamine (I), p-hydroxyamphetamine (II), norephe- 
drine (III) ,  and p-hydroxynorephedrine (IV) and provide in- 
formation on the extent to which p- and 0-hydroxylation occur 
in the brain tissue. 


Current analytical procedures rely on the extraction of the 
amines into an organic solvent followed by derivatization with 
a reagent sensitive to electron-capture detection (EC) (2, 11, 
19) or utilize technically more complex procedures involving 
tritiated compounds (1,6, 8, 9, 1 1, 13, 14, 20) or mass frag- 
mentography (3,7). The simple extraction procedure is ade- 
quate for the analysis of many amines but usually demonstrates 
a poor gas chromatographic (GC) detection linearity over wide 
concentration ranges, as well as a poor sensitivity for phenolic 
amines, which are normally inefficiently extracted from 
aqueous solution. 


We now report a rapid analytical method that permits the 
identification and efficient quantitation of amphoteric com- 
pounds (I1 and 1V) in tissues and that can be employed to 
improve the GC sensitivity limits of simple amines ( I  and 111). 
By utilizing this analytical procedure the levelsof I-IV in rat 
brain tissues were determined after intraperitoneal adminis- 
tration of each amine. The results of an in uitro study on the 
metabolism of 1-111 with rat brain homogenate is also re- 
ported. 


EXPERIMENTAL 
Animal Studies-Male Sprague-Dawley rats ( 1  50 f 20 g) were used. For 


the in uiuo studies, rats were injected intraperitoneally with equimolar 


in,  


quantities (74 pmol/kg) of amphetamine hydrochloride’. p-hydroxyam- 
phetamine hydrobromide’, norephedrine hydrochloride2, and p-hydroxyno- 
rephedrine hydrobromide2, ( i .e. ,  10.0. 11.19, 11.19, and 12.37 mg/kg, re- 
spectively, calculated as the free bases). Physiological saline was used as the 
vehicle, and injection volumes of 4 . 3  mL were employed. Control rats re- 
ceived thc same volume of vehicle without drug. All animals were sacrificed 
exactly 60 min after injection. Thecomplete brain was rapidly removed, ho- 
mogenized in three volumes of cold 0.4 M pcrchloric acid, and centrifuged 
at 10,000Xg for IS min. Supernatant equal to 1 .O g of whole brain tissue was 
used in the analyses. 


For the in tiifro studies, the whole brains from untreated rats were removed, 
homogenized in three volumes of ice-cold 1.15% KCI solution, and centrifuged 
at I0,OOOXg for 20 min. Supcrnatant corresponding to 0.5 g of the original 
tissue was incubated at 37’C with shaking in open 15-mL Erlenmeyer flasks 
containing an NADPH-generating system (20 pmol of glucose 6-phosphate3, 
20 Wmol of magnesium chloride, and 4.4 pmol of N A D P )  in Tris-HCI buffer 
(pH 7.4) and I .O pmol of the appropriate substrate (total volume 3.8 mL). 
Incubations were terminated after 60 min by the addition of.0.2 mL of 2.0 M 
perchloric acid. I n  uifro experiments were performed in triplicate. 


Extraction and Derivatization-The samples [in uiuo brain supernatant 
(4  mL) or in uifro incubation mixture (4  mL)], to which 1.0 pg of 2-@- 
chlorophenyl)ethylamine5 was added as internal standard, were adjusted to 
pH 7.8 by the addition of solid potassium bicarbonate and centrifuged 
(2000Xg) to remove any precipitate formed. The supernatant was then ex- 
tracted with 5.0 m L  of a 2.5% solution of bis(2-ethylhexyl)phosphoric acid6 
in chloroform. After separation of the two phases, the aqueous layer was 
discarded and the chloroform layer was back-extracted with 3.0 mL of 0.5 
M HCI. 


Method a-For the analysis of I and 111, the acid layer was adjusted to a 
pH value of > 10.5 and extracted with 4.0 m L  of ethyl acetate. The organic 
layer was evaporated todryness under a stream of nitrogen, and the residue 
was pcntafluoroacylated and treated further as described below. 


Mefhod &For the analysis of I 1  and IV, the acid layer was made slightly 
basic by addition of solid sodium bicarbonate. 300 p L  of acetic anhydride ( V )  
was added to the basified solution followed by small additional quantities of 
sodium bicarbonate with shaking until all effervescence ceased, and the so- 


’ Smith Kline and French Laboratories. Philadelphia, Pa.; lot no. 365-A for am- 
phetamine sulfate. converted to hydrochloride. lot no. 988-64E for p-hydroxyam- 
phctaminc hydrobromide. 


Aldrich Chemical Co.. Milwaukee. Wis.: lot no. 1414TDfor norephedrine hydro- 
chloride, lot no. I22627PC for 8-hydroxynorcphedrinc hydrobromide. ’ Sigma grade. disodium salt; Sigma Chemical Co., St. Louis, Mo. 


‘Oxidized form, Sigma grade. monosodium salt; Sigma Chemical Co., St. Louis, 
Mo. 


Purchased as the free base (Sigma Chemical Co., SI. Louis, Mo.) and converted 
to i ts  hydrochloride in the usual way. 


Sigma Chemical Co.. St. I.ouis, Mo. 
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lution was extracted with 4.0 mL of ethyl acetate. To  the separated organic 
layer, 300 pL of a 30% NH4OH solution was added and the mixture was 
vortcxed for 40 min. After neutralization of the NH40H solution, the layers 
were separated by centrifugation. The ethyl acetate layer was then evaporated 
to dryness in a stream of nitrogen. 


The residues obtained from each of the methods were separately dissolved 
in a mixture of 35 p L  of ethyl acetate and 75 p L  of pentafluoropropionic 
anhydride (VI)', and the ensuing reaction was allowed to proceed at 85OC 
for 1 h .  Each mixture was reduced in volume under a stream of nitrogen and 
partitioned bctween toluene (200 pL) and 0.1 M sodium phosphate buffer 
(200 pL;  pH 7.4). Each organic layer was retained for GC analysis. 


Instrumentation-Analyses were performed with a gas chromatographs 
quipped with a 15-mCi 63Ni-sourcc linear EC detector. A fused silica c a p  
illary column (Carbowax 2OM. 12 m) was used with temperature pro- 
gramming, 80-220°C at  20°C/min. and injection port and detector tem- 
pcraturs of 25OoC. The carrier gas was helium at 7 psi; argon-methane ( 9 5 5 )  
at  a flow rate of 36 mL/min was used as the make-up gas at  the detector. The 


A. .S. B. 
II 


r 


Q i ;  8 8 6  i 4 8 6 


TI ME (m in ) 
Figure I-Typical chromarograms of rat brain extracts which have been 
derivatized by method b. Key: (A)/rom rats injected with physiological saline; 
(B) from rats injected with norephedrine; ( I I )  derivarized norephedrine; (I V) 
deriuatized p- hydroxynorephedrine; (IS.) derivatixed internal standard. 


' Pierce Chemical Co.; Rockford. 1 1 1 .  
Hcwlctt-Packard model 5630A. 


mass spectrometerY separator and ionization source temperatures were 1 8OoC 
with an ionization energy of 70 cV. The gas chromatographic column and 
operating conditions were as described above. All spectra were consistent with 
the structures assigned; the mass spectra are described 


RESULTS AND DISCUSSION 


Amphetamine (I). norephedrine (111). and their metabolites. p-hydroxy- 
amphetamine (11) and p-hydroxynorcphedrinc ( IV) .  were present in brain 
samples in trace concentrations. An analytical technique was required which 
would not only permit the adequate extraction of I-IV from aqueous solution. 
but also eliminate the interference created by the simultaneous extraction of 
endogenous contaminants. Such interference was found to be a particularly 
troublesome problem when utilizing GC-EC detection methods following the 
perfluoroacylation of sample extracts. 


The described method proved to be a suitable analytical procedure. The 
four amincs were efficiently extracted from brain supernatant or in vitro in- 
cubation mixtures with chloroform containing the ion-pairing reagent. 
bis(2-ethylhcxyl)phosphoric acid (21 ) and were recovered from the organic 
solution by extracting the latter with dilute hydrochloric acid. The aminc- 
containing aqueous solution was now free of most contaminants. The reex- 
traction of the amphotcric metabolites I 1  and 1V intoan organicsolvent was 
made possible by their prior acetylation in the basified aqueous medium with 
acetic anhydride (V)  to lipophillic N.0-diacetates (Scheme I). This acetylation 
procedure also converted amphetamine ( I )  and norephedrine (111) to their 
N-acetates (Scheme 11). The 8-hydroxyl group of either 111 or IV did not 
undergo acetylation. 


Attempts were made to pcntafluoroacylatc the extracted acetates to increasc 
their sensitivities to GC-EC. However, the N-pentafluoropropionyl derivatives 
of all four N-acctylated derivatives proved to be unstable. The derivatives of 
I and 111 rapidly lost the pentafluoroacetatc moiety by hydrolysis, and the 
derivatives of 111 and IV cyclized to GC-EC-insensitive oxazolinc products 
(Schemes I and 11). The problem of insufficient sensitivity was overcome for 
I 1  and IV by the preferential hydrolysis of the 0-acetate moiety of their 
N.O-diacetates using ammonium hydroxide. This treatment f r d  the phenolic 
hydroxyl group for reaction with VI and resulted in the formation of the final 
derivatives identified in Scheme I .  These 0-pentafluoroacetyl derivatives were 
stable for at least 2 weeks if refrigerated. Typical G C  t r a m  are shown in Fig. 
1. 


Since neither amphetamine (1) nor norephedrine (111) contains a phenolic 
group, the analytical procedure just described for the analysis of I I  and IV 
was not applicable to the quantification of 1 and I l l ;  a separate analytical 
procedure was nccessary for the latter two amines. They were directly removed 
from the aforementioned dilute hydrochloric acid solution containing I-IV 
by basifying the solution and extracting it with ethyl acetate. The extracts were 
treated with VI and the resulting N-pentafluoropropionyl derivatives (Scheme 
111) proved to be both stable to hydrolysis and GC-EC sensitive. This proce- 
dure permitted effective recovcryand detection of both 1 and 111 without in- 
terference from the arnphoteric metabolites. 


Overall recoveries for the compounds (based on 100-ng amounts), using 
the methods described above. were as follows: I (87.7 f 0.6%). I I  (65.0 f 
2.7%). 111 (80.3 f I .2%), IV (52.7 f 2.570). and internal standard (80.1 f 
I .7%); values represent mean f SD ( n  = 3). The structures of all final dc- 


Hcwlctt-Packard model 5710 coupled to a Hewlett-Packard quadruple mass 


l o  COUIIS. Baker. Pasutto. Liu. LcGatt, and Prclusky. Biomed. Mass Spectrum. in 
spectrometer (model 5981A) and a model 5934A data system. 


press. 
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1 , R - E  
111, B = OH 


rivatized products were confirmed by mass spectrometric analysis. Calibration 
plots of the derivatizcd form of all four amines were constructed using varying 
quantities of each amine and 2-(p-~hlorophenyI)ethylamine as  internal 
standard. All plots were linear over a IO-10,OOO-ng range. The minimal de- 
tection level of each amine was 10 ng/g of tissue sample. 


The levels of substrates and metabolites found in whole brain tissue after 
intraperitoneal injection of rats with equimolar quantities ofeach amine are 
given in  Table I .  Levelsof I ,  I I ,  and IV after administration of amphetamine 
( I )  are comparable to values obtained in other studies (2.4,5, 19, 20). Ra: 
whole brain levels of I l l  and IV after intraperitoneal injection of norephedrine 
(111). of p-hydroxynorephedrine (1V) after its intraperitoneal injection, and 
of 11 and IV after intraperitoneal injection of p-hydroxyamphetamine (11) 
have apparently not been determined previously. 


Rat whole brain levels of p-hydroxyamphetamine (11) ( 1  14.1 ng/g), re- 
sulting from the administration of amphetamine ( I )  were significantly higher 
0, < 0.025; Student’s t test) than those obtained (74.9 ng/g) when I I  was 
injected directly. Thus, even if all the intraperitoneally injected I had been 
metabolized to 11 in the liver (and this had not occurred-see Table I), this 
would not account for the levels of I 1  observed. One possible explanation of 
these is that p-hydroxylation of I to I I  occurs in the rat brain to an appreciable 
extent. Similar results were observed when norephedrine ( I l l )  was the sub- 
strate. Although 80.9 ng/g ofp-hydroxynorephedrine (IV) was measured in 
brain tissue after injection of IV, this does not fully account for the significantly 
higher (p < 0.01 ) brain levels (1  31.7 ng/g) of 1V detected after injection of 
111. 


Attempts toshow that norephedrine (111) was an invivo rat brain metabolite 
of amphetamine ( I )  were unsuccessful. I f  any 111 was so formed, it was in  an 
amount which was below the detection limit of the assay (10 ng/g). This 
failure to detect 111 in rat tissues after intraperitoneal injection of I agrees with 
previous reports (6.9, 15). In contrast, Lewander (2) detected [’4C]III in rat 
brain after injection of [‘4C]I, although the levels measured (<I0 ng/g of 
tissue) were below the detection limits of most other analytical procedures. 
Kuhn e/ a / .  (9) found appreciable amounts of 111 in brain following the in- 
tracisternal injection of amphetamine ( I ) .  


In  uitro studies using rat brain 10,OOOXg homogenate supernatant con- 
firmed that both p- and &hydroxylating enzymes are present in brain tissue 
(Table 11). Metabolism of amphetamine ( I )  (1.0 pmol) produced trace 
amountsof I 1  (0.744 nmol) and IV (0.498 nmol), but no norephedrine (111). 
The incubation of 111 (1.0 pmol) similarly produced IV (0.789 nmol); con- 
version of I I  ( 1  .O pmol) to IV ( I .  1 I7 nmol) was also demonstrated. These 
metabolic conversions were not observed in uitro in the absence of brain ho- 
mogenate supernatant. 


R = H (from I) 
R = CCOC2F5 (from In) 


Scheme 111 


CONCLUSIONS 


A sensitive analytical procedure has been developed that permits extraction 
and analysis of amphetamine, norephedrine, and their p-hydroxylated me- 
tabolites from rat brain. The phenolic metabolites are derivatized by a com- 


Table I-Rat Whole Brain Levels of Amphetamine (I), Norephedrine (III), 
p H  ydroxyamphetamiae (Il), and pHydroxynorephedrine (IV) 


Metabolite. 
nmol/g of Brain Tissueb 


Substrate” 1 I1  111 IV 


I 67.05 f 4.50 0.756 f 0.093 NDC 0.498 f 0.076 
(12) 


0.318 f 0.097 
(3) 


(13) 
41 .I7 f 4.05 0.789 f 0.097 


(1 I )  
0.484 f 0.056 


(9) 


- ( 1 5 )  
0.496 f 0.074 


(3) 
- I 1  


111 


IV 


03) - - 
(3) - - - 


74.0p1ol/kg (free base) ip. Mean f SO: number ofexperimcnts in parentheses. 
ND-not detected. 


Table 11-111 Vitro Rat Brain Metabolism of Amphetamine (I), p 
Hydroxyamphetamine (II), and Norephedrine (111) 


Metabolite. 
nmol/g of Brain Incubation* 


Substratea I I1 111 I V  


I * C  0.744 f 0.121 NDd 0.21 1 f 0.050 


1.117 f 0.121 I1 
(10) (5) 


- 
(10) - * C  


(6) 


(6) 
111 - - * c  0.533 f 0.091 


0 Substrate ( I  .O gmol) added as free base. * Mean f SD: number of experiments in 
parentheses. CRecovery of substrate not determined. 


bination of aqueous acetylation, specific basic hydrolysis of phenolic acetyl 
groups, and perfluoroacylation under anhydrous conditions. The procedure 
permits the analysis of p-hydroxyamphetamine and p-hydroxynorephedrine 
without interference from amphetamine or norephedrine; this is particularly 
important in the study reported here, since in the in vi/ro investigation con- 
centrations of the parent compounds were many times higher than those of 
the metabolites. The results obtained with this procedure suggest that (a) both 
amphetamine ( I )  and norephedrine ( I l l )  arep-hydroxylated to some extent 
in rat brain, both in uivo and in uitro, (b )  p-hydroxyamphetamine (11) 
undergoes intracerebral conversion to p-hydroxynorephedrine ( IV) ,  and ( c )  
norephedrine (111) could not be detected as either an in viuo or an in virro brain 
metabolite. Thus, the results of this preliminary study suggest that a 8-hy- 
droxylation of p-hydroxyamphetamine, but not of amphetamine, occurs in  
rat brain. Factors such as  differential metabolism and elimination rates i n  
brain and liver must be considered, and future comprehensive time studies 
in these two organs may yield additional information on the formation of 
amphetamine metabolites. 


ND-not detected. 
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Abstract 0 A series of pyrrolidinones have been reported to posscss hypoli- 
pidemic activity in mice. The most active agent, 4-phenyl-5-5dicarbethoxy- 
2-pyrrolidinone, effectively lowered both serum cholesterol and triglyceride 
lcvels at 20-30 mg/kg/d. The agent suppressed liver mitochondrial citrate 
exchange, phosphatidate phosphohydrolase. and sn-glycerol-3-phosphate acyl 
transferase activities. Lipid content of the liver, small intestine, and serum 
lipoprotein fractions was reduced by drug treatment, but lipid levels increased 
in  the bile and fecal samples, suggesting the drug accelerated lipid excretion. 
The mode of action of the pyrrolidinone appears similar to that of the cyclic 
imides. 


Keyphrases 0 4-Phenyl-5,5- dicarbethoxy -2- pyrrolidinone- hypolipidemic 
activity, rodents 0 H ypolipidemic agents-potential, 4-phenyl-5.5-dicarbe- 
thoxy-2-pyrrolidinone, rodcnt screen 


A series of substituted 2-pyrrolidinones have previously been 
examined for hypolipidemic activity in mice and have been 
observed to be active between 20-30 mg/kg/d. Similarly, types 
of moieties such as succinimide ( 1 )  also have hypolipidemic 
activity in the dosage range. One particular compound, 4- 
phenyl-5,5-dicarbethoxy-2-pyrrolidinone (2), demonstrated 
potent activity and lowered serum cholesterol and triglycerides 
>40% at 30 mg/kg/d after 16 d. The current study involves 
the mode of action of 4-phenyl-5,5-dicarbethoxy-2-pyrroli- 
dinone in lowering lipid levels of the body. 


EXPERIMENTAL 


Antihyperlipidemic Screens in Normal Rodents-4-Phenyl-5.5-dicarbe- 
thoxy-2-pyrrolidinone was suspended in 1 ?h aqueous carboxymethylcelluloe 
and administered to male CFI mice (-25 g) intraperitoneally for 16 d or male 
Holtzman rats (-350 g) orally by an intubation needle for 14 d. On days 9 
and 14 or 16, blood was obtained by tail vein bleeding, and the serum was 
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Testing in Atherogenic Mice-Male CFI mice (-25 g) were placed on a 


I Hycel Triglyceride Test Kit; Fisher. 
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~~~~ ~ ~~ 


Basal atherogenic test diet; US. Biochemical Corp. 
3 Celufil. 
4 Wesson. 
J Fisher Scintiverse in a Packard scintillation counter. 
6 Hyamine Hydroxide; New England Nuclear, Boston, Mass. 
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graphs is provided. However, failure to reference the material in the in- 
dividual chapters is a serious omission. 


This book may serve as a quick reference for chemical structures and 
chemotherapeutic properties of a large number of antibiotics. However, 
the handbook approach used to present the material makes this book 
unsuitable as a text. 


Reoiewed by Marvin R. Boots 
Department of Pharmaceutical Chemistry 
Medical College of Virginia 
Virginia Commonwealth Uniuersity 
Richmond, V A  23298 


This book is heartily recommended for the novitiate as well as the 
expert. Being a personal statement, you will enjoy the author’s strengths 
and weaknesses in terms of understanding the field. The index is unique 
in that it allows you to find the primary places where each author is 
mentioned throughout the book. In the short time that I have had it, I 
easily justified the cost of the book by rapidly finding author refer- 
ences. 


Reoiewed by Howard Maibach 
University of California 


San Francisco. CA 94143 
Medical School 


Solid-state Chemistry of Drugs. By STEPHEN R. BYRN. Academic 
Press, 111 Fifth Avenue, New York, NY 10003.1982.346 pp. 15 X 23 
cm. Price $55.00. 
The literature on solid-state chemistry is not abundant, and the topic 


of solid-state chemistry of drugs per se has not been treated previously 
in book form. (Granted, chapters in books and reviews in journals have 
appeared.) Dr. Byrn’s book hence fills a void. I t  is refreshing to note, at  
the onset, that it does this very well. 


The book is, first of all, self-contained. It commences with morpho- 
logical descriptions and definitions, followed by a broad overview of what 
actually happens in a solid when the molecules contained in it (or some 
of them) undergo chemical change. It then gives examples of the various 
types of solid-state reactions documented in the literature (and of 
pharmaceutical interest). 


A chapter is devoted to methods of analysis, in a somewhat different 
way than the casual reader might expect. The tools of trade in this field, 
if mechanistic understanding is the goal, are X-ray, spectroscopy, and 
thermal methods. In other words, the analysis section is not cluttered with 
specific assay methods, but rather with the specific tools. I t  might have 
been instructive to have a section dealing with high-vacuum techniques 
of gas analysis, since these are frequently used in solid-state kinetics in 
isothermal studies of gas-producing reactions. 


The chapter on solid-state kinetics is excellent and covers all essential 
principles. Particularly useful is Table I, where one particular reaction 
is treated by a large number of different mechanistic models, leading to 
the conclusion (not surprisingly) that simply fitting the data to a model 
will not, in itself, serve as a selection criterion. That philosophy is true 
in general, but is well stated. 


A large chapter is devoted to polymorphism, an important aspect not 
often thought of as “chemistry” (as implied in the title of the book). But, 
it certainly belongs in the book and should be of great usefulness to those 
working in this particular field. 


The book contains a wealth of examples. It is written in a very pleasant 
style. A must for the pharmaceutical scientist involved in solid dosage 
forms. 


Reoiewed by J. T. Carstensen 
School of  Pharmacy 
University of Wisconsin, 
Madision, WI 537U6 


Dermatological Formulations: Percutaneous Absorption. By 
BRIAN W. BARRY. Marcel Dekker, 270 Madison Avenue, New York, 
NY 10016.19&3.479 pp. 16 X 23.5 cm. Price $55.00 (2070 higher outside 
the US .  and Canada). 
This is a concise, single-authored overview of percutaneous penetration 


as it relates to dermatological formulations. Demonstrating the breadth 
and depth of his personal reading and experience, Dr. Barry single- 
handedly tackles many different areas. He starts with a brief overview 
of the structure, function, diseases, and topical treatment of human skin. 
The second chapter is a classical review of the principles of diffusion 
through membranes. He next discusses the facts and theory related to 
skin transport and properties influencing percutaneous absorption. 
Following a brief review of methods for quantitating absorption, he ends 
with two strong chapters on formulation and rheology of dermatological 
vehicles. 


Alkaloids, Volume 1: Chemical and Biological Perspectives. Edited 
by S. WILLIAM PELLETIER. Wiley-Interscience, 605 Third Avenue, 
New York, NY 10158. 1983.398 pp. 16 X 24 cm. Price $60.00. 
Alkaloids never seem to cease attracting the interest of chemists. Since 


the turn of the century, numerous books and series have been published 
on the subject. This is another ambitious, comprehensive treatise in- 
tending to add new perspectives to the subject. The series takes a new 
topic-oriented approach, departing from the traditional descriptive 
system based on the class of compounds. 


The first volume begins with the nature and definition of an alkaloid 
by the editor and includes such mixed topics as “Arthropod Alkaloids: 
Distribution, Functions, and Chemistry,’’ by T. H. .Jones and M. S. Blum; 
“Biosynthesis and Metabolism of the Tobacco Alkaloids,” by E. 1,eete; 
“The Toxicology and Pharmacology of Diterpenoid Alkaloids,” by M. 
H. Benn and J. M. Jacyno; and “A Chemotaxonomic Investigation of the 
Plant Families of Apocynaceae, Loganiaceae, and Rubiaceae by Their 
Indole Alkaloid Content,” by M. V. Kisakurek, A. J. M. Leeuwenberg, 
and M. Hesse. All were written by unquestionable experts in their par- 
ticular field and provide not only first-hand information by researchers 
themselves, but also deep insights into the individual subjects. 


Dr. Pelletier’s devotion to the chemistry of alkaloids, especially di- 
terpenoid alkaloids, is widely known, and his ability to cover this broad 
topic is also well-proven by his earlier publication in The Royal Society 
of Chemistry-Specialist Periodical Reports on alkaloids. In the first 
volume he has certainly exercised his knowledge of the topics and taken 
advantage of his close acquaintance with top researchers in the individual 
fields. However, it remains to be seen in future volumes how successful 
the series will be in raising the interest of interdisciplinary readers in such 
diversified areas as medicinal chemistry, natural products chemistry, 
pharmacology, pharmacognosy, biochemistry, phytochemistry, plant 
taxonomy, oncology, forensic science, and medicine as originally intended. 
At any rate, in conjunction with recent research interest in natural 
products chemistry, books taking the multidisciplinary approach as, for 
example, a series on marine natural products with the same subtitle 
(Marine Natural Products: Chemical and Biological Perspectiues, P. 
J. Scheuer, Ed., Academic Press, Volumes I-V), are seen more and more 
on the bookshelves. 


Reuiewed by Yuzuru Shimizu 
Department of Pharmacognosy and 


Environmental Health Sciences 
College of Pharmacy 
Ilnioersity of Rhode Island 
Kingston, H I  02881 


Annual Review of Pharmacology and Toxicology, Volume 23. Edited 
by ROBERT GEORGE, RONALD OKUN, and ARTHUR K. CHO. 
Annual Reviews Inc., 4139 El Camino Way, Palo Alto, CA 94306.1983. 
713 pp. 15 X 22 cm. Price $27.00. 
This review of pharmacology and toxicology continues a successful 


series of monographs in these areas. The btx)k contains 27 different re- 
views and a review of the reviews. Each of the reviews is written by a 
person familiar with the area of research. The reviews are normally 
concise and well referenced; important tables and figures are included 
in many of the reviews. The initial review by Leslie Iversen on “Nonopioid 
Neuropeptides in Mammalian CNS” provides some insight into the re- 
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Abstract  An expanded solubility parameter system was tested in 
conjunction with the extended Hansen soluhility approach and the 
UNIFAC method to calculate the solubilities of naphthalene and bcnmic 
acid in polar and nonpolar solvents. The expanded parameter system is 
characterized by bd for the dispersion force, 6, for dipolar forces, a basic 
or electron-donor parameter, dh,  and an acidic or electron-acceptor pa- 
rameter 6,. The correlation between the calculated and observed solu- 
bilities of benzoic acid was increased by use of the four-parameter system. 
An indicator variable was required to bring the solubilities into line in 
strongly dipolar solvents such as N,N-dimethylformamide. For naph- 
thalene, use of the four-parameter approach proved not to be an im- 
provement over the three-parameter extended Hansen solubility ap- 
proach. The IJNIFAC method was not successful in calculating solubil- 
ities of benzoic acid in the 40 polar and nonpolar solvents. A triangular 
plot of the three Hansen parameters for benzoic acid, p-hydroxyhenzoic 
acid, and methyl p-hydroxybenzoate illustrated the contributions of 
dispersion, dipolar, and Lewis acid-base (hydrogen bonding) interaction 
forces among the three benzoic acid compounds and the various classes 
of solvents. A multiple regression procedure for calculating the four 
partial solubility parameters of drug solutes was developed. 


Keyphrases Solubility parameters, expanded-individual solvents, 
four-parameter extended Hansen approach, UNIFAC, naphthalene, 
benzoic acid Extended Hansen approach--solubility of naphthalene 
and benzoic acid in individual solvents, four-parameter system, IINIFAC 
o Benzoic acid-model drug, solubility in individual solvents, four- 
parameter extended Hansen approach, UNIPAC 


Recently (1) the solubility of naphthalene was investi- 
gated in individual solvents. A new technique, the ex- 
tended Hansen solubility approach, was compared with 
the universal functional group activity coefficient (UNI- 
FAC) method (2) and the extended Hildebrand solubility 
approach (3). The present study was undertaken to  in- 
vestigate the extended Hansen method in more detail and 
to expand the number of partial solubility parameters from 
three in the original Hansen approach to  four to  account 
for Lewis acid-base (electron acceptor and donor) prop- 
erties. 


Naphthalene was studied in 26 solvents a t  4OoC and 
benzoic acid in 40 solvents a t  2 5 O C .  Naphthalene data were 
obtained from the literature (l), and benzoic acid data were 
generated in this laboratory. Both three- and four-pa- 


rameter solubility systems were used to  correlate the 
solubilities for naphthalene and benzoic acid. 


THEORETICAL 


Extended Hansen Solubility Approach-The extended Hansen 
method ( 1 )  was successful in predicting the solubilities of naphthalene 
in individual solvents. Naphthalene is a good model to begin the study 
of nonpolar compounds in single solvents; however, it is a poor prototype 
of a drug molecule. Although naphthalene provides T-electrons for so- 
lute-solvent interaction, its lack of functional groups and side chains 
makes it considerably less irregular than molecules typically encountered 
in the pharmaceutical sciences. Benzoic acid, with its behavior in water 
and other polar solvents, provides a considerably better model of a 
drug. 


The extended Hansen solubility equation is written: 
X.' 
XZ 


log = log (YZ = CoA + C I A ( b l d  - &d)2 -k C ~ A ( d l p  - b2p)' 


where X s l  is the solute ideal mole fraction solubility, X:, is the observed 
solute mole fraction solubility, ( ~ 2  is the activity coefficient of the solute, 
and C, (where i = 0,1,2,3) are regression coefficients obtained from re- 
gression analysis. b,d is the partial solubility parameter representing 
Iandon dispersion forces, d j p  is the Keesom dipolar solubility parameter, 
and 6,h is a term for generalized electron-transfer bonding which includes 
hydrogen bonding and other Lewis acid-base interactions; j is 1 for sol- 
vent and 2 for solute. These parameters are always taken at 25OC, re- 
gardless of use. A is a term from regular solution theory (4): 


(Es. 2) 


where V2 is the molar volume of the solid solute taken as a hypothetical 
supercooled liquid a t  25OC, $1 is the volume fraction of the solvent, R is 
the molar gas constant, and 7' is the absolute temperature. The volume 
fraction of the solvent is defined as: 


(1 - XdV1 
= (1 - X*)V1+ XZVZ 


(Es. 3) 


where VI is the molar volume of the solvent. 
The partial solubility parameters, bid, 61, and d l h  for the solvents are 


found in the literature (5). Solubility parameters for solid solutes are 
seldom reported because organic compounds may decompose near their 
melting points and because of the low vapor pressures of these com- 
pounds. The properties of the solid phase cannot be used since the state 
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of a solute is essentially that of the liquid phase, even if highly super- 
cooled. Hansen and Beerbower (5) provide a group contribution method 
by which the partial solubility parameters can be estimated. A recent 
method based on multiple regression has been suggested to obtain partial 
solubility parameters for crystalline solid compounds (6). 


For a given solute, 62d, 62,, and 6'& are constants; therefore, (log ( Y ~ ) / A  
values are regressed only on dld,  61d2, 61,, 61,*, d l h ,  and 61h2, according 
to an expression obtained by expanding Eq. 1: 


t D66lh t Do (Eq. 5) 


where DO represents the last term of Eq. 4, made up exclusively of con- 
stants. This procedure eliminates the need for solubility parameters of 
the solute in the regression equation. 


Expanded Parameter Approach-Karger et al. (7 ,8)  proposed five 
specific solubility parameters for solvents and adsorbents: dispersion, 
6d; induction, &,,;orientation, 6,; and 6, and db for acid and base effects, 
respectively. The authors used this expanded set of parameters to esti- 
mate selectivity in chromatography. According to their method, the 
dispersion solubility parameter is determined (9) from the refractive 
index fraction, X = ( n 2  - l ) / ( n 2  - 2) and the expression: 


6d = -2.24 + 5 3 x  - 58X' t 2 2 x 3  (Eq. 6) 


The orientation parameter (6,)  is obtainable, in principle, from the 
dipole moment and molar volume of the substance. It can be calculated 
using the equation: 


60' = (6T - 6d2)/(l t 0.00146dV) (Eq. 7) 


where 6~ is the total solubility parameter obtained from the energy of 
vaporization (4). The induction solubility parameter is obtained from 
the orientation parameter and molar volume: 


6,, = 0.0007602V (Eq. 8) 


For hydrogen bonding or acid-base effects, the 6,6b parameters of al- 


m h b  = c *  v6a6b (Eq. 9) 


where m h b  is the heat of hydrogen bonding, taken as 5200 cal/mol, and 
C* is a proportionality constant. For alcohols C* has a value of 1.8. With 
the assumption of equal values of 6, and 6b for all alcohols, it is possible 
to determine the acid and base parameters for other compounds via heats 
of hydrogen bonding. The expansion of Hansen solubility parameters 
as proposed here divides the electron transfer solubility parameter, 6h, 
to yield acidic, d,, and basic, 6b, solubility parameters in order to quantify 
electron-donor and -acceptor properties. 


The detailed procedures employed in the current study for obtaining 
the partial solubility parameters of the solvents are as follows. 


Dispersion Solubility Parameter, &-The 6d values proposed by 
Karger et a/ .  ( 7 , 8 )  are almost the same as Hansen's 6d values (5). Since 
Hansen's dd has been refined over a long period of time, based on solu- 
bility data, the dd values of the solvents used in the current study are those 
provided by Hansen and Beerbower (5) with a few corrections. 


Polar Solubility Parameter, 6,-The polar parameter, d,, was calcu- 
lated using the modified Boettcher equation (5,10-12): 


cohols are obtained from: 


12,108 C -  1 
( n D 2  t 2)p' bP2 = -. ___ 


v2 2t t nD2 


where V is the molar volume of the compound, t is the dielectric constant, 
n~ is the refractive index for the D line of sodium, and p is the dipole 
moment expressed in units of esu-cm (Debye units). The 6, values 
of the solvents in this study were obtained from Hansen and Beerbower 
(5). 
Basic Solubility Parameter, &-Recently Kamlet et al. (13) used 


spectrometric methods to obtain three solvatochromic parameters, T*, 
a, and P. The a-scale of the solvent provided a measure of proton-donor 
capacity, and the P-scale quantified the ability of the solvent to accept 
a proton. Kamlet et al. have prepared an extensive table of p-values for 
solvents, and Karger et al. (7 ,8)  provided a limited number of 6, and 6b 


values for solvents. It was found in the current work that a linear rela- 
tionship exists between the &-value of Karger et al. and the P-value of 
Kamlet et al.: 


(Eq. 11) 
V"'6b = 6O.lP + 2.45 
n = 22, r 2  = 0.918 


The P-value provided by Kamlet e t  al. (13) in Eq. 11 yields 6b of the 
solvent. For example, the P-value of dimethyl sulfoxide is 0.76 (13) and 
V = 71.3 (Table I): V1"6b = (60.1)(0.76) + 2.45; (71.3)%, = 48.13. 
Therefore, 6b = (48.13)/(8.44) = 5.7. Table I lists bb-values for the sol- 
vents. Solvents for which Kamlet et al. did not list P-values were evalu- 
ated by comparison with the extensive compilation of basicity and acidity 
parameters by Griffiths and Pugh (14). Some partial parameters were 
adjusted based on solubility data. 


Acidic Solubility Parameter, 6,-The a-values given by Kamlet et 
al. are less accurate than P-values, as noted by the authors (13). However, 
since d ~ ,  6d, 6,, and 6b are known, 6, can be obtained using the following 
equation: 


26,6b = 6T' - 6d' - 6 ~h = 6 ' (Eq. 12) 


For dimethyl sulfoxide, 6b = 5.7 as given above; d~ = 13.04, 6d = 9.0, and 
6, = 8.0 are obtained from Table I. One gets 6, for dimethyl sulfoxide by 
substituting these values into Eq. 12: 26,6b = (13.04)2 - (9,O)' - (8.0)2 
= 25.04; 6, = (25.04)/(2 X 5.7) = 2.2. The &-values for the solvents are 
found in Table I. 


Regression Approach Using Expanded Solubility Parame- 
ters-The solubility of a compound in a liquid solvent can be expressed 
as (7 ,8):  


where 61dr 62dr 61,, 62,, 61,, bzar 61b, and 62b have already been defined. 
Since 6, and 6,, are both contributed from the dipolar property of the 
compound, 6,-values were used instead of 6, in the present study. The 
induction solubility parameter, din, a product term of 6, and V ,  was found 
to be insignificant in improving the predicted solubilities' and was de- 
leted. Equation 13 can then be transformed to: 


(Eq. 14) 


The solubility of one compound in various single solvents can be predicted 
by expanding Eq. 14: 


+ 261a61h - 261a62b - 262a6lb + 262ad2b (Eq. 15) 


where 62d, &,, &,, and 62b are now the solubility parameters of the solute, 
which obviously are constant for a particular solute dissolved in a series 
of different solvents. Therefore, the solubilities are simply estimated by 
regressing (log az ) /A  against 61d2, did, 6lP2, alp, 6la6lb, 61a7 and 6lb using 
the model suggested by Eq. 15: 


+ C661a + Cdlb (Eq. 16) 


where CO, C1,. . . are the coefficients of the regression equation. 


EXPERIMENTAL 


Materials-The solubility of benzoic acid2 in a number of solvents 
was compared with literature values, and the UV spectra of the various 
solutions were measured. The solvents were spectrophotometric or ACS 
grade or redistilled before used and are listed in Table I. The solubility 
data for naphthalene was obtained from the literature (1). 


Heat of Fusion and  Molar Volume-The heat of fusion of benzoic 
acid, determined by differential scanning calorimetry3, was found to be 


1 P. L. Wu and A. Martin, unpublished data. 
2 Matheson Coleman Bell, Norwood, OH 45212. 
3 Perkin-Elmer DSC Model lB, Norwalk, Conn. 
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Table I-Solubility Parameters and Molar Volumes of Commonly Used Solvents 


Solubility Parameter 


Molar Hydrogen 
Volume Dispersion Dipolar Bonding Acidic Basic Total 


No. Solvent (VI 1 (6d) (6,) (6 h) (6 a) (6b) (ST) 


1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 


Pentane 
Hexane 
Heptane 
Nonane 
Decane 
Cyclohexane 
Benzene 
Toluene 
Chlorobenzene 
Ethylene dichloride 
Ethylidene chloride 
Chloroform 
Carbon tetrachloride 
Ethylene dibromide 
Ethylidene bromide 
Diethyl ether 
Dipropyl ether 
Dibutyl ether 
Ethyl acetate 
Propyl acetate 
Butyl acetate 
Hexyl acetate 
Carbon disulfide 
Acetone 
Dioxane 
Aniline 
Nitrobenzene 
Acetophenone 
Benzyl alcohol 
Cyclohexanol 
Methyl alcohol 
Ethyl alcohol 
Propyl alcohol 
Isopropyl alcohol 
Butyl alcohol 
Isobutyl alcohol 
see-Butyl alcohol 
tert-Butyl alcohol 
1 -Pentanol 
1-Hexanol 
1-Heptanol 
1-Octanol 
Ethylene Glycol 
1,2-Propanediol 
1,3-Propanediol 
Glycerol 
1,4-Butanediol 
Acetic acid 
Propionic acid 
Butyric acid 
Dimethyl sulfoxide 
Pyridine 
Formamide 
N-Methylformamide 
N,N-Dimethylformamide 
N,N-Diethylformamide 
N,N-Dimethylacetamide 
N,N-Diethylacetamide 
Water 


116.1 
131.6 
147.5 
179.7 
195.9 
108.8 
89.4 
106.9 
102.2 
79.4 
84.8 
80.8 
97.1 
87.0 
92.9 
104.8 
139.4 
170.4 
98.5 
115.7 
132.6 
164.5 
60.0 
74.0 
85.7 
91.5 
102.7 
117.4 
103.9 
106.0 
40.7 
58.7 
75.1 
76.9 
92.0 
92.4 
92.5 
94.3 
108.6 
125.2 
141.9 
158.4 
55.9 
73.7 
72.5 
73.2 
88.6 
57.6 
75.0 
91.9 
71.3 
80.9 
39.9 
59.1 
77.4 
112.0 
93.0 
126.6 
18.1 


7.1 
7.3 
7.5 
7.7 
7.7 
8.2 
9.0 
8.8 
9.3 
9.3 
8.1 
8.7 
8.7 
9.3" 
9.0" 
7.1 
7.3 
7.6 
7.4 
7.7 
7.7 
7.8 
10.0 
7.6 
9.3 
9.5 
9.8 
9.6 
9.0 
8.5 
7.4 
7.7 
7.8 
7.7 
7.8 
7.4 
7.7 
7.3 
7.8 
8.0 
8.1 
8.3 
8.3 
8.2 
8.1 
8.5 
8.2 
7.1 
7.2 
7.3 
9.0 
9.3 
8.4 
8.4 
8.5 
8.2 
8.2 
8.2 


0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.5 
0.7 
2.1 
3.6 
4.0 
1.5 
0.0 
1.7 
2.5a 
1.4 
1.1 
0.8 
2.6 
2.1 
1.8 
1.5 
0.0 
5.1 
0.9 
2.5 
4.2 
4.2 
3.1 
2.0 
6.0 
4.3 
3.3 
3.0 
2.8 
2.8 
2.8 
2.5 
2.2 
2.1 
2.0 
1.6 
5.4 
4.6 
5.3 
5.9 
8.1 
3.9 
3.8 
2.0 
8.0 
4.3 
12.8 
10.1 
6.7 
5.6 
5.6 
4.1 


7.6 7.8 


0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
1.0 
1.0 
1 .o 
2.0 
0.2 
2.8 
0.3 
4.2 
3.2a 
2.5 
2.0 
1.5 
4.5 
3.3 
3.1 
2.9 
0.3 
3.4 
3.6 
5.0 
2.0 
1.8 
6.7 
6.6 
10.9 
9.5 
8.5 
8.0 
7.7 
7.8 
7.1 
6.8 
6.'8 
6.3 
6.0 
5.8 
12.6 
11.4 
12.7 
14.3 
11.6 
6.6 
6.0 
5.2 
5.0 
3.0 
9.3 
6.1 
5.5 
4.3 
5.0 
3.7 
20.7 


0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.7 
0.8 
1 .o 
2.0 
0.2 
3.0 
0.05 
11.2 
10.0 
0.5 
0.4 
0.3 
5.3 
3.6 
2.8 
1.9 
0.2 
2.4 
1 .o 
1.9 
2.0 
1.1 
5.9 
7.3 
8.4 
8.3 
7.5 
7.1 
6.4 
6.0 
6.6 
9.6 
5.4 
5.7 
5.3 
5.2 
17.9 
14.1 
10.9 
20.0 
18.2 
7.0 
6.0 
6.4 
2.2 
1.4 
5.7 
4.8 
3.4 
2.7 
2.9 
2.1 


0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.7 
0.6 
0.5 
1.0 
0.1 
1.3 
0.9 
0.8 
0.5 
6.3 
5.0 
3.9 
1.9 
1.5 
1.7 
2.2 
0.2 
2.4 
6.5 
6.5 
1.0 
1.5 
3.8 
3.0 
7.1 
5.5 
4.8 
4.5 
4.6 
5.1 
3.8 
2.4 
4.3 
3.5 
3.4 
3.2 
4.4 
4.6 
7.4 
5.1 
3.7 
3.1 
3.0 
2.1 
5.7 
3.2 
7.6 
3.9 
4.4 
3.4 
4.3 


_ _  3.2 
6.7 32.0 


7.10 
7.30 
7.50 
7.70 
7.70 
8.20 
9.07 
8.88 
9.59 
10.17 
9.04 
9.26 
8.71 
10.36 
9.86 
7.66 
7.65 
7.79 
9.04 
8.63 
8.49 
8.45 
10.00 
9.76 
10.01 
11.01 
10.85 
10.63 
11.64 
10.96 
14.49 
12.96 
11.99 
11.50 
11.29 
11.13 
10.83 
10.28 
10.59 
10.41 
10.28 
10.23 
15.99 
14.77 
15.97 
17.64 
16.36 
10.44 
10.11 
9.17 
13.04 
10.67 
17.92 
14.49 
12.13 
10.81 
11.11 
9.87 
23.40 


aValues recalculated. 
4326 cal/mol (average of six measurements). The molar volume of su- 
percooled benzoic acid at 25°C was taken as 104.3 cm3/mol (15). The 
molar volumes of the solvents were obtained from the literature (16). 


Ideal Solubility and Activity Coefficient-The ideal solubility of 
benzoic acid can be calculated from the heat of fusion of the solute and 
heat capacities of the solid and its supercooled liquid (17): 


AHmfT -T AC T - T  - ___ 
4.575 ( ;mT )+4.5;5( mT ) log X z i  = - - - 


- 5 log T,  
1.987 T (Eq. 17) 


The ideal solubility of benzoic acid was calculated using the following 
data: Urnf = 4326 cal/mol, T ,  = 395.45 K, T = 298.15 K, and ACp = 
Cd - Cps = 13.83 cal/mol.deg (18). These quantities result in the following 


ideal solubility values a t  25OC: log X z i  = -0.6475 or X z i  = 0.2251. The 
activity coefficient is calculated from: 


X Zi 
log ff2 = log XZ' - log xp = log - (Eq. 18) xz 


Solubility Determination-The solubility of benzoic acid was de- 
termined in individual solvents at 25OC. A suitable amount of an indi- 
vidual solvent was introduced into screw-capped vials containing an 
excess amount of the solute. After being sealed with several turns of 
plastic tape, the vials were submerged in water a t  25 f 0.2"C and were 
shaken at  100 cycles/min for 24 h in a constant-temperature bath4. Pre- 
liminary studies showed that this time period was sufficient to assure 
saturation at  25°C. 


4 Blue-M Electric Co., Blue Island, Ill. 
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55 


SOLVENT SOLUBILITY PARAMETER b,), ( c a l / ~ r n ~ ) ” ~  


Figure I-Solubility profile of bentoic acid in individual solvents at  25OC. See Table I for solvent numbers. Key: (- - -) regular solution curve; 
(-) ideal solubility line, XZ = 0.2251; (@) experimental solubilities; (*) solubilities calculated using Eq. 28. 


After equilibrium had been attained, each vial was removed, wiped dry, 
and analyzed. The solutions were transferred to a syringe and filtered 
using a filter5 of pore size <1 pm. After suitable dilution, the solutions 
were assayed using a spectrophotometer6 set a t  the A,,, of the solute. 
The solubility was determined at  least six times for each solvent, and the 
average value was taken. The experimental variation in solubility was 
<3% in replicate samples and was consistent with an acid-base titration 
method (19). The densities of the saturated solutions were determined 
with a calibrated pycnometer a t  25°C. 


RESULTS AND DISCUSSION 


Three-Parameter Solubility System-(Log a2)lA for naphthalene 
solubility in 26 solvents at 40°C was regressed against the Hansen solvent 
parameters (Table I, Eq. 5) to yield: 


+ 0.129261h2 - 0.224261h + 64.62 
n = 26, s = 1.37, r2 = 0.986, F = 231, F(6,19,0.01) = 3.94 (Eq. 19) 


This regression equation is slightly different from the one reported earlier 
(6) due to recalculation of the solubility parameters of ethylene dibromide 
and ethylidene bromide. 


To  predict the solubility of naphthalene at  4OoC in acetone, the cal- 
culation is made as follows. The partial solubility parameters for acetone 
are 6 l d  = 7.6,61, = 5.1, and 61h = 3.4. Substituting these values in Eq. 19 
yields (log a2)IA = 4.24. The A-value is then calculated using Eq. 2 with 
V~=123,V~=74.0,R=1.987,T=313.15K,andXpi=0.466.Thevol- 
ume fraction of the solvent, $1, is unknown since it depends on the value 
of X2 (Eq. 3). Hence, A is found by an iteration procedure (201, beginning 
with a value of 1 for $1 and iterating until Xp or $1 no longer changes by 
more than some small desired value, e.g., 0.0001. In the present example, 
the steps of the iteration are shown in Table 11. The iteration yielded XZ 
(calc.) = 0.379, a result that compares favorably with XZ (obs.) = 0.378, 
and provides a predicted value within a 1% error relative to the observed 


6 Filter paper, Glass Fiber, Whatman Grade GF/F. 
Beckman, Model 25. 


mole fraction solubility. The back-calculated solubilities of naphthalene, 
using Eq. 19, are listed in Table 111. They are within 30% error of the 
observed values, except for those in aniline (31%), isopropyl alcohol (38%), 
and acetic acid (68%). The residuals and percentage errors are also given 
in Table 111. Thirty percent error is taken in this work as a criterion of 
acceptability. A maximum value of 15% would be highly desirable, but 
is unrealistic at this stage of development of the methods. 


The mole fraction solubilities of benzoic acid in 40 solvents at  25OC 
are listed in Table IV. A mole fraction solubility profile of benzoic acid 
is plotted on the total solubility parameter scale in Fig. 1. The data points 
for observed solubilities are shown as filled circles, joined to the calculated 
values (stars) by dotted lines. 


When benzoic acid is dissolved in a nonpolar solvent, it tends to self- 
associate, even at  high dilution, through intermolecular hydrogen bonds 
and other attraction forces. In benzene at  25OC, benzoic acid forms dimers 
and trimers (21), in carbon tetrachloride it exists as dimers, and in alco- 
hols it remains as the monomer (22). The degree of self-association of 
dissolved benzoic acid and the percentages of monomeric, dimeric, 
trimeric, and polymeric forms are not currently known for most solvents. 
Benzoic acid is therefore treated in this study as if it behaved as a 
monomer in all solvents, and the mole fraction solubility is calculated 
based on the monomeric form. 


(Log a2)IA of benzoic acid in 40 solvents at  25OC was regressed against 
Table 11-Iteration Procedure for Calculating the Solubility of 
Naphthalene in Acetone at 40°C Using Eq. 19 


Step $1 A loa a1 X Z  


1 1 0.08583 0.36394 0.20158 
2 0.70440 0.04259 0.18058 0.30747 
3 0.57538 0.02842 0.12049 0.35310 
4 0.52431 0.02360 0.10005 0.37012 
5 0.50590 0.02197 0.09314 0.37605 
6 0.49956 0.02142 0.09082 0.37806 
7 0.49742 0.02124 0.09005 0.37874 
8 0.49670 0.02118 0.08979 0.37897 
9 0.49646 0.02116 0.08970 0.37904 


10 0.49637 0.02115 0.08967 0.37907 
11 0.49635 0.021 1 5  0.08966 0.37908 
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Table 111-Back-Calculated Solubilities of Naphthalene in Solvents at 40°C Using Three- and Four-Parameter Systems 


Equation 29 Equation 19 
Mole Fraction 


Solubility x2 X ?  
No. Solvent (X2 1 (Calc.) Residual Error. % [Calc.) Residual Error. % 


2 Hexane 
7 Benzene 


0.222 
0.428 


0.266 
0.446 


8 Toluene 0.422 0.432 
9 Chlorobenzene 0.444 0.453 


10 Ethylene dichloride 0.452 0.455 
11 Ethylidene chloride 0.437 0.416 
12 Chloroform 0.467 0.419 
13 Carbon tetrachloride 0.395 0.431 
1 4  Ethylene dibromide 0.439 0.442 
15 Ethylidene bromide 0.456 0.447 
23 Carbon disulfide 0.494 0.473 
24 Acetone 0.378 0.351 
26 Aniline 0.306 0.321 
27 Nitrobenzene 0.432 0.469 
30 Cyclohexanol 0.232 0.241 
31 Methyl alcohol 0.0412 0.0372 
32 Ethyl alcohol 0.0726 0.0686 
33 Propyl alcohol 0.0944 0.0930 
34 Isopropyl alcohol 0.0764 0.1023 
35 Butyl alcohol 0.116 0.104 
36 Isobutyl alcohol 0.0925 0.0640 
37 sec-Butyl alcohol 0.1122 0.1284 
38 tert-Butvl alcohol 0.1009 0.1220 
48 Acetic &id 
50 Butyric acid 
59 Water 


~ ~~ 


0.117 0.192 
0.251 0.180 


1.76 x 10-5 1.75 x 10-5 


-0.044 
-0.018 
-0.010 
-0.009 
-0.003 


0.021 
0.048 


-0.036 
-0.003 


0.009 
0.021 
0.027 


-0.015 
-0.037 
-0.009 


0.0040 
0.0040 
0.0014 


-19.8 0.269 
- 4.2 0.450 
- 2.4 0.436 
- 2.0 0.449 
- 0.7 0.455 


4.8 0.409 
10.3 0.426 


- 9.1 0.441 
- 0.7 0.419 


2.0 0.425 
4.3 0.469 
7.1 0.379 


- 4.9 0.402 
- 8.6 0.466 
- 3.9 0.237 


0.0320 9.7 
5.5 0.0599 
1.5 0.0910 


4 . 0 4 7  
-0.022 
-0.014 
-0.005 
-0.003 


0.028 
0.041 


-0.046 
0.020 
0.031 
0.025 


-0.001 
-0.096 
-0.034 
-0.005 


0.0092 
0.0127 
0.0034 


-0.0259 -33.9 0.i051 -0.02 87 
0.012 10.3 0.114 0.002 


0.0179 0.0285 30.8 0.0746 
-0.0162 -14.4 0.1364 -0.0 24 2 
-0.0211 -20.9 0.1049 -0.004 0 _. . . . - ~ -  


-0.075 ~ -64.1 0 . i K  -0.080 
0.071 28.3 0.186 0.065 


1.0 x 10-7 0.5 1.81 x l o - '  5.0 X 


-21.2 
- 5.1 
- 3.3 
- 1.1 
- 0.7 


6.4 
8.8 


-11.6 
4.6 
6.8 
5.1 


- 0.3 
-31.4 
- 7.9 
- 2.2 


22.3 
17.5 


3.6 
-37.6 


1.7 
19.4 


-21.6 
- 4.0 
-68.4 


25.9 
2.8 


the Hansen parameters (Table I) to produce the regression equation: 


= 5.49861d2 - 92.7961d + 0.468661p2 - 7.39761p 
A 


+ 0.159761h' - 0.662361h + 403.17 
n = 40, s = 7.47, r2 = 0.71, F = 13.7,F(6,33,0.01) = 3.40 (Eq. 20) 


It has subsequently been found that a root-finder method (23) is more 
satisfactory than simple iteration, and this technique is now used in place 
of iteration in the extended Hansen solubility approach. Since the 
right-hand side of Eq. 20 is a function of the three partial parameters, 
which together constitute 61, it can be designated as f(61). Combining this 
with Eqs. 2,3, and 18, one obtains: 


f ( X 2 )  = (log XZ' - log X2)(2.303RT)[Vl(l - Xz) + VZXZ]~ 
- Vz[Vi(l - Xd] ' f (61)  = 0 (Eq. 21) 


Xp can be found by a trial and error method. For ethyl acetate (bid = 7.4, 
61, = 2.6, and 6 l h  = 4.5), one may substitute these partial solubility pa- 
rameters into Eq. 20 and obtain f(61) = 1.7836. The mole fraction solu- 
bility of benzoic acid in ethyl acetate can then be estimated from Eq. 21 
using V1 = 98.5, V2 = 104.3, T = 298.15 K, and log Xqi = -0.6475. Table 
V lists the values of Xz found during the trial and error procedure, which 
can easily be accomplished by use of a programmable calculator. The 
root-finder subroutine ZBRENT found in The International Mathe- 
matics and Statistics Library (IMSL) (23) can be run on an electronic 
computer7 to obtain the calculated solubilities. It was observed that 24 
of the 40 solubilities were within 30% error of the experimental result. 
The calculated solubilities (Eq. 20) for benzoic acid at  25OC are found 
in Table IV. 


Estimating the Partial Solubility Parameters of Benzoic 
Acid-Using the extended Hansen three-parameter system as previously 
reported for naphthalene (6), the regression equation obtained for benzoic 
acid can be transformed to a form that yields the partial solubility pa- 
rameters of the solute. The steps are as follows: 


-- log a' - 5.489(b1d2 - 16.87761d) + O.4686(6lp2 - 15.78561,) 
A 


i 0.1597(61h2 - 4.1476lh) + 403.17 (Eq. 22) 
-- log a' - 5.489(61d2 - 16.87761d + 71.208) 


A 
+ 0.4686(61,' - 15.78561, + 62.292) 
+ 0.1597(61h2 - 4.14761h + 4.299) - (5.489)(71.208) 
- (0.4686)(62.292) - (0.1597)(4.299) + 403.17 (Eq. 23) 


University of Texas Cyber Computer System. 


Therefore, 71.208 = 62d2and (71.208)'/' = 8.44 = 62d; likewise 
62h: 


-= log a' 5.498(61d - 8.44)2 + 0.4686(61d - 7.89)' 
A 


for 6zP and 


+ 0.1597(61h - 2.07)' - 18.27 (Eq. 24) 


The partial solubility parameters, 62d = 8.44, 6zp = 7.89, and 62h = 2.07, 
have thus been obtained by a regression method involving only solvent 
partial solubility parameters, together with experimental data from which 
(log a z ) / A  is calculated. The total solubility parameter, d ~ ,  for benzoic 
acid by this method is: 


6T2 = 62d2 + 62,' + 62h' = (8.44)' -k (7.89)' + (2.07)2 = 137.77 
6~ = (137.77)1/2 = 11.74 (Eq. 25) 


This value compares favorably with 62 = 11.5 given in the literature (15). 
An earlier publication (5) gave 62d = 8.9, 6zP = 3.4, and 62h = 4.8, from 
which 62 = 10.7. These values appeared to be quite low, so they were re- 
calculated in 19748 to be 62d = 10.5, 6zP = 2.8, and 62h = 4.8, from which 
62 = 11.9, in good agreement with 6 2  calculated by Eq. 25. 


Agreement with the partial parameters of Eq. 25 is less satisfactory, 
partly because C1 was allowed to have any value that the computer found 
gave the best fit to the solubilities in Table IV. That resulted in C1 = 
5.489, which is contrary to both theory and experience with London 
(dispersion) forces. Though they are omnidirectional and universal, they 
can interact only once with each nearest neighbor, so that any value of 
C1 other than 1.000 must be an artifact. Trial runs with the computer 
constrained in that way show that the loss of accuracy in predicting sol- 
ubility is not serious. It will be necessary to continue with this approach 
at  a later time. 


Graphical Solubility Relationships: Triangular Diagrams-To 
demonstrate graphically the effects of solvents, Teas (24) expressed the 
three solubility parameters of Hansen as functions: 


These functional values are plotted along the three axes of the triangular 
graphs in Fig. 2. The points for the solvents, numbered according to the 
listing in Table I, are then entered on each triangular graph. Solvents with 
high solvencies (mole fraction solubilities >0.150) for benzoic acid are 
plotted as filled circles, and those with low solvencies are plotted as open 
squares. A boundary line has been drawn around the solvents in Fig. 2A 
with solvencies for benzoic acid greater than Xz = 0.150. Triangular 
solubility plots for p-hydroxybenzoic acid and for methyl p-hydroxy- 


a Unpublished data. 
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benzoate are shown in Fig. 2B and C, respectively. The data for these 
compounds are given in the following paper (25). 


As observed in Fig. 2A high solubility of benzoic acid occurs in solvents 
having f d  = 0.25-0.70, f p  = 0.05-0.45, and f h  = 0.17-0.45, which fall in the 
center region of the diagram. Solvents with highfd values, such as num- 
bers 1-9, result in low solubility of benzoic acid. Glycols and water with 
high f h  values (numbers 43,46, and 59) also yield poor solubility of benzoic 
acid. Benzyl alcohol (number 29) produces intermediate solubility, Xz 
= 0.144, and because of its &-, hP-, and &values, falls within the 
boundary of good solvents in Fig. 3A. 


The partial parameters of benzoic acid can be estimated from Fig. 2A, 
noting that the center of the high solubility region is a t  fd E 0.47, f p  N 


0.23, and f h  N 0.30. Assuming that 62 = 11.45 as the average of the data 
above, we may calculate that 62d = 8.9, 6zP = 4.4, and 62h = 5.7. These were 
much more definite than could be obtained by Hansen’s (5) plotting 
method and quite possibly better than either Eq. 25 or the calculations 
done during 1974. 


In Fig. 2B, it is observed that two distinct classes of solvents provide 
reasonable solubility for p-hydroxybenzoic acid, 62  = 15; the alcohols and 
glycols (excluding glycerol, number 46) on the one hand and the strongly 
dipolar solvents such as N.N-dimethylformamide (number 55) and di- 
methyl sulfoxide (number 51). The fact that the moderately dipolar 
pyridine (number 52) is a good solvent, but the strongly dipolar form- 
amide (number 53) is not, shows the difficulty of classifying solvents in 
a general sense. I t  is the detailed matching of the partial parameters of 
solvent and solute that controls the specific solubilities. The two peak 
regions probably correspond to the two functional groups on the solute, 
as is found in elastomer swelling (5). Hydrocarbons, esters, and acids are 


fd ‘P 


Figure 2-Triangular solubility plots of benzoic acid, 8 2  = 11.5 (A), 
p-hydroxybenzoic acid, 6 2  = 15.3 (B), and methyl p-hydroxybenzoate, 
6 2  = 12.1 (C) in individual solvents a t  25°C using fractional solubility 
parameters. See Table IV for solvent numbers and benzoic acid s o h -  
bilities. Key: (.) mole fraction solubility >0.150 (A), >0.090 (B), and 
>O.lOO (C); (0) mole fraction solubility <0.150 (A), <0.090 (B), and 
<0.100 (C). 


not good solvents for p-hydroxybenzoic acid, presumably because one 
or more partial parameters do not match. 


Methyl p-hydroxybenzoate, I62 = 12.1 (2611 like benzoic acid [62 = 11.5 
(15)] is semipolar and is best dissolved by solvents located in the central 
region of Fig. 2C. The good solvents could be considered to constitute one 
large central region of the diagram, but they are better separated into 
three distinct regions representing esters, alcohols, and strongly dipolar 


Table V-Demonstration of Trial and Error Process for 
Calculating Benzoic Acid Solubility in Ethyl Acetate at 25°C 
Using Eqs. 20 and 21 


Step X* f [ X ,  1 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13  
14 


0 .3  
0.1 
0.2 
0.15 
0.19 
0.185 
0.183 
0.184 
0.i835 
0.1836 
0.18354 
0.18353 
0.183535 
0.1835352 


-2591063 
3262236 


-4 5 5 34 2 
1075195 


-183640 
-42185 


15509 
--i34i9 


1024 
-1868 
-133 


157 
12 
6 


15  0.1835354 0 
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Figure 3-Solubility profile o/ naphthalene in individual solvents a t  40OC. See Table I for solvent numbers. Key: (- -) regular solution curve; 
(-) ideal solubility line, Xl, = 0.466; (a) experimental solubilities; (*) solubilities calculated using Eq. 29. 


solvents, respectively. The two acidic solvents, acetic acid (number 48) 
and propionic acid (number 49) lie in the center of this general solubility 
region yet were poor solvents for methyl p-hydroxybenzoate. If the two 
lower peaks are combined with dashed lines as shown in Fig. 2C, they can 
be explained as an interaction of the solvent with the hydroxyl group of 
the solute, whereas the upper peak may be a response of the solvent hy- 
droxyl group to the ester group of methyl p-hydroxybenzoate. 


The triangular diagram of Teas (24) appears to characterize these three 
solutes and the solvents which dissolve them in an illuminating manner. 
I t  is observed that all nonpolar solvents are congregated in the lower left 
corner. 


Universal Function Group Activity Coefficient (UNIFAC) 
Method for Benzoic Acid Solubility-The UNIFAC (2) program was 
used to calculate the solubilities of benzoic acid in most of the solvents 
at 25°C. For 34 predictions, 16 calculated solubilities are within 30% error. 
Six solvent results could not be calculated due to unavailability of the 
interaction energies needed for functional groups in the UNIFAC tables. 
The results are listed in Table IV. 


A Four-Parameter Solubility System-(Log a z ) / A  of benzoic acid 
was regressed with the four new partial solubility parameters listed in 
Table I, as suggested by Eq. 16. The regression equation obtained was: 


+ 0.650361,61b - 1.03361, - 2.87461b t 522.79 
n = 40, s = 5.89, r 2  = 0.83, F = 21.9, F(7,32,0.01) = 3.25 (Eq. 27) 


The estimated mole fraction solubilities of benzoic acid from Eq. 27 are 
shown in Table IV using the root-finding method (Eq. 21, Table V). Of 
the 40 estimates, 25 predicted solubilities are within 30% error of the 
experimental values. 


To account for facile electron donation by the strongly dipolar solvents 
(numbers 51,52, and 54-57), an indicator variable, I, was incorporated 
in the regression yielding: 


+ 0.613961,61b - 1.96661, - 2.95561b t 174.25 - 20.271 
n = 40,s = 3.38,r2 = 0.94, F = 66.5, F(8,31,0.01) = 3.15 (Eq. 28) 


In calculating the solubilities, I was assigned a value of one for strongly 
dipolar solvents and zero for all other solvents in the series. The im- 
provement of Eq. 28 over Eq. 27 by the use of the indicator variable, I ,  
suggests that the highly polar solvents (numbers 51,52, and 54-57, which 
in most cases strongly accept a proton from the solute and do not self- 
associate through intermolecular hydrogen bonding) be treated as sol- 
vents uniquely superior in solubilizing effect on benzoic acid. Investi- 


gations should be made concentrating specifically on this class of unusual 
solvents for the dissolution of drugs, particularly of the proton-donor 
type. 


As is evident to those familiar with the application of I, Eq. 28 in fact 
represents two equations. For solvents, exclusive of the dipolar ones, the 
equation contains terms in d-, p-, a-, and b-parameters plus the constant, 
174.25. Here I equals zero. For solutions containing the dipolar solvents, 
I becomes unity and Eq. 28, in addition to identical terms in d, p, a, and 
b, now includes a constant, 174.25 - 20.27 = 153.98. This smaller value 
for the constant decreases (log a z ) / A  and accordingly increases XZ for 
the solute in these solvents, as may be observed in Fig. 1. The inclusion 
of I therefore raises the parabolic-like curve of Eq. 28 sufficiently to pass 
through the experimental points for benzoic acid solubility in the strongly 
dipolar solvents. For methyl p-hydroxybenzoate and p-hydroxybenzoic 
acid, the very polar solvents form a separate subclass of solvents in Fig. 
2B and C, and a simple addition of an indicator variable cannot provide 
a good f i t  of calculated values to experimental points (see Ref. 25). 


The solubilities calculated from Eq. 28 using the root-finding method 
are listed in Table IV; 29 of 40 or almost three-quarters of the predictions 
are within 30% error. The mole fraction solubility of benzoic acid in the 
40 solvents is plotted in Fig. 1. Calculated solubilities, using the four- 
parameter solubility system, are shown as stars on the figure and are 
connected by dotted lines to the experimental points, indicated by filled 
circles. 


For naphthalene in single solvents a t  4OoC, the regression equation 
using the four-parameter solubility approach is: 


-- log a' - 0.571361d2 - 12.0161d - 0.095176ip2 t 0.338161, 
A 


0.16736ia61b - 0.0918761, + 0.482461b 4- 62.31 


n = 26, s = 1.20, r2 = 0.990, F = 257, F(7,18,0.01) = 3.85 (Eq. 29) 


The calculated solubilities are listed in Table I11 and plotted in Fig. 3. 
Of the 26 predictions, isopropyl alcohol (34%), isobutyl alcohol (31%), 
and acetic acid (68%) show >30% error. The four-parameter approach 
(Eq. 29) offers no significant advantage over three parameters (Eq. 19) 
for naphthalene, as observed in Table 111. 


Estimating Solubility Parameters of the Solute Using a Four- 
Parameter System-The regression equation obtained from the four- 
parameter system, as suggested by Eq. 16, can be transformed into an 
expression similar to Eq. 14 to predict the partial solubility parameters 
of the solute. For benzoic acid, Eq. 27 was rearranged to: 


-- log a' - 7.186(61d - 8.42)' t 0.4734(61, - 7.36) 
A 


+ 0.6503(61, - 4.42)(61b - 1.59) - 16.76 (Eq. 30) 
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Comparing Eqs. 30 and 14, the solubility parameters of benzoic acid can 
be taken as 62d = 8.42, 6zP = 7.36, bps = 4.42, and 62b = 1.59. The total 
solubility parameter is: 


6T = (6d2 t 6,’ t 26,6b)’” = l(8.42)’ t (7.36)’ t 2(4.42)(1.59)]1’2 
6~ = 11.79 (Eq. 31) 


The regression equation containing an indicator, i . e . ,  Eq. 28, can be 
transformed to: 


-= log 2.125(61d - 8.68)2 t 0.2188(61, - 5.9512 
A 


+ 0.6139(61, - 4.81)(61b - 3.20) - 3.13 - 20.271 (Eq. 32) 


Equation 32 suggests that 62d = 8.68, &, = 5.95, 6za = 4.81, d2b = 3.20, and 
6~ = 11.90 for benzoic acid. The total solubility parameter, 6 ~ ,  for benzoic 
acid obtained from Eqs. 30 and 32 compares satisfactorily with the value 
(11.5) given in the literature (15). 


For naphthalene, Eq. 29 can also be changed to: 


-= log 0.5713(61d - 10.51)2 - 0.09517(61, - 1.78)2 
A 


+ 0.1673(61a t 2.88)(61b - 0.55) - 0.24 (Eq. 33) 


Although Eq. 29 yields satisfactory solubilities for naphthalene, it is 
observed that 62, has been given the wrong sign in Eq. 33. If the sign is 
disregarded, 62d = 10.51, 62, = 1.78, 6za = 2.88, and 6zb = 0.55, and the 
total solubility parameter is equal to 10.81. This value may be compared 
with 62 = 9.64 for naphthalene as found in the literature (1). Since 6za has 
the wrong sign, however, the values must be rejected. Additional study 
is needed to determine why on occassion the regression procedure assigns 
the wrong sign to a parameter. The fault is not necessarily in the proce- 
dure, since Hansen’s original plotting method has also been known to 
assign a negative value to a solute parameter-presumably because the 
center of maximum interaction lies closer to an axis than the radius of 
the circle of uncertainty (10-12). 


Partial Solubility Parameters and Molecular Interactions-The 
magnitude of the solubility parameters of Table 1 should be noted as they 
relate to each class of solvents. The alcohols (numbers 29-42) like the 
carboxylic acids (numbers 48-50) show strong proton-donor, or acid, and 
moderately strong proton-acceptor, or basic, character. The glycols 
(numbers 43-47) have very high proton-donor qualities (8,). Dimethyl 
sulfoxide and pyridine (numbers 51 and 52, respectively) and the dialk- 
ylamides (numbers 55-58) are predominantly proton acceptors as re- 
flected in their &-values. Dimethyl sulfoxide has a large 6,-value, as do 
formamide and methylformamide. Dioxane and aniline (numbers 25 and 
26, respectively) are moderately strong Lewis bases (6b); aniline is also 
dipolar (bP) .  Ethylene dichloride and ethylidene chloride (numbers 10 
and 11, respectively) show significant dipolarity by way of their d,-values, 
almost equal to that of acetone (number 24) and acetophenone (number 
28). Methyl alcohol, (number 31), often considered to have solvent 
properties unlike the other alcohols, exhibits a relatively large b,-value. 
The ethers (numbers 16-18) are not dipolar, are weak Lewis acids (low 
&-values), and show good proton-acceptor or basic (6b) character. The 
esters (numbers 19-22) show moderate dipolarity (6,). The moderate 
Lewis acid character of the esters, as reflected in their 6,-values, is 
somewhat surprising. It is interesting to note the large Lewis acid (6,)- 
characteristics of ethylene bromide and ethylidene bromide (numbers 
14 and 15). 


A comparison of the partial solubility parameters of solvents and so- 
lutes provides an estimate of the molecular interactions between these 
species, particularly where high solubility results are found in Fig. 2. The 
partial solubility parameters for benzoic acid (Eq. 32) are dd = 8.68, 6, 
= 5.95,6, = 4.81, and 6b = 3.20. The solvents that dissolve benzoic acid 
to the greatest extent are dimethyl sulfoxide, pyridine, N,N-dimethyl- 
formamide, and N,N-dimethylacetamide. They have relatively large basic 
parameters, db, favoring interaction with benzoic acid, which has an acidic 
parameter, 6, = 4.8. Formamide has a large basic parameter, 6b = 7.6, and 
should interact strongly with benzoic acid to produce significant solu- 
bility. The solubility is low (Table IV, Fig. 1) because formamide also has 
a large acidic parameter, 6, = 5.7 and tends to self-associate. 


The partial solubility parameters of the solvents in Table I must be 
taken as tentative a t  this time; some will no doubt change as the work on 
solubility theory progresses. For now, these parameters lend a rough 
quantitative measure and a quasi-theoretical basis to the molecular forces 
involved in solvent-solvent and solvent-solute interactions. 


CONCLUSIONS 


This paper represents the second test of the extended Hansen solubility 
approach and the UNIFAC method. In an earlier study (1) the solubility 
of naphthalene in 24 solvents at  40°C was predicted satisfactorily by these 
two methods, UNIFAC being favored because it required no initial sol- 
ubility data for regression as needed for the extended Hansen approach. 
I t  was recognized, however, that naphthalene was a poor model of a drug 
molecule. 


In the present work, benzoic acid as well as naphthalene solubilities 
were studied in a wide range of solvents using UNIFAC and the extended 
Hansen solubility parameter approach. UNIFAC was less satisfactory 
for benzoic acid than the extended Hansen procedure, only 47% of the 
solubility results showing <30% error. (From solubility studies conducted 
in these laboratories, 30% was taken as a criterion of maximum allowable 
deviation from observed solubility.) Sixty percent of the solubilities were 
predicted by the Hansen approach (within 30% error of observed results). 
Apparently UNIFAC cannot satisfactorily reproduce the solubility results 
for more polar solutes like benzoic acid and its analogues; however, the 
interaction energy parameters for groups such as NH2 and COOR are not 
currently found in the UNIFAC tables, and the application of UNIFAC 
to polar systems must await development of new parameters. The Hansen 
approach is also deficient, probably because its third solubility parameter, 
dh, cannot be expected to reflect both the electron-donor and electron- 
acceptor characteristics of complex organic drug molecules. An expanded 
four-parameter system was developed in this study, involving b d ,  d,, and 
both an electron-donor (6b) and electron-acceptor (6,) parameter. These 
new parameters were obtained as described and are listed inTable I for 
59 solvents commonly used in pharmaceutical and industrial technology. 
Representative solvents were included from a number of classes: aliphatic 
and aromatic hydrocarbons, halogenated derivatives, ethers, esters, ke- 
tones, alcohols, glycols, acids, amides, and water. The four partial pa- 
rameters of Table I are seen to describe the nonpolar, dipolar, and proton- 
or electron-transfer characteristics of each solvent. 


Solubilities of naphthalene and benzoic acid were estimated using an 
expanded version of the Hansen equation with four, rather than three, 
solubility parameters. The success of the benzoic acid solubility corre- 
lations was increased by use of the new four-parameter system, 63% of 
the solubilities being predicted using four parameters as contrasted to 
60% with three parameters. The strongly dipolar solvents (numbers 51, 
52, and 54-58) were still not well represented with the four-parameter 
system. They were satisfactorily handled, however, when an indicator 
variable, I ,  was added to account for their irregular behavior. 


The final equation involved separate parameters for weak dispersion 
forces, dipolar character, electron-donor and -acceptor effects, and a fifth 
“dummy” parameter or indicator variable for the strongly solvating 
amides and dimethyl sulfoxide. This expression, Eq. 28, successfully 
predicted benzoic acid solubilities for nearly three-fourths of the solvent 
systems. Cyclohexane (-87.3% error), ethylene chloride (-141.2% error), 
diethyl ether (-41.6% error), butyl acetate (31.1% error), nitrobenzene 
(-48.5% error), benzyl alcohol (-68.6% error), methyl alcohol (52.4% 
error), formamide (55.8% error), and N,N-dimethylacetamide (-40.0% 
error) produced errors larger than the accepted 30%. Only three were far 
above the 50% error range, and this is quite encouraging. For naphthalene, 
use of the four-parameter equation did not improve the accuracy over 
the three-parameter system. Only 3 of 26 solvents showed errors of >30% 
of the observed solubility whether the three- or the four-parameter ap- 
proach was used. 


Using the three-parameter system and triangular plots, the action of 
solvents on benzoic acid ( 6 2  = 11.5), p-hydroxybenzoic acid ( 6 2  = 15), and 
methyl p-hydroxybenzoate (62 = 12) was graphically demonstrated. 
Solvents of intermediate polarity (as measured by the three partial sol- 
ubility parameters &, a,, and &), and belonging to various classes, suc- 
cessfully dissolved benzoic acid (Fig. 2A). p-Hydroxybenzoic acid was 
predominantly soluble in the alcohols and the dipolar amides (Fig. 2B); 
methyl p-hydroxybenzoate (Fig. 2C) was soluble in alcohols, esters, and 
the dipolar amide solvents. These triangular figures provide a particularly 
illuminating picture of the solubility of a drug in various groups of sol- 
vents, based on a three-parameter solubility classification. They also 
provide a means to calculate partial solubility parameters of drugs and 
other solid solutes. In a similar scheme, Snyder (27) has classified solvents 
into nine types on a triangular grid. The solubilities of p-hydroxybenxoic 
acid and methyl p-hydroxybenzoate are studied in some detail in the 
following report (25). 


Benzoic acid, p-hydroxybenzoic acid, and methyl p-hydroxybenzoate 
appear to serve well as drug prototypes. The current study indicates the 
measure of success that can be expected with semiempirica: approaches 
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to solubility theory a t  this stage of development. The four partial solu- 
bility parameters for solvents, particularly the new acid (6,) and base (db) 
terms, should find use in the pharmaceutical sciences as well as in in- 
dustrial technology. The multiple regression and triangular plot methods 
of estimating partial solubility parameters for solutes are promising steps 
toward characterizing the polar and nonpolar properties of drugs and 
related biochemicals. The partial solubility parameters of Table I are 
tentative and no doubt will be changed somewhat as dictated by addi- 
tional findings. 


REFERENCES 


(1) A. Martin, P. L. Wu, A. Adjei, A. Beerbower, and J. M. Prausnitz, 
J. Pharm. Sci., 70,1260 (1981). 


(2) A. Fredenslund, J. Gmehling, and P. Rasmussen, “Vapor-Liquid 
Equilibrium Using UNIFAC,” Elsevier, New York, N.Y., 1977. 


(3) A. Martin, J. Newburger, and A. Adjei, J.  Pharm. Sci., 69,487 
(1980). 


(4) J. H. Hildebrand and R. L. Scott, “The Solubility of Nonelec- 
trolytes,” 3rd ed., Dover, New York, N.Y., 1964. 


(5) C. M. Hansen and A. Beerbower, in “Encyclopedia of Chemical 
Technology,” Suppl. Vol., 2nd ed., Wiley, New York, N.Y., 1971, pp. 
889-910. 


(6) P. L. Wu, A. Beerbower, and A. Martin, J .  Pharm. Sci., 71,1285 
(1982). 


(7) B. L. Karger, L. R. Snyder, and C. Eon, J .  Chrornatogr., 125,71 
(1 962). 


(8) B. L. Karger, L. R. Snyder, and C. Eon, Anal. Chem., 50,2126 
(1978). 


(9) R. A. Keller, B. L. Karger, and L. R. Snyder, in “Gas Chroma- 
tography 1970,” R. Stock, Ed., Institute of Petroleum, London, 1971, p. 
125. 


(10) C. M. Hansen, J.  Paint Technol., 39,104 (1967). 
(11) C. M. Hansen, J.  Paint Technol., 39,505 (1967). 
(12) C. M. Hansen and K. Skaarup, J.  Paint Technol., 39, 511 


(1967). 
(13) M. J. Kamlet, J. L. M. Abboud, and R. W. Taft, “Progress in 


Physical Organic Chemistry,” Wiley, New York, N.Y., 1981, pp. 485430. 
(14) T. R. Griffiths and D. C. Pugh, Coord. Chem. Rev., 29,129-211 


(1979). 
(15) M. J. Chertkoff and A. Martin, J .  Am. Pharm. Assoc., Sci. Ed.,  


49,444 (1960). 
(16) J. A. Riddick and W. B. Bunger, “Organic Solvents,” Techniques 


of Chemistry, Vol. II,3rd ed., Wiley, New York, N.Y., 1970. 
(17) J. H. Hildebrand, J. M. Prausnitz, and R. L. Scott, “Regular and 


Related Solutions,” Van Nostrand Reinhold, New York, N.Y., 1970, p. 
22. 


(18) D. C. Ginnings and G. T. Furukawa, J .  Am. Chem. SOC., 75,522 
(1953). 


(19) “United States Pharmacopeia,” 20th rev., US .  Pharmacopeial 
Convention, Rockville, Md., 1980, p. 929. 


(20) A. Martin, J. Swarbrick, and A. Cammarata, “Physical Phar- 
macy,” 3rd ed., Lea and Febiger, Philadelphia, Pa., 1983, p. 285. 


(21) T. Krishnan, W. C. Duer, S. Goldman, and J. L. Fortier, Can. J.  
Chem., 57,530 (1979). 


(22) G. Allen, J. G. Watkinson, and K. H. Webb, Spectrochim. Acta, 
22,807 (1966). 


(23) IMSL Reference Manual, International Mathematical and Sta- 
tistical Library, Houston, Texas, 1979. 


(24) J. P. Teas, J .  Paint Technol., 40,19 (1968). 
(25) A. Martin, P. L. Wu, and A. Beerbower, J .  Pharm. Sci., 73,188 


(26) A. Martin and J. Carstensen, J.  Pharm. Sci., 70,170 (1981). 
(27) L. R. Snyder, Chemtech, March, 188 (1980). 


(1984). 


ACKNOWLEDGMENTS 
Supported in part by a grant from the University of Texas Research 


Institute. A. Martin is grateful to C. R. Sublett for the endowed profes- 
sorship which also supported this work. 


Expanded Solubility Parameter Approach 11: 
p-Hydroxybenzoic Acid and Methyl p -Hydroxybenzoate in 
Individual Solvents 


A. MARTIN *x, P. L. WU *$, and A. BEERBOWER * 
Received September 13,1982, from the *Drug Dynamics Institute, College of Pharmacy, University of Texas, Austin, TX 78712 and the 
*Energy Center, University of California at San Diego, La Jolla, CA 92093. 
address: China Chemical & Pharmaceutical Co., Ltd., Taipei, Taiwan. 


Accepted for publication November 17,1982. $Present 


Abstract  0 The recently introduced four-parameter extended Hansen 
approach was used to study the solubility of p-hydroxybenzoic acid and 
methyl p-hydroxybenzoate in 32 and 35 individual solvents, respectively. 
The results are compared with those for benzoic acid in 40 solvents. 
Seventeen of the thirty-two or 53% of the calculated solubilities of p- 
hydroxybenzoic acid were within the established solubility criterion (i.e., 
<30% error from the experimental value). Twenty-two of thirty-six or 
61% of the calculated solubility values for methyl p-hydroxybenzoate 
met the solubility criterion. Experimental excess free energies of solution 
for p-hydroxybenzoic acid and methyl p-hydroxybenzoate were plotted 
against theoretical values using the expanded four-parameter solubility 
regression equations. From such results, adjustments may be made in 
the partial solubility parameters to bring the calculated solubilities in 
line with experimental results. Multiple regression analyses were used 
to estimate the total solubility parameter and the four partial solubility 
parameters of the two benzoic acid derivatives. Satisfactory results were 
obtained for methyl p-hydroxybenzoate, but poor agreement was found 
for o-hvdroxvbenzoic acid for the total oarameter when comDared with 


The solubility of a number of drugs in mixtures of two 
solvents has been analyzed with the extended Hildebrand 
solubility approach (1,2).  Subsequently, the solubility of 


the Fedors group contribution method. Both the multiple regression and 
group contribution methods may yield inaccurate solubility parameters 
for relatively polar solid solutes. Factor analysis was used to test the 
adequacy of three- and four-parameter approaches in the evaluation of 
drug solubility. A principal factor method without iteration and or- 
thogonal factor rotation were used to compare the two expanded solu- 
bility parameter approaches. Factor analysis showed that four solubility 
parameters were significantly more independent and presumably more 
satisfactorv than three Darameters. 


Keyphrases 0 Solubility parameters, expanded-individual solvents, 
four-parameter extended Hansen approach, p-hydroxybenzoic acid, 
methyl p-hydroxybenzoate CI Extended Hansen approach-solubility 
of p-hydroxybenzoic acid and methyl p-hydroxybenzoate in individual 
solvents, four-parameter system 0 Benzoic acid derivatives-p-hy- 
droxybenzoic acid, methyl p-hydroxybenzoate, use as model drugs, sol- 
ubility in individual solvents, four-parameter extended Hansen ap- 
proach 


naphthalene and benzoic acid in individual solvents was 
studied using the Hansen three-parameter solubility ap- 
proach (3 ,4)  and a new four-parameter solubility system 
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Inclusion Complexation of Prostaglandin F2a with 
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Abstract 0 A solid complex of prostaglandin F h  (dinoprost) with 
y-cyclodextrin in a molar ratio of 1:1 was obtained on the basis of the 
Bs-type phase solubility diagram. The mode of interaction in the solid 
state was studied by powder X-ray diffractometry, thermal analysis, and 
carbon-13 cross polarization/magic angle spinning nuclear magnetic 
resonance (W-CP/MAS-NMR) spectrometry. The X-ray diffraction 
and NMR data suggested that prostaglandin Fzu is included in the cy- 
lindrical channels formed by coaxial alignment of y-cyclodextrin mole- 
cules to give a channel type structure. Dissolution and thermal behaviors 
of the prostaglandin F*,-y-cyclodextrin complex were examined and 
compared with the drug itself. The result indicated that the y-cyclo- 
dextrin complex may have great utility as a rapidly dissolving form of 
prostaglandin F s ~  with improved thermal stability. 


Keyphrases Prostaglandin Fa,-inclusion complex with y-cyclo- 
dextrin, solution and solid phases, solubility, dissolution behavior 0 
y-Cyclodextrin-inclusion complex with prostaglandin Fk, solution and 
solid phases, solubility, dissolution behavior 0 Solubility-prostaglandin 
Fk-y-cyclodextrin inclusion complex, dissolution behavior 0 Dissolu- 
tion-prostaglandin Fz,-y -cyclodextrin complex, solubility 


Prostaglandins are essentially long-chain fatty acids 
containing a substituted cyclopentane ring system. The 
relative hydrophobic environment of the cyclodextrin 
cavity seems to be particularly favorable for inclusion of 
the highly hydrophobic prostaglandin molecules. The 
complexation of a- and P-cyclodextrins with some pros- 
taglandin analogues including prostaglandin Fao (dino- 
prost)' have been reported (1-3). Frank and Cho have re- 
cently reported the complexing behavior of dinoprostone 
(prostaglandin Ez) with P-cyclodextrin in water (4). Un- 
fortunately, an attempt to isolate the solid complex from 


a- or /3-cyclodextrin solution was unsuccessful because the 
prostaglandin molecule is too bulky to be completely in- 
cluded into the cavities of a- and 0-cyclodextrins. 


Continuing these investigations, we now report an in- 
clusion complexation of prostaglandin Faq with y-cyclo- 
dextrin, which has a larger hydrophobic cavlty than a- and 
0-cyclodextrins [internal diameters of a-, P-, and y-cy- 
clodextrins are 5.0,6.2, and 7.9 A, respectively (5 ) ) .  Solu- 
bility analysis, X-ray diffractometry, and thermal analysis 
were used in the present study, and in addition carbon-13 
cross polarization/magic angle spinning nuclear magnetic 
resonance (13C-CP/MAS-NMR) spectrometry was em- 
ployed to gain insight into the mode of interaction in the 
solid phase. Furthermore, the dissolution and thermal 
behaviors of the complex were examined. 


EXPERIMENTAL 


Materials-Prostaglandin Fbz  and y-cyclodextrin3 were used as 
supplied. All other materials and solvents were of analytical reagent 
grade. Deionized, double-distilled water was used. 


Solubility Studies-Solubility measurements were carried out ac- 
cording to Higuchi and Lach (6). Excess amounts of prostaglandin Fau 
were added to aqueous solutions containing various concentrations of 
y-cyclodextrin and were shaken at  25 f 0.5OC. After equilibration was 
attained (-2 d), an aliquot was centrifuged and pipetted through a cotton 
filter. A 0.5-mL aliquot of the sample solution was extracted with 5 mL 
of ether from acidified media, and 3 mL of the ether phase was evaporated 
to dryness under reduced pressure. The concentration of prostaglandin 
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Figure 1-Phase solubility diagram of the prostaglandin Fb-y-cy- 
clodextrin system in water a t  25°C. The arrow shows the experimental 
condition of the preparation of the solid complex (see text). 


(5Z,9a,lln,13E,15S)-9,ll,l~-Trihydroxypro~~-5,l3-dien~l-oic acid. 
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Figure 2-Powder X-ray diffraction patterns of the prostaglandin 
Fh-y-cyclodextrin system. Key: (A) y-cyclodextrin; (B) prostaglandin 
Fbq-cyclodextrin complex. The reflection peaks of the complex were 
indexed according to Ref. 9. 


2 Ono Pharmaceutical Co. Ltd., Osaka. Japan. 
Nippon Shokuhin Kako, Tokyo, Japan. 
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Table I-Diffraction Data  for  Prostaglandin Fzd- 
y-Cyclodextrin Complex 


d,  A 
hkl" Observed Calculated 


200 14.68 14.68 
220 8.47 8.48 
420 5.54 5.55 
620 4.07 4.07 


a Hexagonal indices. 


F h  was determined by GC according to the method of Roseman and 
Yalkowsky (7). The chromatographic conditions were the same as those 
reported previously (1). The apparent 1:l stability constant (K') was 
calculated from the slope and intercept of the initial straight-line portion 
of the phase solubility diagram according to the following (8): 


slope 
" = intercept (1 - slope) 


Preparation of the Solid Complex-The solid complex was derived 
by mixing appropriate amounts of prostaglandin F h  and y-cyclodextrin 
in water. The amounts were calculated from the descending curvature 
of the phase solubility diagram. For example, 100 mg of prostaglandin 
F h  and 650 mg of y-cyclodextrin were added to 10 mL of water, sealed 
in a flask, and stirred a t  25OC for 2 d. The complex, which precipitated 
as a microcrystalline powder, was filtered and dried under vacuum a t  
room temperature for 2 d. This powder corresponded to a complex of 
prostaglandin Fz,-y-cyclodextrin, in a molar ratio of 1:l which had a 
molecular weight of 1652 (&5%). 


X-Ray Diffractometry-The powder X-ray diffra~tometer~ was 
operated under the following conditions: X-ray, Ni-filtered Cu-K, ra- 
diation; voltage, 30 kV; current, 20 mA, time constant, 2 s; scanning speed, 
1°/min. 


Differential Thermal  Analysis (DTA)-The thermometeP was 
operated at  a scanning rate of 10°C/min over the temperature range of 
10-35OOC. The sample weight was 2-10 mg. 


13C-NMR Spectrometry-Single-contact 13C-CP/MAS measure- 
ment@ were obtained a t  75.46 MHz with a spectrometer equipped with 
a CP/MAS accessory. The sample (-300 mg) was placed in a Andrew- 
Beams-type rotor machined from perdeuterated poly(methy1 methac- 
rylate) and spun as fast as 3 4  kHz. The contact time was chosen as 1 ms 
(not optimized, but chosen to avoid buildup of strong signals from re- 
sidual signals from the rotor and probe assembly), and repetition time 
was 2 s. The spectral width and data points were 30 kHz and 4K, re- 
spectively. Carbon-1 3 chemical shifts were calibrated indirectly through 
external benzene (128.5 ppm from tetramethylsilane). 


Dissolution Studies-The dissolution behaviors of prostaglandin F2= 
and its y-cyclodextrin complex in water were compared at the same 
concentration of prostaglandin F h  according to the dispersed-amount 
method (9). An 850-mg sample of the complex as a 100-mesh powder was 
weighed and put in a dissolution cell. Because prostaglandin Fzn is easy 
to melt at  room temperature (the melting temperature is -30°C), an ether 
solution containing 182 mg of the drug was placed in the dissolution cell 
and evaporated to dryness. The dissolution medium (25 mL) was main- 
tained a t  25OC and stirred a t  91 rpm. At an appropriate interval, 0.5 mL 
of solution was sampled by a pipet with a cotton filter. The assay proce- 
dure for prostaglandin Fzo was the same as that used in the solubility 
studies. 


RESULTS AND DISCUSSION 


Figure 1 shows the equilibrium phase solubility diagram obtained for 
prostaglandin Fz, with y-cyclodextrin in water. The plot shows a typical 
Bs-type solubility curve (8). The initial rising portion is followed by a 
plateau region and then decreases in total concentration of prostaglandin 
Fz, with precipitation of a microcrystalline complex a t  high y-cyclo- 
dextrin concentration. In sharp contrast, the phase solubility diagrams 
of prostaglandin F h  with a- and P-cyclodextrins showed an AL-type curve, 
and no precipitation of the complexes was observed (1). The apparent 
1:l stability constant ( K ' )  of the y-cyclodextrin complex was calculated 
to be 480 M-' from the initial straight-line portion of the solubility di- 
agram in Fig. 1. The K' value of the y-cyclodextrin complex was found 


4 Geiger Flex-2012 diffractometer; Rigaku Denki, Tokyo, Japan. 
6 Model DT-2OB thermal analyzer; Shimadzu, Kyoto, Japan. 
6 CXP-300 spectrometer; Bruker, Silber-Streifen, West Germany. 
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Figure 3-DTA thermograms of prostaglandin Fh-y-cyclodextrin 
system. Key: (A) prostaglandin Fz,; (B)  physical mixture of prosta- 
glandin Fh and y-cyclodextrin in a molar ratio of I:l; (C) prostaglandin 
Fz,-y-cyclodextrin complex. 


to be intermediate between the a-cyclodextrin complex (254 M-1) and 
the B-cyclodextrin complex (1240 M-I) values reported previously (1). 
The 1:l stoichiometry of the y-cyclodextrin complex in the solid phase 
WBB ascertained on the basis of data in the plateau region of the solubility 
diagram. The result was in good agreement with that obtained by isola- 
tion and analysis of the solid complex. Thus, the 1:l solid complex isolated 
from the descending curvature of the &-type solubility diagram was used 
for further study. 


Figure 2 shows the powder X-ray diffraction pattern of the prosta- 
glandin Fh-y-cyclodextrin complex, comparing with that of y-cyclo- 
dextrin itself. It was difficult to obtain the diffraction pattern of pros- 
taglandin F2, under these experimental conditions because of the low 
melting temperature. The diffraction pattern of the complex was ap- 
parently different from that of y-cyclodextrin, indicating the constitution 
of a new solid phase. I t  was noted that the diffraction diagram of the 
complex in Fig. 2 showed a hexagonal nature of pattern similar to that 
observed for the n-propyl alcohol-y-cyclodextrin complex (10). The 
n-propyl alcohol-y-cyclodextrin complex is known to have a channel 
structure (10, 11) with a hexagonal close packing of the cylinders of 
y-cyclodextrin molecules. Therefore, the diffraction pattern of the 
complex was indexed on the basis of a two-dimensional hexagonal unit 
cell having a =  b= 33.90 A, where d-spacing for the 200 reflection peak 
on the diagram was used to calculate the unit cell dimensions (10). As 
shown in Table I, the calculated d-spacing was in excellent agreement 
with that observed. This suggests that  prostaglandin F h  is included 
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Figure 4- '3C-CP/MAS-NMR spectra of prostaglandin F~,-y-cyclo- 
dextrin system in solid state. Key: (A) y-cyclodextrin; (B) prostaglandin 
Fz,-y-cyclodextrin complex. 
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Figure 5-Dissolution profiles of prostaglandin F h  and its y-cyclo- 
dextrin complex in water a t  25°C. Key: (0) prostaglandin F h .  (0) 
prostaglandin Fb-y-cyclodextnn complex. 


within the cylindrical channels formed by coaxial alignment of y-cyclo- 
dextrin molecules to give a channel type structure. 


Figure 3 shows DTA thermograms of the prostaglandin Fn,-y-cyclo- 
dextrin system. In the caaea of prostaglandin Fh and its physical mixture 
with y-cyclodextrin (1:l molar ratio), an endothermic peak due to the 
melting was observed around 30°C. In sharp contrast, the complex 
showed no appreciable endothermic peak within the degradation tem- 
perature of y-cyclodextrin (-290OC) (12), suggesting that the complexed 
form of prostaglandin F h  is considerably stable compared with the drug 
itself. 


W-CP/MAS-NMR techniques were employed to gain further insight 
into the mode of interaction between prostaglandin F h  and y-cyclo- 
dextrin in the solid state. Figure 4 shows the ‘%-CP/MAS-NMR spectra 
of y-cyclodextrin and its inclusion complex with prostaglandin Fh .  The 
signals are readily assigned to the individual carbons of the glucose 
residues. as indicated in Fig. 4 [signals marked by the + are ascribed to 
the residual signals from the rotor of magic angle spinning machined from 
perdeuterated poly(methy1 methacrylate)]. In the case of the complex, 
no appreciable signal from the guest molecule was observed under the 
experimental conditions used. Carbon-13 signals from guest molecules 
are known to be, in many instances, lost or obscured because the amount 
of the guest molecules is usually low compared with that of the glucose 
residues; also, buildup of the 13C-magnetization might be strongly in- 
fluenced by plausible molecular motions within the cavity (13, 14). 
Nevertheless, it is clearly seen that the complex formation resulted in 
the substantial reduction of the line widths of the glucose residues, 
especially in the C-1, (2-4, and C-6 region, as well as the significant dis- 
placement of these signals. The distinct spectral change on complex 
formation might arise from a macrocyclic conformational change asso- 
ciated with the inclusion of the guest molecule. 


In this connection, it is emphasized that the C-1 and C-X carbon-I3 
shifts at the glycosidic linkages for a number of polysaccharides (15,16) 
are substantially displaced depending on their conformations. In par- 
ticular, such displacements of the C-1 and C-4 shifts of a-D-(1,4)-1inked 
glucans are well related to the dihedral angles $J and fi for the C(l)-Ody 
and 0,1,-C(4) rotations (13, 14), respectively, which characterize the 
conformation of the individual glucose residues, as manifested from the 
previous W-CP/MAS-NMR studies on polymorphs of amylose and 


various types of cyclodextrin complexes (13,14). Therefore, broad car- 
bon-13 signals in the y-cyclodextrin are explained in terme of euperpo- 
sition of slightly displaced signals from glucose residues whhoee dihedral 
angles are distributed to some extent because of distorted macrocyclic 
conformation (15). It should be ale0 noted that the 1%-chemical shift 
changes of this complex are identical to thw of y-cyclodextrin-n-propyl 
alcohol complex within the experimental error (fl ppm) (13,14). Ob- 
viously, this finding is consistent with the X-ray diffraction atudy de- 
scribed above and also with the work by Lindner and Saenger (11). 


The dissolution behavior of the y-cyclodextrin complex was examined 
in anticipation of improved dissolution characteristics of prostaglandin 
Fh. It would be interesting to compare the effect of complexation on the 
dissolution rate for the three cyclodextrins, but an attempt to isolate ule 
solid complexes of prostaglandin F a  with a- and /%cyclodextrins was 
unsuccessful. 


Figure 5 shows the dissolution profiles of prostaglandin Fh and its 
y-cyclodextrin complex in water. It was found that the complex diseolved 
much more rapidly (>lo-fold) than prmtaglandin F b  itself. The observed 
increase in the rate may be due to the increase in solubility, ae expected 
from Fig. 1, although other factors such as diffusion coefficient, wetta- 
bility, and the dissociation of the complex in the diesolution medium (17) 
should be considered in the rate enhancement. 


Thus, the increased dissolution rate suggests that prostaglandin 
F2m-y-cyclodextrin complex may have great utility in the development 
of fast-dissolving dosage forms with improved bioavailability. Further- 
more, the increased melting temperature and/or thermal stability of 
prostaglandin F b  by y-cyclodextrin complexation may facilitate the ~ a s e  
of handling the pharmaceutical preparations. 
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Abstract 0 A series of pyrrolidinones have been reported to posscss hypoli- 
pidemic activity in mice. The most active agent, 4-phenyl-5-5dicarbethoxy- 
2-pyrrolidinone, effectively lowered both serum cholesterol and triglyceride 
lcvels at 20-30 mg/kg/d. The agent suppressed liver mitochondrial citrate 
exchange, phosphatidate phosphohydrolase. and sn-glycerol-3-phosphate acyl 
transferase activities. Lipid content of the liver, small intestine, and serum 
lipoprotein fractions was reduced by drug treatment, but lipid levels increased 
in  the bile and fecal samples, suggesting the drug accelerated lipid excretion. 
The mode of action of the pyrrolidinone appears similar to that of the cyclic 
imides. 


Keyphrases 0 4-Phenyl-5,5- dicarbethoxy -2- pyrrolidinone- hypolipidemic 
activity, rodents 0 H ypolipidemic agents-potential, 4-phenyl-5.5-dicarbe- 
thoxy-2-pyrrolidinone, rodcnt screen 


A series of substituted 2-pyrrolidinones have previously been 
examined for hypolipidemic activity in mice and have been 
observed to be active between 20-30 mg/kg/d. Similarly, types 
of moieties such as succinimide ( 1 )  also have hypolipidemic 
activity in the dosage range. One particular compound, 4- 
phenyl-5,5-dicarbethoxy-2-pyrrolidinone (2), demonstrated 
potent activity and lowered serum cholesterol and triglycerides 
>40% at 30 mg/kg/d after 16 d. The current study involves 
the mode of action of 4-phenyl-5,5-dicarbethoxy-2-pyrroli- 
dinone in lowering lipid levels of the body. 


EXPERIMENTAL 


Antihyperlipidemic Screens in Normal Rodents-4-Phenyl-5.5-dicarbe- 
thoxy-2-pyrrolidinone was suspended in 1 ?h aqueous carboxymethylcelluloe 
and administered to male CFI mice (-25 g) intraperitoneally for 16 d or male 
Holtzman rats (-350 g) orally by an intubation needle for 14 d. On days 9 
and 14 or 16, blood was obtained by tail vein bleeding, and the serum was 
separated by centrifugation for 3 min. The serum cholesterol levels were de- 
termined by a modification of the Liebermann-Burchard reaction (3). Serum 
was also collected on day 14 or 16, and the triglyceride content was determined 
using a commercial kit!. 


Testing in Atherogenic Mice-Male CFI mice (-25 g) were placed on a 


I Hycel Triglyceride Test Kit; Fisher. 


commercial dietZ which contained butterfat (400g). cellulose3 (60 g), cho- 
lesterol (53 g), choline dihydrogen citrate (4 g), salt mixture oil4 (40 g), sodium 
cholate (20 g), sucrose (223 9). vitamin-free casein (200 g), and total vitamin 
supplement for 10 d. After the cholesterol and triglyceride levels were assayed 
and observed to be elevated, the mice were administered the test drug at 20 
mg/kg/d ip for an additional 12-d period. Serum cholesterol and triglyceride 
levels were measured after 12 d of drug administration. 


Animal Weights and Food Intake-Periodic animal weights were obtained 
during the experiments and expressed as a percentage of the animals' weights 
on day 0. After dosing for 14 d with the test drug, selected organs were excised, 
trimmed of fat, and weighed. 


Toxicity Studies-The acute toxicity (LDso value) (4) was determined in 
male CFI mice by administering the test drug intraperitoneally from 100 mg 
to 2 g/kg as a single dose. The number of deaths were recorded over a 7-d 
period for each group. 


Enzymatic Studies-fn virro enzymatic studies were determined using 10% 
homogenates of male CFI mouse liver with 50-200 pmol of the test drug. In 
vioo enzymatic studies were determined using 10% homogenates of liver ob- 
tained from male CFI mice after administering the agents for 16 d at a dose 
ranging from 10 to 60 mg/kg/d ip. The liver homogenates for both in uifro 
and in uiuo studies were prepared in 0.25 M sucrose plus 0.001 M EDTA. 


Acetyl CoA synthetase ( 5 )  and ATP-dependent citrate lyase (6) activities 
were determined spectrophotometrically at 540 nm as the hydroxamate of 
acetyl CoA formed after 30 min at 37'C. Mitochondria1 citrate exchange was 
determined by the procedure of Robinson el a/ .  (7, 8) using sodium [I4C]- 
bicarbonate (41 mCi/mmol) incorporated into mitochondria1 [I4C]citrate 
after isolating rat mitochondria (9000Xg for 10 min) from the homogenates. 
The exchanges of the (I4C]citrate were determined after incubating the mi- 
tochondrial fraction, which was loaded with labeled citrate and test drug for 
10 min. The radioactivity was then measured in the mitochondria1 and su- 
pernatant fractions in scintillation fluidS and expressed as a percentage. 
Cholesterol side-chain oxidation was determined by the method of Kritchevsky 
and Tepper (9) using [26-14C]cholesterol (50 mCi/mmol) and mitochondria 
isolated from rat liver homogenates. After 18 h of incubation at 37OC with 
the test drug, the generated I4CO2 was trapped in the center well in 12-12- 
(I, - I ,  1,3,3-tetramethylbutyIcresoxy)ethoxy]ethyl~imethylbenzylammonium 
hydroxide6 and counteds. 3-Hydroxy-3-methylglutaryI CoA reductase (HMG 
CoA reductase) activity was mcasured using [ I-'4C]acelate (56 mCi/mmot) 
and a postmitochondrial supernatant (9000Xg for 20min) incubated for 60 
min at 37OC (10). The digitonide derivative of cholesterol was isolated and 
counted ( I  1). Acetyl CoA carboxylase activity was measured by the method 
of Greenspan and Lowenstein (12). Initially. the enzyme had to be polymerized 
for 30 min at 37OC and then the assay mixture containing sodium [I4C]bi- 
carbonate (41 .O mCi/mmol) was added and incubated for 30 min at 37OC 
with the test drug. Fatty acid synthetase activity was determined by the 
method of Brady ef 01. (13) using [2-14C]malonyl CoA (37.5 mCi/mmol), 
which was incorporated into newly synthesized fatty acids that were extracted 


~~~~ ~ ~~ 


Basal atherogenic test diet; US. Biochemical Corp. 
3 Celufil. 
4 Wesson. 
J Fisher Scintiverse in a Packard scintillation counter. 
6 Hyamine Hydroxide; New England Nuclear, Boston, Mass. 
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Table I-Effects of 4-Phenyl-5,Sdicarbethoxy-2-pyrrolidinone on Serum Lipid Levels in Rodents ' 
Mice Rats 


Serum Serum - -. -. . . 
Serum Cholesterol Triglyceride, Serum Cholesterol Triglyceride, 


Dose. mn/kn/d Dav 9 Dav 16 Day 16 Day 9 Day 14 Day 14 


Control 


10 96 f 6 50 f 5b 63 f 56 
20 94 f 5 58 f 56 58 f 46 90 f 8 
30 55 f 66 52 f 5b 48 f 56 
40 65 f 66 62 f 6b  65 f 56 
60 61 f 4 b  53 f 46 68 f 66 


( I  % carboxymethylcellulose) 100 f 5c 100 f 6d 100 f 6c  100 f 9f 100 f 71 100 f 8h 


59 f 56 60 f 66 


a Expressed as percentage of control (mean f SD); n = 6. p I 0.001. C 1 18 mg%. d I22 mg%. I37 mgW. 1 7 3  mg%. 8 78 mg%. * I 10 m g l .  


Table 11-Effects of 4-Phenyl-S,S-dicarbethoxy-2-pyrrolidinone on CF, Mouse Liver Enzyme Activities In Vitro' 


Mitochondria1 Cholesterol 
Citrate ATP-Dependent Acetyl CoA HMG CoA Side-Chain 


Exchange Citrate Lyase Synthetase Reductase Oxidation 


Control 


Treated 
( I  % carboxymethylcellulose) 100 f 7c 100 f 5d 100 f 7' 100 f 71 100 f 98 


0.050 mM 80 f 6b  1 0 0 f 6  95 f 8 94 f 7 - 
0. I00 mM 76 f 76 98 f 5 96 f 7 87 f 6 56 f 7 b  
0.200 mM 69 f 7b 97 f 6 98 f 7 I09 f 8 


sn-Glycerol-3- 
Acetyl CoA Fatty Acid Phosphatidate Phosphate Acyl 
Carboxylase Synthetase Phosphoh ydrolase Transferase 


- 


Control 


Treated 
( 1  % carboxymethylcellulose) 100 f 7h 100 f 5' 100 f 63 1 0 0 f 6 k  


0.050 mM I07 f 8 100 f 6 45 f 46 l O O f 5  
0.100 mM 91 f 7  100f7 43 f 36 91 f 6  
0.200 mM 111 f 5  82 f 56 26 f 36 69 f 66 


Expressed as percentage of control (mean f SD); n = 6. * p  I 0.001, 30.8% exchange of mitochondria1 citrate. 30.5 mg of citrate hydrolyzed/g wet tissue/20 min. 28.5 
mgof acetyl CoA formed/g wet tissue/20min. /384,900dpmofcholesterol formed g wet tissue/60min. 1608Odpm of CO2 formed/g wet tissuell8 h. * 32,01Odpni/g wet tissue/30 
man. ' 37,656 dpm/g wet tissue/20 min. I 16.7 pg Pi/g wet tissue/lS min. 537,hO dpm/g wet tissue/20 min. 


with ether and counted5. sn-Glycerol-3-phosphate acyl transferase activity 
was determined with ~-[2-~H]glycerol-3-phosphate (7.1 Ci/mmol) and the 
microsomal fraction of the liver homogenates (14). The reaction was termi- 
nated after 20 min, and the lipids were extracted with chloroform-methanol 
(I:2) containing I %  concentrated HCI and counted. Phosphatidate phos- 
phohydrolase activity was measured as the inorganic phosphate released after 
I5 min by the method of Mavis er ul. ( 1  5). The released inorganic phosphate 
after development with ascorbic acid and ammonium molybdate was deter- 
mined at 820 nm. 


Liver, Small Intestine, and Fecal Lipid Extraction-In male CFI mice that 
had been administered the test drug for 16 d, the liver, small intestine, and 
fecal materials (24-h collection) were removed and a 10% homogenate in 0.25 
M sucrose-0.001 M EDTA was prepared. A 2-mL aliquot of the homogenate 
was extracted by the methods of Folch er 01. (16) and Bligh and Dyer (17), 
and the number of milligrams of lipid was determined. The lipid was taken 
up in dichloromethane and cholesterol level (3). triglyceride levels7, neutral 
lipid ( 18), and phospholipid content ( 1  9) were determined. 


['H)Cholesterol Distribution in Rats-Male Holtzman rats (-350 g) were 
administered the test agent orally for 14 d. On day 13, 10pCi of [)H]cho- 
lesterol was administered intraperitoneally in mice and orally in rats, and faces 
were collected after 24 h. Twenty-four hours after cholesterol administration, 
the major organs were excised and samples of blood, chyme, and urine were 
obtained. Homogenates (10%) were prepared of the tissues, which were 
combusted* and counteds. Some tissue samples were plated on filter paper9, 
dried, and digested for 24 h in base6 at 4OoC and counted5. Results were ex- 
pressed as dpm per total organ. 


Cholesterol Absorption Study-Male Holtzman rats (-400 g) were ad- 
ministered the test drug intraperitoneally for 14 d at 20 mg/kg/d. On day 13, 
10 pCi of [ I  ,2-3H]cholesterol (40.7 mCi/mmol) was administered to the rat 
orally. Twenty-four hours later, the blood was collected and the serum sepa- 
rated by centrifugation (20). Both the serum and the precipitate were 
counteds. 


' Bio-Dynamics/bmc Triglyccride Kit * Packard Tissue Oxidizer. 
Whatman No. 1. 


Bile Cannulation Study-Male Holtzman rats (-400 g) were treated with 
the test drug at 20 mg/kg/d orally for 14 d. The rats wereanesthetized with 
chlorpromazineI0 (25 mg/kg ip) followed after 30 min by pentobarbital" (22 
mg/kg ip). The duodenal section of the small intestine was isolated, and lig- 
atures were placed around the pyloric sphincter and distally to a site a p  
proximately one-third down the duodenum. Sterile isotonic saline was injected 
into the sectioned-off duodenal segment. The saline expanded the duodenum 
and the common bile duct. Once the bile duct was identified. a loose ligature 
was placed around it, an incision was made, and plastic tubingI2 was intro- 
duced into theduct. Once past the ligature, the tubing was tied in place, and 
the ligatures around the duodenum were removed. Once bile was freely moving 
down the cannulated tube, [ 1,2-3H]cholesterol (40.7 mCi/mmol) was injected 
subcutaneously into the rats. The bile was collected over the next 6 hand the 
volume was measured. Aliquots were countedS as well as analyzed for cho- 
lesterol (3). neutral lipid (18), and phospholipid (19) content'). 


Plasma Lipoprotein Fractions-Male Holtzman rats (-400 g) were ad- 
ministered the test drug at 20 mg/kg/d for 14 d. On day 14, blood was col- 
lected from the abdominal aorta. The serum was separated from whole b l d  
by centrifugation at 3500 rpm. Aliquots (3 mL) were separated by density 
gradient ultracentrifugation according to the method of Hatch and Lees (21) 
and Have1 er al. (22) into the chylomicrons and very lowdensity, high-density, 
and low-density lipoproteins. Each fraction was analyzed for cholesterol (3). 
trigly~erides~, neutral lipids (1 8). phospholipids (19). and protein levels 
(23). 


RESULTS 


Data are expressed in the tables as mean percent of control f SD. The 
probable significant level @) between each test group and the control group 
was determined by the Student's r test. 


lo Thorazine, chlorpromazine hydrochloride; Smith, Kline d French Laboratories. 
I '  Nembutal, sodium pentobarbital; Abbott Laboratories. 
12 PE-I0 Intramcdic Polyethylene Tubing. 
13 In the first hour ehlorpromazinedccreasts bile flow, while pentobarbital increases 


the flow. Neither agent interferes with lipid assay methods. 
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Tnble Ill-Effects of +Phenyl-5,5-dieorbethoxy-2-pyrrolidinone on CFI Mouse Liver Enzyme Activities In  Viro' 


ATP-Dependen t 
Citrate Lyase 


Acetyl CoA 
Synthetase 


HMG CoA 
Reductase 


(1% carboxymethylcellulose) 
Treated 


100 f 8 


9 6 6 7  
94 f 8 
90 f 7 
87 fl 


Acetyl CoA 
Carboxylase 


100 f 8 


I09 f 7 
76 f 6 b  
84 f 6c 
93 f 7 


Fatty Acid 
Synthetase 


l00f 6 


I05 f 7 
1 1 5 f 7 C  
92 f 6 


1 0 0 f 6  


1 0 0 f 6  


78 f 7 
1 1 4 f 8  
94 f 6 
68 f 5b 


Phosphatidate 
Phosphohydrolase 


100 f 6 


1 0 0 f 6  
98 f 6 
43 f 46 
59 f 5 b  


100 f 7 


1 0 0 6 8  
9 4 f 7  
84 f 6c  
83 f 6c 


sn-Glycerol-3- 
Phosphate Acyl 


Transferase 


1 0 0 f 7  


81 f 6 b  
79 f 56 
77 f 46 
52 f 6* 


~~~~~~~ ~ ~ ~ ~ ~ 


,I Expressed as percentage of control (mean f SD); n = 6 .  b p  5 0.001, < p  5 0.010. 


Table IV-Effects of 4-Phenyl-5,5-dicarbethoxy-2-pyrrolidinone on Holtzman Rat Organ Lipid Levels ' 
Lipid Choles- Trigly- Neutral Phospho- 


Extracted, mg terol cerides Lipids lipids Protein 


Liver 
Control l 00 f  7 
Treated 76 f 6b 


Control 1 0 0 f 5  
Treated 71 f 6 b  


Control 1 0 0 f 8  
Treated 111 f 7  


Control - 
Treated - 


Lipoproteins 
Ch lomicrons 


8ontrol 
Treated 


Control - 
Treated - 


Control - 
Treated - 


t in t ro l  
Treated 


Small Intestine 


Feces 


Bile 


- 
- 


Very-low density lipoproteins 


Low-density lipoproteins 


Hi h density lipoproteins - 
- 


100 f 8d 
73 f 76 


100 f 7' 
88 f 7 


100 f 6" 
117 f 7c 


100 f 8' 
1 1 2 f 9  


100 f 6" 
57 f 46 


100 f 766 
71 f 6 b  


I 0 0  f 8:" 
63 f 5 


100 f 6/' 
66 f 7h 


100 f 5 1  
71 f 5  


loo f y 
20 f 3 


100 f 70 
137 f 6b  


100 f 7' 
80 f 6 b  


100 f 7x 
75 f 5 6  


100 f gCC 
65 f 5 b  


100 f 7hh 
86 f 6c 


100 f 7"'"' 
100 f 8 


100 f 8; 
45 f 5 


100 f 7' 
63 f 6b 


100 f 6P 
109 f 7 


100 f 7" 
133 f 8b  


l 0 0 f 6 Y  
60 f 56 


100 f 7dd 
53 f 4b 


41 f 3  


100 f 6"" 
93 7 


100 f 7; 


100 f 7n 
76 f 6 b  


100 f 8' 
98 f 9 


100 f 79 
79 f 6 b  


100 f 8" 
121 f 5 6  


100 f 8' 
143 f 5b 


100 f 8rc 
1 1 8 f 7 C  


100 f 6JJ 
I28 f 7 


100 f 8w 
103 f 6 


100 f 6h  
97 f 6 


100 f 8"' 
102 f 7 


100 f 5' 
88 f 6 


- 
- 


loo f 8'0 
93 f 7 


loo f 8f.f 
105 f 6 


100 f 9kk 
87 f 7 


100 f 6PP 
92 f 7 


M l m L  


4-Phenyl-5,5-dicarbethoxy-2-pyrrolidinone proved to be a potent hypoli- 
pidemic agent in both mice and rats by the oral route as well as intraperito- 
neally (Table 1). A dose-response curve showed that cholesterol levels were 
lowered approximately the same, 47-50%. at 10.30, and 60 mg/kg/d. Serum 
triglyceride levels were reduced 52% maximally at 30 mg/kg/d in mice. In 
rats the Serum cholesterol and triglyceride levels were approximately the same 
at 20 mg/kg/d as  those observed in mice. After inducing a hyperlipidemic 
state in mice, in which case serum cholesterol levels were elevated 183% (354 
mg%) above control values (1 25 mg%), drug treatment at 20 mg/kg reduced 
serum cholesterol to 184 mg%, 47% above normal. Serum triglyceride levels 
in  the hyperlipidemic mice were elevated 168% (367 mg/dL) above control 
values. Drug administration lowered triglycerides to 176 mg/dL, which was 
28% above normal triglyceride values (1 38 mg/dL). 


In oirro enzyme assays (Table 11) showed that the presence of the drug 
caused a decrease in mitochondria1 citrate exchange to the cytoplasm, with 
200 pM resulting in a 31% reduction. Cholesterol side-chain oxidation was 
reduced 44%at 100 FM. Phosphatidate phosphohydrolase activity was sup 
pressed in a dose-dependent manner, with 200 p M  resulting in 74% inhibition. 
sn-Glycerol-3-phosphate activity was lowered 31% at  200 pM. 


In the in oioo enzymatic studies (Table 111). marginal inhibition was ob- 
served in ATP-dependent citrate lyase at 60 mg/kg (13%) and in acetyl CoA 
synthetase at  10 (22%) and 60 mg/kg (32%). H M G  CoA reductase activity 
was slightly inhibited at 40 and 60 mg/kg by 16-1796. Acetyl CoAcarboxylase 
activity was suppressed 16% at 40 mg/kg/d. The maximum effect of the drug 
appeared to be on phosphatidate phosphohydrolase and sn-glycerol-3-phos- 
phate acyl transferase activities. 4-Phenyl-5,5-dicarbethoxy-2-pyrrolidinone 
reduced phosphatidate phosphohydrolase activity 57% a t  40 mg/kg/d and 
41% at  60 mg/kg/d. sn-Glycerol-3-phosphate acyl transferase activity was 
reduced in a dose-dependent manner, with 60 mg/kg/d causing 48% reduc- 
tion. 


In an attempt to determine if the lipids were being removed from the blood 
compartment and being deposited in the tissues, the liver and small intestine 
were examined for lipid content after drug treatment (Table IV). In the liver, 
cholesterol was lowered 27%, triglycerides 29%. neutral lipids 4576, and 
phospholipids 24%. In the small intestine, cholesterol levels were r e d u d  12% 
however, marked reduction of triglyceride levels was evident (80%). The drug 
treatment did not affect [3H]cholesterol absorption from the intestine over 
a 24-h period after oral administration. Nevertheless. biliary excretion of lipids 


014 I Jownai of phsrmaceutical Sciences 
Vol. 73, No. 6, June 1984 







Table V-Effects of CPhenyI-5,5-dic~rbethoxy-2-pyrrolidinone on Rat 
['H)Cholesterol Distribution 24-h After Administration and Organ Weights 
After 14 d of Administration Orally 


Organ Weight, g 
Control Treated 


[3H]Cholesterol/TotaI 
Organ, dpm 


Control Treated 


Brain 
Lung 
Heart 
Liver 
Kidney 
Spleen 
Adrenal 
Stomach 
Small intestine 
Large intestine 
Chyme 
Feces 


1.97 1.97 
2.60 1.70 
1.33 1.20 
14.47 12.67 
3.37 3.13 
0.67 0.77 
0.0504 0.050 
2.97 2.43 
10.17 6.33 
4.10 3.57 
2.57 7.58 
2.63 5.03 


5877 1232 
7069 3632 
4004 1280 
47429 25328 
8170 -2592 
2315 2633 
- - 


11375 1440 
41656 73152 
14104 10832 
9226 30048 
8349 9664 


was altered by drug treatment. Cholesterol excretion was elevated 12% neutral 
lipids 37%, and phospholipids 21%. The fecal sample also demonstrated in- 
creases in lipid content, i.e., 17% and 37% increases in cholesterol and tri- 
glycerides. respectively, and a 21% reduction in phospholipids. 


Examination of the lipoprotein fractions of the blood showed reduction of 
cholesterol content in all four fractions. Triglycerides were lowered in chy- 
lomicrons and in the very low-density fraction, which contain most of the 
triglyceride content of the lipoprotein fractions. Neutral lipids were also 
lowered in the chylomicron, very low-. and low-density lipoprotein fractions. 
Phospholipid content was elevated in these three fractions. Examination of 
the effects of drug treatment on [3H]cholesterol distribution in the body shows 
that there is a reduction of cholesterol in the brain, lung, heart, liver, kidney, 
and stomach (Table V).  However, high concentrations of labeled material 
were found in the small intestine (76%), chyme (226%), and feces (16%). The 
organ weights of the treated animals were lower than those of the control 
animals. The LD50 in mice was >2 g/kg ip. 


DISCUSSION 


4-Phenyl-5,5-dicarbethoxy-2-pyrrolidinone proved to be a potent hypoli- 
pidemic agent, lowering serum cholesterol and triglyceride levels >45%. The 
agent was more active than clofibrate, which is inactive at 10-60 mg/kg/d. 
Clofibrate requires dosages of 150-200 mg/kg/d to reduce cholesterol -1 5% 
and triglyceride levels 25%. The pyrrolidinone was active in the dosage range 
where succinimide (1) had proven to be active as well as the cyclic imide, 
phthalimide, saccharin, and 1.8-naphthalimide (24). In fact, its mode of action 
of lowering serum lipids Seems to be similar to thecyclic imides. For example, 
inhibition of mitochondria1 citrate exchange would lower the cytoplasmic levels 
of acetyl CoA, a key intermediate precursor in the de nouo synthesis of cho- 
lesterol and fatty acids. Two regulatory enzymes of the triglyceride pathway, 
phosphatidate phosphohydrolase and sn-glycerol-3-phosphate acyl transferase 
activities, were inhibited by the pyrrolidinones as well as the cyclic imides. 
Positive correlations between the inhibition of the activities of these enzymes 
with the lowering of serum triglyceride levels have been made previously 


Removal of lipids from the blood was not related to an increase in organ 
lipids. Three observations support this thesis: ( a )  the lipid content of liver and 
small intestine was actually reduced; ( 6 )  there was no increase in organ weights 
over the control values; (c) the (3H]cholesterol content was lower in the major 
organs of the treated animals compared with the control animals. 


The lipids appeared to be excreted in the bile at an accelerated rate after 
drug treatment. This excretion of [3H]cholesterol was also reflected in the 
higher radioactive content observed in the small intestine, chyme, and feces. 
Similar observations have been made with phthalimide and saccharin (25). 


(14). 


Cholesterol, triglycerides, and neutral lipid content of rat Serum lipoprotein 
fractions were also lowered by treatment with the pyrrolidinones. Cholesterol 
content probably did not change when examining the high-density to low- 
density ratio. High cholesterol in the high-density lipoprotein fraction and 
low content in the low-density lipoprotein supposedly protects against myo- 
cardial infarction. Nevertheless, lowering the cholesterol content of the low- 
density lipoprotein fraction is probably beneficial since this is the lipoprotein 
fraction which deposits lipids in the atherosclerotic plaque. These preliminary 
studies do suggest that pyrrolidinones may have potential as hypolipidemic 
agents and are worthy of further study. 
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graphs is provided. However, failure to reference the material in the in- 
dividual chapters is a serious omission. 


This book may serve as a quick reference for chemical structures and 
chemotherapeutic properties of a large number of antibiotics. However, 
the handbook approach used to present the material makes this book 
unsuitable as a text. 


Reoiewed by Marvin R. Boots 
Department of Pharmaceutical Chemistry 
Medical College of Virginia 
Virginia Commonwealth Uniuersity 
Richmond, V A  23298 


This book is heartily recommended for the novitiate as well as the 
expert. Being a personal statement, you will enjoy the author’s strengths 
and weaknesses in terms of understanding the field. The index is unique 
in that it allows you to find the primary places where each author is 
mentioned throughout the book. In the short time that I have had it, I 
easily justified the cost of the book by rapidly finding author refer- 
ences. 


Reoiewed by Howard Maibach 
University of California 


San Francisco. CA 94143 
Medical School 


Solid-state Chemistry of Drugs. By STEPHEN R. BYRN. Academic 
Press, 111 Fifth Avenue, New York, NY 10003.1982.346 pp. 15 X 23 
cm. Price $55.00. 
The literature on solid-state chemistry is not abundant, and the topic 


of solid-state chemistry of drugs per se has not been treated previously 
in book form. (Granted, chapters in books and reviews in journals have 
appeared.) Dr. Byrn’s book hence fills a void. I t  is refreshing to note, at  
the onset, that it does this very well. 


The book is, first of all, self-contained. It commences with morpho- 
logical descriptions and definitions, followed by a broad overview of what 
actually happens in a solid when the molecules contained in it (or some 
of them) undergo chemical change. It then gives examples of the various 
types of solid-state reactions documented in the literature (and of 
pharmaceutical interest). 


A chapter is devoted to methods of analysis, in a somewhat different 
way than the casual reader might expect. The tools of trade in this field, 
if mechanistic understanding is the goal, are X-ray, spectroscopy, and 
thermal methods. In other words, the analysis section is not cluttered with 
specific assay methods, but rather with the specific tools. I t  might have 
been instructive to have a section dealing with high-vacuum techniques 
of gas analysis, since these are frequently used in solid-state kinetics in 
isothermal studies of gas-producing reactions. 


The chapter on solid-state kinetics is excellent and covers all essential 
principles. Particularly useful is Table I, where one particular reaction 
is treated by a large number of different mechanistic models, leading to 
the conclusion (not surprisingly) that simply fitting the data to a model 
will not, in itself, serve as a selection criterion. That philosophy is true 
in general, but is well stated. 


A large chapter is devoted to polymorphism, an important aspect not 
often thought of as “chemistry” (as implied in the title of the book). But, 
it certainly belongs in the book and should be of great usefulness to those 
working in this particular field. 


The book contains a wealth of examples. It is written in a very pleasant 
style. A must for the pharmaceutical scientist involved in solid dosage 
forms. 


Reoiewed by J. T. Carstensen 
School of  Pharmacy 
University of Wisconsin, 
Madision, WI 537U6 


Dermatological Formulations: Percutaneous Absorption. By 
BRIAN W. BARRY. Marcel Dekker, 270 Madison Avenue, New York, 
NY 10016.19&3.479 pp. 16 X 23.5 cm. Price $55.00 (2070 higher outside 
the US .  and Canada). 
This is a concise, single-authored overview of percutaneous penetration 


as it relates to dermatological formulations. Demonstrating the breadth 
and depth of his personal reading and experience, Dr. Barry single- 
handedly tackles many different areas. He starts with a brief overview 
of the structure, function, diseases, and topical treatment of human skin. 
The second chapter is a classical review of the principles of diffusion 
through membranes. He next discusses the facts and theory related to 
skin transport and properties influencing percutaneous absorption. 
Following a brief review of methods for quantitating absorption, he ends 
with two strong chapters on formulation and rheology of dermatological 
vehicles. 


Alkaloids, Volume 1: Chemical and Biological Perspectives. Edited 
by S. WILLIAM PELLETIER. Wiley-Interscience, 605 Third Avenue, 
New York, NY 10158. 1983.398 pp. 16 X 24 cm. Price $60.00. 
Alkaloids never seem to cease attracting the interest of chemists. Since 


the turn of the century, numerous books and series have been published 
on the subject. This is another ambitious, comprehensive treatise in- 
tending to add new perspectives to the subject. The series takes a new 
topic-oriented approach, departing from the traditional descriptive 
system based on the class of compounds. 


The first volume begins with the nature and definition of an alkaloid 
by the editor and includes such mixed topics as “Arthropod Alkaloids: 
Distribution, Functions, and Chemistry,’’ by T. H. .Jones and M. S. Blum; 
“Biosynthesis and Metabolism of the Tobacco Alkaloids,” by E. 1,eete; 
“The Toxicology and Pharmacology of Diterpenoid Alkaloids,” by M. 
H. Benn and J. M. Jacyno; and “A Chemotaxonomic Investigation of the 
Plant Families of Apocynaceae, Loganiaceae, and Rubiaceae by Their 
Indole Alkaloid Content,” by M. V. Kisakurek, A. J. M. Leeuwenberg, 
and M. Hesse. All were written by unquestionable experts in their par- 
ticular field and provide not only first-hand information by researchers 
themselves, but also deep insights into the individual subjects. 


Dr. Pelletier’s devotion to the chemistry of alkaloids, especially di- 
terpenoid alkaloids, is widely known, and his ability to cover this broad 
topic is also well-proven by his earlier publication in The Royal Society 
of Chemistry-Specialist Periodical Reports on alkaloids. In the first 
volume he has certainly exercised his knowledge of the topics and taken 
advantage of his close acquaintance with top researchers in the individual 
fields. However, it remains to be seen in future volumes how successful 
the series will be in raising the interest of interdisciplinary readers in such 
diversified areas as medicinal chemistry, natural products chemistry, 
pharmacology, pharmacognosy, biochemistry, phytochemistry, plant 
taxonomy, oncology, forensic science, and medicine as originally intended. 
At any rate, in conjunction with recent research interest in natural 
products chemistry, books taking the multidisciplinary approach as, for 
example, a series on marine natural products with the same subtitle 
(Marine Natural Products: Chemical and Biological Perspectiues, P. 
J. Scheuer, Ed., Academic Press, Volumes I-V), are seen more and more 
on the bookshelves. 


Reuiewed by Yuzuru Shimizu 
Department of Pharmacognosy and 


Environmental Health Sciences 
College of Pharmacy 
Ilnioersity of Rhode Island 
Kingston, H I  02881 


Annual Review of Pharmacology and Toxicology, Volume 23. Edited 
by ROBERT GEORGE, RONALD OKUN, and ARTHUR K. CHO. 
Annual Reviews Inc., 4139 El Camino Way, Palo Alto, CA 94306.1983. 
713 pp. 15 X 22 cm. Price $27.00. 
This review of pharmacology and toxicology continues a successful 


series of monographs in these areas. The btx)k contains 27 different re- 
views and a review of the reviews. Each of the reviews is written by a 
person familiar with the area of research. The reviews are normally 
concise and well referenced; important tables and figures are included 
in many of the reviews. The initial review by Leslie Iversen on “Nonopioid 
Neuropeptides in Mammalian CNS” provides some insight into the re- 
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to solubility theory a t  this stage of development. The four partial solu- 
bility parameters for solvents, particularly the new acid (6,) and base (db) 
terms, should find use in the pharmaceutical sciences as well as in in- 
dustrial technology. The multiple regression and triangular plot methods 
of estimating partial solubility parameters for solutes are promising steps 
toward characterizing the polar and nonpolar properties of drugs and 
related biochemicals. The partial solubility parameters of Table I are 
tentative and no doubt will be changed somewhat as dictated by addi- 
tional findings. 
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Abstract  0 The recently introduced four-parameter extended Hansen 
approach was used to study the solubility of p-hydroxybenzoic acid and 
methyl p-hydroxybenzoate in 32 and 35 individual solvents, respectively. 
The results are compared with those for benzoic acid in 40 solvents. 
Seventeen of the thirty-two or 53% of the calculated solubilities of p- 
hydroxybenzoic acid were within the established solubility criterion (i.e., 
<30% error from the experimental value). Twenty-two of thirty-six or 
61% of the calculated solubility values for methyl p-hydroxybenzoate 
met the solubility criterion. Experimental excess free energies of solution 
for p-hydroxybenzoic acid and methyl p-hydroxybenzoate were plotted 
against theoretical values using the expanded four-parameter solubility 
regression equations. From such results, adjustments may be made in 
the partial solubility parameters to bring the calculated solubilities in 
line with experimental results. Multiple regression analyses were used 
to estimate the total solubility parameter and the four partial solubility 
parameters of the two benzoic acid derivatives. Satisfactory results were 
obtained for methyl p-hydroxybenzoate, but poor agreement was found 
for o-hvdroxvbenzoic acid for the total oarameter when comDared with 


The solubility of a number of drugs in mixtures of two 
solvents has been analyzed with the extended Hildebrand 
solubility approach (1,2).  Subsequently, the solubility of 


the Fedors group contribution method. Both the multiple regression and 
group contribution methods may yield inaccurate solubility parameters 
for relatively polar solid solutes. Factor analysis was used to test the 
adequacy of three- and four-parameter approaches in the evaluation of 
drug solubility. A principal factor method without iteration and or- 
thogonal factor rotation were used to compare the two expanded solu- 
bility parameter approaches. Factor analysis showed that four solubility 
parameters were significantly more independent and presumably more 
satisfactorv than three Darameters. 


Keyphrases 0 Solubility parameters, expanded-individual solvents, 
four-parameter extended Hansen approach, p-hydroxybenzoic acid, 
methyl p-hydroxybenzoate CI Extended Hansen approach-solubility 
of p-hydroxybenzoic acid and methyl p-hydroxybenzoate in individual 
solvents, four-parameter system 0 Benzoic acid derivatives-p-hy- 
droxybenzoic acid, methyl p-hydroxybenzoate, use as model drugs, sol- 
ubility in individual solvents, four-parameter extended Hansen ap- 
proach 


naphthalene and benzoic acid in individual solvents was 
studied using the Hansen three-parameter solubility ap- 
proach (3 ,4)  and a new four-parameter solubility system 
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Table I-Calculated Solubilities of Methyl p-Hydroxybenzoateo in Individual Solvents at 25°C 


Equat ion 7 


No. Solvent 
X2 


(Calc.) Residual Error, % 


1 
2 
3 
4 
5 
16 
17 
18 
19 
20 
21 
22 
31 
32 
33 
35 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
51 
52 
53 
54 
55 
56 
57 
58 
59 


Pentane 
Hexane 
Heptane 
Nonane 
Decane 
Diethyl ether 
Diprop 1 ether  
Dibut y re the r  
Ethyl acetate 
Propyl acetate 
Butyl acetate 
Hexyl acetate 
Methyl alcohol 
Ethyl alcohol 
Propyl alcohol 
Butyl alcohol 
1-Pentanol 
1-Hexanol 
I-Heptanol 
1-Octanol 
Ethylene Glycol 
1,2-Propanediol 
1,3-Propanediol 
Glycerol 
1,4-Butanediol 
Acetic acid 
Propionic acid 
Dimethyl sulfoxide 
Pyridine 
Formamide 
N-Methylformamide 
N,N-Dimethylformamide 
N,N-Diethylformamide 
N,N-Dimethylacetamide 
N,N-Diethylacetamide 
Water 


116.1 
131.6 
147.5 
179.7 
195.9 
104.8 
139.4 
170.4 
98.5 
115.7 
132.6 
164.5 
40.7 
58.7 
75.1 
92.0 
108.6 
125.2 
141.9 
158.4 
55.9 
73.7 
72.5 
73.2 
88.6 
57.6 
75.0 
71.3 
80.9 
39.9 
59.1 
77.4 
112.0 
93.0 
126.6 
18.1 


7.1 
7.3 
7.5 
7.7 
7.7 
7.1 
7.3 
7.6 
7.4 
7.7 
7.7 
7.8 
7.4 
7.7 
7.8 
7.8 
7.8 
8.0 
8.1 
8.3 
8.3 
8.2 
8.1 
8.5 
8.2 
7.1 
7.2 
9.0 
9.3 
8.4 
8.4 
8.5 
8.2 
8.2 
8.2 


0.0 
0.0 
0.0 
0.0 
0.0 
1.4 
1.1 
0.8 
2.6 
2.1 
1.8 
1.5 
6.0 
4.3 
3.3 
2.8 
2.2 
2.1 
2.0 
1.6 
5.4 
4.6 
5.3 
5.9 
8.1 
3.9 
3.8 
8.0 
4.3 
12.8 
10.1 
6.7 
5.6 
5.6 
4.1 


7.6 7.8 


0.0 
0.0 
0.0 
0.0 
0.0 
0.5 
0.4 
0.3 
5.3 
3.6 
2.8 
1.9 
8.4 
8.3 
7.5 
6.4 
5.4 
5.7 
5.3 
5.2 
17.9 
14.1 
10.9 
20.0 
18.2 
7.0 
6.0 
2.2 
1.4 
5.7 
4.8 
3.4 


0.0 
0.0 
0.0 
0.0 
0.0 
6.3 
5.0 
3.9 
1.9 
1.5 
1.7 
2.2 
7.1 
5.5 
4.8 
4.6 
4.3 
3.5 
3.4 
3.2 
4.4 
4.6 
7.4 
5.1 
3.7 
3.1 
3.0 
5.7 
3.2 
7.6 
3.9 
4.4 


2.7 3.4 
2.9 4.3 
2.1 3.2 
6.7 32.0 


0.000063 
0.000077 
0.000083 
0.000106 
0.000121 
0.0840 
0.0314 
0.0268 
0.1270 
0.1366 
0.1326 
0.1164 
0.1254 
0.1495 
0.1486 
0.1484 
0.1528 
0.1477 
0.1483 
0.1381 
0.0480 
0.0941 
0.0766 
0.0064 
0.1202 
0.0532 
0.0386 
0.5839 
0.3243 
0.0765 
0.2981 
0.4605 
0.4907 
0.5418 
0.5299 
0.00027 


0.000009 
0.000028 
0.000074 
0.000176 
0.0001 76 
0.0749 
0.0409 
0.0326 
0.0862 
0.1639 
0.0828 
0.0848 
0.1155 
0.1745 
0.1745 
0.1743 
0.1284 
0.1694 
0.2013 
0.1605 
0.0304 
0.0818 
0.0560 
0.0021 
0.1438 
0.0820 
0.1436 
0.4965 
0.4752 
0.1118 
0.3770 
0.4836 
0.5346 
0.5020 
0.5223 
0.00041 


0.000054 
0.000049 
0.000009 


-0.000070 
-0.000055 
0.0091 


-0.0095 
-0.0058 
0.0408 


-0.0273 
0.0538 
0.0316 
0.0099 


-0.0250 
-0.0259 
-0.02 5 9 
0.0244 


-0.0217 
-0.0530 
-0.0224 
0.0176 
0.0123 
0.0206 
0.0043 


-0.0236 
-0.0288 
-0.1050 
0.0874 


-0.1509 
-0.0353 
-0.0789 
-0.02 3 1 
-6.0439 
0.0398 
0.0076 


-0.00014 


85.7 
63.6 
10.8 


-66.0 
-45.5 
10.8 


-30.3 
-21.6 
32.1 


-20.0 
39.4 
27.1 
7.9 


-16.7 
-17.4 
-17.5 
20.0 


-14.7 
-35.7 
-16.2 
36.7 
13.1 
26.9 
67.2 


-19.6 
-54.1 
-272.0 


15.0 
-46.5 
-46.1 
-26.5 
-5.0 
-8.9 
7.3 
1.4 


-51.9 


USolute properties: 6 1 =  12.1. mp 399.65 K,  V z =  117.5 cm3/mol ,  Xi = 0.0988,logXi = --1.005. 


(4). The present study is an attempt to use the four-pa- 
rameter method to reproduce the solubilities of two solid 
organic compounds, p -hydroxybenzoic acid and methyl 
p -hydroxybenzoate, which serve as models of drug mole- 
cules. 


The substituted aromatic groups and flexible chains of 
drug molecules, exhibiting dipolar forces, hydrogen 
bonding, steric interferences, and ionic charges, make the 
prediction of solubility in drug research and development 
a formidable task. The results obtained with benzoic acid 
in the preceding paper (4) demonstrate the most satis- 
factory results that have been obtained in this laboratory 
for drug-like molecules by regression analysis and by the 
universal functional group activity coefficient (UNIFAC) 
procedure (5). The correlation found here between ex- 
perimental data and a four-parameter equation can serve 
as a benchmark-a goal to be superseded in predicting the 
solubility of drugs in general. As in the previous paper (4) 
all solvents are “neat” or individual. The methods used 
here and the conclusions reached are not generally appli- 
cable to the binary solvent systems discussed earlier (1, 
2). 


EXPERIMENTAL 


Methyl p-hydroxybenzoate USP1 was used as obtained. p-Hydroxy- 
benzoic acid2 was recrystallized from aqueous alcohol (6) and dried a t  


105°C. Melting points measured by a hot-stage methods are 485.85”K 
and 399.65OK for p-hydroxybenzoic acid and methyl p-hydroxybenzoate, 
respectively, Heats of fusions of p-hydroxybenzoic acid and methyl p- 
hydroxybenzoate obtained by differential scanning calorimet@ are 7510 
and 5400 cal/mol (7), respectively. The solvents were spectrophotometric 
grade, ACS grade or redistilled before use. The mole fraction solubilities 
X 2  of p-hydroxybenzoic acid and methyl p-hydroxybenzoate a t  25°C 
were determined as described in the preceding paper (4). 


RESULTS AND DISCUSSION 


The solubilities of methyl p-hydroxybenzoate and p-hydroxybenzoic 
acid a t  25’C are found in Tables I and I1 and in Fig. 1. The properties of 
the solutes are included in the footnotes of Tables I and 11; solvent molar 
volumes and partial solubility parameters are also listed. Sources and 
methods of obtaining partial solubility parameters, ad, b,, ha, and bb, were 
described in the preceding paper (4). Briefly, 6d and 6, are the dispersion 
and dipolar solubility parameters of Hansen and Beerbower (8); bb  a basic 
parameter, was obtained using the expression: 


Vl1”bb = 60.10 + 2.45 (Eq. 1) 


where V ,  is the molar volume of the solvent and /3 is a basicity parameter 
provided by Kamlet et al. (9). Since 6h2 = 26a6b, it is possible to obtain 
a,, an acid parameter, once 6b is calculated from Eq. 1. The term, ah, is 
called a hydrogen bonding parameter (4) though it includes all transfer 
energies. 


As in earlier papers of this series, the mole fraction solubilities ( X 2 )  
of the two drug prototypes, methyl p-hydroxybenzoate and p-hydroxy- 
benzoic acid, are plotted (Fig. 1) as a function of the total solvent solu- 
bility parameter, 61. Shown in the graphs are the ideal mole fraction 
solubility line ( X z i )  for the solute and the regular solution curve, calcu- 
lated using the Hildebrand equation (1). The observed solubilities are 


Tenneco Chemical Inc., Piscataway, NJ 08854. * Matheson, Coleman and Bell, Norwood, OH 45212. 
3 Digital Melting Point Analyzer, Model 935. Fisher Scientific Co. 


Perkin-Elmer DSC Model lB, Norwalk, CT. 
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Table II-Calculated Solubilities of pHydroxybenzoic Acida in  Individual Solvents at 25 "C 


Equation 8 


X2 X2 
No. Solvents VI ad 6, 6, 6 b  (Obs.) (Calc. ) Residual Error, % 


' 0.4 k 
=! 
m 
3 0.3 
1 


8 


7 
8 
10 
12 
16 
19 
21 
24 
25 
28 
29 
31 
32 
33 
34 
35 
36 
39 
40 
42 
43 
44 
46 
48 
49 
51 
52 
53 
54 
55 
57 
59 


- 
! 


52 i 
. 


54 
- 


Benzene 
Toluene 
Ethylene dichloride 
Chloroform 
Diethyl ether 
Ethyl acetate 
Butyl acetate 
Acetone 
Dioxane 
Aceto henone 
Benz y r  alcohol 
Methyl alcohol 
Ethyl alcohol 
Propyl alcohol 
Isopropyl alcohol 
Butyl alcohol 
Isobutyl alcohol 
1-Pentanol 
1-Hexanol 
1-Octanol 
Ethylene glycol 
1,2-Propanediol 
Glycerol 
Acetic acid 
Propionic acid 
Dimethyl sulfoxide 
Pyridine 
Formamide 
N-Methylformamide 
N,N-Dimethylforrnamide 
N,N-Dimethylacetamide 
Water, pH 2.0 


89.4 
106.9 
79.4 
80.8 
104.8 
98.5 
132.6 
74.0 
85.7 
117.4 
103.9 
40.7 
58.7 
75.1 
76.9 
92.0 
92.4 
108.6 
125.2 
158.4 
55.9 
73.7 
73.2 
57.6 
75.0 
71.3 
80.9 
39.9 
59.1 
77.4 
93.0 
18.1 


9.0 
8.8 
9.3 
8.7 
7.1 
7.4 
7.7 
7.6 
9.3 
9.6 
9.0 
7.4 
7.7 
7.8 
7.7 
7.8 
7.4 
7.8 
8.0 


8.3 
8.2 
8.5 
7.1 
7.2 
9.0 
9.3 
8.4 
8.4 


8.3 


8.5 
8.2 


0.5 
0.7 
3.6 
1.5 
1.4 
2.6 
1.8 
5.1 
0.9 
4.2 
3.1 
6.0 
4.3 
3.3 
3.0 
2.8 
2.8 
2.2 
2.1 
1.6 
5.4 
4.6 
5.9 
3.9 
3.8 
8.0 
4.3 
12.8 
10.1 
6.7 -. . 


5.6 
7.6 7.8 


0.7 
0.8 
2.0 
3.0 
0.5 
5.3 
2.8 
2.4 
1.0 
1.1 
5.9 
8.4 
8.3 
7.5 
7.1 
6.4 
6.0 
5.4 
5.7 
5.2 
17.9 
14.1 
20.0 
7.0 
6.0 
2.2 
1.4 
5.7 


0.7 
0.6 
1.0 
1.3 
6.3 
1.9 
1.7 
2.4 
6.5 
1.5 
3.8 
7.1 
5.5 
4.8 
4.5 
4.6 
5.1 
4.3 
3.5 
3.2 
4.4 
4.6 
5.1 
3.1 
3.0 
5.7 
3.2 
7.6 


4.8 
3.4 


3.9 ~- 
4.4 


2.9 4.3 
6.7 32.0 


0.000033 
0.000029 
0.00011 
0.00015 
0.0521 
0.0737 
0.0574 
0.1185 
0.0844 
0.0223 
0.0784 
0.1142 
0.1213 
0.1084 
0.1297 
0.1154 
0.0901 
0.1145 
0.1121 
0.1032 
0.1132 
0.1308 
0.0301 
0.0444 
0.0347 
0.3674 
0.1044 
0.0341 
0.1025 
0.2137 
0.2354 
0.00060 


0.000012 
0.000027 
0.00534 
0.00322 
0.1132 
0.0438 
0.0048 
0.1186 
0.0939 
0.0029 
0.1241 
0.0590 
0.1077 
0.1156 
0.1011 
0.1094 
0.0660 
0.0767 
0.081 5 
0.0445 
0.1343 
0.1318 
0.0225 
0.0826 
0.0919 
0.2769 
0.0867 
0.0331 
0.1647 
0.2625 
0.2782 
0.00104 


0.000021 
0.000002 


-4.00523 
-0.00 307 
-0.0611 
0.0299 
0.0526 


-0.0001 
-0.0095 
0.0194 


-0.04 5 7 
0.0552 
0.0136 


-0.0072 
0.0286 
0.0060 
0.0241 
0.0378 
0.0306 
0.0587 


-0.0211 
-0.0010 
0.0076 


-0.0382 
-0.0 5 7 2 
0.0905 
0.0177 
0.0010 . .._. 


-0.0622 
-0.04 88 
-0.0428 
-0.00044 


63.6 
6.9 


-4755. 
-2047. 
-117. 
40.6 
91.6 
-0.1 


-11.3 
87.0 


-58.3 
48.3 
11.2 
-0.6 
22.1 
5.2 
26.7 
33.0 
27.3 
56.9 


-18.6 
-0.8 
25.2 


-86.0 
-164.8 


24.6 
17.0 
2.9 


-60.7 
-22.8 
-18.2 
-73.3 . -  


aSolute properties: 62 = 15.3,  mp 485.85 K ,  V? = 94.3 cm3/mol, X i  = 0.00747, logxi = -2.1267. 


plotted as filled circles and the predicted solubilities, obtained using Eq. 
2 (below), are plotted as stars. 


In the prior study (4), the solubilities of naphthalene and benzoic acid 
were found to lie on or near the regular solution line. In Fig. 1A most of 
the experimental points for methyl p-hydroxybenzoate fall near Xpi and 
the regular solution line, but points 51,52, and 54-58 (for the solute in 
strongly dipolar solvents) lie far above Xpi and the regular solution line. 
In Fig. 1B, no relationship exists between p-hydroxybenzoic acid solu- 
bility points and the dashed regular solution line. p-Hydroxybenzoic acid 
is a relatively polar compound (62 = 15.3), and its solubility profile cannot 
be approximated by regular solution theory. However, it is possible with 
a four-parameter system to predict the solubilities of such a polar solute 


0 k 0.61 A 51 * 


f SOLVENT SOLUBILITY PARAMETER (til),  (ca1/crn3)1/2 


in polar (and nonpolar) solvents within a reasonable degree of accuracy 
(4). The results obtained here are not highly satisfactory, but adjustment 
of parameters and consideration of average molecular orientations in 
specific solute-solvent interactions may lead to improvements. 


Estimation of Solubilities Using Four Partial Solubility Pa- 
rameters-The solubility of a crystalline solid in a number of solvents 
can be expressed as (4): 


0 
0.35 


l- 
I 0.30 
a 
- < 


0.25 - 
1 - 
rn 
3 0.20 
1 


$ t 


4653 .* 
r - .  -- -- , .--- , , -59 


SOLVENT SOLUBILITY PARAMETER ( 6 , ) ,  (cal/crn3)"' 


: 7612 70 : 
0.00 


7 9 11 13 15 17 19 21 23 


Figure I-Solubility profile 01 methyl p-hydroxybenzoate (A) and p-hydroxybenzoic acid (B) in individual solvents at 25OC. See Tables I-III 
for solvent numbers. Key: (- -) regular solution curve; (-) ideal solubility line, Xp1 = 0.0988 (A) and 0.00747 (B) (0)  experimental solubilities; 
(*) solubilities calculated using Eq. 7(A) or Eq. 8(B). 
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Table 111-Excess Free Energies of Benzoic Acid and Its Derivatives In Individual Solvents at 25°C 


Benzoic Acid Methyl p-Hydroxybenzoate p-Hydroxybenzoic Acid 
- - - - 


A G & ,  , AGEalC, Residual, AG&,, AG$,,,, Residual, AGEx,,, =5*,,, Residual, 
No. Solvent cal/mol cal/mol cal/mol cal/mol cal/mol cal/mol cal/mol cal/mol cal/mol 


1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
12 
13 
16 
17 
18 
19 
20 
21 
22 
24 
25 
27 
28 
29 
31 
32 
33 
34 
35 
36 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
51 
52 
53 
54 
55 
56 
57 
58 
59 


Pentane 
Hexane 
Heptane 
Nonane 
Decane 
Cyclohexane 
Benzene 
Toluene 
Chlorobenzene 
Ethylene dichloride 
Chloroform 
Carbon tetrachloride 
Diethyl ether 
Di rop le ther  
Digut ypether 
Ethyl acetate 
Prop lacetate 
But yfl acetate 
Hexyl acetate 
Acetone 
Dioxane 
Nitrobenzene 
Aceto henone 
Benz yr alcohol 
Methyl alcohol 
Ethyl alcohol 
Propyl alcohol 
Isopropyl alcohol 
Butyl alcohol 
Isobutyl alcohol 
1 -Pentanol 
1 -Hexanol 
1-Heptanol 
1 -0ctanol 
Eth lene glycol 
1,2-$ropanediol 
1,3-Propanediol 
Glycerol 
1,4-Butanediol 
Acetic acid 
Propionic acid 
Dimethyl sulfoxide 
Pyridine 
Formamide 
N-Methylformamide 
N,N-Dimethylformamide 
N,N-Diethylformamide 
N,N-Dimethylacetamide 
N,N-Diethylacetamide 
Water 


2157 
1875 
1752 
1641 
1589 
1833 
701 
664 
569 
696 
330 
898 
120 


184 


167 


114 
-140 
54 5 
107 
264 
191 
136 
135 
89 
65 
231 
210 
99 


74 
554 


- 
- 
- 


- 


- 


- 
- 
1552 


175 
104 


-485 
-51 3 
231 


-249 
-462 


-501 


3656 


- 


- 


- 


1992 
1863 
1747 
1654 
1654 
1461 
1397 
87 7 
64 2 
175 
226 


1093 
-8 6 - 
- 
171 


387 


38 
-194 
31 1 
250 
-4 5 
630 
276 
170 
168 
137 
292 
142 
91 


102 
494 


- 


- 


- 


- 
- 
1440 


164 
148 


-465 
-460 
714 


-379 
-468 


-502 


3420 


- 


- 


- 


165 
12 
5 


-13 
-65 
37 2 


-696 
-213 
-7 3 
521 
104 


-195 
206 


13 


-220 


76 
54 
234 


-143 
309 


-439 
-140 
-3 5 
-7 9 
-7 2 
-6 1 
68 
8 


-28 
60 


112 


11 
44 


-2 0 
-5 3 
-483 
130 
6 


1 


236 


- 
- 
- 


- 


- 


- 
- 


- 


- 
- 


4359 
4240 
4196 
4051 
3972 - 
- 
- 
- 
- 
- 
- 
96 
67 9 
773 


-149 
-192 
-174 
-9 7 - 
- 
- 
- 
- 
-141 
-245 
-24 2 


-241 


-258 
-238 
-24 1 
-1 98 
428 
29 
151 
1621 
-1 16 
361 
557 


-1053 
-704 
152 


-162 
-91 2 
-949 


-1 008 
-995 


- 
- 


3491 


5512 
4839 
4264 
3750 
3750 - 
- 
- 
- 
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where bd, 6,, 6,. and 6 b  have previously been defined and Co, CI, C2, and 
C3 are the coefficients obtained as a result of multiple regression analysis. 
Log ( ~ 2  is the logarithm of the solute activity coefficient, where: 


LYq = X2ilX' (Eq. 3) 


and 


(Eq. 4) 


where V2 is the molar volume of the solute, considered as a hypothetical 
supercooled liquid at the temperature of the solution. The molar volume 
of methyl p-hydroxybenzoate and p-hydroxybenzoic acid are 117.5 and 
94.3 cm"Imo1, respectively, which are obtained as the average of apparent 
molar volume in the solutions (10) and by the group contribution method 
of Fedors (11). The solvent volume fraction, 41, and R and T have their 
usual meanings. 


The ideal solubility, X.LI'. of the solute can be approximated by: 


(Eq. 5) 


where AHmfis the heat of fusion of the solute, R is the gas constant, T ,  
and Tare melting points of the solute and solution temperatures, re- 
spectively, in degrees Kelvin. 


Once A is calculated, one can use the regression equation (Eq. 2) to 


calculate a2, and knowing X,i for the solute, X 2  is obtained from Eq. 3. 
To obtain the A value, however, requires a value of the volume fraction : 
of the solvent, 41; but, 41 depends on the value of Xp, the quantity sought. 
This difficulty can be overcome by simple iteration (31, or in a more 
satisfactory way by use of a root-finding method, as provided in the In- 
ternational Mathematical and Statistical Library (IMSI,) (12) and de- 
scribed in the preceding paper (4). 


The solubility of a solute, such as methyl p-hydroxybenzoate, in a 
solvent with known parameters can be calculated by expanding Eq. 2, 
recognizing that the partial solubility parameters for a particular solute 
are constants. Then: 


where Do is a constant of regression and 01-07 are regression coefficients 
associated with the partial solubility parameters. The regression equation 
was obtained by use of a multiple regression program (13) for methyl 
p-hydroxybenzoate in 36 solvents at 25OC and was found to be: 


-- log a' - 7.341fi1d2 - 133.46]d + 1.13861,2 - 16.5761, 
A 


+ 0.903261a61b - 0.660561, - 4.2316lb + 623.85 
n = 36,s = 10.61, r2  = 0.87, F = 27.3, F(7,28,0.01) = 3.36 (Eq. 7) 
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The estimated solubilities of methylp-hydroxybenzoate obtained from 
Eq. 7 are listed in Table I. The (log a2)IA values fall within a standard 
deviationof f10.61. The coefficient of determination, r2,  which gives the 
fraction of the variance in the dependent variable that is explained by 


the regression equation, is 0.87. Therefore 87% of the solubility results 
(variances) are predicted by Eq. 7. As observed, the calculated F ratio 
(27.3) is significantly larger than the table value (3.36). 


All statistical parameters, therefore, indicate that the relationship is 
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Table IV-Cor re l a t ion  Coefficients o f  Solubili ty Parameterso 


Three-Parameter System 


6d 6 R  6h 
6 d  1.000 
6P 0.076 1.000 


-0.183 0.623 1.000 6h 
Four-Parameter System 


6d 6 P  6a 6 b  
6d 1.000 
6R  
6a 
6b -0.143 0.468 0.252 1.000 


0.076 1.000 
-0.083 0.439 1.000 


4n = 59 for each system. 


significant. Yet the most meaningful test is how close the calculated 
solubilities approach observed values. In previous work (3) an error of 
530% from observed solubility was accepted as reasonable. A study of 
Table I shows that 22 of 36or 61% of the predicted solubility values meet 
this criterion. The results are plotted in Fig. 1A where the calculated 
solubilities for methyl p-hydroxybenzoate (stars) are attached by dotted 
lines to the experimental points (filled circles). 


Using the four-parameter system, the regression equation obtained 
for p-hydroxybenzoic acid at  25OC in 32 solvents was: 


t 2.07261,61b - 8.10761, - 12.0861b t 790.82 
n = 32,s = 10.93, r2 = 0.81, F = 14.6, F(7,24,0.01) = 3.50 (Eq. 8) 


The calculated solubilities for p-hydroxybenzoic acid are shown in Table 
I1 and plotted in Fig. 1B. It is observed that 17 of the 32 results or 53% 
are within 30% of the observed solubility values. These are the best results 
that can be expected at this stage of the research for these highly irregular 
solutions. As shown in the preceding paper, both of these solutes show 
bimodal interactions (cf. Figs. 3 and 4 of Ref. 4). and that may be a major 
cause for perturbation of the single-peak models implied by Eqs. 6-8. 


Thermodynamics of Irregular Solutions-Scatchard (14) suggested 
that nonideal behavior of a solute in solution could be expressed as an 
“excess free energy” of mixing: 


- 
ACE = RT In ( X z i / X 2 )  (Eq. 9 )  


The excess free energies of methyl p-hydroxybenaoate and p-hydroxy- 
benzoic acid in solution a t  25°C were obtained from Eq. 9 and are listed 
in Table 111 as experimental values. The AGE,,, values for benzoic acid, 
the solubility of whi&was reported earlier (41, were also included. The  
calculated results, AGRcalc. are obtained from a rearrangement of the 
four-parameter regression equation, which for benzoic acid (4)  is: 
- 
AGEcalr = - 36.9061d t 0 .21886~~~  


- 2.6O361, + 0.613961a61b - 1.96661, 
- 2.95561b t 174.25 - 20.271) (Eq. 10) 


The zE;culr along with xE,,, and the residuals for methyl p-hydrox- 
ybenzoate and p-hydroxybenzoic acid a t  25°C are listed in Table 111. The 
previously reported (4) values for benzoic acid are included for compar- 
ison. The results for bexzoic acid demonstrate that most of the calculated 
excess free energies, AGEcalc. are within 500 cal/mol of the experimental 


Table V-Factor Matrix Obta ined  f rom Principal Factor 
Without Iteration 


Fac tor  1 
6d -0.158 


0.880 
0.91 3 


6 P  
6h 


Factor  1 
6d  -0.132 
6 P  0.833 
6a 0.718 
bb 0.749 


Three-Parameter Sys tem 


Fac tor  2 Fac tor  3 
0.976 0.151 
0.280 -0.383 


-0.101 0.396 
Four-Parameter Sys tem 


Factor 2 Fac tor  3 Factor  4 
0.972 0.080 0.180 
0.273 0.072 -0.476 
0.020 -0.650 0.248 


-0.152 0.558 0.324 


Table VI-Varimax Rotated Factor Matr ix  fo r  Three and 
Four Solubili ty Parameters 


Three-Parameter Svstem 


Factor  1 Factor 2 Fac tor  3 
64 0.995 0.048 -0.092 
6 R  0.062 0.941 0.333 
6h  -0.114 0.340 0.934 


Four-Parameter Sys tem 


Fac tor  1 Factor  2 Fac tor  3 Fac tor  4 
6d 0.995 0.048 -0.042 0.072 
6 R  0.058 0.941 0.227 0.243 
6a  0.046 0.208 0.972 0.103 
6b 0.080 0.227 0.105 0.965 


values, except for two solvents, benzene (-696 cal/mol) and ethylene 
dichloride (521 cal/mol). 


The estimated excess free energies are less satisfactory for the two 
benzoic acid derivatives. For methyl p-hydroxybenzoate, 5 of 36 calcu- 
lated excess free energies have errors >500 cal/mol relative to the oh- 
served values. For p-hydroxybenzoic acid, 6 of 32 calculated excess free 
energies are >SO0 cal/mol in error. 
- The observed free energies AG”,,? are plotted (horizontal axis) versus 
ACEca!c (vertical axis) for benzoic acid, methyl p-hydroxybenzoate, and 
p-hydroxybenzoic acid in Fig. 2A-C. The straight lines plotted on these 
three graphs are drawn with slopes of unity and pass through the origin. 
The  vertical distance of each point from the line is a measure of the re- 
siduals of Table 111 and gives an indication of the adjustment that must 
be made in the four parameters of the predicting equations. From the 
difference of excess free energies between the observed and estimated 
values, one can calculate the error in calories per mole caused by one unit 
difference in a solvent solubility parameter. With methyl p-hydroxy- 
benzoate in glycerol, for example, 6h was changed from 5.1 to 6.1 and 6, 
was correspondingly adjusted from 20.0 t o 2 8  (to keep 6h the same) while 
holding the other values constant. The AGECalc value obtained by this 
&ustment became 2070 cal/mol. Comparing this value with the original 
AGErRlc value (2282 cal/mol) demonstrates that  an increase of one unit 
in 61, decreased the predicted excess free energy by 212 cal/mol. This 
example suggests the changes in partial solubility parameters that are 
required to obtain more exact solubilities. 


Estimating t h e  Pa r t i a l  Solubility Parameters  of t h e  Solute-As 
reported earlier (4) ,  the regression equation for a specific solute in a 
number of solvents can be used to estimate the partial solubility pa- 
rameters of the solute. For methyl p-hydroxybenzoate, Eq. 7 can be 
rearranged to: 
log a 2  - 
-- 7.341(61,1 - 9.09)’ + 1.138(61,, - 7.28)’ 


A 
t 0.9032(61, - 4.68)(61[, - 0.73) - 45.59 (Eq. 11) 


Comparing Eq. 11 with Eq. 2 shows that 62,j = 9.09, 6yP = 7.28, 62, = 4.68, 
and 62h = 0.73 for methyl p-hydroxybenzoate. The f.otal solubility pa- 
rameter 62.1. can be calculated by summing the squares of these partial 
values and taking the square root of the sum: 


62‘I.” = 62d2 t 621,” t 26La62b = (9.09)2 t (7.28)” 
t 2(4.68)(0.73) 6r1. = 11.94 (Eq. 12) 


This value compares satisfactorily with the value, 12.1, reported elsewhere 
(7 ) .  


The partial solubility parameters of p-hydroxyhenzoic acid can be 
obtained by transforming Eq. 8 to the following: 


t 2.072(61, - 5.83)(61,, - 3.91) - 44.06 (Eq. 13) 


It is seen from Eq. 13 that 6xd = 8.31, 6np = 7.08,65 = 5.83.62b = 3.91, and 
62T = 12.84 for p-hydroxybenzoic acid. The total solubility parameter 
for p-hydroxybenzoic acid calculated by Fedors (11) group contribution 
(15.3) and the value ( d 2 ~  = 12.84) obtained bv regression show poor 
agreement. lhdoubtedly, there are faults in both methods. Fedors’ 
procedure, while generally accurate, tends to overestimate 6.r for aro- 
matics. 


Fac tor  Analysis fo r  Three-  and  Four-Parameter  Solubility 
Systems- Factor analysis (15) offers the possibility of analyzing the 
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[FACTOR 41 
[FACTOR 31 


[FACTOR 21 
[FACTOR 31 - 6d 6d 


Figure 3-Relative positions of 6 ,  and 6 b  (four-parameter system, 0) 
to  that of [Factors 3 and 41 in comparison with the relative positions 
of 6,  and 6h (three-parameter system, 0)  t o  that of [Factors 2 and 31. 
Note that the open point 6,  is closer to the [Factor 31 axis than  closed 
point 6,  is to its [Factor 21 axis. Also, the open point 6 b  is closer to  its 
axis [Factor 41 than  is the closed point dh to its [Factor 31 axis. 


independencies (noncorrelations) between the independent variables 
in regression equations. I t  can be used to test whether the three- or the 
four-parameter solubility approach forms a better set of variables. In 
multiple linear regression it is assumed that all the independent variables 
are mutually independent. In this study, the factor analysis program was 
obtained from SPSS (13) and was run on the University of Texas Cyber 
System. The three- and four-parameter systems are listed in Table I of 
the preceding paper (4); most of the data can also be found in Tables I 
and 11. Table IV lists the correlation coefficients of these solubility pa- 
rameter systems. As can be seen in Table IV, 6d is almost uncorrelated 
with the other partial solubility parameters in both systems. For these 
solubility parameters, 6, and 6h are moderately correlated, with the 
correlation coefficient equal to 0.623 ( r2  = 0.388). This condition is un- 
desirable, for it indicates that the variables are not independent of one 
another. For the expanded four-parameter solubility system, the corre- 
lation coefficient of 6, and 6, is 0.439 and that of 6, and 6b is 0.468 which 
are a little high, but are satisfactory in the present study (r2 <0.22 in both 
cases). The correlation coefficient between 6, and db is 0.252, which 
represents only slight correlation (r2 = 0.06); therefore, these variables 
are independent of each other, a most desirable characteristic for multiple 
regression. 


Table V lists the factor matrix obtained using the principal factor 
method without iteration (13). It can be seen from Table V that 6, and 
6h  are heavily loaded on Factor 1 and 6d is loaded on Factor 2. Factor 3 
does not contribute much in the three-parameter system. For the ex- 
panded four-parameter solubility system, 6d is loaded on Factor 2,6, is 
loaded on Factor 1, but also slightly loaded on Factor 4; 6, and 6 b  are 
loaded on Factor 1 and Factor 3. The unrotated factors in Table V shows 
that four solubility parameters form a better system of independent 
variables than three solubility parameters. 


Orthogonal factor rotation (13) was also used to compare these two 
systems of variables. Varimax-type rotation (13) was carried out by as- 
suming the partial solubility parameters to be mutually independent. 
The procedure attempts to force independent variables to be loaded on 
different Factors and heavily on one Factor only. The results are found 
in Table VI. For the three-parameter system, 6d is completely loaded on 
Factor 1, but 6, and 6h are less successful in loading on Factors 2 and 3, 
respectively. 


For the four-parameter system, b d ,  6,, and 6b are heavily loaded on 
Factors 1,3, and 4, respectively; 6, is less satisfactory in loading on Factor 
2. The relative position of 6, and 6 b  to that  of Factor 3 and Factor 4 for 
the four-parameter system was plotted in Fig. 3 in comparison with the 


relative position of 6, and 6h to that of Factor 2 and Factor 3 for the 
three-parameter system. It can be concluded that four solubility pa- 
rameters are more independent than the quantities in the three-pa- 
rameter solubility system. This is a desirable feature of the four-pa- 
rameter system. 


CONCLUSIONS 


The UNIFAC (5) program which had been used earlier in computing 
solubilities of naphthalene (3) and benzoic acid (4) in individual solvents 
was not used in this study due to lack of parameters for interaction 
energies of phenolic -OH/-COOH groups in the data bank of the 
UNIFAC program. 


The regression equation for predicting the solubility of a solute can 
be cast into the proposed model (Eq. 2) to get partial and total solubility 
parameters of the solute. The total solubility parameters obtained by this 
method are close to the values reported elsewhere for benzoic acid and 
methyl p -hydroxybenzoate. For p -hydroxybenzoic acid the total solu- 
bility parameter, 12.84, obtained from Eq. 13 is different from the value, 
15.3, calculated by Fedors’ (11) method. 


The magnitude of the constant terms in Eqs. 11 and 13, namely -45.59 
and -44.06, suggest that four solubility parameters are still not sufficient 
to explain all interactions between solute and solvent for the two solutes, 
methyl p-hydroxybenzoate and p-hydroxybenzoic acid, as compared with 
naphthalene and benzoic acid, whose simpler structures result in constant 
terms closer to zero (-0.24 and 3.13, respectively) in the transformed 
regression equations (4). On the other hand, this constant is not merely 
a catch-all for errors as in most regressions, but contains the entropies 
of mixing due to disparities in volume and shape between solvent and 
solute. Therefore, reducing the constant value to  zero is not a realistic 
goal. 
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~ 


Abstract The dihydropyridine --” pyridinium salt redox delivery 
system was used for the specific delivery and sustained release of tes- 
tosterone in the brain. Administration of the N-methyl-1,4-dihydro 
nicotinate ester of testosterone in female rats gave high and sustained 
brain levels of the corresponding quaternary ester, testosterone trigo- 
nellinate. This contrasted with rapid elimination from the general cir- 
culation. Release of testosterone “locked into” brain as the quaternary 
salt was sustaidkd, t 1 / 2  = 20 h. 


Keyphrases Testosterone-brain-specific delivery, redox chemical 
delivery system, rats 0 Delivery systems-redox chemical, brain-specific 
sustained delivery of testosterone, rats Tissue-specific drug deliv- 
ery-testosterone in brain tissues, rats, redox chemical delivery 
system 


Our earlier studies with phenylethylamine and dopa- 
mine (1-5)l established the feasibility of using the bio- 
logical oxidation of dihydropyridine derivatives to the 
corresponding quaternary salts as the basis for a poten- 
tially selective drug-delivery system. We now report fur- 
ther investigation of this redox delivery concept as it 
applies to the selective retention and subsequent release 
of testosterone in the brain. One objective was to extend 
the redox concept to a larger molecule, testosterone, rep- 
resentative of a biologically important class of compounds, 
the steroids. A second objective was to study the effects of 
an ester linkage on the redox properties, distribution, and 
site-specific delivery of the target drug testosterone. Fi- 
nally, it is suggested that this type of drug delivery system 
would also be useful for specific and/or enhanced delivery 
of drugs to the testes. 


BACKGROUND 


The selection of testosterone as the target drug and brain as target 
organ was motivated by our earlier work with phenylethylamine and 
dopamine derivatives (1-3) and by other considerations, both theoretical 
and practical. The potentially practical value of selective delivery and 
sustained release of testosterone in the brain resides in its physiological 
and biochemical roles in reproductive functions. I t  has been suggested 
that testosterone controls male sexual behavior by direct action on the 
brain (6,7), and evidence indicates that gonadal steroids are concentrated 
in brain tissue relative to plasma (8). I t  has been shown that brains of 
mammals concentrate sex-related steroids in cells that  form a stable core 
for a hormone-concentrating neural structure (9,lO) and that androgens 
influence male reproductive behavior by direct action on these discrete 
a r e s  of the brain known as the anterior hypothalamic-preoptic complex. 
There is substantial evidence (1 1,12) that estradiol is formed from tes- 
tosterone by aromatization in the preoptic region and that it is the 
principal, centrally acting steroid in the maintenance of copulatory be- 
havior. The use of androgen to treat breast cancer cases that respond to 
male hormones is well known (13), but despite the reported antiestrogenic 
action of testosterone (14), the exact mechanism through which advanced 
postmenopausal breast cancer responds to testosterone is unknown. A 
sustained-action form of testosterone that selectively concentrates in 
brain tissue clearly would be of value in studying the mechanisms through 


1 N. Rcdor and M. E. Hrewster; unpublished results. 


which testosterone exerts its effects on sexual behavior, sexual develop- 
ment, and reproduction. Similarly, i t  would be of value in studying any 
possible central role of androgens in the control of breast cancer. 


The existence of a blood-testis barrier (BTB) by which some sub- 
stances are prevented from being carried into the seminiferous tubules 
long has been suspected (1&18), and some investigators have suggested 
a similarity between the blood-brain harrier (BBB) and the BTB (1322). 
Fawcette et  al. (23) suggested that the permeability barrier IS not in the 
testis capillary walls because these more closely resemble the capillaries 
of muscle than those involved in the BBB. Dym and Fawcette (24) con- 
cluded that the epithelioid contractile layer around the seminiferous 
tubules constitutes a significant permeability barrier augmented by an 
apparently more efficient barrier involving tight cell-to-cell junctions 
between Sertoli cells that inhibits penetration of substances through the 
germinal epithelium. Despite such histological differences, phar- 
macokinetic studies (25,26) have demonstrated that the functional BTB 
resembles the BBB in transport characteristics, both depending on lipid 
solubility and molecular size. 


As will be apparent from subsequent considerations, concentration 
of testosterone in the brain tissues of female rats by biological quater- 
nization is accomplished without significant elevation of serum testos- 
terone levels. The low serum levels would allow one to use such a drug 
in prepubertal hypoganodism tests, without fear of epiphyseal closure. 
Similarly, if androgens exert antineoplastic and other effects through 
central actions, concentration in the brain without elevated peripheral 
circulatory levels would minimize peripheral side effects such as edema 
and masculinization. 


Our earlier work with phenylethylamine and dopamine derivatives 
(1-3) led us to conclude that the 17-~(1,4-dihydrotrigonelline) ester of 
testosterone (I) would, by virtue of its good lipid solubility, cross both 
the BBB and the BTB (in male rats). As shown in Scheme I, it was also 
anticipated that biological oxidation to the corresponding quaternary 
derivative would follow, causing a “lock in” of the corresponding ionic, 
hydrophilic product in the brain and in the testes in male animals. Con- 
versely, oxidation in locales not involving a permeability barrier would 
favor rapid clearance from blood because the quaternary derivative (11) 
is excreted more rapidly than the unoxidized form (I). Thus, oxidation 
would favor the accumulation of I1 in the brain while yielding minimal 
blood levels. A subsequent slow hydrolysis to free testosterone in the 
brain, therefore, would provide a site-specific, prolonged testosterone 
action and minimal peripheral effects. In a systematic study of some 
trigonelline and dihydrotrigonelline esters (111, IV), where R = CnH2,,-l 
and n = 1-10 (5), we have demonstrated that the quaternary esters (111) 
hydrolyze in different biological media a t  rates much slower than those 
of the uncharged analogues. Ekters IV also are very difficult to hydrolyze, 
and although it was expected that K e  >> Kg and K s  >> Kh. the slow rates 
of quaternary hydrolysis were expected to ensure a sustained release of 
testosterone in both testes and brain while yielding minimal levels in 
blood and other tissues. Earlier studies (1,2) also led us to expect that 
trigonelline released in the brain by the hydrolytic process would be ex- 
creted easily and at comparable rates (25)‘. 


EXPERIMENTAL 


All melting points were taken on a melting point apparatus2 and are 
uncorrected. Elemental analyses were performed a t  Atlantic Microlabs, 
Inc., Atlanta, Georgia. IK spectra were determined using a double-beam 
recording spectrophotometeP. ‘H-NMR spectra were determined using 
a spectrometer4. All chemical shifts reported are in d units (ppm) relative 


* Mel-Temp. 
3 Beckman Acculab 1. ‘ Varian T60A or FX100. 
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to tetramethylsilane. UV absorbance spectra were determined using a 
~pectrophotometer~. HPLC analyses were performed on a ternary liquid 
chromatograph6 with a solvent delivery system?, injecto$, absorbance 
detectorg, and controllerL0. 


Testosterone Nicotinate (V)-Thionyl chloride (2.mL) was added 
to 0.7 g (5.7 mmol) of nicotinic acid11 and the mixture was refluxed for 
3 h. The excess thionyl chloride was removed under reduced pressure, 
and 10 mL of dry pyridine was then added to the cold residue followed 
by 1.44 g (5.0 mmol) of testosteronell. The mixture was heated with 
continuous stirring at  100°C for 4 h. The pyridine was removed in uacuo, 
and 5 mL of methanol was added to the oily residue. The mixture was 
cooled, and the solid that crystallized was filtered and recrystallized from 
methanol-acetone to give 1.4 g of V as white crystals (yield 71%), mp 
187-188OC. This material was used without further purification. 


17&[ (1-Methyl-3-pyridiniurncarbonyl) oxy] androst-4-en-3-one 
Iodide (11)-To a solution of 1.0 g (2.5 mmol) of the aforementioned 


111 rv 
Model 210; Cary. 


6 Model 345; Beckman. 
Model 112, Beckman. 


8 Model 210; Beckman. 
8 Model 160; Beckman. 


lo Model 421; Beckman. 
11 Aldrich Chemical Co., Milwaukee, Wis. 


\ 
Testosterone + l  


I Ks Trigonelline 


Metabolism and  Excretion 


testosterone nicotinate (V) in 15 mL of acetone was added 1 mL of methyl 
iodide, and the mixture was heated at  reflux overnight. The yellow ma- 
terial that separated was removed by filtration, washed with acetone, and 
crystallized from methanol-ether to yield 1.25 g (92%) of I1 as yellow 
crystals, mp 215-220°C (dec.). UV (CH30H): X 270 nm (shoulder), c = 
4579; 240 nm (shoulder), c = 19,375. 'H-NMR (CDCln): d 10.0-8.3 (m, 
4, C&N), 5.73 (8, 1, Cd vinyl H), 4.86 (s,3, N-CH3), and 2.40-1.06 ppm 
(m, 26, methylene H). 


Anal.-Calc. for C d N I N 0 3 :  C, 58.32; H, 6.40; N, 2.62. Found: C, 58.17; 
H, 6.48; N, 2.60. 


1784 (1.4-Dihydro- 1-methyl-3-pyridinylcerbony1)oxy)androst- 
4-en-3-one (1)-To an ice-cold solution of 1.1 g (2 mmol) of testosterone 
nicotinate-N-methyl iodide (11) in 150 mL of deaerated 10% aqueous 
methanol were added 0.67 g (8 mmol) of sodium bicarbonate and 1.37 g 
(8 mmol) of sodium dithionite. The mixture was stirred for 20 min at  room 
temperature, and the separated pale-yellow material was removed by 
filtration, washed with water, and dried over P2O5 under vacuum to yield 
0.82 g (98%) of I, mp 172-175OC. UV (CH30H): A 356 nm, c = 9511. IR 
(KBr): 1700 and 1660 cm-I (C=O). 'H-NMR (DMSO-ds): 6 6.90 (br s, 
1. C2 dihydropyridine H), 5.83-5.70 (m, 1, c6 dihydropyridine H), 5.56 
(s,l. C4 vinyl H), 4.7-4.33 (m. 1, Cg dihydropyridine H), 3.26 (br s, 2, C4 
dihydropyridine H), 2.93 (s,  3, N--CH3), and 2.5-0.83 ppm (m, 26, 
methylene H with CH3's at  1.16 and 0.83). 


Anal.-Calc. for C&35N03: C, 76.25; H, 8.61; N, 3.42. Found: C, 76.07; 
H, 8.65; N, 3.38. 


Analytical Methods-An HPLC method was developed for the 
studies of the degradation of the quaternary (11) and dihydropyridine 
derivatives (I) using the system described earlier. The absorbance de- 
tector was operated at  254 nm. A 15-cm X 4.6-mm i.d., 5-pm particle sue, 
Ultrasphere reverse-phase CIS column12, operated a t  ambient tempera- 


l2 Altex. 
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Table I-Kinetics of In Vitro Oxidation of the Dihydropyridine 
Ester I to the Quaternary Derivative I1 in  Biological Fluids. 


Medium k ,  s-1 t1/2,  min r Methodb 


80% Plasma 8.12X 10-5 142 0.959 A 
20% Brain homogenate 1.72 X 10-4 67 0.997 A 
Whole blood 1.74 X 10-4 66 0.997 A , B  


pearance of /lI]; Method B: following disappearance of [I]. 
a A t  37°C initial concentration of I = 2.4 X lo-' M. b Method A following ap- 


ture, was used for all separations. The mobile phase used for the sepa- 
ration of the dihydropyridine derivative, its degradation products, and 
oxidation products consisted of a 0.002 M solution of I-heptanesulfonic 
acid sodium salt13 in CH3CN-O.01 M aqueous NazHPO4 (7:3). At a flow 
rate of 2.0 mumin,  I1 has a retention time of 12 min and I has a retention 
time of 5 min. For the analysis of testosterone in the in uiuo brain delivery 
studies, the solvent consisted of a 0.002 M solution of I-heptanesulfonic 
acid sodium salt in CH&N-O.Ol M aqueous Na2HP04 (1:l). At a flow 
rate of 2.0 mL/min, testosterone has a retention time of 3.3 rnin and I1 
has a retention time of 36.5 min (very broad peak). 


Chemical Oxidation Studies-By Silver Nitrate-One milliliter of 
a 5% methanolic solution of the dihydropyridine derivative (I) was added 
to 5 mL of saturated methanolic AgN03 solution. The mixture was 
shaken, left 10 min for complete oxidation, centrifuged, and the UV 
spectrum checked. 


By Hydrogen Peroxide-To a standardized solution of H202 (0.18 M) 
contained in a UV cuvette equilibrated a t  37OC was added a solution of 
dihydropyridine derivative (I) to make a concentration of -5 X 10-8 M. 
The mixture was thoroughly mixed and monitored for the disappearance 
of the dihydropyridine maximum a t  356 nm using a spectrophotometerS 
interfaced with mic ropro~esso r~~  with an enzyme kinetic software 
package. 


By Diphenylpicrylhydrazyl Free Radical-To 2 mL of a 9.3 X 10-6 
M solution of 2,2-diphenyl-l-picrylhydrazyl free radical in acetonitrile, 
equilibrated at  2 6 T ,  was added 20 pL of a 1.5 X M solution of the 
dihydropyridine derivative in acetonitrile to make a final concentration 
of 1.48 X M. The mixture was monitored at 515 nm using the same 
instrumentation as for the hydrogen peroxide method against a reference 
cuvette containing the same mixture in exactly the same concentrations 
which was previously prepared and left for at least 10 min (reference for 
A d .  


Determination of In Vitro Rates of Oxidation of I in Biological 
Media-Human Plasma-The freshly collected plasma used was ob- 
tained a t  the Civitan Regional Blood Center, Inc. (Gainesville, Fla.) and 
contained - W o  plasma diluted with the anticoagulant citrate phosphate 
dextrose solution USP. The plasma was stored in a refrigerator and used 
the next day. One hundred microliters of a freshly prepared 0.024 M so- 
lution of I in dimethyl sulfoxide was added to 10 mL of plasma, previously 
equilibrated to 37OC in a water bath, and mixed thoroughly to result in 
an initial concentration of 2.4 X mol/L. One-milliliter samples of 
plasma were withdrawn every 20 min from the test medium, added im- 
mediately to 5 mL of ice-cold acetonitrile, shaken vigorously, and placed 
in a freezer. When all samples had been collected, they were centrifuged 
and the supernatants were filtered through nitrocellulose membrane 
filters (0.45 pm pore size) and analyzed by HPLC, following the ap- 
pearance of I1 (method A). 


Human Blood-The freshly collected heparinized blood was obtained 
at  the Civitan Regional Blood Center, Inc. (Gainesville, Fla.). The blood 
was stored in a refrigerator and used the next day. One hundred micro- 
liters of a freshly prepared 0.048 M solution of I in dimethyl sulfoxide was 
added to 20 mL of blood, previously equilibrated to 37OC in a water bath, 
and mixed thoroughly to result in an initial concentration of 2.4 X 10-4 
mol/L. One-milliliter samples of blood were withdrawn from the test 
medium every 10 min, added immediately to 5 mL of ice-cold acetonitrile, 
shaken vigorously, and placed in a freezer. When all samples had been 
collected, they were centrifuged and the. supernatants were filtered using 
nitrocellulose membrane filters (0.45-pm pore size) and analyzed by 
HPLC following the appearance of I1 (method A) and the disappearance 
of I (method 9). 


Rat Brain Homogenate-Five female Sprague-Dawley rats were de- 
capitated, and the brains were removed, pooled, weighed (total weight 
9.2 g), and homogenized in 36.8 mL of aqueous 0.11 M phosphate buffer, 


I 


I 1 1 1 I 1  1 


20 40 8 0 1 6 0  180 


Y l m  


Figure 1-Concentrations against time for the testosterone-17-nico- 
tinute-N-methyl cation, calculated as iodide, in brain (0) and in blood 
(0) and Concentration of released testosterone (nglg) in brain (v) fol- 
lowing administration of the corresponding dihydropyridine derivative 
I. Concentrations of testosterone in brain (0)  and blood (m) following 
administration of testosterone are also included. Bars represent the 
standard errors. 


pH 7.4. One hundred microliters of a 0.024 M solution of I in dimethyl 
sulfoxide was mixed with 20 mL of the homogenate, previously equili- 
brated to 37OC in a water bath, to result in an initial concentration of 2.4 
X mol/L. Samples of 1.0 mL were withdrawn every 10 min from the 
test medium, added immediately to 5 mL of ice-cold acetonitrile, shaken 
vigorously, and placed in a freezer. When all samples had been collected, 
they were centrifuged and the supernatants were filtered through ni- 
trocellulose membrane filters (0.45-pm pore size) and analyzed by HPLC 
(method A). 
In Vitro Determination of the Site-Specific Conversion of I1 to  


Testosterone-A fresh brain homogenate was prepared as previously 
described. One hundred microliters of a 0.017 M solution of the quater- 
nary compound (11) in methanol was mixed with 10 mL of the brain ho- 
mogenate, previously equilibrated to 37OC, tQ result in an initial con- 
centration of 1.7 X M. Samples of 1.0 mL were withdrawn every 20 
min from the test medium, added immediately to 5 mL of ice-cold ace- 
tonitrile, and placed in a freezer. When all samples had been collected, 
they were centrifuged, and the supernatant was filtered through a ni- 
trocellulose membrane filter (0.45 pm pore size) and analyzed for the 
quaternary compound 11. 
In Vivo Brain Delivery of Testosterone Following its Adminis- 


tration-Female Sprague-Dawley rats with an average weight of 225 
i 10 g were injected intravenously with testusterone at a dose level of 28.2 
mg/kg. Samples of brain and blood were collected as previously described 
(1,3,4) and were analyzed for testosterone using HPLC. 


Distribution of I1 a f t e r  Intravenous Administration-Following 
the same procedure, female Sprague-Dawley rats were injected intra- 
venously with quaternary solution (0.lWo) in dimethyl sulfoxide a t  a dose 
level of 13.0 mg/kg. The brain samples collected were analyzed for the 
presence of quaternary I1 using HPLC. 


RESULTS AND DISCUSSION 


Compound I was prepared uia quaternization of testosterone nicotinate 
(V) with methyl iodide followed by reduction of the quaternary salt I1 


13PIC 8-7; Eastrnan Kodak Co. 
14Apple I1 computer. 
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using sodium dithionite. The rates of oxidation of the dihydro derivative 
(1) with silver nitrate, hydrogen peroxide, and diphenylpicrylhydrazyl 
free radical (DPP) were determined. The reactions were carried out under 
pseudo-first-order conditions, either with higher concentrations of the 
oxidant in the case of hydrogen peroxide or higher concentrations of I 
in the case of the picryl reagent. With D P P  a reference sample was made 
using the same amounts as the test sample, but prepared 10 min before 
mixing and monitoring the test sample. This reference is used as a mea- 
sure of A,, and these were the data used to calculate the kinetic param- 
eters. The in uitro rates of oxidation of the dihydro derivative were also 
determined in biological fluids, e.g., WO plasma, whole blood, 20% brain 
homogenate, and 20% liver homogenate. The rate of disappearance of 
the ester I1 and appearance of testosterone in medium was also deter- 
mined. Finally, the in uiuo brain delivery and blood concentration profile 
of the quaternary derivative and testosterone released, against time, was 
determined following a single injection of the dihydropyridine derivative 
( I )  to female rats. These results were compared with the blood and brain 
kinetics of testosterone following administration of the hormone it- 
self. 


Chemical Oxidation of the Dihydropyridine Derivative I-fly 
Silver Nitrate-It was observed that this dihydro derivative is more 
stable towards oxidation than the previously studied analogous (I, 3,4) 
derivatives containing amido functions; it takes a few minutes standing 
for the silver to form. The product is exclusively the quaternary salt 11, 
as verified by the change in the UV and NMR spectra. 


By Hydrogen Peroxide-Using low concentrations of the dihydro 
derivative I (5 X M) and higher concentrations of the peroxide (0.18 
M), the oxidation proceeds according to a first-order kinetics: k = 2.7 f 
0.3 X s-’; t l l s  = 3.98 f 0.7 min; r = 0.995. A t  higher concentrations 
I is insoluble in H202. 


fly Diphenylpicrylhydrazyl Free Radical-The reaction was carried 
out under pseudo-first-order conditions using excess dihydropyridine 
derivative. With the concentrations used, all of the runs gave first-order 
plots every 3 half-lives, with a correlation coefficient of >0.9998 k = 4.87 


10 Vitro Oxidatiop and Hydrolysis in Biological Media-Table 
I shows the rates, half-lives, and correlation coefficients for the process 
of oxidation of the 1,4-dihydropyridine derivative I in different biological 
media. The rate of hydrolysis of the quaternary I1 in 20% brain homog- 
enate was also determined, and it was found to be 3.6 X s-l, corre- 
sponding to a half-life, t l / z ,  of 5.16 h. 


In Vivo Administration of I and Testosterone-Figure 1 illustrates 
the concentrations of quaternary derivative I1 in brain and blood and the 
concentration of testosterone released in the brain following intravenous 
administration of the 1,4-dihydropyridine derivative I. Also, it shows the 
concentration of testosterone in the brain and blood following adminis- 
tration of testosterone. 


178-1 (I,4-Dihydro- l-methyl-3-pyridinylcarbonyl)oxy]androst-4-en- 
:Lone ( I )  could be obtained in a high yield, >90%, from testosterone 
17B-nicotinate by simple chemical procedures. The dihydro product 
obtained directly from the reduction reaction medium was found to be 
quite pure by HPLC. and a single crystallization from hot methanol af- 
forded an analytically pure product. No signs of oxidation were observed 
during crystallization (even from hot methanol), filtration, or drying. The 
crystalline solid dihydro compound did not show signs of oxidation, de- 
composition. or polymerization when tested by HPLC during the 2- 
month shelf storage a t  ambient temperature under nitrogen. This com- 
pound (I) wm found to be quantitatively oxidizable to the corresponding 
quaternary derivative (II), as identified by UV spectrometry, whether 
by silver nitrate or hydrogen peroxide. The process of oxidation with 
silver nitrate is slower t.han that with the dihydropyridine derivatives 
of phenylethylamine (3) or dopamine (4). Oxidation with hydrogen 
peroxide or DPP, under pseudo-first-order conditions, was found to take 
place a t  measurable rates ( t 1 / 2  = 3.98 f 0.7 min and 14.1 f 0.6 s, respec- 
tively) compared with the rates of oxidation of the corresponding phe- 
nylethylamine and dopamine derivatives, which were found to be too fast 
to be monitored using the same procedure. The in uitro investigation in 
biological fluids indicated a facile oxidative conversion of the dihydro 
form (I) to the corresponding quaternary (111, but at a slower rate than 
that of the analogous amides of phenylethylamine or dopamine. 


For the in uiuo studies of I, female Sprague-Dawley rats were chosen 
because the concentration of endogenous testosterone in the blood and 
brain of these animals is below the range of sensitivity of the procedure 
used for its analysis. The results shown in Fig. 1 indicate that the dihydro 
derivative penetrates the BRH and is readily oxidized in the brain to the 
quaternary precursor 11. The in uiuo rate of oxidation of the dihydro 
derivative seems faster than that obtained from the in uitro experiment. 


f 0.31 X s-’ t i 1 2  = 14.1 f 0.6 S. 


No dihydro derivative could be detected in the brain within the sensitivity 
limits of the procedure. After I1 reaches its maximum concentration, 
within -15 min, its concentration starts a decline phase corresponding 
to overall excretion and/or metabolism-hydrolysis. The overall rate of 
this phase was calculated to be 2 X min-’ ( t  112 = 5.7 h). In the aame 
time the concentration of I1 in blood was decreasing progressively from 
the beginning a t  a rate 1.27 X min-1 or with a half-life of 54 min. 


Equimolar administration of testosterone using the same solvent (di- 
methyl sulfoxide) and the same route of administration showed a rapid 
absorption of testosterone into the brain, reaching a maximum concen- 
tration within 5 min, followed by fast clearance from both brain and blood 
(t 112 = 12.6 and 14.5 min, respectively). The ratio of brain/blood con- 
centration for testosterone was found to be 1.6 a t  5 min and 1.8 a t  15 min 
postadministration. The ratio of brainhlood concentration of the qua- 
ternary I1 was found to increase progressively with time (3.23 at 15 min, 
6.33 at 45 min, and 12 a t  3 h postadministration). This indicates the 
predicted “lock in” property for the quaternary 11. 


Testosterone was found to be released from the quaternary ester I1 and 
could be detected in the brain following administration of the dihydro 
derivative I. Analysis of the time concentration curve for release of tes- 
tosterone (Fig. 1) indicated two-phase kinetics for disappearance from 
the brain. The first is a fast descending phase at a rate of 1.2 X min-’ 
followed by a slow clearance phase with a rate of 5.8 X min-’ and 
a half-life of -20 h, which corresponds to -130 h for complete clearance 
from the brain. This result, if compared with that obtained by Frey et 
al. (27), for the clearance of testosterone from plasma after oral admin- 
istration (-6 h), is very promising. Although the concentrations of tes- 
tosterone in the brain following administration of I are low compared with 
that following administration of testosterone, this is by no means a dis- 
advantage, because such high concentration of testosterone may not be 
needed for receptor saturation. By dose manipulation of the dihydro 
derivative, a concentration of testosterone just sufficient for receptor 
saturation for a delayed period could be attained. 
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Ahtract 0 Ab initio molecular orbital calculations with a 4-31G basis 
set have been performed to study the angular dependence of the inter- 
action energy between a lone electron pair of nitrogen and a proton. In 
this study ammonia and trimethylamine were used as models of biolog- 
ically active amines. A proton was used as a model of an electrophilic site 
at the receptor. Results obtained confirm previous indications that the 
energy required to bend the proton from the lone pair direction decreases 
markedly as the two species are further separated from one another. 
Implications regarding the interactions of drugs and hormones at  specific 
receptors are discussed. 


Keyphraeea 0 Interaction energy-nitrogen lone electron pair of aminee 
and a proton, angular dependency, drug-receptor systems 0 Drug-re- 
ceptor systems-interaction energy of the nitrogen lone electron pair of 
aminea and a proton, angular dependency 0 Amines-biologically active, 
interaction energy of the lone electron pair and a proton, angular de- 
pendency 


Many hormones and drugs elicit their biological re- 
sponse through interactions with specific receptors (1-10). 
These interactions are typically weak, reversible, and 
specific (11) and, in addition, do not involve covalent 
bonding (1, 2, 8, 9). Many such interactions are of the 
electrophile-nucleophile type between sterically fixed 
groups. Because the nucleophilic pharmacophore fre- 
quently contains nitrogen at  a critical position, we focus 
here specifically on the nature of the interaction of nitrogen 
with an electrophile. 


One way nitrogen could interact with the specific elec- 
trophilic center at the receptor is uia its lone electron pair. 
Such a mechanism has been suggested for opiate-receptor 
interactions (12-15). The influence of the directionality 
of the lone pair of biologically active amines on their ac- 
tivity has been demonstrated experimentally in some cases 
(12). One may envisage the most productive interaction 
as that in which the N lone pair is aligned exactly in the 
direction of the electrophilic site. This concept of amine- 
receptor interaction is illustrated in Fig. 1, which sche- 
matically depicts the binding of a (tertiary) amine to its 
receptor. Both the amine molecule and the electrophilic 
site are visualized as being sterically fixed at  the receptor. 
We consider the distance between the N lone pair and the 
electrophilic site as longer than the normal bonding dis- 
tance, since covalent bonding of nitrogen to the receptor 
does not occur (1). Figure 1A shows a perfect fit between 
the N lone pair and the electrophilic site. Figure 1B depicts 


a case of a substituted amine whose substituent (shown as 
a “bump” at  the left-hand side of the molecule) interferes 
with the proper fit with the receptor cavity. There may of 
course be other factors leading to poor fit, and the effect 
shown in Fig. 1B is used only as an example. The repulsion 
between the substituent and the receptor cavity causes a 
small tilting of the molecule, which changes the position 
of the nitrogen atom and, therefore, its lone electron pair, 
relative to the electrophilic site. The N lone pair forms a 
“bent” complex with the electrophilic site. 


Since the activity of the amine depends on the nucleo- 
phile-electrophile complexation, it is very important to 
learn about the energetics of the “bent” complexation of 


ELECTROPHILIC SITE 


A \  
’CAVITY AT THE 


RECEPTOR 


B 
Figure 1-Schematic representation of the binding of a biologically 
active (tertiary) amine to its receptor. Key: (A) perfect f i t  between the 
amine and its receptor; (B) less than perfect f i t  due to presence of a 
substituent (shown as bump on left of molecule). 
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Abstract 0 A reusable urinary collection device suitable for quantitative 
collection of uncontaminated urinary samples from rats without using a me- 
tabolism cage has been designed. The device can be attached to the pelvic skin 
within 5 min with minimum handling and discomfort to the unanesthetized 
rat using an adhesive. The suitability of this device was investigated by col- 
lecting and analyzing urine over a 48-h period following the intraperitoneal 
injection of [14C]inulin. A two-way crossover study was done with samples 
from one of the two experiments being collected while the animal was housed 
in a commercially available metabolism cage quipped to separate urine and 
feces. The percent of the dose excreted, food and water consumption, and the 
urinary output were not statistically different for rats housed in the metabolism 
cages or with the collection device attached. Histopathological examination 
of the rats revealed no pathology after a 24-h period except minor skin in- 
flammation which occurred both in controls and animals to which the device 
was attached. These studies demonstrate the comparability of the new urine 
collection device to a commercially available metabolism cage in the quanti- 
tative collection of small (0-7 mL) urine samples with less contamination of 
the samples from the environment. 


Keyphrases 0 Urine collection-quantitative, rats. reusable device, com- 
parison with metabolism cages 


The preclinical evaluation of a drug requires that the acute 
and chronic toxicity, metabolic pattern, and bioavailability be 
evaluated in animal species. Two of the primary species utilized 
in preclinical screening are rats and mice. These species have 
proven useful because of their low cost, minimal holding space, 
relatively short life span, and defined genetic lineage. Several 
recent reports have presented data related to the bioavailability 
of drugs in rats and mice comparing gavage with administra- 
tion in the diet (1,  2). 


Despite the reported results, a major concern in these and 
other studies that require analysis of urinary and fecal data 
is the possible contact and resultant contamination of these 
excreta by each other or by the environment. A new com- 
mercially available cage' has made progress in this area, but 
it still cannot completely eliminate contamination of urine by 
either animal fur-containing food particles or contact between 
urine and feces, especially if the animal has diarrhea. 


There are currently several modified metabolism units 
which have been presented in the literature (3,4). The general 
approach to the construction of these units has been to place 
the animal in a cage with a stainless steel floor and then, uti- 
lizing either another screen of smaller mesh or a funnel with 
various designs, to effect the separation and collection of urine 
and feces. However, flat-bottom and polycarbonate metabo- 
lism cages have proven unsatisfactory because of food con- 
tamination of urine and contamination of samples for GC 
analysis by leached plastics following repeated washes of the 
polycarbonate cage with benzene (3). The modified unit, which 
is quite similar to those commercially available, still utilizes 
the same basic principles and in addition has metal in direct 
contact with the urine prior to collection (3). 


A urine-collecting device (patent pending) has been devel- 


oped in our laboratory that ( a )  prevents contact and assures 
100% separation of urine and feces, ( b )  gives a quantitative 
collection of small (0-7 mL) urine samples comparable with 
those obtained with a commercially available metabolism cage, 
(c) is devoid of metal in its design, and ( d )  is resistant to or- 
ganic solvents. The application of this device to the quantitative 
collection of urine from rats is described in this report. 


EXPERIMENTAL 


Material~-[Carboxy-'~C]inulin* had a specific activity of 2.02 pCi/mg. 
Phosphate-buffered saline contained 92 mM sodium chloride, 23 mM dibasic 
sodium phosphate, and 1 I mM monobasic sodium phosphate. A commercially 
available metabolism cage' was used for comparison to the urine collection 
device4. 


Urine-Colleeting Device Design-A perspective side photograph of a rat 
with the collection device attached to the pelvic region is presented in Fig. 1. 
The collection device apparatus is shown schematically in Fig. 2, with portions 
represented in phantom. 


The mounting plate has a projecting funnel which receives the penis of the 
rat (or urethral region for female animals), with the plate being adhered to 
the pelvic skin by a quick-drying methylcyanoacrylate adhesive5. The 
mounting plate is made from either acetal resin6 or acetal resin coated with 
polymethyl methacrylate' with the container being constructed of either 
material. The urine collector and funnel are separate units joined by screw 
threads disposed around a cylindrical projection or annulus a t  the mouth of 
the funnel. Screw threads couple with screw threads in an opening through 
the top wall of the container, with the container being essentially a chamber 
that is vented in the top wall. 


To empty the container, a drain is positioned in the end wall. The drain is 
threaded and plugged with a nylon screw. Urine can be sampled with a syringe 
or by merely removing the container from the funnel. A metal set screw, which 
is not in contact with the collecting chamber, is utilized as a detent to keep 
the longitudinal axes of the container and mounting plate aligned. The set 
screw is advanced to set in an indentation formed in the bottom surface of the 
funnel mounting plate. When the screw is advanced to set tightly in the in- 
dentation, the container rotates with difficulty about the axis of the funnel. 
Consequently, the container remains in place and thus eliminates urine loss 
and the amount of gnawing which the rat can do to the mounting plate. 


Attachment of the Urine Collecting Device-The hair was removed from 
the region around the penis using small animal clippers* fitted with a size 40 
blade, without the use of soap since surfactants interfere with subsequent 
bonding of the funnel to the skin. In addition, the abdomen of female animals 
was shaven using a disposal razor (again without soap). The skin was then 
cleaned with isopropyl alcohol, and the methyl cyanoacrylate glue was applied 
as  a thin film to the mounting plate to effectively bond it to the skin. Attach- 
ment was accomplished by having the rat restrained by hand while the 
mounting plate was positioned. (During the attachment the animal can be 
restrained by hand with careful alignment of the penis or urethral opening 
(female rats) with the funnel opening; contact between the respective urethral 
opening and the adhesive should be avoided.) Bonding was rapid (1-5 min). 
Curing occurs best at a relative humidity of 58-68%. Once the plate was firmly 
attached, the container was screwed onto the funnel. 


Although still in place at  24 h, the edges of the mounting plate may not be 
as  securely bonded to the skin due to normal turnover of epidermal cells and 
the animals tendency to gnaw at this surface, but the device can be rebonded 
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Figure 1 -Photographs (lateral and ventral views) of a rat which has had the 
urine-collection device attached to the pelvic skin for a 48-h period. 


readily by application of the adhesive to the mounting plate in  any exposed 
area. Although not done in these studies, the animal can be lightly anesthetized 
with ether and the funnel sutured around the edges after attachment with the 
glue9. Either acetone or nail polish remover can be applied to the skin to remove 
the device at the termination of the study if only glue is used for attachment. 
The collection device can also be gently pulled from the abdomen with some 
minor discomfort to the animal. 


Experimental Design-The comparison of the urinary excretion of 
['4C]inulin administered in  phosphate-buffercd saline (pH 7.4) to 12 male 
Dub (SDD) ratsl0 was investigated using the metabolism cage and the urine 
collection device. The animals were divided into three groups (50-200 g; 
200-400 g; >400 g) with four animals in each group. A comparative excretion 
study was also done in eight female rats (four/group) with weights ranging 
between 50-200 g and 200-400 g. One microcurie of [14C]inulin was ad- 
ministered intraperitoneally (0.5 mL) using a I -rnl. plastic syringe fitted with 
a 27-gauge needle. Animals were housed in a rnctabolism cage (after being 
prepared similar to device-carrying rats) or in a regular stainless steel cage 
while the urinary collcction device was attached. Food pellets1' and distilled 
water were provided ad libitum. Urine was sampled by restraining the rat by 
hand, removing the drain screw, and collecting the samples using a sy- 
ringe. 


All samples were analyzed by liquid scintillation counting. The collection 
period for all studies was 48 h with animals randomly receiving either trcat- 
mcnt. Following a 7-d washout period, the rats received theother treatment, 
i .e..  those animals that had been housed in metabolism cages had the urine 
collection device attached while animals that had urine collected with the urine 
device were housed in metabolism cages for urine collection. Food and water 
consumption, urinary output, and percent inulin recovered in urine were de- 
termined for each collection method at  48 h. 


Histopatholog-In a separate study using nine male rats ( I  50-550 g) and 
nine female rats (100-400 g), the attachment area was examined for evidence 
of pathology. The rats were equally divided into three groups, with the rats 
in control groups I and I I  having their pelvic region shaven or shaven with glue 
(identical lot) applied, respectively. Animals in treatment group 111 were 
~ _ _ _ _ _ _ _ _ ~  


9 Unpublished results. 
l o  Flow laboratories. Dublin. Va. 
' I  Lab Chow; Ralston Purina, Richmond, Ind. 


Figure 2-Representation of the urine-collection device showing the major 
components. Key: ( I )  mounting plate; (2) removable funnel; (3)  urine con- 
tainer; (4 ,  5) screwthreads; (6) vent; (7) drain; (8) set screw; (9) indenta- 
tion. 


shaven with the urine collection device attached for a 24-h period. After 24 
h the animals in groups I and I I  were anesthetized with ether and necropsied. 
Sections were taken of the skin of the lower abdomen adjacent to the penis, 
the urinary bladder, and one testiclc for male animals. For female animals, 
the skin adjacent to the urethral opening, vagina, uterus, ovaries, and urinary 
bladder were evaluated. 


Rats from treatment group 111 were similarly examined following removal 
of the urine in the urine collection device. Sections of the aforementioned 
tissues were fixed in IWO formaldehyde, embedded, sectioned, and stained 
with hematoxylin and eosin for histopathological examination. 


RESlJLTS 


Urinary Excretion of Inulin-Data for the urinary collection of [ 14C]inulin 
over the 48-h period is presented in Table I .  Food and water consumption. 
urinary volume, and percent inulin recovered were not significantly different 
for the two methods of urine collcction. Urine samples collected with the device 
were free from contamination, while those collected while the animal was 
housed in the cage contained elements from the environment such as food, 
hair, and feces. 


Histopathology-Male Rats-lntradermal abscesses were observed in the 
skin from six rats. Four of these animals were controls: one was from control 
group 11, shaven plus adhesive, while the other three were from control group 
I ,  in which the animals were only shaven. The abscesses were usually super- 
ficial, although a rat from control group I I  exhibited more extensive abscesses 
extending into the superficial dermis with a mild infiltration of polymorpho- 
nuclear leucocytes into the superficial fat. Such infiltration was also seen in 
one of the rats carrying the collection device and in  one control animal from 
group 11. Inflammation was always localized, never extending beyond the 
boundaries of the shaved area of skin. 


A slight infiltrate of eosinophilic leucocytes was seen in the subcutaneous 
tissue of the penis for two rats in control group I I  and one animal in treatment 
group 111. The urinary bladders all appeared normal, except in two of the 
animals in control group I where there was a small amount of blood in each 
bladder. The testicles in all animals were unremarkable. Two of the animals 
that had the collcction device attached showed dilated preputial glands, and 
in one of these animals a plug was found that appeared to be desquamated 
squamous cells from a preputial gland. These results are summarized in Table 
11. 


Female Rats-No pathological findings were noted in the ovaries or the 
urinary bladder. The chief findings were those in the skin. Like the male rats, 
there were epidermal abscesses noted in one rat which was only shaven and 
in all of those shaven with glue applied and the cupbearing rats. Inflammation 
increased, extending into the dermis, for both rats to which glue had been 
applied and the cup-bearing rats. Also two rats from each of these groups 
showed abscesses in the dermis. Inflammation continued into the fat for these 
two groups. Sections of the vaginas showed a few polymorphonuclear leuco- 
cytes in the mucosa of all rats. Two rats, both shaven with glue applied, a g  
peared to have long-standing vaginal infections with pus. In the second and 
third groups (shaven with glue and cup-bearing), there were a few more 
polymorphonuclear leucocytes in the wall of the vagina as compared with those 
only shaven. 


Eosinophils were found in the wall of all vaginas, with two rats having more 


Journel of Pharmaceutical Sciences I 817 
Vol. 73, No. 6, June 1984 







Tab& I-Food and Water Consumption, Urine Output, and Percent ["CCJlnulin Recovered Following Collection of Urine from Rats using the Urine- 
Collection Device (UCD) or Metabolism Cages ' 


50-200 g 200-400 g >400 g d  
Maleb Female' Male' Female' Male' 


Cage UCD Cage UCD Cage UCD Cage UCD Cage UCD 


Foodconsumption(g) 40.Xf 1 . 1  4 0 . 9 f 1 . 3  38 .7 f5 .1  36 .7 f5 .3  26 .0f8 .7  2 2 . 7 f 7 . 2  3 5 . 1 f 3 . 2  3 1 . 9 f  8.0 30.6% 9 .427 .6 f  5.1 
Waterconsumption (mL)t 79.0 f 12.7 73.5 f 9.2 72.7 f 7.8 70.0 f 1.09 35.7 f 9.8 46.7 f 3.1 71.0 f 9.2 67.2 f 12.7 79.0 f 2.7 90.2 f 18.4 
Urine output (mL) 27.5 f 3.5 16 .0f  5.6 25.5 f 3.8 21.2 f 2.1 20.5 f 7.8 15.3 f 3.2 23.4 f 1.8 20 .0 f  2.0 29.3 f 17.5 21.5 f 7.9 
I"C)lnulinrecovered. 8 9 . l f  5.9 8 1 . 0 f 1 . 4  89 .3 f4 .1  9 1 . 7 f 2 . 1 4  89 .6 f9 .1  9 1 . 2 f 3 . 9  8 7 . 3 f 3 . 7  9 0 . 3 f  2.8 78.8% 5.0 8 5 . 9 f  3.4 


Not statistically different, paired I test @ > 0.20) for all parameters except urine output and inulin recovery. which were 
Dub (SDD) female rats do not weigh >400 g. Some of the SD values are unusually 


96 of dose 


48-h collection; all values are mean f SD. n = 4. 
not different at the (j~ > 0.10) level. Not statistically different, paired t test 0, > 0.20). 
large because of water loss from the inverted bottle. 


tosinophils than the others. One of these was a rat which had been shaven with 
glue applied and another was a cupbearing rat. Otherwise, the eosinophilic 
distribution seemed about equal. Examination of uteri showed eosinophils 
in the submucosa and muscularis of the uteri of all rats with very little dif- 
ference between the three groups. A summary of these pathological findings 
is presented in Table 11. 


DISCUSSION 


The accurate collection and evaluation of data from experimental animals 
utilized in toxicity feeding, pharmacokinetic, and metabolic studies is essential 
in the preclinical screening of biologically active drug products. Current 
methods of collecting urinary samples are somewhat compromised because 
of the tendency of these samples to become contaminated by the environment. 
The method presented in  this report provides a means of accomplishing this 
objective witH overall rat response similar to that of those housed in a standard 
metabolism cage. Based on the results of the study, it would appear that the 
device is well tolerated by laboratory rodents and did not appear to alter their 


Table 11-Number of Rats in which Pathological Abnormalities were 
Found versus the number of Rats Examined 


Pathological 
Observation 


Treatment Urine 
Shaven Collecting 


Shaven Plus Device 
Only Adhesive Attached 


lntraepidermal abscess(es), cup site 416 416 516 
Abscess(es) in superficial dermis, cup site 2/6 216 516 


;$! 113 213 
416 416 Acute inflammation of dermis, diffuse 


Acute inflammation of penile skin 
Acute vaginitis 
Eosinoohilia in skin. CUD site 


food and water consumption nor their excretion of inulin. The urinary col- 
lection device is suitable for male and female rats as evidenced by the results 
from the current study. 


Preparing the abdominal region for device attachment appears to be a 
limitation. since hair removal of this area with clippers resulted in intradermal 
abscesses of the abdominal and, in some cases, penile skin. The presence of 
abcesses in both control and treated groups (male and female) indicates that 
the preparation of the area was the primary cause, not device attachment. The 
presence of the mild infiltrate of eosinophilic leucocytes suggested a slight 
hypersensitivity to the adhesive, which is consistent with the manufacturer's 
report of a mild irritant effect to the skin from the adhesive. Dilation of the 
preputial glands (male and female rats) was the only histological observation 
that was exclusive to device-carrying animals. Therefore, one would conclude 
that the acute pathology associated with the device is indeed minor. 


Because of the limited capacity of this self-contained unit. it will not allow 
quantitative collection over 24 h without intermittent collections. Nevertheless, 
judicious utilization of the urine collection device in conjunction with other 
established methods of rodent urine collection could prove a valuable tool. It 
would be cspecially applicable in validating urinary excretion data obtained 
from rodents by conventional methods during toxicological feeding, phar- 
macokinetic. or metabolic studies without removing the animals from their 
normal environment. 
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graphs is provided. However, failure to reference the material in the in- 
dividual chapters is a serious omission. 


This book may serve as a quick reference for chemical structures and 
chemotherapeutic properties of a large number of antibiotics. However, 
the handbook approach used to present the material makes this book 
unsuitable as a text. 


Reoiewed by Marvin R. Boots 
Department of Pharmaceutical Chemistry 
Medical College of Virginia 
Virginia Commonwealth Uniuersity 
Richmond, V A  23298 


This book is heartily recommended for the novitiate as well as the 
expert. Being a personal statement, you will enjoy the author’s strengths 
and weaknesses in terms of understanding the field. The index is unique 
in that it allows you to find the primary places where each author is 
mentioned throughout the book. In the short time that I have had it, I 
easily justified the cost of the book by rapidly finding author refer- 
ences. 


Reoiewed by Howard Maibach 
University of California 


San Francisco. CA 94143 
Medical School 


Solid-state Chemistry of Drugs. By STEPHEN R. BYRN. Academic 
Press, 111 Fifth Avenue, New York, NY 10003.1982.346 pp. 15 X 23 
cm. Price $55.00. 
The literature on solid-state chemistry is not abundant, and the topic 


of solid-state chemistry of drugs per se has not been treated previously 
in book form. (Granted, chapters in books and reviews in journals have 
appeared.) Dr. Byrn’s book hence fills a void. I t  is refreshing to note, at  
the onset, that it does this very well. 


The book is, first of all, self-contained. It commences with morpho- 
logical descriptions and definitions, followed by a broad overview of what 
actually happens in a solid when the molecules contained in it (or some 
of them) undergo chemical change. It then gives examples of the various 
types of solid-state reactions documented in the literature (and of 
pharmaceutical interest). 


A chapter is devoted to methods of analysis, in a somewhat different 
way than the casual reader might expect. The tools of trade in this field, 
if mechanistic understanding is the goal, are X-ray, spectroscopy, and 
thermal methods. In other words, the analysis section is not cluttered with 
specific assay methods, but rather with the specific tools. I t  might have 
been instructive to have a section dealing with high-vacuum techniques 
of gas analysis, since these are frequently used in solid-state kinetics in 
isothermal studies of gas-producing reactions. 


The chapter on solid-state kinetics is excellent and covers all essential 
principles. Particularly useful is Table I, where one particular reaction 
is treated by a large number of different mechanistic models, leading to 
the conclusion (not surprisingly) that simply fitting the data to a model 
will not, in itself, serve as a selection criterion. That philosophy is true 
in general, but is well stated. 


A large chapter is devoted to polymorphism, an important aspect not 
often thought of as “chemistry” (as implied in the title of the book). But, 
it certainly belongs in the book and should be of great usefulness to those 
working in this particular field. 


The book contains a wealth of examples. It is written in a very pleasant 
style. A must for the pharmaceutical scientist involved in solid dosage 
forms. 


Reoiewed by J. T. Carstensen 
School of  Pharmacy 
University of Wisconsin, 
Madision, WI 537U6 


Dermatological Formulations: Percutaneous Absorption. By 
BRIAN W. BARRY. Marcel Dekker, 270 Madison Avenue, New York, 
NY 10016.19&3.479 pp. 16 X 23.5 cm. Price $55.00 (2070 higher outside 
the US .  and Canada). 
This is a concise, single-authored overview of percutaneous penetration 


as it relates to dermatological formulations. Demonstrating the breadth 
and depth of his personal reading and experience, Dr. Barry single- 
handedly tackles many different areas. He starts with a brief overview 
of the structure, function, diseases, and topical treatment of human skin. 
The second chapter is a classical review of the principles of diffusion 
through membranes. He next discusses the facts and theory related to 
skin transport and properties influencing percutaneous absorption. 
Following a brief review of methods for quantitating absorption, he ends 
with two strong chapters on formulation and rheology of dermatological 
vehicles. 


Alkaloids, Volume 1: Chemical and Biological Perspectives. Edited 
by S. WILLIAM PELLETIER. Wiley-Interscience, 605 Third Avenue, 
New York, NY 10158. 1983.398 pp. 16 X 24 cm. Price $60.00. 
Alkaloids never seem to cease attracting the interest of chemists. Since 


the turn of the century, numerous books and series have been published 
on the subject. This is another ambitious, comprehensive treatise in- 
tending to add new perspectives to the subject. The series takes a new 
topic-oriented approach, departing from the traditional descriptive 
system based on the class of compounds. 


The first volume begins with the nature and definition of an alkaloid 
by the editor and includes such mixed topics as “Arthropod Alkaloids: 
Distribution, Functions, and Chemistry,’’ by T. H. .Jones and M. S. Blum; 
“Biosynthesis and Metabolism of the Tobacco Alkaloids,” by E. 1,eete; 
“The Toxicology and Pharmacology of Diterpenoid Alkaloids,” by M. 
H. Benn and J. M. Jacyno; and “A Chemotaxonomic Investigation of the 
Plant Families of Apocynaceae, Loganiaceae, and Rubiaceae by Their 
Indole Alkaloid Content,” by M. V. Kisakurek, A. J. M. Leeuwenberg, 
and M. Hesse. All were written by unquestionable experts in their par- 
ticular field and provide not only first-hand information by researchers 
themselves, but also deep insights into the individual subjects. 


Dr. Pelletier’s devotion to the chemistry of alkaloids, especially di- 
terpenoid alkaloids, is widely known, and his ability to cover this broad 
topic is also well-proven by his earlier publication in The Royal Society 
of Chemistry-Specialist Periodical Reports on alkaloids. In the first 
volume he has certainly exercised his knowledge of the topics and taken 
advantage of his close acquaintance with top researchers in the individual 
fields. However, it remains to be seen in future volumes how successful 
the series will be in raising the interest of interdisciplinary readers in such 
diversified areas as medicinal chemistry, natural products chemistry, 
pharmacology, pharmacognosy, biochemistry, phytochemistry, plant 
taxonomy, oncology, forensic science, and medicine as originally intended. 
At any rate, in conjunction with recent research interest in natural 
products chemistry, books taking the multidisciplinary approach as, for 
example, a series on marine natural products with the same subtitle 
(Marine Natural Products: Chemical and Biological Perspectiues, P. 
J. Scheuer, Ed., Academic Press, Volumes I-V), are seen more and more 
on the bookshelves. 


Reuiewed by Yuzuru Shimizu 
Department of Pharmacognosy and 


Environmental Health Sciences 
College of Pharmacy 
Ilnioersity of Rhode Island 
Kingston, H I  02881 


Annual Review of Pharmacology and Toxicology, Volume 23. Edited 
by ROBERT GEORGE, RONALD OKUN, and ARTHUR K. CHO. 
Annual Reviews Inc., 4139 El Camino Way, Palo Alto, CA 94306.1983. 
713 pp. 15 X 22 cm. Price $27.00. 
This review of pharmacology and toxicology continues a successful 


series of monographs in these areas. The btx)k contains 27 different re- 
views and a review of the reviews. Each of the reviews is written by a 
person familiar with the area of research. The reviews are normally 
concise and well referenced; important tables and figures are included 
in many of the reviews. The initial review by Leslie Iversen on “Nonopioid 
Neuropeptides in Mammalian CNS” provides some insight into the re- 
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markable changes that have taken place in understanding chemical 
substances that are important in the central nervous system over the past 
ten years. Cannon’s review on “Structure-Activity Relationships of 
Dopamine Agonists” is well illustrated with chemical formulas, which 
is an important aid in following the discussion. The chapter on “Recent 
Developments in Mass Spectrometry for the Analysis of Complex Mix- 
tures” provides some very basic and informative material on how the new 
techniques in this area are being used. The volume provides a number 
of other very timely reviews; they seem to be well written and could 
provide the reader with some initial leads to more in-depth studies that 
have been carried out. 


The indexing for the volume is very complete, both by author and 
subject, for rapid access to the desired material. Each of the reviews ends 
with a Conclusion or Summary section which distills each review to some 
very basic points and areas of interest for the future. 


Because of the nature of the series, this would be a good volume to have 
present in the library so that individuals could easily read a review in one 
of the areas covered. I would recommend that the volume be acquired 
for a School of Pharmacy library or Health Science library or in a gen- 
eral reading room facility for fac dty and graduate students. The volume 
provides a valuable resource for a reasonable cost, in that the authors of 
the various sections have provided good coverage of findings that have 
taken place in recent years in pharmacology and toxicology. 


Reviewed by Duane D. Miller 
College of Pharmacy 
Division of Medicinal Chemistry 


The Ohio State University 
Columbus, OH 43210 


and Pharmacognosy 


FREE RADICALS AND CANCER. Edited by ROBERT A. FLOYD. 
Marcel Dekker, Inc., 270 Madison Avenue, New York, NY 10016.1982. 
541 pp. 16 X 23.5 mm. Price $69.75 (20% higher outside the U.S. and 
Canada). 
The role of free radicals in cancer development has been of concern 


to, and studied by, many investigators in the past three decades. Up to 
the present, however, there is as yet no clear-cut settlement of this 
seemingly simple but actually complicated problem and probably there 
never will be. This is perhaps one of the main reasons that the editor is 
compiling the thoughts of many investigators from all over the world into 
one volume. 


Thirteen groups of researchers contributed their findings and inter- 
pretations. These include (titles abbreviated): C. Nagata et al. (Free 
Radicals from Y nical Carcinogens and Significance in Carcinogenesis) 
from Japan; f 5 !r et al. (Nitroxide Metabolism in Liver Microsomes) 
from the Federal depublic of Germany; H. M. Swartz (ESR Studies of 
Cancer) of Illinois; E. Cavalieri et al. (Multiple Activation Mechanisms 
in Aromatic Hydrocarbon Carcinogenesis) of Nebraska; A. M. Bobst 
(Spin Bioassays with Nucleic Acids) of Ohio; J. Cadet and R. TBoule 
(Binding of Radiosensitizing Drugs to DNA) from France; F. R. DeRu- 
bertis ap 1 P. A. Craven (Activation of Guanylate Cyclase and Evidence 
for a Fr Radical Mechanism) of Pennsylvania; N. M. Emanuel (Free 
Radicals and Growth of Tumors) from the U.S.S.R.; R. Sridhar (Radia- 
tion Sensitizers in Therapy) of Oklahoma; R. A. Floyd (Free Radicals and 
Arylamine Carcinogenesis) of Oklahoma; E. G. Janzen and E. R. Davis 
(Detection of Free Radicals by Spin-Trapping) from Canada; J. A. Hinson 
et al. (Role of Free Radicals in the Mutagenicity of N-Hydroxy-2- 
acetylaminofluorene) of Maryland; and J. E. Biaglow et al. (Metabolic 
Activation of Carcinogenic Nitro Compounds to Oxygen-Reactive In- 
termediates) from the U.S. and Canada. It is probably unavoidable that 
writings which came from such a variety of sources would contain material 
with duplicate or even contradictory information. Actually this is perhaps 
a clever way to inform the readers of the vastness and the uncertainties 
of this field of study. 


Aside from the key question raised at the beginning of this review, there 
are other points that deserve to be mentioned. Although free radicals have 
been detected in many carcinogens with or without enzymatic action, they 
have also been detected in normal and pathological tissues. Throughout 
this book it is reported that even some compounds possessing recognized 
antineoplastic action, such as doxoru’,icin hydrochloride (Adriamycin), 
or prophylactic property against car. er information, such as ascorbic 
acid, produce free radicals in ESR measurements. To make the situation 


even more complicated, some carcinogens do not produce free radicals. 
Free radicals generally are defined as species having ESR signals in the 
g = 2.00 region with line shapes and power-saturation characteristics 
typical of organic free radicals (the latter exclude paramagnetic metals). 
However, measurement of free radicals depends on a number of variable 
experimental conditions, including the preparation of samples, the 
temperature during measurement, the solvent used, the type of tissue 
examined, and animal species differences. Therefore, one should be ex- 
tremely careful and cautious in making empirical and qualitative corre- 
lations and straightforward interpretations. 


The relationship of free radicals to cancer can perhaps be approached 
in another aspect. That is, to study the quantitative rather than the 
qualitative characteristics of free radicals in certain types of cancer de- 
tection, diagnosis, and response to treatment. There are already indica- 
tions in this book that an in-depth study of ESR signals may reveal 
characteristic information in the development and progression of certain 
types of tumors and tumor response to therapeutic tieatment. Studies 
along this line should be extremely useful in cancer research. 


After reading all of the material presented in this book, one may assume 
that free radical formation may well be just a phenomenon observed 
during the cellular proliferation (rather than limited to only during the 
cancer growth) or a phenomenon observed as formation of intermediates 
during metabolic activation of many chemical compounds (not necessarily 
limited to mutagens, carcinogens, or antineoplastic agents). The situation 
is analogous to that of the numerous studies on drug-DNA intercalation: 
that the observed phenomenon may not be the real, or the major, or even 
the minor, mode of biological action. 


This book is recommended to those scientists who are interested in 
these aspects of biology and medicine, as well as to oncologists and phy- 
sicians who are forever searching for the fundamental knowledge of the 
secret of life. 


Reviewed by C. C. Cheng 
Department of Pharmacology, Toxicology, 


and Therapeutics 
University of Kansas Medical Center 
Kansas City, KS 66103 


Current  Trends in Organic Synthesis. Proceedings of the Fourth 
International Conference on Organic Synthesis. Edited by HIT- 
OSI NOZAKI. Pergamon Press, Maxwell House, Fairview Park, 
Elmsford, NY 10523. 1983. 429 pp. 18.5 X 27.5 cm. Price $90.00 
(E45.00). 
The 30 lectures compiled from the talks presented at the 1982 IUPAC 


meeting in Tokyo (August 1982) constitute an impressive review of the 
current state of the art in the field of organic synthesis. Because the book 
is a reproduction of the authors’ manuscripts, there are a few typo- 
graphical errors and unclear figures, but these minor shortcomings in no 
way detract from the overall appeal of this volume. As outlined in the 
Preface, the book is divided into four areas: synthesis of natural products, 
methods for achieving stereoselectivity, new synthetic methodology, and 
new reactions. 


The group of lectures on natural product synthesis begins with a pre- 
sentation by E. J. Corey on his work in the leukotriene field, which in- 
cludes synthetic methodology developed for use in this area, but with 
applications throughout organic synthesis, as well as total syntheses of 
LTB and several rationally designed inhibitors of lipoxygenase enzymes. 
The next lecture, by W. Vartmann, discusses the synthesis of stable an- 
alogues of PGI2, illustrating the intimate connection between chemical 
synthesis, biological testing, and development of commercially feasible 
syntheses characteristic of industry. C. Heathcock then describes the 
efforts of his group in the area of stereoselective aldol condensation re- 
actions and their application to his ongoing total synthesis of erythro- 
mycin. B. M. Trost outlines the observations that lead to the development 
of the total synthesis of verrucarol as well as continuing work on its 
elaboration to verrucarin A. A review of the numerous examples of the 
Diels-Alder reaction developed by the group of M. E. Jung and their 
application to steroid and anthracycline natural products is offered next. 
Highly selective protecting group chemistry is the focus of a lecture by 
C. B. Reese on the total synthesis of yeast alanine tRNA, a nonadeca- 
ribonucleotide. W. Nagata presents the work that led to the first indus- 
trially feasible synthesis of a 1-oxacephem, illustrating the multiplicity 
of routes attempted and new methodology that had to be developed along 
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Stabilized Normal-Phase High-Performance Liquid 
Chromatographic Analysis of Aspirin and Salicylic 
Acid in Solid Pharmaceutical Dosage Forms 
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Abstract A simultaneous analysis of aspirin and nonaspirin salicylates 
in solid pharmaceutical dosage forms is described. Two separate ex- 
traction procedures are employed, one for plain aspirin tablets and one 
for tablets containing aspirin plus buffers or antacids. The analyses of 
the extracted samples are accomplished by a stabilized normal-phase 
high-performance liquid chromatographic (HPLC) procedure. Prepared 
samples and standards are stable for up to 24 h, and the methodology is 
suitable for an automated HPLC system. 


Keyphrases 0 Aspirin-stabilized normal-phase high-performance 
liquid chromatographic analysis, solid pharmaceutical dosage forms, 
salicylic acid 0 Salicylic acid-stabilized normal-phase high-performance 
liquid chromatographic analysis, solid pharmaceutical dosage forms, 
aspirin &)lid dosage forms-stabilized normal-phase high-performance 
liquid chromatographic analysis of aspirin and salicylic acid 


Successful analyses of aspirin and free salicylic acid by 
reverse-phase high-performance liquid chromatography 
(HPLC) have been reported (1-13). Effective adsorption 
HPLC procedures have also been described (14-16). All 
of these methods require immediate injections of prepared 
samples and standards into the HPLC. We described a 
stable assay preparation for aspirin and salicylic acid in 
tablets containing buffers or antacids uia a chromato- 
graphic siliceous earth column with subsequent GC (17). 
The methodology described here combines some of these 
effective techniques into a stabilized normal-phase HPLC 
analysis. None of the previously published HPLC proce- 
dures allow the determination of salicylic acid as nonas- 
pirin salicylates in tablets containing buffers or ant- 
acids. 


EXPERIMENTAL 


Materials and Equipment-- HPLC-grade chloroform, methylene 
chloride. and acetonitrile and reagent-grade chloroform, formic acid 
(88%), methanol, hydrochloric acid, citric acid monohydrate, and chro- 
matographic siliceous earth (acid washed by the USP procedure) were 
used. A modular high-pressure liquid chromatograph equipped with a 
variahle-flow pump’, an automatic injector2 with a 20-pL loop, a vari- 
able-wavelength detector“, and an electronic integrator4 was used. The 
HPLC adsorption column was 4.6 mm X 25 cm packed with a porous 
5-pm silicas. Reagent-grade chloroform saturated with citric acid was 
used as diluent for all sample and standard preparations. 


Standards Preparation-Aspirin- -About 125 mg of aspirin USP 
reference standard was accurately weighed, transferred to a 50-mL vol- 
umetric flask, and dissolved in -10 mL of  diluent. After adding 0.25 mL 
o f  formic acid, the mixture was diluted to volume with diluent. About 200 
mg of citric acid crystals was added to the flask and mixed. 


Salicylic Acid-A 1-mg/mI, stock solution of salicylic acid USP ref- 
erence standard was prepared in the diluent containing 0.5% formic acid. 
This solution was diluted to make standards containing 7.5,25.0, 50.0, 


* Reckman Indruments,  Model I IOA. 


:’ laboratory I h t a  Control, Spectromonitor 111. 


” Ihpont  C d ,  Zorhax-Sil. 


Micrnmeritics. Model 725. 


Hewlett l’acknrd. :I:180A. 


and 75.0 fig/mL, corresponding to 0.3,l .O, 2.0, and 3.0% salicylic acid in 
the assay preparation. 


Sample Preparation-Plain Aspirin Tablets-The average tablet 
weight of 20 tablets was determined, and the tablets were ground to a 
fine powder. A portion of the ground tablets equivalent to 250 mg of as- 
pirin was transferred to a volumetric flask, and 100 mL of diluent con- 
taining 0.5 mL of formic acid was added to the flask. About 500 mg of 
citric acid crystals was added to the flask, and the assay preparation was 
placed in an ultrasonic bath for 2 min, then centrifuged or filtered for 
subsequent injection into the liquid chromatograph. 


Aspirin Tablets Containing Buffers or Antacids-A portion of 20 
ground tablets equivalent to 500 mg of aspirin was transferred to a small 
beaker containing 3.0 g of acid-washed chromatographic siliceous earth. 
The powders were mixed with a glass rod, 2.0 mL of 6 M HCI was added, 
and the powders were mixed again with the glass rod. The mixture was 
transferred to a 20 X 2.5-cm chromatographic column, and the beaker 
was dry washed with 1.0 g of siliceous earth (glass wool was used a t  both 
ends of the column). The column was packed uniformly and eluted with 
successive portions of diluent uia the sample beaker, a t  the rate of -10 
mL/min. About 150 mL of the eluate was collected in a 200-mL volu- 
metric flask. The tip of the column was rinsed with diluent, and 1.0 mL 
of formic acid was added. The flask was made to volume with the diluent. 
Approximately 500 mg of citric acid crystals were added to the flask and 
mixed. 


Assay Procedure-The mobile phase, chloroform-methylene chlo- 
ride-acetonitrile-formic acid (700:300:30:4), was placed in an ultrasonic 
bath to expel dissolved gases, and -100 mL was allowed to pass through 
the column prior to the start of the analysis. At the completion of a 1-d 
run the column was washed with -200 mL of methanol. 


The variable-wavelength detector was set a t  300 nm to maximize sal- 


(a ) B 


- 
0 6 10 0 5 1 0  


MINUTES MINUTES 


Figure I-Chromatogramu of aspirin and salicylic acid (a) anda  spiked 
aspirin sample (b) using a Zorbax-Sil column with ch/orciform-meth- 
ylene chloride-acetonitrile-formic acid (700:300:30:4) a t  a f low rate of 
2.0 mL/min. Detection was a t  300 nm, 0.01 AIJFS, with a recorderpre- 
sentation of 128. Key: (A) salicylic acid; (B)  aspirin; (D) acetylsalicyl- 
salicylic acid; (C) acetylsalicylic acid anhydride. 
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Table I-Assay Results on Commercial Aspirin Tablets 


Aspirin, % of Claim Salicylic Acid, % 
Products HPLC GCb 


A 101.8 100.0 0.03 <0.30 
B 98.9 97.8 0.05 <0.30 
C 105.0 105.2 0.13 <0.30 
D 
E 


-99.7 100.3 0.06 <0.30 
100.6 100.3 0.04 <0.30 


a Products: A, Bayer; B, Empirin; C, Eckerd; D, Rite Aid; E, Treasury. * GC 
method determined by a 0.3% limit standard. 


icylic acid detection. The detector sensitivity and the recorder presen- 
tation were adjusted so that the salicylic acid standard, containing 75 
pg/mL, and the 2.5-mg/mL aspirin standard were both -70% full scale. 
The pump flow rate was 2.0 mL/min. The relative standard deviation (n 
= 5) for the aspirin standard was <2.0%, and <2.0% for the salicylic acid 
standard a t  a concentration of 50 pg/mL. The retention times for salicylic 
acid, and aspirin were -4 and 8 min, respectively (Fig. la). 


Calculations-Integrated area counts were used to determine the 
amount of aspirin and salicylic acid in the assay preparation by external 
standard techniques. The aspirin was calculated as percent of label claim. 
The salicylic acid was calculated as a percentage of the theoretical aspirin 
content in the dosage form analyzed. 


RESULTS AND DISCUSSION 


The response linearity was suitable for the entire assay range, i .e . ,  as- 
pirin 70-130% and salicylic acid 0.1-5.0%. The average relative standard 
deviation (n = 10) for the standard preparations was 0.48% for aspirin 
and 0.65% for salicylic acid. In most analyses a single point standard can 
be used for both aspirin and salicylic acid. Recoveries of salicylic acid and 
aspirin in spiked samples, standards, and placebos ranged from 97 to 
102%. Recoveries of salicylic acid and aspirin from the chromatographic 
siliceous earth column have been previously reported (17). The rate of 
hydrolysis of aspirin to salicylic acid in the prepared samples and stan- 
dards was O.OOZ%/h, which allows the preparation and storage of a large 
number of samples up to 24 h prior t o  injection without assay-induced 
hydrolysis. Since the aspirin and salicylic acid standards are injected 
separately into the liquid chromatograph, the rate of hydrolysis of the 
aspirin standard can be continuously monitored. 


Tables I and I1 show the results of the analysis for plain and buffered 
tablets, respectively, by HPLC and GC. Results for the salicylic acid 
determination are reported as free salicylic acid in plain aspirin tablets 
and nonaspirin salicylates, in buffered tablets. Comparative analysis of 
the USP method to the GC method have been reported (17). Placebo 
tablet preparations of commonly used tablet excipients and binders 
showed no HPLC interferences. 


The related compounds, acetylsalicylsalicylic acid and acetylsalicylic 
acid anhydride (Fig. lb),  are seldom seen in routine analysis. Salsalate 
has the same retention time as salicylic acid and, as in the current USP, 
is included as salicylic acid in the tablet analysis. Since the detector re- 
sponse for salicylic acid is -20 times greater than aspirin a t  300 nm, 
salicylic acid can be determined to the 0.02% level by use of integrated 
area counts. 


The stability of aspirin in citric acid-chloroform has been previously 
described (15). One of the mechanisms for aspirin hydrolysis involves 
an intramolecular general base catalysis by the carboxylate anion. Citric 
acid, with a solubility in chloroform of 0.007 g/100 g, forms a more active 
carboxylate anion than aspirin, thereby competing more vigorously for 
trace amounts of water in the chloroform. In addition, a trace amount 
of hydronium ion from the citric acid has a stabilizing effect on the aspirin 


Table  11-Assay Results on Commercial Buffered Aspirin 
Tablets 


Nonaspirin Salicylates, 
Aspirin, % of Claim % 


Producta HPLC GC HPLC GC 


F 101.8 98.6 1.26 1.01 
G 100.8 101.0 1.11 1.12 
H 95.4 98.4 0.27 0.40 
1 98.9 96.6 0.35 0.35 
J 103.0 102.6 0.70 0.65 


Products: F, Treasury; G, Rite Aid; H, Bufferin; I, Bufferin Extra Strength; J. 
Eckerd. 


Table  111-Results of 10 Consecutive HPLC Analyses of the 
Same Assay Preparations, Spaced 20 Min Apart, for  Plain and 
Buffered Aspirin Tablets 


Plain Tablets Buffered Tablets 
Run Salicylic Nonaspirin 
No. Aspirin, % Acid, % Aspirin, % Salicylates, '% 


1 102.2 0.12 97.8 0.80 
2 102.6 0.16 97.6 0.81 
3 1n2.1 0.12 97.8 0.81 _._ - 
4 102.1 o.i3 96.9 0.81 
5 102.0 0.12 97.7 0.81 
6 103.0 0.13 98.2 0.81 
7 101.6 0.12 97.5 0.81 
8 102.5 0.12 97.1 0.81 
9 101.4 0.12 97.1 0.82 


10 101.4 0.13 97.4 0.81 
SD 0.53 0.013 0.43 0.007 


molecule. The results of 10 consecutive injections of the same assay 
preparations into the liquid chromatograph are shown in Table 111. Re- 
coveries of aspirin and salicylic acid from spiked placebos, samples, and 
standards are shown in Table IV. 


Adsorption-Partition HPLC-Unlike bonded phases, silica columns 
are not subject to rapid deterioration. Silica columns used exclusively 
for a specific analysis can last for months, even years, as long as the col- 
umn is kept clean. Washingthe column with -200 mL of methanol rids 
the active silanol sites of bound solutes. The composition of the mobile 
phase in the procedure described here requires no prior activation of the 
s i 1 i c a. 


Chloroform and methylene chloride, the nonpolar solvents, are weakly 
held to the hydrogen-bonded water on the silica gel surface by disperson 
forces as a monolayer isotherm. Acetonitrile, a more polar solvent, forms 
a bilayer isotherm. The first layer is hydrogen bonded to water on the 
silica gel, and the second layer is formed by interacting with the first layer 
of the polar solvent (18-20). Under these circumstances the acetonitrile 
acts as the stationary phase proper. Therefore, the partitioning of the 


Table  IV-Aspirin and Salicylic Acid Recoveries from Spiked 
Placebos, Standards,  and  Assay Preparations 


Placebo 
1 
2 
3 
4 


1 
2 
3 
4 


1 
2 
3 
4 


Standard preparation 


Assay preparation 


Placebo 
1 
2 
3 
4 


1 
2 
3 
4 


1 
2 
3 
4 


Standard preparation 


Assay preparation 


Aspirin 
Initial Amount 


Amount, Added, 
mg/mL mg/mL Total Recovery, % 


0 ,7640 
0 1.9628 
0 2340 
0 ,4318 


2.856 0.2946 
2.5404 0.3975 
2.183 0.5239 
2.5204 0.5159 


2.5027 0.2419 
2.6511 0.6517 
2.5052 0.5203 
2.4180 0.3819 


Salicylic Acid 
Initial Amount 


Amount, Added, 
p d m L  d m L  


0 1.506 
0 3.012 
0 4.518 
0 7.530 


7.80 10.40 
26.00 10.40 
52.00 10.40 
78.00 10.40 


34.06 9.92 .~ .. 


41.27 9.92 
27.04 9.92 
16.80 9.92 


101.0 
101.8 
98.9 
99.7 


99.8 
101.0 
98.7 
98.7 


98.3 
96.9 
97.7 
97.8 


Total 
Recovery, % 


101.0 
101.0 
99.8 
99.8 


98.1 
99.4 


100.0 
100.2 


99.3 
98.6 
98.2 
99.2 
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solutes passing through the column is dependent on the interaction or 
displacement of the acetonitrile, rather than displacement of hydro- 
gen-bonded water on the silica gel surface. The mass of the three solvents 
produces a stable and self-activating chromatographic system in equi- 
librium. The presence of 1% ethanol or methanol, commonly used pre- 
servatives in chloroform and methylene chloride, does not adversely affect 
retention times or resolution of the solutes. 
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Particle Size and Surface Area Distributions of 
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Porosimetry 
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Abstract 0 The Mayer-Stowe theory was applied to derive the particle 
size distribution of powders of pharmaceutical interest using mercury 
porosimetry. Particle size data obtained by this approach are fairly 
comparable with data derived by other, more popular, techniques such 
as the electrical sensing zone or the air jet sieving methods provided that 
the experimental value of the mercury-powder contact angle and the 
state of aggregation of the powder are carefully studied. Furthermore, 
by applying the Rootare-Prenzlow method a surface area distribution 
can also be derived from the same porosimetry data used to obtain the 
particle size distribution. All experiments were carried out with a mi- 
crocomputerized mercury porosimeter, which allows storage of data 
during the analysis and a subsequent fast elaboration a t  the end of the 
run, with fully printed data on pore size, pore volume, surface area, and 
particle size of the powder sample. 


Keyphrases 0 Mercury porosimetry-application to particle size and 
surface area distributions, pharmaceutical powders Particle size- 
distribution in pharmaceutical powders, determination by mercury 
porosimetry 0 Surface area-particles in pharmaceutical powders, dis- 
tribution, determination by mercury porosimetry 


The particle size of pharmaceutical powders plays a 
major role both in drug processing and bioavailability. 
Poorly soluble drugs are often rendered more available for 
absorption by reducing the particle size, i.e., increasing the 
surface area (1-3). On the other hand, very important 
technological processes such as the compression (4) or 
mixing of powders (5) are strongly influenced by the par- 
ticle size of the materials used. Not only the powdered 
drugs, but also the excipients, exhibit many particle size- 
or surface area-related properties. For example, (a) the 
lubricating efficacy of materials such as magnesium stea- 
rate is strongly influenced by the surface area of the pow- 


der (6), and (b) the disintegrating properties of povidone 
derivatives are dependent on particle size (7). 


The growing need for particle size and surface area 
analyses has led to the introduction of such methods for 
particle size analysis as microscopic counting (8), the 
electrical sensing zone method (8, 9), the air jet sieving 
technique (8, lo), and simple sieving (8). The surface area 
analysis methods used range from gas adsorption tech- 
niques (11,12) to gas diffusion or permeability (6). 


Although mercury porosimetry is used mostly to char- 
acterize the porous structure of materials (13, 141, it has 
been used to determine the surface area (15) and the par- 
ticle size of powders, both in the coarse region (16,171 and 
in the submicron range (18). In pharmaceutics mercury 
porosimetry has been used almost exclusively to study the 
porous structure of tablets (19-21), granules (22,23), or 
polymeric matrices (24,25); no attempt has been made to 
characterize the micromeritics of pharmaceutical powders 
(26). In this paper, we use mercury porosimetry to measure 
the particle size and the surface area distributions of 
powdered drugs and excipients. 


THEORETICAL 


Particle Size Determination-The mercury porosimetry principle, 
based on the Washburn model, consists of registering the volume of pores 
penetrated a t  each intrusion pressure, which can be easily transformed 
into pore size uia the Washburn equation (27) to give a complete pore size 
distribution. An alternative model describing the penetration of mercury 
was proposed by Frevel and Kressley (28) and subsequently developed 
by Mayer and Stowe (29). This treatment defines the solid being pene- 
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Angular Dependence of the Interaction Energy Between 
the N Lone Pair of Amines and a Proton: Relevance to 
Drug-Receptor Systems 
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Ahtract 0 Ab initio molecular orbital calculations with a 4-31G basis 
set have been performed to study the angular dependence of the inter- 
action energy between a lone electron pair of nitrogen and a proton. In 
this study ammonia and trimethylamine were used as models of biolog- 
ically active amines. A proton was used as a model of an electrophilic site 
at the receptor. Results obtained confirm previous indications that the 
energy required to bend the proton from the lone pair direction decreases 
markedly as the two species are further separated from one another. 
Implications regarding the interactions of drugs and hormones at  specific 
receptors are discussed. 


Keyphraeea 0 Interaction energy-nitrogen lone electron pair of aminee 
and a proton, angular dependency, drug-receptor systems 0 Drug-re- 
ceptor systems-interaction energy of the nitrogen lone electron pair of 
aminea and a proton, angular dependency 0 Amines-biologically active, 
interaction energy of the lone electron pair and a proton, angular de- 
pendency 


Many hormones and drugs elicit their biological re- 
sponse through interactions with specific receptors (1-10). 
These interactions are typically weak, reversible, and 
specific (11) and, in addition, do not involve covalent 
bonding (1, 2, 8, 9). Many such interactions are of the 
electrophile-nucleophile type between sterically fixed 
groups. Because the nucleophilic pharmacophore fre- 
quently contains nitrogen at  a critical position, we focus 
here specifically on the nature of the interaction of nitrogen 
with an electrophile. 


One way nitrogen could interact with the specific elec- 
trophilic center at the receptor is uia its lone electron pair. 
Such a mechanism has been suggested for opiate-receptor 
interactions (12-15). The influence of the directionality 
of the lone pair of biologically active amines on their ac- 
tivity has been demonstrated experimentally in some cases 
(12). One may envisage the most productive interaction 
as that in which the N lone pair is aligned exactly in the 
direction of the electrophilic site. This concept of amine- 
receptor interaction is illustrated in Fig. 1, which sche- 
matically depicts the binding of a (tertiary) amine to its 
receptor. Both the amine molecule and the electrophilic 
site are visualized as being sterically fixed at  the receptor. 
We consider the distance between the N lone pair and the 
electrophilic site as longer than the normal bonding dis- 
tance, since covalent bonding of nitrogen to the receptor 
does not occur (1). Figure 1A shows a perfect fit between 
the N lone pair and the electrophilic site. Figure 1B depicts 


a case of a substituted amine whose substituent (shown as 
a “bump” at  the left-hand side of the molecule) interferes 
with the proper fit with the receptor cavity. There may of 
course be other factors leading to poor fit, and the effect 
shown in Fig. 1B is used only as an example. The repulsion 
between the substituent and the receptor cavity causes a 
small tilting of the molecule, which changes the position 
of the nitrogen atom and, therefore, its lone electron pair, 
relative to the electrophilic site. The N lone pair forms a 
“bent” complex with the electrophilic site. 


Since the activity of the amine depends on the nucleo- 
phile-electrophile complexation, it is very important to 
learn about the energetics of the “bent” complexation of 


ELECTROPHILIC SITE 


A \  
’CAVITY AT THE 


RECEPTOR 


B 
Figure 1-Schematic representation of the binding of a biologically 
active (tertiary) amine to its receptor. Key: (A) perfect f i t  between the 
amine and its receptor; (B) less than perfect f i t  due to presence of a 
substituent (shown as bump on left of molecule). 
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Table I-Angular Dependence of the Total Energy of the 
(H3N.. .H)+ and  ((CH3)sN.. .H)+ Systems 


1.02 20.0 
40.0 
60.0 


1.20 20.0 
40.0 
60.0 


-20.0 


11.6 
42.2 
90.8 
10.4 
38.4 
81.1 
6.5 
8.4 


31.4 
66.0 
6.9 


25.8 
54.7 
4.3 


11.5 
46.3 


11.0 R = H ,CH, 
Scheme I 1.50 20.0 


40.0 
60.0 


1.75 20.0 
40.0 


the N lone pair (Fig. 1B) as compared with the “straight” 
complexation (Fig. 1A). The knowledge acquired about 
this problem may help to predict the activity of the de- 
rivatives of active amines and to understand better the 
mechanism of action of biologically active amines in sit- 
uations where they are sterically restricted at  the recep- 
tors. 


Specifically, we wanted to determine the effects of the 
relative steric disposition of the nitrogen lone electron pair 
and an electrophilic site on the energetics of the interaction 
at distances longer than the normal bonding distance. 
Quantum chemical methods are particularly well suited 
for this purpose, since the relative orientations of molecules 
may be precisely specified. In addition, the wave functions 
may be analyzed to determine electron densities at various 
regions in the space between the two molecules to provide 
insights concerning the interaction. To perform ab initio 


8.8 
35.3 


8.3 
60.0 


-20.0 
2.00 20.0 


40.0 
60.0 


2.25 20.0 
40.0 
60.0 


-20.0 
2.50 20.0 


40.0 
60.0 


~. 


5.6 
20.8 
44.5 
4.5 


16.6 
35.7 
2.9 
3.6 


13.3 
28.5 
2.9 


6.1 


5.7 


2.75 20.0 
40.0 
60.0 


~~ 


10.6 
22.8 


-20.0 1.9 
3.00 20.0 2.4 


40.0 8.5 


’ AE = E ( $ )  - E(0) .  


calculations it was necessary to model the usually large 
biomolecules by smaller representative systems. Ammonia 
and trimethylamine were chosen as models of the nitro- 
gen-containing portion of a biologically active amine. The 
proton, a spherically symmetrical species with no intrinsic 
steric requirements, was chosen as the simplest model for 
an electrophilic site at the receptor (the nature of such sites 
is generally poorly understood). 


1 - 56.12 


-56.16 1 :: / 2 
-56.20 


2.75i 


I 0 


EXPERIMENTAL 


Molecular orbital calculations were carried out within the a b  initio 
restricted Hartree-Fock formalism. The GAUSSIAN-70 package of 
computer codes (16) was used to construct molecular orbitals as linear 
combination of atomic orbitals. The split valence-shell 4-31G basis set 
(17) was used rather than a minimal basis set, since the former provides 
greater flexibility to the valence orbitals and is expected to furnish a more 
realistic picture of long-range interactions between the amine and the 
proton than would the latter. 


The experimentally determined geometries of ammonia (18) and tri- 
methylamine (19) were used in our calculations. Ammonia belongs to the 
Cs, point group and has r(N-H) = 1.01 A and B(HNH) = 106.7’. The 
N-C bond distances in trimethylamine are 1.45 A and the B(CNC) is 
110.9’. Each methyl group is staggered with respect to the other two 
C-N bonds. 


A proton was placed at various positions relative to the amines. As 
shown in Scheme I, these positions are characterized by the N-H+ 
distance r and 4, the angle between the N-H+ axis and the C3v symmetry 
axis of the R3N molecule. (The latter axis coincides with the expected 
direction of the N lone pair.) A positive value of 6, shown in Scheme I, 
indicates a bend of H+ toward R,, while a negative value corresponds to 
a bend in the opposite direction. 


The variation of the total energy of the (HsN...H)+ system with 
changing $I is illustrated in Fig. 2 for values of r between 0.70 and 3.0 A. 
Dashed lines represent curves for r < 1.02 A, the equilibrium N-H bond 
length. For each value of r ,  the lowest energy structure is that with 4 = 
O”, in which the proton lies directly along the C3 symmetry axis of NH3. 
Increasing 4 results in a monotonic increase in the energy corresponding 
to a less stable complex. The sensitivity of the energy to $I decreases as 
r is increased. For example, for r = 1.02 A the (H3N. . .H)+ complex with 


2.2% 


-56.24 1 - l  ’ ’ / 0 
-56.20 @? 
0 
I - 
0 
0 
- - 
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/ 
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Figure 2-Dependence of total energy E of the (H&. .H)+ system on 
angle &for uarious distances r. Filled circles and dashed lines indicate 
that r is shorter than the equilibrium distance r = 1.02 A. E(r = m) = 
-56.10249 0.u. 
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4 1  
Figure 3-Dependence of the bending force constant k on distance r 
for the ( H . a  . .H) + system. 


the proton bent 20’ off the C3 axis is 11.6 kcal/mol less stable than that 
= Oo, whereas the analogous quantity is only 2.4 kcal/mol for r = 


3.0 ford . Additional data concerning the energetics of deformation for angles 
4 = 20°, 40°, and 60” are presented in Table I. Each value of AE is de- 
fined as the difference in energy between the indicated value of 4 and that 
for 6 = 0’. Fitting these data to a parabola for each value of r uia least- 
squares analysis yields the bending force constants, k (AE = 0.5k4*). 
Figure 3 shows how these bending force constants decrease with in- 
creasing r .  


Deformation energies for selected conformations of ((CH&N. . .H)+ 
are listed in the final column of Table I. Figure 4 shows a comparison of 
the results for the latter system (solid line) with those for the (H3N. . .H)+ 
system (dashed line) at r = 1.20 and 1.75 A. A strong similarity is clearly 
evident for the energetics of bending in the two amine systems. For values 
of 6 > 20°, we note that the energy for ((CH&N.. .H)+ rises somewhat 
faster with increasing 4 than does (H3N.. .H)+. This difference is prob- 
ably a result of steric repulsion between the incoming proton and the 
methyl hydrogen atoms of trimethylamine, which are not present in 
NHS. 


The deformation energy for trimethylamine is quite uniform in the 
t and - direction of 4, as indicated by similar AE values for = 20° and 
-20’. This is contrary to the (H3N.. .H)+ case, where the deformation 
energy for positive 4 is noticeably greater than for negative angles. In the 
latter case the proton fits “in between” (in a staggered manner) two 
ammonia hydrogen atoms (Hb and Hv; see Scheme I) while for positive 
6, the proton is eclipsed with one hydrogen (Ha). Thus, the three H+-H 
distances for 4 = 20’ and r = 1.75 A are 2.02,2.44. and 2.44 A, as com- 
pared with 2.52,2.20, and 2.20 A for 4 = -20’. For trimethylamine the 
hydrogen atoms are more uniformly distributed around the central ni- 
trogen. The four shortest H+-H distances in the ((CH3)sN.. .H)+ Ays- 
tem, again for r = 1.75 A,are 2.33,2.33,2.81, and 2.81 A for 4 = 20’. which 
is very similar to the corresponding values of 2.37,2.37,2.73, and 2.73 A 
for 4 = -20’. 


DISCUSSION 


We have presented dcu la t ed  resulti of the energetics of deformation 
of the amine-proton system. The preferred or lowest energy structure 
in each case is one in which the proton lies directly along the lone pair 
direction of the amine. (A similar conclusion was reached by Baird (20) 
for the interaction of NH3 with both NH4+ and NH3.) Calculated bending 
energies extended over a wide range of values, varying up to 90 kcaUmol 
for 60’ bends a t  the equilibrium r(NH) distance of 1.02 A for the 
(H3N.. .H)+ system. 


Our calculated results show a greatly diminished sensitivity of the 
amine-electrophile interaction energy to angular deformation as the 
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Figure 4-Dependence of total energy E of the ( ( C H 3 ) f l .  .H)+ system 
on angle 6 for two distances r (0 and -, left ordinate). Also shown are 
the corresponding values for (H@ . .H)+ for the same distances r (0 
and - - -, right ordinate). For the ((CH3)fl. .H) + system E (r = a) = 
-I 73.00797a.u. 


distance between the two species is increased. Qualitatively similar 
conclusions may be reached by examination of the molecular electroetatic 
potentials in the vicinity of the amine group of morphines (21,221. Al- 
though these potential maps include only nonperturbing effects of a unit 
charge and thereby neglect polarization, charge transfer, and exchange 
terms, the results indicate preferred binding of a positive charge along 
the lone pair direction of nitrogen. The maps (21,22) further suggest that 
the decreasing sensitivity of the binding energy to angle a t  longer dis- 
tances, found here for simple amines, is common to morphines as well. 
Thus, the formation of a bent complex may be only a little less favorable 
energetically than a “straight” complex a t  separations of perhaps 2.5 or 
3.0 A. For example, while a bend of 20’ in the (H N .H)+ system leads 
to a deformation energy of 11.6 kcal/mol a t  1.02 d, the strain energy for 
a similar bend is only 2.4 kcal/mol at r = 3.0 A. 


I t  is therefore important to consider what might be expected for the 
distance between the nucleophile and the electrophile at the receptor 
when the (noncovalent) interaction occurs. A distance of 2 8, was used 
in the “transition-state complex” between the propene nucleophile and 
a proton by Caramella et  01. (23). Distances between nucleophiles and 
electrophiles of as long as 3 8, have been observed in crystal structure 
studies (24). Burgi e t  a/. interpreted these long distances as indicating 
nonbonded interactions of the donor-acceptor and dipole-dipole types 
(24). Therefore, distances between the amine nucleophile and electrophile 
of 2 2  A a t  the receptor would not be an unreasonable estimate. 


At interaction distances >2 A, the lone pair and electrophile may be 
significantly misaligned without large deformation energies. For example, 
for the (H3N. . .H)+ system, at r = 2.0 A, a bend of 15’ from optimal or- 
ientation produces an energy increase of 3 kcal/mol, while the analogous 
bend yielding a similar increase a t  r = 3.0 8, is 24’. 


While it would be presumptuous to generalize our data on the 
(HaN. . .HI+ and ((CH3)3N. .H)+ systems and claim that they are directly 
applicable to all nitrogen-containing drugs and hormones, we believe that 
our findings should be considered qualitatively when picturing the in- 
teraction of the N lone pair of biologically active amines with an elec- 
trophilic site at the receptor. 


The fact that the difference in energy between a“bent” and “straight” 
complex may become very small for longer r values does not support the 
orbital steering concept (25). The experimental (26) and theoretical (e.g., 
27) work of other investigators has already provided evidence which is 
not in agreement with the orbital steering concept. 


Finally, we may note that our studies on angular dependence of the 
interaction between the N lone pair of amines with a proton complement 
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previous studies of the angular dependence of the interaction between 
nucleophiles and certain electrophilea which possess intrinsic steric re- 
quirements (27,28), as well as electrophiles in general (20,29-32). 
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Abstract 0 Standard nonionic emulsifiers are heterogenous by nature. 
Their reported molecular weight is unreliable, especially when several 
lots of the product are used in a study. The number-average molecular 
weights of two nonionic emulsifiers, poloxamer 188 and polyoxyethyl- 
ene(23) lauryl ether were determined by vapor-phase osmometry. This 
determination is essential when the concentration should be given in 
molarity rather than in weight per volume. A discrepancy was noted 
between the number-average molecular weights of two lob of poloxamer 


168. That difference is taken into account prior to the estnbliahment of 
any comparison of the behavior of the emulsifiers. 


KeYRhram 0 Poloxamer 1 c n u m b r - a v e r a g e  mokcula weight, 
vaPor-phase OSrnometry Po1yoxyethy1ene(23) l a u d  ether-num- 
ber-average molecular weight, vapor-phase osmometry 0 Vapor-phme 
osmometry-determination of number-average molecular weighte, 
poloxamer po1yoxyethy1ene(23) lauryl ether 


Standard nonionic emulsifiers are chemically impure, 
with a composite nature that confers specific properties 
which render them suitable for numerous applications such 


as emulsification, wetting, foaming, etc. Because of this 
particular feature, determination of the molecular weight 
of nonionic emulsifiers is complicated and the analytical 
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Long-Term Stability of Aqueous Solutions of 
Luteinizing Hormone-Releasing Hormone Assessed by an 
In Vitro Bioassay and Liquid Chromatography 
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Abstract 0 The stability of aqueous solutions of luteinizing hormone-releasing 
hormone (LHRH) after extended storage at various temperatures was in- 
vestigated using a newly developed HPLC assay and an in vitro dispersed 
pituitary cell culture bioassay. Good correlations were obtained between the 
potency obtained by HPLC and bioassay in samples stored at 37OC or 
subjected to different stress conditions. No significant decrease in activity of 
LHRH was observed in aqueous solutions stored at  37OC for up to 10 weeks, 
a t  4OC for 2 years, or subjected to repeated freezing and thawing for 5 d. 
Heating to 6OoC in sterile pH 9.0 buffer up to 1 1  d and storage at ambient 
temperature in nonsterile solution for 4 months produced well-distinguished 
degradation products and a decrease in potency. I t  is concluded that sterile 
aqueous solutions of LHRH are stable for at least 10 weeks at 37OC and, thus, 
could be reliably used for chronic administration when long-term stability 
at body temperature is important. 


Keyphrases 0 Lutehizing hormone-releasing hormone-stability, aqueous 
solutions, in vitro bioassay, HPLC 0 Stability-LHRH, aqueous solutions, 
in vitro bioassay, HPLC 0 Degradation-LHRH aqueous solutions. in citro 
bioassay, HPLC 


Luteinizing hormone-releasing hormone (LHRH), isolated 
from porcine hypothalami by Schally et al. ( I ) ,  was found to 
release both luteinizing hormone and follicle-stimulating 
hormone from the pituitary of several species, including hu- 
mans (1, 2). LHRH has recently been found to be clinically 
useful in stimulating gonadotropin release, testicular devel- 
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Figure I-HPLCprojile of LHRH solutions prepared in 0.01 M borate buffer 
(pH 9.0) kept at 60°C for 0. 3. and I I d .  The arrows indicate intact LHRH 
peaks. 


opment (3-5), and follicular maturation and ovulation (6.7) 
in hypogonadotropia in humans, especially when small doses 
of LHRH are administered chronically by intermittent in- 
travenous injection (8-10) or by a portable infusion pump 


We have evaluated the stability of LHRH solutions under 
commonly used storage conditions and after long-term expo- 
sure to body temperature (37OC) to determine how long and 
under what conditions LHRH solutions might be utilized for 
chronic hormone administration. LHRH activity was assayed 
by in uitro pituicyte bioassay as well as a newly developed 
HPLC technique. 


(1 1-1 3). 


EXPERIMENTAL 


General Experimental Protocol-Sterile stock solutions of synthetic 
LHRH' were prepared at a concentration of 1 mg/mL in  distilled water or 
0.01 M borate buffer (pH 9.0). Aliquots (1  mL) of the stock solution were 
dispensed into 2-mL glass vials and sealed with polytef-lined stoppers. The 
samples were stored at  various temperatures as  specified below. At selected 
time intervals, two individual vials were removed and stored at -2OOC for 
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Figure 2- Lutehizing hormone release from dispersed rat pituitary cells 
in culture following incubation with LHRH solutions kept at 60°C for 0 ,3 ,  
and I 1  d .  Key: (-) in distilled water; 1 - -  -) in buffer (pH 9.0). 


1 Synthesized by Dr. Erhard Gross at NIH; lot CCD 332 78-135. 
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Table I-Stability of LHRH at  60°C Table 11-Specificity of the HPLC Assay 
~~~ 


Potency, % 
Dav HPLC Biodssav 


0 100 I00 
Distilled water 3 96 118 (I, >0.25)  


1 1  96 142 (I, > 0.25) 
Buffer pH 9.0 3 40 15 (I, < 0.02) 


I I  5 7 (P <0.01) 


subsequent analysis: one was analy7ed by HPLC and the other by an in oitro 
bioassay using dispersed rat anterior pituitary cells in culture. The potency 
of all treated samples was cornpared with freshly prepared LHRH solu- 
tions. 


Experiment I-To check the specificity of the HPLC analysis, stock so- 
lutions of LHRH in distilled water and in borate buffer pH 9.0 were heated 
to 60 f 2°C in a constant-temperature oven for 0, 3, and 11 d. The potency 
of the samples was anlayzed by both IIPLC and bioassay. 


Experiment 2.-To provide a different set ofdegradation products to test 
the specificity of HPLC assay, a degraded LHRH solution was prepared by 
leaving a nonsterile solution of LHRH at ambient temperature for 4 months. 
Three mixtures of LHRH solutions were then prepared: (A) 9040 fresh LHRH 
t IBdegradcd  LHRH. (B) 9Wo fresh LHRH + IWO normal saline, and 
(C) 100% degraded LHRH solution. Solution B was used as the control 
sample. 


Experiment 3-To determine the long-term stability a t  body temperature, 
stock LHRH solutions in distilled water were kept at 37 f 0.1 OC in  a con- 
stant-temperature water bath, and the activity of LHRI-I was assayed by 
HPLC and pituitary cell culture. Samples were incubated for 0.4.6, and 10 
weeks in the first experiment and for 0, 10. and 27 weeks in a second 
study. 


Experiment 4 -To obtain the long-term shelf life, sterile solutions of 
LHRH were stored for 2 years at 4OC. The LHRH potency was determined 
by the HPLC method alone. 


Experiment5-To evaluate the effect of accidental freezing and thawing, 
one set of samples was stored at -20°C in a freezer but subjected to a I-h thaw 
at room temperature every day for 5 d. The potency of thc frozcn and thawed 
samples was compared with the original control vials, which remained frozen 
until HPLC assay. 


Liquid Chromatographic Assay of the LHRH Solution- HPLC was per- 
formed on a 25 cm X 4-6 mm i.d. reverse-phase column* using a liquid 
chromatograph) equipped with a variable-wavelength detector4 and a fixed- 
volume injector5. A mobile phase of acetonitrile-acetic acid-sodium hexyl- 
sulfonate-water (35:O.l:O 2:64.7) a t  a flow rate of 1.6 mL/min was used as 
the eluant. Retention time of LHRH was 6.0 min under these conditions. 
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RETENTION TIME, min 
profile of nonsterile LHRH solutions stored at ambient 


tenrperature. Key:.(Aj time zero; (B) 4 months. 


* Zorbax-CB; DuPorir Instruments, Wilrnington. Del. 
Model 3500 B: S ctra Physics, Santa Clara, Calif. 


4 S.F. 770; %hoe& instruments, Western, N.J.  
Velco. Houston, Tex. 


Potency, % 
Solution HPLC Bioassay 


A I06 I06 (p > 0.25) 


C 55 31 
B 100 100 (jl < 0.001) 


Testosterone, which was used as  internal standard in  a few runs tocheck the 
quantitation accuracy, had a retention timeof 11.5 min. The wavelength for 
quantitation was 220 nm. 


Solutions of LHRH were diluted quantitatively to 20pg/mL, and 50 p L  
of this solution was injected using the fixed-loop injector. Testosterone, when 
added to chcck the accuracy, was added at a concentration of 10 pg/mL in 
the mobile phase used for dilution of stock LHRH solutions. Either the peak 
height of LHRH or peak height ratioof LHRH to testosterone was used for 
quantitation. The potency of the treated samples was compared with the 
freshly prepared samples. 


Bioassay of the LHRH Solutions-The bioactivity of LHRH was a s s d  
by quantitating the release of luteinizing hormone into the media of dispersed 
rat anterior pituitary cells placed into short-term monolayer culture according 
to the method of Vale et al. (14). The control and experimental LHRH 
samples were added to the cell culture in the dose range of 10-7-10-10 M for 
3 h, and the medium was then aspirated, centrifuged to remove any suspended 
cells, and the luteinizing hormone Concentration was measured by double- 
antibody RIA using LHRH-I as standard (15). Reagents were provided by 
the NIAMDDK National Hormone and Pituitary Program. All samples from 
one experiment were measured individually in duplicate in a single assay to 
eliminate between-assay variation. The assay detection limit was 2 ng/mL. 


Statistical Analysis -All bioassay results are presented as  the mean f 
S E M .  Potency estimates were determined within each cell culture experiment 
relative to the LHRi1 stock solution prepared on day 0. Each LHRH dose- 
response curve Has first tested for linearity (I test) and then for parallelism 
(F test) to the control curve prior to the estimation of potency. The relative 
precision (x) for symmetrical experimental designs was determined according 
to the method of Finney (16). 


RESULTS AND DISCUSSION 


Specificity of the Liquid Chromatographic Method and Its Correlation with 
the Bioassay-The HPLC method gave sharp and reproducible peaks for 
LHRH, and the height of the LHRH peak was directly proportional to the 
concentration of LHRH in a series of freshly prepared solutions. The HPLC 
profile of LHRH in borate buffer pH 9.0 heated to 60°C showed a degradation 
product peak which was well separated from the intact LHRH peak (arrow, 
Fig. 1). The small shoulder (corresponding to the retention time of the deg- 
radation product) in the time-zero sample in  Fig. I is, however, attributible 
to a chromatographic artifact. Purity of the LHRH peak was verified by 
comparison of the retention times and peak height ratios at 210,220, and 230 
nm of the sample peaks to those from a freshly prepared solution of LHRH. 
Solutions of LHRH in distilled water were stable after being heated to 6OoC 
for up to I I d. By contrast, significant loss of integrity was observed at pH 9.0 
during the same time interval. The results of the HPLC assay correlated well 
with those obtained by bioassay (Fig. 2, Table I). The potency of the mild 
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Figure 5- Luteinizing hormone release f rom dispersed rat pituitary cells 
in culture following incubation with LHHH solutions prepared in distilled 
water (pH 6)  and kept at 37°C for  0.4.6. and 10 weeks. 


alkaline solution of LHRH stored at 60°C for 1 1 d was 5% by the HPLC assay 
and 7% by bioassay. 


The HPLC profile of the degradation product of the nonsterile LHRH 
solution stored at ambient temperature for 4 months was different from that 
obtained from LHRH solution stored at  6OoC i n  borate buffer (Fig. 3). The 
potencies of this degraded LHRH product were 55 and 31% when assayed 
by HPLC and pituitary cell culture, respectively (Table 11). There was no 
significant difference in the potency between LHRH solutions mixed with 
normal saline or the degradation product a t  a final concentration of 10% 
(Table 11). 


Analysis of the HPLC assay shows that under the conditions tested in this 
study ( a )  it gives reproducible LHRH peaks both in terms of retention time 
and peak height ratio a t  three different wavelengths, ( b )  the intact LHRH 
peak can be distinguished from the degradation peak(s) produced from two 
separate stress conditions, and (c) the chemical integrity of LHRH obtained 
by HPLC assay correlates well with the biological potency obtained by pitu- 
itary cell culture. It is concluded, therefore, that the reported HPLC method 
can be used as a rapid and reliable assay. 


Stability of the LHRH Solution-The HPLC chromatograms and the 
LHRH response curves of pituitary cultures of some representative solutions 
of LHRH in distilled water kept at 37OC are shown in Figs. 4 and 5 and Table 
111. The potency of LHRH in samples stored at 37OC for 27 weeks was reduced 
10% as measured by HPLC, but showed a 40-5W0 decrease by bioassay be- 
tween 10-27 weeks. The significant difference between the HPLC and 
bioassay results for the 27-week sample is real, as confirmed by reassaying 
samples from the same vial by both HPLC and bioassay (experiment 2, Table 
111). Bacterial contamination cannot be completely ruled out as  a possible 
cause of this difference. 


LHRH stored at 4OC for up to 2 years and that subjected to repeated 
freezing and thawing for 5 d retained 94 f 2% and 95 f 2%. respectively, of 
their chemical integrity by HPLC. These results indicate that LHRH survived 
for at least 10 weeks at 37OC and for at least 2 years when refrigerated. Ac- 
cidental freezing and thawing causes no change in the HPLC profile, and 
short-term exposure to 6OoC does not induce significant deterioration of the 
peptide hormone in distilled water as assayed by either HPLC or the biological 
response of pituitary cell culture. It appears that a sterile LHRH solution is 
adequately stable for formulation and storage either frozen or refrigerated 
and could be reliably used in pumps for a t  least 10 weeks. 
Our results also demonstrate that a nonsterile solution of LHRH at ambient 


temperature was chemically degraded 45% in 4 months. Based on HPLC assay 


Table Ill-Stability of LHRH in Distilled Water a t  37°C 


Potency, % 
Exwriment Weeks HPLC Bioassav 


I 0 100 I00 
4 
6 


10 


98 100 p >0.25 
96 65 p < 0.2 
90 47 I, < 0.02 


2 0 10 100 
10 92 66 p < 0.2 
27 89 60 p <0.05 


values of sterile LHRH solutions at  4OC or 37OC. storage for 4 months at 
ambient temperature of LHRH should produce little degradation. The in- 
creased degradation is probably attributable to bacterial contamination, which 
causes a dramatic loss of activity of polypeptides6. This might also explain 
the shorter stability of LHRH solutions observed by Dermody et al. (17) at 
4OC (stable for 14 weeks at 4OC compared with 2 years in our experiments). 
They observed bacterial contamination in thcir solutions stored at 4OC, and 
the rather abrupt loss of activity reported by them between 14 and 23 weeks 
suggests that LHRH degradation was catalyzed by bacteria. One should, 
therefore, be careful in extrapolating the stability data presented in this paper 
to nonsterile solutions of LHRH. 


Identification and isolation of degradation products was not attempted in 
this investigation. However, it is known that minor changes in amino acid 
composition of LHRH impart marked changes in  agonist or antagonist 
bioactivity’. Significant differences in the bioassay and HPLC results obtained 
in our experiments may be due to an altered biological activity of the degra- 
dation products. 
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Dilute solutions (0.1 - 1 .O mg/ml. in water) of ,%endorphin (32 amino acid peptide) 
and corticotropine-releasing hormone (41 amino acid peptide) could lose their activity 
completely in  2 d at 37’C if kept nonstcrile. whereas sterile solutions show little degra- 
dation (unpublished results from this laboratory). 


’Substituting D-trypophan as the 6 th  aminoacidof LHRH increa.ses inoil;o response 
-1 Wfold. 
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markable changes that have taken place in understanding chemical 
substances that are important in the central nervous system over the past 
ten years. Cannon’s review on “Structure-Activity Relationships of 
Dopamine Agonists” is well illustrated with chemical formulas, which 
is an important aid in following the discussion. The chapter on “Recent 
Developments in Mass Spectrometry for the Analysis of Complex Mix- 
tures” provides some very basic and informative material on how the new 
techniques in this area are being used. The volume provides a number 
of other very timely reviews; they seem to be well written and could 
provide the reader with some initial leads to more in-depth studies that 
have been carried out. 


The indexing for the volume is very complete, both by author and 
subject, for rapid access to the desired material. Each of the reviews ends 
with a Conclusion or Summary section which distills each review to some 
very basic points and areas of interest for the future. 


Because of the nature of the series, this would be a good volume to have 
present in the library so that individuals could easily read a review in one 
of the areas covered. I would recommend that the volume be acquired 
for a School of Pharmacy library or Health Science library or in a gen- 
eral reading room facility for fac dty and graduate students. The volume 
provides a valuable resource for a reasonable cost, in that the authors of 
the various sections have provided good coverage of findings that have 
taken place in recent years in pharmacology and toxicology. 


Reviewed by Duane D. Miller 
College of Pharmacy 
Division of Medicinal Chemistry 


The Ohio State University 
Columbus, OH 43210 


and Pharmacognosy 


FREE RADICALS AND CANCER. Edited by ROBERT A. FLOYD. 
Marcel Dekker, Inc., 270 Madison Avenue, New York, NY 10016.1982. 
541 pp. 16 X 23.5 mm. Price $69.75 (20% higher outside the U.S. and 
Canada). 
The role of free radicals in cancer development has been of concern 


to, and studied by, many investigators in the past three decades. Up to 
the present, however, there is as yet no clear-cut settlement of this 
seemingly simple but actually complicated problem and probably there 
never will be. This is perhaps one of the main reasons that the editor is 
compiling the thoughts of many investigators from all over the world into 
one volume. 


Thirteen groups of researchers contributed their findings and inter- 
pretations. These include (titles abbreviated): C. Nagata et al. (Free 
Radicals from Y nical Carcinogens and Significance in Carcinogenesis) 
from Japan; f 5 !r et al. (Nitroxide Metabolism in Liver Microsomes) 
from the Federal depublic of Germany; H. M. Swartz (ESR Studies of 
Cancer) of Illinois; E. Cavalieri et al. (Multiple Activation Mechanisms 
in Aromatic Hydrocarbon Carcinogenesis) of Nebraska; A. M. Bobst 
(Spin Bioassays with Nucleic Acids) of Ohio; J. Cadet and R. TBoule 
(Binding of Radiosensitizing Drugs to DNA) from France; F. R. DeRu- 
bertis ap 1 P. A. Craven (Activation of Guanylate Cyclase and Evidence 
for a Fr Radical Mechanism) of Pennsylvania; N. M. Emanuel (Free 
Radicals and Growth of Tumors) from the U.S.S.R.; R. Sridhar (Radia- 
tion Sensitizers in Therapy) of Oklahoma; R. A. Floyd (Free Radicals and 
Arylamine Carcinogenesis) of Oklahoma; E. G. Janzen and E. R. Davis 
(Detection of Free Radicals by Spin-Trapping) from Canada; J. A. Hinson 
et al. (Role of Free Radicals in the Mutagenicity of N-Hydroxy-2- 
acetylaminofluorene) of Maryland; and J. E. Biaglow et al. (Metabolic 
Activation of Carcinogenic Nitro Compounds to Oxygen-Reactive In- 
termediates) from the U.S. and Canada. It is probably unavoidable that 
writings which came from such a variety of sources would contain material 
with duplicate or even contradictory information. Actually this is perhaps 
a clever way to inform the readers of the vastness and the uncertainties 
of this field of study. 


Aside from the key question raised at the beginning of this review, there 
are other points that deserve to be mentioned. Although free radicals have 
been detected in many carcinogens with or without enzymatic action, they 
have also been detected in normal and pathological tissues. Throughout 
this book it is reported that even some compounds possessing recognized 
antineoplastic action, such as doxoru’,icin hydrochloride (Adriamycin), 
or prophylactic property against car. er information, such as ascorbic 
acid, produce free radicals in ESR measurements. To make the situation 


even more complicated, some carcinogens do not produce free radicals. 
Free radicals generally are defined as species having ESR signals in the 
g = 2.00 region with line shapes and power-saturation characteristics 
typical of organic free radicals (the latter exclude paramagnetic metals). 
However, measurement of free radicals depends on a number of variable 
experimental conditions, including the preparation of samples, the 
temperature during measurement, the solvent used, the type of tissue 
examined, and animal species differences. Therefore, one should be ex- 
tremely careful and cautious in making empirical and qualitative corre- 
lations and straightforward interpretations. 


The relationship of free radicals to cancer can perhaps be approached 
in another aspect. That is, to study the quantitative rather than the 
qualitative characteristics of free radicals in certain types of cancer de- 
tection, diagnosis, and response to treatment. There are already indica- 
tions in this book that an in-depth study of ESR signals may reveal 
characteristic information in the development and progression of certain 
types of tumors and tumor response to therapeutic tieatment. Studies 
along this line should be extremely useful in cancer research. 


After reading all of the material presented in this book, one may assume 
that free radical formation may well be just a phenomenon observed 
during the cellular proliferation (rather than limited to only during the 
cancer growth) or a phenomenon observed as formation of intermediates 
during metabolic activation of many chemical compounds (not necessarily 
limited to mutagens, carcinogens, or antineoplastic agents). The situation 
is analogous to that of the numerous studies on drug-DNA intercalation: 
that the observed phenomenon may not be the real, or the major, or even 
the minor, mode of biological action. 


This book is recommended to those scientists who are interested in 
these aspects of biology and medicine, as well as to oncologists and phy- 
sicians who are forever searching for the fundamental knowledge of the 
secret of life. 


Reviewed by C. C. Cheng 
Department of Pharmacology, Toxicology, 


and Therapeutics 
University of Kansas Medical Center 
Kansas City, KS 66103 


Current  Trends in Organic Synthesis. Proceedings of the Fourth 
International Conference on Organic Synthesis. Edited by HIT- 
OSI NOZAKI. Pergamon Press, Maxwell House, Fairview Park, 
Elmsford, NY 10523. 1983. 429 pp. 18.5 X 27.5 cm. Price $90.00 
(E45.00). 
The 30 lectures compiled from the talks presented at the 1982 IUPAC 


meeting in Tokyo (August 1982) constitute an impressive review of the 
current state of the art in the field of organic synthesis. Because the book 
is a reproduction of the authors’ manuscripts, there are a few typo- 
graphical errors and unclear figures, but these minor shortcomings in no 
way detract from the overall appeal of this volume. As outlined in the 
Preface, the book is divided into four areas: synthesis of natural products, 
methods for achieving stereoselectivity, new synthetic methodology, and 
new reactions. 


The group of lectures on natural product synthesis begins with a pre- 
sentation by E. J. Corey on his work in the leukotriene field, which in- 
cludes synthetic methodology developed for use in this area, but with 
applications throughout organic synthesis, as well as total syntheses of 
LTB and several rationally designed inhibitors of lipoxygenase enzymes. 
The next lecture, by W. Vartmann, discusses the synthesis of stable an- 
alogues of PGI2, illustrating the intimate connection between chemical 
synthesis, biological testing, and development of commercially feasible 
syntheses characteristic of industry. C. Heathcock then describes the 
efforts of his group in the area of stereoselective aldol condensation re- 
actions and their application to his ongoing total synthesis of erythro- 
mycin. B. M. Trost outlines the observations that lead to the development 
of the total synthesis of verrucarol as well as continuing work on its 
elaboration to verrucarin A. A review of the numerous examples of the 
Diels-Alder reaction developed by the group of M. E. Jung and their 
application to steroid and anthracycline natural products is offered next. 
Highly selective protecting group chemistry is the focus of a lecture by 
C. B. Reese on the total synthesis of yeast alanine tRNA, a nonadeca- 
ribonucleotide. W. Nagata presents the work that led to the first indus- 
trially feasible synthesis of a 1-oxacephem, illustrating the multiplicity 
of routes attempted and new methodology that had to be developed along 
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solutes passing through the column is dependent on the interaction or 
displacement of the acetonitrile, rather than displacement of hydro- 
gen-bonded water on the silica gel surface. The mass of the three solvents 
produces a stable and self-activating chromatographic system in equi- 
librium. The presence of 1% ethanol or methanol, commonly used pre- 
servatives in chloroform and methylene chloride, does not adversely affect 
retention times or resolution of the solutes. 
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Abstract 0 The Mayer-Stowe theory was applied to derive the particle 
size distribution of powders of pharmaceutical interest using mercury 
porosimetry. Particle size data obtained by this approach are fairly 
comparable with data derived by other, more popular, techniques such 
as the electrical sensing zone or the air jet sieving methods provided that 
the experimental value of the mercury-powder contact angle and the 
state of aggregation of the powder are carefully studied. Furthermore, 
by applying the Rootare-Prenzlow method a surface area distribution 
can also be derived from the same porosimetry data used to obtain the 
particle size distribution. All experiments were carried out with a mi- 
crocomputerized mercury porosimeter, which allows storage of data 
during the analysis and a subsequent fast elaboration a t  the end of the 
run, with fully printed data on pore size, pore volume, surface area, and 
particle size of the powder sample. 


Keyphrases 0 Mercury porosimetry-application to particle size and 
surface area distributions, pharmaceutical powders Particle size- 
distribution in pharmaceutical powders, determination by mercury 
porosimetry 0 Surface area-particles in pharmaceutical powders, dis- 
tribution, determination by mercury porosimetry 


The particle size of pharmaceutical powders plays a 
major role both in drug processing and bioavailability. 
Poorly soluble drugs are often rendered more available for 
absorption by reducing the particle size, i.e., increasing the 
surface area (1-3). On the other hand, very important 
technological processes such as the compression (4) or 
mixing of powders (5) are strongly influenced by the par- 
ticle size of the materials used. Not only the powdered 
drugs, but also the excipients, exhibit many particle size- 
or surface area-related properties. For example, (a) the 
lubricating efficacy of materials such as magnesium stea- 
rate is strongly influenced by the surface area of the pow- 


der (6), and (b) the disintegrating properties of povidone 
derivatives are dependent on particle size (7). 


The growing need for particle size and surface area 
analyses has led to the introduction of such methods for 
particle size analysis as microscopic counting (8), the 
electrical sensing zone method (8, 9), the air jet sieving 
technique (8, lo), and simple sieving (8). The surface area 
analysis methods used range from gas adsorption tech- 
niques (11,12) to gas diffusion or permeability (6). 


Although mercury porosimetry is used mostly to char- 
acterize the porous structure of materials (13, 141, it has 
been used to determine the surface area (15) and the par- 
ticle size of powders, both in the coarse region (16,171 and 
in the submicron range (18). In pharmaceutics mercury 
porosimetry has been used almost exclusively to study the 
porous structure of tablets (19-21), granules (22,23), or 
polymeric matrices (24,25); no attempt has been made to 
characterize the micromeritics of pharmaceutical powders 
(26). In this paper, we use mercury porosimetry to measure 
the particle size and the surface area distributions of 
powdered drugs and excipients. 


THEORETICAL 


Particle Size Determination-The mercury porosimetry principle, 
based on the Washburn model, consists of registering the volume of pores 
penetrated a t  each intrusion pressure, which can be easily transformed 
into pore size uia the Washburn equation (27) to give a complete pore size 
distribution. An alternative model describing the penetration of mercury 
was proposed by Frevel and Kressley (28) and subsequently developed 
by Mayer and Stowe (29). This treatment defines the solid being pene- 
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Figure 1-Mayer-Stowe model for mercury intrusion between spherical 
particles. Breakthrough pressure Cp) = y(L’/A)/rs, where y is the 
surface tension of mercury, L‘ is a parameter related to the cross-sec- 
tional perimeter a) of mercury, A is the cross-sectional area of mercury 
at  Z1, 22, and rs is the particle radius. 


trated by mercury as an assembly of spherical particles, packed together, 
and relates the size of the access opening to the radius of the spherical 
particles, rather than that of the cylindrical pore as in the case of the 
Washburn model. 


The basic equation of the Mayer-Stowe model is given by: 
P=y--/r. (LO 


A 
(Eq. 1) 


where P is the intrusion or “breakthrough” pressure, rs is the particle 
radius, L’ is a parameter related to the perimeter L of the cross section 
of mercury intruding the touching spheres, A is the area of the cross 
section of intruding mercury, and y is the surface tension of mercury (Fig. 
1). The term L‘/A is a function of the packing angle of the powder bed 
and the mercury contact angle. Mayer and Stowe calculated this ratio 
for all the possible packing angles originated by powder bed porosities 
in the range of 0.25-0.48 and contact angles from 180° to looo; L’/A 
values calculated at 0.48 porosity can be extended to higher porosities, 
as stressed also by Stanley-Wood (18). Thus, once the correct L’/A value 
is chosen from the Mayer-Stowe table (29), one is able to directly derive 
from the experimental intrusion pressure the radius of the spherical 
particles originating the voids which are penetrated by mercury. At each 
intrusion pressure the mercury penetration volume is also registered; by 
expressing the volume as a percentage of the overall penetration volume 
measured at the end of the run, it is possible to derive a complete particle 
size distribution on a volume basis (16). 


Surface Area Determination-Surface area values are usually de- 
rived by mercury porosimetry data assuming that pores are cylindrical 
(30,31); at each intrusion pressure the mercury volume registered can 
be used to obtain a rough evaluation of the surface area of the pore walls 
by a simple geometrical calculation. An alternative model, based on no 
geometrical assumption and thus very much more reliable, has been 
developed by Rootare and Prenzlow (15). Their approach considers the 
process of mercury penetration from an energy point of view and leads 
to the following equation describing the work necessary to cover an in- 
finitesimal area dA of a powder surface with mercury: 


y cos 0 -dA = -P.dV; (Eq. 2) 


Where y is the surface tension of mercury, 19 is the mercury contact angle, 
dA is an infinitesimal area of powder surface, P is the intrusion pressure, 
and d V; is the infinitesimal intrusion volume. The left-hand term of l3q. 
2 is the work of immersion of the infinitesimal area dA into mercury and 
the right-hand term is the work effectively exerted by the mercury 
porosimeter in the course of the intrusion run. 


Integration of Eq. 2 leads to: 


(Eq. 3) 


where A is the powder surfacearea, VO is the intrusion volume registered 
at P = 0 ( i e . ,  is equal to O), and V,, is the final overall volume of mercury 


intrusion. Equation 3 may be used as a basis not only for calculating a 
total surface area from mercury porosimetry data, but also a surface area 
distribution on a particle size basis. In fact, at each intrusion pressure 
it is possible, on one side, to calculate the partial contribution to the 
overall value of the integral in Eq. 3 and, on the other side, to calculate 
from the P value the corresponding particle size value uia Eq. 1. 


EXPERIMENTAL 


Materials-The powdered drugs used were indoprofen’ (an organic 
weak acid) a morpholine derivative (drug A)1, and an ergoline derivative 
(drug B)l. The other powders used were barium sulfate’, cross-linked 
povidone2, crystalline lactose3, microcrystalline cellulose4, magnesium 
stearate’, and fumed silica5. All powders were used as received. 


Mercury Porosimetry-Particle size and surface area analyses were 
carried out using a high-pressure mercury porosimeteF, with intrusion 
pressures ranging from 1 to 2000 kg/cm2, and with a low-pressure 
poro~imeter~, with pressure ranging from 0 to 3.5 kg/cm2. The porosi- 
meter was connected uia an interface data logge9 to a microcomputers 
and a printer-plotter units. 


The powder samples (typical weights ranged from 100 to 300 mg) were 
introduced as received, in the dry state, into the sample container and 
then into the low-pressure porosimeter, where they were deaerated. The 
mercury penetration volume was subsequently registered while the in- 
trusion pressure was increased to atmospheric pressure. The sample 
container was removed from the low-pressure unit and placed inside the 
high-pressure porosimeter; mercury penetration volume was registered 
while intrusion pressure was increased to 2000 kg/cm2. 


Mercury-Powder Contact Angle-Mercury-powder contact angles 
were measured by means of a wettability tester10 using the method of 
Mack (32). Dimensions of the mercury droplets on the surface of acom- 
pact prepared with the sample powder were taken after increasing the 
droplet volume; thus, the derived contact angle can be considered as an 
advancing one (33). This seems to be the most correct value to be used 
in intrusion mercury runs (34), especially in loose powder beds, although 
some uncertainty remains (35). At least 10 replicates were carried out. 


Electrical Sensing Zone Method-Particle size analyses were also 
carried out with an electrical sensing zone apparatusll. The suspension 
liquid used was 0.85% NaCl aqueous solution containing 0.1% surfactant. 
If necessary, this solution was saturated with the powder under exami- 
nation. Disaggregation of the sample was further induced by sonicating 
the suspension. Orifice tubes of different size were used, allowing the 
determination of particles 20.6 pm. 


Air Jet Sieving Technique-Particle size analyses by the air jet 
sieving technique were carried out with an air jet sieve1*. The smallest 
detectable particle size was 32 pm. 


Surface Area Determination by Gas Diffusion-Surface area 
analyses were carried out using a gas diffusion apparatus13. Powder 
samples were packed into the diffusion cell, and then helium was allowed 
to flow through the sample. From the rate of gas pressure decay, a surface 
area value was derived uia a modified Knudsen equation (36). 


Powder Density-The densities of the powders were measured with 
an air-comparison pycnometer14. 


RESULTS AND DISCUSSION 


Mercury intrusion curves for crystalline lactose, microcrystalline cel. 
lulose, indoprofen, and magnesium stearate powders are shown in Fig. 
2A-D, respectively. The particle size distribution for these powders are 
given in Figs. 3A-D. 


Particle Size Determination-Lactose-In Fig. 2A, the mercury 
intrusion curves into a powdered sample of the widely used diluent 
crystalline lactose is shown. Curve A (the first mercury intrusion regie- 
tered) presents a sharp increase in a very low range (0.1-1 kg/cm2) of 


1 Farrnitalia Carlo Erba, Italy. 
2 GAF. 
3 DMV, The Netherlands. 
4 Avicel PH 105, FMC Corp. 


Degussa, Germany. 
6 Model 200; Carlo Erba Strumentazione, Italy. 
7 Macropore Unit; Carlo Erba Strurnentazione, Italy. 
8 Adcomp, Germany. 
9 Model CBM 4032: Commodore. 


’0 Lorentzen-Wettre, Sweden. 
11 Coulter Counter Model TA 11, Coulter Electronics, UK. 
‘2 Alpine, Germany. 
13 Alstan Diffusion Surface Area Meter, Powder Characterization Systems, 


I4 Beckman. 
U.K. 
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Figure 2-Mercury intrusion of crystalline lactose (A), microcrystalline cellulose (B), indoprofen (C), and magnesium stearate (0) powders. Key: 
(A) first run; (w) second run; (0) third run. 


pressures followed by a constant plateau value, suggesting the presence 
only of large interparticle voids. Prom the final overall volume of mercury 
penetration, the powder bed porosity is calculated by (18): 


(Eq. 4) 


where e is the powder bed porosity, V,,, is the final overall mercury in- 
trusion volume, and d is the density of the powder sample. Once the t 
value is calculated (in the case of the first run t was 0.44), one can derive 
the powder bed packing angle u from the Mayer and Stowe paper (Table 
2 of Ref. 29) and subsequently obtain the L'IA value using the u value 
and the experimental contact angle (Table 3 of Ref. 29). For lactose, the 
mercury contact angle was 144'. 


The mercury intrusion pressures of Fig. 2A can be transformed into 
particle size via Eq. 1, and the mercury intrusion volumes expressed as 
percentages of the total intrusion volume. The particle size distribution 
of the crystalline lactose determined from the first intrusion run is shown 
in Fig. 3A, curve A. A satisfactory agreement is found with the particle 
size distribution measured by the air jet sieving technique (curve D, Fig. 
3A). 


If a second and a third mercury intrusion run are carried out on the 
same lactose sample after evacuation to extrude the already filled mer- 
cury, curves Band C (Fig. 2A) are obtained. Although the shape of these 
curves is very similar to that of the first run, the final intrusion volume 
is smaller, probably due to a different packing of the lactose powder 
particles caused by the first intrusion of mercury or to a partial entrap- 
ment of mercury. At any rate, by using the L'IA values derived from the 
porosities calculated by the second and third intrusion runs (f = 0.38 and 
t = 0.35, respectively), particle size distributions (curves B and C, Fig. 
3A) are obtained which are practically superimposable with the curve 
derived from the first intrusion run. 


Microcrystalline Cellulose-Microcrystalline cellulose is a powder 
well known for i ts  intraparticle microporosity (37). Thus, it is interesting 
to study the applicability of the mercury porosimetry technique for 
particle size determination (based on the interparticle porosity) on this 
type of powder. Figure 2B shows the mercury intrusion curves into the 
microcrystalline cellulose powder. For all the intrusion runs, there is only 
one sharp penetration in a very low and restricted range of pressures (1-10 
kg/cm2), which can be reasonably attributed to interparticle void intru- 


sion. In fact, this low pressure range corresponds (via the Washburn 
equation) to a void size range of 8-0.8 Fm, whereas the intraparticle pore 
sizes are <0.003 @m (37), the lowest pore size detectable by the poroei- 
meter. 


Thus, it is possible also in this case to apply the Mayer and Stowe ap- 
proach to derive the particle size distribution of microcrystalline cellulose. 
The porosity values (0.68 for the first run, 0.60 for the second and third 
runs) derived from the intrusion curves and the mercury contact angle 
(145") were used to obtain the particle size distributions shown in Fig. 
3B. There is a good agreement between the mercury porosimetry (curves 
A, B, and C) and the electrical sensing zone technique (curve D), but this 
agreement is particularly good for the second and third runs (curves B 
and C). A tentative explanation may be the presence of a few aggregates 
in the microcrystalline cellulose powder, which could be eliminated by 
the first mercury intrusion. This interpretation can be further substan- 
tiated by carrying out porosimetry determinations on highly aggregated 
powders. 


Aggregated Powders-In the case of lactose, no particular care was 
taken for the first or subsequent mercury intrusion runs in order to obtain 
porosimetry-derived particle size distributions comparable with the air 
jet sieving. But, particular attention must be paid when powder samples 
with aggregates are examined and when other reference techniques are 
used (e.g., the electrical sensing zone method, which requires the dis- 
persion of the sample into a suspension liquid prior to the test). In fact, 
mercury porosimetry tests are carried out directly on the powder samples 
in the dry state; consequently, mercury is forced not only between single 


Table  I-Mercury-Powder Contact Angles 


Powder Mercury Contact Angle 


Povidone, cross-linked 154' 
Magnesium stearate 152' 
Barium sulfate 1 4 9 O  
Indoprofen 147' 
Microcrystalline cellulose 145" 
Lactose 144' 
Morpholine derivative (drug A)  140' 
Ergoline derivative (drug B) 140' 
Fumed silica 136' 
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Figure 3-Particle size distribution of crystalline lactose (A), microcrystalline cellulose (B), indoprofen (C), and magnesium stearate (0) powders. 
Key: (A) derived from the first mercury intrusion run; (8) derived from the second intrusion run; (0) derived from the third intrusion run; (0) 
derived by air jet sieving (A) or electrical sensing zone method (B-0). 
particles, but (if present) also between aggregates and bundles of parti- 
cles. If this is the case, particle size distributions derived by mercury 
porosimetry will differ from those derived by the electrical sensing zone 
technique after dispersion and sonication of the sample. 


This point is illustrated by curves A and B in Fig. 2C (mercury intrusion 
curves) and Fig. 3C (particle size distributions) for the powdered drug 
indoprofen. The particle size distribution for indoprofen derived by 
mercury porosimetry (curve A, Fig. 3C) shows the presence of a high 
percentage of particles >10 pm, which are not detected by the particle 
counter method (curve C, Fig. 3C). This can be attributed to the presence 
of large aggregates in the dry indoprofen powder sample, which are 
eliminated by the dispersion and sonication techniques used prior to the 
electrical counting. If this interpretation is correct, disaggregation of the 
powder sample in the case of mercury porosimetry should eliminate the 
presence of larger particles. This is indeed the case, as shown by curve 
B in Fig. 3C, which was derived by a second mercury intrusion run (curve 
B, Fig. 2C) on the same indoprofen sample after evacuation to extrude 
the already filled mercury. In the first run (curve A, Fig. 2C), a t  low in- 
trusion pressures (0.1-10-kg/cm2 range) interaggregate voids are pene- 
trated, whereas at higher pressures (20-50-kg/cm2 range) both inter- 
particle and intraaggregate penetration takes place, the latter leading 


Table 11-Influence of Mercury-Powder Contact Angle on 
Particle Size Measurement 


Particle Size at 50% Level, pm 
Porosimetry 


Calc. by 
Standard Calc. by 
Contact Experimental Reference 


Powder Angle" Contact Angle Techniqueb 


Indoprofen 2.1 2.7 (147") 2.5 
Magnesium stearate 12.0 17.0 (152") 21.0 
Barium sulfate 1.7 2.1 (149') 2.1 


a 130O. * Electrical sensing zone. 


to disaggregation of the powder, so that particle size distribution derived 
by a second mercury intrusion run is practically superimposable with that 
derived by the electrical sensing zone method. A third mercury intrusion 
run (curve C, Fig. 2C) showed no further change in the particle size dis- 
tribution, suggesting that complete disaggregation of the powder samples 
is achieved after the first run and that no irreversible deformation of 
particles is caused by mercury intrusion. 


Another example of this aggregation effect is given in Fig. 2D, showing 
porosimetry data for a magnesium stearate powder. In this case also, the 
second mercury intrusion run (curve B, Fig. 2D) greatly differs from the 
first run (curve A, Fig. ZD), indicating the presence of aggregates; in fact, 
if particle size data are derived only from the second mercury intrusion 


'oo/lOO $ 


PARTICLE DIAMETER, Nrn 


Figure 4-Surface area distribution of indoprofen powder. Key: (a) 
surface area distribution derived from mercury intrusion, second run; 
(A) particle size distribution derived from mercury intrusion, second 
run. 
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Table 111-Precision of Particle Size Analysis by Mercury Porosimetry: Reproducibility of Cumulative Oversize Volume Percentage 
Distribution Data of Morpholinic Derivative Drug  A 


Mercury 
Intrusion Particle 
Pressure, Size, Sample I, Sample 11, Sample 111, Sample IV, Sample V, Sample VI, c v, 
kg/cm2 Pm B % % % % % Mean % 


5 7.3 9.6 11.0 11.3 10.9 10.5 9.7 10.5 6.7 
8 4.6 35.5 38.9 36.8 38.3 36.6 35.7 37.0 3.7 


10 3.7 59.3 63.6 
15 2.5 82.7 84.4 
25 1.5 95.2 95.9 


61.1 
85.3 
95.4 


62.8 
86.4 
95.6 


60.7 
84.9 
94.9 


60.1 61.3 2.7 .. . 


84.5 ai.7 i.4 
94.2 95.2 0.6 


run (curve B, Fig. 3D) one can obtain a particle size distribution very 
similar to that derived by the electrical sensing zone method (curve A, 
Fig. 3D). 


Influence of the Mercury-Powder Contact Angle-In previous 
papers showing particle size distributions derived by mercury porosi- 
metry, standard contact angles of 130" (16, 18) or 140" (17) were used. 
The need for an experimentally measured value for each powder tested 
is illustrated in Table I, showing the large range of contact angle values 
found for a miscellaneous series of powders of pharmaceutical interest: 
from 154" for cross-linked povidone to 126' for fumed silica. Mercury 
contact angles influence the derived particle size data, as the value of the 
term L' /A in Eq. 2 is a function also of the contact angle itself (29). Table 
11 stresses this point, showing that agreement between particle sizes a t  
the 50% level measured hy different techniques is improved by employing 
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SPECIFICA'I'IONS 


Storage of pore volume and intru- 
sion pressure data in the course of 
the analysis. 


Constants entered uia keyboard: 
mercury contact angle, sample 
density, and sample weight. 


Pore volume and intrusion pres- 
sure data, if present, registered by 
Macropore Unit. 


Pore radius cumulative pore vol- 
ume, percentage cumulative pore 
volume, area distribution, and pore 
size distrihution function. 


Cumulative pore volume and pore 
size distribution function uersus 
pore size. 


Constants entered via keyboard: 
Mayer-Stowe constant and cut-off 
volume (interparticle volume). 


Particle size, cumulative percent- 
age distribution, differential per- 
centage distribution, and cumu- 
lative surface area distribution. 


Cumulative percentage oversize 
distribution and differential per- 
centage oversize distribution uer- 
sus particle size. 


Scheme I-F/oui diagram of microcomputer program for pore structure, 
surface area, and particle s i ze  analysis by mercury porosimetry. 


the experimentally measured contact angle instead of a standard 
value. 


Precision of the  Method-Once the accuracy of the particle size 
distribution data derived by mercury porosimetry is optimized by taking 
into account the aggregation and contact angle effects, the precision of 
the method can be checked by carrying out many analyses on the same 
powder sample. Table 111 shows cumulative oversize volume percentage 
data of porosimetry analyses on samples of the morpholinic derivative 
(drug A). The data showed a very good reproducibility over the whole 
intrusion pressure range examined. The C V  a t  any intrusion pressure 
is 53-670, quite comparable with that usually found for a very repro- 
ducible method such as theelectrical counting technique (typical CV of 
electrical counting data are usually <5-7%). 


Surface Area Distribution Analysis-As shown in the theoretical 
considerations, at  each intrusion pressure it is possible to derive a surface 
area value uia Eq. 3. If this calculation is carried out over the whole in- 
trusion pressure range and the surface area data are plotted against the 
particle sizes derived from the intrusion pressures, a surface area distri- 
bution on a particle size basis is obtained. 


Figure 4 shows surface area distribution data (curve A) for the in- 
doprofen powder, derived from curve B of Fig. 2C; the total surface area 
value is 3.38 m2/g. I t  is interesting to compare the surface area distribution 
(curve A) with the particle size distribution also reported in the same plot 
(curve €3): the shape of the two curves differs quite notably in the small 
size range, indicating that smaller particles contribute much more to the 
overall surface area than to the volume distribution. For example, 24% 
(on a volume basis) of particles <2.0 pm originate 50% of the surface area, 
or 7% (by volume) of particles <1.0 pm originate 21% of the surface 
area. 


As already outlined in the theoretical considerations, no geometrical 
assumption has to be made on the shape of the particles. In the electrical 
sensing zone method, surface area values are not experimentally mea- 
sured, but simply calculated from the particle sizes assuming particle 
sphericity. Prom data in Table IV it appears quite evident that  the geo- 
metrical approach can give only a rough estimate of the actual surface 
area. This observation is reinforced by comparing the total surface area 
values derived by porosimetry and electrical counting with the values 
found with another independent method such as the gas diffusion tech- 
nique. As shown in Table IV, there is a fairly satisfactory agreement be- 
tween porosimetry and gas diffusion, whereas electrical sensing zone data 
are lower. The particularly low surface area value derived by electrical 
counting for drug B is due to the presence of a large number of particles 
smaller than the minimum size detectable by this technique. 


Microcomputer Program-The porosimeter is connected uia an 
interface unit to a microcomputer and a printer-plotter. In the course 
of the analysis the microcomputer can store up to 640 pairs of data of 
intrusion pressures and mercury penetration volumes. At the end of the 
run, calculations are carried out as shown in the flow-chart presented in 
Scheme I. The main outputs of the program are: ( a )  printed lists of pore 


Table  IV-Comparison Between Mercury Porosimetry and 
Othe r  Techniques of Surface Area Analysis 


Powder 


Specific Surface Area, m2/g 
Electrical 
Sensing Gas 


Porosimetry Zone Method Diffusion 


Indoprofen 3.38 2.13 2.93 


Magnesium stearate i.4a 0.40 1.80 
Povidone, cross-linked 0.55 .- 0.84 


Ergolinic derivative (drug B) 5.10 0.72 5.49 


0 


riot measured due to the swelling characteristics of the material. 
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Figure 5-Range of particle size measurement by different tech- 
niques. 


structure data, ( b )  plots of cumulative pore volume and pore size distri- 
bution functions, (c) printed lists of particle size and surface area anal- 
yses, and (d )  plots of percentage cumulative and differential particle size 
distributions. 


The program can be applied not only to powders with no intraparticle 
pores (as usually is the case with pharmaceutical powders), but also to 
porous powders. In fact the operator, after the pore structure data are 
fully printed and plotted, may decide to proceed to the particlesize cal- 
culation. To do this, the operator must introduce, uia the keyboard, the 
values of the Mayer-Stowe parameter and the “cut off’ volume, i .e.,  the 
found total interparticle void volume, which has to be distinguished from 
the intraparticle pore volume (18). 


CONCLUSIONS 


Mercury porosimetry can be a valuable method for deriving particle 
size distributions of pharmaceutical powders. Once the possible aggre- 
gation of the sample has been eliminated and the mercury contact angle 
has been measured, very good correlation is found between particle size 
data derived by mercury porosimetry and by other standard techniques. 
The basic advantages of the mercury porosimetry technique can be 
summarized as follows: 


1. No particular treatment of the powdered samples is required. 
Powders are examined as received, in the dry state; this leads to a re- 
duction in operator fatigue and time. Furthermore, possible damage or 
modification of the physical state of the sample caused by any treatment 
prior to the test, such as sonication, is ruled out. 


2. As the powders are examined in the dry state, no limitation or 
trouble is posed by the solubility or swelling characteristics of the rna- 
terial. Highly soluble or swellable excipients (lactose, starch, powdered 
surfactants, etc.)  can be analyzed easily. 


3. A very wide range of particle sizes can be measured (Fig. 5). The 
upper particle size limit is given by the minimum intrusion pressure that 
can be exerted on the sample, usually given by the hydrostatic pressure 
of the mercury column. For example, for a mercury contact angle of 140’ 
and a powder bed porosity of 0.36, the largest measurable particle size 
is 485 pm. The lower particle size limit is given by the maximum intrusion 
pressure which can be exerted by the porosimeter. For a maximum 
pressure of 2000 kg/cm2, a mercury contact angle of 140°, and a powder 
bed porosity of 0.36, the smallest measurable particle size is 0.032 pm. 
This means that submicron powders can be analyzed with the same 
technique used for coarse powders, a major advantage over all other ex- 
isting methods. 


4. A surface area distribution on a particle size basis can be derived 
by the same mercury porosimetry analysis, requiring no additional ex- 
periment or apparatus. Furthermore, the surface area measurement is 
based on no geometrical assumption about the shape of the particles, 
allowing the derivation of an effective surface area comparable with data 
obtained by other experimental methods. 


On the other hand, among the minor disadvantages of the technique, 
we should mention: ( a )  the possible difficulty in completely disaggre- 
gating some powder samples (although in the 30 powder samples we have 
examined thus far, this was never the case), ( b )  the assumption, only for 
the particle size derivation, that particles are spherical, as considered by 
the Mayer-Stowe model, and ( c )  the fact that  particle size distribution 


data can be expressed only on a volume basis and not on a number basis. 
These minor limitations are furthermore reduced if we consider that 
practically all the existing particle size analysis methods, including the 
electrical sensing zone method or light scattering (8), make some as- 
sumptions on the particle geometry and that the volume or mass distri- 
bution is considered the most informative data for particle sizes of 
pharmaceutical powders. It must be stressed that particle sizes measured 
by mercury porosimetry are only indirectly derived from the data of in- 
terparticle void penetration, by assuming well-defined particle packing 
systems. This may pose severe problems with powder samples whoae 
packing behavior (e.g., needle-shaped particles or anomalous flow 
properties) cannot be interpreted by the classical theory. 


On the whole, the advantages of the technique clearly outnumber the 
disadvantages, offering to workers in the physical pharmacy and phar- 
maceutical technology areas a new method of analyzing the particle size 
and the surface area distributions of powders. Furthermore, extension 
and application of the method to the qualitative or quantitative assees- 
ment of the degree of aggregation of powders caused by any process, such 
as micronization, is possible. 
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Abstract 0 The effect of negatively charged liposome components and 
vesicle size on the time course and dose dependency of liposome dispo- 
sition in mice was studied with a view to optimizing liposome delivery 
to the lung. The disposition of large multilamellar liposomes was followed 
using lZ5I-labeled p-hydroxybenzamidine phosphatidyl ethanolamine. 
Of the three negatively charged liposome compositions studied (phos- 
phatidyl choline-X-cholesterol-a-tocopherol, molar ratio: 4:1:5:0.1; X 
= phosphatidyl serine, dipalmitoyl phosphatidic acid, or phosphatidyl 
glycerol), phosphatidyl serine liposomes resulted in the greatest accu- 
mulation in lungs. Lung levels decreased up to 95 h postdose, at which 
time 6% of the liposome dose present a t  2 h still remained. The disposition 
of phosphatidyl serine-containing liposomes was independent of dose 
for the range 0.04-21 pmollanimal. When liposomes containing phos- 
phatidyl choline were prepared using a variety of extrusion and dialysis 
conditions, a strong link between liposome size and lung accumulation 
was revealed. A maximum lung accumulation of 3o.wo of the adminis- 
tered dose was achieved with no detectable gross pathological lung lesions 
up to 24 h postdose. 


Keyphrases Liposomes-multilamellar, phosphatidyl serine, dis- 
position in uiuo, delivery to the lung, mice 0 Disposition-multilamellar 
liposomes, in uiuo, delivery to the lung, mice, phosphatidyl serine 0 
Phosphatidyl serine-multilamellar liposome disposition in uiuo, delivery 
to the lung, mice 


Liposomes may act as drug carriers (1,Z) but some de- 
gree of target specificity is necessary to maximize the 
therapeutic index of the drug. Intravenously administered 
liposomes generally become associated with organs of the 
reticuloendothelial system, mainly the liver and spleen (3, 
4). 


The lungs, because of their susceptibility to disease, e.g., 
metastatic cancer (5 ) ,  are a suitable target organ for at- 
tempts to localize drugs. Liposome preparations in com- 
mon use generally do not accumulate in the lung to any 
significant extent after intravenous administration (6,7).  
I t  is known, however, that liposome doses containing ves- 
icles of 21-pm diameter exhibit improved localization in 
the lungs compared with smaller diameter preparations 
(8-10). This effect has been attributed to simple me- 
chanical trapping in the capillary bed of the lungs (9). Li- 
posomes bearing either positive (11) or negative (6 ,  10) 
surface charge accumulate in the lungs to a greater extent 
than neutral liposomes of similar size. However, there is 
some evidence that positively charged liposomes con- 
taining stearylamine may be toxic in oioo (12). Attempts 
have been made to deliver liposomes to the lungs uia routes 
other than a distant intravenous site, e.g., the ear vein of 


rabbits (13) and intratracheal instillation (14). Such ap- 
proaches can have only specialized applications. 


We have examined the effects of negatively charged 
liposome components and vesicle size on the time course 
and dose dependency of liposome disposition with a view 
to optimizing liposome delivery to the lungs. These results 
will be utilized for directing antitumor drugs to the 
lungs. 


EXPERIMENTAL 


Chemicals-Purified egg yolk phosphatidyl choline and phosphatidyl 
glycerol were prepared as previously described (15). Phosphatidyl ser- 
inel, sodium dipalmitoyl phosphatidate2, cholesterol2, and a-tocophero12 
were chromatographic grade. The method of Szoka and Mayhew (16) was 
used to synthesize the '251-labeled p-hydroxybenzamidine phosphatidyl 
ethanolamine (45 mCi/mg), subsequently referred to as the lz5II-marker. 
All other chemicals were at  least reagent grade. The phosphate-buffered 
saline (pH 7.4) contained 92 mM sodium chloride, 43 mM anhydrous 
dibasic sodium phosphate, 11 mM monobasic sodium phosphate mono- 
hydrate, 100 USP U of penicillin, and 100 pg of streptomycin/mL. All 
buffer-containing solutions were routinely filtered through 0.22-pm pore 
size filters3. Dipalmitoyl phosphatidic acid was prepared by chloroform 
extraction of the sodium phosphatidate in 0.4 M HCI in 20% (v/v) 
methanolic aqueous solution. 


Preparation of Liposomes-Liposomes were prepared as described 
previously (4). Three lipid compositions were used: (A)  phosphatidyl 
choline, dipalmitoyl phosphatidic acid, cholesterol, and a-tocopherol; 
(B) phosphatidyl choline, phosphatidyl serine, cholesterol, and a-toco- 
pherol; and (C) phosphatidyl choline, phosphatidyl glycerol, cholesterol, 
and a-tocopherol. In each case the molar ratio was 4:1:5:0.1. Sufficient 
lipid together with -0.05 pCi of lZ5I-marker per experimental animal was 
dried and suspended in buffer by mechanical agitation, yielding large 
multilamellar liposomes. In most cases these liposomes were subsequently 
extruded through polycarbonate membranes4 having 8-, 5-,  3-, 2-, and 
1-pm diameter pore sizes to generate populations having different mean 
diameters (17). 


Liposomes were dialyzed a t  4°C in the dark against frequent changes 
of buffer, for -2 d. Dialysis was carried out in 1-mL dialysis cells fitted 
with 25-mm polycarbonate membranes5 with a variety of pore sizes 
(specified below) to remove traces of dialyzable iodine-125 and some li- 
posomes of smaller diameter than the membrane pores (17). 


The final total lipid concentration was estimated by phosphorus assay 
(18) of extracted samples (19) and then corrected for the presence of 
non-phosphorus-containing lipids. Vesicle diameters were examed by 
electron microscopy following negative staining (4). 


1 Avanti Biochemicals Inc., Birmingham, Ala. 
2 Sigma Chemical Co., St. Louis, Mo. 
3 Millipore Corp., Bedford, Mass. 


Bio-Rad Labs. Richmond, Calif. 
5 Nucleopore, Bio-Rad Labs, Richmond, Calif. 
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previous studies of the angular dependence of the interaction between 
nucleophiles and certain electrophilea which possess intrinsic steric re- 
quirements (27,28), as well as electrophiles in general (20,29-32). 
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Abstract 0 Standard nonionic emulsifiers are heterogenous by nature. 
Their reported molecular weight is unreliable, especially when several 
lots of the product are used in a study. The number-average molecular 
weights of two nonionic emulsifiers, poloxamer 188 and polyoxyethyl- 
ene(23) lauryl ether were determined by vapor-phase osmometry. This 
determination is essential when the concentration should be given in 
molarity rather than in weight per volume. A discrepancy was noted 
between the number-average molecular weights of two lob of poloxamer 


168. That difference is taken into account prior to the estnbliahment of 
any comparison of the behavior of the emulsifiers. 


KeYRhram 0 Poloxamer 1 c n u m b r - a v e r a g e  mokcula weight, 
vaPor-phase OSrnometry Po1yoxyethy1ene(23) l a u d  ether-num- 
ber-average molecular weight, vapor-phase osmometry 0 Vapor-phme 
osmometry-determination of number-average molecular weighte, 
poloxamer po1yoxyethy1ene(23) lauryl ether 


Standard nonionic emulsifiers are chemically impure, 
with a composite nature that confers specific properties 
which render them suitable for numerous applications such 


as emulsification, wetting, foaming, etc. Because of this 
particular feature, determination of the molecular weight 
of nonionic emulsifiers is complicated and the analytical 
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Table I-Comparison of Reported and Experimentally 
Determined Number-Average Molecular Weights 


23 h I 
q I  


% 5 
49 B 


CONCENTRATION OF SOLUTE, glkg of benzene 


Figure 1-Sample calculation curves of two lots of poloxamer 188. Key: 
(0 ,  0,  A) three sets of data for lot WPTY 1758; (A, 0)  two sets of data 
for  lot WXPG 112. 


method chosen must overcome the heterogeneity of the 
product, which renders impossible the consideration of the 
reported molecular weight. Methods involving the mea- 
surement of colligative properties are extensively used for 
estimating number-average molecular weights <20,000 
(1-3). A prime interest in this area is directed toward 
vapor-phase osmometry as a rapid and reliable technique 
(4). 


The number-average molecular weights of poloxamer 
188 (I) and polyoxyethylene(23) lauryl ether (11) were 
determined by vapor-phase osmometry. Even if an esti- 
mation of the number-average molecular weights can be 
done from their formulas, a more systematic procedure 
should be employed to confirm the uniformity of the 
product, which can vary from lot to lot. These determi- 
nations were undertaken on both substances prior to their 
use in a study dealing with emulsifier behavior a t  the air- 
water and soybean oil-water interfaces. 


EXPERIMENTAL 


Two Iota of I (WPTY 175R and WXPG 112)' and one lot of I1 (667)* 
were studied. The emulsifiers were dissolved in benzene (ACS grade) 
previously dried over calcium sulfate and filtered through a 0.45-pm 
cellulose membrane. Benzil (practical grade, mol. wt. 210.23) was used 
as the standard for calibration. 


The measurements were performed on a molecular weight apparatus3. 
Since the accurate measurement of vapor pressure is difficult, the de- 
termination of the number-average molecular weights is based on the 
temperature difference between a solution and its solvent a t  the same 
vapor pressure. The apparatus consists of a thermostated chamber 
containing two thermistors where a pool of pure solvent is maintained 
at equilibrium with the environment. When a drop of solvent is placed 
on each thermistor, the ratea of evaporation and condensation are equal 
in all parts of the system and the temperature is constant. When a drop 
of solution is placed on one thermistor, this equilibrium is upset and B 
change of temperature for one thermistor is reflected by a change in the 
resistance (AR) of the system. The calibration and calculation curves were 
obtained under the following experimental conditions: main oven tem- 
perature, 40.1 f 0.1OC; sub-oven temperature, 35.3 0.15OC; room 
temperature, 22OC; and equilibration time, 10 min. 


1 Pluronic-Fgs (BASF-Wyandotte), a block copolymer containing W'% of poly- 
ox ethylene units and 20% of polyoxypropylene units. 


lBrij-35, Atlas Chemicals Div.. ICI America, Inc. 
3 HitachiPerkin-Elmer Molecular Weight Apparatus. model 115. 


Number- Average 
Molecular Weight 


Estimated by 
Literature Vapor-Phase 


Value Osmometry 


Poloxamer 188 
Lot WPTY 175B 83500 7448.1 f 95.8 
Lot WXPG 112 8246.9 f 4.8 


Polyoxyethylene (23) lauryl ether (lot 667) 12Wb 1264.4 f 33.5 
a Taken from Ref. 5. *Taken from Ref. 6 


RESULTS AND DISCUSSION 


Determination of the Instrument Constant (K)-This constant 
is the same as the slope of the calibration curve showing the change in 
the AR values for the standard substance (benzil) in benzene at different 
concentrations (C) .  The range of concentration was chosen to generate 
AR values from 50 to 150. K was calculated using four sets of data. No 
significant difference has been noted between the slopes obtained from 
each set of data b e d  on the Student's t test. Since the origin is included 
within the confidence limits (1%) of each intercept, the equation of the 
calibration curve can be represedted as follows: 


A R = K C + b  (Eq. 1) 


where b = 0. The slope is calculated as the sum of AR values divided by 
the sum of the concentrations'obtained for the four sets of data. Ac- 
cordingly, the instrument constant ( K )  is equal to 18,000.150. 


Determination of the Number-Average Molecular Weights- 
Sample calculation curves were obtained by plotting ARIC as a function 
of C for different concentrations of a sample dissolved in benzene (g of 
samplehg of benzene). Figures 1 and 2 show the curves obtained for the 
two lots of I and for 11. The number-average molecular weight is calcu- 
lated using the following equation4: 


Number-average mol. wt. 


(Es. 2) 
- Instrument constant ( K )  - 


Intercept of the sample calculation curve 
Table I shows the number-average molecular weights determined for 


each sample; these results are close enough to those reported, except for 
one lot of I. This difference may have a twofold significance. This par- 
ticular lot was stored in our laboratory for over 3 years a t  room temper- 
ature in an air-tight container. One can suppose that the two lots of I were 


20 


c, 15 


a 
. 
t 


10 


0 
0 2 4 6 8 10 


CONCENTRATION OF SOLUTE, g/kg of benzene 


Figure 2-Sample calculation curves of polyoxyethylene 23 lauryl 
ether. Key: (0, 0, A,I three sets of data for lot 667. 


4 Since the sample calculation curves were made in duplicate or triplicate, the 
mean intercept was used in each case for the calculation. 
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composed of different fractions or that  “degradation” occurred during 
the storage period of lot WPTY 175B. No matter which hypothesis is 
retained, the product has not lost its activity as far as emulsifying or 
surface-active properties are concerned. 


Nevertheless, the average molecular weight of an emulsifier ought to 
be known in order to determine its surface excess and to produce the 
curve of the surface pressure uersus “molecular” cross-sectional area of 
the emulsifier (7). Relying on the reported molecular weight can generate 
misleading values for the aforementioned parameters, especially if the 
data are obtained from different batches of the same emulsifier. No 
comparison can be made between the behavior of different lots of one 
product unless a correction is made for the difference in their molecular 
weights. 


REFERENCES 
(1) G. Champetier, L. Monnerie, “Introduction A la Chimie Macro- 


molbculaire,” Masson & Cie., Paris, 1969, p. 206. 


(2) K. E. Chung, L. L. Anderson, and W. H. Wiser, Fuel, 58, 847 


(3) J. Zynger and A. D. Komy, Anal. Chem., 52,1538 (1980). 
(4) R. V. Figini, Makromol. Chem., 181,2409 (1980). 
(5) “The Wonderful World of Pluronic Polyols,” BASF-Wyandotte, 


(6) J. L. Woodhead, J. A. Lewis, G. N. Malcolm, and I. D. Watson, J. 


(7) F. Guay and S. Bisaillon, J. Colloid Interface Sci., 93,25 (1983). 


(1979). 


Mich., 1973. 


Colloid Interlace Sci., 79,454 (1981). 


ACKNOWLEDGMENTS 


The authors acknowledge the award of a studentship and a research 
grant from the Medical Research Council of Canada and from C.A.F.I.R. 
(University of Montreal). We are also grateful to BASF-Wyandotte and 
Atlas Chemical Industries for providing the surface-active agents, and 
wish to thank Ginette Giasson-Gagnon for her technical assistance. 


Alloxan Analogues as Potential Pancreatic-Imaging 
Radiopharmaceuticals 


WILLIAM E. ADAMS*, NED D. HEINDEL*=, 
GENE TUTWILER *, and HENRY FAWTHROP * 
Received August 19,1982, from the *Center for Health Sciences, Lehigh Uniuersity, Bethlehem, P A  18015 and the 1Biochemistry Department, 
McNeil Laboratories, Spring House, PA 19477. Accepted for publication January 10,1983. 


Abstract  Three families of alloxan derivatives, 5-arylthiobarbituric, 
5-aryliminobarbituric, and 5-aryldialuric acids, were prepared as pro- 
spective radioiodine-transporting radiopharmaceuticah for the delin- 
eation of pancreatic insulinomas. Members of each class were screened 
for effects on blood sugar levels in a rat glucove tolerance assay. Transient 
hyperglycemia was observed with 5-(2,4-dichlorophenyl)iminobarbituric 
acid. No agent evaluated induced permanent diabetes at the doses 
tested. 


Keyphrases Alloxan-analogues, potential tumor-imaging agents, 
pancreatic insulinomas, effect on blood glucose levels, rats 0 Tumor- 
imaging agents-alloxan analogues, pancreatic insulinomas, effect on 
blood glucose levels, rats 


Alloxan and several of its derivatives are diabetogenic 
(1-3). While no definitive structure-activity studies have 
been reported, it appears that alloxan, alloxan monohy- 
drate (II), alloxantin (I), and dialuric acid (1111, without 
bulky substituents on nitrogen, are all able to induce frank 
diabetes (1-3). Some evidence supports a direct effect on 
the pancreas, for degranulation of 0-cells is observed; 
[14C]alloxan was shown to concentrate in the islet cells by 
autoradiography (4-7). 


Development of radiopharmaceuticals for the scintig- 
raphic imaging of occult pancreatic malignancies has been 
a goal of these laboratories for several years (8-11). In a t  
least one previous study, it has been shown that substances 
with direct effects on serum glucose levels can, if ra- 
dioisotopically labeled, preferentially delineate insulin- 
omas (12,13). Alloxan analogues would appear worthy of 
investigation in this regard. 


Three classes of alloxan derivatives have been prepared 
which differ from the parent molecule by possessing an aryl 
moiety at C-5. This pendant aromatic ring would provide 
a suitable locus for the attachment of radioiodine in the 


chemical agent actually selected for the tumor-imaging 
study. As an initial screen to select analogues for isotopic 
labeling, a glucose tolerance test was performed to assay 
diabetogenic potential. This procedure has been described 
previously (14). Candidates were selected from the three 
classes synthesized 5-arylthiobarbituric acids (IV), 5- 
aryliminobarbituric acids (V), and 5-aryldialuric acids 
(W. 


A new and more facile synthesis of 5-arylthiobarbituric 
acids (1Va-c) was developed from triphenylphosphine- 
alloxan adducts (VII), whose synthesis was described in 
an earlier publication (151, and aromatic thiols (Scheme 


A 
alloxan 


H > - -  I 


H 
11: R = OH 


111: R = H 


I 


f;JR, 


VIa: R = X = Y = H 
VIb: R = Me, X = Y = H 
V I c : R = Y = H , X = O M e  
VId: R = Y = H, X = OEt 
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Ahstraet 0 A rapid and simple high-performance liquid chromatographic 
(HP1.C) method for the analysis ofdichlorophen in raw material and indi- 
chlorophen-toluene soft gelatin capsules for veterinary use was developed 
using a reverse-phase technique. This HPLC system was shown to isolate 
dichlorophen from its major impurity (the trimer). Thrce formulations were 
assayed and were found tocontain 7.14.7.90, and 8.4%of the trimer. A C-18 
column was used with a mobile phase of methanol-water (75:25). The flow 
rate was 1.5 mL/min, and the effluent was monitored at  290 nm for both di- 
chlorophen and the trimer. Dichlorophen and the trimer had retention times 
of 6.5 and 9.0 min, respectively. 


Keyphrases 0 Dichlorophen- - HPLC. major impurity 0 IIPLC-analysis 
of dichlorophen and its major impurity 


Dichlorophen ( I ) ,  2,2’-methylencbis(4-~hlorophenol), is an 
anthelmintic which is used mainly for the removal of ascarids 
and hookworms and as an aid in the removal of tapeworms 
from dogs and cats. Dichlorophen is used in combination with 
toluene and is available in a soft gelatin capsule formulation 
for veterinary use. The USP XX (1) does not contain an offi- 
cial monograph for dichlorophen or dichlorophen capsule 
formulations; however, the British Pharmacopoeia (2) does for 
dichlorophen tablets. Dichlorophen is often contaminated with 
a trimer (11),  4-chloro-2,6-bis(5-chloro-2-hydroxybenzyl)- 
phenol, which is a result of the synthesis process. The trimer 
constitutes 5- 10% by weight of dichlorophen. 


The BP (2) method for dichlorophen assay involves a non- 
aqueous titration. Various analytical methods have appeared 
in the literature (3-7)  for the determination of dichlorophen. 
Unfortunately, these methods cannot detect the presence of 
the trimer impurity. The present method offers a rapid and 
simple high-performance liquid chromatographic (HPLC) 
procedure for the simultaneous determination of dichlorophen 
and the trimer in raw material and capsule formulations. 
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Table 1-Analysis of Raw Material Samples of Dichlorophen. 


HPLC Assay Methoxide Titration Method 
Sample Dichlorophen Trimer Dichlorophen 


I 93.6 7.5 97.0 
2 93.7 9.9 96.8 
3 95.2 7.6 96.9 
4 
5 


. . .- 


94.9 
93.9 


.. 


3.3 
7.5 


. . . ~  


98.4 
97.7 


6 95.1 6.1 97.3 
Mean 94.40 6.98 97.35 
SDb 0.74 2.18 0.61 


a Rcportcd as a percentage. Standard deviation. 


EXPERIMENTAL 


Materials-Dichlorophen’ and the trirner’, were used as received. Methanol 
and water were HPLC quality2. A gradient liquid chromatograph3 equipped 
with two single-piston pumps4 was operated in the isocratic mode. A 20-pL 
loop injector5, variable-wavelength detectoP, electronic data printer-plotter7, 
and nonpolar column (3.9 mm X 30 cm8) were used throughout. The mobile 
phase consisted of methanol-water (75:25) and was pumped at 1.5 mL/min. 
The detector was set a t  290 nm and sensitivity was 0.018 AUFS. 


Sample Preparation-Stock solutions of dichlorophen (60 mg/dL) and the 
trimer (30 mg/dL) were prepared in methanol. Solutions of dichlorophen 
containing 5.9.12.15,  and 18 pg/mL were prepared in methanol. Solutions 
of the trimer containing 6.9, 12, 18, and 24 pg/mL were also prepared in  
methanol. 


One capsule wascut, the fil l  material wassqueezed into a 500-mL graduated 
cylinder, and the volume was adjusted with methanol. This was allowed to 
stand for 4 h, and then 8 mL of solution was diluted to 100 mL with methanol. 
Five milliliters of this diluted solution was further diluted to 50 mL with 
methanol to produce a solution having approximate concentration of 16 
pg/mL. Twenty microliters of the resulting solution was used for analysis. 


Calculations-Since linearity experiments indicated that the peak areas 
(and also peak heights) were related directly to the concentrations of dichlo- 
rophen (range 6-18 pg/mL) as well as  the trimer (range 6-24 pg/mL), the 
results were calculated using: 


Ph, C - X - X D X 100 = Percent of label claim 
Ph, L 


Where Ph, is the peak area for the unknown solution, pH, is the peak area 
for standard solution, C i s  the concentration of standard solution (g/mL), L 
is label claim (g), and D is the dilution factor (mL) 


RESULTS AND DISCUSSION 


Dichlorophen contains two phenolic groups. Use of the phenolic properties 
is made in several methods for the assay of dichlorophen ( 8 ) ;  the results ob- 
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Table 11-Analysis of Dichlorophen-Toluene Capsule Formulations by the HPLC Method ’ 
Formulation A Formulation B Formulation C 


Number Dichlorophen Trimer Dichlorophen Trimcr Dichlorophen Trimer 


I 
2 
3 
4 
5 


Mean 
S D h  


93.2 


95.1 


93.9 


92.8 


89.9 


92.98 
I .93 


7.8 


7.8 
8.4 
8.1 


7.4 


7.90 
0.37 


99.8 


98.6 
102. I 


100.7 
99.3 


100.10 
1.35 


7.5 
7.2 
6.7 
7.3 
7.0 
7.14 
0.30 


97.8 
96.4 
97.2 
96.3 
95.4 
96.62 


0.92 


9. I 


8.6 
7.9 
7.6 


0.63 


8.8 


8.4 


Reported as a percentageof the thcorctical label claim of I g. Standard deviation 


A 


0.018 AU 
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- 
0 2 6 6 8 1 0  


MINUTES 


B 
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I 
0.018 AU 


L 
2 l “ 8 ‘  10 


MINUTES 
Figure 1-Typical chromatograms of a standard solution of dichlorophen 
(19 pglmL) and trimer (19 pg/mL) (A) and dichlorophen-toluene soft gelatin 
capsules containing I g of dichlorophen. Key: (a) dichlorophen: and (b) 
trimer. 


tained using these methods included the presence of the trimer. The chro- 
matogram shown in Fig. 1 A was obtained for a standard mixture of dichlo- 
rophen and the trimer. Figure 1 B represents a chromatogram from a d i c h b  
rophen-toluene soft gelatin veterinary capsule formulation. 


The calibration curve for dichlorophen was linear ( r*  = 0.99) over the 
concentration range of 6-1 8 pg/mL. The trimer calibration curve was also 
h e a r  ( r 2  = 0.99) over a concentration range of 6-24 pg/mL. The precision 
of this method was determined using 20 pL of each of a series of 10 standard 
solutions containing 12 pg/mL of dichlorophcn and I 2  pg/rnL of the trimer. 
The coefficient of variation averaged 1.76% for dichlorophen and 2.02% for 
the trimer. 


The recovery data for dichlorophen were determined by adding different 
amounts of the reference standard equivalent to one-third of the amount of 
dichlorophen contained in the dichlorophen-toluene veterinary capsules. The 
analysis of five such samples resulted in recovery values of 99.3, 100.0.99.7, 
101 .O, and 99.8% of the total quantity expected. The mean and standard de- 
viation were 99.96 and 0.64, respectively. The recovery data for the trimer 
were also determined by adding different amounts of thc trimer equivalent 
to one-third of the amount of the trimer contained in the dichlorophcn-toluene 
capsules. The analysis of five such samples resulted in recovery values of 98.2. 
98.9.98.9. 96.5, and 100.5% of the total quantity expected. The mean and 
standard deviation were 98.60 and 1.46, respectively. Therefore, it was de- 
termined from the above data that the assay provides satisfactory accuracy 
and precision. 


Application of the HPLC assay to commercial source dichlorophen raw 
material provided the results given in Table I .  The methoxidc titration pro- 
duced a higher percentage of dichlorophen because this value represents a 
summation of dichlorophen and the trimer. However, the HPLC procedure 
differentiated dichlorophen from the trimer. producing lower percentages. 


Application of the HPLC procedure to three commercial dichlorophen- 
toluene soft gelatin veterinary capsules produced the results given in Table 
11. All formulations were labeled as having 1 g of dichlorophen. Mean di- 
chlorophen potencies were 92.98, 100.10. and 96.62%, with respective standard 
deviations of 1.93, 1.35, and 0.92. The trimer means were 7.90,7.14, and 8.40, 
with respective standard deviations of 0.37,0.30, and 0.63. 


The dichlorophen content for formulations A, B, and C were also deter- 
mined using the methoxide titration method. This method provided mean 
dichlorophen potencies of 99.9, 105.0, and 103.0% for formulations A, B, and 
C, respectively. Again, the methoxide titration provided higher percentages 
of dichlorophen. The method presented here is rapid, precise, accurate, and 
simpler than the methoxide titration method. The trimer content in dichlo- 
rophen raw material can be easily determined. 
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markable changes that have taken place in understanding chemical 
substances that are important in the central nervous system over the past 
ten years. Cannon’s review on “Structure-Activity Relationships of 
Dopamine Agonists” is well illustrated with chemical formulas, which 
is an important aid in following the discussion. The chapter on “Recent 
Developments in Mass Spectrometry for the Analysis of Complex Mix- 
tures” provides some very basic and informative material on how the new 
techniques in this area are being used. The volume provides a number 
of other very timely reviews; they seem to be well written and could 
provide the reader with some initial leads to more in-depth studies that 
have been carried out. 


The indexing for the volume is very complete, both by author and 
subject, for rapid access to the desired material. Each of the reviews ends 
with a Conclusion or Summary section which distills each review to some 
very basic points and areas of interest for the future. 


Because of the nature of the series, this would be a good volume to have 
present in the library so that individuals could easily read a review in one 
of the areas covered. I would recommend that the volume be acquired 
for a School of Pharmacy library or Health Science library or in a gen- 
eral reading room facility for fac dty and graduate students. The volume 
provides a valuable resource for a reasonable cost, in that the authors of 
the various sections have provided good coverage of findings that have 
taken place in recent years in pharmacology and toxicology. 


Reviewed by Duane D. Miller 
College of Pharmacy 
Division of Medicinal Chemistry 


The Ohio State University 
Columbus, OH 43210 
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FREE RADICALS AND CANCER. Edited by ROBERT A. FLOYD. 
Marcel Dekker, Inc., 270 Madison Avenue, New York, NY 10016.1982. 
541 pp. 16 X 23.5 mm. Price $69.75 (20% higher outside the U.S. and 
Canada). 
The role of free radicals in cancer development has been of concern 


to, and studied by, many investigators in the past three decades. Up to 
the present, however, there is as yet no clear-cut settlement of this 
seemingly simple but actually complicated problem and probably there 
never will be. This is perhaps one of the main reasons that the editor is 
compiling the thoughts of many investigators from all over the world into 
one volume. 


Thirteen groups of researchers contributed their findings and inter- 
pretations. These include (titles abbreviated): C. Nagata et al. (Free 
Radicals from Y nical Carcinogens and Significance in Carcinogenesis) 
from Japan; f 5 !r et al. (Nitroxide Metabolism in Liver Microsomes) 
from the Federal depublic of Germany; H. M. Swartz (ESR Studies of 
Cancer) of Illinois; E. Cavalieri et al. (Multiple Activation Mechanisms 
in Aromatic Hydrocarbon Carcinogenesis) of Nebraska; A. M. Bobst 
(Spin Bioassays with Nucleic Acids) of Ohio; J. Cadet and R. TBoule 
(Binding of Radiosensitizing Drugs to DNA) from France; F. R. DeRu- 
bertis ap 1 P. A. Craven (Activation of Guanylate Cyclase and Evidence 
for a Fr Radical Mechanism) of Pennsylvania; N. M. Emanuel (Free 
Radicals and Growth of Tumors) from the U.S.S.R.; R. Sridhar (Radia- 
tion Sensitizers in Therapy) of Oklahoma; R. A. Floyd (Free Radicals and 
Arylamine Carcinogenesis) of Oklahoma; E. G. Janzen and E. R. Davis 
(Detection of Free Radicals by Spin-Trapping) from Canada; J. A. Hinson 
et al. (Role of Free Radicals in the Mutagenicity of N-Hydroxy-2- 
acetylaminofluorene) of Maryland; and J. E. Biaglow et al. (Metabolic 
Activation of Carcinogenic Nitro Compounds to Oxygen-Reactive In- 
termediates) from the U.S. and Canada. It is probably unavoidable that 
writings which came from such a variety of sources would contain material 
with duplicate or even contradictory information. Actually this is perhaps 
a clever way to inform the readers of the vastness and the uncertainties 
of this field of study. 


Aside from the key question raised at the beginning of this review, there 
are other points that deserve to be mentioned. Although free radicals have 
been detected in many carcinogens with or without enzymatic action, they 
have also been detected in normal and pathological tissues. Throughout 
this book it is reported that even some compounds possessing recognized 
antineoplastic action, such as doxoru’,icin hydrochloride (Adriamycin), 
or prophylactic property against car. er information, such as ascorbic 
acid, produce free radicals in ESR measurements. To make the situation 


even more complicated, some carcinogens do not produce free radicals. 
Free radicals generally are defined as species having ESR signals in the 
g = 2.00 region with line shapes and power-saturation characteristics 
typical of organic free radicals (the latter exclude paramagnetic metals). 
However, measurement of free radicals depends on a number of variable 
experimental conditions, including the preparation of samples, the 
temperature during measurement, the solvent used, the type of tissue 
examined, and animal species differences. Therefore, one should be ex- 
tremely careful and cautious in making empirical and qualitative corre- 
lations and straightforward interpretations. 


The relationship of free radicals to cancer can perhaps be approached 
in another aspect. That is, to study the quantitative rather than the 
qualitative characteristics of free radicals in certain types of cancer de- 
tection, diagnosis, and response to treatment. There are already indica- 
tions in this book that an in-depth study of ESR signals may reveal 
characteristic information in the development and progression of certain 
types of tumors and tumor response to therapeutic tieatment. Studies 
along this line should be extremely useful in cancer research. 


After reading all of the material presented in this book, one may assume 
that free radical formation may well be just a phenomenon observed 
during the cellular proliferation (rather than limited to only during the 
cancer growth) or a phenomenon observed as formation of intermediates 
during metabolic activation of many chemical compounds (not necessarily 
limited to mutagens, carcinogens, or antineoplastic agents). The situation 
is analogous to that of the numerous studies on drug-DNA intercalation: 
that the observed phenomenon may not be the real, or the major, or even 
the minor, mode of biological action. 


This book is recommended to those scientists who are interested in 
these aspects of biology and medicine, as well as to oncologists and phy- 
sicians who are forever searching for the fundamental knowledge of the 
secret of life. 


Reviewed by C. C. Cheng 
Department of Pharmacology, Toxicology, 


and Therapeutics 
University of Kansas Medical Center 
Kansas City, KS 66103 


Current  Trends in Organic Synthesis. Proceedings of the Fourth 
International Conference on Organic Synthesis. Edited by HIT- 
OSI NOZAKI. Pergamon Press, Maxwell House, Fairview Park, 
Elmsford, NY 10523. 1983. 429 pp. 18.5 X 27.5 cm. Price $90.00 
(E45.00). 
The 30 lectures compiled from the talks presented at the 1982 IUPAC 


meeting in Tokyo (August 1982) constitute an impressive review of the 
current state of the art in the field of organic synthesis. Because the book 
is a reproduction of the authors’ manuscripts, there are a few typo- 
graphical errors and unclear figures, but these minor shortcomings in no 
way detract from the overall appeal of this volume. As outlined in the 
Preface, the book is divided into four areas: synthesis of natural products, 
methods for achieving stereoselectivity, new synthetic methodology, and 
new reactions. 


The group of lectures on natural product synthesis begins with a pre- 
sentation by E. J. Corey on his work in the leukotriene field, which in- 
cludes synthetic methodology developed for use in this area, but with 
applications throughout organic synthesis, as well as total syntheses of 
LTB and several rationally designed inhibitors of lipoxygenase enzymes. 
The next lecture, by W. Vartmann, discusses the synthesis of stable an- 
alogues of PGI2, illustrating the intimate connection between chemical 
synthesis, biological testing, and development of commercially feasible 
syntheses characteristic of industry. C. Heathcock then describes the 
efforts of his group in the area of stereoselective aldol condensation re- 
actions and their application to his ongoing total synthesis of erythro- 
mycin. B. M. Trost outlines the observations that lead to the development 
of the total synthesis of verrucarol as well as continuing work on its 
elaboration to verrucarin A. A review of the numerous examples of the 
Diels-Alder reaction developed by the group of M. E. Jung and their 
application to steroid and anthracycline natural products is offered next. 
Highly selective protecting group chemistry is the focus of a lecture by 
C. B. Reese on the total synthesis of yeast alanine tRNA, a nonadeca- 
ribonucleotide. W. Nagata presents the work that led to the first indus- 
trially feasible synthesis of a 1-oxacephem, illustrating the multiplicity 
of routes attempted and new methodology that had to be developed along 
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the way. S. Wolfe’s lecture shows how an academic laboratory can branch 
out into exploration’of combining chemical with enzymatic reactions to 
fashion new and important compounds in the 0-lactam field, including 
the commercial product ceftizoxime. Finally, Y. Kishi discusses his 
group’s efforts toward the determination of the stereochemistry of the 
entire palytoxin molecule, mentioning numerous synthetic methods 
developed in the pursuit of this gargantuan task. 


The next group of lectures discusses the development of methodology 
for achieving stereoselectivity in synthetic reactions. W. Oppolzer begins 
by describing his work using chiral precursors to direct carbon-carbon 
bond-forming reactions and his exploitation of the metallo-ene reaction 
to construct complex carbon skeletons. 1). Enders continues with a dis- 
cussion of his work on the use of metallated chiral hydrazones to form 
carbon-carbon bonds with high stereoselectivity. Y. Ito next illustrates 
applications of the intramolecular Diels-Alder reaction of o-quinodi- 
methanes to the construction of steroidal and alkaloidal skeletons. 
C.. Posner discusses his results in stereoselective carbon-carbon bond 
formation uia conjugate addition of Grignard reagents to chiral 2-sul- 
finylcycloalkenones. P. Bartlett shows the potential of his iodolactoni- 
zation chemistry for controlling the stereochemistry along a carbon chain. 
An elegant stereocontrolled synthesis of the side chains of two vitamin 
D3 metabolites uia remote asymmetric induction during a nitrone cy- 
cloaddition reaction is presented next by M. Uskokovic. €3. Fraser-Reid 
then discusses his progress toward the aqsa chain of rifamycin starting 
from readily available chiral precursors. S. Hanessian continues this 
theme of chiral templates with an in-depth look a t  the strategy and 
chemistry he is employing in an assault on boromycin. E. Vedejs next 
discusses the importance of local conformational effects which he has used 
in conjunction with his sulfur-mediated ring expansion strategy to ap- 
proach erythronolide. Finally, W. C. Still illustrates his application of 
molecular mechanics calculations to the determination of macrocycle 
conformations with the syntheses of eucannibinolide and rosaramicin. 


Nine lectures demonstrate the role of organometallic reagents in the 
development of new synthetic methodology. H. C. Brown provides a 
thorough review and update on hydroborating reagents which can achieve 
remarkable chemical selectivity. E. Negishi next discusses the allylation 
and vinylation of organometallics, especially metal enolates, uia nickel 
and palladium catalysis. H. Yamamoto shows how oxime sulfonates can 
be used with organoaluminum reagents to provide a-alkylated amines 
or as precursors for intramolecular cyclization to interesting heterocycles. 
Additions of organometallic reagents to acetylenes and vinyl halides for 
the preparation of conjugated dienes is the theme of a lecture by J. 
Normant. M. Semmelhack next illustrates some interesting applications 
of nickel and chromium chemistry to the synthesis of quinone natural 
products. 1. Kuwajima discusses several features of his trimethylsilyl enol 
ether chemistry culminating in a synthesis of showdomycin. The prep- 
aration and functionalization of various heterocyclic systems by using 
the trimethylsilyl group for activation is presented by H. Vorbruggen. 
The array of functionality available from the ring-opening reactions of 
cyclopropanes generated by the addition of carhenes to silyl en01 ethers 
is outlined by J. Conia. Finally, M. Mikolajczyk demonstrates the utility 
of sulfur-substituted Wittig reagents for the formation of five-membered 
ring systems. 


The last group of lectures describes much new chemistry which should 
see widespread application in future synthetic work. G. Stork begins by 
presenting his recent work on radical cyclimtion reactions, stressing the 
power of his methodology for generating pentacyclic systems. H. Musso 
next discusses rules governing the direction of hydrogenolytic cleavage 
of cyclopropane bonds. E. Vogel reviews the chemistry developed in the 
pursuit of various novel annulene structures. M. Makosza demonstrates 
the versatility of nitroarene substitution reactions by carbanions con- 
taining a leaving group at the carbanionic site for the construction of 
various aromatic and heteroaromatic systems. Finally, I). J. Sam con- 
cludes by outlining the potential of dichlorine monoxide as a powerful 
yet selective chlorinating reagent. 


While much of the above material has appeared in print since this 
meeting was held, readers will still find this book a useful compendium 
of the work currently being pursued at the frontiers of organic synthesis. 
I t  may thus be useful to students as an introduction and overview of the 
field and to long-time practitioners of the art of synthesis as a review and 
indication of trends for the future. I t  is a worthwhile investment for both 
academic and industrial chemistry lihraries. 


Reoiewed by John A. Lowe I11 
Central Research Diilision 
I’fizer, Inc. 
Groton, C T  06340 
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Abstract 0 The effect of negatively charged liposome components and 
vesicle size on the time course and dose dependency of liposome dispo- 
sition in mice was studied with a view to optimizing liposome delivery 
to the lung. The disposition of large multilamellar liposomes was followed 
using lZ5I-labeled p-hydroxybenzamidine phosphatidyl ethanolamine. 
Of the three negatively charged liposome compositions studied (phos- 
phatidyl choline-X-cholesterol-a-tocopherol, molar ratio: 4:1:5:0.1; X 
= phosphatidyl serine, dipalmitoyl phosphatidic acid, or phosphatidyl 
glycerol), phosphatidyl serine liposomes resulted in the greatest accu- 
mulation in lungs. Lung levels decreased up to 95 h postdose, at which 
time 6% of the liposome dose present a t  2 h still remained. The disposition 
of phosphatidyl serine-containing liposomes was independent of dose 
for the range 0.04-21 pmollanimal. When liposomes containing phos- 
phatidyl choline were prepared using a variety of extrusion and dialysis 
conditions, a strong link between liposome size and lung accumulation 
was revealed. A maximum lung accumulation of 3o.wo of the adminis- 
tered dose was achieved with no detectable gross pathological lung lesions 
up to 24 h postdose. 


Keyphrases Liposomes-multilamellar, phosphatidyl serine, dis- 
position in uiuo, delivery to the lung, mice 0 Disposition-multilamellar 
liposomes, in uiuo, delivery to the lung, mice, phosphatidyl serine 0 
Phosphatidyl serine-multilamellar liposome disposition in uiuo, delivery 
to the lung, mice 


Liposomes may act as drug carriers (1,Z) but some de- 
gree of target specificity is necessary to maximize the 
therapeutic index of the drug. Intravenously administered 
liposomes generally become associated with organs of the 
reticuloendothelial system, mainly the liver and spleen (3, 
4). 


The lungs, because of their susceptibility to disease, e.g., 
metastatic cancer (5 ) ,  are a suitable target organ for at- 
tempts to localize drugs. Liposome preparations in com- 
mon use generally do not accumulate in the lung to any 
significant extent after intravenous administration (6,7).  
I t  is known, however, that liposome doses containing ves- 
icles of 21-pm diameter exhibit improved localization in 
the lungs compared with smaller diameter preparations 
(8-10). This effect has been attributed to simple me- 
chanical trapping in the capillary bed of the lungs (9). Li- 
posomes bearing either positive (11) or negative (6 ,  10) 
surface charge accumulate in the lungs to a greater extent 
than neutral liposomes of similar size. However, there is 
some evidence that positively charged liposomes con- 
taining stearylamine may be toxic in oioo (12). Attempts 
have been made to deliver liposomes to the lungs uia routes 
other than a distant intravenous site, e.g., the ear vein of 


rabbits (13) and intratracheal instillation (14). Such ap- 
proaches can have only specialized applications. 


We have examined the effects of negatively charged 
liposome components and vesicle size on the time course 
and dose dependency of liposome disposition with a view 
to optimizing liposome delivery to the lungs. These results 
will be utilized for directing antitumor drugs to the 
lungs. 


EXPERIMENTAL 


Chemicals-Purified egg yolk phosphatidyl choline and phosphatidyl 
glycerol were prepared as previously described (15). Phosphatidyl ser- 
inel, sodium dipalmitoyl phosphatidate2, cholesterol2, and a-tocophero12 
were chromatographic grade. The method of Szoka and Mayhew (16) was 
used to synthesize the '251-labeled p-hydroxybenzamidine phosphatidyl 
ethanolamine (45 mCi/mg), subsequently referred to as the lz5II-marker. 
All other chemicals were at  least reagent grade. The phosphate-buffered 
saline (pH 7.4) contained 92 mM sodium chloride, 43 mM anhydrous 
dibasic sodium phosphate, 11 mM monobasic sodium phosphate mono- 
hydrate, 100 USP U of penicillin, and 100 pg of streptomycin/mL. All 
buffer-containing solutions were routinely filtered through 0.22-pm pore 
size filters3. Dipalmitoyl phosphatidic acid was prepared by chloroform 
extraction of the sodium phosphatidate in 0.4 M HCI in 20% (v/v) 
methanolic aqueous solution. 


Preparation of Liposomes-Liposomes were prepared as described 
previously (4). Three lipid compositions were used: (A)  phosphatidyl 
choline, dipalmitoyl phosphatidic acid, cholesterol, and a-tocopherol; 
(B) phosphatidyl choline, phosphatidyl serine, cholesterol, and a-toco- 
pherol; and (C) phosphatidyl choline, phosphatidyl glycerol, cholesterol, 
and a-tocopherol. In each case the molar ratio was 4:1:5:0.1. Sufficient 
lipid together with -0.05 pCi of lZ5I-marker per experimental animal was 
dried and suspended in buffer by mechanical agitation, yielding large 
multilamellar liposomes. In most cases these liposomes were subsequently 
extruded through polycarbonate membranes4 having 8-, 5-,  3-, 2-, and 
1-pm diameter pore sizes to generate populations having different mean 
diameters (17). 


Liposomes were dialyzed a t  4°C in the dark against frequent changes 
of buffer, for -2 d. Dialysis was carried out in 1-mL dialysis cells fitted 
with 25-mm polycarbonate membranes5 with a variety of pore sizes 
(specified below) to remove traces of dialyzable iodine-125 and some li- 
posomes of smaller diameter than the membrane pores (17). 


The final total lipid concentration was estimated by phosphorus assay 
(18) of extracted samples (19) and then corrected for the presence of 
non-phosphorus-containing lipids. Vesicle diameters were examed by 
electron microscopy following negative staining (4). 


1 Avanti Biochemicals Inc., Birmingham, Ala. 
2 Sigma Chemical Co., St. Louis, Mo. 
3 Millipore Corp., Bedford, Mass. 


Bio-Rad Labs. Richmond, Calif. 
5 Nucleopore, Bio-Rad Labs, Richmond, Calif. 
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Table I-Effect of Extrusion Pore Size and Dialysis Treatment 
on the Various Liposome Batches 


Extrusion Dialysis Total 
Pore Size, Pore Size, Lipid, Loss of Liposome 


Batch pm pm pmol/mL Material on Dialysis, 9%" 


1 8 5.0 18.8 
2 8 0.8 27.1 
3 5 3.0 19.8 
4 5 0.8 31.0 
5 3 2.0 22.0 
6 3 0.8 25.5 
7 2 1.0 28.6 


54 


42 


12 


0 


- 


- 


- 


8 2 0.8 27.3 - 
9 1 0.8 18.4 26 


10 1 0.2 25.0 - 


Expressed as total radioactivity remaining after dialysis uersus larger pore size 
membrane divided by total radioactivity remaining after dialysis uersus smaller 
pore size membrane. 


Zn Vivo Disposition Studies-All experiments used male ICR mice6 
weighing 19-23 g. At the end of an experimental period, mice were lightly 
anesthetized with ether, and a 1-mL blood sample was rapidly removed 
from the jugular vein into an heparinized syringe. Livers, spleens, and 
lungs were subsequently removed, weighed, and stored at -2OOC together 
with the remaining carcass. The bladder and contents were discarded 
prior to storage. Four experiments were performed. The mean weight of 
lungs sampled during these experiments was 0.16 f 0.03 g ( n  = 83). 


Experiment I-To assess the effect of liposomal lipid comp6sition on 
disposition, three batches of liposomes (A, B, and C) containing the 
Iz5I-marker were prepared. Each batch was divided, and one-half ex- 
truded through an 8.0-pm pore size polycarbonate membrane. All six 
doses thus prepared were dialyzed uersus 0.8-pm pore size polycarbonate 
membranes, Final total lipid concentrations were: (A) 32.5 pmol/mL, 
extruded 26 pmol/mL (B) 45 pmol/mL, extruded 45.5 pmol/mL; and 
(C) 43.5 pmol/mL, extruded 36 pmoI/mL. Groups of three mice each 
received 0.2-mL iv injections of liposome suspension uia a tail vein and 
were sacrificed 4 h later. 


Experiment 2-To establish the time course for the disposition of 
composition B liposomes, liposomes were prepared at  115 pmol of total 
lipid/ml and dialyzed uersw 0.8-pm pore size polycarbonate membranes. 
Mice each received 0.2-mL iv injections, and groups of three mice were 
killed after 2, 5,9.2, 24, and 94.8 h. 


Experiment 3-To study the dose dependency of composition B li- 
posomes, liposomes were prepared as described above at  105 pmol of total 
lipid/mL. Doses of 105,33.5,17,13, and 0.2 pmol/mL were generated by 
serial dilution with buffer. Groups of three mice each received 0.2-mL 
iv injections and were sacrificed 4 h later. 


Experiment 4-The effects of extrusion pore size and dialysis treat- 
ment on disposition were investigated for composition B liposomes. A 
batch of the liposomes was prepared as described above at  a concentration 
of -25 pmol/mL. The liposomes were then extruded twice at  each pore 
size through a sequential series of 8.0-, 5.0-, 3.0-, 2.0-, and 1.0-pm pore 
size polycarbonate membranes. After each extrusion a sample was re- 
tained and, in this way, five batches of liposomes of different size were 
created. Each batch was then divided in half and dialyzed as follows: 
8.0-pm pore size extruded, dialyzed uersus either 5.0- or 0.8-pm pore size 
membranes; 5.0-pm pore size extruded, dialyzed uersus either 3.0- or 
0.8-pm membranes; 3.0-pm pore size extruded, dialyzed uersus either 
2.0- or 0.8-pm membranes; 2.0-pm pore size extruded, dialyzed uersus 
either 1.0- or 0.8-pm membranes; and 1.0-pm pore size extruded, dialyzed 
uersus either 0.8- or 0.2-hm membranes. Final dose concentrations are 
given in Table I. Each of 10 groups of three mice received intravenous 
doses of one of these preparations and were sacrificed 3 h later. 


Analysis of Total Organ Radioactivity-Whole liver, spleen, lungs, 
0.05-mL 1z51-labeled doses, and -0.8 mL of blood were assayed for ra- 
dioactivity by placing them in vials and counting in a y-radiation 
counter7. Carcasses were cut into conveniently sized pieces and then 
assayed as above. Values for sample (cpm) were converted to percent of 
administered dose and a mean was calculated for the three animals in 
each group. Carcass values were corrected for blood volume remaining 
after sampling (4). Total radioactivity remaining in uiuo was estimated 
by summation of the liver, spleen, total blood volume, lungs, and carcass 
values. 


6 Simonsen Laboratories fnc., Gilroy, Calif. 
7 Gamma 300; Beckman Instruments Inc., Mountain View, Calif. 
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Figure 1-Percentages of the administered dose (iodine-125) in blood 
(per milliliter), liver, lungs, spleen, carcass, and total remaining in vivo 
3 h after administration of composition B liposomres containing the 
'25I-marker and prepared according t o  Table I .  The histograms rep- 
resent the mean of three mice for each extrusion pore diameter. Shaded 
bars represent liposomes dialyzed versus a membrane of pore size close 
to their extrusion pore size; clear bars represent liposomes dialyzed 
versus a membrane of pore size much smaller than their extrusion size. 
The vertical lines show one SD. 


Pathology-To examine the effect of liposomes on lung structure, 
groups of three 24-g mice8 were injected intravenously with doses of 20.4 
pmol of total lipid/animal (846 prnolkg) of composition B liposomes. 
Three untreated mice served as controls. Two doses were prepared one 
(lung-accumulating) was extruded through 8.0-pm pore size membranes 
and dialyzed against a 5.0-pm pore size membrane and the other (non- 
lung-accumulating) was extruded a t  1.0-pm pore size and dialyzed against 
a 0.8-pm pore size membrane. Groups of mice were killed 1,5, and 24 h 
postdose; their lungs were removed, washed in saline, and fixed overnight 
in 10% formalin. The lung samples were then dehydrated, embedded in 
paraffin wax, sectioned, and stained with hematoxylin and eosin (20). 
Sections from coded animals were examined under the light microscope 
for signs of damage; the nature of the treatment group was unknown a t  
the time of examination. 


RESULTS 


Effects of Liposomal Lipid Composition on Disposition-The re- 
sults of this experiment are given in Table 11. All three compositions gave 
similar overall patterns of disposition, with the majority of the radiolabel 
residing in liver and carcass. Liposomes containing pliosphatidyl serine 
accumulated in the lungs to a level four times that of phosphatidic 
acid-containing liposomes. Phosphatidyl glycerol-containing liposomes 
gave an intermediate level. This shift in disposition towards the lungs 
was at the expense of spleen and blood levels. All three doses were equally 
stable as judged by total radioactivity remaining in U I U O .  The extrusion 
treatment had no effect on radiolabel disposition. Electron micrographs 
taken of negatively stained liposomes failed to detect any differences in 
size distribution between the doses, but highlighted their extremely 
heterogeneous nature. Liposomes containing phosphatidyl serine 
(composition B) were chosen for all further experiments. 


8 CD-1; Charies River Breeding Lahoratorles, Wilmington, Mass. 
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Table 11-Liuosome Disuosition Zn Vivo 4 h Postdose 


Composition Doseb, Disposition, lo of Administered DoseC 
(mole ratiola pmol/animal Blood" Liver Spleen Lungs Total In V h o e  


~ ~ ~~ ~~~~~~~ 


PCIPAICHIa-T 6.5 (U) 4.0 f 2.1 23.2 f 3.6 12.2 f 4.4 4.8 f 0.5 73.8 f 5.3 
(4:1:50.1) 5.6 (E) 4.0 f 2.0 25.0 f 6.6 12.9 f 3.2 4.6 f 0.9 83.4 f 4.4 
PC/PSICH/(Y-T 9.0 (U) 1.0 f 0.2 25.6 f 1.4 9.3 f 1.9 18.1 f 2.1 81.0 f 3.4 
(4:1:5:0.1) 9.1 (E) 1.2 f 0.3 30.3 f 3.6 9.7 f 1.2 16.9 f 1.0 86.6 f 1.1 
PC/PG/CHla-T 8.7 (U) 5.7 f 2.9 31.7 f 4.0 11.1 f 0.7 9.5 f 2.9 89.3 f 5.4 
(4:1:50.1) 7.2 (E) 3.6 f 1.9 34.7 f 4.4 16.5 f 4.1 7.8 f 1.5 94.0 f 4.5 


0 Key: (PC) phosphatidyl choline; (CH) cholesterol; (a-T) a-tocopherol; (PA) dipalmitoyl phosphatidic acid; (PS) phosphatidyl serine; (PG) phosphatid 1 glycerol. * Lipoeomea were prepared and dialyzed without extrusion (U) or were extruded through an Rpm pore size membrane prior to dialysis. Quantitation was via the lhmarker. 
c Mean f SD. d Per milliliter. e Calculated by summation of values for total blood volume, whole liver, spleen, lungs, and carcass. 


Time Course for  Disposition of Composition B Liposomes-Re- 
sults are displayed in Table 111. All organ levels of radioactivity were 
maximal a t  2 h postdose and declined continuously up to 94.8 h postdose. 
The values for total radioactivity remaining in uiuo reflected a net loss 
of radioactive label during this period. 


Dose Dependency-Table IV gives the results for composition B li- 
posomes. In the dose range of 0.04 to 21 pmol of total lipidlanimal 
(1.7-871 pmol/kg) there was no apparent dose effect for blood, liver, or 
lung 4 h after dosing, However, there was a consistent increase in the 
percent associated with spleen for increasing dose. The in uiuo stability 
of the dose (as estimated by total radioactivity remaining in uiuo) was 
unaffected by dose. 


Effect of Extrusion Pore Size and Dialysis Treatment  on Dispo- 
sition of Composition B Liposomes-Increasing the extrusion pore size 
led to an increase in accumulation of the radiolabel in the lungs and a 
decrease in the spleen (Fig. 1). Putative liposome size had little effect on 
levels in the blood, liver, carcass, or on total radioactivity remaining in 
uiuo. The disposition of doses dialyzed uersus membranes of a pore size 
close to that through which they were extruded (doses 1,3,5.7,  and 9; 
Table I) was markedly higher in the lungs than those doses dialyzed 
uersus small pore size membranes (doses 2,4,6,8,  and 10; Table I). The 
reverse effect was noted in the spleen. A maximum lung accumulation 
of 30.9% of the administered dose (193.1 %/g wet weight) was achieved 
with 8.0-pm pore size extruded liposomes subsequently dialyzed uersus 
a 5.0-pm pore size membrane. This contrasted with 0.5% of the dose 
(3.l%/g wet weight) for 1.0-pm pore size extruded liposomes dialyzed 
uersus a 0.2-pm membrane. 


Electron microscopic examination of these doses revealed, once again, 
a great heterogeneity of the vesicle size. In the fielh examined, the largest 
diameter of a liposome noted for dose 1 (Table I) was 9.5 pm; for dose 3, 
1.3 pm; for dose 5,5.7 pm; and for dose 10,2.0 pm. 


Pathology-Light microscopy of stained lung sections from mice re- 
ceiving one of the two liposome doses (20.4 pmol of total lipid either 
lung-accumulating or non-lung-accumulating) and the control group 
revealed no significant pathological features either within or between 
groups. 


DISCUSSION 


We have utilized a liposomal lipid label (the 12SI-marker) in order to 
follow the disposition of liposome doses in uiuo. Abra et al. (7) have 
demonstrated that the use of such a label gives results equivalent to those 
obtained when inulin is used as an aqeuous space marker a t  times <5 h 
postdose. An important caveat is that blood levels are elevated for the 
lipid marker due to lipid exchange. We may therefore reasonably assume 
that radioactivity detected in organs other than blood, a t  least at 3-5 h 
postdose, for the protocols used here are indicative of the presence of li- 
posomal lipid in the form of liposomes. We further assume, based on prior 
results (7), that we are observing a delivery of both liposomes and their 
contents a t  these early times. The question of subsequent liposome sta- 
bility in uiuo, which may be vital in the tailoring of liposomal properties 


Table 111-Zn Vivo Disposition of Composition B Liposomes 


to the pharmacokinetics of the encapsulated drug, cannot be answerd 
with this kind of label. The degree to which tissue levels of the 'Wmarker 
reflect intact liposomes, free 125I-marker, or its metabolites after -5 h 
postdose is unknown. 


It is immediately apparent that, of the negatively charged liposome 
compositions tested, composition B (phosphatidyl choline, phosphatidyl 
serine, cholesterol, a-tocopherol in the molar ratio of 4:1:5:0.1) gave the 
highest liposome levels in the lungs for a given preparation protocol. 
Fidler et al. (10) also found that phosphatidyl serine-containing lipo- 
somes accumulated in the lungs to a greater extent than phosphatidic 
acid-, ganglioside-, or dicetylphosphate-containing vesicles. The available 
data do not allow us to specify a mechanism accounting for this lung ac- 
cumulation. Lipoeomes prepared identically but of different composition 
may in fact have different mean effective diameters. Phosphatidyl ser- 
ine-containing liposomes may thus, on average, be larger than other 
negatively charged liposomes even though we were unable to detect such 
differences owing to the heterogeneity of the preparations. There may 
also be a specific, but unknown, interaction between phosphatidyl serine 
and the lung vasculature. 


In the absence of any lung pathology, it seems unlikely that the larger 
liposomes actually form classical microemboli that block capillaries. It 
is more likely that liposomes bind to the capillary walls without com- 
pletely blocking blood flow through that capillary. This binding may be 
dependent on two related variables, the transit time of liposomes through 
lung capillaries and the binding affinity between liposomes and lung 
capillary endothelial cells. As diameter increases, transit time (in the 
absence of binding) decreases. As diameter increases, the area available 
for endothelial cell contact increases and so the apparent binding constant 
(between liposomes and endothelial cells) increases per liposome. Thus, 
for some, but not all compositions, a critical diameter may be reached 
where prolonged attachment to endothelial cells will occur without 
capillary blockage. If this description is reasonable, then it follows that 
this critical diameter is smallest when the negative phospholipid is 
phosphatidyl serine, all other variables being constant. 


There is no evidence that phosphatidyl serine-containing liposomes 
are toxic at doses of up to 20.4 pmol/mouse (864 pmol/kg). The LDM of 
intravenously administered lipoeames composed solely of phospholipids 
and cholesterol has been estimated to be -18 mmolkg (21,221. 


The time course of accumulation and retention of the *%I-marker in 
the lungs is such that only 6% of the dose present in the lungs a t  2 h re- 
mains by 95 h postdose. This remnant represents some 6% of the total 
lipcmme dose remaining in uiuo a t  95 h. We can not say if the '25I-marker 
remains associated with intact liposomes a t  that  time. Our assumption 
is that  by 95 h considerable loss t o  the tissues has occurred. The fate of 
liposomes and their contents delivered to the lung can include binding 
and prolonged erosion, lysis and release of contents extracellularly, uptake 
by the local tissues uia endocytosis, and uptake of leaked liposomal 
contents by local diffusion or pinocytosis. 


The only evidence for dose dependency is that spleen levels of the 
'=I-marker increase with increasing dose, consistent with previous 
studies of dose dependency using a similar dose range of smaller lipo- 


Time 
Postdose, h 


Disposition, % of Administered DoseC 
Blood Liver Spleen Lungs Total In  Viuod 


2 1.3 f 0.2 24.2 f 1.8 10.3 f 1.7 16.5 f 6.3 70.7 f 7.4 
5 0.9 f 0.2 23.2 f 2.8 8.4 f 1.8 15.3 f 1.7 65.6 f 4.4 
9.2 0.3 f 0.01 22.4 f 2.3 7.7 f 2.3 12.1 f 0.5 52.5 f 1.0 


24 0.4 f 0.01 19.7 f 1.2 6.1 f 1.3 7.5 f 0.8 44.0 f 0.4 
94.8 0.1 f 0.02 9.6 f 0.5 2.5 f 0.4 1.0 f 0.02 17.4 f 0.4 


0 Mice received 23.0 pmol of total lipid each. Liposomea were unextruded. but were dialyzed against a 0.8- m pore size membrane. Quantitation was via the *=I-marker. * Per milliliter. Mean f SD. Calculated by summation of values for total blood volume, whole liver, spken, lungs, and carcass. 
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Table IV-Effect of Dose on la Vivo Levels of Composition B Liposomes 4 h Postdose * 
~~ 


Liposome Dose Disposition, 90 of Administered DoseC 
pmol of total lipid/animal Blood * Liver Spleen Lungs Total In M v o ~  


21 
6.7 
3.4 
2.6 
0.04 


1.3 f 0.5 24.2 f 2.8 8.2 f 1.6 23.5 f 7.3 80.7 f 15.5 
1.2 f 0.2 24.5 f 1.3 7.1 f 0.6 18.7 f 1.1 69.8 f 3.0 
1.1 f 0:4 
1.3 f 0.2 
1.7 f 2.0 


25.8 f 3.9 
25.6 f 1.8 
31.7 f 7.4 


5.6 f 1.6 
4.4 f 1.0 
2.6 f 0.9 


15.0 f 1.5 68.8 f 2.3 
16.4 f 1.9 67 .4 f  3.0 
15.8 f 3.2 77.5 f 4.5 


a Mice received intravenous doses of liposomes that were unextruded, but dialyzed against a 0.8-prn pore size membrane. Quantitation was oia the ImI-marker. * Per 
milliliter. C Mean SD. d Calculated by summation of values for total blood volume, whole liver, spleen, lungs, and carcass. 


somes of composition A (4). The absence of a significant dose effect in 
other organs may be due, in part, to the presence in our doses of a whole 
range of liposome sizes which are able to interact with different organ 
binding sites (23). 


The delivery of liposomes to the lungs clearly depends on liposome size, 
and in the absence of more definitive data, this may be due in some part 
to a requirement for microembolism formation to arrest liposomes in the 
lung capillaries (9,10,24). The composition data discussed above offer 
an alternative mechanism. Those liposome doses having a size distribu- 
tion weighted toward the larger vesicles by dialysis against large pore size 
membranes (indicated by substantial losses of lipid during dialysis, see 
Table I) accumulate in the lung particularly well. Yet there is no evidence 
that such trapping in lung a t  doses of 846 pmol/kg results in any gross 
pathological damage. Our maximum delivery to lung, 30.9% of the ad- 
ministered dose or 193.1%/g wet weight, which was achieved with lipo- 
somes prepared by protocol 1 (Table I) represents the highest published 
figure for lung disposition that we are aware of. 


We intend to utilize these techniques in the future to deliver antitumor 
drugs to a lung tumor model. 
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composed of different fractions or that  “degradation” occurred during 
the storage period of lot WPTY 175B. No matter which hypothesis is 
retained, the product has not lost its activity as far as emulsifying or 
surface-active properties are concerned. 


Nevertheless, the average molecular weight of an emulsifier ought to 
be known in order to determine its surface excess and to produce the 
curve of the surface pressure uersus “molecular” cross-sectional area of 
the emulsifier (7). Relying on the reported molecular weight can generate 
misleading values for the aforementioned parameters, especially if the 
data are obtained from different batches of the same emulsifier. No 
comparison can be made between the behavior of different lots of one 
product unless a correction is made for the difference in their molecular 
weights. 
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Abstract  Three families of alloxan derivatives, 5-arylthiobarbituric, 
5-aryliminobarbituric, and 5-aryldialuric acids, were prepared as pro- 
spective radioiodine-transporting radiopharmaceuticah for the delin- 
eation of pancreatic insulinomas. Members of each class were screened 
for effects on blood sugar levels in a rat glucove tolerance assay. Transient 
hyperglycemia was observed with 5-(2,4-dichlorophenyl)iminobarbituric 
acid. No agent evaluated induced permanent diabetes at the doses 
tested. 


Keyphrases Alloxan-analogues, potential tumor-imaging agents, 
pancreatic insulinomas, effect on blood glucose levels, rats 0 Tumor- 
imaging agents-alloxan analogues, pancreatic insulinomas, effect on 
blood glucose levels, rats 


Alloxan and several of its derivatives are diabetogenic 
(1-3). While no definitive structure-activity studies have 
been reported, it appears that alloxan, alloxan monohy- 
drate (II), alloxantin (I), and dialuric acid (1111, without 
bulky substituents on nitrogen, are all able to induce frank 
diabetes (1-3). Some evidence supports a direct effect on 
the pancreas, for degranulation of 0-cells is observed; 
[14C]alloxan was shown to concentrate in the islet cells by 
autoradiography (4-7). 


Development of radiopharmaceuticals for the scintig- 
raphic imaging of occult pancreatic malignancies has been 
a goal of these laboratories for several years (8-11). In a t  
least one previous study, it has been shown that substances 
with direct effects on serum glucose levels can, if ra- 
dioisotopically labeled, preferentially delineate insulin- 
omas (12,13). Alloxan analogues would appear worthy of 
investigation in this regard. 


Three classes of alloxan derivatives have been prepared 
which differ from the parent molecule by possessing an aryl 
moiety at C-5. This pendant aromatic ring would provide 
a suitable locus for the attachment of radioiodine in the 


chemical agent actually selected for the tumor-imaging 
study. As an initial screen to select analogues for isotopic 
labeling, a glucose tolerance test was performed to assay 
diabetogenic potential. This procedure has been described 
previously (14). Candidates were selected from the three 
classes synthesized 5-arylthiobarbituric acids (IV), 5- 
aryliminobarbituric acids (V), and 5-aryldialuric acids 
(W. 


A new and more facile synthesis of 5-arylthiobarbituric 
acids (1Va-c) was developed from triphenylphosphine- 
alloxan adducts (VII), whose synthesis was described in 
an earlier publication (151, and aromatic thiols (Scheme 


A 
alloxan 


H > - -  I 


H 
11: R = OH 


111: R = H 


I 


f;JR, 


VIa: R = X = Y = H 
VIb: R = Me, X = Y = H 
V I c : R = Y = H , X = O M e  
VId: R = Y = H, X = OEt 
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Table I-Alloxan Analogues Investigated as Potential 
Pancreatic Radiopharmaceuticals 


EtOH 
11 + (CsHs),P - 


A 


IVa: R = C1 
I n :  R = COaCH, 
IVC: R = CO,H 


Scheme I 


I). The mercapto function displaces the triphenylphos- 
phine oxide to generate the arylthiobarbiturates. Since the 
alloxan-triphenylphosphine adduct is available in nearly 
quantitative yield, the overall conversion to the desired 
products (1Va-c) is more convenient than the published 
route, which requires the preparation and purification of 
5-chlorobarbituric acid and subsequent nucleophilic dis- 
placement of the chloro group by an arylthiolate anion 
(16). 


5-Aryliminobarbituric acids have been previously pre- 
pared from alloxan anhydride, which was obtained by 
dehydration of the alloxan monohydrate (11) (17). Here, 
the alloxan anhydride, generated in situ by treatment of 
the monohydrate with glacial acetic acid, was trapped by 
the aromatic amine (Scheme 11). 


The dialuric acids (VIa-g) were generated by conden- 
sation of anilines, possessing an unsubstituted para -Po- 
sition, with alloxan monohydrate in glacial acetic acid. 
Even primary aromatic amines with open para -positions 
condense preferentially at the para site (to form dialuric 
acids) rather than at the amino group (to form iminobar- 
biturates) (17-20). 


EXPERIMENTAL' 


5-Arylthiobarbituric Acids (1Va-c)-Ekquimolar amounts (5.0 
mmol) of the triphenylphosphine-alloxan adduct (VII) (15) and the 
requisite aromatic thiol (see Scheme I) were refluxed for 2 h in 50 mL of 
1:l glacial acetic acid-absolute ethanol. The solvent was evaporated in 
uucuo to approximately one-half the original volume, the mixture was 


X 


A P N H a  
II- 


O A O  


V a : R = X = C l  
Vb: R = H, X = Br 
Vc: R = H, X = OH 


Scheme I1 


1 Analyses were performed by Dr. G .  I .  Robertson, Florham Park, N.J. Melting 
points were determined between glass disks on a Fisher-Johns Apparatus and are 
reported uncorrected. NMR spectra were obtained on aPerkin-Elmer Hitnchi R2OA 
spectrometer and are calibrated against tetramethylsllane. Infrared spectra were 
taken in I-% KBr disks on a Perkin-Elmer Model 257 infrared spectrometer. 


Yield, 
Compound Formula' mp,OCdec. % 


IVa C ~ O H ~ C I N ~ O ~ S  268.0-268.5 34 
IVb C12HioN20&b3/4Hz0 235 17 


Va C I O H ~ C ~ Z N ~ O : ~  251-253 40 
IVC C11HsN20&b1/2H20 247-248 39 


Vb C10HfiBrN30&H20 234 64 
v c  C I O H ~ N ~ O ~ J / ~ Z O  >300 94 
VIa 252-253* 67 
VIb 232-233c 72 ~.~ ~ . .  


VIC C12H13N30fi 2 6 7 - 2 7 0 83 
VId Ci4Hi7N~Ofi 225-226 85 


a Elemental analyses for C, N, and H were within 0.4% of the theoretical values 
Lit. mp 23OOC (dec.) (ref. for all compounds. b Lit. mp 2 4 8 T  (dec.) (ref. 19). 


19). 


chilled, and the product was removed by filtration. The resulting thio- 
barbiturates were recrystallized by dissolution in a minimal quantity of 
boiling ethanol and reprecipitation by dropwise addition of 1:3 ben- 
zene-petroleum ether (6O-11O0C). The 5-arylthiobarbituric acids were 
characterized by broad-OH and -NH absorption in the IR between 
2800 and 3300 cm-1 and by carbonyl absorption at 1725 f 5,1705 f 5, 
and 1645 f 5 cm-l. Yields are reported in Table I. 


5-Aryliminobarbituric Acids (Va-d)-Equimolar amounts (6.25 
mmol) of alloxan monohydrate (11) and the requisite aniline (see Scheme 
11) were heated at reflux in 15 mL of glacial acetic acid for 0.5 h. The 
mixture was cooled (OOC); V b d  crystallized as red-purple solids and Va 
separated as an oil (crystallized from dioxane-benzene). The solids, Vb-d, 
were washed with a minimum of warm benzene, filtered, and dried in 
uacuo to yield analytical specimens. The 5-aryliminobarbituric acids were 
characterized by composite -OH and -NH absorption between 2820 
and 3380 cm-1 and by carbonyl and imine absorption a t  1750 f 5,1720 
f 5, and 1680 f 5 cm-l. Yields are reported in Table I. 


5-Aryldialuric Acids (V1a-d)-The dialuric acids were prepared by 
a previously described method (20) from equimolar amounts (6.25 mmol) 
of alloxan monohydrate and an aniline with an unsubstituted pura- 
position in 20 mL of glacial acetic acid at 25OC. The mixture was stirred 
at ambient temperature for 30 min, chilled, and the product removed by 
filtration. The resulting crystalline material was washed with 2 X 10-mL 
portions of cold glacial acetic acid and then dried (0.01 mm). Yields are 
reported in Table I. The IR spectra displayed --OH and -NH absorp- 
tion between 3100 and 3600 cm-' and carbonyl absorption at  1730 f 5 
and 1710 f 5 cm-l. 


RESULTS AND DISCUSSION 


Six of the materials prepared in this study, including representatives 
of each of the three compound classes, underwent a rat glucose tolerance 
screen. The assay was performed as previously described (14) on sets of 
three male Sprague-Dawley (210-250 g) rats fasted for 48 h prior to in- 
traperitoneal injection of the test compound as a suspension in 0.5% 
methylcellulose. Animals were administered glucose (1.0 g/kg of body 
weight) orally 30 min after injection of the test compound. Blood, with- 
drawn from the tail vein at  the time of glucose administration and at  1, 
2,3,4,5,6,24, and 48 h postdose, was analyzed for glucose by a previously 
described method (21). The maximum percent rise in blood glucose and 
any permanent glycosuria were the test observations made on the can- 
didate agents. 


The two dialuric acid derivatives, VIa and b, were inactive at  50 mgkg 
ip; Vlc was evaluated at  100 mgkg and was similarly inactive. The 
thiobarbiturate IVb was inactive at  43 mgkg, and the iminobarbiturate 
Vd was inactive at  50 mgkg. However, the 5-(2,4-dichlorophenyI)irni- 
nobarbituric acid (Va) was toxic to all three rats at 100 mgkg and pro- 
duced a marked, but transient, rise (i.e.,  48% at  2 h) in blood glucose with 
no permanent hyperglycemia and no toxic deaths a t  25 mghg ip. 


The doses employed in this study were below the diabetogenic levels 
usually reported for alloxan-induced diabetes in rats (22), but they were 
in vast excess of the levels which would be employed in radiolabeled, 
carrier-free, radiopharmaceuticals. The absence of any permanent gly- 
cosuria a t  48 h postdose and the transient rise in blood glucose (for Va) 
indicate that a t  these concentration levels, the alloxan derivatives are 
probably not cytotoxic to sufficient &cells to be diabetogenic. The one 
active imine (Va) may, in fact, induce hyperglycemia by an in uiuo hy- 
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drolytic scission to alloxan itself; electron-withdrawing halogens on the 
aryl ring would be anticipated to activate the anil to hydrolysis. Com- 
pound Va would appear to be an attractive candidate for radiohalo- 
genation and study as an insulinoma-imaging agent with the caveat that 
in uiuo hydrolysis may separate the label-bearing aniline and thwart 
target uptake of the tracer. 
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Abstract Gossypol, a bis-sesquiterpenoid cotton pigment, is of current 
interest as a male fertility-regulating agent. For the purposes of analyzing 
material to be studied biologically, a method is described for the analysis 
of gossypol by high-performance liquid chromatography. This has been 
used for examining the purity of gossypol-acetic acid using a UV-ab- 
sorbance ratio technique. 


Keyphrases Gossypol-analysis, gossypol-acetic acid, high-per- 
formance liquid chromatography 0 Contraceptives, male-gossypol- 
acetic acid, analysis, high-performance liquid chromatography 


Gossypol (I), one of several pigments isolated from 
Gossypiurn (Malvaceae) (1,2), is found in concentrations 
of up to 1.7% in cotton seeds (G. hirsuturn L.). Because of 
the toxicity of gossypol, cotton seed flour has limited use 
for humans and domestic animals; the upper limit of gos- 
sypol concentration for human consumption has been set 
at 0.045% (3). Gossypol is reported to be unstable and is, 
therefore, usually available as the 1:l complex with acetic 
acid (1,2,4,5)l. 


Several analyses of gossypol have been described, in- 


For an extensive review of early chemical work on gossypol see Ref. 1; for a 
broader discussion of gosaypol aee Ref. 2. 


cluding complexation with aromatic amines followed by 
UV analysis (6,7), GC analysis of the trimethylsilyl ether 
(8) and N,O-bis(trimethylsily1) acetamide derivatives (9), 
paper chromatography (lo), and TLC (11). A recent (12) 
communication describing the high-performance liquid 
chromatographic (HPLC) analysis of gossypol prompts us 
to report our own efforts in this area*. 


Our interest in gossypol was stimulated by reports that 
it possessed in oitro spermicidal activity (13, 14) and in 


CHO OH HO CHO 


I 


This work was first presented at a meeting of the Core Group of Advisors to 
the Chemical Synthesis Programme, Task Force on Long-Actin A ents for the 
Regulation of Fertility, World Health Organization, held in Betkesia. Md., No- 
vember 1980. 
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Abstract 0 A modification of equilibrium dialysis in which a]-acid glyco- 
protein and plasma compete directly for disopyrarnide has been used i n  con- 
junction wi th  binding curves to measure the extent of the al-acid glycopro- 
tein-disopyramide interaction. At concentrations in the therapeutic range, 
80- 90% of disopyramide was bound to al-acid glycoprotein for plasma from 
each of six healthy adults. Also, equilibrium dialysis data are presented, in- 
dicating that pH does not influence the binding of disopyramide within the 
therapeutic range. 


Key phrases 0 Disopyramide-binding to a!-acid glycoprotein, competitive 
equilibrium dialysis 0 Equilibrium dialysis, competitive-binding of diso- 
pyramide to a]-acid glycoprotein 0 q - A c i d  glycoprotein-binding ofdiso- 
pyramide, competitive equilibrium dialysis 


The antiarrhythmic drug disopyramide has concentra- 
tion-dependent plasma protein binding (1) and variability in 
therapeutic response which may be due, at least in part, to 
variability in protein binding. An increased number of reports 
have associated the binding of basic drugs with cul-acid gly- 
coprotein (2-10). lnterindividual variability in the free con- 
centration of the drug and its effect could conceivably be 
produced by differing concentrations of this protein, as even 
the reference range for al-acid glycoprotein is wide (55-140 
mg/dL). As a]-acid glycoprotein is an acute phase reactant 
that can approximately double in concentration following acute 
myocardial infarction ( 1  1,12), its involvement in disopyramide 
binding may be of even greater significance in this situa- 
tion. 


In  previous studies, parameters obtained either from Scat- 
chard plots or the bound fraction of the drug in  buffered so- 
lution of protein alone were compared with data obtained in 
plasma ( 5 ,  8-10). This approach was also used to implicate 
al-acid glycoprotein in the binding of disopyramide by David 
et all.  Others have implied the relationship from correlations 
of plasma protein concentration with the extent of protein 
binding (2-4,6). 


To assess the contribution of a specific protein to the total 
binding occurring in plasma, a more direct evaluation of the 
interaction would be desirable. The work presented here uti- 
lizes a procedure in'which the moles of drug bound to protein 
and to macromolecules in plasma are determined while both 
protein and plasma compete for the drug. As this procedure 
is essentially a variation of equilibrium dialysis, we have called 
the method competitive equilibrium dialysis. The effect of pH 
on the binding has also been investigated because of its po- 
tential importance in binding results. 


EXPERIMENTAL 


Reagents-The buffer used was 0.1 M Na2HP04 (0.3% NaCI) unless 
otherwise stated; it was prepared from analytical-grade reagents and distilled 


' B. M. David, E. G. Whitford and K. F. Ilett, Presentation at the 15th annual meeting 
of the Australasian Society of Clinical and Experimental Pharmacologists, Adelaide, 
Australia, December 1981 


ital, 1Department of Medicine, University of 
echnology, Brisbane, Qld 4 / 0 2 ,  


water2. Disopyramide and the 14C-radiolabeled disopyramide were supplied3. 
The [ ''C]disopyramide was further purified by HPLC and stored at  4°C in 
0. I M pH 7.4 Na2HP04 buffer containing 0.3% NaCI. The radiochemical 
purity of the purified disopyramide was >98%. Human a!-acid glycoprotein 
purified from Cohn's fraction VI wasobtained commercially4and used without 
further treatment. A stock solution of al-acid glycoprotein was prepared in 
buffer, and the concentration was determined from the molar absorbance at  
278 nm. Appropriate dilutions were then used to provide all al-acid glyco- 
protein solutions including standards for assays by radial immunodiffusion. 
Comparison of these standards with commercially available standard human 
serumS indicates the glycoprotein to be >90% pure. 


Scintillation Counting-Sufficient [ 14C]disopyramide was used i n  all 
samples to ensure more than 1000 cpm/vial. For all samples, 200-pL dupli- 
cates were placed in respective polyethylene vials followed by 2 mL of tissue 
solubilizefi. After mixing and standing for 30 min, I2  mL of scintilation fluid' 
containing I00 p L  of glacial acetic acid was added before capping and further 
mixing. Scintillation counting was carried out until at least 10,OOO counts were 
accumulated using a scintillation counte? with external standardization. 
Means of duplicate counts were used for all calculations. Samples were 
counted before dialysis to determine specific activities as well as sampling 
contents of each dialysis compartment a t  equilibrium. 


a]-Acid Glycoprotein Determinations-Quantitation of q-ac id  glyco- 
protein employed the method of Mancini et al. (13) using radial immuno- 
diffusion plates9. Four standards were run per plate. Interassay variability 
was evaluated by repeated analysis of a single sample, and accuracy was es- 
timated by duplicate analysis of standard human serum containing 92 mg/dL 
of the glycoprotein*. 


Dialysis-Blood from six healthy volunteers was obtained by venipuncture 
in plain glass syringes and immediately transferred to EDTA tubes from which 
the stoppers had been discarded. Plasma was obtained -30 niin later after 
centrifugation, and the samples assayed for al-acid glycoprotein before being 
stored at - 18°C in  glass tubes with polytef-lined screw caps. 


Each of 20 polymethyl methacrylate dialysis cells having two I-mL com- 
partments were prepared using dialysis membranelo that had been soaked 
in distilled water for 30-60 min. The experiment consisted of three sections: 
First, plasma from each of the subjects was dialyzed against six different 
concentrations of disopyramide in pH 6.7 buffer (pH 7.2 at  equilibrium). 
Thcsc results were used to prepare a binding curve for each subject. The second 
section involved competitive equilibrium dialysis. This was experimentally 
identical to the first section except sufficient glycoprotein was added to the 
buffer to produce approximately equal concentrations in opposing cornpart- 
ments of each cell at equilibrium. In the third section, the effect of pH on the 
binding was evaluated. Three of the disopyramide concentrations used in the 
binding curve were prepared in pH 6.4 buffer (equilibrium pH6.9) and pH 
7.2 buffer (equilibrium pH 7.6). These solutions were then also dialyzed 
against plasma. By also utilizing the data from the binding curve, three di- 
sopyramide concentrations at  three pH values were investigated. 


Dialysis was carried out for 5 h at 37OC. These dialysis conditions have been 
shown to produce equillbrium for disopyramide concentrations (at cquilibrium 
in the plasma) across the range of 1 .0-18 mg/L for equilibrium dialysis and 
across the range of 2.5-10 mg/L during competitive equilibrium dialysis. On 
conclusion of dialysis in all three sections of the experiment, the contents of 
each compartment were transferred to glass vials using a 500-pL syringe". 


Milli-Q System; Millipore Pty. Ltd., North R de, NSW, Australia. 
Hoechst-Roussel Pharmaceuticals Pty. Ltd., lydney, Australia. 
Sigma Chemical Co.. St. Louis, Mo. 
Behring Institute, Marburg, W. Germany. 
NCS; Amersham Aust. h ' PCS 11; Amersham Aust. k y .  Ltd.. Surrey Hills. NSW, Australia. 
Model 266Q Packard Instrument Co.. Downers Grove. Ill. 
Calbiochem Behring Aust. Pty. Ltd., Carlingford, NSW, Australia. 


Ltd ,Surrey Hills, NSW, Australia. 


l o  Spcctrapor I I ;  Spectrum Medical Industries, Los Angeles, Calif. 
' I  Hamilton Co.. Reno, Nev. 
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Figure 1 ---Relationship of free fraction of disopyramide in plasma 10 iota1 
disopyramide concentration curues for disopyramide. No mathematical c u m  
firringprocedures were used. Key: (m) subject I ;  (A) subject 2; (@) subject 
3; (+) subject 4; (0 )  subject 5: (0) subject 6 .  


The contents of each compartment were then sampled for scintillation counting 
and al-acid glycoprotein assay. 


To provide sufficient volume to determine pH, samples were combined in 
the following manner: For samples from sections I and 2, the contents of the 
plasma side of the dialysis unit from the three lowest disopyramide concen- 
trations were combined: the four highest concentrations were also combined. 
A similar combination regimen was used for the samples from the buffer side. 
For samples from section 3, all three concentrations were combined, again 
keeping plasma side and buffer side samples separate. 


RESULTS AND DISCUSSION 


lnterassay coefficient of variation for al-acid glycoprotein assays was 2.2% 
( n  = 17; mean = 84 mg/dL). The results of duplicate analyses of standard 
human serum (92 mg/dL) were 97 and 100 mg/dL, indicating the accuracy 
of this method. Ratios of volumes of buffer compartment to plasma com- 
partment at equilibrium were determined for all cells. The mean values ( fSD) 
of this ratio for all cells dialyzed was 0.92 f 0.05, illustrating the osmotic effect 
of the macromolecular components of plasma. as isotonic solutions were used. 
Total disopyramide concentrations at equilibrium and frce fractions were 
calculated from equilibrium radiolabel concentrations and initial specific 
activities as per Norris el al. (14). 


The curves of free fraction of disopyramide against total disopyramide 
concentration are shown as Fig. 1. These were then used as standard curves 
to determine the free fraction of disopyramide present after competitive di- 
alysis in respective plasma samples at their equilibrium concentrations. From 
the free fraction and total drug concentration, the free and bound concen- 
trations in the plasma were calculated. As the free concentration is the same 
i n  both compartments at equilibrium, the bound concentrations in the buffcr 


6.5 7.0 7.5 8.0 
PH 


Figure 2-Efject o fpH on the binding ofdisopyramide toplasma. Symbols 
aqfor Fig. I .  Mean (and range) of disopyramide concentrations in plasma 


equilibrium: (a) 11.2 (10.5-11.8) mg/L; (h) 5.06 (4.74-5.27) mdL;(c)  1.63 
73- I .  75) mg/L. 


Table I-Binding Curves and Competitive Equilibrium Dialyses of al-Acid 
Glycoprotein at Equilibrium. 


Binding Curve, Competitive Equilibrium Dialysis 
Subject Plasma Buffer Plasma 


1 79.8 i 2.2 77.3 f 4.3 71.1 zk 3 2 
2 
3 


80.6 I2.5 
57.0 f 1 . 1  


~ - .. .. - 
85.1 f 2.7 
64.4 f 1.9 


75.9 f 3.2 
59.5 f 1.2 


4 67.6 f 0.6 75.1 f 1.0 67.0 f 2.3 
5 84.6 f 1.6 85.9 f 2.3 84.4 f 1.5 
6 72.3 f 2.1 75.7 f 3.1 73.0 f 2.5 


Mean f SD (rng/dL); n = 6 for binding CUNC studies and n = 5 for the competitive 
equilibrium dialyses 


Table 11-Ratios of Disopyramide Bound to a,-Acid Glycoprotein/ 
Disopyramide Bound to Plasma, Determined by Competitive Equilibrium 
Dialysis 


Plasma Disopyramide a t  Equilibrium, mg/L 
Subiect 2.6 4.2 6.7 8.1 9.9 


1 0.85 - 0  - a  0.78 0.86 
2 0.85 0.75 0.83 0.74 0.80 
3 0.77 0.7 I 0.80 0.67 0.73 
4 0.82 0.78 0.84 0.77 0.83 
5 0.96 0.88 0.93 0.86 0.81 
6 I .05 0.90 0.88 0.84 0.88 


0 -Missing value 


side were also readily calculated. The contribution of al-acid glycoprotein 
to the binding in the plasma was calculated by Eq. 1. This equation assumes 
equal glycoprotein concentrations in both compartments at equilibrium and. 
under such conditions, provides direct quantitation of the relative importance 
of a]-acid glycoprotein in the plasma protein binding of disopyramide: 


Fraction of binding DISOb 
attributable to al-acid glycoprotein = DISO$ (Eq. 1)  


where DISOg and DlSOg are the concentrations of disopyramide bound at 
equilibrium in the buffer and plasma compartments, respectively. 


Table I reports the mean values of a)-acid glycoprotein concentrations of 
Compartments at equilibrium for each of the subjects. As these results do not 
show exact agreement in the glycoprotein concentration between compart- 
ments, some comment regarding subsequent errors in data obtained from Q. 
I is necessary. With the relatively narrow range of a]-acid glycoprotein 
concentrations being considered for plasma from each subject, it is reasonable 
to assume that the moles of drug bound varies linearly with the protein con- 
centration. The percent error in data obtained using Eq. I is therefore given 
by: 


where [a1AGlb and [alAG]P are the concentrations of al-acid glycoprotein 
in the buffer and plasma compartments at equilibrium, respectively. 


Application of Eq. 2 to the data in Table I indicates the errors associated 
with the calculations from Eq. 1 to be 0.3, I2 ,8 ,  12. 2, and 4%, respectively, 
for subjects 1 --6. Data obtained using Eq. 1 is presented as Table 11, showing 
that al-acid glycoprotein is responsible for -80-909iof the binding of diso- 
pyramide at concentrations from 2.6 to 9.9 mg/L. Thereforc. this glycoprotein 
is the major binding protcin in plasma for disopyramide at therapeutic con- 
centrations. 


The free friction of drug at each of three pH values for three different 
concentrations is presented as Fig. 2. Variations in pH within the physiological 
range havc no important effect on the protcin binding of disopyramide. 
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Abstract 0 Since diazepam is metabolized by many organs in the rat, the 
microsomal fractions of the liver, kidney, and lung from male Wistar rats were 
assayed for NADPH-dependent metabolism of diazepam and enzymatic 
parameters. The predicted extraction ratios were obtained from this in oifro 
experimental system. The organ clearances of the liver, kidney, and lung were 
then calculated for the determination of the relative contribution of each 
eliminating organ to the total body clearance (CL,,,) of diazepam in  the rat. 
The liver was the most effective eliminating organ. followed by the kidney and 
the lung, i n  that order. The hepatic extraction ratio of diazepam was deter- 
mined in cioo after portal and femoral vein administrations of diazepam. The 
validity of the in ciiro experimental system for the liver was demonstrated 
by a good agreement between the calculated hepatic extraction ratio of di- 
azepam from in uirro enzymatic parameters (0.61 6) and that derived in oiuo 
(0.648). However, the sum of organ clearances of the liver, kidney, and lung 
did not account for CL,,, of diazepam in the rat. suggesting the possible con- 
tribution of the metabolism in the other organs or tissues, or an underesti- 
mation of the pulmonary and renal metabolism. 


Keyphrases 0 Diazepam -metabolism, hepatic and extrahepatic, in uitro 
assessment. comparison with in uico parameters in the rat 0 Metabolism- 
diazepam in the rat, hepatic and extrahepatic, in oiiro assessment compared 
with in cioo parameters 


Diazepam is a clinically important minor tranquilizer which 
is extcnsively mctabolizcd by all species studied. However, 
there are pronounced interspecics differences in the total 
plasma clearance (CL,, ,)  per unit of body weight that pre- 
sumably reflect differences in organ intrinsic clearances, blood 
flow, plasma binding, and the relative contributions of elimi- 
nating organs ( I ) .  I n  humans the total clearance is small [26.6 
f 4.1 mL/min (mean f SD; n = 5 ) ]  (2) and it is assumed to 
reflect only hepatic metabolism. In contrast, in the rat the total 
clearance exceeds the liver blood flow, suggesting the in- 
volvement of extrahepatic elimination. The relative contri- 
bution of different organs to the overall metabolism of a drug 
may be assessed in uiuo, but this is often difficult. Instead, 
comparison is often made between the in  vitro enzymatic 
characteristics of an organ. This approach has recently re- 
ceived new impetus, since i t  has been shown to be readily ex- 
trapolated to the whole organ. 


I n  the present study. the in uitro cxpcrimental system using 


microsomal fractions was employed to evaluate enzymatic 
parameters of the hepatic and extrahepatic diazepam elimi- 
nation systems in the rat. The kidney and the lung were se- 
lected as the representative extrahepatic eliminating organs, 
since these two organs are reported to contain considerable 
amounts of cytochrome P450 (3) .  Enzymatic parameters of the 
liver, kidney, and lung were extrapolated to those of the whole 
organs. Using these parameters, the relative contributions of 
individual disposing organs were evaluated and, in the case of 
the liver, compared with an in uiuo assessment. 


EXPERIMENTAL 


Materials-Male Wistar rats'. weighing 250-270 g, on a normal laboratory 
diet were used throughout. (2-14C]Dia~pam (40-60 mCi/mmoL)* was used. 
Unlabeled diazepam', deme~hyldiazepam~, oxazepam4, and 3-hydroxydi- 
azepam4 were gifts from commerical sources. NADP, glucose-6-phosphate 
and glucose-6-phosphate dehydrogenase were obtained commercially5. All 
other chemicals were reagent grade. 


Assay of Radioa~tivity-[2-~~C]Diazepam was diluted with unlabeled drug 
prior to the studies. The determination of carbon- I4 and the assay of labeled 
drug and its metabolites were described elsewhere (4). The radiochemical 
purity was >98-99% for [2-14C]diazcpam by TLC. 


Tissue Preparation and h u g  Metabolism Study-Each of the 3-5 separate 
determinations were conducted on a separate pool of organs, each pol con- 
taining organs from 2- 10 individual animals. After overnight fasting, the rats 
were exsanguinated oia a carotid artery and perfused in siru with cold phys- 
iological saline uia the venous trunk just inferior to the renal veins and cia the 
portal vein unt i l  the effusate became colorless. The liver, kidney, and lung were 
excised, blotted, weighed. and pooled to obtain 10-1 1 g of each organ. The 
preparation of microsomal fractions was described elsewhere (5). 


Incubation mixtures for the mixed function oxidation consisted of micro- 
soma1 protein. 50 mM Tris-HCI buffer (pH 7.4), the NADPH-generating 
system ( I  mM NADP, 10 mM glucose-6-phosphate. 2 U of glucose-6-phos- 
phate dchydrogenase, and 5 mM magnesium chloride), and various amounts 
of ['4C]diazepam diluted with unlabeled diazepam to a final volume of I .O 
mL. The NADPH-generating system, microsomal protein solution, and 
['4C]diazepam solution were preincubated separately for 2 min at 37OC. The 


I Nihon Scibutsu Zairyo, Tokyo, Japan. * Radiochemical Center. Amersham. England. 


' Banyu Pharm. Co.. Tokyo, Japan. ' Boehringer Mannheim Yamanouchi Co.. Tokyo. Japan. 
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Improved Gas Chromatographic Determination of 
Diltiazem and Deacetyldiltiazem in Human Plasma 
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Abstract 0 This study describes an improved, simple, and specific gas 
chromatographic method for the determination of diltiazem (I) and 
deacetyldiltiazem (11) in human plasma using loxapine (111) as an internal 
standard. After extraction a t  pH 7.5 with anhydrous ether-ethyl acetate 
(l:l), I1 was silylated with N-methyl-N-(trimethylsily1)trifluoroace- 
tamide. The gas chromatograph, equipped with an electron-capture 
detector, allowed measurements as low as 2 ng/mL for I and 3 ng/mL for 
11. Recoveries of 111, I, and I1 were 95,85, and 79%, respectively. There 
were no interferences with endogenous substances in plasma or with 
common cardiovascular drugs. This method was used to measure plasma 
concentrations of two patients who received 20 mg iv of I. The areas under 
the curve for these two patients were 275 and 273 ngh/mI,, respectively. 
The apparent volumes of distribution were 493.6 and 288.6 L, and the 
elimination half-lives were 4.70 and 2.73 h. No deacetyldiltiazem could 
be detected in the blood after the single-dose diltiazem administra- 
tion. 


Keyphrases 0 Diltiazem-human plasma, GC with electron-capture 
detection, concurrent assay with deacetyldiltiazem 0 Deacetyldiltia- 
zem-human plasma, GC with electron-capture detection, concurrent 
assay with diltiazem 


Diltiazem hydrochloride, &-(+)-3-acetoxy-5-(2-di- 
methylaminoethyl) -2,3-dihydro-2- (4-methoxypheny1)- 
1,5-benzothiazepin-4(5H)-one hydrochloride (I), is a new 
calcium antagonist used in the treatment of clinical 
manifestations of variant angina (1-5). Several methods 
have been used to determine I and its metabolites in bio- 
logical media including spectrophotometry (81, gas chro- 
matography (GC) (7), and more recently HPLC (6). The 
latter technique (6) enables the determination of I and six 
of its metabolites in urine, but UV detection is not sensitive 
enough for pharmacokinetic studies involving the deter- 
mination of I and its principal metabolite, deacetyldiltia- 
zem (II), in human plasma. On the other hand, a GC 
method involving the use of a nitrogen-sensitive detector 
has been described (7). To achieve adequate sensitivity 
while maintaining high reproducibility and specificity, 


?al, Mor; zal, Quebec H3C 357, 


a GC technique using electron-capture detection with mNi 
was chosen. The present study describes an assay for I and 
I1 in plasma, and some pharmacokinetic parameters ob- 
tained after intravenous administrations of 20 mg of I in 
two patients are given. 


EXPERIMENTAL 


Equipment-A gas chromatograph', equipped with an 63Ni elec- 
tron-capture detector and a computer for peak area integration2, yas 
used. The chromatographic column was a coiled glass tube, 2 m X 2-mm 
i.d., packed with 3% OV 7 on GasChrom Q, 80-100 mesh. The following 
conditions were used: oven temperature, 245OC; injection port temper- 
ature, 300°C; detector temperature, 300OC; argon-methane carrier gas 
a t  60 mL/min. 


Reagents and Chemicals-All solvents were certified grade. The 
hydrochloride salts of diltiazem (I), deacetyldiltiazem (II), and loxapine 
(111) were used. Standard solutions of I, 11, and 111 were prepared in dis- 
tilled water a t  concentrations of 0.5 mg%. 


Assay Procedure-To 1 mL of plasma, contained in a culture tube, 
were added 100 pL  of internal standard solution (500 ng) and 3 mI. of 
phosphate buffer, pH 7.5. This mixture was vortexed for 30 s. Following 
the addition of 6 mL of 500/0 ether in ethyl acetate, the mixture was agi- 
tated for 10 min on a reciprocating shaker and then centrifuged a t  8OOXg. 
The aqueous phase was discarded, and the organic phase was transferred 
to a second culture tube and dried under a nitrogen stream. N-Methyl- 
N-(trimethylsily1)trifluoroacetamide (25 pL) and benzene (100 pL) were 


m 


DILTIAZEM DEACETY LDILTIAZEM 
I I1 


8 12 l 4  MINUTES 


m 


4 8 12 
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Figure 1-Typical chromatograms of plasma extracts. Key: (A) blank; 
(B) cuntaining I ,  11, and I l l .  
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Table I-Peak Height Ratios of Diltiazem ( I )  and  
Deacetyldiltiazern (11) in Plasma 


Amount in Amount in 
Dil tiazem Deacetyldiltiazem 


Plasma, Peak Height Plasma, Peak Height 
ng/mL Ratio C V , %  ng/mL Ratio CV,% 


10 0.049 3.9 7.5 0.031 8.5 
20 0.100 4.9 15 0.065 5.4 
50 0.245 4.1 30 0.126 2.6 


100 0.490 4.5 60 0.242 5.1 ~. .. .- 
200 1 .Ooo 2.0 120 0.497 3.0 
400 2.020 3.1 240 0.985 3.5 


added, and the tube was sealed and heated a t  7OoC for 1 h for the silyla- 
tion of 11. The solution was dried again under a nitrogen stream, 50 pL 
of methanol was added, and 5 pL of the resulting solution was injected 
into the chromatograph. 


Standard samples were prepared by spiking human plasma with in- 
creasing concentrations of I (10,25,50,100,200, and 400 ng/mL) and of 
I1 (7.5,15,30,60, 120, and 240 ng/mL). Four spiked samples were mea- 
sured for each concentration, and calibration curves were obtained by 
plotting the ratios of the peak areas of I and I1 to the area of the internal 
standard versus the concentrations of I and 11. Plasma recoveriea of I and 
I1 were determined by comparing peak areas obtained by direct injection 
of I or silylated I1 with those obtained after the extraction procedure. 


Clinical Study-Two fully informed patients with unstable angina 
received a bolus 20-mg iv dose of I. Blood samples were withdrawn into 
heparinized tubes at 0,5,10,15,20,30,45,60,90,160,160,240,360, and 
480 min after administration. The blood samples were immediately 
centrifuged at 8OOXg and the plasma was removed and kept a t  -14OC 
until analysis (within 2 weeks). 


Pharmacokinetic Data-Areas under the curve (AUC) were calcu- 
lated by the trapezoidal rule: 


(Eq. 1) 


The total area under the curve (AUC,) has been obtained by adding 


AUC, = ,? 0.5(c1 + Cz)At + C,,,/B 0%. 2) 


where C, is the plasma concentration a t  8 h and B the elimination con- 
stant calculated by logarithmic linear regression. The elimination half- 
life ( t  112) and the apparent volume of distribution ( V d )  were calculated 
by the following: 


C,/B: 


1-1 


0.693 
tl/Z = - B 


and 
Div Vd =- 


AUC * B 


(Eq. 3) 


where D,, is the intravenous dose. 


RESULTS AND DISCUSSION 


h y  Method--Before silylation, I and I1 had the same retention time 
in the assay. After silylation of 11, the retention times for 111, 11, and I were 
3.70,6.55, and 9.15 min, respectively. Typical chromatograms of a plasma 
blank and a plasma extract spiked with the three standards are presented 
in Fig. 1. The extent of I1 silylation was 95%. 


The calibration curves were linear throughout the range of the con- 
centrations measured in this study ( r2  = 0.9998 for I and r2 = 0.9999 for 
11). The equations of the calibration curves for I and I1 were, respectively, 
y = 0.005~ - 0.013 and y = 0.0041~ + 0.00137, where y is the peak height 
ratio and x is the plasma concentration of the drug. 


The analytical recoveries of I, 11. and I11 were 95,79, and 85%, respec- 
tively. The sensitivity of the method was 2 ng/mL for I and 3 ng/mL for 
11; amounts as low as 0.5 ng/mL of I or I1 could be detected. Table I shows 
the peak area ratios and their coefficients of variation ( C V )  for the spiked 
samples. 


Digoxin, propranolol, procainamide, nitroglycerin, isosorbide dinitrate, 
furosemide, flurazepam, and diazepam did not interfere with the plasma 
essay. Even if the frozen plasma was analyzed after 4-8 weeks, there were 
no interference peaks. The present study shows that the use of an elec- 
tron-capture technique permitted a large increase in the sensitivity of 
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Figure 2-Diltiazem p l a s m  concentrations in two patients after a 
20-mg iu dose. Key: (@) patient 1 ;  (0) patient 2. 


the. assay. Rovei et al., with a nitrogen-phosphorus detector, could 
measure 10 ng/mL with 2 mL of plasma (5); in the present method, 2 
ng/mL of I could be measured with 1 mL of plasma. Moreover, the plasma 
extraction with anhydrous ether-ethyl acetate permitted recoveries of 
85 and 7%, respectively, for I and 11, compared with 70 and 55% with the 
hexane-extraction method of Rovei et al. This improvement in recovery 
permits determination of lower concentrations of these compounds. 


Clinical Study-Figure 2 shows the plasma concentrations of I in two 
patients who were injected intravenously with 20 mg. Five minutes after 
the administration, the plasma concentrations were 289 and 344 ng/mL 
in the two patients. The distribution phase in both patients was rapid, 
and after 1 h the plasma concentrations were 40 and 59 ng/mL. The 
elimination half-lives were 4.70 and 2.73 h (B = 0.1873 and 0.2535, re- 
spectively). The areas under the curve were 275 and 273 ng.h/mL, and 
the apparent volumes of distribution were 493.6 and 288.6 L. The clear- 
ance values were 72.71 and 73.24 L h ,  respectively. 


The results are difficult to compare with those of previous investiga- 
tions using oral administration. Rovei et 01. found a half-life of 6 h after 
oral administration of 120 mg of the drug (71, and Kinney observed 
half-lives of 4.1,5.1, and 5.6 h, with oral doses of 60,90, and 120 mg of I, 
respectively (8). In the latter study, the AUC obtained after an oral dose 
of 40 mg was 514 ngh/mL; in the present study a mean AUC of 274 ng. 
h/mL was found after a 20-mg iv dose. According to these results, the 
absolute bioavailability of I can be estimated by the following: 


Absolute bioavailability (%) = w x  AUCiJDi, 100 (Eq.5) 


By substituting into the equation the experimental values obtained for 
each term in the aforementioned studies, the absolute bioavailability of 
diltiazem is (514/50)/(274/20) = 62.5%. 


No deacetyldiltiazem was detected in the plasma of the two patients 
after a 20-mg iv administration of I. More detailed studies are required 
for a better understanding of pharmacokinetics of diltiazern. 
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In summary, the present study has shown that the use of GC with 
electron-capture detection improves, to a large extent, the sensitivity of 
the previous HPLC and GC methods. This procedure is appropriate for 
monitoring plasma levels during single-dose pharmacokinetic studies. 
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Abstract Carbonate was completely desorbed from amorphous alu- 
niinum hydroxycarbonate gel by purging with nitrogen. The reversibility 
of carbonate adsorption suggests that aluminum hydroxycarbonate 
particles are composed of planes of aluminum hydroxide with carbonate 
adsorbed a t  edge aluminum sites. A slow-reacting phase which was 
identified as a precursor of gibbsite. formed when the carbonate/alumi- 
num molar ratio was <0.20. 


Keyphrases Desorption-carbonate from aluminum hydroxycarbo- 
nate gel, nitrogen purging 0 Carbonate-desorption from aluminum 
hydrocarbonate gel, nitrogen purging 0 Nitrogen purging-desorption 
of carbonate from aluminum hydroxycarbonate gel 0 Aluminum hy- 
droxycarbonate gel-desorption of carbonate, nitrogen purging 


The coordination of carbonate by aluminum in alumi- 
num hydroxide has been demonstrated by Raman and IR 
analyses (1-3) as well as by the effect of carbonate ad- 
sorption on the point of zero charge of aluminum hy- 
droxide (4). The term specific adsorption describes the 
adsorption of carbonate by aluminum hydroxide as it re- 
fers to the adsorption of anions by the formation of a 
partial covalent bond with structural metal atoms and the 


Figure 1-Apparatus for purging aluminum hydroxycarbonate geI with 
nitrogen gas. Key: (A)  nitrogen gas cylinder; (ti) glass cylinder; (D) 
frittcd glass gas disperser; (F) water; (C) sealable sampling port;  (HI 
uluminuni hydroxycarbonatc grl; ( I )  magnetic sliming bar; (J )  heat 
shidd; ( K )  niagnetic stirrer; (I,) soap hubble floui meter. 


concomitant displacement of hydroxyl or water groups 
from the surface (5,6). 


The importance of specifically adsorbed carbonate in 
maintaining the structure and antacid properties of alu- 
minum hydroxide gel has been demonstrated by numerous 
kinetic studies (3,7-11). Insight into adsorption mecha- 
nisms may be gained by studying desorption reactions. 
Hingston et al. (12) found that specific adsorption of 
phosphate, selenite, and fluoride by gibbsite or goethite 
varied between complete reversibility and almost complete 
irreversibility. The reversibility of the specifically adsorbed 
anion was related to  the nature of the adsorption complex. 
Adsorption was reversible when only unidentate ligands 
formed between the anion and metal, i .e. ,  fluoride anion. 
However, multidentate ligands, bridging, or the formation 
of ring structures a t  the surface led t.o irreversibility. 
McBride (13) concluded from spin probe studies that easily 
desorbed anions were adsorbed on aluminum hydroxide 
by ligand exchange of a single surface hydroxyl while an- 
ions that could not be easily desorbed were adsorbed by 
bidentate bonds. Gast. (6) also suggested that readily de- 
sorbed anions have one coordinated bond to the surface 
while those more strongly retained have two coordinated 
bonds. Therefore, the desorption of specifically adsorbed 
carbonate from aluminum hydroxycarbonate gel was 
studied as part of efforts to improve the antacid properties 
and stability of antacid products. 


EXPERIMENTAL 


The two aluminum hydroxycarbonate gels (CGI and CC2) studied 
were obtained commercially1 as 9.5% equivalent All03 pourable gels and 
were diluted with distilled water to 5% equivalent A1203. IR analysis2 was 


I Reheis Chemical Co.. Berkeley Heights, N.J.  and Chattem Chemical, Chatta- 
ntx, a,Tenn. 


hodel 180; Perkin-Klmer Co., Korwalk, Conn. 


0022-3549/84/0200-0209$0 1.00/ 0 
@ 1984. American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 209 
Vol. 73, No. 2, February 7984 












drolytic scission to alloxan itself; electron-withdrawing halogens on the 
aryl ring would be anticipated to activate the anil to hydrolysis. Com- 
pound Va would appear to be an attractive candidate for radiohalo- 
genation and study as an insulinoma-imaging agent with the caveat that 
in uiuo hydrolysis may separate the label-bearing aniline and thwart 
target uptake of the tracer. 
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Abstract Gossypol, a bis-sesquiterpenoid cotton pigment, is of current 
interest as a male fertility-regulating agent. For the purposes of analyzing 
material to be studied biologically, a method is described for the analysis 
of gossypol by high-performance liquid chromatography. This has been 
used for examining the purity of gossypol-acetic acid using a UV-ab- 
sorbance ratio technique. 


Keyphrases Gossypol-analysis, gossypol-acetic acid, high-per- 
formance liquid chromatography 0 Contraceptives, male-gossypol- 
acetic acid, analysis, high-performance liquid chromatography 


Gossypol (I), one of several pigments isolated from 
Gossypiurn (Malvaceae) (1,2), is found in concentrations 
of up to 1.7% in cotton seeds (G. hirsuturn L.). Because of 
the toxicity of gossypol, cotton seed flour has limited use 
for humans and domestic animals; the upper limit of gos- 
sypol concentration for human consumption has been set 
at 0.045% (3). Gossypol is reported to be unstable and is, 
therefore, usually available as the 1:l complex with acetic 
acid (1,2,4,5)l. 


Several analyses of gossypol have been described, in- 


For an extensive review of early chemical work on gossypol see Ref. 1; for a 
broader discussion of gosaypol aee Ref. 2. 


cluding complexation with aromatic amines followed by 
UV analysis (6,7), GC analysis of the trimethylsilyl ether 
(8) and N,O-bis(trimethylsily1) acetamide derivatives (9), 
paper chromatography (lo), and TLC (11). A recent (12) 
communication describing the high-performance liquid 
chromatographic (HPLC) analysis of gossypol prompts us 
to report our own efforts in this area*. 


Our interest in gossypol was stimulated by reports that 
it possessed in oitro spermicidal activity (13, 14) and in 


CHO OH HO CHO 


I 


This work was first presented at a meeting of the Core Group of Advisors to 
the Chemical Synthesis Programme, Task Force on Long-Actin A ents for the 
Regulation of Fertility, World Health Organization, held in Betkesia. Md., No- 
vember 1980. 
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Table I-Analytical Solvent Systems Used for the HPLC 
Separation of Gossypol B 


Column 
p-Styragel p Bonda ak 


Solvent p-Porasil 500 & 
cc14 
CHC13 


X 


alone 


X 
X 
X 


aione 
containing 0.01 M HOAc 
containin 0.001 M HOAc 


35:65:0.1 
70:20:10 


CH3CN-Hzb (9O:lO) 
CH~CN-H~O-HOAC 


CH3CN-HZO-MeOH (253045) 
MeOH 
MeOH-H20 (7:3) 
MeOH-O.01 M K R P O ~  (1:l) 
MeOH-0.01 M KHzPb; ( 
MeOH-0.025 M NaHZPOd 


(40:60) 
n-Propyl alcohol 
Tetrahvdrofuran 


85:15) 


X 
X 


X 
X 
X 
X 


X 
X 
X 
X 
X 
X 
X 
X 


X 
X 


X 


X 
X 
X 


X 
X 
X 
X 


X 
X 
X 
X 
X 
X 
X 
X 


X 


uiuo antifertility activity in several male mammalian 
species (rats, hamsters, and rhesus monkeys) (15,16) in- 
cluding humans (17-19). A preliminary report of our work 
(20) indicates that gossypol, but not its chemically related 
impurities, has antifertility activity in male hamsters. A 
critical basis for these pharmacological experiments was 
the need to have highly purified gossypol available to be 
able, categorically, to indicate the nature of the material 
used for dosing. In this paper we report our efforts on the 
analysis of gossypol and a determination of the purity of 
gossypol-acetic acid by a combination of quantitative 
HPLC and HPLC-UV absorbance ratio techniques (21, 
22). 


EXPERIMENTAL 


Materials-Gossypol [2,2'-bis(1,6,7-trihydroxy-3-methyl-5-isopro- 
pylnaphthalene-8-carboxaldehyde), (I)] was supplied as the acetic acid 
complex3. Gossypol, mp 182-1&IoC, was liberated from the complex by 
the procedure of Campbell et al. (231, followed by crystallization from 
petroleum ether-ether. Concordance with previously reported physical 
and spectroscopic data for gossypol(24) was established. A highly purified 
sample of gossypol-acetic acid4 was recrystallized three times from 
methyl ethyl ketone-acetic acid (3:l). 


All chemicals and solvents used in this investigation were reagent grade 
and when used for HPLC were redistilled in glass or were HPLC grad@. 
The melting point was determined using a Kofler hot-stage instrument 
and is uncorrected. 


Equipment-The initial separations were conducted using a liquid 
chromatograph6 equipped with a syringe-loading sample injector with 


Kindly supplied by Dr. V. Craci, Southern Regional Research Center, ARS, 


Kindly supplied b Dr H K Kim, National Institute of Child Health and 
USDA. New Orleans, La. 


Human Development, k a t i o d  Institutes of Health, Bethesda, MD 20205. 
6 Fisher Scientific Co., Pittaburgh, PA 15219. 
6 Model 6000A; Waters Associates, Milford, MA 01757. 
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Figure 1-Typical chromatograms of impure (A) and recrystallized 
(B) gossypol-acetic acid. For conditions see footnote 17. 


20-pL sample loop7, a variable-wavelength UV spectrophotometefi a t  
285 nm, and a 25.4-cm strip-chart recordelg. Separations were carried 
out using 30 X 0.39-cm i.d. prepacked columns with a typical flow rate 
of 1 mL/minlO. For subsequent analysis of gossypol-acetic acid, the 
HPLC apparatus used was a combination instrument consisting of a 
system controller11, pumpse with an added stopflow valve, a variable- 
wavelength UV spectrophotometric detector12 with an automated con- 
troll3, an integrator-recorderl4, and an injector15. 


Separation of Gossypol-Table I indicates the analytical solvent 
systems which were used in a preliminary attempt to separate gossypol 
from its impurities. Thus, four systems were used with p-Styragel50010, 
17 with p-Bondapak cyanolO, and 17 with p-Bondapak Cle columnslO. 
Only one of these systems (p-Bondapak CIS column, CH&N:H20:HOAc 
(7:2:1)] was found to be effective for the required separation. Detection 
was carried out a t  254 nm. Gossypol and gossypol-acetic acid had iden- 
tical retention times in this system. 


Purity of Gossypol-Acetic Acid-To examine the purity of g w y -  
pol-acetic acid by HPLC, the best wavelength(9) for its detection were 
first established. Using the analytical solvent system described above, 
UV spectra of gossypol-acetic acid were obtained on a grating spectro- 
photorneterl6 [complex dissolved in CH~CN-H~O-HOAC (72:1)] and 
using a variable-wavelength UV spectrophotometric detectorll (directly 
on the solution eluting from the reverse-phase column). Maxima were 
observed at  254,263 (sh), 283,293, and 371 nm. When the absorbance 
waa monitored at 254 nml', 260 nm17, and 290 nm17, gossypol-acetic acid 
eluted as a single peak (retention time, 9.18 min), and integration of the 
area under the peak indicated a minimum purity of 99.90%1S. 


RESULTS AND DISCUSSION 


Figure 1 shows typical chromatograms of impure gossypol-acetic acid 
(A) and the recrystallized gossypol-acetic acid (B) used as a standard. 
The lower limit of detection was 5 pg at 0.04 AUFS and 5 ng at  0.01 
AUFS. 


For the chromatographic conditions used, the peak representing gos- 
sypol-acetic acid has some tailing. To demonstrate that this peak was 
intrinsically a single peak and to further substantiate the purity of the 
gossypol-acetic acid sample, an absorbance ratio technique was utilized 
(21,22). In this experiment, the flow of the eluting peak was stopped at  
the leading edge (point l),  and crest (point 2), and the trailing edge (point 
3), as illustrated in Fig. 2. Based on the UV-absorption spectra of gos- 
sypol-acetic acid taken in CH~CN-HZO-HOAC (7:2:1), absorbancy was 


Rheodyne model T120; Waters Associates, Milford, MA 01757. 
Model 450; Waters Associates, Milford, MA 01757. 
Beckman Instruments, Fullerton, CA 92634. 


10 Waters Associates, Milford, MA 01757. 
l1 Model 21421; Beckman Instruments, Fullerton, CA 92634. ** Model LC85, Perkin-Elmer Corp., Norwalk, CT 06856. 
l3 Autocontrol, Model LC75; Perkin-Elmer Corp., Norwalk, CT 06856. 


Model C-RIA; Altex Scientific, Inc., Berkele , CA 94710. 
Model 210; Altex Scientific, Inc., Berkeley, dk 94710. 
Model DB-C; Beckman Instruments, Fullerton, CA 92634. 


17 Conditions: pBondapak Cis (10-pm particle size) column (3.9 mm X 30 cm); 
eluant CH~CNH~OHOAC (721); flow rate, I.OmL/min; temperature, 26'C; 88m le 
concentration, 0.27 mg/mL; injection volume, 4 pL; sensitivity, 0.04 AUFS; inyet 
pressure, 1057 psi; chart speed, 10 mm/min. 


18 The chromatographic profile generally indicated a single peak eluting at 9.18 
min. Occasionally, a small peak (10.34) eluted at the advent front (3.42 min) which 
could be attributed to a system artifact. 
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Table 11-Absorbance Ratios for Gossypol-Acetic Acid 


Stopping Absorbance Readings Absorbance Ratios, XllX2 
Point 254 nm 260 nm 290 nm 370 nm 254/260 nm 254/290 nm 254/370 nm 260/290 nm 260/370 nm 290/370 nm 


~~ 


1. Leading edge 0.063 0.054 0.056 0.031 1.167 1.125 2.032 0.964 1.742 1.806 
0.083 0.071 0.074 0.041 1.169 1.122 2.024 0.959 1.732 1.805 
0.057 0.049 0.051 0.028 1.163 1.117 2.036 0.961 1.750 1.821 
0.064 0.055 0.057 0.031 1.164 1.122 2.064 0.965 1.774 1.838 


2. Crest 0.105 0.090 0.094 0.049 1.167 1.117 2.100 0.958 1.837 1.918 
0.106 0.091 0.095 0.051 1.165 1.116 2.078 0.958 1.784 1.863 
0.105 0.090 0.094 0.049 1.167 1.117 2.100 0.958 1.837 1.918 
0.106 0.091 0.095 0.051 1.165 1.116 2.078 0.958 1.784 1.863 


3. Trailingedge 0.049 0.042 0.044 0.023 1.167 1.114 2.130 0.955 1.826 1.913 
0.032 0.028 0.029 0.015 1.143 1.103 2.133 0.965 1.866 1.933 
0.043 0.037 0.039 0.021 1.162 1.103 2.048 0.948 1.762 1.857 
0.043 0.037 0.039 0.021 1.162 1.103 2.048 0.948 1.762 1.857 


Mean 
SD 
RSD, % 


1.164 1.115 2.073 0.958 1.788 1.866 
0.007 0.008 0.037 0.006 0.043 0.045 
0.60 0.72 1.78 0.42 1.85 2.41 


0 3 6 9 12 
MINUTES 


Figure 2-Points of eluting HPLC peak ofgossypol-acetic acid at which 
absorbance measurements were made at preselected wauelengths. Key: 
( I )  leading edge, (2) crest, (3) trailing edge. 


determined a t  four preselected wavelengths (254,260,290, and 370nm) 
each time the flow was stopped. The sensitivity was reduced for higher 
absorbance readings. Absorbance ratios were then calculated for (XI/&) 
254/260,254/290,254/370, and 2901370 nm. The experiment was done 
in replicate. The results (Table 11) strongly indicate that the chromato- 
graphic peak for gossypol-acetic acid consists of a single, spectroscopically 
(UV, IR, lH-NMR, lV-NMR, and MS) pure substance, since the ab- 
sorbance ratios at the various points of the peak did not differ signifi- 
cantly. 


From these results the most consistent and reliable ratios are those 
involving wavelengths of 254, 260, and 290 nm. From an analysis of 
variance of the calculated absorbance ratios taking the leading edge, the 
crest, and the trailing edge as three distinct populations, the results were 
F2.69 = 0.03; the reference shows F0.005,2,~ = 5.80. The three sets of ratios 
are therefore similar with a 99.5% degree of confidence. This method 
appears to be a highly effective HPLC technique for the analysis of gos- 
sypol-acetic acid, which is superior to those reported previously. 
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Abstract 0 Since diazepam is metabolized by many organs in the rat, the 
microsomal fractions of the liver, kidney, and lung from male Wistar rats were 
assayed for NADPH-dependent metabolism of diazepam and enzymatic 
parameters. The predicted extraction ratios were obtained from this in oifro 
experimental system. The organ clearances of the liver, kidney, and lung were 
then calculated for the determination of the relative contribution of each 
eliminating organ to the total body clearance (CL,,,) of diazepam in  the rat. 
The liver was the most effective eliminating organ. followed by the kidney and 
the lung, i n  that order. The hepatic extraction ratio of diazepam was deter- 
mined in cioo after portal and femoral vein administrations of diazepam. The 
validity of the in ciiro experimental system for the liver was demonstrated 
by a good agreement between the calculated hepatic extraction ratio of di- 
azepam from in uirro enzymatic parameters (0.61 6) and that derived in oiuo 
(0.648). However, the sum of organ clearances of the liver, kidney, and lung 
did not account for CL,,, of diazepam in the rat. suggesting the possible con- 
tribution of the metabolism in the other organs or tissues, or an underesti- 
mation of the pulmonary and renal metabolism. 


Keyphrases 0 Diazepam -metabolism, hepatic and extrahepatic, in uitro 
assessment. comparison with in uico parameters in the rat 0 Metabolism- 
diazepam in the rat, hepatic and extrahepatic, in oiiro assessment compared 
with in cioo parameters 


Diazepam is a clinically important minor tranquilizer which 
is extcnsively mctabolizcd by all species studied. However, 
there are pronounced interspecics differences in the total 
plasma clearance (CL,, ,)  per unit of body weight that pre- 
sumably reflect differences in organ intrinsic clearances, blood 
flow, plasma binding, and the relative contributions of elimi- 
nating organs ( I ) .  I n  humans the total clearance is small [26.6 
f 4.1 mL/min (mean f SD; n = 5 ) ]  (2) and it is assumed to 
reflect only hepatic metabolism. In contrast, in the rat the total 
clearance exceeds the liver blood flow, suggesting the in- 
volvement of extrahepatic elimination. The relative contri- 
bution of different organs to the overall metabolism of a drug 
may be assessed in uiuo, but this is often difficult. Instead, 
comparison is often made between the in  vitro enzymatic 
characteristics of an organ. This approach has recently re- 
ceived new impetus, since i t  has been shown to be readily ex- 
trapolated to the whole organ. 


I n  the present study. the in uitro cxpcrimental system using 


microsomal fractions was employed to evaluate enzymatic 
parameters of the hepatic and extrahepatic diazepam elimi- 
nation systems in the rat. The kidney and the lung were se- 
lected as the representative extrahepatic eliminating organs, 
since these two organs are reported to contain considerable 
amounts of cytochrome P450 (3) .  Enzymatic parameters of the 
liver, kidney, and lung were extrapolated to those of the whole 
organs. Using these parameters, the relative contributions of 
individual disposing organs were evaluated and, in the case of 
the liver, compared with an in uiuo assessment. 


EXPERIMENTAL 


Materials-Male Wistar rats'. weighing 250-270 g, on a normal laboratory 
diet were used throughout. (2-14C]Dia~pam (40-60 mCi/mmoL)* was used. 
Unlabeled diazepam', deme~hyldiazepam~, oxazepam4, and 3-hydroxydi- 
azepam4 were gifts from commerical sources. NADP, glucose-6-phosphate 
and glucose-6-phosphate dehydrogenase were obtained commercially5. All 
other chemicals were reagent grade. 


Assay of Radioa~tivity-[2-~~C]Diazepam was diluted with unlabeled drug 
prior to the studies. The determination of carbon- I4 and the assay of labeled 
drug and its metabolites were described elsewhere (4). The radiochemical 
purity was >98-99% for [2-14C]diazcpam by TLC. 


Tissue Preparation and h u g  Metabolism Study-Each of the 3-5 separate 
determinations were conducted on a separate pool of organs, each pol con- 
taining organs from 2- 10 individual animals. After overnight fasting, the rats 
were exsanguinated oia a carotid artery and perfused in siru with cold phys- 
iological saline uia the venous trunk just inferior to the renal veins and cia the 
portal vein unt i l  the effusate became colorless. The liver, kidney, and lung were 
excised, blotted, weighed. and pooled to obtain 10-1 1 g of each organ. The 
preparation of microsomal fractions was described elsewhere (5). 


Incubation mixtures for the mixed function oxidation consisted of micro- 
soma1 protein. 50 mM Tris-HCI buffer (pH 7.4), the NADPH-generating 
system ( I  mM NADP, 10 mM glucose-6-phosphate. 2 U of glucose-6-phos- 
phate dchydrogenase, and 5 mM magnesium chloride), and various amounts 
of ['4C]diazepam diluted with unlabeled diazepam to a final volume of I .O 
mL. The NADPH-generating system, microsomal protein solution, and 
['4C]diazepam solution were preincubated separately for 2 min at 37OC. The 


I Nihon Scibutsu Zairyo, Tokyo, Japan. * Radiochemical Center. Amersham. England. 
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Figure I-Lineweaoer-lurk plot of metabolism of diazepam by liver mi- 
crosomes. Each point represents the mean of 3-5 separate determinations 
with standard error. The solid line represents the best / i t  to these data by a 
least-squares method (10). 


reaction was initiated by mixing these three solutions. The final concentration 
of diazepam ranged between 0.05-0.5 pg/mL. The reaction for 2 min at 37OC 
was stopped by transferring 0.5 mL of the incubation mixture into a stoppered 
glass tube containing 6 mL of cold benzene and subsequent mixing on an 
automatic mixer. After extraction and evaporation in boiling water (6). the 
amount of diazepam metabolized during 2 min was determined as previously 
described (4). 


There are two pathways for diazepam metabolism, and the metabolites arc 
further metabolized (7-9). Therefore, the rate of diazepam metabolized in-  
stead of the product formed was used for the enzyme assays. The spontaneous 
degradation of diazepam in the incubation mixture without the NADPH- 
generating system during incubation at 37OC did not occur. The recoveries 
from the extraction were determined and used for the correction. The enzy- 
matic parameters (Km and V,,,) of the rat liver, kidney, and lung for di- 
azepam metabolism were determined by Lineweaver-Burk analysis of the data 
of microsomal metabolism by a least-squares method (data were weighted 
with reciprocals of their variance) (10) using a digital compute+. 


Animal Experiments-Under light ether anesthesia, the femoral vein and 
artery were cannulated with polyethylene tubing' for intravenous drug ad- 
ministration and blood sampling, respectively. For intraportal venous ad- 
ministration, the portal vein was cannulated with polyethylene tubing' at- 
tached to a 27-gauge injection needle for drug administration, and the femoral 
artery was cannulaled with polyethylene tubing' for blood sampling. Rats 
here then restrained in a Bollman cage. After 2 h of recovery from anesthesia, 
[ ''C]diazepam diluted with unlabeled diazepam (1.2 mg/kg) in 0.25 mL of 
polyethylene glycol 300 ( 1  1 )  was injected, followed by 0.5 mL of physiological 
saline. At various times postinjection, a blood sample (0.3 mL) was withdrawn 
via a femoral artery using the cannula into a heparinized polyethylene tube 
followed by subsequent centrifugation". Plasma samples were treated as de- 
scribed above. 


Calculation of the Metabolic Capacity of each Disposing Organ-The en- 
zymatic parameters (Km and l',,,,,) determined in the in uitro experimental 
system using microsomal fractions were extrapolated to those of whole organs 
as described previously ( I  1 - 13). and the following calculations were per- 
formed. The intrinsic clearance (CLln1), related to the enzymatic parameters, 
is given as follows, assuming a single-enzyme system: 


where C, is the concentration of unbound drug in the water surrounding thc 
cnzyme. The CLint is reduced to the following under nonsaturable conditions, 
i .e. ,  K,,, >> C,: 


CLint 'Y VmaxIKm (Eq. 2) 


Assuming rapid equilibrium between organs and the effluent venous blood, 
the whole organ clearance ( C L )  of the liver or kidney is given as follows (14, 
IS): 


~~ 
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Figure 2-Concentrution-time profiles of diazepam after an injection of 
diazepam (1.2 mg/kg) intravenously (*,I or intraportally (0) in ruts (250- 270 
g). Each datum point represents the mean of 3-5 separate determinations 
f SE.  The data points without the oerrical bars include the SE within the 
symbol mark. 


whcrefe is thc fraction of the drug in blood that is unbound, the Q is the blood 
flow supplied to the organ. The whole organ clearanceof lung (CLI. , )  is given 
as follows, assuming rapid equilibrium (16): 


CLL, = f d L n i ( L u )  (Eq. 4) 


The capacity of an eliminating organ to metabolize the drug can also be 
cxpressed as the extraction ratio ( E ) .  The extraction ratio of liver ( E l l )  derived 
from in uitro or in oioo experiments ( 1  7) is as follows: 


A UC,,/ Dose 
A UC,,/ Dose 


Eel= I - 


whcrc AUC,, and AUC,, are the area under concentration-time curves of 
diazcpam from zero to the infinity after portal venous and intravenous ad- 
ministration, respectively. 


RESlJLTS 


Drug Metabolism Study-The Lineweaver-Burk plot of the disappearance 
rates of diazepam uersus the initial diazepam concentrations using liver mi- 
crosomc is shown in Fig. l .  The enzymatic parameters (K, and l',,,,,) derived 
from in uitro experiments and those extrapolated to the whole organs for the 
liver, kidney, and lung arc listed in Table I .  Since the unbound diazepam 
concentration i n  plasma was sufficiently small compared with the values of 
K, of the three disposing organs (see footnote to Table I ) ,  Eq. 2 was used to 


Table I-Enzymatic Parameters for Metabolism of Diazepam by 
Microsomes of Rat Liver, Kidney, and Lung 


vmax.  
pg/min/g of vmarh,  CLintc, CL,,gd, 


KmP, Microsomal pg/rnin/g mL/min/g mL/min/ 
Organ pg/mL Protein of Organ of Organ 0.25-kg rat 


Liver 0.409 125.0 6.08 14.87 8.95 
Kidney 0.198 18.5 0.33 1.68 0.22 
Lung 0.343 27.8 0.26 0.76 0.10 


~ ~~~~ ~~ ~~ 


Michaelis Menten constant for the unbound drug. Nonspecific binding of the drug 
to each microsomal suspension was low. determined by an equilibrium dialysis technique 
a t  37.C in the absence of an NADPII-generating system (5). and was used for the cor- 
rection. Grams of microsomal protein per gram of liver was calculated as reported by 
lgari et al. (5) according to the methods of Lin er al. (I 2 )  and Smith and Bend ( I  3). and 
that of kidney or lung was calculated according to the methods of Lin el a/. ( I  2) and 
Smith and Bend (I 3) by using the data rreportcd by Litterst er a/.  (3). The fraction 
of unbound drug in plasma and the blood-to-plasma concentration ratio were 0.14 and 
1.04, respectively, taken from the report by lgari el a/ .  (4). The free diazepam concen- 
trations in the systemic blood postinjection of 1.2 mg/kg iv of dia7epam into the rat were 
below -60 ng/mL and adequately smaller than K, values over time. since diarepam 
concentration in the systemic blood declined very rapidly with time. Therefore, since the 
nonsaturable condition approximately holds, C'L,,, can be described by Eq. 2. The values 
of CL, of liver and kidney were calculated by Eq. 3. and that of the lung was calculated 
by Eq. 8 .  The blood flow rates of the liver and kidney were 14.7 mL/min/0.25-kg rat 
and I I .4 mL/min/0.25-kg rat, respectively, taken from th; repr t s  of Sasaki and Wagner 
(32). Dedrick PI a/ .  (33). and Lutz el a/ (34). 
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calculate CLint. The calculated CLinl and CL are also listed in Table I .  The 
liver is, as expected, the most potent contributor to total clearance, followed 
by the kidney and the lung in that order. 


Evaluation of the Hepatic Extraction Ratio of Diazepam-After intravenous 
or intraportal administration of I .2 mg/kg of [‘4C]diazepam into the rat, the 
concentrations of diazepam in plasma declined biexponentially, as  shown in 
Fig. 2, and could be fitted using a digital computer program (10). The AUC 
values are 15.4 f 0.6 pg/mLmin (mean f S E )  following intravenous ad- 
ministration and 5.4 f 0.7 pg/mLmin (mean f SE) following intraportal 
administration, respectively. The extraction ratio of the liver, calculated ac- 
cording to Eq. 6 using the mean AUC values of postintravenous and intraportal 
injection, was 0.648, while that calculated according to Eq. 5 using enzymatic 
parameters derived from thc in oitro experiments was 0.61 6 (for the hepatic 
blood flow rate and the blood free fraction, refer to the footnote to Table 
1). 


The observed total clearance, calculatcd using CL,,, = Dose/AUCi,. was 
19.6 mL/min/0.25-kg rat. 


DISCUSSION 


Drug metabolism systems exist not only in the liver, but also in the kidney, 
intestine, lung, skin, brain, tcstes, placenta, adrenals, spleen, and plasma (1 1, 
16-22); each enzyme system may have different enzymatic parameters. Since 
total clearance cannot be ascribed to only the liver for drugs which are me- 
tabolized by multiple organs, an accurate assessment of metabolic capacities 
of individual disposing organs would be indispensable in describing the drug 
kinetics in plasma and various tissues or organs using the physiologically based 
pharmacokinetic model developed by Dedrick ef a / .  (23,24). Some authors 
have dealt with the drug metabolism study using experimental systems pre- 
pared from the liver and the other organs. For cxample, Lake ef al. (25) and 
Litterst ef  a / .  (3)  reported the hepatic and extrahepatic in uifro metabolism 
of some drugs using subcellular fractions. Hayes and Brendel(26) and Dev- 
ereux et a / .  (27) reported the metabolism of drugs using isolated liver and lung 
cell preparations, respectively. However, to incorporate the in oifro data into 
a physiologically based pharmacokinetic model, an appropriate scaling is 
needed to extrapolate the in cirro data to the in uioo situation, and comparison 
should be made between the capacity of the whole organ predicted from the 
in  uifru data and observed to validate the scaling. On this point, Rane ef  al. 
( I  1) have successfully predicted intrinsic clearance and hence the extraction 
ratio of the liver of a wide spectrum of compounds using the values of V,,, 
and K, determined from liver homogenates, compared with those observed 
in the isolated liver perfusion study. Furthermore, Collins ef al. (28) and Lin 
et a / .  (29) also reported the in oifro and in uioo correlation of the drug me- 
tabolism using isolated liver preparations. 


I n  the present study, the enzymatic parameters K,,, and V,,, for the mi- 
crosomal oxidation of diazepam in the liver, kidney, and lung were estimated 
using in cirro enzyme assays. I t  was demonstrated that the kidney and lung 
in addition to the liver contributed to the total clearance of diazepam in the 
rat. As expected, the liver was the most efficient organ for diazepam metab- 
olism, followed by the kidney and the lung in that order. This is because there 
were differcnces in the values of V,,, among three organs, as shown in Table 
1. The sum of the predicted organ clearances of the liver, kidney, and lung (9.3 
mL/min/0.25-kg rat; Table I) ,  however, was still below the observed total 
clearance (19.6 ml./min/0.25-kg rat). Since the predicted liver organ 
clearance (C‘L,,) in the present study was probably an estimate, the micro- 
somes of the kidney and lung might not be prepared with enzymatic activity 
matching those of the intact kidney and lung. 


Recently. the extrapolation of the in oifro enzymatic parameters to those 
in aioo has becn demonstrated also in the lung. For example, Smith and Bend 
( 1  3)  and Law (30) succeeded in the extrapolation using benzo[a]pyrene 
4.5-oxide and phencyclidine as substrates, respectively, both of which are 
metabolized mainly by microsomal enzymes. In the case of S-hydroxytryp- 
tamide, which is mainly metabolized by mitochondria1 monoamine oxidase, 
the prediction of its clearance from the in uifro enzymatic parameters was 
successful for the liver, but underestimated the observed clearance in the lung 
( 3 1 ) .  Our present study using diazepam showed results similar to those for 
5-hydroxytryptamine (31 ), although the intracellular localization of the en- 
zymes is different. 


Thus, the estimation of the enzymatic parameters of the metabolism from 
the in  oitro assay systems of the liver and an appropriate scaling to the whole 
organ V,,, value proved to be a useful tool for theestimation of the metabolic 
Occurrences of diazepam in oioo. Since diazepam is metabolized by the kidney 
and lung in addition to the liver, the preparation of microsomes of the kidney 
and lung or experimcntal conditions such as  components and concentrations 
of cofactors to yield appropriate enzymatic degradation rates should be further 
studied to assess the extrahepatic metabolism of diazepam. 


REFERENCES 


( I )  U. Klotz, K. H. Antonin, and P. R. Bieck. J. Pharmacol. Exp. Ther., 


(2) U. Klotz, G.  R. Avant, A. Hoyumpa, S. Schenker, and G. R. Wilk- 


(3) C. L. Litterst, E. G. Mimnaugh, R. L. Reagan, and T. E. Gram, Drug 


(4) Y.  Igari, Y. Sugiyama, Y. Sawada, T. Iga, and M. Hanano, Drug 


( 5 )  Y. Igari, Y. Sugiyama, S. Awazu, and M. Hanano, J. Pharmacokinef. 


(6) I .  A. Zingales, J .  Chromafogr., 75,55 (1973). 
(7) M. A. Schwartz, R. A. Koechlin, E. Postman, S. Palmer, and G. Krol, 


J. Pharmacol. Exp. Ther., 149,423 (1965). 
(8) J .  A. F. de Silva, R. A. Koechlin, and G. Bader, J. Pharm. Sci., 55, 


692 (1966). 
(9) J. A. F. de Silva and G. Bader, Fed. Proc., 25 (part 1). 532 


( 1966). 
(10) T. Nakagawa, Y. Koyanagi, and H. Togawa, “SALS, a Computer 


Program for Statistical Analysis with Least-Squares Fitting,” Library Pro- 
gram of the University of Tokyo Computer Center, Tokyo, Japan, 1978. 


( 1 1 )  A. Rane, G. R. Wilkinson, and D. G.  Shand, J. Pharmacol. Exp. 
Ther., 200,420 (1977). 


(12) J.  H. Lin, Y. Sugiyama, S. Awazu, and M. Hanano, Biochem. 
Pharmacol., 29,2825 ( 1980). 


(13) B. R. Smith and J. R. Bend, J. Pharmacol. Exp. Ther., 214, 478 
(1980). 


(14) M. Rowland, L. 2. Benet, and G. G. Graham, J .  Pharmacokinef. 
Biopharm., 1,123 (1973). 


( I S )  G. R. Wilkinson and D. G.  Shand, Clin. Pharmacol. Ther., 18,377 
(1975). 


(16) L. W. Wattenberg and J. L. Leong, J. Hisrochem. Cyfochem., 10. 
412 (1962). 


(17) J .  R. Gillette and K. S. Pang, Clin. Pharmacol. Ther., 22, 623 
(1977). 


(18) L. W. Wattenberg, J. L. Leong, and P. J. Strand, Cancer Res., 22, 
1120 (1962). 


(19) E. Schlede and A. H. Conney, Life. Sci., 9, 1295 (1970). 
(20) G. Feuer, J. C. Sosa-Lucero, G. Lumb. and G. Moddel, Toxicol Appl. 


(21) M. R. Jeuchau, Fed. Proc., 31,48 (1972). 
(22) M .  Rowland, S .  Riegelman, P. A. Harris, and S. D. Sholkoff, J. 


(23) R. L. Dedrick and K. B. Bischoff, Chem. Eng. Prog. Symp. Ser., 64, 


(24) R. L. Dedrick, D. D. Forrester, and D. H. W. Ho, Biochem. Phar- 


(25) B. G. Lake, R. Hopkins. J. Chakraborty, J. W. Bridges, and D. V. 


(26) J .  S. Hayes and K. Brendel, Biochem. Pharmacol., 25, 1495 


(27) T. R. Devereux, G. E. R. Hook, and J. R. Fouts, Drug Merab. Dispos., 


(28) J. M. Collins, D. A. Blake. and P. G. Egner, Drug Metab. Dispos., 


(29) J. H. Lin, M. Hayashi, S. Awazu, and M. Hanano, J. Pharmacokinet. 


(30) F. C. P. Law, Drug Mefab. Dispos., 10, 361 (1982). 
(31) D. A. Wiersma and R. A. Roth, J. Pharm. Exp. Ther., 212, 97 


(32) Y. Sasaki and N.  Wagner, J. Appl. Pliysiol.. 30,879 (1968). 
(33) R. L. Dedrick, D. S. Zaharko, and R. J. Lutz, J. Pharm. Sci., 62,882 


(34) R. J .  LUt7, R. L. Dedrick, H. B. Mathews, T. E. Eling, and M. W. 


199,67 (1976). 


inson, J. Clin. Inuesf.. 55,347 (1975). 


Mefab. Dispos., 3, 259 (1975). 


Mefab. Dispos., 10,676 (1982). 


Biopharm., 10,53 (1982). 


Pharmacol., 19, 579 ( I  97 I ) .  


Pharm. Sci., 61, 379 (1972). 


32 (1968). 


macol., 21, 1 (1972). 


W. Parke, Drug Metab. Dispos., 1,342 (1973). 


( 1  976). 


7.70 (1979). 


6.251 (1978). 


Biopharm.. 6,327 (1978). 


( 1980). 


(1973). 


Anderson, Drug Merab. Dispos., 5 ,  386 (1977). 


ACKNOWLEDGMENTS 


Portions of the paper appeared in a dissertation submitted by Y. lgari to 
the Graduate Division, University of Tokyo, Tokyo, Japan, in partial fulfillment 
of the requirements for the Ph.D. degree. 


This study was supported by a grant-in-aid for Scientific Research provided 
by the Ministry of Education, Science and Culture of Japan. The authors 
thank Dr. G.  R. Wilkinson for his review of this manuscript. 


020 I Journal of Pharmaceutical Sciences 
Vol. 73. No. 6, June 1984 












EDITORIAL 


Putting an End to Secret Formulations 


“Secret nostrums’’ were a scourge of the past that pharmacy, 
medicine, and the general public had to deal with in their collective 
efforts to advance rational therapy. From the medical scientist’s 
viewpoint, it is basic, elementary, and essential that, if  at all possible, 
one knows exactly what it is that is being used as an agent of treat- 
ment. Without complete composition information, how else is it 
possible to practice either good medicine or good pharmacy? 


We recently attended a scientific conference at which University 
of California Pharmacy School Dean-and former Food and Drug 
Commissioner-Jere E. Goyan was a featured speaker. During his 
presentation, he observed that in  the former dark days of science, 
“magic was medicine”; but in  the present, enlightened period of 
science, “medicine is magic.” 


It is wonderful if  medicine is able to produce results that can be 
described as “magical.” However, it is in no one’s best interest-and 
certainly not in the patient’s nor in the practitioners’ who are treating 
that patient-for the product used in treatment to be a secret formula: 
a sort of “magic potion,’’ if you will. 


But yet, that is still what prevails to a large degree even today. 
Granted, drug manufacturers are required by law and regulation 


to make known the identity and quantity of the medicinally active 
ingredients in their products. However, they are not required to do 
so with respect to the so-called “inactive” ingredients. This despite 
the fact that these “inactive” ingredients may pose a serious health 
hazard to many patients. For reasons of safety, patients either may 
need to avoid, or may wish to avoid, such ingredients as lactose, tar- 
trazine, cyclamates, saccharin, monosodium glutamate, sulfites, ni- 
trites, as well as miscellaneous other preservatives, colors, or flavoring 
agents. 


Yet, most drug manufacturers not only are unwilling to list such 
inactive ingredients in  the labeling or advertising of their products, 
but adamantly refuse to divulge the information in response to specific 
requests. 


When queried as to the basis for this policy, the usual response is 
“trade secrets.” To which we can only retort: “Baloney!” 


Every manufacturer must surely realize that the sophistication of 
trained laboratory personnel and the instruments and advanced 
equipment available today would enable any competition to “crack” 
a product’s formula, both qualitatively and quantitatively with relative 
ease and speed. Competent pharmaceutical analysts would find such 
a task to be only a moderate challenge at most. And when we have 
stated this view to our industrial scientist colleagues, they have gen- 
erally admitted-although usually “off the record”-that such is 
indeed the case. 


So what is the real reason for this carefully maintained cloak of 
secrecy? 


In  our opinion, it has virtually nothing to do directly with com- 
petitors-any real trade secrets are much more likely to be involved 
in how the product is put together, than what is in  it. No, we believe 
that the underlying reason for this policy on the part of so many drug 
firms is simply due to their desire to maintain an aura of the unknown, 
of magic, and of mystique surrounding their products. And this is not 
done out of concern about competing firms, but rather for the effect 
they believe it has on physicians, pharmacists, and patients. 


As early as 1970, the American Pharmaceutical Association, by 
formal action of its House of Delegates, adopted a policy statement 
that “the Association seek legislation or regulations to require a full 


disclosure of therapeutically inactive as well as active ingredients of 
all drug products.” 


Subsequently, this official APhA policy position was broadened 
and strengthened on several occasions: most notably in 1980, when 
it was explicitly clarified that the policy was intended to cover both 
prescription and nonprescription drugs, and that disclosure included 
not only a passive willingness to reveal the information, but also an 
active listing of the information in product labeling and adver- 
tising. 


Regrettably, however, the “proponents of magic” prevailed in the 
policy-making offices of corporate drugdom, and few companies have 
been willing to break with the operating policy of composition se- 
crecy. 


In  recent months, however, the issue has heated up considerably. 
First, Ralph Nader’s Health Research Group filed a “citizens’ 
petition” with the Food and Drug Administration seeking new reg- 
ulations to require that inactive ingredient information be listed on 
labels, in  package inserts, and in the Physician’s Desk Reference. 
Second, Jeffrey L. Brown, chairman of pediatrics at United Hospital 
in New York, filed suit in Washington, DC, federal court to force 
FDA to divulge the names of all approved drug products containing 
lactose as an ingredient. Third, Congressman Richard L. Ottinger 
(D.-NY) introduced legislation (H.R. 41 26) to require disclosure of 
both active and inactive drug ingredients. 


FDA initially refused freedom-of-information and similar efforts 
to get it to reveal the requested composition information. But then 
the agency notified the industry that, in effect, it would no longer serve 
as the industry’s guardian angel; it would not defend against trade 
secret lawsuits unless the companies themselves defended against 
those suits. 


How each individual drug company decides to act remains to be 
seen. But for the prescription drug industry’s major trade group, the 
Pharmaceutical Manufacturers Association. this clearly presented 
a serious dilemma: is their primary concern to protcct patients’ lives 
or company dollars? 


In  rapid succession, the PMA first jumped in, and then scrambled 
out. Indeed, PMA’s retreat was so hasty that the trade press was still 
carrying reports about PMA’s February 27 decision to intervene in 
the case even after PMA actually withdrew from the lawsuit on 
March 14. 


But, embodied in PMA’s announcement to the press that it decided 
to withdraw from the case was an explanatory statement that, in  our 
view, was most gratifying: “PMA withdrew . . . because it concluded 
that, while the identity of inactive ingredients is legally a trade secret, 
the medical justification for disclosure of the presence of lactose 
nevertheless warrants release of that information . . . . PMA recog- 
nizes the concerns of those who favor disclosure of inactive ingredients 
generally and intends to work with all interested parties toward a fair 
and equitable solution to the overall problem.” 


It appears that a new day has dawned, and that human lives rather 
than dollars may yet prevail as the subject of principal industry 
concern. Welcome aboard, PMA! 


-EDWARD G. FELDMANN 
American Pharmaceutical Association 


Washington, DC 20037 
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In summary, the present study has shown that the use of GC with 
electron-capture detection improves, to a large extent, the sensitivity of 
the previous HPLC and GC methods. This procedure is appropriate for 
monitoring plasma levels during single-dose pharmacokinetic studies. 
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Abstract Carbonate was completely desorbed from amorphous alu- 
niinum hydroxycarbonate gel by purging with nitrogen. The reversibility 
of carbonate adsorption suggests that aluminum hydroxycarbonate 
particles are composed of planes of aluminum hydroxide with carbonate 
adsorbed a t  edge aluminum sites. A slow-reacting phase which was 
identified as a precursor of gibbsite. formed when the carbonate/alumi- 
num molar ratio was <0.20. 


Keyphrases Desorption-carbonate from aluminum hydroxycarbo- 
nate gel, nitrogen purging 0 Carbonate-desorption from aluminum 
hydrocarbonate gel, nitrogen purging 0 Nitrogen purging-desorption 
of carbonate from aluminum hydroxycarbonate gel 0 Aluminum hy- 
droxycarbonate gel-desorption of carbonate, nitrogen purging 


The coordination of carbonate by aluminum in alumi- 
num hydroxide has been demonstrated by Raman and IR 
analyses (1-3) as well as by the effect of carbonate ad- 
sorption on the point of zero charge of aluminum hy- 
droxide (4). The term specific adsorption describes the 
adsorption of carbonate by aluminum hydroxide as it re- 
fers to the adsorption of anions by the formation of a 
partial covalent bond with structural metal atoms and the 


Figure 1-Apparatus for purging aluminum hydroxycarbonate geI with 
nitrogen gas. Key: (A)  nitrogen gas cylinder; (ti) glass cylinder; (D) 
frittcd glass gas disperser; (F) water; (C) sealable sampling port;  (HI 
uluminuni hydroxycarbonatc grl; ( I )  magnetic sliming bar; (J )  heat 
shidd; ( K )  niagnetic stirrer; (I,) soap hubble floui meter. 


concomitant displacement of hydroxyl or water groups 
from the surface (5,6). 


The importance of specifically adsorbed carbonate in 
maintaining the structure and antacid properties of alu- 
minum hydroxide gel has been demonstrated by numerous 
kinetic studies (3,7-11). Insight into adsorption mecha- 
nisms may be gained by studying desorption reactions. 
Hingston et al. (12) found that specific adsorption of 
phosphate, selenite, and fluoride by gibbsite or goethite 
varied between complete reversibility and almost complete 
irreversibility. The reversibility of the specifically adsorbed 
anion was related to  the nature of the adsorption complex. 
Adsorption was reversible when only unidentate ligands 
formed between the anion and metal, i .e. ,  fluoride anion. 
However, multidentate ligands, bridging, or the formation 
of ring structures a t  the surface led t.o irreversibility. 
McBride (13) concluded from spin probe studies that easily 
desorbed anions were adsorbed on aluminum hydroxide 
by ligand exchange of a single surface hydroxyl while an- 
ions that could not be easily desorbed were adsorbed by 
bidentate bonds. Gast. (6) also suggested that readily de- 
sorbed anions have one coordinated bond to the surface 
while those more strongly retained have two coordinated 
bonds. Therefore, the desorption of specifically adsorbed 
carbonate from aluminum hydroxycarbonate gel was 
studied as part of efforts to improve the antacid properties 
and stability of antacid products. 


EXPERIMENTAL 


The two aluminum hydroxycarbonate gels (CGI and CC2) studied 
were obtained commercially1 as 9.5% equivalent All03 pourable gels and 
were diluted with distilled water to 5% equivalent A1203. IR analysis2 was 


I Reheis Chemical Co.. Berkeley Heights, N.J.  and Chattem Chemical, Chatta- 
ntx, a,Tenn. 


hodel 180; Perkin-Klmer Co., Korwalk, Conn. 
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Figure 2-Change in the carbonate content of two commercial alumi- 
num hydroxycarbonate gels during the nitrogen purge. Key: (A) CGl ,  
control; (B) CG2, control; (C) C G I ,  nitrogen purge; (0) CG2, nitrogen 
purge. 


performed on air-dried samples as potassium bromide pellets. Equivalent 
aluminum oxide content was determined by chelatometric titration 
(14). 


Carbonate content was determined by a gasometric displacement 
technique (15) using the Chittick apparatus3. Because the addition of 
strong acid to aluminum hydroxycarbonate gel is an exothermic process, 
temperature control was required for accurate gas volume measurements. 
The Chittick reaction flask was immersed in a water bath maintained 
at room temperature, and the evolved carbon dioxide was passed through 
a copper coil (0.318 i.d. X 0.476 0.d. x 243 cm) inserted between the re- 
action flask and the measuring cylinder which was submerged in a water 
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Figure 3-Change in the pH and point of zero charge (ZPC) of CG1 (A) 
and CG2 (B) during the nitrogen purge. Key: (gas) nitrogen purge, (no 
gas) control. 


3 Sargent-Welch Scientific Co., Skokie. Ill. 
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Figure 4-Change in the point of zero charge (ZPC) during carbonate 
desorption from two commercial aluminum hydroxycarbonate gels. 


bath maintained a t  room temperature. The carbonate content was ex- 
pressed as the carbonate-aluminum molar ratio. 


The point of zero charge (ZPC) was determined by a continuous po- 
tentiometric titration procedure (4). The acid reactivity was determined 
by the pH-stat technique a t  pH 3,25OC employing an automatic titration 
apparatus4 (16). X-ray powder diffractcxrams5 were obtained on air-dried 
samples under the following operating conditions: CuK, radiation, 30 
kV, 28 mA, 3 s time constant, 6-30" 28. 


A diagram of the apparatus used to purge the aluminum hydroxycar- 
bonate gels with nitrogen is shown in Fig. 1. The nitrogen was saturated 
with water by bubbling through water prior to contact with the sample, 
thus minimizing the drying of the gel. The nitrogen flow was maintained 
at 153 mL/min; the initial sample was 1100 mL. As a consequence of 
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Figure 5-pH-stat titrigram at pH 3, 25°C of CGl (A)  and CC2 fB) 
during nitrogen purging. 
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PHM 62, "'IT 60. ABU 12 (2.5 mL), TTA 60, REA 160; Radiometer, Copen- 
h en, Denmark. 


?Siemens Type F diffractometer; Siemens Corp., Iselin, NJ 
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Figure 6--?;-ray p o l d e r  dlffractogmms of ( ' ( ; I  and ('(;2 f(J//(JUIing 
nitrogcn purging. Kc.?: ( A )  C G l  control and aftrr  31  d of nitrogcn 
purging; fR) ('GI nftcr 31 d o/ nitro,qm purging f o / h u d  h j  16 d of aging 
at room trmpcraturc; (CJ CG2 control and aftrr 26 d of nitrogen purging; 
(1)) CC2af tc r26dof  nitrogvnpurging follou~ed h j  7dofng ingat  room 
temperaturf. 


periodic sampling, -350 mL rrmained at the end of the study. The control 
samples were not exposed to nitrogen and were stored in tightly sealed 
high-density polyethylene bottles at  room temperature. 


HESlJ1,TS AND DISCUSSION 


The initial carbonate/aluiniiiuin molar ratios of CG1 and CG2 were 
0.40 and 0.31. respectively. The IK spectrum of C ( ;  1 had atrsorption bands 
at 1510 and 1440 cm-l and ( X i 2  had ahsorption hands a t  1505 and 1435 
crn-l, indicating that thc carbonate was coordinated to aluminum (1-3). 
Further evidence of the specific adsorption of carbonate was provided 
by the point of zero charge (6.5 for CGI and 7.6 for CG2) which was 
substantially lower than the 9 -10 range reported for aluminum hydroxide 
(4). 


Carbonate was readily removed from both aluminum hydroxycarho- 
nate gels by purging with nitrogen (Fig. 2). Essentially complete car- 
hnnate removal was accomplished in 31 and 21 d for ( X I  and CG'L, re- 
spectively. The rate o f  desorption was similar. The only significant dif- 
ference was the higher initial cart)onate/aluminum molar ratio of CGI,  
which is a function of precipitation conditions and aging. The small loss 
of carbonate from the control samples indicates the inherent instability 
of aluminum hydroxycarbonate gels. 


The complete removal of carbonate from the two aluminum hydrox- 
yrarbonate gels by nitrogen purging suggests that the carbonate sites are 
readily accessible, i.c., edge sites. The complete removal of carbonate also 
suggests that adsorption is by unidentate rather than multidentate 
ctxxdination (6, 12, 13). The same conclusion regarding unidentate 
coordination was reached hased on the magnitude of the splitting of the 
degenerate u:{ vibration of' the carbonate anion in the I K  spectrum of 
aluminum hgdroxycarhonate gel ( 17). Thus. aluminum hydroxycart)onate 


particles are believed to be composed of sheets of aluminum hydroxide 
(18) with carbonate specifically adsnrbed a t  the edges hy unidentate 
coordination. 


The point of zero charge of both aluminum hydroxycarbonate gels 
increased during the nitrogen purge (Fig. 3). The increase in the point 
of zero charge with the desorption of carbonate was expected because 
gihhsite, the stahle polymorph of aluminum hydroxide, has a point of zero 
charge of 9-10 (4 ) .  As seen in Fig. 4, the point of zero charge changes 
rapidly a t  very low carbonate/aluminum molar ratios. Therefore, it  is not 
accurate to extrapolate the data in Fig. 4 to  zero carbonate content. 


The desorption of specifically adsorhed carbonate had a substantial 
effect on the antacid properties of the aluminum hydroxycarbonate gels 
as seen in Fig. 5 .  The presence of a slow-reacting phase was observed 
within 10-16 d. When virtually all of the carbonate was desorbed, the 
slow-reacting phase represented nearly all of the sample. Aluminum 
hydroxycarbonate gels having such a slow rate of acid neutralization will 
he ineffective as antacids as the rate of acid neutralization is too slow to  
neutralize any significant quantity of gastric acid during the gastric 
residence time (19,20) .  


The slow-reacting phase was first detected in CG1 on day 16, when the 
carbonate/aluminum molar ratio was 0.20, and on day 10 in CG2, when 
the carbonate/aluminum molar ratio was 0.18. This observation suggests 
that specifically adsorhed carhonate a t  a minimum carbonate/aluminum 
molar ratio of 0.20 is necessary to preserve the antacid properties of 
aluminum hydroxycarbonate gel. 


X-ray diffractograms obtained immediately on termination of the 
nitrogen purging (Fig. 6A and C) were identical to the controls and in- 
dicated that CG1 and CG2 were amorphous following carbonate de- 
sorption. Thus, X-ray diffraction was insensitive to the structural changes 
responsible for the Itss of acid reactivity as measured by pH-stat titration. 
This observation emphasizes the value of the pH-stat titration for 
studying structural changes in antacids. However, X-ray diffraction peaks 
were ohserved when the nitrogen-purged samples were allowed to age 
a t  rmm temperature (Fig. 6H and D), indicating that structural changes 
occur much mnre readily after specifically adsorbed carbonate has been 
removed. The position of the X-ray diffraction peak in the aged samples 
(4.84-4.67 A in CG1 and 4.82 A in C G 2 )  suggests that  gibbsite, a poly- 
morph of aluminum hydroxide whose most intense X-ray diffraction peak 
is a t  4.82 A, is the final form of the slow-reacting phase. 


The ability o f  nitrogen gas to remove specifically adsorbed carbonate 
is believed to be due tu a transport mechanism involving a series of in- 
terrelated equilibria such as shown below: 


[AI(OH), (H:!O), (OCOY)~  19 t ZHZO 


[AI(OH),(H20),(OCO:!H),Jq+Z + zOH-' (Eq. 1) 


(AI(OH), (HzO),. (OC02H)2]q+' t z HzO 
[AI(OH)~,+,,(H20),]~+' + z H ~ C O ~  (Eq. 2) 


HjCO:{ 7 H20 t CO:! (solution) 


COY (solution) i CO2 (gas) 


Transporting carbon dioxide out of the system with nitrogen caused 
all of the equilihria to shift to the right, and carhonate was completely 
desorhed. An increase in pH was ohserved during carbonate desorption 
(Fig. 3) which is predicted by Eq. 1. The  increase in pH supports a 
mechanism based on a series of equilibria such as hypothesized above, 
although any disaggregation which may be caused by the shear force of 
stirring o r  nitrogen bubbling may produce a change in pH as the newly 
exposed surface equilibrates by adsorbing protons in response to the 
pH-point of zero charge relationship (Fig. 3). The desorption of carbonate 
by a mechanism based on a series of equilibria as shown ahove was also 
proposed as the mechanism responsible for the reduced rate of acid 
neutralization that was ohserved following dilution of aluminum hy- 
droxycarbonate gel with water (10). The reversible nature of carbonate 
adsorption requires that care be taken in the manufacture and packaging 
of aluminum hydroxycarbonate gel-containing antacids to  minimize the 
desorption of specifically adsorbed carbonate. 


(Eq. 3) 


(Es .  4) 
N1 
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Abstract 0 The cardiotoxic and neurotoxic effects of tegafur, an anti- 
cancer agent, were compared with those of uracil plus tegafur (4: l  mol/ 
mol) in mice, rats, rabbits, c a b  and dogs. Uracil plus tegafur was shown 
to be less toxic than the drug alone in all the species, and uracil was found 
to decrease the toxicity of tegafur. n-Fluoro-P-alanine, a catabolic me- 
tabolite of the drug, had toxic effects similar to tegafur. The results 
suggest that administration of uracil with tegafur prevents the side effects 
of the drug on the heart and CNS by inhibiting the degradation of 5- 
fluorouracil. 


Keyphrases Tegafur-coadministration with uracil, effect on toxicity, 
species comparison IJracil-coadministration with tegafur, effect on 
toxicity, species comparison Chemotherapeutic agents-coadminis- 
tration of tegafur and uracil, effect on toxicity, species comparison 


Tegafur [5-fluoro-l-(tetrahydro-2-furyl)uracil], syn-- 
thesized by Hiller et al. (l), has been widely used clinically 
as an anticancer agent because it is a masked form of the 
pyrimidine antimetabolite, 5-fluorouracil. Jato and co- 
workers (2, 3) and Mukherjee and Heidelberger (4) re- 
ported that the antitumor activity and toxicity of fluo- 
rinated pyrimidines are increased by coadministration of 
pyrimidine. Fujii et al. (5-7) found that coadministration 
of uracil with tegafur increased the 5-fluorouracil level in 
tumors and the antitumor activity of tegafur, possibly 
because it inhibits the degradation in the liver of 5-fluo- 
rouracil formed from the drug. Moreover, it has been found 
that uracil plus tegafur (4:l mol/mol) has stronger anti- 
tumor activity than the drug alone, both clinically and in 
animals (8-12). 


Side effects of fluorinated pyrimidines on the heart and 
CNS have been observed clinically (13-15). But from the 


above findings, we suggested previously that uracil might 
prevent the cardiotoxic and neurotoxic effects of tegafur 
(16). T o  test this possibility, we compared the cardiotoxic 
and neurotoxic effects of the drug alone with those of uracil 
plus tegafur in mice, rats, rabbits, cats, and dogs. 


EXPERIMENTAL 


Drugs-The following drugs were used: tegafur’, 5-fluorouraci12, 
uracil3, and u-fluoro-p-alanine hydrochloride4. ‘I’egafur, uracil plus te- 
gafur, and 5-fluorouracil were administered intravenously as their sodium 
salts and orally as suspensions in 5% gum arabic. 


Animals-The following animals were used: male ddY mice (18-23 
g)5. male Wistar rats (160-200 g)5, male Japanese White rabbits (2.5-3.5 
kg)6, mongrel cats of both sexes (2.3-3.4 kgP. and male Beagle dogs 
(9.5-10.0 kg):. The animals were used for experiments after a period of 
acclimatization of a t  least 7 d in the laboratory at  a controlled tempera- 
ture of 23 f 1 “C and relative humidity of 55 f 10’70 with a 12-h light/dark 
cycle. They were fasted for 18 h before oral administration of drugs. 


Methods-Previously, we demonstrated that tegafur at  high doses 
produces c h i c  convulsions in mice and rats, cardiac fibrillations in 
rabbits, and vomiting in dogs ( I  6). 5-Fluorouracil has been reported to 
have a neurotoxic effect in cats (17). These cardiotoxic and neurotoxic 
effects of tegafur were compared with those of uracil plus the drug in the 
five species. The acute toxicity of tegafur in these animals was also 
compared with those of uracil plus tegafur and cu-fluoro-P-alanine, a 
catabolic metabolite of the drug. 


Conoulsant Effects in Mice and Rats-Groups of 10 mice and rats 
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Noninteraction of Temazepam and Cimetidine 
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Abstract The possible kinetic interaction of the hypnotic temazepam 
and the Hz-receptor antagonist cimetidine was evaluated. Nine healthy 
male and female volunteers received a 30-mg oral dose of temazepam on 
two occasions in random sequence, separated by a t  least 1 week. On one 
occasion, temazepam was given in the otherwise drug-free state; on the 
other, temazepam waa given with concurrent administration of cimeti- 
dine, 300 mg every 6 h Mean pharmacokinetic parameters for temazepam 
in control versus cimetidine trials were: peak plasma concentration, 560 
versus 498 ng/mL; time of peak concentration, 2.0 versus 2.1 h after the 
dose; volume of distribution, 1.30 versus 1.39 Likg; elimination half-life, 
9.9 versus 11.4 h; total clearance, 1.59 versus 1.60 mL/min/kg; free frac- 
tion of temazepam in plasma, 4.1 versus 3.8% unbound. Cimetidine has 
been shown to reduce the metabolic clearance of the benzodiazepines that 
are biotransformed by oxidative mechanisms. Temazepam, transformed 
by conjugation, appears unaffected by the coadministration of cimeti- 
dine. 
Heyphrases 0 Temazepam-noninteraction with cimetidine, pharma- 
cokinetia Cietidine-noninteraction with t e m p a m ,  pharmam 
kinetics Pharmacokinetics-noninteraction of temazepam and ci- 
metine 


Temazepam (I) is a 3-hydroxybenzodiazepine derivative 
utilized in clinical practice as an hypnotic (1). Previous 
studies have suggested that the edely prescribed antiulcer 
agent cimetidine (2,3) may have the additional capacity 
to impair hepatic microsomal oxidizing capacity and 
thereby impair the metabolic clearance of certain benzo- 
diazepine derivatives when the two are administered to- 
gether. Cimetidine coadministration reduces the metabolic 
clearance of the oxidatively biotransformed benzodiaze- 
pines chlordiazepoxide, diazepam, desmethyldiazepam, 
alprazolam, and triazolam (49). However, cimetidine has 
very little influence on the clearance of benzodiazepines 
transformed by glucuronide conjugation, including oxa- 
zepam and lorazepam (8-10). Since temazepam is also 
metabolized by glucoronide conjugation (ll), the present 
study was undertaken to test the hypothesis that cimeti- 
dine coadministration would similarly have little effect on 
the metabolic clearance of temazepam. 


EXPERIMENTAL 


Subjects and Procedure-Nine healthy male and female volunteers, 
aged 21-67 years, participated after giving written informed consent. All 
were healthy, active, ambulatory adults with no evidence of medical 
disease and were taking no other medications. 


All subjects received a 30-mg oral dose of temampaml on two occasions 


a 


TEMAZEPAM 


1 Reatoril (C-IV) capsules; Sandoz Pharmaceuticals, East Hanover, N.J. 


in random sequence separated by at least 1 week. On one occasion, te- 
mazepam was given in the control state without coadministration of other 
drugs. For the other trial, temazepam was administered during concur- 
rent treatment with cimetidinez, 300 mg taken every 6 h beginning 12 h 
prior to temazepam dosage and continuing for the entire 48-h duration 
of the temazepam kinetic study. 


After an overnight fast, a single 30-mg oral dose of temazepam was 
administered with 100-200 mL of tap water. Subjects were tested for an 
additional 3 h after the dose. Venous blood samples were drawn into 
hepa r in id  tubes prior to temazepam administration and at the following 
postdosage times: 5,10,15,30, and 45 min, 1,1.5,2,2.5,3,4,6,8,12,24, 
32, and 48 h. Blood samples were centrifuged and the plasma separated 
and frozen until the time of assay. 


Analysis of Samples-Plasma concentrations of temazepam were 
determined by electron-capture GC using a previously described method 
(12) with minor modifications. The analytical instrument.? was a gas 
chromatograph equipped with a 15-mCi electron-capture detector, an 
automatic sampler, and an electronic data processor-integrator. The 
column was coiled glass, 183 cm in length by 2-mm i.d., packed with 1% 
OV-17 on sO/lOO Chromosorb WHP. The column temperature was 
27OoC, and the injection port and detection temperatures were 310°C. 
The carrier gas was argon-methane (955) at 30 mL/min. After addition 
of 3-hydroxyprazepam as the internal standard, calibration standards 
and unknown plasma samples were extracted once with benzene-di- 
chloromethane (80:20). After mixing and centrifugation, the organic 
extract was separated, evaporated to dryness, reconstituted, and injected 
into the chromatograph using the automatic sampler. Sensitivity, rep- 
liability, and linearity were as described previously (12). All samples 


loool 


0 1 0  ;o i o  do $0- 
6' t 


HOURS AFTER DOSE 


Figure 1-Plasma temazepam concentrations in a representative 
volunteer after administration of 30 mg of temazepam in the control 
state and during concurrent treatment with cimetidine. Key: (0) con- 
trol; (0) with cimetidine. 


2 Tagamet; Smith Kline and French, Philadelphia, Pa. 
3 Model 5830A or 5840A Hewlett-Packard. 
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Table I-Effect of Cimetidine on Temazepam Kinetics 


Mean (with Range) 
Values Value of 


With Student's 
Control Cimetidine t test 


~ ~ ~~ ~ ~~ 


Peak plasma concentration, 560 498 1.46(NS)" 


Time to peak concentration, 2.1 2.0 0.14 (NS) 


Volume of distribution, 1.30 1.39 0.81 (NS) 


9.9 11.4 1.53 (NS) Elimination half-life, h 


Total clearance, mL/min/kg 1.59 1.60 0.11 (NS) 


ng/mL (326-1002) (367-849) 


h, ~ t d o s f  (1.0-4.0) (0.75-6.0) 


(0.72-2.15) (0.90-2.06) ?/kg 
(5.6-17.7) (5.5-21.4) 


(0.92-2.40) (0.87-2.61) . .  
Free fraction, % unbound 4.1 3.8 1.99 (NS) 


(3.2-5.6) (2.84.8) 


NS * not significant. 


from a given subject's two trials were extracted and analyzed on the same 
day using the same calibration standards. 


For each subject the influence of cimetidine on temazepam plasma 
protein binding was determined using a 6-mL sample of plasma obtained 
in the nonfasting state during the control temazepam trial (without ci- 
metidine treatment). Cimetidine (5 pg/mL) was added to one 3-mL 
plasma aliquot; no cimetidine was added to the other. Both aliquots were 
then spiked to contain 3.2 nCi/mL of [14C]temazepam (specific activity: 
11 pCi/mg). The extent of temazepam protein binding in each sample 
was determined in duplicate by equilibrium dialysis for 18 h at  37°C (13, 
14). Compliance with the prescribed cimetidine regimen during the te- 
mazepam-cimetidine trial was verified by measurement of plasma ci- 
metidine concentrations by HPLC (15) in samples drawn prior to te- 
mazepam dosage and at 12,24,32, and 48 h after the dose. 


Kinetic A n a l y s b T h e  apparent elimination half-life of temazepam 
was determined using the slope of the terminal log-linear plot of the 
plasma concentration curve (Fig. 1). The area under the curve from time 
zero until the final detectable concentration was determined using the 
trapezoidal method. To this was added the residual area extrapolated 
to infinity, calculated a~ the final concentration divided by the terminal 
rate constant (8). The sum of these two areas represents the total area 
under the plasma concentration curve (AUC). The total clearance of te- 
mazepam was calculated as dose/AUC, assuming that the entire 30-mg 
dose was available to the systemic circulation. Likewise, the apparent 
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Figure 2-Temazepam elimination half-life (A) and total metabolic 
clearance of temazepam (B) in the control state and during coadmin- 
istration with cimetidine. Individual and mean (kSE) values are 
shown. 
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Figure 3-Values of temazepam clearance (0) in mL/rnin/kg for the 
nine individuals during the control trial (x axis) and during coadmin- 
istration with cimetidine (y axis). Solid line was determined by least- 
squares regression anulysis. Note the high correlation and the regression 
line slope, which is not significantly different from unity. Slope = 0.98; 
r = 0.96. 


volume of distribution was calculated aa clearance@. Differences between 
control and cimetidine treatment conditions were analyzed by the Stu- 
dent's paired t test. 


RESULTS 


Compliance with the prescribed cimetidine regimen was acceptable 
in all subjects. Mean (kSE) plasma cimetidine concentrations were: prior 
to temazepam dosage, 1.43 (k0.32) pg/mL; 12 h postdose, 1.23 (h0.39) 
pg/mL; 24 h, 2.05 (f0.44) pg/mL; 32 h, 1.06 (f0.23) pg/mL; 48 h, 1.76 
(f0.45) pg/mL. 


Absorption of temazepam was not significantly influenced by cimeti- 
dine. The peak plasma concentration in control and cimetidine treatment 
conditions averaged 560 and 498 ng/mL, respectively, and the times of 
peak concentration averaged 2.0 and 2.1 h after the dose. Neither of these 
differences approached significance (Table I). 


Temazepam volume of distribution, elimination half-life, and total 
clearance were similar between control and cimetidine treatment con- 
ditions (Table I, Figs. 1 and 2). Mean half-life values were 9.9 and 11.4 
h, respectively, in the two conditions, with an overall range of 6-21 h. 
None of the differences approached statistical significance. Furthermore, 
for any given individual, temazepam clearance was highly reproducible 
between the two trials (Fig. 3). Temazepam free fraction in plasma av- 
eraged 4.1 and 3.8% in the two conditions; again the difference did not 
approach significance. 


DISCUSSION 


Cimetidine, an Hn-receptor antagonist that is extensively used in the 
treatment of peptic ulcer disease (2,3),  also has the secondary pharma- 
cological property of impairing hepatic microsomal oxidizing capacity. 
Previous studies have indicated that benzodiazepines biotransformed 
by oxidative mechanisms, including diazepam, chlordiazepoxide, 
desmethyldiazepam, alprazolam, and triazolam, have reduced metabolic 
clearance during coadministration of cimetidine as opposed to the 
drug-free control state (4-9). This interaction appears not to occur for 
benzodiazepines biotransformed by conjugation as opposed to oxidation, 
including oxazepam and lorazepam (b10) .  Temazepam is a 3-hydro.y- 
benzodiazepine biotransformed by conjugation at the 3-position to glu- 
curonic acid, yielding a water-soluble glucuronide metabolite that is 
excreted in the urine (11). The present study indicated that coadminis- 
tration of temazepam with cimetidine had no influence on the pattern 
of temazepam absorption, distribution, or clearance. Consistent with 
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previous reports (16), absorption of temazepam from the hard gelatin 
capsule utilized in the United States occurs relatively slowly, with peak 
plasma concentrations an average of 2.0-2.1 h after dosage. Temazepam 
elimination half-lives ranged from 6 to 21 h, and total metabolic clear- 
ances ranged from 0.9 to 2.6 mL/min/kg. None of these kinetic variables 
were significantly influenced by cimetidine coadministration, nor was 
the extent of temazepam binding to plasma protein altered by cimetidine. 
Furthermore, for any given individual, the kinetic profile for temazepam 
was highly consistent between the two treatment trials. 


The clinical implications of an interaction or noninteraction with ci- 
metidine for any particular benzodiazepine cannot a t  present be deter- 
mined. The present study nonetheless suggests that, consistent with its 
biotransformation pathway mainly involving glucuronide conjugation, 
the pharmacokinetic profile of temazepam is not influenced by concur- 
rent treatment with cimetidine. 
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Abstract 0 Two nonporous and three porous amorphous silicas were 
used as dispersion media to convert corticoid solutions into free-flowing 
powders. The corticoids (prednisone, prednisolone, and hydrocortisone) 
were dissolved in N,N-dimethylacetamide-polyethylene glycol 400 (7:3 
v/v) and their 10% (w/v) solutions were mixed with the silicas (1:3 v/w). 
Dissolution rates of the corticoids from such powdered solutions were 
more rapid than their micronized powders in various aqueous media. 


Keyphrases Dissolution rate-corticoid solutions dispersed on silicas, 
prednisone, prednisolone, hydrocortisone, free-flowing powders 0 Cor- 
ticoids-solutions dispersed on silicas, dissolution rates, prednisone, 
prednisolone, hydrocortisone, free-flowing powders 0 Powders, free- 
flowing-corticoid solutions dispersed on silicas, dissolution rates, 
prednisone, prednisolone, hydrocortisone 


The USP (1) requires that 260% of the prednisone or 
prednisolone from their respective tablets must dissolve 
within 20 min in deaerated water. These water-insoluble 
neutral drug molecules could exhibit poor dissolution rates 
from improperly prepared capsule or tablet dosage forms. 
Oral absorption efficiency of the corticoids from such solid 
dosage forms could be impaired. 


Concentrated solutions of three corticoids (prednisone, 
prednisolone, and hydrocortisone) had been prepared in 
N,N-dimethylacetamide, a high-boiling, water-miscible 
liquid (2). These earlier studies had shown that the ad- 
dition of 30% (v/v) polyethylene glycol 400 to the N,N- 
dimethylacetamide would prevent the softening effect of 


the latter on hard gelatin capsules. As a consequence, this 
mixture of solvents was used to prepare 10% (w/v) solu- 
tions of the three corticoids. 


Simple admixture of the corticoid solutions with 
amorphous, porous, or nonporous silicas converted them 
to free-flowing powders. The corticoids in such powdered 
solutions are thus in a molecular state of subdivision. 
Dissolution rates of such water-insoluble, neutral com- 
pounds should be instantaneous if localized dilution with 
simulated GI media does not cause their precipitation. 


The purpose of this study was to convert solutions of 
corticoids to free-flowing powders by dispersing them on 
various silicas. Dissolution rates in simulated GI media are 
compared with those of micronized powders. A compar- 
ison of the dissolution rate with ball-milled or solvent- 
deposited prednisone-silica dispersions is’also presented 
(3). 


Table I-UV Wavelengths Used in  the Development of 
Calibration Curves for the Three  Drugs in  Various Solvents 


Solvent 


Wavelength of Light, 


Simulated gastric fluid (without pepsin) 248 243 247 
Simulated intestinal fluid (without pancreatin) 248 243 247 
Ethanol 248 243 247 
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Abstract 0 Data are reported on the analytical and physicochemical char- 
acteristics of amiodarone, for use in identifying and/or assaying this antiar- 
rhythmic agent. The drug is highly soluble in chloroform and poorly soluble 
in water. Its acid-base constant (pK,) is 6.56, and its maximal lipid solubility 
range is from pH 3.5 to 5 . 5 .  


Keyphrases 0 Amiodarone-physicochemical and analytical characteristics, 
HPLC and IR, UV, and mass spectrometries 0 Antiarrhythmic agents- 
amiodarone, physicochemical and analytical characteristics, HPLC and IR, 
UV. and mass spectrometries 


In  addition to electrophysiological ( 1,2) and clinical find- 
ings (3,4), the disposition of amiodarone' has been extensively 
investigated in animals and humans (5-7). Its metabolic 
pathway and tissue distribution are still largely unknown, but 
they do offer some clues to understanding the therapeutic and 
toxic effects during chronic treatment (8, 9). Despite all the 
work done, little is known to date of the basic physical and 
physicochemical properties of the drug. 


EXPERIMENTAL 


Equipment- Amiodarone hydrochloride was synthesized, purified by re- 
crystalliiation from acetone (10). and supplied by Labaz2. All other chemicals 
were reagent or UV grade. 


A double-beam spectr~photometer~ equipped with a constant-temperature 
control block was used for UV analysis. A high-pressure liquid chromato- 
graph4 was equipped with a UV-absorption detectorS (254 nm, fixed wave- 
length) and a reverse-phase column6 (7-pm particle size, 250 nm X 4 mm 
length). The mobile phase was acetonitrile-water-acetic acid (80:19:1, ad- 
justed to pH 5.8 with ammonium hydroxide) at a flow rate of 2 mL/min. 
Melting points were determined on a hot-stage' and were not corrected. A 
mass spectrometer* equipped with a computerY was used for M S  analysis. 
Analyses were made by the direct inlet system, scanning repetitively 
throughout the sample evaporation period and heating the probe to 180°C. 
Electron energy ranged from 20 to 60 eV. IR spectra were obtained on a 
spectrophotometer using potassium bromide pellets (I%, w/v). 


UV Spectrometry-To obtain a spectrum and determine its molar extinction 
coefficient (z), methanolic solutions of amiodarone were prepared in triplicate 
at a concentration of IOpg/mL (14.7 X M). UV analyses werecarried 
out a t  208, 241, 270, and 280 nm at 25°C. The molar extinction coefficient 
was calculated by Lambert and Beer's law: 


log fo/f = c x I x c (Eq. 1) 


where log f o / l  is the absorption intensity of the sample, 1 is the cuvette path 
beam length (in cm), and Cis  the molar concentration; hence, c = Absorbance 
X cm-' X M-I. 


Solubility-The percentage (w/v) of amiodarone soluble in different sol- 
vents was determined by adding an excess of drug to obtain saturation of 20 
mL of each solvent tested, calculating the amount of dissolved amiodarone. 
The tubes were rotated end-over-end for I h (longer than needed to dissolve 
the drug in all solvents employed) at 25 f O.l"C in a water bath and then 


I Cordarone; Labai Laboratories, Ambares. France. 
Labaz, Centre de Recherche, Brussels. Belgium. ' Model UV-300; Shimadiu. Kyoto. Japan. 
Series I ;  Perkin-Elmer, Norwalk. Conn. 
Model LC IS; Perkin-Elmer. Norwalk, Conn. 
Hibar LiChrosorb RP-8; Merck, Darmstadt, Federal Republic of Germany. ' Koller, C. Reichert AG, Vienna. Austria. * Model 3091; LKB. Bromma. Sweden. 
Model 2130: LKB. Bromma. Sweden. 


centrifuged at the same temperature. The supernatant was diluted and 
spectrophotometrically assayed for amiodarone. Three determinations were 
made for each solvent. 


Determination of pK.-According to a long-used method (1 1) the pK, 
values were determined by UV titration (at A,,,) of aqueous solutions con- 
taining known amounts of amiodarone. A range of pH 1-5 was achieved by 
addition of hydrochloric acid, pH 5.8-9.2, by 0.05 M borate phosphate (ad- 
justment being made with hydrochloric acid), while higher values were ob- 
tained by addition of sodium hydroxide solutions. Sodium chloride was used 
to adjust the ionic strength. All solutions were prepared immediately before 
use and all pH values were checked at  25OC using a standard pll-meter. In 
the temperature range of 20 3OoC there was no substantial effect on the true 
pH of the solutions, but only 3-4 h after preparation we found a 10% decrease 
in amiodarone concentration at pH values >7.0. 


The extinction coefficient was related to different hydrogen ion concen- 
trations to check the A,,, shift. The dissociation constant (K,) was determined 
according to the equation 


where A H  and Ae are the extinction coefficients when amiodarone exists under 
acidic and basic conditions, respectively. Experimental values o f t  fiersus pH 
were then fitted by a nonlinear regression iterative program on a desk com- 
puter'O. Determinations were donc in triplicate. 


Partition Coefficients-According to the suggestions of Leo er al. (12). 
amiodarone was partitioned between buffer solutions saturated with I-octanol 
and I-octanol saturated with buffer solutions (as reported for the determi- 
nation of pKa). Known amounts of amiodarone were dissolved in 20 mL of 
buffer solution and gently shaken for 2 h (long enough to achieve equilibrium) 
at 25 f 0.1 OC in a shaking incubator with S mL of organic solvent. The two 
phases were separated by centrifugation, and the amount of amiodarone in  
the aqueous layer was determined spectrophotometrically. The apparent 
partition coefficient was calculated as: 


(Eq. 3) 


where ('1 and C2 are the amiodaronc concentrations (w/v) in the buffer before 
and after equilibration. and a and b are the volumes of the buffer and 1-octanol 
layers. respectively. Each determination was made three times for each pH 
value checked. The true or corrected partition coefficient, knowing the pK, 
value of the drug, was calculated as: 


where a is the degree of ionization at a given pH and can be calculated as: 
1 


[ I  + antilog (pK, - pH)] f f =  (Eq. 5 )  


RESULTS AND DISCUSSION 


Solubility-Table I sets out the findings as percentages (w/v). The coef- 
ficient of variation was always <S% for each solvent employed. The two ex- 
trcmes of solubility are represented by chloroform and petroleum ether, in 
which the ratio of arniodarone solubility is around 30.000: I .  The pH of water 
was 6.5. and solubility was not substantially affected by a ptl range of I .5-7.5 
in  aqueous solutions (physiological fluids). 


UV Spectrometry-The spectrum of amiodarone i n  methanolic solution 
using I-cm quartz cells showed A,,, at 208 and 241 nm. Two shoulders were 
resolved near 270 and 280 nm; mean c values were 4.7 X lo4 at  208 nm, 4.4 
X lo4 at 241 nm, 1.8 X lo4 at 270 nm, and 1.6 X lo4 at 280 nm, respec- 
tively. 


Model HP-85; Hewlett-Packard. USA. 
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Table I-Percentage Sdubility (w/v) of Amiodarone in Various 
Solvents at 2 5 T ’  


Solvent 
Solubility, 
g/IOO mL 


0.1 4 I I I 1 I 1 
0 2 L 6 8 10 12 


P H  


Figure 2-Changes wiih pH in the appareni (0) and correcied (0) partiiion 
coefflcienis of amiodarone. 


derson-Hasselbach equation of the pKa value for amiodarone (weak acid) 
and considering the pH range (1 .O-8.0). which encompasses the pH in all body 
sites, i t  can be affirmed that amiodarone is essentially un-ionized at  acidic 
pH sites. 


Partition Coefficients- Apparent and corrected partition coefficients are 
plotted in Fig. 2. A typical dependence of coefficients on pH was found, with 
maximum lipid solubility of amiodarone between pH 3.5 and 5.5.  The same 
bchavior is described for other compounds [such as tetracycline and sulfa drugs 
(14. 1511. 


The present findings confirm that an acidic pH (-4.5) is optimal for the 
extraction of amiodarone from biological specimens (7, 13). Furthermore, 
considering the dissociation characteristics and taking into account the 
“pH-partition hypothesis” (16) and Schanker’s statement (17) that “. . .lipid 
solubility is most likely the dominant characteristic, since the relevance of the 
degree of ionization is probably a consequence of the poor lipid-solubility of 
organic ions,” the absorption of amiodarone, whose extent and specific 
mechanism are a t  present unknown, should be far greater in the duodenum 
and jejunum than in the stomach and lower alimentary canal. Thus, gastric 
emptying time and changes of pH are likely to be critical in the absorption 
of amiodarone. 


Wide variability can be expected in absorption rates and bioavailability 
of the drug. This is specifically relevant in protocols to investigate the corre- 
lations between amiodarone blood levels after acute and repeated oral ad- 
ministration and electrophysiologicd~ effects. 


Chloroform 
Methylene chloride 
Methanol 
Ethanol 
Benzene 
Tetrahydrofuran 
Acetonitrile 
I -&tan01 
Ether 
I -Propano1 
Water 
Hexane 
Petroleum ether 


44.51282 
19.20000 
9.98400 
1.28000 
0.64657 
0.60377 
0.3 1889 
0.29500 
0. I7436 
0.13435 
0.07 164 
0.02559 
0.00137 


. . 
0 


a” 
0 
C n 
a a 
m a 


Values are the average of determinations done in triplicate 


High-Performance Liquid Chromatography-The procedures described 
by Lesko ei al. (1 3) for the preparation of biological samples were followed 
first. Because of the longer column life (efficiency) and greater simplicity using 
an aqueous mobile phase, we subsequently relied on a reverse-phase system. 
Values for sensitivity (0.05 pg/mL), withinday coefficients of variation (1.9% 
at 0.50 pg/mL and 6.5% at 5.00 pg/mL), and day-to-day coefficients of 
variation (7.5% at 0.50 pg/mL and 7.0% at 5.00 pg/mL) confirm the reli- 
ability of the method. The calibration curves were linear over the concentration 
range studied. 


Melting Point-Amiodarone occurs as a white crystalline powder, with a 
melting point of 159 f 2OC after recrystallization from acetone (10). 


IR Spectrometry-The IR spectrum (KBr pellets) revealed characteristic 
bands that agreed with the suggested structure: 3000-3070 (ArCH), 
2860-2960 (aliphatic CH), 2200-2700 (iert-amine NH+),  1635 (diAr 
C=O), 1560 and 1015 (benzofuran C=C), 1380 (aliphatic C H d ,  1285 
(ketonic C-C), 1250 and 1075 (ether C-0-C), and 1225 and 1025 cm-I 
([err-amine C-N). 


Mass Spectrometry-The molecular peak of amiodarone was observed at 
m/z 645, corresponding to the molecular mass. The most characteristic 
fragmentsofamiodaronegavepeaksatm/z 630(M+-CH,),546,517 (M+ 
- HI), 420, 391, 373, 201, and 159. The peak at  m/z 546 corresponds to 
cleavage of the aromatic ether with elimination of the aliphatic aminic chain. 
The other ions at m/z 420. 391, 373, 201, and 159 are all fragments of this 
aromatic part of the molecule. 


Determination of pK,-The U V  absorption curves of amiodarone at  dif- 
ferent hydrogen ion concentrations (Fig. l a )  showed a characteristic batho- 
chromic shift (toward the red) of A,,, (241 nm) from pH 6.0 to higher values. 
The apparent dissociation constant, calculated for h o d a r o n e  using Eq. 2, 
(Fig. I b) was 6.56 f 0.06 ( S D ) .  By appropriate substitution into the Hen- 


\ 
0 ,  I I 1 


220 240 260  280  300 320  340 360 
WAVELENGTH,  n m  


Figure 1-Uepresentaiice changes with pH in ihe absorpiion spectrum of 
amiodarone (a). and curue plotted to calculate the p K, oalue for amiodarone 
fb). 


’00°1 
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Abstract 0 The first rapid and highly sensitive high-performance liquid 
chromatographic (HPLC) assay for triamterene, hydroxytriamterene, and 
hydroxytriamterene sulfate is reported. Plasma samples were processed by 
protein precipitation, while urine was used untreated. Three different solvent 
systems were used to analyze ( a )  triamterene in plasma (30% acetonitrile, 
pH 4.0; internal standard: furoscmide; sensitivity limit: I ng/mt,); (b) hy- 
droxytriamterene and hydroxytriamterene sulfate in plasma ( I  2% acetonitrile, 
pH 5 .5 ;  internal standard: cefamandole; sensitivity limits: 20 and 2 ng/mL, 
respectively) and ( c )  triamterene, hydroxytriamterene, and hydroxytriam- 
terene sulfate in urine (13% acetonitrile, pH 5.3; internal standard: hy- 
droflumethiazide; sensitivity limits: 0.04 pg/mL, 0.5 pg/mL, and 0.1 pg/ml., 
respectively). Fluorescence detection of compounds was performed at 365-nm 
excitation and 440-nm emission wavelengths. Recovery of triamterene and 
its metabolites from plasma was complete. and calibration curves were linear. 
lntraday variation was <6% except for the lowest plasma concentration. The 
assay procedure has already been used in several pharmacokinetic studies. 


Keyphrases 0 Triamterene-HPLC analysis, major metabolites. hydroxy- 
triamterene sulfate, blood, plasma, and urine a Hydroxytriamterene sul- 
fate-HPLC analysis, major metabolite of triamterene, blood, plasma, and 
urine 


Although triamterene has been clinically available since the 
1960's, the metabolic pathways for this drug have been a 
matter of controversy, with conflicting reports appearing up 
through 1982. Early work by Lehmann (1) indicated that 
triamterene undergoes hydroxylation and subsequent sulfation 
to hydroxytriamterene sulfate, which he found in urine. ,Pruitt 
et al. (2), using TLC separation, could only detect hydroxy- 
triamterene, whereas Grebian et al. (3) and our group (4,5) 
did find the sulfate ester of hydroxytriamterene using TLC 
techniques. 


More recently, three HPLC techniques for triamterene 
analysis have been published (6-8). One of these research 
groups (6) assumed, on the basis of the work of Pruitt et al. (2), 
that hydroxytriamterene was the major metabolite of triam- 
terene and did not develop a method to specifically measure 
the sulfate conjugate. The other two groups did not measure 
any metabolites. The first HPLC assay by which the specific 
measurement of hydroxytriamterene sulfate can be obtained 
and by which very low concentrations of unchanged triam- 
terene and hydroxytriamterene sulfate can be quantitated is 
reported herein. The method is simple, fast, and accurate. 


EXPERIMENTAL 


Reagents-Triamterene', hydroxytriamterene2, hydroxytriamterene sul- 
fate2, and the internal standards hydrofl~methiazide~, furosemide4, and 
cefamandole5 were used as received. Acetonitrile6 for the HPLC measure- 
ments was glass-distilled; water was redistilled and stored in glass. 


Apparatus-A high-performance liquid chromatograph' equipped with 
a sample processor*, a fluorescence spectr~photometer~, and a UV deiector1° 
was used. The assay was carried out on a IO-pm particle size, 4 X 300-mm 
reverse-phase column" at  a solvent flow rate of 2 mL/min. 


Mobile Phase and Retention Times-Three different solvent systems were 
used for the measurement of triamterene, hydroxytriamterene. and hydroxy- 
triamterene sulfate. Each solvent system (A-C, as  indicated in Table I )  was 
used for a particular quantitation problem. 


Detection Wavelengths-Triamterene, hydroxytriamterene, and hydroxy- 
triamterene sulfate as  well as the internal standards furoscmide and hy- 
droflumcthiazide were analyzed using their native fluorescence at an excitation 
wavelength of 365 nm and an emission wavelength of 440 nm. Cefamandole, 
which was used as  an internal standard in mobile phase B, was measured by 
UV detection at 254 nm. For that purpose the HPLC system was equipped 
with two detector systems, one for fluorescence and another for UV detec- 
tion. 


Methods-Each plasma or total blood sample (0.1 mL) was deproteinated 
by adding 0.4 mL of acetonitrile containing both furosemide (3.5 pg/mL) 
and cefamandole (60 pg/mL) internal standards. After mixing1* for I min. 
the sample was c e n t r i f ~ g c d ~ ~  for 10 min at 3200 rpm. The supernatant was 
transferred to a clean test tube and, if necessary, evaporated at room tem- 
perature to 0.2 mL under nitrogen when very low concentrations had to be 
measured. However. most of the samples could be analyzed by injection of 
a volume as  little as 5 pL. 


Urine samples ranging from 0.02 to 0.1 mL were added to I m L  of an ac- 
ctonitrile solution containing hydroflumethiazide as an internal standard ( 5 0 0  
pg/mL). After mixingI2 and ~ n t r i f u g a t i o n l ~ ,  2 pL was injected onto the 
HPLC system. 


Human plasma, blood, and urine were stored at  -20°C. Blank plasma and 
blood for assay development was obtained from healthy voluntecrs using 143 
IU/IO mL of lithium heparin as anticoagulant. To test the stability of tri- 


I Mylan Pharmaceuticals Inc.. Morgantown. W.Va. 


' 1.e Pharmaceutical Producls. 2750 Balleruo. Denmark 
Rohm-Pharma, Darmstadt, West Germany. 


f Hoechsr Pharmaceuticals Inc.. Somerville,'N.J. 
. Eli Lilly & Co.. Indianapolis. Ind. 


J. T. Baker Chemical Co.. Phillimbure. N.J.  ' Perkin-Elmer Series 3, Norwalk: Con;.' 
WISP Model 710A; Waters Associates. Milford, Mass. 
204 S; Perkin-Elmer. Norwalk. Conn. 


l o  L C  65 T; Perkin-Elmer, Norwalk. Conn. 
Micro Pdk M C H ;  Varian. Los Altos, Calif. 


I 2  Vortex-Genic Mixer; Scientific Industries Inc., Bohemia. N.J. 
I J  IEC HN-SI I  Centrifuge, Damon IEC Div.; Needham Heights. Mass 
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The nonsteroidal anti-inflammatory (NSAI) drugs cur- 
rently in use are characterized by their ability to relieve the 
pain, fever, and inflammation associated with inflammatory 
disorders; to inhibit the synthesis of endogenous prostaglandins 
(PG’s) by blocking the action of the cyclooxygenase (CO) 
enzyme; and, in relation with this inhibition, to cause GI irri- 
tation. As useful as they are, they do not interfere fundamen- 
tally with the progression of the disease. The question of the 
relevance of PG’s on the course and/or the regulation of the 
disease has not been settled [for review see (1, 2)]. 


In the past few years, anti-inflammatory (AI) compounds 
having a profile of action on the arachidonic acid cascade 
metabolism distinct from that of the classical NSAI drugs have 
been reported. Some affect both pathways of arachidonic acid 
metabolism, while others have no effect on these endogenous 
mediators. 


A nonexhaustive survey of these nonclassical NSAI agents 
along with the recently disclosed A1 immunomodulators and 
of the classical agents currently in clinical trial is presented. 
Excluded are the steroids, the disease-modifying antirheumatic 
drugs (DMARD) such as penicillamine and gold salts, and the 
cytotoxic agents such as cyclophosphamide. 


NONCLASSICAL, NONSTEROIDAL ANTI-INFLAMMATORY 
AGENTS 


Inhibitors of Both Pathways of Arachidonic Acid Metabo- 
lism-3-Amino- 1 - [ (m-trifluoromethyl)phenyl]-2-pyrazoline 
( I ) ’  (3,4), timegadine (9, and benoxaprofen (6) (Fig. 1) have 
in common A1 activity and the capacity to inhibit both the 
cyclooxygenase (CO) pathway leading to the PG’s and the 
lipoxygenase (LO) pathway leading inter alia to 5.1 2-dihy- 
droxy-eicosatetraenoic acid (5,12-HETE), a potent chemo- 
tactic agent for polymorphonuclear leukocytes (7). The dual 


I Code name: BW-755. 


inhibition property Fcompound I, is reported 3 be of the same 
order both for CO and LO, while timegadine shows superior 
inhibitory activity for the CO system ( 5 ,  8). In the case of 
benoxaprofen, published data indicate a lower inhibition for 
CO and actually the low ulcerogenic activity of this product 
was related to this finding (9). 


The activity profile of substances blocking both pathways 
of arachidonic acid should in some respects at least parallel 
that of the steroids. In fact, like dexamethasone, I was found 
to cause a dose-dependent reduction in leukocyte migration 
into inflammatory sponge exudate (3, 10). Benoxaprofen also 
inhibits migration of cells into inflammatory sites (6, 11). 
Moreover, the latter was found equipotent with hydrocortisone 
in the granuloma pouch test-in contrast to most NSAI agents 
(9) which are not active or weakly active in that test. 


According to a recent paper ( 1  2), the action of I on the CO 
enzyme is selective: it inhibits PG production in inflammatory 
exudate but not in the GI tract-thus explaining its nonul- 
cerogenicity as compared with aspirin and indomethacin. 


Benoxaprofen, it is claimed, has the convenience of once- 
a-day dosage. It has been launched in Great Britain, Germany, 
and France ( 1  3), and it was currently being introduced in the 
United States when it was voluntarily recalled by the manu- 
facturer after reports of deaths associated with the drug (14). 
The product, it was reported, induced photosensitivity and 
onycholysis in 10% of the patients (1 5). 


Cl 


Benoxaprofen 


I 


WCH3 \ 


Timegadine 
Figure I.  
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Dapsone 
I1 


Clozic 


111 


Diacet ylrhein Fosfosal 
Figure 2. 


Timegadine, which had been chosen out of a series of more 
than 100 guanidine derivatives, has only recently been sub- 
mitted for clinical evaluation. In animal studies it showed low 
acute toxicity, low gastroulcerogenic effect, and high A1 ac- 
tivity in both acute and chronic assays (1 6). Noteworthy is the 
fact that it can suppress the development of secondary lesions 
in the adjuvant arthritis (AA) screen when given only for a 
short period after the adjuvant injection (1 7). The tuberculin 
hypersensitivity reaction is enhanced by timegadine. Experi- 
mental allergic encephalomyelitis (EAE) (a model for cell- 
mediated immune response) is not inhibited by this product. 
Because of these results, it was concluded that the effect of 
timegadine in AA is not due to an immunosuppressive action 


Agents Having A1 Effects not Mediated through Inhibition 
of Prostaglandins-p-Fluorobenzylacetonitrile (11)2, (1 8, 19), 
clozic (20) and diacetylrhein (21) (Fig. 2) are novel agents 
which have in common, as opposed to the classical NSAI 
drugs, a markedly reduced potency in blocking the synthesis 
of PG’s. 


The acetonitrile I1 and clozic possess minimal acute A1 or 
analgesic activity but are reported to be very potent in chronic 
assays. They produce little or no GI irritation in laboratory 
animals. For clozic, activity in type I1 collagen-induced ar- 
thritis is also claimed (22). 


Clozic has been compared with penicillamine and gold salt 
clinically in a double-blind study testing 30 and 40 rheumatic 
patients, respectively, over a 6-month period. Similar activity 
to gold and penicillamine was found with substantial lowering 
of the biochemical markers of disease activity and with no 
serious side effects (23). If this result is confirmed in a long- 
term, larger clinical trial, then clozic would be the first example 
of a penicillamine-like drug susceptible to detection by con- 
ventional screening in animal models. 


Diacetylrhein does not block PG production, on the con- 
trary, it stimulates its synthesis. In in uivo experiments with 
rat inflamed exudate it produced, at 4 mg/kg PO, an increase 
(69%) in total PG-like substances, while indomethacin, at 0.2 
mg/kg, under the same conditions, produced a decrease 
(-72%) of the same substances. A confirmation of this is the 


(17). 


* Code name: CL-224385 


Iv 
Figure 3. 


ability of diacetylrhein to counteract indomethacin-induced 
gastric damage in a dose-dependent manner. The product has 
the same A1 potency as aspirin in experimental animal models. 
In the retinoic acid-induced rabbit ear cartilage degeneration 
assay, it was shown to have the potency of hydrocortisone (21). 
In a short-term clinical study it was found to be well tolerated 
and effective, the therapeutic effect persisting for several weeks 
after suspension of therapy (24,25). A controlled double-blind 
clinical evaluation confirmed the therapeutic value of this drug 
in the treatment of osteoarthritis of the hip and knee (26). It 
is assumed that the drug exerts its action through its ability 
to inhibit the release of proteases (21). It also forms water 
soluble Cu-complexes, and this may aiso contribute to its mode 
of action (25). 


Another drug potentially belonging to this group is fosfosal, 
a compound analogous to aspirin except for the acetyl function, 
which has been replaced by a phosphono group. This results 
in substantial modification of the activity profile. Indeed, 
contrary to aspirin, fosfosal does not inhibit PG synthetase even 
at very high doses, and probably because of that, produces no 
significant ulcerogenic effect in rats in spite of its very h,igh 
acidity. In animal models it was found equipotent to aspirin 
in analgesic assays and slightly less so in A1 tests (27). In a 
double-blind clinical study with 60 patients, the A1 action was 
confirmed with no sign of serious side effects and good toler- 
ance (28). The compound is reported to produce negligible 
effect on platelet aggregation induced by ADP (a much smaller 
effect than aspirin). Another facet of fosfosal is the fact that 
it is 6 times more potent than aspirin in inhibiting phospho- 
diesterase activity (27). 


Dapsone and Derivatives-It was observed in a clinical study 
that dapsone (Fig. 3) ,  a well-established antileprotic drug, 
given at  100 mg/d improved the clinical state of RA patients 
while reducing some of the biomedical markers of the disease 
(C-reactive protein and erythrocyte sedimentation rate). 
Compared with gold, its efficacy was judged slightly less 
pronounced and its toxic side effects were less severe [for re- 
view see (29)]. The fact that dapsone has apparently no effect 
on the immune system, and that its experimental A1 profile 
is akin to that of the classical NSAI drugs, does not concur 
with the above findings (30). However, doses at which activity 
was seen in animals were much higher than the ones used 
clinically [NB: results of two different assays in AA regarding 
activity and toxicity are at odds in the literature (30,31)]. Also, 
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v 


VI 
Figure 4. 


contrary to the classical drugs, dapsone does not inhibit the 
PG-dependent ultraviolet-induced erythema, nor does it induce 
GI irritation in rats. The product has activity in  zymosan, 
anti-lgG, and reversed passive Arthus models of inflammation, 
and in  relation to these effects, it was suggested that dapsone 
could exert its A1 effect by inhibiting complement activation. 
On the other hand, part of its mode of action must be related 
to its ability to inactivate the release (and the activity) of ly- 
sosomal enzymes from macrophagcs. It has been reported that 
dapsone and its urea derivative, ( I-[4-(4-sulfanilyl)phenyl]- 
urea)3 ( I I I ) ,  specifically block in oitro incorporation of choline 
into phosphotidylcholine (lecithin) (32). 


In clinical tests with 69 RA patients, 4,4’-bis-[(6-methyl- 
uracyl-5-sulfonyl)aminophenyl]sulfone (1V) led to a reduction 
of morning torpidity, after oral administration of 100-200 mg 
doses, and to the disappearance of pain syndrome after 10-1 2 
d of treatment, for the majority of the patients (33). 


IMM U NOMODU LATORS 


There seems to be little doubt that RA diseases are directly 
related to a deficiency in the regulation of the immune system 
(34). Substances capable of affecting any part of the compli- 
catcd immunological network may present a potential for more 
efficacious treatment. 


Tilerone-Like Agents--One of the first agents that dem- 
onstrated that selective manipulation of the two limbs of the 
immune system was possible is tilcrone (35). A few laboratories 
have looked upon this interferon inducer as a worthwhile lead. 
Two examples of this line of research are bis-[3-(diethyl- 
amino)propyl] fluoranthene-3,9-dicarboxylate (V)4  and 
1,6-bis[2-(diethylamino)ethoxy]-9H-xanthen-9-one (VI )5  
(Fig. 4). 


Like tilerone, these two compounds are able to suppress 
cell-mediated immune responses and, a t  the same time, to 
enhance antibody production (36, 37). Both compounds are 
effective in several of the cell-mediated immune response as- 
says (EAE, tuberculin skin reaction, developing adjuvant- 
induced arthritis (D-AA), e tc . ) .  However, only compound VI 
is active orally in these tests. Another difference is the fact that 
VI is devoid of activity in thc acute models of inflammation 


Code name: M l i  241 
Code name: RMI-Y563. 


5 Code name: WY-15297. 
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(carrageenan-induced paw edema (CPE), Na urate. Rand- 
all-Sellito yeast tests), nhilc V is active. 


Like the steroids and the NSAl  drugs, but contrary to im- 
munosuppressive agents, VI is active in established adjuvant 
arthritis (E-AA) and also in the early phase of D-AA. However 
in E-AA, unlike the stcroids and NSAI drugs, no rebound is 
observed up to 24 d aftcr the last dosing. The product on the 
other hand, like the immunosuppressive drugs, is highly active 
in the EAE (a modcl in which the NSAl drugs are not active). 
This agent, it seems, does not f i t  the standard pattcrn of eithcr 
the classical NSAl  drugs nor the immunosuppressive agents. 
This mode of action might reflect selective stimulation of B- 
cells and supprcssion of T-cells (37). 


Other Compounds--Novel compounds of various chcmical 
classes, unrelated to tilerone, have also been recognized as 
immunomodulators. Drugs such as the anthelmintic lcvamisol 
(38) and more recently the Hz-antagonist cimetidine (39,40), 
used in  the treatment of peptic ulcers, have been found more 
or less by serendipity to have an effect on rhcumatoid ar- 
thritis. 


Other agents like therafectin (Fig. 5) first claimed as anti- 
viral, antibacterial, and/or antitumor agents (41 ) were latcr 
discovered to respond positively to A1 screening in  animal 
models. Still others, which one would have classified as clas- 
sical NSAI agents on the basis of their chemical structures, 
such as Chugai’s N-(2-carboxyphenyl)-4-chloroanthranilic 
acid disodium salt ( V l I I )  (42) and fenclofenac (44), were 
found in fact to have immunomodulating capability. 


Therafectin is currently in Phase I 1  of clinical trials in  this 
country. The product is practically devoid of toxicity ( in  rats 
LD5o > 10 g/kg) and active in both the acute and chronic 
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animal assays of inflammation (CPE, D-AA and E-AA). It 
is an immunomodulator which primarily stimulates the activity 
of macrophages (45,46). Another closely related glucofura- 
nose in which the 5,6-dihydroxy functions are still protected 
with the isopropylidene group and described as 3-0-(2-mor- 
pholinoethyl) - 1,2,5,6-di-O-isopropylidene-a-D-glucofuranme 
(VII)  (47) has been claimed to have immunomodulatory 
properties. 


Contrary to diclofenac sodium (to which it is closely related) 
the anthranilic acid (VIII) shows no activity in the acute as- 
says, has no effect on tuberculin skin reaction, and no effect 
on passive cutaneous anaphylaxis in rats. The product is, 
however, quite active in the D-AA and E-AA assays. It has no 
immunosuppressive activity, but it enhances antibody levels 
in immune-deficient animals (42,48). 


As mentioned before, fenclofenac [a close analogue of 
fcnoprofen (Lilly)], first thought to be of the classical type (49) 
has now been found to modulate the immune system (43). 
Again in animal studies, this product was found to have min- 
imal activity in the acute but strong activity in the chronic 
assays. In AA the suppression of edema was seen to persist 
after treatment was discontinued. The product is 8 times as 
potent as aspirin in inhibiting PG synthetase. In a 1-year 
clinical study with 54 rheumatic patients, the effect of fen- 
clofenac was compared with those of penicillamine and placebo 
(44). It was concluded that fenclofenac can indeed alter the 
disease profile of rheumatoid arthritis (RA) and, that on the 
basis of.this result, a larger long-term study was warranted. 
An NDA for this compound has been filed recently in the 
United States (50). 


In the same line, according to recent results of clinical trials, 
the NSAI agents sulfasalazine (51, 52) (Fig. 6), proquazone 
(53-59, and diftalone (56) (Fig. 13) would also have some of 
the characteristics of the disease-modifying agents, since be- 
sides improvement in the patient’s physical condition, reduc- 
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tion in the RA abnormal parameters was observed. However, 
these claims have yet to be substantiated. As exemplified in 
the case of alclofenac (57), preliminary observations are not 
necessarily confirmed through long-term clinical studies 


3-(p-Chlorophenyl)thiazolo[3,2-a] benzimidazole-2-acetic 
acid (IX)6 (Fig. 5 ) ,  contrary to its immediate precursor the 
3-hydroxy-2,3-dihydro compound (61), was not transformed 
in uiuo to toxic metabolites. Although the product elicited weak 
inhibition of rat CPE (ED50 200 mg/kg) (inhibition which was 
not abolished in adrenalectomized animals), it was found to 
be twice as active as aspirin in inhibiting PGE2 biosynthesis 
in sheep seminal vesicles. In the rat AA model, it paralleled 
levamisole in enhancing the secondary paw edema on days 2-4, 
but it differs in being quite effective when given therapeutically 
(on days 16-28) (62). 


(58-60). 


CLASSICAL NONSTEROIDAL ANTI-INFLAMMATORY AGENTS 


Including fenclofenac, sulfasalazine, proquazone, and dif- 
talone [which may be working at  a more fundamental level 
than most of the NSAI drugs in current use (uide supra)], 
there are at present, in clinical trials at  one stage or another, 
more than 40 compounds related to the classical type of A1 
drugs. The unifying claim here is an improved therapeutic 
ratio. Several of these new agents are prodrugs of known 
substances. 


Carboxylic Acids-Fendosal (Fig. 6), an indole derivative 
of salicylic acid, is undergoing Phase 111 clinical evaluation 
(63). In animal models this drug was 7-9 times more active 
than aspirin in the chronic assays (D- and E-AA). It was only 
slightly more active in the acute tests, but the duration of action 
was substantially longer than with aspirin (64). 
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Diflunisal, a follow-up of flunisal recalled from the clinic 
(65), was chosen out of more than 500 salicylates. The product 
is more potent, longer acting, and less pxic than aspirin. Its 
analgesic potency is about 4 times greater than aspirin. It does 
not affect platelet aggregation and bleeding time at therapeutic 
doses in humans. In animal models it was shown to have 7-9 
times greater potency than aspirin both in acute and chronic 
assays (66). Already introduced in 17 countries, diflunisal has 
recently been approved for marketing in the United States 
under the analgesic indication (67,68). 


Sulfasalazine was introduced in Great Britain around 1940. 
Subsequently, on the basis of an unfavorable report, it was 
abandoned. Later ( 1  965) it was proven effective against ul- 
cerative colitis. Lately this product has been reexamined for 
the treatment of RA and the results were found particularly 
encouraging (5 1, 52). As mentioned earlier, sulfasalazine 
might have immunological activity. 


Tromaril, an anthranilic acid derivative, is reported to be 
an effective agent in the treatment of rheumatoid disorders. 
Like the fenamates its side effects were skin rashes, itching, 
and diarrhea. The product inhibits platelet aggregation without 
affecting coagulation (69,70). 


Enolic Acids-The enolic acid type of A1 drugs, of which 
butazolidine (PB) is the prototype, has been revived lately by 
the success story of piroxicam (Pfizer) (Fig. 7). This drug 
[already approved in 21 countries (71) and recently launched 
in the United States (68)] has a remarkably long plasma 
half-life, allowing a once-a-day (20 mg recommended) dose. 
The compound has high potency and its side effects are con- 
fined to the G I  tract (72). An analogue, isoxicam, is under- 
going Phase I11 evaluation in the United States (73), while 
quite a few more are currently in preclinical studies (74). 


A new group in this class of products comprise the l-ben- 
zothiepin analogues, some of which showed activity in rats at 
doses as low as 1 mg/kg/d (75). A representative of this group, 
enolicam sodium, is currently being evaluated in animals 
(76). 


Replacing the n-butyl moiety of phenylbutazone (PB) by 
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a prenyl group gave a compound comparable, in animal 
models, to PB in efficacy, but with fewer side effects on the 
hematopoietic system and the GI tract. Clinical evaluation, 
on the whole, indicated the same trend. At present this drug, 
feprazone, has been introduced in five countries abroad (77). 
Another congener of PB, apazone, was recalled recently from 
Phase 111 clinical trials (78). 


Aryl and Heteroaryl Alkanoic Acids- Amphenac sodium 
(Fig. 8), originally discovered as the metabolite of 7-benzoyl- 
indoline (X), has potent A1 activity against acute inflammation 
and comparable or superior activity to PB in suppressing 
chronic inflammation in rats (79). The product possesses 
strong analgesic and antipyretic activity. In pyloric-ligated rats 
or Heidenhain pouch dogs, the compound did not produce 
gastric mucosal damage; in chronic administration to rats, 
intestinal lesions were produced at 10 times the rate of PB (80). 
Relative to aspirin, the inhibition of CO enzymes by this 
product is about 600 times more efficient (81). Amphenac 
sodium is currently in Phase I1 of clinical trials (82). 


Contrary to myalex which turned out to be hepatotoxic in 
humans (83), fentiazac, a close analogue, seems to undergo 
a metabolic detoxification process (84). In AA tests the 
product is 5 times more effective than PB (85). I t  has analgesic 
and antipyretic activity and the ability to decrease macrophage 
migration (86). The drug is already marketed in more than 15 
countries; in the United States, it is undergoing Phase I1 
evaluation (87). 


Isoxepac (Hoechst) which is in late clinical trials (88) was 
reported to have high levels of gastric intestinal tolerance, its 
therapeutic index in dogs being 10-12 times that of indo- 
methacin (89). According to the same source, the effective dose 
in AA rats is 39-78 times lower than the ulcerogenic dose. The 
Japanese firm Diichi Seiyaku is currently investigating ox- 
epinac, the corresponding analogue with the acetic acid chain 
at position 3 of the dibenz[b,e]oxepin system. In animal models 
this product exhibits potency similar to that of indomethacin 
both in the acute and chronic assays (90). Syntex has been 
developing tiopinac, the sulfur analogue of oxepinac, for which 
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activity equal to or greater than PB and/or indomethacin was 
reported. As an analgesic the product is said to be particularly 
effective against the pain of inflammed joints (91). 


Etodolac is structurally related to prodolic acid, and like this 
compound, which for a while was considered for clinical trials 
(92), it is more active against the chronic than against the acute 
model of inflammation (93). The product is a good analgesic 
and its therapeutic index is 3 and 4 times higher than that of 
PB and indomethacin (94). It is now in Phase 111 of clinical 
assay (95). 


Diclofenac sodium7 is currently undergoing Phase I1 eval- 
uation in this country (96). Structurally it is close to meclo- 
fenamic acid, the first fenamate approved for distribution in 
the United States. The drug was shown to be equipotent to 
indomethacin in the CPE, the rat AA, and the mouse writhing 
phenyl-p-benzoquinone assays. Moreover it possesses, as 
compared with indomethacin, a favorable therapeutic index 
and the ability to normalize the erythrocyte sedimentation rate 
(ESR) (97). 


Furofenac (Fig. 9) was reported to have marked A1 and 
antiplatelet aggregation activity, low toxicity, and weak ul- 
cerogenicity. It is a PG and thromboxane synthetase inhibitor. 
In anticipation of clinical trials a metabolic study in animals 
and in humans has been conducted (98). 


Fenclorac presents the singularity of having a chlorine atom 
(Y to the carboxy function. The product is in Phase I1 of clinical 
evaluation in the United States (99). In animal models its 
potency lies between aspirin and indomethacin. Its therapeutic 
ratio, however, is 3-9 times higher than indomethacin. It is also 
nonulcerogenic in rats at doses less than the LDso (100). 


In terms of the A1 activity profile, bufezolac is about half 
as active as indomethacin, while isofezolac is equipotent. The 
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latter is also more potent in inhibiting the biosynthesis of PG’s 
than indomethacin while the former is much weaker, thus 
explaining the greater gastric tolerance of bufezolac as com- 
pared with isofezolac and/or indomethacin. Results of the 
analgesic assays as well as the acute toxicity determinations 
are quite different depending on the animal species tested, thus 
showing for these two pyrazole derivatives different species 
sensitivities or a difference in pharmacokinetics between 
species. These two substances have been considered for clinical 
trials (101). Structurally they are related to lonazolac calci- 
urn8, which is sold in Germany as an A1 drug (102, 103). 


Both oxaprozin and orpanoxin have potent analgesic, anti- 
pyretic, and A1 activity in animal screens (104, 105). The 
former compared favorably in terms of efficacy with aspirin 
in clinical studies. It was found to cause significantly less tin- 
nitus and no significant toxic effects (106). The drug is highly 
protein bound (107) and has a long half-life allowing a once- 
a-day dosing regimen (108). Regarding orpanoxin, it was 
speculated that its nonulcerogenicity in rats ( 1 2  g/kg) was 
due to its selective lack of effect on stomach PG biosynthesis 
(105). Clinical work on this substance has recently been 
deemphasized (1 09). 


Chemically, oxaprozin and orpanoxin are unusual in that 
they are P-substituted propionic acids. This breaks the un- 
written rule that A1 activity is restricted to an acetic, 
a-methylacetic, or again, butyric acid residue which can be 
transformed to an acetic acid function by &oxidation. 


Flurbiprofen, ketoprofen, pirprofen, and indoprofen (Fig. 
10) are either currently in advanced stages of clinical testing 
or awaiting FDA approval for marketing (1 10- 1 13). Except 
for pirprofen, these drugs have already been introduced in 
several countries abroad for treatment of rheumatoid arthritis 
and other related diseases. In the classical A1 screen, potencies 
equal to or greater than indomethacin and/or PB have been 
demonstrated for these compounds (1 14-1 17). 


Flurbiprofen is well tolerated in humans. In the treatment 
of RA disease, 100-300 mg was reported to be equivalent to 
75-100 mg of indomethacin (1 10). The product is also being 
evaluated as an ophthalmic A1 agent (1 18). Ketoprofen was 
shown in a double-blind crossover study to be equipotent to 
indomethacin (1 19). Compared with aspirin, 240 mg of the 
compound, given daily, had the same effectiveness as 4 g of 
aspirin, with less side effects (1 11). Several clinical trials have 
determined the potency of pirprofen to be the same as aspirin 
in RA and higher in osteoarthritis (1 16). It was also found to 
be a good analgesic agent in the treatment of postoperative 
pain. Likewise indoprofen (100 and 200 mg) was evaluated 
in oral and other surgical procedures and found to have supe- 
rior analgesic activity when compared with aspirin (600 mg) 
(120). In another clinical study involving RA patients, no 
difference was seen between indoprofen and indomethacin 
(121). 


Used extensively in Europe, Voltaren. * Active ingredient of Irritren. 
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Double-blind studies comparing carprofen (Fig. 1 l ) ,  in- 
domethacin, ibuprofen, and oxyphenbutazone have been re- 
ported. The compound proved highly effective, but it induced 
GI irritation more often than indomethacin (122). Animal 
studies, in parallel with indomethacin, had indicated equipc- 
tent A1 activity, lower potency (10-25 times) in inhibiting PG 
synthesis, and lower ulcerogenic activity (123, 124). 


Miroprofen, a strong analgesic, specifically inhibits pain 
responses and acute inflammation associated with increased 
vascular permeability. The substance also has A1 activity, 
being as potent as PB in inhibiting rat AA. Its ulcerogenic 
potential also compares well with that of PB. Its efficacy in 
relieving gingivitis was demonstrated in a clinical study 
( I  25). 


In  the rat D-AA screen, suprofen was found to have the 
highest safety margin when compared with PB, tolmetin, in- 
domethacin. and aspirin: 48:20:16:8:2, respectively. Also ob- 
served in the rats undergoing that test was a reduction of bone 
erosion at I0--40 mg/kg ( 1  26). Moreover it  was shown that 
suprofen is a potent antagonist of acetic acid-induced writhing 
in rats ( 127) of ultraviolet erythema in guinea pigs ( 1  28), and 
of sodium urate crystal-induced arthritis in dogs (129). In the 
clinic, drowsiness was observed as one of its side effects 
( 1  30). 


(f)-5-Benzoyl -3H- 1,2-dihydropyrrolo[ 1,2-a]pyrrole-l- 
carboxylic acid (XI)  has in lieu of an a-methyl substituent to 
the carboxylic acid rest, an a-methylene group fixed in a 
pentacyclic ring (1 3 1) .  This product, which is undergoing 
phase I clinical trial, is a potent platelet inhibitor with strong 
analgesic and A l  activities (1 32). 


Miscellaneous Acidic Compounds-Nimesulide (Fig. 12), 
an acidic compound by virtue of its sulfonamide functional 
group, was reported to respond quite effectively in acute and 
chronic animal A1 assays and to present a marked superiority 
in the therapeutic index to most reference NSAI drugs (1 33). 
Compared with indomethacin, its A1 potency was of the same 
order; however, the product was 10 times less effective in 
suppressing PG in oitro ( 1  34). In clinical studies, nimesulide 
was evaluated in 70 patients with rheumatic disorders for a 
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mean duration of 26 d. A complete cure or significant im- 
provement in 86% of patients was reported. Side effects were 
mainly GI disturbances ( 1  35). 


Another nonalkanoic acidic drug is the hexafluoroimidazole 
derivative tiflamizole. In animal studies, the product was about 
10 times as potent as indomethacin in D-AA and E-AA screens 
(ED50 0.03 mg/kg/d). An unusual feature was the duration 
of the therapeutic effect following daily oral doses of 0.09 
mg/kg for 7 d. The inhibition persisted for more than 70 d 
when, in the case of indomethacin, there was a flare up after 
2-3 days. The drug had a long half-life, was rapidly absorbed, 
and slowly excreted in various animal species. There was ap- 
parently no evidence of metabolites. Tiflamizole strongly 
suppressed bovine seminal vesicle PG synthetase (ICso 4.10-’ 
mol/L); nevertheless, its ulcerogenic activity in rats, was found 
to be weaker than that of the regular A1 drugs in use (136- 
138). This compound is currently in Phase 11 of clinical eval- 
uation (1 39). 


Nonacidic NSAI Drugs-There are not many nonacidic 
NSAI drugs available for the treatment of RA. Benzydamine 
(mostly an analgesic agent) and tiaramide (sold in Japan) are 
two examples of this class of product. Also, relatively few novel 
compounds of this type have been developed to the point of 
clinical trial. Proquazone (Fig. 13), which is sold in Germany 
and in Switzerland, is actually in Phase I 1  of clinical trials in 
the United States (140). Like the acidic NSAI drugs, the 
compound blocks the CO pathway of the arachidonic cascade. 
It is particularly effective in inhibiting collagen-induced 
platelet aggregation (141). In clinical tests, proquazone was 
found to be comparable with indomethacin in terms of efficacy 
and tolerance (142). Evaluated in postoperative dental pain, 
it was found to have 5-6 times the potency of aspirin (143). 
Some lower intestinal intolerance appears to be the main 
problem. Recent reports would attribute disease-modifying 
capability to this drug (53-55). Tormosyl, the corresponding 
fluoro analogue of proquazone, has been evaluated as an an- 
analgesic in humans ( 1  44). 


The phthalazine derivative, diftalone, had A1 potency in 
animal models approximately equal to that of PB, while gas- 
tro-ulcerogenic activity (in rats) and manifestations of acute 
toxic effects were practically absent ( 1  45). In the clinic it was 
found effective for the treatment of RA and comparable with 
indomethacin. Suppression of the ESR was also reported 
(56). 
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Antipyretic, analgesic, and A1 activity combined with a high 
therapeutic index as compared with indomethacin have been 
reported for 1,6-dimethyl-4-0~0- 1,6,8,9,9a-hexahydro-4H- 
pyrido[ 1,2-a]pyrirnidine-3-carboxamide (XII)9. A marked 
synergistic effect was observed in the reduction of rat CPE 
when a low dose of XI1 was coadministered with indomethacin. 
It is assumed that the product will be examined clinically and 
this synergistic effect evaluated (146). 


Broperamole showed systemic A1 activity 5 -6 times that 
of PB in acute assays, and 10 times in  the case of chronic as- 
says. The product caused gastric irritation only at very high 
doses (147). I t  had topical A1 activity, but less than that of 
hydrocortisone. The product is undergoing preclinical testings 
(148). 


Epirizole (Fig. 14), a Japanese drug having higher analgesic 
activity than aminopyrine with less toxicity, is being evaluated 
for clinical trials in this country (149). Apparently this product 
can inhibit gastric lesions induced by acidic NSAI drugs 
(150). 


The triazine anitrazafen is 50-100 times more potent than 
indomethacin in inhibiting fatty acid CO. It was found inactive 
in rat CPE and AA when given orally, but topically, it inhibited 
or reversed the formation of erythema induced by ultraviolet 
light (1 51). The development of this product, under evaluation 
for some time, may have been deemphasized (152). 


In addition to showing good inhibiting activity in the usual 
assays of experimental inflammation, cloximate, an oxime 
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ether derivative, showed marked activity in traumatic edema 
and in the Arthus antigen-antibody assay. Tested in acute and 
chronic experiments in  rats and dogs, it had practically no 
harmful effect in the gastrointestinal mucosa. It is reported 
to be as potent as aspirin in blocking the biosynthesis of PGE2. 
The product has been submitted to a first clinical trial 
(153). 


Emorfazone, evaluated in acute models of inflammation 
showed analgesic and A1 activity similar to PB (154). It was 
found to inhibit compound 48/801°- induced histamine release 
from mast cells and from rat skin, to have no effect on the 
immune system, and not to suppress PG synthesis. The main 
site of its anti-nociceptive activity was suggested to be in the 
periphery (1 55). Treatment of a group of patients with acute 
cystitis resulted in good to excellent remission of micturition 
pain in 14 of the 15 cases (156). 


Prodrugs-Sulindac (Fig. 15), an indene isostere of indo- 
methacin, was recently introduced in the United States. It is 
a prodrug for the active corresponding sulfide metabolite XIII. 
It has longer duration of action, fewer side effects than indo- 
methacin, and it is claimed to be free of GI problems (157). 


Fenbufen is characterized by its high analgesic activity, the 
sustained duration of its analgesic and A1 action relative to the 
other known drugs, and the fact that it does not directly inhibit 
fatty acid CO. Its activity is due mainly to its main metabolite, 
biphenylacetic acid (BAA) (XV) which, in this case, must be 
obtained by quite an unusual transformation. This acid is a 
potent inhibitor of PG biosynthesis. The low potency of fen- 
bufen to induce gastric irritation can be explained by the fact 
that BAA is not directly in contact with the GI tract ( 1  58,  
159). Fenbufen is currently sold in more than 14 countries. Its 
introduction in the United States is expected in the near future 
(160). 


The fluorene analogue, furobufen, has recently been recalled 


Code name: Chinoin- 127. 
lo Mixture of polymeric amines; see W. D. M. Paton. Br. J .  P h a r m a d ,  6, 499 
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from clinical testing (161). In AA assays furobufen elicited 
similar activity to PB. The product has analgesic but no anti- 
pyretic activity (1 62). Thomae's butyryl alcohol derivative, 
4-(4-biphenyl)butanoI (XIV)", is also metabolized to XV and 
it presents, not unexpectedly, an activity profile similar to 
fenbufenl2. 


Biotransformation of nabumetone to the active metabolite, 
6-methoxynaphthalene acetic acid (XVI), is also responsible 
for the much reduced ability of this compound to induce gastric 
lesions as compared with standard drugs such as naproxen 
and/or indomethacin. The product is now being evaluated 
clinically (1 63, 164). 


Most attempts to prepare A1 prodrugs have revolved around 
modification of the acidic function, through esterification 
and/or amide formation, of known inflammation inhibitors. 
One of the most expedient ways would be esterification with 
methanol. Indeed, according to a recent report (165), the 
methyl esters of acidic NSAI drugs were found far less ul- 
cerogenic than the acids, yet their A1 activities were not 
changed appreciably. In  the case of the methyl ester of aspirin 
(XVIIa) (Fig. 16) it was established that the toxicity after 
long-term oral administration to rats and guinea pigs was less 
than aspirin. Another study with radiolabeled salicylate de- 
rivatives showed that the methyl ester group did not quanti- 
tatively change the biodistribution of the active form generated 
in uiuo ( 1  66). 


On the basis that triglycerides are able to pass through the 
stomach without undergoing hydrolysis and then to be ab- 
sorbed in the intestines, it was assumed that NSAI drugs in- 
corporated in  the triglyceride structure would bypass the 
stomach and then be metabolized to provide free drug de- 
livery. 


In the case of the triglycerides of aspirin (XVIIlb) it was 
found that the therapeutic ratio was improved 80-fold over 
aspirin. However, with indomethacin (XVIIb) only a threefold 
improvement was experienced. It was concluded that GI 
damage due to indomethacin is mainly produced systemati- 
cally by the circulating drug, whereas in the case of aspirin the 
irritation is primarily the result of local action on the gastric 
mucosa (167-170). It was shown with the use of radiolabeled 
compounds that effective therapeutic concentration of the free 
active salicylate was easily obtained after ingestion of the 
triglycerides of aspirin (171). 


The isoglutaminyl moiety of proglumetacin (XVIIIc) is said 
to procure protective activity to the gastric mucosa, while the 
presence of the piperazine nucleus seems important for pro- 
viding a favorable therapeutic ratio (1 72). The product caused 
GI tract damage (in rats) only at dose levels close to the LDso 
(173). 


Acemetacin (XVIIld) was chosen from a series of more than 
100 compounds, mostly esters and amides of indomethacin. 
In  animal tests it was found to be more active than indo- 
methacin (in acute and chronic assays), and to be equipotent 
with corticosteroid in the granuloma pouch test (cotton pellet). 
It is a weaker inhibitor of PG synthesis than indomethacin and, 
apparently in connection with that, i t  causes less damage to 
the mucous membrane of the gastrointestinal tract (174, 175). 
In a multicenter long-term study with 200 outpatients, the 
efficacy of acemetacin was assessed as good to very good in 
75% of the cases. Only 3% of the patients gave preference to 


' I  Code name: CO-893. 
' 2  Personal communication. 
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Benorylate 
Figure 17. 


indomethacin in this study. Damage to the GI tract was ob- 
served but in general it was much reduced (1 76, 177). 


Among a large series of esters of indomethacin, tropesin 
(XVIIIe) had the slowest rate of cleavage by action of serum 
esterases in uitro. Compared with indomethacin, the product 
exhibited the same A1 efficacy, in acute and chronic models 
of inflammation, and a much lower tendency to induce gastric 
damage (UD5o 50 mg/kg uersus 1 mg/kg for indomethacin). 
In a first clinical trial, symptoms of intolerance were not ob- 
served with daily doses of tropesin up to 210 mg (1 78). 


The antiarthritic and analgesic activity of the double pro- 
drug of aspirin and isopropylantipyrine (AIA)---N-(4-pro- 
pyphenazon-5-yl)-2-acetoxybenzamide (X1X)-(Fig. 17), was 
found to have about the same potency as that of each moiety 
taken separately, but with the difference that the gastric ul- 
cerogenic activity was much less pronounced. This product also 
showed practically no acute toxicity as shown by the LD5o 
values: 5 g/kg orally and subcutaneously, and 3.68 g/kg in- 
traperitoneally in mice ( 1  79). 


Benorylate, another example of a double prodrug (aspirin 
and paracetamol), is now marketed in Europe (180). It is be- 
lieved that paracetamol, by stimulating stomach PG synthe- 
tase, inhibits the erosive action of aspirin ( 1  81). 


CONCLUSION 


Most of the compounds currently under investigation are 
CO inhibitors and as such are analogues of aspirin and/or 
indomethacin. Yet these may be justified as useful alternatives 
in view of individual diversity in response to treatment, if not 
as offering greater tolerance and, in some cases, the conve- 
nience of a once-a-day medication. More importantly, how- 
ever, is the fact that a few of these may influence some of the 
more fundamental mechanisms of the disease, overlapping, 
it would seem, with the newer types of compounds whose mode 
of action is related either to their capacity to inhibit the che- 
motaxis of cells perpetuating the disease at the site of in- 
flammation and/or to their selective control of the body's 
immune system. 
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Abstract 0 The cardiotoxic and neurotoxic effects of tegafur, an anti- 
cancer agent, were compared with those of uracil plus tegafur (4: l  mol/ 
mol) in mice, rats, rabbits, c a b  and dogs. Uracil plus tegafur was shown 
to be less toxic than the drug alone in all the species, and uracil was found 
to decrease the toxicity of tegafur. n-Fluoro-P-alanine, a catabolic me- 
tabolite of the drug, had toxic effects similar to tegafur. The results 
suggest that administration of uracil with tegafur prevents the side effects 
of the drug on the heart and CNS by inhibiting the degradation of 5- 
fluorouracil. 


Keyphrases Tegafur-coadministration with uracil, effect on toxicity, 
species comparison IJracil-coadministration with tegafur, effect on 
toxicity, species comparison Chemotherapeutic agents-coadminis- 
tration of tegafur and uracil, effect on toxicity, species comparison 


Tegafur [5-fluoro-l-(tetrahydro-2-furyl)uracil], syn-- 
thesized by Hiller et al. (l), has been widely used clinically 
as an anticancer agent because it is a masked form of the 
pyrimidine antimetabolite, 5-fluorouracil. Jato and co- 
workers (2, 3) and Mukherjee and Heidelberger (4) re- 
ported that the antitumor activity and toxicity of fluo- 
rinated pyrimidines are increased by coadministration of 
pyrimidine. Fujii et al. (5-7) found that coadministration 
of uracil with tegafur increased the 5-fluorouracil level in 
tumors and the antitumor activity of tegafur, possibly 
because it inhibits the degradation in the liver of 5-fluo- 
rouracil formed from the drug. Moreover, it has been found 
that uracil plus tegafur (4:l mol/mol) has stronger anti- 
tumor activity than the drug alone, both clinically and in 
animals (8-12). 


Side effects of fluorinated pyrimidines on the heart and 
CNS have been observed clinically (13-15). But from the 


above findings, we suggested previously that uracil might 
prevent the cardiotoxic and neurotoxic effects of tegafur 
(16). T o  test this possibility, we compared the cardiotoxic 
and neurotoxic effects of the drug alone with those of uracil 
plus tegafur in mice, rats, rabbits, cats, and dogs. 


EXPERIMENTAL 


Drugs-The following drugs were used: tegafur’, 5-fluorouraci12, 
uracil3, and u-fluoro-p-alanine hydrochloride4. ‘I’egafur, uracil plus te- 
gafur, and 5-fluorouracil were administered intravenously as their sodium 
salts and orally as suspensions in 5% gum arabic. 


Animals-The following animals were used: male ddY mice (18-23 
g)5. male Wistar rats (160-200 g)5, male Japanese White rabbits (2.5-3.5 
kg)6, mongrel cats of both sexes (2.3-3.4 kgP. and male Beagle dogs 
(9.5-10.0 kg):. The animals were used for experiments after a period of 
acclimatization of a t  least 7 d in the laboratory at  a controlled tempera- 
ture of 23 f 1 “C and relative humidity of 55 f 10’70 with a 12-h light/dark 
cycle. They were fasted for 18 h before oral administration of drugs. 


Methods-Previously, we demonstrated that tegafur at  high doses 
produces c h i c  convulsions in mice and rats, cardiac fibrillations in 
rabbits, and vomiting in dogs ( I  6). 5-Fluorouracil has been reported to 
have a neurotoxic effect in cats (17). These cardiotoxic and neurotoxic 
effects of tegafur were compared with those of uracil plus the drug in the 
five species. The acute toxicity of tegafur in these animals was also 
compared with those of uracil plus tegafur and cu-fluoro-P-alanine, a 
catabolic metabolite of the drug. 


Conoulsant Effects in Mice and Rats-Groups of 10 mice and rats 
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Tegafur 


5-f iuoro-2'- 


monophosphate 5-fluorouracil - fluoroureidopropionate 


5-f luorou ridi ne  


DNA synthesis c deoxyuridine 5 I - q  


NH.,, C02 + a-fluoro-8-alanine 
/\ 


RNA 'ynthesis c 5I-triphosphate 


Cytotoxicity - - 
fluoroacetate f luoroma lonate \ p i a l d e h y d e  


fluoroacetyl CoA 


I 
f luorki trate 


+ Cardiotoxicity 
N. 
' Krebs cycle 


Neurotoxicity /- (aconitase) 
Figure 1-Propospd mechanism of cyto-. cardio-, and neurotoxicity of tegafur and effect of uracil. Key: ( Q ) coadministration of uracil 


were observed for clonic convulsions after oral administration of the 
drugs. The CDw values (doses producing clonic convulsions in 50% of the 
animals) were calculated by the method of Litchfield and Wilcoxon 
(18). 


Cardiotoxic Effect in Rabbits-Groups of 8 rabbits were used. Cardiac 
fibrillations were determined from the ECG (A-B leads) using a poly- 
graph8 after intravenous administration of the drugs. The FDw values 
(doses producing cardiac fibrillations in 50% of the animals) were cal- 
culated by the method of Litchfield and Wilcoxon (18). 


Neurotoxic Effect in Cats-Cats were examined for gross behavioral 
changes after oral administration of drugs; tremors or abnormal gait was 
taken as an index of a neurotoxic effect. The NDw values (doses pro- 
ducing neurotoxic effects in 50% of the animals) were calculated by the 
up and down method (19). 


Neurotoxic Effect in Dogs-Vomiting was observed in dogs after ad- 
ministration of drugs. The VDw values (doses producing vomiting in ,WO 
of the animals) were calculated by the up and down method (19). 


Acute Toxicities in Mice, Rats, Rabbits, Cats, and Dogs-Tegafur 
and uracil plus tegafur were administered orally to mice, rats, rabbits, 
cats, and dogs. The animals were then kept in cages with food and water, 
and all deaths within 21 d were recorded. The LDm values in mice and 
rats were calculated by the method of Litchfield and Wilcoxon (18) and 
those in rabbits, cats, and dogs by the up and down method (19). In ad- 
dition, a-fluoro-o-alanine was administered intraperitoneally to mice, 
rats, rabbits, cats, and dogs, and the LDm values were calculated by the 
up and down method (19). 


RESCLTS 


CDm and LDm in Mice and Rats-Tegafur at high doses caused two 
types of death in mice and rats: one following clonic convulsions -4 h after 
treatment and the other by cytotoxicity, such as damage of the hemato- 
poietic system, -2 weeks after treatment. The CDm values for uracil plus 
tegafur in mice and rats were 1.33 and 1.56 times those for the drug alone, 
respectively. On the other hand, the LDm values for uracil plus tegafur 
in mice and rats were 0.28 and 0.34 times those for the drug alone, re- 
spectively (Table I). These results clearly demonstrated that coadmin- 
istration of uracil decreased the conwlsant effect of tegafur, but increased 
its acute toxicity. 


FDm and LDm in Rabbits-Tegafur a t  high doses increased the 
voltage of the T-wave and decreased that of the ST-wave in the ECG after 
-8 h, and caused cardiac fibrillation after -15 h. Uracil plus tegafur in- 
duced cardiac fibrillation -10 h later than the drug alone and had a 
weaker effect. 5-Fluorouracil induced more marked cardiac fibrillation 
than tegafur. The FDm and LDw values for uracil plus tegafur were 1.43 
and 1.51 times those for the drug alone, respectively (Table I). Thus, 


8 San'ei-Sokki, 142-8. 


coadministration of uracil decreased the cardiotoxic effect and acute 
toxicity of tegafur in rabbits. 


NDm and  LDso in Cats-Tegafur a t  high doses caused vomiting, 
tremors, and abnormal gait within 24 h. Uracil plus tegafur had similar, 
but weaker, effects which developed later after treatment. The effect of 
5-fluorouracil was greater than that of tegafur. The NDw and LDw values 
for uracil plus tegafur were 1.18 and 1.20 times those for the drug alone, 
respectively (Table I). Therefore, coadministration of uracil decreased 
the neurotoxic effect and acute toxicity of tegafur in cats. 


VDso and  LDjo in Dogs-Tegafur at high doses induced vomiting in 
dogs. Uracil plus tegafur had a weaker effect than the drug alone, which 
developed later, while 5-fluorouracil had a stronger effect than tegafur. 
The VDm and LDw values for uracil plus tegafur were 1.52 and 1.85 times 
those for the drug alone, respectively (Table 1). Therefore, coadminis- 
tration of uracil decreased the vomiting and acute toxicity induced by 
tegafur in dogs. In rabbits, cats, and dogs, no deaths were observed within 
2 weeks after treatment, unlike mice and rats. 


Toxic Effects of a-Fluoro-(3-alanine in Mice, Rats, Rabbits, Cats, 


Table I-Cardio- and  Neurotoxic Effects and Acute Toxicities of 
Teaafur  and  Uracil  DIUS Teaafur  in Various SDecies 


Tegafur, Uracil + Tegafur, 
Species mg/kg PO mg/kg PO" Ratiob 


1850 2470 
( 1480-2294) (2266-2692) 


1420 401 
(1302-1547) (371-474) 


1340 2100 
(97 1- 1849) (1826-2415) 


1410 487 
(1308-1520) (447-531) 


54.0' 77.7' 
(40.9-71.3) (65.8-91.7) 


71.0 107.7 


29.7 35.3 
35.5 42.7 


30.9 47.2 
34.2 63.5 


1.33 


0.28 


1.56 


0.34 


1.43 


1.51 


1.18 
1.20 


1.52 
1.85 


In 4:l mole ratio; dose is in terms of * Uracil plus tegafurl afur c Dose 
producing clonic convulsions in 50% %%;:animals, measured 37 after drug 
treatment. 
treatment. Dose producing cardiac fibrillation in 50% of the animals, measure! 
3 d after dru treatment. f Dose producing neurotoxic effectn in Woof the animals, 
measured 3 dafter drug treatment. 8 Doae producing vomiting in 50% of the yimals, 
measured 3 d after drug treatment. Values in parentheses are 95% confidence 
limib. Administered intravenously. 


Lethal dose in 50% of the animals, measured for 21 d after dru 
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Table II-LDbo Values for a-Fluoro-8-alanine in  Various 
Species 


Species 


Mice 
Rats 
Rabbits 
Cats 
Dogs 


167 
218 
27.4 
9.4 


<24.5 


a Measured for 21 dafter drug treatment 


and Dogs-a-Fluoro-fl-alanine, like tegafur, induced clonic convulsions 
in mice and rats, cardiac fibrillations in rabbits, and neurotoxic effects 
in cats and dogs. However, unlike tegafur, it did cause any deaths within 
2 weeks after its administration. The LDM values for a-fluoro-P-alanine 
in the five species are listed in Table 11; rabbits, cats, and dogs were more 
sensitive than mice and rats to a-fluoro-P-alanine, as in the case of te- 
gafur. 


DISCUSSION 


Previously, we suggested that uracil plus tegafur might have less cardio- 
and neurotoxicity than the drug alone (16). To test this possibility, in the 
present study we compared the pharmacological effects of tegafur alone 
and with uracil in mice, rats, rabbits, cats, and dogs, because tegafur has 
different effects in different species (16). 


From our results on the effects of tegafur, 5-fluorouracil, and n-fluo- 
ro-/3-alanine, we concluded that tegafur has two reactions, as illustrated 
in Fig. 1. One is due to the conversion of 5-fluorouracil to the phos- 
phorylated anabolic metabolites, 5-fluoro-2’-deoxyuridine 5’-mono- 
phosphate and 5-fluorouridine 5’-triphosphate, which inhibit DNA and 
RNA syntheses. This is the mechanism of i ts  antitumor activity (20). This 
action also results in damage of the hematopoietic system of mice and 
rats -2 weeks after administration of tegafur. The other action is to in- 
duce clonic convulsions in mice and rats, cardiotoxicity in rabbits, and 
neurotoxicity in cats and dogs. These effects, which appear within 24 h 
after administration, were also observed after administration of a-fluo- 
ro-fl-alanine. 


The different effects in different species are very similar to those of 
methyl fluoroacetate or sodium fluoroacetate, which induce fluorocitrate 
intoxication (21). Thus, it has been suggested that the cardiotoxic and 
neurotoxic effects of 5-fluorouracil are due to fluorocitrate poisoning, 
probably as a result of catabolism of 5-fluorouracil(17,22). Therefore, 
the second action of tegafur is caused by catabolic metabolites of 5-flu- 
orouracil. Some metabolites may be converted to fluorocitrate, which 
inhibits the Krebs cycle, although no fluorocitrate has yet been detected 
in animals after treatment either with tegafur or 5-fluorouracil. 


Rabbits, cats, and dogs are more sensitive to tegafur than mice and rats. 
This species difference in sensitivity might be due to species differences 
in the effects of fluorocitrate, because on clinical evaluhtion of tegafur 
(14). humans were found to be less sensitive than rabbits, cats, and dogs. 
Moreover, Meldrum and Bignell (23) reported that the sensitivity of 
humans to fluorocitrate is weaker than that of these animals. We think 
that the cardiotoxic and neurotoxic effects of fluorinated pyrimidines 
in clinical use (13-15) might also be caused by fluorocitrate. 


On coadministration of uracil, Ikenaka et al. (24) found that uracil 
inhibited the degradation of 5-fluorouracil much more than i ts  phos- 
phorylation. Moreover, Unemi et al. (12) found that the antitumor ac- 
tivity of uracil plus tegafur is 5 times that of the drug alone, because uracil 
inhibits the degradation of 5-fluorouracil. Furthermore, Jato and co- 
workers (2,3) and Mukherjee and Heidelberger (4) reported that coad- 
ministration of pyrimidine increased both the antitumor activity and the 
toxicity of fluorinated pyrimidines in mice. 


In the present study, coadministration of uracil decreased the lethal 
dose of tegafur in mice and rats, but also increased the convulsant dose 
in these animals and the cardiotoxic, neurotoxic, and lethal doses in 
rabbits, cats, and dogs. These results can be explained by the fact that 
uracil inhibits the degradation of 5-fluorouracil, and so the effects of 
5-fluoro-Z’-deoxyuridine 5’-monophosphate and 5-fluorouridine 5’-tri- 
phosphate, anabolic metabolites of 5-fluorouracil, were increased while 
the effect of a-fluoro-8-alanine, a catabolic metabolite of 5-fluorouracil, 
was decreased. The extent of these effects probably depended on the 
relative inhibitions in degradation and phosphorylation of 5-fluorouracil 
caused by uracil (24). That the L D s  for tegafur in mice and rats was 
decreased and the LDa in rabbits, cats, and dogs were increased by uracil 


can be explained by supposing that the acute toxicity in the former ani- 
mals depends on anabolic rather than catabolic metabolites of 5-fluo- 
rouracil, whereas the acute toxicity in the latter animals depends on 
catabolic rather than anabolic metabolites. 


The coadministrations of (aminmxy)acetate and acetamide were re- 
ported to reduce the toxicities of a-fluoro-P-alanine and fluoroacetate, 
respectively (25,26). Furthermore, coadministration of malonate reduced 
citrate accumulation caused by fluoromalonate, which showed similar 
toxocity to fluorocitrate (27). Therefore, the inhibitory effect of uracil 
on the cardiotoxic and neurotoxic effects of tegafur may be explained not 
only by competitive inhibition of uracil with 5-fluorouraci1, but also by 
competitive inhibition of the degradation of fluoroureidopropionate by 
ureidopropionate and of a-fluoro-P-alanine by 8-alanine. Consequently, 
the actual concentration of fluorocitrate may be very low or the rate of 
formation of fluorocitrate may be very slow. 


The present findings show that the side effects of tegafur on the heart 
and CNS are reduced by coadministration of uracil. Therefore, combi- 
nation therapy with uracil and tegafur should be better than treatment 
with the drug alone. 
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previous reports (16), absorption of temazepam from the hard gelatin 
capsule utilized in the United States occurs relatively slowly, with peak 
plasma concentrations an average of 2.0-2.1 h after dosage. Temazepam 
elimination half-lives ranged from 6 to 21 h, and total metabolic clear- 
ances ranged from 0.9 to 2.6 mL/min/kg. None of these kinetic variables 
were significantly influenced by cimetidine coadministration, nor was 
the extent of temazepam binding to plasma protein altered by cimetidine. 
Furthermore, for any given individual, the kinetic profile for temazepam 
was highly consistent between the two treatment trials. 


The clinical implications of an interaction or noninteraction with ci- 
metidine for any particular benzodiazepine cannot a t  present be deter- 
mined. The present study nonetheless suggests that, consistent with its 
biotransformation pathway mainly involving glucuronide conjugation, 
the pharmacokinetic profile of temazepam is not influenced by concur- 
rent treatment with cimetidine. 
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Abstract 0 Two nonporous and three porous amorphous silicas were 
used as dispersion media to convert corticoid solutions into free-flowing 
powders. The corticoids (prednisone, prednisolone, and hydrocortisone) 
were dissolved in N,N-dimethylacetamide-polyethylene glycol 400 (7:3 
v/v) and their 10% (w/v) solutions were mixed with the silicas (1:3 v/w). 
Dissolution rates of the corticoids from such powdered solutions were 
more rapid than their micronized powders in various aqueous media. 


Keyphrases Dissolution rate-corticoid solutions dispersed on silicas, 
prednisone, prednisolone, hydrocortisone, free-flowing powders 0 Cor- 
ticoids-solutions dispersed on silicas, dissolution rates, prednisone, 
prednisolone, hydrocortisone, free-flowing powders 0 Powders, free- 
flowing-corticoid solutions dispersed on silicas, dissolution rates, 
prednisone, prednisolone, hydrocortisone 


The USP (1) requires that 260% of the prednisone or 
prednisolone from their respective tablets must dissolve 
within 20 min in deaerated water. These water-insoluble 
neutral drug molecules could exhibit poor dissolution rates 
from improperly prepared capsule or tablet dosage forms. 
Oral absorption efficiency of the corticoids from such solid 
dosage forms could be impaired. 


Concentrated solutions of three corticoids (prednisone, 
prednisolone, and hydrocortisone) had been prepared in 
N,N-dimethylacetamide, a high-boiling, water-miscible 
liquid (2). These earlier studies had shown that the ad- 
dition of 30% (v/v) polyethylene glycol 400 to the N,N- 
dimethylacetamide would prevent the softening effect of 


the latter on hard gelatin capsules. As a consequence, this 
mixture of solvents was used to prepare 10% (w/v) solu- 
tions of the three corticoids. 


Simple admixture of the corticoid solutions with 
amorphous, porous, or nonporous silicas converted them 
to free-flowing powders. The corticoids in such powdered 
solutions are thus in a molecular state of subdivision. 
Dissolution rates of such water-insoluble, neutral com- 
pounds should be instantaneous if localized dilution with 
simulated GI media does not cause their precipitation. 


The purpose of this study was to convert solutions of 
corticoids to free-flowing powders by dispersing them on 
various silicas. Dissolution rates in simulated GI media are 
compared with those of micronized powders. A compar- 
ison of the dissolution rate with ball-milled or solvent- 
deposited prednisone-silica dispersions is’also presented 
(3). 


Table I-UV Wavelengths Used in  the Development of 
Calibration Curves for the Three  Drugs in  Various Solvents 


Solvent 


Wavelength of Light, 


Simulated gastric fluid (without pepsin) 248 243 247 
Simulated intestinal fluid (without pancreatin) 248 243 247 
Ethanol 248 243 247 
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Table 11-Dissolution in  Simulated Gastrointestinal Media of Solutions of Prednisolone, Prednisone. and Hydrocortisone Dispersed 
on Various Silicas 


Solvent Amount Dissolved, % 
Simulated Simulated 5 10 20 30 45 60 75 90 105 120 


Sample Gastric Intestinal min min min min min min min min min min 


1. I" 
2. I" 
3. I-IV 
4. I -v  
5. I-VI 
6. I-VII 
7. I-VIII 
8. I-IV 
9. I-v 


10. I-VI 
11. I-VII 
12. I-VIII 
13. I-VIb 
14. I-Vb 
15. I-VIb 
16. I-IVb 
17. I-Vb 
18. I-VIb 
19. 11" 
20. 11" 
21. 11-IV 
22. 11-v 
23. 11-VI 
24. 11-VII 
25. 11-VIII 
26. 11-IV 


28. 11-VI 
27. 11-V 


29. 11-VII 
30. 11-VIII 
31. 111" 
32. 111" 
33. 111-IV 
34. 111-v 
35. 111-VI 
36. 111-VII 
37. 111-VIII 
38. 111-IV 
39. 111-v 
40. 111-VI 


+ + + 


+ 
+ + + + + 


+ 


+ + + + + 


+ + + 
+ 


+ + + + + 
+ 


+ + + + + 


62.0 
67.9 
87.5 
92.1 
91.5 
84.2 
84.2 
85.0 
84.8 
89.3 
75.3 
87.7 
80.2 
74.5 
74.0 
51.5 
60.2 
61.5 
22.6 
19.5 
73.7 
76.0 
70.8 
48.4 
43.0 
62.4 
70.5 
57.9 
48.4 
43.9 
25.0 
60.5 
96.9 
96.4 
98.5 
98.2 
94.3 
81.8 
94.8 
90.2 
90.2 
92.8 


74.7 
79.0 
97.0 
95.1 
94.9 
86.5 
86.5 
86.2 
88.8 
93.6 
86.8 
93.8 
87.2 
80.9 
79.1 
57.9 
68.4 
66.7 
36.8 
30.0 
79.3 
84.0 
75.6 
58.7 
49.9 
71.6 
83.9 
68.5 
58.7 
49.9 
34.9 
72.4 
100 
100 
100 
99.6 
98.3 
93.0 
98.3 
95.9 
93.8 
96.9 


79.5 
83.1 
99.8 
96.4 
96.0 
89.5 
89.5 
89.5 
92.0 
94.2 
91.7 
96.6 
91.5 
85.1 
82.6 
64.5 
73.3 
73.1 
55.1 
57.3 
86.4 
89.4 
82.0 
63.1 
59.9 
80.7 
91.5 
81.5 
63.1 
58.5 
52.5 
80.0 


100 
98.3 
98.3 
99.3 
98.5 
96.6 
97.3 


81.9 
85.7 
100 
96.4 
96.5 
90.1 
90.1 
90.1 
93.2 
94.5 
94.9 
97.6 
92.5 
86.9 
87.6 
67.9 
77.0 
75.0 
62.5 
65.4 
93.7 
93.5 
91.4 
67.7 
65.3 
86.2 
92.7 
84.9 
67.7 
64.4 
59.4 
84.9 


100 
98.3 
99.1 
99.7 
99.2 
96.7 
97.5 


84.8 
87.5 


96.5 
97.5 
91.1 
91.1 
90.8 
94.1 
94.9 
96.2 
99.1 
93.6 
89.7 
89.5 
71.2 
80.2 
77.2 
68.5 
71.1 
95.3 
95.9 
95.7 
72.1 
68.4 
91.6 
96.0 
90.5 
72.1 
69.1 
66.1 
88.6 


98.4 
100 
99.9 
99.7 
96.8 
97.5 


86.4 
89.4 


97.0 
97.6 
91.6 
91.6 
91.9 
94.1 
95.1 
96.8 
100 
93.8 
91.2 
89.5 
73.8 
81.8 
79.7 
73.3 
73.3 
96.6 
97.8 
96.1 
73.9 
71.7 
93.5 
97.1 
93.9 
73.9 
74.9 
77.7 
89.8 


98.4 


100 
99.7 
96.8 


88.6 
90.3 


97.0 
98.0 
91.8 
91.8 
92.3 
94.8 
95.2 
97.0 


94.2 
92.1 
89.8 
83.3 
83.2 
80.3 
76.9 
75.9 
98.9 
99.4 
96.7 
76.1 
75.6 
96.5 
97.8 
96.6 
76.1 
84.0 
82.8 
91.3 


99.0 


100 
96.8 


88.7 
91.2 


97.3 
98.0 
92.0 
92.0 
94.1 
95.1 
96.2 
97.3 


94.6 
93.2 
90.8 
86.3 
84.7 
81.0 
79.4 
81.4 
99.0 
99.6 
97.6 
78.2 
78.3 
98.6 
98.3 
98.7 
78.2 
87.9 
86.7 
91.8 


99.1 


96.8 


90.0 
92.5 


97.8 
98.4 
92.2 
92.2 


95.3 
96.6 
97.6 


94.6 
92.8 
91.8 
87.7 
86.2 
82.3 
81.6 
83.1 
99.2 
100 
99.3 
79.7 
79.3 
99.0 
99.1 
99.9 
79.7 
91.3 
89.5 
92.8 


- 


100 


96.8 
97.5 


90.0 
93.1 


97.8 
98.4 
92.5 
92.5 
95.0 
95.3 
96.6 
98.1 


94.7 
92.8 
93.1 
88.9 
87.5 
83.0 
83.3 
85.1 
99.4 


99.3 
80.2 
80.6 
100 
99.8 
100 
80.2 
93.1 
91.6 
92.8 


96.8 
97.5 97.5 97.5 97.5 


0 Micronized powder. * Corticoid was solvent-deposited on the surface of the silica by the method of Yang et al. (3). 


EXPERIMENTAL 


Materials-The following were obtained from commercial sources: 
anhydrous micronized prednisolone' (I); micronized prednisone, USP' 
(11); micronized hydrocortisone2 (111); three grades of porous silicas3; two 
types of nonporous silicas4; NJV-dmethyla~etamide~; polyethylene glycol 
4006; anhydrous ethanol (UV grade)7; hydrochloric acid7; sodium chlo- 
ride7; monobasic potassium phosphate (AR)7; sodium hydroxide pellets7; 
phosphate buffer, pH 76; phosphate buffer, pH 4s; and distilled water. 
The following equipment was used: double-beam spectrophotometers; 
pH meter (Model DB-GT)s; analytical balance'"; U S P  XIX dissolution 
test basket assembly1$ polytherm constant-temperature water bath12; 
13-mm Swinny adapter's; filter paper, 0.45-pm porosity'3; plastic sy- 
ringe13; and quartz electric stopwatch14. 


Methods-Corticoid solutions were prepared by dissolving 1 g of 


~ ~~ 


1 Lots 314GR (prednisolone) and 7A566 (prednisone); The Upjohn Co., Kala- 


2 Lot 8x371; Pfizer Inc., New York, N.Y. 
3 Syloid 63 (IV), Syloid 72 (V), and Syloid 244 (VI); Daviaon Chemical Div., W. 


4 Cab-0-Sil EH-5 (VII); Cabot Corp., Boston, Mass. Aerosil380 (VIII); Degussa 


5 Eestman Kodak Co., Rochester, N.Y. 
6 Ruger Chemical Co., Inc., Irvington, N.J. 
7 J. T. Baker Chemical Co., Phillipsburg, N.J. 
8 Beckman Instruments, Fullerton, Calif. 
9 Model 124; Coleman Instruments Div., Maywood, Ill. 


10 Mettler Instrument Corp., Hightstown, N.J. 
11 Hanson Research Corp., Northrid e, Calif. 
12 Bench Scale Equipment Co., Inc.,%ayton, Ohio. 
1s Millipore Corp., Bedford, Mass. 
14 Citizen Watch Corp., Tokyo, Japan. 


mazoo, Mich. 


R. Grace & Co., Baltimore, Md. 


Inc., Pigments Div., New York, N.Y. 


corticoid in a sufficient quantity of N,N-dimethylacetamide-polyeth- 
ylene glycol 400 (7:3 v/v) to make 10 mL of solution. The weights of 
mixed solvent used are: for I, 9.2031 g; for II,9.2067 g; for III,9.2086 g. 


Corticoid-silica dispersions were prepared by placing 1 mL of corticoid 
solution (1 mL of prednisolone solution weighs 1.01 g) in a mortar and 
adding 3 g of silica. Simple admixture with a pestle produced a homo- 
geneous free-flowing powder. Aliquots of 0.401 g should contain 10 mg 
of prednisolone. All corticoid solution-silica samples were prepared in 
duplicate. 


Spectrophotometric absorption and calibration curves were obtained 
by diluting the corticoid solutions with simulated GI media, without 
enzymes (4), and wavelengths for maximum absorbance were determined 
(Table I). Absorbance uersus concentration plots (concentration range 
1 1 2  pg/mL) revealed that Beer's law was followed (regression coefficient, 
0.999). To blank out interference from the organic solvents present, stock 
solutions of simulated GI fluids were used which contained identical 
quantities of mixed solvent without the corticoid. 


The assay of the corticoid solution-silica dispersions involved the ex- 
traction of 1 g of corticoid solution-silica dispersion with 15 mL of ethanol 
four times. The ethanol extracts were combined and centrifuged. Three 
milliliters of supernatant was diluted to 200 mL with ethanol, and the 
absorbance was measured at the wavelength shown in Table I. 


Dissolution rates of the corticoid solution-silica dispersions were de- 
termined by the USP basket method (1) using 1000 mL of simulated 
gastric juice without pepsin (pH 1.2) or simulated intestinal fluid without 
pancreatin (pH 7.4). Dispersions which contained the equivalent of 10 
mg of corticoid were placed in the basket, which was lowered to a depth 
2 cm from the bottom of the vessel and rotated at  150 rpm. All dissolution 
studies were conducted at  37 f 0.5OC. 


Five-milliliter aliquots were withdrawn midway between the surface 
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of the dissolution medium and the bottom of the vessel, filtered through 
0.45-pm membrane, and assayed spectrophotometrically. The volume 
of the dissolution medium was maintained a t  lo00 mL by the addition 
of the appropriate medium and cumulative corrections were made for 
the previously removed samples in determining the total amount of drug 
in solution. The results of all the dissolution studies, which were run in 
duplicate, are shown in Table 11. 


RESULTS AND DISCUSSION 


The data in Table I1 clearly show the more rapid presence of I, 11, or 
I11 in either dissolution medium when the corticoid solutions were dis- 
persed on the five silicas used. As a micronized powder, I1 (samples 19 
and 20) dissolved very slowly in either GI medium; after 20 rnin <6Wo 
had dissolved. However, when a solution of I1 was dispersed on IV, V, 
or VI, >7Wo of I1 was in solution within 5 min (samples 21.22, and 23) 
in simulated gastric juice. In simulated intestinal juice, the rate was not 
as large; within 10 min >68.5% of I1 had dissolved (samples 26,27, and 
28). 


Silicas IV, V, and VI were consistently more efficient in releasing the 
drug solutions dispersed on them than were VII and VIII. When silicas 
VII and VIII were used with a solution of I1 <loo% of I1 had dissolved 
in the simulated GI media after 120 min (samples 24,25,29, and 30). 


A comparison of solvent-deposited I with its silica-dispersed solution 
is also of interest. In every instance the silica-dispersed solutions were 
superior (samples 3 uersu,s 13, 4 tiersus 14, 5 uersus 15; 8 uersus 16, 9 
versus 17, and 10 uersus 20). Ball-milled samples were not prepared. 


However, Yang et  al. (3) reported that after ball-milling prednisone with 
a 20-fold excess of IV, V, or VI, a maximum of 65% of I1 had dissolved 
after 120 min in simulated GI media. Their dissolution studies were 
conducted at 100 rpm. Narurkar and Jarowski (5) also reported similar 
slow dissolution rates for I that  had been ball-milled with various ratios 
of IV, V, VI, or VII. When solutions of I or I1 were dispersed on IV, V, 
VI, VII, or VIII and their dissolution rates studied at 100 rpm, all but one 
sample released 83-99% within 120 min. The exception was a solution 
of I1 dispersed on VI; only 60% had dissolved in simulated intestinal fluid 
after 120 min. 


Such reduction in dissolution rate resulting from reduced basket speed 
is of concern since the anticipated superiority in the in uivo performance 
of silica-dispersed solutions over micronized powders is suspect. A pre- 
liminary in uiuv experiment with salicylamide indicates that more rapid 
oral absorption does occur when the compound is dissolved and dispersed 
on silica. This data will be published elsewhere. 
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Antibilharzial Activity 


RAAFAT SOLIMAN *gX, HASSAN M. MOKHTAR *, and 
SAMIR K. EL SADANY * 
Received Novemher 8,1982, from the ‘Department of Pharmaceutical Chemistry, Faculty of Pharmacy and the *Department of Chemistry, 
Faculty of Science, University of Alexandria, Alexandria, Egypt. 
of Pharmacy, University of Florida, J. Hillis Miller Health Center, Gainesville, FL 32610. 


Accepted for publication February 1,1983. $Present address: College 


Abstract  Several 5-substituted amino-1,3,4-oxadiazo1-2-yl and 5- 
substituted amino-1,3,4-thiadiazol-2-yl derivatives with different 8- 
hydroxyquinoline moieties in the 2-position were prepared and tested 
for their antiparasitic activity. Preliminary biological tests on mice ex- 
perimentally infested with Schistosoma mansoni revealed that the new 
compounds show moderate schistosomicidal activity. 


Keyphrascs 8-(5-Substituted amino-1,3,4-oxadiazo1-2-yl) 
methoxyquinolines-synthesis, antibilharzial activity against Schisto- 
soma mansoni 8-(5-Substituted amino-l,3,4-thiadiazol-2-y1) 
methoxyquinolines-synthesis, antibilharzial activity against Schisto- 
soma mansoni 0 Antischistosomal agents-synthesis of 8-(5-substituted 
amino-l,3,4-oxadiazol-2-yl) and 8-(5-substituted amino-1,3,4-thiadia- 
zol-2-yl) methoxyquinolines 


The fact that lucanthone (1) and its active metabolite 
hycanthone (2) were the first metal-free compounds to 
show clinical activity against bilharziasis initiated the 
synthesis of a distantly related compound 6-chloro-5- 
(2-diethylaminoethylamino)-8-methylquinoline. The 
latter exhibited outstanding activity against experimental 
schistosomiasis (3,4). Unfortunately, preclinical toxicity 
studies indicated wide differences among various species 


of laboratory animals, precluding early clinical trials of this 
compound (3). A new entry in bilharzial chemotherapy 
is 1,2,3,4-tetrahydro-2- [ [ (1 -methylethyl)amino] methyl] -7- 
nitro-6-quinolinemethanol (oxamniquine). It has potent 
schistosomicidal activity against Schistosomu mansoni by 
causing worms to shift from the mesenteric veins to the 
liver, where they are destroyed (5). 


In our previous work (6) several 3-mercaptotriazoles 
with the 8-hydroxyquinoline moiety were prepared by 
cyclization of their corresponding substituted thiosemi- 
carbazides by the action of hot sodium hydroxide solution. 
Preliminary biological tests revealed that those mercap- 
totriazoles showed potent schistosomicidal activity. These 
observations prompted the synthesis of several 5-substi- 
tuted amino-1,3,4-oxadiazo1-2-yl and 5-substituted 
amino-l,3,4-thiadiazol-2-yl derivatives with different 8- 
hydroxyquinoline moieties in the 2-position. Contrary to 
the mercaptotriazoles, the incorporation of the potent 
antiparasitic drug iodochlorhydroxyquinoline in the 2- 
oxadiazole or 2-thiadiazole rings produced compounds 
with moderate or low schistosomicidal activity. 
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Abstract 0 The first rapid and highly sensitive high-performance liquid 
chromatographic (HPLC) assay for triamterene, hydroxytriamterene, and 
hydroxytriamterene sulfate is reported. Plasma samples were processed by 
protein precipitation, while urine was used untreated. Three different solvent 
systems were used to analyze ( a )  triamterene in plasma (30% acetonitrile, 
pH 4.0; internal standard: furoscmide; sensitivity limit: I ng/mt,); (b) hy- 
droxytriamterene and hydroxytriamterene sulfate in plasma ( I  2% acetonitrile, 
pH 5 .5 ;  internal standard: cefamandole; sensitivity limits: 20 and 2 ng/mL, 
respectively) and ( c )  triamterene, hydroxytriamterene, and hydroxytriam- 
terene sulfate in urine (13% acetonitrile, pH 5.3; internal standard: hy- 
droflumethiazide; sensitivity limits: 0.04 pg/mL, 0.5 pg/mL, and 0.1 pg/ml., 
respectively). Fluorescence detection of compounds was performed at 365-nm 
excitation and 440-nm emission wavelengths. Recovery of triamterene and 
its metabolites from plasma was complete. and calibration curves were linear. 
lntraday variation was <6% except for the lowest plasma concentration. The 
assay procedure has already been used in several pharmacokinetic studies. 


Keyphrases 0 Triamterene-HPLC analysis, major metabolites. hydroxy- 
triamterene sulfate, blood, plasma, and urine a Hydroxytriamterene sul- 
fate-HPLC analysis, major metabolite of triamterene, blood, plasma, and 
urine 


Although triamterene has been clinically available since the 
1960's, the metabolic pathways for this drug have been a 
matter of controversy, with conflicting reports appearing up 
through 1982. Early work by Lehmann (1) indicated that 
triamterene undergoes hydroxylation and subsequent sulfation 
to hydroxytriamterene sulfate, which he found in urine. ,Pruitt 
et al. (2), using TLC separation, could only detect hydroxy- 
triamterene, whereas Grebian et al. (3) and our group (4,5) 
did find the sulfate ester of hydroxytriamterene using TLC 
techniques. 


More recently, three HPLC techniques for triamterene 
analysis have been published (6-8). One of these research 
groups (6) assumed, on the basis of the work of Pruitt et al. (2), 
that hydroxytriamterene was the major metabolite of triam- 
terene and did not develop a method to specifically measure 
the sulfate conjugate. The other two groups did not measure 
any metabolites. The first HPLC assay by which the specific 
measurement of hydroxytriamterene sulfate can be obtained 
and by which very low concentrations of unchanged triam- 
terene and hydroxytriamterene sulfate can be quantitated is 
reported herein. The method is simple, fast, and accurate. 


EXPERIMENTAL 


Reagents-Triamterene', hydroxytriamterene2, hydroxytriamterene sul- 
fate2, and the internal standards hydrofl~methiazide~, furosemide4, and 
cefamandole5 were used as received. Acetonitrile6 for the HPLC measure- 
ments was glass-distilled; water was redistilled and stored in glass. 


Apparatus-A high-performance liquid chromatograph' equipped with 
a sample processor*, a fluorescence spectr~photometer~, and a UV deiector1° 
was used. The assay was carried out on a IO-pm particle size, 4 X 300-mm 
reverse-phase column" at  a solvent flow rate of 2 mL/min. 


Mobile Phase and Retention Times-Three different solvent systems were 
used for the measurement of triamterene, hydroxytriamterene. and hydroxy- 
triamterene sulfate. Each solvent system (A-C, as  indicated in Table I )  was 
used for a particular quantitation problem. 


Detection Wavelengths-Triamterene, hydroxytriamterene, and hydroxy- 
triamterene sulfate as  well as the internal standards furoscmide and hy- 
droflumcthiazide were analyzed using their native fluorescence at an excitation 
wavelength of 365 nm and an emission wavelength of 440 nm. Cefamandole, 
which was used as  an internal standard in mobile phase B, was measured by 
UV detection at 254 nm. For that purpose the HPLC system was equipped 
with two detector systems, one for fluorescence and another for UV detec- 
tion. 


Methods-Each plasma or total blood sample (0.1 mL) was deproteinated 
by adding 0.4 mL of acetonitrile containing both furosemide (3.5 pg/mL) 
and cefamandole (60 pg/mL) internal standards. After mixing1* for I min. 
the sample was c e n t r i f ~ g c d ~ ~  for 10 min at 3200 rpm. The supernatant was 
transferred to a clean test tube and, if necessary, evaporated at room tem- 
perature to 0.2 mL under nitrogen when very low concentrations had to be 
measured. However. most of the samples could be analyzed by injection of 
a volume as  little as 5 pL. 


Urine samples ranging from 0.02 to 0.1 mL were added to I m L  of an ac- 
ctonitrile solution containing hydroflumethiazide as an internal standard ( 5 0 0  
pg/mL). After mixingI2 and ~ n t r i f u g a t i o n l ~ ,  2 pL was injected onto the 
HPLC system. 


Human plasma, blood, and urine were stored at  -20°C. Blank plasma and 
blood for assay development was obtained from healthy voluntecrs using 143 
IU/IO mL of lithium heparin as anticoagulant. To test the stability of tri- 


I Mylan Pharmaceuticals Inc.. Morgantown. W.Va. 


' 1.e Pharmaceutical Producls. 2750 Balleruo. Denmark 
Rohm-Pharma, Darmstadt, West Germany. 


f Hoechsr Pharmaceuticals Inc.. Somerville,'N.J. 
. Eli Lilly & Co.. Indianapolis. Ind. 


J. T. Baker Chemical Co.. Phillimbure. N.J.  ' Perkin-Elmer Series 3, Norwalk: Con;.' 
WISP Model 710A; Waters Associates. Milford, Mass. 
204 S; Perkin-Elmer. Norwalk. Conn. 


l o  L C  65 T; Perkin-Elmer, Norwalk. Conn. 
Micro Pdk M C H ;  Varian. Los Altos, Calif. 


I 2  Vortex-Genic Mixer; Scientific Industries Inc., Bohemia. N.J. 
I J  IEC HN-SI I  Centrifuge, Damon IEC Div.; Needham Heights. Mass 
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Table I-Retention Times (min) for Triamterene, Its Metabolites, and the 
Internal Standards in Three Different Solvent Systems 


Table 11-Recovery of Triamterene and Hydroxytriamterene Sulfate from 
Human Plasma 


Mobile Mobile Mobile 
Compound Phase An Phase Bh Phase Cr  


Triamterene 5.7 - 8.6 
H ydroxytriamterene - d  9.0 4.8 
Hydroxytriamterene sulfate - 5.7 3.2 
Furosemide 8.1 


8.7 Cefamandole (IS.) - 


__ 7.0 Hydroflumethiazide (IS.) - 


- - 
- 


3Wc Acetonitrile in 0.02% H3P04. adjusted lo pll 4 with NaOH (for plasma or 
12%Acelonitrile in 0.02% H$04 .  adjusted to pH 5.5 with K a 0 H  (for plasma 


13% Acetonitrile in 0.02% H3P04. adjusted to pH 5.3 with S a O H  (for urine). 
blood). 
?blood). 


amterene and its primary metabolite over time, biological samples (over the 
concentrations measured) were analyzed after 6 and 12 months storage at  
-2OOC. They did not show any degradation. On the basis ofour work it ap- 
pears that samples can be stored for more than 1 year at -2OOC without sig- 
nificant degradation. 


- = Not measured. IS. = internal standard. 


0 2 4 6 8  


d 


L 
0 2 4 6 8  


e 


T-O-SO3H 


0 2 4 6 8 M I N  


0 2 4 6 8  0 2 4 6 8 M I N  
Figure 1 - Chromatograms deceloped using methods A-C. (Cefamandole 
was measured hy U V and is not shown here.) Key. (a) blank plasma (method 
A);  (h) actuul plasma saniple (method A): (c) hlank plasma sample (method 
B); (d}  actual plasma .sample (method B): (e) blank urine (method C); I/I 
actual urine samplr (method C): (STD) internal standard: (T)  triamterene: 
(T-OH) hydroxytriamterene: ( T - 0 4 0 3  H )  hydroxytriamterene sulfare; ( F )  
furosemide; (HFT) hydroflumethiazide. 


Plasma Conc., 
Compound ng/mL Recovery, 70 


Triamterene 1.21 118.1 
3.27 100.0 
5.24 103.4 
9.83 97.6 


19.7 101.9 
32.8 98.6 
49.2 99.3 


H ydroxytriamterene 10.8 96.6 
sulfate 21.6 101.8 


32.4 100.7 
54.0 103.4 
86.4 103.3 


108.0 100.0 
215.0 97.4 


RESULTS 


Three different solvent systems were used to analyze triamterene. hy- 
droxytriamterene. and hydroxytriamterene sulfate in plasma and urine (Table 
I ) .  


Triamterene (Mobile Phase A)-Triamtcrene was analyzed using a 30% 
acetonitrile in  0.02% HJPOI solvent system, adjusted to pH 4.0 with 0.5 M 
NaOH. As can be seen in Fig. la  and b these conditions allowed excellent 
separation of triamterene (retention time 5.7 min) from endogenous materials. 
The internal standard, furosemide, has a retention time of 8.1 min. which 
means that the total run time for one sample is <I0 min, allowing a large 
number of samples to be measured each day. Standard curves for triamterene 
obtained using mobile phase A exhibited linearity over the concentration range 
of 1-50 ng/mL. The limit of quantitation was I ng/mL. 


Hydroxytriamterene (Mobile Phases B and C)-Hydroxytriamterene, had 
it been present in actual plasma or urine samples, could have been detected 
with solvent systems Band C. Since the retention times for hydroxytriamterene 
and the internal standard, cefamandole, were so close with mobile phase B 
(Table I), plasma samples with and without the internal standard were injected 
onto the column. Hydroxytriamterene peaks were not detected in either plasma 
or urine from healthy volunteers even when the instruments were set to the 
highest sensitivity. Therefore. no further attempts were made to fully establish 
a method of quantitation. The lower limit of quantitation was 20 ng/mL in 
plasma and 0.5 pg/mI. in urine. 


Hydroxytriamterene Sulfate (Mobile Phase B)--Hydroxytriamtercne 
sulfate was separated from hydroxytriamterene and from endogenous com- 
pounds in solvents B and C with retention times of 5.7 and 3.2 min, respec- 
tively, in each solvent. Cefamandole used as an internal standard for mobile 
phase B had a retention time of 8.7 min, maintaining the total run time for 
hydroxytriamterene sulfate below 10 min (sce representative chromatograms, 
Fig. Ic and d). Standard curves for hydroxytriamterene sulfate were shown 
to be linear over a IO-215-ng/mI. concentration range. The lower limit of 
quantitation was 2 ng/mL. 


Urine Assay (Mobile Phase C)-In urine, all three triamterene compounds 
can be measured simultaneously with the internal standard hydroflumethi- 


Table 111-Within-Day Assay Precision for Triamterene and 
Hydroxytriamterene Sulfate in Plasma 


Plasma Conc.. 
ne /mL Peak Height Ratio" cv. % 


1.21 
3.27 
5.24 
9.83 . .. 


19.7 
32.8 
49.2 


10.8 
21.6 
32.4 
54.0 
86.4 


108.0 
2 I 5.0 


Triamterine 
0.080 f 0.010 
0.180 f 0.003 
0.279 f 0.013 
0.537 f 0.018 
1.087 I 0.044 
1.800 f 0.050 
2.745 f 0.094 


Hydroxytriamterene Sulfate 
0.295 f 0.019 
0.615 f 0.01 1 
0.861 f 0.024 


1.62 f 0.10 
2.52 f 0.13 
3.07 f 0.12 
6. I7 f 0.04 


12.6 
1.4 
4.7 
3.4 
4.0 
2.8 
3.4 


6.4 
I .9 
2.8 
5.9 
5.0 
4.0 
0.6 


a Mean f SD; n = 4. 
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azide (Fig. 1e.f); the limits of quantitation of triamterene and hydroxytri- 
amterene sulfate were 0.04 pg/mL and 0.1 pg/mL, respectively. Standard 
curves for these two compounds were prepared over the following concen- 
tration ranges: triamtercne, 0.15-2.35 pg/mL; hydroxytriamterene sulfate, 
0.75-57.0 pg/mL. 


Recovery-The recoveries of triamterene and hydroxytriamterene sulfate 
from plasma were determined by acetonitrile precipitation. The peak height 
ratios of samples prepared with plasma and water were compared. As shown 
in  Table 11, the recovery of triamterene and hydroxytriamterene sulfate was 
complete. 


Witbin-Day Precision-The within-day precision was assessed by con- 
ducting replicate analyses. As shown in Table Ill, the coefficients of variation 
ranged from 0.5-6.4 for all concentrations except the lowest plasma concen- 
tration (1 2.6% CV), indicating good precision for the assay. 


Blood Sample Assays- Analysis of triamterene and hydroxytriamterene 
sulfate were undertaken so as to determine the blood-teplasma ratios of thex  
compounds. The blood-plasma ratios were examined in two subjects and found 
to be constant over the concentration range measured following a I W m g  oral 
dose of triamterene (9). The ratio was 1.03 f 0.14 for triamterene and0.60 
f 0.07 for hydroxytriamterene sulfate. 


DISCUSSION 
There have been sevcral reports in the literaturc regarding the quantitation 


of triamterene and its metabolites in  humans. On the basis of a probably in- 
appropriate TLC procedure, Pruitt et a1 (2) concluded that the major me- 
tabolite of triamtercne was hydroxytriamterene rather than the sulfate con- 
Jugatc ( I ,  3,4). 


Following the detection of hydroxytriamterene sulfate, but not hydroxy- 
triamterene, in actual biological specimens and by using synthetic hydroxy- 
triamterene sulfate as a reference compound, it was possible to develop a 
procedure to quantitatively measure hydroxytriamterene sulfate in urine and 
plasma. Hydroxytriamterene, the intermediate metabolite of triamterene, 
was not detected in any study. Had it been present, it could have been detected 
with our HPLC method. The most recent report on the measurement of tri- 
amterene and metabolitcs of Yakatan et al. (6) only provides information 
about hydroxytriamterene measurements, not mentioning the sulfate conju- 
gate. The techniques described here have been used successfully in several 
pharmacokinetic studies in  both humans and dogs (4,s. 9) and are suitable 
to quantify triamterene and its metabolite, hydroxytriamterene sulfate. 


The results of a representative experiment in a healthy volunteer receiving 


a 100-mg oral suspension dose of triamterene are shown in Fig. 2a and b. As 
indicated earlier no hydroxytriamterene could be detected in either plasma 
or urine. The concentration of hydroxytriamterene sulfate exceeded that of 
unchanged triameterene -1 0-fold in plasma and -5-fold in urine, indicating 
that hydroxytriamterene sulfate is the major metabolite of triamterene. 
Further analysis of the pharmacokinetic data in humans using the analytical 
techniques described here has been recently reported (9). 
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Abstract 0 A nondestructive technique, dynamic mechanical testing, was 
used to characterize the viscoelastic properties of dispersions of powdered 
starch in anhydrous lanolin. The elastic shear modulus (G’), viscous shear 
modulus (G”), and loss tangent (damping; tan 6) were determined as a 
function of shear frequency, temperature, and the volume fraction of starch. 
The results of these studies show that constitutive mathematical models, de- 
rived to predict the mechanical behavior of solid-filled polymeric materials, 
can be applied to solid-filled semisolid pharmaceuticals. In particular, the 
Kerner equation was useful in describing the influence of starch on the G’ of 
the dispersions. Even though the Kerner equation was unable to predict vis- 
coelastic behavior at all shear frequencies, temperatures, and starch volume 
fractions, it proved beneficial in postulating mechanisms for starch-starch 
and starch-anhydrous lanolin interactions within the dispersions. In addition, 
damping was able to differentiate the influence of temperature. Data obtained 
from three temperature ranges, where anhydrous lanolin exists in three dif- 
ferent structural states, shows that the influence of starch on damping is 
dictated by the structural state of anhydrous lanolin. 


Keyphrases 0 Dynamic mechanical testing-viscoelastic properties of pow- 
der-filled semisolids, starch-anhydrous lanolin model, Kerner equation 0 
Viscoelasticity-powder-filled semisolids, starch-anhydrous lanolin model, 
dynamic mechanical testing, Kerner equation 0 Kerner equation-dynamic 
mechanical testing, application to the viscoelasticity of powder-filled semi- 
solids, starch-anhydrous lanolin model 


Pharmaceutical and cosmetic products are commonly het- 
erogeneous dispersions of solid particles in liquid or semisolid 
vehicles. Usually, their rheology is studied with rotational, 
continuous shear viscometers ( I  -4). But unfortunately, con- 
tinuous shear viscometers destroy the microcrystalline or 
amorphous three-dimensional networks that determine basic 
rheological properties and introduce the parameter of variation 
of structure with time. These viscometers are capable of de- 
termining the viscosity of Newtonian systems, but they are 
unable to determine fundamental viscoelastic parameters such 
as elastic or viscous moduli (5). 


Semisolids in particular have been shown to exhibit complex 
rheological behavior and are generally classified as viscoelastic 
( 6 ) ,  i.e.,  they exhibit spontaneously reversible deformation 
called elasticity and irreversible deformation called flow. To 
accurately characterize the viscoelasticity of a semisolid, the 
method of testing must minimize damage to structure that 
determines rheological properties. One such nondestructive 
method, dynamic mechanical testing, has been successfully 
used to characterize the viscoelastic properties of the hetero- 
geneous semisolid anhydrous lanolin as a function of temper- 
ature and shear frequency (7 ,8) .  


Because of the extensive use of solids suspended in ointments 
in the past and present, it would be invaluable to know the ef- 
fect of suspended particles on the apparent viscoelastic prop- 


erties of the ointment and to understand the phenomena as- 
sociated with any observed changes. Despite the obvious im- 
portance of this type of information, there has been, up to now, 
a lack of information in the literature that examines the effects 
of powdered fillers on the viscoelastic properties of pharma- 
ceutical semisolids. 


This study was therefore initiated and showed that powdered 
fillers can have a significant influence on the viscoelastic 
properties of pharmaceutical semisolids. Data that relate 
temperature, shear frequency, and the volume fraction of 
starch to changes in viscoelastic moduli are presented for 
dispersions of starch in anhydrous lanolin. In addition, it is 
shown that mathematical models, which have been successfully 
used to predict viscoelastic moduli of powder-filled high 
polymers, can also be applied to powder-filled pharmaceutical 
semisolids to interpret changes in viscoelastic moduli in terms 
of interactions between the powder and the surrounding 
semisolid phase. 


BACKGROUND 


Unfortunately, the viscoelastic and mechanical properties of powder-filled 
pharmaceutical semisolids are not well understood, especially when the par- 
ticles of powder interact among themselves or with the surrounding semisolid. 
Therefore, it is pertinent to this report that selected literature dealing with 
the rheological aspects and mechanical properties of suspensions of solid 
particles in nonaqueous media be reviewed first. In particular, emphasis will 
be placed on literature that deals with the mechanical properties of suspensions 
of solid particles in polymeric materials. 


The flow behavior of suspensions of rigid particles in liquids is important 
because most theories of the moduli of composites have their origin in the 
theory of the viscosity of suspensions. Einstein’s equation for the viscosity of 
a suspension of spherical particles is fundamental to the theory (9, 10): 


V / V l  = 1 -I k e h  (Eq. 1) 


The apparent viscosity, 7, is related to the viscosity of the suspending media, 
71, the Einstein coefficient, k,, and the volume fraction of the suspended phase, 
$zl. When $2 << 1 and the spheres are noninteractive, k ,  = 2.5. Equation 1 
holds only for very dilute suspensions. Attempts to extend the validity of this 
equation are  numerous ( 1  1). 


One of the most useful extensions is the Mooney equation (12): 


In ( V / V I )  = ke$z[l/(l - $dd~rn)l (Eq. 2) 


where brn is the maximum volume fraction that the particles can attain when 
packed2. Equation 2 is a constitutive equation which adequately describes the 
viscosity of many kinds of suspensions over a wide range of concentrations. 


I 92 is equal to the volume occupied by the particles divided by the total volume of the 


2 $,,, is equal to the true volume of the particles divided by the apparent volume occupied 
suspension. 


by particles. 
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Figure 1 -EffPct of the volume fraction of starch on the elastic moduli of starch-jllled anhydrous lanolin USP dispersions, plotted on Kerner axes, at 3.54% 
strain and 0.0464 (A), 0.464 (BI, and 4.64 (C) Hz.  Key: (0) O'C; ( A )  10°C; (+) 15°C: (@) 20°C; (-) ideal Kerner equation prediction when p~ = 0.5. 


Theoretically, 4m is 0.74 for spheres in hexagonal close packing, but generally 
the value is much less becausc of irregularities in particle shape and parti- 
cle -particle interactions. Viscosity generally increases rapidly with concen- 
tration and state of aggregation. The Einstein coefficient has been estimated 
for shapes other than nonagglomerated spheres, including roughly spherically 
shaped agglomerates of rigid spheres (13).  Irregularities in shape generally 
increase k ,  values. 


With high concentrations of particles, suspensions becomc non-Newtonian 
and viscosity becomes a function of shear rate, i.. For non-Newtonian sus- 
pensions that show a decrease in  9 with an increase in +, the Cross equa- 
tion: 


9 = 9- + (90 - v.=)[ l / ( l  + Q?m)l (Eq. 3) 


often holds (14. 15) .  The constants R and m depend on the system, while 90 
is the viscosity at zero shear rate and 7- i s  the viscosity at high shear rates. 
It is generally assumed that the shear rate dependence of viscosity seen in these 
systems is due to structural changes in  the suspension. such as the breaking 
u p  of agglomerates by shearing forces. Other shear-dependent theories have 
bcen proposed by Krieger and Dougherty (16) and Gillespie (17, 18). 


For a given instrument, the theoretical equations for shear viscosity and 
shear modulus should be of the same form for a given instrument geometry 
(19,20). Therefore, shear strain in the modulus equation replaces shear rate 
in the viscosity equation. For a dispersion of a rigid filler in a viscoclastic matrix 
phase with a Poisson's ratio3, p, equal to 0.5, the relationship between relative 
viscosities and relative shear moduli can be expressed as: 


TI91 = GIG1 (Eq. 4) 


whcre G is the shear modulus of the disperse system and GI is the shear 
modulus of the unfilled matrix phase. Consequently, the same theory that is 
used to determine the viscosity of a disperse system can be used to estimate 
ifs shear modulus. For example, GIG, can be substituted for T J / T ~  in Eqs. 1 
or 2 to yield corresponding equations for the relative shear modulus. I t  should 
be noted that the correlation between the relative viscosities and relative shear 
moduli expressed by Eq. 4 breaks down when p is <0.5. Fortunately, a theo- 
retical equation has been developed which compensates for this condition (22). 
I n  addition, if the rigidity of the dispersed phase is not much greater than that 
oi the matrix. Eq. 4 is not applicable, as the modulus ratio will be substantially 
less than the viscosity ratio. Actual moduli. lower than predicted, can occur 
becausc ( a )  the Poisson's ratioof the matrix is <0.5, ( h )  thermal stresses re- 
duce the apparent modulus. or (c) the modulus of the filler is not significantly 
greater than the modulusof the matrix. On the other hand, when the matrix 
is a rigid material, thc Mooney equation (Eq. 2) predicts shear moduli which 
are 100 high ( 2 3 ) .  


Another constitutive equation that can be used to predict the modulus of 
a dispersion is the Kerner cquation (24). When the dispersed particles are more 
rigid than the bulk polymer and deformation occurs by shear, the Kerner 
equation can be written as: 


where is Poisson's ratio of the bulk phase and 41, the volume fraction of 
the bulk phase, equals (1  - 42). This equation assumes the particles dispersed 
in  the bulk polymer phase are spherical and that there is good adhesion be- 
tween the particles and the bulk polymer. Good adhesion between the dispersed 
phase and the matrix or bulk phase is assumed to exist if the externally applied 
stress does not exceed the frictional forces between the phases. In many cases 
where adhesion is poor, Eq. 5 holds because there is little if any relative motion 
across the dispersed particle-matrix interface. Viscoelastic response can vary 
dramatically from the case of perfect adhesion to that of no adhesion. Weak 
agglomerates which break under applied stress show many of thecharacter- 
istics of poor adhesion. 


According to theory, the elastic modulus of a composite system is inde- 
pendent of the size of the filler particles, but experimental data indicates that 
there is an inverse proportionality between particle size and modulus (23). 
When the dispersed phase volume fraction is held constant, an increase in the 
elastic modulus of the dispersion may be attributed to an increase in  total 
particle surface area when particle size is reduced. As particle size decreases, 
the tendency for particle agglomeration increases, which causes a corre- 
sponding decrease in maximum packing volume and a resultant increase in 
the elastic modulus. 


I t  has also been demonstrated that the distribution of particle sizes has an 
effect on the moduli and viscosity of suspensions (25--28).  Dispersions of 


' Poiwn 's  ratio. g. I S  an C~LSIIC con\tant which 15 dcfincd for \mall clongaiions as thc 
dccrc.i\c i n  uidth of [he \pccimcn per uni t  width dividco by [he incrcate in length p r  
unit length on the .ipplicalion of a ten\ilc iorce It can be shoun that the relationship 
b l u e e n  p and chmpc in volumc of the \pccimen. A V ,  c3n be expressed a\' p = 0.5 - 
( A V ,  ? t  V O ) .  uhsrc V o  I, the original holume of the specimcn and t is thc iensile force. 
H hcii 31' I\ ,ufficicnl.! &\c l o  x r o .  [he tcrm A V / t ? c  V u )  IS insignificant and cqu.ilc 


I) 5 I hihcondilion hold, for rn.itcrial\wch d \  liquidsand idc.11 rubbcrz Hut uhen A V  
1 3  p i w t i h c .  p dccrcd\c\ IU (0 5. and uhcn A)'  I\ negdtltc. p increaw to >0 5 Alihough 
Ihc cqu.iinon indic.its\ [h i t  g c i n  bc ncg.iiivc uhcn the tcrrn AV, t?cV,)  s >O 5. this docs 
1101 occur undcr sundition5 or sniciII 3tr;iin Lcsting bcc;iu,c AV 13 sm311 compared to 1'" 
(!I) 


Figure 2-Phoromicrograph of a poured thin f i lm of a starch-filled anhy- 
drous lanolin USP dispersion, 91 = 0.802. Original magngication 400X; I 
small division = 3.3 pm.  
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various particle sizes can pack more closely than monosized partides. Con- 
sequently, there is a larger maximum packing fraction and, hence, a lower 
modulus at  a given concentration of dispersed phase. 


In summary, the modulus of the disperse system (or composite) is dependent 
on the ratio of the moduli of the dispersed phase and matrix phase. The larger 
the modulus ratio, the greater is the modulus of the disperse system. This is 
especially true for high concentrations of particles. 


EXPERIMENTAL 


Materials-Anhydrous lanolin USP from the same production lot was used 
in all experiments4. It is a heterogeneous wax designated by the USP to contain 
not more than 0.25% water (25), the chemical composition of which has been 
examined extensively (26,27). Potato starch5, USP grade, was used to make 
the dispersions. When dispersed in anhydrous lanolin, 1 g of starch occupies 
an -0.66-mL volume. 


Apparatus-The viscoelastic properties of the starch dispersed in anhydrous 
lanolin were determined with a mechanical spectrometer, equipped with 
50-mm cone and plate text fixtures6. Samples were oscillated sinusoidally by 
the output of a digital function generator and phase analyzer7. Temperature 
was controlled by enclosing the mounted sample in an environmental cham- 
bers. A functional description of the apparatus, procedures for maintaining 
sample temperature and calculating the dynamic moduli, and data repro- 
ducibility have been previously given (7.28). 


Sample Preparation-Dispersions were prepared in 30-g lots. To prepare 
the dispersions, the appropriate weighed amounts of anhydrous lanolin and 
desiccator-dried starch were manually levigated together using a spatula and 
ointment tile. When the starch particles appeared to be completely coated, 
the mixture was transferred to a beaker and placed into a water bath at 50°C. 
After melting, the molten mixtures were gently stirred and placed into a 
desiccator. The desiccator was then evacuated by a filter pump, which acted 
to pull entrapped air from the molten mixtures. Deaerated samples were then 
gently stirred and poured onto the flat test fixture, while preventing air pccket 
formation. After 30 min at  room temperature, the plate was mounted and the 
cone lowered to the preset gap. The extruded material was removed, and the 
sample was allowed to equilibrate at the test temperature for 15 min. Dis- 
persions were made that contained the following volume fractions of starch 
(452): 0.0295,0.0604,0.126,0.198,0.278,0.366, and 0.414. 


Description of Experiments-Samples were tested at  0 ° C  5 ° C  10°C, 
15OC, 20”C, 25”C, and 30°C. At each T, all samples were oscillated over three 
decades of v, 0.01-10.0 Hz, a t  a shear strain (y) of 3.54%. T h e y  of 3.54% was 
the lowest obtainable strain with the equipment used (7). The moduli, G’and 
G”, and damping, tan 6, are calculated as a function of u, T, and 42.  In addi- 
tion, photomicrographs9 of thin poured films of the dispersions were taken 
to gain insight into the morphology of the dispersions. 


RESULTS AND DISCUSSION 


Kerner Equation Predictions-As previously discussed, many empirically 
derived equations are used to predict the viscoelastic behavior of powder-filled 


Ruger Chemical Co., Irvington-on-Hudson, N.Y. 
J. T. Baker Chemical Co., Phillipsburg, N.J. 
Model RMS-7200; Rheometrics, Inc., Union, N.J. ’ Mcdel SA-2200; Rheometrics, Inc., Union, N.J. * Model EC-1000; Rheometrics, Inc.. Union, N.J. 
OIympus BH. 


Figure 3-Effect of temperature on the loss tangent 
of starch-filled anhydrous lanolin USP, at 41 equal 
to 0.802 ( A )  and 0.586 (B), and 3.54% strain. Key: 
(0) 0.0464 Hz; (m) 0.10 Hz: (+) 0.215 Hz; (0) 
0.464 Hz; (A) 1.0 Hz. (A) 2.15 Hz: (0)  4.64 Hz. 


polymeric systems. Most of these equations are  similar, but Kerner’s equation 
is most useful (Eq. 5). For dispersions which undergo dynamic mechanical 
testing, the Kerner equation takes on the form: 


where G‘ is the elastic modulus of the dispersion, G’I is the elastic modulus 
of the unfilled bulk phase, and 41 and 4 2  are the volume fractions of the bulk 
phase and filler, respectively. It generally holds when there is adhesion between 
the phases and the dispersed particles are nearly spherical. If Poisson’s ratio, 
~ 1 ,  equals 0.5, then the slope of the line predicted by a plot of [(G’/G’l) - 11 
versus (452/451) is 2.5. 


Deviations from a slope of 2.5 suggest that one or more assumptions on 
which the equation is based do not hold. For example, slopes of >2.5 could 
be due to strong interactions between particles, which causes an increase in 
elastic structure. In contrast, slopes of <2.5 could be caused by slippage at 
the particle-bulk phase interface, which gives an apparent loss in elastic 
structure. Other deviations from a slope of 2.5 could be due to irregularities 
in the shapes of the particles or variations in @I .  


Experimentally determined elastic moduli, G‘, of starch-filled anhydrous 
lanolin dispersions are plotted on Kerner axes for three test frequencies, 0.0464, 
0.464, and 4.64 Hz, in Fig. I .  These frequencies are representative of the three 
decades of shear frequency examined in these experiments. For comparison, 
a line equal to the “ideal” Kerner equation prediction (slope = 2.5) is presented 
in each plot. 


An examination of the plots shows that at temperatures l lO°C,  an increase 
in 4 2  and Y causes an increase in G‘, up to a $2 of -0.4. The plots also show 
that the effects of 42 on G‘ are  enhanced as  T and v increase. An increase in 
G‘occurs with increasing u because the molecules of anhydrous lanolin do not 
have time to rearrange themselves within the time frame of straining. 


An increase in G’ with increasing Tcan also be explained in terms of particle 
interaction with anhydrous lanolin. The starch particles tie up anhydrous 
lanolin molecules by adhesion, thereby providing a more elastic structure. At 
T = OOC, G’ of the disperse systems do not change with u and 42. Each dis- 
persion has the same limiting elastic modulus, GE, as unfilled anhydrous 
lanolin. The modulus contribution of the starch to the modulus of the dis- 
persion is apparently shielded by the “frozen” structure of the anhydrous 
lanolin phase. The shielding action may result from a fluid component of the 
anhydrous lanolin, or air, adsorbing on the surface of the starch particles. 


An increase in G‘ would also be expected from increasing particle-particle 
contact. A representative photomicrograph of a starch-filled anhydrous lanolin 


Table I-Experimentally Determined Loss Tangents of Unfilled Anhydrous 
Lanolin USP at 3.54% Strain 


Shear (G “ / c ‘ ) , 
Frequency, Unfilled Anhydrous Lanolin“ 


Hz 0°C 10°C 20°C 


0.0464 0.0478 2.67 0.785 
0.100 0.0337 2.20 0.827 
0.21s 0.0247 1.63 0.884 
0.464 0.0220 1.09 0.985 
1 .oo 0.01 18 0.613 1.13 
2.15 0.01 39 0.184 1.32 
4.64 0.0101 0.07 5 1.49 


0 6 ,  equals 1 .OO. 
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Table 11-Theoreticellv Predicted and ExDerimentallv Determined Loss Tangents of Starch-Filled Anhvdrous Lanolin USP at  3.54% Strain 


(G”/G’)  I *@ I 
Shear Starch-Filled Anhydrous Lanolin‘ 


Frequency , ooc I O O C  2O0C 
Hz Theoryb Exp.< Theory Exp. Theory Exp. 


0.0464 
0. I00 
0.215 
0.464 
I .oo 
2.15 
4.64 


0.0383 
0.0270 
0.01 98 
0.0 I 76 
0.00946 
0.01 11 
0.008 10 


0.04411 2.14 3.30 0.630 1.08 
0.0399 1.76 2.41 0.663 1.01 
0.0348 I .30 1.62 0.709 1.08 
0.0540 0.874 0.969 0.790 1.16 
0.03 I0 0.492 0.5 I7 0.906 1.30 
0.0358 0.148 0.208 1.05 1.48 
0.0559 0.060 0.09 1 1.19 I .64 


@, equals 0.802. Calculated using I:q 7 and data in Table 1 .  Experlmcntally determined 


dispersion shows a packed network of starch particles (Fig. 2 ) .  Two physical 
mechanisms c a n  be postulated to explain the increase in G‘ from increasing 
particle-particle contact. The first is a phenomenon known as bridging. 
Bridging occurs when the ends of molecules in the disperse phase interact with 
the surfaces of suspended particles, linking different particles together. As 
the volume fraction of starch increases, particle density and the probability 
of particle -particle contact increase. Therefore, it is probable that anhydrous 
lanolin molecules will bridge more particles, provide more structure. and in-  
crease G“ because the particles are generally closer to one another. This phe- 
nomenon is well illustrated by the interaction of rubber with suspended par- 
ticles of carbon black (29). 


The second mechanism that could cause an increase in G’with increasing 
particle-particle contact is volumetric dilation. As particle density increases. 
suspended particles are forced past one another during shear. In the process, 
therc is a dilation in the volume of the dispersion. Resistance to volumetric 
dilation appears as an increase in G’. The degree of dilation and resultant 
increase in G’ is, therefore, proportional to $2.  This postulate is supported by 
the Kerner equation (Eq. 6). I n  this equation, pI compensates for changes in 
volumc of the matrix phase. When there is no change in volume, @ I  = 0.5, but 
when volumetric dilation occurs, decreases). Therefore, a decrease in PI 
would be reflected as an increase in  G‘. 


The Kcrner equation has proved beneficial for postulating a general 
mechanism for the influence of starch particles on the elastic modulus of 
dispersions of starch in anhydrous lanolin, but it must be emphasized that the 
“ideal” Kerncr prediction does not correlate with experimentally determined 
moduli at all v and T. Asevidenced by Fig. I ,  the“idea1” Kerner prediction 
is approximated only at v 2 0.464 Hz and T = 3OOC. One would intuitively 
expect v and T to affect G‘/G’l because of their demonstrated influence on 
the viscoelastic properties of anhydrous lanolin. The shapes of the Kerner plots 
presented in this study may be due to nonlinear viscoelastic behavior. Non- 
linear behavior results from testing at strains in excess of that necessary for 
linear viscoelasticity. The effects of v and T o n  G’ will subsequently be dis- 
cussed further in  this report. To further study the effects of powdered starch 
on the viscoelastic properties of anhydrous lanolin, i t  was decided to examine 
energy dissipation (7) by measuring damping, tan 6, as a function of volume 
fraction. 


Energy Dissipation Considerations----Like the Kerner equation. the ratio 
of G” to G’, tan 6, is also an indicator of structural changes. To illustrate, the 
damping curves for the two volume fractions of starch used i n  these experi- 
ments. 0.19X and 0.414 (@I = 0.802 and 0.586, respectively), arc presented 
in  Fig. 3. When the shapes of these curves are compared with those of unfilled 
anhydrous lanolin in Fig. 4. noticeable differences occur a t  OOC, 5°C. IOOC.  
and 2OOC. Essentially, at these temperatures the range of tan d obtained from 
4.64 to 0.464 Hz is narrower for the starch-filled anhydrous lanolin dispersions, 
which indicates that the internal structure created by the starch tends to 
dominate the contribution of the anhydrous lanolin. 


Changes in  the dynamic mechanical properties of polymers as a function 
of 92 are often most evident in damping (30). The change in tan d of solid-filled 
polymers can be approximated by a volume averaging relation (31, 32): 


( G ” / G ’ )  = (G“/G’)l - @ I  + (G”/G’)2 * @2 (Eq. 7) 


where ( P I G ’ )  = tan 6, the damping of the filled polymer; (G”/G’)l and 
(G”/G“)2 are the damping of the pure polymer and pure filler. respectively; 
and @ I  and dq are the volume fractions of the pure plymer.and pure filler, 
respectively. Since the damping of most rigid fillers is very small compared 
with that of the polymeric bulk phase, the term (G”/G’)2.@2 is almost zero 
and can be neglected. 


Experimentally determined damping values of unfilled anhydrous lanolin, 
at OOC, I O O C .  and 2OoC, are given in Table I .  These data represent three 
temperaturc ranges where anhydrous lanolin is in three different viscoelastic 
states (7). The glassy state of anhydrous lanolin is represented by O O C .  while 


10°C is within the transition zone from a glassy to a rubbery state, and 2OoC 
is within the region just beyond the transition zone. In Tables I1 and 111, 
theoretical and experimentally determined damping values of two starch-filled 
anhydrous lanolin dispersions, @I = 0.802 and 0.586, respectively, are  given. 
The theoretically predicted values were calculated by substituting the values 
from Table I into Eq. 7. 


I t  is apparent that predicted damping does not equal that determined ex- 
perimentally. In Table 11, where @ I  = 0.802, it can be seen that the presence 
of starch increases damping over the temperature range of O-2O0C and over 
the entire test frequency range. The increases are probably caused by newly 
introduced damping mechanisms that are not present in  anhydrous lanolin 
alone. The new damping mechanisms may include ( a )  particle-particle fric- 
tion, where particles touch each other as in weak agglomeration, ( b )  parti- 
cle-anhydrous lanolin friction, where there is little or no adhesion at  the in- 
terface, and (c) excess damping in  anhydrous lanolin near the interface be- 
cause of induced thermal stresses or changes in anhydrous lanolin molecular 
conformation. Each of thcse mechanisms cause. the elastic modulus todecrease 
and the viscous modulus to increase, which both independently give higher 
damping. An increase in damping indicates that these damping mechanisms 
cause an increase in energy dissipation during deformation of the disper- 
sion. 


In Table I l l ,  where @ I  = 0.586, the presence of starch increases or decreases 
damping of anhydrous lanolin depending on the temperature. At O°C, where 
anhydrous lanolin exists in  the glassy state, the experimentally determined 
damping of this dispersion is lower than that predicted by Eq. 7. AI 10:. where 
anhydrous lanolin is in the transition zone from a glassy to a rubbery state, 
results are mixed. At low v ,  experimental results are higher, while at higher 
v experimental results are lower. At 2OoC, a temperature just above the 
transition zone, experimcntal results are higher at all v. Damping values lower 
than those predicted by Eq. 7 can be explained in terms of particle-particle 
interactions and particle-bulk phase interactions that result in a structure that 
is not easily deformed or broken by applied stress. These interactions result 
in increased elasticity and a consequent increase in G‘. The viscous modulus, 
G ” ,  also increases but not as greatly as  the rate of increase in G’. Hence, the 
net result of changes in G‘and G” is a lower tan d (the ratio of G” to G’). 


For dispersions of starch in anhydrous lanolin, it would be appropriate to 
modify Eq. 7 to the form: 


(G”‘/G’) = (G”/G’)I - @ I  + (G”/G’)2.  (b2 + Interaction Term (Eq. 8 )  


’o‘ol 
0 I . I I I I / .  


0 5 10 15 20 25 30 
lemperoture, “C 


Figure 4-Effect of temperature on the loss rangent of unfilled anhydrous 
lanolin LISP, at 3.54% strain. Key: (0) 0.0464 Hz; (8 )  0.10 Hz; (*) 0.215 
Hz;  (@) 0.464 Hz;  (A) 1.0 Hz; (A) 2.15 Hr (0) 4.64 Hz .  
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Table 111-Theoreticallv Predicted and ExDerimentallv Determined Loss Tangents of Starch-Filled Anhvdrous Lanolin USP a t  3.54% Strain 


(G“/G‘) 1.41 
Shear Starch-Filled Anhydrous Lanolin“ 


Frequency, ooc 10°C 200c 
Hz Theory Exp.= Theory Exp. Theory Exp. 


0.0464 
0.100 
0.215 
0.464 
1 .oo 
2.15 
4.64 


0.0285 
0.0201 
0.0147 
0.0131 
0.00703 
0.00828 
0.00602 


0.00681 
0.00797 
0.00677 
0.00294 
0.00498 
0.00288 
0.00291 


1.59 
1.31 
0.971 
0.650 
0.365 
0.1 10 
0.0447 


2.25 
1.58 
0.964 
0.508 
0.207 
0.0370 
0.0128 


0.468 1.34 
0.493 1.28 
0.527 1.27 
0.587 1.30 
0.673 1.38 
0.787 1.56 
0.888 1.68 


a QI equals 0.586. Calculated using Eq. 7 and data in Table 1. Experimentally determined. 


where the interaction term accounts for deviations from idealized behavior. 
The interaction term would be negative when experimentally observed 
damping is lower than that predicted by Eq. 7. Conversely, the interaction 
term would be positive when experimentally observed damping is higher than 
that predicted by Eq. 7. 


As previously mentioned, Figs. 3 and 4 illustrate the relationships between 
tan 6, T, and 42 for starch-filled and unfilled anhydrous lanolin. A comparison 
of Fig. 3 to Fig. 4 shows the maxima in the damping curves at the lowest u all 
occur at IOOC. Overall, there appears to be no significant difference between 
Fig. 4 and Fig. 3A. This is a good indication that starch, up to 42 = 0.198, does 
not shift the mechanical transition temperature (analog of T,) of anhydrous 
lanolin. There also appears to be no significant shift in the crossover region 
of the damping curves. But when $2 reaches 0.414, there is a significant dif- 
ference in appearance in the damping curves, as evidenced by a comparison 
of Figs. 4 and 38.  Even though the damping curve generated by a u of 0.0464 
Hz has its maximum at 10°C, its magnitude has been reduced, as is also the 
case at each u at 5 10°C. At > 10°C, the curves are closer together and most 
noticeably, the crossover region has shifted from 1 7 O C  to-20°C. These plots 
suggest that the degree of influence on the transition temperature of anhydrous 
lanolin is proportional to the volume fraction of starch. 


CONCLUSION 


Dynamic mechanical testing has been shown to be a sensitive tool to examine 
the effects of a powdered filler on the viscoelastic properties of a pharma- 
ceutical semisolid. Viscoelastic parameters give insight into fine structural 
changes of the dispersions that cannot be observed with conventional steady 
shear rheometers. Even though the widely used Kerner equation was unable 
to predict the elastic moduli of starch-filled anhydrous lanolin dispersions at  
all u, T ,  and 42, it did prove useful in postulating mechanisms of interaction 
between the filler and the bulk phase. One probable reason for the limited 
applicability of the Kerner equation is the nonlinear viscoelastic effects caused 
by the introduction of starch into anhydrous lanolin. It must be noted, however, 
that damping was an effective indicator of the degree of influence starch had 
on the mechanical transition of anhydrous lanolin from the rubbery state to 
the glassy state. 


APPENDIX. Glossary 


G = shear modulus (dyne cm2 or Pa: N m2) 
GI = shear modulus of the unfilled matrix phase 
G’ = dynamic shear storage modulus (same units as G) 


G” = dynamic shear loss modulus (same units as G) 
GE = limiting value of G‘ 


Vo = original volume of test specimen 
A V  = change in volume of specimen 
Tg = glass transition temperature 
k ,  = Einstein coefficient 


e = tensile force 
m = exponent of shear rate in Cross equation 
6 = phase angle between stress and strain vectors 
y = strain 
i. = rate of strain 
q = shear viscosity (Poise: dyne s 


qo = shear viscosity at zero shear rate 
~1 = shear viscosity of the suspending media 


q- = shear viscosity at very high shear rates 


pl = Poisson’s ratio of the bulk phase 


T = temperature 


or Pascal seconds: N s m-2) 


= Poisson’s ratio (dimensionless) 


$1 = volume fraction of bulk phase 
42 = volume fraction of dispersed phase 
b,,, = volume fraction of maximally packed particles 


u = shear frequency (Hz) 
fl = constant in the Cross equation 
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Abstract 0 I n  uiuo and in uitro experiments were conducted in rats to 
examine the possibility of either extrahepatic metabolism or saturable 
first-pass effect as an explanation for the unusual presystemic clearance 
of metoclopramide (I) previously reported. In  uiuo studies involved 
two-thirds hepatectomized rats and animals pretreated with carbon 
tetrachloride to induce hepatic necrosis, whereas in uifro studies involved 
incubation of equal amounts of I (5.0 pnol/mI,) with various tissue ho- 
mogenates (uiz., liver, kidney, and lung) or their 9000Xg supernatant 
fractions. Results suggest that  the metabolism of I principally occurs in 
the rat liver, and there was no evidence suggesting the involvement of 
kidney or lung tissue in the metabolism of I. Forty-eight-hour cumulative 
urinary excretion studies following oral and intravenous administration 
of -15.0 mg/kg of metoclopramide hydrochloride were conducted. The 
bioavailability (F) values of I a t  dosage levels 0.1,0.5, 1.0, and 5.0 mg/kg 
were 0.49,0.75,0.77, and 0.83, respectively. It is concluded that the liver 
is the primary organ for the metabolism of I in the rat and that the drug 
exhibits dose-dependent hepatic first-pass metabolism. 


Keyphrases o Bioavailahility-nonlinear, metoclopramide in the rat, 
saturable first-pass metabolism Metoclopramide-nonlinear bio- 
availability, saturable first-pass metabolism, rat 0 Metabolism-satu- 
rable, first-pass, nonlinear bioavailability, metoclopramide in the rat 


Metoclopramide (I), a procainamide analogue, is a po- 
tent antiemetic and gastric motility modifier. Recent de- 
velopment of a sensitive and specific analysis for the 
quantitation of I in biological fluids has considerably fa- 
cilitated the ability to study the pharmacokinetics of this 
drug in small animals ( 7 ,  2). 


Tam et al. (1) have shown that after a dose of <15 mg/kg 
iv, the normal nonrenal clearance of I in the rat (CL" = 
40 mL/min/kg) approaches the liver plasma flow, 
suggesting that the elimination of the drug may be perfu- 
sion limited and that the drug should be expected to un- 
dergo extensive hepatic first-pass metabolism in this 
species. However, after oral and intraperitoneal adminis- 
tration, I does not appear to undergo significant hepatic 
first-pass metabolism in the rat (1) over the dosage range 
studied (1-35 mg/kg). Hypotheses of extrahepatic me- 
tabolism of I and/or temporary saturation of the binding 
and metabolic sites in the liver during the absorption phase 
have been proposed. Recent work on the pharmacokinetics 
of I in rats with experimental hepatic dysfunction (2) has 
indicated that the liver is one of the major metabolic organs 
for I, but the monodeethylated metabolite of I may be 
formed extrahepatically. 


Bateman and his coworkers (3, 4) have reported a 
fourfold increase in the terminal biological half-life ( t  1/2) 


of I and a corresponding reduction in the total body 
clearance (CLTB) of I in patients with chronic renal failure. 
A similar observation was made by Tam et al. (2) in rats 
with experimentally induced renal dysfunction. Both ob- 
servations were somewhat unexpected since only -20-25% 
of the dose is excreted as intact drug in both rat (2) and 
human urine (5-71, suggesting that the renal elimination 
pathway is relatively unimportant. In rats, Tam et al. (2) 


have also shown that a positive correlation (9 = 0.997) 
exists between the total body clearance of I and creatinine 
clearance, implying that the elimination of I is related to 
renal function. Based on the renal dysfunction studies in 
rats (2) and humans (3,4), it has been proposed that a re- 
duction of hepatic function secondary to renal injury takes 
place and/or there is loss of extrahepatic ( i . e . ,  kidney) 
metabolic capabilities due to kidney malfunction. 


We report the results of various in uiuo and in uitro 
studies used to test the hypotheses proposed by previous 
workers in an attempt to explain the underlying mecha- 
nism(s) of the elimination of I. Results of bioavailability 
experiments using 48-h cumulative urinary excretion data 
are also reported following low-dose (15  mg/kg) experi- 
ments with I. 


EXPERIMENTAL 


Materials-Metoclopramide hydrochloride1 (mol. wt. 336.31) ( I )  and 
deethyl metoclopramide2 (11) were used. .411 chemicals were either official 
or reagent grade. 


Animal Handling-Adult male Wistar rats, 22,5275 g, were used in 
all experiments. All animals were maintained in metal cages, 6-8 per cage, 
in a controlled environment (22"C, 30% relative humidity, 14 h of light/d) 
for a t  least 3 d prior to experimentation. Food3 and tap water were 
available ad  libitum. 


Urine Sample Collection--Rats were individually housed in stainless 
steel metabolism cages for the 48-h urine collection. The floors and sides 
of the cages were rinsed with deionized distilled water to maximize the 
drug recovery. The diluted urine samples were kept a t  -20°C until an- 
alyzed. 


In Vivo Experiments-TTwo-'I'hirds Hepatectomy-The animals 
were fasted overnight prior to the surgical removal of two-thirds of the 
liver using a method similar to that of Higgins and Anderson (8). Fol- 
lowing ether anesthesia, a midline incision was made reaching 3-4 cm 
posteriorly from the xiphoid process of the sternum. Large portions of 
the median lobe together with the left lobe o f  the liver were securely li- 
gated and then carefully excised. In this way, m t i o n s  of the parenchyma 
ranging from 65 to 75% of the total liver were removed, leaving within the 
peritoneum, the right lateral, and small caudate lobes. The peritoneum 
and the abdominal muscles were sutured and the skin was closed; there 
was no special postoperative care. 


For control rats, sham operations were carried out by making a similar 
midline incision. The peritoneal organs were gently disturbed with a 
cotton swab and the wound closed as previously described. One day fol- 
lowing surgery, intraperitoneal administration of an isotonic solution (0.5 
mL/250-g rat) of I, containing the equivalent to 15 mg/kg of base, was 
carried out in two-thirds hepatectomized as well as sham-operated rats. 
Urine was collected for 48 h after dosing and kept at  -20°C until ana- 
lyzed. 


Carbon Tetrachloride Pretreatment-The animals were randomly 
selected and separated into two groups. The control and experimental 
group received an oral dose of 0.5 mL of normal saline o r  1.0 mL/kg of 
carbon tetrachloride (9), respectively, followed by an overnight fast. On 
the following day, an intraperitoneal dose of  the monohydrate hydro- 
chloride salt of I equivalent to 1.0 mg/kg of base was administered to both 


1 Analysis No. 9207; A. H. Robins. Montreal, Can. 
2 AHH-3137; Rohins Research Laboratories, Richmond, Va 


Purina Laboratory Chow. 
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Table I-Cumulative Urinary Excretion of I and I I B  i n  Two- 
Thirds  Hepatectomized and Carbon Tetrachloride-Pretreated 
Rats 


Recovery, %h 
Test Controla 


Table 11-In Vitro Metabolism of I in  the Absence and Presence 
of 9OOOXg Supernatants  from Liver, Kidney, and  Lung 
Homogenates 


Area Ratiosa 
Treatment I I1 


~~ 


Two-Thirds Hepatectomy 
1 32.20 f 7.61 ( 5 ) d  14.01 f 6.13 (5) 
I1 3.97 f 1.90 (5) 3.65 f 1.27 (5) 


Carbon Tetrachloride Pretreatment 
I 72.18 f 13.43 ( 5 ) d  21.67 f 7.14 (6) 


I1 9.79 f 1.30 ( 5 ) d  3.44 f 0.73 (6) 
a Expressed as percent of dose of I after correction for the molecular weight dif- 


ference. Sham-operated rats 
for hepakctomy and saline-pretreated for carbon tetrachloride pretreatment. 


Statistically significantly different from the controls, p = 0.05. 


Mean f SD; number of animals in parentheses. 


groups. Food was limited to 2-3 pelletd per day and water was allowed 
ad libitum. Cumulative urine samples were collected up to 48 h postdose 
and stored at -20°C until analyzed. 


In Vitro Metabolism Study-A method similar to that  used by 
Cowan et al. (10) was utilized to study the in vitro metabolism of I in the 
rat. The rats were stunned and sacrificed by decapitation, and their or- 
gans (liver, kidney, and lung) immediately were removed and placed in 
a fresh, ice-cold, isotonic (1.15% w/v) aqueous solution of potassium 
chloride. All subsequent operations were carried out a t  0 4 ° C .  The ex- 
cised tissues were blotted dry, weighed, and minced with scissors. The 
liver tissue was homogenized in four volumes of fresh, ice-cold, isotonic 
potassium chloride using 4-5 passes with an homogenizel"'. The lung and 
kidney tissues were homogenized separately in a similar manner. For lung 
and kidney tissues, a tissue-KC1 solution ratio of 1:4 was also used. The 
homogenates were transferred to plastic tubes and centrifuged at  9OOOXg 
for 20 min to remove nuclei, mitochondria, and cell debris. Aliquots (0.5, 
1.0,1.5, and 2.0 mL) of supernatants as well as whole tissue homogenates 
were used for the incubation reactions. 


The monohydrate hydrochloride salt of I (5 gmol/mL in deionized 
distilled water) was incubated in uncapped glass tubes a t  37°C for 30 min 
with whole tissue homogenates (liver, kidney, and lung) as well with 
9oooXg tissue supernatant preparations. Each incubation tube contained 
1.0 mL of substrate solution, one of the four volumes (0.5, 1.0, 1.5, and 
2.0 mL) of whole tissue homogenate or 0.1 mL of 9000Xg tissue super- 
natant, one of the corresponding volumes (3.5,3.0,2.5, and 2.0 mL) of 0.02 
M pH 7.4 phosphate buffer, and 1 mL of cofactor solution (6 mg of glu- 


u) z 


Figure 1-Representative chromatograms showing the relative 
amounts of I obtained from various incubation mixtures at the end of 
each incubation reaction (initially, each incubation mixture contained 
an eyual amount of I ) .  Peaks with retention times of 7.85, 10.44, and 
32.21 min represent heptafluorobutyryl derivatives of I ,  II, and di- 
azepam (internal standard), respectively. Key: (A) in the absence of 
any tissue homogenate; (B) in the presence of 9OOOXg supernatant of 
liver homogenate (note the presence of peak for  I I ) ;  (C) representative 
chromatogram of II; (D) in the presence of 9OOOXg supernatant of 
kidney homogenate. 


~ ~~ 


4 Polytron; International Equip. Co. (I.E.C.), Needham Hts., Mass. 


Control 1.65 f 0.12(10) ND 
Liver 0.90 f 0.06(7) 0.49 f 0.05(7) 
Kidney 1.74 f 0.20(7) ND 
Lung 1.62 f 0.06(7) ND 


Heptafluorobutyryl derivative of 1 or II/diazepam (internal standard) expressed 
as mean f S D ;  number of incubation mixtures in parenthesis. * ND = not de- 
tected. 


cose-6-phosphate, 3.4 mg of the monosodium salt of NADP, 0.2 mg of 0.1 
M MgC12.6Hz0, and 0.8 mL of deionized distilled water). 


One milliliter of the substrate solution was replaced with 1 mL of 1.15% 
KCI in the control experiments, ,which were carried out concurrently. The 
incubation reactions were terminated by the addition of 0.5 mL of 3% 
trichloroacetic acid in all tubes. The tubes were then vortexed for 10 s 
and centrifuged (5 min a t  2000 rpm) a t  room temperature. A similar ex- 
periment was also carried out with I1 (2.5 pmol/mL of deionized distilled 
water) using 0.5 mL of liver tissue homogenate only. 


Bioavailability Experiments-Urinary excretion studies were car- 
ried out following intravenous and oral administrations of a range of doses 
of the monohydrate hydrochloride salt of I (equivalent to 0.1,0.5,1.0, and 
5.0 mg of basekg). Urine samples were collected as described previ- 
ously. 


Analyses-The urine samples and the various fractions of tissue ho- 
mogenates were assayed for I and the metabolite (11) using a minor 
modification of a GC assay method of Tam and Axelson (11). The method 
involved an extraction procedure and the conversion of the drug and 
metabolite to their respective heptafluorobutyryl derivatives before 
analysis by electron-capture GC. A 1.8-m X 2-mm i.d. glass column 
packed with 3% Silar-9CP on Chromosorb-W (High Performance), 
100-120 mesh, was used. 


The bioavailability of I a t  different dose levels was calculated by 
comparing the percent of dose recovered as I in 48-h cumulative rat urine 
samples after equal oral and intravenous doses: 


where F is the systemic bioavailability, (22 and (2t8Xu)iv are the 
48-h cumulative amounts of intact I excreted in the urine following ad- 
ministration of equal doses of I via oral and intravenous routes, respec- 
tively. The unpaired, two-tailed Student's t test was employed to sta- 
tistically test the difference between groups of data; the level of signifi- 
cance wasp = 0.05 for all analyses. 


RESULTS 


In Vivo Studies-Two-Thirds Hepatectomy-The total percentages 
of I and I1 recovered in 48-h cumulative urine samples from two-third 
hepatectomized and sham-operated rats after intraperitoneal adminis- 
tration of the monohydrate hydrochloride salt of I (equivalent to 15 mg 
of basekg) is shown in Table I. The levels of intact I recovered in the 48-h 
cumulative urine samples from two-thirds hepatectomized rats were 
significantly higher than those of sham-operated rats. There was no 
significant difference in the percentage of I1 recovered in the urine of 
two-third hepatectomized rats compared with that of sham-operated 
rats. 


Carbon Tetrachloride Pretreatment -The results of (:arbon tetra- 
chloride pretreatment study with respect to the percentage of intact I 
recovered from the 48-h cumulative urine samples were similar to that 
of the two-thirds hepatectomy study (Table 11). The total amount of I1 
recovered in the urine of carbon tetrachloride-pretreated rats was also 
significantly higher when compared with that of saline-pretreated 
rats. 


In Vitro Studies-9OOOXg Licer, Kidney, and Lung Homoge- 
nate-Figure 1 represents a series of chromatograms obtained from the 
extraction of various incubation mixtures, followed by heptafluorobutyric 
anhydride derivatization in the presence of the internal standard, di- 
azepam (with retention time, t R  = 32.2 min). All mixtures contained an 
equal amount of I prior to initiating the incubation reaction. The first 
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Figure 2--llistogram.s represmf ing thr, area ratios fhciptafluorobuf yr?il 
drriuatiile of I or Illdiazepam) obtaincd from the in vitro metabolism 
o f  1 in the ahsencc. and presencr of different volumes of rLhok? tissue 
homogenatcs Of liuer (2.0 nil,), kidney (0.5, 1.0, 1.5, and 2.0 ml,), and [ung 
(0.5, 1.0, 1.5, and 2.0 mL). The asterkk signifies statistical significance, 
p < 0.05. 
chromatogram (a) reflects the relative amount of I ( t R  = 7.85 min) present 
in the 9OOOXg supernatant after the incubation reaction in the absence 
of any tissue homogenate. The second chromatogram (b) represents the 
proportion of I present in the 9000Xg supernatant of liver homogenate 
after the incubation reaction. There was an additional peak in this second 
chromatogram ( f  H = 10.44 min) which was subsequently identified as 
the metabolite, 11, as shown in the third chromatogram (c). The relative 
amount of I present in the mixture after the incubation reaction, in the 
presence of 9OOOXg supernatant of kidney homogenate only, is shown 
in the fourth chromatogram (d) in Fig. 1. The results of 9000Xg super- 
natant of lung tissue were similar to those of kidney tissur. 


Table I1 illustrates the relative amount of I remaining after various 
treatment procedures. Area ratios (heptafluorohutyryl derivative of I 
and Wdiazepam as the internal standard in fixed amounts) were used 
for this purpose. The relative amount of 1 in the presence of liver tissue 
preparations was significantly lower than that of controls, as illustrated 
by the lower area ratio values. In addition, appreciable amounts of I1 were 
formed in the incubation mixture containing liver tissue. The relative 
amounts of I incubated in the presence of kidney and lung tissue prepa- 
rations did not change significantly from controls, and metabolite I1 was 
absent . 


Whole Fraction Tissue Homogenafc,- - A  study utilizing whole fraction 
tissue homogenates was conducted to examine the involvement of the 
lungs and/or kidneys in the metabolism of 1. The results of the afore- 
mentioned experiment are shown in Fig. 2. There was no significant 
difference in the area ratios of lung and kidney tissue preparations 
compared with that of controls. The area ratios of liver homogenate 
preparations were Significantly lower than the controls (Fig. 2). 


In Vitro Metabolism of II~L'l'he levels of I1 in the test incuhation 
mixture containing 9OOOXg supernatant of liver tissue homogenate after 
the incubation reactions were significantly ( p  <0.05) lower (heptafluo- 
robutyryl derivative of Wdiazepam = 1.199 f 0.21. n = 6) compared with 
those of controls (without liver tissue1 (1.96 f 0.037, n = 6 ) .  


Bioavailability of I a s  a Function of Dose --The pharmacokinetic 
behavior of I in the rat was studied as a function of dose and route of 
administration. F0rt.y-eight-hour cumulative urinary excretion data of 
intact I and I 1  was utilized to study the effect of route of administration 
at  different dose levels. 'I'ahle 111 shows the percent recovery of intact I 


Table  Il l-Percent of Dose Recovered as I and I I a  i n  Ur ine  a n d  
Nonlinear Dose-DeDendent Rioavailabiljtv of I * 


Recovery, Yoc 
Intravenous Bioavailability ( F )  Oral 


~ ~ -. ..~., 
I I  3.43 I i . i i ig i  4.12 f i . i3(8) 


1.0 I 19.92 f 5.27(6) 25.65 f 6.21(6) 0.78 
11 3.20 f 0.54(6) 4.40 f 1.67(6) 


0.6 I 16.22 f 2.03(6)d 21.89 f 2.83(6) 0.75 


0.1 I 9.75 f 4.35(5)" 20.44 f 5.02(5) 0.49 


15,o 0.91e 


11 3.51 f 1.21(6) 2.5i f 1.62(6) 


I1 114  f 0.51(5) 1.51 f 0.40(5) 


Expressed as percent of dose of I after correction for the molecular weight dif- 
ference. 13ioavailability of 1 calculrited as the ratio of 48-h cumulative urinary 
excretion data following oral and intravenous administration of different doses. 
(. Mean f SD; number animals in parentheses. Statistically significantly different 
from the intravenous group, p = 0.05. Calculated by comparing area under plasma 
concentration 1:rr.w time curve after oral route to that of route of administration. 
Data taken from Ref. 1. 


and I1 in 48-h cumulative urine samples after administration of equal 
doses of the monohydrate hydrochloride salt of I (equivalent to 5, 1.0, 
0.5, and 0.1 mg of base/kg) uia oral and intravenous routes in two ran- 
domly selected groups of rats. A t  the 5.0-mg/kg dose level the mean 
percent recovery of intact 1 (n  = 9) following the oral route was lower than 
that of the intravenous route suggesting a slight hepatic first-pass effect, 
provided that complete ahsorption had occurred. The levels of I1 recov- 
ered were <5% for both routes. Statistically, the levels of both intact I 
as well as I1 recovered after oral administration were not significantly 
different from those of the intravenous route. 


Similar results were obtained after a I-mg/kg dose (Table 111). The 
percent of dose recovered as intact I and I1 after the oral route was not 
significantly different from that seen after an intravenous route of ad- 
ministration. These results are consistent with the work done by previous 
investigators (1 ). 


To test the hypothesis of temporary saturation of liver enzymes during 
the absorptive stage after relatively highdoses (> 1 mg/kg), the 48-h cu- 
mulative urinary excretion pattern at lower doses (<1 mgfkg) wasstudied. 
The results of the 0.5- and 0.1-mg/kg studies are also shown in Table 111. 
In both cases, the total amounts of intact I recovered after oral dosing 
were significantly lower than those following intravenous administration. 
The total amount of I1  recovered was <5% by either route, and there was 
no significant difference between routes. Table 111 also represents the 
compilation of experimentally determined bioavailability data a t  dif- 
ferent dose levels. 


DISCUSSION 
The two-thirds hepatectomy study assessed the involvement of the 


liver in the metaholism of 1. The study was based on the assumption that 
surgical removal of two-thirds the liver of the rat would decrease hepatic 
function. If the liver is involved in metabolism of I, then one would expect 
increased amounts of intact drug in the cumulative urine of surgically 
altered rats as compared with normal rats. Surgical removal of two-thirds 
of the liver is a major operation, and ideally the rat should he allowed to 
recuperate from the surgically associated stress and trauma for a t  least 
3 d prior to the beginning of an experiment. However, Higgins and An- 
derson (8)  found that the regeneration of liver tissue in rats is very rapid. 
They reported that it took only 3 d after the surgery to restore the liver 
mass from 29% to -70% of normal. Therefore, in the present study the 
animals were allowed to recuperate for only 1 d following surgery. 
Sham-operated rats were used for controls. 


The  intraperitoneal route of drug administration without ether an- 
aesthesia, as stated earlier, was preferred over other routes (i.e., intra- 
venous or oral) which required the use of ether anesthesia. This was done 
to minimize mortality due to  increased ether toxicity in two-third 
hepatectomized rats. 


The total amount of intact I in urine samples a t  48-h was significantly 
higher in two-third hepatectomized rats compared with that found in the 
urine from sham-operated rats (Table I). This strongly suggests that the 
liver is involved in the metabolism of 1. The percentage of dose excreted 
as the metabolite (11) was too low ( < 5 W )  in both treatments to allow 
further interpretation of the effect of hepatectomy on the metabolism 
of 1. 


Carbon tetrachloride, a well-known hepatotoxin, has been widely used 
in experimental animals to produce varying degrees of liver impairment 
including necrosis (12), fatty infiltration (13), and.decreased activity of 
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microsomal enzymes that catalyze the oxidation of drugs (14-16). Carbm 
tetrachloride impairs oxidative enzymes in liver microsomes by de- 
creasing the amount of cytochrome 1 ) 4 ~  either due to an active metaholite 
(17) or free radical formation (18,191. 


Hepatotoxicity in rats is evident within 24 h of carbon tetrachloride 
treatment (1.0 mLkg) (8). However, the toxic effects of carhon tetra- 
chloride to other organs such as the kidney do not occur until many hours 
to several days after the exposure to the toxin (20-22). Therefore, rats 
pretreated with carbon tetrachloride 24 h prior to study were used to 
ensure minimal damage to other organs. The intraperitioneal route of 
drug administration, wiLhout ether anesthesia, was used as hefore to avoid 
ether toxicity. 


The percentage of intact I recovered from the 48-h cumulative urine 
samples of carbon tetrachloride-pretreated rats is almost threefold higher 
(Table I! than that of saline-pretreated rak.  This observation strongly 
suggests that the liver is a major organ for the metabolism of I in the 
rat. 


A similar pattern of recovery of I was found hy Tam et al. (2), who 
found no significant difference in the levels of I1 in the 48-h cumulative 
urine samples of carbon tetrachloride-pretreated rats as compared with 
the saline-pretreated rats. Based on the unchanged levels of I1 in both 
of these treatments, these investigators have speculated that extrahepatic 
metabolism of I is pt~sible in the rat. But, in the present studies the levels 
of I1 in the 48-h cumulative urine samples of carbon tetrachloride-pre- 
treated rats were higher than those of saline-pretreated rats. This oh- 
served difference may be a function of the dose of I, which was 1 mg/kg 
in the present study and 15 mg/kg for Tam et al. (2) .  


If  the liver were the only metabolic organ for I, then during liver 
damage (e.y., carbon tetrachloride pretreatment) metabolism would be 
impaired, the extent of impairment heing a function of the hepatic injury. 
This damage should result in a greater proportion of parent drug being 
excreted unchanged and a lower fraction of metabolite in the urine of rats 
with hepatic injury as compared with the saline pretreated rats. The 
observation that the levels of I1 in our present study are higher, rather 
than lower, in the carbon tetrachloride-pretreated rat urine as compared 
with those of normal rats appears inconsistent. This can be rationalized 
from the in uitro metabolism studies of I and 11. It has been found in our 
present in uitro studies that I is metabolized in the rat liver and one of 
i t s  metabolites is 11, which is then further metabolized in the liver. 
Therefore, during carbon tetrachloride pretreatment, the metabolism 
of both I and I1 are protiably impaired resulting in higher overall levels 
of both of these compounds in the urine as compared with those in sa- 
line-pretreated rats. 


The results of investigations using 9OOOXg homogenates suggest that  
the liver tissue is involved in the metabolism of I. The evidence of the 
presence of I I in the incuhatictn mixture containing liver homogenate (Fig. 
1) suggests that microsomal oxidation of I had occurred. There was no 
such indication for the metabolism of I in the presence of kidney ho- 
mogenate. The amount of I remaining in the incubation mixture con- 
taining kidney homogenate was similar to that of the cont.rol (Fig. Id), 
suggesting that the kidney tissue is not involved in the metabolism of I 
in the rat. The results using lung homogenates are similar to those of the 
kidney homogenate study, indicating that lung tissue is not involved in 
significant metabolism of I in the rat (Table 11). 


Whole fraction tissue homogenate studies were performed because the 
exact location of I-metabolizing enzymes in the lung and/or kidney was 
not identified. Also, as the optimum tissue protein concentration for the 
metabolic reaction was not known, a wide range of whole tissue homog- 
enate volumes (0.5, 1.0, 1.5, and 2.0 mL) was used. An incuhation period 
of 30 min was chosen for the study of the in uilrn metabolism of 1 (10). 
Evidence for the metabolism of I was found only with the whole liver 
tissue homogenate (Fig. 2). There was no indication of lung or kidney 
tissue involvement in the metabolism of 1. 


The results of both in uiuo and in uitru experiments have clearly shown 
that the liver is the primary organ responsible for the metaholism of I in 
rats, essentially eliminating the hypothesis of significant extrahepatic 
metabolism. Hased on this hypothesis, bioavailability studies involving 
urinary excretion patterns following oral and intravenous administration 
of various doses of I were characterized. These studies were undertaken 
to explore the possible reason(s) why I does not undergo hepatic first-pass 
metabolism following oral and intraperitoneal administration over the 
dose range studied (1) despite the fact that  total body clearance of I ap- 
proaches the hepatic blood flow. One of the hypotheses proposed by Tam 
et al. (1) to explain this phenomenon was that the concentration of I in 
the hepaloportal vein during the absorption phase is high enough to 
saturate the enzyme capacity of the liver at the dose range studied (1-35 
mg/kg). To test this, the bioavailahility (F) of I was determined a t  lower 


doses (0.1,0.5, 1.0, and 5.0 mgkg). The 48-h cumulative urinary excretion 
data obtained in our present studies showed significant hepatic first-pass 
metabolism of 1 a t  the 0.1 - and 0.5-mg/kg doses, resulting in lower bio- 
availability values (Table 111). A nonlinear, dose-dependent trend in the 
bioavailahility values of I at different doses was evident. The bioavail- 
ability of 1 increased with increasing dose, suggesting that saturation of 
the liver enzyme capacity occurs a t  higher doses of I during GI absorption. 
This may explain why I does not undergo significant hepatic first-pass 
metabolism a t  doses >1.0 mg/kg. The phenomenon of dose-dependent 
bioavailahility has also been exhibited by other high liver clearance drugs 
such as propranolol (23-29) and alprenolol(30,31). 
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of the dissolution medium and the bottom of the vessel, filtered through 
0.45-pm membrane, and assayed spectrophotometrically. The volume 
of the dissolution medium was maintained a t  lo00 mL by the addition 
of the appropriate medium and cumulative corrections were made for 
the previously removed samples in determining the total amount of drug 
in solution. The results of all the dissolution studies, which were run in 
duplicate, are shown in Table 11. 


RESULTS AND DISCUSSION 


The data in Table I1 clearly show the more rapid presence of I, 11, or 
I11 in either dissolution medium when the corticoid solutions were dis- 
persed on the five silicas used. As a micronized powder, I1 (samples 19 
and 20) dissolved very slowly in either GI medium; after 20 rnin <6Wo 
had dissolved. However, when a solution of I1 was dispersed on IV, V, 
or VI, >7Wo of I1 was in solution within 5 min (samples 21.22, and 23) 
in simulated gastric juice. In simulated intestinal juice, the rate was not 
as large; within 10 min >68.5% of I1 had dissolved (samples 26,27, and 
28). 


Silicas IV, V, and VI were consistently more efficient in releasing the 
drug solutions dispersed on them than were VII and VIII. When silicas 
VII and VIII were used with a solution of I1 <loo% of I1 had dissolved 
in the simulated GI media after 120 min (samples 24,25,29, and 30). 


A comparison of solvent-deposited I with its silica-dispersed solution 
is also of interest. In every instance the silica-dispersed solutions were 
superior (samples 3 uersu,s 13, 4 tiersus 14, 5 uersus 15; 8 uersus 16, 9 
versus 17, and 10 uersus 20). Ball-milled samples were not prepared. 


However, Yang et  al. (3) reported that after ball-milling prednisone with 
a 20-fold excess of IV, V, or VI, a maximum of 65% of I1 had dissolved 
after 120 min in simulated GI media. Their dissolution studies were 
conducted at 100 rpm. Narurkar and Jarowski (5) also reported similar 
slow dissolution rates for I that  had been ball-milled with various ratios 
of IV, V, VI, or VII. When solutions of I or I1 were dispersed on IV, V, 
VI, VII, or VIII and their dissolution rates studied at 100 rpm, all but one 
sample released 83-99% within 120 min. The exception was a solution 
of I1 dispersed on VI; only 60% had dissolved in simulated intestinal fluid 
after 120 min. 


Such reduction in dissolution rate resulting from reduced basket speed 
is of concern since the anticipated superiority in the in uivo performance 
of silica-dispersed solutions over micronized powders is suspect. A pre- 
liminary in uiuv experiment with salicylamide indicates that more rapid 
oral absorption does occur when the compound is dissolved and dispersed 
on silica. This data will be published elsewhere. 
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Abstract  Several 5-substituted amino-1,3,4-oxadiazo1-2-yl and 5- 
substituted amino-1,3,4-thiadiazol-2-yl derivatives with different 8- 
hydroxyquinoline moieties in the 2-position were prepared and tested 
for their antiparasitic activity. Preliminary biological tests on mice ex- 
perimentally infested with Schistosoma mansoni revealed that the new 
compounds show moderate schistosomicidal activity. 


Keyphrascs 8-(5-Substituted amino-1,3,4-oxadiazo1-2-yl) 
methoxyquinolines-synthesis, antibilharzial activity against Schisto- 
soma mansoni 8-(5-Substituted amino-l,3,4-thiadiazol-2-y1) 
methoxyquinolines-synthesis, antibilharzial activity against Schisto- 
soma mansoni 0 Antischistosomal agents-synthesis of 8-(5-substituted 
amino-l,3,4-oxadiazol-2-yl) and 8-(5-substituted amino-1,3,4-thiadia- 
zol-2-yl) methoxyquinolines 


The fact that lucanthone (1) and its active metabolite 
hycanthone (2) were the first metal-free compounds to 
show clinical activity against bilharziasis initiated the 
synthesis of a distantly related compound 6-chloro-5- 
(2-diethylaminoethylamino)-8-methylquinoline. The 
latter exhibited outstanding activity against experimental 
schistosomiasis (3,4). Unfortunately, preclinical toxicity 
studies indicated wide differences among various species 


of laboratory animals, precluding early clinical trials of this 
compound (3). A new entry in bilharzial chemotherapy 
is 1,2,3,4-tetrahydro-2- [ [ (1 -methylethyl)amino] methyl] -7- 
nitro-6-quinolinemethanol (oxamniquine). It has potent 
schistosomicidal activity against Schistosomu mansoni by 
causing worms to shift from the mesenteric veins to the 
liver, where they are destroyed (5). 


In our previous work (6) several 3-mercaptotriazoles 
with the 8-hydroxyquinoline moiety were prepared by 
cyclization of their corresponding substituted thiosemi- 
carbazides by the action of hot sodium hydroxide solution. 
Preliminary biological tests revealed that those mercap- 
totriazoles showed potent schistosomicidal activity. These 
observations prompted the synthesis of several 5-substi- 
tuted amino-1,3,4-oxadiazo1-2-yl and 5-substituted 
amino-l,3,4-thiadiazol-2-yl derivatives with different 8- 
hydroxyquinoline moieties in the 2-position. Contrary to 
the mercaptotriazoles, the incorporation of the potent 
antiparasitic drug iodochlorhydroxyquinoline in the 2- 
oxadiazole or 2-thiadiazole rings produced compounds 
with moderate or low schistosomicidal activity. 
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Table 1-8-(5-SuImtituted Amino-l,3.4-oxadiazol-2-yl) 
Methoxyquinolines (111) and 8-(5-Substituted Amino-1,3,4- 
thiadiazol-2-yl) Methoxyquinolines (IV) a 


bH 
I 


1. BrCHZCOOClH5 
2. HlN-NHz 
3. RsNCS I 


*& CH,CONI 


II 


J 
Rl 


NHCSNHR, 


I 
RI 
I 


Iv 
Scheme I 


EXPERIMENTAL' 


The various 1,3,4-oxadiazoles and 1,3,4-thiadiazoles were synthesized 
by reactions outlined in Scheme I. Conversion of the 8-hydroxyquinoline 
derivative (I) to the 8-quinolinoxyacetic acid hydrazide was effected by 
treating the corresponding ethyl ester with 99-100% hydrazine hy- 
drate. 


Substituted thiosemicarbazides (II), prepared by the reaction of 8- 
quinolinoxyacetic acid hydrazide with the appropriate isothiocyanate, 
were cyclized to the corresponding 8-(5-substituted amino-1,3,4-oxadi- 
azol-2-y1)methoxyquinoline (HI) in 4 M NaOH and 5% iodine in potas- 
sium iodide solution, and to the corresponding 8-(5-substituted amino- 
1,3,4-thiadiazol-2-yl)methoxyquinoline (IV) by the action of cold con- 
centrated sulfuric acid (7). All compounds were characterized by their 
melting points, elemental analysis, and IR and 'H-NMR spectra. 
1-(8-Quinolinoxyacety1)-4-substituted Thiosemicarbazides 


(11)-Series 11 compounds were prepared as mentioned previously (6), 
by refluxing equimolar quantities of 8-quinolinoxyacetic acid hydrazides 
with the appropriate isothiocyanate in dry benzene. 


8-(5-Substituted Amino-1,3,4-oxadiazoI-2-yl) Methoxyquinolines 
(111)-To a suspension of the appropriate 1-(8-quinolinoxyacetyl)-4- 
substituted thiosemicarbazide (II,O.O1 mol) in water (10 mL) was added 
a cold solution of sodium hydroxide (4  M, 5 mL) with stirring. When a 
clear solution was obtained, iodine in potassium iodide solution (5%) was 
then added in a dropwise manner with stirring until the color of iodine 
persisted a t  room temperature. Thereafter, the reaction mixture was 
heated a t  reflux on a boiling-water bath, and more iodine solution was 
carefully added until a permanent tinge of excess iodine remained. After 
cooling the mixture was poured into ice-cold water, and the precipitated 
solid was removed by filtration, washed with a dilute solution of sodium 
thiosulfate and then washed with water, dried, and crystallized from a 
suitable solvent (Table I). 


Illd-lH-NMR (CDCln): 6 7.2-8.9 (m, ArH), 5.2 (s, 2, OCHz), and 4.5 
ppm (d, NH-Ar). 


1 Melting points were determined in open glass ca illaries and are uncorrected. 
IR spectra were determined as Nujol mulls with {eckman 1R-4210; 'H-NMR 
s ctra were recorded on a Varian EM-360 60-Hz NMR spectrophotometer in 
C%Cl, with TMS as internal standard. Microanalyses were performed by the Mi- 
croanalytical Unit, Faculty of Science, University of Cairo, Cairo, Egypt. 


Melting 
Yield, Point, 


Compound R1 R2 R3 % o c  Formula 


IIIa 


IIIb 
IIIC 
IIId 
IIIe 
IIIf 
IIIg 


IIIh 
IIIi 
IIIj 
IIIk 
1111 
IVa 


IVb 
IVC 
IVd 
IVe 
IVf 
IVg 


IVh 
IVi 
IVj 
IVk 
IV1 


H H  


H H  
H H  
H H  


H H  
CI I 


c1 I c1 I 
CI I c1 I 
CI I 
H H  


H H  
H H  
H H  
H H  
H H  
c1 I 


c1 I 
CI I 
c1 I 
c1  I 
c1 I 


65 


70 
68 
65 


73 
70 


66 
70 
68 
72 
75 
70 


68 
73 
65 
66 
70 
65 


70 
74 
67 
70 
72 


154 


175 
160 
219 


218 
150 


135 
150 
120 
156 
170 
250 


160 
200 
225 
195 
208 
140 


127 
132 
136 
130 
160 


~~ 


0 All compounds were rec stallized from ethanol and showed absorption in the 
IR range at 32W3095 c m y  (NH). Elemental analyses (C, H, N, and S for all 
compounds. I for compounds with RS = I) were within M.4% from theoretical for 
all of the methoxyquinolines. 


IlIh--'H-NMR (CDCls): 6 7.0-8.2 (m, ArH), 5.2 (s, 2,OCH2), 4.1 (t, 
2, N-CH2), 1.8 (m, CHz), 1.4 (m, CH2), and 1.0 ppm (t, CH3). 


8-(5-Substituted Amino-l,3,4-thiadiazol-2-yl) Methoxyquinolines 
(IV)-l-(8-Quinolinoxyacetyl)-4-substituted thiosemicarbazide (11, 0.01 
mol) was added in small portions to concentrated sulfuric acid (25 mL) 
with stirring, maintaining the temperature below 0°C during addition 
for 1 h. The reaction mixture was allowed to stand at room temperature 
overnight and then warmed to 50°C. It was then cooled and poured onto 
crushed ice. The solid product was removed by filtration, washed With 
water, treated with dilute ammonia to remove any sulfonated product, 
again washed with water, dried, and crystallized from a suitable solvent 
(Table I). 'H-NMR (CDCls) for IVf: 6 7.1-9.0 (m, ArH), 5.7 (s,2, OCHz), 
5.1 (d, NH-Ar), and 2.3 ppm (s, Ar-CH3). 


Antibilhanial  Act ivi tySwiss  albino mice were inoculated with 100 
cercariae of S. mnson i  by the tail immersion technique (8). Eight weeks 
after infestation, the animals were divided into seven groups: an untreated 
control group, a group for each of the new drugs to be tested (IIId, 1114 
IVf, IVh, and IVj), and hycanthone as a positive control group. The drugs 
were given orally as a single 100-mg/kg dose in suspension of 1% car- 
boxymethylcellulose. Hycanthone was given as a single injection, 70 
mg/kg im in 0.1 mL of distilled water. Oogram studies of the liver and 
intestine were made every third day on five animals from each group, (3, 
6,9, and 12 d posttreatment). Table I1 shows the average oogram pattern 
in the liver and small intestihe during the period of maximum drug effect 
(9 d), which was usually at the end of the first week, compared with hy- 
canthone (9). 


RESULTS AND DISCUSSION 


The efficiency of a new antischistosomal drug was assessed in experi- 
mentally infested mice by the oogram changes, which were said to be 
caused by loss of schistosoma worm muscle tone, during action on the 
parasite reproductive organs, and death of the worms (10). Deviation of 
the oogram picture from normal was considered to be an absence of any 
immature stages or when the number of mature ova exceeded 50% (10). 
Results obtained showed small deviation of the oogram picture from 
normal. Compounds IVf, IVh, and IVj showed moderate activity, while 
the others showed only mild activity. 
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Table 11-Oogram Findings in Liver and Small Intestine of Infested Mice 9 d After Treatment with Experimental Compounds 
~ ~ ~~~ ~~~ ~~ 


Liver Small Intestine 
h.[ean Eggs/ Total Mature Dead h k a n  Eggs/ Total Mature Dead 


Mouse Immature Eggs, Eggs Mouse Immature Eggs9 Eggs, 
Compound (Range) Eggs, 5% % % (Range) Eggs, % % % 


Control 25-30 76 18 6 27-31 70 28 2 
23-29 - - - 25-30 0 48 52 
26-31 35 30 35 28-32 16 34 50 
28-30 32 38 30 24-30 20 60 20 IIIh 


IVf 25-30 20 40 40 25-31 2 55 43 
IVh 27-32 15 47 38 26-30 13 60 27 
IVj 26-30 10 42 48 25-32 2 68 30 


:themthone 
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Abstract 0 Twelve new N-aminosuccinimides were synthesized by the 
condensation of hydrazines with succinic anhydrides in glacial acetic acid. 
The compounds were evaluated in the maximal electroshock seizure and 
subcutaneous pentylenetetrazol seizure threshold teats for anticonvulsant 
activity and in the rotorod teat for neurotoxicity in mice. The lowest dose 
at which several of the compounds exhibited anticonvulsant activity was 
300 mgkg. 


Keyphrases 0 N-Aminosuccinimides-synthesis, anticonvulsant and 
neurotoxic potential, mice o Anticonvulsanta-potential, N-ami- 
nosuccinimides, synthesis, neurotoxicity, mice 


Potential anticonvulsants and hydrazine-derived drugs 
in general have been a principal interest of ours over sev- 
eral years. Anticonvulsant activity has been found among 
the 3,5-pyrazolidinediones (l), semicarbazides (2-4), and 
hydrazino urethans (5,6). Because of the effectiveness of 
the succinimides such as phensuximide, methsuximide, 
and ethosuximide for the treatment of the petit ma1 con- 
dition and the paucity of information (7) concerning N -  
aminosuccinimides, an investigation in this area appeared 
warranted. A related compound, N-amino-3-(rn-bromo- 
phenyl)succinimide, has been shown to possess potent 
maximal electroshock seizure activity (8). A decrease in 
spontaneous motor activity by N-arylaminosuccinimides 
has been noted (9). 


This paper reports on the synthesis and anticonvulsant 
activity of a series of N-aminosuccinimides. The com- 
pounds vary in the nature of the amino nitrogen (alkylated 


or arylated) and in the a-position of the succinimide ring 
(unsubstituted, methyl, or phenyl). 


RESULTS AND DISCUSSION 


The synthesis of the aminosuccinimides (111) was accomplished by 
treating various succinic anhydrides (I) with substituted hydrazines (11) 
in glacial aceticacid (Scheme I) (Table I). Others (10) have used a mixture 
of equal volumes of glacial acetic acid and concentrated sulfuric acid to 
effect this condensation. 


Compounds IIIa-IIIn were tested in the maximal electroshock seizure 
and subcutaneous pentylenetetrazol seizure threshold testa for anti- 
convulsant activity and in the rotorod teat for neurotoxicity in male mice1 
by reported procedures (2). None of the compounds showed activity a t  
100 mghg in either test. In the maximal electroshock seizure test, IIIc, 
IIId, IIIf, IIIk. and IIIm exhibited activity a t  300 mg/kg a t  30 min with 
no indication of toxicity. One compound, IIIg, showed activity a t  this 
same dose a t  4 h. In the pentylenetetrazol seizure teat, IIIb, 1111, and IIIm 
displayed activity a t  300 mg/kg a t  30 min with no toxicity. Overall, this 


dR' 


Scheme I 
III 


No. 1. Carworth Farms. 
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Chemical Modification of Triamcinolone Acetonide to 
Improve Liposomal Encapsulation 
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Abstract 0 The 21-palmitate of triamcinolone acetonide was synthesized to 
aid in the liposomal encapsulation of the drug. Encapsulation efficiency of 
triamcinolone acetonide-21-palmitate was 85%. compared with 5% for the 
parent drug. 


Keyphrases 0 Triamcinolone acetonide-synthesis of the 21-palmitate ester, 
liposomal encapsulation 0 Liposomes-encapsulation of triamcinolone 
acetonide-2 I -palmitate, synthesis 


Liposomes are microscopic vesicles composed of phospho- 
lipid bilayers separated by aqueous compartments. Their po- 
tential as temporal and spatiotemporal drug delivery systems 
is being widely investigated ( 1  -3). The applicability of lipo- 
somes as selective drug delivery systems for cutaneous ad- 
ministration of drugs has been studied (4,5) in this laboratory 
using triamcinolone acetonide as the model drug. Attempts 
to test various types of liposomes with the same drug revealed 
a low level of encapsulation of the drug in the multilamellar 
liposomes. 


A relationship between liposomal encapsulation and the 
structure of the derivatives of another corticosteroid, hydro- 
cortisone, has been reported by Shaw et al. ( 6 ) .  The observa- 
tion that among a variety of derivatives, hydrocortisone-2 1- 
palmitate had the maximum encapsulation in the liposomes 
led us to study a similar approach for enhancing encapsulation 
of triamcinolone acetonide. The synthesis and purification of 
triamcinolone acetonide-21-palmitate, based on the principles 
of the methods reported by Shaw et al. ( 6 )  and Diamanti and 
Bianchi (7) ,  is described in this report. 


EXPERIMENTAL 


9-Fluoro-21-(I-oxohexadecoxy)-ll-hydroxy-l6,17-((l-methylethylidele)- 
bis(oxy)J-pregna-l,4-diene-3,20-dione-Triamcinolone acetonide (435 mg, 
I mmol) was dissolved in 4 m L  of N,N-dimethylformamide. Pyridine (160 
mg, 2 mmol) and palmitoyl chloride (550 mg, 2 mmol) were added, the mix- 
ture was stirred magnetically a t  room temperature for 22 h, and then was 
poured into 0.5 M sulfuric acid (1600 mL) and stirred vigorously. The product 
was removed by filtration and was purified by column chromatography on 
silica gel (toluene-ethyl acetate--acetic acid, 901O:l). Recrystallization from 
methanol, gave 47 1 mg (70% yield) of triamcinolone acetonide-21-palmitate, 
mp 143-147’C; IR (Nujol): 1760(csterC=O), 1740(ketoneC=O), 1670 
(tr.8; cy’@’-unsaturated ketone C=O) ,  1620 (C=€ conjugated with ketone), 
and 890 cm-’ (cis-CH of A-1,4 system); ’H-NMR (CDC13): 6 0.88 (1, 3. 
terminal CH3). 0.94 (s, 3, 18-CHl). I .25 (narrow m, 27, acetonide P-CH] 
and CH2 chain), 1.42 (s, 3, acetonide (u-CHJ), 1.55 (s, 3, 19-CH3), 1.6-2.5 
(m,  4. CH2CH2C02). 4.90 (s, 2.21-CH20). 4.97 (br, 1 ,  16-CHO), 6.12 (d. 


Table I-Comparative Data for Liposomal Encapsulation of Triamcinolone 
Acetonide and Triamcinolone Acetonide-21-Palmitate. 


Concentration, mg/22 m L  
Triamcinolone 


Triamcinolone Acetonide-2 I -  
Procedure Fraction Acetonide Palmitate 


Preparation Crude product 20 20 


Centrifugation Supernatant 6 2 
Filtration Filtrate 7 19 


Pellet (liposomes) 1 17 


I,J2.4 = 0.6 Hz, 4-CH), 6.44 (dd, I ,  52.4 = 0.6 Hz, 51.2 = 9.5 Hz. 2-CH),and 
7.22 ppm (d, I ,  J1.2 = 9.5 Hz, I-CH). 


Anal.-Calc. for C24H61F07: C, 71.39; H, 9.44; F, 2.82. Found: C, 71.26; 
H, 9.25; F, 2.80. 


Preparation of Liposomes-To reliably determine encapsulation efficiency, 
radioactive triamcinolone acetonide-21-palmitate was prepared as above from 
[6,7-3H]triamcinolone acetonide. Multilamellar liposomes were prepared 
as  described by Mezei and Gulasekharam (4). Dipalmitoyl phosphatidyl 
choline (160 mg) and triamcinolone acetonide-21-palmitate (22 mg, 350 pCi) 
in chloroform-methanol (2:I) were evaporated using a rotary evaporator. The 
film was then dispersed with 22 mL of aqueous 8 m M  CaC12 solution at 60°C. 
The preparation was evaluated microscopically and then filtered through a 
12-pm polycarbonate filter. The filtrate was then centrifuged at 22,OOOXg 
for 25 min. Radioactivity in erich fraction was measured after each treatment. 
Triamcinolone acetonide liposomes were prepared in a similar manner. 


RESULTS AND DISCUSSION 


Rcsults presented in Table I indicate considerable improvement in liposomal 
encapsulation of triamcinolone acetonide as a result of palmitoylation. In the 
case of the triamcinolone acetonide liposomal preparation the tint major loss 
occurred after filtration through a I2-pm polycarbonate filter. This filtration 
step is necessary with the liposomal encapsulation of a lipophilic drug. Since 
the drug is insoluble or very slightly soluble in the aqueous medium, only that 
portion is encapsulated that is in solution and intimately associated with the 
lipid bilayers; the remaining portion is in solid form which, although it is un- 
encapsulated, would be present in the liposomal fraction after centrifugation. 
The loss of 13 mg (i.e., 65%) of triamcinolone acetonide by the filtration 
process was due mainly to unencapsulated crystals observed in the crude 
preparation. Such crystals were absent in the filtrate. No crystals were seen 
even in the unfiltered triamcinolone acetonide-2 l-palmitate liposomal fraction; 
consequently, only 1 mg (i.e., 5%) was lost by the filtration. This suggests that 
the palmitate form has a stronger association with the lipid layers and that 
almost complete encapsulation is achieved. 


The second major loss in the case of triamcinolone acetonide liposomes was 
in the supernatant after centrifugation of the filtrate. This is due mainly to 
the drug in solution but not associated with liposomes. Evidence for this was 
demonstrated by gel filtration chromatography. Thus, the overall encapsu- 
lation of triamcinolone acetonide, determined in the final purified liposomal 
fraction, was only 5% while that of its palmitate derivative was found to be 
85%. The encapsulation of the palmitate derivative could be close to 100%. 
if one considers the unavoidable loss due to the filtration and centrifugation 
procedures, i.e., by adsorption to the filter and glassware. Another minor but 
inherent loss of liposomes could be due to the presence of small (<0.5-pm) 
liposomes, which are not completely sedimented by centrifugation. However, 
for comparison purposes, both preparations were analyzed by the same pro- 
cedures, and consequently, the same considerations should be applied. 


A possible reason for increased encapsulation of thc palmitate derivative 
could be the change in  the partition coefficient. For lipid-soluble compounds 
a logarithmic partition coefficient (log P) between 1.7 and 4 is unfavorable 
for liposomal encapsulation (8). Triamcinolone acetonide has a log P of 2.53 
(9). Palmitoylation would increase this 10-1 1 as calculated using substituent 
constants (9). 


The mechanism for increased encapsulation could be predicted to be 
analogous to that of hydrocortisone-21 -palmitate (10). The palmitoyl chain 
may act as “hydrophobic anchor” holding the steroid head group on the surface 
of the lipid bilayer. 


One of the drawbacks in  liposomal drug delivery systems is the poor en- 
capsulation of the drug in the liposomes. Chemical modification is likely to 
be a powerful approach to overcome such an obstacle, as evidenced here and 
elsewhere (6). Although only a small amount of the drug was associated with 
the l i p m e s .  the drug disposition was altered favorably on dermal application 
of a triamcinolone acetonide liposomal preparation (4.5). In light of this, the 
potential usefulness of this highly concentrated liposomal triamcinolone 
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acetonide-21-palmitate preparation as a selective drug delivery system for 
cutaneous administration may be optimal. 
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Abstract 0 A reverse-phase high-performance liquid chromatographic 
(HPLC) method was developed for simultaneous potency determination of 
arnphotericin A and amphotericin B in bulk amphotericin B preparations. This 
single, rapid, specific, and simple method can be used for qualitative and 
quantitative analyses and is proposed to replace a combination of cumbersome 
official t a t s  presently in use. This new HPLC method employs an isocratic 
acidic phosphate buffer-methanol mixture in a reverse mode on an octade- 
cylsilane-bonded silica column at  ambient temperature, using UV detection 
at  313 nm. Results obtained by HPLC compare favorably with the official 
assay results. During these studies, an apparent heptaenic component, not 
previously described, was detected in commercial amphotericin B preparations 
at concentrations ranging from -6 to 14%. 
Keyphrsses 0 Quantitation-amphotericin B, amphotericin A, reverse-phase 
HPLC 0 Amphotericin B-quantitation with amphotericin A, reverse-phase 
HPLC 


Amphotericin B (1) (CAS registry 1397-89-3), produced 
by a strain of Streptomycetes nodusus, is an amphoteric 
macrocyclic polyene antibiotic that has become a valuable 
therapeutic agent in the treatment of fungal and monilial in- 
fections in humans (1). Polyene antibiotics are characterized 
chemically by strong absorption in the UV and visible regions 
of the spectrum, ascribed mainly to conjugated unsaturation 
with four (tetraenes) to seven (heptaenes) double bonds (1,2). 
These substances are relatively unstable, and the heptaenes, 
in particular, are insoluble in most solvents. 


Bulk amphotericin B is commercially available in two 


forms-one is purified for use in parenteral products (type I) 
and the other is a cruder grade for topical applications (type 
11). According to the official monograph (3), the potency of 
each form must be 2 7 5 0  pg/mg on the anhydrous basis. Both 
types may also contain amphotericin A, a cofermented tetraene 
very similar to nystatin; however, type I may contain 15% 
amphotericin A, whereas type I1 may contain 1 15% ampho- 
tericin A. Characteristics of amphotericin B are extensively 
discussed and reviewed with respect to physicochemical and 
analytical properties by Asher et al. (1) and Thomas (2). 


Official requirements for the premarketing certification of 
amphotericin B (3) include a microbiological agar diffusion 
assay, a quantitative differential UV spectrophotometric 
procedure for the determination of the amphotericin A content, 
and a qualitative UV spectrophotometric identity test for 
amphotericin B. The microbiological assay measures the total 
activity of substances responding to a particular organism in 
comparison with an established standard of defined activity. 
Selectivity, precision, and reliability of this microbiological 
assay are inadequate, especially because of the deleterious 
effect of the high pH (4,5) needed to solubilize the substance 
during this assay. 


Reverse-phase high-performance liquid chromatography 
(HPLC) was demonstrated by Mechlinski and Schaffner (6) 
to be well suited to the qualitative analysis of such intractable 
OH 
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Abstract 0 The pharmacokinetics and urinary excretion of chlorpheniramine 
were studied in I 1  patients, aged 6-16 years, with allergic rhinitis. I n  these 
children, chlorpheniramine had a mean elimination half-life of 13.1 f 6.6 h, 
a mean clearance rate of 7.23 f 3.16 mL/min/kg. and a mean apparent vol- 
ume of distribution of 7.0 f 2.8 L/kg. Over 48 h. the recovery in urine was 
az follows: chlorpheniraminc, 1 1.3 f 6.7%; dcmethylchlorpheniramine, 23.3 
f I 1 . l%;  and didemethylchlorpheniramine, 9.6 f 9.4%. Urine flow rate and 
urine pH were uncontrolled and ranged from 2.2 to 113.3 mL/h and 5.1 -7.9. 
respectively, over the 48-h period. I n  some children urine flow rate and pH 
were constant, while in others there was great variability. When drug and 
metabolite excretion rates cerxus both urine flow rates and pH values were 
analyzed by multiple linear regression, the results were significantly better 
(p 5 0.05) than when each factor was analyzed independently. The excretion 
rate ofchlorpheniramine and its two demethylated metabolites decreased as 
urine pH increased and urine flow rate decreased. This information must be 
considered in futurc pharmacokinetic studies of this drug. 


Keyphrases 0 Chlorpheniramine-demcthylated metabolites, urinary ex- 
cretion in children, pharmacokinetics 0 Excretion, urinary-chlorphenira- 
mine and its demcthylated metabolites, children, pharmacokinetics Phar- 
macokinetics-urinary excretion of chlorpheniramine and its demethylated 
metabolites, children 


Chlorpheniramine, a histamine H I  receptor antagonist, has 
been used for over 30 years in the treatment of allergic rhinitis 
(1). Recently, the development of sensitive, specific HPLC (2) 
and GLC-MS (3)  assays have facilitated bioavailability (4-6) 
and pharmacokinetic (7-9) studies with chlorpheniramine. 
The metabolism of chlorpheniraminc has been investigated 
in dogs (10) and humans ( 1  I ) ,  and the effect of induced, 
constant urine pH and flow rate on the rate of excretion of the 
unchanged drug has been evaluated (12). In recent single- and 
multiple-dose urinary studies (9, 13, 14), no correlation was 
determined between uncontrolled urine pH and flow rate and 
chlorpheniramine excretion. We have recently modified an 
HPLC assay (2) for chlorpheniramine ( I ) ,  demethylchlor- 
pheniramine (II),  and didemethylchlorpheniramine (111) and 
have studied the pharmacokinetics and efficacy of chlor- 
pheniramine in children with severe perennial allergic rhinitis 
( 1  5 ) .  In this single-dose study ( 1  5), timed urine samples were 
also collected and the effect of uncontrolled urine pH and flow 
rate on the excretion of chlorpheniramine and two of its me- 
tabolites was evaluated. 


I :  Rj = R, = CH, 
11: R, = CH,, R1 =a H 


111: Ri = R, = H 


EXPERIMENTAL 


Patients--Chlorpheniramine was given to 1 1 patients with allergic rhinitis, 
mean age I I .O f 3.0 years and mean weight 39.6 f 9.2 kg. All patients had 
received regular chlorpheniraminc treatment for at least 6 months during the 


course of their rhinitis. but no patient had received it within 1 month of study. 
The protocol for this investigation was approved by the Faculty Committee 
of the University of Manitoba on the Use of Human Subjects in Research, 
and signed informed consent was obtained from the parents and the child 
before the study. 


Protocol-Children reported to the Children's Hospital Clinical Investi- 
gation Unit a t  0800 hours after an overnight fast. They had not received any 
medications in the preceding 72 h and were examined for nasal symptoms. 
After placement of an indwelling intravenous needle and withdrawal of 2 mL 
of blood, each patient received a single 0.1 2-mg/kg dose of a commercially 
available chlorpheniramine maleate syrup) with 120 mL of water. Uniform 
meals and snacks were served throughout the study, beginning 2 h after drug 
ingestion, and standardized activities were provided. Additional blood samples 
were obtained from the indwelling needle I ,  3, 6 ,9 ,  12, 15. 18. 24, and 30 h 
after chlorpheniramine ingestion. The serum was separated and frozen at 
-2OOC until the samples were analyzed. Urine samples were collected and 
pooled every 6 h for up to 48 h. The pooled samples were mixed well and 
measured; an aliquot was removed and frozen at -2OOC until the samples were 
analyzed. The pH was determined on each aliquot prior to drug analysis. 


Liquid Chromatographic Analysis of Chlorpheniramine (I), Demethyl- 
chlorpheniramine (II), and Didemethylchlorpheniramine (Ill) -One milliliter 
of test serum, urine, or control serum or urine containing standards was 
transferred into a 16 X 100-mm test tube, and IOOpL of internal standard 
solution (brompheniramine maleate. I pg/mL) was added. To this, 250 p L  
of 5% KOH and 5 mL of ether were added; the sample was mixed in a vortex 
mixer for 20 s and ccntrifuged for 1 min to separate the layers. The ether layer 
was transferred to a new 16 X 100-mm test tube containing 0.5 mL of 0.5% 
phosphoric acid. mixed, and centrifuged as before. With the aid of a metha- 
nol-dry ice bath, the aqueous layer was frozen and the ether layer discarded. 
When the aqueous layer was completely thawed the sample was made alkaline 
with 250 p L  of 5% KOH and extracted with 5 mL of ether again as before. 
The ether layer was transferred to a dry 13 X 100-mm test tube and evaporated 
at  25OC with the aid of dry nitrogen. The sample was redissolved in 100 p L  
of mobile phase, and 25-100 pL were injected directly into the HPLC. 


STANDARD BLANK CONTROL PATIENT SAMPLE 
I 


0 2  4 0  b 
TIME (min) TIME (min) TIME (min) 


Figure 1 -Chromatograms ofchlorpheniramine ( I /  and the inrernal standard 
(IS) in serum. 


I Chlortripolon Syrup; Schering Canada. Inc. 
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Table I-Serum Chlorpheniramine Levels in Children Following a 0.1 2-mg/kg Oral Dose of Chlorpheniramine Maleate 


Chlorpheniramine Level, ng/mL 
Patient Oh I h  3 h  6 h  9 h  12h 1 5 h  1 8 h  24 h 30 h 


1 1  5.1 17.7 15.8 13.1 11.9 11.8 9.0 7.4 7.4 - a  
5 0 8.4 18.5 12.8 9.4 10.0 7.9 9.3 8.9 5.7 
I 0.8 5.6 13.5 8.0 5.3 5.5 5.3 3.2 1.9 0 
4 0 8.7 10.5 8.1 5.2 4.5 3.1 1.5 1.1 0 
7 0 17.1 11.7 8.8 7.4 6.7 3.4 2.4 2.3 1.2 
8 0 12.0 12.0 9.6 6.3 - 4.4 - 2.7 1.8 ~ 


8.2 6.1 5.1 3.5 2.7 1.7 0 
- 7.6 4.5 9 0 14.5 12.0 13.5 12.1 8.6 6.0 


3 0 8 4  7.8 7.4 5.5 5.9 3.1 2.5 2.3 1.2 


2 0 5.6 14.1 


10 0 6.1 8.0 6.5 5.9 4.2 4.0 3.5 3.4 2.4 
6 0 2.5 9.2 13.9 9.8 10.1 9.8 6.9 6.2 5.6 


Mean 
f S D  


-. 


9.7 12.i 10.0 
5.0 3.3 2.8 


7.8 
2.7 


.. 


7.2 5.4 
2.7 2.5 


4.4 
2.8 


.~ 


4.1 2.3 
2.8 2.3 


- Sample not collected. 


A component HPLC system was used, consisting of an injector, a high- 
pressure pump, an absorbance detector with a fixed wavelength of 254 nm, 
and a data module2. A 30 X 0.39-cm reverse-phase Cl8 stainless steel column3 
was used. The mobile phase was 25% acetonitrile in 0.075 M phosphate buffer 
(NaHzP04), pH 2.5 (with H3P04). At a flow rate of 2 mL/min, retention 
times were: didemethylchlorpheniramine, 2.7 min; demethylchlorpheniramine, 
3.2 min; chlorpheniramine, 4.3 min; and internal standard, 5.0 min. With this 
procedure, drug concentrations as  low as 1 ng/mL were measured. 


Pharmacokinetic Dati-After the initial absorption peak there was a second 
lower peak on all the serum chlorpheniramine concentration uersus time plots. 
There were a limited number of data points, so most of the pharmacokinetic 
values were determined by model-independent methods (16). It was possible 
to determine a serum half-life by fitting the terminal linear portion of each 
curve to 


using the BMDP4 computer program where C,  is the serum concentration 
at  any time t ,  CPo is the serum concentration extrapolated to time zero ( to) ,  
and k ,  is the first-order elimination rate constant. The elimination half-life 
( t 1 / 2 )  was then calculated from: 


In 2 
t l / Z  = - 


ke 


STANDARD BLANK CONTROL 


51 


W 


P '  W 


' L 3  
a 
n w 


$ 2  t a 
1 


(Eq. 2) 


PATIENT SAMPLE 


TIME (min) TIME (min) TIME (min) 


Figure 2-Chromatograms of chlorpheniramine ( I ) ,  demethylchlorphenir- 
amine (11), didemethylchlorpheniramine (III).  and the internal standard (IS) 
in urine. 


2 U6K injector, 6000A pump, 440 absorbance detector, and a 7000 data module; 
Waters Associates, Milford, Mass. 


pBondapak; Waters Associates, Milford, Mass. 
BMDP-77, University of California Press, Berkeley, 1977. 


Total body clearance (CL) was calculated using: 
f. Dose C L = -  


AUC 
where f is the fraction of the dose adsorbed and AUC is the area under the 
serum chlorpheniramine concentration uersus time curve, calculated using 
the trapezoidal rule to time t,, to which the value CpJk was added to ex- 
trapolate to infinite time. The apparent volume of distribution (Vd)  was cal- 
culated using: 


CL Vd = - 
ke 


The excretion rate (ER) of chlorpheniramine and its two demethylated 
metabolites was calculated using: 


d x ,  E R = -  
dt 


where dXu was approximated by AXu or the average hourly amount excreted, 
calculated from each 6-h urine aliquot, and dt or At was 1 h. The urine flow 
rate (UFR) was calculated using: 


dvu UFR = - 
dt 


where V,  was the volume of urine voided in the 6-h period averaged to an 
hourly rate. 


Statistical Analysis-Correlations between urine pH, flow rate, and ex- 
cretion rate of chlorpheniramine or its two demethylated metabolites were 
determined using multiple linear regression analyses (1 7). Results were 
evaluated using the Student's paired and unpaired t tests (17). All calculations 
were performed on a programmable calculator5. 


RESULTS AND DISCUSSION 


Typical chromatograms of chlorpheniramine (I) in serum are shown in Fig. 
1. Chromatograms of I, 11, and I11 in urine are shown in Fig. 2. Calibration 
curves constructed by plotting the peak height ratio of I from serum to internal 
standard versus I concentration were linear ( r  = 1 .OO) over the concentration 
range of 0-30 ng/mL. Compounds I, 11, and I11 extracted from urine also 
yielded linear calibration curves when the peak height ratio of compound to 
internal standard was plotted uersus concentration. The slopes and intercepts 
of the calibration curves did not vary significantly throughout the period of 
analysis of all samples from this study. Serum chlorpheniramine concentra- 
tions are shown in Table I. 


The results of pharmacokinetic studies for each subject are shown in Table 
11. The mean elimination half-life for I of 13.1 f 6.6 h obtained in the study 
(15) was not significantly different (p = 0.05) from the mean value of 9.6 f 
3.6 h found in seven children given an intravenous dose of this drug (8). In 
adults, a wide range of elimination half-life values have been reported following 
oral (4-6) and intravenous (7,9) administration. The half-lifevalues in four 
studies, 20.96 f 4.94 h (4), 25.1 f 8.4 h (5),24.4 f 6.6 h (7), and 27.9 f 8.7 
h (9), were significantly longer (p 5 0.05) than the values in children. How- 
ever, half-life values of 17.3 f 4.4 and 14.6 f 3.4 h in another study in adults 
(6) were not significantly different (p = 0.05). Since some of the subjects in 
this latter study were <20 years of age, it is probable that elimination rates 
for 1 are age dependent. 


HP-67; Hewlett-Packard, Corvalis, Ore. 
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Table 11-Pharmacokinetic Parameters Calculated for Children Following a 0.1 2-mg/kg Oral Dose of Chlorpheniramine Maleate 


Age. Weight, k c ,  11/29 AUC, CL. Vd. Cmaa. t m a a .  
Patient Sex year kg h-I  h nL?/mL/h mL/min,'kg L/kg ng/mL h 


I I  F 6 
5 M 8 
I M 8.5 
4 M 9.5 
7 F 10 
8 M 10 
2 M 12.5 
9 M 13 
3 M 13 


10 F 14 
6 F 16 


Mean 11.0 
fSD 3.0 


29.0 0.04 17.3 
40.5 0.04 17.3 
28.3 0.1 I 6.3 
32.9 0.1 I 6.3 
49.5 0.06 11.6 
29.5 0.00 11.6 
39.3 0.09 7.7 
38.0 0.09 7.7 
54.6 0.06 11.6 
44.3 0.03 23.1 
50.0 0.03 23.1 
39.6 0.07 13.1 
9.2 0.03 6.6 


Chlorpheniramine was only administered orally to the children in this stud). 
so i t  was not possible to calculate the absolute bioavailability. The uncorrectcd 
values for clearance and volume of distribution were 7.23 f 3.1 6 ml./min/kg 
and 7.0 f 2.8 L/kg, respectively. When clearance values were calculated using 
a fraction of the dose absorbed of 0.6 (9). the mean value (4.32 f 1.92 
mL/min/kg) was not significantly different (I, = 0.05) from the value of5.39 
f 1.45 mL/min/kg obtained from a previous study in children (8) in  which 
thc dose was given intravenously. It wassignificantlydifferent (I, 5 0.05) from 
thc clearance rate of 7.92 f 1.81 mL/min/kg found in one other study i n  
adults (7). in which there was wide scatter in the serum chlorpheniramine 
concentrations cersus time plots. 


L'sing the same 0.6 fraction of dose absorbed (9). the mean apparent volume 
of distribution was 4.2 f 1.6 L/kg. This value was not significantly different 
( p  = 0.05) from those of4.30 f I .26 (8) and 3.4 f 0.3 L/kg (9) obtained in 
children and adults, respectively, given an intravenous dose of I. The uncor- 
rccted volume of distribution value of 7.0 f 2.8 L/kg obtained in these 1 I 
children was also not significantly different (I, = 0.05) from uncorrected values 
of 7.6 f 2.1 I./kg reported previously in  adults (4). 


The urinary excretion of I and its metabolism to I I  and I l l  has been reportcd 
( 1  3) and confirmed ( I  1 ). The recovery of unchanged drug and metabolites 
in 48-h urine samples is shown in Table 111.  The urine flow rate, pH, and ex- 
cretion rate values for I .  11, and 1 1 1  for each subject are shown in Table I\'. 
Kcpresentative plots of urine flow rate. pH, and excretion rates of chlor- 
phcniramine and its two demethylated metabolites uersus timc are shown in 
Fig. 3. Urine flow rates and pH were not controlled in this study and ranged 
from 2.2 to 1 13.3 mL/h and 5.1 -7.9. respectively, over the 48-h study period. 
I n  some of the children, urine flow rate and pH were constant (Fig. 3a), while 
in  others they were quite variable (Fig. 3b). 


Since urine collection intervals varied from study to study ( I  2- 14) i t  was 
difficult to compare drug rccoveries. In adults, recoveries of unchanged drug 
in  24-hpooledurinesampleswere4.5-1 l%(l2),5.2%(13),and5.5-15%(14) 
as compared with I 1.29 f 6.68% (4.1 3-25.62%) in 48 h in  these children. In 
adults 10.4% (14) and 13.2% ( I  3) was recovcrcd as demcthylchlorpheniramine 
in 24 h compared with 23.30 f 11.06% (8.40-45.51%) in 48 h in this study. 
The didemethylchlorpheniramine accounted for only 3.69G (14) and 5.8% ( I  3) 
of the dose in adults in 24 h, while 9.60 f 9.44% (1.20-29.20%) of the dose 
was recovered in  the young patients in 48 h. The results were similar despite 


Table Ill-Percentage of a 0.12-mg/kg Oral Dose of Chlorpheniramine 
Maleate Recovered in Urine at 48 h 


~ 


Dose." Illb, 11'.  1, Dose Kecovercd 
Patient mg 70 % % in 48 h, % 


I I 2.45 2.32J 45.5Id 25.626 
5 3.41 1.90 13.16 12.90 
I 2.71 23.29 33.20 9.8 1 ~. ~~ . -. ~~ - 
4 2.78 8.80 22.25 4.13 
7 4.15 29.20 34.13 5.50 
8 2.50 15.20 29.80 14.90 
2 3.30 11.48 20.07 4.63 
9 3.21 1.62 15.82 19.74 
3 4.68 6.05 16.29 7.12 


10 3.73 4.57 17.42 10.88 
6 4.22 1.20 8.40 9.00 


Mean 3.38 9.60 23.30 11.29 
fSD 0.75 9.44 11.06 6.68 


73.456 
28.20 
66.29 
35.18 
68.86 
59.84 
36.15 
37.17 
29.46 
32.87 
18.60 
44.19 
19.10 


a As chlorpheniramine ( I )  free base. Pcrcent of dose recovered as didemcthyl- 
chlorpheniramine ( I l l ) ,  expresscd as chlorpheniraminc equivalents. Percent of dose 
recovered as demethylchlorpheniramine (11 I ,  expresxd as chlorpheniraminc equivalents. 


Control ur ine  from this palient showed traces of chlorphcniramine and metaboli~es 
by I1PLC and TI.<:. 


432.56 
430.37 
149.48 
117.15 
173.34 
187.94 
14.5.31 
303.38 
141.85 
21 I .58 
414.75 
246.16 
125.42 


3.62 
3.26 


10.68 
12.02 


7.5 I 
9.63 
4.64 


10.07 
6.63 
3.39 
1.23 
3.16 


8.06 


4.9 17.7 1 
4.9 18.5 3 
5.8 13.5 3 
6.6 10.5 3 
8. I 17.1 I 
7.5 12.0 I 
6.4 14.1 3 
3. I 14.5 1 


10.1 8.4 I 
13.3 8.0 3 
6.8 13.9 6 
7.0 13.5 2.5 
2.8 3.5 I .5 


the differences in the collection intervals. In  the present study, 44.19 f 19.10% 
( I  8.60-73.45%) of the dose was recovered in 48 h. However, since only four 
subjects had half-life values <8 h and some had half-life values as long as 23 
h. i t  is not valid to assume that the 48-h recovery accounts for all drug and 
metabolites in  urine following this single oral dose. I n  the four subjects with 
half-life valucs <8 h. 48-h urinary recovery ranged from 35.1 8 to 66.2%. The 
missing 34-65% of the dose was assumed to be eliminated as unextractable 
metabolites (14). I n  the dog, oxidative deamination accounted for a fraction 
of these metabolites. as 1 1% was identified as 3-(p-chlorobcnzyl)-3-(2-pyri- 
dy1)propanol and 18% as the corresponding propionic acid (10). These me- 
tabolite$ have not been identified in humans ( I  I ) .  


The effect of urine pH and flow rate on the excretion of chlorpheniramine 
and its metabolites has been reported following single- and multiple-dose 
studies ( 1  2- 14). When the urine was acidic. significantly more chlorphenir- 
amine was excreted as unchanged drug than when the urine was alkaline 
( 1  2 14). I n  addition, although the demcthyl metabolite was similarly affected, 
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Figure 3-Urinary excretion rates (Fg/h) of chlorpheniramine (a), dem- 
ethylchlorpheniramine (A), and didemethylchlorpheniramine (A). urine /low 
rates (mL/h) (X). and urine pH (a) plotted versus time in young subjects given 
0.1 2 mg/kg of drug orally. 


Journal of Pharmaceutical Sciences 1 597 
Vol. 73, No. 5. May 1984 







Table IV-Urine Flow Rates, pH, and Excretion Rates of Chlorpheniramine (I), Demethylchlorpheniramine (11), and Didemethylchlorpheniram$e (111) in 
11 Patients Given a 0.12-mg/kg Oral Dose of Chlorpheniramine Maleate 


Time, h 
Patient 6 12 18 24 30 36 42 48 


1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


11 


Urine flow rate. mL/h 
I ,  


PH 
Excretion rate, pg/h 


I 
ii 
111 


I1  
111 


I1 
111 


Urine flow rate, mL/h 


Excretion rate, pg/h 
PH 


I 
11 
I11 


Urine flow rate, mL/h 


Excretion rate, pg/h 
PH 


I 
11 
I l l  


Urine flow rate, mL/h 
PH 
Excretion rate, Fg/h 


I 
I1 
111 


Urine ffow rate, mL/h 


Excretion rate, pg/h 
PH 


I 


ir 
111 


Urine flow rate, mL/h 
PH 
Excretion rate, pg/h 


1 
i i  
111 


Urine flow rate, mL/h 
PH 
Excretion rate, pg/h 


I 
11 
111 


Urine flow rate, mL/h 


Excretion rate, pg/h 
PH 


I 
i r  
I l l  


45.0 
6.5 


4.8 
6.9 
4.0 


103.3 
6.8 


10.7 
10.8 
2.8 


113.3 
5.6 


10.6 
8.5 
2.8 


83.3 
7.2 


4.6 
6.2 
0.0 


52.5 
6.3 


10.2 
2.6 
0.4 


54.2 
6.3 


11.4 
2.3 
0.0 


97.5 
6.6 


7.0 
12.1 
12.2 
71.7 


6.2 


16.3 
13.7 
7.0 


91.7 
7.3 


7.2 
6.3 
2.4 


58.3 
6.2 


17.6 
9.8 
1.2 


18.3 
6.3 


16.8 
18.5 


20.0 
5.3 


15.1 
29.2 
15.5 
50.0 
6.5 


4.0 
18.8 
6.0 


34.2 
5.3 


22.5 
23.5 


3.9 
53.3 
6.6 


3.3 
12.9 
3.3 


21.6 
5.6 


16.7 
5.7 
0.5 


63.3 
7.9 


1.9 
3.9 
1.6 


35.8 
7.6 


1.7 
11.8 
9.5 


30.8 
5.2 


15.7 
18.0 
7.5 


30.0 
6.2 


21.2 
9.5 
1.1 


29.2 
6.6 


25.1 
8.1 
1.2 


16.7 
5.6 


12.8 
16.5 


0.4 0.5 


8.3 
5.3 


10.0 
21.5 
11.7 
45.8 


6.5 


3.4 
21.2 
8.3 


35.0 
5.3 


12.0 
26.2 


5.9 
35.8 
6.0 


4.8 
21.9 


5.2 
18.3 
5.7 


13.6 
11.7 


I .o 
15.0 
5.8 


11.5 
8.7 
0.7 


18.3 
6.2 


7.6 
37.2 
31.5 
23.0 


5.6 


5.4 
18.2 
8.2 


14.7 
5.6 


28.6 
14.1 
0.9 


25.0 
6.0 


6.9 
16.4 
2.9 


16.7 
5.7 


18.9 
30.9 


1.2 


9.2 
5.5 


6.4 
17.8 
10.6 
24.2 


5.6 


3.6 
28.0 
13.5 
33.3 


5.6 


4.8 
22.5 


5.7 
25.0 


5.7 


3.9 
22.6 


7.3 
22.5 
6.1 


9.3 
9.3 
1 .o 


16.7 
5.2 


23.3 
13.2 


1 .o 
13.3 
5.4 


8.2 
36.4 
30.1 
29.2 
5.0 


9.8 
21.5 
10.4 
15.0 
6.0 


18.0 
12.0 
0.6 


25.0 
5.7 


7.5 
21.7 


4.8 
17.5 
5.9 


13.4 
22.3 


0.9 


17.5 
5.9 


1.9 
15.3 
9.1 


57.5 
6.9 


1.1 
8.7 
5.3 


69.2 
7.3 


1.3 
7.6 
3.1 


38.3 
7 .O 


- 
6.2 
2.5 


17.5 
5.7 


6.8 
8.2 
1 .o 


31.7 
7.6 


0.9 
3.0 
0.2 


13.3 
7.3 


2.7 
22.4 


8.6 
20.0 
5.2 


8.1 
15.0 
6.5 
8.3 
5.9 


4.5 
3.9 
0.3 


33.3 
6.1 


2.6 
11.0 
3.1 


16.7 
6.6 


8.1 
13.9 
0.9 


13.3 
5.5 


2.5 
17.6 
12.8 
21.3 


6.7 


0.4 
4.4 
4.2 


48.3 
7.0 


1.3 
6.8 
3.8 


35.0 
6.5 


0.77 
9.2 
4.5 


19.2 
5.9 


5.7 
5.7 
1.3 


23.3 
7.0 


2.2 
4.9 
0.8 


105.3 
7.0 


3.5 
32.0 
22.0 
68.3 
6.3 


3.3 
10.3 
5.5 


35.0 
7.2 


3.9 
6.1 
0.7 


33.3 
6.6 


1.7 
8.8 
3.1 


16.7 
5.7 


9.2 
19.8 


1.3 


16.7 
5.5 


2.0 
20.9 
18.9 
63.3 


6. I 


1.4 
13.0 
13.6 
60.8 


6.6 


1.2 
12.8 
8.3 


18.3 
5.8 


0.55 
6.6 
4.1 


14.2 
5.9 


4.1 
7.1 
1.1  


25.0 
6.0 


5.5 
13.3 


1.7 
22.5 


6.7 


2.0 
23.4 


7.8 
18.3 
5.6 


0.9 
12.1 
7.5 
2.2 
6.6 


10.3 
14.5 
0.9 


16.7 
6.1 


2.8 
13.9 
5.4 
6.7 
5.5 


13.0 
27.5 


1.6 


8.3 
5.2 


1.7 
13.1 
11.5 
40.0 


5.2 


1 .o 
18.8 
19.2 
42.5 


6.0 


1.9 
12.9 
8.7 


37.5 
5.5 


1.3 
12.4 
9.5 


34.2 
6.0 


7.3 
19.8 
3.2 


26.7 
6.0 


6.7 
11.7 


1.7 
42.5 


6.8 


5.7 
48.8 
61.4 
18.3 
5.1 


2.5 
15.4 
10.7 
16.7 
5.9 


11.9 
14.1 
0.8 


18.3 
5.7 


3.4 
13.1 
3.8 


11.7 
5.6 


12.3 
26.9 


1.9 


the excretion of the didemethyl metabolite appeared to be minimally affected 
by pH (14). When urinary pH was maintained in the acidic range, the urinary 
excretion of unchanged chlorpheniramine was dependent on urine flow rate. 
This effect can be explained by the theory that the epithelium of the distal 
convoluted kidney tubules is selectively permeable to the unionized base ( I  2). 
The effect of urine flow rate on the two demethylated metabolites has not been 
evaluated to date. 


To evaluate the effect of urine flow rate and pH on the excretion rate of I, 
11, and 111, a comparison was made between linear regression analyses of ex- 
cretion rate uersus urine flow rate and excretion rate uersus urine pH and 
multiple linear regression analysis of excretion rate uerms both urine flow 


rate and pH. These calculations were performed on all experimental values 
and on results obtained after 12 h only. It was assumed that chlorpheniramine 
absorption would be complete by this time and that a better correlation might 
be obtained in the postabsorption phase. The correlation coefficients ( r )  cal- 
culated for the single and multiple regression analyses are shown in Table 
V. 


For chlorpheniramine, the mean results obtained from the postabsorption 
data were virtually identical to the mean results obtained from the total data. 
The mean correlation coefficient obtained from the multiple linear regression 
analysis, r = 0.66 f 0.15, was significantly better (J 50.05) than thevalues 
obtained from the urine flow rate data, r = 0.32 f 0.21, and from the urine 
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Table V-Correlation Coefficients Calculated from Single and Multiple Linear Regression Analysis of Excretion Rate versus Urine Flow Rate and Urine 
pH in 1 I Patients Given a 0.12-mg/kg Oral Dose of Chlorpheniramine Maleate 


Chlorpheniramine ( I )  Demethylchlorpheniraminc ( I  I )  Didcmcthylchlorpheniramine ( I l l )  
Multiple Urine Urine Multiple Urine Urine Multiple Urine Urine 


Re ressions Flow Rate H Re ressions’ Flow Rate H Regressionso Flow Rate H 
Patient & All > 1 2 h  All ’>12h All: > I 2  h All > I 2  h All > I 2  h All > I 2 h  All > 1 2 h  AllP  > I 2  h 


I 0.60 0.66 0.02 0.61 0.27 0.33 0.75 0.24 0.48 0.06 0.11 0.09 0.75 0.89 0.54 0.33 0.73 0.22 
2 0.75 0.23 0.75 0.12 0.29 0.22 0.65 0.67 0.05 0.19 0.64 0.19 0.95 1.00 0.37 0.07 0.88 0.96 
3 0.75 0.79 0.20 0.65 0.75 0.79 0.93 0.95 0.66 0.76 0.78 0.94 0.43 0.58 0.42 0.26 0.09 0.47 ~~ .. . 4 0.54 0.26 0 . G  0.18 0.36 0.14 0.57 0 .53  0.32 0.00 0.56 0.48 0.90 0.94 0.63 0.06 0.90 0.82 
5 0.68 0.39 0.43 0.11 0.35 0.07 0.11 0.96 0.11 0.92 0.10 0.08 0.10 0.92 0.06 0.91 0.10 0.38 
6 0.85 0.87 0.36 0.77 0.83 0.85 0.80 0.98 0.66 0.43 0.77 0.90 0.1 I 0.81 0.06 0.06 0.1 I 0.58 
7 0.85 0.83 0.26 0.60 0.83 0.82 0.48 0.39 0.34 0.38 0.47 0.34 0.38 0.32 0.31 0.32 0.34 0.23 
8 0.69 0.71 0.38 0.78 0.00 0.49 0.77 0.75 0.44 0.45 0.72 0.73 0.70 0.77 0.53 0.54 0.70 0.77 ~~ ~ ~~ 


9 0.70 0.86 0.30 0.35 0.63 0.28 0.46 0.59 0.37 0.13 0.46 0.32 0.98 0.69 0.94 - 0.59 0.06 
I0 0.53 0.66 0.45 0.20 0.41 0.63 0.Xl 0.74 0.44 0.39 0.79 0.73 0.79 0.68 0.72 0.68 0.58 0.37 
1 I 0.34 0.58 0.11 0.45 0.21 0.51 0.68 0.82 0.51 0.43 0.24 0.82 0.74 0.82 0.73 0.73 0.52 0.70 


Mean 0.66 0.62 0.32 0.34 0.45 0.46 0.64 0.62 0.40 0.48 0.51 0.50 0.69 0.77 0.38 0.39 0.51 0.51 
f S D  0.15 0.23 0.21 0.27 0.27 0.27 0.23 0.32 0.19 0.28 0.26 0.30 0.24 0.19 0.28 0.29 0.33 0.28 


a Excretion rate to both urine flow rate and pH. Analysis on all data points. Analysis on data points after I 2  h only (assuming oral absorption was complete). 


pH data, r = 0.45 f 0.27. The dependence of chlorpheniramine excretion rate 
on both urine flow rate and urine pH, even in patients where these parameters 
were not controlled, was clearly demonstrated. 


The results obtained from the regression analysis of the dcmcthylchlor- 
pheniramine data were similar. There was no difference between results ob- 
tained from the postabsorption data and the total data. The mean correlation 
coefficient from the multiple linear regression analysis, r = 0.64 f 0.23, was 
significantly better (p I 0.05) than the value from the urine flow rate data, 
r = 0.40 f 0.19, but not significantly improved (p = 0.05) from the urine pH 
data, r = 0.51 i 0.26. Demethylchlorpheniramine appeared to be more de- 
pendent on urine pH than on urine flow rate. 


For didemethylchlorpheniramine, the mean correlation coefficient for 
multiple linear regression analysis from the total data, r = 0.69,f 0.24, was 
not significantly improved (p = 0.05) from the results obtained for urinc flow 
rate, r = 0.38 f 0.28, or urine pH, r = 0.51 f 0.33. However, for the post- 
absorption phase data, the mean multiple linear regression analysis correlation 
coefficient, r = 0.77 f 0.19 was significantly better (p 5 0 . 0 5 )  than that ob- 
tained from the urine flow rate data, r = 0.39 f 0.29, or from the urine pH 
data, r = 0.51 f 0.28. Didemethylation is probably a sequential metabolic 
pathway so this metabolite would be formed from demethylchlorpheniramine 
and would be dependent on the rate of formation of demethylchlorpheniramine 
from chlorpheniramine. For this reason, the results from the data after 12 h 
were more consistent ( r  = 0.77 f 0.19) than those obtained from the total data 
( r  = 0.69 f 0.24). From that time, absorption of chlorpheniramine would 
probably be complete, and the rate of demethylchlorpheniramine formation 
would be constant or steadily decreasing as the amount of chlorpheniramine 
decreased. 


These results confirm that the chlorpheniraminc excretion rate is dependent 
on urine flow rate and pli (12-14). Demethylchlorpheniramine appears to 
be more dependent on urine pH than on urine flow rate, and didemethyl- 
chlorpheniramine may also be dependent on both urine flow ratcand pH. Since 
urine pH has been reported to have a minimal effect on didemethylchlor- 
pheniramine excretion (14). further studies are required to confirm these 
findings. 


Currently recommended doses for chlorpheniramine are 4-8 mg four times 
daily. The results of this study, the long chlorpheniramine half-life values (4-9, 
15). and the prolonged biological effects ( 1  5) of chlorpheniramine suggest 
that in current dosage regimens chlorpheniramine may be prescribed more 
frequently than required to produce beneficial effects while minimizing adverse 
effects. In patients where urine pH may be chronically elevated and urine flow 
rate reduced, elimination of both the unchanged chlorpheniramine and its 
metabolites may be further decreased. 
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Abstract 0 The bioavailahility of topically applied pilocarpine is poor 
due to various loss mechanisms that serve to lessen delivery of the drug 
to the aqueous humor. Precorneal drainage and other routes of loss have 
been investigated qualitatively as well as quantitatively. The mechanistic 
models proposed to date suffer from the drawback of being dependent 
on our understanding of the mechanism of drug transport through the 
corneal membrane. This report quantifies the initial disposition of top- 
ically applied drugs and their availability for systemic and local ab- 
sorption. The rate constant for the conjunctival absorption is determined 
and is independent of the mechanism of transcorneal transport. 


Keyphrases o Pilocarpine-quantitative evaluation, topically applied 
in the precorneal area, bioavailahility, disposition Bioavailability- 
quantitative evaluation of topically applied pilocarpine in the precorneal 
area, disposition 0 Disposition, precorneal-quantitative evaluation of 
topically applied pilocarpine, bioavailability 


The precorneal disposition of pilocarpine greatly in- 
fluences its bioavailability. The factors that affect the 
concentration of a topically applied drug solution in the 
precorneal area are shown schematically in Fig. 1. 


When a drug is instilled into the eye, a large loss occurs 
uia drainage. The normal resident tear volume in rabbits 
is reported to be 7.5 PI, ( I ) ,  only slightly larger than that  
in humans. The normal dropper used commercially in 
ophthalmic drug solutions delivers -40-50 PI,. Since the 
cul-de-sac of the eye cannot hold such a large volume of 
liquid, a substantial portion of the drop is lost due to  ov- 
erflow. The remainder is immediately subjected to  a 
physiological drainage mechanism. This drainage is pro- 
portional to the excess volume and continues until the total 
tear volume is restored to the normal lacrimal volume in 
-5 min, independent of the drop size (1). Another route 
of drug loss in the precorneal area is the normal tear 
turnover which is -15-16%/min in humans (2, 3) and 
-9%/min in rabbits (1). Tear turnover serves to dilute the 
drug and hence, reduce the gradient for transport through 
the cornea. An additional, associated problem is that of 
induced lacrimation. For reasons of stability, most mar- 
keted pilocarpine solutions are a t  a pH of4-5. The physi- 
ological pH of the tear fluid is much higher, -7.47 (4).  
Since the average dose size is much greater than the vol- 
ume of the tears, the drug solution overwhelms the buf- 
fering capacity of the tear film, resulting in an increased 
production of tears. 


Other factors influencing the precorneal disposition of 
pilocarpine include drug-protein interactions (5). Al- 
though the protein binding is reversible, the tear turnover 
removes both free as well as bound drug. A factor that 
enhances bioavailability to some extent is the evaporation 
of tears. The rate of evaporation from the eye of the rabbit 
is 2.8 pL/h/cm2 (6). Evaporation of tears serves to increase 
the concentration of the drug in the tear film and, hence, 
increase the gradient for productive absorption. 


A precorneal factor of great importance with regard to  


0022-3549/84/ 0200-02 19$0 1.OOf 0 


the toxicological effects of topically applied drugs is the 
loss through the conjunctiva. The conjunctival area is -6 
times larger than the corneal area and is highly vascular- 
ized. Therefore, the conjunctiva can be a major route for 
entry of the drug into systemic circulation. 


A mechanistic representation of the precorneal area, 
presented by Himmelstein et al .  (7), took into account the 
volume-dependent drainage and the effect of tear turnover 
based on the work of Chrai et al. (1). The corneal transport 
of the drug was assumed to be uia a linear diffusional 
first-order clearance parameter. Although conjunctival 
absorption was not considered, a framework was estab- 
lished for a mechanistic understanding of the drug dis- 
position from topical instillation to  reaching the aqueous 
humor. The model proposed by Makoid and Robinson (8) 
used a first-order elimination term to describe loss from 
the precorneal area. The major disadvantage of their model 
is that it does not consider volume-dependent drainage 
from the precorneal area; the cornea was assumed to be a 
homogeneous membrane. Lee and Robinson (9) exten- 
sively describe pilocarpine disposition in the precorneal 
area. They considered the corneal epithelium as a separate 
drug-containing tissue and included the stroma and the 
endothelium with the aqueous humor. This was done to  
incorporate the findings of Seig and Robinson (10) that the 
cornea acts as both a barrier as well as a depot for the drug. 
Miller (11) proposed a pharmacokinetic model to describe 
the fate of pilocarpine in the internal eye. The precorneal 
area in the model was not treated mechanistically. The  
concentration of pilocarpine in the tear film was measured 
experimentally and used as a forcing function for corneal 
transport. Mishima (12) has reviewed the literature on the 
topical administration of ocular drugs. The concentration 
of the drug in the tear film was assum$d to decrease ex- 
ponentially with time and the corneal uptake was assumed 
to  be governed by either a first-order mass transfer coef- 
ficient or by partitioning of the drug into the epithelial 
barrier. 


Due to  the complex nature of the corneal membrane, a 
mechanistic understanding of the transport of ocular drugs 
through the cornea is severely limited. The in uitro ex- 


Increase Bioavailability Decrease Bioavailability 


Drainage 


Normal Tear 
Turnover 


Drug-Protein 
Interaction 


PRECORNEAL AREA li( Conjunctival Absorption 


Corneal Abrorption 


Evaporation of Tears 


Figure I -  I ' r e ~ ~ r n e a l  factors that in/luencc. bioaoailabilify o/topical ly  
applied ophthalmic drugs. 
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p n  Nonproductive Loss t Table  I-Concentration of Pilocarpine in t h e  Precorneal Area  
Following Topical Instillation of 25 pL of 1.00 X lo-* M 
Pilocarpine Ni t r a t e  * 


I Mechanism of Corneal Transport 


AQUEOUS HUMOR U 
Figure  2-Schemctic diagram of the proposed model for drug dispo- 
sition in the precorneal area. 


perimental data obtained by Mosher and Mikkelson (13) 
for the corneal transport of the n-alkyl p-aminobenzoates 
indicate that corneal transport is by diffusion through a 
trilaminate consisting of the epithelium, stroma, and the 
endothelium. Since the epithelium and the endothelium 


Pilocarpine Concentration in 
Minutes Tears, pglmLh 


1690 (120)' 
830 (220) 
330 (90) 
170 (40) 
8 2  (26) 


Taken from Ref. 6. Concentrations are based on pilocarpine alkaloid and are 
the average of seven determinations. Numbers in parentheses are the S E M .  


The mass balance for pilocarpine in the tear fluid is given by: 


Rate of change Rate of transfer Rate of 
of mass in 
tear fluid flow drainage 


= inby  - IOSS by 


Kate of Rate of 


loss loss 
- nonproductive - productive (Eq. 4) 


The  productive loss from the precorneal area is the drug transported 
to the aqueous humor. The  rate of this productive loss is estimated as 
follows. Figure 3 shows the experimentally obtained levels of pilocarpine 
(14) in the aqueous humor after topical administration of 25 pL of a 1.00 


are more lipid in nature than the stroma, the partitioning 
and solubility of the drug in the individual laminates are 
important factors governing the transport* However, due 
to  experimental difficulties, the individual resistances of 
the corneal membranes have not been estimated. In the 
pharmacokinetic models proposed to date, various sim- 
plifying assumptions have been made concerning the 
transport through the cornea. The rate constant describing 
the loss of drug through the conjunctiva is thus a function 


X lo-' M pilkarpine solution in the rabbit eye. It is seen from the figure 
that, for the first 5 min after instillation of the drug, the concentration 
in the aqueous humor increases approximately linearly with time. Thus, 
for the initial 5 min, the rate of productive loss is a constant. It should 
be noted that only the first 5 min postinstillation are critical with regard 
to defining the concentration gradient for drug between the precorneal 
area and the cornea. Table I shows the concentrations of pilocarpine in 
the tear film determined experimentally by Miller (6). It can be seen that 
the drug concentration drops to  <4% of its initial value in 5 min. The 
initial concentration for a 25-wL dose of 1.00 X M pilocarpine is 
2083.5 pg/mI,. Seig and Robinson (10) have also reported that rinsing 


of these assumptions. 
Here, a detailed model for the precorneal area is pre- 


sented without making any assumptions about the 
mechanism of corneal transport. On the basis of the model, 
disposition of pilocarpine due to various factors are esti- 
mated quantitatively. 


THEORETICAL 


The proposed model for the precorneal area is shown schematically 
in Fig. 2. It can he considered as an extension of the model proposed by 
Himmelstein et al. (7) and 1,ee and Robinson (9), taking into account the 
volume-dependent drainage Itss. The nonproductive loss is described 
by a first-order rate constant, pn, and is primarily the conjunctival ab- 
sorption. The analysis of the proposed model differs from previously 
reported analysis in the estimation of the corneal drug uptake, which is 
determined directly from experimentally reported pilocarpine levels in 
the aqueous humor (14). 


The differential equation governing the concentrations of pilocarpine 
in the precorneal area is dweloped in a manner analogous to that of 
Himmelstein P t  al. (7). A mass balance for the amount of tear fluid in the 
precorneal area (Eq. 1) is made assuming that the solution has the density 
of water and that the nonproductive and productive loss of pilocarpine 
do not significantly affect the tear fluid volume: 


Hate of Rate of Rate of 
flow flow 


fluid volume - in - out (Eq. 1) change in - 


the precorneal area 5 min after dosing has no effect on the ocular bio- 
availability of topically applied pilocarpine. 


From Fig. 3 ,  the slope of the aqueous humor concentration profile, 
assuming it to be linear for the first 5 min, was calculated to  be 0.0960 
pg/mL-min. Since the volume of the aqueous humor is 0.311 mL, the rate 
of loss of drug into the aqueous humor or the rate of productive loss in 
Eq. 4 is calculated to be 0.0299 pglrnin. The assumption that the aqueous 
humor concentration profile is linear over the first 5 min is arbitrary and 
is justified on an empirical basis. In fact, this study attempts to obtain 
the precorneal factors without making any assumptions about the nature 
of transcorneal transport. Equation 4 can now be written as: 


-- dV'C' - 0 - [Q, + k ( V t  - Vo)IC, - pnC, - 0.0299 (Eq. 5) dt 
By taking the indicated derivative and substituting the value of V, from 
Eq. 3 into this expression, a simplified relationship is obtained: 


d('{ -Q[('t - pnCt - 0.0299 
(Eq. 6) _ -  - 


dt V,i exp(-Kt) + Vo 
Equation 6 can he solved analytically as: 


where C is the constant of integration to he determined from the initial 
condition, uiz., (', = 208:3.5 pglml, at  t = 0. 


Table  11-Parameters of t h e  ProDosed Model 


where V, is the total volume in the precorneal area a t  any given time; Vo 
is the normal resident tear volume; Q, is the normal tear production rate; 
and K is a proportionality constant that is a function of the instilled drop 
size, vd. Equation 2 has been solved analytically (1,7) subject to the initial 
condition, V,  = v d  + Vo a t  t = 0: 


Reference Parameter Value 


v o  
v d  
Veh' 


1 
Experimental 


c 


0.66 pII,/min n 


1 
(estimated in terms of the model) 


(0.25 + 0.01 1 3  vd) min-l 
Q;"' 
K 
P" 


(Eq. 3 )  Volume in the aqueous humor  
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Figure 3-Experimental Pilocarpine Concentration.? in the Aqueous 
Humor (pH 6.24). Taken from Ref. 12. 


RESULTS AND DISCUSSION 


Except for the rate constant for nonproductive loss, p n ,  all other pa- 
rameters of the present model are known from experimental measure- 
ments. The value of K is taken as that obtained by Chrai et al. (1); the 
values used and their sources are given in Table 11. The first-order rate 
constant for the nonproductive absorption, pn, was evaluiited in terms 
of the present model. Since Eq. 6 describing the concentration profile of 
pilocarpine in the precorneal area is nonlinear, the method of Pattern 
Search (15) was used to determine pn. The objective function was for- 
mulated as: 


J = Z (Cr.erp - Ct,rnode~)' (Eq. 8) 
nll d e b  


The experimental data obtained by Miller (6) ,  presented in Table I, was 
used for Cl,exp. Since the concentration of pilocarpine in the precorneal 
area a t  t = 0 was used as the initial condition to numerically solve Eq. 6, 
the precorneal concentration profile is forced to pass through the point 
(0.0,2083.5). The value of pn for which the objective function is minimum 
was found to be 8.84 pL/min. 


The model-generated tear film pilocarpine concentration profile is 
plotted in Fig. 4. For comparison, the profiles obtained experimentally 
by Miller (6) and Lee and Robinson (9) have also been plotted in Fig. 4. 
Lee and Robinson simulated their profile with a value of 8.38 pL/min for 
the nonproductive loss parameter. It can he seen that the model predicts 
the experimental data very well. The slight curvature in the tear film 
pilocarpine concentration profile is also accounted for by the proposed 


t 


t t 
10' I l l  


0 1 2 3 4 5 
MINUTES 


Figure 4-Experimental [Lee and Robinson, 1979 (*); Miller, 1980 
(A)] and theoretical concentrations, according to the model (-), of 
pilocarpine in the tear film. 


model. This curvature indicates that the decline of pilocarpine concen- 
tration in the tear film is not a first-order process. 


At this point, a distinction is made concerning the amount of pilocar- 
pine in the precorneal area and the concentration of pilocarpine in the 
tear film. Evaluating the precorneal loss factors with respect to amount 
as well as concentration of the drug is important, since the concentration 
of the drug in the precorneal area determines the driving force for the 
corneal ahsorption and the amount of drug lost to the conjunctiva de- 
termines the amount that is available for systemic absorption leading 
to undesirable toxicological effects of the drug. 


The relative amounts of loss of pilocarpine to the various loss mecha- 
nisms considered in the present model can be obtained by integration 
of each of the terms in the right-hand side of Eq. 4. This integration was 
done numerically using the composite Simpsons' rule (Table 111). The 
above analysis shows that for 25 pL of a 0.01 M dose instilled into the eye, 
52.2% is absorbed by the conjunctiva. I t  should be noted from Table 111 
that up to 1 min postinstillation, the loss of pilocarpine uia drainage is 
comparable with the loss due to conjunctival absorption. However, after 
1 min postinstillation, the nonproductive loss is greater than that due 
to drainage. As mentioned earlier, drug absorbed by the conjunctiva gets 
into systemic circulation. 


The contributions of the various precorneal factors to the decrease in 
the concentration of pilocarpine in the tear film is evaluated similarly 
by integrating the components on the right-hand side of Eq. 6 (Table IV). 
It is seen that the conjunctival ahsorption contributes 92.574 of the total 
decrease in pilocarpine concentration a t  the end of the first 5 min post- 


Table 111-Precorneal Disposition of Pilocarpine Following the  Topical Instillation of 25 pL of 1.00 X M Pilocarpine Nitrate  


Amount in 
Productive Loss Due to Nonproductive Drainage Precorneal 


Minutes Loss Tear Turnover, pg Loss Loss Area 


0 
0.0299 
0.0598 
0.0897 
0.1196 
0.1 496 


0 
1.1689 
,9322 


2.3579 
2.5589 
2.6398 


0 
15.6574 
25.8825 
31.5846 
34.2767 
35.3607 


0 67.7144 
18.5671 32.2911 
25.7324 14.1074 
28.0953 5.5868 
28.7550 2.0042 
28.9120 0.6524 
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Table IV-Contributions of Precorneal Factors  i n  the Decrease 
of Pilocarpine Concentration in  the Tear Film Following 
Topical Instillation of 25 uL of 1.00 X lo-* M PilocarDine Nitrate  


Concentration 
Loss Due to Non- in 


Min- Productive Tear Turnover, productive Precorneal 
U t e s  Loss u d m L  Loss Area 


0 0 0 0 2083.5198 
1 1.1258 43.5164 582.9035 1455.9741 
2 2.7230 83.7475 1121.8004 875.2490 
3 4.8423 113.5022 1520.3654 444.8103 
4 7.4670 130.9236 1753.7251 191.4049 
5 10.5208 139.1052 1863.3178 70.5768 


instillation. Thus, it should be noted that although drainage is responsible 
for 42.7% of the total amount of drug instilled, it is the conjunctival ab- 
sorption that is primarily responsible for the dramatic fall in the tear film 
pilocarpine concentration. The tear turnover is next in importance, 
contributing 6.9% of the decrease of concentration. Due to the rapid de- 
cline of drug concentration in the tear film, there is considerable loss of 
the driving force for productive drug absorption resulting in the poor 
bioavailability of topically administered drugs. Thus, decreasing the 
nonproductive loss of drug through the conjunctiva is as important a 
consideration as is circumventing the drainage loas in attempts to increase 
the bioavailability. 


CONCLUSIONS 


A model has been presented to account for the precorneal disposition 
of topically applied pilocarpine solutions. Due to the unknown nature 
of transcorneal penetration, the precorneal model was solved without 
making any assumptions about the mechanism of corneal transport. 
Experimentally obtained aqueous humor pilocarpine concentrations were 
used to obtain the rate of productive absorption. The rate constant for 
nonproductive loss, pn. was found to be 8.84 wL/min, comparable with 
that used by Lee and Robinson (9). 


Analysis of the model leads to a clearer understanding of the relative 
importance of the precorneal factors in reducing both the amount of drug 
in the precorneal area and the concentration of the drug in the tear film. 
I t  was shown that the conjunctival absorption is an important factor in 
reducing the amount of drug in the precorneal area and is the single-moat 
important factor responsible for the reduction of drug concentration in 
the tear film and, hence, affects the driving force for productive ab- 
sorption. 
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Antineoplastic Activity of 
Tetrakis-p- (trimethylamine- boranecarboxylato) - 
bis (trimethylamine-carboxyborane)dicopper (11) in 
Ehrlich Ascites Carcinoma 
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Abstract 0 A hinuclear copper(I1) complex derived from trimethylamine 
carboxyborane [tetrakis-~-(trimethylamine-boranecarboxylato)-bi.~- 
(trimethylamine-carboxyborane)dicopper(II) J was shown to have anti- 
neoplastic activity i n  the Ehrlich ascites carcinoma screen. ~ ~ ~ b ~ l i ~  
studies demonstrated that the compound suppressed DNA and protein 
syntheses. The inhibition of DNA synthesis appeared to be due to re- 
duction of the DNA polymerase activity and the regulatory enzymes of 
de nouo purine synthesis. Preliminary data suggest that the compound 


is an initiation inhibitor of protein synthesis in Ehrlich ascites cells. 


KeYPhraws 0 COpper(II) complexes-with trimethylamine carboxy- 
borane, antineoplastic activity, Ehrlich ascites carcinoma screen Tri- 
methylamine carboxyborane-complex with copper(II), antineoplastic 
activity, Ehrlich ascites carcinoma screen Antineoplastic agents- 
Potential, copper(II)-trimethylamine carboxyborane complex, Ehrlich 


carcinoma 


Previously, series of trimethylamine cyanoborane and 
trimethylamine carboxyborane derivatives were reported 
to be active as antineoplastic agents against Ehrlich ascites 
carcinoma, Walker 256 carcino-sarcoma, P388 lymphocytic 
leukemia, B16 melanoma, and Lewis lung carcinoma 
growth (1, 2). Trimethylamine cyanoborane in Ehrlich 


ascites cells effectively inhibited DNA and protein syn- 
theses as well as DNA polymerase and thymidylate syn- 
thetase activities. Scheller et al. (3) have demonstrated 
that amine carboxyboranes in dilute solutions bind to 
metal ions such as Zn2+ and Cu2+ as simple carboxylates 
and not as chelates. The synthesis and antineoplastic ac- 
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Table 11-Oogram Findings in Liver and Small Intestine of Infested Mice 9 d After Treatment with Experimental Compounds 
~ ~ ~~~ ~~~ ~~ 


Liver Small Intestine 
h.[ean Eggs/ Total Mature Dead h k a n  Eggs/ Total Mature Dead 


Mouse Immature Eggs, Eggs Mouse Immature Eggs9 Eggs, 
Compound (Range) Eggs, 5% % % (Range) Eggs, % % % 


Control 25-30 76 18 6 27-31 70 28 2 
23-29 - - - 25-30 0 48 52 
26-31 35 30 35 28-32 16 34 50 
28-30 32 38 30 24-30 20 60 20 IIIh 


IVf 25-30 20 40 40 25-31 2 55 43 
IVh 27-32 15 47 38 26-30 13 60 27 
IVj 26-30 10 42 48 25-32 2 68 30 


:themthone 
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Abstract 0 Twelve new N-aminosuccinimides were synthesized by the 
condensation of hydrazines with succinic anhydrides in glacial acetic acid. 
The compounds were evaluated in the maximal electroshock seizure and 
subcutaneous pentylenetetrazol seizure threshold teats for anticonvulsant 
activity and in the rotorod teat for neurotoxicity in mice. The lowest dose 
at which several of the compounds exhibited anticonvulsant activity was 
300 mgkg. 


Keyphrases 0 N-Aminosuccinimides-synthesis, anticonvulsant and 
neurotoxic potential, mice o Anticonvulsanta-potential, N-ami- 
nosuccinimides, synthesis, neurotoxicity, mice 


Potential anticonvulsants and hydrazine-derived drugs 
in general have been a principal interest of ours over sev- 
eral years. Anticonvulsant activity has been found among 
the 3,5-pyrazolidinediones (l), semicarbazides (2-4), and 
hydrazino urethans (5,6). Because of the effectiveness of 
the succinimides such as phensuximide, methsuximide, 
and ethosuximide for the treatment of the petit ma1 con- 
dition and the paucity of information (7) concerning N -  
aminosuccinimides, an investigation in this area appeared 
warranted. A related compound, N-amino-3-(rn-bromo- 
phenyl)succinimide, has been shown to possess potent 
maximal electroshock seizure activity (8). A decrease in 
spontaneous motor activity by N-arylaminosuccinimides 
has been noted (9). 


This paper reports on the synthesis and anticonvulsant 
activity of a series of N-aminosuccinimides. The com- 
pounds vary in the nature of the amino nitrogen (alkylated 


or arylated) and in the a-position of the succinimide ring 
(unsubstituted, methyl, or phenyl). 


RESULTS AND DISCUSSION 


The synthesis of the aminosuccinimides (111) was accomplished by 
treating various succinic anhydrides (I) with substituted hydrazines (11) 
in glacial aceticacid (Scheme I) (Table I). Others (10) have used a mixture 
of equal volumes of glacial acetic acid and concentrated sulfuric acid to 
effect this condensation. 


Compounds IIIa-IIIn were tested in the maximal electroshock seizure 
and subcutaneous pentylenetetrazol seizure threshold testa for anti- 
convulsant activity and in the rotorod teat for neurotoxicity in male mice1 
by reported procedures (2). None of the compounds showed activity a t  
100 mghg in either test. In the maximal electroshock seizure test, IIIc, 
IIId, IIIf, IIIk. and IIIm exhibited activity a t  300 mg/kg a t  30 min with 
no indication of toxicity. One compound, IIIg, showed activity a t  this 
same dose a t  4 h. In the pentylenetetrazol seizure teat, IIIb, 1111, and IIIm 
displayed activity a t  300 mg/kg a t  30 min with no toxicity. Overall, this 


dR' 


Scheme I 
III 


No. 1. Carworth Farms. 
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Table I-Physical Properties of h'-Aminoeuccinimides 


Melting Yield, 
Compound R1 Point, "C % Formula 


IIIa 
IIIb 
IIIC 
IIId 
IIIe 
IIIf 
IIIg 
IIIh 
IIIi 
IIIj 
IIIk 
1111 
IIIm 
IIIn 


98-99.5' 
86-87 
123-124b 
101-102= 


152.5-153.5b 
160-161.5d*e 
155-157d 
268-270, 


203.6205: 
150-151 
138-139.5d 
156-157" 
111-112' 
121-122d 


22 
70 
64 
80 
50 
37 - .  


29 
59 
68 
50 ~~ 


44 
75 
63 
73 


~ ~ ~ 


a Cyclohexane-toluene. * 7 m  Ethanol. €XI% Ethanol. 95% Ethanol. 
8090 Ethanol. ' Toluene. 


Reported mp 158OC [A. Michaelis and R. Hermem, Chem. Ber., 25,2750 (1892)l. Glacial 
acetic acid. Reported mp 206-208"C (Ref. 9). 


group of compounds does not display anticonvulsant activity comparable 
with currently available drugs. 


EXPERIMENTALZ 


Compound IIId was prepared by the dropwise addition of 3.15 g (0.0315 
mol) of N-aminopiperidine to a solution of 5.28 g (0.030 mol) of phenyl- 
succinic anhydride (11) in 15 mL of glacial acetic acid. The initially 
exothermic reaction mixture was refluxed under nitrogen for 1.5 h, and 
the acetic acid was evaporated under reduced pressure. Water (10 mL) 
was added to the residue, and the pH was adjusted to 8 by addition of 5% 
NaOH solution. The product was extracted into chloroform, dried over 
magnesium sulfate, the solvent evaporated, and the residue recrystallized 
from 60?6 ethanol, affording 6.11 g (79%) of white crystals, mp 101-102°C. 
The reflux period for arylhydrazines was 3 h, and the NaOH neutral- 
ization in the workup was omitted. 
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acetonide-21-palmitate preparation as a selective drug delivery system for 
cutaneous administration may be optimal. 
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Abstract 0 A reverse-phase high-performance liquid chromatographic 
(HPLC) method was developed for simultaneous potency determination of 
arnphotericin A and amphotericin B in bulk amphotericin B preparations. This 
single, rapid, specific, and simple method can be used for qualitative and 
quantitative analyses and is proposed to replace a combination of cumbersome 
official t a t s  presently in use. This new HPLC method employs an isocratic 
acidic phosphate buffer-methanol mixture in a reverse mode on an octade- 
cylsilane-bonded silica column at  ambient temperature, using UV detection 
at  313 nm. Results obtained by HPLC compare favorably with the official 
assay results. During these studies, an apparent heptaenic component, not 
previously described, was detected in commercial amphotericin B preparations 
at concentrations ranging from -6 to 14%. 
Keyphrsses 0 Quantitation-amphotericin B, amphotericin A, reverse-phase 
HPLC 0 Amphotericin B-quantitation with amphotericin A, reverse-phase 
HPLC 


Amphotericin B (1) (CAS registry 1397-89-3), produced 
by a strain of Streptomycetes nodusus, is an amphoteric 
macrocyclic polyene antibiotic that has become a valuable 
therapeutic agent in the treatment of fungal and monilial in- 
fections in humans (1). Polyene antibiotics are characterized 
chemically by strong absorption in the UV and visible regions 
of the spectrum, ascribed mainly to conjugated unsaturation 
with four (tetraenes) to seven (heptaenes) double bonds (1,2). 
These substances are relatively unstable, and the heptaenes, 
in particular, are insoluble in most solvents. 


Bulk amphotericin B is commercially available in two 


forms-one is purified for use in parenteral products (type I) 
and the other is a cruder grade for topical applications (type 
11). According to the official monograph (3), the potency of 
each form must be 2 7 5 0  pg/mg on the anhydrous basis. Both 
types may also contain amphotericin A, a cofermented tetraene 
very similar to nystatin; however, type I may contain 15% 
amphotericin A, whereas type I1 may contain 1 15% ampho- 
tericin A. Characteristics of amphotericin B are extensively 
discussed and reviewed with respect to physicochemical and 
analytical properties by Asher et al. (1) and Thomas (2). 


Official requirements for the premarketing certification of 
amphotericin B (3) include a microbiological agar diffusion 
assay, a quantitative differential UV spectrophotometric 
procedure for the determination of the amphotericin A content, 
and a qualitative UV spectrophotometric identity test for 
amphotericin B. The microbiological assay measures the total 
activity of substances responding to a particular organism in 
comparison with an established standard of defined activity. 
Selectivity, precision, and reliability of this microbiological 
assay are inadequate, especially because of the deleterious 
effect of the high pH (4,5) needed to solubilize the substance 
during this assay. 


Reverse-phase high-performance liquid chromatography 
(HPLC) was demonstrated by Mechlinski and Schaffner (6) 
to be well suited to the qualitative analysis of such intractable 
OH 
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Table I-Com rison of the Code of Federal Regulotion (CFR) and Liquid 
Chromatograp& Methods for the Quantitation of Ampbotericin B 


Potency. pg/mgb 
Mfe. 


HPLC Method 
~- 


Sample a Cert. CFR Method 


Standard' 954 954 954 
1 '  952 924 f 23 14) 936 + 3 1  (9) .~ 
2 d  784 720 $ 6 3  (24) 784 f 33 {Gj 
3d 807 755 f 46 (6) 819 f 42 (5)  
44 798 749 f 53 (8) 754 f 68 ( 1 5 )  
5' 939 840 f 65 i7i 886 f 37 i6) '  


Table 11-Comparison of the Code of Federal Regulations (CFR) and 
Liquid Chromatographic Methods for the Quantitation of Amphotericin A 


Amphotericin A Content, % 
Mfg. 


Sample" Cert. CFR Method HPLC Method 


Standardb 0.24 0.24 0.24 
I b  0.4 NTC 0.52 
26 0.27 0.32 0.26 


- .- 
(I Batch numbers for samples 1-5 obtained from E. R. Squibb & Sons. Inc. are 


58022-002,58334-404, 58334-406. 53834-405. and 58366-003, rerpcctively. b Mean 
f SD; multiply b 0 I to convert to percent potency. The number o anal ses is given 
in  parentheses. f y ,  I .  Standard labeled at 954 pg of amphotericin BJmg. d Type 
11. 


0 Batch numbers for samples 1-5 obtained from E. R. Squibb & Sons, Inc. are 
58022-002, 58334-404, 58334-406. 53834-405. and 58366-003, respectively. Type 
1. Standard amphotericin B containing 0.245amphotericin A. N T  = Not tested. Type 
II. 


substances as the polyene antibiotics. Subsequently, Nillson- 
Ehle et al. (7) used this technique to quantitate amphotericin 
B in biological fluids. An HPLC system showing a partial 
separation of amphotericin A and amphotericin B was also 
described by Asher et al. (1). However, none of these methods 
provide the separation needed for a reliable assay of the com- 
ponents present in the bulk material. The method described 
and discussed here is proposed to replace the three methods 
(3) that are currently used for the certification of amphotericin 
B bulk preparations. 


Instrumen-A liquid chromatograph' equipped with a septumless valve 
injector2 and a fixed-wavelength U V  detector3 with a 31 3-nm filter was used 
for all quantitative analysis. This was connected to a recording device4 and 
an electronic integrator5. A special system6 described by DiCesare el af. (8) 
was used for the qualitative analysis. 


Column-A stainless steel column (4.6 X 150 mm) commercially packed 
with fully porous 7- to 8-pm silica particles to which a monomolecular layer 
of octadecylsilane was chemically bonded' was used in the quantitative phase 
of this study. The inlet of this analytical column was connected to a guard 
precolumn (4.6 X 100 mm) gravity-packed with an octadecylsilane-bonded 
silica of -40-pm particle size*. The column system was equilibrated and 
conditioned with passage of -1 0- 15 void volumes of mobile phase, and tested 
for initial performance and suitability as described previously (7). A stainless 
steel column (4.6 X 100 mm) commercially packed with 3-pm octadecylsil- 
ane-bonded silica especially designed for high-speed analysis9 was used in the 
qualitative study. 


Chemicals and Reagents-Amphotericin BIo, labeled to contain 954 p g  
of amphotericin B/mg of powdered standard (containing 0.24% amphotericin 
A), was used as the external standard. Standards of amphotericin A" of un- 
known purity and nystatin'2 were also used. The dimethyl sulfoxide was 
spectra grade, phosphoric acid and sodium dihydrogen phosphate were reagent 
grade. and methanol was distilled-in-glass qualityi3. All the water used was 
deionizedI4. 


Stock Solutions-Approximately 6.3 g of sodium dihydrogen phosphate 
was dissolved in 950 mL of deionized water in a I-L volumetric flask. The pH 
was adjusted to 2.6 with concentrated phosphoric acid, and the solution was 
diluted to volume with water. 


Mobile Phase-A 300-mL aliquot of the phosphate solution was diluted 
to 1.00 L with methanol. This solution was mixed and deaerated by passing 
it through a 0.5-pm filter and ultrasonicating it for 2 min before use. As an 


~ ~ ~ ~~~~ ~ ~ ~ 


i Modcl6000A solvent delivery system; Waters Associates. Milford, Mass. 
2 c-21 tI>k,'' > I ? S  \SS??lIi?S ' Model 440; Waters Associates. 


5 


6 MOael JB solvent aeiwery system. sigma I >  cnromatogra ny aata station. rnOae1 
LC-85 spectrophotometric detector, and autocontrol; Perkin-hmer Corp., Norwalk. 
Conn. ' Zorbax ODS; DuPont Instruments. Wilmington. Del. 


lo USP reference standard. 


l 2  USP reference standard, lot F. 
l 3  Burdick & Jackson Laboratories. Inc., Muskegon, Mich. 
I4 Milli-Q Reagent-Grade water system; Millipore Corp.. Bedford. Mass. 


Bondapak (Cia Corasil), Waters Associates. 
HS-3-CI8; Per/in-Elme; Corp. 


USP reference standard, lot no. HV-718. 


added precaution, helium was allowed to sparge perceptibly through a 2-pm 
metal filter into this mobile phase during analysis to ensure maximum elim- 
ination of dissolved air. If necessary, the ratio of methanol to aqueous buffer 
can be adjusted to obtain adequate retention and peak separation. 


Standard Sdution and Sample- Approximately 25 mg of the amphotericin 
B standard was accurately weighed into a 25-mL volumetric flask, which was 
then filled to volume with dimethyl sulfoxide. The solution was mixed, shaken, 
and ultrasonicated until totally clear. The amphotericin B samples were 
prepared in a manner identical with that of the standard with -25 mg of 
amphotericin B type I and -30 mg of amphotericin B type 11. All solutions 
of amphotericin B should be prepared fresh just before use. 


Conditiona for Quant i tah-A constant operating temperature (ambient) 
was maintained, and the mobile phase flow rate of 2.0-2.5 mL/min was ad- 
justed to give peaks of satisfactory configuration. The detector sensitivity was 
controlled to produce peak heights >So% full scale deflection with a chart 
speed of 2.5 mm/min. Chromatograms used for calculating performance 
parameters were obtained at  a chart speed of at  least 25 mm/min to allow 
better visual measurement of peak geometry for greater accuracy. The column 
was rinsed with methanol for 1 min and equilibrium was reestablished with 
the mobile phase before each injection. 


Assay and Cakuletim-Carefully measured 15.0-pL aliquots of standard 
and sample solutions were injected sequentially into the chromatograph. 
Quantitation was achieved by comparing peak heights (and/or areas) of 
samples to that of the standard according to the following equations: 


tericin B sample, CA is the concentration of amphotericin A in  the ampho- 
tericin B sample solution, PB is the height (or area) of the amphotericin B peak 
in the amphotericin B sample, CB is the concentration of amphotericin Bin 
the amphotericin B sample solution, PS is the height (or area) of the corre- 
sponding component peak in the amphotericin B standard reference material, 
and Cs is the concentration of the corresponding component in the solution 
of amphotericin B standard reference material. An APL time-sharing com- 
puter system's was used to plot all graphs and to perform all calculations and 
data reduction. 


Amphotericin B is quite insoluble in most organic solvents; for this analysis 
it was dissolved in neat dimethyl sulfoxide. Initial attempts to dilute the di- 
methyl sulfoxide solutions with methanol frequently caused gelatinous pre- 
cipitates, particularly with methanol-dimethyl sulfoxide ratios >9:1. One 
beneficial effect of neat dimethyl sulfoxide injections was slightly better peak 
resolution. On the other hand, the inactivating effect of dimethyl sulfoxide 
and residual sample (retained solutes) in the column diminished retention time 
with each subsequent injection. However. the original retention time was re- 
stored rapidly with a I-min methanol rinse. One may alternate injections of 
samples and methanol rinses to maximize replication of retention; however, 
the actual frequency of column rinsings will depend on the total amount of 
solute injected. For samples analyzed within 1 d, peak heights for seven in- 
jections of standard interspersed with samples and rinses showed a coefficient 
of variation of I .46%. 


The stability of amphotericin B is greatest a t  a neutral pH where it exists 
as a zwitterion; however, better separation was achieved with ion suppression 
of the acid function. The use of acidic media in the HPLC procedure tends 
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to approximate the method of isolation of the antibiotic from the broth in 
commercial production. The adverse effect of the acidity of the buffer is di- 
minished by the high concentration of methanol in the mobile phase. 


The capacity factor for amphotericin B is 25, but in spite of its magnitude, 
the column efficiency calculated as the reduced plate height is -32. The 
separation factors for amphotericin A and amphotericin X (unidentified 
heptaene component) compared with amphotericin B are 4.3 and 2.7, re- 
spectively, with resolution factors of 4.4 and 3.4 between the same pairs of 
peaks. It is noted that although the column of 3-pm particles yielded s u b  
stantially more plates, it provided about the same absolute efficiency as  the 
column of larger particles (7-8 p n ) .  


Qualitative Analysk--Samples of type I and type 11 amphotericin B yielded 
the chromatographic profiles shown in  Fig. l a  and b, respectively, showing 
peaks attributed to amphotericin A and one labeled amphotericin X. These 
chromatograms are meant merely to provide a visual example of a separation 
previously unavailable from a qualitative standpoint and to indicate the rel- 
atively large quantitative difference between the two types ( I  and 11) of 
commercial amphotericins. However, note that these chromatograms were 
not necessarily obtained the same day. 


To the authors’ knowledge, the presence of this newly discovered component 
in  amphotericin B has never been described in the literature. Although the 
chromatograms of the type I and type I1  samples appear to be very similar 
from a qualitative standpoint, the type 1 sample is purer because it has a higher 
potency and contains less than half the amount of amphotericin X. 


Amphotericin A and nystatin were believed for a long time to be identical. 
Consequently. because the spectral characteristics of both of these substances 
are so similar and because nystatin is more readily available than amphotericin 
A. the former is used as a standard to assay for the latter. Although these two 
substances had been separated under different conditionsI6, they were not 
resolved by the method described here, demonstrating again their close sim- 
ilarity”. 


Chromatographic peaks were examined on-line by UV spectrophotometry 
( 6 )  with the system6 previously described. This system allows rapid elution 
(4 uersus 30 min) with good resolution of peaks because of the short column 


Figure 1 -Chromatograms of bulk amphoter- 
icin B from E.  R. Squibb & Sons. Inc.. type I (a) 
(batch #58022-002) and type I 1  (b) (batch 
f58334-404). Key: (A) amphotericin A; (B) 
amphotericin B; and (X) amphotericin X. 


packed with smaller particles (3 pm)  and because of the accessory spectro- 
photometer especially designed with a 2.4-pL cell. This system also provides 
fast response time and a very low dead volume. Several peaks were subjected 
to UV scanning in an attempt to confirm or identify them. The resultant 
spectra indicated correctly that the peak attributed to amphotericin A is that 
of a tetraene; four other peaks including those labeled amphotericin B and 
amphotericin X were characterized as heptaene peaks on the basis of UV 
characteristics identical to those of known hcptaenes. 


Polyene antibiotics exhibit multiplct absorption peaks in the U V  region; 
absorption maxima for the tetraene amphotericin A occur with decreasing 
intensity at 3 0 5 , 3  18,290, and 280 nm and at 406,382,363, and 356 nm for 
heptaenes (e.g. .  amphotericin B) with this system6. The 313-nm filter of a 
photometer with a band spread gf 10 f 2 nm allows good sensitivity for minor 
tetraene peaks while simultaneously enabling adequate detection of heptaenes. 
Spectra of the amphotericins have also been published ( I ,  2). 


Quantitative Analysis-Table I lists the calculated potency of several lots 
of commercial amphotericins; Table I 1  gives the content of amphotericin A 
in the same samples. 


A calibration curve for amphotericin B was obtained by plotting amounts 
ranging from -5 to 26 pg  of the injected drug against peak height and peak 
area. A rectilinear relationship was observed with corresponding correlation 
coefficients of 0.9999 and 0.9991 and corresponding relative percentage errors 
of 0.58 and 1 S O .  Optimum quantitation is obtained when injections of both 
standard and sample solutions are of approximately the same concentration 
and volume because errors due to nonlinearity of the detector3 and the injector* 
are minimized (9). The addition of an internal standard to improve precision 
is advisable, if possible, but the complexity of the chromatogram precluded 
its use here. 


Because the standard addition method did not prove satisfactory, thecontent 
of amphotericin A in commercial samples was calculated from peak heights 
by direct comparison to the content of amphotericin A in the amphotericin 
B standard. This standard had been established to contain 0.24% of ampho- 
tericin A by the official procedure. which is based on differential spectro- 
photometry of a standard solution of amphotericin B and a standard solution 
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of nystatin. The latter has been shown to possas spectral characteristics nearly 
identical to that of amphotericin AI6J7. 


The paired t test was used to compare bioassay results from the manufac- 
turer with those from the HPLC method. No significant statistical difference 
was found at the 95% confidence level. It would be difficult and impractical 
at this juncture to make further comparisons among sample results because 
of the poor precision of microbiological assays for antifungal substances. 


It can, therefore, be concluded that the commercial bulk material is pre- 
dominantly amphotericin B containing a limited amount of the A congener 
and several heptaenes. The potency of type I amphotericin B may measure 
>900pg/mg with -6% amphotericin X, whereas type I 1  shows a potency of 
-800 Ig /mg with -1 I-14% amphotericin X. 
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Abstract 0 A sensitive high-performance liquid chromatographic assay for 
nitroprusside using an ion-exchange column and UV detection was developed 
to evaluate the stability of aqueous solutions of sodium nitroprusside in 
light-protected glass and plastic containers and during simulated infusions. 
The results showed that sodium nitroprusside isstable in 5%dextrose, normal 
saline, and lactated Ringer’s solutions in light-protected glass or plastic con- 
tainers. In addition, there was no decrease in the delivered potency of sodium 
nitroprusside solutions during simulated infusions lasting up to 24 h. 


Keypbreses 0 Sodium nitroprusside-in vifro stability, solutions, intravenous 
administration, HPLC 0 Stability-in vitro, sodium nitroprusside solutions, 
intravenous administration, HPLC 


Sodium nitroprusside [Na2Fe(CN)5N0.2H20] is a valu- 
able agent in the treatment of congestive heart failure (l) ,  
cardiogenic shock complicating acute myocardial infarction 
(2), and hypertensive crisis (3). This drug is also used for the 
production of intraoperative hypotension (4). However, there 
are several problems associated with the clinical use of sodium 
nitroprusside, including tolerance (9, tachyphylaxis ( 6 ) ,  and 
the toxicity of its metabolites, cyanide and thiocyanate (7). 
Some of these problems might be alleviated by an under- 
standing of the pharmacokinetics of nitroprusside in humans. 
To derive pharmacokinetic parameters from data collected 
during a constant infusion, the amount of sodium nitroprusside 
delivered must be known. The purpose of this study was to 
investigate the stability of sodium nitroprusside in various 
intravenous solutions and during simulated infusions. 


EXPERIMENTAL 


Reagents and Chemicals-Sodium nitroprusside’ was used as received. 
Analytical-grade KHzP04 and H,P04 and deionized water were used to 
prepare the mobile phase. All glassware used for sampling or storage of stock 
solutions was silanized2. 


Imbuments and Chromatographic Conditions-An anion-exchangc column3 
and a 0.5 M KHzPO4 buffer (pH 3.0) with H3P04,  were used to achieve the 
chromatographic separation. The high-performance liquid chromatography 
(HPLC) was performed with a solvent pumping system4, a varidble-wave- 
length UV detector5, and an injector equipped with a 50-pL sample loop6. The 
absorbance was measured at 230 nm with a 0.1 AUFS deflection and was 
recorded on a three-pen recorder’. The flow rate was 1.4 mL/min, and the 
mobile phase was filtered and deaerated prior to use. 


Stability Studies-Sodium nitroprusside (50 mg) was dissolved in 5 mL 
of water and then added to 500 or 1000 mL of a test solution, resulting in a 
final concentration of 100 and 50 pg/mL, respectively. The stability of sodium 
nitroprusside was tested in 5% dextrose, normal saline (0.9% NaCl), and 
lactated Ringer’s solutionss in both glasss and plasticn containers. After the 
addition of the sodium nitroprusside concentrate. the test solution was mixed 
and a sample was withdrawn for use in the construction of a standard curve. 
The bottle or plastic bag was wrapped in aluminum foil and left exposed to 
laboratory (fluorescent) light for 48 h. Sodium nitroprussidc standards were 
protected from light and stored a t  4OC. The stability of the standard solutions 
was verified by comparing their concentrations with freshly prepared 100- 


I Rwhe Laboratories. Nutley, N.J. * Prosil-28; PCR Research Chemicals, Gainesville. Fla. 


‘ Constametric I; Laboratory Data Control, Riviera Beach, Fla. 
5 Spectromonitor 111; Laboratory Data Control, Rivicra Beach, Fla. 


’ Linear Instruments, Irvine, Calif. * Abbott Laboratories, North Chicago, I l l .  


Partisil 10-SAX; Whatman Inc., Clifton, U.J. 
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Abstract 0 This paper explores the physical model approach in  studying the 
taste of drugs and assessing physical formulation factors for improving the 
undesirable taste of drugs. Various aspects of physiology relevant to the taste 
phenomenon have been reviewed to provide the biophysical basis for mathe- 
matical modeling. The model involves non-steady-state m a s  transport across 
the aqueous boundary layer and buildup of solute concentration at the es- 
sentially impermeable tongue surface. The theoretical predictions are con- 
sistent with experimental studies on the lag time to taste perception by the 
electrophysiological method and also with “instantancous” psychophysical 
taste perception when solute concentrations much greater than thr taste 
threshold are applied on the tongue. Within the framework of the non- 
steady-state model, novel experimental studies involving the use of a porous 
half-diffusion cell placed on the surface of an extended human tongue and 
the recording of the times for psychophysical taste response are proposed to 
quantify and provide mechanistic understanding of the taste of drugs and also 
physical formulation factors in overcoming undesirable taste properties. 


Key phrases 0 Taste perception---drugs and pharmaceutical formulations, 
physical model approach, non-steady-statc mass transport 0 Physical 
model- taste perception, drugs and pharmaceutical formulations. non- 
steady-state mass transport 0 Mass transport-non-steady-state, physical 
model for taste perception. drugs and pharmaceutical formulations 


The taste of drugs and the physical and chemical means to 
overcome or modify undesirable (usually bitter) taste are 
continuing and nagging problems for the pharmaceutical 
scientist. Understanding of structure-taste relationships ( ie . ,  
taste quality and intensity) remains qualitative as pointed out 
by Sinkula ( l ) ,  who reviewed the state of the science in im- 
proving taste properties through structural modification. The 
physicochemical approaches to masking undesirable taste 
properties remain largely empirical. The purpose of this paper 
is ( a )  to review the various aspects of physiology relevant to 
taste stimulation and ( b )  to explore the physical rnodei ap- 
proach, both theoretically and experimentally, in studying the 
taste of drugs and formulation factors affecting taste. 


BACKGROUND 


A rational approach to the understanding of taste and taste stimulation by 
drugs, among other important considerations relating to the phydcochemical 
properties of the drug molecule and pharmaceutical formulation, requires some 
degree of knowledge of the tongue: morphology, ultrastructure. organization 
and functions of the cells. absorption characteristics, and taste reception. 


Loci of Taste Quality-Salty, sour. bitter, and sweet scnsations ar‘e ret- 
ognizcd as the four fundamental qualities of taste. Responses to taste are found 
everywhere in the mouth. which includes the palate, epiglottis, tongue, and 
buccal area. I t  is generally stated in textbooks [ e .g . .  Best and Taylor (2) ]  
that the lowest threshold for bitter is located in the back of the tongue; for salty, 
at the front; for sweet. on the sides near the front; and for sour, qn the sides 
near the back of the tongue. However. it should not be construed that taste 
quality is confined fo these loci of the tongue. Taste buds are not rigidly specific 
to any one taste quality, but show multiple sensitivity to taste stimulants. Taste 
buds appear to be differentially sensitive and may be uniquely distributed (3). 
A recent systematic study (4) using sodium chloride. sucrose, quinine hy- 
drochloride. urea, and citric acid has improvcd the understanding of taste 
recognition and psychophysical intensity rcsponses in  humans as a function 
of locus of stirnulation on the tongueand soft palate. Collings (4) found the 
threshold for bitter to be lower for the front of the tongue and soft palate than 
for the back of the tongue. The combination of thc greater intensity of bitter 
sensation in the back of the tongue and the low threshold of the soft palate for 


bitter gave the subjective observation of a strong bitter taste in the back of the 
mouth. Differential responses to a variety of taste stimulants at specific loci 
were also reported. 


Taste Budsnnd Cells-- Associated with the various loci of taste stimulation 
on the tongue are four kinds of papillary structures ( 5 ) :  vallate papillae in the 
back of the tongue; foliate papillae on the sides and near the back; fungiform 
papillae at the front dorsal surface. tips. and sides; and filiform papillac, which 
are the prevalent type- disperscd throughout the tongue surface. A keratin layer 
covers the surfaces of the papillae and is interrupted by the p i e s  of the taste 
buds. 


Taste buds are most abundant in the vallate and folliale papillae. served 
by the IX cranial nerve. and the fungiform papillae, served by the chorda 
tympani of the VII  cranial nerve. The filiform papillae, whose keratinized 
epithelium ends i n  tapered points. are devoid of taste buds. With respect to 
the vallate papillae, which is surrounded by a moat, taste buds are dispersed 
about the sides of the papillae in  the depths of the moat. Taste buds of the 
foliate (leaf-like) papillae are located on the sides. whereas the buds of the 
fungiform papillae are found on the flat surface portion. 


Taste buds are intermingled with stratified squamous epithelial cells. and 
both structures rest on a thick layer of connective tissue called the basement 
membrane ( 5 , 6 ) .  The bud reaches from the basement membrane to the cpi- 
thelial surface and is 70pm in  length and 50 pm in its widest dimension. The 
pore of the’taste bud. from which “taste hairs” of taste cells are extended. is 
found at the epithelial surface. The pore diameter is -5 pm and. therefore. 
would not be a factor in excluding large molecules from penetrating the p r e .  
The bud contains a single pore and a collection of cells. It has been assumed 
that the bud contains 4-20 taste cells intermingled with the more numerous 
supporting cells. A study by Murray ( 7 , 8 )  however, statcs that thc number 
of cells within a taste bud varies from 30 to 80. The cells arc morphologically 
characterizedastypes l(60-80%). I I  (15-30%). I l l  (3-14%),and IV (basal 
cells, varying from 3 to 5%). With the exception of basal cells. the others (types 
I.  11, and I l l )  are oblong cells which often extend from the basement mem- 
brane to the pit of the pore. The so-called “taste hairs” are microvillous 
structures which are extensions of the plasma membrane of cells. The mem- 
branc is thought 19 be a typical membrane complex, -80 A thick in  the mi- 
crovillous region and -160 A in the crypts. consisting of proteins. phospho- 
lipids, and lipids. The microvilli are 2-pm long and 0.1 -0.2-pm widc. All cells 
in  the vicinity of the pore are joined by tight junctions. 


The cells in the taste bud are constantly being replaced. The renewal process 
is modulated by the activity of taste nerves. The interrelationships between 
cell types are not yet well understood. It is believed that cell types I ,  11, and 
111 originate from the basal cells and develop into independent cell lines 
carrying out unique functions in the bud. On the other hand. there is evidence 
that the different cells may represent various stages in the metamorphosis of 
a single cell line. The pit of the pore is filled with a dense substancc identificd 
as  mucopolysaccharides. Histochemical studies have shown the presence of 
ATPase, nonspecific esterases. and phosphatases in  taste buds (7.9). 


Taste Reception-Taste reception appears to bc mechanistically a sub- 
strate -receptor reaction, nonenzymic in nature, at the microvillous membrane 
level. whereby local perturbations of the membranc lead to a cascade of 
electrophysiological and psychophysical events known as taste perception 
(10- 13).  I t  does not depend on the direct interaction of taste stimulants w i t h  
free nerve endings i n  the taste bud for the following reasons. First, the nu- 
merous nerGe fibers in the underlying connective tissue enter the taste bud and 
continue upward to a level only a few micrometers from, but ncver in direct 
contact with, the microvillous membrane and the pit of the pore. Second. nerve 
fibers are found between cells, but the intercellular spaces are believed to be 
inaccessible to the molecular diffusion from the outside due to the presence 
of tight junctions. The nonpenetrability of the epithelium by sodium cyanide 
and colchicine is claimed to be supportive evidcnce of the occlusive properties 
of the tight junctions. Third, many taste stimulants are highly hydrophilic and 
yet taste is perceived instantaneously. 


The sour taste of inorganic and organic acids is due to the dissociated hy- 
drogen ions, the salty taste to the cations and anions of the dissociated salt. 
Bitter and sweet are found in a variety of chemicals and are not generally at- 
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tributed to ionic species. Hydrogen bonding is involved at proper geometric 
sites; often, a small change in configuration will change the sweet taste to bitter 
and i ' i w  cersa. Bcidler and Gross (14) have concluded that each taste cell has 
many different types of receptor sites and that the number of sites of the same 
type varies from cell to cell. The Beidler's taste response equation has been 
applied to all types of taste stimulants with reasonable succcss: 


R,KC 
1 + KC' 


R = -  


where R is the response. H, is the maximum response, C is theconccntration 
of the stimulus, and K is the binding constant. The binding energy is generally 
found to be weak. usuallya few kilocalories per mole. which supports the re- 
versible nature of taste and the ready removal of stimulants with water and 
saliva. The taste buds arc physiologically rugged to chemical insults, and their 
sensitivity recovers readily after repeated and long exposures to stimulants. 


Permeability of the Tongue-The human tongue appears to be relatively 
inipermeable if  the permeability of the rat tongue is a good indicator of the 
hum:in situation. Mistretta (15) studied the permeability of [he rat tongue 
epithelium in  a two-compartment diffusion cell. The surface comprising of 
fungiform and filiform papillae was highly keratinized. I t  was estimated that 
the taste pores (5-pm wide and I pore per fungiform papilla) were only 
0.0004% of the total surface area. The permeability coefficients of various 
permeating species are shown in  Table I and range from 1.8 X lo-' to 4.4 X 


cm/s. The progression of the permeability vah~es correspnded roughly 
wi th  the ether water partition coefficients. I t  is conceivable that the tongue. 
particularly the microvillous membrane of the taste cells, is prmeablc to more 
highly lipophilic solutes. 


Methods in  Studying Taste-Human taste studies arc carried out by the 
psychophysical mcthod. Although the method involves subjective responses 
on the part of tebt subjects within well-controlled procedures, it is sensitive 
and is built around a statistical design to minimize bias and variable responses 
w i t h i n  and bctwecn subjects ( 3 ,  16). The electrophysiological method is em- 
ployed on ancsthcsixd animals. since i t  involves the surgical implantation 
ofclectrodcs i n  the chorda tympani nerve bundle. The response of taste buds 
i, followed by recording neural activity with time ( 1  7, 18). The first attempts 
to record thc electrical response in  humans undergoing otological surgery 
under deep anesthcsia were made by Diamant et a / .  ( I  9). The electrical taste 
thresholds of different solutions correlated with subjective values collected 
from psychophysical experiments. 


THEORETICAL 


The tongue is B relatively impermeable surface. This imprtanl fact provides 
rhc rationale for the non-steady-state model for the transport of taste-pro- 
voking drugs across the aqueous boundary layer in front of the impcrmeable 
tongue surface. I n  t u rn .  this model lays the foundation for the physical model 


Figure 1 --Percent concentration-dis- 
tance profile as a function of time for  
two aqueous boundary thicknesses. 
Aqueous diffusion coefficient is 5 X 
10-6 cm 21s. 


approach in studying the taste of drugs, and the chemical and physical for- 
mulation factors affecting taste, on a quantitative and mechanistically in- 
terpretive basis. 


Mass transport across the aqueous boundary layer in front of the impcr- 
meable tongue surface and the buildup with time of the concentration at the 
tongue surface arc essentially non-steady-state diffusional kinetic situations. 
The model is consistent with the observation that when taste-provoking 
molecules in solution are applied to the tongue at concentrations much greater 
than the taste threshold concentration, taste is detected "instantaneously." 
Moreover, the model will provide the physicochemical framework in designing 
novel and remarkably simple experiments in studying ( a )  the taste of drugs 
and molecular modification effects and ( b )  physical formulation factors on 
a quantitative mechanistic level. 


The non-steady-state change in drug concentration in  the aqueous boundary 
layer with distance x and time t is given by Fick's second law: 


(x > 0 and t > 0) 


The boundary conditions are: 


C(O.1) = c, 
C(x.0) = 0 


Table I-Permeability Coefficients for Rat Tongue Epithelium 


Permeating Permeability Coefficient Log Partition Coefficient 
Species cm/s X I O h  (Ether- Water) 


Methanol 4.38 -0.85 
Ethyl carbamate 4.15 -0. I9 
Butanol 3.53  -0.58 
Ethanol 3.03 -0.57 
Ethylene glycol 2.73 -2.27 
Propionamide 2.60 - 1.89 
Thiourea 1.32 -2.15 
Acetamide I .oo -2.60 
Glycerol 0.45 -3.07 
Fructose 0.40 __ 
Sodium butyrate 0.27 - 
Glucose 0.18 -5.00 
Mannitol 0.18 -5.00 


From Ref. 15. 
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The first condition states that the bulk concentration applied on the tongue 
does not change with time. At time zero, no drug molecules are found within 
the aqueous layer as described by the second conditions. Because the surface 
of the tongue is essentially an impermeable barrier, the flux of drug at  the 
membrane surface is effectively zero. 


Although the differential equation with its boundary conditions can be 
readily solved numerically with a computer, one can seek a solution by the 
Laplace transformation method. It follows that: 


S 1 cosh ( x m )  - tanh (hm). sinh ( x m )  
U ( X , S )  = co 


( 4 . 3 )  
where U(x,s) is the Laplace transform of C(x.t) and s is a variable of time 
t .  The inverse of the above Laplacian equation is quite complicated. Since one 
needs only to know the drug concentration at the membrane surface at  any 


Figure 2-Surface concentration-distance profiles 
as a function of time for aqueous boundary layer 
thicknesses of 100 (A) and 250 p m  (B), diffusion 
coefficienf of 5 X cmzjs, and bulk aqueous 
concentrations of 10 and 20 mM. 


500 1000 


time, i.e., C ( h , f ) ,  with respect to taste response, then Eq. 3 simplifies to: 
sech (hm) U(h,s) Co 


S 


In series form: 


whereupon the inverse is: 


As can be seen, the magnitude of the surface concentration at any time t 
is a fraction of the bulk concentration. After sufficient time, the comple- 
mentary error function converges to unity so that the surface concentration 
will finally be equal to the bulk concentration. It is anticipated that whenever 
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the concentration buildup at the membrane surface with time equals or exceeds 
the taste threshold concentration, response to taste occurs. Furthermore, initial 
taste perception is predicted to occur with high bulk concentrations, CO. in 
contrast with lower bulk concentrations, all other factors (diffusion coefficients 
and aqueous boundary layer thickness) being constant. 


DISCUSSION 


Figure 1 shows the dimensionless concentration-distance profiles as a 
function of time for two aqueous boundary layer thicknesses, 100 and 250 pm, 
as generated from the numerical solution of Eq. 2 and the accompanying 
boundary conditions. The aqueous diffusion coefficient ( D )  used was 5 X 1 0-6 
cm*/s. The influence of the aqueous boundary layer is pronounced. For ex- 
ample, when h = 100 pm. the surface concentration is -0.55% of the bulk 
concentration within 1 s; in contrast, when h = 250pm. it is only-4 X lo-% 
of the bulk concentration. For the 100- and 250-pm boundary layer cases, the 
surface and bulk concentrations become equal in  80 and 500 s, respec- 
tively. 


When the non-steady-state surface concentration is plotted against time 
for various bulk concentrations applied to the tongue, one obtains a family 
of sigmoidal curves (Fig. 2). Using a hypothetical taste threshold concentration 
as a point of reference one readily finds interesting relationships between the 
time at which taste is detected with bulk concentration and aqueous boundary 
thickness. The higher the bulk concentration, the quicker the detection time 
for a given diffusion layer thickness. Also, the thinner the diffusion layer, the 
quicker the detection time for a given bulk concentration. The pattern of the 
predictions is supportive of the everyday observation that taste is perceived 
within a fraction of a second after application of taste-provoking solutions at 
concentrations of a t  least an order of magnitude larger than the apparent 
threshold concentration. 


I n  summary, the non-steady-state model provides the basis for the devel- 
opment of a novel experimental design in studying taste problems and for the 
understanding of the physicochemical factors in overcoming the undesirable 
taste of drugs via pharmaceutical formulations. Figure 3 shows a half-diffusion 
cell placed over the surface. of an extended tongue. The principal feature of 
the cell is the bottom section which consists of straight cylindrical pores, 50 
pm in diameter and of variable length. The pore length fixes the aqueous 
boundary thickness and may be used to experimentally increase the sensitivity 
of psychophysical measurements, recorded as the time at  which taste is per- 
ceived after placing the drug formulation in the previously water-filled pores 
of the cell. Filling the pores with water before the formulation is placed in the 
cell fulfills the initial boundary condition for the non-steady-state transport 
psychophysical taste experiments. It is conceivable that molecular modification 
and physical formulation factors can be studied within the framework of the 
proposed experimental design and put on a quantitative and mechanistically 
interpretive plane. Studies along these lines are being planned. 


Figure 3-Schematic diagram of a half-diffusion 
cell placed over an extended human tongue for 
psychophysical measurements under non-steady- 
state transport conditions. 


Thickness 
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Table IV-Contributions of Precorneal Factors  i n  the Decrease 
of Pilocarpine Concentration in  the Tear Film Following 
Topical Instillation of 25 uL of 1.00 X lo-* M PilocarDine Nitrate  


Concentration 
Loss Due to Non- in 


Min- Productive Tear Turnover, productive Precorneal 
U t e s  Loss u d m L  Loss Area 


0 0 0 0 2083.5198 
1 1.1258 43.5164 582.9035 1455.9741 
2 2.7230 83.7475 1121.8004 875.2490 
3 4.8423 113.5022 1520.3654 444.8103 
4 7.4670 130.9236 1753.7251 191.4049 
5 10.5208 139.1052 1863.3178 70.5768 


instillation. Thus, it should be noted that although drainage is responsible 
for 42.7% of the total amount of drug instilled, it is the conjunctival ab- 
sorption that is primarily responsible for the dramatic fall in the tear film 
pilocarpine concentration. The tear turnover is next in importance, 
contributing 6.9% of the decrease of concentration. Due to the rapid de- 
cline of drug concentration in the tear film, there is considerable loss of 
the driving force for productive drug absorption resulting in the poor 
bioavailability of topically administered drugs. Thus, decreasing the 
nonproductive loss of drug through the conjunctiva is as important a 
consideration as is circumventing the drainage loas in attempts to increase 
the bioavailability. 


CONCLUSIONS 


A model has been presented to account for the precorneal disposition 
of topically applied pilocarpine solutions. Due to the unknown nature 
of transcorneal penetration, the precorneal model was solved without 
making any assumptions about the mechanism of corneal transport. 
Experimentally obtained aqueous humor pilocarpine concentrations were 
used to obtain the rate of productive absorption. The rate constant for 
nonproductive loss, pn. was found to be 8.84 wL/min, comparable with 
that used by Lee and Robinson (9). 


Analysis of the model leads to a clearer understanding of the relative 
importance of the precorneal factors in reducing both the amount of drug 
in the precorneal area and the concentration of the drug in the tear film. 
I t  was shown that the conjunctival absorption is an important factor in 
reducing the amount of drug in the precorneal area and is the single-moat 
important factor responsible for the reduction of drug concentration in 
the tear film and, hence, affects the driving force for productive ab- 
sorption. 
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Abstract 0 A hinuclear copper(I1) complex derived from trimethylamine 
carboxyborane [tetrakis-~-(trimethylamine-boranecarboxylato)-bi.~- 
(trimethylamine-carboxyborane)dicopper(II) J was shown to have anti- 
neoplastic activity i n  the Ehrlich ascites carcinoma screen. ~ ~ ~ b ~ l i ~  
studies demonstrated that the compound suppressed DNA and protein 
syntheses. The inhibition of DNA synthesis appeared to be due to re- 
duction of the DNA polymerase activity and the regulatory enzymes of 
de nouo purine synthesis. Preliminary data suggest that the compound 


is an initiation inhibitor of protein synthesis in Ehrlich ascites cells. 


KeYPhraws 0 COpper(II) complexes-with trimethylamine carboxy- 
borane, antineoplastic activity, Ehrlich ascites carcinoma screen Tri- 
methylamine carboxyborane-complex with copper(II), antineoplastic 
activity, Ehrlich ascites carcinoma screen Antineoplastic agents- 
Potential, copper(II)-trimethylamine carboxyborane complex, Ehrlich 


carcinoma 


Previously, series of trimethylamine cyanoborane and 
trimethylamine carboxyborane derivatives were reported 
to be active as antineoplastic agents against Ehrlich ascites 
carcinoma, Walker 256 carcino-sarcoma, P388 lymphocytic 
leukemia, B16 melanoma, and Lewis lung carcinoma 
growth (1, 2). Trimethylamine cyanoborane in Ehrlich 


ascites cells effectively inhibited DNA and protein syn- 
theses as well as DNA polymerase and thymidylate syn- 
thetase activities. Scheller et al. (3) have demonstrated 
that amine carboxyboranes in dilute solutions bind to 
metal ions such as Zn2+ and Cu2+ as simple carboxylates 
and not as chelates. The synthesis and antineoplastic ac- 
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Table I-Antineoplastic Activity of i Against Ehrlich Ascites 
Carcinoma Growth in Male CF, Mice 8 


Survival Ascites 
on Day Fluid, Inhibition, 


CroUD 10 mL Ascritb TO 


Control (0.05% poly- 
sorbate 80) 


Treated 6 7.17 39.3 - 
10 mg/kg/d of I 5 0.04 18.5 99.7 
20 mg/kg/d of I 6 0.32 34.0 96.2 
6-Mercaptopurine 6 0.10 2.5 99.9 


a n = 6. Packed-cell volume 


tivity of a binuclear copper(I1) complex derived from tri- 
methylamine carboxyborane [tetrakis-p-(trimethyl- 
amine- boranecarboxylato) - bis (trimethylamine - carboxy- 
borane)dicopper(II) [Cu2(Me3NBH2C02)4.2MeSN- 
BH2C02HIJ henceforth referred to as I] is reported 
herein. 


EXPERIMENTAL 


Preparation of Tetrakis-p-( trimethylamine-boranecarboxy1ato)- 
bis(trimethylamine-carboxyborane)dicopper(II)-Cupric chloride 
(CuCIy2H20) was purchased commercially'. Trimethylamine carboxy- 
h r n n e  was prepared as described previously (1  ). Trimethylamine car- 
hoxyhorane (1.8703 g, 15.9 mmol) was dissolved in 1 M NaOH (16 mI.) 
m d  watcr (20 mL). Dropwise addition of 23 mI, of a solution of CuCI? 
2 H J )  ( 1.36 g, 8 mmol) in water (40 mIJ  produced a dark green solution 
which was allowed to stand overnight. Subsequent filtration through a 
fine I'ritted funnel removcd a greenish hrown sludge and left a dark green 
I'iltrate which was allowed to evaporate in the atmosphere. After 6 d ,  the 
solution had evaporated, leaving many small green crystals in a clear li- 
quor. These crystals were removed by filtration and washed with chlo- 
roform (40°C); no (CH:j)BN.AHZCOOH crystals were evident. The green 
crystals were then washed with a minimal amount of cold water to ensure 
removal of any trace of sodium chloride and dried in uacuo. The yield 
was 0.49 g (28%), mp 165°C (dec.); IK: VBH 2350 and I'C- 1665 em-*. The 
structure has been determined by single crystal X-ray analysis (4). 


And-Calc. for C ~ J H & S C U ~ N S O ~ ~ :  C, 34.95; H, 8.31; N, 10.19. Found: 
C, 35.00; H, 8.49; N, 10.15. 


Biological Studies-Male CF1 mice (-30 g) were implanted intra- 
peritoneally with 2 X lofi Ehrlich ascites tumor cells on day 0. A homo- 
geneous suspension of I in 0.05% polysorhate 80-water was administered 
intraperitoneally a t  10 and 20 mg/kg for 9 d to determine the inhibition 
of tumor growth. Mice were sacrificed on day 10, and the ascites Huid was 
collected from the peritoneal cavity. The volume and ascrit (packed-cell 
volume) weredetermined for each animal, and the present inhibition of 
tumor growth was calculated (5). For the metabolic studies, mice were 
treated on days 8 and 9 with 10 mg/kg ip of 1. The animal was sacrificed 
on day 10, and the ascites fluid was harvested. The in oitro metabolic 
studies were performed at  0.25.0.50, and I mM final concentrations of' 
I. 


In uitro incorporation of [SHJthymidine, ["Juridine, or IgH]leucine 
was determined using I@ Ehrlich ascites cells, 1 pCi of labeled precursor, 
minimum essential medium, and final concentrations of drug from 0.25 
to 1.0 mM. The mixtures were incubated at  37OC 60 min and inactivated 
by trichloroacetic acid. The acid-insoluble labeled DNA was collected 
on glass filter disks2; RNA and proteins were precipitated on nitrocel- 
lulose filters by vacuum suction (6). Results are expressed as dpm of in- 
corporated precursor/h/lOti cells. 


For in uiuo studies, incorporation of thymidine into DNA was deter- 
mined by the method of Chae ~t al. (7). One hour prior to the animal 
sacrifice on day 10,10 pCi of [6-3HHjthymidine (21.5 Ci/mmol) was injected 
intraperitoneally. The DNA was isolated, and the tritium content was 
determined in a toluene-hased scintillation fluid3. The  DNA concen- 
tration was determined by the diphenylamine reaction using calf thymus 
DNA as a standard. Uridine incorporation into RNA was determined 
using 10 pCi of 15,6-"H)uridine (22.4 Ci/mmol). RNA was extracted by 
the method of Wilson at 01. (8). Using yeast RNA as a standard, the RNA 


' Allied Chemicals, Morristown. N.J 
CF/F. 
Fisher Scintiverse. 


Table 11-In Vivo Effects of I on Ehrlich Ascites Carcinoma of 
Male CFI Mice 


Control (0.05% 
Polysorbate 80),Compound I b  


Hiochemical Parameter 7O of control 7O of control 


I3H]Thymidine incorporation into 


purines 


(Xl tP )  


DNA polymerase 
mRNA polymerase 
rRNA polymerase 
tRNA polymerase 
Ribonucleotide reductase 
I'hosphoribosyl pyrophosphate 
amidotransferase 
Inosinic acid dehydrogenase 
Dih drofolate reductase 
Cargamyl phosphate synthetase 
Aspartate transcarbamylase 
Orotidine monophosphate 


decar boxylase 
Thymidylate synthetase 


'rhymidylase levels 
monophosphate 
diphosphate 
triphosphate 


Number of cells/mL of ascites fluid 


Enzyme activities 


100f8 


100 f 9 
100f8 
100 * 12 


l o o f 9  
1 0 0 5 6  
100 f 8 
l o o f 9  
100 f 10 
100 f 6 
1 0 0 f 9  


100f 10 
1 0 0 f 8  
100 f 10 
1 0 0 f 9  
1 0 0 f  10 


100 f 9 


100 * 10 
100 f 12 
100 f 9 


43 5 


116 f 10 
48 f 6c  
59 f 6C 


45 4c 
38 f 5c 
96 f 9 
9 6 f  11 
63 f l c  


101 8 
41 f 3c 


1 0 0 f 9  
75 f 6' 
71 f 8 C  
89 f 8 


1 0 6 f 9  


102 f 9 


43 f 6' 
8 9 f  11 
90 f 10 


Mean f SI); n = 6. Dosedat 10 mg/kg/d on days 8 and 9. c Signil'icantly dif- 
ferent from the control group, p 50.001. 


content was assayed by the orcinol reaction. Leucine incorporation into 
protein was determined hy the method of Sartorelli (9) using 10 pCi of 
[4,5-3H]leucine (52.2 Ci/mmol). Protein content was determined by the 
Lowry et al. procedure (10) using bovine serum albumin as a stan- 
dard. 


In uitro and in uiuo nuclear DNA polymerase activity was determined 
on isolated Ehrlich ascites cell nuclei (11). The  incubation was that de- 
scribed by Sawada et al. (12) except that [methyl-sH]deoxythymidine 
triphosphate (82.4 Ci/mmol) was used. The  acid-insoluble nucleic acid 
was collected on filters2 and counted. Nuclear RNA polymerase activities 
were determined on enzymes isolated from the nuclei. mRNA, rRNA, 
and tRNA polymerase enzymes were isolated using, respectively, 0.3 M, 
0.04 M, and 0.0 M ammonium sulfate in magnesium chloride. The incu- 
bation medium was that of Anderson et al. ( 1 3 )  using ["H]UTP (23.2 
Ci/mmol). The acid-insoluble KNA was collected on nitrocellulose filters 
and counted". 


Deoxythymidine as well as deoxythymidylate monophosphate and 
diphosphate kinase activities were measured spectrophotometrically a t  
340 nm a t  20 min using reduced NAD (0.1 pmol) (14). 'I'hymidine in- 
corporation (21.5 Ci/mmol) into nucleotides was measured using the 
medium of Maley and Ochoa (14). The  reaction medium was extracted 
with ether, and the aqueous layer was plated on cellulose4 plates and 
eluted with 0.5 M formic acid-0.6 M LiCI (1:l) .  Areas which correlated 
with the Rf values of thymidylate monophosphate, diphosphate, and 
triphosphate standards were scraped and counted3. 


Carhamyl phosphate synthetase activity was determined using the 
reaction medium of Kalman et al. (15) in the presence of of ornithine and 
ornithine transcarbamylase; citrulline formed from ornithine was mea- 
sured a t  490 nm by the method of Archibald (16). Aspartate transcar- 
hamylase activity was assayed using the incubation medium of Kalman 
et a/ .  (15). The colorimetric determination of carbnmyl aspartate was 
conducted by the procedure of Koritz and Cohen (17). Orotidine mono- 
phosphate decarboxylase activity was assayed by the method of Appel 
(18) using 0.1 pCi of [14C]orotidine monophosphate (34.9 mCi/mmol); 
the 'TOZ generated in 15 min was trapped in 1 M KOH5 and counted. 
Thymidylate synthetase activity was determined using a postmito- 
chondrial supernatant (9000 X g for 10 min) and 5 pCi of [5-"H]dUMP 
(14 Ci/mmol) according to the method of' Kampf at al. (19). 


[14C]Formate incorporation into purines was determined by the 
method of Spassova d al. (20) using 0.5 pCi of I"CC)formic acid (52.0 


4 PEI relluli)se F. 
Hyamine Hydroxide 
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Figure 1-In vitro effects of I on the incorporation of radiolabeled 
precursors into DNA, RNA, proteins, and purines of Ehrlich ascites 
cells. Key: (0) [?H]thymidine incorporation into DNA; (A) [3H]uri- 
dine incorporation into RNA; (B) [3H]leucine incorporation into 
proteins; (e) 114CIformate incorporation into purines. 


mCi/mmol). Purines were separated on silica gel TLC plates eluted with 
n-butyl alcohol-acetic acid-water (4:1:5). After identifying R, values 
consistent with the adenine and guanine standards, the plates were 
scraped and the radioactive content determined. Phosphoribosyl-l- 
pyrophosphate amidotransferase activity was determined on a super- 
natant fraction (600 X g for 10 min) measuring the reduction of 0.6 pmol 
of NAD at 340 nm for 30 min (21). Inosinic acid dehydrogenase activity 
was determined by the method of Becker and Ldhr (22) using (8-l4C]IMP 
(61 mCi/mmol) and a 7000 X g supernatant. A sample of the reaction 
medium was plated on cellulose plastic-precoated TLC plates4 and eluted 
with 0.5 M NH4S04. The spot at  the Rf value for xanthine monophos- 
phate was scraped and counted. Dihydrofolate reductase activity was 
determined a t  340 nm for 30 min as the oxidation of reduced NADP (23). 
Ribonucleotide reductase activity was determined by the method of 
Moore and Hurlbert (24) using [5-"H]CDP (25 Ci/mmol). Ribose and 
deoxyribose nucleotides were separated on cellulose plastic-precoated 
TLC plates4 eluted with 4% boric ac id4  M LiCl(4:3) and scraped at  the 
R, values consistent with the standard dCDP. 


An in oitro method (25) was used to determine if I was an initiation 
or elongation inhibitor of Ehrlich ascites lysate protein synthesis by 
comparing with known inhibitors, pyrocatechol violet and emetine, using 
1 pCi of (JHIleucine (24.7 Ci/mmol). The reaction medium was spotted 
on filter pape# disks which, after drying, were treated for 10 min in 
boiling 5"o trichloroacetic acid, for 10 min in cold 5% trichloroacetic acid, 
and washed with cold 5% trichloroacetic acid, ether-ethanol (4:1), and 
ether. The disks were dried and countedg. 


RESULTS 


Compound I effectively inhibited Ehrlich ascites carcinoma growth 
a t  10 and 20 mg/kg/d. The lO-mg/kg dose afforded greater inhibition of 
growth, i .e. ,  99.7%, than the 20-mg/kg dose (Table I). 


For the in uiuo incorporation studies (Table 11) the control values for 
thymidine incorporation into DNA for 60 min for day 10 Ehrlich ascites 
cells was 107,533 dpm/mg of isolated DNA, which was inhibited 57% by 
I. For uridine incorporation, the control was 51,193 dpm/mg of RNA 
isolated, which was unaffected by drug treatment. Leucine incorporation 
into protein for the control was 19,181 dpm/mg of isolated protein which 
was inhibited 52% by drug therapy. Formate incorporation into purine 
for the day 10 control was 28,786 dpm/mg of protein. De n ~ u o  purine 
synthesis was inhibited 41% by I. I t  may be noted that drug administra- 
tion for 2 d reduced the number of cells in the ascites fluid from 226 X 
l@ to 102 x I@ per milliliter. 


Nuclear DNA polymerase activity for the control was 76,528 dpm/h/mg 
of nucleoprotein which was reduced 62% by administration of I. Nuclear 
mRNA polymerase activity for the control was 4867 dpm/h/mg of 
nucleoprotein, rRNA polymerase activity was 8751 dpm/h/mg of protein, 
and tRNA polymerase activity was 10,792 dpm/mg of protein. mRNA 
and rRNA polymerase activities were not affected by drug administra- 


: c 15.01 


- I / 2 2.51 
w 


~ . . . ~ .  .ll_, 
2 4 6 8 10 12 14 


MINUTES 
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I 


Figure 2-Effects of I on the initiation and elongation of protein syn- 
thesis of Ehrlich ascites carcinoma cells. Key: (0) control; (a) pyro- 
catechol uiolet; (B) emetine; (A) I ;  ( 8 )  drugs added at 100 pM con- 
centrations. 


tion, but tRNA polymerase activity was suppressed 37%. Ribonucleotide 
reductase activity for the day 10 control was 153,791 dpmhng of protein 
and was unaffected by drug administration. 


Phosphoribosyl pyrophosphate amidotransferase activity for the 
control resulted in a net change of 0.544 optical density units/h/mg of 
protein; drug administration for 2 d reduced the activity 59%. Inosinic 
acid dehydrogenase activity for the control was 36,530 dpm/mg of protein, 
which was essentially not affected by drug therapy. Dihydrofolate re- 
ductase activity for day 10 Ehrlich ascites cells was 0.514 optical density 
units/h/mg of protein; this was inhibited 25% by I. Carbamyl phosphate 
synthetase activity for the control was 0.128 mg of carbamyl phosphate 
formed/h/mg of protein, which was reduced 23% by I. Aspartate carbamyl 
transferase activity for the control was 7.526 mg of carbamyl aspartate 
forrned/h/mg of protein, which was suppressed 11% by drug adminis- 
tration. Orotidine monophosphate decarboxylase activity for the control 
was 10,775 dpm of 14C02 generated in 15 min/mg of protein; this was not 
affected by drug administration. Thymidylate synthetase activity for the 
control was 103,328 dpm/mg of protein, which was not suppressed by I. 
["]Thymidine incorporation into mono-, di-, and triphosphate pools 
were reduced 57,19, and lo%, respectively. Deoxyribonuclease activity 
for the control was 247 p g  of DNA hydrolyzed/h/mg of protein. 


Preliminary whole cell in uitro incorporation studies demonstrated 
that I afforded an IDS of 0.94 mM for the inhibition of DNA synthesis. 
For RNA synthesis the IDS was 1.82 mM, and for the protein synthesis 
the IDw wasO.863 mM. Using a supernatant fraction, the IDS for formate 
incorporation into purine for I was 1.71 mM. Figure 1 demonstrates the 
in oitro effects of I on the incorporation studies for nucleic acid, protein, 
and purine biosyntheses. 


DNA polymerase activity in isolated nuclei from Ehrlich ascites cells 
was inhibited significantly by I, with an IDm of 0.454 mM. tRNA poly- 
merase activity resulted in an IDm of 0.433 mM. Phosphoribosyl pyro- 
phosphate amidotransferase activity was also significantly inhibited by 
the copper complex with an IDm of 0.523 mM. Deoxyribonuclease activity 
was inhibited significantly, with an IDm of 0.682 mM. A number of other 
enzymes were not inhibited by I in the concentration range of 0.25-1.0 
mM. These include carbamyl phosphate synthetase, aspartate carbamyl 
transferase, orotidine monophosphate decarboxylase, thymidylate syn- 
thetase, inosinic acid dehydrogenase, dihydrofolate reductase, ribonu- 
cleotide reductase, and mRNA and rRNA polymerase activities. 


Figure 2 demonstrates that  I does not immediately inhibit protein 
synthesis of Ehrlich ascites lysates, but rather there is a lag of several 
minutes before inhibition is observed. Protein synthesis inhibition by 
I resembles more closely the type of inhibition seen for pyrocatechol vi- 
olet, an initiation inhibitor, rather than that by emetine, an elongation 
inhibitor of polypeptide synthesis. 


DISCUSSION 


The boron compounds were originally synthesized with the idea that 
they may act as antimetabolites of a-amino acids. They have been used 6 Whatman No. 3. 
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therapeutically in the past in neutron capture in cancer therapy. The 
parent compound, trimethylamine carboxyborane, at 20 mg/kg produced 
82% inhibition of Ehrlich ascites growth. As can be seen, I is more potent, 
producing 96.2% inhibition a t  20 mg/kg. Compound I significantly in- 
hibited DNA and protein syntheses in Ehrlich ascites cells. The major 
sites in DNA synthesis that were inhibited include DNA polymerase and 
dr ~ ( J U O  purine syntheses. The regulatory enzyme of purine biosynthesis, 
phosphoribosyl pyrophosphate amidotransferase was significantly in- 
hibited by I; the inhibition was of a magnitude toaccount for the observed 
inhibition of purine synthesis. 


The trimethylamine cyanoboranes and carboxyboranes have been 
observed to inhibit DNA polymerase activity (1) in a similar manner as 
I. However, the former derivatives also significantly suppressed thymi- 
dylate synthetase activity. Compound I had no effect on thymidylate 
synthetase activity either in uiuo or in uitro. I t  may be noted that heavy 
metals a t  low concentrations have been known to inhibit DNA poly- 
merase activity by directly binding to the enzyme and form a stable 
complex with nucleotide triphosphates, polynucleotides, and DNA (26); 
however, in these studies the copper existed as an ion species. Further 
evidence indicates that  metal ions are carcinogenic and mutagenic. The 
copper in I is securely bound to the molecule; thus, there is no reason to 
believe that it is in an ionic form. 


Compound I moderately inhibited (23%) the regulatory enzyme of 
pyrimidine synthesis, i .e . ,  carbamyl phosphate synthetase. Moderate 
inhibition of dihydrofolate reductase by I was observed and may be im- 
portant in one-carbon transfer in the synthesis of both purines and py- 
rimidines. Previous studies with trimethylamine cyanoboranes and 
carboxyboranes have shown that one-carbon transfer from S-adenosyl 
methionine was suppressed (1). Deoxyribonuclease activity was also 
suppressed, which indicates that I did not cause the release of hydrolytic 
enzymes from lysosomes and thus cause the degradation of nucleic 
acids. 


The data for the protein experiment suggest that I is an initiation in- 
hibitor of Ehrlich ascites protein synthesis. Compound I exhibited be- 
havior similar to the initiation inhibitor pyrocatechol violet, which allows 
completion of the ongoing round of protein synthesis, rather than emetine 
(27), an elongation inhibitor which freezes the ribosome on the mRNA 
with an immediate cessation of polypeptide synthesis (28). 
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antimicrobial (2), antiviral (6), cytostatic, and antimitotic 
(4, 5) activities. Recently a series of 3-aryliminoindol- 
2(3H)-ones and their N-Mannich bases have been shown 
to possess antibacterial and antifungal (7) activity and 
have shown promise as excystment and cysticidal agents 
against Schizopyrenus russelli (8, 9). CNS activity has 
recently been demonstrated for some N,N-disubstituted 
1-(aminomethyl) -5 - alkyl -3- (aryloxyacety1hydrazono)in- 
dol-2(3H)-ones (10). 


The 3-0-nitrophenylhydrazone of indol-2,3-dione has 
shown activity against Walker carcinosarcoma 256 (11). 
Because of the well-known antibacterial activity of other 
nitro heterocycles (12) and our interest in this area (13), 
we decided to prepare and test a series of 5-nitro substi- 
tuted 3-phenyliminoindol-2(3H)-ones and their N-Man- 
nich bases for antimicrobial activity. 


Abstract The antimicrobial and antifungal activities of a series of 
5-nitro-3-phenyliminoindol-2(3H)-ones and their I-piperidinomethyl 
analogues (N-Mannich bases) were investigated. Growth inhibition of 
Gram-positive bacteria was observed with little or no activity against 
Gram-negative bacteria. Antifungal activity was absent. The syntheses 
were accomplished from 5-nitroindol-2,3-dione by condensation with 
the appropriate aniline followed by formation of the N-Mannich base. 


Keyphrases 5-Nitro-3-phenyliminoindol-2(3H)-ones-syntheais, 
antimicrobial and antifungal activity N-Mannich bases-5-nitro-3- 
phenyliminoindol-2(3H)-ones, synthesis, antimicrobial and antifungal 
activity 0 Antimicrobial agents-potential, 5-nitro-3-phenyliminoin- 
dol-2(3H)-ones and their N-Mannich bases, synthesis 


Interest in biologically active indol-2,3-dione (isatin) 
derivatives has increased rapidly over the past few years. 
Mannich bases derived from indol-2,3-diones have shown 
antimicrobial (1,2), antiviral (3), cytostatic, and antimi- 
totic (4, 5) activities. The corresponding substituted 3- 
thiosemicarbazones or 3-hydrazones have similarly shown RESULTS AND DISCUSSION 


The synthetic procedure followed is outlined in Scheme I. The starting 
material was 5-nitroindol-2,3-dione (11) prepared by the nitration of 
indol-2,3-dione (I) using a modification of the method reported by Cal- 
very (14) which prevented the formation of resinous side products. Direct 
condensation of the appropriate aniline with 5-nitroindol-2,3-dione (11) 
in a boiling mixture of ethanol and dimethyl sulfoxide furnished the 
corresponding 3-phenylimino derivatives (1IIb-d). The remaining 
compounds (IIIa, e-f) were prepared similarly, but required the addition 
of a few drops of glacial acetic acid to the reaction medium. Using di- 
methyl sulfoxide containing a few drops of glacial acetic acid as solvent 
allowed the reaction to proceed to completion by standing a t  room tem- 
perature overnight. 


The 1-piperidinomethyl derivatives (N-Mannich bases) (IVa, d-g) 
were prepared from the 3-phenylimino derivatives using standard 
methods (7). The reaction failed for IVb and IVc. 


All compounds gave satisfactory elemental analysis for C, H, and N 
(within f0.4%), the UV, IR, 'H-NMR, and mass spectra were consistent 
with the assigned structures. Physical constants of the 3-phenylimino 


Table  I-Physical Properties of 5-Nitro-3-phenyliminoindol- 
2(3H)-ones (111) and  5-Nitro-3-phenylimino-l- 
piperidinomethylindo1-2(3H)-ones (IV) 


HN03 


HISO.. O°C 
I 
A 
I 


B 
II 


Appropriate 
aniline I 


R 


IIIb 4-CHSO 
IIIc 3 -CH30  
IIId 4-C1 


HC/ Piperidine IIIa H - 
~ ~~~ 


Compound R Method Yield,% mpI0C Formula 


IIIa H C 
A 
A 


90 
91 
62 
77 
89 
83 
77 


242-243" 
222-224" 
168-170 
220-221" 


IIIe 3431 
IIIf 4-NO2 
IIIg 3-NOZ 


IIIb 
IIIC 
IIId 
IIIe 
IIIe 
IIIf 


4-CH30 
3-CH:rO 


4 x 1  
3-C1 
3-CI 


4-NO2 
4-NO2 
3-NO2 
3-NO2 


H 
4-c1 


A 
B 
C 


130- 131 
129-1 31 
151-152 B c IIIf 


IIIg 
IIIg 
IVa 
IVd 


80 
51 
64 
66 


~~. ~ - 
151-153 
235-237 
237-238 


R - 
IVa H 


IVe 3-C1 
IVd 4-C1 


IVf 4-NOZ 
IVg 3 - N 0 2  


Scheme I-Synthesis of .5-nitro-3-phenylimino-l-piperidinomethyl- 
indol-2(3H)-ones. 


B 
C 


145-147 
165-167 
174-176 
185-187 
188-189 


68 ~~ 


66 
24 
31 


IVe 
IVf 
IVg 


a Kallmayer (15) reports m p  245-247OC for Ila, and 26&27OoC and 238-240°C, 
respectively, for the anhydrous forms of IIIb and IIId. 
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Table 11-Antibacterial and Antifungal Activities of 5-Nitro-3- 
phenyliminoindol-2(3H)-ones (111) and 5-Nitro-3-phenylimino- 
l-piperidinomethylindol-2(3H)-ones (IV) 


Diameter of Inhibition Zoneso, mm X 10 
E. Coli S. aureus C. albicans 


(NCTC 5933) (NCTC 8532) (NCTC 45348) 
Compound Carpet Pour Carpet Pour Carpet Pour 


- - - - - - 
- - - - - - I1 


IIIa 
IIIb 
IIIC 
IIId 
IIIe 
IIIf 
IIIg 
IVa 
IVd 
IVe 
JVf 
IVg 
Dimethvl sulfoxide - 


- - f f - 130 120 - - 170 142 - 
- 186 162 - 
- 170 150 - 


f f 250 240 - - 170 142 - 
- 202 176 - 


- - 
- - 
- - 
- - 


- - - - - - 
- - 


- - - - - - - 
- - - - - - - - 
- - 


- - - - - 
~ ~ ~ ~~~~~~~~~ 


Average of six determinations. Key: (-) no inhibition; (*) minimally observable 
inhibition. 


and corresponding 1-piperidinomethyl derivatives are listed in Table 
I. 


All the compounds synthesized were evaluated for potential antimi- 
crobial activity against Gram-negative Escherichia coli, Gram-positive 
Staphylococcus aureus, and Candida albicans using the cup-plate 
technique with either a pour plate or surface-innoculated (carpet) plate. 
None of the compounds tested showed any activity against C. albicans, 
and only IVd exhibited slight activity against E. coli (Table 11). Com- 
pounds 11, lIIa, IIIf, IVa, and IVf were inactive and IIIb showed only slight 
inhibitory activity against S. aureus. However, IIIc-e, IIIg, IVd-e, and 
IVg were active, with IVd the most active, followed by IVg. 


The Mannich bases were usually more active than the 3-phenylimino 
compounds, with the exception that IIIe was more active than IVe. This 
is consistent with the observation of Varma (7) and demonstrates the 
necessity of the 3-phenylimino group, as 5-nitro-3-piperidinomethylin- 
dol-2,3-dione has been shown to be devoid of antimicrobial activity 
(2). 


EXPERIMENTAL 


Antimicrobial Evaluation-The organisms used were E. coli (NCTC 
5933), S. aureus (NCTC 8532), and C. albicans (NCTC 45348). The 
cupplate technique was used with either a pour plate or a surface-in- 
noculated (carpet) plate using nutrient agar for the bacteria and malt 
extract for C. albicans. 


The compounds were tested at  1 mg/mL in dimethyl sulfoxide, and 
100-pl portions were transferred to 9-mm diameter holes cut into the 
plates. The agar plates were then incubated at  37OC for 24 h and the malt 
extract plates at 25OC for 72 h, after which the zones of inhibition around 
each hole were measured. Table I1 shows the average of six determina- 
tions for each zone of inhibition. Dimethyl sulfoxide showed no inhibitory 
effects on the test organisms. 


Chemistry-Melting point values were determined' and are corrected. 
The lH-NMR2 spectra were obtained in DMso-d~j  using 1% tetra- 
methylsilane as internal standard. IR3 and UV4 spectra were recorded 
on double-beam spectrophotometers. Mass spectra5 were also recorded. 


Mettler model FP61. 
Perkin-Elmer model -2. 


3 Perkin-Elmer model 157G in KBr disks. 
4 Perkin-Elmer model 554. 
5 VG MM 16F spectrometer with DS 2135 data system. 


TLC was carried out using plates coated with silica gel, and products were 
visualized with UV light a t  254 nm. All compounds submitted for ele- 
mental analysis6 gave spectral data consistent with the proposed structure 
and were pure by TLC. 


5-Nitroindol-2,3-dione (II)-Indol-2,3-dione (44.2 g, 0.33 mol) was 
dissolved in concentrated sulfuric acid (208 mL), and the solution was 
kept at O°C while nitric acid (d = 1.50, 15.5 mL, 0.34 mol) was added 
dropwise over a period of 3 h. After the addition was complete, the solu- 
tion was allowed to stand for 1 h and then poured into ice (1.5 kg). The 
yellow precipitate was collected and recrystallized from aqueous methanol 
to yield 5-nitroindol-2,3-dione (II), 48.3 g (85%), mp 254-255OC [lit. (14) 
mp 254-255OCI. 
5-Nitro-3-phenyliminoindol-2(3H)-ones (III)-Compounds IIIa-g 


were prepared by one of the following methods: 
1. 5-Nitroindol-2,3-dione (1.92 g, 0.01 mol) and the appropriate aniline 


(0.01 moll were suspended in a mixture of ethanol (15 mL) and dimethyl 
sulfoxide (15 mL). The mixture was heated at  reflux for 1 h, an equal 
volume of warm water was added, and the mixture was allowed to stand 
at room temperature overnight. The material was removed by filtration, 
washed with aqueous ethanol (50% v/v), and dried. Analytical and mi- 
crobiological samples were recrystallized from aqueous methanol (50% 
v/v) (method A). 


2. Identical to method A except that a few drops of glacial acetic acid 
were added to the reaction mixture (method B). 


3. 5-Nitroindol-2,3-dione (1.92 g, 0.01 mol) and the appropriate aniline 
(0.01 mol) were stirred overnight in dimethyl sulfoxide (25 mL) con- 
taining a few drops of glacial acetic acid. The products were isolated by 
dilution with an equal quantity of warm water as described for method 
A (method C). 
5-Nitro-3-phenylimino-l-piperidinomethylindol-2(3H)-ones ( IV)  


-The appropriate 5-nitro-3-phenyliminoindol-2(3H)-one (0.01 mol) 
was treated with piperidine (0.01 rnol), formaldehyde solution (2 mL, 37% 
w/v), ethanol (10 mL), and dimethyl sulfoxide (10 mL). The mixture was 
then heated on a water bath until a clear solution was obtained. An equal 
volume of warm water was then added and the resulting mixture was 
allowed to stand a t  room temperature overnight; the product was re- 
moved by filtration and then recrystallized from aqueous methanol (50% 
v/v). 
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of nystatin. The latter has been shown to possas spectral characteristics nearly 
identical to that of amphotericin AI6J7. 


The paired t test was used to compare bioassay results from the manufac- 
turer with those from the HPLC method. No significant statistical difference 
was found at the 95% confidence level. It would be difficult and impractical 
at this juncture to make further comparisons among sample results because 
of the poor precision of microbiological assays for antifungal substances. 


It can, therefore, be concluded that the commercial bulk material is pre- 
dominantly amphotericin B containing a limited amount of the A congener 
and several heptaenes. The potency of type I amphotericin B may measure 
>900pg/mg with -6% amphotericin X, whereas type I 1  shows a potency of 
-800 Ig /mg with -1 I-14% amphotericin X. 
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Abstract 0 A sensitive high-performance liquid chromatographic assay for 
nitroprusside using an ion-exchange column and UV detection was developed 
to evaluate the stability of aqueous solutions of sodium nitroprusside in 
light-protected glass and plastic containers and during simulated infusions. 
The results showed that sodium nitroprusside isstable in 5%dextrose, normal 
saline, and lactated Ringer’s solutions in light-protected glass or plastic con- 
tainers. In addition, there was no decrease in the delivered potency of sodium 
nitroprusside solutions during simulated infusions lasting up to 24 h. 


Keypbreses 0 Sodium nitroprusside-in vifro stability, solutions, intravenous 
administration, HPLC 0 Stability-in vitro, sodium nitroprusside solutions, 
intravenous administration, HPLC 


Sodium nitroprusside [Na2Fe(CN)5N0.2H20] is a valu- 
able agent in the treatment of congestive heart failure (l) ,  
cardiogenic shock complicating acute myocardial infarction 
(2), and hypertensive crisis (3). This drug is also used for the 
production of intraoperative hypotension (4). However, there 
are several problems associated with the clinical use of sodium 
nitroprusside, including tolerance (9, tachyphylaxis ( 6 ) ,  and 
the toxicity of its metabolites, cyanide and thiocyanate (7). 
Some of these problems might be alleviated by an under- 
standing of the pharmacokinetics of nitroprusside in humans. 
To derive pharmacokinetic parameters from data collected 
during a constant infusion, the amount of sodium nitroprusside 
delivered must be known. The purpose of this study was to 
investigate the stability of sodium nitroprusside in various 
intravenous solutions and during simulated infusions. 


EXPERIMENTAL 


Reagents and Chemicals-Sodium nitroprusside’ was used as received. 
Analytical-grade KHzP04 and H,P04 and deionized water were used to 
prepare the mobile phase. All glassware used for sampling or storage of stock 
solutions was silanized2. 


Imbuments and Chromatographic Conditions-An anion-exchangc column3 
and a 0.5 M KHzPO4 buffer (pH 3.0) with H3P04,  were used to achieve the 
chromatographic separation. The high-performance liquid chromatography 
(HPLC) was performed with a solvent pumping system4, a varidble-wave- 
length UV detector5, and an injector equipped with a 50-pL sample loop6. The 
absorbance was measured at 230 nm with a 0.1 AUFS deflection and was 
recorded on a three-pen recorder’. The flow rate was 1.4 mL/min, and the 
mobile phase was filtered and deaerated prior to use. 


Stability Studies-Sodium nitroprusside (50 mg) was dissolved in 5 mL 
of water and then added to 500 or 1000 mL of a test solution, resulting in a 
final concentration of 100 and 50 pg/mL, respectively. The stability of sodium 
nitroprusside was tested in 5% dextrose, normal saline (0.9% NaCl), and 
lactated Ringer’s solutionss in both glasss and plasticn containers. After the 
addition of the sodium nitroprusside concentrate. the test solution was mixed 
and a sample was withdrawn for use in the construction of a standard curve. 
The bottle or plastic bag was wrapped in aluminum foil and left exposed to 
laboratory (fluorescent) light for 48 h. Sodium nitroprussidc standards were 
protected from light and stored a t  4OC. The stability of the standard solutions 
was verified by comparing their concentrations with freshly prepared 100- 


I Rwhe Laboratories. Nutley, N.J. * Prosil-28; PCR Research Chemicals, Gainesville. Fla. 


‘ Constametric I; Laboratory Data Control, Riviera Beach, Fla. 
5 Spectromonitor 111; Laboratory Data Control, Rivicra Beach, Fla. 


’ Linear Instruments, Irvine, Calif. * Abbott Laboratories, North Chicago, I l l .  


Partisil 10-SAX; Whatman Inc., Clifton, U.J. 


Model 7 120; Rheodyne Inc., Berkeley. Calif. 
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Table I-Sodium Nitropmide Stability in Lactated Ringer’s, Normal 
Saline, and 5% Dextrose over 48 b in Glass and Plastic Containers 


Table Il--Sodium Nitroprusside Stability in Intravenous Infusion Sets at 
Flow Rates of 10 and 50 mL/hm 


Lactated Ringer’s Normal Saline 5% Dextrose 


ug/mL 50 100 100 50 50 100 
Concentration, Glass Plastic Glass Plastic Glass Plastic 


- -. 
Time, h 


2 104.0 100.7 100.4 100.4 101.0 100 
4 103.7 100.7 100.6 100.4 103.4 101.0 
8 101.7 99.4 100.2 100.9 98.7 100.9 


24 98.2 99.4 104.0 101.0 100.7 101.7 
32 102.7 101.9 98.2 100.4 98.8 101.8 
48 103.1 100.3 101.3 100.7 100.0 104.2 


a Each value represents the mean of two experiments and is expressed as percent of 
control. 


or 50-pg/mL sodium nitroprusside standard solutions; no deterioration in  the 
refrigerated and light-protected stock solutions was noted over a 48-h pe- 
riod. 


Infusion Studies-A volumetric pump9 and infusion set8 were employed. 
The plastic tubing made of polyvinyl chloride was left exposed to light. The 
infusion set tubing was 3 m long and held a volume of 20 mL. Flow rates of 
10 and 50 mL/h for 24 and 8 h, respectively, were studied. Samples were taken 
from both the bottle and directly from the end of the tubing at each sampling 
interval. 


Standard Curves-The standard solution of sodium nitroprusside, serially 
diluted with water to yield concentrations of 6.25, 12.5, 25, and 50 pg/mL, 
was injected directly onto the column with measurement of peak heights to 
generate a calibration curve. Each sample was injected in duplicate. The 
coefficients of variation for the standard curves ranged from I to 3%. The 
unknown samples were analyzed immediately after withdrawal from the 
container or infusion set a t  0, 2.4,8, 24. 32, and 48 h after preparation. All 
experiments were performed in duplicate. 


i+ 
L 


Figure 1-Chromatogram of 5 p g  of sodium nitroprusside in 5% dextrose 
before ( A )  ond ofer  exposure to light for 4 h ( B ) .  The urrow denotes the time 
of injection. 


Life Care Pump; Abbott Laboratories. North Chidgo. 111. 


Time, h 10 mL/h 50 mL/h 


2 
4 
8 


24 


99.6 
100.9 
100.9 
100.3 


101.8 
101.8 
103.2 
- 


Values represent the mean of two experiments and are expressed as percent of con- 
trol. 


RESULTS AND DISCUSSION 


A chromatogram of sodium nitroprusside, 100 pg/mL in 5% dextrose, is 
shown in Fig. I .  Using the previously described chromatographic conditions, 
the retention time is -5 min. Also shown in Fig. 1 is a chromatogram of the 
same solution of sodium nitroprusside after exposure to light for 4 h. At 230 
nm, the degradation of sodium nitroprusside is manifested as a decrease in 
the peak height; none of the breakdown products are visible on the c h r e  
matogram. Beer’s law is obeyed over the sodium nitroprusside concentration 
range of 1-200 pg/mL. The precision of the assay was evaluated by injecting 
four replicate samples of I 2  5,25, 50, and 100 pg/mL of sodium nitroprusside; 
the coefficient of variation was < I % .  


The results of the stability studies of sodium nitroprusside in 5% dextrose, 
lactated Ringer’s, and normal saline are shown in Table I. When a glass or 
plastic container IS wrapped in aluminum foil and then left exposed to light 
for 48 h, there is no appreciable breakdown of sodium nitroprusside at  a 
concentration of either 50 or I00 pg/mL. Other studies have found that so- 
dium nitroprusside is stable in  5% dextrose in glass (8. 9) and plastic (lo) 
containers when protected from light, and this study extends those observations 
to include normal saline and lactated Ringer’s solution. There appears to be 
no factual basis for the current recommendation that sodium nitroprusside 
be administered solely in 5% dextrose. 


Table 11 shows the effect of light exposure on sodium nitroprusside solutions 
while traversing plastic intravenous infusion sets. Duplicate dctcrminations 
in either 5% dextrose, normal saline, or lactated Ringer’s solution at flow rates 
of 10 or 50 mL/h showed no deterioration in the delivered concentration of 
the sodium nitroprusside solution over 24 and 8 h, respectively. This finding 
contrasts with that of Baaske et al. (8) who noted a small (3.5%). but consis- 
tent, decrease in the potency of a nitroprusside solution delivered from an 
intravenous infusion set exposed to light for 5 h. This discrepancy may possibly 
be explained by differences in the composition, and therefore the light diffusion 
characteristics, of the infusion sets. 
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Abstract 0 Succinate esters. although frequently employed as water-soluble 
prodrugs of poorly soluble parent drugs. are not sufficiently stable to allow 
long-term storage in solution. InIramolecular catalysis of ester hydrolysis by 
the terminal succinate carboxyl group is a contributing factor to this instability. 
Methylprednisolone 2 I -succinate has recently been reported to undergo both 
hydrolysisand 21 z 17 acyl migration in aqueous solutions. lntramolecular 
catalysis by the terniinal carboxyl group is seen in  both reactions. but the 
catalytic mechanisms are not well understood. While acyl migration can only 
be. catalyzed ilia the carboxyl group acting as a general acid or general base, 
hydrolysis may undergo either nucleophilic or general acid  base catalysis. 
To gain further insight into the catalytic mechanism, hydrolysis of methyl- 
prednisolone 21-succinate was carried out in aniline buffers to trap any succinic 
anhydridc (as the anilide) that would form if the catalysis werc nucleophilic. 
The nucleophilic mechanism was shown to account for only I5-20% of the 
overall catalysis. Comparisons of the rates of the intramolecularly catalyzed 
reactions of methylprednisolone 21- and 17-succinate were made with thesame 
reactions of methylprednisolone 21 - and 1 7-acetate catalyzed intermolecularly 
by acetate ion. Interestingly, intramolecular catalysis appears to favor acyl 
migration over hydrolysis. Hence, the hydrolysis of methylprednisolone 21- 
succinate is faster in basic solutions (pH > 7.4). while acyl migration becomes 
the dominant reaction in the catalyzed region of the pH profile between pH 
3.6 and 7.4. Argumcnts are presented to account for these differences in 
catalytic efficiency in terms of the transition-state structures for the two re- 
actions. 
Keyphrases 0 Acyl transfer reactions---methylprednisolone 17- and 21 - 
monoesters, carboxyl group catalysis 0 Methylprednisolone 17- and 21 ~ 


monocsters-acyl transfer reactions, carboxyl group catalysis D Carboxyl 
group catalysis--methylprednisolone 17- and 21-monoesters. acyl transfer 
reactions 


Carboxyl group catalysis of acyl transfer reactions is an 
important phenomenon in a host of chemical and biological 
processes involving esters or amides. Many examples of car- 
boxyl groups acting as nucleophilic, general acid, or general 
base catalysts either inter- or intrarnolecularly have been cited 
(for general reviews on the subject: 1-3) .  Yet, more work is 
needed since it is still not possible to predict with certainty the 


0 
I1 


H 2 - C - O - C R  
I 


extent to which carboxyl groups in the immediate environment 
will accelerate a given acyl transfer reaction or via what 
mechanism this will occur 


The role of carboxyl catalysis in the degradation of hemi- 
esters of dicarboxylic acids has been of particular interest from 
a pharmaceutical perspective because hydroxyl-containing 
drugs having low water solubility are frequently solubilized 
for parenteral administration by forming their succinate esters. 
A classic example of the clinical utility of this approach was 
the development of soluble 2 1 -succinate esters of corticoste- 
roids for parenteral use. A serious drawback of such derivatives 
is the limited shelf life of their solutions, which is due in part 
to intramolecular catalysis by the terminal succinate carboxyl 
group. 


In  aqueous solution, 2 1 -esters of corticosteroids undergo 
ester hydrolysis and 21 2% acyl migration as depicted in Scheme 
I for esters of methylprednisolone (4-6). Garrett recognized 
in the early 1960's that the solvolysis of the 2 1 -succinate ester 
of hydrocortisone is catalyzed by the terminal carboxyl group 
and suggested that intramolecular nucleophilic catalysis is 
involved (4, 5). Recently, studies of the degradation of 
methylprednisolone 2 1 -succinate confirmed that hydrolysis 
is catalyzed intramolecularly and also revealed that 21 * 17 
acyl migration which was found to occur at an initial rate 
comparable to the hydrolysis rate is also subject to intramo- 
lecular catalysis ( 6 ) .  


Shown in Fig. 1 are the pH-rate profiles for the hydrolysis 
and 21 - 17 acyl migration of methylprednisolone 21 -succi- 
nate, reported in an earlier study (6). Intramolecular catalysis 
of hydrolysis is clearly seen as a deviation of the hydrolysis 
curve from the simple V-shaped profile (dashed line) typically 
observed for the hydrolysis of esters. Between pH 4.1 and 6.5, 
the dominant hydrolytic reaction is hydroxide-ion attack on 


Wx-C-OH 


0 


R--CHa IAmatd 
E 
--CWICHICOO- &* ( S u a r i ~ u )  


Scheme /--Degradation pathways of 21 -esters ojmethylprednisolone in aqueous solution'. 
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Scheme 11- Intramolecular nucleophilic catalysis of 21 -ester hydrolysis. 


C H 2 - 0 - C -  v C H 2  C H 2 0 H  ,coo0 
I ) / r .d  I .  I I 


o = c  H-o 7" o=c OH - o=c 
A O H  A O H  CH2 


n*rr*m - nrrnm 'COOH 


Scheme 111 -1nrramolecular general base catalysis of 21 -ester hydrolysis by water. 


H 


C H 2 - 0 -  C -  II C H 2  C H 2 - 0 -  7 Q C --CH2CH2C0Oo C H 2 0 H  ,coo0 
0) )H2 


+ rH2 
A O H  A 0  H C H 2  


I 'I r d s ,  I I I 
o=c O H  0-c 


7 
o==c - n?TI*m cnrrrm 'COOH 


A 0  H 


Scheme IV-Intramolecular general acid catalysis of attack by hydroxide ion on the 21 -ester 


the ionized ester or the kinetically equivalent water attack on 
the anion. Mechanistically, the increase in rate over that ex- 
pected from hydrolysis in more basic solutions can be inter- 
preted as being due to one or more of the following kinetically 
equivalent reactions: ( a )  intramolecular nucleophilic attack 
by the terminal carboxylate anion; ( 6 )  intramolecular general 
base catalysis of attack by water; (c) intramolecular general 
acid catalysis of attack by hydroxide ion, or ( d )  repulsion of 
hydroxide ion by the negatively charged carboxylate. Mech- 
anisms a-c are depicted in Schemes 11-IV, respectively. 


Intramolecular nucleophilic attack by carboxylate anion 
(Scheme 11) results in  the formation of succinic anhydride, 
which in a subsequent step then hydrolyzes in water to give 
succinic acid. The other possible mechanisms yield succinic 
acid directly. 


Acyl migration is also catalyzed intramolecularly by the 
terminal succinate carboxyl group of methylprednisolone 
21-succinate (or 17-succinate), as evident in Fig. 1, from the 
acceleration of the migration rate below pH - 7.4 compared 
with that expected based on the rate in more basic solutions. 
Two possible mechanisms may account for this acceleration: 
intramolecular general acid-specific base catalysis, or general 


o;rHO,C_ 0 
I1 I 


base catalysis. Two plausible representations of these catalytic 
mechanisms are shown in Schemes V and VI, respectively, for 
the 21 -. I7 migration. (These diagrams assume that brcak- 
down of the tetrahedral intermediate is rate determining in 
going from 21 - 17 and, therefore, formation of the tetrahe- 
dral intermediate would be rate determining in going from 17 - 21.) 


Since catalysis of acyl migration must occur via a general 
acid-base mechanism, it appeared likely that a general cata- 
lytic mechanism may also be operative in the hydrolysis. To 
ascertain the importance of the intramolecular nucleophilic 
mechanism in hydrolysis, an attempt was made to trap the 
succinic anhydride (as succinanilic acid) that would form from 
the intramolecular nucleophilic attack of carboxylate anion 
on the ester, by carrying out the hydrolysis in aniline buf- 
fers. 


Of further interest was the observation that intramolecular 
catalysis brings about a reversal in  the relative rates of the 21 - 17 migration and 21 -ester hydrolysis. In  solutions of pH > 
7.4, hydrolysis is slightly faster than 21 - 17 acyl migration, 
while acyl migration is dominant in the intramolecularly cat- 
alyzed region between pH 3.6-7.4. To understand better the 


COOH 


no-C. y 2  


CH2-o~C,CH2 


I 'c< / O = C  / 9 cooo I 
C H 2 - 0  OH 


A 0  O S c  / CH2CH2 A0 
nmrm m 


Scheme V-General acid-specific basr catalysis of 21 - 17 acyl migration. (Reuerse reaction reflects general base catalysis of 17 - 21 acyl migration.) 
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Scheme Vl- -  General base catalysis of 21 - 17 acyl migrarion. (Heuerse reaction reflects general acid-speci/c base catalysis of17 - 21 acyl migration.) 


differences in catalysis of these two similar reactions and to 
generate additional background information on 0 - 0 acyl 
migration in corticosteroid esters, studies of the degradation 
of methylprednisolone 21- and 17-acctate in water and in ac- 
etate buffers were also conducted. 


EXPERIMENTAL 


Reagents--Mcthylprednisolone', mcthylprednisolone 21-hemisuccinate2, 
and mcthylprcdnisolonc 21 -acetate3 wcrc commercially available and used 
without further purification. Mcthylprcdnisolonc 17-hcmisuccinatc was re- 
ported previously (6). 


Methylprcdnisolonc I 7-acetate was prepared as described previously (7); 
UV: A,,,,, 242 nm ( f  = 14,900); IH-NMR (CDC13-DMSO-J6, 4:1)4 6 
7.2-7.35 td, I ,  CI-  H) ,  6.35-6.5 (d, I ,  C?--H), 5.9 (s, I ,  C4-H), 4.4 (br, 
I .  Cll-li), and 4.15 ppm (s. 2, C21--H2). 


Anal: Calc. for C24H3206: C. 69.21; H, 7.75. Found: C ,  68.84; H ,  
7.66. 


Succinanilic acid was prepared from succinic anhydride and aniline, mp 
145.8-146.8"C [lit. (8) mp ISO°C]. 


Anal. --Calc. for ClaH1 iNO3: C, 62.16: H. 2.74; N ,  7.25. Found: C, 62.18; 
H. 5.82; N, 7.27. 


3 


6 


\ 
\ 


' I  \ II - 
1 2 3 4 5 6 7 8 9  


PH 


Figure I - p H - L o g  raie profiles for hydrolysis (0)  and 21 - 17 acyl mi- 
gration (0) of the 21 -succinate ester ofmethylprednisolone in aqueous so- 
lutions ai 25°C. 


I Mcdrol; The Upjohn Co., Kalamazoo, Mich. 
2 Solu-Mcdrol (niethylprcdnisolone sodium succinatc); The Cpjohn Co. 


Dcpo-Medrol. The Upjohn Co. 
Unisol-d; Norcll. Inc.. Landisvillc. h..l. 


All other reagents wcre of analytical or reagent grade and were used without 
further purification, except for aniline which was redistilled before use. 


Procedure for the Anilide Trapping Experiment-Solutions of methyl- 
prednisolone 21-suecinate wcre prepared at a concentration of 5 X M 
in aqueous anilinc buffers varying from 4 X lo-' to0.04 M anilinc with pH 
values of 5.0. 5.5. and 6.0. At these pH valucs the intramolecularly catalyzed 
reaction dominates in the hydrolysis. 


The initial rates of formation of methylprednisolone and succinanilic acid 
werc dctcrmincd at 25°C by mcasuring the solution concentrations of these 
reaction products at various times by HPLC. The solutions were monitored 
until -l%of the ester had hydrolyzed to methylprednisolone. For the HPLC 
analysis a 25 cm X 4.6 mm i.d. reverse-phase columnS packed with 10-pn 
Lichrosorb RP-8° was utilized with a mobilc phase consisting of methanol- 
water-dimethyloctylaminc (50:50:0.3) and 0.02 M MES buffer adjusted to 
pH 5.8. The solvent was pumped'at a flow rate of 1.3 mL/min, with sample 
detection at 254 nm8. 


Methylprednisolone 21- and 17-Acetate Hydrolysis, Acyl Migration Ki- 
netics, and Acetate Buffer Catalysis Studies--Stock solutions of methyl- 
prcdnisolonc 17- and 2 I-acetate in dimethylformamide werc diluted 100-fold 
into aqueous buffers to a concentration of 2.5 X M. These solutions werc 
reacted at  25°C during the study. The initial rates of formation ofdecompo- 
sition products wcrc determined by HPLC analysis using one of the following 
systems. 


I ,  For the degradation of the 21-acetatc, a reverse-phase column packed 
with 5-Nm Spheri-5 RP-lg9  was used with a methanol-water (57:43) mobile 
phase. The flow rate was 1.6 mL/minI0, detection was at 243 nml ' .  and the 
injection size was 500 pL'*. 


2. The 1 7-acetate dccomposition kinetics were monitored using conditions 
similar to those above, but with a mobile phase consisting of methanol-ace- 
tonitrile- water (10:32:58). 


For comparison with data reported prcviously for the 2 I -succinate, the 
hydrolysis of mcthylprcdnisolonc 21 -acetate was carried out in 0.01 M ionic 
strength buffers. The studies of catalysis by acetate buffer were carried out 


bi i+IH*l .  k H , o .  k o ~ - [ O H - l  
,-* Succinic Acid + Methylprednisolone 


Methylprednisolone k n U E  
21-Succinate - Succinic Anhydride - Methylprednisolone 


kdrreet[ Aniltncl Succinanilic Acid + Methylprednisolone 
Scheme VII-Possible reactions ojmethylprednisolone 21 -surcinale in 


aniline buffers. 


Alfcx Scientific. Berkeley. Calif. 
E. Merck, Dcrmstadt. West  Germany. 
Milton Roy Mini-Pump; Laboratory Data Control. Riviera Beach. Fla. 


MPLC 10-cm column t 3-cm guard column; Brownlcc Laboratories. Berkeley. 
8 Mode l  840000-901; DuPont. 


l o  Model I IOA pump; Alfex Scientific, Bcrkcley, Cali!'. 
I1 Altex/Hitachi model 153-00; Altcx Scientific. Berkeley, Calif 


Calif. 


Wisp model 710A: Waters Associates. Milford, Mass. 
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Table I-Values of Rate Constants for Methylprednisolone 21-Succinate 
Hvdrolvsis and Succinanilic Acid Formation in Aniline Buffers at 25°C 


Parameter Value 95% Confidence Limit 


kH+' 0.01 2 L/mol f 60% 


kcat 1.5 x 10-4 h-1 f 2 4 %  
knu-a 4.4 X lo3 L/mol-h 


k t q  6 X h-I f 3 4 %  


-.. 
kdirect Indetermin$tc' 
k nuc 2.28 X h-' 


1.3 X h-I 
;:Y 3.6 X lo4 L/mol.h 
k L s b  9 h-I _ _  


From Ref. 6. From Ref. 9. Nor significantly different from zero. 


in buffers containing 0.05-0.5 M total acctatc adjusted to 0.5 ionic strength 
with NaCI. 


RESCLIS 


llydrolysis of Methylprednisolone 2 I-Succinate in Aniline Buffers- I n  
water. methylprednisolone 21 -succinate hydrolyzes cia several kinetically 
distinguishable routes (6) as expressed by the following equation for the overall 
hydrolysis rate constant, khyd:  


k h y d  = k ~ + [ H + l f u  + kHIo-ft + k m  *f, + kori-[OH-lh (Eq. 1 )  


wherc /if{+ and k ~ +  rcprcscnt hydrogen ion and water catalysis of the deg- 
radation of thc un-ionized fraction./,,, and kc,, and kokl- represent water- 
and hydroxide-ion catalyzcd breakdown of the ioni7cd fraction.1,. 


The catalyzed rcgion clearly evident in  the plot of the logarithm of thc hy-  
drolysis rate constant for methylprednisolone 21 -succinatc wrsus pH in Fig. 
I between pH 4.1-6.5 is the rcgion in which the k,,, term in Eq. 1 dominates. 
This term may represent ( a )  intramolecular nucleophilic attack by the ter- 
minal carboxylate anion on the ester linkage, as proposed by Garrett (4)  
(Scheme 11); ( b )  intrarnolccular general base catalysis of attack by water 
(Scheme Ill) or its kinetic equivalent, intramolccular general acid catalysis 
of hydroxide ion attack (Scheme IV); or ( c )  a composite of all possibilities 
as  expressed by: 


kcat = knuc  + kgen (Eq. 2)  
While they are kinetically indistinguishable, k,,,, (reprcscnting nuclcophilic 


catalysis) can be differentiated from kgcn (representing general acid-base 
catalysis) since succinic anhydride would be formed as an intermediate in thc 
nucleophilic mechanism and should be detcctable by trapping with aniline 
as dcmonstratcd by Higuchi et al. (9). In  aniline buffer systems, the reactions 
shown in Scheme VI1 arc envisioned. 


In addition to hydrolysis by watcr as expressed by khrd (scc Eq. I ) .  
mcthylprcdnisolonc 21 -succinate may also undergo nucleophilic attack by 
aniline in aniline buffers, so the rate of methylprednisolone (MP) formation 
is expressed by: 


-- d(MP) - kh,d[Ester] + k,j,,ecl[Free Anilinc][Ester] (Eq. 3) dr 


I 


I 0  


a 


6 


1 


pn 6 o 
2 Q H  5 5 


QH 5 0 


005 01 02 03 04 
[Aniline Fiae Bare] 


Figure 2-Plots ofthe inirial rates ofmethylpri~dn~sol~~ne (closcvl symbols) 
and succinanilic acid (open symbols) formation versus aniline concentration 
at pI l5 .0 .  5 .5 .  and 6.0: esier concentration = 5 X M; temperalure = 
2s C'. 


t o - 6  v 
2 3 4 5 6 7 8 9  


PH 


Figure 3-pH- Hydrolysis rare profilessfor methypredtiisolone 21 -suninate 
and 21-acetate at 25°C. Key: (0) 21-succinale, p = 0.01: (A) 21-acetate, p 
= 0.01: (A) 21-acerare. p = 0.5. 


Succinanilic acid, the product of the reaction of aniline with any succinic 
anhydride formed as a result of the intramolecular attack by the succinate 
carboxyl group on thc ester linkage. could also be formed from direct attack 
of aniline on the ester. The rate of formation of succinanilic acid is therefore 
given by: 


d[Anilidel = kdlrec, [Free Aniline] [Ester] 
dt 


+ kh [Free Aniline][Anhydride] - k-6 [Anhydride] (Eq. 4)  


The formation of suecinic anhydride, thc intermediate of interest, can be 
expressed by: 


d [  Anhydride] 
dt 


= knuc./IIEster] - kb[Frec Aniline][Anhydride] 


- k-5 [Anhydride] + k-6 [Anilidc] (Eq. 5) 


The rate of direct formation of succinic anhydride from succinic acid was 
calculated from literature data (9) to be very small relative to thc other terms 
in Eq. 5 and was therefore disregarded. This was also vcrified experimentally 
by monitoring anilide formation in a solution containing 5 X M succinic 
acid (equivalent to the amount formed from I %  hydrolysis of a 5 X M 
solution of methylprednisolone 2 I-succinate) in 0.01 hl aniline buffer at pH 
5.5. Lo succinanilic acid could be detected over a 47-h period. 


Assuming that the concentration of succinic anhydride would rapidly reach 
a low steady-state level, i.c., d[Anhydridc]ld~ = 0, this conccntration can bc 
expressed as follows: 


(Eq. 6) 
knuc . f i e  [Estcr] + k-6 [Anilide] 


k6 lFrec Aniline] + k - 5  
[Anhydride] = 


Table 11-Methylprednisolone 21-Acetate Hydrolysis Rate Constants ' 
~ ~~~ 


Rate Ionic 9 5 8  
Comtant Strength Value Confidence Limit 


k n +  
kH20  
koti- 
k,, (Acetate) 
k g b  (Acetate) 
kti+ 
k t i 2 0  
knu-  


0.5 M 
0.5 M 
0.5 M 
0.5 M 
0.5 M 
0.01 M 
0.01 M 
0.01 M 


0.1 14 L/mol.h f 3 8 1  
4.8 x h-I f 6 6 1  
1.65 X lo4 L/mol.h f 1 6 %  
2.7 X L mol-h f 1 3 1  


f 8 8  
f 8 2 %  8.5 X lo-* I./mol.h 


1.9 x h-I f >low0 
1.45 X lo4 1Jmol.h f8W' 


I .  I7 X I 0-4 i /rnol.h 


~~ 


See Eq. 8 .  
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Table Ill-MiRration Rate Constants for Methylprednisolone Esters at 25°C 


95% 
Rate Constant Value Confidence Limit Ester Reaction 


Succinate 


Acetate 


21 - 17 


17 -+ 21 


21 + 17 


17 - 21 


3.5  X 10.' L/mol-h 
7.3  X h-l 
I .74 X I O4 L/mol.h 
3.0 x 10-3 h-I 


3 . 9  x h-i 
2.5 X lo4 I./mol.h 
1 . 1  X L/mol.h 
1 .O X I./mol.h 
5.8 X I./mol.h 


f27% 
f 2 6 %  
f34% 
f 1 7 %  


f 2 2 %  
&lo% 
f 3 3 %  
f 1 0% * 19% 


kHzo 3.1 X 10-5k)h 212% 
kott- 3.1 X los L mo1.h f13% 
kga 9.7 X /mol.h f 7 8 %  
kgb 1.4 X lo-.' L/mol-h f15% 


a See Eqs. 10 and I I 


Substituting the anhydride concentration from Eq. 6 into Eq. 4 gives, for the 
rate of anilide formation: 


kdlrcc, [Free Aniline] [ Ester] 
d[Anilide] 


dr 
-= 


kh [Free Aniline](k,,J,(Ester] + k-b[Anilide]) 
k6[Free Aniline] + k-S 


+ - k-61 Anilide] 


(Eq. 7) 


Notc in Eq. 7 that when k6 [Free Aniline] is largc relative to k-5, the suc- 
cinic anhydride hydrolysis rate constant. a plot of the initial rate of anilide 
formation versus frcc aniline concentration at constant ester concentration 
should be linear, with a slope equal to kdlrccl (Ester] and intercept of knuJ, 
[Ester]. tliguchi er a/.  ( 9 )  give rate constants for k b  and k - 5  of 10 L/mol.s 
and 2.5 X 10-l s-I, respectively. Thcreforc, k 6  IFree Aniline] >> k-s (by 
20-fold) whcn the free aniline concentration is 20.005 M. Similarly. plots of 
the initial rate of methylprcdnisolone formation versus free aniline (Eq. 3 )  
should be linear wi th  the same slope (in the absence of general catalysis by 
aniline). but with an intercept equal to thc total hydrolysis rate in pure water, 
k h y d  IEster]. 


Plots of the initial ratcs of methylprednisolone and succinanilic acid for- 
mation oersrts anilineconcentration are shown in Fig. 2 at three pt l  valucs. 
Thc solid lines in  Fig. 2 are the theoretical plots representing the rate constants 
in  Eqs. 3 and 7 as reported in Table I .  


The data clearly show that nucleophilic catalysis of the hydrolysis does occur 
as indicated by the levcl of significance of k,,, in Table I and the positive in- 


A pH 5.50 


m 


. I  . 2  . 3  .Q .5  
[Total Acstatsj 


Figure 4- Hydrolysis rute ronrtani for merhylprednisolone ? I  -aretare versus 
acerare hujjcr ronrenrrarion U I  varying p H .  


tercept for the rate of anilide formation in  Fig. 2. From the ratio of intercepts 
(anilide formation/methylprednisolone formation ratcs) one can obtain the 
percentage of the overall reaction which is catalyzed ria the nucleophilic 
mcchanism.Theseratiosare0.l2.0.16,and0.l4at pll 5.0.5.5.and6.0.re- 
spectively. Since k,,, accounts for 85.88. and 76% of the total hydrolysis at 
thcse p l i  values, based on Eq. I and thc rate constants i n  Table I. general 
catalysis must account for 62- 73% of the total. Thcrcforc, both general ca- 
talysis and nucleophilic catalysis occur. but the nucleophilic mcchanism is 
a minor component accounting for only I5-20% of thc overall catalysis. 


Hydrolysis and Acyl Migration of Methylprednisolone 21-Acetate in Water 
and in Acetate Buffers-Hydro/~.~i.~--Thc changeover from nucleophilic to 
general acid-base catalysis of ester hydrolysis by a catalyst acting inter- 
molecularly occurs when the pK, of the leaving group is greater than that of 
the Catalyst by -2.5 units (10). Since the p K ,  of the stcroid side chain leaving 
group is -I I due to possible enoli7ation ( I  I ) .  while that of acetic acid is 4.X. 
i t  is assumed that acetate buffer is a general acid-base catalyst in the degra- 
dation of methylprednisolone 2 I -acetate. 


The hydrolysis of methylprednisolone 2 1 -acetate can be described by the 
following rate equation: 


k h y d  = kH+IH+l k t 1 2 0  + ~ o H - [ O H - ]  
+ (fA-kgb + . f t i hkpa ) [ACTl  (Eq. 8 )  


where the final term represents thc expected influence of the total acetate 
buffer [ACT] acting as either a general base catalyst (kpb - f ~ - )  or gcncral acid 
catalyst ( k g 3 j & ~ ) .  The khyd is plotted (:enus pH in Fig. 3 for systemsat ionic 
strengths of 0.01 and 0.5 and buffer concentrations approaching infinite 
dilution. Superimposed on these plots is the logarithm of the hydrolysis rate 
constant cersus pti for methylprcdnisolone 2 1 -succinate for comparative 
purposes. 


Figurc 4 shows the acetate cstcr hydrolysis rate Constant. Ahyd.  at Various 
ptl values and total acetate buffcr concentrations. The rate constants k,, and 
k g b  wcre determined by rearranging Eq. 8 and plotting thc left-hand side of 
Eq. 9 cersus the fraction of acetate ion./A-: 


(Eq. 9 )  
This plot is shown ,in Fig. 5. Values of the rate constants for the hydrolysis of 
methylprednisolone 21-acetate are shown in Table 1 1 .  Kinetically, acetate 
buffer acts primarily as a general base catalyst in  this reaction. with k p b  > 
k,, by about fivefold. Whether or not this is true general base catalysis or its 
kinctic equivalent, general acid-specific base catalysis, cannot be ascertained 
froni the kinetic data. 


21 z 17 Aryl MipJ/i(Jn--A previous study of acyl migration in  mcthyl- 
prcdnisolonc succinate fit the kinetic data to an equation of the following form 


The 21 z 17 migration of acetate in mcthylprcdnisolone acetate esters 
subjected to acetate buffer can be dcscribed by the following rate equation: 


+ ( k ~ ~ g - / u  + k~~ ' . / , ) [AcT]  (Eq. 1 1 )  


The last term in Eq. I I again expresses thc possible role of acetate [ACT] acting 
as an intermolecular general acid, k2p.fu or general basc catalyst, kZE.f,. Plots 
of the logarithm of the forward and reverse migration rate constants cersus 
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Figure 5---Plot Oj(kh,.d (bulkrj - khgd ( w o r p r ) ) / k T  versus thefracrion ofacelate 
ionized for methylprednisolone 21 -acetate [see Eq. 9). 


p l l  are shown in Fig. 6 for both methylprednisolone succinate and acetate 
esters in buffers approaching infinite dilution. 


The influence of acetate buffer acting intermolecularly as a general acid- 
base catalyst in  the migration (21 F' 17) of acetate in methylprcdnisolone 
acetate was asscssed by plotting the quantity: [k:; (in buffer) - k,,, (no 
buffer)]/Acr cersus the fraction of acetate buffer. ACT, in ionized form ( f ~ - )  
as done previously for hydrolysis according to Eq. 9. These plots were linear 
for both the 21 - 17 and 17 .+ 21 reactions. Values for k,":gand k,"d*obtaincd 
from these plots and all other migration rate constants for both the acetate 
and succinatc esters arc listed in  Table 111. 


,As observed in the hydrolysis, intermolecular catalysis of migration by 
acetate buffer appears to involve the acetate acting primarily as a general base 
in both directions. Mechanistically. however, this is most unlikely. 


Calculation of the "Effective Molarity" of the Succinate Carboxyl Group 
Acting as  a General Acid-Base Catalyst- I t  is a common practice to assess 
the effect of intramolecularity by comparing the catalytic rate conatant in an 
intramolecular reaction with that of an analogous intermolecular one (12). 
While the hydrolysis and acyl migration reactions in  methylprednisolone 
acetate are similar to those in the succinate, a correction should be made for 
the differences in intrinsic reactivity of the two esters. This can be done by 
dividing the catalytic constants k,, and kgb by kohl-. (Refer to Tables I and 
I 1  for the values of these constants.) Thus, for the 21-succinate hydrolysis 
k g e n / k ~ ~ ~ l -  is 3.0 X M and for the 21-acetate hjdrolysis kgb/kOH- is 7.1 
X IO-'M. The ratio of these quantities is the effective concentration of the 
carboxylate anion in the hydrolysis of the hemisuccinate ester, 4.2 M. 


h-' for the un-ionized succinate estcr hydrolysis 
(Table I )  is an order of magnitude greater than that of the acetate ester hy- 
drolysis of 4.8 X h- I (Tablc It). This is evidence for intramolecular ca- 
talysis in kk j20  by the terminal carboxyl group, but an effective molarity of 
the terminal carboxylic acid was not calculated for this reaction. 


Following a procedure identical to that described above, the effective mo- 
larity of the terminal carboxylate anion ofthe hemisuccinate ester in  catalyzing 
acyl migration can also be calculated. For the 21 * 17 ester migration (see 
Table I l l )  kgb/koH- for the acctate ester is 4 X lo-' M and kmt/kolt- for 
the succinate ester is 2.1 X lo-' M. for an effective molarity of -50 M .  I n  
the I 7  -. 21 ester migration kyb/k()ll- for the acetate ester is 4.7 X M 
andk,,,/koll- forthcsuccinateestcr is 1.7 X 10-7M,foraneffectivcmolarity 
of -40 M. These numbers are the same without experimental error, but arc 
significantly grcater than the effective concentration of the terminal car- 
boxylate anion of the succinate ester in catalyzing hydrolysis. 


The kHIO of 6 X 


DISCIJSSION 


<'omparison of the pH-Rate Profiles of Methylprednisolone Acetate and 
Succinate Esters-The primary evidence that hydrolysis and acyl migration 
in methylprednisolone succinate esters are catalyzed intramolecularly by the 
terminal succinate carboxyl group comes from the observation that the 
p t l  rate profiles for these reactions deviate from classical behavior. This is 
best illustrated by comparisons of the pH-hydrolysis rate and pH-acyl mi- 
gration profiles of methylprednisolonc succinate esters with those of 
methylprednisolone acetate esters, which exhibit the expectcd classical be- 
havior (Figs. 3 and 6 ) .  


The pH-rate profile obtained for hydrolysis of the acetate ester in Fig. 3 
has the typical U-shape generally observed for aliphdtic cstcr hydrolysis in 


Migration 


Mi g r a 1 ion 


n . 17-21 Acahle Migration 


A. 21.-17 Acelala Migrallon 


1 x 10-61 ' ' ' ' ' 1 
1 2 3 4 5 6 1 8 9  


PH 


Figure 6-pH-I?  - 21 and pH-21 - I ?  migraiion rute profiles for 
merhyprednisolone acetate and sucrinare esters at 25-o C. 


the abscncc of catalysis (2) and can be described by Eq. 8 (neglecting the 
acetate buffer term). I n  basic solution, the hydrolysis rate of mcthylpredni- 
solone 21-succinate cersus pH is parallel to that of methylprednisolone 21- 
acetate. This region represents hydroxide ion attack on the ionized succinate 
ester or on the neutral acetateester. I n  acidic solutions (pti  <2) it appears 
that thc twocurves again become parallel. This region represents H+catalyzed 
attack of water on the neutral esters. From a cornparison of kl++ and koH- 
values in Tables I and I I ,  it is estimated that mcthylprednisolone 21-succinate 
is more stable than the 21-acetate in acid by nearly an order of magnitude and 
in base by roughly fourfold. The lower reactivity of the 21-succinate is assumed 
to be due largely to a steric effect. Electrostatic repulsion of OH- attack by 
the negatively charged succinate carboxylatc anion does not appear to be a 
significant factor in  the basic hydrolysis of methylprednisolone 2 I -succinate, 
since steric effects alone can account for its decreased reactivity. Steric effects 
arc assumed to be equal in acidic and basic ester hydrolysis, as  originally 
proposed by lngold ( 1  3). 


Between pH -3-7 the pH-methylprcdnisolone 21 -succinate hydrolysis 
rate profile deviates from the classical U-shape exhibited by the acetate ester 
profile. This behavior suggests intramolecular catalysis by the terminal suc- 
cinate carboxyl group, as discussed previously. 


From an examination of the pH-21 2 17 acyl migration rate profiles in 
t,.ig. 6 or from a comparison of kOH- values in Table I l l ,  it is evident that ester 
migration occurs faster in basic solution i n  methylprednisolone acetate esters 
than in the succinate esters. This decreased reactivity at high pH is again at- 
tributed to the greater steric bulk oTthe succinate esters. The pH-rate profiles 
for acetate ester migration are linear down to a pti of -4-5, while the succi- 
natc ester pH-migration rate profiles deviate from linearity at -pH 7 .  Again 
this behavior is rationalized as intramolecular catalysis of migration by the 
terminal succinate carboxyl group. 


Mechanism of lntramolecular Catalysis of the Hydrolysis of the 21-Succi- 
nate- Studies on the solvolysis of 2 I -hemiesters of hydrocortisone (4.5) led 
Garrett to conclude that intramolecular catalysis by the terminal succinate 
carboxyl group was nucleophilic. This mechanism has been observed in other 
systems and was further supported by the faL? that general acid-base catalysis 
by acetate buffer was not observed in the reaction. However, in light of the 
recent observation that 21 ri 17 acyl migration in methylprednisolone 21- 
succinate is also catalyzed intramolecularly, coupled with the realization that 
nucleophilic catalysis is not a plausible mechanism for catalysis of acyl mi- 
gration. i t  seemed appropriate to reexamine the evidence for the nucleophilic 
mechanism in the hydrolysis and attempt to establish or refute its existence 
by trapping any suceinic anhydride formed as a result of nucleophilic attack 
of the terminal carboxylate anion on the ester. 


The anilide trapping experimsnt clearly demonstrates that. while nucleo- 
philic catalysis does occur, the predominant mechanism is general acid-base 
catalysis. I t  is reasonable that the mechanism of intramolecular catalysis of 
methylprednisolone succinate should lie on the borderline between general 
acid base and nucleophilic but favoring general acid-base catalysis from a 
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Reaction Progress 


Figure 7-Relatitie free energy versus reaction prop'ss diagram for 
methylprednisolone 2 I -ester hydrolysis. 


consideration o f  the catalyst and leaving group pK, values. Fersht and Ki rby 
(10) haveshown that in an exocyclic displacement (that is, whcn the leaving 
group does not stay attached to the intermediate anhydride formed on 
nucleophilic attack by a catalyst), the borderline between intramolecular 
general base and nucleophilic catalysis lies in  the region where the pK, o f  the 
leaving group i s  5.5-6.5 units more basic than the attacking nucleophile. Due 
to possible enolization. the pK, o f  the C-17 side chain o f  methylprednisolone 
is near I I (I I), while the terniinalsuccinatecarboxylicacid is-4.5, fora p K ,  
difference o f  6.5. 


I f  the intramolecular catalytic mechanism is  largely general acid-base. 
then one would expect the reaction to also be catalyzed intermolecularly by 
general acids or bases. Yet, general acid base catalysis by acetate was not 
seen by Garrett in his studies o f  the hydrolysis o f  hydrocortisone succinate 
(4.5). This is of general importance. since such information isoften the primary 
support for or against the intramolecular nucleophilic mechanism. 


General catalysis was not observed i n  Garrett's studies, since the reaction 
i s  already catalyzed intramolecularly. I f  the magnitude o f  intramolccular 
catalysis (as detcrmined by the effective molarity o f  the carboxylate anion) 
in  hydrocortisone succinate is equivalent to that which would result inter- 
molecularly from a 4 M acetate buffer. then the incrcaSe in  rate brought about 
by a 0.3 M solution of acetate (the highest concentration used in  Garrett's 
study) would be only -7% and may well be oberlooked. Thus. the apparent 
absence o i  intermolecular general acid -base catalysis i n  a reaction that is 
already intramolecularly catalyzed may not be sufficicnt evidence to  rule out 
a general acid-base mechanism i n  the intramolecular reaction. 


I t  i s  more appropriate to test the presence or absence of intermolecular 
general acid base catalysis in  a reaction that is similar to the intramolecularly 
catalyzed reaction but is not already cataly7ed intramolecularly. The results 
o f  this study showing that acetate buffer catalyzes the hydrolysis o f  methyl- 
prednisolone 21-acetate make more plausible the conclusion that intramo- 
lecular general acid-base catalysis occurs in  the hydrolysisof methylpredni- 
solone 21-succinatc. 


Intramolecular Catalysis Favors Acyl Migration Over Hydrolysis- ~ As 
shown in  Fig. I and pointed out earlier. hydrolysis of methylprednisolone 
21-succinate is slightly faster than 21 9 17 acyl migration above plI7.4, while 
acyl migration dominates between p H  3.6 and 7.4. This dramatic reversal in  
relative reaction rates is due to the fact that intramolecular catalyais of acyl 
migration is 4-6 times greater than that o f  hydrolysis. These differences in 
catalytic efficiency can be rationalized from a consideration o f  differences 
i n  the transition states o f  the two reactions. 


Referring to the hypothetical diagrams i n  Figs. 7 and 8 of relative free cn- 
ergy cersus rcaction progrcss. i t  i sumed that the transition state for 21-ester 
hydrolysis (Fig. 7) i s  a very early transition state, occurring prior to the for- 
mation o f  the tetrahedral intermediate, since O H -  is a much poorer lewing 
group than the 21-alcoholate. tiowever. the transition state for the 21 .-* 17 
migration (Fig. 8) i s  quite likely the breakdown o f  the tetrahedral interme- 
diate. The 17-ester is thermodynamically less favored and. applying Ham- 
mond's postulate (14). the transition state should more closcly resemble the 
less stable 17-ester than the 21-ester. In  further support of the conclusion that 
thc transition state in  the migration occurs between the tetrahedral interme- 
diate and the 17-ester are data showing that the 17.21-heniiorthoester of be- 
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Reaction Progress 


Figure 8 --Relatice free energy versus reaction progress diagram for  21 -. 
I7 acyl migration in met hylprednisolone esters. 


tamethasone benzoate, which has been isolated. breaks down in acid to  the 
21-ester (15). Differences in  the magnitude o f  intramolecular catalysis o f  
hydrolysis and 21 + I 7  acyl migration are not surprising in  view o f  the fact 
that the transition states are probably quite different. 


Whereas intramolecular catalysis by the terminal succinate carboxyl group 
of 21 -* 17 acyl migration i s  4-6 times greater thiin intramolecular catalysis 
of hydrolysis. this docs not appear to be the case in  the analogous intermo- 
Iecularly acetate buffer catalyzcd reactions occurring in methylprednisolone 
21-acetate. Comparing the ratios kgb/kol{ -  (see Tables I 1  and I l l ) ,  the 
magnitude o f  intermolecular catalysis by acetate buffer o f  the hydrolysis o f  
methylprednisolone 21-acetate i s  nearly equal to that o f  21 17 migra- 
tion. 


I t  is suggested that intermolecular catalysis of migration by acetate i s  
rendered less effective due to steric (entropic) factors that come into play in  
the intermolecular reaction but not i n  the intramolecular mechanism. Using 
molecular models. i t  appears that the conformational freedom of the succinate 
moiety in  the transition state is about the same for both hydrolysis and rni- 
gration. An intermolecular general acid or base appears. however, to be con- 
formationally more restricted in  the transition state during migration as 
compared to hydrolysis. 


Ambiguity in the Assignment of the Site of Catalysis-The acetate buf- 
fer-catalyzed 21 G 17 acyl migration reaction in methylprednisolone 21- 
acetate provides an excellent demonstration o f  what .Iencks refers to as the 
ambiguity o f  the assignment of the site of catalysis ( 1  6). Applying the principle 
of microscopic reversibility (17), i t  i s  clear that the same transition state i s  
involved i n  both the 21 .- 17 and I 7  -- 21 migrations. This means mechan- 
istically that if the reaction is general base catalyzed in  one direction, i t  must 
be general acid-specific base catalyLed in  the other. Yet, kinetirally, both 
directions appear to bc primarily general base catalyyed (Table I l l ) .  By 
convention, both reactions are referred to  as general base catalyzed even 
though mechanistically this cannot be. None o f  the data generated by this 
study specifically support one general catalytic mechanism over its kinetic 
equivalent. Indccd, thc same ambiguity exists in  much o f  the published l i t-  
erature wherein general base or general acid catalytic mechanisms have been 
post dated. 
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Degradation Kinetics in Aqueous Solution of Cefotaxime 
Sodium, a Third-Generation Cephalosporin 
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Abstract 0 The degradation kinetics of a 3-acetoxymethylcephalosporin, 
cefotaxime sodium salt, in aqueous solution investigated by HPLC under 
different conditions (pH, ionic strength, temperature) and using different 
buffers. The scheme of degradation involves a cleavage of the &lactam nucleus 
and the deacetylation of the side chain. In highly acidic medium, the deacet- 
ylated derivative is easily converted to the lactone. The degradation rate 
constants were calculated at thrce pH values (1.9.4.0, and 9.0) by measuring 
the residual cephalosporin and the main decomposition products. The deg- 
radation pathway is both supported by the results of a primary salt effect and 
by the agreement betwcen the theoretical pH-rate profile and thc experimental 
values. In the pH range from 3.0 to 7.0, the main process is a slow water-cat- 
alyzed or spontaneous cleavage of the fl-lactam nucleus with intramolecular 
participation of the side chain amido fraction in the 7-position. In  alkaline 
or strongly acidic medium, the hydrolysis is a base- or acid-catalyied reaction. 
Of the buffer systems investigated, carbonate buffer (pH 8.5) and borate 
buffers (pH 9.5 and 10.0) are found to increase the degradation rates. while 
acetate buffer decreases the degradation rates. The apparent activation 
energies determined at  different pH values are compatible with a solvolysis 
mechanism and similar to those previously given in the literature for other 
cephalosporins. Cefotaxime in aqueous solution is slightly less stable than the 
main ccphalosporin derivatives, despite its high resistance to the p-lactamases 
and its remarkable biological activity. 


Keyphrases 0 3-Acetoxymethylcephalasprins-stability in aqueous solutions, 
HP1.C. pH effect, primary salt effect, buffer effect. temperature effect 0 
Cefotaxime--kinetics and mechanism of degradation, pH-rate profile 0 
Antibiotics-cefotaxime, stability, degradation profile, kinetics 


Systematic studies on the degradation of cephalosporin 
derivatives are of interest for several reasons: ( a )  a correlation 
between degradation and antibiotic activity has been shown 
in first- and second-generation cephalosporins ( l ) ,  ( 6 )  some 
degradation products may be involved in allergic reaction ( 2 ) ,  
and (c) the stability of the compounds has to be known for the 
synthesis of derivatives (3)  and the formulation of drugs. The 
kinetics of first- and second-generation cephalosporins have 
been reported in a few instances (1,3-6). These studies concern 
a quantitative analysis of the antibiotic itself and sometimes 
the kinetics of the major degradation product ( 1 ,  3). In this 
report, a systematic kinetic study of a recently commercially 
available third-generation cephalosporin, cefotaxime sodium 
salt', has been carried out. The quantitation of this cephalo- 
sporin and its major decomposition products allowed the 
proposal of a degradation pathway. 


' Trade names: Claforan, Tarivid. Zarivi7. and Primafen. 


BACKGROUND 


Cefotaxime sodium (I) is sodium [ 6 ( R ) -  [6a,7P(Z)]]-3-[(acetyloxy)- 
methyl]-7-[ [( 2-amino-4-thiazolyl)(methoxyimino)acetyl]-8-0~0-5-thia- 1 - 
azabicyclo[4.2.0]oct-2-ene-2-carboxylate]. The pssible in cirri, degradation 
products are deacetylcefotaxime ( I I ) ,  deacetoxycefotaxime ( I l l ) ,  deacetyl- 
cefotaxime lactone (IV),  thiazoximic acid (V), and 7-aminocephalosporanic 
acid (VI) .  The anti isomer which could be expected as a potential degradation 
product of I has been shown to be formed only in nonaqueous medium (7) and 
has not been taken into consideration in this study. 


Cefotaxime sodium ( I )  is an original cephalosporin derivative with a 2- 
amino-4-thiazolyl side chain and an a-methoximino group in the syn position. 
The former is probably responsible for the very great affinity for transpepti- 
dase, involved in the construction of the bacterial wall, and of the great activity 
against Gram-negative bacilli. The latter is probably responsible for the sta- 
bility of the drug against most 8-lactamases (8.9). An exhaustive review of 
the bacteriological and clinical properties of I has been presented (10). 


EXPERIMENTAL 


Materials-Compounds I VI were used as received2. UV, IR,  and NMR 
spectra were used to confirm the structure of these compounds. All other 
chemicals were analytical reagent grade. 


P 


I: R=CHTOCQCH3 


V VI 


* Gifts from Roussci LCLAF Laboratories. 
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Ionization Constants by Curve Fitting: Application to 
The Determination of Partition Coefficients 
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Abstract 0 A multiparametric curve-fitting technique for pK, calcu- 
lation has been adapted for use with a programmable calculator or mi- 
crocomputer. This method provides for the convenient and accurate 
determination of the ionization constant in aqueous solution and of the 
apparent ionization constant in the presence of octanol. From these pa- 
rameters, partition coefficients and apparent partition coefficients are 
easily calculated and agree with data reported using the shaker technique 
or HPLC. The curve-fitting method has been applied to the differential 
titration technique in which the solvent curve is subtracted from the 
solution curve before calculations are begun. This method has been ap- 
plied t~ the potentiometric titration of aqueous solutions of the salts of 
bases with a very low solubility in water. 


Keyphrases 0 Partition coefficients-octanol-water, determination 
by a multiparametric curve-fitting technique, adaptation to a program- 
mable calculator/microcomputer Curve fitting -multiparametric, 
octanol-water partition coefficient and pK, determination, adaptation 
to a programmable calculator/microcomputer Differential titra- 
tion-use with curve-fitting technique for the determination of pK, and 
octanol-water partition coefficients, programmable calculator/micro- 
computer 


Partition coefficients (P or log P), important physical 
properties of drugs, are useful for studies of quantitative 
structure-activity relationships (1,2). For compounds that 
are ionized a t  physiological pH, the apparent partition 
coefficient (P’ or log P’) may be a more appropriate pa- 
rameter (3). The variation of the apparent partition coef- 
ficient with pH has been used in various ways to measure 
the partition coefficient of the un-ionized compound (4-9). 
The method described by Kaufman et al. (9) is one of the 
simplest of these procedures. In this method the ionization 
constant (pK,) and the apparent ionization constant 
(pK,’) are first obtained from the results of two poten- 
tiometric titrations, one without and one with the presence 
of octanol, respectively. The log P is calculated from the 
difference between the pK, and pK,’ values and the vol- 
umes of water and octanol. The log P’ for any desired pH 
is calculated from the same data. We have modified this 
titration method and have shown it to he rapid and con- 
venient and to provide reproducible results (10) which 
agree with those obtained using the shaker technique (1, 
2) or HPLC (11-13). Recently, this modified titration 
method has been used successfully in other laboratories 
(14, 15) and its advantages described (15). Calculated 
aqueous-octanol titration curves are very similar to ex- 
perimental curves (10) and lend support to the general 
application of the method (Fig. 1). 


Since the measurement of partition coefficients by po- 
tentiometric titration depends on the ability to calculate 
the pK, and pK,’ values from the titration curves, it is 
important to have a general procedure that is applicable 
in most instances. For strong acids or strong bases, for in- 
stance, there may be no inflection at  one end of the aque- 
ous titration curve. In these cases, when there is an ap- 
preciable difference between the pK, and the pK,‘, the 
two titration curves may be used together to provide the 


equivalent volume (10) (Fig. 1). Other methods of deter- 
mining the end point in a potentiometric titration have 
been reviewed (16). 


The method of Meites and his associates (17-20) uses 
a multiparametric curve-fitting technique involving an 
iterative computer program to compare the calculated pH 
with the experimental value for each point on a titration 
curve. Parameters are varied until the standard deviation 
(a) of the difference between calculated and experimental 
values is a minimum. Using this criterion, the optimum 
equivalent volume (V,) and the starting titrant volume 
(V,) are located, and the mean pK, is calculated using 
these values. Rriggs and Stuehr (21) and Meites et al. (27) 
described a similar procedure in which the a of the ion- 
ization constant ( K O )  is minimized. The latter method has 
been characterized as being less reliable although it has the 
advantage of  requiring less computer time (22). The 
method of Meites has been used to provide accurate results 
in automatic titrations (23, 24) using an on-line or labo- 
ratory computer. 


We have modified the method of Briggs and Stuehr (21) 
so that  the a of the pK, values is minimized and have 
adapted it for use with a programmable calculator (10). 
Originally only V ,  was optimized (lo), but now it has been 
found that the results are improved if optimization is 
carried out for both V ,  and Vs.  Kunning time is 1-2 h on 
the calculator, but equivalent results are obtained in a few 
minutes when a similar program is run on a microcompu- 
ter. With this iterative method of calculation, pK, and 
pK,’ values are easily determined and the calculator or 
computer printout provides P, log P, P’, and log P’ as well 
as pertinent parameters used in the calculation. 


The general method described above applies to  most 
acids or bases which may be titrated in aqueous solution. 
However, it fails when the un-ionized compound precipi- 
tates early in the titration. For many drugs, such as 
chlorpromazine, the UV method (25) also fails because 
there is no change in the IJV spectrum on ionization. The 
solubility method (26, 27) is cumbersome as are the 
methods involving nonlogarithmic linear titration curves 
(28) or titrations in solvent mixtures (16,29-31). On the 
other hand, the differential potentiometric titration 
method (32) is applicable for very dilute solutions when 
the pK, is in the range of 4-10 (33 ) .  In this method the 
titration curve obtained with solvent alone is subtracted 
from that of the solution. We have found that the iterative 
method gives excellent results when applied to the dif- 
ference curve. 


THEORETICAL 


Equations-In the equations derived below, the lollowing assumptions 
are made: 


1. Only uti-ionized compounds are soluble in octanol. 
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O r  Table I-Raw Data for Computer Program to calculate pK, 
and Log P 


9- 


8 -  


0.05 0.3 0.15 
VOLUME, mL 


r 1 I I 
0.05 0.3 0.15 


VOLUME, mL 


Figure 1-Titration of an organic base in aqueous solution and in  the 
presence of octanol. Inflections at a and b locate initial ilralues of the 
starting titrant volume, V,, and of the equivalent titrant volume, V,. 
Key. (0)  calculated values. 


2. All solutions are dilute (0.001 M) and the ionic strength is nearly 
constant (with added sodium chloride), so that it not necessary 
to consider activities. 


3. Titrant volumes are small compared with the volume of titrated 
solution, so that the aqueous volume is considered constant for 
the calculation of the partition coefficient following a two-phase 
titration. 


Concentration terms are indicated by square brackets, and the subscripts 
o and w refer to octanol and water phases, respectively. The following 
symbols are used: (M) molar amount of titrated compound; (m) molar 
amount of added titrant; (V,) volume of titrant at  the equivalence point; 
( V , )  volume of added titrant a t  the ith point; (V,) total aqueous volume; 
(V,) volume of octanol; (P) partition coefficient; (P) apparent partition 
coefficient (at a given pH); (K,) ionization constant; (K')  apparent ion- 
ization constant (in the presence of octanol); ( f )  partition factor. 


Consider the titration of the salt of a weak acid with a strong acid in 
the presence of octanol: 


Na+A- + H+CI- s HA + Na+ t C1- (Eq. 1) 


By definition: 


K a  = [H+](A-]/[HA] (Eq. 2) 


(Eq. 3) 


Let f be a partition factor such that: 


(Eq. 5) 


Then, combining Eqs. 3 and 5: 


H.4,+HA,=f-HAw (Eq. 6) 


A t  any point during the titration, material balance is maintained SO 
that: 


M = HA, + HA, + A- (Eq. 7) 


Symbol Description 


AS Name of comoound 
Source of compound 
Date " 
Titrant: acid or base (A or B) 


T' Titrant increment T X  


B$ 


N Normality of titrant 
VI Initial aqueous volume (mL) 


VE Estimated equivalent volume (mL) 
Two-phase titration? (Y or N) 


" C Volume of octanol (mL) 
Is the ion protonated? (Y or N) 


" A3 pKa (when log P is calculated) 
Complete title? (Y  or N) w' VI First titrant volume 


M Number of data points 
Titrant volume a t  i th point 
DH a t  i t h  Doint 


V(I) 
P(I) 


a A simplified, calculator version of the program is provided in Ref. 10. * AS, BS, 
and C9, are not repeated if both pK, and log P results are printed at the same 
time. 


Therefore: 


M = f HA,,, + A- (Eq. 8) 


Division by the aqueous volume converts amounts in the aqueous phase 
into concentration terms so that, after rearranging: 


[HA], = (" - [A-1) f v w  


[H+] + "a+] = [Cl-] + [A-] + [OH-J 


0%. 9) 


For ionic balance in the aqueous solution: 


(Eq. 10) 


Since "a+] = M/V, and ICl-1 = [m] we may write: 


M 
[A-] = - v w  - [m] + [H+] - [OH-] (Eq. 11) 


Hence: 


(Eq. 12) 
- [m] + [H+] - [OH-]) 


K a  = f  [m] - [H+] + [OH-] 


K,  = f . K', pK, = log f + log pK' (Eq. 13) 


In the absence of octanol, f = 1 and: 


) (Eq. 14) ( [ml - lH'1 + [OH-] 
[MI - [m] + [H+] - [OH-] 


pKa = pH + log 


In the presence of octanol: 


(Eq. 15) 
[m] - [H+] + [OH-) 


- - [m] t [H+] - [OH-] 
pK' = pH + log 


It can also be shown that: 


and: 


(Eq. 17) 


Corresponding expressions may be derived in an analogous fashion for 


Ka = K ' / f  (Eq. 18) 


the titration of the salt of a weak base with a strong base. In this case: 


) (Eq. 19) ( [ml + W + I -  [OH-I 
[MI - [m] - [H+] + (OH-] 


pKa = pH - log 
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T a b l e  11-Ionization Constants ,  Par t i t ion  Coefficients, and A p p a r e n t  P a r t i t i o n  Coeff ic ients  


Curve PK" Log P Log P 
No. Compound FOundD Lit. A Found0 l i t .  A pH Found Lit. A 


1 Pyridine 
2 p-Aminobenzoic Acid 
3 Benzoic Acid 
4 p-Toluic Acid 
5 .4darnantanamine 
6 p-Chlorobenzoic Acid 


F'gilamine 
orpheniramine 


9 Triprolidine 
10 Cyproheptadine 


5.16 
4.71 
4.08 
4.26 


10.49 
3.85 
8.91 
9.09 
9.25 
8.87 


5.23b 
4.67d 
4.17b 
4.3Ib 


10.63; 
3.98 
8.85h 
9.16' 
9.50h 


0.07 0.63 0.65C 0.02 
0.04 0.83 0.83d 0.00 
0.09 1.87 1.871 0.00 
0.11 2.34 2.271 0.07 
0.14 2.54 2.448 0.10 
0.13 2.66 2.6.5f 0.01 
0.06 3.27 3.15h 0.12 
0.07 3.39 3.38' 0.01 
0.25 3.87 3.92h 0.05 


4.69 


7.4 0.63 
7.4 0.83 0.85" 0.02 
7.4 1.87 
7.4 2.34 
7.4 -0.55 
7.4 2.65 
7.4 1.74 
7.4 1.69 1.38b 0.31 
7.4 2.02 
7.4 3.20 3.20h 0.00 


3.11' 0.09 


9.3" 0.1 5.55" 0.30 8.1 4.11 4.1gh 0.08 
5.0 3.04 2.93P 0.11 


11 Chlorpromazine 9.20 9.22' 0.01 5.25 5.32h 0.07 7.4 3.44 3.250 0.19 


Meen value, SU f 0.1. * Ref. 1. c Ref. 2. J. K.  Seydel and W. Butte, J. Med. Chem.. 20.489 (1977). t. H. P. A. Illing and D. Benford. Hiochim. Riophys. Acra 429. 
760 (1976). IT. Fugita, J. Iwasa. and C. Hansch. J. Am (:hem. Soc ,86.5175 (1964). 8 J C. Henkel. J. T. Lnne, and C. Gianutsos. J .  Med ('hem..  25.51 (19t12). h' Ref. 
I. ' N. C. Lordi and J. E Christian, J Am. Pharm Assoc. Scr. Ed ,45.300 (1956). By HPLC. S. H. Ilnger and G .  H. Chiang, J Med. Chem., 24.262 
(1981). ' By extrapolation from aqueous-alcohol titrations. L. G. Chetten and L. E. Harris, Anal. Chem., 34, 1495 (196'2). Hy solubility method Ref. 19. n B tentiometric 
titration with large octanol-water ratio Ref. 8. J .  Krieglstein, W. Meiler and S. Staab. Riorhem. Phormocol.. 21,985 (1972). P M. Frisk-Holmherg and'POKleijn, Eur 
J. fharrnorol.. 18, 189 (1972). 


By HPLC Ref. I .  


(Eq. 20) 
[m) + [ H + ]  - [OH-] pK' = pH - log 


[m] - [H+] t [OH-] 


(Eq. 22) 


C u r v e  Fitting--In the curve-fitting technique, the  raw data  and de- 
scriptive information (Table 1) are entered into the calculator or computer 
as  requested by the program. T h e  calculator program has been described 
(10). In the case of the microcomputeri the raw da ta  may be saved on a 
diskette. The  program plots the titration curve on  the  monitor. locates 
one or two inflection points using the Kolthoff method (34), indicates 
these with vertical lines on the graph, and then makes a hard copy of the 
graph with the  printer. 


Iteration then begins. First V ,  is varied systematically until the  s tan-  
dard deviation (a) is a minimum. Then,  this V e  value is maintained and 
V. is varied until u is again minimized. Naturally a n  increment added 
t o o r  subtracted from V ,  must beadded to o r  substracted from each V,. 
T h e  two-stage iterative process is repeated until successive 0 values d o  
not differ by more than 0.001. When this condition is met. iteration is 
complete if SD < 0.008. 


If u a t  this point exceeds 0.008, residuals are calculated for each pK, 
value and compared (in absolute magnitude) with 20. Points a t  the be- 
ginning or end of t.he curve which d o  not meet this test are excluded and 
the entire iteration is repeated with the reduced number of points. This  
test approximates exclusion of points which lie outside the  95% confi- 
dence interval since tS = X* - x and t = 2.09--2.12 for 15-20 D F  
( 3 5 ) .  


When iteration is complete, a summary of titration conditions and 
results is printed together with a table of raw datn and calculated pK, 
values. 


Different ia l  Ti t ra t ion-The differential titration technique ( 3 2 )  
succeeds in providing the pK, of an aqueous solution for compounds with 
a very low soluhility in water which form water-soluble salts. In this case, 
the titration curve of water is subtracted from tha t  of the compound 
before the calculations are  carried out. T h e  equation is then a simple 
one: 


pK, = pH f log - 
(VC! v,) (Eq.  23) 


where V, is the difference in titrant volumes for solution and solvent a t  
each pH; the log term is added for an acid titrant and subtracted for a base 
titrant. The  experiment is performed so that  the conditions for the t i -  
tration in solvent alone are  a s  close as  possible to those of the solution. 
T h e  equation does not include Concentration terms, so that  neither the 
solution volume nor the t i t rant  normality need to he known precisely 


1 Ap le II Plus with 4HK memory. disk drive. monitor. and Silentype printer; 
Apple Eornputer Inc.. Cupertino. Calif 


provided conditions for the two titrations are  the same. Impurities in the 
water, such ad carbon dioxide, d o  not interfere. This  is an important ad-  
vantage for extremely dilute solutions. 


E X P E R I M E N T A L  


Apparatus---Potentiometric titrations were carried out  with an au-  
tomatic titrator', titration assemblfl, and  a n  autoburet4. The  titration 
assembly was fitted with a 40-mL water-jacketed sample cell kept a t  a 
constant temperature of  ? 5 O C  with circulating water. A calomel reference 
electrode and a porous pin liquid junction electrode were used. 


Aqueous solutions ( 1 0  mI.) were titrated with 0.1 M standard HCI or 
NaOH delivered from a O.25-mL microburet. Stirring was provided with 
a medium-size mechanical stirrer which emulsified two-phase octanol- 
water systems (15 mL and 10 mL, respectively). The  solvents were boiled, 
deionized water and commercial-grade octanol:'. Air was displaced from 
ahove the sample with a slow stream of nitrogen for a few minutes before 
stirring was begun, and the nitrogen stream was maintained during the 
titration. 


Proccdurr-In a typical titration. water (9.0 mL), 0.02 M aqueous 
NaCl (0.5 mlJ ,  and a 0.5-mI. aliquot of a stock solution containing 0.02 
m.M of the  compound to be titrated were added to  the  titration vessel. 
For two-phase titrations, octanol (15 mL)  was added. Aqueous and 
two-phase titrations were carried out in the same manner. Stirring and 
t i t rant  addition were continuous while the titration curve was recorded 
on the servograph. 'I'he equilitirium titration mode provided smoother 
titration curves, especially for very dilute solutions. hut  the calculated 
results were equivalent without the s tep  procedure, indicating that  
equilitirium is very rapid in the  homogenized two-phase system. 


Ilsually, the total volume of the stock solution wa% calculated from the 
sample weight and equivalent weight so tha t  a 0 .5-mL aliquot would rc- 
quire 0.2 mL of titrant. When the sample was available as  i t s  salt, a 205 
excess of acid or base was added. Hecause the calculation finds both ends 
of the titration curve, it was not assumed tha t  the original compound wai 
exactly a 1:1 salt of acid and hase. Weak bases were converted to their 
hydrochloride salts and weak acids to their sodium salts wilth a 20% ex- 
cess of 0. I M HCI or 0.1 M NaOH. respectively. Organic salts such as  the 
maleate salt of a weak hase or the dicyclohexylnmine salt of a weak acid 
were converted to their hydrochloride or sodium salts, respectively, bv 
passing the aqueous solution through a short  column of a n  appropriate 
ion-exchange resin. Excess acid o r  base was added to  the eluate before 
dilution to a n  appropriate volume in a volumetric flask. In these cases, 
the aliquot volume was calculated to  require 0.2 mL of titrant and suffi- 
cient water was added to  make the  total aqueous volume o f  the  titrated 
solution 10.0 ml,. 


An approximate value of one end or the titration curve may usually be 
obtained as  the point along the curve where the slope changessign (using 
parallel lines (10). the mathematical equation of Kolthoff (34), or the first 


'I"TT60; Radiometer, Copenhagen. Denmark. 
'ITA60; l~adiumekr. Copenhagen. Denmark. 
AH11 12;  Hodiometer, Copenhegen. Denmark 
Aldrich Chemical Co., Milwaukee. Wis. 
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Table 111-Influence of an Impurity (pK, 6.4) on the Accuracy of pKn Calculations 


Curve 1, 
No. mEa Titrant 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 


0 
0 
0.005 
0.005 
0.01 
0.01 
0.02 
0.02 
0.02 
0.02 
0.02 
0.01 
0.01 


A 
B 
A 
B 
A 
B 
A 
B 
B 
B 
B 
B 
A 


7.00 
7.00 
6.99 
6.98 
6.98 
6.97 
6.96 
6.95 
6.954 
6.959 


6.94 
3.05 
4.01 


14 0.01 A . ~~ 


15 0.01 
16 0.01 
17 0.01 


~~ 


A 
A 
A 


18 0.01 A 
19 0.01 ~. . .- 


20 0.01 
21 0.01 
22 0.02 


A 
A 
A 
A 


A 
PKR 


0.00 
0.00 
0.01 
0.02 
0.02 
0.03 
0.04 
0.05 
0.046 
0.041 
0.06 
0.05 
0.01 


5.01 0.01 ~ ~. 


6.02 
6.98 
7.99 


~ .. 


0.02 
0.02 
0.01 


9.00 0.00 
10.00 0.00 .~ .~ ~ ~. 


11.00 0.00 
11.99 0.01 
6.04 0.04 


XlOOO 
SD 
4.10 
4.10 
5.04 
7.72 
6.65 
9.38 
4.67 
6.32 
6.32 
3.86 
6.71 
8.93 
3.96 


Ve ' 
0.200 
0.200 
0.204 
0.204 
0.209 
0.210 
0.216 
0.217 
0.217 
0.216 
0.216 
0.192 
0.200 


Xsb 
0.000 
0.000 
0.000 
0.000 
0.000 


-0.001 
-0.001 


0.001 
0.002 
0.001 
0.000 


-0.002 
0.008 


nc 


19 
19 
19 
20 
20 
19 
18 
19 
19 
18 
37 
16 
17 


5.05 0.203 0.000 17 
4.32 0.210 0.000 19 
4.86 0.208 0.000 19 
4.17 0.202 0.001 18 
5.55 0.200 0.000 19 
3.04 0.200 0.000 19 
5.39 0.200 0.000 19 


22.9 0.200 -0.006 17 
5.95 0.219 0.000 20 


a Calculated equivalent titrant volume. * Displacement of the starting titrant volume. Number of data points used in the calculation. 


derivative]. However, this point may not provide the most accurate pK, 
because of the undetected presence of COz or of titrated impurities in 
the solution. It has been shown that the most accurate pK, values are 
provided by curve-fitting techniques (17-20). 


At least one end of the titration curve may lack an inflection point 
because of the contribution of the dissociation of water to the pH. Ap- 
proximate values of the equivalent titrant volume, V,, and of the initial 
titrant volume, V,, may often be obtained in such instances by carrying 
out the titration using the same aliquot volume in the presence of a 
water-immiscible solvent (such as octanol) or a water-miscible solvent 
(such as isopropyl alcohol or dimethyl sulfoxide) (10). Values of V ,  and 
V, obtained in this manner serve as initial estimates for the multipar- 
ametric curve-fitting technique. 


Differential Titration-When a precipitate forms during the titra- 
tion, it is often possible to use the curve-fitting technique to calculate the 
pK, from the portion of the curve which preceded precipitation (10). For 
very insoluble acids or bases with water-soluble salts, a differential ti- 
tration is often successful. 


For this pK, determination, 0.5 mL of a solution containing 0.002 mM 
of compound in water was added to 8.0 mL of water and 0.5 mL of a so- 
lution of 0.02 M NaC1. The solution was acidified with 5 pL of 0.1 M HC1 
and titrated with 0.001 M NaOH. A blank titration was carried out in the 
same manner except that  0.5 mL of water replaced the solution of com- 
pound. The titration curves were recorded using an expanded pH scale 
from 8.1 to 8.8. Titrant volumes were measured a t  pH intervals of 0.05 
for both curves, and the differences were recorded as values of Vi. Using 
a microcomputer program Ve and Vi were varied until the 0 of the cal- 
culated pK, values was minimized. In contrast to a normal titration, there 
may not be an inflection in titration curves recorded on such an expanded 
scale. Accordingly, the computer program was designed to facilitate the 
initial trial and error process that is required to obtain optimum values 
of V ,  and V,. The pK, results obtained in this way may have a larger 
experimental error because usually only a portion of the titration curve 
is available before errors in the measurement of Vi become large. 


RESULTS AND DISCUSSION 


Table I1 summarizes the results of pK, and log P measurements for 
a series of 11 acids and bases which span the log P range from 0.63 to 5.33. 
These results were reproducible to within 10.06 of a pK, or log P unit. 
These results for log P are in very close agreement with data reported 
using the classical shaker method or by chromatography. Apparent 
partition coefficients (pH 7.4) are automatically calculated by the pro- 
gram and may be calculated easily for any desired pH (no. 11). Log P 
calculations by potentiometric titration involve differences between pK, 
measurements and appear in Table I1 to be closer to literature values than 
the pK, determinations. However, it should be noted that there is a wide 
variation for most pK, results in the literature (36) reflecting different 
experimental conditions. The pK, values for cyproheptadine and 
chlorpromazine were determined using differential titration. 


As an example, a very dilute solution of chlorpromazine [solubility of 
base, 6 p M  (27)] was titrated with 0.001 M aqueous NaOH. An automatic 
titrator was used in which the pH scale was expanded so that noinflection 
appeared at either end of the titration curves. Application of the iterative 
procedure to the difference data optimized both V ,  and V,. The results 
of 9.20 and 5.33 for the pK, and log P, respectively, are in close agreement 
with reported values of 9.22 (27) and 5.35 (I). In the calculation using this 
method, the solution volume and titrant normality are not involved and 
small amounts of carbon dioxide are compensated for by subtraction of 
the solvent curve. 


The chlorpromazine value is unusual because the base is so insoluble 
that a potentiometric aqueous titration has been regarded as impossible 
(27). Previous results were obtained by extrapolation of results in aque- 
ous-alcohol or by the solubility method (Table 11). 


Effect of Impurities-It was of interest to determine how an impurity 
such as carbon dioxide, with an effective pK, of 6.4 (25), would affect the 
results of pK, calculations by the curve-fitting method. Titration curves 
were calculated for mixtures of a major component and varying amounts 
(2.5,5, and 10%) of an impurity (I) of pK, 6.4 (to simulate carbon dioxide). 
In each case the solution volume was 10 mL, the titrant was 1 M acid or 
base, and the equivalent volume (V,) of the major component was 0.2 mL. 
The data were used for calculations in the aforementioned manner. The 
raw data (19, 20, or 21 points, as appropriate) were entered into the 
computer and the program rejected points which failed to meet the 
standard criteria. 


Table 111 provides the results of these calculations in which 5% of im- 
purity (pK, 6.4) was present. In these cases, the titration curves are 
smooth and do not indicate the presence of the impurity. Nevertheless 
the calculated pK, is close to the theoretical value (the largest deviation 
is 0.06 pK unit). Furthermore, V,  is in error by 51% when the difference 
between the pK, of the impurity and that of the major component is >2 
pK, units. When the difference between the two pK, values is <2, the 
calculated V, is closer to the sum of the two components. A similar cal- 
culation was performed for 10% of impurity. In these cases, the impurity 
is evident by an inflection in the curves when the pK, values are quite 
different. However, in all cases the calculated pK, is within 0.06 pK units 
of that of the major component. I t  is concluded from these results that 
curve fitting provides accurate data for the calculation of partition 
coefficients. 


Raw data were calculated to four decimal places and rounded to two 
decimal places before entry into the computer. Curves 1 and 2 (Table 111) 
for pure compounds show that a u of 4.10 X 10-3 may be expected for data 
of such precision when there are no errors and no impurities. The maxi- 
mum error in any of the curves is 0.06 pK, unit. When th,e pK, of the 
major component is close to that of the impurity (curves 3-8), the V ,  
reflects the sum of the two equivalent volumes, but the pK,, is very close 
to that of the major component. Curves 9 and 10 show that greater pre- 
cision in the measurement of pH values (data rounded to three decimal 
places) does not increase the accuracy when there is titratable impurity 
present. Curve 11 shows that doubling the number of data points does 
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not improve the accuracy in the presence of an impurity. Curves 12 and 
21 show that pK, values of 3 and 12 are near the practical limits of this 
method of calculation. In fact, there was no convergence with curve 12 
during the calculations when the titrant was an acid. When the impurity 
has a pK, that is at  least 2 pK, units from the major component, this 
method of calculation will remove its influence completely. Curves 18-20 
give the correct pK, and the correct equivalent volume. Curve 22 has 10% 
of a titratable impurity and, although the V, reflects both components, 
the pK, is only 0.04 pK, units in error. 


CONCLUSIONS 


I t  has been shown that the curve-fitting method for pK, determination 
is easily adapted for the calculator and the microcomputer. The method 
provides a high degree of accuracy even in the presence of titratable im- 
purity. When both the pK, and the apparent pK, are determined in this 
manner, accurate measures of the partition coefficient and the apparent 
partition coefficient are provided. I t  was surprising to find that pH 
measurement is so practical and convenient in emulsified aqueous-oc- 
tan01 mixtures and that equilibrium is reached so rapidly that titrant may 
be added continuously a t  a rate normal for an aqueous titration. 
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Abstract 0 The stabilityof ginsenosides (Rbl, Rbz, and Rgl) in aqueous 
solutions of varying pH was studied kinetically a t  37°C and an ionic 
strength of 0.15, using reverse-phase high-performance liquid chroma- 
tography. Degradation readily occurred by a proton-catalyzed reaction, 
the half-lives being only -30 min a t  pH 1. However, under neutral in- 
testinal pH conditions, the degradation was almost negligible throughout 
the experimental period (-40 h). 


Keyphrases Ginsenosides-stability kinetics, aqdeous solutions of 
varying pH 0 Stability-ginsenosides in aqueous solutions of varying 
pH, kinetics Ginseng-stability kinetics of ginsenosides in aqueous 
solutions of varying pH 


Ginseng has been used as a folkloric medicine in tradi- 
tional herbal remedies for a long time. I t  has several 
noteworthy properties such as an antistress or rehabili- 
tative action (1, 2). Many studies suggest that the phar- 
macological effects of ginseng come from the ginsenosides. 
Recently, Odashima et al. (3) reported the interesting 
finding that ginsenosides induced morphological changes 
and phenotypic transformations in cultured Morris Hep- 
atoma cells (MHIC1), calling this “reverse transforma- 
tion.” 


We have investigated the stability of the ginsenosides 
in both water and GI fluid since many herbal medicines 
seem to be effective when given orally. The ginsenosides 
have been known to degrade in the presence of acid, and 
the degradation mechanism and structures of the products 
have been described (4,5). However, the detailed stability 
kinetics of ginsenosides have not been investigated. The 
present study reports the kinetics of degradation of the 
ginsenosides Rg1, as 20s-panaxatriol, and Rb1 and Rbn, 
as 20s-panaxadiol, in water. 


EXPERIMENTAL 


Materials-The ginsenosides used in this study were prepared from 
the dried roots of Panax ginseng C. A. Meyer (Araliaceae), which were 


Oh 


- I,- 
-J I1 


10 min 


h 


- .I, 
Figure I-Chromatograms of Rg1 in 0.15 M phosphate buffer solution 
(pH 1.81; a t  37°C and an  ionic strength of 0.15 with time. t R  in min- 
utes. 


obtained from a commercial source’, according to the ubual procedures 
(6). The purity of the ginsenosides was confirmed by TLC (6). All other 
chemicals were of reagent grade and were used without further purifi- 
cation. 


Ginsenosides Hydrolysis-Kinetic studies were carried out a t  37 f 
0.loC, a t  various pH values, and an ionic strength of 0.15. Each ginse- 
noside was dissolved in buffer solution preheated at 37°C to give a final 
concentration of 1 X M. The buffer solutions employed 
were hydrochloric acid and phosphate (NaHZPO,) buffer systems, which 
were adjusted to a constant ionic strength of 0.15 with potassium chloride. 
The artificial GI fluids of pH 1.22 and pH 6.84 described in the Japanese 
Pharmacopeia X were also used. At appropriate intervals, aliquots were 
withdrawn, cooled, neutralized as necessary to quench the reaction with 
the same volume of phosphate (NaHzP,04-Na2HPO.J buffer solution 
(0.1 M, pH 6.8), and then analyzed. The pH of the reaction mixture was 
measured* both before use and at the end of the experiments. No sig- 
nificant change was observed. 


Analytical Procedures-The reaction samples were assayed by re- 
verse-phase HPLC. The liquid chromatograph? was equipped with a UV 
detecto# set a t  207 nm and a radial compression system5 with an inserted 
reverse-phase cartridge6. The mobile phase was 70% (v/v) methanol- 
water. The instrument was operated a t  ambient temperature and a flow 
rate of 1.0 mL/min. A 1OO-pL sample was injected through an injector7 
on flow; the samples were filtered through a 0.45-bm membrane filte$ 
before injection. Peak heights were used for quantification, and the 
coefficient of variation ( C V )  was 2.9%. 


to 4 X 


RESULTS AND DISCUSSION 


Figures 1 and 2 show typical chromatokrams of intact Ftgl in the re- 
action mixture at 37”C, an ionic strength of 0.15, and pH 1.81. The peak 
of Rgl (peak 1) with a retention time ( t ~ )  of 9 min decreased as a function 
of time and several peaks of degradation products appeared as the deg- 
radation reaction proceeded (Fig. 2). 


All reactions were followed for 1-3 half-lives. The degradation of Rgl, 
Rbl, and Rbz followed first-order kinetics. Furthermore, in the pH range 
studied (pH 1-3), the rate of degradation was found to be first order with 
respect to hydrogen ion activity and independent of buffer concentration. 


Figure 2-Typical chromatogram of 80% degraded Rgl under the same 
conditions as in Fig. 1. t R  in minutes. 
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Radial-Pak A cartridge (8 mm i.d. X 10 cm long); Waters Associates, Milford, 


MRS: 
Model U6K; Waters Associates. Milford, Mass. 
Sar~rious-membranfilter, GmbH; 34 Gottingen, West Germany. 
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R' R2 R3 OH 


Rbl OH H C Y H  
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Rb2 H OH H 


The pH dependency of the Rgl degradation in the acidic region can 
therefore be represented by the following: 


kobs = kHaH+ 


where kobs is the observed first-order rate constant, k H  is the specific 
proton-catalyzed rate constant, and UH+ is the hydrogen ion activity as 
determined with a glass electrode. The k H  value for each ginsenoside was 
calculated from the kinetic data, and the observed rate constants and the 


Table I-Apparent First-Order Rate Constants, kobr at Various 
pH Values and Rate Constants, k ~ ,  for  the Acid Degradation of 
Ginsenosides at.37"C and Ionic Strength of 0.15 


Ginsenoside PH h-l 
k H ,  


M-1 h-I 
kobs (ksD), 


Rg1 0.85" 2.096b 15.OC 
1.22" 0.924 (0.012)d 
1.48" 0.5526 - ~. 


1.81e 01224 (0.012)f 
2.04e 0.131 (0.006)f 
2.34e 0.055 (0.002)f 


Rbi 1.81g 0.218b' 14.0h 
Rbz 1.81g 0.231 14.gh 


Hydrochloric acid was used as a buffer solution. Observed value, calculated 
by the least-squares method using the experimental data. Calculated according 
to the equation, obtained by the least-squares method using kob at varying pH. 


Averaged value, calculated using k o b  under the experimental condition of three 
different initial concentrations of Rgl. Phosphate buffer solution was used. 
f Averaged value, calculated using k o b  under the experimental condition of at least 
three different buffer concentrations. g Phosphate buffer solution (0.15 M) was 
used. Calculated according to the equation using kob. 


@0 


HO 


values of k H  for the respective ginsenosides are listed in Table I. No sig- 
nificant difference among the catalyzed rate constants was observed. If 
these catalyzed rate constants can be employed to predict the stability 
of the ginsenosides a t  constant pH in nonbuffered solution, the half-life 
a t  37'C and pH 1 would be 30 min. At neutral pH, Rgl is very stable and 
the degradation is negligible overnight. 


These results suggest that chemical degradation of ginsenosides in the 
acidic pH region, such as in the stomach, could proceed readily by pro- 
ducing many products (see Fig. 2). On the other hand, the degradation 
under intestinal pH conditions was negligible. 
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Abstract 0 Storage tests on the stability of thimerosal in trimethoprim- 
polymyxin B eyedrop formulations containing isotonic agents other than so- 
dium chloride have been carried out. The HPLC assay of thimerosal in stored 
formulations containing boric acid and EDTA decreased with time and 
temperature. while formulations containing propylene glycol, glycerol, and 
mannitol showed no significant decrease in thimerosal assay compared with 
a formulation containing no isotonic agent. The latter group provide suitable 
alternatives to sodium chloride, which has been shown to have a seriously 
detrimental effect on thimerosal stability. 


Keyphrases 0 Thimerosal-stability in ophthalmic formulations, influence 
of isotonic agents, boric acid, EDTA, propylene glycol, glycerol, mannit010 
Isotonic agents-boric acid, EDTA, propylene glycol, glycerol, mannitol, 
effect on the stability of thimerosal, ophthalmic formulations 0 Ophthalmic 
solutions-thimerosal stability with isotonic agents, boric acid, EDTA, pro- 
pylene glycol. glycerol, mannitol 


Thimerosal, ethyl (sodium o-mercaptobenzoato)mercury 
( I ) ,  is an effective antibacterial and antifungal agent widely 
used as a preservative in pharmaceutical formulations, par- 
ticularly liquid formulations such as ophthalmic solutions. 
Ophthalmic solutions also frequently contain agents to ensure 
that the formulation is isotonic with lachrymal secretions. 
While such formulations may be presented in a nonisotonic 
form, it is generally preferred to render them isotonic in order 
to avoid patient discomfort, biological damage to the patient, 
or ineffective treatment. The most commonly employed iso- 
tonic agents are ionic, in particular sodium chloride. However, 
it has been reported (1-3) that the presence of halides in so- 
lutions of thimerosal can have an adverse influence on the 
stability of 1. 


This study was undertaken to examine the effects of several 
isotonic agent alternatives to sodium chloride on the stability 
of thimerosal in aqueous formulations when stored under re- 
alistic and moderately accelerated conditions. 


EXPERIMENTAL 


Compounds and Reagents-Thimerosal was obtained commercially’, and 
the isotonic agents listed in  Table I were “AnalaR” grade’, with the exception 
of boric acid which was “Aristar” I and propylene glycol which was “GPR” I .  
Methanol used for chromatography was HPLC grade2, and all water used 
was freshly distilled. 


High-Performance Liquid Chromatography --A constant-flow pump3 was 
used to deliver the eluant to two stainless steel columns (each 250 mm X 4 mm 
i.d.) connected in series and packed with 10-pm silica particles bonded with 
~ tadecyls i lane~.  Injections were made with a rotary valve injector’ equipped 
with a 50-pL loop. No attempt was made to control the column temperature. 
A variable-wavelength detectoP set at 222 nm was employed at an attenuation 
of 0.04 AUFS. 


The chromatographic mobile phase consisted of a mixture of methanol- 
water-phosphoric acid in a ratio of 6050: I .  The pressure, at a flow rate of 4.0 
mL/min was, 4800 psig. Separations were effected isocratically at ambient 
temperature. and quantification was carried out by comparison of the height 


I BDH Chemicals Ltd., Poole. England. 
Rathburn Chemicals Ltd.. Walkerburn. Peeblesshire. Scotland. 
Model 740B; S ctra Phyics, Sant? Clara, Calif. 
Spherisorb 10 &S; Phase Separations Ltd., Clwyd. Wales. 
Kheodyne Inc.. Cotati, Calif. 
Model LC3; Pye Unicam Ltd., Cambridge, England. 


of the peak obtained from test solutions with the height of the peak obtained 
from the control solution. 


Preparation of Test Formulations and Analytical Procedure-A series of 
cyedrop formulations containing thimerosal (0.001% w/v) in water, tri- 
methoprim sulfate, polymyxin B sulfate (as active ingredients), and an isotonic 
agent (as shown in Table I )  were prepared and stored at 5OC overnight. Ali- 
quots ( 5  mL) of each test formulation were transferred to 10-mL glass am- 
pules. which were then sealed and placed in storage at 5OC, 25OC. 37OC. and 
S O O C  for periods up to 6 weeks. Solutions in ampules were allowed to warm 
or cool to ambient temperature for 1 h prior to analysis. These solutions were 
sampled directly for assay. The mean of duplicate determinations was taken, 
the two results generally showing an agreement of better than 2%. The for- 
mulation containing no excipient was used as  a control for the initial assay 
(the results being normalized to 100% in Table 11). and thesamc formulation, 
stored at  5OC, was used as a control in the subsequent assays. 


RESULTS AND DISCUSSION 


The results shown in  Table I I  indicate that thimerosal manifested a sig- 
nificantly better stability using all five alternative isotonic agents when 
compared with its stability in saline. Previous published work (4) has shown 
only 36% thimerosal to remain after storage at 25OC for 3 d in normal sa- 
line. 


The five formulations readily fell into two groups. The first group containing 
the ionic excipients (boric acid and EDTA) showed a decreased level of I 
throughout the study, dependent on time and temperature. Quite early in the 
trial a decrease in the assay of I was observed with eventually only 35-45% 
I remaining after 6 weeks at  SOOC. In contrast. the second group of formu- 
lations containing the nonionic polyhydroxy alcohols (propylene glycol, 
glycerol, and mannitol) showed the thimerosal to have good stability compared 
with the control formulation with no excipient. Here 80-84% of I remained 
after 6 weeks at 5OoC compared with 85% for the control, reflecting an es- 
sentially insignificant difference. At a more realistic temperature of 25OC, 
the first group showed a loss of 10-20% of I after 6 weeks, while the second 
group showed no decomposition after the same period. 


The exact reasons for the marked effect of sodium chloride on the decom- 
position of thimerosal are not clear a t  present. It is well known that chloride 
and other halides have a marked affinity to coordinate with mercury(l1) 
compounds, and this could be a contributory factor in  the detrimental effect 
of sodium chloride on the stability of thimerosal in solution. There is some 
evidence ( 5 )  to show that the decomposition of thimerosal i n  water to 
thiosalicylic acid and ethylmercuric hydroxide is a reversible reaction. The 
effect of chloride anions could be to disturb this equilibrium by reaction with 
the ethylmercuric hydroxide to give ethylmercuric chloride, which does not 
combine nearly as readily with thiosalicylic acid in neutral solution to give 
thimerosal by the back-reaction. A possible reason for the improved stability 
of thimerosal in  the case of the first group of isotonic agents (boric acid and 
EDTA) is that their respective anions may not have such a marked affinity 
to coordinate with mercury(ll), and so the back-reaction to thimerosal is not 
so readily suppressed. 


In contrast, the second group of isotonic agents (propylene glycol, glycerol, 
and mannitol) are nonionic, and the equilibrium of thimerosal with its hy- 
drolysis products is not affected by their presence, hence the observed insig- 
nificant differences in thimerosal assay between the formulations containing 
these polyhydroxy alcohols and the control formulation containing no isotonic 


Table I-Concentrations of Isotonic Ageots 


Isotonic Agent Concentration, % w/v 


EDTA 4.10 
Boric acid I .75 
Propylene glycol 1.84 
Glycerol 2.40 
Mannitol 4.68 
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Tnble 11-Tbimerosal Assay by HPLC after St6rnge in Trinethoprim-Polymyxin B Eyedrop with Alternatives to Sodium Chloride ns Isotonic Agent' 


Control Boric Acid EDTA Propylene Glycol Glycerol Mannitol 
Storage Week Week Week Week Week Week Week Week Week Week Week Week Week Week Week Week Week Week 
Temp. I 3 6  1 3 6  I 3 6 I 3 6 I 3 6 I 3 6  


5°C NA NA 100 NA NA 94 NA NA 98 NA NA 103 NA NA I07 NA NA 100 
25OC I00 103 98 93 91 89 96 86 83 98 97 99 103 100 102 98 100 102 
37OC 101 98 94 90 84 72 93 80 64 101 95 91 103 88 84 101 95 94 
50°C 98.5 91 85 81 57 35 70 56 43 92 87 81 100 91 82 96 95 84 


Initial values at Sac for each additive were 100% N A  = nor assayed. No isotonic agent. 


agent. Nonionic compounds. such as these polyhydroxy alcohols, provide 
suitable alternatives tosodium chloride as isotonicagents in ophthalmic for- 
mulations containing thimerosal. 


(3) E. Liidtke, H. Darsow, and R. Pohloudek-Fabini, Pharmazie, 32.99 
( 1  977). 


(4) Great Britain Patent, 2072015A (1981). 
(5) F. Tanaka and M. Mitsuno, Ann. Xept. Takeda Research Lab.. 10, 


65 (1951). 
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Abstract 0 Evaluation of the antibacterial effect of phenothiazine antihis- 
taminics (trimeprazine, promethazine, and fonazinc) and phenothiazine 
tranquilizers (promazine, chlorpromazine. triflupromazine, and propiomazine) 
on Sfaphylococcus aureus showed that tranquilizers were more active 
[minimum inhibitory concentration (MIC) 0.5-1.6 pg/mL] than antihista- 
minin (MiC > 1.6 pg/mL). The antibacterial activity was found to correlate 
with both the rate of adsorption of these drugs on the bacterial cells and the 
surface tension of their solutions. Phenothiazine tranquilizers caused rapid 
and extensive leakage of potassium ions from bacterial cells, while pheno- 
thiazinc antihistaminics produced relatively slower leakage of these ions. A 
study of the effect of the phenothiazines on the antibacterial activity of some 
antibiotics showed that all phenothiazines produced a synergistic effect with 
erythromycin and an antagonistic effect with tobramycin. Variable effects 
were observed with chloramphenicol, and no effect was observed with peni- 
cillin. Results were explained on the basis of structural characteristics of the 
phenothiazines. 


Keyphrases 0 Phenothiazine tranquilizers-effects on bacterial cells, inter- 
action with antibiotics, Sfaphylococcus aureus 0 Phenothiazine antihista- 
mink-effects on bacterial cells, interaction with antibiotics, Sraphylococcus 
aureus 0 Antibiotics-interaction with phcnothiazine tranquilizers and 
anti histaminics, Sraphylococcus aureus 


The phenothiazine group encompasses drugs of different 
therapeutic uses, most important of which are the antihista- 
minics and the tranquilizers. Most patients receiving these 
drugs are potential recipients of antibiotic therapy because of 
their increased susceptibility to infections (1). Synergism and 
antagonism between antibiotic combinations have been doc- 
umented. Little attention, however, has been paid to possible 
interaction between antibiotics and phenothiazines. Some 
phenothiazines have measurable antibacterial activity in uirro 
(2-4), but are not used clinically for this purpose because of 
the high doses which would be required. The present work was 


undertaken to investigate the effect of a variety of combina- 
tions of antibiotics and phenothiazines against microorganisms, 
using Staphylococcus aureus as a model. 


EXPERIMENTAL 


Organism, Drugs, and Antibio~in-Staphylococcus aureus NCTC 657 I 
was uscd throughout this study. Cultures were maintained on blood agar slants. 
The drugs used were trimepraiine tartrate', fonazine mesylate'. chlorpro- 
mazinc hydrochloride', promazinc hydrochloride2, propiomazine hydro- 
chloride*, promethazine3, and t r i f lupr~mazinc~.  The antibiotics used were 
~hloramphenicol~, erythromycin5, tobramycin6, and penicillin6. Stock solutions 
of the phenothiazines and the antibiotics were prepared in sterilized distilled 
water to obtain concentrations of 1.0 mg/mL and 100 pg/mL. respec- 
tivcly. 


Determinntion of Minimum inhibitory Concentration (M1C)-The MIC 
values were determined by a standard twofold serial dilution method in 
brain-heart infusion (BHI) broth'. Tubes were inoculated with lo5 colony 
forming u n i t s  (CFU)/mL of S. oureus. The lowest concentration showing 
no visible growth after 18 h of incubation at 37°C was considered as  the 
MIC. 


Measurement of Surface Tension-Surface tension was measured by the 
ring method using a torsion balancex. All experiments were carried out in 
duplicate at 25OC. Distilled water was uscd as the reference (725 = 72.4). 


Determination of Potnssium Ion Efflux-The test organism was grown at 
37OC for I8 h in  BHI broth, and the cells were washed with saline to remove 
extracellular potassium ions before they were suspended in saline. Five mil- 
liliters of the suspension was boiled for 30 min, and the amount of potassium 


' May & Bakcr. Dagcnham. England. * Wyeth, Andover. Mass. 
Squibb & Sons, Princeton. N.J. ' Parke-Davis & Co.. Detroit. Mich. 
Abbott Laboratories. North Chicago. 111. 
Eli Lilly & Co., Indianapolis. Ind. ' Oxoid Limited, England. 
Type 0s. White Elecrronic Instrument Co.. Worcestershire. England 
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Abetract 0 Isocucurbitacin B (I), 3-epi-isocucurbitacin B (II), and cu- 
curbitacin B (111) were identified as the principal cytotoxic constituents 
of Ipomopsis aggregata (Pursh) V. Grant (Polemoniaceae). The structure 
of the new compound, 11, was determined through analysis of its spec- 
trometric characteristics. 


Keyphrases Ipomopsis aggregata (Po1emoniaceae)-isolation and 
identification of cytotoxic constituents Cucurbitacins-cytotoxic 
principles from Ipomopsis aggregata 3-Epi-isocucurbitacin B-novel 
cytotoxic constituent of Ipomopsis aggregata 


hibited significant cytotoxic activity against Eagle's car- 
cinoma of the nasopharynx in cell culture (KB), but no 
activity when tested at a dose range of 1.87-15.0 mghg (ip) 
against the P388 lymphocytic leukemic system in mice2. 
In the present contribution we wish to report the isolation 
of three cytotoxic cucurbitacins from this plant, namely, 
isocucurbitacin B (I), a new compound 3-epi-isocucurbi- 
tacin B (II), and cucurbitacin B (111). 


Ipomopsis aggregata represents a small New World 
genus of herbs in the family Polemoniaceae (1). This 
species is the most wide-ranging member of the genus, 
extending in distribution from British Columbia to 
northwest Mexico (2). In previous phytochemical work, an 
uncharacterized saponin was isolated from an extract of 
the entire plant of I .  aggregata (3), but there appear to 
have been no prior studies to determine the biological ac- 
tivity of extracts and isolates derived from this taxon. 


In a continuing search for tumor inhibitors of plant or- 
igin', we found that a chloroform extract of the combined 
roots, stems, leaves, flowers, and fruits of I .  aggregata ex- 


0 


. . o h  2, 


I 


I1 


IV 


R, = a-OH; R2 = H 


R1 = &OH; R2 = H 


R1 = a-OCOCH3; R2 = C O W j  


3 
V R1 = E-OCOCH3; R2 = C O W  


111 R, - H; RP = H 


VI R1 = COCH3; R2 = LOCH3 


1 For the previous article in this series, see Ref. 4. 


EXPERIMENTAL3 


Plant  Material-The combined roots-stems-leaves-flowers-fruits 
of Ipomopsis aggregata (Pursh) V. Grant (Polemoniaceae) were collected 
in Idaho during July 19804. 


K B  Cell Cul ture  Assays-Substances were evaluated for cytotoxic 
activity essentially by the procedure of Geran et al. (5), as described 
previously (6). All assays were performed in duplicate, and the results 
were expressed as the effective dose to inhibit <Wh of the growth observed 
in control tubes which were treated with solvent only. Mithramycin was 
used as a positive cytotoxic control substance (EDm = 0.1 pg/mL). 


Extraction and Fractionation-The air-dried, milled plant material 
(10 kg) was extracted sequentially with petroleum ether (bp 60-80°C) 
and methanol. The methanol extract was concentrated in uacuo to yield 
a residue (1.57 kg), which was partitioned between 3-L portions of chlo- 
roform and water. Cytotoxic activity was found to be concentrated in the 
chloroform fraction (EDm = 0.64 pg/rnL), which was further partitioned 
between petroleum ether (2 L) and methanol-water (9:1,2 L). After re- 
moval of the solvent, the cytotoxic aqueous methanol extract (600 g, EDm 
= 0.30 pg/mL) was chromatographed over silica gels (5 kg), by elution 
with chloroform and mixtures of chloroform-methanol of increasing 
polarity. A total of 22 fractions (2-1, each) were collected. Fractions 9-11, 
eluted from this column with chloroform-methanol (WI), were cytotoxic 
(EDm = 0.27, 0.01, and 0.10 pg/mL, respectively). These combined 
fractions were chromatographed over a Florisi16 column that was eluted 
with chloroform. Fractions eluted with this solvent were combined to 
afford a cytotoxic residue (1.32 g, EDw = 0.05 pg/mL). Final purification 
of the cytotoxic constituents was achieved by preparative TLC on silica 


* Plant extracts and certain fractions were tested under the auspices of the Re- 
search and Development Program of the National Cancer Institute. The remaining 
fractions prepared from this plant, as  well as the isolates that are the subject of this 
paper, were tested a t  our in-house facilities, as described under Experimental A 
compound is considered active in uiuo if it exhibits a prolongation of life >125%, 
and IS regarded as cytotoxic if the EDm is 5 4  pglmL. For in uiuo testing, samples 
were administered intraperitoneally to six male C1)2F1 PD88-infected mice daily 
for a 10-d period. Evaluation was carried out by comparison of survival times with 
control tumor-bearing animal groups. 


Melting points were determined by means of a Koffler hot-plate apparatus and 
are uncorrected. Specific rotations were measured on a Perkin-Elmer 241 polar- 
imeter. The UV spectra were obtained with a Beckman DR-G spectrophotorneter, 
and IR spectra on a Beckman model 118-A spectrophotometer, with polystyrene 
calibration a t  1601 cm-'. 'H-NMR spectra were recorded in CI)CIR with a Varian 
T-60A instrument operating at  60 MHz. equipped with a Nicolet T1'-7 Fourier 
Transform attachment. Tetramethylsilane was used as internal standard, and 
chemical shifts are reported on the 6 (ppm) scale. Low-resolution mam spectra were 
obtained with a Varian MAT 112s double-focusing mass spectrometer, operating 
at 70 eV, and the high-resolution mass spectrum was obtained by peak matching 
us1 an AEI MS-902 instrument. 


I%e plant material was collected and identified by staff of the Economic Rotany 
Laboratory, RARC-Fmt. USDA, Science and Education Administration, Beltsville, 
Md. A voucher specimen re resenting this collection has been deposited in the 
Herbarium of the National .&boreturn, Washington. I1.C. 


E. Merck, Darmstadt, W. Germany. 
6 Fisher Scientific Co., Itasca. Ill. 
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gel GHLF7 plates, using cyclohexane-ether-ethyl acetate (1:l:l) and 
chloroform-acetone-methanol (141:2) as solvents. Compounds I (33 mg), 
I1 (31 mg), and I11 (120 mg) were obtained from preparative TLC zones 
found to be cytotoxic, by crystallization from methanol. 


Characterization of Biologically Active Isolates-Isocucurbitacin 
B (I, 33 mg, 0.00033%) crystallized in the form of colorless needles, mp 
22&222"C, [.]DZ5 t38" (c 0.2, CHC13) [lit. (7) mp 22>223.5"C, [ a ] ~  t43" 
(c 1.61, CHCl,)]; IR vmax (KBr): 3550,3450,2950,1720, 1680, 1620,1440, 
1360,1~,1170,1120,1090,1030, and 980 cm-'; UV Amax (MeOH) (log 
c): 232 (4.32) nm; 'H-NMR (60 MHz): 6 0.81 and 0.96 (two s, 6,9-CH3 and 
13-CH3), 1.18 and 1.26 [twos, 6,4-(CH3)2], 1.32 ( s ,  3,14-CH3), 1.41 (s,3, 
20-CH3), 1.54 [s ,  6, 25-(CH3)2], 2.00 ( s ,  3,25-OCOCHs), 3.89 (br s ,  1,3-H), 
4.25 (br s ,  1,20-OH exchangeable with DzO), 4.33 (m, 1,16-H), 5.92 (m, 
1,6-H), 6.42 (d, 1, J = 15.6 Hz, 23-H), and 7.07 ppm (d, 1, J = 15.6 Hz, 
24-H); MS m/z (70 eV) (relative intensity): 498 (M+ -60, 2%), 386 ( l ) ,  
385 (1). 369 ( l ) ,  219 ( l ) ,  203 (2), 164 (4), 137 (31,135 (3), 113 (6), 112 (91, 
111 (8), 109 (8),97 (10),and96(100).ThesedAta(IR,UV,and1H-NMR) 
are in agreement with those previously reported for isocucurbitacin B 
(I) (7, a), although no mass spectral data for this compound appear to 
have been published. Identity was established as isocucurbitacin B by 
direct comparison with an authentic sample8 (MS, co-TLC). 


Isocucurbitacin B (I, 10 mg) was treated with acetic anhydride-pyri- 
dine (1:1, 1 mL) a t  room temperature overnight. Workup in the usual 
manner afforded a triacetate (IV, 8 mg) as colorless needles, mp 120- 
123°C; 1H-NMR (60 MHz): 80.97 and 1.01 (twos,6,9-CH3 and 13-CH3), 
1.18 (s,3,4-CH3), 1.22 ( s ,  6,4-CH3 and 14-CH3), 1.39 ( s ,  3,20-CH3), 1.57 


(s, 3, 3-OCOCH3), 4.25 (br s, 1.20-0H exchangeable with DzO), 4.93 ( s ,  
1,3-H), 5.17 (m, 1,16-H), 5.90 (m, 1,6-H), 6.37 (d, 1, J = 15.6 Hz, 23-H), 
and 7.16 ppm (d, 1, J = 15.6 Hz, 24-H); MS m/z (70 eV) (relative inten- 
sity): 582 (M+ -60,1%), 522 (l) ,  507 (11,487 (2), 427 ( l ) ,  411 (2), 385 (l) ,  
383 ( l ) ,  368 (2). 367 (4), 279 (3), 219 (31,177 (31,166 (8), 150 (3). 135 (4), 
113 (8). 112 (6), 111 (6), 109 (6), 97 ( l l ) ,  and 96 (100). 


3-Epi-isocucurbitacin B (II,31 mg, 0.00031%) was obtained in the form 
of a white powder, mp 92-98"C, [a]DZ6 -28.5" (c 0.2, CHCl3); IR vma. 


980, and 940 cm-'; UV A,, (MeOH) (log c): 229 (4.47) nm; 'H-NMR (60 
MHz): 6 0.85 and 0 . h  (twos, 6,9-CH3 and 13-CH3), 1.07 and 1.25 [two 
8,  6, 4-(CH3)2], 1.31 (s, 3, 14-CH3), 1.41 (6, 3, 20-CH3), 1.55 [s, 6, 25- 
(CH3)2], 2.00 ( s ,  3,25-OCOCH3), 4.11 (s,1,3-H), 4.24 (br s ,  1,20-0H ex- 
changeable with D20). 4.36 (t, 1, J = 7.4 Hz, 16-H), 5.90 (m, 1,6-H), 6.44 
(d, l , J  = 15.6 Hz, 23-H), and 7.06 ppm (d, 1, J = 15.6 Hz, 24-H); MS m/z 
(70 eV) (relative intensity): 498 (M+ -60,2%), 385 ( l ) ,  327 (2), 287 (21, 
286 (7), 285 (3), 271 (41,266 (4), 253 (9), 187 (41,185 (7), 175 (11). 173 (25), 
159 (6), 147 (5), 131 (5), 129 (16), 115 (22), 113 (7), 112 ( l l ) ,  111 (8), 101 
(13), 97 (16). and 96 (100); mass measurement calc. for CmH4206. 
498.2981; observed, 498.2986. 


3-Epi-isocucurbitacin B (I1,lO mg) was acetylated as described for I, 
and the triacetate V (7 mg) obtained after workup was found to exhibit 
the following data: colorless needles, mp 103-107°C; 'H-NMR (60 MHz): 
6 1.05 and 1.10 (twos, 6,9-CH3 and 13-CH3), 1.17 and 1.26 [twos, 6 ,4-  
(CH3)2], 1.30 (s, 3, 14-CHs), 1.41 (s, 3, 20-CH3), 1.58 [s, 6, 25-(CH3)2], 1.86 
(s, 3,16-OCOCH3), 2.03 (s, 3,25-OCOCH3), 2.18 (s, 3,3-OCOCH3), 4.26 
(br s, 1.20-0H exchangeable with DzO), 5.13 ( s ,  1,3-H), 5.19 (m, 1,16-H), 
5.85 (m, 1,6-H), 6.38 (d, 1, J = 15.5 Hz, 23-H), and 7.16 ppm (d, 1, J = 
15.5 Hz, 24-H); MS m/z (70 eV) (relative intensity): 582 (M+ -60, l%), 
522 (l), 487 (4), 427 (4), 411 (9), 385 (3), 367 (6), 325 (4), 219 (4), 189 (51, 
187 (7), 177 (6), 171 (5), 161 (4), 159 (71,137 (5), 135 (9), 133 (6), 121 (5), 
113 (14), 112 (41), 111 (30), 109 (91,105 (9), 97 (19), and 96 (100). 


Cucurbitacin B (111,120 mg, 0.0012%) was obtained in the form of a 
white powder, mp 160-162OC, +44" (c 0.1, CHC13) [lit. (7) mp 
184186OC, crystallized from EtOH; [(Y]DZ5 t87" (EtOH)]; IR u,, (KBr): 
3550,3400,2950,1720,1680,1620,1450,1360,1230,1120,1050,1020, and 
980 cm"; U V  A,,, (MeOH) (log 6 ) :  229 (4.47) nm; 'H-NMR (60 MHz): 
6 0.97 and 1.07 (two s ,  6,9-CH3 and 13-CH3), 1.25 and 1.29 [two s ,  6,4- 


( s ,  3, 25-OCOCHa), 4.25 (t, 1, J = 7.4 Hz, 16-H), 4.28 (br s, 1,20-0H ex- 
changeable with DzO), 4.43 (dd, 1, J = 12.8 and 5.7 Hz, 2-H), 5.76 (m, 1, 
6-H), 6.49 (d, 1, J = 15.6 Hz, 23-H), and 7.08 ppm (d, 1, J = 15.6 Hz, 
24-H); MS m/z  (70 eV) (relative intensity): 498 (M+ -60,4%), 480 (I), 
385 ( l ) ,  299 ( l ) ,  285 ( l ) ,  219 ( l ) ,  203 (11,187 (2), 175 (31,173 (31,133 (3), 
121 (3), 115 (3), 113 (4), 112 (8), 111 (7). 109 (5), 105 (4), 97 ( l l ) ,  and 96 
(100). The above spectral data are consistent with those published pre- 


[s, 6, 25-(CH3)2], 1.85 (s, 3, 16-OCOCH3), 2.01 (9, 3, 25-OCOCH3), 2.17 


(CHC13): 3450,2960,2920,1720,1690,1630,1450,1360,12~50,1130,1090, 


(CH3)2], 1.34 (s, 3, 14-CH3), 1.43 (s, 3, 2O-CH3), 1.56 [s, 6,25-(CH3)2], 2.01 


7 Analtech, Inc., Newark, Ilel. * Authentic samples of isocucurbitacin B and cucurbitacin H were generously 
provided by Professor J. M. Cassady, Purdue University. 


viously for cucurbitacin B (7-15). Identity as cucurbitacin B was estab- 
lished by direct comparison with an authentic sample* (MS, co-TLC). 


Cucurbitacin B (III,15 mg) was acetylated as described for I, and the 
triacetate VI (9 mg) obtained after workup was found to exhibit the fol- 
lowing data: colorless needles, mp 114-117°C; 'H-NMR (60 MHz): 6 1.03 
and 1.10 (twos', 6,9-CH3and 13-CHs), 1.32 [ s ,  9,4-(CH3)2 and 14-CH31, 


3,25-OCOCH?), 2.13 (s,3, L-OCOCHB), 4.27 (br s ,  1,20-0H exchangeable 
with DzO), 5.2b (t, 1, J = 7.3 Hz, 16-H), 5.48 (dd, 1, J = 13.4 and 5.7 Hz, 
2-H), 5.77 (m, 1,6-H), 6.42 (d, l , J  = 15.6 Hz, 23-H), and 7.18 ppm (d, 1, 
J = 15.6 Hz, 24-H); MS m/z  (70 eV) (relative intensity): 582 (M+ -60, 
1%). 522 ( l ) ,  487 (4), 427 (5), 411 (4), 385 (1). 367 (5), 325 (4), 219 (3), 189 
(61,187 (6), 177 (61,159 (5). 137 (5), 111 (12), 109 (9), 107 (6), 105 (7), 97 
(19), and 96 (100). 


Biological Activity of t he  Isolates-Isocucurbitacin B (I, NSC- 
106400), 3-epi-isocucurbitacin B (11, NSC-359240), and cucurbitacin B 
(111, NSC-049451) exhibited ED% values of 0.016,0.050, and 0.032 jig/mL, 
respectively, in the KB cell culture system. 


DISCUSSION 


1.42 (s, 3, ~O-CHS), 1.58 Is, 6,25-(CH3)2], 1.87 (s, 3,16-OCOCH3), 2.03 (s, 


The known tetracyclic triterpenes isocucurbitacin B (I) and cucurbi- 
tacin B (111) were isolated and identified in the present study from a cy- 
totoxic fraction of I. aggregata whole flowering plants. The molecular 
ions of both compounds were characteristically absent from their elec- 
tron-impact mass spectra (10). so that the highest fragment peaks ob- 
served occurred a t  m/z 498, representing in each case a loss of one acetate 
unit from the parent ion. In its lH-NMR spectrum, I was typified by the 
presence of a singlet assignable for the C-3 methine proton a t  6 3.89, 
which, since it was shifted downfield in isocucurbitacin B diacetate (IV) 
to 6 4.93, suggested the presence of a 2-keto-3-hydroxy ring A moiety in 
I (8.15). Isdcucurbitacin B (I) is a relatively rare compound, previously 
being reported only from three species of two Cucurbitaceae genera (9). 
Cucurbitacin B (111), on the other hand, appears to be the most widely 
distrjbuted cucurbitacin known, since i t  occurs in more than 15 genera 
of the Cucurbitaceae, and in species of the Begoniaceae, Cruciferae, and 
Euphorbiaceae (9, 12, 16, 17). Cucurbitacins have not previously been 
reported from the family Polemoniaceae. 


The spectrometric parameters (IR, UV, 'H-NMR, and MS) of I1 were 
very similar to those observed for isocucurbitacin B (I). Thus, comparable 
with I, no molecular ion was evident in the mass spectrum of 11, with the 
highest observable fragment peak occurring a t  m/z  498, of elemental 
composition C30H42O6, as determined by high-resolution MS. In its 
'H-NMR spectrum, signals indicating the presence of eight quaternary 
attached C-methyl groups, one acetate methyl group, two methine pro- 
tons on carbons bearing hydroxyl groups, and three olefinic protons were 
observed. Following mild acetylation, triacetate V was produced from 
11, for which paramagnetic C-3 and C-16 methine proton shifts occurred 
from 6 4.11 and 4.36, respectively, in 11, to 6 5.13 and 5.19 in V. By analogy 
to conclusions reached on the basis of almost identical C-3 'H-NMR 
assignments made for isocucurbitacin D (the C-25 deacetyl derivative 
of 1) and 3-epi-isocucurbitacin D (7), I1 could therefore be assigned a 
2-keto-3-hydroxy ring A moiety, and is the C-3 epimer of I. 


The role of cucurbitacin B (111) in nature has been partially charac- 
terized. For example, 111 has been shown to stimulate feeding by the 
spotted cucumber (18) and diabroctic beetles (19). Further, it acts as an 
antigibberellin (20). In regard to antitumor activity, both isocucurbitacin 
B (I) and cucurbitacin B (111) have been shown in earlier work to dem- 
onstrate significant inhibitory activity against cultured KB cells (7,12, 
21.22). We presently extend these results through the demonstration of 
the cytotoxic activity of 11. Previous studies have also shown I11 to be 
active in oiuo against the Walker 256 (im) carcinosarcoma and Lewis lung 
carcinoma in rats (7). The therapeutic index, however, appears too low 
for use as a clinical agent (7), and it is likely that the same would be found 
for I and 11. An additional biological activity demonstrated by 111, how- 
ever, which may be worthy of additional investigation, is the prevention 
of experimentally induced hepatitis and cirrhosis (23). 


Interestingly, it has been observed previously that cucurbitacin D, a 
constituent of Phormium tenax Forst. (Liliaceae) is degraded to isocu- 
curbitacin D and 3-epi-isocucurbitacin D as a result of lengthy passage 
over silica gel during column chromatography (8). Therefore, since 
large-scale gravity column chromatography was employed in this study 
to obtain 1-111 from I aggregata, it is possible that I and I1 are progeny 
of 111 and are not indigenous to this plant. For studies concerned primarily 
with chemotaxonomic relationships, it may be suggested that rapid 
techniques of isolation, preferably avoiding the use of silica gel, should 
be used to obtain cucurbitacins from plants. 
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Abstract Rapid second-derivative assay procedures are described for 
tablet and capsule formulations of benzenoid drugs, which eliminate the 
interference of the formulation excipients in simple UV spectrophoto- 
metric methods. Accuracy, precision, and selectivity of the technique are 
discussed. The general application of the procedures for the batch assay 
of tablet and capsule dosage forms containing 2 2  mg of a benzenoid drug 
is indicated by the results obtained for 18 such formulations, in good 
agreement with pharmacopeial assay results and/or declared amounts. 
The procedures are sufficiently sensitive to permit unit dose assays of 
these formulations. 


Keyphrases Benzenoid drugs-tablet and capsule formulations, 
second-derivative UV spectrometry Formulations-benzenoid drugs, 
second-derivative UV spectrometry, tablets and capsules 0 UV spec- 
trometry, second-derivative-benzenoid drugs, tablet and capsule for- 
mulations 


The interference of formulation excipients in the con- 
ventional ultraviolet (UV) spectrophotometric procedures 
for certain formulated drugs is well recognized. I t  is a 
particular problem in the assay of tablets and capsules of 


benzenoid drugs, which, in general, are both weakly ab- 
sorbing and also formulated at  a relatively low dosage level 
(typically 1-50 mghnit dose). The high excipient-drug 
ratio and high sample weight required for these formula- 
tions result in background-irrelevant absorption of a suf- 
ficiently high intensity to possibly prohibit the application 
of simple spectrophotometric methods. 


Techniques that reduce or eliminate matrix interference 
in the assay of formulated drugs include the Morton- 
Stubbs (1) correction procedure, which requires that the 
irrelevant absorption is linear over the wavelength range 
of the absorption band of the drug; orthogonal polynomi- 
als, which can cope with nonlinear irrelevant absorption 
if the correct choice of the polynomial order, wavelength 
range, and interval is made (2,3); compensation spectro- 
photometry, in which the reference solution contains the 
matrix or sample at  the same concentration present in the 
sample solution (4,5); and difference spectrophotometry, 
which may be applied if an absorbance difference can be 
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Tnble 11-Tbimerosal Assay by HPLC after St6rnge in Trinethoprim-Polymyxin B Eyedrop with Alternatives to Sodium Chloride ns Isotonic Agent' 


Control Boric Acid EDTA Propylene Glycol Glycerol Mannitol 
Storage Week Week Week Week Week Week Week Week Week Week Week Week Week Week Week Week Week Week 
Temp. I 3 6  1 3 6  I 3 6 I 3 6 I 3 6 I 3 6  


5°C NA NA 100 NA NA 94 NA NA 98 NA NA 103 NA NA I07 NA NA 100 
25OC I00 103 98 93 91 89 96 86 83 98 97 99 103 100 102 98 100 102 
37OC 101 98 94 90 84 72 93 80 64 101 95 91 103 88 84 101 95 94 
50°C 98.5 91 85 81 57 35 70 56 43 92 87 81 100 91 82 96 95 84 


Initial values at Sac for each additive were 100% N A  = nor assayed. No isotonic agent. 


agent. Nonionic compounds. such as these polyhydroxy alcohols, provide 
suitable alternatives tosodium chloride as isotonicagents in ophthalmic for- 
mulations containing thimerosal. 


(3) E. Liidtke, H. Darsow, and R. Pohloudek-Fabini, Pharmazie, 32.99 
( 1  977). 


(4) Great Britain Patent, 2072015A (1981). 
(5) F. Tanaka and M. Mitsuno, Ann. Xept. Takeda Research Lab.. 10, 


65 (1951). 
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Comparative Effects of Selected Phenothiazine 
Tranquilizers and Antihistaminics on Bacterial 
Cells and Possible Interactions with Antibiotics 
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Abstract 0 Evaluation of the antibacterial effect of phenothiazine antihis- 
taminics (trimeprazine, promethazine, and fonazinc) and phenothiazine 
tranquilizers (promazine, chlorpromazine. triflupromazine, and propiomazine) 
on Sfaphylococcus aureus showed that tranquilizers were more active 
[minimum inhibitory concentration (MIC) 0.5-1.6 pg/mL] than antihista- 
minin (MiC > 1.6 pg/mL). The antibacterial activity was found to correlate 
with both the rate of adsorption of these drugs on the bacterial cells and the 
surface tension of their solutions. Phenothiazine tranquilizers caused rapid 
and extensive leakage of potassium ions from bacterial cells, while pheno- 
thiazinc antihistaminics produced relatively slower leakage of these ions. A 
study of the effect of the phenothiazines on the antibacterial activity of some 
antibiotics showed that all phenothiazines produced a synergistic effect with 
erythromycin and an antagonistic effect with tobramycin. Variable effects 
were observed with chloramphenicol, and no effect was observed with peni- 
cillin. Results were explained on the basis of structural characteristics of the 
phenothiazines. 


Keyphrases 0 Phenothiazine tranquilizers-effects on bacterial cells, inter- 
action with antibiotics, Sfaphylococcus aureus 0 Phenothiazine antihista- 
mink-effects on bacterial cells, interaction with antibiotics, Sraphylococcus 
aureus 0 Antibiotics-interaction with phcnothiazine tranquilizers and 
anti histaminics, Sraphylococcus aureus 


The phenothiazine group encompasses drugs of different 
therapeutic uses, most important of which are the antihista- 
minics and the tranquilizers. Most patients receiving these 
drugs are potential recipients of antibiotic therapy because of 
their increased susceptibility to infections (1). Synergism and 
antagonism between antibiotic combinations have been doc- 
umented. Little attention, however, has been paid to possible 
interaction between antibiotics and phenothiazines. Some 
phenothiazines have measurable antibacterial activity in uirro 
(2-4), but are not used clinically for this purpose because of 
the high doses which would be required. The present work was 


undertaken to investigate the effect of a variety of combina- 
tions of antibiotics and phenothiazines against microorganisms, 
using Staphylococcus aureus as a model. 


EXPERIMENTAL 


Organism, Drugs, and Antibio~in-Staphylococcus aureus NCTC 657 I 
was uscd throughout this study. Cultures were maintained on blood agar slants. 
The drugs used were trimepraiine tartrate', fonazine mesylate'. chlorpro- 
mazinc hydrochloride', promazinc hydrochloride2, propiomazine hydro- 
chloride*, promethazine3, and t r i f lupr~mazinc~.  The antibiotics used were 
~hloramphenicol~, erythromycin5, tobramycin6, and penicillin6. Stock solutions 
of the phenothiazines and the antibiotics were prepared in sterilized distilled 
water to obtain concentrations of 1.0 mg/mL and 100 pg/mL. respec- 
tivcly. 


Determinntion of Minimum inhibitory Concentration (M1C)-The MIC 
values were determined by a standard twofold serial dilution method in 
brain-heart infusion (BHI) broth'. Tubes were inoculated with lo5 colony 
forming u n i t s  (CFU)/mL of S. oureus. The lowest concentration showing 
no visible growth after 18 h of incubation at 37°C was considered as  the 
MIC. 


Measurement of Surface Tension-Surface tension was measured by the 
ring method using a torsion balancex. All experiments were carried out in 
duplicate at 25OC. Distilled water was uscd as the reference (725 = 72.4). 


Determination of Potnssium Ion Efflux-The test organism was grown at 
37OC for I8 h in  BHI broth, and the cells were washed with saline to remove 
extracellular potassium ions before they were suspended in saline. Five mil- 
liliters of the suspension was boiled for 30 min, and the amount of potassium 


' May & Bakcr. Dagcnham. England. * Wyeth, Andover. Mass. 
Squibb & Sons, Princeton. N.J. ' Parke-Davis & Co.. Detroit. Mich. 
Abbott Laboratories. North Chicago. 111. 
Eli Lilly & Co., Indianapolis. Ind. ' Oxoid Limited, England. 
Type 0s. White Elecrronic Instrument Co.. Worcestershire. England 
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Table I-Comparative Effects of Phenothiazine on S. aureus 


Substituent MIC', 7% K+,  Adsorption, 
Phenothiazine R R' Clg/mL D/cm % Released % of Control 


12 
62 
12 
74 


94 
80 
82 
93 


Fonazinc CH2CH(CH3)N(CH3)2 S02N(CH3)2 6.2 63 30 75 
Prornethainc CH2CH(CHdN(CH3)2 H 6.2 65 58 74 
Trimcprazine C H ~ C H ( C H ~ ) C H ~ N ( C H ~ ) Z  H 1.6 61 64 80 
Minimum inhibitory concentration. 


Table 11-Effect of PhenothiazineDrugs on the Antimicrobial Activity of Antibiotic Against S. aureus 


Antibiotic (MIC" ,pg/mL) 
Erythromycin (0.1 2) Tobramycin (0.5) Chloramphenicol(O.12) Penicillin (0.02) 


MIC" in Phenothiazine MIC" in MICa in MIC" in 
(MIC", d m L )  Combination FICb Combination FICb Combination FICb Combination FICb 


Chlorpromazine 0.03 + 0.02 0.3 0.5 + 0.1 I .2 0.06 + 0.25 I 0.01 + 0.25 I 
(03) 
Promazinc 0.05 + 0.1 0.53 0.5 + 0.8 2 0.06 + 0.4 1 0.01 + 0.4 1 
(0.8) 
Propiomazinc 0.03 + 0.24 0.4 0.25 + 3.2 2.5 0.06 + 0.8 1 0.01 + 0.8 1 
(1.6) 
Triflupromazine 0.04 + 0.02 0.53 0.25 + 0. I 1.5 0.06 + 0.05 1 0.01 + 0.05 1 
(0. I ) 
Fonazine 0.05 + 0.8 0.54 0.5 + 6.2 2 0.03 + 1.5 0.5 0.01 + 3.1 1 
(6.2) 
Promethazinc 0.05 + 1.0 0.43 0.5 + 6.2 2 0.03 + 1.5 0.5 0.01 + 3.1 I 
(6.2,) 
Trimeprazinc 0.03 + 0.26 0.41 0.25 + 1.6 I .5 0.12 + 0.8 1.5 0.01 + 0.8 I 
4 Minimum inhibitory concentration. Fractional inhibitory concentration. 


ions rcteascd was determined using a flame photometer9. The result was cal- 
culated as a percentage of the result obtained for untreated control cells. All 
experiments were performed in duplicate. 


Adsorption and Interaction Experiments-Adsorption was carried out as 
previously described ( 5 ) .  MIC determinations were performed on BHI broth 
with an inoculum of lo5 CFU. Antibiotics and drugs were mixed in checker- 
board fashion. lncubation took place at 37OC for 18 h. Synergism was defined 
as a fractional inhibitory concentration (FIC) index as follows: 


Where ( A )  is the MIC ofdrug A in the presence of drug B, and (MICA) is 
the MIC of drug A alone. (B) and (MICe) are defined in the same fashion 
for drug 9 .  Synergism is present if the FIC index is < I ,  and antagonism is 
present if the FIC index is > 1. An index value of I shows addition (6). 


Spectrophotometric Assay-When solutions of the phenothiazines and the 
antibiotics, separately and in combination at different molecular ratios, were 
scanned in  the U V  regionla, no evidence of interaction could be observed in 
the resulting spectra. 


RESULIS AND DISCUSSION 


The results (Table I )  suggest that there is some relationship between the 
antibacterial activity of the phenothiazines studied and their surface activity, 
rate of adsorption, and potassium ion release. Chlorpromazine and triflu- 
promazine, which possess the highest antibacterial activity also show4 the 
highest values for potassium ion releaseand adsorption and the lowest surface 
tension. I t  is possible that by virtue of their high surface activity, these com- 
pounds adsorb to the bacterial surfaces, thereby changing the permeability 
characteristics of the cell membrane. Both drugs have a halogen substitution 
at R (Cl or CF3). which increases their lipophilic character and thereby their 
surface activity. On the other band, fonazine, which contains the relatively 
polar N-dirnethylsulfonyl functional group at R [S@N(CH3)2], causes only 
a slight potassium ion release and exhibits the least antibacterial activity. The 
lower antibacterial activity of promethazine and trimeprazine as compared 
with promazine. all of which have a hydrogen atom at R', could be attributed 


EEL Flame Photometer, Model 150. 
lo Pye Unicam SP 8100 recording spectrophotomcter. 


to the length of the carbon chain between the two nitrogen atoms in their 
substituents and also to the branching of their side chain. The relatively higher 
activity of trimeprazine when compared with promethazine could be due to 
the additional mcthylene group at R' in trimeprazine, which could confer a 
lipophilic property to the drug. 


The antibacterial activity of the phenothiazines and antibiotics, separately 
and in combination, is shown in Table 11. The phenothiazines did not enhance 
the antibacterial activity of penicillin, and they had an antagonistic effect on 
the action of tobramycin. The antibacterial activity of erythromycin, on the 
other hand, was enhanced in the presence of the phenothiazines. Fonazine and 
promethiazine potentiated the activity of chloramphenicol, while trimeprazine 
had an antagonistic effect. The remaining phenothiazines did not affect the 
antibacterial activity of chloramphenicol. The variable results obtained in these 
experiments are in agreement with previously published reports (7). 


The potassium ion efflux from bacterial cells after exposure to the pheno- 
thiazines could be due to the effect of these drugs on the bacterial cell mem- 
brane. The same type of effect could facilitate the entry of an antibiotic into 
the bacterial cell and thus potentiate the activity of that antibiotic. The an- 
tagonistic effects observed with some phenothiazine-antibiotic combinations 
might be explained on. the basis that these drugs could unselectively block 
certain receptor sites essential to the action of the antibiotics. 


The present results suggest that the action of phenothiazines on the bacterial 
membrane cannot be the sole factor that determines the type and degree of 
interaction with antibiotics. Since spectrophotometric measurements of 
mixtures of antibiotics and phenothiazines excluded chemical interaction, 
there must be another site of activity of the phenothiazines in the bacterial 
cell. This type of interaction may have clinical implications in psychotic pa- 
tients who have to take antibiotics while on phenothiazine tranquilizers. 
Further work, using different antibiotics in combination with these drugs 
against different organisms, as well as in uiuo studies are needed to investigate 
such interactions. 
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Abstract 0 Nootkatol, a new sesquiterpene possessing calcium-antagonistic 
activity, was isolated from Alpinia oxyphylla Miquel and characterized as 
(2R,4R,SS,7R)-eremophil- I (1 0), 1 1 -dien-2-ol. 


Keyphrases 0 Nootkatol--isolation from Alpinia oxyphylla Miquel. cal- 
cium-antagonistic activity 0 Calcium antagonists-isolation of nootkatol 
from Alpinia oxyphylla Miquel 


In the course of our survey of various crude drugs prepared 
from plant materials for pharmacologically active metabolites, 
we have found that a methanolic extract of the fruit of Alpinia 
oxyphyllu Miquel (Zingiberaceae) has calcium-antagonistic 
activity in the rabbit aorta. Other work (1 -3) on calcium 
antagonists, such as verapamil and gallopamil, have revealed 
that such drugs selectively inhibit the potassium chloride- 
induced contraction of vascular smooth muscle. In this paper, 
we have isolated for the first time a substance possessing cal- 
cium-antagonistic activity from a plant source. 


EXPERIMENTAL' 


Method of the Bioassay-Rabbits (2-3 kg) were killed by cervical dislo- 
cation. The aortas (60 X 4 mm) were removed and cut into helical strips. The 
strips were mounted vertically in a 20-mL organ bath containing Krebs- 
Ringer bicarbonate solution of the following composition (mM concentration): 
NaCI. 120; KCI, 4.8; CaC12, 1.2; MgS04-7H20, 1.3; KH2W4,1.2; NaHCO3, 
25.2; and glucose, 5.8, pH 7.4. This was bubbled with a gas mixture of oxy- 
gen-carbon dioxide (95:s) and maintained at 37OC. A resting tension of I g 
was applied to the strips and tension changes were isometrically recorded with 
a force-displacement transducer. 


Isolation-The dried, powdered fruit2 (10 kg) of A. oxyphyl/a Miquel were 
extracted three times with cold methanol (20 L). The methanolic extract was 
concentrated in uacuo. and the residue (1 kg) was partitioned between ethyl 
acetate and water. The aqueous layer was extracted with I-butanol. The 
pharmacologically active ethyl acetate fraction (605 g) was chromatographed 
on silica gel3 (benzene-ethyl acetate). The fractions containing the bioactivc 
material [benzene-ethyl acetate (9:1)] were combined and further purified 
on a silica gel column with n-hexane-acetone (97:3) to afford 3.0 g of an active 


I Melting points were obtained on a Yanagimoto micro melting point apparatus and 
are uncorrccted. Optical rotation was recorded on a Jasco DIP-180di ital polarimeter. 
IR spectra were obtained on a Shimadzu IR-27G photometer. IH-NftiR spectra were 
rccordcd on a Nicolet NT-360 spectrometer. "C-NMR spectra were recorded on a 
Hitachi R-22 spectrometer. Mass spectra were obtained on a Shimadzu LKB-9000B. 


2 Purchased from Nippon Hunmatsu Yakuhin. Ltd.. Osaka. Japan. 
Silica gel 60 (230-400 mesh); Merck. 


substance (la, 0.03% yield), named nootkatol, as colorless needles, mp 78- 
80°C (recrystallized from n-hexane), [ a ] ~  + 208O ( c  1.1 CHCIj); IR (KBr): 
3250 cm-I (OH); MS: m/z 220 (M+* 53%) and 177 (100); 'H-NMR 


(t, 1, J = 13 Hz, C(6)-OH), 1.24 (dq. 1, J = 12 Hz and J = 4 Hz, C(8)- 
OH), 1.55 (m, I. C(3)-OH), 1.63 (dt, 1, J = 13 Hz and J = 4 Hz, C(3)- 
aH), 1.71 (m, 3, C(ll)-CH3), 1.71 (m, 1, C(4)-pH), 1.79 (m, I ,  
C(8)-aH), 1.89 (dt, 1, J = 13 Hz and J = 3 Hz. C(6)-aH). 2.13 (m, 1, 
C(9)-OH), 2.23 (tt, 1, J = 13 Hz and J = 3 Hz, C(7)-H), 2.32 (m, 1. 
C(9)--aH), 4.06 (m, I ,  C(2)-H), 4.68 (m, 2, C(12)-H2), and 5.49 ppm 


(CDCl3): 6 0.89 (s, 3, C(5)-CHp), 0.89 (d, 3, J = 6 Hz, C(4)-CH3), 1.01 


(bd, 1, J = 5 Hz, C(1)-H); IT -NMR (CDCI3): 6 15.21 (9. C-14), 16.83 
(q, C-15), 20.79 (d, C-4), 32.54 (t. C-6*), 32.62 (t. C-8*), 34.98 (q, C-13). 
36.21 (1. C-3). 38.32 (s, C-5). 40.72 (d, C-7). 44.60 (t, C-9). 64.37 (d, C-2). 
108.71 (t,C-12), 121.73 (d,C-l), 148.55 (s,C-ll),and 150.13 ppm(s.C-10). 
Assignments are interchangeable between carbon atoms with asterisks. 


Anal.-Calc. for CISHNO: C, 81.76; H, 10.98. Found: C, 81.53; H. 
I 1.28. 


Reduction of Nootkrtone(I1) -To the ether solution (50 mL) of nootka- 
tone4 (1.9 g), 200 mg of LiAlH4 was added and stirred overnight at room 
temperature. The suspension was treated as usual and extracted with ether. 
The organic phase was dried over Na2S04 and the solvent was removed under 
reduced pressure. The residue was chromatographed on silica gel [n-hex- 
ane-acetone (97:3)]. Nootkatol (la) (40 mg) was eluted, followed by epi- 
nootkatol (Ib) (oily, 1980 mg). The aforementioned synthetic nootkatol was 
identical by IR, optical rotation, and melting point comparison with the ma- 
terial isolated from A .  oxyphylla. 


RESULTS AND DISCUSSION 


From the fruit of A.  oxyphylla Miquel, a calciumantagonistic substance, 
named nootkatol, was isolated. In the mass spectrum the molecular ion (m/z  
220) indicates a molecular formula of CtsH240. The single oxygen func- 


1 3  la I 1  li 


u Ib 
Scheme I-Reduciion of nooikaione ( I ] )  io nootkatol (la). 


'Supplied by Shiono Kohryo Co., Ltd., Osaka. Japan. 
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Abstract  0 Accurate partition coefficients K = C,,,/C,, in chloro- 
form-ammonia can be obtained by measuring the absorbance of the 
aqueous layer, replenishing with fresh aqueous solvent, and remeasuring 
the absorption after reequilibration. Provided the solute has a reasonably 
strong UV absorption, only 0.1-5 mg of material is required. Neither the 
amount, the extinction coefficient, nor (in most cases) the purity of the 
substrate material need be known. In general, K values ranging from 100 
to 0.01 can be measured with a precision of 2 10%. A detailed analysis of 
the absorbance and volumetric error sources permits the optimum 
combination of experimental conditions such as volume ratios, cell 
lengths, and absorbance (either direct or differential, or with scale ex- 
pansion) to be predicted a priori Quantitative estimates for all primary 
error sources, such as photometric precision, baseline error, stray light, 
and volumetric errors were also experimentally determined. The theo- 
retical error model was tested by determining K for aniline under widely 
ranging experimental conditions and by comparing the experimental 
standard deviations with those calculated from the theoretical model. 
The agreement was found to be satisfactory. The method described ap- 
pears to be of particular usefulness for the determination of extraction 
or chromatographic parameters of basic drugs. 


Keyphrases Partition coefficients-photometric determination in 
two-solvent systems, application to aniline in chloroform-ammonia 0 
Aniline-chloroform-ammonia solvent system, partition coefficients, 
photometric determination Photometry-determination of partition 
coefficients in two-solvent systems, application to aniline in chloro- 
form-ammonia 


During investigations on the extraction of narcotic drugs 
from body fluids one is often confronted with poor ex- 
traction yields and reproducibility. Chloroform-ammonia 
is the two-phase system generally used for basic drugs. 
Very little is known about the partition coefficients of 
drugs in this system, although knowledge of such partition 
coefficients would seem to be a prerequisite before even 
attempting extraction from biological samples. Persson 
et al. (1, 2) have reported on partition coefficients of 
amine-type drugs in the chloroform-water system, but 
their method involves complexation with inorganic anions 
and consequently requires additional information such as 
dissociation and polymerization constants of the com- 
plexes. A series of papers by Kemula et al. (3), a review 
paper by Sandell (4), and several studies by Korenman et 
al. (5) contain useful information on the partition coeffi- 
cients of amines (and other compounds) and the depen- 
dence of these on concentration, degree of dissociation of 
the conjugate acid, and their relationship to chemical 
structure. The applicability of these studies to amine-type 
drugs (such as amphetamines and morphines) is limited, 
however, mostly because they relate to relatively high 
concentrations or rely on analytical techniques that require 
fairly large amounts of solute, both of which are often 
impractical in drug studies. Partition coefficients of these 
types of basic drugs have been reported, notably by 


Barfknecht et al. (6), Leffler et al. (7), Leo et al. (8), 
Kakemi et  al. (9), Vree et al. (lo), and Ramses and Fuji- 
mot0 (11). Most of these studies lack experimental detail, 
employ in part ill-defined experimental conditions, and 
generally do not provide estimates of the reliability. In fact, 
the mutual agreement between the results of various au- 
thors is poor, wherever such a check can be made. 


This paper attempts to provide a detailed and quanti- 
tative discussion, based on theory and experimental ob- 
servations, of all the factors that contribute to the errors 
in the photometric determination of partition coefficients. 
The photometric method was chosen because of its sensi- 
tivity (normally requiring around 1-3 mg of material) and 
because most, if not all, basic drligs do show a distinct 
UV-absorption band. Since this paper deals exclusively 
with methodology, any basic, UV-absorbing solute could 
be employed; we have chosen to use aniline for this purpose 
because it has average UV-absorbing characteristics and 
because it is probably a weaker base than any of the am- 
phetamine or morphine basic drugs. 


THEORETICAL 


Relationships Between the Parti t ion Coefficient and  Measured 
Absorbances-Consider a two-phase system, consisting of an aqueous 
layer of volume V,, and an organic layer of volume Vorg. Let an amount 
x of a solute be partitioned between the two phases so that an amount 
px is in the organic and qn in the aqueous layer ( p  t q = 1). The partition 
coefficient K of the solute will then be given (assuming equal activity 
coefficients in the two sslvents) by: 


(Eq. 1) 


where C, is the solute concentration in volume V, of layer i .  
If one further assumes that it is the aqueous solution which lends itself 


best to spectrophotometric measurement, then the basic partition coef- 
ficient measurement consists of taking an absorption measurement of 
the aqueous solution in a cell of length I I  at a suitable wavelength (usually 
A,,, of the solute): 


A1 = tliqx/V,, (Eq. 2) 


To obtain q from Eq. 2, it appears that it is necessary to know the ex- 
tinction coefficient t. This, however, may pose severe problems, partic- 
ularly if the solute is not available in pure form. In addition, literature 
data on t may not be applicable to the instrumental conditions a t  hand. 
T o  obviate the necessity of knowing t one may, however, proceed as fol- 
lows. Assume that the aqueous layer is removed after partitioning of the 
solute, fresh aqueous solvent of volume V,, is added, new equilibrium 
established, and the absorption of the aqueous layer remeasured. Since 
an amount px remained in the organic phase this will now be divided as 
p2x in the organic layer and pqx in the aqueous layer. Therefore: 


A 2  = tlzpqx/V,, (Eq. 3) 


Elimination of t from Eqs. 2 and 3, solution of the resulting equation for 
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A 
Figure 1-Relative and absolute baseline absorbance errors based on 


= 0.0020, relative and absolute photometric error based on APT 
= 0.1 5.6, and relativestray light error based on s = 0.003, all as function 
of absorbance. 


p (and for q = 1 - p ) ,  and substitution into Eq. 1 gives: 


(Eq. 4) 


With this method there is the practical problem of removing all of the 
aqueous layer after the first equilibration. Even after centrifugation this 
is difficult to achieve, particularly since none of the organic layer should 
be removed in the process. 


Experiments in our laboratory established that this problem was the 
one of the major causes of irreproducibility of K values determined with 
this method using Eq. 4. A considerable improvement can be obtained, 
however, by removing only a fraction, (1 - f )  V,,, of the aqueous layer. 
If, for example, V,, was 5.00 mL only 4.00 or 4.50 mL was removed with 
a calibrated pipet, and the same volume of fresh solvent was added so as 
to restore the original volume, Vaq. Since an extra amount ( f q x )  of solute 
is left behind, Eq. 4 requires modification. I t  can be shown that for this 
method one has: 


K % =  A2 = p  
Vaq A112/11 - A2 9 


(Eq. 5) 


A further possible improvement might be achieved by differential 
measurements. For example A]" - A p  can be determined directly by 
measuring A 1" relative to the A2" solution placed in the reference cell, 
both with cell length 1". I t  is similarly possible to determine A2* - fAl*  
directly, by diluting the A 1 solution 1/ f  times, and using this solution as 
the reference for the A2 solution, with both cells having length l * .  
Equation 5 can then be restated as: 


(Eq. 6) 


Sources of Error-optimization of V,,/V,,, and f-A preliminary 
experiment should reveal the order of magnitude of K .  As will be dis- 
cussed below, the best results can be obtained when KV,,,,/V,, = p/y is 
between 1 and 10. If K is substantially different from this, Vr,rg/Vaq 
should be adjusted to bring p/q into the proper range. For example, if K 
= 50 then a V,,,g/V,q ratio of about 1:s is in order. In practice, V,,rp/Vuq 
can be allowed to range between 1:5 and 5: l  without introducing any extra 
error. Beyond these ratios one needs careful mutual equilibration of the 
phases at  a precisely controlled temperature so as not to cause appreciable 
volume changes due to changing mutual solubility of the solvents. With 
such precautions taken, ratios of 10:l or even larger are quite practi- 
cable. 


In general f = 0.2 is a good compromise for all circumstances. Not much 
can be gained by using smaller f values, because A2 - / A  I is almost in- 


sensitive to changes of f between 0.0 and 0.2. In practice the f factor is 
often determined by the choice of pipets employed. 


Absorbance Errors-If it can be assumed that Vr,rK/Va,, 1*/l0 (or 12/11), 
and f are accurately known, then the relative error in K is equal to that 
in p / q  and is, therefore, determined by the errors in the absorbance 
measurements. The major sources of error are the photometric impre- 
cision, ApA,  the baseline error, &A, and the stray light error, A,A. The 
photometric error function is given by (12): 


where h l o l l o  is the relative uncertainty of the signal strength in the ref- 
erence beam; it is usually a constant for a given instrument. The validity 
of Eq. 7 is predicted on the condition that AIo/ lo  is determined by the 
detector and associated amplifier, and by implication that the contri- 
bution to h l ~ / l o  of the readout device (meter, recorder, digital readout) 
is negligible in comparison. However, this condition must be fulfilled in 
any case; high damping and/or low gain may result in aesthetically more 
pleasing spectral curves or stable readouts, but the systematic errors 
incurred in this fashion usually are very large in comparison with the 
random error that results from allowing some "noise" to be visible. In Fig. 
1 A d  and A d / A  as a function of A are given for a photometric precision 
( h l o / l o )  of f0.1%. The latter figure is typical for good instruments; for 
a low-price instrument this may be as high as f l W .  Figure 1 can actually 
be used for all Alollo values by using a different scale factor. 


is, in part, an instrument constant, but more 
often is determined by incomplete solvent compensation between the 
cells, variable scattering caused by the cells and their contents, variable 
amounts of impurities in solvents, blanks, or solutions, and the incomplete 
correction for the difference in absorption of the cells themselves. This 
type of error can be determined simply by measuring blanks relative to 
the same reference cell, and repeating this a number of times after 
emptying, refilling, and repositioning the sample cell. The average of 
these measurements gives the systematic baseline correction, which 
should be applied to all measurements, whereas the variation obtained 
gives the combined error: 


The baseline error 


from which A d  can be obtained if ApA is known. The influence of A d l A  
as a function of A is also given in Fig. 1 for A d  = 0.002; for other A d  
errors, the corresponding errors can be found from Fig. 1 by using a 
suitable scale factor. 


Differential measurements are often quoted (13) as giving much im- 
proved precision, because the exponent 2A in Eq. 7 is now replaced by 
2(A l  - A l ) .  However, this is only correct if the reference absorption is 
known beforehand in an absolute sense (by preparing standard solutions). 
Since this is something the present method deliberately has set out to 
avoid, the main advantage disappears; (A1 - A J  has to be substituted 
for A in all places in Eq. 7 so that Eq. 7 is directly applicable. Some ad- 
vantage may still accrue because (A1 - A2) may correspond to a more 
favorable position on the error curve of Fig. 1 than A ]  or A2 sepa- 
rately. 


Scale expansion can similarly improve precision, particularly for high 
absorbances. For an n-fold scale expansion, the exponent 2A in Eq. 7 is 
replaced by 2 ( A  - n/10 ) .  In practice it means increasing the detector 
amplifier gain n times when the sample is in the beam, but decreasing 
it to the normal level with the reference in the beam. It  means also, 
however, that  much wider slits must be used (by a factor of n1/2), since 
otherwise the higher gain would result in an excessively high noise level, 
which would in part, if not entirely, offset the improvement in signal level. 
Since scale expansion is only helpful at  high absorbance, stray light may 
then introduce a systematic error larger than the gain in precision (see 
below). 


Stray light (ix., signal caused by light wavelengths other than the one 
selected) is a systematic error in that it always causes the apparent ab- 
sorbance A, to be smaller than the true absorbance At. If s is the fraction 
of unwanted stray signal (i.e., s = h l , / ( l o  + hl,) then the error A,A is 
given by (12): 


(Eq. 9) 


where Tt is the true transmittance. Figure 1 gives A,A/A for s = 0.003 
(0.3%). Such error curves for different s values are only approximately 
different by a scale factor. As can be seen, A,A/A can be very large, even 
for low values of s. The error curve given applies only to individual total 
absorbances including the absorbance of solvent and cell. For differential 
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measurements the AaA errors of the two absorbances have to be deter- 
mined separately first and then subtracted. 


Influence of Absorbance Errors on K-A,A and &A, being random 
errors, can be combined for any measurement by applying Eq. 8. If Eq. 
5 is applicable, then one has for the uncertainty in K, as caused by ab- 
sorbance errors: 


(Eq. 10) 
If differential measurements are made both on the numerator and de- 
nominator of Eq. 6, one has: 


If only (A2 - fA1) or (A1 - Az) is measured differentially, suitable changes 
in Eqs. 10 and 11 need to be made. 


The error in K due to stray light is given by ASK = K, - Kt, where the 
apparent partition coefficient K, is determined using Eq. 5 or 6, with the 
apparent absorbances A., and where the true partition coefficient K t  is 
similarly related to the true absorbances. Since AJ is a systematic error, 
it can be measured, at  least in principle; appropriate corrections can then 
be made oia Eq. 9. 


Influence of Volumetric Errors AUK-In the experimental procedure 
discussed herein (see Experimental), there are four volumetric transfers 
involved. Each of these carries a possible error, which influences the value 
of K through the volumetric parameters Veq, Vorg, and f (Eqs. 5 and 6). 
Following the recommended experimental procedure and applying 
standard rules for the propagation of random errors it can be shown 
that: 


where vaq and V;, = (1 - f )  V,, are the removed and replenished volumes 
of aqueous solvent, respectively. 


If all volume errors (AV) are equal, a substantial simplification re- 
sults: 


On substitution of A S  = ( p  + qfjA1, this further reduces to: 
A v K z - 2 + 3 ( p + q f ) 2  AVZ l + ( p + q f ) Z (  A V ) 2  


- ~ ' ( 1  - / I 2  [<) + q2(1 - f P  AVO,, 
(Eq. 14) 


Eq. 14 shows that A,K is fundamentally independent of the absorbances. 
It also shows why accurate K measurements are limited to a K range of 
10 to 0.1; beyond these limits either of the denominator terms pzV'& or 
y2V& becomes very small. For example, if K is very large one needs a 
large Vaq/Vorg ratio to keep (A1 - A2) accurately measurable. Since the 
largest volume V,, is limited by the physical dimensions of extraction 
and centrifugation equipment, a small Vorg will have to be taken, com- 
bined with a small q value. The same reasoning applies for very small K 
values, with the roles of V,, and Vllrg and of p and q interchanged. 


Numerical Results-The implications of Eqs. 10-14 will be consid- 
ered for three typical cases: p l y  = 10, p/q = 1.0, and p/q = 0.10. The 
combined absorbance and volumetric errors in K can be calculated ac- 
cording to: 


The Case of p/q = 20-Only a small fraction of the solute is extracted 
into the phase to be measured, and A1 and A2 will be fairly similar since 
A 2  = 12(10 + f)A1//1. For that reason equal cell lengths (11 = 12) are used. 
K is likely to be >10 so that a ratio of Vaq/V(,rg larger than unity must be 
assumed to have been used to reduce p I y  as much as possible. Typical 
volume parameters for this case are V,, = 8 mL, V;, = V,, = 6.4 mL (k., 
f = 02j, and V,,rg = 2 mL. Most likely Mohr pipets have to be used 
throughout for which an average error of AV = f0.012 mL (see Results) 
can be taken. The first term of Eq. 12, 13, o r  14 is negligible, and the 
second term gives a constant error of (A,KjIK = 11.2%. With slightly 
dit'fereiit volume parameters (such as V,, = 10 mL, V,, = V,, = 8 mL, 
and V,,,, = 2 ml), volumetric pipets could be used which have a typical 
error of A V  = f0.007 mL. This would reduce A,K/K to 5.1% (Fig. 2). 


L I I I I I I I I  I I  I I 1 1 1  I l l  
Ai 


0.5 1 .o 1.5 


Figure %-Theoretical relatiue error in the partition coefficient (K) 
for the case KV,,/V,, = p/q = 10. Calculations are based on &A = 
0.0020, APT = 0.1 %, f = 0.2, and 11 = 12. Calculations of ApbK/K arefor 
A1 and A2 separate (-); A1 and fAz separate, but A1 - 142 measured 
in differential mode (- - - -);and for A1 and A2 measured with lox scale 
expansion (a -. - .). A,K/K isgiuenfor AV = 0.012 mL (upper line) and 
V,, = 2 mL, AV = 0.007mL (lower line). Total error AK/K can be cal- 
culated using Eq. 15. 
Figure 2 also shows the absorbance-related errors A,& based on &A 
= 0.0020 and a photometric error of APT = 0.1%. It is seen that for A1 < 
0.3 t.he error in K is dominated by absorbance error, in particular &A, 
whereas for 0.3 < A1 < 1.0 the A&. Af i ,  and AvK are of approximately 
the same magnitude. Differential measurement of A1 - Az is only ben- 
eficial a t  A1 > 0.8. Scale expansion measurement of A1 and A 2  appears 
to give a similar improvement, but since this technique assumes that the 
scale expansion factor is errorless, the differential (A1 - Az) technique 
should be preferred. The best overall result with AK/K = 8% is obtainable 
for 1.0 < A1 < 1.5, using volumetric pipets and differential (Al - A2). No 
gain in accuracy is attainable a t  higher absorbance; AKIK is dominated 
by the constant AvK/K term, and one would additionally run the risk of 
considerable stray light error. 


The Case of p/q = 1 -A number of subcases arise in this situation. K 
= 4 with Va, = 8 mL, Vorg = 2 mL, and '/,, = V;, = 6.4 mL requires Mohr 
pipets with AV = f0.012 mL. The second term in Eq. 14 is still dominant 
and A,K/K = 1.9%. For K = 1, V,, = Vorg = 5 mL, Vg, = Viq = 4 mL, and 
AV = 0.007 mL, one finds A,,K/K = 1.2%, whereas for K = 0.25 with V,, 
= 2 mL, Vorg = 8 mL, and V;, = Viq = 1.6 mL with AV = f0.012 mL, one 
has A,K/K = 2.5%. In either of these cases, however, the effect of volu- 
metric errors on K is much smaller than with plq = 10. The absorb- 
ance-caused errors in K are also substantially reduced because both p 
and q are relatively large ( p  = q = 0.5). Since AS is now about half that  
of A1 (for 11 = l z ) ,  the use of a longer cell for A ?  ( / 2  = 211) might be con- 
templated. As Fig. 3 indicates this would indeed decrease ApbK sub- 
stantially a t  low Al, but this improvement is illusory since one must as- 
sume that in practice a low A1 is encountered despite having already used 
the longest available cells. Differential measurement of (A1 - A2) is still 
of noticeable advantage, particularly at  A1 > I ,  although the gain in 
precision is less than with p/q = 10. The optimum result will he around 
A K I K  = 1.5% and can be achieved a t  high A1 (1.0 < A1 < 1.6) with (A1 
- A2)  in differential mode, provided K = 1 and provided all transfers can 
be done with volumetric pipets. Provided A 1  is a t  least 0.4, a precision 
of AKlK of 4% is always attainable. Scale expansion is of little use; it can 
be applied only to A1 (because A2 will always be smaller than unity); in 
Fig. 3 it would show predicted errors intermediate between those for A1 


and A2 separately ( 1 1  = 12 and without scale expansion) and for ( A l  - A2) 
in differential mode. Calculations show that an additional improvement 
results if (A1 - / A l l  is also measured differentially; but, t,his is almost 
quantitively balanced by a loss in precision due to the extra dilution re- 
quired. 
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Figure %-Theoretical relative error in the partition coefficient (K) 
for the case KV,,fV,, = pfq = 1 .  Calculations are based on AbA = 
0.0020, APT = 0.1 %, and f = 0.2. ~alculations of A&/K are for A1 ond 
A2 measured separately combined with l2 = l1 (-) and 12 = 211 (- . - -), 
as well as for A1 - A:! measured in di//erential mode (- - - - -). A,KfK 
is given for = 8 mL, V,, = 2 mL, and AV = 0.012 mL (upper line), 
for V,, = 2 mL, V,, = 2 mL, and AV = 0.012 mL (middle line), and for 
V,, = V,, = 5 mL and AV = 0.007 mL (lower line). Total error AK/K 
can be calculated using Eq. 15. 


The Case of p/q = 0.I -The phase to be measured has the smaller 
volume on this case. This, combined with the facts that  p is also small 
and that the extra transfers required for the A 2  measurement are carried 
out on the small volume V,,, means (Eq. 14) that  the volumetric error 
A,K/K, even under the most careful experimental conditions will be very 
large and will dominate the total error (except for A 1 50.2). If accurate 
K values are required, all volumes need to be determined by weighing. 
If this is done, AvK/K will be <I%, and the absorbance errors will become 
dominant. The absorbance A1 is now much larger than Az; as a result (A1 
- Ail) is large, hut (A2 - fA1) is small so that the second term in Eq. 10 
or  1 I becomes negligible. There is, thus, no point in using a differential 
(A I - A?) measurement. Although A 2  and fA 1 are now of approximately 
the same magnitude, adifferential measurement of (A2 - / A l )  does not 
give any improvement; on the contrary, careful analysis of the first terms 
of Eqs. 10 and 1 1  shows that for corresponding cell lengths (i.e., I* = 12). 
the differential measurement of ( A 2  - fAl) will, in fact, always produce 
larger errors. As Fig. 4 shows, some gain in precision can be ohtained if 
1. is larger than I ]  a t  least. for small A l .  Again, this is generally not a 
practical advantage: if A1 is small, it will have to be measured in the 
largest available cell. Also, since V,, is small there may not be enough 
liquid volume available to fill large cells. Without scale expansion, a best 
A,,i,K/K oft5-4% can be obtained for 0.8 < A 1 < 1.6. Scale expansion is 
useful in all cases where A 1 > 1.0, but to take full advantage of the tech- 
nique, the t2 /" !  ratio should he taken such that A1 = A2, so that both can 
be measured with scale expansion. Not only can A&/K then be reduced 
to -I%, but in addition, the stray light errors almost cancel if A ,  = 
Az. 


EXPERIMENTAL 


A single-beam manual spectrophotometer of the electrical compen- 
sation type was used throughout]. It was equipped with one quartz glass 
prism and with a photomultiplier as detector. The slit width was set a t  
0.15 mm at A = 239 nm; a t  other wavelengths, corresponding equal-energy 
slit widths were employed. Plastic-stoppered quartz glass cells of 10,20, 
and 40 mm were used; the cell compartment was thermostated a t  25OC. 
All photometer readings were repeated six times, and the average reading 


.d i 3.. 


t - 1 1 1 1  I I I t  I I I I I I I I I I I 1  --_______------ 
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A ,  
Figure 4-Theoretical relative error in the partition coefficient (K) 
for the case KV,,/V,, = p/q = 0.1. Calculations of A,bK/K are based 
on = 0.0020, APT = 0.1 %, f = 0.2, A1 and A2 measured separately 
ond for cell lengths 12 = 11 I-) 12 = 211 I- - - - -), and 12 = I l l  (- - - - -); 
the extra curues for A1 >l.O refer to the corresponding cell lengths ratios, 
but with a IOXscale expansion. AUWK is calculated for V,, = 2mL and 
AV = 0.005 mL. Total error AK/K can be calculated using Eq. 15. 


was calculated. The aniline absorbances were determined a t  X = 281 nm. 
The instrument was equipped with a lox scale expansion switch for 
measurements above A = 1.0. 


A weighed amount of aniline hydrochloride was placed in a volumetric 
flask and dissolved in ammonia, the latter being presaturated with 
chloroform (IR spectrometric quality; i.e., without ethyl alcohol) having 
a pH of 10.5. By adding ammonia (pH 11.5) the solution was brought to 
pH 10.5. To a standard 15-mL centrifuge tube2 the appropriate volumes 
of aqueous solution and presaturated chloroform were added. The same 
volumes of chloroform and ammonia solvents were added to a second 
centrifuge tube to form the blank. Wherever neces.sary (particularly with 
the larger cells) two centrifuge tubes each for the solution and the blank 
were used. Plastic stoppers, designed specifically for this purpose with 
sides machined in such a way as to leave only three raised flanges in 
contact with the glass, were fitted into the centrifuge tubes -2 cm. This 
guaranteed a tight fit with a minimum of liquid being trapped between 
the stopper and the glass wall of the centrifuge tube. The stoppered tubes 
were hand shaken for -10 s, the stopper was then released, and the two 
phases were allowed to settle; this procedure was repeated three times. 
I t  was observed that with G 1:1 ratio of Va,/V,,,g the two-phase system 
settled very quickly, whereas with other volume ratios a larger proportion 
of very fine droplets formed, requiring a much longer settling time. (These 
small droplets are more efficient in the extraction process as is evident 
from the results; with hindsight it can now be said that the above de- 
scribed extraction-by-shaking procedure is not adequate for volume ratios 
close to 1:l.) The tubes were then centrifuged at  2400 rpm for -1 min. 
The second extraction (for the A2 solution) was done in a similar fashion. 
Where possible, volumetric pipets were used, but for some volume ratios 
and for most removals and replenishing of volumes V,, and Vi,, Mohr 
pipets were required. The extraction and centrifugation were carried out 
a t  room temperature (24-26' C ) .  


RESULTS AND DISCUSSION 
Error Determination-Determination of the Photometric Error 


A,A-Standard solutions of potassium chromate in 0.05 M NaOH, 
measured a t  the absorption maximum of -230 nm, were used, Sixteen 


1 Unicam SP-500 series 2 * Pyrex. 
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Table I-Random Baseline Absorbance Error  AhA 


Number 
Cell Length, of Data Average Standard 


mm Sets Error &A 


10 
20 
40" 
40 


16 
12 
9 
6 


f0.0020 
f0.0019 
f0.0043 
f0.0024 


Free-standing cell. b Positioned with spacer. 


Table 11-Random Errors of Volumetric Experiments 


Average Standard 
Deviation AV, ml Type of Pipet 


1-mL Volumetric 0.0026 
2-mL Volumetric 0.0038 
5-mL Volumetric 0.0065 
10-mL Volumetric 0.0090 
2-mL Mohr 0.0057 
5-mL Mohr 0.0079 
10-mL Mohr 0.0110 


different concentrations were used covering a range of 0.598% T. At each 
concentration six readings were taken, and the standard error was cal- 
culated. It was found that there was no correlation between these stan- 
dard errors and the %T, meaning that the photometric error AI/I is in- 
dependent of %T. The average of the individual standard errors was 100 
&/I = 100 AIo/Io = 0.087% T. In all further calculations as well as in Figs. 
1-4 this %T photometric error was rounded off to 0.1% T. 


The scale readability standard error was found to be 4 . 0 4 %  T so that 
Eq. 7 is still applicable for the calculation of ApA or A,A/A; the latter 
are given in Fig. 1. For other instruments or for the same instrument 
under different energy conditions, the A,,A/A curve of Fig. 1 can be used 
by applying a simple scale factor; this is correct because of the propor- 
tionality between A,A/A and AIo/Io (Eq. 7). 


Determination of the Baseline Error A b  A-systematic baseline errors 
were taken care of by running a blank sample (i.e., one that did not con- 
tain the absorbing test compound, but was otherwise treated in identical 
fashion through the extraction and equilibrium procedures) with each 
test sample and by measuring its absorbance in the same cell as the test 
sample relative to the same reference cell. By subtracting the absorbance 
of the blank from that of the corresponding test sample, all absorbances 
were corrected for systematic differences between the measurement and 


reference cells, including their differing nonsolute contents. 
There remains, however, the variability in the baseline correction, 


which is of a random nature and is caused by such things as variation in 
cell cleaning, drying efficiency, centrifugation efficiency, sample clean- 
liness (small particles, including small CHC13 bubbles, cause scattering 
and hence increase the apparent absorbance), and solvent composition. 
The determination of K for aniline automatically provided us with the 
necessary data. Since each K value was determined at  least six times, the 
standard deviation in the baseline correction could be calculated from 
each six-fold set of absorbance measurements. These individual standard 
errors varied slightly, but their average value is thought to be a good 
measure of Ab.4 (Table I). Whereas the 10- and 20-mm cells were posi- 
tioned with copper blade springs, the cell holder employed did not have 
the space to provide such a spring for the 40-mm cells. As Table I shows, 
tight cell positioning is necessary, as was found when a spacer was sub- 
sequently constructed to f i t  the 0.5-mm free space between the 40-mm 
cells and the cell holder rear wall. With this modification installed it 
appears that A d  is virtually independent of cell length. In this case, 
therefore, the important contributor to A d  can only have been variations 
in the cell cleaning efficiency. A value of A d  = 0.0020 has hence been 
taken for all further calculations (except for those referring to the free- 
standing 40-mm cells) and for Figs. 1-4. 


The baseline variability A d  is clearly an important source of error; 
it should be determined in conjunction with any absorbance measure- 
ments. The above determined baseline error also includes, in principle, 
the photometric error ApA. However, with AIo/Io = 0.1%, the error A,,A 
is only equal to 0.0004 at the 99% T level which is relevant to the baseline 
measurements. This, however, is negligible compared with A , d  = 0.0020 
in view of the quadratic progression of errors as given in Eq. 8. 


Determination of the Scale Expansion Factor-On a total of 16 test 
samples with absorbance just over unity, the absorbance was measured 
(six times) with and without the 1OX scale expansion. Both the average 
scale factors and their standard errors were then used to determine a 
weighted overall average and the overall uncertainty. It was found that 
the real scale factor was 10.11 (f0.02) which corresponds in absorbance 
to a scale term AA = 1.0047 f 0.0019. Therefore, 1.0047 rather than unity 
was added to all absorbances measured with the lox scale factor. Our 
impression is that the scale factor is not quite constant in time (pre- 
sumably due to changes in contact resistance in the switch). The error 
given above includes both the photometric error and the possible non- 
constancy of the scale factor itself. 


Determination of the Stray Light Error A,A-Since the chromate ion 
is known to accurately follow Beer's law (12), the stray light factor can 
be determined from an observed apparent nonlinearity of absorbance 
uersus concentration (Eq. 9). Thirteen standard solutions of potassium 


Table 111-Partition Coefficient of Aniline in Chloroform-Ammonia at 25" C and its Experimental and Theoretical Standard 
Deviation as a Function of Experimental Conditions 


Standard Error, % 


1 5 4 5 20 0.2 10 10 0.10 22.4 62 79 
2 6 4 6 20 0.33 10 20 0.10 16.6 46 63 
3 10 8 10 20 0.2 10 40 0.10 14.3 41 63" 
4 10 8 10 20 0.2 20 40 0.21 12.95 31 41" 
5 10 8 10 20 0.2 20 20 0.19 12.9 25 35 
6 10 8 10 20 0.2 40 40 0.38 12.4 53 44" 
7 6 4 3 10 0.33 10 10 0.12 20.2 15 44 
8 6 4.5 3 10 0.25 10 10 0.86 21.1 7.9 9.3 
9 6 4.5 3 10 0.25 10 10 1.25 20.2 14.1 12.3 


10 6 4.5 3 10 0.25 10 10 1.25* 20.8 12 5.7 


vaq, mL viq = V,,, mL Vorg,mL p / q  f l1,mm l2,mm A l  K Experimental Theoreticai - 


11 6 4.5 
12 6 4.5 
13 6 4.5 
14 6 4.5 
15 6 4.5 
16 6 
17 6 
18 12 
19 12 
20 12 
21 12 


4.5 
4 
9 
9 
9 
9 


_. ~~ _. . 


3 10 0.25 10 10 1.35 18.9 9.7 14 
3 10 0.25 10 10 1.35h 19.5 7.3 5.7 
3 10 0.25 10 10 1.35c 19.5 6.4 5.4 
3 10 0.25 10 10 1.75 22.5 28 26 
3 10 0.25 10 10 1.75h 21.6 16 5.3 
3 10 0.25 10 10 1.75c 25.4 1.3 5.8 _. .- 


3 10 0.33 10 20 0.13 18.2 30 28 
6 10 0.25 10 40 0.16 19.2 33 24" 
6 10 0.25 20 20 0.23 17.4 21 20 
6 10 0.25 20 40 0.34 17.9 20 14" 
6 10 0.25 40 40 0.50 26.2 15 19" ~~ 


22 8 6 2 5 0.25 10 10 0.21 21.8 16 24 
23 8 
24 16 
25 16 
26 16 


6 
12 
12 
12 


~. ~ ~- _. 


2 5 0.25 10 20 0.13 24.3 18 19 
4 5 0.25 10 40 0.09 19.3 8.8 19" 
4 5 0.25 20 20 0.21 21.0 6.1 12.3 
4 5 0.25 20 40 0.24 20.2 81 10.3" 


27 16 12 4 5 0.25 40 40 0.50 22.0 8.9 10.5" 


a Calculated with A d  (40 mm) = 0.0043 (Table 11). Scale expansion employed on A1 and Az. Differential measurement on (A l  - Az).  
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chromate in 0.05 M NaOH were prepared by dilution and weighing from 
a 0.003 M stock solution. In the conversion to mol/L units, corrections 
were applied for the varying demity of the chromate solutions. Concen- 
trations were such as to give absorbances a t  230 nm in 10-mm cells 
ranging from 0.25 to 2.0. Where applicable (i.e., A = >1.0) measurements 
were taken with and without 10-fold scale expansion. All readings were 
made sixfold, and at  each concentration several completely separate 
measurements were made: 3 a t  ahsorhances 50.8,6 between 0.9 and 1.8, 
and 12 for absorbances >1.8. For each concentration the average (baseline 
corrected) absorbance and i t s  standard deviation were determined. With 
these data points a least-squares best straight line through the origin was 
fitted, with each point weighted according to the inverse of its relative 
standard error. With this best slope, absorbances at each of the actual 
concentrations were calculated and compared with those obtained ex- 
perimentally. As it turned out each experimental point was on this 
straight line well within twice its own standard error, without any sys- 
tematic deviation from linearity being apparent. Consideration of the 
standard errors in conjunction with Eq. 9 showed that the stray light must 
have been 10.03%. Stray light is wavelength dependent, but this result 
is likely correct for 220-300 nm. With other instruments or a t  wavelengths 
near the limit of the wavelength range of the instrument a much more 
severe stray light effect is possible. In all further calculations s = 0.OOO3 
was used. 


Volumetric Errors-These were determined experimentally by 
weighing and transferring water by pipet (for V,, and Vas) and chloro- 
form (for Vorg) into an Erlenmeyer flask. For V& water was transferred 
by pipet from out of an Erlenmeyer flask. The results are given in Table 
11. Each reported error AV is the average of at  least four standard de- 
viations, with each of the latter determined on six separate weighing 
experiments. There was no significant difference between water or 
chloroform. 


Experimental Tests-The partition coefficient of aniline a t  25OC and 
pH 10.5 was determined under a wide range of experimental conditions 
to test the theoretical error model developed herein (Tahle 111). Each K 
value and its experimental standard deviation was determined from a t  
least six independent determinations. The theoretical standard deviation 
was calculated according to Eqs. 10-15 with the numerical error data as 
given in the present section. Comparison of the experimental and theo- 
retical standard errors indicates that, apart from the unavoidable sta- 
tistical scatter, the agreement is good. In fact, the average ratio s k x -  
perimental)/s(theoretical) is 1.03, which proves that the error model is 
basically correct. 


As predicted, the precision improves generally if p / 9  is lowered from 
20 to 10 to 5 by changing the Vaq/VorE ratio. Also, as A1  increases from 
0.1, the precision first improves and then deteriorates (at high All, gen- 
erally following the trend indicated by Fig. 2. Scale expansion on A1 and 
A:! does improve the precision, although not as much as predicted. This 
lends further credence to the aforementioned possibility that  the scale 
factor is perhaps not constant. Differential (A1 - A?) measurement im- 
proves the precision approximately as predicted. Varying cell length has 
no effect other than that of varying the absorbances. Table 111 contains 
some data for 11 # 12. This, in itself. is not necessary for the ply = 10 case; 
but, it is interesting to note that for, say 11  = 10,l2 = 20 mm, the resulting 
error (both experimental and theoretical) is intermediate between those 
for l1 = 12 = 10 mm and those for I I  = 12 = 20 mm. Several other such 
combinations yielded the same result. 


The average K value for the Vaq/Vorg = 4 case is 21.4 f 1.7 and for the 
V,,/V,,, = 2 case, K = 20.6 f 2.5; for VaqVorg = 1, K = 15.2 f 4.9. The 
decreasing K value with associated increase in standard error reveals a 
systematic error which was identified as being due to incomplete equil- 
ibration. Particularly a 1: 1 chloroform-water system does not mix well; 
the phases separate immediately and completely when shaking is halted. 
With other mixing ratios one observes after shaking a mist of fine droplets 
in both phases, which clears up onlyslowly. Clearly, for V, = VoXa much 
longer shaking period is required. 


CONCLUSIONS 


The above described technique and i ts  error analysis indicates that 


K values ranging from 100 to 0.01 can be measured with an accuracy of 
2 10%; in the K range of 10- 0.1 an accuracy of 2% should he attainable. 
Several provisos must be made, however. First, the substrate of interest 
must have a reasonably strong absorption band in the UV or visible light 
region. For an extinction coefficient of -10,OOO (such as the p-band of 
aromatics in the 200-300 nm region) this translates to a requirement of 
-1-5 mg if K = 100 and 0.01-0.05 mg if K < 1 .  The sample material need 
not be pure; impurities will cause erroneous results only if the following 
four conditions apply simultaneously: ( a )  the partition coefficient of the 
impurity is equal to or smaller than that of the compound of interest, ( b )  
the impurity in question is present a t  a considerahle level ( i . e . ,  a t  least 
lo%), (c) the impurity has an extinction coefficient at  the wavelength of 
maximum absorption of the compound of interest which is comparahle 
in magnitude with that of Lhe latter, and ( d )  the impurity has solubility 
in the two-phase system equal to or higher than that of the compound 
of interest. Second, to obtain accurate K values, careful attention has to 
be paid to the experimental conditions. Order-of-magnitude errors in the 
determination of K can easily occur if volumes, volume ratio, cell length, 
cell length ratio, initial absorbance, and photometric technique (separate, 
differential, and/or scale expansion) are not optimally chosen. In this 
regard, it is important to know the error characteristics of the photometric 
and volumetric equipment to be used. A final limitation to the use of this 
method may be posed by very low solubility of the substrate in either 
solvent. However, the method described is not limited to chloroform- 
ammonia. Any solvent pair will do, provided that a t  least one solvent is 
transparent at  the wavelength to be used. 


In applying this method there is no need for running multiple deter- 
minations. I t  may still be advisable to run duplicates in order to spot 
obviously erroneous results, but if an estimate of the accuracy of the 
partition coefficient is required, this can he calculated from the equations 
given in this paper. This is possibly even better than using experimental 
standard deviations, because the latter are not a reliable measure of im- 
precision for small numbers of repeated experiments. 
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Abstract 0 The degradation kinetics of a 3-acetoxymethylcephalosporin, 
cefotaxime sodium salt, in aqueous solution investigated by HPLC under 
different conditions (pH, ionic strength, temperature) and using different 
buffers. The scheme of degradation involves a cleavage of the &lactam nucleus 
and the deacetylation of the side chain. In highly acidic medium, the deacet- 
ylated derivative is easily converted to the lactone. The degradation rate 
constants were calculated at thrce pH values (1.9.4.0, and 9.0) by measuring 
the residual cephalosporin and the main decomposition products. The deg- 
radation pathway is both supported by the results of a primary salt effect and 
by the agreement betwcen the theoretical pH-rate profile and thc experimental 
values. In the pH range from 3.0 to 7.0, the main process is a slow water-cat- 
alyzed or spontaneous cleavage of the fl-lactam nucleus with intramolecular 
participation of the side chain amido fraction in the 7-position. In  alkaline 
or strongly acidic medium, the hydrolysis is a base- or acid-catalyied reaction. 
Of the buffer systems investigated, carbonate buffer (pH 8.5) and borate 
buffers (pH 9.5 and 10.0) are found to increase the degradation rates. while 
acetate buffer decreases the degradation rates. The apparent activation 
energies determined at  different pH values are compatible with a solvolysis 
mechanism and similar to those previously given in the literature for other 
cephalosporins. Cefotaxime in aqueous solution is slightly less stable than the 
main ccphalosporin derivatives, despite its high resistance to the p-lactamases 
and its remarkable biological activity. 


Keyphrases 0 3-Acetoxymethylcephalasprins-stability in aqueous solutions, 
HP1.C. pH effect, primary salt effect, buffer effect. temperature effect 0 
Cefotaxime--kinetics and mechanism of degradation, pH-rate profile 0 
Antibiotics-cefotaxime, stability, degradation profile, kinetics 


Systematic studies on the degradation of cephalosporin 
derivatives are of interest for several reasons: ( a )  a correlation 
between degradation and antibiotic activity has been shown 
in first- and second-generation cephalosporins ( l ) ,  ( 6 )  some 
degradation products may be involved in allergic reaction ( 2 ) ,  
and (c) the stability of the compounds has to be known for the 
synthesis of derivatives (3)  and the formulation of drugs. The 
kinetics of first- and second-generation cephalosporins have 
been reported in a few instances (1,3-6). These studies concern 
a quantitative analysis of the antibiotic itself and sometimes 
the kinetics of the major degradation product ( 1 ,  3). In this 
report, a systematic kinetic study of a recently commercially 
available third-generation cephalosporin, cefotaxime sodium 
salt', has been carried out. The quantitation of this cephalo- 
sporin and its major decomposition products allowed the 
proposal of a degradation pathway. 


' Trade names: Claforan, Tarivid. Zarivi7. and Primafen. 


BACKGROUND 


Cefotaxime sodium (I) is sodium [ 6 ( R ) -  [6a,7P(Z)]]-3-[(acetyloxy)- 
methyl]-7-[ [( 2-amino-4-thiazolyl)(methoxyimino)acetyl]-8-0~0-5-thia- 1 - 
azabicyclo[4.2.0]oct-2-ene-2-carboxylate]. The pssible in cirri, degradation 
products are deacetylcefotaxime ( I I ) ,  deacetoxycefotaxime ( I l l ) ,  deacetyl- 
cefotaxime lactone (IV),  thiazoximic acid (V), and 7-aminocephalosporanic 
acid (VI) .  The anti isomer which could be expected as a potential degradation 
product of I has been shown to be formed only in nonaqueous medium (7) and 
has not been taken into consideration in this study. 


Cefotaxime sodium ( I )  is an original cephalosporin derivative with a 2- 
amino-4-thiazolyl side chain and an a-methoximino group in the syn position. 
The former is probably responsible for the very great affinity for transpepti- 
dase, involved in the construction of the bacterial wall, and of the great activity 
against Gram-negative bacilli. The latter is probably responsible for the sta- 
bility of the drug against most 8-lactamases (8.9). An exhaustive review of 
the bacteriological and clinical properties of I has been presented (10). 


EXPERIMENTAL 


Materials-Compounds I VI were used as received2. UV, IR,  and NMR 
spectra were used to confirm the structure of these compounds. All other 
chemicals were analytical reagent grade. 


P 


I: R=CHTOCQCH3 


V VI 


* Gifts from Roussci LCLAF Laboratories. 
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Table I-Pseudo-First-Order Rate Constants for I Degradation at  Different Buffer Concentrations and Different pH 


k , b ,  h-I X lo3 kpn, 
Buffer Pi1 0.05 M 0.10 M 0.15 M 0.20 M 0.30 M h-‘ X lo3 


HCI KCI I .6 
I .9 


Citrate 2.2 
3.0 


Acetate 4.0 
5.0 


Phosphate 6.0 
7.5 


Carbonate 8.5 
Borate 9.0 


9.5 
10.0 


- 60.987 
- _  - 38.129 


- 25.868 - 26.087 
- 14.290 - 14.720 


-_ - 13.056 
- 13.020 - 12.106 
- 14.460 - 15.019 


- 53.153 - 60.840 
- - - I 17.046 


341.016 - 359.424 
- 858.726 - 876.720 


__ - 
- 


- 


16.445 17.046 17.316 - 


_ _  60.987 
- 38.129 


26.093 25.790 
15.056 13.930 


10.921 14.125 
16.528 13.267 
- 16.065 


68.684 45.362 


383.465 318.840 
894.720 840.720 


- - 


- - 


Buffer Solutions-The buffers used in the kinetic studies were hydrochloric 
acid-potassium chloride (p t l  I .6 and 1.9). citrate (pH 2.2 and 3.0), acetate 
(pH 4.0 and 5.0). phosphate (pH 6.0 and 7.5), carbonate (pH 8.5). and borate 
(pH 9.0, 9.5, and 10.0). The buffer concentrations were O.I.O.2, and 0.3 M 
(except at pH 7.5, where concentrations were 0.05,0.10, and 0.15 M. and at  
pH 4.0and 9.0. where buffer concentrations were0.2 M) and the ionic strength 
was adjusted to 0.5 with potassium chloride. Primary salt effects were inves- 
tigated at 0.2 M buffer concentration at pH 2.2, 6.0. and 9.5 with ionic 
strengths of 0.3.0.5. and 0.7. The pH of buffer solutions was controlled with 
a pH meter’ standardized with pH 2.0, 7.0, and 9.0 solutions. 


Kinetic Procedures-Experiments were performed in  volumetric flasks. 
Compound 1 was dissolved in the buffer solution previously equilibrated at  
4°C. 23OC. or 37OC. For the kinetics followed by HPLC, theconcentrations 
used were -2 X lo-) or -I X M according to the solubility. The samples 
wcre assayed immediately after a suitable dilution. For the kinetics followed 
by U V ,  the concentrations used were -2 X M. All experiments were 


V 
I I  


conducted i n  the dark in  a constant-temperature water bath with a thermo- 
regulator a t  *0.2OC or in a refrigerator for the trials at 4OC. pH Values were 
controlled at the end of each experiment; no significant change was ob- 
served. 


Analytical Procedures-Liquid Chromatography-The liquid chroma- 
tograph4 was equipped with a variable-wavelength UV detector’set a t  235 
nm, an R P  18 column6, and a 10-pl injection loop. The mobile phase was 
phosphate buffer (pH 7.6)-methanol (83:17); the flow was 1.5 mL/min. 


A mixed stock standard solution was prepared in the mobile phase using 
I-VI (75 pg of each/mL). This solution was suitably diluted with the mobile 
phase to give a concentration range from 7.5 to 37.5 pg of each compound/ 
mL. 


Ultraviolet-UV spectral changes as  a function of time were followed at 
pH 1.9,4.0, and 9.0 with a spectrophotometer’. 


pKa Determinations-The pK, values of I were determined by the poten- 
tiometric titration of a 2.8 X lo-) M cefotaxime aqueous solution with 0.1 
M NaOH. at 2OoC, under nitrogen. The two functional groupscorresponding 
to the terminal amino group of the side chain at  C-7 and the carboxylic group 
at C-3 of the cephem ring were acidified with a stoichiometric amount of 0.1 
M HCI before titration. 


Ill 0.005 I.. 
IV 


I L 


0 4 8 12 
RETENTION TIME, min 


Figure I-Chromatogranr of a standardsolution of I(24.90 pgfmL). I1 121.90 
pg/mL). 111 (22.20 pg/mL).  IV(23.25 pgfml,), V (14.00 pgfmL), and (26.40 
pgfmL). The mobile phase was phosphate buffer ( p H  7.6)-methanol(83:17): 
thejlow was 1.5 mLfmin atidpressure was 175 bars. Detector sensitivity was 
0.005 AUFS. chart recorder speed was 0.5 cmfmin. and X = 235 nm. 


3 Potentlograph Mclrohm F 436 


RESULTS AND DISCUSSION 


Validity Tests of the Liquid Chromatographic Procedure-A chromatogram 
of a standard solution recorded at 235 nm (suitable wavelength for a simul- 
taneous determination of I and its degradation products) is shown in Fig. I .  
A calibration graph was plotted of the peak areas (or the height measure- 


4 2 1 /--* 


Figure 2-Titration curve for 2.8 X lo-’ M cefotaxime sodium salt solution 
ar 20°C. Dashed lines represent the blank determination. Two equivalents 
of acid have been added before titration. 


4 Spectra-Physics SP 8000. 
Schoeffel. modcl SF 770. 
Merck, 7 pm. 25 cm X 0.4 cm. ’ Bcckrnan. model 25. 
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products product1 pcoducti 
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N: 
C- 


, 
R =  


Scheme I 


drawn at  -30-40% cefotaxime degradation (0.2 M buffer concentration, 
37OC. and p = 0.5 ionic strength) are shown in  Fig. 3. 


Reaction Order and HPLC Observed Constants-The example of the 
semilogarithmic plots of the data a t  various pH values (37OC,p = 0.5, and 
0.2 M buffer concentration) illustrated in Fig. 4 shoH that the degradation 
of I follows a pseudo-first-order reaction. The results obtained at all the other 
pH, temperatures, ionic strengths, and buffer concentrations investigated gave 
the same order reaction. The observed constants, kabs. for I calculated from 
the slopes are given in  Table I .  


According to Scheme I ,  in the alkaline and neutral pH media where lactone 
is not formed, the degradation of I may be illustratcd by: 


[ I ]  = C0e-(ki+k2)r (Eq. 1 )  


ments) of each solute against solute conccntration. The correlation coefficients 
of the linear regression analysis were always >0.999 by peak areas (as well 
as height measurements). The repeatability, tested by six replicates and 
evaluated by the coefficient of variation, was 0.22% (I). 1.15% (11). 0.479 
( I l l ) ,  1.89% (IV), 0.60% (V), and 2.49% (VI) .  The recovery studies were 
carried out with a solution of cefotaxime with 1.0% and 3.0% (with respect 
to I) of 11-VI added. The percentage recovered (average of two determina- 
tions) was found to be 98.17% for II,98.64% for 111, 107.52% for IV, 99.46% 
for V, and 98.86% for V I  in the former case and 97.10% for II,98.03% for 111. 
99.21% for IV, 105.66% for V, and 99.33% for VI in the latter case. Applying 
the same procedure to the determination of I using a suitable dilution, the 
recovery was 102.01 and 99.7670, respectively. The minimum amounts de- 
tectable were found to be 3.5 X lO--'pg ( I ) ,  1.8 X lO-'pg (11). 2.0 X lo-' 
pg(llI).4.0 X lo--' pg (IV).0.8 X I0-I pg (V),and 2.5 X lo--' pg (VI).  The 
proposed HPLC procedure therefore allows a satisfactory determination of 
I - V I .  I t  is a more convenient procedure than TLC (11) for the kinetic 
studies. 


Ionization Constants-The titration curve and the blank determination 
carried out under the same conditions are shown in Fig. 2. Apparent pK,, 
values were calculated ( 1  2) with a computer. Potentiometric comparative 
determination with Ill permitted us to attribute pK,, = 2.1 to the dissociation 
of the carboxylic group and pK, ,  = 3.4 to the terminal amino group of the side 
chain in  the 7-position. The pK,, value of 10.9 may be referred to as the dis- 
sociation of the amino group in the cu-carbonyl position on the same side chain. 
I t  must be noted that the pK, values in acidic media are approximate values. 
because these pK, values are very close to the logarithm of dilution (12). 


Kinetic Results-The scheme proposed (Scheme I )  for ccphalosporin de- 
rivatives with an acetoxymethyl group should be valid for I in the entire pH 
range. The first step in the degradation involves deacctylation. The second 
step. in acidic medium is the conversion of the deacetylated compound (11) 
in its lactonc form. I n  addition. 1, 11, and I V  give products resulting from 
cleavage of the &lactam ring. To check this postulated pathway, the kinetics 
of I, I I ,  and IV between pH 1.6 and 10.0 were simultaneously followed by 
HPLC. Typical chromatograms of acidic, neutral, and basic solutions, with- 


Table Il-Rate Constants Calculated from HPLC Results and UV 
Measurements ' 


k ,  h-I x 10) 
PH k i b  k'," k2b k3' k i b  ks" 


where [I] is the concentration of I at  times t .  Co is the initial concentration 
of I ,  and [I l l  is the concentration of I 1  at time 1. In a highly acidic medium, 
where the deacetylated derivative is very easily converted to lactone, the 
simplified degradation pathway (Scheme [Iw) was used: 


k; 
Cefotaxime - Lactone 


I I ks + + 
Products Products 


Scheme I! 


with corresponding equations similar to Eqs. 1 and 2. 
In the entire pH range, the kinetics of I ,  11, and IV were followed for one 


half-life, but todetermine the rate constants k l - -  k s ,  the kinetics were followed 
at  three different pH values (1.9, 4.0, and 9.0) at 37OC, 0.2 M buffer con- 
centration, and p = 0.5, for 4-5 half-lives (Fig. 5 ) .  The rate constants obtained 
at these three pH values, analyzed using Eqs. 1 and 2 and B.M.D.P. program 
PjR, are listed in Tablc 11. 


Reaction Order and UV Observed Constants-Spectral changes for the 
degradation of I as a function of time at pH 1.9, 4.0, and 9.0 (37OC. 0.2 M 
buffer concentration. and p = 0.5) were recorded for 4-5 half-lives (Fig. 6). 
Absorbance at 260 nm is characteristic of the P-lactam linkage ( I  3). Applying 
Eq. 3: 


1.9 24 36 - 15 39 
4.0 10 13 3 6 
9.0 75 83 43 29 


a At 0.2 M buffer concentration. p = 0.5. and 3 7 T .  


- - 
- - 


From HPLC results. From 
U V  mcasuremcnts. 


Table IIJ-Effect of Ionic Strength on the Pseudo-First-Order Rate 
Constant of I Degradation. 


A, - A, 
Ao- A, 


In- = -k' ,  . I  


where A, is the absorbance at time I measured at A = 260 nm; A, is the ab- 
sorbance at infinite time at h = 260 nm; Aois the absorbance at time zeroat 
h = 260 nm; and k ;  is the rate constant determined by U V  measurements. 
Semilogarithmic plots of (A,  - A,)/(Ao - A,)  Liersus time were obtained 
with a linear correlation of r > 0.98. The U V  data ascertain for I the first-order 
reaction determined from HPLC results. The U V  values of the pseudo-first- 
order constants k ;  are listed in Table 11. 


k o b .  h-' X lo3 
Buffer PH u = 0.3 u = 0.5 u = 0.7 


Citratc 2.2 25.395 26.087 26.381 
Phosphate 6.0 14.669 15.019 15.606 
Borate 9.5 32 1.684 359.424 383.016 


0 .At 0.2 M buffcr conccntration and 37°C. * k ;  is the approximatc value of the deacctylation constant k2 
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IV 0.004 I A U  


111 


0.001 I A U  


U 


A 
I 


0 '  4 8 12 0 4 8 12 0 4 8 12 1B 
RETENTION TIME, min RETENTION TIME, min RETENTION TIME, min 


Figure 3-Chromatogram of a 2 X lo-' M degraded cefotaxime sodium salt solution withdrawn at -30-40% degradation (0.2 M buffer conceniration. 
37°C. p = 0.5) at pH 1.6 (a), pH 6.0 (b), and p H  10.0 (c). Key: (U) unknown peak. 


The UV rate constants may be considered as an estimation of the 8-lactam 
opening rate of the cephalosporins ( I ,  3, 14) and may be compared with the 
kl values obtained using HPLC. Since the specific extinction coefficients a t  
260 nm of I 1  (El:,,, = 406 at pH 1.9, El:,,, = 349 at pH 4.0, and El:,,, = 340 
at pH 9.0) and IV (El:,,, = 418 at  pH 1.9, El:,,, = 361 at  pH 4.0, and 
= 353 at pH 9.0) are very similar to those of I (El:,,, = 445 at  pH I .9, E::, 
= 390 at pH 4.0, and E::,,, = 382 at pH 9.0), an approximate estimation of 
the destruction of the nucleus should be obtained with UV measurements, 
except if an appreciable production of an absorbing compound is noted. The 
k', values obtained from UV determination and the kl values obtained from 


T 


Ir 
PI( 6.0 . PI( 1.2 


PI( 1.0 


pn is 
-I - I I '-'.-- 


HPLC present a rather good concordance, as noted in Table 11. in spite of the 
presence of small amounts of absorbing UV products, probably resulting from 
the &lactam cleavage. 


Buffer Effect and General Acid-BaseCatalysis-The values of k,t. obtained 
at  constant pH, constant ionic strength (N = 0.5). constant concentration of 
I, and constant temperature (37'C), varying only the buffer concentration, 
are given in Table I. The Student's t test was used todetermine the significance 
of differences between the kob, obtained for each buffer concentration. The 
catalytic effects of the buffers were estimated with a probabilityp = 95%. 


Citrate buffer a t  pH 2.2 and 3.0 and phosphate buffer a t  pH 6.0 and 7.5 
do not have a catalytic effect. At pH 2.2 and 3.0, the predominant species are 
HJA and H2A- for citrate buffer (5); a t  pH 6.0 and 7.5, the predominant 
species are H2PO: and HPOi-. These species are not general acid-base 
catalysts. 


Carbonate buffer at pH 8.5 and borate buffer at pH 9.5 and 10.0 give a 
significant catalytic effect on the degradation of cefotaxime. At these pH 
values, the dominant species, HCOT and H2B0; are general acid-base cat- 
alysts which increase the rate constants. The rate constant k o b  is given by: 


kob = k p H  -I- k' [ B] (Eq. 4) 
where [B] is the buffer concentration, k ' = k H C o ; . f H C o r  or kH2Boj' /H2mi.  
and k ~ c o ;  and k H 2 B 0 ;  are second-order rate constants of HCO, ions and 
H2BOY ions, respectively. f H c o j  is the buffer HCOS fraction ( # I )  at pH 


Table IV-Values of Rate Constants a t  Different Temperatures and the 
Arrhenlus Activation Parameter for I a t  Different pH' 


Buffer pH Temp., O C  k p H .  h-' X lo3 E,, kca1-M-l 


*t 
1L 


0 10 20 30 40 W 60 70 
P 


HOURS 


Figure 4-Appareni firsr-order reaction of cefotaxime sodium salt solution 
at various p H  values, 37°C. p = 0.5, and 0.2 M buffer concentration (except 
at pH 7.5 where the buffer concentration was 0.15 M). 


25.687 Citrate 3.0 23 1.938 
37 13.930 


28.307 Acetate 5.0 23 1.607 
37 14.125 


Phosphate 7.0 4 0.194 
23 1.679 21.755 
37 13.810 


Borate 10.0 4 3.034 
23 3 1.825 28.732 


840.720 37 


a At 0.2 M buffer concentration. p = 0.5. 
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Figure 5-Kinetics for cefoiaxirne (@), deaceiylcefotaxirne (A), and deaceiylcefotaxime lactone (m) during the degradation of a cefotaxime sodium salt 
soluiion at 37°C I F  = 0.5 and 0.2 M buffer concentration) at pH 1.9 (a), pH 4.0 (b), and pH 9.0 (c). 


8.5, f H 2 B 0 ;  is the buffer HzBO, fraction (#  I )  a t  pH 9.5 and 10.0, and kpH 
is the rate constant at zero buffer concentration. 


An estimation of the catalytic effect was made from the plots of k h  against 
the buffer concentration. The second-order rate constants were determined 
as kico3-  = 77.6 X 10-1 h-l-M-l at pH 8.5; k;(2B0,- = 212.28 X lo-) 
h-'.M-' a t  pH 9.5; and kL2~o3-  = 187.25 X 
k'in all cases is increasingly dependent on the buffer concentration. The rate 
constant, k p ~  at  zero buffer concentration, obtained by the intercept with the 
y-axis. gives the value of the rate constant independently of the buffer effect 
(Table I). 


With acetate buffer, at pH 5.0 where CHjCOOH and CH3COO- species 
are present, koh decreases with the buffer concentration. At this pH, the 
observed rate constant is given by: 


h-'.M-' a t  pH 10.0. 


where K ,  is the dissociation constant of acetic acid at 37'C. aH is the hydrogen 
ion activity potentiometrically measured, and kcH3cooH and kcH,cW- are 


the second-order rate constants of CHlCOOH and C H 1 C 0 0 -  ion, respec- 
tively. The catalytic negative effect of acetate buffer at this pH may be esti- 
mated by the value of the slope obtained when kobs is plotted against buffer 
concentration (-10.5 X lo-] h-'.M-'); k o b  is decreasingly dependent on 
the buffer concentration. The protective effect against degradation observed 
with acetate buffer may be related to the presence of a 3-acetoxyrnethyl group 
in the molecular structure of 1. 


Primary Salt and Ionic Strength Effects-The primary salt effect was in- 
vestigated at 37°C and pH 2.2.6.0, and 9.5 for 0.2 M buffer concentration. 
Ionic strength was varied with potassium chloride solution. The data of k o b  
for ionic strengths p = 0.3.0.5, and 0.7 are given in Table I l l .  The influence 
of ionic strength on rate constants was demonstrated ( I S )  by Bronsted and 
Bjerrum. Debye-Hickel theory applied to the kinetics shows that for ionic 
strengths <0.05. a linear relationship can be obtained between log k u b  and 


according to: 


1% kobr = log ko+o + ~ Q Z A Z B &  (Eq. 6) 


where Q is a constant depending on the temperature and the dielectric constant 
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Figure 6-Speciral changes during rhe degradation o / a  2.0 X 
1.9 (a) .  p H  4.0 I&.  andpH 9.0 (c). 


M cefoiaxime sodium sali soluiion (0.2 M hrrfler concenrraiion. 37°C; p = 0.5)  ui pH 


of the solvent, ZA and %B are the electric charges of the reactants conducting 
to the activated complex, and b.,y,is the rate constant at zero ionic strength. 
At higher ionic strength, the second Debye-Hiickle (16) relationship gives: 


(Eq. 7) 


A linear representation is obtained when log kob is plotted against pI / *  and 
p’/*/I + At pH 2.2 and 6.0 kinetic primary salt effects were negligible, 
in contrast to pH 9.5 where a kinetic primary salt effect was observed. At pH 
2.2 and 6.0. the rate constants are almost independent of the ionic strength 
because one of the reactants is noncharged. At pti  9.5, the positive slope ob- 
served shows that the two reactant species have the same charge. 


pH-Rate Profile--The pl i - - ra te  profile for the degradation of I was ob- 


~ Q Z A Z B ~  
I + &  


1% kobr = 1% k0.w + 
The two ways of representation are given in Fig. 7. 
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Figure 7-PIors oflog kobr versus fi (0 ,  W .  A) or fi/~ + fi(0, 0, A) 
at diJ$erent p H  values (0.2 M buffer concentration. 37°C) for a cefotaxime 
sodium salt solution. 


tained by plotting the valucs of log k,ll against pH, independently of any 
buffer effects (except for pH 4.0 and 9.0), at 37OC and ~r = 0.5 (Fig. 8). Three 
distinct regions can be seen: ( a )  a region where the reaction is hydrogen ion 
catalyzed, between pH I .6 and 3.0, ( b )  a plateau where the reaction is not pH 
dependent. between pH 3.0 and 7.0, and (c) a region where the rcaction is 
hydroxide ion catalyzed, above pH 7.0. The U-shape of the experimental curve, 
without inflexion in the pK, zones (2. I and 3.4). is characteristicof a rcaction 
both hydrogen ion catalyzed and hydroxide ion catalyzed. The log kpH -pH 
profilc for I was fitted with: 


whcrc k l l  is the second-order rate constant for the hydrogen ion-catalyzed 
dcgradation, identical for the ionized and un-ionizcd cefotaxime species: a11 
is the activity of hydrogen ions potentiometrically determined; k o  is the 
first-order rate constant for the spontaneous or water-catalyzed reaction; koH 
is the second-order rate constant for the hydroxide ion-catalyzed degradation; 
and K ,  is the autoprotolysis constant of water, -2.09 X 


From the exprimcntal values at pH I .60,6.00, and 9.50, k ~ .  ko, and koll 
were calculated from Eq. 8 to be kH = 1.90 h-'.M-'. ko = 0.013 h-l, and koH 
= 4626.5 h- ' .M-' .  Thcsc constants were used to generate the theoretical 
pH -rate profile givcn in Fig. 8. using a computer. A satisfactory fit of the data 
was obtained. 


The good agreement between the experimental data, the thcoretical profile, 
and the results of primary salt effccts suggest the following reactions (Scheme 
I l l )  to occur in the pfl  region investigated: 


at 35OC. 


Ccf + H +  2 products 


C c f 3  products 


Ccf + OH- 3 products 


Scheme 111 


At pH 2.2, due to the overall average charge of the species in solution, thc salt 
effect is not visible. At pH 6.0, I is ionized, the main process is a water attack, 
and no salt effect is observed. At pH 9.5, where a general base-catalytic effect 
has been shown with borate ions, a positive salt effect is obtained because I 
is negatively charged and reacts with hydroxide and borate ions. 


Temperature Effect-The effect of temperature was studied with an ionic 
strength of 0.5 in 0.2 M buffer solutions, a t  pH 7.0 and 10.0. by measuring 
the degradation rates at 4OC, 23OC. and 37'C. Other determinations (pH 
3.0 and 5.0) were conducted at only two tempcraturcs (23OC and 37°C). The 
values of rate constants at different tempcraturcs and the Arrhenius activation 
parameter are given in Table IV. These values are very similar to those ob- 
tained for other cephalosporins ( I ,  5,6) and correspond to the values generally 
observcd for solvolysis. 


Comparative Stability and Reaction Mechanism-In Fig. 8, a stability 
comparison of I and other cephalosporins is plotted. This graph lists cepha- 
losporins with an acctoxymethyl group in the C-3 position (ccphalothin and 


Figure 8- log k,li-pH projile for  cefotaxime sodium salt solution at 37°C. 
p = 0.5. The points are experimental values. The solid lines were generaled 
from Eq. 8 with an analog computer. Comparatiae stability study wirh other 
cephalosporins lcephalothin, cephaloridinr, cephaloglycin. and 7-amino- 
cephalosporanic acid (7-A.C.A). f rom Ref, I .  cefadroxil from Ref, 61. 


cephaloglycin), cephalosporins without an acetoxymethyl group (ccphaloridin 
and ccfadroxil), and 7-aminwephalosporanic acid (7-A.C.A). 


In  the pH 3.0- 7.0 rangc, where the dcgradation rates arc not pH dependent, 
the rate constant ko = I3 X lo-) h-' calculated for I is similar to thc k o  values 
obtained from cephalothin and cephaloglycin. As suggested ( I )  for thesc two 
acctoxymethyl cephalosporins, the plateau in  this pH range may correspond 
both to a hydrolytic cleavagc of the @lactam moiety and to an intramolecular 
attack with a side chain amino group participation. This intramolecular attack 
should be facilitated by the electron-donating cffcct uf the 0-methyloximc 
substituent on the side chain. 


In acidic and alkaline media, the rate constants observed arc higher than 
the rate constants given for cephalothin and cephaloglycin. This cnhanced 
reactivity of I should imply a sidc-chain participation in the degradation, in 
contrast with cephalothin and cephaloglycin. 


From the present results, the scheme of dcgradation of I in the entire pH 
range has been found similar to the other acctoxymethyl cephalosporins of 
the first generation (cephalothin and cephaloglycin). The chemical stability 
of I under alkaline conditions has not been proven to be reliable for P-lacta- 
mase hydrolysis and consequently for thc activity against Gram-negative 
bacteria, as suggested for the cephalosporins of the first and second generations 
( I ) .  Cefotaxime sodium ( I )  has a remarkable resistance to hydrolysis of thesc 
enzymes ( 1  7). in contrast to a fair stability under alkaline conditions. The 
cnhanced resistance to the p-lactamase deactivation has been attributed to 
the presence of a rigid syn 0-methyloxime group ( I  7). The biological activity 
of I has also been related to the original structure of the 7-substituent ami- 
nothiazole ring, which plays an important role in the affinity of the molccule 
against transpeptidase activity in the synthesis of the bacterial wall. 
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Abstract 0 The present study examined the feasibility of sustaining the relcase 
of a water-soluble drug, pilocarpine. to the tear film. Both gels and dried films 
were utilized as drug delivery systems. In uifro studies demonstrated significant 
prolongation of drug release from thcse systems as  compared with simple 
aqueous or viscous solutions. The in oifro results were supported by in uiuo 
miosis studies in albino rabbits. 


Keyphrases 0 Pilocarpine ~ -sustained release, polymeric delivery systems, 
in uifro release studies, in uioo miosis in rabbits 0 Drug delivery systems- 
polymeric gels and films, pilocarpine, sustained release to the cornea, rabbits 
o Polymeric matrices--sustained release of pilocarpine to the cornea, in uiuo 
miosis in rabbits, in uitro release studies 


It is well established that ocular drug bioavailability from 
topical dosing is dependent on several factors, one of the most 
prominent being the contact time of drug with tissues in the 
precorneal area of the eye ( 1  ). Several investigators (2 ,3)  have 
reported that the relatively low-viscosity ophthalmic solutions, 
while able to somewhat improve the amount of drug that 
penetrates the cornea to the anterior chamber, generally do 
not provide a sustaining effect. Conversely, Schoenwald ef al. 
(4) and Patton and Robinson (2) havc demonstrated that 
moderately viscous systems, such as gels, can sustain drug 
delivery to the cornea and anterior segment of the eye. Fur- 
thermore, it is known that slowly dissolving lamellae remain 


PH 7.4 


Sample Chamber A 


Blller 
Perlrtaltk Punp 


u 
To 


Fraction Collector 


Figure I--- I n  vitro dissolution apparatus used fo  measure appearance of 
pilocarpine from solutions and lamellae. 


in the eye for extended periods of time. Therefore, it is of in- 
terest to examine and assess these systems for their potential 
in ocular drug delivery. 


A chronic problem with dissolving hydrogels is their usual 
high water content, which allows low molecular weight sub- 
stances to diffuse quickly out of the gel, leaving a “ghost” 
without active ingredients. Extensive cross-linking of polymers, 
or dehydration of the gel to a dry film state, could measurably 
improve the release characteristics of the system. 


Due to the need for frequent dosing of pilocarpine from 
commercial solution preparations, the expense of currently 
marketed controlled-release devices, and because extensive 
work has been publishcd regarding ocular absorption of pilo- 
carpine from both solutions and various gel systems, this drug 
was selected as a model compound for release from several 
types of ocular polymcric systems. 


EXPERIMENTAL 


Materials-Reagent-grade polyvinyl alcohol (PVA)’, with an average mol. 
wt. of 16,000, and carboxyvinyl copolymer (carbomer 934)2 were used as 
received. Tritiated pilocarpine3, with a specific activity of 20 mCi/mg, was 
purified by vacuum evaporation immediately prior to use ( 5 ) .  All other 
chemicals were reagent or analytical grade. 


Male albino rabbits4, weighing 2.5-3.5 kg, were used throughout the study. 
No special dietary restrictions were used for the animals, and they wcre 
maintained in a normal lighting and auditory environment. 


Methods-freparafion of Solutions and Films-A 4% w/v  solution of 
pilocarpine nitrate, made isotonic with sodium chloride, was prepared in pH 
7.4 Sorensen’s phosphate buffer. To 10 mL of this solution, tritiated pilocar- 
pine( l0pL) wasadded toyieldaspecificactivityof--1.5pCijmL.Anegli- 
gible change in pilocarpine solution concentration occurred through this 
spiking procedure. 


Pilocarpine, 2% in 10% PVA in phosphate buffer, was prepared with a 
specific activity of -0 .9  pCi/mL. Solutions were refrigerated between uses 
and were discarded within 7 d. 


Erodible polymer films containing drug were prepared in the following 
manner. The 10% PVA solution in distilled water (40 mL) was poured into 


I Aldrich Chemical Co., Milwaukee. Wis. 


3 New England Nuclear, Boston. Mass. ‘ Sasko. Omaha Neb. 


Carbpol 931; B. F. Goodrich. Cleveland. Ohio. 
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Structural Determination of Nootkatol, a New 
Sesquiterpene Isolated from AIpinia oxyphyZZa Miquel 
Possessing Calcium- Antagonistic Activity 
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Abstract 0 Nootkatol, a new sesquiterpene possessing calcium-antagonistic 
activity, was isolated from Alpinia oxyphylla Miquel and characterized as 
(2R,4R,SS,7R)-eremophil- I (1 0), 1 1 -dien-2-ol. 


Keyphrases 0 Nootkatol--isolation from Alpinia oxyphylla Miquel. cal- 
cium-antagonistic activity 0 Calcium antagonists-isolation of nootkatol 
from Alpinia oxyphylla Miquel 


In the course of our survey of various crude drugs prepared 
from plant materials for pharmacologically active metabolites, 
we have found that a methanolic extract of the fruit of Alpinia 
oxyphyllu Miquel (Zingiberaceae) has calcium-antagonistic 
activity in the rabbit aorta. Other work (1 -3) on calcium 
antagonists, such as verapamil and gallopamil, have revealed 
that such drugs selectively inhibit the potassium chloride- 
induced contraction of vascular smooth muscle. In this paper, 
we have isolated for the first time a substance possessing cal- 
cium-antagonistic activity from a plant source. 


EXPERIMENTAL' 


Method of the Bioassay-Rabbits (2-3 kg) were killed by cervical dislo- 
cation. The aortas (60 X 4 mm) were removed and cut into helical strips. The 
strips were mounted vertically in a 20-mL organ bath containing Krebs- 
Ringer bicarbonate solution of the following composition (mM concentration): 
NaCI. 120; KCI, 4.8; CaC12, 1.2; MgS04-7H20, 1.3; KH2W4,1.2; NaHCO3, 
25.2; and glucose, 5.8, pH 7.4. This was bubbled with a gas mixture of oxy- 
gen-carbon dioxide (95:s) and maintained at 37OC. A resting tension of I g 
was applied to the strips and tension changes were isometrically recorded with 
a force-displacement transducer. 


Isolation-The dried, powdered fruit2 (10 kg) of A. oxyphyl/a Miquel were 
extracted three times with cold methanol (20 L). The methanolic extract was 
concentrated in uacuo. and the residue (1 kg) was partitioned between ethyl 
acetate and water. The aqueous layer was extracted with I-butanol. The 
pharmacologically active ethyl acetate fraction (605 g) was chromatographed 
on silica gel3 (benzene-ethyl acetate). The fractions containing the bioactivc 
material [benzene-ethyl acetate (9:1)] were combined and further purified 
on a silica gel column with n-hexane-acetone (97:3) to afford 3.0 g of an active 


I Melting points were obtained on a Yanagimoto micro melting point apparatus and 
are uncorrccted. Optical rotation was recorded on a Jasco DIP-180di ital polarimeter. 
IR spectra were obtained on a Shimadzu IR-27G photometer. IH-NftiR spectra were 
rccordcd on a Nicolet NT-360 spectrometer. "C-NMR spectra were recorded on a 
Hitachi R-22 spectrometer. Mass spectra were obtained on a Shimadzu LKB-9000B. 


2 Purchased from Nippon Hunmatsu Yakuhin. Ltd.. Osaka. Japan. 
Silica gel 60 (230-400 mesh); Merck. 


substance (la, 0.03% yield), named nootkatol, as colorless needles, mp 78- 
80°C (recrystallized from n-hexane), [ a ] ~  + 208O ( c  1.1 CHCIj); IR (KBr): 
3250 cm-I (OH); MS: m/z 220 (M+* 53%) and 177 (100); 'H-NMR 


(t, 1, J = 13 Hz, C(6)-OH), 1.24 (dq. 1, J = 12 Hz and J = 4 Hz, C(8)- 
OH), 1.55 (m, I. C(3)-OH), 1.63 (dt, 1, J = 13 Hz and J = 4 Hz, C(3)- 
aH), 1.71 (m, 3, C(ll)-CH3), 1.71 (m, 1, C(4)-pH), 1.79 (m, I ,  
C(8)-aH), 1.89 (dt, 1, J = 13 Hz and J = 3 Hz. C(6)-aH). 2.13 (m, 1, 
C(9)-OH), 2.23 (tt, 1, J = 13 Hz and J = 3 Hz, C(7)-H), 2.32 (m, 1. 
C(9)--aH), 4.06 (m, I ,  C(2)-H), 4.68 (m, 2, C(12)-H2), and 5.49 ppm 


(CDCl3): 6 0.89 (s, 3, C(5)-CHp), 0.89 (d, 3, J = 6 Hz, C(4)-CH3), 1.01 


(bd, 1, J = 5 Hz, C(1)-H); IT -NMR (CDCI3): 6 15.21 (9. C-14), 16.83 
(q, C-15), 20.79 (d, C-4), 32.54 (t. C-6*), 32.62 (t. C-8*), 34.98 (q, C-13). 
36.21 (1. C-3). 38.32 (s, C-5). 40.72 (d, C-7). 44.60 (t, C-9). 64.37 (d, C-2). 
108.71 (t,C-12), 121.73 (d,C-l), 148.55 (s,C-ll),and 150.13 ppm(s.C-10). 
Assignments are interchangeable between carbon atoms with asterisks. 


Anal.-Calc. for CISHNO: C, 81.76; H, 10.98. Found: C, 81.53; H. 
I 1.28. 


Reduction of Nootkrtone(I1) -To the ether solution (50 mL) of nootka- 
tone4 (1.9 g), 200 mg of LiAlH4 was added and stirred overnight at room 
temperature. The suspension was treated as usual and extracted with ether. 
The organic phase was dried over Na2S04 and the solvent was removed under 
reduced pressure. The residue was chromatographed on silica gel [n-hex- 
ane-acetone (97:3)]. Nootkatol (la) (40 mg) was eluted, followed by epi- 
nootkatol (Ib) (oily, 1980 mg). The aforementioned synthetic nootkatol was 
identical by IR, optical rotation, and melting point comparison with the ma- 
terial isolated from A .  oxyphylla. 


RESULTS AND DISCUSSION 


From the fruit of A.  oxyphylla Miquel, a calciumantagonistic substance, 
named nootkatol, was isolated. In the mass spectrum the molecular ion (m/z  
220) indicates a molecular formula of CtsH240. The single oxygen func- 


1 3  la I 1  li 


u Ib 
Scheme I-Reduciion of nooikaione ( I ] )  io nootkatol (la). 


'Supplied by Shiono Kohryo Co., Ltd., Osaka. Japan. 
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tionality is ascribable to a hydroxyl group based on the absorption band at 
3250cm-I in the IRspectrum.The”C-NMRsignaIsat 108.71 (t), 121.73 
(d). 148.55 (s). and 150.1 3 (s) ppm suggest that the molecule has two double 
bonds and, therefore, it appcars to be bicyclic. Furthermore, the ‘H-NMR 
spectrum shows the presence of a tertiary methyl group at  0.89 (s, 3), a sec- 
ondary methyl group at 0.89 (d. 3, J = 6 Hz), and isopropenyl groups at 1.71 
(m, 3) and 4.68 ppm (m. 2). From the above data the structure of la appears 
to be similar to that of nootkatone (11). which has been isolated from Cham- 
aecyparis noorkafensis (Lamb.)sprach and Citrus paradisi Macfad. (4-6). 
The main difference appears to be the presence of a hydroxyl group in the 
newly isolated material. The proton attached to the hydroxyl-bearing carbon 
is observed as a multiplet at 4.06 ppm in  the IH-NMR spectrum, suggesting 
the hydroxyl group was 8-oriented. To verify the proposed structure, I I  was 
reduced with LiAIHd in ether to yield two products (Scheme I). As expected, 
the minor one was identical with la on the basis of its melting point, IR spec- 
trum, and optical rotation. Thus, la is characterized as (ZR,4R,SS,7R)-ere- 
mophil-l(lO).l I-dien-2-01. 


It has been reported that in vascular smooth muscle, contractile response 
to potassium chloride is caused for the most part by increasing membrane 
permeability to Ca2+. while the response to norepinephrine is caused mainly 
by releasing an intracellular pool of Ca2+ (7). Calcium antagonists such as 
verapamil and gallopamil have been shown to selectively inhibit the contractile 
activity produced by potassium chloride without having any effect on that 
induced by norepinephrine (8). In the prcsent expcriment, purified la (3 X 


M) markedly inhibited the potassium chloride (40 mM)-induced con- 


traction of the aorta, but did not have any effect on that produced by norepi- 
nephrine M). The 50% inhibitory doses of la and verapamil for the 
potassium chloride (40 mM)-induced contraction were -I O-’and -lo-’ M. 
respectively, indicating that the potency of la was approximately 100 times 
less than that of verapamil’. Furthermore. la (3 X M) profoundly in- 
hibited the increase in  the ‘ T a 2 +  uptake of the aorta induced by potassium 
chloride5. These observations suggest that la specifically blocks the Ca2+- 
influx into the muscle cell of the aorta. 
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Abstract 0 Two hydroxylated analogues of quinidine with antiarrhythmic 
properties, 3s-hydroxyquinidine and 3R- hydroxydihydroquinidine were as- 
sayed by reverse-phase high-performance liquid chromatography. The ana- 
lytical technique uses plasma protein precipitation and direct injection on a 
Cle column, with an isocratic mobile phase and spectrofluorometric detection. 
3R-Hydroxyquinidine is employed as the internal standard. Linearity is 
verified up to 5 mg/L for the two drugs; concentrations between 0.5 and 2.5 
mg/L were measured with a CV of 0.5-2.07% for a given day and a sensitivity 
l imit  of 50 pg/L. Plasma concentration-time profiles and pharmacokinetic 
parameters in three dogs are presented after intravenous or oral administra- 
tion. A significant difference is observed in terminal half-life, terminal rate 
constant, and total clearance of the two polar analogues of quinidine. 


Keyphrases 0 Quinidine analogues-hydroxylated. HPLC, pharmacokinetics 
in the dog 0 Pharmacokinetics--hydroxylated analogues of quinidine in the 
dog. HPLC 


Some of the metabolites of quinidine, especially 3s-hy- 
droxyquinidine (I), 2’-oxoquinidine, and 0-demethylquinidine, 
possess antiarrhythmic activity in mice and rabbits (1) and 


possibly in humans (2). Other analogues of quinidine, derived 
from 0-demethylquinidine (3-6) or 7’-trifluoromethyldihy- 
drocinchonidine (7), have recently been tested. Preliminary 
studies of 1 and 3R-hydroxydihydroquinidine (11) (8) indicate 
pharmacological activity of these two compounds when tested 
against chloroform-induced ventricular fibrillation and aco- 
nitine-induced arrhythmia in mice and rats or against coronary 
ligature in dogs. 


This report describes a rapid, specific, accurate, and sensitive 
high-performance liquid chromatographic (HPLC) method 
for the determination of I and I 1  in plasma. The procedure 
involves a modification of a recently published reverse-phase 
HPLC method for quinidine (9) using 3R-hydroxyquinidine 
as internal standard, with an isocratic mobile phase of aceto- 
nitrile-acetic acid-water and sensitive spectrofluorometric 
detection. Preliminary pharmacokinetic parameters of these 
two hydroxylated analogues of quinidine in  the dog are re- 
ported. 


EXPERIMENTAL 


Reagents a d  Standards-All solvents used were analytical reagent grade’: 
acetonitrile for spectrometry, methanol, and 100% acetic acid. A phosphate 
buffer (0.05 M. pH 7.4) was prepared in distilled water. Pure standards of 


I E. ,Merck. Darmstadt. West Germany 


1144 I Journal of Pharmceutial Sciences 
Vol. 73, No. 6, June 1984 


00223549l84 0600-084450 1.001 0 
@ 1984, Amerlcan Pharmceutical Assoclatlon 












Quantitative Relationships Between Structure and 
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Chi Indices I: Substituted 2-Sulfapyridines 


K. REED, K. MEREISHX, and B. JENSEN 
Received December 6,1982, from The Uniuersity of Nebraska Medical Center, College of Pharmacy, Department of Pharmaceutics, Omaha, 
NE 68105. Accepted for publication January 10,1983. 


Abstract Quantitative relationships between the structure and 
pharmacokinetic parameters of several compounds have been derived 
using the molecular connectivity approach. The correlation coefficients 
of equations obtained using the Chi indices (x) as predictor parameters 
were compared favorably with those obtained by the linear free energy 
approach, where physicochemical parameters have been used as predictor 
variables. High correlation coefficients ( r )  for the first-order elimination 
rate constant ( r  = 0.861, total body clearance ( r  = 0.89), and protein 
binding association constant ( r  = 0.78) for substituted 2-sulfapyridines 
were obtained. However, including the pK, (indicative of electronic ef- 
fects) of the compounds within the equation as a predictor variable caused 
an increase in the correlation coefficients. 


Keyphrases Molecular connectivity-Chi indices, use in quantitative 
structure-pharmacokinetic relationships, substituted 2-sulfapyridines 
0 Pharmacokinetic parameters-quantitative relationship to structure, 
determination by molecular connectivity Chi indices, substituted 2- 
sulfapyridines Quantitative structure-pharmacokinetic relation- 
ships-application of molecular connectivity Chi indices, substituted 
2-sulfapyridines 


When considering the expense of synthesizing and 
testing compounds, it is economically advantageous to 
screen a few with high therapeutic potential rather than 
mass screening of a large number of compounds. With this 
goal in mind, medicinal chemists have applied quantitative 
structure activity relationships (QSAR) to drug design. In 
the free energy approach, Hansch (1) used physicochemical 
properties, e .g . ,  the partition coefficient and dissociation 
constant, as predictor variables in QSAR. These physico- 
chemical properties were correlated with biological activity 
using regression analyses. The result of the treatment was 
an equation which describes, in a quantitative manner, the 
relationship between biological activity of a compound and 
its chemical structure. 


An area which has been ignored until recently is the role 
of structural changes in altering pharmacokinetic pa- 
rameters. It is known that alterations in the values of the 
pharmacokinetic parameters of a drug may result in critical 
changes in biological action (2). Recent successful work has 
been done deriving equations which relate various phar- 
macokinetic parameters of drug molecules to their corre- 
sponding physicochemical properties (3,4). These derived 
equations, referred to as quantitative structure phar- 
macokinetic relationships (QSPR), offer promise for pre- 
dicting pharmacokinetic parameters for compounds, given 
their physicochemical properties. In many studies, the 
physicochemical properties of the compounds must be 
determined experimentally. This limitation may be a se- 
rious disadvantage in using the free energy approach in 
deriving QSPR. 


Kier and Hall (5,6) have developed the methodology of 
molecular connectivity, which gives numerical values, Chi 
indices (x), that are directly related to the molecular 
structure of the compound (5,6). The x indices of various 


molecules have been shown to have a high correlation with 
the corresponding boiling point, partition coefficient, and 
many other physical properties of the molecule (6, 7). 
Molecular connectivity indices are useful as input pa- 
rameters in defining QSAR. QSAR of the antimicrobial 
activity of halogenated phenols, the hallucinogenic activity 
of amphetamines, the anesthetic activity of hydrocarbons, 
and various other biological activities have been derived 
(5, 6) using the molecular connectivity approach. It has 
been reported that the x index compares favorably with 
other possible predictor variables in correlating structure 
to the duration of anesthesia of a series of barbiturates 
(8). 


It would appear that molecular connectivity might be 
used in deriving QSPR. The objective of this study was to 
examine the potential ability of molecular connectivity to 
quantitatively relate pharmacokinetic parameters to 
structure. The main advantage of using molecular con- 
nectivity in QSPR studies, rather than the free energy 
approach, is that the x indices can be calculated for com- 
pounds that have not yet been synthesized. Therefore, by 
using the molecular connectivity x indices as the predictor 
variables, the investigator no longer needs to synthesize 
and determine the physicochemical properties of com- 
pounds with predicted undesirable pharmacokinetic 
characteristics. 


Molecular connectivity x values contain no information 
regarding electronic influences through bonds or across 
space (6). Electronic influences may be crucial in the cor- 
relation of structure and pharmacokinetic characteristics 
for certain series of compounds (4). An additional problem 
in using x indices as predictor variables is the fact that 
molecular connectivity can not differentiate between 
stereoisomers (6). However, the number of therapeutic 
agents in which stereochemistry influences the phar- 
macokinetic parameters is minimal. 


The free energy approach (Hansch) has been fairly 
successful in deriving QSPR, and one could refer to it as 
Table  I-Correlation Coefficients ( r )  of Equations Relating 
S t ruc tu re  to Pharmacokinetic Parameters  for Various 
Compounds 


Pharmacokinetic 
Parameter rR r h  r '  


Percent barbiturate absorbeda 0.981 0.99 0.99 
P.C.' of neutral compoundsb 0.93' 0.90 0.98 
P.C.' of acidic compoundsb 0.90: 0.99 0.89 
K,  of sulfonarnides' 0.89 0.88 0.99 
Percent Z X J  of oenicillinsd 0.93k 0.96 0.99t 


~~ ~ 


(I Ref. 11. Ref. 12. Ref. 13. Ref. 14. @ Permeability coefficient. 'Cumulative 
biliary excretion. Y Correlation coefficient of equations in which the log of the 
rharmacokinetic parameters are correlated with physicochemical properties. 


Correlation coefficient of equations in which the log of the pharmacokinetic pa- 
rameters are correlated with x indices. l Correlatlon coefficient in whlch the antilogs 
of pharmacokinetic parameters are correlated with x indices. 1 Ref. 4. Ref. 3. 
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@ 1984. American Pharmaceutical Association 


Journal of Pharmaceutical Sciences 1 237 
Vol. 73, No. 2, February 1984 







Table 11-Correlation Coefficient ( r )  and the  Sum of Residual Squared of Equations Relating S t ruc tu re  to Pharmacokinetic 
Parameters  for Substituted 2-Sulfapyridines 


Pharmacokinetic 
R d  S‘ Parameter R h  S’” R“ p* 


K,I, h-I 0.95” 


K,,,,,, Limo1 0.85‘‘ 
CLT, mL/min 0.96‘’ 


0.29 
1.29 
1.3 x 108 


0.83 
0.87 
0.83 


11.09 
1.94 
2.7 x I o n  


0.86 0.22 
0.90 1.17 
0.78 2.7 x 108 


0.86 5.5 x 102 0.81 4.7 x 10’ 
0.88 1.1 x 10” 0.87 1.2 x 104 


__ - I I/?, h 
V d ,  mL - - 


Using the antilog of the predicted values. * Values for equations in which the log of pharmacokinetic parameters are correlated with physicochemical properties. 
Values for equations in which the log of the pharmacokinetic parameters are correlated with x indices. d Values for the equations in which the antilog of phermecokinetic 


parameters are correlated with x indices. Ref. 3. 


Table 111-Statistical Comparison of Equations With and  
Without pKa for Substituted 2-Sulfapyridinea Compounds 


I’harmacokinetic x Indices x Indices + pK, 
Parameter r r 


0.86 
0.81 
0.90 
0.87 
0.78 


0.92 
0.89 
0.91 
0.87 
0.92 


Hel. :1. 


the “accepted method.” We wished to compare the mo- 
lecular connectivity approach, the “new method,” to the 
“accepted method” in the ability to derive QSPR. Com- 
parison between the two methods was based on the values 
of correlation coefficients of the corresponding derived 
equations. 


A commonly encountered problem in studying QSAR 
is in choosing which computer-generated statistically 
significant equation best describes the relationship be- 
tween structure and biological activity (7). Possessing the 
highest value for the correlation coefficient ( r ) ,  does not 
ensure that the particular equation is the best equation. 
Adding an independent variable may slightly increase the 
r value without truly improving the practical predictor 
value of the equation. In general, the most practical 
equation is that which has a relatively large r value with 
a minimal number of predictor variables (7). A similar 
problem has been encountered in fitting data using linear 
pharmacokinetic models. A statistical method referred to 
as Akaike’s Information Criteria (AIC) has been applied 
with success to indicate which pharmacokinetic model is 
more appropriate to describe the data (9). Additionally, 
Akaike (10) has indicated that this method should be ap- 
plicable as a statistical identification procedure for pre- 
diction studies. Therefore, the Akaike statistical method 
was applied in this study to determine the equation that 
best describes the relationship of structure to phar- 
macokinetic parameters. 


EXPERIMENTAL 


Molecular connectivity x values were calculated for the compounds 
listed in Tables I and I1 using the computer program written by Hall’. 
The pharmacokinetic parameters or the logarithm of the pharmacokinetic 
parameters were the dependent variables and the x values were the in- 
dependent predictor variables. The independent variables of the tested 
compounds were entered through stepwise inclusion into the multiple 
regression analysis subprogram of the Statistical Package for the Social 
Sciences (SPSS). Statistically significant equations, p < 0.05 according 
to the overall ( F  value) and D F ,  generated by the multiple regression 
program were compared using the AIC. The AIC was calculated according 
to AJC = N In (S2) + 2P, where N is the number of experimental data 


* I h .  L. H. Hall, Eastern Nastlrene College, Quincy, Mass. 


points, P is the number of parameters, and S2 is the residual sum of 
squares (8). The equation with the minimal value of AIC was considered 
as the best equation. The generated best equations and their associated 
statistical terms were provided in the output of the regression computer 
program. They are listed in Appendices J and 11; terms are defined in 
Appendix 111. 


RESULTS AND DISCUSSION 


The use of molecular connectivity x indices as independent variables 
in equations defining QSPR compares favorably to those equations de- 
rived using physicchemical properties as independent variables, as shown 
in Tables I and 11. The data indicate the potential of the molecular con- 
nectivity approach in establishing QSPK. The use of the logarithm of the 
pharmacokinetic parameters, rather than the use of the original values, 
did not result in a universal increase in the values of the correlation 
coefficients (Tables I and 11). It was found in this study that the use of 
the logarithm of the pharmacokinetic parameters might give misleading 
resul Is. 


The mathematical transformation from normal values (antilog) to the 
log values is known to result in statistical compression of extreme points 
on both sides of the midpoint of the range. These extreme values are often 
of the most interest to the drug designer. The prediction capability of an 
equation can be measured hy high r associated with a minimal S2. We 
found in some cases, that the use of t.he logarithms of pharmacokinetic 
parameters caused an increase in r with an increase in Sz, when S’ is 
calculated from the antilog of predicted values (Table 11). Thus, the use 
of the log-dependent variable may result in equations with high r and low 
prediction Capability. 


The theoretical basis for the linear free energy approach dictates that  
the log dependent variable be used. The molecular connectivity approach, 
however, may use either the log or the antilog of the observed parameters 
in the regression equations. This added flexibility is an advantage of the 
molecular connectivity approach over the linear free energy approach 
in deriving QSPR. 


It would seem reasonahle that electronic effects would influence the 
pharmacokinetic. parameters of compounds with ionizable groups. Mo- 
lecular connectivity x values do not include information concerning 
electronic effects (pK,) (61. When the pK, was included with x indices 
as a possible predictor variable in the regression analysis of the antilog 
pharmacokinetic parameters of substituted 2-sulfapyridines, there was 
an improvement in r values for K,I, t 1 / 2 ,  and K,,,,,, while Vd was not 
affected (Table Ill). 


I t  appears from this study that employing both x indices and inde- 
pendent. variables reflecting electronic effects may be useful in developing 
QSPH for compounds with ionizahle groups. Kier has suggested that 
Huckel molecular orbital parameters or Hammett sigma values may be 
useful for this purpose (6). 


In conclusion, the use of the molecular connectivity approach is a new 
method with a high applicabality to QSPR studies. This method appears 
comparable with the linear free energy approach in predicting QSPR. 
Further work on the use of the molecular connectivity in QSPR studies 
fnr other series of compounds is presently in progress. 


APPENDIX I 


Equations of the pharmacokinetic parameters of substituted 2-sul- 
t‘apyridines generated hy multiregression analysis, where the x indices 
were the independent variables, are given herein. 


Antilog of the Pharmacokinetic Parameters  
Total body clearance (CLT) in mT./min: 
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CLT = 1.18XPC5 - 2.03XPC4 t 1.05XPCV5 - 17.2XPCV4 
t 51.4xcvs t 1 3 . 1 4 ~ ~ ~ 3  t 7.84 


r = 0.90; SE = 0.31; F = 8.38; DF = 6, 12 (Eq. 1) 


Apparent volume of distribution ( V d )  in L 


r = 0.87; SE = 28.8; F = 10.7; DF = 4, 14 


Biological half life ( t lp~)  in h: 


ti/? = - 2 3 . 7 2 ~ ~ ~ 5  + 2 7 . 3 0 ~ ~ ~ 4  t 1 3 6 . 6 2 ~ ~ ~ ~ 4  
- 592.4Xcvs - 8 5 . 0 9 ~ ~ ~ 3  - 31.04 


r = 0.81; SE = 6.01; F = 4.94; D F  = 5, 13 


Overall elimination rate constant (K,I in h-l): 
K,I = 0 . 6 6 ~ ~ ~ 5  - 0 . 9 3 ~ ~ ~ 4  - 2 . 8 9 ~ ~ ~ ~ 4  t 1 2 . 9 2 ~ ~ ~ 5  


t 1 . 7 5 ~ ~ ~ 3  t 1.55 


r = 0.86; SE = 0.13; F = 7.53; DF = 5, 13 
Affinity constant for protein binding (Kassoc) in L/mol: 


KaSSOC = 103(-55.51xt4 t 38.62~t3 t 33.65xt2 
t 53.13xtv5 - 54.28xtv4 - 99.74) 


r = 0.78; SE = 4982; F = 3.48; DF = 5 , l l  


Log of the Pharmacokinetic Parameters. 


Log CLT = 1 . 2 2 ~ ~ ~ 5  - 1 . 7 6 ~ ~ ~ 4  - 1 0 . 3 4 ~ ~ ~ ~ 4  t 3 6 . 7 7 ~ ~ ~ 5  
t 7.65 xcv3 t 4.06 


r = 0.87; SE = 0.30; F = 8.00; DF = 5, 13 


Log Vd = - 0 . 3 6 ~ ~ ~ 5  - 0 . 4 8 ~ ~ ~ 4  t 1.37xc5 t 1.21Xc3 
- 3 . 0 9 ~ ~ ~ 5  t 2.92 


r = 0.88; SE = 0.08; F = 9.21; DF = 5, 13 


Log ti/z = - 1 . 5 3 ~ ~ ~ 5  t 1 . 9 9 ~ ~ ~ 4  t 8 . 1 8 ~ ~ ~ ~ 4  
- 35.46xcv5 - 5 . 1 9 ~ ~ ~ 3  - 2.36 


r = 0.86; SE = 0.31; F = 7.50; DF = 5,13 


Log KeI = O.69Xt5 t 0.86xt4 - 2.75Xt3 t 0.34~tl  
- 6.63~tvs t 10.56xtv4 - 4 . 3 0 ~ 1 ~ 3  t 6.95 


r = 0.83; SE = 0.37; F = 3.60; DF = 7, 11 


Log Kassoc. = O.98Xt5 - 3.47~14 t 3.16xt2 - O.OlXtv4 
t 4.60~tv3 - 3.72~tv2 - 3.54 


r = 0.83; SE = 0.24; F = 3.83; DF = 6,lO 


Electronic Effect (p& ) Included aa Another Independent Pa- 
rameter with the x Indices. 


CLT = 0.20pK, - 0 . 9 1 ~ ~ 5  t 2.17xp4 - 1 . 3 0 ~ ~ 2  + 3.24 


r = 0.91; SE = 0.28; F = 16.0; DF = 4,14 (Eq. 11) 


Vd = - 1 4 5 . 6 4 ~ ~ ~ 5  - 1 5 . 7 ~ ~ 5  t 275.55~~3 - 9 8 6 . 9 2 ~ ~ ~ ~  t 429.06 


r = 0.87; SE = 28.8; F = 10.68; DF = 3, 14 (Eq. 12) 


t1/2 = -4.82pKa - 18.52Xt5 t 13.9OXt2 - 10.82xtv2 t 24.84 


r = 0.89; SE = 4.55; F = 12.92; DF = 4,14 (Eq. 13) 


K ~ I  = O.lOpKa - O.58Xp5 t O.99Xp4 t 0.87Xp3 - 1.OOXpz t 0.01 


r = 0.92; SE = 0.10; F = 13.5; DF = 5, 13 (Eq. 14) 


KasRoC = -102(38.99pKa - 9 9 . 1 1 ~ ~ 5  t 4 4 . 9 6 ~ ~ 4  
t 63.13xp3 - 1 5 . 7 6 ~ ~ 2  - 3 0 . 1 1 ~ ~ 0  - 69.70) 


r = 0.92; SE = 3359; F = 8.74; DF = 6, 10 (Eq. 15) 


APPENDIX I1 


Equations of the pharmacokinetic parameters of compounds listed in 


Table I, generated by the multiregression analysis, where the x indices 
were the independent variables are presented herein. 


Antilog of the Pharmacokinetic Parameters. 
Percentage of barbiturates absorbed in the colon (%A): 
%A = -25.83Xt~ t 34.97~t4 - 39.8Xt3 t 44.65xtl 


t 15.11xtvs - 16.25~1~1 - 41.41 (Eq. 16) 
r = 0.99; SE = 2.19; F = 29.7; DF = 6,2 


Permeability coefficients of neutral compounds (P.C.neutral): 


P.C.neutral = -829.9Xt4 t 2138xt1 - 1287xtvs 
- 1271xtvi - 418.6 (Eq. 17) 


r = 0.98; SE = 219.6; F = 45.6; DF = 4,6 


Permeability coefficients of acidic compounds (P.c.acidic): 


P.C.acidic = -1319Xt5 t 1072xt4 t 905.1xtz 
t 8 1 8 . 9 ~ t v ~  - 1148xtv3 t 704.8 (Eq. 18) 


r = 0.89; SE = 481.7; F = 5.22; DF = 5, 7 


Absorption rate of sulfonamides (K,): 


Ka = 0 . 0 6 ~ ~ 5  - 1.57Xt.l t 2.18~t3 t 0.38xtl 
- 0.22xtvs t 4.08xtv3 - 6.41~1~2 t 1.19Xtvl t 1.77 


r = 0.99; SE = 0.10; F = 18.8; D F  = 8,3  (Eq. 19) 


Percent cumulative excreted amounts of penicillins in the bile (ZXb) :  


zxb = 50.46Xt4 - 64.59xt3 t 1 6 . 4 7 ~ ~ 2  - 3 0 . 5 2 ~ ~ 1  
- 53.83xtvs t 55.89xtvl t 231.11 


r = 0.99; SE = 0.85; F = 183.1; DF = 6,2 (Eq. 20) 


Log of the Pharmacokinetic Parameters 


Log %A = -0.29Xt4 - 0.02xt3 - 0.20xt2 t 0.56xt1 
t 0.57~tv4 - 0.48~tv3 - 0.02~tvl t 0.85 


r = 0.99; SE = 0.01; F = 527.8; DF = 7,1 (Eq. 21) 


Log P.C.neutral = -0.45~15 t O.5OXt4 t 0.09xtvs t 3.03 


r = 0.90; SE = 0.14; F = 12.4; DF = 3,9 (Eq. 22) 


Log P.C.acidic = 2.3oxpV5 - 2.37XpV4 t 0.20XpVO t 3.07 


r = 0.99; SE = 0.04; F = 219.8; DF = 3,7 (Eq. 23) 


Log K ,  = 0 . 2 4 ~ ~ ~ 4  t 3 . 5 4 ~ ~ ~ 6  - 2 . 4 7 ~ ~ ~ 3  t 0.56 


r = 0.88; SE = 0.19; F = 9.15; DF = 3 , s  (Eq. 24) 


Log zxb = -1.54Xp5 t 1 . 1 6 ~ ~ ~  + 0 . 9 6 ~ ~ 3  - 1.19Xpz t 5.88 


r = 0.96; SE = 0.08: F = 12.03; DF = 4,4 (Eq. 25) 


APPENDIX 111: GLOSSARY 


x Molecular connectivity Chi index 


F Variance ratio 
r Correlation coefficient 


S2 Residual sum squared 
SE Standard error of the mean 


DF Degrees of freedom 


Subscripts 
c Cluster subgraph 
P Path subgraph 
v Valence 
n An integer indicating the order of x 
t Total sum of n-order x indices 
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Abstract  0 Digitoxin was modified by condensation with propylene 
oxide or with 1,4-butanediol diglycidyl ether in aqueous alkali, yielding 
products in which some of the CH@H groups of digitonin were converted 
to CH20CH2CHOHCH:j or to CH20CH2CHOHCH20(CH2)40- 
CH2CHOHCH20H groups, respectively. These modified digitonins were 
very soluble in water and chloroform and effectively solubilized lipophilic 
compounds into aqueous solutions; e.g., 2 mg of vitamin A or 0.6 mg of 
cholecalciferol could be dissolved per 1 mL of 5% aqueous solutions of 
modified digitonins. Compared with the toxicity of digitonin (LDw 4 
mg/kg iv), the toxicity of modified digitonin was greatly reduced: doses 
of 500 mg/kg by intravenous infusion were not lethal for mice. 


Keyphrases Digitonin-derivatives, potential use as solubilizers, 
lipophilic drugs, comparative toxicity Solubilizers-digitonin deriv- 
atives, potential use with lipophilic drugs 0 Lipophilic drugs-potential 
use of digitonin derivatives as solubilizers, comparative toxicity 


Solubilizing agents are widely used both in pharmacy 
and pharmacology, and there is a constant need for new 
compounds that have low toxicity and do not functionally 
interfere with biomolecules (1, 2). Saponins, which are 
steroid glycosides, have some of the desirable properties 
(3). Two saponins, tomatin and digitonin, are readily 
available. Commercial preparations of tomatin have rea- 
sonable purity but are expensive, whereas for digitonin, 
which is rather widely used, the situation is reversed (4). 
The commercial preparation of digitonin is an extract of 
saponins from seeds of Digitalis purperea, further purified 
by treatment with cholesterol, which precipitates digitonin 
and related compounds. Such preparations are described 
as containing digitonin (40%), digalonin (15%), desgluco- 
digitonin (25%), gitonin (15%), tigonin (3%), and dig d’ (WO) 
(5). The content of digitonin in commercial preparations 
is given as 70-80% (6). In most applications, the mixture 
is used. Despite its complexity, this mixture has unique 
properties and has been used extensively in biochemical 
pharmacology (7-9). Digitonin, on the other hand, even in 
the pure state, has some undesirable properties-its sol- 
ubility in water is low and variable depending on the 
sample used (7) and on whether the digitonin sample had 
been previously treated with solvents (10). Furthermore, 
digitonin forms a complex with cholesterol, a process which 


is bound to have toxic and denaturating effects. In this 
work the aim was to modify the digitonin mixture chemi- 
cally to overcome these defects; attempts were also made 
to make the necessary chemical modifications simple and 
easy to perform even with large quantities of material. 


EXPERIMENTAL 


Synthesis of Digitonin Derivative %-Digitonin’ (1 g, 0.8 mmol) WBS 
suspended in a solution of sodium hydroxide (200 mg) in water (6.5 mL), 
and propylene oxide (1 mL, 15 mmol) was added. The mixture was then 
stirred a t  60°C for 1 h and a t  room temperature overnight. The clear 
solution was then neutralized by hydrochloric acid and dialyzed for 1 d 
against distilled water. Dialysis tubing from regenerated cellulose2 was 
used with a nominal molecular weight cutoff of 8000-12,000. Freeze- 
drying of the contents of dialysis tubing gave derivative 2 as a solid 
foam-like material (1 g). 


The solubility of derivative 2 in water was -21 g/100 mL a t  room 
temperature. This compound tended to occlude solvents and thus, ele- 
mental analysis could not be used to estimate the degree of substitution 
of derivative 2. Field-desorption mass spectrometryg was used for that 
purpose; analysis of the relative intensities of peaks (mass of digitonin 
derivative plus sodium ion) gave the following distribution at  the mo- 
lecular weight: unsubstituted (36%), monosubstituted (36’%), disubsti- 
tuted (19%), trisubstituted (6%), tetrasubstituted (2%), and pentasub- 
stituted (1%). Thus, the average degree of substitution is -1.4. 


Synthesis of Digitonin Derivative 3-The Same procedure as above 
using 1,4-butanediol diglycidyl ether4 in place of propylene oxide yielded 
6.9 g of derivative 3 from 8 g of digitonin. The solubility of derivative 3 
in water a t  room temperature was 11 g/100 mL. 


To estimate the degree of substitution in derivative 3, the compound 
was exhaustively methylated and then analyzed for the content of carbon 
and methoxy groups. Derivative 3 ( I  g, -1 mmol) was dissolved in di- 
methylformamide (10 mL), sodium hydride (0.4 g) was slowly added, and 
then the mixture was stirred a t  room temperature for 30 min. The viscous 
mixture was then cooled to O”C, methyl iodide (4.5 g) was added in a 
dropwise manner, and stirring was continued for another 12 h. Methanol 
was added, and the mixture was dialyzed against water and freeze-dried. 
Product 4 was a white powder (0.92 g) which was hygroscopic; completion 
of methylation was established by absence of absorption in the region 
of the hydroxyl stretching vibration (3100-3600 cm-’) in the IR spec- 
trum5. Compound 4 was repeatedly dissolved in water and evaporated 


I Sigma Chemical Co., St. Louis, Mo. 
* A .  H.  Thomas Co., Philadelphia, Pa. 


NlHLH assembly, Bethesda. Md. 
Aldrich Chemical Co.,  Philadelphia, Pa. 
Beckman infrared spectrophotometer 1K12 
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Abstract Rapid second-derivative assay procedures are described for 
tablet and capsule formulations of benzenoid drugs, which eliminate the 
interference of the formulation excipients in simple UV spectrophoto- 
metric methods. Accuracy, precision, and selectivity of the technique are 
discussed. The general application of the procedures for the batch assay 
of tablet and capsule dosage forms containing 2 2  mg of a benzenoid drug 
is indicated by the results obtained for 18 such formulations, in good 
agreement with pharmacopeial assay results and/or declared amounts. 
The procedures are sufficiently sensitive to permit unit dose assays of 
these formulations. 


Keyphrases Benzenoid drugs-tablet and capsule formulations, 
second-derivative UV spectrometry Formulations-benzenoid drugs, 
second-derivative UV spectrometry, tablets and capsules 0 UV spec- 
trometry, second-derivative-benzenoid drugs, tablet and capsule for- 
mulations 


The interference of formulation excipients in the con- 
ventional ultraviolet (UV) spectrophotometric procedures 
for certain formulated drugs is well recognized. I t  is a 
particular problem in the assay of tablets and capsules of 


benzenoid drugs, which, in general, are both weakly ab- 
sorbing and also formulated at  a relatively low dosage level 
(typically 1-50 mghnit dose). The high excipient-drug 
ratio and high sample weight required for these formula- 
tions result in background-irrelevant absorption of a suf- 
ficiently high intensity to possibly prohibit the application 
of simple spectrophotometric methods. 


Techniques that reduce or eliminate matrix interference 
in the assay of formulated drugs include the Morton- 
Stubbs (1) correction procedure, which requires that the 
irrelevant absorption is linear over the wavelength range 
of the absorption band of the drug; orthogonal polynomi- 
als, which can cope with nonlinear irrelevant absorption 
if the correct choice of the polynomial order, wavelength 
range, and interval is made (2,3); compensation spectro- 
photometry, in which the reference solution contains the 
matrix or sample at  the same concentration present in the 
sample solution (4,5); and difference spectrophotometry, 
which may be applied if an absorbance difference can be 
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Table I-Assay Results 


Analytical Stated Amount Found, % of Declared Amount 
Concentration, Measuredn Specific per Unit, Derivative BPd Uncorrected 


Drug mg/mL Amplitude Amplitude Formulation' mg Method Method Absorbance 


Trihexiphenidyl hydrochloride 0.6 257s 0.86 T 2 97.4 95.7 179.9 
Benztropine mesylate 0.65 258s 0.80 T 2 100.6 98.7 167.2 
Bethanidine sulfate 0.5 257s 1.06 T 10 99.8 99.2 136.2 
Bretylium tosylate 0.2 278s 2.51 T 50 101.4 NA 115.6 
Chlorcyclizine hydrochloride 0.25 2 6 8 ~  2.26 T 50 96.7 97.3 106.0 
Cyclizine hydrochloride 0.11 270s 4.78 T 50 102.5 99.6 107.0 
Debrisoquin sulfate 0.25 2 6 8 ~  2.21 T 20 99.8 101.4 105.2 


Diphenylpyraline hydrochloride 0.5 257s 1.14 C 5 102.0 NA 124.2 
1.70 T 10 96.4 NA 139.5 


257s T 10 97.7 95.1 129.3 
T 25 101.8 103.2 106.5 


279. 0.66 
Hydroxyzine hydrochloride 0.3 
Scopolamine butylbromide 0.8 
Meclizine hydrochloride 0.25 212L 2.35 
Methadone hydrochloride 0.65 260s 0.81 T 5 101.4 100.2 121.1 
Orphenadrine hydrochloride 0.40 2 7 0 ~  1.51 T 50 100.2 99.9 106.8 


Meperidine hydrochloride 0.5 257s 1.04 T 25 96.9 97.0 102.3 
Phenelzine sulfate 0.5 258s 1.01 T 25.8 99.1 100.5 226.0 
Tolazoline hydrochloride 0.35 256s 1.63 T 25 97.1 98.5 100.2 


Diphenhydramine hydrochloride 0.5 258s 1.20 C 25 96.2 95.4 97.9 


Oxyphenonium bromide 0.8 257s 0.64 T 5 97.2 NA 111.2 


.~ (I Wavelength of minimum (nanometers) measured to the shorter (S) or longer (L) satellite. * See text for definition. c T = tablet, C = capsule. NA = not appli- 
cable. 


induced between equimolar solutions of the drug by the 
addition of reagents to one or both of the solutions, pro- 
vided the matrix absorbance is unaffected by the reagents 
(6). The accuracy and specificity of UV absorption meth- 
ods may also be considerably improved by conversion of 
the normal zero-order spectrum into a higher order (usu- 
ally second or fourth) derivative spectrum. The improved 
resolution of overlapping absorption bands and the dis- 
crimination in favor of narrow bands against broader 
bands, which are the principal characteristics of derivative 
spectrophotometry (7, €9, can result in the complete 
elimination of both nonspecific matrix interference (8,9) 
and specific interference from coformulated compounds 
(10-12). 


The benzenoid drugs are ideal candidates for derivative 
measurements, as the narrow absorption bands of the fine 
structure in the 250-270-nm region give derivative bands 
of greater amplitudes than many of the more strongly 
absorbing drugs, which have a wider spectral band width. 
Several applications of derivative spectrophotometry in 
the assay of individual benzenoid compounds in formu- 
lations have been published (11-13). The purpose of this 
paper is to report the general application of the technique 
to a much wider range of these drugs in tablet and capsule 
formulations. 


EXPERIMENTAL 
Drug Substances-Scopolamine butylbromide', orphenadrine hy- 


drochloridez, bethanidine sulfate3, bretylium tosylate3, chlorcyclizine 
hydrochloride3, cyclizine hydrochloride3, methadone hydrochloride3, 
trihexiphenidyl hydrochloride4, benztropine mesylate5, debrisoquin 
sulfate6, meperidine hydrochloride6, diphenhydramine hydrochloride7, 
diphenylpyraline hydrochloride8, meclizine hydrochlorideg, hydroxyzine 
hydrochloridelo, oxyphenonium bromide", tolazoline hydrochloridell, 
and phenelzine sulfate12 were used. 


Sigma London Chemical Co. Ltd., Poole, Dorset, U.K. 
2 Aldrich Chemical Co. Inc., Gillingham, Dorset, U.K. 
3 The Wellcome Foundation Ltd., Crewe, Cheshire, U.K. 
4 Lederle Laboratories, Gosport, Hants., U.K. 
5 Merck Sharp and Dohme, Ltd., Hoddesdon, Herts., U.K. 


Roche Products Ltd., Welwyn Garden City, Herts., U.K. 
7 Park Davis and Co., Pontypool, Gwent, U.K. * Smith Kline and French Laboratories Ltd., Welwyn Garden City, Herts., 


* BDH Pharmaceuticals Ltd., Alton, Hants., U.K. 
U.K. 


lo Pfizer Ltd., Sandwich, Kent, U.K. 
11 Ciba Laboratories, Horsham, West Sussex, U.K. 
l2 Charles R. Warner and Co. Ltd.,-Pontypool, Gwent, U.K. 


Spectrophotometry-Second-derivative absorption spectra of 
standard and sample solutions, equilibrated to  room temperature were 
recorded in 1-cm silica quartz cells using a double-beam UV-visible re- 
cording spectrophotometer13. The scan speed was 60 nm/min, the spectral 
slit width 1 nm, response (time constant) 0.5 s, and the maximum and 
minimum ordinate settings +0.5 and -0.5, respectively. The unit dose 
assays of trihexiphenidyl hydrochloride, benzotropine mesylate, meth- 
adone hydrochloride, and oxyphenonium bromide required more sensi- 
tive ordinate settings of *0.15, f0.15, f0.4, and 10.3 respectively. 


Standard Solutions-The second-derivative absorption spectrum was 
recorded from 290 to 230 nm for a standard solution of the drug, accu- 
rately prepared a t  the analytical concentration specified in Table I. For 
the unit dose assays of trihexiphenidyl hydrochloride, benztropine 
mesylate, methadone hydrochloride, and oxyphenonium bromide, 
standard solutions of 0.2, 0.2, 0.5, and 0.5 mg/mL, respectively, were 
prepared. 


Sample Solutions-Twenty tablets or the contents of 20 capsules were 
weighed and powdered. A quantity of powder which gave an extract of 
the drug at  the concentration, based on the declared strength of the 
formulation, that is specified for the drug in Table I was weighed into a 
50-mL volumetric flask. The powder was shaken with 0.1 M HCl(40 mL) 
for 20 min and diluted to 50.0 mL with 0.1 M HCI. The extract was filtered 
through filter paper1*, the first 10 mL of filtrate was discarded to avoid 
problems arising from adsorption of the drug to the filter, and the sec- 
ond-derivative absorption spectrum of the filtrate was recorded. 


For unit dose assays, a tablet or the contents of a capsule were pow- 
dered in a beaker with a glass rod. A suitable volume of 0.1 M HCl, 
10.0-500.0 mL (given by declared unit dose in mg/analytical concentra- 
tion in mg/mL), was added which yielded an extract containing the 
specified analytical concentration of the drug. Small volume extracts, 
<20 mL, were filtered through a membrane filter15 and larger volume 
extracts through filter paper14, as described above, and the second-de- 
rivative spectrum of the filtrate was recorded. For the unit dose assays 
of trihexiphenidyl hydrochloride, benztropine mesylate, methadone 
hydrochloride, and oxyphenonium bromide, 10.0 mL of 0.1 M HCl was 
used. 


RESULTS AND DISCUSSION 


Experimental Parameters-The zero-order and second-derivative 
absorption spectra of meperidine hydrochloride (pethidine hydrochlo- 
ride), as an example of a benzenoid drug displaying characteristic fine 
structure in the region of 250-270 nm, are shown in Fig. 1A and B, re- 
spectively. The wavelengths of the minima of the inverted bands (a, b, 
c, and d) in the second-derivative spectrum correspond, after correction 
for displacement of the spectrum in the direction of the scan (14,15), with 
the A, value (a, b, and c) at 251,257, and 262.5 nm and shoulder a t  268 
nm in the zero-order spectrum. The second-derivative spectra of the other 


~ 


13 Perkin-Elmer 552 Spectrophotometer, Perkin-Elmer Corp., Norwalk, 
Conn. 


l4 Whatman No. 1. 
15 Millipore Filter, 0.45 pm, 25-mm dia. 
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Figure 1-Zero-order (A) and second-order derivative (B)  spectra of meperidine hydrochloride (0.5 mg/mL in 0.1 M HCL). 


benzenoid drugs are similar to that of meperidine, differing only in the 
relative amplitudes of the vibrational bands and the wavelengths at which 
they occur. The amplitude of the largest band in the derivative spectrum 
of each drug (e.g., for meperidine at  257 nm measured to its shorter 
wavelength satellite), providing the greatest sensitivity, was chosen for 
the analytical measurement. 


The solvent used throughout was 0.1 M HCl, which is a satisfactory 
extracting solvent for these basic drugs, maintaining them substantially 
in the protonated form. It has been observed during the present work that 
certain drugs which show a barely discernible difference between the 
protonated and nonprotonated forms in the zero-order spectra display 
considerably larger differences in the derivative spectra. For example, 
the absorbance at A,, 262.5 nm of rneperidine is only 2.6% greater in 0.1 
M HCl than in 0.1 M NaOH, whereas the amplitude of the second de- 
rivative minimum at 262.5 nm measured to its longer wavelength satellite 
is 26.3% greater in 0.1 M HCl than in 0.1 M NaOH. 


The instrumental variables (absorbance range, spectral band pass, time 
constant, scan speed, and recorder voltage) were held constant for all the 
drugs, and the analytical concentration of each drug was selected as that 
giving the largest derivative amplitude at  of the chart full range. 
This approach enabled a direct comparison of the derivative responses 
a t  a constant instrumental damping and noise level to be made. Table 
I lists the analytical concentration together with the specific amplitude 
of the largest band, calculated as the amplitude, in millimeters, of a 1- 
mg/mL solution of the drug at 2OoC as a ratio of the full chart width (250 
mm) of the recorder on the I-V range, and given by: 


Amplitude (mm) 
Concentration of drug (mg/mL) X 250 


Specific amplitude = 


Validation-The proportionality of the measured amplitude and 
concentration was checked for each drug by means of a six-point cali- 
bration graph at  concentrations of 0,25,50,75,100, and 125% of the an- 
alytical concentration. In all cases, a proportional relationship was found 
to exist, with correlation coefficients 20.9996 and intercepts 1 kl% of 
the analytical concentration. 


The precision of the amplitude measurements under the instrumental 


conditions was determined by recording the second-derivative spectra 
of five drug solutions, a t  their analytical concentrations, 10 times. The 
replicate measurements were each made after refilling the cell with fresh 
solution at room temperature to avoid an increase in the temperatwe of 
the solution in the cell compartment, which may reduce the measured 
amplitude (16). The relative standard deviations of the amplitudes of 
bethanidine, diphenhydramine, hydroxyzine, cyclizine, and diphenyl- 
pyraline all fell in the range of 0.42-0.5Wo. The similarity of thew valuv 
is undoubtedly due to the similarity of the measured amplitudes (!%60?& 
of the recorder scale) achieved by the selection of the analytical con- 
centration. 
As instrumental noise is a major factor affecting the reproducibility 


of spectra, the constant instrumental parameters adopted throughout 
this work would be expected to give constant noise levels, similar s i g  
nal-to-noise ratios, and simllar satisfactory precision for the other drugs. 
Furthermore, the sampling procedure for most of the drug formulations 
may be readily modified to cope with unit dose assays using the same 
instrumental parameters without loss of precision of the measure- 
ment. 


Unit dose assays may be carried out by crushing the formulation unit 
and extracting the drug with a suitable volume of 0.1 M HCI, as little as 
10.0 mL if necessary, to obtain the desired analytical concentration, 
followed by filtration of the extract through a membrane filter or filter 
paper. It is considered that the systematic error incurred in this procedure 
by the increase in volume due to the dissolved components of the for- 
mulation is negligible. 


The only formulations for which the normal instrumental parametere 
had to be modified for the unit dose aaaays were of those drugs having 
small specific amplitude (<LO) and which are formulated in low dosage 
( 1 5  mg/unit dose), uiz., trihexiphenidyl hydrochloride, benztropine 
mesylate, methadone hydrochloride, and oxyphenonium bromide. The 
unit dose assay of these formulations required the extraction of a dose 
unit with 10.0 mL of 0.1 M HCl, membrane filtration, and an increase in 
the sensitivity of the ordinate scales by factors of 3.33,3.33,1.25, and 1.67, 
respectively, of that of the normal scale. The relative standard deviations 
of the measurements for those drugs for which the unit dose assay re- 
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quired the ordinate scale expansion were 0.96,0.91,0.62, and 0.58% for 
trihexiphenidyl hydrochloride, benztropine mesylate, methadone hy- 
drochloride, and oxyphenonium bromide, respectively. 


Assay Results-Table I records the results obtained for 18 solid 
dosage formulations of benzenoid drugs which; with the exception of four, 
are official in the British Pharmacopoeia 1980 (17). The analytical con- 
centration for each drug is given, and the measured amplitude is specified 
by the wavelength of the minimum in the derivative spectruni, after 
correction for scan speed effects (14,15), measured either to its shorter 
or longer wavelength satellite. The specific amplitude is included to in- 
dicate the relative derivative responses of the drugs on a weight basis. 


The presence of irrelevant absorption in all the sample extracts was 
confirmed by the observation of nonspecific absorption above 285 nm 
(where the drugs, except methadone, have zero absorptivity) and of the 
increasing distortion of the spectra toward lower wavelengths. The extent 
of the interference in the sample extracts is evident from the results (in 
the last column of Table I) showing the assay results calculated from the 
absorbance of the extracts a t  the A,, in the region of 255-270 nm, un- 
corrected for irrelevant absorption. The background absorption at  the 
A, of one drug formulation, that of phenelzine sulfate, exceeded the 
absorbance of the drug itself and many formulations showed interference 
>lo% of that of the drug. The derivative spectra of the sample extracts, 
however, showed no apparent distortion and were identical in shape to 
the corresponding standard solutions, indicating the elimination of the 
broad-band irrelevant absorption of the formulation excipients from the 
derivative spectra of the sample solutions. In the case of two benzenoid 
drugs, atropine sulfate and scopolamine hydrobromide, formulated at  
very low doses (0.3 and 0.6 mghblet), there was unacceptable distortion 
of the second- and even of the fourth-derivative spectra by the tablet 
excipients. The derivative spectrophotometric assay of these very low- 
dose formulations by an alternative procedure is the subject of another 
report (18). 


The assay results for the formulations, obtained by the derivative 
procedure, are in excellent agreement with the declared amount and, 
where appropriate, with the results given by official procedures of the 
BP 1980 (17), confirming that second-derivative spectrophotometry is 
a simple, rapid, and selective technique which has general application 


in the assay of tablet and capsule formulations containing a single ben- 
zenoid drug. The specificity of the procedures for drugs in the presence 
of degradation products has not been investigated in the present study. 
It is likely, however, that degradation producta will contribute to the 
derivative spectrum of the sample solution and therefore interfere in the 
assay, if their zero-order UV spectra, like that of the parent drug, show 
fine structure in the 250-270-nm region. 
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Abstract An assay for estrogenic and antiestrogenic activity of seven 
selenoestrogens has been carried out in immature female rats. The es- 
trogenic activity was compared to the in uitro binding affinity data. The 
study reveals that introduction of selenium substituents on C-16 or C-17 
of the steroid nucleus produced a marked reduction in the estrogenic 
activity. The selenium analogues of ethynylestradiol produced the highest 
estrogenic activity. None of the compounds produced antiestrogenic 
activity. 


Keyphrases Selenoestrogens-estrogenic and antiestrogenic activity 
in immature rats, comparison with in uitro binding affinity 0 Estro- 
gens-selenium substituted, estrogenic and antiestrogenic activity in 
immature rats, comparison with in uitro binding affinity 0 Binding af- 
finity, in uitro-selenium-substituted estrogens, correlation with in uiuo 
estrogenic and antiestrogenic activity, rats 


The differentiation between estrogen receptor-negative 
and receptor-positive breast tumors and their metastases 
is important in the management and treatment of such 
tumors (1,2). Present techniques are based on the in uitro 


measurement of estrogen receptors in freshly obtained 
biopsies of breast tissue. Therefore, a radiopharmaceutical 
which could be used to image estrogen-dependent breast 
tumors and metastatic foci by external detection could be 
a useful diagnostic tool. A number of investigators have 
attempted to develop such a radiopharmaceutical using 
radiohalogenated (e.g., iodine-125, bromine-77) estrogens 
(3,4). However, most of these studies have met with lim- 
ited success. Although selenium-75 may not be an ideal 
radionuclide for diagnostic use, it offers the following ad- 
vantages (5,6): (a) its long half-life (120 d) allows enough 
time for synthesis and handling; ( b )  it can be incorporated 
into organic molecules with minimal difficulty; ( c )  the 
organoselenium compounds are more stable in uiuo than 
the corresponding halogenated derivatives; and (d )  pre- 
liminary studies with selenium-75 could determine the 
feasibility of using the potentially more useful 73Se-labeled 
compounds (tllz = 7 h). 
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Abstract 0 The present study examined the feasibility of sustaining the relcase 
of a water-soluble drug, pilocarpine. to the tear film. Both gels and dried films 
were utilized as drug delivery systems. In uifro studies demonstrated significant 
prolongation of drug release from thcse systems as  compared with simple 
aqueous or viscous solutions. The in oifro results were supported by in uiuo 
miosis studies in albino rabbits. 


Keyphrases 0 Pilocarpine ~ -sustained release, polymeric delivery systems, 
in uifro release studies, in uioo miosis in rabbits 0 Drug delivery systems- 
polymeric gels and films, pilocarpine, sustained release to the cornea, rabbits 
o Polymeric matrices--sustained release of pilocarpine to the cornea, in uiuo 
miosis in rabbits, in uitro release studies 


It is well established that ocular drug bioavailability from 
topical dosing is dependent on several factors, one of the most 
prominent being the contact time of drug with tissues in the 
precorneal area of the eye ( 1  ). Several investigators (2 ,3)  have 
reported that the relatively low-viscosity ophthalmic solutions, 
while able to somewhat improve the amount of drug that 
penetrates the cornea to the anterior chamber, generally do 
not provide a sustaining effect. Conversely, Schoenwald ef al. 
(4) and Patton and Robinson (2) havc demonstrated that 
moderately viscous systems, such as gels, can sustain drug 
delivery to the cornea and anterior segment of the eye. Fur- 
thermore, it is known that slowly dissolving lamellae remain 
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Figure I--- I n  vitro dissolution apparatus used fo  measure appearance of 
pilocarpine from solutions and lamellae. 


in the eye for extended periods of time. Therefore, it is of in- 
terest to examine and assess these systems for their potential 
in ocular drug delivery. 


A chronic problem with dissolving hydrogels is their usual 
high water content, which allows low molecular weight sub- 
stances to diffuse quickly out of the gel, leaving a “ghost” 
without active ingredients. Extensive cross-linking of polymers, 
or dehydration of the gel to a dry film state, could measurably 
improve the release characteristics of the system. 


Due to the need for frequent dosing of pilocarpine from 
commercial solution preparations, the expense of currently 
marketed controlled-release devices, and because extensive 
work has been publishcd regarding ocular absorption of pilo- 
carpine from both solutions and various gel systems, this drug 
was selected as a model compound for release from several 
types of ocular polymcric systems. 


EXPERIMENTAL 


Materials-Reagent-grade polyvinyl alcohol (PVA)’, with an average mol. 
wt. of 16,000, and carboxyvinyl copolymer (carbomer 934)2 were used as 
received. Tritiated pilocarpine3, with a specific activity of 20 mCi/mg, was 
purified by vacuum evaporation immediately prior to use ( 5 ) .  All other 
chemicals were reagent or analytical grade. 


Male albino rabbits4, weighing 2.5-3.5 kg, were used throughout the study. 
No special dietary restrictions were used for the animals, and they wcre 
maintained in a normal lighting and auditory environment. 


Methods-freparafion of Solutions and Films-A 4% w/v  solution of 
pilocarpine nitrate, made isotonic with sodium chloride, was prepared in pH 
7.4 Sorensen’s phosphate buffer. To 10 mL of this solution, tritiated pilocar- 
pine( l0pL) wasadded toyieldaspecificactivityof--1.5pCijmL.Anegli- 
gible change in pilocarpine solution concentration occurred through this 
spiking procedure. 


Pilocarpine, 2% in 10% PVA in phosphate buffer, was prepared with a 
specific activity of -0 .9  pCi/mL. Solutions were refrigerated between uses 
and were discarded within 7 d. 


Erodible polymer films containing drug were prepared in the following 
manner. The 10% PVA solution in distilled water (40 mL) was poured into 
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Figure 2-Plors representing appearance of pilocarpine from solutions and 
lamellae. Points represent data from in vitro experiments. Curves were fit  
by nonlinear regression, r >0.99 for all formulations. Standard error of rhe 
mean is less than point size for all formulations. Key: Ft is fraction of drug 
released at t ;  (0) 25-pL solution (1.0 cps); (0)  25-pL solurion (60 cps); (X) 
erodible lamellae (borh); ( A )  nonerodible lamella (no carbomer 934); (e) 
nonerodible lamella (wirh carbomer 934). 


a glass petri dish and allowed to gel for I h Bt 4OC. A 40-mL volume of 2% 
pilocarpine (specific activity of -2.75 gCi/mL) in 4% boric acid solution was 
layered on the PVA gel. covereds, and allowed to remain at  room temperature 
for 2 h before being refrigerated for an additional 24 h. At this point the excess 
fluid was drained away, and the dish was covered and stored in the refrigerator 
(4OC) until use. 


Samples were punched from the gel film using a No. 4 cork borer and were 
weighed on an analytical balance. The gel buttons were employed in dissolution 
tests within 15 min of punching. 


Nonerodible dried films were prepared by adding 1. I25 g of glycerol to 40 
mL of 0.875% pilocarpine solution (specific activity of -I .O pCi/mL) and 
40 mL of 20% PVA solution. This solution was poured into a 100 X 50-mm 
glass petri dish and allowed to air dry for 7 d a t  ambient conditions. It was 
assumed that any remaining labile tritium would exchange with water and 
evaporate with the solvent. Stability of the tritium label was determined after 
10 d by dissolving film samples in water and flash evaporating the solvent. 
Analysis of this solvent by scintillation counting revealed <7% loss of tritium. 
Samples were punched out as described for the gel matrix. 


Carboxyvinyl copolymer (carbomer 934) films were also prepared. Films 
were prepared as described above (erodible and nonerodible films) with the 
exception that 100 mg of carbomer 934. neutralized with 2.4 mL of 20% 
NaOH, was added to the PVA (!WO or 20%) solution prior to the addition 
of other ingredients. Preparation of the sample lamellae and storage was as 
previously described. 


In Vitro Dissolution-A pictorial representation of the dissolution appa- 
ratus is shown in Fig. 1. The apparatus utilized a peristaltic pump which de- 
livered phosphate buffer (Sorensen’s pH 7.4, isotonic) from a reservoir through 
a flow cell containing the sample lamella and emptied into a fraction collector 
at a rate of 15 mL/h. The dissolution cell chamber ( I  mL) was separated into 
two compartments by a scintered glass disk. A glass bead bed was placed below 
the disk to prevent a “tunnel current” through the center of the cell. 


The lamella was placed on the scintered glass disk and buffer was pumped 
through the chamber exiting at a central opening above. Buffer effluent was 
collected6 at either 2- or 5-min intervals, depending on the duration of the 
experiment. The collected samples were assayed by liquid scintillation’ using 
liquid scintillation cocktail8. Based on standards, counts were converted to 
concentration of drug. A minimum of six runs was conducted for each ex- 
periment. 


In Vivo Studies-Rabbits, previously acclimated to the testing procedure, 
were positioned in  restraining cages and placed in a room with controlled 
lighting. A television camera with a macrolens was focused on the rabbit’s 
eye. A television monitor and an observer were physically outside the room 
containing the rabbit during the experiment to minimize observer interference. 
To measure pupillary diameter, the observer used a transparent grid placed 
on the television monitor. 
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Figure 3-In vivo comparison of miotic response ro a 70-pg dose of pilo- 
carpine nitrate administered as solutions and erodible lamellae. Key: (0) 
25-pL solution (1.0 cps): ( A )  25-pL solurion (60 cps): (0)  erodible lamellae 
(both). 


In an attempt to assess the biological performance of these drug delivery 
systems, the miotic response in albino rabbits was determined. The percent 
miotic response in the rabbit (%R) was calculated with reference to the di- 
ameter of the pupil after prolonged exposure to a high-intensity light source 
(&,in). The appropriate equation is given as: 


(Es. 1) 


where D, is the observed pupillary diameter at time I and DO is the initial 
pupillary diameter. Dmi, was measured before dosing, and drug treatment 
was not initiated until pupil diameter had returned to preexposure values. 


Pilocarpine concentration in the solution was selected to be identical to the 
amount of drug in the gel/film, i .e..  70 pg/25-pL dose as  compared with 70 
pg/25-mg dose of lamella. In the dried film cases, the dose of drug was 700 
pg and, thus, an appropriate level of drug in the solution dosage form was 
prepared. This method gave reproducible results such that pupillary diameter 
changes of 0.1 mm (-2%) could be observed easily. 


The lamella or solution was then instilled into the eye by pulling the lower 
eyelid away from the globe and placing the dose in the lower portion of the 
conjunctival sac. The eyelid was immediately returned to its normal position. 
During each experimental run, only one eye of each animal was dosed with 
drug. After instillation of the dose, the observer left the testing room. 


Measurements of pupillary diameter were made at 5-min intervals for the 
first 15 min and every 15 min thereafter. A minimum of three runs was con- 
ducted for each experiment. Significance of results was determined by com- 
parison of response values by r test. 


%R = 100 [ (Do  - Or)/(& - Dmin)] 


RESULTS 


In Vitro Dissolution-Pilocarpine solution data fit by nonlinear regression 
(NONLIN) were found to be cleared by first-order kinetics as given by the 
following expression: 


W, = W p - k d I  (Eq. 2) 


where W, is the weight of drug remaining to be cleared at time 1 .  Wris the final 
weight of drug cleared from the chamber, and k d  is the rate constant for 
clearance. Typical release profiles are shown in Fig. 2. It was found that the 
half-life ( t 1 p )  for clearance of a pilocarpine solution with a viscosity of 1.0 
cps was 2.0 min and for a 60-cps PVA solution it was 12.7 min. To account 
for the delay in appearance of drug from the dissolution chambcr to the sample 
collection (physical distance), a lag time ( t  = ro - f l a g )  was required for all 
solutions and gel/films. 


Pilocarpine release from gel/films is also shown in Fig. 2. Release from these 
systems, as compared with simple aqueous solutions, is sustained for a sig- 
nificantly longer time. 


Release of drug from the gel/films could be either by a dissolution- or dif- 
fusion-controlled process or, in  some cases. by a combination of both mech- 
anisms. The data were fit by nonlinear regression (NONLIN) to both the 
Hixon-Crowell dissolution cube root equation (6,7)  and to a diffusion-con- 
trolled dissolution equation (8,9): 


PI = 3k,r1/* - 3 ( k , 1 ’ / ~ ) ~  + ( ~ J I / * ) ~  (Eq. 3) 


Journal of Pharmaceutical Sciences I 619 
Vol. 73, No. 5. May 1984 







100, 
8o 1 


60 1 
%R 


100 200 ' 300 ' 400 ' 


T (mid 
Figure 4-In vivo comparison of miotic response to a 706-pg dose of pilo- 
carpine nitrate administered as solutionv and nonerodible lamellae. Key: (0) 
25-pL solution (1.0 cps); (0) nonerodible lamella (no carbomer 934); (A) 
nonerodible lamella (with carhomer 934). 


where F, is the fraction of drug released to time f and k ,  is the release rate 
constant. 


Both erodible cross-linked lamella types (with and without carbomer 934) 
displayed identical release characteristics which were best fit by the diffusion 
equation (Q. 3). The time to half dissolution (Tso)  from these cross-linked 
systems was 16.2 min. calculated from the following equation: 


Tso = (To'!' t 0.206/kr)' (Eq. 4) 
where 


The cross-linked lamella samples dissolved during the testing procedure, 
and no visible swelling of the sample was noted during the test period. Al- 
though it was anticipated that an ionic-exchange release could retard the re- 
lease of the cationic pilocarpine, the presence or absence of anionic copolymer 
in these preparations made no difference in the release rate of pilocarpine from 
the samples. 


Nonerodible dried films were also tested, and the release of drug was best 
described by the diffusion expression (Eq. 3). Dried films without carbomer 
934 did not appear to swell during the time course of testing. These films gave 
a Tso of appearance of 97.5 min. Conversely, the copolymer-containing films 
swelled to two or three times their original size, but did not undergo appreciable 
dissolution. These films gave a TSO of pilocarpine appearance of 72.4 min. 


In Vivo Miotic Response-The low-dose case results are shown in Fig. 3. 
Note that the peak response times and the 25-30-min postdosing intervals 
for the 1.0- and 60-cps solutions appear identical. However, the slowly eroding 
lamellae show a longer time to reach a maximum. The 60-cps solution shows 
approximately a 1.7 times greater response than the 1 .O-cps solution. These 
results are in agreement with published data on the bioavailability of low- and 
medium-viscosity ocular pilocarpine solutions ( 5 ) .  The erodible lamellae also 
show a statistically greater response (p < 0.001) as compared with the solution 
dosage forms. The most significant aspect is theextended duration of effect 
of the erodible lamellae as compared with the solutions. Bearing in mind that 
although measurement of miosis allows continuous monitoring of pharma- 
cological response. it is not as sensitive an indicator of drug bioavailability as 
direct sampling of ocular tissues or aqueous humor for drug concentration 
( 5 ,  10). Therefore, this extended duration is significant. 


The high-dose dried film systems (Fig. 4) show a number of significant 
differences between the nonerodible systems and the solution dosage form. 
These lamellae show a greater miotic response (p < 0.001) and a longer period 
of response, as compared with the solutions. There is no statistically significant 
difference between the lamellae with carbomer 934 as compared with the 
system without this copolymer. 


I t  has been established previously that there is a linear relationship between 
dose and bioavailability for pilocarpine over six orders of magnitude of dose 
(6). The effect of different doses with the solution is clearly different: 20 and 
~ W O  of maximum to the 70- and 7OO-pg doses, respectively. This differential 
effect is expected on the basis of published drug bioavailability data ( 1  1). 


In Vivo-In Vitro Correlation-Since a strictly definable peak from miotic 
response is not discernable, especially for the lamellae formulations, the time 
at which 90% of the observed maximum response was first obtained was se- 
lected. This value correlates reasonably well with the time for 50% release ( r l / 2  
or T50) of drug in the inuitro studies (Fig. 5 ) .  Note that for both drug solu- 
tions, the half-life of drug clearance corresponds to the time for removal of 


is the root lag time (9). 
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Figure 5-In vivo-in vitro correlation utilizing t l /z for solutions and Tm for 
lamellae. Key: (0)  T5o or t1/2. The time indicated on the x-axis is the time 
at which 90% of the observed maximum response isfirst obtained. 


drug from the chamber, whereas in the case of lamellae, the dissolution-dif- 
fusion process is assumed to be rate limiting. It is recognized that other pa- 
rameters such as duration of effect or area under the response curve may allow 
correlation with in oitro performance, but these were not examined. 


DISCUSSION 


To assess the merits of the gel/film pilocarpine systems, it is first necessary 
to comment on the performance of aqueous and viscous pilocarpine solutions. 
These systems, therefore, serve as a baseline. 


The nonviscous ( 1  .O cps) solutions provide drug to the absorbing tissue, i.e., 
the cornea, readily so that the amount of drug absorbed is proportional to the 
concentration instilled ( 5 ) .  However, the system is not very efficient and -98% 
of the applied dose is lost. Significant dilution with tears occurs within 5 min 
of instillation, thus effectively stopping the flux of drug across the cornea (1). 
This effect coupled with nonproductive absorption of drug accounts for most 
of the drug loss. 


Conversely, viscous solutions (60 cps) increase the amount of drug absorbed 
by a factor of 2 or 3 and exhibit a correspondingly greater biological response. 
This positive influence of viscosity on drug bioavailability can be. due to several 
factors. The better wetting of the cornea by the polymer solution would allow 
more intimate contact of drug with the absorbing tissue. The increased vis- 
cosity of the solution would decrease drainage loss of the drug solution and 
thereby promote a greater ocular drug bioavailability. Finally, some adsorption 
of the polymer to the corneal tissue would favor greater absorption of the 
drug. 


The gel/film system would have several of the positive attributes of the 
viscous solution and should be more dramatic in influence on drug bioavail- 
ability. The mmt obvious expectation is a decreased drainage loss of drug and 
slow availability of drug from the gel/film to the corneal surface. Both the 
in oitro and in uiuo results support these postulates. 


In an attempt to decrease appearance of drug from the films, the carbomer 
934 salt of pilocarpine was prepared and used. No noticeable improvement in 
the system was evident. This may be explained on the basis that dissolution 
of the gel itself in the cross-linked systems was prompt and, thus, there was 
insufficient time for dissolution and subsequent diffusion of the drug from 
the film. In the dried film case, substantial swelling was noted which would 
increase both water content and channels for diffusion. 


It is evident from this preliminary study that gels/films can sustain the 
release of water-soluble drugs to the precorneal area. Moreover, it appears 
that the in oitro assessment of drug release provides at least a qualitative 
yardstick on in uiuo performance. 
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Abstract 0 The morphine antagonists naltrexone and naloxone were extracted 
from plasma and urine, separated on a chromatographic column, and assayed 
by electrochemical detection. Optimum oxidation potentials were 0.65 V for 
morphine and 0.75 V for naloxone and naltrexone. Assay sensitivities were 
2-5 ng/mL for plasma and 10 ng/mL for urine. The assays wcre applied to 
determine red blood cell partition coefficients of 1.83 f 0.15 (SD) for nal- 
trcxone and 1.49 f 0.27 (SD) for naloxone in a concentration range of 10- 
3500 ng/mL. No significant time dependence for the partitioning could be 
observed. Plasma protein binding in the same concentration range, determined 
by ultracentrifugation, was 27.7% f 2.5% (SO) for naltrexone and 30.1% f 
5.1% (SD) for naloxone. The degree of protein binding did not change in the 
presence of morphine for morphine-antagonist ratios between 1 : l O  and 1 0 1 .  
No concentration dependencies of red blood cell partitioning or protein binding 
were observed. 


Keyphrases 0 Naltrexone-HPLC with electrochemical detection, plasma 
and urine. applications to protein binding and red blood cell partitioning 0 
Naloxone-HPLC with electrochemical detection, plasma and urine, appli- 
cations to protein binding and red blood cell partitioning 0 Protein bind- 
ing-naltrexone and naloxone in the presence of morphine, HPLC with 
electrochemical detection, red blood cell partitioning 0 Red blood cell par- 
titioning-naltrexone and naloxone in the presence of morphine, HPLC with 
electrochemical detection, protein binding 


The classical detection methods for high-performance liquid 
chromatography (HPLC) by spectrophotometric and fluo- 
rescence detection are not useful for some drugs with low ab- 
sorptivities or low fluorescence. Electrochemical detection has 
been a method of recent choice in selected instances. It com- 
bines amperometric titration and liquid chromatography (1) 
and has been applied to the assays of catecholamines (2), 
phenolic compounds (3), phenothiazines (4,5), and morphine 
(1) (6-8). 


The present study describes sensitive and accurate HPLC 
assays for the antagonists of morphine, naloxone (11) and 
naltrexone (111) in biological fluids with electrochemical de- 
tection. Studies on possible pharmacokinetic interactions be- 
tween morphine and its antagonists are needed since naltrexone 
or naloxone are given to morphine-overdosed subjects. Pre- 
requisites for such studies are specific and sensitive assays that 
allow simultaneous determinations of agonist and antagonist 
as well as their metabolites. 


A facile procedure for the simultaneous determination of 
I and 111 or I1 is described using HPLC with electrochemical 
detection. The assay was applied to the determination of the 
protein binding of I1 and I11 and the influence of I on their 
protein binding. The red blood cell partition properties of both 
antagonists were also investigated. 


I 


I11 
EXPERIMENTAL 


Materials-The following analytical-grade materials were used: sodium 
bicarbonate', monobasic potassium phosphate', volumetric concentrates of 
hydrochloric acid and sodium hydroxide2, I -butano13, and benzene4. Aceto- 
nitrile4 was HPLC grade. Morphine naloxone (Il)5. and naltrexone (111)5 
were used as received. Sodium chloride injection USP. sodium heparin in- 
jection', and disposable syringes* were used in the preparation of red blood 
cell suspensions. 


Apparatus-For the HPLC assay the following instruments were used: 
high-pressure pump9, a six-port injector ' 0 ,  an electrochemical detector" with 
a working electrode of glassy carbonI2, a strip-chart recorder". and an oc- 
tadecylsilane column'4 with a guard column of the same material. 


Plasma protein binding was determined with an ul t ra~entr i fugel~.  A lab- 
oratory centrifuge16 was used in the separation of organic extracts from 
aqueous phases. 


Chromatographic Conditions-The mobile phase was a mixture of 0.04 M 
monobasic potassium phosphate and acetonitrile (90:lO). The flow rate was 
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tionality is ascribable to a hydroxyl group based on the absorption band at 
3250cm-I in the IRspectrum.The”C-NMRsignaIsat 108.71 (t), 121.73 
(d). 148.55 (s). and 150.1 3 (s) ppm suggest that the molecule has two double 
bonds and, therefore, it appcars to be bicyclic. Furthermore, the ‘H-NMR 
spectrum shows the presence of a tertiary methyl group at  0.89 (s, 3), a sec- 
ondary methyl group at 0.89 (d. 3, J = 6 Hz), and isopropenyl groups at 1.71 
(m, 3) and 4.68 ppm (m. 2). From the above data the structure of la appears 
to be similar to that of nootkatone (11). which has been isolated from Cham- 
aecyparis noorkafensis (Lamb.)sprach and Citrus paradisi Macfad. (4-6). 
The main difference appears to be the presence of a hydroxyl group in the 
newly isolated material. The proton attached to the hydroxyl-bearing carbon 
is observed as a multiplet at 4.06 ppm in  the IH-NMR spectrum, suggesting 
the hydroxyl group was 8-oriented. To verify the proposed structure, I I  was 
reduced with LiAIHd in ether to yield two products (Scheme I). As expected, 
the minor one was identical with la on the basis of its melting point, IR spec- 
trum, and optical rotation. Thus, la is characterized as (ZR,4R,SS,7R)-ere- 
mophil-l(lO).l I-dien-2-01. 


It has been reported that in vascular smooth muscle, contractile response 
to potassium chloride is caused for the most part by increasing membrane 
permeability to Ca2+. while the response to norepinephrine is caused mainly 
by releasing an intracellular pool of Ca2+ (7). Calcium antagonists such as 
verapamil and gallopamil have been shown to selectively inhibit the contractile 
activity produced by potassium chloride without having any effect on that 
induced by norepinephrine (8). In the prcsent expcriment, purified la (3 X 


M) markedly inhibited the potassium chloride (40 mM)-induced con- 


traction of the aorta, but did not have any effect on that produced by norepi- 
nephrine M). The 50% inhibitory doses of la and verapamil for the 
potassium chloride (40 mM)-induced contraction were -I O-’and -lo-’ M. 
respectively, indicating that the potency of la was approximately 100 times 
less than that of verapamil’. Furthermore. la (3 X M) profoundly in- 
hibited the increase in  the ‘ T a 2 +  uptake of the aorta induced by potassium 
chloride5. These observations suggest that la specifically blocks the Ca2+- 
influx into the muscle cell of the aorta. 
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Abstract 0 Two hydroxylated analogues of quinidine with antiarrhythmic 
properties, 3s-hydroxyquinidine and 3R- hydroxydihydroquinidine were as- 
sayed by reverse-phase high-performance liquid chromatography. The ana- 
lytical technique uses plasma protein precipitation and direct injection on a 
Cle column, with an isocratic mobile phase and spectrofluorometric detection. 
3R-Hydroxyquinidine is employed as the internal standard. Linearity is 
verified up to 5 mg/L for the two drugs; concentrations between 0.5 and 2.5 
mg/L were measured with a CV of 0.5-2.07% for a given day and a sensitivity 
l imit  of 50 pg/L. Plasma concentration-time profiles and pharmacokinetic 
parameters in three dogs are presented after intravenous or oral administra- 
tion. A significant difference is observed in terminal half-life, terminal rate 
constant, and total clearance of the two polar analogues of quinidine. 


Keyphrases 0 Quinidine analogues-hydroxylated. HPLC, pharmacokinetics 
in the dog 0 Pharmacokinetics--hydroxylated analogues of quinidine in the 
dog. HPLC 


Some of the metabolites of quinidine, especially 3s-hy- 
droxyquinidine (I), 2’-oxoquinidine, and 0-demethylquinidine, 
possess antiarrhythmic activity in mice and rabbits (1) and 


possibly in humans (2). Other analogues of quinidine, derived 
from 0-demethylquinidine (3-6) or 7’-trifluoromethyldihy- 
drocinchonidine (7), have recently been tested. Preliminary 
studies of 1 and 3R-hydroxydihydroquinidine (11) (8) indicate 
pharmacological activity of these two compounds when tested 
against chloroform-induced ventricular fibrillation and aco- 
nitine-induced arrhythmia in mice and rats or against coronary 
ligature in dogs. 


This report describes a rapid, specific, accurate, and sensitive 
high-performance liquid chromatographic (HPLC) method 
for the determination of I and I 1  in plasma. The procedure 
involves a modification of a recently published reverse-phase 
HPLC method for quinidine (9) using 3R-hydroxyquinidine 
as internal standard, with an isocratic mobile phase of aceto- 
nitrile-acetic acid-water and sensitive spectrofluorometric 
detection. Preliminary pharmacokinetic parameters of these 
two hydroxylated analogues of quinidine in  the dog are re- 
ported. 


EXPERIMENTAL 


Reagents a d  Standards-All solvents used were analytical reagent grade’: 
acetonitrile for spectrometry, methanol, and 100% acetic acid. A phosphate 
buffer (0.05 M. pH 7.4) was prepared in distilled water. Pure standards of 


I E. ,Merck. Darmstadt. West Germany 
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Table I-Variations in Replicate Standards from Spiked Plasma a 


Within-Run Day-to-Dav 
Concentrations, mg/L 


Compound i 0.5 I 2 2.5 i 0.5 1 2 2.5 
Concentrations, mg/L 


I 
SD 
cv (%) 


8.14 
: I  .5 


0.12 
0.6 


0.12 i 0.36 
0.5 : 4.1 


0.7 
4 


2.3 
5.2 


II 
SD $05 0.09 0.20 0.18 i 0.07 0.15 0.21 0.34 
cv (%) :2.01 I .66 1.89 1.33 : 2.51 2.7 I I .86 2.46 


' n = 6 .  


Table 11-Pharmacokinetic Parameters for I and I1 after Bolus Injection in Dogs (10 mg/kg iv) * 


Significance 
Parameter 1 II Level 


2.25 f 0.52 
0.285 f 0.1 55 


0.0875 f 0.0075 
7.95 f 0.68 


55.82 f 2.36 
0.189 f 0.002 


1.04 f 0.48 
2.1 I f 0.28 


2.93 f 1.27 
0.27 f 0.13 


0.1593 f 0.0096 
4.36 f 0.27 


30.05 f 5.08 
0.325 f 0.037 
0.95 f 0.18 
1.96 f 0.26 


' NS 
NS 


p < 0.001 
p < 0.01 
p < 0.01 
p < 0.01 


NS 
NS 


Mean f SD; n = 3. NS = not significant. 


quinidine, dihydrcquinidine, I, the internal standard, I I ,  and quinidine N-oxide 
(as bases) were used as supplied2. Quinine was used in the sulfate form. Purity 
of these compounds was verified by HPLC as described here or by TLC on 
precoated silica gel plates (20 X 20 cm X 0.25 mm)'. developed in metha- 
nol- acetone (4:l) and visualized under UV light (366 nm). 


Stock solutions were prepared in methanol at a concentration of 1 g/L 
(stable for 2 months at 4 T ) ,  and working solutions at concentrations of 0.5-5 
mg/L were prepared by diluting the stock solutions in acetonitrile-phosphate 
buffer 0.05 M ( I :  I ) .  Thestock solution of 3R-hydroxyquinidine was used to 
prepare a standard solution at 2.5 mg/L in pure acetonitrile. 


Apparatus and Operating Conditions-The analysis was performed using 
a high-performance liquid chromatograph' equipped with an injection system' 
with a IO-FL loop, a stainless steel column5. 30 cm X 3.9 mm i.d. (particle 
size l O ~ m ) ~ ,  a spectrofluorometer6 (Aex = 340 nm, &,,, = cut-off filter 418 
nm) set at 0.5 pAUFS sensitivity with a time constant of 6 s. The mobile phase 
was a deaerated mixture of acetonitrile-acetic acid-water (8:4:88) with a flow 
rate of 1.8 mL/min (2200 psi). 


Experiwtal Protocol in Dogs-Fasting mongrel dogs, 10-20 kg, received 
I0 mg/kg of I or I 1  orally (capsules) or as an intravenous bolus dose (paren- 


1 


1 1 1  1 1 1 )  3 1 I I  


0 2 4 6 8 10 12 14 16 18 20 
Time fmtnl 


Figure 1 -Chromatogram of pure standards. Key: ( I )  3R-hydroxyquinidine 
(retention time 3.8 min); 12. (3)] I ( 4 . 4  min); (4) quinidine N-oxide (9.5 rnin); 
(5)  quinidine (12.2 min); (6) quinine (15.1 min); (7) dihydroquinidine (17.3 
min). 


* Nativelle Laboratories SA, Paris, France. ' Precoated TLC plates ref 57 15; E. Merck, Darmstadt, Wcst Germany. 
Model 5000 Varian; Varian Instrument, Palo Alto. Calif. 
Bondapak Cis; Waters Associates, Milford, Mass. 
Model FS 9 7 0  Schocffel Instrument Corp., Westwood. N.J. 


teral solutions in acidified saline, pH 4). Sixteen blood samples were collected 
from the saphenous vein in heparinized tubes and centrifuged at 1200Xg; the 
plasma was stored at - 1  8'C until assayed. 


After intravenous administration of 1 or 11, plasma concentrations declined 
biexponentially; pharmacokinetic parameters corresponding to a two-com- 
partment open model were determined with a nonlinear least-squares Gra- 
phakin program, according to: 


C, = Ae-al + Be-8' (Es. 1) 


where C, is the plasma concentration at time I ,  A and B are ordinate intercept 
constants, and a and 0 are first-order rate constants. For oral administration 
of I I ,  a one-compartment open model was used with the following: 


C, = X(e-k.1 - e-k.1) (Es. 2) 


where X is a hybrid intercept term, and k ,  and k ,  are respective apparent 
first-order absorption and elimination rate constants. Area under the plasma 
concentration curve from zero to infinity (AUC,), total plasma drug clearance 
(CLT) ,  central compartment volume ( Vc), apparent volume of distribution 
I Vd)  were calculated by the following equations: 


AUC-- ~ c 2 4 h C $ t + -  c24 h 


B 
3 


0 2 4 6 8 1 0 1 2  0 2 4 6 8 1 0 1 2  
lime (rninl 


Figure 2-Chromatogram of a 0.1-mL dog plasma sample after a dose of 
10 mglkg. Key: ( I )  3R-hydroxyquinidine. internal standard. 2.5 mg/L; (2) 
I ,  (2.78 mg/L. 4.4 min); (3) I1 (2.95 mglL. 4.8 min). 
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Table Ill-Pharmacokinetic Parameters for 11 after Oral Administration 
(10 mg/kg) in Dogs. 


Parameter I1  


Figure 3-Plasma concentrotion in a dog following oral administration of 
I 1  (0 )  and intravenous administration of I (m), and 11 (A) (10 mglkg). 


Dose 
CLT = - 


AUC, 
Dose v, = - 


A + B  
CLT 


vd8 = 3- 
The Student’s I test was used to evaluate statistical significance of observed 


differences between pharmacokinetic parameters of I and 11. 
Procedure-To precipitate proteins, 100 pL of plasma or diluted plasma 


was added to 100 pL of a 2.5-mg/L solution of the internal standard in ace- 
tonitrile. After closing with laboratory film’. the mixture was shaken gently 
on a vortex mixer, centrifuged at 1200Xg for 10 min, and 10 pL of the re- 
sultant clear supernatant was injected directly into the column. Peak height 
ratios were measured and reported on standard curves established with loaded 
plasma sample concentrations. 


RESULTS AND DISCUSSION 


Figures I and 2 show typical chromatograms of pure standards with the 
retention times observed in these conditions (Fig. I )  and dog plasma samples 
(Fig. 2). Because of their excessively long retention times. quinidine, quinine, 
and dihydroquinidine were not used as the internal standard. Quinidine A’- 
oxide, a new metabolite described by Guentert er al. (lo), has the same re- 
tention times as an unidentified metabolite in a previous assay for quinidine 
(9); because of its limited availability, it was not used. 3R-Hydroxyquinidine 
seems to be the most convenient internal standard, because of its same fluo- 
rescence characteristics with I and 11. As shown in Fig. 2a and b. it is possible 
to resolve the internal standard from that of I (resolution factor = 1 )  or I1  
(resolution factor = 1.66); incomplete resolution between I and I 1  (resolution 
factor = 0.66) is never observed in the determination of plasma levels of either 
of these two drugs (no simultaneous administration). 


The reproducibility assay gave small coefficients of variation (Table I )  and 
~~ ~~ 


’ Parafilm; American Corn. Company, Dixie Marathon. Greenwich 


1.73 f 1.18 
0.56 f 0.38 
0.1 34 f 0.0073 
5.15 f 0.24 
2.238 f 0.176 
0.302 f 0.036 


33.42 f 4.06 
4.53 f 0.34 
1.83 f 0.61 


‘ n = 3  


recovery was 100 f 3% when the concentrations of plasma loaded with dif- 
ferent compounds werecompared with standards solutions in a mixture ( I : ] )  
of acetonitrile and 0.05 M phosphate buffer. Linearity of the standard curves 
was verified by measuring the peak height ratio for concentrations up to 5 
mg/L for I and 11. An external standardization, by measuring peak height, 
may be used (no internal standard added to plasma) to detect the possible 
presence of a peak with retention time identical to that of the internal standard 
and corresponding to an eventual polar metabolite of I or 11. Thesame results 
(linearity and plasma levels) are obtained in this procedure. When setting the 
detector at 0.2 pAUFS, the limit sensitivity, corresponding to a 2:1 signal- 
noise ratio, is 50 pg/L for the two compounds. 


As shown in Fig. 3 for a representative animal, the plasma concentration- 
times curves for I and I1  decline biexponentially after intravenous adminis- 
tration (10 mg/kg). Corresponding pharmacokinetic parameters (Table 11) 
indicate a significant difference between the two tested drugs for p, t1p  8. 
AUC,, and CLT, but not for V, and Vdp. The terminal half-life value for I 
(7.95 f 0.68 h )  is in good agreement with the observed values reported by 
Jaillon and Kates ( I  I )  in  dogs (7.27 f 2.79 h) after oral administration of 
quinidine, but I 1  is eliminated more rapidly (11p 8 = 4.36 f 0.27 h, CLT = 
0.325 f 0.037 L/h.kg). Similar values for a indicate that I and 11 are initially 
distributed in the same order in the body. 


For oral administration of I1  (10 mg/kg), the peak plasma level (4.53 f 
0.34 mg/L) was obtained 1.83 f 0.61 h after the dose. A higher value for 
elimination half-life (5. I5 f 0.24 h)  was observed than for the intravenous 
route, but AUC, and CLT were of the same magnitude, as shown in Table 
I l l .  
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Abstract  0 Digitoxin was modified by condensation with propylene 
oxide or with 1,4-butanediol diglycidyl ether in aqueous alkali, yielding 
products in which some of the CH@H groups of digitonin were converted 
to CH20CH2CHOHCH:j or to CH20CH2CHOHCH20(CH2)40- 
CH2CHOHCH20H groups, respectively. These modified digitonins were 
very soluble in water and chloroform and effectively solubilized lipophilic 
compounds into aqueous solutions; e.g., 2 mg of vitamin A or 0.6 mg of 
cholecalciferol could be dissolved per 1 mL of 5% aqueous solutions of 
modified digitonins. Compared with the toxicity of digitonin (LDw 4 
mg/kg iv), the toxicity of modified digitonin was greatly reduced: doses 
of 500 mg/kg by intravenous infusion were not lethal for mice. 


Keyphrases Digitonin-derivatives, potential use as solubilizers, 
lipophilic drugs, comparative toxicity Solubilizers-digitonin deriv- 
atives, potential use with lipophilic drugs 0 Lipophilic drugs-potential 
use of digitonin derivatives as solubilizers, comparative toxicity 


Solubilizing agents are widely used both in pharmacy 
and pharmacology, and there is a constant need for new 
compounds that have low toxicity and do not functionally 
interfere with biomolecules (1, 2). Saponins, which are 
steroid glycosides, have some of the desirable properties 
(3). Two saponins, tomatin and digitonin, are readily 
available. Commercial preparations of tomatin have rea- 
sonable purity but are expensive, whereas for digitonin, 
which is rather widely used, the situation is reversed (4). 
The commercial preparation of digitonin is an extract of 
saponins from seeds of Digitalis purperea, further purified 
by treatment with cholesterol, which precipitates digitonin 
and related compounds. Such preparations are described 
as containing digitonin (40%), digalonin (15%), desgluco- 
digitonin (25%), gitonin (15%), tigonin (3%), and dig d’ (WO) 
(5). The content of digitonin in commercial preparations 
is given as 70-80% (6). In most applications, the mixture 
is used. Despite its complexity, this mixture has unique 
properties and has been used extensively in biochemical 
pharmacology (7-9). Digitonin, on the other hand, even in 
the pure state, has some undesirable properties-its sol- 
ubility in water is low and variable depending on the 
sample used (7) and on whether the digitonin sample had 
been previously treated with solvents (10). Furthermore, 
digitonin forms a complex with cholesterol, a process which 


is bound to have toxic and denaturating effects. In this 
work the aim was to modify the digitonin mixture chemi- 
cally to overcome these defects; attempts were also made 
to make the necessary chemical modifications simple and 
easy to perform even with large quantities of material. 


EXPERIMENTAL 


Synthesis of Digitonin Derivative %-Digitonin’ (1 g, 0.8 mmol) WBS 
suspended in a solution of sodium hydroxide (200 mg) in water (6.5 mL), 
and propylene oxide (1 mL, 15 mmol) was added. The mixture was then 
stirred a t  60°C for 1 h and a t  room temperature overnight. The clear 
solution was then neutralized by hydrochloric acid and dialyzed for 1 d 
against distilled water. Dialysis tubing from regenerated cellulose2 was 
used with a nominal molecular weight cutoff of 8000-12,000. Freeze- 
drying of the contents of dialysis tubing gave derivative 2 as a solid 
foam-like material (1 g). 


The solubility of derivative 2 in water was -21 g/100 mL a t  room 
temperature. This compound tended to occlude solvents and thus, ele- 
mental analysis could not be used to estimate the degree of substitution 
of derivative 2. Field-desorption mass spectrometryg was used for that 
purpose; analysis of the relative intensities of peaks (mass of digitonin 
derivative plus sodium ion) gave the following distribution at  the mo- 
lecular weight: unsubstituted (36%), monosubstituted (36’%), disubsti- 
tuted (19%), trisubstituted (6%), tetrasubstituted (2%), and pentasub- 
stituted (1%). Thus, the average degree of substitution is -1.4. 


Synthesis of Digitonin Derivative 3-The Same procedure as above 
using 1,4-butanediol diglycidyl ether4 in place of propylene oxide yielded 
6.9 g of derivative 3 from 8 g of digitonin. The solubility of derivative 3 
in water a t  room temperature was 11 g/100 mL. 


To estimate the degree of substitution in derivative 3, the compound 
was exhaustively methylated and then analyzed for the content of carbon 
and methoxy groups. Derivative 3 ( I  g, -1 mmol) was dissolved in di- 
methylformamide (10 mL), sodium hydride (0.4 g) was slowly added, and 
then the mixture was stirred a t  room temperature for 30 min. The viscous 
mixture was then cooled to O”C, methyl iodide (4.5 g) was added in a 
dropwise manner, and stirring was continued for another 12 h. Methanol 
was added, and the mixture was dialyzed against water and freeze-dried. 
Product 4 was a white powder (0.92 g) which was hygroscopic; completion 
of methylation was established by absence of absorption in the region 
of the hydroxyl stretching vibration (3100-3600 cm-’) in the IR spec- 
trum5. Compound 4 was repeatedly dissolved in water and evaporated 


I Sigma Chemical Co., St. Louis, Mo. 
* A .  H.  Thomas Co., Philadelphia, Pa. 


NlHLH assembly, Bethesda. Md. 
Aldrich Chemical Co.,  Philadelphia, Pa. 
Beckman infrared spectrophotometer 1K12 
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DIGITONIN R1 = H, R2 = H 
DERIVATIVE 2, R1 = -CH2-CHOH-CH3 or H; R2 = H 
DERIVATIVE 3, R1= -CH~-CHOH-CH~-O-CH~-CH~-CH~-CH~-O-CH~-CHOH-CH~0H or H; R2 = H 
DERIVATIVE 4, RI = -CH~-CH(OCH:~)-CH~-O-CH~-CH~-CH~-CH~-O-CH~-CH~OCH~)-CH~-O-CH:~ or CH3; Rz = CH3 


to dryness in vacuo to eliminate all traces of organic solvents, and was 
then analyzed for carbon content and for content of methoxy groups 
(Zeissel method). In two separate preparations of product 4, these values 
were found to be 33.1 and 35.8% for methoxyl and 50.0 and 56.3% for 
carbon, respectively. From the ratio of methoxyl to carbon contents, the 
average degree of substitution was calculated to be -1. 


Control experiments, in which only digitonin or only l,4-butanediol 
diglycidyl ether was treated with aqueous alkali, were performed with 
the following results. From self-condensation of digitonin, <I% of the 
water-soluble material could be isolated. If the products of self-con- 
densation of digitonin were dissolved in 50% aqueous dimethylformam- 
ide, <I% was nondialyzable. The products of self-condensation of 1,4- 
butanediol diglycidyl ether were water soluble, but >97% was dialy- 
zable. 


Measurement of Micellar Space in Aqueous Solutions of Deriv- 
atives 2 and 3-The method (11,12) is based on the color change of io- 
dine that takes place when micelles are formed in the aqueous solution 
of iodine (30 mg/L). The absorbancy6 a t  385 nm, which is proportional 
to the micellar space, was measured as the function of concentration of 
derivatives 2 and 3 in solution. 


Molecular Weight Determination by Vapor Pressure Osmom- 
etry-Chloroform (used as a solvent) was purified by washing with so- 
lutions of sulfuric acid, sodium hydroxide, and water, then dried and 
redistilled. The vapor pressure osmometer7 was used for measurements; 
the osmometer was calibrated using pentaerythritylstrastearate (mol. 
wt. 1202) and polystyrene standard IM,:M, = 1.04; M, 9000). All mea- 
surements were performed at  29.9OC. 


Precipitation of Digitonin and its Derivatives by Cholesterol-To 
a solution of a saponin (10 mg) in absolute ethanol (1 mL) was added a 
solution of cholesterol (40 mg) in ethanol (95%, 6.0 mL). The mixture was 
heated a t  60°C for 10 min allowed to stand for 1 h and then the product 
was removed by filtration to give 41,6, and 0 mg for digitonin and de- 
rivatives 2 and 3, respectively. 


Binding of Cholesterol-Digitonin Derivatives by Equilibrium 
Dialysis-Dialysis tubing2 was washed extensively with boiling water 
and with ethanol; dialyses were performed in ethanol (95%). The solution 
of digitonin derivative (1 mL) was placed inside of the dialysis tubing, 
and 2 mL of a solution of [14C]cholesterols was placed outside. After 
equilibration for 6 d, the concentration of radioactivity inside and outside 
of the dialysis bag was measured by liquid scintillation counting9. 


Solubilizing Effects of Digitonin Derivatives-Excess lipophilic 
compound (1.2 mL) was introduced into a stoppered polyethylene test 
tube containing phosphate-buffered isotonic saline ( 1  mL) without or 
with derivative 2 or 3 (50 mg). After equilibration by rotation overnight 
at 20-22OC, the suspension was centrifuged and the clear supernatant 
was used to measure spectrophotometrically5 the concentration of the 
solubilized lipophilic compound. 


Effects of Digitonin and i ts  Derivatives on Cells in Culture- 


~ ~~ ~ ~ ~ ~ ~ ~~ 


fi Car?. 14 M recording ultraviolet spectrophotorneter. 


" New England Nuclear, Bnston, Mass. 
Hjtachi model 117. 


Beckman LS-250 Liquid Scintillation System. 


Friend erythroleukemia cells grown in Eagle's minimal essential medium 
with 10% calf serum were used (12) for the i n  vitro studies. 


Toxicity of Digitonin Derivatives-Female C57B1/6J mice, -9 
weeks of age, were used for the experiments. The solution in phos- 
phate-buffered saline was infused by peristaltic pump (0.12 mL/h) into 
the tail veins of animals for -20 h. Five animals were used per group; 
these were followed for 3 weeks after treatment. 


RESULTS AND DISCUSSION 
Digitonin contains 17 hydroxyl groups; four of the groups are primary. 


Epoxides, which were used in the derivatization of digitonin, are known 
to react approximately one order of magnitude faster with primary hy- 
droxyls than with secondary ones (13,14); consequently, structures 2 and 
3 are suggested for the products of the condensations of digitonin with 
propylene oxide or 1,4-butanediol diglycidyl ether, respectively. The 
average degree of substitution was found to be 1.4 and 1.0 for derivatives 
2 and 3, respedtively. 


Since the commercial digitonin that was used in the condensation 
contains several other saponins, these were also derivatized. On the other 
hand, it was established that derivatives 2 and 3 were not contaminated 
with products of self-condensation reactions of either digitonin or ep- 
oxides. Derivatives 2 and 3, in spite of being mixtures, had uniform sol- 
ubility properties. Digitonin dissolves in water only slightly, whereas 
derivatives 2 and 3 give solutions both in water and chloroform. 


Derivatives 2 and 3 were found to be self-associated in aqueous solu- 
tions; that  followed from the inability of these derivatives to dialyze. 
Self-association was also apparent from the concentration dependence 
of nonpolar (i.e., micellar) space in aqueous solutions of derivatives 2 and 
3. This space is relatively small when only nonassociated species of am- 


I I I 1 I I 


CONCENTRATION OF DIGITONIN DERIVATIVES, pg/mL 
200 400 600 800 1000 1200 1400 1600 


Figure 1-Dependence of the absorbance at 385 n m  of an  aqueous so- 
lution of iodine (30 mg/L) on the concentration of derivatives 2 (0) and 
3 (0). T h e  absorbance at this wavelength is proportional to the con- 
centration of iodine in nonpolar surroundings and, thus, to the amount 
of micelles present. 
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Table 11-Solubilization of Nonpolar Compounds by Derivativea 
of Digitonin in Phoeohate-Buffered Isotonic Saline 


~ 


Soluhilization, pg/mL 
No 


I 2 5.000 


$ 5 6,0001 


15,000 
> 
t- z 
W 
p: 


n < 


a 20.000 


2 
0.5 1 .o 1.5 2.0 


CONCENTRATION, % wlv 
Figure 2-Concentration dependence of apparent average molecular 
weight of deriuatiue 3 as measured in chloro/rirm by vapor pressure 0s- 
mometry. 


phiphile are present in solution, but becomes prominent when the 
higher-order self-associated species (micelles) began to be formed; this 
occurred at  concentrations of 700 pg/mI, for derivative 2 and 300 pg/mL 
for derivative 3 (Fig. 1). Derivative 3 was also found to be strongly self- 
associated in chloroform solutions. Results of the concentration depen- 
dence of apparent molecular weight, as measured by vapor pressure os- 
mometry, are in Fig. 2. Even a t  0,170, the measured molecular weight of 
derivative 3 is five to six times higher than that calculated for the mo- 
nosubstituted product. 


Digitonin forms insoluhle complexes with cholesterol. The substitution 
of digitonin by epoxides apparently suppresses this complexation. Under 
the experimental conditions, when digitonin formed a precipitate with 
cholesterol in a relative amount of 100, derivatives 2 and 3 formed a 
precipitate in relative amounts of only 15 and 0, respectively. 


Derivatives 2 and 3 did not permeate through the dialysis membrane; 
consequently, equilibrium dialysis could be used to study the potential 
interaction of cholesterol with derivative 3 in ethanol solutions, in which 
soluble complexes may be formed. The equilibrium concentrations of 
cholesterol found inside the dialysis tubing, which contained increasing 
amounts of derivative 3, were within experimental error and equal to 
those found in solutions outside the tubing, where there was no digitonin 
derivative present (Table I). Consequently, no complex formation was 
detected by this method. 


The solubility of drugs and related compounds is of considerable 
theoretical and practical importance in the pharmaceutical sciences (1, 
2, 15, 161, and development of effective solubilizing agents presents a 
useful complement to the development of new drugs. Derivatives 2 and 
3 are very potent solubilizers of lipophilic compounds. Results of solu- 
bilization experiments are given in Table 11; the solubility of some of the 
compounds in water was increased by two to three orders of' magnitude 
even at  moderate solubilizer concentrations. Derivative 3 seems to be a 
more potent solubilizer of vitamin A than any cycltdextrin or polym- 
ethionine sulfoxide previously tested (17,18). 


Although the mass spectra showed that compound 2 contained some 
unsubstituted digitonin, i ts  presence could not be detected through the 
insolubility of digitonin in water or chloroform. Perhaps this behavior 
may be explained by a strong self-association of derivative 2. These 
self-associated species apparently have not only the capacity to complex 
and dissolve various hpophihc compounds, hut also the contaminating 
digitonin. 


Table I-Equilibrium Dialysis in the  Cholesterol-Derivative 3 
System 


Distribution of [14C]Cholesterol, cpm/mL* 
Conc. of Inside of Outside of 


Derivative 3", mg/mL Dialysis Tubing Dialysis Tubing 


0 13,820 13,940 
2 13,980 14,020 


10 14,380 14,920 
50 14,940 14.680 


Inside the dialysis tubing. b Corrected for background counts 


Compound Agent Derivative 20 


@-Ionone 7.3 
Retinol <4 
(3-Carotene 0 
trans- @-Carotene 0 
Cholecalciferol 0.2 
Naphthalene <0.5 
Anthracene 0 
2,3-Benzan thracene 0 


5% solutions. 


2050 
1600 


11 
5 


190 
850 
69 
60 


Derivative 30 
~ 


1820 
2500 


11 
8 


640 
1035 


84 
59 


The toxicity of derivatives 2 and 3 to cells grown in culture was tested 
by effects of these compounds on the growth curves of murine erythro- 
leukemic cells for a 5-d growth period. A concentration of 0.1 mg/mI, of 
derivative 3 added to the serum-supplemented medium allowed growth 
and cell division, whereas addition of 0.01 mg/mL of digitonin led to cell 
destruction. The onset of cell damage was also considerably slower for 
derivative 3 than for digitonin. When cells were treated with 0.1 mg/mL 
of digitonin in the absence of serum, even 30 min of treatment affected 
the cell growth that occurred later in serum-supplemented medium, 
whereas with derivative 3 at  least 4 h of treatment was necessary to change 
the later growth (Fig. 3). 


The toxicity of derivative 3 to animals was tested using intravenous 
infusions of derivative 3 into the tail veins of mice. Doses of 1000-2000 
mg/kg of derivative 3 resulted in death, but doses of 500 mg/kg were 
without lethal effects. 


When administered perorally, digitonin is toxic to mice (19) but non- 
toxic to rats (>50 mg/kg) ( 3 ) ,  which tolerate even repeated applications 
(150 mg/kg/d) (19). Digitonin is also nontoxic to monkeys in amounts up 
to 0.4% in food (19). On the other hand, in all parenteral applications 
digitonin is rather toxic, producing acute inflammation when injected 
intramuscularly or subcutaneously (8oo-pg dose). This inflammation may 
be inhibited by anti-inflammatory drugs (20). Digitonin also has hemo- 
lytic effects (4). For digitonin given intravenously, the LDm was found 
to be 4 mg/kg in rats (3). Since mice tolerated doses of 500 mgikg iv by 
infusion of derivative 3, it is obvious that toxicity of digitonin was de- 


24 48 72 96 
HOURS POSTTREATMENT 


Figure 3-Eflects of treatment by digitonin and derivative J o n  the in 
vitro growth o/ Friend erythroleukemia cells. Cells were treated with 
0.1 mglml, of the compound in s e r u m - f r w  medium for the times indi- 
cated; thereafter, the cells were diluted into wrum-supplemented me- 
dium. Key: (AJ digitonin, 2 h; (B) digitonin, I h;  (C) derivatioe 3 , 4  h; (11) 
dcriut iue 3, 2 h; (E)  control. 
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creased by at  least two orders of magnitude on substitution by epoxides. 
Since the pharmacokinetics of parenterally applied lipophilic drugs are 
very strongly affected by their relative water solubility (21), derivatives 
2 and 3 may be useful in modifying the effects of lipophilic drugs. 
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Abstract 0 Buprenorphine (I), a member of’ the 6,14-endo-ethanote- 
trahydrooripavine series of analgesics, undergoes an acid-catalyzed re- 
arrangement reaction when exposed to acid and heat. The product was 
shown by ‘H-NMR and GC-MS to have undergone overall elimination 
of a molecule of methanol with concurrent formation of a tetrahydrofuran 
ring a t  C(6)-C(7) of I. Short-term stability studies across a wide range 
of pH and temperature conditions indicate that I is stable in aqueous 
solution a t  pH > 3 for 24 h a t  36-38°C. Under the more extreme condi- 
tions of the autoclave, significant loss of I occurred. Long-term stability 
studies (10 weeks) of I in aqueous solution (pH 1 and pH 5) at  0-4°C and 
26-28OC indicate only minor conversion (4%) to the rearrangement 
product. Eight other 6,14-endo-ethanotetrahydrooripavine derivatives 
were subjected to extremes of acid (pH 0) and temperature (autoclave) 
to determine if similar rearrangement reactions occur. GC-MS indicated 
that hydrolysis products were produced whose spectra were consistent 
with the proposed rearrangement structures. 


Keyphrases 0 Buprenorphine-6,14-end~-ethanotetrahydrooripavine 
analgesics, stability, acid-catalyzed structural rearrangement 0 Anal- 
gesics-6,14-endo-ethanotetrahydrooripavine series, buprenorphine, 
stability, acid-catalyzed structural rearrangement Stability-hupre- 
norphine and other 6,14-endo-ethanotetrahydrooripavine analgesics, 
acid-catalyzed structural rearrangement 


The 6,14-endo-ethanotetrahydrooripavine series of 
analgesics contains numerous potent narcotic agonist and 
antagonist derivatives including buprenorphine (I), di- 
prenorphine (V), and etorphine (VI). These substances are 
highly lipophilic (1) and display limited solubility at  
physiological pH; however, a t  lower pH values their solu- 


bilities increase substantially. Members of the closely re- 
lated 6,14-endo-ethanotetrahydrothebaine series of an- 
algesics have been shown to undergo acid-catalyzed rear- 
rangement under vigorous conditions (2). However, it was 
not apparent whether a similar rearrangement would be 
observed for the 6,14-endo-ethanotetrahydrooripavine 
series. Consequently, a study was made of the stability of 
I under a variety of conditions involving exposure to acid 
and heat. A rearrangement product of’ I was identified by 
mass spectrometry and lH-NMR. Evidence was obtained 
by GC-MS for the presence of similar rearrangement 
products from other 6,14-endo -ethanotetrahydrooripavine 
derivatives following acid hydrolysis. 


EXPERIMENTAL 
Materials-Compounds I-IX’ (Table I) were used as received. Their 


structural identity and purity were confirmed by TLC and GC-MS. 
Tri-Sil Z2, obtained in 1-mL sealed glass ampules, was used as supplied. 
All other chemicals were reagent-grade quality. 


Instrumentation-GC was conducted on a gas chromatograph3 
equipped with a flame-ionization detector. The stationary liquid phase, 
3% OV-2104, was coated on 100-120 mesh Gas Chrom Q5 and packed into 
a 0.36-m X 2-mm i.d. silanized glass column. The temperatures were: 


Reckitt and Coleman, Hull, England. 
Pierce Rockford Ill. 


Supelco Inc., Bellefonte, Pa. 


3 Mode1’2700; Vadan Associates, Palo Alto, Calif. 
4 Applied Science, State College, Pa. 


0022-3549/84/0200-0243$0 l.OOl0 
@ 1984, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences / 243 
Vol. 73, No. 2, February 1984 












quired the ordinate scale expansion were 0.96,0.91,0.62, and 0.58% for 
trihexiphenidyl hydrochloride, benztropine mesylate, methadone hy- 
drochloride, and oxyphenonium bromide, respectively. 


Assay Results-Table I records the results obtained for 18 solid 
dosage formulations of benzenoid drugs which; with the exception of four, 
are official in the British Pharmacopoeia 1980 (17). The analytical con- 
centration for each drug is given, and the measured amplitude is specified 
by the wavelength of the minimum in the derivative spectruni, after 
correction for scan speed effects (14,15), measured either to its shorter 
or longer wavelength satellite. The specific amplitude is included to in- 
dicate the relative derivative responses of the drugs on a weight basis. 


The presence of irrelevant absorption in all the sample extracts was 
confirmed by the observation of nonspecific absorption above 285 nm 
(where the drugs, except methadone, have zero absorptivity) and of the 
increasing distortion of the spectra toward lower wavelengths. The extent 
of the interference in the sample extracts is evident from the results (in 
the last column of Table I) showing the assay results calculated from the 
absorbance of the extracts a t  the A,, in the region of 255-270 nm, un- 
corrected for irrelevant absorption. The background absorption at  the 
A, of one drug formulation, that of phenelzine sulfate, exceeded the 
absorbance of the drug itself and many formulations showed interference 
>lo% of that of the drug. The derivative spectra of the sample extracts, 
however, showed no apparent distortion and were identical in shape to 
the corresponding standard solutions, indicating the elimination of the 
broad-band irrelevant absorption of the formulation excipients from the 
derivative spectra of the sample solutions. In the case of two benzenoid 
drugs, atropine sulfate and scopolamine hydrobromide, formulated at  
very low doses (0.3 and 0.6 mghblet), there was unacceptable distortion 
of the second- and even of the fourth-derivative spectra by the tablet 
excipients. The derivative spectrophotometric assay of these very low- 
dose formulations by an alternative procedure is the subject of another 
report (18). 


The assay results for the formulations, obtained by the derivative 
procedure, are in excellent agreement with the declared amount and, 
where appropriate, with the results given by official procedures of the 
BP 1980 (17), confirming that second-derivative spectrophotometry is 
a simple, rapid, and selective technique which has general application 


in the assay of tablet and capsule formulations containing a single ben- 
zenoid drug. The specificity of the procedures for drugs in the presence 
of degradation products has not been investigated in the present study. 
It is likely, however, that degradation producta will contribute to the 
derivative spectrum of the sample solution and therefore interfere in the 
assay, if their zero-order UV spectra, like that of the parent drug, show 
fine structure in the 250-270-nm region. 
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Abstract An assay for estrogenic and antiestrogenic activity of seven 
selenoestrogens has been carried out in immature female rats. The es- 
trogenic activity was compared to the in uitro binding affinity data. The 
study reveals that introduction of selenium substituents on C-16 or C-17 
of the steroid nucleus produced a marked reduction in the estrogenic 
activity. The selenium analogues of ethynylestradiol produced the highest 
estrogenic activity. None of the compounds produced antiestrogenic 
activity. 


Keyphrases Selenoestrogens-estrogenic and antiestrogenic activity 
in immature rats, comparison with in uitro binding affinity 0 Estro- 
gens-selenium substituted, estrogenic and antiestrogenic activity in 
immature rats, comparison with in uitro binding affinity 0 Binding af- 
finity, in uitro-selenium-substituted estrogens, correlation with in uiuo 
estrogenic and antiestrogenic activity, rats 


The differentiation between estrogen receptor-negative 
and receptor-positive breast tumors and their metastases 
is important in the management and treatment of such 
tumors (1,2). Present techniques are based on the in uitro 


measurement of estrogen receptors in freshly obtained 
biopsies of breast tissue. Therefore, a radiopharmaceutical 
which could be used to image estrogen-dependent breast 
tumors and metastatic foci by external detection could be 
a useful diagnostic tool. A number of investigators have 
attempted to develop such a radiopharmaceutical using 
radiohalogenated (e.g., iodine-125, bromine-77) estrogens 
(3,4). However, most of these studies have met with lim- 
ited success. Although selenium-75 may not be an ideal 
radionuclide for diagnostic use, it offers the following ad- 
vantages (5,6): (a) its long half-life (120 d) allows enough 
time for synthesis and handling; ( b )  it can be incorporated 
into organic molecules with minimal difficulty; ( c )  the 
organoselenium compounds are more stable in uiuo than 
the corresponding halogenated derivatives; and (d )  pre- 
liminary studies with selenium-75 could determine the 
feasibility of using the potentially more useful 73Se-labeled 
compounds (tllz = 7 h). 
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Figure I-Dose-uterotropic response curves of the selerwsteroids. The 
horizontal bar represents the mean f SEM of the control group. Key: 
(e) 1; (A) 11; (0) 111; (0 )  Iv; (A) v; (0) VI; (8)  VII. 


In previous studies (7,8) we reported the synthesis and 
the relative binding affmity of various selenosteroids to the 
cytoplasmic estrogen receptor of rat uteri in uitro. In the 
present study, the uterotropic activity of these seleno- 
steroids was examined and a correlation made between the 
in uiuo uterotropic activity and in uitro receptor af- 
finity. 


EXPERIMENTAL 


The uterotropic assay for estrogenic activity was a modification (9) of 
the original method of Rubin et al. (10). Immature female Sprague- 
Dawley rats weighing 4 M  g (-21 d old) were randomly distributed into 
groups containing five rats each. Estradiol and the test compounds were 
dissolved separately in corn oil and administered subcutaneously in a 


Table  I-Relative Uterotropic Activity of the Selenosteroide 


Relative 
Uterotropic 


Compound Activitya RBA X 100b 


Estradiol 100.00 
I 0.06 
I1 0.14 ~~ 


I11 
IV 
V 


10.46 
6.44 
0.14 


1GQ.00 
1.0 
5.1 
2.0 


18.7 
28 


VI 0.11 0.1 
VII 0.17 1.3 


a Expressed 88 percentage of estradiol activity according to the method of Bliss 
(Ref. 11). * Ratio of the concentration of nonradioactive eatradiol required to inhibit 
5096 of [3Hlestradiol binding to that of the competitor multiplied by 100 (from Ref. 
8). 


volume of 0.1 mL. Control animals were treated with the same volume 
of corn oil alone. 


All animals were treated daily for three consecutive days with the same 
test compounds. On the fourth day the animals were sacrificed, and the 
uteri were carefully dissected, blotted lightly, and weighed to the nearest 
0.1 mg; body weights were also recorded. Estradiol was used in a dosage 
range of 0.5-2 pg (total dose) as the assay standard. Ehch compound was 
examined over a dosage range of 5-100 pg (total dose). 


The uterotropic assay was also used to evaluate the antiestrogenic 
activity of the test compounds. The antiestrogenic assay was conducted 
a~ described above for estrogenic activity except that each animal in the 
selenosteroid treatment groups received a standard stimulating dose of 
estrediol(2 M). A separate control group which was treated with estradiol 
alone (2 pg) was also included in this assay. The test compounds and 
estradiol were administered separately a t  different injection sites to 
minimize possible physical interaction or reduce absorption of either 
compound. The antiestrogenic activity was measured as a decrease in 
estzadiol-stimulated uterotropic response in groups which received both 
the test compound and estradiol as compared with the control group, 
which was treated with estradiol alone. 


A line of best fit was plotted for each compound that produced an es- 
trogenic response. Regression analysis was used to determine the dose- 
response line for each test compound. The slope of the response to each 


I : R = P h  
II : R = CH3 


111 : R = Ph 
IV : R = CH3 


0 


V VI 


PH 


VI I 
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analogue was compared with the slope of the estradiol response to de- 
termine parallelism in this assay system. The relative uterotropic activity 
of each compound was expressed as a percentage of estradiol activity 
according to the method of Bliss (11). 


RESULTS 


The dose-response curve produced by each of the selenium analogues 
is presented in Fig. 1. The potency of each compound relative to estradiol 
is summarized in Table I. 


Among the selenosteroids that were examined in this study, I11 pro- 
duced the greatest uterotropic activity while I produced the least activity. 
The selenoanalogues of ethynylestradiol(II1 and IV) were more active 
than those of estradiol or estrone. This may be due to the differences in 
the activity of the parent compounds (12). None of the test compounds 
produced a significant degree of antiestrogenic activity in this study. 


DISCUSSION 


In Table I the relative binding affinity of the test compounds was 
compared with the uterotropic activity. The potency estimates were in 
good agreement with the relative binding affinities with few exceptions. 
To correlate in uitro and in uiuo results, metabolism has to be taken into 
consideration. Even though VI demonstrated a low in uitro binding af- 
finity, its in uiuo potency is almost equal to that of V. This could be as 
a result of demethylation in uiuo. Sulfur-containing organic compounds 
are metabolized to sulfoxides (13); analogously, selenides are expected 
to oxidize to selenoxides in uiuo. Reports indicate that aromatic sele- 
noxides are less stable than the aliphatic derivatives (14-16). Therefore, 
we assume that the greater activity of I11 as compared with IV, despite 
a lower affinity for estrogen receptors, is due to the degradation of 111 to 
the more potent ethynylestradiol. 


It is reasonable to assume that VII has a greater in uiuo uterotropic 
activity than V because estradiol (the parent compound of analogue VII) 
is more potent than estrone (the parent compound of analogue V) 
(12). 


This study indicates that increasing the size of the substituent on C-17 
decreases the in uitro binding and the in uiuo potency. These data confirm 
the importance of the 8-hydroxyl group on C-17 to retain the estrogenic 
activity (17). Since these selenosteroids retain a high degree of estrogenic 
activity (especially I11 and IV) in uiuo, as shown in the present study, and 
display potent receptor binding in uitro (8), it is possible that one of these 
derivatives might be a suitable imaging agent for estrogen-dependent 


tumors and metastatic foci. Selenium-75 labeling of I1 has been accom- 
plished utilizing newly developed methodology (18). Biodistribution 
studies of this 75Se-labeled compound in tumor-bearing animals are 
underway. 
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Abstract A series of bissalicylic esters of methylenecitric acid have 
been prepared and, as a probe of their potential as antisickling agents, 
tested for their ability to modify hemoglobin. Substantial acylation of 
hemoglobin was obtained with these dicarboxylate esters at 1-5 mM 
concentrations. 


Keyphrases Methylenecitric acid-bissalicylic esters, synthesis, 
hemoglobin-modifying potential o Antisickling agents-potential, bis- 
salicylic esters of methylenecitric acid, synthesis, hemoglobin-modifying 
ability 


Diaspirins have been found (1) to modify hemoglobin 
S and to change its solubility markedly. Consequently, this 
class of compounds may provide promising antisickling 


agents. Just as aspirin is an acetate of salicylic acid, so are 
diaspirins the alkanedioates of salicylic acid. Alkanedioic 
acids of 4-5 carbon chain length seem to be optimal in 
modification of hemoglobins, probably because they can 
readily span the 0-cleft of the hemoglobin molecule and 
form a covalent bridge between the two Lys 82 residues. 
Such a bridge evidently locks the protein into a confor- 
mation out of register for the aggregation that occurs in 
sickling. 


The modified pentanedioic acid, 4-oxo-1,3-dioxolane- 
5,5’-diacetic acid, also known as methylenecitric acid (A), 
is a five-carbon span dicarboxylic acid whose monoesters 
have been examined previously for pharmacological ac- 
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Abstract 0 The morphine antagonists naltrexone and naloxone were extracted 
from plasma and urine, separated on a chromatographic column, and assayed 
by electrochemical detection. Optimum oxidation potentials were 0.65 V for 
morphine and 0.75 V for naloxone and naltrexone. Assay sensitivities were 
2-5 ng/mL for plasma and 10 ng/mL for urine. The assays wcre applied to 
determine red blood cell partition coefficients of 1.83 f 0.15 (SD) for nal- 
trcxone and 1.49 f 0.27 (SD) for naloxone in a concentration range of 10- 
3500 ng/mL. No significant time dependence for the partitioning could be 
observed. Plasma protein binding in the same concentration range, determined 
by ultracentrifugation, was 27.7% f 2.5% (SO) for naltrexone and 30.1% f 
5.1% (SD) for naloxone. The degree of protein binding did not change in the 
presence of morphine for morphine-antagonist ratios between 1 : l O  and 1 0 1 .  
No concentration dependencies of red blood cell partitioning or protein binding 
were observed. 


Keyphrases 0 Naltrexone-HPLC with electrochemical detection, plasma 
and urine. applications to protein binding and red blood cell partitioning 0 
Naloxone-HPLC with electrochemical detection, plasma and urine, appli- 
cations to protein binding and red blood cell partitioning 0 Protein bind- 
ing-naltrexone and naloxone in the presence of morphine, HPLC with 
electrochemical detection, red blood cell partitioning 0 Red blood cell par- 
titioning-naltrexone and naloxone in the presence of morphine, HPLC with 
electrochemical detection, protein binding 


The classical detection methods for high-performance liquid 
chromatography (HPLC) by spectrophotometric and fluo- 
rescence detection are not useful for some drugs with low ab- 
sorptivities or low fluorescence. Electrochemical detection has 
been a method of recent choice in selected instances. It com- 
bines amperometric titration and liquid chromatography (1) 
and has been applied to the assays of catecholamines (2), 
phenolic compounds (3), phenothiazines (4,5), and morphine 
(1) (6-8). 


The present study describes sensitive and accurate HPLC 
assays for the antagonists of morphine, naloxone (11) and 
naltrexone (111) in biological fluids with electrochemical de- 
tection. Studies on possible pharmacokinetic interactions be- 
tween morphine and its antagonists are needed since naltrexone 
or naloxone are given to morphine-overdosed subjects. Pre- 
requisites for such studies are specific and sensitive assays that 
allow simultaneous determinations of agonist and antagonist 
as well as their metabolites. 


A facile procedure for the simultaneous determination of 
I and 111 or I1 is described using HPLC with electrochemical 
detection. The assay was applied to the determination of the 
protein binding of I1 and I11 and the influence of I on their 
protein binding. The red blood cell partition properties of both 
antagonists were also investigated. 


I 


I11 
EXPERIMENTAL 


Materials-The following analytical-grade materials were used: sodium 
bicarbonate', monobasic potassium phosphate', volumetric concentrates of 
hydrochloric acid and sodium hydroxide2, I -butano13, and benzene4. Aceto- 
nitrile4 was HPLC grade. Morphine naloxone (Il)5. and naltrexone (111)5 
were used as received. Sodium chloride injection USP. sodium heparin in- 
jection', and disposable syringes* were used in the preparation of red blood 
cell suspensions. 


Apparatus-For the HPLC assay the following instruments were used: 
high-pressure pump9, a six-port injector ' 0 ,  an electrochemical detector" with 
a working electrode of glassy carbonI2, a strip-chart recorder". and an oc- 
tadecylsilane column'4 with a guard column of the same material. 


Plasma protein binding was determined with an ul t ra~entr i fugel~.  A lab- 
oratory centrifuge16 was used in the separation of organic extracts from 
aqueous phases. 


Chromatographic Conditions-The mobile phase was a mixture of 0.04 M 
monobasic potassium phosphate and acetonitrile (90:lO). The flow rate was 


I Mallinckrodt, Paris, Ky. 
Ricca Chemical Co., Arlington, Tex. 
Burdick & Jackson Laboratories, Muskegon. Mich. ' Fisher Scientific Co.. Fair Lawn, N.J. ' National Institute on Drug Abuse, Research Technology Branch, Rockville, 


6 McGaw Laboratories. Irvine, Calif 
'The U,pjohn Co., Kalamazoo. Mich. 


Md. 


Monoject, Division of S h e r w d  Medical, A. Brunswick Co., St. Louis, Mo. 
Series 39 Microcomputer controlled pump module; Perkin-Elmer, Norwalk. 


Conn. 
lo Model 7105: R h e y n e ,  Cotati. Calif. 
I I  LC 4A; Bioanalytical Systems, West Lafayette, Ind. 


TLS; Bioanalytical Systems, West Lafayette. Ind. 
l 3  Series SOOO, Fisher Recordall; Fisher Scientific Co., Fair Lawn, N.J. 
I4 Cjg phndapak column; Waters Associates. Milford, Mass. 
I5 Ultracentrifuge Model LS-SO with rotor Ti 50; Beckman Instruments, Norcross, 


l 6  Lab centrifuge; Intcrnational Centrifuge Equipment Co.. Needham. Mass. 
Ga. 
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+ internol stondard 
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reconst i tute  in 
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Scheme I-Exiraciion procedure for plasma and urine. 


1.2 mL/min, with a back pressure of 6 MPa. Electrochemical detection was 
performed with an applied potential of 0.75 V. 


Extraction Procedure from Plasma and Urine-Plasma or urine ( I  .O mL) 
was placed in a tube containing 0.25 mL of 1 M sodium bicarbonate adjusted 
to pH 8.9 with 1 M NaOH. An appropriate amount of internal standard (11, 
I, or 111 depending on the compound assayed) was added to give peak height 
ratios between0.2 and4. A 2-mLvolumeof benzene-l-butanol(85:15) was 
added, and the mixture was vortexed for 30 s. The phases were separated by 
centrifugation for 10 min at 3000 rpm, and the organic phase was transferred 
with a silylated Pasteur pipet into another tube. The extraction was repeated 
with 2 mL of fresh solvent. 


The aqueous phase can be saved for the analysis of the glucuronides. The 
combined organic phases were extracted with 0.5 mL of I M HCI and dis- 


Vottoge [v] 
Figure 1-Chromaiographic amperogram for I (O), I I  (A), I l l  (0). and the 
background (a) determined by application of dqfereni oxidaiion potentials. 
The background arises from oxidation of eleciroaciioe impurities in ihe 
mobile phase. 


0 
0 0.2 0.4 0.6 0.8 1.0 


Voltage [ V] 


Figure 2-Deierminaiion of opiimum oxidation poiential by maximization 
of ihe signallnoise ratio. Noise was measured as ihe amplitude of the baseline. 
The optimum poieniials to be applied for deiection are 0.65 V for I (0) and 
0.75 V for Ill (0) and I I  (A). 


carded. The acidic aqueous phase was washed with 2 mL of fresh organic 
solvent and then neutralized with 0.5 mL of I M NaOH. The pH was adjusted 
to 8.9 with 1 M sodium bicarbonate buffer, and the solution was twice reex- 
tracted with 2 mL of benzene-I-butanol (85:15). The organic phases were 
combined in a vial and evaporated under a nitrogen stream at 55OC. The dried 
residue was dissolved in 75 p L  of mobile phase, and 10-25 p L  was injected 
into the HPLC system. The extraction procedure is given in Scheme 1. 


The aqueous phase saved after the first extraction can be assayed for glu- 
curonides of the compounds by the method given for morphine after hydrolysis 
of the conjugate (9). 


Determination of Plasm Protein Binding by Ultracentrifugation-Fresh 
heparinized dog blood was centrifuged for 15 min at 3000 rpm. Plasma ali- 
quots (5 mL) were spiked with different amounts of I l l  or I1 to give conccn- 
trations between 10 and 3500 ng/mL of plasma. Plasma (1 mL) was taken 
for analysis before ultracentrifugation. After ultracentrifugation at  35.000 


I E - 


0 2 4 6 8  0 4 8 1 2  0 4 8 1 2  2 6  2 6  
Minutes 


Figure 3-Chromaiograms of 1. 11. and 111. Key: (A) 500 ng/mL in water. 
injection volume 20 pL; (B)  1 mL of plasma extracied, eoaporaied to dryness 
under niirogen, and reconsiiiuied in 75 pL of mobile phase. Injeciion volume 
20 pL; (C) I mL ofplasma coniaining 100 nglmL of I I  and Ill.  extracted and 
treaied as in B: (D) 1 mL of plasma coniaining 10 nglmL of 111 exiracied with 
50 nglmL of I1 as internal standard; ( E )  plasma sample of D afier uliracen- 
irifugaiion for the deierminaiion of proiein binding. 
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Table I-Statistics of Calibration Curves' 


Extracted Internal 
Compound Medium Standard CIS, ng/mL m f sm b f S b  S X J b  


Naloxone (11) Plasma 111 30.0 10.73 f 0.8 1 2.1 1 f 2.34 2.35 
Naltrexone (111) Aqueous Solution I 100.0 147.95 f I .66 2.35 f 1.36 1.61 


Plasma I I  30.0 71.85 f 5.24 1.84 f 2.29 2.29 
Urine II 100.0 256.47 f 4.24 3.57 f 4.96 6.44 


a Concentrations ( C )  in ng/mL oersus peak height ratios (PtIR) relative to the internal standard, C f sXg = ( r n  f s,)PHR + ( b  f sb) (15). Standard error of estimatey on 
x. concentration in ng/mL. on peak height ratio. 


Table 11-Protein Binding of 11 by Ultracentrifugation 


R' 
10.0 
35.0 


100.0 
350.0 


1000.0 
3500.0 


Mean f SD 


7.5 
22.1 
66.4 


259.0 
743.6 


2418.5 


0.750 
0.63 1 
0.664 
0.740 
0.743 
0.691 


0.050 
0.175 
0.050 
0.175 
0.050 
0.175 


1.010 25.2 
1.035 
1.010 
1.035 


~~ ~ 


37.7 
33.8 
26.7 


1.010 25.8 
1.035 31.6 


30.1 f 5.1 


Table Ill-Protein Binding of 111 by Ultracentrifugation 


10.0 
35.0 


100.0 
350.0 


1000.0 
3500.0 


Mean f S D  


7.6 
25.3 
73.5 


253.3 
684.2 


2592.6 


24.2 
28.4 
26.7 
28.3 
31.8 
26.6 
27.7 f 2.5 


a Before ultracentrifugation. In  plasma water after ultracentrifugation. I'di, was 
O.OSO.-O.l7S mL: Ihc dilution factor was ( 5  + Vdrl)/5. Percentage bound to plasma 
proteins. 


rpm for I8 h, I m L  of the supernatant plasma water was analyzed for I l l  or 
11. The influence of I on the protein binding of both antagonists was studied 
inratios !:lo, 1:2,2: l ,and 1O:l. 
Red Blood Cell Partition Studies-. Fresh heparinized dog blood was cen- 


trifuged for 15 min a t  2000 rpm. The plasma was removed and isoosmotic 
phosphate buffcr (pH 7.4) was addcd to the erythrocytes. The red blood cells 
were gently suspended and centrifuged for 10 min at  2000 rpm; this washing 
procedure was repeated three times. Red blood cell suspensions in plasma 
water werespiked with I l l  or II to yield total drug concentrations of 10-3500 
ng/mL. The hematocrit was determined routinely using a microcentrifuge 
with capillary tubes. The spiked suspensions were allowed to equilibrate for 
60 min and then centrifuged for 10 min at  2000 rpm. An aliquot of the su- 
pernatant solution was analyzed, and the red blood cell partition coefficient 
was calculated. 


For the investigation of a time dependency of the red blood cell partitioning, 
the procedure was repeated and samples were taken after 4.6.8, 10, and I 5  
min after spiking. A minimum of 4 min of centrifugation is necessary to get 
a clear supernatant. 


To  reconfirm the observed red blood cell partition coefficients, the ratio 
between the drug concentrations in whole blood and plasma were determined. 
Whole blood (5 mL) was spiked with different amounts of drug to give whole 
blood concentrations between I0 and 3500 ng/mL. The blood was allowed 
to equilibrate for 60 min and then centrifuged for 10 min at  3000 rpm. An 
aliquot of the supernatant plasma was analyzed. 


RESULTS AND DISCUSSION 


Before ultracentrifugation. In  plasma water after ultracentrifugation. Ratio between the concentrations after and before ultracentrifugation. Volume of spiked solution 
added to 5 m L  of plasma. Dilution factor (5 + V d i l ) / S .  f Percentage bound to plasma proteins. 


Table IV-Protein Binding of 11 and 111 in the Presence of I a t  Different Morphine-Morphine Antagonist Ratios 


Determination of the Optimum Detection Conditions-Signals for the three 
compounds were measured after application of voltages between 0.4 and 1 .O 
V to detcrmine the optimum conditions for the electrochemical detection (Fig. 
I) .  Background is defined as the Faradaic current arising from the oxidation 
of electroactive impurities in the mobile phase, analogous to the background 
absorbance in UV detectors. The detection conditions were optimized to find 
the maximal signal/noise ratio for each of the investigated compounds. Usually 
measured from peak to peak, the noise is due to pump pulsation, flow hydro- 
dynamics, cell surface reactions. power line noise, and electronic amplification 
(10). The noise with an electrochemical detector is dependent on the magni- 
tude of the background signal; the greater the background, the greater the 
noise. The signal/noise ratios for the three compounds are shown in Fig. 2. 
The maxima of these plots are the optimum potentials to be applied for de- 
tection: 0.65 V for I and 0.75 V for I 1  and 111. 


Chromatographic Separation-With a mobile phase of 0.04 M monobasic 
potassium phosphate-acetonitrile (90:lO) 1-111 are  well separated and can 
be assayed simultaneously (Fig. 3A). The chromatographic background after 
extracting blank plasma is clean, so that low concentrations of the compounds 
can be detected (Fig. 38, C). Statistics for calibration curves of I1 and 111 after 
extraction from plasma and urine are  given in  Table 1. The limit of assay 
sensitivity for all compounds was 2-5 ng/mL for plasma and 10 ng/mL for 
urine. A chromatogram of a plasma sample containing 10 ng/mL of 111 is 
shown in Fig. 3D. 


Protein Binding of I1 and 111 by Ultracentrifugation-The protein binding 
was determined by the ultracentrifugation method ( I  1) and can be calculated 
from: 


wherefb is the fraction bound to the plasma proteins, R is the ratio of the drug 
concentration (Cps,) in plasma water after ultracentrifugation to the con- 
centration (CPre) in plasma before ultracentrifugation, and m is a dilution 
factor to compensate for the slight dilution of plasma on spiking. A chro- 
matogram of a plasma sample containing 7.6 ng/mL of plasma water after 
ultracentrifugation isshown in Fig. 3E. The results aresummarized in Tables 


Antagonist R" Cpre. ng/mLb Cwt. ng/mL' R d  vd,l, mle mf fb.100, ?OR 


Naloxone (11) 0. I 98.0 66.1 0.674 0.100 1.020 33.0 
0.5 98.5 72.0 0.731 0.075 1.015 27.2 
2.0 97.1 72.7 0.749 0.150 1.030 25.6 


10 0 9x 0 70.3 0.717 0.100 1.020 28.7 
Naltrexone (111) 0. I 


0.5 
2.0 


98.0 
98.5 
97.1 


.~ 


71.3 
69. I 
72.0 


0.727 0.100 1.020 27.7 
0.702 0.075 1.015 30. I 
0.741 0. I50 I .030 26.5 


10.0 98.0 70.8 0.722 0.100 1.020 28.2 


a Ratio of I-antagonist for 100 ng of antagonist/ml. of plasma. Before ultracentrifugation. C In plasma water after ultraccntrifugation. Ratios between the concentration 
after and before ultraccntrifugation. Volume of spike solution added to 5 mL of plasma. f Dilution factor (5 + V d , l / S ) .  g Percentage bound to plasma proteins. 
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Table V-Red Blood Cell Partition Coefficients for 111 at  Different 
Concentrations 


Table VI-Red Blood Cell Partition Coefficients for I1 at  Different 
Concentrations 


Atat, pg“ Cpw, ng/mLb Vpw, ml,” Hematocrit D< 


0.050 
0.050 
0. I75 
0.175 
0.500 
0.500 
1.750 
1.750 
5.000 
5 . m  


17.500 
17.500 


1.7 3 . 1 5  0.370 1.82 
7.6 3.08 0.385 1.84 


26.3 3.15 0.370 1.89 
24.3 3.05 0.390 2.14 
73.1 3.18 0.365 2.00 
78.0 3.00 0.400 1.70 


284.7 3.70 0.260 1.88 
26 I .o 3.00 0.400 1.85 
7x3 0 3.03 0.395 1.70 
x21 6 3.05 0.390 1.56 


2124 8 3 15 0.370 1.76 
2651 5 2 95 0.410 1.78 


Mean f SD 1.83 f 0.15 


PW = plasma ToVal amouni o f  drugaddcd to a 5.0-ml. red blood cell wspension 
water 


I 1  and 111.  Protein binding ofboth compounds is low. averaging 30.1 f 5 . 1 %  
(SD) for I I  and 27.7 f 2.5% ( S D )  for 111, with no observable conccntration 
dependence. The results are in excellent agreement with a study by Ludden 
et a / .  ( 1  2). who rcported a concentration-independent protein binding of tri- 
tiated 111 in dog plasma of 26% over a concentration range of 1-500 ng/mL. 
determined by equilibrium dialysis. The protein binding of I had been deter- 
mined to be Concentration indcpcndent at 36% ( I  3) .  The presence of I in  up 
to 10-fold higher conccntrationb than its antagonistsdoes not change thedc- 
gree of plasma protein binding of 11 or I l l  (Table I V ) .  


Determination of the Red Blood Cell Partition Coefficient-The red blood 
cell partition coefficient ( I ) )  of a drug can be defined ( 1  I )  as: 


Red blood cell -plasma water partition coefficieni 


where CRBC is the concentration of the drug in the erythrocyte. Cpw is the 
drug concentration in plasma water, Ate, is the total amount of drug added 
to the red blood cell suqxn4on. and Vpw is the volume of plasma water 
(calculated from the hematwrit of the erythrocyte suspension). 


The red blood cell partition coefficients of 111 were determined for six dif- 
ferent concentrations (Table V). averaging 1.83 f 0. I5 (SD). There was no 
concentration dependence for the partitioning in  the studied concentration 
range up to 3.5pg/mL. This relatively high partition coefficient was confirmed 
by comparing the concentration of I l l  in blood. Ce. and plasma, Cp, after 
spiking whole blood. The ratio of these two concentrations is related 10 the 
degree of protein binding in plasma. expressed as fraction bound cfb). to the 
red blood cell partition coefficient D and the hematwrit (H)  (14): 


Substitution of the values previously obtained for D and/b gives a blood/ 
plasma ratioof 1.16 for blood with :I hcmatocrit of 0.49. This calculated ratio 
agrees with that obtained experimentally ( I  .2 I f 0.08) in  blood in  the in- 
vestigated conccntration range. 


The red b i d  cell partition coefficients of I I  in the S a m  concentration range 
are given in Table V I ,  averaging I .49 f 0.25 (SD),  also with no concentration 
dependence. Both partition coefficients for 111 and I I  were significantly higher 
t h a n  the 19 = I I I previously reported for I (13). in  agrecment with the hy- 
pothe3is that erythrocyte partitioning is related to the  lipphiticity. which is 
mirrored by the HPLC retention times on a reverse-phase column. This theory 


0.050 
0.175 
0.500 
1.750 
5.000 


17.500 


9.3 
28.X 
87.9 


278. I 
955.9 


3 166.7 


I .30 
1.79 
1.47 
1.83 
1.16 
I .4l 
I .49 f 0.27 Mean f SD 


Total amount of drug added to a 5.O-ml. red blood cell suspension when the volume 
of plasma watcr (PW) was 3.45-3.70 mL and the hematocrits were 0.260-0.310. * Red 
blood cell-plasma water partition coefficient 


is further confirmed by the fact that the more lipophilic derivative of 1, bu- 
prenorphine, has an extremely high red blood cell partition coefficient‘’ of 
-10. 


No time dependence in the red blmd cell partitioning could be observed 
for either compound. Samples assayed 4-5 min after spiking were not sig- 
nificantly different from the samples that were allowed to equilibrate for 60 
min. indicating that the partitioning was relatively fast. The lack of correlation 
between the protein binding and red blood cell partitioning for the investigated 
compounds suggests that these two properties should be studied separately. 
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Chromatography of Two Bile Acid Epimers: 
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Abstract 0 A specific reverse-phase high-performance liquid chromatographic 
(HPLC) technique is described for the analysis of bile acids and their conju- 
gates in human serum. Precise quantitation is obtained using UV detection. 
I3C-NMR spectrometry suggests a structural explanation for the different 
HPLC retention times of chenodeoxycholic acid, its epimer (ursodeoxycholic 
acid), and their methyl esters. 


Keyphrases 0 Ursodeoxycholic acid-HPLC i n  human serum, "C-NMR 
elucidation of structure, methyl ester 0 Chenodeoxycholic acid-HPLC in 
human serum, I3C-NMR elucidation of structure, methyl ester 


Determination of individual bile acids in biological fluids 
by TLC, fluorometry, and GC has been reported (1 -3). The 
glycine and taurine conjugates were determined by TLC; 
however, the resolution was unsatisfactory. Fluorometry (4) 
using 3a-hydroxy steroid dehydrogenase allows one to quan- 
titate total bile acids only, while the GC method is tedious. 
High-performance liquid chromatography (HPLC) offers the 
possibility of separation and quantitation of individual bile 
acids without sample derivatization. This method is rapid and 
sensitive and can be used for many routine applications. 


EXPERIMENTAL 


Apparatus-A high-performance liquid chromatograph' equipped with 
a 20-pL loop injector2 and a variable-wavelength absorbance detector3 set 
at 201 nm was used. The chromatograms were plotted on a strip-chart re- 
corder4. The stainless-steel column (3.9 X 15 mm) was packed with CIS-  
bonded microparticless. 


Reagents and Solvents-The free bile acids and the taurine and glycine 
conjugates were obtained commerciallf. Methyl esters of chenodeoxycholic 
acid and ursodeoxycholic acid were preparcd by treatment of the acids with 
diazomethanc. Further purification was carried out by TLC on silica gel 
(benzene -acetone-methanol. 85:5:10). UV-grade methanol' and double- 
distilled water were filteredR (pore size, 0.5 pn),  stored in glass apparatus, 
and deacrated before use. Perchloric acid9, analytical reagent grade, was used 
to adjust the pH of thc mobile phase. 


Samples -Serum ( I  mL) was passed through a C I S  microparticulate mi- 
crocolumn'O fixed onto a syringe. The column was washed with doubledistilled 
water (2 X 4 mL), then by four methanol-water mixtures with increasing 
concentration of methanol (0-50%) (2 X 2 mL). Bile acids were eluted with 
pure methanol (3 mL). The filtrate was evaporated under nitrogen at 80'C. 
The residue was dissolved in 50 p L  of double-distilled water, and a 20-pL 
aliquot was injected onto the column using the injector loop. 


N o  internal standard was used. A 20-pL portion of external standard was 
also analyzed under the same chromatographic conditions. The standard so- 
lution was prepared daily by dissolving weighed amounts of each bile acid in 
water. The extraction ratio depended on each bile acid, ranging from 95 to 
100%. 


I Pump Chromatem M380; Touzart et Matignon, France. 
Model 210 sample injection valve; Altex Scientific. Palo Alto, Calif. 
Model 450 variable-wavelength detector; Waters Associates. 
Servotrace PE 1521; Sefram. Paris. 
Lichrosorb RP 18. 5 pm; Merck, Darmstadt. W. Germany. 
Calbiochem-Bchring Corp. 
SDS. 


RP Normapur. Prolabo. France. 
* Millipore Corp.. Mass. 


lo Waters Associatcs. 


Chromatographic Conditions-Methanol (76%) in aqueous potassium 
dihydrogen phosphate (30 mmol/L) was used as the mobile phase. The pH 
of the mobile phase was adjusted after addition of methanol using perchloric 
acid (0.02%). The flow rate was 1.2 mL/min. The absorbance was measured 
at  201 nm (0.02 AUFS). The limit of sensitivity was 1 ng/pL of injected so- 
lution. 


pK. Determination-The apparent ionization constants (pK'.) for urso- 
deoxycholic and chenodeoxycholic acid and their methyl esters were deter- 
minted by potentiometry" with a hydrogen electrode at  25'C in  methanol- 
water (70:30, w/w). The pK, values were calculated by the usual method 
(5). 


'T-NMR Spectra-A Fourier transform "C-NMR spectrometer12 was 
used at probe temperature. Samples were dissolved in methanoLd4 giving final 
concentration of 1 mol/L. Shifts from the methanol reference were measured 
on a 2000-Hzsweep width with 8192 data points (0.488 Hz/resolution point). 
The spectral parameters were: flip anglc 45' ( 1  0-pi pulse width); repetition 
rate, 2.05 s; weighting function for sensitivity enhancement, 0.4 s; decoupling 
power, 4500 Hz; decoupling frequency, offset 52 (CFT 20 program); noise 
bandwith, 1000 Hz; and total experiment time, 160 nm (4700 scans). For 
S.F.O.R.D., the experimental decoupler frequency offset was 42 (cft 20 
program) and the noise bandwith was off. 


These typical experimental conditions were specially adapted to noise de- 
coupling spectra of steroid molecules. They were determinated empirically 
for this spectrometer to obtain different signal heights for CH3, CH2. CH, 
and quaternary C. The association of information provided by this method 
with single frequency off-resonance spectra has improved the assignment of 
carbon signals in  steroids. 


RESULTS AND DISCUSSION 


Bile acids have a 58-cholanic acid skeleton and possess one, two, or three 
hydroxyl groups; they are found in serum as free acids (pK, 5.5-7.0) and the 
glycine and taurine conjugates (pK, 3.5-4.5 and -2, respectively). 


Separation and quantitative analysis of bile acids can be used in the diag- 
nosis and study of hepatic and biliary diseases. Using reverse-phase HPLC, 
the taurine conjugates are eluted first, followed by the glycine conjugates, and 
then the free bile acids (6). Ursodeoxycholic acid ( I )  is eluted earlier than the 
epimeric chenodeoxycholic acid (11). Figure I shows a chromatogram under 
the described conditions; the retention times of ursodeoxycholic and cheno- 
deoxycholic acids, the calculated capacity factors k', were very different: k' 
= 3.4 for ursodeoxycholic acid ( I )  and k' = 11.4 for chenodeoxycholic acid 
(11) .  


This surprising observation led to a study of the physical properties and 


4 6 


Cholanic Acid 
(I) Ursodeoxychollc Acid: 3a.78 - dlhydroxy 5@ - chohnlc acld 


( I t )  chenodeoxycholic Acid: 3a.7a - dlhydroxy 58  - cholanic acld 


I '  


I *  { a i m  c n  20 spectrometer. 
H meter E 516; Titriskop Metrohm. Switzerland. 
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Figure 1 --Chromatogram of ursodeoxycholic acid (UDC) 
and chenodeoxycholic acid (CDC). Operating conditions 
were: flow rate. 1.2 mL/min; detector. 201 nm; scale, 0.2 
AUFS; sample size. 70 pg/20 p L .  


CDC 


5 lo i 5  


structural characteristics of these compounds. The melting points and rotations 
[nD] of each compound were quite different: udeoxycholic acid, mp 203OC. 
[ a ] D  + I  1.5'; chenodeoxycholicacid, mp 143OC, [a ]D  +57' (7). 


This report describes the pKa values and the IjC-NMR spectra of these 
compounds. The p& values of ursodeoxycholic acid, chenodeoxycholic acid, 
and their methyl esters were determined by potentiometry using a hydrogen 
electrode. The results (Table I)  are inconsistent with the physical and chro- 
matographic data in the case of the methyl esters, with the carbonyl function 
masked; only the hydroxyl group are weakly acidic and the pKa values are 
similar. However, the variation of pKa values in the free acids should be more 
significant than the observed values obtained by electrochemical methods. 


Our hypothesis was that these differences could be explained by a hydrogen 
bond involving the 7-hydroxyl group of chenodeoxycholic acid. This hydro- 
gen-bonded internal complex could react with the nonpolar stationary phase 
in liquid chromatography and increase its elution time. 


We attempted to show the existence of the hydrogen bond by ' T - N M R  
spectrometry. The "C-NMR spectra of common bile acids and their methyl 
esters have been described and attributions discussed (8,9) (Table 11). Blunt 
and Stothers (10) describe substitution incremefits in the steroid carbon 
skeleton of 50- and SB-androstane. With these increments, i t  is possible to 
predict the effect of hydroxyl inversion of C-7 on the chemical shifts of 
neighboring carbon atoms. The corresponding increments were calculated 
from the published values and are presented in Table 111. 


The I'C-NMR spectra of ursodeoxycholic acid and its methyl ester have 
not been described. We assigned carbon signals and compared these with o b  
served chemical shifts using the inversion increment from ursodeoxycholic 
acid, to obtain the chemical shifts on chenodeoxycholiccarbon atoms. Table 
I I compares the values of the observed chemical shifts of ursodeoxycholic acid, 
chenodeoxycholic acid, and their methyl esters with the calculated chemical 
shifts of chenodeoxycholic acid and its methyl ester (Fig. 2). Observed and 
calculated chemical shifts of chenodeoxycholic acid carbons are very similar 
(deviations, I ppm) for all carbons except C-7 (bearing a hydroxyl group) and 


Table I-pK.. Values in Methanol-Water (7030, w/w) at 2S°C 


Compound M a ,  
~ ~ ~- 


Ursodeoxycholic acid 6.70 
Chenodeoxycholic acid 6.78 


Methvl chenodeoxvcholate 11.10 
Methyl ursodeoxycholate 11.00 


A * 29.6 coon 
2r - 


Figure 2-(A) Observed chemical shi/s of ursodeoxycholic acid; (B)  incre- 
menlsfor 78 - 7a inversion: (C) calculated chemical shifts of chenodeox- 
ycholic acid. 
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Table Il-Carba1-l3 Chemical Shifts of Ursodeoxycholic Acid and Chenodeoxycholic Acid in C H J O H - ~ ~  Using Tetramethylsilane as an Internal 
Standard ' 


UDC Acid 
78  obs. 


CDC Acid 
7a  Calc. 7 0  Obs. 


Methyl Ester 
UDC 78  Obs. 


Methyl Ester CDC 
7 0  Obs. 7 a  Calc. 


c- 1 
c - 2  
c - 3  
c - 4  
c - 5  
C-6 
c -7  


c - 9  
c-n 


36.1 
30.9 
71.7 


44.3 
37.9 
71.9 
43.9 
40.5 


38.4 


c-10 35.0 ~ .~ 


c-l I 
c -12  
C-13 


.. ~ 


22.3 
41.4 
44.6 


C-14 56.4 


C-16 39.6 
C-17 57.3 
C-18 12.7 
C-19 24.0 


C-I5 27.8 


c -20  36.5 
c -2  1 19.0 
c -22  32.2 
C-23 31.9 
C-24 174.7 


35.9 
31.0 
71.9 


39.4 
36.0 
64.9 
40.0 
33.8 
35.7 
22.1 
41.0 
43.7 
51.3 
24.5 
29.2 


12.4 
22.9 


38.4 


58.2 


36.5 
31.2 
72.7 
40.3 
43.1 
36.1 
68.9 
40.7 
33.9 
35.8 
21.7 
41.0 
43.6 
51.4 
24.6 
29.1 
57.2 
12.2 
23.4 
36.6 


32.2 
31.9 


175.1 


18.8 


34.8 
30.4 
70.9 
40.0 
43.4 
36.9 
70.9 
42.3 
36.9 
33.3 
21.0 
39. I 
43.5 
54.8 
26.7 


55.6 
11.9 
23.2 
35.1 


30.4 
29.9 


174.7 


28.4 


I 8.2 


34.6 
30.5 
71.1 
40.0 


35.0 
63.9 


30.2 


38.5 


38.4 


35. I 
30.7 
71.6 
39.2 
41.3 
34.4 


39.2 
32.6 


68.2 


34.0 34.9 
20.8 
38.7 
42.6 


20.3 
39.2 
42.4 


49.7 50.1 
23.4 23.4 
28.0 27.9 
56.5 55.6 
11.6 11.5 
22.1 22.6 


35.1 
18.0 
30.7 
30.3 


174.7 


0 UDC = urscdcoxycholic acid; CDC = chenodcoxycholic acid 


C-5 and C-9, which support an important y-effect from the axial hydroxyl 
group. 


The carbon chemical shifts of the methyl esters also agree closely. Never- 
theless, the increments used involve the isolated variation of C-7 configuration 
and do not take into account the hypothetical intramolecular hydrogen bond 
between the C-7 hydroxyl and neighboring protons. 


Thus, the observed deviations in the chemical shifts of C-4, C-5, C-7, and 
C-9 as compared with shifts calculated by the increment method may be ex- 
plained by the existence of a hydrogen bond involving the axial C-7 hydroxyl 
group of chenodeoxycholic acid and C-4 protons. The values of these deviations 
agree with a delocalization of a-bond on a hydrogen bond and an improvement 
of the y-axial effect of the C-7 hydroxyl group taking part in a hydrogen bond 
with C-5 and C-9. 


The existence of a hydrogen bond and steric congestion around thc C-7 
hydroxyl group appears to explain the polarity of these bile acids. Cheno- 


Table Ill-Substitution Increments in the Steroid Carbon Skeleton: Effect 
of Hydroxyl Inversion on C-7 


Carbon of Effect of 


Skeleton Effect of 7aOH' Effect of 7@OHn Inversion 
Steroid 78  --+ 7 a  


c- 1 -0.3 -0.1 -0.2 
c - 2  -0. I -0.2 +o. 1 
c - 3  -0.1 -0.3 +0.2 
c -4  -0.5 -0.5 0 
c - 5  -7.9 -3.0 -4.9 
C-6 +7.6 +9.5 -1.9 
c - 7  +36.0 +43.0 -7.0 
C-8 +4.1 +8.0 -3.9 
c -9  -8.5 -1.8 -6.7 
c -10  +o. I -0.6 +0.7 
c-l I -0.2 0 -0.2 
c-12 -0.5 -0.1 -0.4 
c-13 -1.0 +o. I -0.9 
C-14 -5.9 -0.8 -5. I 
C-15 -0.5 +2.n -3.3 
C-16 0 +0.4 -0.4 
C-17 -0.2 -1.1 +0.9 c-in -0.3 0 -0.3 
C-19 -1.0 +o. I -1.1 


On the chemical shift of neighboring carbon atoms. 


OH 


deoxycholic acid appears to be less polar than ursodeoxycholic acid, in 
agreement with the experimental results obtained by HPLC. 
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Abstract 0 A series of 1 ,5-diaryl-A2- I ,2,3-triazolines has been synthesized 
and evaluated for the first time as potential anticonvulsant agents using the 
standard subcutaneous pentylenetetrazol seizure threshold and maximal 
electroshock seizure tests. Out of the 31 triazolines that wcre screened, 1 1  
exhibited moderate anticonvulsant activity; 9 of the compounds afforded 
protection against pentylenetetrazol-induced seizures, while two antagonized 
electrically induced convulsions. 


Keyphrases 1 ,5-Diaryl-A2- 1.2,3-triazolines--synthesis. anticonvulsant 
activity in mice 0 Anticonvulsants-potential, 1 .5-diaryl-A2-1 ,2,3-triazolines. 
synthesis, screening in mice 


Although several five-membered heterocyclic ring systems 
containing up to four nitrogen atoms have been synthesized 
and screened for anticonvulsant activity (1, 2), no studies have 
appeared describing the Az-1,2,3-triazolines(4,5-dihy- 
dro-1 H-l,2,3-triazoles; 11). Since better anticonvulsants are 
needed in the treatment of epilepsy (2,3) and since the tria- 
zolines are a new class of heterocyclic compounds (4), we de- 
cided to investigate these compounds as potential anticon- 
vulsants. 


Although triazolines are formed when Schiff bases (1) react 
with diazomethane ( 5 ,  6) (Scheme I) ,  earlier synthetic pro- 
cedures have either failed to give a triazoline adduct or have 
yielded insignificant amounts of the products ( 5 ) .  


R,-CH=N--R, + CHINz - "'TY-" N ~ N  
I n 


Studies in our laboratories on the role of protic and dipolar 
aprotic solvents in 1,3-cycloaddition reactions (7-10) have led 
to a versatile method for the synthesis of the rarely encountered 
triazolines (1 1).  By utilizing the accelerating effect of protic 
solvents, such as water, on the addition of diazomethane to 
Schiff bases, a variety of previously unknown triazolines 
bearing aryl (1 1 )  or heteroaryl ( 1  2) substituent groups has 
become readily available in sufficient quantities to permit, for 
the first time, a detailed screening of these compounds for bi- 
ological activity. Two earlier papers reported the results of 
screening for herbicidal activity (1 3) and pesticidal properties 
(14). The present paper investigates the potential of the tria- 
zoline heterocycles as anticonvulsant compounds. 


RESULTS AND DISCUSSION 


The triazoline ring system is different from those of the conventional 
anticonvulsant drugs, the majority of which have a dicarboximide (ureylcne) 
-CO-NH-CO--, function as in  barbiturates, hydantoins, succinimides, 
and oxa7olidinedioncs or a closely related structure as  in primidones. The 
absence of the dicarboximide function, which contributes to the inherent 
hypnotic and sedative activity of the barbiturates and related compounds, may 
be expected to reduce the toxic side effects in potential triazoline antrcon- 
vulsants. 


The triazolines may be considered to be derived from the succinimides ( I l l )  
by the loss of one C=O moiety (IV) and the replacement of the other by an 
h'=N group (11). Several azetidinoncs have been reported to have varying 
degrees of anticonvulsant activity ( I  5) as well as some 2-axtidinthiones 
(16). 


111 IV II 
Pharmacology-The compounds were evaluated for anticonvulsant activity 


in two seizure models in  the mouse, the maximal electroshock seizure (MES) 
test and the subcutaneous pentylenetetrazol seizure threshold (scMet) test. 
These two methods of seizure provocation are known to reliably elicit well- 
characterbed seizure phenomena ( I  7) and are the standard Screens of choice 
for identification of anticonvulsant activity in a compound (18). CNS toxicity 
is determined in the rotorod ataxia test (19). This test has a clear end-point, 
is quantifiable, and correlates well with the clinical assessment of minimal 
toxicity. Testing is done in the dose range of 30-600 mg/kg (with a few ex- 
ceptions) at both 30-min and 4-h intervals. This provides a profile of the 
anticonvulsant activity, toxicity, potency, and pharmacokinetics of each 
compound and minimizes the likelihood of failing to identify slowly absorbed 
compounds or those with possible anticonvulsant activity in a metabolite. 


Structure-Activity Relationships-The results of screening 3 1 1.5-diaryl- 
substituted A*-] ,2,3-triazolines are reported in Table 1. Eleven compounds 
exhibited moderate anticonvulsant activity; while nine of these afforded 
protection against scMet-induced seizures, only two (IX and XVI) were active 
in the MES test. The parent compound (V)  is the most potent and is active 
at  the IOO-mg/kg dose level. Six other compounds (XVI, X X ,  XXI, XXIV, 
XXIX,  and XXXIV) afforded protection in the scMet test a t  300 mg/kg and 
three more (VI, VII, and XIX) at the 600-mg/kg dose level. Compounds IX 
and XXI show delayed activity after 4 h: IX in the MES test at 600 mg/kg 
and XXI i n  the scMet test at 300 mg/kg. Compound XVI, in addition to its 
activity in the scMet test, shows activity in  the MES test a t  the 600-mg/kg 
level at both 0.5 and 4 h. With the exception of XVI and XXIV, the triazoline 
compounds are relatively nontoxic. 


Certain structure-activity relationships have emerged from the varying 
substitution patterns on the phenyl rings of the parent compound. Introduction 
of a 2-chloro substituent on the 5-phenyl ring gives VI, which affords 75% 
protection at 0.5 h and 50% at 4 h with no symptoms of neurological deficit. 
When the chlorogroup is in the 4-position of either phenyl ring, activity dis- 
appears in the scMet test, although the 5-(4-chlorophenyl) compound, IX, 
evinces delayed activity in the MES test. 


Compounds XV-XXIII illustrate the effect of different substituents on 
the I-phenyl of VI. A 3-CF3 group increases activity as well as toxicity, while 
a 4-CF3 or 4-C2Hs affords protection at the same dose level without signs of 
neurotoxicity. The almost parallel activities of VI and XIX are interesting, 
since the 4-F analogue XIX provides minimal change in x and u effects (20) 
compared with the unsubstituted VI. The presence of 4-C1,4-Br, 4-OCH3, 
or 3,4-C12 yields inactive compounds XVIII, XVII,  XXII ,  and XXIII,  re- 
spectively. However, with the introduction of a second chloro group in  the 
6-position of the 5-phenyl ring of XVII, activity reappears, as in XXXIV; 
similar substitution in XIX leads to a loss of activity in  XXXV.  A more 
meaningful analysis of the structure-activity pattern to obtain information 
on parameter dependency using the Topliss manual approach (20) to Hansch 
analysis in  this compound group, XV-XXIII,  has not been possible, since the 
activity spread between the members is not large enough (20). However, the 
structure-activity relationships do indicate the anticonvulsant potential of 
appropriately substituted 1,2,3-triazolines. 


Finally, the effect of a nitrosubstituent is noteworthy. While a 4-NO2 on 
either phenyl ring does not contribute to activity, a 3-NO2 by itself, as in VI1, 
or in combination with 2,4-C12, as  in XXIX,  yields an active compound, 


EXPERIMENTAL 


Chemistry-The 1 ,5-diaryl-A2- I ,2,3-triazolines were prepared as described 
prcviously (7-12). All compounds except XIII-XVI, XVIIJ-XXII, XXJV, 
XXVIII, XXX.  and XXXII-XXXV have been reported previously (1 I ) .  Data 
on the newly synthesized compounds are presented in Table 11. 
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t
posterior midline, and failure to observe even a threshold seizure (a single 
episode of clonic spasms of at least 5-s duration) was defined as protection 
(22). 


Neurotoxicity was evaluated by the rotorod ataxia test (19). The animal 
was placed on a wooden rod of 2.8-cm diameter rotating at 6 rpm. Normal 
mice c a n  remain on a rod rotating at this speed indefinitely. Neurologic toxicity 
was defined as the failure of the animal to remain on the rod for I min and was 
expressed as number of animals exhibiting toxicity/number of animals testcd 
or as percent of animals showing toxicity. 
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COMMUNICA TIONS 


Depletion of Endogenous Inorganic Sulfate in the 
Mammalian Central Nervous System by 
Acetaminophen 


Keyphrases 0 Acetaminophen--cerebrospinal fluid, sulfate depletion in rats 
0 Endogenous inorganic sulfate-depletion in cerebrospinal fluid of rats by 
acetaminophen 


To the Editor: 
Acetaminophen is metabolized in part by conjugation with 


sulfate (1,2), a process that causes transient depletion of en- 
dogenous inorganic sulfate in plasma of rats and humans (3, 
4). Sulfate activation (5) and conjugation (6) occur in the 
mammalian brain and may have a significant role in regulating 
the levels of biogenic amine neurotransmitters (7). Sulfate is 
also needed for the synthesis of certain brain tissue constituents 
such as mucopolysaccharides and sulfatides (5). It is of in- 
terest, therefore, to determine if the widely used analgesic and 
antipyretic agent acetaminophen can deplete inorganic sulfate 
in the central nervous system. 


Female Lewis rats, 170-195 g, were cannulated (right 
jugular vein) under light ether anesthesia 1 d before the ex- 
periment. On the next day, the animals were placed in indi- 
vidual plastic metabolism cages, and food and water were 
withdrawn. Acetaminophen (10 mg/mL in normal saline so- 
lution) was infused at a rate of -12 mg/h/rat for 6 h; control 
rats received an infusion of drug-free saline solution. At the 
end of the infusion, the animals were anesthetized with ether, 
-0.1 mL cerebrospinal fluid (CSF) was obtained from the 
cisterna magna, and blood was collected from the abdominal 
aorta into heparinized tubes. The concentrations of inorganic 
sulfate in CSF and plasma were determined by single-column 
ion chromatography, using a mobile phase of 4 mM potassium 
hydrogen phthalate adjusted to pH 4.5 with potassium hy- 
droxide, a Wescan anion exchange column, and conductivity 
detection (8). Potassium nitrate was added to the plasma 
samples as an internal standard; CSF samples were assayed 
without internal standard because of the presence of interfering 
peaks. Heparin did not affect the assay. 


The results of the study are summarized in Table I. The 
normal concentration ratio of endogenous sulfate, CSF- 
plasma, was on average 0.224. This is similar to the reported 
concentration ratio of 0.24 in cats (9), 0.17 in rabbits (9), and 
0.30 in humans (10). The 6-h infusion of acetaminophen 


Table I-Effect of Acetaminophen Administration on Endogenous 
Inorganic Sulfate Concentrations in the Cerebrospinal Fluid and Plasma of 
Rats 


Controls Acetaminophen 
( n  = 5)  Treated ( n  = 8) 


Cerebrospinal 0. I64 f 0.023 0.067 f 0.022” 


Plasma 0.731 f 0.020 0.132 f 0.055” 
CSF-plasma 0.224 f 0.028 0.530 f 0.141 ” 


fluid 


concentration 
ra t io  


Results arc expressed as mean f SD. Concentrations are millimolar. Significantly 
different from corresponding control va1ue.p < 0.01 by two-sample rank test. 


caused a pronounced reduction of inorganic sulfate concen- 
trations in plasma, as already reported (3), and also reduced 
the concentration of inorganic sulfate in CSF. However, the 
CSF-plasma concentration ratio increased to 0.530 on the 
average. There was a significant negative correlation between 
the CSF-plasma concentration ratio and the plasma concen- 
tration of inorganic sulfate ( r  = -0.926, p < 0.01). 


These observations demonstrate that treatment with acet- 
aminophen can cause depletion of endogenous inorganic sul- 
fate not only in plasma but also in the central nervous system. 
Since plasma protein binding of inorganic sulfate is negligible 
(10, 1 l), the substantially lower concentration of the anion in 
CSF than in plasma suggests that sulfate is transported by a 
specialized process from CSF to plasma, as already suggested 
by others ( 1  2). Moreover, the increased CSF-plasma con- 
centration ratio in the sulfate-depleted acetaminophen-treated 
rats (Table I ) ,  and the decreased ratio when plasma sulfate 
concentrations are increased by intravenous injection of sodium 
sulfate (9), indicate that the transport process is saturable. In 
this respect, sulfate homeostasis in CSF is facilitated as is 
plasma sulfate homeostasis, the latter by a specialized renal 
transport process (4, 13). While the specialized transport 
processes dampen fluctuations of endogenous sulfate con- 
centrations, they do not prevent substantial concentration 
changes due to depletion of endogenous sulfate resulting from 
its utilization for sulfate conjugation of phenolic drugs such 
as acetaminophen. It is desirable, therefore, to determine the 
effect of acetaminophen on endogenous sulfate concentrations 
in the CSF of human subjects and such studies are now in 
progress. 
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Organ Perfusion Studies: A Rebuttal 


Keyphrases 0 Organ perfusion-pharmacokinetics. sampling 0 Phar- 
macokinetics--organ perfusion, effect of sampling 


To the Editor: 


Colburn et al. (1) discussed the influence of sampling in 
organ perfusion studies. In this respect we want to make the 
following critical remarks. These authors defined the elimi- 
nation rate constant K as Q/VR,  in which Q represents the 
perfusion flow rate and V R  represents the reservoir volume. 
According to this equation, however, K is not the elimination 
rate constant. 


It is explicitly stated by Rowland et al. in their Table I (2), 
that the rate constant k12 of the compartmental model corre- 
sponds to VB/ V R  of the perfusion model. In Colburn’s termi- 
nology V B  = Q .  Since Colburn states that K = Q/VR, it is er- 
roneous to call K an elimination rate constant; it simply is the 
transport rate constant from the reservoir to the eliminating 
perfused organ in terms of the perfusion model. Similarly, the 
rate constant kl2 of the compartmental model represents the 
transport rate constant from the central to the peripheral 
compartment in the compartmental model. The elimination 
rate constant itself, k,, contrary to the opinion of Colburn et 
al., is independent of the perfusion flow rate, since it reflects 
the intrinsic ability of the organ to eliminate drug. As we have 
pointed out (3), the drug decrease in the reservoir will be more 
rapid under the influence of sampling than without sampling. 
Consequently, a pharmacokinetic analysis based on the un- 
corrected time course of drug concentration in the reservoir 
will result in overestimation of the parameter k,. 


Colburn et al. stated that clearance will be unaffected by 
sampling from the reservoir. We do not agree with their 
statement. They define clearance as: 


where Ci, and Co represent the inflow and outflow concen- 
trations of the eliminating organ. This expression, however, 
defines instantaneous clearance (2), which is time- and con- 
centration-dependent. A more relevant measure of clearance 
is the mean clearance, which essentially is a steady-state 
concept. The mean clearance equals: 


where Vo is the physical organ volume and K ,  is the apparent 
partition coefficient of drug between the eliminating organ and 
the emergent perfusion fluid (2). This leaves K ,  and k ,  as two 
independent parameters to be estimated from the concentra- 
tion uersux time curve as measured in the reservoir. 


As discussed above, the parameter k, will be overestimated 
due to sampling. Similarly, the estimate of the parameter K ,  
is biased, in a complicated way, by sampling (3) .  It follows that 
sampling from the reservoir definitely influences the estimate 
of clearance. The extent to which clearance is biased by neg- 
lecting corrections for sampling is dependent on the numerical 
values of Q,  K, ,  k e ,  and of course the sample volumes. 


In conclusion it can be stated that the instantaneous clear- 
ance is the wrong parameter to look at and that the mean 
clearance estimated from concentration uersus time curves in 


the reservoir will certainly depend on sampling from this res- 
ervoir. 


( I  ) W. A. Colburn, R. K .  Brazzell, and 1. Ekkersky, J .  Pharm. Sci., 72, 
970 ( 1  983). 


(2) M. .Rowland, L. Z. Benet, and G. G. Graham, J .  Pharmacokiner. 


( 3 )  C. J .  Timmer and H.  P. Wijnand, J .  Phormacokinef. Biopharm., 5, 
Biopharm., 1, 123 (1973). 
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Estimation of Mean Residence Time from Data 
Obtained when Multiple-Dosing Steady State  
Has Been Reached 


Keyphrases Pharmacokinetics-multiple dosing, mean residence time 


To the Editor: 


When the plasma concentration (C) uersus time ( t )  profile 
of a drug, on single dosing, can be dessribed, irrespective of 
dosing route, as an exponential series: 


n 


i =  I 
C = 1 Ai * exp ( -ki t )  (Eq. 1) 


then the concentration uersus time profile on multiple dosing 
to steady state, at  a constant interval, T, can be described (1) 
as: 


exp ( - k i t )  (Eq. 2) Ai css = 2 
i=1 1 - exp ( - k i T )  


where C,, represents the plasma concentration at multiple- 
dosing steady state and, in this case, t is time after the last dose 
administered. Equation 2 is valid on the assumptions that the 
dose remains constant, the dosing interval is constant, and 
clearance is constant. It has been demonstrated (see Ref. 1) 
that under these conditions: sm Cdt = JT C,,dt (Eq. 3) 


When the time course of drug concentration is regarded as 
a statistical distribution curve (2) the mean residence time 
(MRT) of the drug, on single dosing, can be defined (3) as: 


(Es- 4) 
In  addition to using the analytical integrals of EQ. 1, as shown 
in Eq. 4, the MRT has been calculated using integrals esti- 
mated by the trapezoidal rule (4). 


On the basis of Eq. 2, the first moment curve at  steady state 
would be: 
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To the Editor: 


Colburn et al. (1) discussed the influence of sampling in 
organ perfusion studies. In this respect we want to make the 
following critical remarks. These authors defined the elimi- 
nation rate constant K as Q/VR,  in which Q represents the 
perfusion flow rate and V R  represents the reservoir volume. 
According to this equation, however, K is not the elimination 
rate constant. 


It is explicitly stated by Rowland et al. in their Table I (2), 
that the rate constant k12 of the compartmental model corre- 
sponds to VB/ V R  of the perfusion model. In Colburn’s termi- 
nology V B  = Q .  Since Colburn states that K = Q/VR, it is er- 
roneous to call K an elimination rate constant; it simply is the 
transport rate constant from the reservoir to the eliminating 
perfused organ in terms of the perfusion model. Similarly, the 
rate constant kl2 of the compartmental model represents the 
transport rate constant from the central to the peripheral 
compartment in the compartmental model. The elimination 
rate constant itself, k,, contrary to the opinion of Colburn et 
al., is independent of the perfusion flow rate, since it reflects 
the intrinsic ability of the organ to eliminate drug. As we have 
pointed out (3), the drug decrease in the reservoir will be more 
rapid under the influence of sampling than without sampling. 
Consequently, a pharmacokinetic analysis based on the un- 
corrected time course of drug concentration in the reservoir 
will result in overestimation of the parameter k,. 


Colburn et al. stated that clearance will be unaffected by 
sampling from the reservoir. We do not agree with their 
statement. They define clearance as: 


where Ci, and Co represent the inflow and outflow concen- 
trations of the eliminating organ. This expression, however, 
defines instantaneous clearance (2), which is time- and con- 
centration-dependent. A more relevant measure of clearance 
is the mean clearance, which essentially is a steady-state 
concept. The mean clearance equals: 


where Vo is the physical organ volume and K ,  is the apparent 
partition coefficient of drug between the eliminating organ and 
the emergent perfusion fluid (2). This leaves K ,  and k ,  as two 
independent parameters to be estimated from the concentra- 
tion uersux time curve as measured in the reservoir. 


As discussed above, the parameter k, will be overestimated 
due to sampling. Similarly, the estimate of the parameter K ,  
is biased, in a complicated way, by sampling (3) .  It follows that 
sampling from the reservoir definitely influences the estimate 
of clearance. The extent to which clearance is biased by neg- 
lecting corrections for sampling is dependent on the numerical 
values of Q,  K, ,  k e ,  and of course the sample volumes. 


In conclusion it can be stated that the instantaneous clear- 
ance is the wrong parameter to look at and that the mean 
clearance estimated from concentration uersus time curves in 


the reservoir will certainly depend on sampling from this res- 
ervoir. 
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To the Editor: 


When the plasma concentration (C) uersus time ( t )  profile 
of a drug, on single dosing, can be dessribed, irrespective of 
dosing route, as an exponential series: 


n 


i =  I 
C = 1 Ai * exp ( -ki t )  (Eq. 1) 


then the concentration uersus time profile on multiple dosing 
to steady state, at  a constant interval, T, can be described (1) 
as: 


exp ( - k i t )  (Eq. 2) Ai css = 2 
i=1 1 - exp ( - k i T )  


where C,, represents the plasma concentration at multiple- 
dosing steady state and, in this case, t is time after the last dose 
administered. Equation 2 is valid on the assumptions that the 
dose remains constant, the dosing interval is constant, and 
clearance is constant. It has been demonstrated (see Ref. 1) 
that under these conditions: sm Cdt = JT C,,dt (Eq. 3) 


When the time course of drug concentration is regarded as 
a statistical distribution curve (2) the mean residence time 
(MRT) of the drug, on single dosing, can be defined (3) as: 


(Es- 4) 
In  addition to using the analytical integrals of EQ. 1, as shown 
in Eq. 4, the MRT has been calculated using integrals esti- 
mated by the trapezoidal rule (4). 


On the basis of Eq. 2, the first moment curve at  steady state 
would be: 
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tAi 
tcss = 5 exp ( - k i t )  (Eq. 5) 


i = l  1 -exp(-kiT) 
The integral of Eq. 5 is: 


exp ( - k i t )  (Eq. 6) 1 t --. 
ki 


JOT tCssdt is, therefore: 


Rearranging Eq. 7: 
J m t C d t = J T t C , , d t + T ~  A; - exp (-kiT) 


;=I  Ai [ l  - exp ( - k i T ) ]  


(Eq. 8) 
Equation 8 indicates that MRT cannot be estimated by using 
the area under the multiple-dosing first moment curve from 
time zero to time T as a numerator in an equation analogous 
to Eq. 4. However, since J;C,,dt = Zy=lA,/k; and: 


then: 


= Jn Cssdt 
Ai exp ( - k i T )  f: 


i = l  k i [ l  - exp ( - k i T ) ]  


- J' Cssdt = Lm Cssdt (Eq. 10) 


Equation 8 is equivalent to: 


tCdr = J' tC,,dt + T Jm C,,dt (Eq. 1 1 )  


0 124.68 0 
0.0833 103.51 8.62 
0.1667 89.53 14.93 
0.25 80.3 1 20.08 
0.5 67.34 33.67 
0.75 63.23 47.43 
I .O 61.65 61.65 
I .5 60.09 90. I4 
2.0 58.89 117.78 
3.0 56.60 169.82 
5.0 52.30 261.52 
7.0 48.33 338.30 
9.0 44.66 401.90 


12.0 39.66 475.96 
18.0 31.29 563.22 
24.0 24.68 592.43 
36.0 15.36 553.06 
48.0 9.56 458.93 
72.0 3.70 266.64 
96.0 1.43 154.44 


120.0 0.56 66.61 
OD 0 0 


00 0" 
9.5 0.4 


17.6 1.3 
24.6 2.8 
43.1 9.5 
59.4 19.6 
75.0 33.3 


105.4 71.2 
135.2 123.2 
192.9 261.0 
301.8 698.3 
402.5 1298. I 
495.5 2038.4 
62 I .9 3355.2 
834.8 6472.6 


1002.7 9399.2 
1242.9 I681 0.9 
1392.5 2288 1.9 
1551.6 31585.3 
1613.1 36429.4 .. - 
1637.0 38883.2 
1651.2 40942.2 


All integrals approximated by using the linear trapezoidal rule 


MRT may be estimated from multiple dosing data by: 


JT tC,,dt + T Jm C,,dt 


so' C,,dt 
MRT = (Eq. 12) 


The data necessary to compute MRT, using the trapezoidal 
rule, on multiple dosing to steady state may be obtained by 
continued sampling of the declining plasma concentrations 
until, perhaps, 4-7 drug half-lives have elapsed or the limit of 
detection of the assay is reached, rather than redosing at time 
T. The purpose is to ensure that the postabsorption and post- 
distribution phase has been reached and the area under the 
curve from the last sampling time can be properly extrapolated 
by (Cm)ss /k ,  where (Cm)ss is the last sampled concentration 
and k, the terminal rate constant. I f  the dosing interval has 
been such that the terminal data point, at T, were known to be 
well into the postabsorption and postdistribution phase, then 
Eq. 12 could be simplified to: 


In  such a case it would be unnecessary to interrupt the dosing 
schedule. 


Wagner (5) and Benet and Galeazzi (6) have used the 
equation: 


C = 60.9545 . exp (-5.060t) + 39.0459. exp (-0.03952t) 
(Eq. 14) 


to demonstrate methods of calculating steady-state volume of 
distribution. Substituting values from Eq. 14 into Eq. 4 to 
obtain analytical integrals yields MRT = 25.00 h. Values 
calculated for J,"tCdt and JtCdt by Benet and Galeazzi (6) 
using the linear trapezoidal rule yield MRT = 24.88 h. 


C,, = 60.9545. exp (-5.0609) 
+ 63.7306 - exp (-0.039521) (Eq. 15) 


Using Eq. 15, plasma concentrations were calculated over a 
120-h period (Table I). The first moment curve and cumulative 
values of JbtCssdt and JLc,dt, calculated using the linear 
trapezoidal rule, are also given. Using these trapezoidal rule 
values, according to Eq. 12: 


If  multiple dosing with T = 24 h is assumed: 


The analytical integrals, derived from Eq. 15 and substituted 
into Eq. 12, yield MRT = 25.00 h. 


Using analytical integrals, Eq. 4, for single dose data, and 
Eq. 12, for multiple dosing steady-state data, yield equivalent 
values for MRT. Using the trapezoidal rule approximations 
gave MRT 0.4% less than the actual MRT value. The differ- 
ence is inherent in rounding the calculated plasma concen- 
trations and in the trapezoidal rule approximations. It is, 
therefore, possible to obtain at least as accurate an estimate 
of MRT from multiple-dosing steady-state data as from sin- 
gle-dose data providing the plasma sampling schedule is ade- 
quate. It might, however, be necessary to interrupt the multi- 
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ple-dosing regime which might limit the application of the 
method in patient studies. 


Bauer and Gibaldi (7) have proposed an alternative method 
for performing moment-analysis calculations on multiple- 
dosing data. It should be noted that their Eq. 7 is equivalent 
to a. 6 in this presentation. The Bauer and Gibaldi method 
requires the use of calculated concentrations to calculate area 
under the curve, while this presently proposed method employs 
only the data observed at multiple-dosing steady state. This 
raises the possibility of being able to determine whether 
pharmamkinetic changes, as observed in mean retention times 
or, perhaps, steady-state volumes of distribution, could have 
been induced during multiple dosing. 
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Alterations of &-Lactose During Differential 
Scanning Calorimetry 


Keyphrases a-Lactose-alterations, differential scanning calorimetry 


To the Editor: 


Lactose is a natural disaccharide widely used as a diluent 
in tablet formations. As a solid it is known to occur either in 
one of four crystalline forms or in an amorphous state. 
a-Lactose monohydrate is obtained by crystallization from a 
super-saturated solution at temperatures <93SoC, whereas 
P-lactose crystals are obtained at temperatures >93S°C (1). 
During crystallization of P-lactose, no water is incorporated 
in the crystal lattice. The crystals of B-lactose exist in a 
nonhygroscopic anhydrous form only, in contrast with a-lac- 
tose, which occurs both as monohydrate and as anhydrous 
a-lactose. Thermal dehydration, or desiccation of the hydrate 
crystals with suitable liquids, converts a-lactose monohydrate 
into its anhydrous form. A very hygroscopic product, generally 
called unstable anhydrous a-lactose, is formed when a-lactose 
hydrate crystals are heated, mostly in cucuo, at temperatures 
of 100-130°C (2-4). Thermal treatment in a moist atmo- 
sphere at temperatures over -1  10°C, or desiccation with 
suitable liquids, such as dry methanol, may result in a 
nonhygroscopic product, generally called stable anhydrous 
a-lactose (2,4). 


The different types of lactose are increasingly studied by 
thermal analysis. Berlin et ul. ( 5 )  determined the heat of de- 
sorption of water from a-lactose monohydrate by differential 
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Figure 1 - DSC-curves of a-lactose monohydrate. stable anhydrous a-lac- 
tose. and unstable anhydrous a-lactose. respectively. recorded at a heating 
rate of IO”C/min. 


Table I-Change in &Content (CLC Determination) and the Solid State 
(X-ray Diffraction Analysis) of a-Lactose During Thermal Treatment 
(DSC-cell910; Heating Rate 1O0C/min)’ 


Temperature, “C 
20 120 160 180 200 210220 


8-content (%) 
a- Lactose 4 5 19 21 23 - 44 


Stable anhydrous 20 20 - 20 22 34 56 


54 - Unstable anhydrous 18 - 18 42 - 


monohydrate 


a-lactose 


a-lactose . 


Solid State 
a-Lactose monohydrate AM SAt (UA)  - SAt(BA)  
Stable anhydrous SA SA 


a-lacto& 


ry-lactose 
Unstable anhydrous UA BA 


A M  = a-lactose monohydrate; SA = stable anhydrous a-lactosc; L A  = unstable 
anhydrous a-lactose; BA = B/a-lactose compound crystal; (UA) and (BA) refer lo a 
heating rate of 2°C/min. 


scanning calorimetry. Itoh et al. (3 ,6 )  used differential ther- 
mal analysis in studying the characteristics of a-lactose hy- 
drate and of P-lactose, next to IR absorption and X-ray powder 
diffraction techniques. Differential scanning calorimetry has 
been applied by Ross (7) for the direct measurement of the 
amount of a- and &lactose in whey powders. 


This communication reports the occurrence of changes in 
the solid state during differential scanning calorimetry of 
a-lactoses. Figure 1 illustrates the DSC-curves of a-lactose 
monohydrate and of stable and unstable anhydrous a-lactose, 
respectively, as recorded by means of a thermal analyzer’. The 
DSC-curve of a-lactose monohydrate shows an endothermic 


I Dupont Model 990 with DSC-ccll910. 


850 I Journal of Wrmaceutical Sciences 
Vol. 73, No. 6, June 1984 


0022-3549l84/0600-0856$0 1.0010 
@ 1984, American Phamceutlcal Association 












ple-dosing regime which might limit the application of the 
method in patient studies. 


Bauer and Gibaldi (7) have proposed an alternative method 
for performing moment-analysis calculations on multiple- 
dosing data. It should be noted that their Eq. 7 is equivalent 
to a. 6 in this presentation. The Bauer and Gibaldi method 
requires the use of calculated concentrations to calculate area 
under the curve, while this presently proposed method employs 
only the data observed at multiple-dosing steady state. This 
raises the possibility of being able to determine whether 
pharmamkinetic changes, as observed in mean retention times 
or, perhaps, steady-state volumes of distribution, could have 
been induced during multiple dosing. 
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Alterations of &-Lactose During Differential 
Scanning Calorimetry 


Keyphrases a-Lactose-alterations, differential scanning calorimetry 


To the Editor: 


Lactose is a natural disaccharide widely used as a diluent 
in tablet formations. As a solid it is known to occur either in 
one of four crystalline forms or in an amorphous state. 
a-Lactose monohydrate is obtained by crystallization from a 
super-saturated solution at temperatures <93SoC, whereas 
P-lactose crystals are obtained at temperatures >93S°C (1). 
During crystallization of P-lactose, no water is incorporated 
in the crystal lattice. The crystals of B-lactose exist in a 
nonhygroscopic anhydrous form only, in contrast with a-lac- 
tose, which occurs both as monohydrate and as anhydrous 
a-lactose. Thermal dehydration, or desiccation of the hydrate 
crystals with suitable liquids, converts a-lactose monohydrate 
into its anhydrous form. A very hygroscopic product, generally 
called unstable anhydrous a-lactose, is formed when a-lactose 
hydrate crystals are heated, mostly in cucuo, at temperatures 
of 100-130°C (2-4). Thermal treatment in a moist atmo- 
sphere at temperatures over -1  10°C, or desiccation with 
suitable liquids, such as dry methanol, may result in a 
nonhygroscopic product, generally called stable anhydrous 
a-lactose (2,4). 


The different types of lactose are increasingly studied by 
thermal analysis. Berlin et ul. ( 5 )  determined the heat of de- 
sorption of water from a-lactose monohydrate by differential 


r 


X 


2 r  
y stable anhydrous 


I- 4 (thermal treatment] 
alpha-lactose 


z 
w 


LL 


alpha- lactose 
I I I 


120 160 200 2co 
TEMPERATURE (‘CI 


Figure 1 - DSC-curves of a-lactose monohydrate. stable anhydrous a-lac- 
tose. and unstable anhydrous a-lactose. respectively. recorded at a heating 
rate of IO”C/min. 


Table I-Change in &Content (CLC Determination) and the Solid State 
(X-ray Diffraction Analysis) of a-Lactose During Thermal Treatment 
(DSC-cell910; Heating Rate 1O0C/min)’ 


Temperature, “C 
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8-content (%) 
a- Lactose 4 5 19 21 23 - 44 


Stable anhydrous 20 20 - 20 22 34 56 


54 - Unstable anhydrous 18 - 18 42 - 
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a-lactose . 


Solid State 
a-Lactose monohydrate AM SAt (UA)  - SAt(BA)  
Stable anhydrous SA SA 


a-lacto& 


ry-lactose 
Unstable anhydrous UA BA 


A M  = a-lactose monohydrate; SA = stable anhydrous a-lactosc; L A  = unstable 
anhydrous a-lactose; BA = B/a-lactose compound crystal; (UA) and (BA) refer lo a 
heating rate of 2°C/min. 


scanning calorimetry. Itoh et al. (3 ,6 )  used differential ther- 
mal analysis in studying the characteristics of a-lactose hy- 
drate and of P-lactose, next to IR absorption and X-ray powder 
diffraction techniques. Differential scanning calorimetry has 
been applied by Ross (7) for the direct measurement of the 
amount of a- and &lactose in whey powders. 


This communication reports the occurrence of changes in 
the solid state during differential scanning calorimetry of 
a-lactoses. Figure 1 illustrates the DSC-curves of a-lactose 
monohydrate and of stable and unstable anhydrous a-lactose, 
respectively, as recorded by means of a thermal analyzer’. The 
DSC-curve of a-lactose monohydrate shows an endothermic 
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Figure 2-Representation of the X-ray di//raction patterns oj the dqferent 
forms of lactose2. 


transition starting at -14OoC, when scanned with a heating 
rate of 1O0C/min, corresponding to dehydration of the prod- 
uct. All three a-lactoses exhibit a melting endotherm begin- 
ning at -210'C. The melting endotherm of unstable a-lactose 
is, however, preceded, as reported earlier by Itoh el al. (3), by 
an endo- and exothermic peak at  -170'C and 18OoC, re- 
spectively. This indication of thermal alteration was elucidated 
in our study by X-ray diffraction analysis and by determination 
of the @-content performed on samples which were heated to 
different temperatures as mentioned in Table I. The results 
show a conversion at -180'C of unstable a-lactose into a 
product with a crystallographic structure different from both 
hydrous and anhydrous a-lactose and from @-lactose. 


X-ray diffraction analysis showed the conversion product 
to agree with lactose crystals, which were prepared by Buma 
(8) by crystallization from methanol. Buma concluded from 
specific gravity measurements and sedimentation analysis that 
the "crystalline lactose obtained from methanol did not consist 
of a-lactose crystals and 0-lactose crystals, as was reported 
by [Lim and Nickerson (9)], but of crystals consisting of a- 
and 0-lactose." Analysis of the X-ray diffraction patterns (Fig 
2) of a-lactose monohydrate, stable anhydrous &-lactose 
produced by thermal dehydration, stable anhydrous a-lactose 
obtained by methanol desiccation, unstable anhydrous 
a-lactose, /3-lactose, and the conversion product mentioned 
before, indicate in our opinion that the last product can best 
be characterized as a crystalline P/cY-lactose compound, 
having a P:a ratio of -1 : 1.  From these results it may be con- 


] Philips Defractometer CuK radiation was used. 


cluded, that the first endotherm at -17O0C as shown by the 
DSC-curves of unstable anhydrous a-lactose (Fig. l ) ,  is the 
result of the melting of the unstable anhydrous a-lactose, 
whereas the second endotherm at -210'C corresponds with 
the melting point of the crystalline @/a-lactose compound, 
which crystallized at -180'C. 


These results and the observation of endo- and exothermic 
transitions at ~ 1 6 0 O C  and 180°C, respectively, in the 
DSC-curves of a-lactose monohydrate gave rise to a detailed 
examination of the thermal treatment of this product. X-ray 
diffraction analysis performed on samples that were heated 
at a rate of 2OC/min (instead of the usual 10°C/min) showed 
at  16OOC the Occurrence of unstable next to stable anhydrous 
a-lactose (see Table I). As expected, the crystalline 
@/a-compound was consequently detected at  200OC. This 
implies that a-lactose monohydrate loses its water upon 
heating and changes into both stable and unstable anhydrous 
a-lactose, the latter being converted into the crystalline 
@/a-lactose compound at  temperatures > 180OC. Besides, it 
is interesting to note that the a-lactoses show a significant 
conversion into @-lactose upon melting at a temperature of 
-220oc. 


I n  conclusion, thermal treatment of a-lactoses involves 
changes in @-content and in crystal structure. 
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Transitions of Lactoses by Mechanical and 
Thermal Treatment 
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To the Editor: 


Comminution techniques, such as crushing and grinding, 
are frequently used to prepare samples for the determination 
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transition starting at -14OoC, when scanned with a heating 
rate of 1O0C/min, corresponding to dehydration of the prod- 
uct. All three a-lactoses exhibit a melting endotherm begin- 
ning at -210'C. The melting endotherm of unstable a-lactose 
is, however, preceded, as reported earlier by Itoh el al. (3), by 
an endo- and exothermic peak at  -170'C and 18OoC, re- 
spectively. This indication of thermal alteration was elucidated 
in our study by X-ray diffraction analysis and by determination 
of the @-content performed on samples which were heated to 
different temperatures as mentioned in Table I. The results 
show a conversion at -180'C of unstable a-lactose into a 
product with a crystallographic structure different from both 
hydrous and anhydrous a-lactose and from @-lactose. 


X-ray diffraction analysis showed the conversion product 
to agree with lactose crystals, which were prepared by Buma 
(8) by crystallization from methanol. Buma concluded from 
specific gravity measurements and sedimentation analysis that 
the "crystalline lactose obtained from methanol did not consist 
of a-lactose crystals and 0-lactose crystals, as was reported 
by [Lim and Nickerson (9)], but of crystals consisting of a- 
and 0-lactose." Analysis of the X-ray diffraction patterns (Fig 
2) of a-lactose monohydrate, stable anhydrous &-lactose 
produced by thermal dehydration, stable anhydrous a-lactose 
obtained by methanol desiccation, unstable anhydrous 
a-lactose, /3-lactose, and the conversion product mentioned 
before, indicate in our opinion that the last product can best 
be characterized as a crystalline P/cY-lactose compound, 
having a P:a ratio of -1 : 1.  From these results it may be con- 
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cluded, that the first endotherm at -17O0C as shown by the 
DSC-curves of unstable anhydrous a-lactose (Fig. l ) ,  is the 
result of the melting of the unstable anhydrous a-lactose, 
whereas the second endotherm at -210'C corresponds with 
the melting point of the crystalline @/a-lactose compound, 
which crystallized at -180'C. 


These results and the observation of endo- and exothermic 
transitions at ~ 1 6 0 O C  and 180°C, respectively, in the 
DSC-curves of a-lactose monohydrate gave rise to a detailed 
examination of the thermal treatment of this product. X-ray 
diffraction analysis performed on samples that were heated 
at a rate of 2OC/min (instead of the usual 10°C/min) showed 
at  16OOC the Occurrence of unstable next to stable anhydrous 
a-lactose (see Table I). As expected, the crystalline 
@/a-compound was consequently detected at  200OC. This 
implies that a-lactose monohydrate loses its water upon 
heating and changes into both stable and unstable anhydrous 
a-lactose, the latter being converted into the crystalline 
@/a-lactose compound at  temperatures > 180OC. Besides, it 
is interesting to note that the a-lactoses show a significant 
conversion into @-lactose upon melting at a temperature of 
-220oc. 


I n  conclusion, thermal treatment of a-lactoses involves 
changes in @-content and in crystal structure. 
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Figure 1 - -  DSC-curoes of amorphous lactose. intensively ground a-lactose 
monohydrate, and intensioely ground @-lactose. respectiuely. recorded at 
a heating rate of IO"C/min. 


B = &lactcse; BA = p/a-lactose compound crystal; (-) = amorphous lactose (no 
or only a few very weak difirdction lines could be detected. 
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of the physicochemical properties of solid materials. Size re- 


a particle during fragmentation. It is well known that me- 
chanical treatment of minerals can result in activation and 
changes in  surface properties, in polymorphic transitions and 
alterations in physical properties of the bulk phase, in un- 


actions (1). 20 


- 
duction is, however, a very active process, supplying energy to 
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w crystallization, as well as in mechanochernical solid-state re- 


Hiittenrauch, in his series on molecular pharmaceutics, 
studied the mechanical activation of drugs and excipients and 
showed uncrystallization of a-lactose monohydrate during 
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Table I-Changes in B-Content (GLC-Determination) and in the Solid State 
(X-ray Diffraction Analysis). During Thermal Treatment (DSC-cell910 
Heating Rate lO"C/min)* 
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Temperature, O C  
20 180 


@-content ('70) 
Amorphous lactose 54 50 
Ground a-lactose monohydrate 2 42 
Ground (j-lactose 82 19 


Amorphous lactose (-) BA 
Ground a-lactose monohydrate (-) BA 
Ground &lactose (-) B 


Solid State 


. .  


obtained at a heating rate of 10°C/min, using a thermal an- 
alyzer'. 


The DSC-curve of the amorphous lactose, prepared by 
spray-drying, shows an exothermic transition at -1 6OoC and 
an endotherm at -210°C. An analogous pattern was recorded 
for intensively ground a-lactose monohydrate. Its DSC-curve 
shows, in contrast to that of nonground a-lactose monohydrate, 
hardly a dehydration endotherm, but an exotherm at -160°C. 
Intensively ground 0-lactose exhibited an exotherm as well, 
but at  a slightly lower temperature ( N 14OOC). 


To elucidate the indication of thermal transition during the 
dynamic process of DSC, X-ray diffraction patterns were made 
of samples, both prior to and after thermal treatment by 
heating to -1 80°C followed by immediate cooling to room 
temperature. As expected, the nonthermally treated but in- 
tensively ground samples showed no, or at least very weak, 
diffraction lines (Table I). This indicates that comminution 
had resulted in uncrystallization of both a-lactose monohy- 
drate and &lactose. The uncrystallized products crystallized 
on heating. X-ray diffraction analyses of samples of amorphous 
lactose and of intensively ground a-lactose hydrate, respec- 
tively, both proved to correspond with a crystalline P/a-lactose 
compound, when heated to 180°C with subsequent cooling to 
room temperatures. 


Uncrystallized &lactose was, however, found to crystallize 
into &lactose on thermal treatment. This difference in thermal 
behavior between samples of intensively ground a-lactose 
monohydrate and f?-lactose, respectively, is supported by the 
observation of an increase in &content for ground a-lactose 
monohydrate from 2 to 42% and hardly any change in p-con- 
tent for uncrystallized @-lactose on thermal treatment (Table 
0. 


To investigate more thoroughly the formation of the crys- 
talline P/a-lactose compound from amorphous lactose, six 
batches of amorphous lactose, differing in ratio from -3:7 to 
-8:2 and prepared by freeze- or spray-drying, were heated to 
different temperatures and subsequently cooled to room 
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drous a-1actose' and a-lactose' Figure 2-Change in @-conrent of dflerent amorphous lactose products with tively, by thermal treatment. Continuing this study, amorphous 
lactose and intensively ground samples of a-lactose monohy- 
drate and 0-lactose, respectively, were examined for their 
thermal characteristics. Figure 1 illustrates the Differential 
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temperature. Determination of the @-content of the products 
showed that all preparations had a final @a ratio of -1:l (see 
Fig. 2). X-ray diffractograms of the samples that were heated 
to -2OOOC proved to correspond to a crystalline P/a-lactose 
corn pou nd. 


In conclusion, a-lactose monohydrate is found to lose its 
water of crystallization and like /3-lactose, changes into an 
amorphous state on intensive grinding. Thermal treatment of 
both amorphous lactose and uncrystallized a-lactose mono- 
hydrate results in crystallization of a crystalline @/a-lactose 
compound. This is in contrast to uncrystallized @-lactose, 
which crystallizes into 0-lactose. 
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Concentration Ratio Method to Determine 
the Rate Constant for the Special Case 
when ka = ke 


Keyphrases 0 Pharmacokinetics-one-compartment open model, concen- 
tration ratio method to determine rate constant 


To the Editor:  


In a one-compartment open model with first-order ab- 
sorption and elimination processes, the plasma concentrations 
(C , )  of a drug at  any time, r ,  after its extravascular adminis- 
tration are generally described by: 


where F is the fraction of dose (D) absorbed, k a  and k, are 
absorption and elimination rate constants, respectively, and 
Vd is the apparent volume of distribution. In the special case 
where ka is equal to ker Eq. 1 becomes mathematically indet- 
erminable, and the general equation (Q. 2) describing the Cpt 
profile can be explicitly obtained by setting k a  = ke = k and 
using the standard integration technique: 


FDkteVk1 
Vd 


c, = 


It was proposed recently by Chan and Miller (1) that the 
C,r data of this special case could be described by Eq. 1 using 
the nonlinear regression program NONLIN (2) provided there 
was at least a small difference between k, and k,. This analysis 
will yield similar values for ka and k, which will, in essence, 
identify equality between k a  and k,. This approach, applied 
successfully by the authors to one data set containing 5% 
random noise, seemed superior to the one proposed by Bialer 
(3). The shortcomings of the latter were recently discussed by 
Barzegar-Jalali and Toomanian (4). 


In this study, a simple plasma concentration ratio method 
is proposed to determine the rate constant k using plasma 
concentrations at any two consecutive times, t,-l and t ,  (as 
defined by Eq. 2): 


and 
F D k t , e - k t n  


Vd 
C," = 


Dividing Eq. 4 by Eq. 3, taking the natural logarithm of the 
resulting expression, and solving for k yields the following 
relationship: 


Where k represents the estimated rate constant between the 
time interval 1,- 1 to t,. Since a datum set will usually contain 
several plasma concentrations, k can be estimated for each 
time interval and averaged to obtain an overall estimate of 
k :  


I t  is apparent from Eq. 5 that the proposed method does not 
require blood sampling at close intervals. Also, the proposed 
method is applicable to the entire time course of a drug and 
even to those cases where sampling schedule is limited and 
regression analysis of the C,t data according to Eq. 1 is not 
practical. 


The concentration ratio method was compared against the 
approach of Chan and Miller ( 1 )  as well as the theoretical 
method (Eq. 2). Plasma concentrations with only rounding 
error were calculated at 0.25,0.5, 1 ,  1 S,  2,2.5, 3 ,4 ,5 ,6 ,  8, 10, 
12, 14, and 16 h using Eq. 2 with FD/Vd = 10.0 and k = 0.5. 
Twelve additional datum sets were generated by adding nor- 
mally distributed random error with an HSD o f f  10%. Each 
set was analyzed by curve-fitting the data to Eqs. 1 and 2 using 
the NONLIN program as well as by the present concentration 
ratio method. The curve-fitting of the data to Eqs. 1 and 2 was 
performed using the reciprocal of plasma concentration as a 
weighting function. The results are compared in Table I .  


The nonlinear regression analysis of the C,t data according 
to Eq. 1 identified equality1 of ka and k ,  in several cases (cases 
I ,  6-12, Table I). The estimated k ,  values by Eq. I were 
smaller (> IWo) than that estimated by Eq. 2 in 4 of 14 cases. 
The mean k, value estimated by Eq. 1,0.458, was 8% smaller 


' Equality was idenrificd when k ,  f SD overlapped k ,  f SD. 
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temperature. Determination of the @-content of the products 
showed that all preparations had a final @a ratio of -1:l (see 
Fig. 2). X-ray diffractograms of the samples that were heated 
to -2OOOC proved to correspond to a crystalline P/a-lactose 
corn pou nd. 


In conclusion, a-lactose monohydrate is found to lose its 
water of crystallization and like /3-lactose, changes into an 
amorphous state on intensive grinding. Thermal treatment of 
both amorphous lactose and uncrystallized a-lactose mono- 
hydrate results in crystallization of a crystalline @/a-lactose 
compound. This is in contrast to uncrystallized @-lactose, 
which crystallizes into 0-lactose. 
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Concentration Ratio Method to Determine 
the Rate Constant for the Special Case 
when ka = ke 


Keyphrases 0 Pharmacokinetics-one-compartment open model, concen- 
tration ratio method to determine rate constant 


To the Editor:  


In a one-compartment open model with first-order ab- 
sorption and elimination processes, the plasma concentrations 
(C , )  of a drug at  any time, r ,  after its extravascular adminis- 
tration are generally described by: 


where F is the fraction of dose (D) absorbed, k a  and k, are 
absorption and elimination rate constants, respectively, and 
Vd is the apparent volume of distribution. In the special case 
where ka is equal to ker Eq. 1 becomes mathematically indet- 
erminable, and the general equation (Q. 2) describing the Cpt 
profile can be explicitly obtained by setting k a  = ke = k and 
using the standard integration technique: 


FDkteVk1 
Vd 


c, = 


It was proposed recently by Chan and Miller (1) that the 
C,r data of this special case could be described by Eq. 1 using 
the nonlinear regression program NONLIN (2) provided there 
was at least a small difference between k, and k,. This analysis 
will yield similar values for ka and k, which will, in essence, 
identify equality between k a  and k,. This approach, applied 
successfully by the authors to one data set containing 5% 
random noise, seemed superior to the one proposed by Bialer 
(3). The shortcomings of the latter were recently discussed by 
Barzegar-Jalali and Toomanian (4). 


In this study, a simple plasma concentration ratio method 
is proposed to determine the rate constant k using plasma 
concentrations at any two consecutive times, t,-l and t ,  (as 
defined by Eq. 2): 


and 
F D k t , e - k t n  


Vd 
C," = 


Dividing Eq. 4 by Eq. 3, taking the natural logarithm of the 
resulting expression, and solving for k yields the following 
relationship: 


Where k represents the estimated rate constant between the 
time interval 1,- 1 to t,. Since a datum set will usually contain 
several plasma concentrations, k can be estimated for each 
time interval and averaged to obtain an overall estimate of 
k :  


I t  is apparent from Eq. 5 that the proposed method does not 
require blood sampling at close intervals. Also, the proposed 
method is applicable to the entire time course of a drug and 
even to those cases where sampling schedule is limited and 
regression analysis of the C,t data according to Eq. 1 is not 
practical. 


The concentration ratio method was compared against the 
approach of Chan and Miller ( 1 )  as well as the theoretical 
method (Eq. 2). Plasma concentrations with only rounding 
error were calculated at 0.25,0.5, 1 ,  1 S,  2,2.5, 3 ,4 ,5 ,6 ,  8, 10, 
12, 14, and 16 h using Eq. 2 with FD/Vd = 10.0 and k = 0.5. 
Twelve additional datum sets were generated by adding nor- 
mally distributed random error with an HSD o f f  10%. Each 
set was analyzed by curve-fitting the data to Eqs. 1 and 2 using 
the NONLIN program as well as by the present concentration 
ratio method. The curve-fitting of the data to Eqs. 1 and 2 was 
performed using the reciprocal of plasma concentration as a 
weighting function. The results are compared in Table I .  


The nonlinear regression analysis of the C,t data according 
to Eq. 1 identified equality1 of ka and k ,  in several cases (cases 
I ,  6-12, Table I). The estimated k ,  values by Eq. I were 
smaller (> IWo) than that estimated by Eq. 2 in 4 of 14 cases. 
The mean k, value estimated by Eq. 1,0.458, was 8% smaller 


' Equality was idenrificd when k ,  f SD overlapped k ,  f SD. 
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Table I-Comparison of Concentration Ratio (Eq. 6) and Nonlinear Regression (NONLIN) Methods for Estimation of Rate Constant for the Special Case 
of One-Compartment Open Model where k. = k, = k 


NONLIN Analysis According to Concentration Ratio 
Equation 1 Equation 2 Method 


Data Set k a  k c  k k" 


Errorless 0.5 I5 (0 .0l)C 0.485 (0.01) 0.500 (0.0002) 0.499 (0.006) 
Errantb 


1 
2 
3 
4 


8 
9 


10 
I I  
I 2  


0.499 
0.593 
0.710 
0.853 
0.721 
0.5 I8 
0.492 
0.499 
0.500 
0.496 
0.496 
0.507 


(3.15) 
(0.12) 
(0.01) 
(0.12) 
(0.14) 
(0.57) 
(9.65) 
(2.06) 
( 134) 


( I  .38) 
(0.96) 
(2.68) 


0.495 
0.430 
0.387 
0.349 
0.377 
0.474 
0.489 
0.485 
0.500 
0.48 I 
0.479 
0.502 


(3.1 I )  
(0.07) 
(0.04) 
(0.03) 
(0.05) 
(0.49) 
(9.56) 
( I  .97) 
( 1  34) 
(1.31) 
(0.91) 
(2.64) 


0.500 
0.501 
0510 
0513 
0.502 
0.495 
0.493 
0.497 
0.501 
0.498 
0.479 
0.504 


(0.009) 
(0.01) 
(0.01) 
(0.02) 
(0.02) 
(0.02) 
(0.02) 
(0.02) 
(0.02) 
(0.01) 
(0.01) 
(0.01) 


0.463 
0.545 
0.473 
0.534 
0.490 
0.54 I 
0.501 
0.5 I3 
0.5 I7  
0.479 
0.416 
0.507 


(0.27) 
(0.26) 
(0.20) 
(0.19) 
(0.25) 
(0.27) 
(0.23) 
(0.27) 
(0.29) 
(0.27) 
(0.39) 
(0.21) . .  . .  . ,  . .  


Mean 0.570 0.458 0.500 0.498 
SD 0.124 0.057 0.007 0.040 


Drofile 0.534 (0.0 I ) 0.469 (0.008) 0.500 (0.0004) 0.498 (0.009) 
Mean 


Mean k value ( n  = 14 time intervals). f 10% Random error as explained in text. Standard deviation (SD) in parentheses. The standard deviations reported Tor parameters 
estimated by Eqs. I and 2 are the standard deviation estimated by NONLIN program whereas the standard deviation obtained from concentration ratio method is the standard 
deviation of the calculated k values for each interval. 


Table Il-Comparison of Concentration Ratio and Nonlinear Regression Methods to Data Sets Containing Limited C,t Data 


NONLIN Analysis According to Concentration Ratio 
Equation I Equation 2 Method 


Data Set k .  k ,. k k h  


Errorless 0.5 I7  (0.02)d 0.484 (0.02) 0.500 (0.0004) 0.500 (0.003) 
Errant" 


I 0.642 (0.19) 0.412 (0.10) 0.507 (0.02) 0.573 (0.19) 
2 0.621 (0.30) 0.4 I6 (0.17) 0.504 (0.02) 0.446 (0.13) 
3 0.875 (0.12) 0.355 (0.03) 0.531 (0.02) 0.697 (0.40) 
4 1.020 (0.30) 0.319 (0.06) 0.533 (0.04) 0.479 (0.20) 
5 0.514 (34.4) 0.5 I3 (34.3) 0.514 (0.02) 0.582 (0.14) 
6 0.644 (0.28) 0.398 (0.13) 0.497 (0.02) 0.534 (0.11) 
7 0.500 (633) 0.500 (634) 0.500 (0.04) 0.535 (0.17) 


(0.20) 


I I  0.484 ( I .72) 0.466 ( I  .62) 0.478 (0.02) 0.521 (0.10) 
12 0.594 (0.24) 0.442 (0.16) 0.209 (0.01) 0.448 (0.17) 


8 0.499 (8.05) 0.493 (7.89) 0.500 (0.02) 0.515 
9 0.470 (70.7) 0.469 (70.5) 0.468 (0.02) 0.47 I (0.15) 


10 0.490 (3.20) 0.47 I (3.02) 0.484 (0.03) 0.355 (0.29) 


Mean 0.613 0.438 0.502 0.5 I3 
SD 0.172 0.060 0.019 0.085 


profile 0.544 (0.02) 0.46 I (0.02) 0.500 (0.001) 0.499 (0.005) 
Mean 


0 Plasma concentration a t  0 5. I .  2 , 4 .  8. and I2  h only. M a n  A value ( n  = 5 time intervals). f 1070 Random error. Standard deviation (SD) in parentheses The 5tandard 
deviations reported Tor prametcrs estimated by Eqs. I and 2 are the standard deviation estimated by NONl.lN program whereas the standard deviation obtaincd from concentration 
ratio method i s  the standard deviation of the calculated h valuca for each interval. 


Table Ill-Comparison of  Concentration Ratio and Nonlinear Regression (NONLIN) Methods to Data Sets where k. > k. by 10% (FD/ V ,  = 10; k. = 0.55 
and k. = 0.51 


Data Set 


NONI.IN Analysis hccording to 
Equation I 


k ,  k ,  


Concentration Ratio 
Method 


k' 


t:rrorless 0.525 (3.22)r 0.524 (3.22) 0.525 (0.004) 
Errant 


8 
9 


10 
I I  
I2  


Mean 
SD 


Mean 
profile 


0.599 
0.599 
0.558 
0.523 
0.5 I7  
0.520 
0.52 I 
0.525 
0.579 
0.545 
0.59 I 
0.603 
0.557 
0.036 


0.527 


(0.17) 
(0.16) 
(0.30) 
(2.31) 
(4.58) 
( I  .56) 
(73.1) 
(4.18) 
(0.17) 
(0.35) 
(0.15) 
(0.15) 


(0.1 I )  


0.475 
0.475 
0.500 
0.517 
0.514 
0.510 
0.520 
0.521 
0.478 
0.502 
0.466 
0.465 
0.495 
0.022 


0.522 


(0.12) 
(0.1 I )  
(0.25) 
(2.26) 
(4.54) 
(1.51) 
(73.0) 
(4.13) 
(0.12) 
(0.31) 
(0.10) 
(0.10) 


(0.1 I )  


0.527 
0.5 I8 
0.509 
0.52 I 
0.509 
0.554 
0.530 
0.513 
0.512 
0.494 
0.570 
0.545 
0.525 
0.022 


0.526 


(0.15) 
(0.15) 
(0.15) 
(0.14) 
(0.09) 
(0.20) 
(0.12) 
(0.12) 
(0.12) 
(0.16) 
(0.25) 
(0.15) 


(0.007) 


Mean h value ( n  = 14 time intervals) * f l O %  random error. Standard deviation (SD) in parentheses The standard deviations reported for parameter\ estimated by Eqs. 
I and 2 arc the \tdndard deviation cstimatcd by NONI.IY program uhereaa the mndard deviation obtaincd from concentration ratio method is  the atandard deviation or the calculated 
h values for each interval. 
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than the input value of ke (0.5) or that estimated by Eq. 2. In 
contrast, the k values estimated by the concentration ratio 
method correspond well with those estimated by Eq. 2 (0.5). 
The concentration ratio method performed adequately when 
the Cpt data were limited (Table 11) and even when ka was 
larger than k, by 10% (Table 111). 


It must be noted that the nonlinear regression analysis of 
the C,t data in terms of Eq. 2 represents the most appropriate 
method to calculate the rate constant for the special case of the 
one compartment open model where k a  = ke (Tables 1 and 11). 
The pharmacokinetic analysis of the data using Eq. 1 with the 
NONLIN program is, as suggested by Chan and Miller, the 
only method known to date to identify the equality between 
k a  and k,. The proposed concentration ratio method represents 
a simple, complimental method which can be applied even in 


OPEN FORUM 


those cases with limited, CPt data when the model is identified 
a priori. 


( I )  K. K. H. Chan and K .  W. Miller, J. Pharm. Sci., 72,574 (1983). 
(2) C. M. Metzler, C. L. Elfring, and A. J. McEwen, Biometrics, 30,562 


(3) M. Bialer, J. Pharmacokiner. Biopharrn.. 8, 1 1  I ( I  980). 
(4) M. Barzegar-Jalali and M. Toomanian, Inr. J .  Pharm., 12, 351 


( 1974). 


(1982). 
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Problems Involved with Developing a Suitable 
Model for Evaluating Exposure to Bis( 2- 
ethylhexyl) Phthalate from Medical Devices 


In a recent article, “Effect of Renal Failure and Bis(2-ethylhcxyl) 


Pollack and Shen presented an experimental model for 
Phthalate Pretreatment on the Disposition and Metabolism of Antipyrinc 
in the Rat” 
studying chronic exposure of hemodialysis patients to bis(2-ethylhexyl) 
phthalate ( I )  [also known as di-2-ethylhexyl phthalate or DEHP]. Their 
model, however,-utilized oral administration (intragastric intubation) of 1 
rather than a parenteral route. Since the authors did not demonstrate that 
the effects of I upon antipyrine metabolism and disposition were the same 
when I was administered orally as when it is given parenterally, one must 
question acceptance of this as a suitable model for evaluating I exposures 
from hemodialyzers or other medical devices. 


and Lake er a/.4, indicate that orally administered I leads to absorption 
primarily of its hydrolytic product, mono-2-ethylhexyl phthalate or 
MEHP (11). Therefore, the proposed model’ should be suitable for 
evaluating exposure to I from food packagings or other oral exposure, but 
in order for it to be accepted as  a suitable model for clinical exposure to I 
from medical devices it will be necessary to demonstrate that the 
parameters evaluated are not affected by the route of administration of I .  


other metabolic products. However, the unanswered question in  this case 
is whether or not the diester ( I ) ,  to which the patient would initially be 
exposed intravenously during hemodialysis, erc., would produce 
qualitatively and quantitatively similar effects on antipyrine metabolism 
and disposition prior to its metabolic conversion, as would the monoester 
(11) and other metabolic products. A number of reports have indicated 
differences in biological activity between I and 11, or oral uersus parentcral 
administration of I .  Some of these reported differences include acute 
LD50s, mutagenicity in bacterial systems6, pentobarbital sleeping time and 
effects on aminopyrine-N-demethylase and aniline hydroxylase’, and 
mitochondria1 (state 3) respirationa. 


A number of reports, including those of Albro and Thomas*, Rowland’, 


There is no dispute that I is metabolized in uiuo to produce I I  along with 


The authors’ commented on the findings of Agarwal er a/.’, that effects 
on cnzyme activities were associated with the route of I administration, 
but then they dismiss these findings by attributing the differences to doses 
administered, not route of administration. However, an examination of thc 
data’ reveal that when an enzyme or biochemical system was affected by 
oral or parenteral administration of I (a) there was generally a dose- 
related response, and (h) comparisons of similar doses (5.2 and 13.0 po 
uersus 5.0 and 10.0 ip) often produced markedly different responses. 


Thus, because of the various literature reports (a few of which were 
citcd) showing or suggesting a difference in biological activity between I 
and 1 I or I I  plus other metabolites, the model proposed to study the effects 
of I ,  from artificial kidneys or other medical device exposure, on antipyrine 
rnctabolism and disposition cannot be accepted until it is demonstrated 
that I produces the same effects on these parameters when administered 
parentcrally as when given by gastric intubation. 


1 ?i. M .  Pollack and D. D. Shen. J .  Pharm. Sci., 73,29 (1984). * P. W. Albro and R. 0. Thomas, Biochem. Biophys. Acro. 306(L23). 380 (1973). 
I .  R. Rowland, Food Cosmer. Toxicol.. 12,293 (1974) 
R. G. Lake, J.  C. Phillips, J. C. Linnell. and S. D. Ganaolli. Toxicol. Aonl. f h a r -  .. 


macol., 39. 239 (1971). 


Pharmacol.. 45, 1 (1978). 
J .  A.  Thon1as.T. D. Ddrby. R. F. Wallin. P. J. Garvhand L. Martin. Toxicol. Appl. 


I .  Tomita, Y. Nakamura. N. Aoki, and N h i .  Enoiron. Healrh ferspecr.. 45, I19  
(I 982). ’ D. K .  Agarwa1.S. Agarwal. and P. K. Seth. Drug Merob. Dispos., 10,77 (1982). 


T. Takahashi. Biochem. PharmacrJl., 26,19 (1977). 


W. H .  Lawrence” 
John Autian 
Materials Science Toxicology Laboratories 


and Department of Medicinal Chemistry 
Colleges of Pharmacy and Dentistry 
University of Tennessee Center for the Health 


Memphis, TN 381 63 
Sciences 


Received February 28, 1984. 


0022-3549/84/0600-086 1$0 1.00/0 
@ 1984, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences 1 061 
Vol. 73, No. 6, June 1984 












than the input value of ke (0.5) or that estimated by Eq. 2. In 
contrast, the k values estimated by the concentration ratio 
method correspond well with those estimated by Eq. 2 (0.5). 
The concentration ratio method performed adequately when 
the Cpt data were limited (Table 11) and even when ka was 
larger than k, by 10% (Table 111). 


It must be noted that the nonlinear regression analysis of 
the C,t data in terms of Eq. 2 represents the most appropriate 
method to calculate the rate constant for the special case of the 
one compartment open model where k a  = ke (Tables 1 and 11). 
The pharmacokinetic analysis of the data using Eq. 1 with the 
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BOOKS 


REVIEWS 


USAN and the USP Dictionary of Drug Names, 1984 Ed. Edited by MARY 
C. GRIFFITHS. United States Pharmacopeial Convention, Inc., 12061 
Twinbrook Parkway, Rockville, MD 20852. 1983.640 pp. 21 X 28 cm. Price 
$45.00 (discounts for 1 1  t copies). 
The 1984 cumulative edition of USAN contains over 18,500 nonproprietary 


(USAN and INN) and proprietary drug names in one compact volume. Most 
entries include current CAS names, graphic formulas, and manufacturers. 
Combined with the cross-index by pharmacologic-therapeutic category, list 
of CAS registry numbers. and appendix of molecular formulas, this volume 
constitutes a definitive source of information on drug substances used in the 
United States. A must for all researchers in the pharmaceutical field. 


-Sfa / l  Reoiew 


The Merck Index, 10th Ed. Edited by MARTHA WINDHOLZ. Merck & 
Co.. P.O. Box 2000, Rahway, NJ 07065.1983.2052 pp. 18 X 25.5 cm. Price 
$28.50. 
This encyclopedia of chemicals, drugs, and biological substances, now in 


its 94th year of publication, is internationally recognized as an authoritative 
reference work. Written and edited by the chemists of Merck & Co., the 10th 
edition continues in the tradition, incorporating the considerable new 
knowledge in the field that has accumulated in the 7 years since the 9th edition 
was published. This reasonably priced single volume of precise up-to-date data 
is an essential laboratory and library resource. 


--Staff Reoiew 


Cologne Atherosclerosis Conference No. I: Inflammatory Aspects. Edited 
by MICHAEL J. PARNHAM and JOHANNES WINKELMAN. 
Birkhauser Boston, Inc., 380 Green Street, Cambridge, MA 02139. 
1982. 265 pp. 16 X 24 cm. Price $31.95. 
If one were to judge a book by its title, this one would be a disap- 


pointment. The title suggests an exposition of the role of inflammation 
in the siting and development of atherosclerosis. Instead, this is a 
monograph on inflammation, particularly as it relates to arthritis. 
Hopefully, the right audience will find the book. 


The material is divided into three sections: six chapters on the role of 
the microvasculature in inflammation, five chapters on the role of various 
cell types in inflammation, and six chapters on the mediators of inflam- 
mation. The “Microvasculature in Inflammation” section is very well 
covered. The four presentations of Hensen, Williams, Bray, and Bjork 
form a cogent and provocative overview of the field. The second section, 
“Cells in Inflammation,” is largely limited to a discussion of the mono- 
cyte/macrophage. With that constraint, the inflammatory panoply had 
to be selectively unfolded. This is not a serious problem since the role of 
the neutrophil was well covered in the first section and the lymphocyte, 
although in the background, is ever present as a regulator of macrophage 
activity. For an integrated account of the role of helper and suppressor 
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to look elsewhere. The third section, “Mediators of Inflammation,” is a 
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tigen-induced arthritis. The contribution of Bitter-Sauermann on the 
role of complement in inflammation is outstanding as a succinct essay 
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The difficult task of integrating all of this material is attempted in a 
summary overview. It is noteworthy principally for reminding us of the 
plurality of cells, products, and processes involved in inflammation. 


In addition, a number of narrow contributions are scattered throughout 
the three sections. They may appeal to the specialist, but for m a t  they 
will add to the cost rather than the value of the volume. Overall, this 
multicontributor book has ample g o d  articles to recommend it to thoee 
seeking an up-to-date, albeit selective, overview of inflammation as re- 
lated to  the arthritides. It cannot be recommended to those whose pri- 
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cussion of the statistical foundation for curve-fitting routines and practical 
concerns that arise from such analyses. A particularly attractive aspect of this 
chapter is a series of appcndices ( 1  8,68 pages) that discuss analog computation 
(Appendix I )  along with a brief summary of many currently available digital 
computer programs. Each summary includes a description, subroutines, input 
requirements, output, limitations, and practical considerations. To this re- -_ 
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viewerls knowledge, this is the first time that such information appears in one 
publication. 


“Preanalytical Methodology for Drug Analysis in Biological Fluids’’ dis- 
cusses a variety of factors that need to be considered prior to performing an 
assay (subject selection; collection, handling, and storage of specimens; storage, 
processing. and treatment of sample). Each type of biological fluid is discussed 
in  turn, with consideration for each of the preceding factors (blood. saliva, 
bile, urine, and feces). The chapter has many useful practical suggestions, and 
several drug examples are used as illustrations. Over 300 references are  pro- 
vided. 


“Isotope Derivatization Analysis” describes the principles of this analytical 
technique and how it may be applied to the determination of drugs and me- 
tabolites, with emphasis given to the double-isotope method. The advantages 
and limitations of the technique are discussed with respect to sensitivity and 
specificity. There is also a discussion of the development of this method for 
a needed application. Numerous examples are provided throughout the 
chapter. 


“Electron Capture Gas-Liquid Chromatography in  Drug Analysis” pre- 
sents a thorough discussion of the operation of the electron-capture detcctor 
and its utility in the analysis of drugs and metabolites. There is an extensive 
compilation of information from the drug assay literature with ovcr 250 rcf- 
crcnces. Numerous practical considerations are presented, along with a 
comparison of this detector with electron-capture-negative chcmical-ion- 
ization GC MS analysis. 


The chapter on “Animal Species” addresses the question of which animal 
species is the best metabolic model for the human for a particular type of 
chcmical structure. This chapter is bascd on a survey of the literature between 
1970 and 1979 and is divided according to metabolic pathways undcr phase 
I and phase I I  reactions. There is an extensive compilation of data using the 
abovcclassification in numerous tables which present compound, species, and 
the presence or absence of the metabolic product discussed. 


The final chapter is entitled “Quantitative Pharmaco-EEG in Determining 
Bioavailability and Bioequivalency of Psychotropic Drugs.” This chaptcr 
addresses a specific pharmacodynamic technique, elcctroencephalography, 
for the quantitative measurement of response to psychotropic drugs. The 
authors present a thorough discussion of this technique with numerous drug 
examples. This is a relatively new area which has promise for a variety of in- 
vestigations. 


Thc chapters of this book are well written, current, and thorough. The book 
is recommended to those readers who have a specific interest in or who require 
an overview of any of the individual topics covered. Certainly it is worthwhilc 
library purchasc. 


Reviewed by Michael Mayersohn 
College of Pharmacy 
Department of Pharmaceutical Sciences 
The University of Arizona 
Tuscon. A 2  85721 


Nutrition and Drugs. (Current Concepts in Nutrition, Vol. 12.) Edited by 
MYRON WINICK. Wiley-Interscience, 605 Third Avenue, New York, 
hY 10016. 1983.206 pp. 16 X 23.5 cm. Price $40.00. 
For various reasons most pharmacy schools provide little education in  nu-  


trition. But just as nutrition is important in maintaining proper health, it is 
also important in ensuring the proper response to drugs and in limiting their 
side effects. This volume provides a diverse group of topics on the subject of 
nutrition and drugs. The following list provides for each chapter the title, the 
first three authors, the chapter length in pages, and the number, average date, 
and percentage of reference citations published in 1978 and subsequent 
years: 


I 


2. 


3. 


4. 


5. 


6 .  


“Drug -Vitamin B6 Interaction,” H. Bhagavan and M. Brin, 12, 22, 
I972,35%. 
“Effects of Drugs on Cellular Transport of Nutrients,” R. Branda. 16, 
6 1. 1976.50%. 
“Vitamin D Metabolism and Metabolic Bone Disease.” Z. Gaut, 20, 
80. 1977.58%. 
“Alcohol, Protein Nutrition, and Liver Injury.” C. Lieber, 24, 105, 
1972.25%. 
“Drugs and Vitamin B12 and Folatc Metabolism,” J. Lindenbdum. 
16,79, 1975,40%. 
“Drugs in the Food Supply,” S. Miller and J. Harris, 12.0. none. 


7 .  “Lipid-Lowering Drugs and Low Fat Diets,” R. Palmer, 10, 0. 
none. 


8. “Effect of Diet and Sulfonylurea Drugs on Insulin Resistance and 
Insulin-Receptor Function.” F. Pi-Sunyer, 18.99, 1974, 30%. 


9. “Drugs and Nutrient Absorption,” D. Roe, 10.40, 1973,22%. 
10. “Appetite Regulation by Drugs and Endogenous Substances,” A. 


11. “Drugs and Diet Therapy,” A. Stunkard, 6,O. none. 
12. “Diuretics and Salt Restriction in Blood Pressure Control,” S. Was- 


sertheil-Smoller, H. Langford, M. Blaufox er al.,  16. 20, 1966, 38%. 
13. “Vitamin A Analogs in Skin Disease,” D. Windhorst, 12, 34, 1978, 


62%. 
Statistical results obtained for the entire volume and each chapter indi- 


cate some shortcomings of this volume. This book provides 765 published and 
10 in-press citations with an averagc reference date of 1975; although 50’70 
of the references cited were published in 1978 or later years, some 30% were 
published prior to 1975, a fact which questions use of the word “current” in 
the series title. 


Overall quality control was poor. Some chapters were good; others were 
far less so. Aside from being well done, chapters 2,3 ,  10, and I3 had 50-65% 
of the cited references published in 1978 and subsequent years. Chapters I ,  
4, $ 8 . 9 .  and 12 are satisfactory, in general, but have reduced utility because 
of dated references; only 22-40’70 of the cited references were published in 1978 
and later years. Chapter 12, with some of the most recent references in this 
group, also had some of the most dated references. 


Although the content was interesting, a few chapters seem to detract from 
this work more than they support it. Chapters 6.7 ,  and 1 1  have no reference 
citations at  all. Moreover, many of the missing references would seem critical 
to the point being made; their absence is astonishing. 


There are a few instances where anticipated topics and citations were not 
mentioned. This diminished the breadth of the article. Specifically, chapter 
5 makes no mention of the depletion of vitamin B12 by chronic cyanide in- 
gestion, a fact based on substantial research. Furthermore, it was also sur- 
prising that no mention was made of food additives and the possible link to 
hyperactivity in certain children in the discussion of chapter 6. 


The volume contained a satisfactory index and although most chapters were 
easily read, chapter I l warrants mention because of its complex and lengthy 
sentence structure. One example is both sufficient and classic: 


Sullivan, J. Triscari. and L. Cheng, 30,235, 1978.65%. 


“We recommend this because they act, 1 believe, by lowering the 
body weight set point, they do not rapidly lose their efficacy, at least in 
humans, tolerance does not develop, and therefore, when they are with- 
drawn, the body weight set point that had been artifically suppressed 
by the drug is elevated to thc pretreatment level, resulting in very se- 
vere pressures upon people to regain the weight they lost with the aid of 
these drugs.” 
In summary, the highly variable quality and topical approach makes this 


volume more valuable to established hbrdrics than to a general home library. 
While scientists actively engaged in  research involving nutrition and drugs 
or pharmacology-toxicology will find this work useful, interest in this volume 
by many scientists will probably depcnd instcad on the topic discussed. Because 
of limited prior exposure to this subject, pharmacists may find many of the 
topics to be refreshing and relevant both to  their continuing education and 
to their dealings with a public increasingly fascinated by “nutrition” and 
dieting. Clearly, however, individuals interested in this subject should examine 
the work before purchase. 


Xeoiewed by John E. Garst 
Department of Animal Science 
College of Agriculture 
University of Illinois at Urbana-Champaign 
Urbana, IL  61801 


Progress in Drug Metabolism, Vol. 7. Edited by J .  W. BRIDGES and L. F. 
CHASSEAUD. John Wiley and Sons, One Wiley Drive, Somerset, NJ  
08873. 1983.440 pp. 24 X 15 cm. Price $90.00. 
Within this volume are six independent, authorativc reviews consisting of 


a monograph on the renal cxcretion of drugs; the absorption, distribution, and 
cxcretion of two therapeutic classes of compounds; the metabolism and toxicity 
of two environmentally important compounds; and the relationship between 
metabolism and toxicity in the avian species. Each chapter is concise, well 
written, and includes pertinent structures and graphic illustrations. As in the 
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viewerls knowledge, this is the first time that such information appears in one 
publication. 


“Preanalytical Methodology for Drug Analysis in Biological Fluids’’ dis- 
cusses a variety of factors that need to be considered prior to performing an 
assay (subject selection; collection, handling, and storage of specimens; storage, 
processing. and treatment of sample). Each type of biological fluid is discussed 
in  turn, with consideration for each of the preceding factors (blood. saliva, 
bile, urine, and feces). The chapter has many useful practical suggestions, and 
several drug examples are used as illustrations. Over 300 references are  pro- 
vided. 


“Isotope Derivatization Analysis” describes the principles of this analytical 
technique and how it may be applied to the determination of drugs and me- 
tabolites, with emphasis given to the double-isotope method. The advantages 
and limitations of the technique are discussed with respect to sensitivity and 
specificity. There is also a discussion of the development of this method for 
a needed application. Numerous examples are provided throughout the 
chapter. 


“Electron Capture Gas-Liquid Chromatography in  Drug Analysis” pre- 
sents a thorough discussion of the operation of the electron-capture detcctor 
and its utility in the analysis of drugs and metabolites. There is an extensive 
compilation of information from the drug assay literature with ovcr 250 rcf- 
crcnces. Numerous practical considerations are presented, along with a 
comparison of this detector with electron-capture-negative chcmical-ion- 
ization GC MS analysis. 


The chapter on “Animal Species” addresses the question of which animal 
species is the best metabolic model for the human for a particular type of 
chcmical structure. This chapter is bascd on a survey of the literature between 
1970 and 1979 and is divided according to metabolic pathways undcr phase 
I and phase I I  reactions. There is an extensive compilation of data using the 
abovcclassification in numerous tables which present compound, species, and 
the presence or absence of the metabolic product discussed. 


The final chapter is entitled “Quantitative Pharmaco-EEG in Determining 
Bioavailability and Bioequivalency of Psychotropic Drugs.” This chaptcr 
addresses a specific pharmacodynamic technique, elcctroencephalography, 
for the quantitative measurement of response to psychotropic drugs. The 
authors present a thorough discussion of this technique with numerous drug 
examples. This is a relatively new area which has promise for a variety of in- 
vestigations. 


Thc chapters of this book are well written, current, and thorough. The book 
is recommended to those readers who have a specific interest in or who require 
an overview of any of the individual topics covered. Certainly it is worthwhilc 
library purchasc. 


Reviewed by Michael Mayersohn 
College of Pharmacy 
Department of Pharmaceutical Sciences 
The University of Arizona 
Tuscon. A 2  85721 
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trition. But just as nutrition is important in maintaining proper health, it is 
also important in ensuring the proper response to drugs and in limiting their 
side effects. This volume provides a diverse group of topics on the subject of 
nutrition and drugs. The following list provides for each chapter the title, the 
first three authors, the chapter length in pages, and the number, average date, 
and percentage of reference citations published in 1978 and subsequent 
years: 
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“Drug -Vitamin B6 Interaction,” H. Bhagavan and M. Brin, 12, 22, 
I972,35%. 
“Effects of Drugs on Cellular Transport of Nutrients,” R. Branda. 16, 
6 1. 1976.50%. 
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80. 1977.58%. 
“Alcohol, Protein Nutrition, and Liver Injury.” C. Lieber, 24, 105, 
1972.25%. 
“Drugs and Vitamin B12 and Folatc Metabolism,” J. Lindenbdum. 
16,79, 1975,40%. 
“Drugs in the Food Supply,” S. Miller and J. Harris, 12.0. none. 


7 .  “Lipid-Lowering Drugs and Low Fat Diets,” R. Palmer, 10, 0. 
none. 


8. “Effect of Diet and Sulfonylurea Drugs on Insulin Resistance and 
Insulin-Receptor Function.” F. Pi-Sunyer, 18.99, 1974, 30%. 


9. “Drugs and Nutrient Absorption,” D. Roe, 10.40, 1973,22%. 
10. “Appetite Regulation by Drugs and Endogenous Substances,” A. 


11. “Drugs and Diet Therapy,” A. Stunkard, 6,O. none. 
12. “Diuretics and Salt Restriction in Blood Pressure Control,” S. Was- 


sertheil-Smoller, H. Langford, M. Blaufox er al.,  16. 20, 1966, 38%. 
13. “Vitamin A Analogs in Skin Disease,” D. Windhorst, 12, 34, 1978, 


62%. 
Statistical results obtained for the entire volume and each chapter indi- 


cate some shortcomings of this volume. This book provides 765 published and 
10 in-press citations with an averagc reference date of 1975; although 50’70 
of the references cited were published in 1978 or later years, some 30% were 
published prior to 1975, a fact which questions use of the word “current” in 
the series title. 


Overall quality control was poor. Some chapters were good; others were 
far less so. Aside from being well done, chapters 2,3 ,  10, and I3 had 50-65% 
of the cited references published in 1978 and subsequent years. Chapters I ,  
4, $ 8 . 9 .  and 12 are satisfactory, in general, but have reduced utility because 
of dated references; only 22-40’70 of the cited references were published in 1978 
and later years. Chapter 12, with some of the most recent references in this 
group, also had some of the most dated references. 


Although the content was interesting, a few chapters seem to detract from 
this work more than they support it. Chapters 6.7 ,  and 1 1  have no reference 
citations at  all. Moreover, many of the missing references would seem critical 
to the point being made; their absence is astonishing. 


There are a few instances where anticipated topics and citations were not 
mentioned. This diminished the breadth of the article. Specifically, chapter 
5 makes no mention of the depletion of vitamin B12 by chronic cyanide in- 
gestion, a fact based on substantial research. Furthermore, it was also sur- 
prising that no mention was made of food additives and the possible link to 
hyperactivity in certain children in the discussion of chapter 6. 


The volume contained a satisfactory index and although most chapters were 
easily read, chapter I l warrants mention because of its complex and lengthy 
sentence structure. One example is both sufficient and classic: 


Sullivan, J. Triscari. and L. Cheng, 30,235, 1978.65%. 


“We recommend this because they act, 1 believe, by lowering the 
body weight set point, they do not rapidly lose their efficacy, at least in 
humans, tolerance does not develop, and therefore, when they are with- 
drawn, the body weight set point that had been artifically suppressed 
by the drug is elevated to thc pretreatment level, resulting in very se- 
vere pressures upon people to regain the weight they lost with the aid of 
these drugs.” 
In summary, the highly variable quality and topical approach makes this 


volume more valuable to established hbrdrics than to a general home library. 
While scientists actively engaged in  research involving nutrition and drugs 
or pharmacology-toxicology will find this work useful, interest in this volume 
by many scientists will probably depcnd instcad on the topic discussed. Because 
of limited prior exposure to this subject, pharmacists may find many of the 
topics to be refreshing and relevant both to  their continuing education and 
to their dealings with a public increasingly fascinated by “nutrition” and 
dieting. Clearly, however, individuals interested in this subject should examine 
the work before purchase. 
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written, and includes pertinent structures and graphic illustrations. As in the 
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viewerls knowledge, this is the first time that such information appears in one 
publication. 


“Preanalytical Methodology for Drug Analysis in Biological Fluids’’ dis- 
cusses a variety of factors that need to be considered prior to performing an 
assay (subject selection; collection, handling, and storage of specimens; storage, 
processing. and treatment of sample). Each type of biological fluid is discussed 
in  turn, with consideration for each of the preceding factors (blood. saliva, 
bile, urine, and feces). The chapter has many useful practical suggestions, and 
several drug examples are used as illustrations. Over 300 references are  pro- 
vided. 


“Isotope Derivatization Analysis” describes the principles of this analytical 
technique and how it may be applied to the determination of drugs and me- 
tabolites, with emphasis given to the double-isotope method. The advantages 
and limitations of the technique are discussed with respect to sensitivity and 
specificity. There is also a discussion of the development of this method for 
a needed application. Numerous examples are provided throughout the 
chapter. 


“Electron Capture Gas-Liquid Chromatography in  Drug Analysis” pre- 
sents a thorough discussion of the operation of the electron-capture detcctor 
and its utility in the analysis of drugs and metabolites. There is an extensive 
compilation of information from the drug assay literature with ovcr 250 rcf- 
crcnces. Numerous practical considerations are presented, along with a 
comparison of this detector with electron-capture-negative chcmical-ion- 
ization GC MS analysis. 


The chapter on “Animal Species” addresses the question of which animal 
species is the best metabolic model for the human for a particular type of 
chcmical structure. This chapter is bascd on a survey of the literature between 
1970 and 1979 and is divided according to metabolic pathways undcr phase 
I and phase I I  reactions. There is an extensive compilation of data using the 
abovcclassification in numerous tables which present compound, species, and 
the presence or absence of the metabolic product discussed. 


The final chapter is entitled “Quantitative Pharmaco-EEG in Determining 
Bioavailability and Bioequivalency of Psychotropic Drugs.” This chaptcr 
addresses a specific pharmacodynamic technique, elcctroencephalography, 
for the quantitative measurement of response to psychotropic drugs. The 
authors present a thorough discussion of this technique with numerous drug 
examples. This is a relatively new area which has promise for a variety of in- 
vestigations. 


Thc chapters of this book are well written, current, and thorough. The book 
is recommended to those readers who have a specific interest in or who require 
an overview of any of the individual topics covered. Certainly it is worthwhilc 
library purchasc. 
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7 .  “Lipid-Lowering Drugs and Low Fat Diets,” R. Palmer, 10, 0. 
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8. “Effect of Diet and Sulfonylurea Drugs on Insulin Resistance and 
Insulin-Receptor Function.” F. Pi-Sunyer, 18.99, 1974, 30%. 
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11. “Drugs and Diet Therapy,” A. Stunkard, 6,O. none. 
12. “Diuretics and Salt Restriction in Blood Pressure Control,” S. Was- 


sertheil-Smoller, H. Langford, M. Blaufox er al.,  16. 20, 1966, 38%. 
13. “Vitamin A Analogs in Skin Disease,” D. Windhorst, 12, 34, 1978, 


62%. 
Statistical results obtained for the entire volume and each chapter indi- 


cate some shortcomings of this volume. This book provides 765 published and 
10 in-press citations with an averagc reference date of 1975; although 50’70 
of the references cited were published in 1978 or later years, some 30% were 
published prior to 1975, a fact which questions use of the word “current” in 
the series title. 


Overall quality control was poor. Some chapters were good; others were 
far less so. Aside from being well done, chapters 2,3 ,  10, and I3 had 50-65% 
of the cited references published in 1978 and subsequent years. Chapters I ,  
4, $ 8 . 9 .  and 12 are satisfactory, in general, but have reduced utility because 
of dated references; only 22-40’70 of the cited references were published in 1978 
and later years. Chapter 12, with some of the most recent references in this 
group, also had some of the most dated references. 


Although the content was interesting, a few chapters seem to detract from 
this work more than they support it. Chapters 6.7 ,  and 1 1  have no reference 
citations at  all. Moreover, many of the missing references would seem critical 
to the point being made; their absence is astonishing. 


There are a few instances where anticipated topics and citations were not 
mentioned. This diminished the breadth of the article. Specifically, chapter 
5 makes no mention of the depletion of vitamin B12 by chronic cyanide in- 
gestion, a fact based on substantial research. Furthermore, it was also sur- 
prising that no mention was made of food additives and the possible link to 
hyperactivity in certain children in the discussion of chapter 6. 


The volume contained a satisfactory index and although most chapters were 
easily read, chapter I l warrants mention because of its complex and lengthy 
sentence structure. One example is both sufficient and classic: 


Sullivan, J. Triscari. and L. Cheng, 30,235, 1978.65%. 


“We recommend this because they act, 1 believe, by lowering the 
body weight set point, they do not rapidly lose their efficacy, at least in 
humans, tolerance does not develop, and therefore, when they are with- 
drawn, the body weight set point that had been artifically suppressed 
by the drug is elevated to thc pretreatment level, resulting in very se- 
vere pressures upon people to regain the weight they lost with the aid of 
these drugs.” 
In summary, the highly variable quality and topical approach makes this 


volume more valuable to established hbrdrics than to a general home library. 
While scientists actively engaged in  research involving nutrition and drugs 
or pharmacology-toxicology will find this work useful, interest in this volume 
by many scientists will probably depcnd instcad on the topic discussed. Because 
of limited prior exposure to this subject, pharmacists may find many of the 
topics to be refreshing and relevant both to  their continuing education and 
to their dealings with a public increasingly fascinated by “nutrition” and 
dieting. Clearly, however, individuals interested in this subject should examine 
the work before purchase. 
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08873. 1983.440 pp. 24 X 15 cm. Price $90.00. 
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a monograph on the renal cxcretion of drugs; the absorption, distribution, and 
cxcretion of two therapeutic classes of compounds; the metabolism and toxicity 
of two environmentally important compounds; and the relationship between 
metabolism and toxicity in the avian species. Each chapter is concise, well 
written, and includes pertinent structures and graphic illustrations. As in the 
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previous volumes, the relationships between drug levels, therapeutic response, 
and special disease states are discussed. 


The following monographs are contained in this volume: 
Chapter I, “The Renal Excretion of Drugs” (W. R. Hewitt and J. B. Hook), 


provides a comprehensive review of the important physiological processes 
whereby drugs are processed by the kidney. This excellent review contains 
202 references. 


Chapter I I ,  “Pharmacokinetics and Metabolism of Diuretics” (R. M. J. 
lngs and L. A. Stevens), containing 436 references. has been devoted to the 
following classes of diuretics: carbonic anhydrase inhibitors, thiazides, loop 
and uricosuric agents, potassium-sparing agents, mercurials, and osmotic 
diuretics. 


Chapter 111, “Metabolism and Pharmacokinetics of Antihyperlipidaemic 
Agents” (M. N. Cayen), dcscribes the absorption, distribution, metabolism. 
and excretion of the following therapeutic agents: clofibrate and congeners, 
nicotinic acid, and absorbable and nonabsorbable lipid-lowering agents. The 
review also contains discussions concerning drug interaction and the effects 
of this class of compounds on the liver. A total of 314 references have been 
cited. 


Chapter IV, “Aliphatic Nitriles: Metabolism add Toxicity” (A. E. Ahmed 
and N. M. Trieff). contains 257 references. This chapter summarizes the 
metabolism. toxicity, and environmental impact of aliphatic saturated, un- 
saturated, and substituted nitriles. 


Chapter V, “The Metabolism and Activation of Benzo[a]pyrene” (C. S .  
Cooper, P. L. Grover. and P. Sims), is an outstanding monograph in which 
the authors havc compiled and reviewed the information in  447 references 
concerning the metabolism and activation of beneo(a1pyrene. The reaction 
of its metabolites with DNA and their involvement with mutagenesis are 
discussed. 


Chapter VI, “Relationship Between Metabolism and Toxicity of Xeno- 
biotics in Avian Species” (A. R. Buckpitt and M. R. Boyd), provides valuable 
insights into the use of the avian species to predict specific metabolites of a 
toxicant and its relationship to target tissue toxicity (82 references). 


Reviewed by Lawrence A. Pachla 
Warner-LumbertlParke-Davis 
Pharmaceutical Research Division 
PharmacokineticsjDrug Metabolism 
Ann Arbor. MI 48105 


Plmnmceutid Qumlity Control By Dr. WILLIAM F. HEAD, JR. Exposition 
Press, Inc., 325 Rabro Drive, Smithtown, N Y  11787-0817. 1983.90 pp. 
15.5 X 23.5 cm. Price 58.00. 
In 90 pages Dr. Head covers an enormous amount of information about the 


manufacture and control of pharmaceutical produrn. When you start to read 
such a short book on such a vast subject, there is considerabledoubt that it 
is possible to do the subject justice. 


In order to cover the subject of pharmaceutical quality control. which Dr. 
Head does reasonably well, he is forced to use a great many generalizations. 
The style in which the book is written could havc the uninformed reader be- 
lieving that the approach stated in the multitude of situations discussed is the 
only accepted way to perform the task being discussed. This is certainly far 
from the actual situation in the pharmaceutical industry. For example, there 
are several references to the use of stickers to identify the status of incoming, 
in-process. and finished products. The use of stickers is just one of several ways 
pharmaceutical companies identify the status of materials. Today more and 
more companies use computerized systems for inventory control and find these 
systems equally effective a5 the sticker system at a considerably reduced cost. 
This is not to say that the sticker system is no longer used or acceptable; there 
are probably many companies still using this system effectively. 


This brings us to the critical issue of the audience for whom the book is 
written. The author singles out students of analytical and pharmaceutical 
chemistry, who have relatively little idea of the objectives of how to manage 
or work within a quality control organization. This is a limited audience. But, 
on careful examination it represents the initial work experience of many of 
the people who manage the quality control organizations of a large number 
of pharmaceutical companies. By reading this book. you will not learn what 
a quality control manager in the pharmaceutical industry does. you will not 
learn quality control statistics, nor will you learn the various skills of the quality 
engineer as they apply to the pharmaceutical industry. However, you will get 
a good view of many of the basic situations the quality control professional 
in the pharmaceutical industry frequently faces and how some companies 
handle these tasks. 


Reviewed by L. Pasteelnick 
Director of Quality Assurance 
Parke-Davis div. 
Warner-Lombert Company 
Morris Plainr, NJ  07950 
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Warner-LumbertlParke-Davis 
Pharmaceutical Research Division 
PharmacokineticsjDrug Metabolism 
Ann Arbor. MI 48105 
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lieving that the approach stated in the multitude of situations discussed is the 
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systems equally effective a5 the sticker system at a considerably reduced cost. 
This is not to say that the sticker system is no longer used or acceptable; there 
are probably many companies still using this system effectively. 


This brings us to the critical issue of the audience for whom the book is 
written. The author singles out students of analytical and pharmaceutical 
chemistry, who have relatively little idea of the objectives of how to manage 
or work within a quality control organization. This is a limited audience. But, 
on careful examination it represents the initial work experience of many of 
the people who manage the quality control organizations of a large number 
of pharmaceutical companies. By reading this book. you will not learn what 
a quality control manager in the pharmaceutical industry does. you will not 
learn quality control statistics, nor will you learn the various skills of the quality 
engineer as they apply to the pharmaceutical industry. However, you will get 
a good view of many of the basic situations the quality control professional 
in the pharmaceutical industry frequently faces and how some companies 
handle these tasks. 
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EDITORIAL 


The Sad State of Current Research Instruments 


Ever since the 1980 U S .  Presidential election, there has been a 
greater than usual national debate on the subject of what constitutes 
the most appropriate level of federal spending for national defense. 
In particular, those who have advocated budgetary increases have 
emphasized the need for committing major expenditures for new and 
u g t e d a t e  military “hardware.” Ships, tanks, and planes all are very 
expensive, but they enable a smaller army to achieve military supe- 
riority Over a much larger force that is inferiorly equipped. In short, 
more “firepower” requires less “manpower” to achieve the same 
military capability. 


We do not pretend to have any expertise in the area of national 
defense; therefore, we will not venture any opinion as to the relative 
merits of our military establishment’s need for the added funds it has 
been requesting for major armaments. However, we do see a striking 
parallel here to the hardware needed to successfully wage another 
type of “battle.” 


The “battle” in this case is research, and the “hardware” is labo- 
ratory instruments-modern, up-to-date equipment that is capable 
of increasing the performance and “firepower” of the laboratory 
scientist just as surely and as dramatically as the advanced technology 
weaponry will for military personnel. 


Consequently, the state of usefulness of laboratory research 
equipment in the nation’s university research and development centers 
is a critical factor in considering how effectively and how efficiently 
these centers are able to fulfill their primary mission. 


The National Science Foundation (NSF) felt that this critical 
question was one that needed to be addressed and answered. As a 
result, it surveyed the state of academic research equipment during 
calendar year 1982 in three selected fields-computer sciences, 
physical sciences, and engineering. As a second stage, data are now 
being collected for the agricultural, biological, environmental, and 
medical sciences. There is little reason to expect that the pattern found 
for these latter areas will differ significantly from the pattern found 
in the original three test areas. Hence, it warrants our attention and 
consideration. 


The NSF issued its initial report in  the April 18, 1984, issue of its 
publication “Science Resource Studies Highlights” (NSF document 
84-31 2). The report title bluntly and concisely summarized the bot- 
tom line of the agency’s study: “One-fourth of Academic Research 
Equipment Classified Obsolete.” 


The study report describes the considerations given to methodology, 
purchase price, age, funding patterns, utilization, and equipment 
adequacy. In particular, the study was limited to “research instrument 
systems costing from $10,000 to $1,000,000.’’ In  this manner, very 
simple and expendable equipment was eliminated, as well as ultra- 
costly items that are not really representative and could distort the 
overall data. 


Selected excerpts from the highlights of the report provide con- 
siderable information and insight as to the status of the subject. A 
number of the key points that we found of special significance are as 
follows: 


University researchers classified about one-fourth of the 22,300 
items in their 1982 research equipment inventories as obsolete and 
no longer in research use. 


4 Of all academic research equipment listed in the I982 inven- 
tories, only 16% was characterized as “state-of-the-art.” 


About one-half of department chairpersons reported existing 
equipment to be “insufficient.” 


4 More than 90% ofthe departmental chairpersons reported that 
the lack of equipment inhibited the conduct of critical research. 


4 Ohe-half of all academic research instrument systems in use 
in I982 were purchased within rhe previous 5 pears. but 31 percent 
were more than I0 years old. 


4 Two-thirds of all academic research instrument systems in use 
during 1982 were acquired partly or entirely with federal funds. 


Each instrument system in use in 1982 was used by a median 
of seven researchers. 


Undoubtedly, many of our readers-and especially those in aca- 
demic research centers-will find little, if any, of this surprising. It 
simply confirms what they have felt all along. 


But the important point is that it does confirm what previously had 
been only claims and conjecture. Solid data is in hand to support those 
past critical assessments. 


Now given this situation, what, if anything, can or should be done 
about it? 


We have read other recent reports released by pertinent govern- 
ment agencies that have been at least equally critical--or more so--of 
the condition of the nation’s interstate highway system, of its major 
bridges, of its dams, and even the national air traffic control system. 
Considering that hundreds and even thousands of lives may be at  
substantial risk due to those faulty, antiquated, or overtaxed systems, 
many citizens would argue that they require federal funding priority 
over new research instruments. 


Furthermore, as noted above, one of the NSF survey findings is 
that two-thirds of instrument systems currently in use were already 
partially or totally funded by the federal government. 


It would seem, therefore, that universities should look, and will need 
to look, to the private sector for increased support in this area. But 
the philanthropy of industry also has limits, and fairness to the con- 
suming public as well as to company stockholders dictates that only 
so much money can be given away no matter how worthy the 
cause. 


But what about “quid pro quo” arrangements‘? For example, the 
company that needs a nuclear magnetic resonance study conducted 
might donate such an instrument to a university with the explicit 
understanding that the university will conduct the study without 
additional funding support, cxccpt pcrhaps for incidentals. The 
equipment could then be used at  sparc time during the period of the 
study, and full-time thereafter, for whatever other research appli- 
cations the university staff might find it appropriatc. 


The point is that the quality of our academic research laboratories 
is deteriorating badly, and the situation will continue to grow worse 
unless some concerted efforts and innovative actions are soon ini-  
tiated. 


-EDWARD G. FELDMANN 
American Pharmaceutical Association 


2215 Constitution Avenue, N.W. 
Washington, DC 20037 
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Abstract 0 Single-dose and steady-state studies were carried out in  rabbits 
to characterize the pharmacokinetics of methicillin elimination and tissue 
distribution. Serum methicillin concentrations after single doses exhibited 
a biexponential decline with a mean terminal half-life of 27 f 5 min. 
Steady-state volume of distribution (Vd,,) decreased twofold as doses in- 
creased from 5 to 125 mg/kg, while total clearance was consistent over this 
dosage range. During steady-state infusions of 8.7-87.2 mg/kg/h, the serum 
and extravascular fluid concentrations increased in proportion to dose, while 
clearance remained constant. Methicillin tissue concentrations did not increase 
in proportion to dose and serum concentration, and the Vd,, measured from 
tissue recovery decreased as dosage and serum concentrations increased. 
Central compartment volume and serum protein binding did not change. The 
cause of the dose-dependent change in  Vd,, was a capacity-limited uptake of 
methicillin into essentially all nonexcretory tissues. This process was described 
by a partial physiological pharmacokinebic model based on the actual weights 
or volumes of the rabbit tissues. Distribution into extracellular fluids was 
assumed to be complete, while entry into cellular. nonexcretory tissue became 
capacity limited as the K ,  (17.2 pg/mL) was exceeded. The result was a 
decline in  Vd, with increasing serum concentrations to a limiting value which 
approached the volume of the central space ( V , )  and was similar to the ex- 
tracellular water volume of the rabbit (0. I7 L/kg). I n  the dosage range where 
total clearance was independent of serum concentration, the distribution of 
methicillin was concentration dependent and could be predicted by equations 
derived from the Michaelis-Menten equation. 


Keyphrases 0 Methicillin-pharmacokinetics in the rabbit, capacity-limited 
tissue distribution, single-dose and steady-state conditions 0 Pharmacoki- 
netics-methicillin in the rabbit, capacity-limited tissue distribution, sin- 
gle-dose and steady-state conditions 0 Tissue distribution-capacity limited. 
methicillin. rabbits, pharmacokinetics. single-dose and steady-state condi- 
tions 


Nonlinear disposition of drugs commonly occurs as a result 
of saturation in transformation, transport, or binding with or 
by biological substrates. Processes that are most frequently 
nonlinear are the enzyme-mediated active biotransformations 
of compounds, such as the metabolism of salicylates, ethanol, 
and phenytoin (1) .  Renal tubular secretory mechanisms of 


compounds such as p-aminohippuric acid are capacity limited 
(2 ) ,  while tubular reabsorption of at least two cephalosporins 
is also a nonlinear process (3). Some radiocontrast agents such 
as iodipamide undergo apparent Michaelis-Menten-type 
biliary excretion in dogs (4). The GI absorption of some pen- 
icillins appear to be zero-order or capacity limited ( 5 ) .  
Transport between CSF and blood is often active, as demon- 
strated for benzylpenicillin (6), but a generalized nonlinear 
tissue distribution pattern has not been reported for penicillins 
or any other drugs. If protein binding sites can be saturated 
to produce nonlinear kinetics, there is no reason why the same 
process cannot occur in the tissues (7 ) .  As an example of ca- 
pacity-limited tissue binding, DiSanto and Wagner (8)  have 
proposed a nonlinear tissue binding model to account for 
methylene blue distribution. Saturable or nonlinear plasma 
protein binding can have diverse effects on both drug distri- 
bution and clearance as evidenced with prednisolone (9). 


The purpose of this report is to provide a pharmacokinetic 
description of methicillin serum and tissue concentrations in 
rabbits. The model incorporates capacity-limited transfer 
between extravascular fluid and tissues, and utilizes and tests 
transit time concepts to convert between single-dose and 
steady-state conditions. 


THEORETICAL SECTION 


Saturable tissue uptake and linear plasma clearance are the fundamental 
mechanisms proposed to describe the pharmacokinetics of methicillin over 
most of the dosage range of interest. A minimal model which describes the 
experimental data is shown in Fig. I .  The plasma and interstitial fluid comprise 
the central compartment ( V c ) ,  while remaining body tissues were considered 
as V T .  Total clearance, or the systemic plasma clearance of the drug (CL). 
occurs from the central compartment. Methicillin uptake into cellular spaces 
(CL12) was nonlinear and Michaelis- hlenten kinetics ( T m d X ,  K , )  were used 
to describe the rate-limiting mechanism. Return of drug from tissue to plasma 
(CL21) was assumed to be linear. 


0022-3549l840700-0867$0 1.OW 0 
@ 1984, American Phermaceutical Association 


Journal of Pharmaceutical Sciences I 067 
Vol. 73. No. 7, July 1984 







I r l  


CL 


1-1 
Figure I -Partial physiological model for  methirillin distribution and 
clearance in the rabbit. The central uolume (V,) is assumed 10 comprise 
plasma and interstitial fluid, from which systemic clearance (CL) occurs. 
Rrtnaining body tissues (VT) attain drug concentrations (Cr] by nonlinear 
rransporr clearance /CL I 2 = fIT,,,,, K,)] and linear disrribution clearance 
(Cl.211. 


The differcntial equations which describe serum ( C )  and overall tissue (CT) 
concentrations are: 


where: 


dC 
dr v c -  = -CL. c -  c.  c'L1* -+ c'L2,.  c, 


(Eq. 3)  


reflects the nonlinear nature of tissue uptake of the drug. Unlike a perfusion 
model, where the concentration of drug in venous blood should be used in Eq. 
2, VT and CT are  employed here as  the actual tissue (cellular) volumes and 
concentrations (excluding plasma and interstitial fluid). Equilibration bctween 
plasma and interstitial fluid was assumed to be very rapid in comparison with 
the rates of tissue uptake, and cellular transport or binding was considered 
to be the only mechanism for tissue uptake and retention. The nonlinearity 
of Eq. 3 prevents direct integration of these equations, but some of the model 
paranicters can be estimated under initial. time-average, low-dose, and 
steady-state conditions. 


Single-Dose Conditions-Serum concentrations following single intravenous 
bolus injections declined in a biexponential manner and were initially described 
by their SHAM (slope, height, area, moment) characteristics (10) with: 


C = CI-Ail' + C2-A21 0%. 4) 


where Ci arc intercepts and A, are slope values. These coefficients yield the 
total area (AUC) and first moment (AUMC) of each curve from: 


AUC = xC,/xi (Eq. 5) 


This permits calculation of mean transit time (?) for each dose as: 


t = AUMC/AUC (Eq. 7) 


The total plasma clearance of a drug is independent of distribution pa- 
rameters (except for blood flow to the eliminating organ) and can bc calculatcd 
from. 


Do CL =- 
AUC (Eq. 8) 


where DO is the intravenous bolus dose. The volume of distribution at steady 
state (Vd, , )  can be obtained ( I  I) as: 


Vd,, = CL * t (Eq. 9) 


This parameter is generated initially as a time-average parameter, and its 
meaning and limitations will be described in more detail below. The volume 
of :he central compartment is calculatcd from: 


vc = uo/23c, (Eq. 10) 


I f  very small intravenous doses are used. the system operates under lincar 
conditions, thus collapsing to the conventional twcxmnpartment model within 


d I I 


1 2 3 
l I M E , h  


Figure 2-Concentration-time course of 1 5 ,  50.. and 500-mglkg iv doses 
of methicillin in three different rabbits. 


the context of this treatment. This permits the slope/intercept values to be 
defined as  (7): 


XI + hz = cL/Vc + CL1?JVc + cL2I/vT = -b  (Eq. I la)  
CL2, CL 


x , x 2  = -- - c  vc VT 
(Eq. Ilb) 


(Es. 12) 


Estimates of the primary model parameters can be obtained, since CL, Vc, 
and Vd, are already solved. It is initially assumed (and will bedemonstrated) 
that V, and VT have physiological meaning and represent the extracellular 
water and remaining body spaces of the animal. Thus: 


VT = TBWt - V, (Eq. 15) 


where TBWt is the total body weight of the animal. For convenience, these 
equations assume a body density of one, and thus body weight and volume are 
considered equivalent. From Eq. 1 1 b we obtain: 


thus providing CLl2 from rearrangement of Eq. 1 la: 


Alternatively. since (see below): 
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Table I-Time-Averaee Pharmacokinetic Parameters of Methicillin in Rabbits Following Sinele Intravenous Bolus Doses 


I 5.0 0.91 0.53 10.3 0.48 0.28 0.363 I .09 ... 


2 10.9 
3 13.5 
4 13.5 


. .~ 


0 . S i  0.36 
0.50 0.80 
0.55 0.41 


.~ 


34.7 
34.3 
47.5 


0.33 0.25 
0.40 0.18 
0.32 0.20 


0.250 2.39 
0.238 1.27 
0.356 1.35 


5 15.0 0.58 0.62 39.5 0.35 0.24 0.21 8 2.17 
6 15.0 
7 18.0 
8 22.5 


0.43 
0.40 
0.82 


0.67 
0.83 
0.36 


51.5 
57.8 
76.9 


0.30 0.18 
0.31 0.18 
0.30 0.18 


0.248 1.79 . -  ~ 


0.266 
0.305 


I .68 
2.08 


9 30.0 0.56 0.40 134.2 0.22 0.17 0.139 2.28 
10 36.0 0.57 0.40 154.4 0.23 0. I7 0.052 2.43 
I I  82.5 0.50 0.45 368.7 0.22 0.17 0.100 2.08 
I2 83.3 0.67 0.38 321.0 0.25 0.24 0.022 1.53 
13 113.5 0.60 0.38 491.0 0.23 0.19 0. I30 2.62 
14 120.0 0.55 0.44 495.4 0.24 0.19 0.083 2.37 
15 125.0 0.54 0.40 577.5 0.2 I 0.17 0.100 2.39 


Eq. 8 .  Fq. 7. Eq. 31. Eq. 9. Eq. IO./Eq. 17. II Eq. 16. 


a more direct solution is: 


Both Vd,,  and CLlz are time-average parameters when calculated in this 
manner and must be used cautiously when nonlinear conditions exist. 


Steady-State Conditions-Ordinarily, the only pharmacokinetic parameter 
that can be obtained at steady state is the total clearance (CL). This value is 
usually calculated from the infusion ratc ( k o )  and the steady-state serum 
concentration (P) as: 


CL = k O / P ’  (Eq. 20) 


However. the analysis and recovery of total body drug content (A’$’) also 
yields a direct value of Vdss from: 


Vd,, = Xg’s/C’’ (Eq. 21) 


vds, = vc + Z K p i  vtr (Eq. 22) 


The conventional definition of Vd,,  is: 


where K,, and V,, represcnt the partition coefficients and actual tissue weights 
or volumes for either the nonplasma or nonccntral spaces of the body. In whole 
body terms. this can be written as: 


V d , , =  v , + K d . ~ V t , =  v , + ( K d - v ~ )  (Eq. 23) 


where Kd is the overall tissue-serum distribution ratio. For the present model, 
Kd can be solved by considering steady-state conditions with Eq. 2 set to zero, 
yielding: 


Kd = (..yrr/Cs = c‘L)2/cL21 (Eq. 24) 


or: 


or: 


With appropriate data, the unknown parameters of Eq. 26 can be solved 
by nonlinear least-squares iteration. To assist in resolution of such parameters, 
consider that as CS becomes very large (Cx’ >> K,,,), the limiting value of V d ,  
Is: 


lim Vd,,  = V ,  
cu f- 


A t  very low serum concentrations where linear distribution applies (CTs < 
KWIk 


A typical Michaelis-Mcnten function usually has sufficient degrees of 
freedom to solve only two parameters. Equation 26 contains five parameters. 
In the present study, the single-dose experiments and large-dose infusions yield 
values of V ,  (Eqs. 10 and 27). Retaining physiological equivalence for VT 
permits its calculation from Eq. 15. The upper limit of CLlz (the quotient of 


TmaK/Km) and CL2l can be generated from single low-dose data (Eqs. 16 and 
19). This leaves one unknown parameter. I f  Eq. 26 is rearranged to: 


then. the function G wrsu.v Cs’ can be cast into linear form: 


1 / G  = K,/Tmax t Cs/ T,,, (Eq. 30) 


wherc a graph of 1 / G  t’er..pus Ps yields a slope of I ITmax and the ordinate 
intercept is K,/Tmax. However. by this stage the function G contains several 
inserted parameters and may be inaccurate. Thus, Eq. 30 is most useful for 
obtaining initial estimates. This allows the least-squares values of CL21, T,,,, 
and K, to be generated by NONLIN curve-fitting of Eq. 26, using individual 
values of V ,  and VT from each animal and Vd,,  and C‘ as the dependent and 
independent variables. Because an array of T,,, and C‘f-21 values would yield 
an identical Vd, ,  i n  Eq. 26. it is important to obtain reasonable parameter 
estimates to initiatecomputer fitting and to restrict the upper limit of Tmdx/Kn, 
to CL12 as  generated from the low-dose data (Eq. 3). 


Single-Dose to Steady-State Conversion-For drugs with linear phar- 
macokinetic properties, any single-dose parameters apply directly to the 
steady-state situation. For drugs with nonlinear CL or Vd,,, the parameters 
generated using Eqs. 8 and 9 were obtained as time-average values and must 
be considered valid only for the corresponding timeaverage serum concen- 
tration CaV. This is easily calculated as: 


c,, = AUC/i  (Eq. 31) 


Thus, the equivalence between single-dose and steady-state conditions can 
be described as: 


ko CL = ~ 


C,, or Cs 
and: 


These concepts are experimentally tested in this rcport. 


(Eq. 32) 


EXPERIMENTAL SECTION 


Protocol-A total of 31 male New Zealand White rabbits ranging in weight 
from 2.5 to 5.5 kg were studied. Fifteen animals were given single, rapid in- 
travenous bolus doses of methicillin ranging from 5.0 to 125.0 mg/kg. Blood 
samples were collected from the marginal ear vein over the following 7 h. 


Another group of 1 I rabbits were given methicillin by constant infusion 
through a jugular vein catheter. Dosages ranged from 8.6 to 87.2 mg/kg/h. 
and infusion times ranged from 6.5 to 10 h. Cumulative total urine was col- 
lected from all of the animals over the next 24-h period, or until sacrifice. Five 
additional rabbits (2.5 -2.7 kg) were each given a 15-. 50-, and SOO-mg/kg 
bolus dose on different days in random sequence. Blood samples were collected 
from the marginal ear vein. 


For collection of extravascular fluid, 5 of the 31 rabbits had perforated 
plastic balls ( I  7-mL capacity) placed subcutaneously at I0 - 14 d prior to the 
methicillin infusion. In the other rabbits, peritoneal fluid was collected at 
sacrifice in a capillary tube or onto filter disks. The preweighed filter disks 
were placed in the abdominal cavity immediatel) after the animals were 
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Table Il-Steady-State Pharmacokinetic Parameters of Methicillin in 
Rabbits Following Constant-Infusion Dosing 


Rabbit 


16 
17 
I8 
19 
20 
21 
22 
23 
24 
25 
26 


Weight. 
kg 


3.3 
3. I 
4.0 
3.3 
3. I 
3.5 
3. I 
2.5 
3.5 
3.3 
3.2 


Infusion 
Rate, CL, 


mg/kg/h L/h/kg‘ 


8.7 0.67 
17.8 I .30 
16.8 0.96 
19.8 0.88 
33.3 I .08 
22. I 0.64 
30.9 0.8 1 
58.5 0.99 


22.5 
30.7 
34.5 
38.5 
58.9 


50.6 0.84 . .  60.0 
53.8 0.75 71.0 
87.2 0.69 125.0 


Vdw 
L / b h  


0.43 
0.49 
0.53 
0.48 
0.36 
0.40 
0.29 
0.17 
0.26 
0.27 
0.25 


x g s s .  


mg 


18.9 
25.0 
36.2 
36.4 
37.8 
46.3 
35.7 
25.2 
53.4 
64.6 


100.0 


a Eq. 20. Eq. 21 


sacrificed. Fluid in the abdominal cavity was tested for occult blood’; only 
negative samples were used for analysis. 


At the end of the sampling procedures, all rabbits given continuous infusion 
wcrc sacrificed, and samples of essentially all organs and tissues were obtained 
for methicillin assay. Urine was collected from the intact bladder. All organs 
and the remaining carcass were ucighed for use in determining the organ 
content of methicillin. 


Assays--Methicillin concentrations in serum, peritoneal fluid, and urine 
wcrc determined by an agar well diffusion microbiological assay as outlined 
by Kavanaugh ( I  2) using Bacillus suhtilis as the test organism. The range 
of concentrations assayed without dilution was 0.5-25.0 pg/mL. and the 
day-to-day coefficient of variation was < 10%. Samples were assayed in  trip- 
licate on two or more occasions and quantitated in reference to appropriate 
standards prepared in blank tissue homogenate, urine, or poled rabbit serum. 
Plasma protein binding was measured by equilibrium dialysis at 37OC. 


Tissue concentrations were determined by methods similar to those used 
previously ( 1  3). Necropsy samples were blotted on gauze and two 100-200-mg 
samples were weighed to be within 10 mg of each other. Each sample was 
individually homogenized following the addition of 1-2 mL of phosphate 
buffer (pH 7.4). To  one of the two samples. a known amount of methicillin 
was also added. Samples were allowed to stand for 24-48 h a t  4OC and then 
centrifuged. The supernatant was assayed using the microbiological assay 
and homogenate standards. The phosphate buffer in the homogenized tissue 
was replaccd, and the extraction procedure was repcated until no further 
methicillin could be measured. 


Extraction recovery was calculated using the following: 


Methicillin recovered - Methieillin recovered 
from “spiked“ sample H from “unspiked” sample 


Amount of Methicillin “spiked” 
The fractional extraction recovery using this method ranged from 0.9 to I .05 
i n  a11 tissucs. 


Tissue concentrations were calculated by dividing the amount recovered 
from a tissue sample by the weight of the tissue sample. The total amount 
recovered from cach animal was the product of the spccific organ coneen- 
triition and the individual organ weight. The sum of all tissue weights in each 
animal approximated the total body weight minus the total weight of any GI 
contcnts and urine. 


(Eq.34) ( 


R F.SU LTS 


Single-Dose Pharmacokinetics of Methicillin- Following single bolus doses 
of methicillin, serum concentrations declined in a biexponential fashion, as  
bhown for three representative rabbits in  Fig. 2. Such profiles were fitted to 
I’q. 4 by nonlinear least-squares regression (14). The SHAM properties were 
then inserted into Eqs. 7 17 to obtain the pharmacokinetic parameters de- 
scribing clearance and distribution in the 15 rabbits given single doses. These 
data art. given in rank order of dose in Table I .  and show that the average 
serum Concentration remains proportional to dose with increasing doses. while 
the plasma clearance remained essentially constant, averaging 0.60 f 0.15 
L/h/kg. The terminal half-life averaged 27 f 2 min in the rabbits. Theother 
parameters that remained constant over this dosage range were V,, which 
averaged 0.20 f 0.03 L/kg, and CL21. which averaged 1.86 f 0.60 L/h/kg. 
The 1 ,  I‘dss. and CLl2 values varied with dose. Vd,, decreased by approxi- 


I ,A Hernwcuh 
ftltcr disk 


pad was placed in the abdominal cabi ty  next to the collection tube or 


2 l2O1 
I00 


4 


$ 1  / 
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METHlClLLlN SERUM CONC. p @ / d  


Figure 3-Simultaneous steady-state concentrations of methicillin in serum 
and exiravascular fluids: Key: ( 8 )  iissue chamber fluid: (0) peritoneal 
fluid. 


mately twofold as the dosecovered a 10-fold rangc. The change in 7 with dose 
was a direct result of the Vd,,/CL ratio, as  the plasma clearance remained 
unchanged with increasing doses. The distributional clearances (CL12) listed 
in  Table I exhibited a fourfold range (0.10-0.35 L/kg/h) with increasing doses 
of methicillin. 


To assess the possibility of protein binding changes altering the distribution 
volume, we measured protein binding by equilibrium dialysis on serum samples 
over a 20-fold range of serum concentrations. The binding of methicillin to 
serum proteins averaged I7 f 2%. 


Methicillin Pharmacokinetics after Continuous Infusions- Methicillin was 
infused into I 1  different rabbits for 6 10 h. The infused doses, clearances, 
volumes of distribution, total body methicillin content ( X P ) ,  and serum 
concentrations measured at steady state are listed in Table I 1  for each of these 
rabbits. The cSs values were proportional to the infusion rate, yielding rela- 
tively constant CL values which averaged 0.86 f 0. I9 L/kg/h. These values 
were in  good agreement with the single dose CL values of Table I .  As was 
observed in the single-dose rabbits, Vd,, steadily declined as doses and 
steady-state serum concentrations increased. 


Steady-State Extravascular Fluid Distribution-Table I I  I gives the 
steady-state serum drug concentrations for all I 1 rabbits, ranging from 13.0 
to 125.0 &mL. As serum concentrations increased as a result of the in- 
creasing dosing rates, a proportional rise was noted in  the extravascular fluid 
concentrations, i .e.,  both the tissue chamber and peritoneal fluid. Thc data 
indicate complete and dose-independcnt penetration of methicillin into ex- 
travascular fluids. as shown by the identity line in  Fig. 3. 


q 0 ‘0 


ooL METHICILLIN 100 200  m g l  3 0 0  4 0 0  I 500 I 


Figure 4-Steady-state volume of distriburionfollowing a single dose (0 )  
and constant infusion (0) of methicillin in relation t o  time aoerage (Co,.) and 
sreody-state (elJ) serum drug concenirwions. 
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Table Ill-Steady-State Serum, Extravascular Fluid, and Nonexcretory Tissue Concentrations Following Constant Infusion 


cs’. 
Rabbit ueImL* 


Conc. in 
Tissue Chamberb or Steady-State Tissue Conc.. pg/gc 


Peritoneal Fluidc, Skeletal 
ue imL Heart Lune Liver Muscle 


~~~~~ 


16 13.0 f 1.5 
17 15.0 f 1.2 
18 
19 
20 
21 


17.4 f 1.8 
22.5 f 1.3 
30.7 f 2. I 
34.5 f 2.1 


22 38.5 f 1.3 
23 58.9 f 2.4 
24 60.0 f 3.0 
25 71.0 f 2.6 
26 125.0 f 6.3 I 


~ 


11.0 
13.8 
2O.Od 
24.0 


32.0d 
- e  


65.0d 
58.0 
67.0 
20.0d 


-~ c 


~ 


5.0 
7.5 
8.8 


23.0 
8.2 


10.7 
9.0 


23.0 
10.0 
10.4 
31.0 


~ 


4.8 
4.6 
8.9 
3.9 
6.5 


10.0 
7.7 


34.6 
9.6 
8.8 


35.0 


~ 


5.0 4.4 
6.3 7.5 
7.8 8.9 
9.1 7. I 
8.8 11.0 


16.6 11.2 
8.2 10.2 


30.4 6.7 
14.0 
11.3 
35.0 


13.5 
15.8 
24.0 


Sreadj-state methicillin serum conccntration verified b) meawcment cver) 30 min over !he h- 10-h infusion pcriod (valuer f SD) Steady-stale methicillin conccntr31ion 
Mcthicillin concentration$ m e a w e d  ; ~ t  the time of sacrifice. immedidtcly following the mcawred in fluid obtained from a ubcutaneousl) implanted perforated pla,tic cathctcr 


infusion. Peritoneal fluid samplcs. Not analyzcd because sample contained occult blood. 


The methicillin content of the bile was <5% of the infused dose, but rcp- 
resented only the bile present in thegallbladder a t  the time of sacrifice. The 
volume of bile that entered the GI tract during the infusion period was not 
assessed. 


Urinary Excretion-Urine collected over the first 24 h from animals re- 
ceiving single doses of methicillin contained 80 f 2% of the administered dose. 
In animals infused to steady state and sacrificed, urine was collected from the 
intact bladder at the end of infusion. Greater than 85% of the administered 
dose could be accounted for in the serum, tissue, and urine of this group of 
rabbits. The percentage of the total dose that appeared in the urine at the time 
of sacrifice consistently increased as the cumulative dose infused increased. 
At the lowest infusion dose, 67% of thc dose appeared in the urine, while a t  
the highest dose, 96% of the total dose appeared in  the urine. Despite this 
finding, the total body clearance of methicillin in these two rabbits was similar: 
0.67 and 0.69 L/kg/h. 


In  uitro experiments revealed that methicillin was not completely stable 
in rabbit urine. The half-life for methicillin degradation in rabbit urine 
maintained at 39OC averaged 31 f 4 h. I f  a degradation rate constant is in-  
corporated into the urine recovery and the total amount of methicillin excreted 
in the bile estimated, essentially all of the total infused dose can be accounted 
for in the rabbits sacrificed at steady state. 


Steady-State Tissue Penetration-The steady-state concentrations of 
methicillin in representative nonexcretory tissue are listed in Table 111 along 
with simultaneous Cv and extravascular fluid concentrations. Unlike 
steady-state serum and extravascular concentrations, steady-state concen- 
trations in nonexcretory tissue did not increase proportionally with increases 
in infusion rate. Steady-state tissue concentrations seemed to rcach an ap- 
parent plateau as steady-state serum concentrations exceeded 25-30 pg/mL. 
Furthermore, the total amount in the body at  the time of sacrifice (,%’a,) ap- 
peared to approach a maximum value as infusion rates increased. Steady-state 
kidney concentrations of methicillin were generally I 0-fold greater than 
concentrations in nonexcretory tissue, and the plateau of concentrations with 
increased doses was less marked. However, true renal tissue concentrations 
could not be discerned because we were also measuring drug in retained urine 
in the kidney samples. 


Consistent with the individual values in tissue, the total amount of methi- 
cillin recovered from each rabbit at steady state also failed to increase pro- 
portionally to increased infusion doses, as shown in Table 111. The steady-state 
volume of distribution of mcthicillin varied over twofold, but values consis- 
tently diminished as steady-state concentrations were increased with increasing 
dosing rates. 


Nonlinear Steady-State Volume of Distribution-The nonlinear relationship 
between Vd, and methicillin steady-state serum concentrations can be eval- 
uated directly from the data in Table 11. The single-dose studies in Table I 
yield time-average Vd, values which can be assessed only at  the time-average 
serum Concentration (Cav). Figure 4 depicts all methicillin Vd, values in 
relation toeither C,, or cJ6; these data are consistent with a single nonlinear 
curve. It should be noted that the largest C,, range produced Vd,values which 
approach a limiting value of -0.20 L/kg, similar to the mcan central com- 
partment volume of distribution. 


The decline in  both Vd,, and CLlz with increasing Css suggested that lim- 
iting tissue uptake was a common factor. Equation 26 was employed to 
characterize the data of Fig. 4 i n  the following manner. The NONLIN 
computer program was used to fit individual Vd, values as a function of actual 
C,, from each animal dosed by rapid intravenous bolus doses. Individual values 
of V, were available, and specific values of VT were then directly calculated 


for each animal using Eq. 15. This left three unknown parameters, T,,,. K,, 
and CL21. These were generated using least-squares regression. Initial esti- 
mates were obtained as described in the Theoretical Section. 


The mean (f S D )  least-squares values which described the nonlinear ex- 
travascular penetration of rnethicillin in the rabbit following single intravenous 
bolus doses were: T,,, = 9.79 f 4.3 mg/kg/h; K ,  = 17.2 f 7.0pg/mL; and 
CL21 = I .02 f 0.6 L/kg/h. To  test the ability of this model to predict distri- 
bution at  steady-state from single-dose data, the parameter estimates from 
the single-dose data were used to calculate the Vd,, in animals infused to steady 
state, using Eq. 26. As shown in Fig. 5, these calculated values were in  good 
agreement with the measured values in  all rabbits infused to steady state. 


Multiple Single Doses-Additional studies were performed using a wider 
range of single doses ( I  5-500 mg/kg) in crossover fashion to further examinc 
the linearity of the disposition of methicillin. The CL from Eq. 8 and Vd,, from 
Eq. 9 following these doses of methicillin in each of five rabbits are shown in  
Table IV. The Vd,, following the I S-mg/kg dose was significantly larger than 
the Vd, following the 50-mgjkg dose. The Vd, changes arc in agreement with 
those predicted in previous rabbits given large doses of methicillin either by 
rapid bolus or continuous infusion. The Vd,, following the 500-mg/kg doses 
approximates the total extracellular fluid volume of 0.17 L/kg in New Zeakdnd 
White rabbits (15). 


The 500-rng/kg methicillin dose yielded a lower clearance compared with 
those following thc lower doses. The CL values from the lower doses were 
similar. These data indicate that the assumption of linearity in total mcthicillin 
clearance is tenable only over a limited dose and concentration range. 


DISCUSSION 


Disposition in Rabbits-From measurements of the drug in serum and urine, 
it appears that methicillin is primarilycleared by the kidney and excreted in 
the urine of the rabbit. This is in  agreement with other reports of methicillin 
pharmacokinetics in rabbits (16) and is also consistent with human studies 
( I  7). The renal clearance of methicillin, like other penicillins. has been at- 
tributed to both glomerular filtration as well as active tubular secretion ( I  8). 
Concomitant administration of organic acids such as p-aminohippuric acid 
and probenecid have shown to competitively inhibit the active secretion process 
( 19, 20). At sufficiently high mcthicillin concentrations. renal clearancc also 
becomes nonlinear, as was observed after single 500-mg/kg doses in these 
studies (Table IV). The model assumptions only apply to the region of linear 
clearance. 


There was a consistent, near-total recovery of the infused doseof methicillin 
from tissue, serum, and urine in all animals dosed to steady state, regardless 
of the total dosage. Furthermore, the unrecovered drug can be accounted for 
by the instability of methicillin in rabbit urine and incomplete collection of 
bile. Thus, the pharmacokinetic model can be applied in a setting where mass 
balance is essentialy complete without uncertainties related to incomplete 
tissue extraction or analytical difficulties. The pharmacokinctic charactcr- 
ization of serum concentration uersus time profiles yielding nonlinear tissue 
distribution properties was directly confirmed by analysis of actual tissue drug 
uptake. This diminishes the need for speculative inferences regarding the 
physiological relevance of the pharmacokinetic analysis of only serum con- 
centrations. 


Tissue Distribution-The distribution of methicillin into extravascular 
spaces can be described by two processes. Methicillin distributed freely and 
rapidly between serum and extravascular fluids since peritoneal fluid and tissue 
chamber fluid concentrations are in good agreement with serum concentra- 
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/ Table IV-Methicillin Clearance and Vd, in Five Rabbits, Each Given 
Three Doses of Methicillin in Randomized Order 
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Figure 5- Agrrement between predicted Vd,, (Eq. 26) using the V,. V r. TmOx, 
K,. and Cl.2) calues obtained front single-dose studies and measured Vd,, 
bused on recocery of druK from body tissue. 


tions. even following single doses. This process is a simple linear relationship. 
Similar findings with other penicillins have been reported in animals (21) and 
in humans (22). In contrast, the intracellular distribution of methicillin appears 
to be governed by a different process. A plateauing of stcady-state tissue 
concentrations occurred as CE’ exceeded 20-25 pg/mL. Linear uptake occurs 
at low serum concentrations, but saturation begins to occur as the K ,  (17 
pg/mL) is exceeded. Each tissue analyzed contains cells, interstitial fluid, 
and trapped blood. Interstitial fluids are in rapid equilibrium with drug in 
plasma (Fig. 3). When the conglomerate of tissue and interstitial fluid is ho- 
mogenized for assay, measured concentrations of methicillin continue to rise 
slightly as CS’ increases. but not to a proportional degree. Apparently, inter- 
stitial fluid concentrations continue to parallel serum, while true tissue con- 
centrations reach a limiting value. Similar tissue penetration data using am- 
picillin have recently been reported by Cars and Ogren (23). Skeletal muscle 
concentrations of ampicillin were substantially lower than serum concentra- 
tions. but concentrationsdeclincd at a similar rate from both tissue and serum. 
They, like we, suggest that ampicillin concentrations in interstitial fluid are 
considerably higher than whole tissue concentrations. 


The capacity-limited nature of methicillin tissuc distribution in rabbits was 
best described by a pharmacokinetic model incorporating a linear systemic 
clearance and a Michaelis- Menten-type, nonlinear distributional clcarance. 
The unique pharmacokinetic manifestation of the nonlinear distributional 
clearance is that the Vd,, changcs as serum concentrations or doses change. 
At high serum concentrations, Vd,, approaches its minimal value. which is 
Vc. This occurs following both rapid intravenous bolus or steady-state infusion 
of the drug. The volume of the central compartment was consistent for all 
rabbits and was independent ofdose. The central volume takes on physiological 
significance because i t  is slightly larger than the value for extracellular fluid 
volume in hew Zealand White rabbits ( I  5 ) .  The exccllent agreement between 
measured concentrations of methicillin in serum and extravsscular fluids 
confirms that V, is comprised of the plasma and interstitial volumes. The tissue 
volume V1 also retains physiological significance because it is simply the 
summation of the tissue weights excluding the weight of blood and interstitial 
fluids. 


This is not the first observation of an apparent capacity-limited process with 
penicillins. Active processes for tubular secretion have been known. The active 
tubular secretion of penicillins can be saturated (24) and inhibited by p -  
aminohippuric acid (19). Saturable renal tubular processes have also been 
observed following the administration of mezlocillin (25). cephapirin (3),  and 
cephaloridine (3)  to human volunteers. This alsoappears to occur for methi- 
cillin at verq high doses. 


Regarding tissue uptake, Bcrgholtz e! al. (26) reported that probenecid. 
an inhibitor of the active secretion of penicillin, can affect skeletal muscle 
concentrations of penicillin. Pappcnheimer et a/ .  reported an active transport 
process for the movement of organic acids from CSF to plasma (27) which 
has been shown to be operative for bcnzylpenicillin (6). Thereare numerous 
reports of pcnicillin neurotoxicity following massive dosing, presumably 
overwhelming the central nervous system active transport system for penicillin 


Clearance, L/h/kg Vd,,, L/kg 
15 50 500 15 50 500 


Rabbit mg/kg rng/kg mg/kg mg/kg mg/kg mg/kg 


27 0.97 0.70 0 5 5  0.42 0.27 0 19 . .~ . -  . .. 


28 0.88 0.78 0.73 0.35 0.20 0.22 
29 I .so 1.30 0.90 0.19 0.21 0.25 
30 1 .oo 1.00 0.60 0.40 0.25 0.19 
31 1.10 1.10 0.60 0.36 0.29 0.19 
Mean 1.09 0.97 0.67 0.40 0.24 0.20 
f SD 0.24 0.28 0.14 0.05 0.03 0.02 - - 


D < 0.05 D < 0.05 


removal (28, 29). Studies by tishman (30) suggest that probenccid may cause 
C N S  accumulation of penicillin. 


Similar active transport systems have been proposed to explain the con- 
centration dependence of ampicillin excretion into bile (31 ). Recent data 
obtained from rats suggest that the absorption of amino penicillins is best 
described by Michaelis-Menten kinetics and postulate that similar saturable 
absorption processes govern cephalexin and cephradine absorption (5). 


In addition to concentration dependence in renal and biliary secretion and 
GI absorption, another recently described concentration-dependent process 
with @-lactam antibiotics occurs with protein binding. The third generation 
caphalosporin, ceftriaxone, is a particularly good example of this phenomenon, 
as the saturation of binding occurs at plasma concentrations in  the usual 
therapeutic range (32). 


Concentration-dependent tissue distribution has not been described for 
p-lactam antibiotics. The data presented here for methicillin suggest that 
essentially all noncxcretory tissues can be involved in this process, and establish 
a limit to achievable “tissue” concentrations for these antibiotics. Such an 
observation, ifconfirmed for other P-lactam antibiotics, has clinical relevance 
to the treatment of infection. However, not only do other drugs need study 
for similar concentration dependence. but also i t  is not yet possible for the data 
presented to differentiate whether this phenomenon is caused by capacity 
limits in binding to tissue proteins or a saturable cellular uptake process. I t  
docs appear from these data that whichever the underlying mechanism, the 
process limits the concentrations of methicillin that can be realistically 
achieved in normal tissue. 


Transit Time- An innovative approach was evolved to relate a single-dose 
disposition of methicillin to true steady-state condirions. The analysis of sin- 
gle-dose kinetics based on the SHAM characteristics is valid for linear con- 
ditions, but entails the generation of dose and time-average pharmacokinctic 
parameters in the nonlinear dosage range. In the latter case, these time-average 
parameters ought to directly apply to steady-state conditions only at an 
equivalent time-average substrate concentration. This was confirmed ex- 
perimentally for Vd, (Fig. 4, Table IV) and by thedual characteri7ation of 
single-dose and steady-state data with a single nonlinear function (Eq. 26). 
Other uses of transit-time analysis havc been reviewed recently (33). 


APPENDIX: GLOSSARY 


Concentrations 
C Serum or plasma Concentration 
CT Mean tissue concentration 
c‘” Steady-state serum concentration 
Ci Intercepts of C,  uersus time curve 
C,” Time-average serum concentration 
K, Michaelis- Menten constant for transport 


Time 
1 Experimental time 
7 Mean transit time 


Slopes 
X i  


Integrals 
AUC 
AUMC 


v c  
Vdss Steady-state volume of distribution 
TBW, Total body weight 
V-r Cellular tissue volume 
V ,  I Individual tissue weights 


c1. Systemic plasma clearance 


Slope of C, uersus time curve 


Area of C, uersus time curves 
Area of t-C, uersus time curve (moment) 


Volume of plasma and interstitial fluid 
Volumes, Weights 


Clearances 
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Clearance from plasma to cell water = f( T,,,,K,) 
Clearance from cell water to plasma 


Dose 
Amount in body at stcady-statc 


Zero-order infusion rate 
Maximum cellular transport rate 


Tissue-plasma partition coefficient 
Individual tissue-plasma partition coefficients 


REFERENCES 


( I  ) G. Levy, in “Importance of Fundamental Principles in Drug Evalu- 
ation,” D. H.  Tedeschi and R. E. Tedeschi, Eds., Raven, New York, N.Y., 


(2) I .  M. Weincr and G. H. Mudgc. Am. J.  Med., 36,743 (1964). 
(3) A. Arvidson. 0. Borga, and G .  Alvan, Clin. Pharmacol. Ther., 25, 


870 ( 1979). 
(4) S. K .  Lin, A. A. Moss, and S. Riegelman, J. Pharm. Sci., 66, 1670 


( 1977). 
(5) A. Tsuji, E. Nakashirna. I .  Kagami. T. Asano. and R. Yamana. J. 


Pharm. Pharmacol., 30,508 (1978). 
(6) R. L. Dixson, E. S. Owens, and D. P. Rall. J. Pharm. Sci., 58, I106 


( 1969). 
(7) W. J. Jusko and M. Gretch, Drug Metab. Reu. 5,43 (1976). 
(8) A. R. DiSantoand J. G. Wagner, J. Pharm. Sci., 61, 1040 (1972). 
(9) W. J. Jusko and J .  Q. Rose, in ”Frontiers in Therapeutic Drug 


Monitoring,” G. Togoni, R. Latini, and W. J. Jusko, Eds., Raven, New York, 


(10) N. A. Lassen and W. Perl. “Tracer Kinetic Methods in Medical 


( I I )  I.. Z. Benet and R. L. Galeazzi. J. Pharm. Sci., 68,107 1 (1979). 
( 1  2) F. W. Kavanaugh, Pharm. Techno/., 63, I459 ( I  974). 
( I  3) J. J .  Schentag, W. J. Jusko, J. W. Vance, E. Abrutyn, M. DeLattre, 


1 9 6 8 . ~ ~ .  141-171. 


N.Y., 1 9 8 0 , ~ ~ .  153-161. 


Physiology.” Raven, New York, N.Y., 1979. 


and M. Gerbracht, J. Pharmocokinet. Biopharm.. 5, 559 (1977). 
( 14) C. M. Metzlcr. G. L. Elfring. and A. J .  McEwen. Biometrics. 30,562 


( 1974). 
( I  5) P. Altman and D. Dittmer, “Biology Data Book,” 2nd ed.. Vol. I 11. 


Federation of American Societies for Experimental Biology, Bethesda, Md., 
1974. p. 1990. 


(16) J. Carrizosa. W. Kobasa, and D. Kaye, Anrimicrob. Agents Che- 
mother., 15,735 (1979). 


(17) C.  Kunin ,  C/in. Pharmacol. Ther., 7, 166 (1966). 
( 18) A. G. Gilman. L. S. Goodman. and A. Gilman. “The Pharmacological 


Basis or Therapeutics,” 6th ed., Macmillan, New York, N.Y., 1980, p. 
1136. 


(19) K. Beyer, F. Woodward. L. Peters, W. Verwey, and P. Mattis, 
Science, 100, 107 (1944). 


(20) H. Eagle and E. Neuman. J. Exp. Med.. 25,903 (1947). 
(21) M. Barza and L. Weinstein. J. Infect. Dis., 129, 59 (1974). 
(22) J. Tan, A. Trott, J. Phair, and C. Watanakunakorn. J. Infect. Dis., 


(23) 0. Cars and S. Ogren, J. Antimicrob. Ther., 6,408 ( I  980). 
(24) T. Bergan and B. Oydvin, Chemotherapy, 20,263 (1974). 
(25) A. Mangione. F. D. Boudinot, R. W. Schultz, and W. J. Jusko, An- 


(26) H. Bergholtz, R. R. Erttmann, and K. Darnm, Experenria, 36,333 


(27) J .  Pappenheimer, S. Heisey. and E. Jordan, Am. J. Phjsiol.. 200, I 


(28) K. Seamans, P. Gloor, R. Dobell, and J .  Wyant, N. Engl. J. Med.. 


(29) P. New and C. Wells, Neurology, 15, I053 (1965). 
(30) R. Fishman. Arch. Neurol., 15, 113 (1966). 
( 3  I )  J. Kampman, F. Lindahl, J. Hansen. and K. Siersbaek-Nielsen, Br. 


J. Pharmacol., 47,782 (1913). 
(32) K. Stoeckel, P. J. McNamara. R. Brandt. H. Ploz7a-Nottebrock, and 


W. H. Ziegler, Clin. Pharmacol. Ther., 29,650 (1981). 
(33) W. J. Jusko. in “Applied Pharmacokinetics,” W. Evans. J .  J. 


Schentag, and W. J .  Jusko, Eds., Applied Therapeurics, Inc., San Francisco, 
Calif.. 1980, p. 639-680. 


126,492 (1972). 


timicrob. Agenrs Chemorher., 21,428 (1982). 


( 1  980). 


( 1961 ). 


278,861 (1968). 


Pharmacokinetics of Nitroglycerin after Parenteral and 
Oral Dosing in the Rat 


HO-LEUNG FUNG x, H. OGATA *, A. KAMIYA t, and 
G .  A. M A l E R 5  
Kcceivcd May 17. 1982. from the Department of Pharmaceutics, School of Pharmacy, State bnicersity of New York at Bujjalo. Amherst, N Y  
14260. 
Ho.ipital. Kyoto. Japan, and 5 Schering Corporation, Bloomfield, NJ 07003. 


Accepted for publication June 23, 1983. Present addresses: *National Institute of Hygienic Sciences, Tokyo, Japan, lKyoto University 


Abstract The pharmacokinetics of nitroglycerin was characterized in detail 
using venous plasma after different intravenous bolus doses (0.15-2.48 
mg/kg), intra-arterial infusion (8.2 pg/min over 5 h), and oral doses (7-100 
mg/kg). Venous plasma clearance was found to be -650 mL/kg and was 
independent of the intravenous or intra-arterial dose. This confirmed earlier 
reports that the venous plasma clearance of nitroglycerin in rats exceeded the 
value of normal cardiac output. A terminal half-life of -I 5 min was observed 
after high intravenous bolus doses of nitroglycerin. This slow disappearance 
phase was likely rate limited by redistribution of drug back into the plasma. 


~~ ~ 


The bioavailability of oral nitroglycerin ( F )  showed an apparent Michaelis- 
Mcnten dependency on dose. F was <5% at doses <20 mg/kg. but increased 
to a plateau of -20% from 50-100 mg/kg. First-pass metabolism of nitro- 
glycerin is thus apparently controlled by at least two systems (sites or cn- 
Lynies). Coadministration of mannitol hexanitrate, a potential competitive 
inhibitor of first-pass metabolism. did not increase F.  


Keyphrases 0 Pharmacokinetics-nitroglycerin, parenteral and oral dosing, 
rat.; 0 Nitroglycerin--- pharmacokinctics, parenteral and oral dosing, rats 


Interest in the clinical use of intravenous nitroglycerin has 
intensified in recent years because of its demonstrated efficacy 
in treating the resultant manifestations of myocardial in- 
farction, congestive heart failure, and unstable angina. Several 
reports ( 1  -3) have shown that intravenous infusion of nitro- 
glycerin can appreciably decrease cardiac work load and re- 


lieve the increase in left ventricular and diastolic pressure 
secondary to congestive heart failure or myocardial infarction 
(2). 


Despite the increasing popularity of the use of intravenous 
nitroglycerin in therapy, very little is known about the phar- 
macokinetic behavior of this potent drug. There are indications 
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Clearance from plasma to cell water = f( T,,,,K,) 
Clearance from cell water to plasma 


Dose 
Amount in body at stcady-statc 


Zero-order infusion rate 
Maximum cellular transport rate 


Tissue-plasma partition coefficient 
Individual tissue-plasma partition coefficients 
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Abstract The pharmacokinetics of nitroglycerin was characterized in detail 
using venous plasma after different intravenous bolus doses (0.15-2.48 
mg/kg), intra-arterial infusion (8.2 pg/min over 5 h), and oral doses (7-100 
mg/kg). Venous plasma clearance was found to be -650 mL/kg and was 
independent of the intravenous or intra-arterial dose. This confirmed earlier 
reports that the venous plasma clearance of nitroglycerin in rats exceeded the 
value of normal cardiac output. A terminal half-life of -I 5 min was observed 
after high intravenous bolus doses of nitroglycerin. This slow disappearance 
phase was likely rate limited by redistribution of drug back into the plasma. 


~~ ~ 


The bioavailability of oral nitroglycerin ( F )  showed an apparent Michaelis- 
Mcnten dependency on dose. F was <5% at doses <20 mg/kg. but increased 
to a plateau of -20% from 50-100 mg/kg. First-pass metabolism of nitro- 
glycerin is thus apparently controlled by at least two systems (sites or cn- 
Lynies). Coadministration of mannitol hexanitrate, a potential competitive 
inhibitor of first-pass metabolism. did not increase F.  


Keyphrases 0 Pharmacokinetics-nitroglycerin, parenteral and oral dosing, 
rat.; 0 Nitroglycerin--- pharmacokinctics, parenteral and oral dosing, rats 


Interest in the clinical use of intravenous nitroglycerin has 
intensified in recent years because of its demonstrated efficacy 
in treating the resultant manifestations of myocardial in- 
farction, congestive heart failure, and unstable angina. Several 
reports ( 1  -3) have shown that intravenous infusion of nitro- 
glycerin can appreciably decrease cardiac work load and re- 


lieve the increase in left ventricular and diastolic pressure 
secondary to congestive heart failure or myocardial infarction 
(2). 


Despite the increasing popularity of the use of intravenous 
nitroglycerin in therapy, very little is known about the phar- 
macokinetic behavior of this potent drug. There are indications 
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Figure 1- Mean f SE (bars) of plasma nitroglycerin concentrations after 
intravenous bolus doses of 0.15 mgfkg (0 .  n = 4) and 2.48 mgfkg (0, n = 
6) .  The lines are drawn based on the pharmacokinetic parameters shown in 
Table I for each of the doses. 


(4-6) that circulatory changes in heart rate and blood pressure 
i n  humans may parallel those in nitroglycerin plasma con- 
centrations. Several reports have also suggested the observed 
systemic clearance in humans (7-9) and in rats (10) to be 
greater than the normal cardiac output in the respective 
species. However, thc underlying mechanism for this obser- 
vation is still unclear, and many of the basic aspects of nitro- 
glycerin kinctics remain unknown. 


Another important issue in nitroglycerin therapy relates to 
the efficacy of this drug when given orally. Numerous meta- 
bolic and pharmacological studies show that nitroglycerin 
undergoes nearly complete first-pass metabolism when the 
drug is administered at < 3  mg/kg in several animal species 
( 1  1-14). It was argued (14) that similar first-pass metabolism 
of oral nitroglycerin also exists in humans, and that oral use 
of this drug and other organic nitrates in therapy is irrational 
and ineffective. This viewpoint was strongly contested and 
refuted by Krantz and Leake (1 5 )  based on clinical expcrience. 
Convincing clinical data have appeared (16) that also affirm 
the prophylactic effectiveness of oral nitroglycerin against 
angina attacks. 


There is no literature report on the effect of an oral dose on 
thc extent of first-pass inactivation of nitroglycerin in humans 
or animals. If the extent of inactivation is capacity limited, oral 
bioavailability of nitroglycerin may be dose dependent and, 
thus, extrapolation of absorption data from trace or low doses 
to infer lack of bioavailability at other doses may be incor- 
rect. 


In this report, we describe the effect of intravenous dose on 
nitroglycerin disposition kinetics and the effect of oral doseon 
the bioavailability of nitroglycerin in the rat. Since the aqueous 
solubility of nitroglycerin is limited to - I  mg/mL ( 1  7) and 
doses of nitroglycerin in this study necessitated the use of an 
organic solvent mixture of 10% ethanol in propylene glycol, 
a comparison of the bioavailability of nitroglycerin from this 
organic vehicle and water was carried out. Finally, the possible 
interference of nitroglycerin bioavailability by coadminis- 
tration of another organic nitrate, uiz., mannitol hexanitrate, 
was explored. 


EXPERIMENTAL SECTION 
Materials- -Al l  reagents were of analytical grade unless otherwise 


st a t cd. 
Preparation of Stock Nitroglycerin Solutions-Nitroglycerin was isolated 


from i he lactose adsorbare'. The powder was dissolved in  distilled water and 
nitroglycerin was cxtractcd with ether in a separatory funnel. The ether was 
stparated and evaporated under a gcntle stream of dry nitrogen. Nitroglycerin 
was recovered as a liquid and a weighed amount was dissolved in the appro- 
priate solvent. The precise concentration of the stock solution was determined 
either by the USP assay ( 1  8) or the kinetic method developed by Fung el al. 
(19). 


Intravenous Bolus Dosing-Male Spraguc-Dawlcy rats. 250-360 g, un- 
derwent right jugular vein cannulation according io the procedure developed 
by Weeks and Davis (20). The animals were fasted overnight and administered 
iin intravenous bolus dose into the jugular vein cannula, followed by flushing 
with saline and then with circulating blood. Blood samples werecollected into 
hcpariniied tubes oia the jugular vein cannula. The dosing volume was 
0.5-0.75 rnL in aqueous vehicle after appropriate dilution of thestock solution; 
the doses administered were 0.15.0.35. I .75, and 2.48 mg/kg of nitroglycerin 
with 4, 7, 5 .  and 6 animals in cach group, rcspectively. A bolus intravenous 
dose of 3.5 mg/kg was also attempted but was found to cause severe convul- 
sions in the animals. Pharmacokinctic information was not obtained from this 
group of animals. 


Intra-Arterial Infusion--Four male Spraguc-Dawley rats, 250-300 g, had 
jugular vein and carotid artery cannulas surgically implanted. One day after 
surgery, nitroglycerin was infused into the carotid artery, and blood samples 
were withdrawn ria the jugular vein cannula at appropriate intervals. The 
infusion time was 5 h and the infusion rate was 6.8 pL/min via an infusion 
pump. The infusion solution concentration was 1.2 mg/mL, and the dosing 
r:itc was 8.2 pg/rnin in each animal. 


Crwwver Study of Oral Dosing-Six male Sprague-Dawley rats, weighing 
-300 g. underwent jugular vein cannulation and were given an oral dose of 
either 20 or 100 mg/kg of nitroglycerin in a randomized crossover fashion. 
The vehicle was 10% alcohol in propylene glycol. All animals were fasted 
overnight. and the drug was given via gastric intubation under light ether 
ancsthesia. The interval between doses was 3 d. Blood was harvested from the 
jugular vein cannula. The separated plasma was assayed for nitroglycerin as 
described later. 


Bioavailability of Nitroglycerin a t  Five Different Oral Dose- -  -Different 
male Spraguc-Dawley rats were each given an oral dose of nitroglycerin in 
10% alcohol in propylene glycol. Each dose. 7,20.50,75, and 100 mg/kg, was 
adniinstered by oral intubation under light ether anesthesia. The oral dose 
orvchicle was normalized to body weight so that each animal received the same 
volume on a mL/kg basis (-I mL pcr animal). Blood (-0.3 mL) was collected 
from the tail vein at appropriate intervals, and the plasma was separated im- 
mediately for determination of nitroglycerin concentrations. All animals were 
fiistcd overnight with free access to water prior to drug administration. 


Organic Nitrate Interaction Study - -Since mannitol hexanitrate has been 
hown ( 12) to be a better in vitro substrate for organic nitrate reductase (the 
cniyme responsible for nitroglycerin metabolism), the possibility of en- 
hancement in nitroglycerin bioavailability with the coadrninistration of 
niiinnitol hexanitrate was tested. Seven rats received an oral dose of nitro- 
glycerin or a combination dose of rnannitol hexanitrate and nitroglycerin, in  
ii randomized crossover fashion. Essentially the same procedure was used as 
i n  thc oral dosing experiments described previously. The molar ratio of 
mannitol hexanitrate to nitroglycerin was --I .6. Preliminary studies showed 
that m;innitol hexanitrate did not interfere with the assay: mannitol hexani- 
triilc did not alter the plasma recovcry of nitroglycerin; after an intravenous 
dose of mannitol hexanitrate at 60 pgfkg. no noticeable peaks were observed 
i n  the chromatogram which would interfere with the determination of nitro- 
glycerin. 


Nitroglycerin Assay- -Blood samples were centrifuged immediately, and 
0.1 -0.2 mL of plasma was rcmoved. A 10-20-pL aliquot of silver nitrate was 
added to cach plasma sample to prevent degradation of the drug. Plasma 
samples were stored overnight at -20°C and nitroglycerin levels were de- 
termined according to the GC assay developed by Yap et af. (21). lsosorbide 
dinitrate was added as the internal standard. I n  this study, theaverage recover) 
of nitroglycerin from plasma was -92% with a coefficient of variation of 
10%. 


Pharmacokinetic Calculations- -Parenferal Doses (Model-Independent 
Parameters)-The plasma concentration oersus time profiles after various 
bolus intravenous doses exhibited biexponential characteristics. The composite 
data were therefore fitted (NONLINZ)  to the biexponential equation C, = 


I Nitroglycerin lo?? (w/w) in lactose; ICI Americas, AtlasChcmical Div., Wilrnington. 


2See. e.g., C. 41. Metzler. G. L. Elfring. and A.  J. McEwen, Users Manual for 
Del. 


NONLlN and Associafed Programs, 1974. The Upjohn Co.. Kalamazoo. Mich. 
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Table I-Mean Estimated Values of Model-Independent Pharmacokinetic 
Parameters of Nitroglycerin a t  Various Intravenous Bolus Doses. 


Parameter 
Dose, mg/kg 


0.15 0.35 1.75 2.48 


A I  (ng/mL) 69.8(4.9) 160(9) 506(54) 809(49) 
X I  (min-I) 0.41 (0.01) 0.35(0.01) 0.24(0.02) 0.27(0.02) 
A2 (ng/mL) 1.7(0.2) 3.0(0.3) 33.1 (3.9) 43.6(8.0) 
A2 (min-I) 0.04SC 0.045c 0.036(0.002) 0.044(0.0004) 
Venous l a m a  clearance (mL/min/kg) 669(46) 642(40) 528(60) 654(49) 
Vd, ( L h d  3.9(0.3) 4.4(0.3) 6.1(0.6) 6.2(0.5) 


a Expressed as mean ( S E ) .  Typical parameters used to describe a biexponentlal equation, C, = + A2e-Al'. Set a5 corresponding value obtained from curve-fitting 
of normalized, composite data of the two high doses. 


Ale-A1l + A2e-A", where C, is the plasma concentration of nitroglycerin at 
time r and Al, At. X i  and X2 are the pharmacokinetic constants used to de- 
scribe a biexponential decay curve. Initial estimates for the NONLlN com- 
puter program were either obtained graphically (method of residuals) or from 
CSTRIP3. Various weighting factors ( I ,  C,-Il2, CI-l, and CI-* )  were used 
to obtain the best fit, as determined by the residual sum of squares, parameter 
standard deviations, and rz  values. 


The apparent systemic plasma clearance was calculated by dividing the 
intravenous dose by the area under the plasma concentration uersus time curve 
(AUC) from time zero to infinity. The individual concentration at  time zero 
(C,) for each animal in the low-dose group was estimated by extrapolation 
of the linearly regressed line composed of the first three plasma concentration 
uersus time points. For the two high-dose groups CO was obtained either by 
l incar  extrapolation, as described, or from computer estimates. whichever was 
considered more accurate. The AUC from time zero to the last concentra- 
tion-time point was calculated by the Spline Method4. The residual AUC was 
calculated from C*/Xz where C* is the last concentration-time point deter- 
mined experimentally. For the two small doses, where the A2 phase could not 
be characterized fully because of assay limitations, the residual AUC was 
calculated using the mean X2 obtained from the higher doses. The volume of 
distribution at steady state was obtained by a model-independent approach 
which relied on AUC calculations (22). Thus: 


where AUMC is the area under the moment curve, obtained uia Eq. 2: 


where t* is the time at which the last data point was collected. All other terms 
were defined previously. 


Oral Doses-AUC from time zero tor*, AUG.,., was estimated by the 
Spline Methodo. The residual area from time t*  to - was calculated by C / X ,  
where X i  was the terminal rate constant. In several cases, only two or three 
data points could be identified in the terminal phase. Nevertheless, the residual 
portion of the curve accounted for 5 10% of the total area and would not be 
expected to bias the overall analysis seriously. 


The apparent bioavailability ( F ) ,  defined as the fraction of the dose reaching 
the systemic circulation intact, was calculated from CL X AUCo.,/dose. 
where CL is the plasma clearance observed after intravenous dosing, set here 
at a value of 650 mL/min/kg. The paired r test was used to determine sta- 
tistical differences in  the two crossover studies, and the Kruskal-Wallis test 
was used in the study in which the effect of dose was examined in separate 
animals. 


RESULTS AND DISCUSSION 


Parenteral Dosing-Figure 1 shows the plasma nitroglycerin concentrations 
obtained after the highest and lowest intravenous bolus doses (i .e.,  2.48 and 
0. I 5  mg/kg. respectively). Because of the relatively small plasma sample size 
that could be obtained from the rat (0.1-0.2 mL). the detection limit of ni- 
troglycerin was 4 . 5 - 1  ng/mL of plasma in these studies. Consequently, with 
the two lower doses. measurable conccntrations were only recorded up to 20 
min after injection. At the two higher doses, sample collection (and detectable 
concentrations) could be extended to 90 min after dosing. In fitting these data 
with the NONLlN program, a weighting factor of Cf-2 was found to produce 
the best f i t  in the groups given the two high doses. This weighting factor was 
then used in  all other curve fittings. 


"CSTRIP-A Fortran I V  computer program for obtaining initial lyexponential 
parameter estimales," J. G. Wagner. College of Pharmacy. University o&ichigan. A n n  
Arbor, Mlch. ' Desktop computer. general utility program tape #9825: Hewlett-Packard, Fort 
Collins. Colo. 


Table I shows the pharmacokinetic parameters obtained from these fittings, 
The fit of data from all four doses appeared quite reasonable, since, for each 
dose, the AUC, calculated directly from the experimental data agreed well 
with that estimated from thecurve fit. A striking featureobserved from Table 
I is that the apparent plasma clearance is independent of dose and is on the 
order of 500-700 mL/min/kg, well in excess of the normal cardiac output 
of -300 mL/min/kg in this species (23). This large plasma clearance, which 
is now documented for several doses and from more detailed sampling, is 
consistent with the preliminary observation in the rat reported by Yap and 
Fung (10) and also with all the available human data (7-9,24). The apparent 
volume of distribution at steady state, Vd,,, was 4-6 L/kg. This large volume 
is consistent with the moderate binding (-60%) of nitroglycerin to rat plasma 
protein (25). and the location of rather high radioactivity in the carcass and 
other soft tissues after oral administration of ['4C)nitroglycerin (26). 


After intravenous doses of I .75 and 2.48 mg/kg, nitroglycerin disappear- 
ance from plasma was clearly biphasic. At lower doses, this biexponential 
decay was less evident because assay limitations did not permit character- 
ization of the second disappearance phase. The XI half-life observed here, a t  
2-3 min, is consistent with values reported previously in  rats (10) and in  hu- 
mans (7-9). The second disappearance phase, with a half-life of 15-20 min, 
has not been reported previously in the literature. 


showed that when nitroglycerin was 
incubated in whole blood. the in uitro degradation half-life was -I 1 min. This 
half-life could be assumed to represent the slowest possible elimination half-life 
of nitroglycerin in the systemic circulation. Interestingly. however, this half-life 
is somewhat shorter than the observed in uiuo plasma X2 half-life of 15-20 
min. This would seem to indicate that tissue redistribution rather than elim- 
ination is an important factor in describing the second disappearance 
phase. 


Although there was no apparent dose dependency in the venous plasma 
clearance of nitroglycerin, examination of the data presented in Table I sug- 
gested that there are possibly minor differences in the X I  and Vd,, terms be- 
tween the two lower doses (0.15 and 0.35 mg/kg) and the two higher ones 
(1.75 and 2.48 mg/kg). There are some theoretical reasons to anticipate 
possible dose dependency i n  nitroglycerin disposition kinetics. The venous 
plasma clearance is so large that flow limitation may be expected to play an 
iinportant role. The higher bolus doses administered were close enough to an 
observed toxic dose of 3.5 mg/kg that dose-dependent changes in  blood per- 
fusion to various tissues arc likely. Recently, Wu er a/. (27) suggested that 
thc rateconstant for the lossof nitroglycerin from human blood decreasesas 
thc initial concentration of nitroglycerin increases. The implication of this 
finding to the present situation is unclear. 


A possible contribution to the large plasma clearance observed for nitro- 
glycerin is the existence of pharmacokinetic phases that were undetected 
because of the methodological difficulties involved. Johnson eta/ .  (28) and 
recently Stein et a/. (29) suggested the presence of a rapid disappearance phase 
of nitroglycerin in blood that exhibited a half-life of --I 5 s. In both of these 
studies, however. the drug ( [  i4C]nitroglycerin) was introduced into the jugular 


Table 11-Normalized AUC of Nitroglycerin in Rats Given Both 20-mg/kg 
and 100-mdkeOral Doses 


Recent experiments by Kamiya er 


AUC/Dose X lo4 min-kgml-' 
Animal 20 m d k p  100 mg/kg 


I 
2 
3 
4 
5 
6 


Mean 
SE 


1.11" 
1.16 
I .53 
1.76" 
1.76" 
0.9 1 
1.37 
0.15 


3.35 
2.10" 
2.07" 
2.09 
2.77 
3.37" 
2.63b 
0.26 


Animal given this dose first. p < 0.01 compared with AUC/Dose a t  20 mg/kg. 
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Figure 2- Venous plasma nitroglycerin concentrations obtained 
after intra-arterial infusion at 8.2 pglmin. Symbols represent dij- 
ferent animals (250-300 g). The line was drawn using the phar- 
macokinetic parameters generated compositely from the two high 
initauenous bolus doses. 


0 50 100 150 2 0 0  250 300 


vein and blood was collected from the carotid artery. Thus, the early blood 
samples might have been collected before the dose was distributed throughout 
the systemic circulation, and the existence of a true pharmacokinetic phase 
with such a short half-life is uncertain. On the other hand, if such a fast 
"distributional" phase does exist and the sampling protocol adopted here was 
incapable of detecting it. an erroneously large plasma clearance could have 
resulted because a significant portion of the AUC was not included in the 
calculation. This problem also can exist if a slow terminal-phase A, is present, 
but it, too, could not be detected because of assay limitations. 


Figure 2 shows the venous plasma concentrations of nitroglycerin in four 
rats infused intra-arterially for 5 h at 28.5 pg/min/kg. Since the drug was 
infused vio the carotid artery and blood was collected from the jugular vein 
lreversc of Johnson ef al. (28) and Stein et a/ .  (29)l. drug mixing in the sys- 
temic circplation was unlikely to be a complicating factor. Under these con- 
ditions an apparent steady-state in nitroglycerin concentration was observed. 
The plasma concentrations observed from this infusion were generally con- 
sistent with those predicted using the pharmacokinetic parameters generated 
from the com ite data of the two high-dose groups (Table 1). It would thus 
appear pnlikeEhat a rapid disappearance phase had been missed in the bolus 


Table Ill-Effect of Solvent on the Area Under the Plasma Nitroglycerin 
Concentration versus Time Curve after a 'I-mglkg Oral Dose 


TIME ( W I N )  


AUCo.- X 10-2, ngmin.mL-1 AUC Ratio 
Alcohol (Alcohol 


Animal Water CosolventD Co-solvent/Water) 


I 5.2b 7.8 1.5 
8 6.4 7.2b .. . 


9 3.2 
10 1.56 
11 2.0b 


3 . 7 6  
2.8 
2.2 


12 1.3 2.26 


1 . 1  
1.1 
1.9 
1.1  
I .8 


Mean 3.3 4.3c 1.4 
SE 0.9 1 .O 0.2 


10% Ethanol in propylcne glycol. Animal given this vehicle first. c p  < 0.05 corn- 
pared with animals d a d  with aqueous vehicle. 


~ 350 


injection stud). The data also suggested that if a hidden A3 phase existed. its 
half-life would be considerably longer than 1-2 h, since infusion for 5 h failed 
to detect its presence. Since the pharmacokinetic parameters obtained are 
similar after bolus injection and after slow infusion, it would appear that the 
crrors incurred in assuming instantaneous input after bolus injection (30,31) 
are not large for nitroglycerin. 


Anothcr consideration in the interpretation of the observed plasma clearance 
is how it may be related to the blood degradation clearance of nitroglycerin. 
Our group, in a separate studys, has examined the in vitro partitioning of ni- 
troglycerin between red blood cells and plasma and the rate of in oitro deg- 
radation of nitroglycerin in these components of rat blood. It was found that 
the partitioning of nitroglycerin into red blood cells was nearly instantaneous; 
the ratio of nitroglycerin concentration in red blood cells versus that in plasma 
was a constant. -2.6, over an incubation period of 30 s to 30 min at  37OC. 
The rate of degradation of nitroglycerin in red blood cells was approximately 
the same as that found in plasma. If a hematwrit value of 0.45 for the rat (23) 
is used, blood nitroglycerin concentrations could be estimated to be 1.72 times 
the corresponding plasma concentrations. Thus, in uiuo venous blood nitro- 
glycerin clearance could be estimated by dividing thevenous plasma clearance 
by I .72: i.e.. 650/ I .72 = 378 mL/min/kg. This value is near that of cardiac 
output. 


The extent of contribution of blood degradation per se to the total in ~ i o o  
venous blood clearance of nitroglycerin could also be estimated. Assuming 
a blood volume of 65 mL/kg in  the rat and a degradation half-life of I 1 min, 
the clearance due to blood degradation is 65 X O.h93/ I I =4. I mL/min/kg. 
which accounts for < I %  of the total in oivo venous blood clearance. 


A further complication in  interpreting nitroglycerin pharmacokinetics is 
the existence of concentration differences in the systemic circulation depending 
on the sampling site. Thus, Hill eta / .  (32) showed that after intranasal ad- 
ministration of nitroglycerin in  humans, the apparent clearance was about 
twice as  large i n  peripheral venous blood (-37 L/min) than in the arterial 
circulation (-I9 L/min). Armstrong et al. (24) recently showed that arterial 
plasma clearance of nitroglycerin in 20 patients with heart failure was -I 2 


A. Kamiya. T. Schmitt. and H.-L. Fung. unpublished results 
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I./min compared with a venous clearance of  39 L/min. These authors cal- 
culated an extraction ratio of 61% for nitroglycerin across the arterial-venous 
bed. The existence of arterial-venous differences in blood concentrations have 
been shown for several drugs by Chiou and co-workers (31,33). I n  these ex- 
amples. however. the arterial drug clearance was always found to be similar 
to its venous clearance, suggesting that distributional factors were primarily 
responsible for the observed arterial-venous diffcrencc in  concentration. In 
contrabt, metabolic factors may be involved in the case for nitroglycerin, bc- 
cause an arterial-venous diffcrencc in systemic clearance has been dcmon- 
strated and in citro metabolic activity toward nitroglycerin by isolated blood 
vessels has also been shown (34). 


Oral Dosing-Table I I  shows the results of the randomized crossover study 
in which six rats were given both 20 and lOO-mg/kgoraI doses. The normalized 
AUC was statistically different between the two doses. at p < 0.01. using the 
paired f test, Since the apparent venous plasma clearance of nitroglyccrin was 
not concentration dependent. the increase in normalized AUC after the 
IOO-mg/kg dose is probably due to an increase in bioavailabiliiy at this dose. 
Using an average value of 650 mL/min/kg for the apparent plasma clearancc 
of nitroglycerin. the mean apparent bioavailability at 20 and 100 mg/kg could 
be estimated as 10.3 and 19.4%. respectively. 


These apparent bioavailability values were considerably higher than thosc 
suggested by Uccdleman ef a/ .  ( I  4) and by Yap and Fung ( I  0) at lowcr doses. 
The former group of  authors estimated the bioavailability of nitroglycerin 
to be -2% at a dose of 0.5 mg/kg while the latter workers, in a preliminary 
study, reported a bioavailability estimate of -2% after an oral dose of nitro- 
glycerin at 7 mg/kg. I t  must be pointed out that in  the second study (10). an 
aqueous vehicle was used, while in the present work a vehicle containing 10% 
ethanol in propylene glycol was administered. The possible effect of solvent 
was examined in a randomized crossover study in which six rats were doscd 
alternately with nitroglycerin dissolved in water or in 10% ethanol in propylene 
glycol. The AUC data can be found i n  Table I l l .  I t  is apparcnt that there is 
a substantial degrec of variability in each of thc treatment groups, but this 
observation was quite typical of other kinetic studies of this high-clearance 
drug (7-10). Nevertheless, there is a modest, but significant (r, < 0.05). in-  


crease in AUC when nitroglycerin administration was changed from the 
aqueous to the alcoholicvehiclc (Table i l l ) .  It is not known, at present. how 
much of this increase was influenced by the effect of the vehicle on the systemic 
clearance and how much was due to a change in  presystemic metabolism. 
Oguma and Levy showed recently that ethanol infusion into the portal vein, 
from -3 to +3 h of propoxyphene dosing. increased both the systemic clear- 
ance and the systcmic availability of this analgesic (35). Since the alcohol 
mixture was administered with the drug, i t  might be speculated that the ap- 
parent plasma clcarancc of nitroglycerin, which is well in exccssof liver blood 


flow (23). might not be greatly affected by the organic solvents. Regardless 
of the mechanism involved, the effect of solvent on the apparent systemic 
availability of nitroglycerin at 7 mg/kg appeared to be relatively small. 


An expanded study was carried out to examine. in further detail, the rela- 
tionship betwcen oral nitroglycerin dosage and bioavailability. Since five to 
six different doses were involved, a crossover design was not practical and, 
therefore, was not attempted. 


Figure 3A and B shows the mean plasma concentrations of nitroglycerin 
obtained in  different rats after oral doses of 7, 20. 50, 75, and 100 mg/kg 
administered in the alcohol solvent mixture. Peak plasma drug concentrations 
were observed generally between 2-20 min after dosing for all doses; however, 
the values of peak concentrations were not proportional todosc. The profiles 
of these curves were generally biphasic, except in the case of the lowest dose. 
7 mg/kg, where characterization of plasma nitroglycerin concentrations be- 
yond 60 min was impossible due to assay limitations. The apparent terminal 
half-life observed after oral dosing at  20, 50, and 100 mg/kg ranged from 
60- 140 min, considerably longer than the Xz half-life of 15-1 8 min observed 
after intravenous administration. The data suggested, therefore. that ab- 
sorption “flip-flop” kinetics (36) is operative here and that the apparent ter- 
minal half-life observed reflected more of absorption than of elimination. After 
a dose of 75 mg/kg, the apparent terminal half-life was shorter (tl/z a t  -30 
min) than those observed for doses >20 mg/kg. Interestingly, after this dose. 
peak concentration was higher and the time to peak was shorter than found 
with the highest dose, 100 mg/kg. These observations suggest that the ab- 
sorpiion rate might be faster at 75 rng/kg than at other doses; however, the 
reasons for these observations are unknown at present. 


The relationship between dose and dose-normalized AUC is shown in Table 


Table IV-Effect of Dose on the Normalizd AUC and Apparent 
Bioavailability (4 


Dose n AUC/Dose X lo4 F, % y J  


3.5“ 5 0.25 f O.OSd I .6 f 0.3 
1 0  6 0.47 f 0. I2 3.2 f 0.8 


0.64 0.05 
0.51 f 0.19 
1.59 f 0.20 


4.2 f 0.3 
3.3 f 1.2 


10.3 f 1.3 
j O h  9 3.05 i 0.50 19.8 f 3.2 
7 9  4 2.86 f 0.07 18.6 f 0.4 
I OOb 22 2.98 f 0.45 19.4 f 2.9 


a Aqueous vehicle. Vehicle of 10% ethanol in propylene glycol. From interaction 
study with mannitol hexanitratc. Mean f S E .  unit of rninakgml-1.  e Mean f SE; 
F = (AUCo.,/Dye) X, CL: CL = 650 mL rnin-l kg-’. I F  is found 10 be dose de- 
pendent (Krus al Wallis test,p <0.001). 
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Figure 4-Appareni oral bioaoailabiliiy of nitroglycerin (mean f SE) as a 
lirnc,rion of dose. The drug was administered either in water (0 )  or alcohol 
1YJsoll~Fnt (a). 


I V .  Similar data obtained with the aqueous vehicle a t  3.5 mg/kg (37) and 7 
mg/kg (10) are included for comparison. It is evident that, as  the dose i n -  
creased, the normalized AUC increased and then plateaued. I f  the sysremic 
clearance obtained after intravenous administration of nitroglycerin in aqucous 
solution is assumed to be applicable under these experimental conditions, then 
the apparent bioavailability obtained after these oral doses may be estimated 
(Table IV). Thus, the apparent bioavailability appeared to increase with dose 
between 0-50 mg/kg. Between doses of 50-100 mg/kg, however, the apparent 
bioavailability remained constant at -I 9%. 


The interesting relationship between oral dose and apparent bioavailability, 
as observed here, supports the following conclusions. First, consistent with 
previous reports (14, 17. 21, 38). the oral bioavailability of nitroglycerin in 
the rat is indeed very small (< 3%) at doses < 5  mg/kg. This poor bioavail- 
ability is probably a result of extensive first-pass metabolism (10, 14) rather 
than of lack of absorption per se,  since radioactivity studies (39) showed ab- 
sorption of the dose to bc essentially complete. Second, the oral bioavailability 
of nitroglycerin is a rather complex function of dose. A possible model con- 
sistent with the data is that nitroglycerin is metabolized during absorption 
by a t  least two enzyme systems (or sites) which have different affinities and/or 
capacities for the drug substrate. This model is consistent with the observation 
by Jacoby (40) who suggcsted that organic nitrate reductase may, in fact, be 
one of several activities inherent to the glutathione-S-transferase system, which 
may consist of several "enzyme units." One could speculate that these different 
"enzyme units" may possess different substrate affinities and maximal ve- 
locities. Third, the bioavailability of oral nitroglycerin is highly variable at 
any dose. We have examined the source of this inter-animal variability and 
have shown (41) that i t  was due, in part, to thevariability ofthe intrinsic he- 
patic organic nitrate reductase activity in  individual rats. In view of the ob- 
served dose-dependent increase in  bioavailability and the high inter-animal 
variability, some animals could have substantial or near complete bioavail- 
ability when given high doses of oral nitroglycerin. Thus, the general statement 
that nitroglycerin is poorly bioavailable has to be qualified by consideration 
of the dose administered and the individual animal being examined. 


The dependency of F on dose (and thus also on hepatic drug concentration) 
points out a possibly important consideration in designing oral controlled- 
rcleasc dosage forms of nitroglycerin. If a similar relationship exists in humans, 
t he dependency of F on drug release rate will have the same temporal pattern 
;IS is shown Tor dose (Fig. 4). 


Figure 5 shows the plasma concentration of nitroglycerin after coadmin- 
istration with mannitol hexanitrate. Surprisingly, the mean plasma concen- 
iration profile and AUC were actually smaller in the presence of the hexani- 
irate. However. despite a threefold difference in  the mean AUC, statistical 


1 I 1 I 1 1 I 
0 10 20 30 40 SO 60 70 


TIME (min) 


0.. 


Figure 5- Plasma nitroglycerin concentrarionr (mean f SE) a/rer a 14-mglkg 
oral dose of nitroglycerin by i rsel f (eJ or in combinaiion wirh 47 mglkgof 
manniiol hexanitrare (0). 


bignificancc was not achieved due to the large coefficients of variation (100 
iind 50%. respectively, for nitroglycerin alone and combined administration). 
Thc cffect of rnannitol hexanitrate ( i f  any) on bioavailability was extremely 
variable. For example, one rat exhibited almost a 10-fold decrease in AUC. 
whereas another showed a I .6-fold increase i n  AUC in  the presence of man- 
nitol hexanitrate. I n  any event, mannitol hexanitrate did not apparently im- 
prove the bioavailability of nitroglycerin under the conditions tested. 


There are several possible explanations for the apparent lack of effect. One 
possibility may be that an insufficient amount of mannitol hexanitrate was 
absorbed due to its poor aqueous solubility. Consequently, the organ con- 
ccntration of mannitol hexanitrate would be too small to exert an inhibitory 
effect on nitroglycerin metabolism by organic nitrate reductasc. Second, be- 
cause of permeability and flow considerations, the relative affinity of mannitol 
hexanitrate oersus nitroglycerin for the enzyme site in oiuo may not be as 
favorable as in cirro determinations have suggested. Third, it is possible that 
mannitol hexanitrate coadministration may have altered the systemic clear- 
ance of nitroglycerin. Because of the very poor aqueous solubility of mannitol 
hexanitrate. a rigorous experiment involving intravenous administration of 
miinnitol hexanitrate a t  the same dose was not carried out. Whatever the 
inechanism(s). however, oral coadministration of mannitol hexanitrate with 
nitroglycerin, under the conditions described, did not lead to any apparent 
increase i n  nitroglycerin bioavailability. 
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Abstract 0 A microencapsulation procedure in which water-soluble nonionic 
polymers (especially, polyethylene oxide or polyethylene glycol) were added 
to gelatin. base coacervation systems is described. The advantages of this 
method are: ( a )  The addition of a small amount of polyethylene glycol (PEG) 
or polyethylene oxide (PEO) to a complex coacervation system (e.g.. gela- 
tin-acacia) allows microencapsulation to occur over an expanded pH region 
(pH 2-9 in gelatin-acacia). ( b )  These polymers induce phase separation in 
an aqueous solution of gelatin alone and enable the preparation of gelatin- 
coated microcapsules not only in the vicinity of the isoelectric point (pH 9.0), 
but over a wide pH range (pH 5.5-9.5). (c) Spherical single-seeded micro- 
capsules can be obtained. 


Keyphrases D Microcncapsula tion-gelatin-base coacervation systems, 
water-soluble nonionic polymer o Phase separation-coacervation induced 
by the addition of water-soluble nonionic polymer Coacervation-gela- 
tin-acacia, polyethylene glycol, polyethylene oxide, phase separation, mi- 
croencapsulation 


~~ 


Microencapsulation using coacervation of gelatin or gela- 
tin-acacia is the most popular of the aqueous media proce- 
dures. The practicality of the gelatin-acacia complex coa- 
cervation method (1 -3) is evidenced by products such as no- 
carbon paper and liquid crystal thermometers. Complex coa- 
cervation is the phase separation caused in a mixture of anionic 
and cationic polymers (e.g.$ acacia and gelatin) under re- 


stricted pH conditions and colloid concentration. This limi- 
tation is the disadvantage of the conventional microencapsu- 
lation procedure by complex coacervation. 
On the other hand, under certain conditions the addition of 


a water-miscible organic solvent (e.g. ,  ethanol) or salt (e.g. ,  
sodium sulfate) to the aqueous solution of a polymer (e.g. ,  
gelatin) causes phase separation. This phenomenon has been 
used in microencapsulation as a simple coacervation method 
(4-8). The disadvantages of the simple coacervation method 
are the requirement of a large quantity of the organic solvent, 
the necessity of desalting, and the difficulty of setting the op- 
timum conditions to obtain satisfactory microcapsules. 
Therefore, in this work, improvement of the conventional 
coacervating techniques was attempted. 


EXPERIMENTAL SECTIOY 


Materials-The gelatin used has the following specifications as provided 
by the manufacturer’: bloom, 300, viscosity, 60.9 millipoises; pH 4.2; moisture, 
9.9%; and isoelectric point, 9.0. The anionic polymers were acacia2, car- 
boxymethylcellulose (CMC)3, and ethylene-maleic anhydride copolymer 
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Abstract 0 A microencapsulation procedure in which water-soluble nonionic 
polymers (especially, polyethylene oxide or polyethylene glycol) were added 
to gelatin. base coacervation systems is described. The advantages of this 
method are: ( a )  The addition of a small amount of polyethylene glycol (PEG) 
or polyethylene oxide (PEO) to a complex coacervation system (e.g.. gela- 
tin-acacia) allows microencapsulation to occur over an expanded pH region 
(pH 2-9 in gelatin-acacia). ( b )  These polymers induce phase separation in 
an aqueous solution of gelatin alone and enable the preparation of gelatin- 
coated microcapsules not only in the vicinity of the isoelectric point (pH 9.0), 
but over a wide pH range (pH 5.5-9.5). (c) Spherical single-seeded micro- 
capsules can be obtained. 


Keyphrases D Microcncapsula tion-gelatin-base coacervation systems, 
water-soluble nonionic polymer o Phase separation-coacervation induced 
by the addition of water-soluble nonionic polymer Coacervation-gela- 
tin-acacia, polyethylene glycol, polyethylene oxide, phase separation, mi- 
croencapsulation 


~~ 


Microencapsulation using coacervation of gelatin or gela- 
tin-acacia is the most popular of the aqueous media proce- 
dures. The practicality of the gelatin-acacia complex coa- 
cervation method (1 -3) is evidenced by products such as no- 
carbon paper and liquid crystal thermometers. Complex coa- 
cervation is the phase separation caused in a mixture of anionic 
and cationic polymers (e.g.$ acacia and gelatin) under re- 


stricted pH conditions and colloid concentration. This limi- 
tation is the disadvantage of the conventional microencapsu- 
lation procedure by complex coacervation. 
On the other hand, under certain conditions the addition of 


a water-miscible organic solvent (e.g. ,  ethanol) or salt (e.g. ,  
sodium sulfate) to the aqueous solution of a polymer (e.g. ,  
gelatin) causes phase separation. This phenomenon has been 
used in microencapsulation as a simple coacervation method 
(4-8). The disadvantages of the simple coacervation method 
are the requirement of a large quantity of the organic solvent, 
the necessity of desalting, and the difficulty of setting the op- 
timum conditions to obtain satisfactory microcapsules. 
Therefore, in this work, improvement of the conventional 
coacervating techniques was attempted. 


EXPERIMENTAL SECTIOY 


Materials-The gelatin used has the following specifications as provided 
by the manufacturer’: bloom, 300, viscosity, 60.9 millipoises; pH 4.2; moisture, 
9.9%; and isoelectric point, 9.0. The anionic polymers were acacia2, car- 
boxymethylcellulose (CMC)3, and ethylene-maleic anhydride copolymer 


I Miyagi Kagaku Kogyo. 
Spray-dried powder; Gokyo Sangyo. 
Serogen PR: Ddiichi KogyoSeiyaku 
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Table I-Microencapsulation Procedure with the Addition of Water-Soluble Nonionic Polymers to Complex Coaeervation Systems 


Core Substance Anionic Polymer Cationic Polymer Nonionic Polymer 
Final Final Final Final 


Conc.. Conc., Conc., Conc., Shapc of 
Example Species Z WJW Species % w/w Species %w/w Species 8 w / w  pH Microcapsule" 


1 Fluid paraffin 5.7 Acacia 2.0 Gelatin 2.0 PkO-1 0.85 7.7 H.S. 
2 2,6-Dinitro-N,N-dipropyl- 4.3 Acacia 2.0 Gelatin 2.0 PEG-6000 2.3 7.6 I.S. 


3 Fluid paraffin 10.6 CMC 0.5 Gelatin 3.9 PEO-I 0.88 8.3 I S .  
4-trifluoroaniIineh 


4 Fluid paraffin 10.0 Acacia 2.2 Gelatin 2.2 PVA 1.0 7.6 R.S. 
5 Fluid paraffin 10.0 Acacia 2.2 Gelatin 2.2 Dextran I .5 1.5 R.S. 
6 Fluid paraffin 10.0 Acacia 2.2 Gelatin 2.2 PVP 3.0 6.2 R.S. 
7 Fluid paraffin 10.0 Acacia 2.2 Gelatin 2.2 Polysaccharide 2.0 7.3 R.S. 
8 Fluid paraffin 6.7 EMA 0.23 Gelatin 2.5 PEG6000 2.0 7.5 I S .  


0 H.S. = spherical. single seed; IS. = spindle, single seed; R.S. = irregular shape, singlc seed. Trifluralin. 


Table 11-Microencapsulation Procedure with the Addition of Nonionic Surfactants to Aqueous Solution Containing Gelatin and Core Substances 


Core Substance Nonionic Polymcr 
Final Final Conc. Final 


Conc., of Gelatin, Conc.. Shape of 
Example Species % w/w % WJW Species % w/w p t i  Microcapsule" 


9 2.6-Dinitro-N.N- 4.8 2.8 PEG-6000 3 .O 4 .o 1 s .  


10 Fluid paraffin 12.0 2.8 PEO- I I .2 8.6 H.S. 
dipropyl-4-trifluoroanilineh 


with pigment 
I I  Fluid paraffin 


with pigment 
12 Chlorpromazine 


(dissolved in 


5.7 2.0 PEO- 18 0.39 9.0 H.S. 


0.5 
(5.2) 


2.0 PEO- I I .s 9.0 I S .  
H.S. 


sesame oil) 


H.S. = spherical. single seed; 1.S. = spindle. single seed. Trifluralin 


(EMA)4. Nonionic polymers used were polyethylene glycol (PEG)5. poly- 
ethylene oxide (PEO)", polysaccharide', polyvinylpyrrolidoneH, dextran9, and 
polyvinyl alcohollo. All the polymers were used as supplied by the manufac- 
turers. 


Both PEG and PEO have the same general structural formula: HO- 
(CHzCH*O),H. The former is usually used for polymers having molecular 
weights < -20,000 and the latter for those with molecular weights greater 
than tens of thousands. 


Microencapsulation Procedures-The microencapsulation methods are 
illustrated in  Fig. I .  Examples a and b demonstrate the procedure for the 
complex coacervation system using PEO-I 8 and for the aqueous solution of 
gelatin using PEG-6000, respectively. In these example, high concentrations 
( 1  1%) of acacia and gelatin were used as starting concentrations according 
to the method of Green and Schleicher (9, IO),although low concentrations 
1e.g.. 3% ( I  I ) ]  can also be used. First, the core substances were emulsified 


Microencapsulation Procedure 


Example a 
Tx PEO-18.60~ 


adjust pH and cool 


I pH65 * @ $  I emulsify 
I I X G - W . 6 4 ~  W 2400 


rudan m, lOma 
L I 


Example b 


1 chlorpramorine. 2~ I 
0 Fluid poroflln. A Acacia. G. Gdotln.  Wz water 


Figure 1-Microencapsulation procedures by the addition of water-soluble 
nonionic polymers to a complex roarercation system (Example a) and the 
simple aqueous system of gelatin (Example h). 


EMA-31; Monsanto Chemical Co. 
PEG-6000. PEG-20000: Kippon Oils & Fats Co.. Ltd. 
PEO- 1 ,  PEO- 18; Seitctsu Kagaku Kogyo. 
Pullulan PF-10. mol. wt .  100.ooO-300.000; Sumitomo Chemical Co.. Ltd. 


Mol. wt. 100.000-200.ooO; Wako Pure Chemical Industrles, Ltd. 
8 Luviscol K-30 (mol. wt. 40,000); Badische Anilin and Soda Fabrik A.G. 


l o  Gohscnol GM; N i p p n  Gosei Kagaku Kogyo. 


above 40°C wi th  a homogenizer'' i n  aqueous solutions containing acacia 
(Example a) or gelatin (Example b) in 100-mL beakers. After emulsification, 
the colloidal dispcrsions werc added to 500-mL.beakers in which three-blade 
metal propellers with 2.5-cm blades were fixed I .S cm from the bottom, and 
water, and aqueous solution of gelatin (Example a), and nonionic polymers 
were successively added with stirring unt i l  thc final concentrations of gelatin 
and acacia were adjusted to I .S- 3.0%. In this step. the nonionic polymers may 
be added in  a neat state (powder or flakes) instead of as an aqueous solu- 
tion. 


After adjusting the pH with 20 and 1 %  NaOH solutions at 40"C, the 
mixturcs were cooled gradually to 20°C with continuous stirring at 400-900 
rpm and then cooled abruptly to 110°C. The mixtures were subjected to 
hardening treatment for 14 h after a dropwise addition of diluted glutaral- 
dehyde (8%. 10 mL)  and/or formaldehyde (7.4%, 10 mL)I2. The products 


Figure 2 --Phoromicrogruph of spherical single-seed micwcapsules obtained 
from the dispersion system of gelatin-acacia and liquid paraffin by the ad- 
dition of PEO-18 at pH 6.5.  


~ ~~~ ~ ~ ~~ 


Silverson Machines Ltd. 
It is described in the patent (Japan 52-?X097) that the combined use of glutaral- 


dehyde and formaldehyde prevents yellowing Formaldehyde is preferable to glutaral- 
dehyde for hardening of microcapulcs in a neutral pH region, because the latter hassome 
tendency to cause aggregation of microcapsules in this pH region. 
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Figure 3-Phase diagram of the acacia-gelatin (2.2% w/w each) complex 
coacervation system containing PEG- 20,000. The coaceroating region is 
represented by the shaded area (II); I represents a region of one-phase col- 
loidal solution. Key: (@) no coacervation; (0) formation of coacervate. 


were then removed by filtration and washed. Microcapsules in the form of a 
free-flowing powder can be obtained according to the method of Madan et 
al. (6) or Palmieri ( I  2) by the use of colloidal silica. The unhardened micro- 
capsules can also be recovered as discrete free-flowing particles aacording to 
the aforementioned methods. 
Phase Diagram-The nonionic polymers were added to the aqueous gela- 


tin-acacia (2.2% each) solution or the aqueous gelatin (2.2%) solution without 
core materials under stirring at 4OoC, and the formation of coacervates at 
various pH values was observed with a microscope at  room temperature 
(-23OC). The dependence of the phase diagram on the concentrations of 
gelatin and acacia was also observed for PEO-1 and PEG-20,000. 


RESULTS AND DISCUSSION 


Microencapsulation-The various types of microcapsules formed in gela- 
tin-base systems using water-soluble nonionic polymers are listed in Tables 
I and II. Examples of complex coacervation systems are shown in Table 1, 
while examples of simple gelatin coacervation systems are shown in Table 
I I .  


In Examples 3 and 8. carboxymethylcellulose (CMC) and ethylene-maleic 
anhydride copolymer (EMA) were used instead of acacia as the anionic 
polymer, respectively. Examples 4-7 are of microencapsulation using polyvinyl 


r 


I I I 


0 1.0 2.0 3.0 
X W/W PEG cow 


Figure 4-Phase diagram of a simple coacervation of gelatin (2.2% w/w) with 
PEG-20.000. The coacemation region is represented by the shaded area (11); 
I represents a region of one-phase colloidal solution. Key: (@) no coacervation; 
(0) formation of coacervate. 


10 


8 


PH 6 


4 


2 


1.1% 


1.1% 


0.5 Y. W/W PEO-I 
Figure 5- Phase diagrams of acacia-gelatin complex coacervation systems 
containing PEO-I. The effect of colloidal concentrations of acacia and gelatin 
( l . l o  2.2, and 3.3% w/w) on the phase diagram was obserced. The coacervating 
regions are represented by shaded areas (11): I represents the regions of 
one-phase colloidal solution. Key: (@) no coacervation; (0) formation of 
coacervate. 


alcohol (PVA) dcxtrdn, polyvinylpyrrolidone (PVP), and polysaccharide as 
the nonionic polymers. respectively. PEO and PEG were better than these 
nonionic polymers, which gave coacervation systems of high viscosity in  the 
cooling process and made it difficult to prepare good microcapsules. On the 
other hand, the results of experiments on the homologous series of PEO and 
PEG indicated that the minimum concentrations of the molecules required 
to obtain microcapsules became lower with increasing molecular wcight. al- 
though the system containing the larger molecule was more viscous. In the 
conventional method, spindle-shapcd microcapsules are usually formed under 
the conditions used for obtaining single-seed microcapsules; in the present 
method, however, spherical shapes were obtained in many cases using PEO 
with a higher molecular weight than PEO-1. Although the viscosities were 
not measured, the systems in which the spherical shapes were obtained were, 
in general, more viscous in appearance. Therefore, the viscosity of the medium 
is considered an important factor in forming spherical shapes, but extended 
polymer chains with high molecular weight included in  the medium might 
prevent the deformation (from sphere to spindle) of the microcapsule induced 
by the stress of distortion. On the other hand, stirring speed is also an important 
factor, and a speed of 400-900 rpm was necessary to overcome the retardation 
or to stop the now of the dispersion in  the vicinity of gelation temperature. 


10 ' 


8 ,  


PH 


6 


I 


3.0 X */w 
4 


1.0 20 
PEG conc 


Figure 6-Phase separations induced in the simple coacervation systems 
containing different amounts of gelatin (1 .1 .  2.2. and 5.5% w/w) by the ad- 
dition of PEG-20,000. The coacervating regions are represented by shaded 
areas (11); I represents the regions of one-phase colloidal solution. Key: ( @ I  
no coacervation; (0) formation of coacervate. 
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I .o 2.0 3.0 X 
2’  


conc 
Figure I-Phase diagrams of acacia-gelatin (2.2% w/w each) complex coa- 
cervation systems with various water-soluble nonionic polymers. The coa- 
cervation regions are represented by the shaded areas (11); l represents the 
regions of one-phase colloidal solution. Key: (a! dextran; (bl polysaccharide; 
(c) PVP. 


Figure 2 shows a photomicrograph of spherical single-seed microcapsules 
obtained from the dispersion systems of gelatin-acacia ( I  .6% each) and liquid 
paraffin (4.7%) by the addition of PEO- 18 (0.3%) at pH 6.5. The product was 
recovered as free-flowing powder (diameter, 30- 100 pm) after filtration 
without hardening treatment, according to the method of Madan et al. 
( 6 ) .  


Phase Diagram-The coacervation areas are represented by shading ( in-  
dicated by the symbol 11) in the phase diagrams. The areas represented by 
the symbol 1 indicate one-phase colloidal dispersions. 


Figure 3 shows the result of the gelatin-acacia complex coacervation sys- 
tems and Fig. 4 the results of the aqueous solution of gelatin alone. Figure 3 
indicates that the intercept of the shaded area to the ordinate is in the pH range 
of conventional complex coacervation and that the addition of a small amount 
of PEG-20.000 to the gelatin-acacia coacervation system causes phase sep- 
aration in a remarkably expanded pH range. Figure 4 shows that in  the 
aqueous solution containing gelatin alone, phase separation docs not take place 
at every pH value without the addition of foreign molecules. but with the 
addition of PEG-20,000, the pH range is expanded. 


Figure 5 shows that the pH range of complex coacervation without the 
addition of foreign molecules (conventional method) decreases with increasing 
colloidal concentration, but that the addition of PEO-I expands the effective 
p t l  range of phase separation with increasing colloidal concentrations of 
gelatin and acacia. The minimum concentration of PEG-20.000 required to 
cause the phase separation in the aqueous solutions of gelatin alone becomes 
lower with increasing gelatin concentration, as shown in Fig. 6. 


The results of other water-soluble nonionic polymers (polysaccharide, 
dextran, and PVP) can bc seen in Fig. 7. Although all of these nonionic 
polymers have molecular weights greater than that of PEG-20.000, they are 
not more effective. 


Coacervation from ethylcellulose-cyclohexane solution is widely used in  
the microencapsulation of water-soluble drugs. using a combination of coa- 
cervation-inducing agents (e.g. ,  polyethylene and polyisobutylene) ( I  3, 14). 
However, the role and effect of the coacervation-inducing agents in the organic 
solvent systems differ from those of the water-soluble nonionic polymers in 
the aqueous coacervation systems described in the present paper. 


I n  the coacervation system of ethylcellulose-cyclohexane, the coacerva- 
tion-inducing agents effectively cause phase separation and prevent aggrc- 
gation of microcapsules, but the microcapsules can also be prepared without 
these agents. In the aqueous solution of gelatin, on the other hand, phase 
separation does not occur without the addition of the water-soluble nonionic 
polymers. I n  the acacia -gelatin complex coacervation system, the nonionic 
polymers can cause phase separation even at pH values a t  which separation 
does not occur using the conventional method. The phenomenon of inducing 
coacervation in these two solvent systems might be caused (possibly common 
to both systems) by the contributions of the added polymers to the thermo- 
dynamic properties of mixing (AH,,, and AS,,J 


CONCLUSIONS 


The addition of a small amount of high molecular weight PEO or PEG to 
a gelatin-acacia coacervation system enables coacervation over an expanded 
pH range (pH 2-9). These polymers also induce phase separation in  the 
aqueous solution of gelatin alone over a wide range (pH 5.5-9.5). The mi- 
croencapsulation procedure using this phenomenon is useful for the mi- 
croencapsulation of materials which are labile or water-soluble in the acidic 
pH region but stable and insoluble in the neutral pH region. 


REFERENCES 


( I )  H. G. €3. de Jong, in “Colloid Science,” vol. 2, H. R. Kruyt, Ed., El- 


(2) A. B. Dhruv,T. E. Needham, J. R. Luzzi, and L. A. Luzzi. Can. / .  


(3) J. R. Nixon and G. A. Agyilirah. Inr. J. Pharm., 6,  277 (1980). 
(4) R. E. Phates. Jr. and G. J .  Sperandio, J .  Pharm. Sci., 53, 515 


( 5 )  R. E. Phares. Jr. and G. J. Sperandio, J .  Pharm. Sci..  53, 518 


(6) P. L. Madan, D. K. Madan, and J. C. Price,J. Pharm.Sci.,65, 1476 


(7) J .  R. Nixon, S. A. H. Khalil, and J. E. Carless, J .  Pharm. Pharmacol., 


(8) J. R. Nixon and S. E. Walker, J. Pharm. Pharmacol., Suppl., 23,147s 


(9) B. K.  Green and L. Schleicher, U.S. Pat. 2,730,456 (1956). 
(10) B. K. Greenand L. Schleicher. U.S. Pat. 2,800,457 (1957). 
( I  I )  L. A. Luzzi and R. J. Gerraughty, J .  Pharm. Sci.,  53.429 (1964). 
(12) A. Palmieri. J .  Pharm. Sci., 68, 1561 (1979). 
( 1  3) M. Samejima, G. Hirata, and Y. Koida, Chem. Pharm. Bull., 30,2894 


( I  4) M. Donbrow and S. Benita, J .  Pharm. Pharmocol., 29.4~ ( 1977). 


sevier, New York, N.Y., 1949, p. 335. 


Pharm. Sci., 10,33 (1975). 


( 1964). 


(1964). 


(1976). 


20,528 ( I  967). 


( I97 I ). 


(1982). 


ACKNOWLEDGMENTS 


Grateful acknowledgment is made to Dr. 0. Ohodaira for his many helpful 
suggest ions. 


882 I Journal of Pharmaceutical Sciences 
VOI. 73, No. 7, July 1984 












Prediction of Drug Disposition Kinetics in Skin and 
Plasma Following Topical Administration 


RICHARD H. GUY *x and JONATHAN HADGRAFT # 


Received February 28, 1983, from the *Departments of Pharmacy and Pharmaceutical Chemistry, School of Pharmacy. University of California-San 
Francisco, San Francisco, C A  9 4 / 4 3  and the $Department of Pharmacy, University of Nottingham, University Park, Nottingham, NG? 2RD. 
U.K.  Acccpted for publication May 23, 1983. 


Abstract 0 The development of a physically based pharmacokinetic model 
for percutaneous absorption is described. The simulation includes four first- 
order rate constants assigned the following significance: ( a )  absorption across 
the stratum corneum; (b) diffusion through the viable tissue; ( c )  a retardation 
process which retains penetrant in the stratum corneum (and hence provides 
a means to mathematically produce a “reservoir” effect, for example); and 
( d )  uptake from the skin into the systemic circulation and subsequent elimi- 
nation from the body. The kinetic equations of the model are solved and ex- 
pressions are obtained for the concentration of penetrant within the stratum 
corneum (and available to subsequentlj partition into the viable epidermis) 
and the plasma concentration of the administered substance, as a function 
of time. Using example values for the four rate parameters, disposition profiles 
for the penetrant in skin and plasma were derived. The cases considered cover 
slow and fast stratum corneum penetrants. substances which are excreted 
rapidly or slowly from the body. and absorbing molecules with a variety of 
rclative stratum corneum-viable tissue affinities. The results suggest a 
framework for the prediction of pharmaceutically and clinically rclevanl in- 
formation following the topical administration of therapeutic agents for local 
or systemic effect. 


Keyphrases 0 Percutaneous absorption-pharmacokinetics of skin pcne- 
tration, plasma concentration prediction 0 Plasma concentration predic- 
tion --pharmacokinetics, percutaneous absorption, topical administration 
0 Pharmacokinetics-percutaneous absorption, plasma concentration pre- 
diction. topical administration 


Percutaneous absorption is a complex phenomenon which 
is currently attracting an increasing level of study. In  addition 
to the fundamental goal of more completely understanding skin 
penetration, an important reason for this expanded effort is 
the somewhat recently realized potential for effective systemic 
drug delivery using the transdermal route ( I  -3). Equally 
pertinent, and now subject to some reexamination, is consid- 
eration of the efficaciousness of existing drugs and dosage 
regimens for the treatment of local dermatological disease. 


The heightened interest in percutaneous absorption en- 
compasses many aspects: (a) the development of new delivery 
systems (4-6), (b )  the search for agents capable of enhancing 
penetration (7-1 I ) ,  and (c) the continuing effort to understand 
skin absorption rate and extent in terms of accepted biological 
facts and penetrant physicochemical properties ( 12-20). In 
the first group, one may cite the appearance of transdermal 
therapeutic systems containing nitroglycerin for the treatment 
of angina pectoris (21) and the surprising suggestion that 
topically applied liposomes are able to exert an influence on 
the local and systemic distribution of an encapsulated drug (22, 
23). Of the agents offered as penetration enhancers, pyrroli- 
done, formamide, and sulfoxide derivatives are recent examples 
(7- 1 I ,  24). Another new compound, dodecylazacyclohep- 
tan-2-one (25, 26), appears to have enhancement potential, 
although its mechanism of promotion remains unclear. 


It is the third category, however, to which this paper is di- 
rected. Specifically, the objectives are to present a physically 
based pharmacokinetic model for percutaneous absorption and 
to demonstrate its application to the prediction of drug dis- 
position kinetics in skin and plasma following topical admin- 


istration. The simulation is that recently described by Guy et 
al. (27). The approach is simplistic in concept, but sensitive 
to physicochemical changes in penetrant properties and to the 
manner in which the absorbing molecule may be expected to 
interact with the various strata of the skin. Four rate constants 
are specified in the model and are assigned specific physical 
significance. The previous work (27) showed that the urinary 
excretion rate data of three compounds (testosterone, benzoic 
acid, and hydrocortisone), obtained following topical appli- 
cation, can be successfully explained by the simulation and that 
rate constants, which are physicochemically consistent, can 
be derived. In this paper, the rate equations of the model are 
solved for (a) the concentration of penetrant within the stra- 
tum corneum and (b )  the concentration of drug in plasma. 
Reasonable, representative values are assigned to the four 
kinetic parameters and drug disposition profiles are generated 
for a variety of example cases. The predictive capacity of the 
approach in clinically relevant situations is indicated and 
discussed. 


THEORETICAL SECTION 


Schematic and compartmental representations of the pharmacokinetic 
model are  shown in  Fig. I and are designed to indicate the putative physical 
significance on which this work is based. The simulation is linear and includes 
four first-order rate constants. The first ( k l )  describes drug input across the 
stratum corneum and is a parameter that might be estimated, for exarllple, 
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Figure 1 -Schematic and compartmental representations of the percutaneous 
absorption pharmacokinetic model. 
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by the disappearance of radioactivity from the skin surface following topical 
application of labeled compound (28, 2Y). The second. k2, relates to drug 
penetration further into the skin, spccifically movement across the aqueous 
viable tissue. The kinctic constant k 3  reflects the rclative affinity of the pen- 
etrant for the stratum corneum compared with the viable tissue; in other words, 
k 3  will be large (relative to k 2 )  for substances that bind tightly to the stratum 
corneum or that exhibit a marked “reservoir” effect (30-33). Finally, k q  de- 
scribes drug elimination from the systemic circulation into the urine. The 
assignment of a first-order process for this step may, of course, be inadequate. 
in which case a more complex formulation will be necessary. In this instance, 
the theoretical treatment becomes more complicated but far from intractable. 
The previous description of this model indicates that it is particularly useful 


Table I-Input (kl) and Output (k4) Rate Constants Selected for 
Application of the Model 


Case k l .  h-’ kq, h-’ 


Fast/Fast 0. I80 0.360 
Fast/Slqw 0. I80 0.036 
Slow/Fast 0.018 0.360 
slow/slow 0.018 0.036 


Figure 2-Prediciion of skin disposition kinetics 
as a plot of normalized conceniraiion u2 versus 
time. The curves correspond to penelranis with 
high (2). medium (0). and low (X)  stratum 
corneum affinities. Rate constanis k l - b  are 
given in Tables I and I I .  Key: (A) case fasilfasi: 
(B) casefastlslow; (C) case slowflasi; (0) case 
slow~slow. 


i f  the elimination of drug following parenteral administration is known (27, 
29). Thus, ideally, application of the simulation includes independent as- 
sessment of the elimination process described by k4 or a more sophisticated 
alternative. 


Four concentrations are identified by the compartmentalization of the 
model. Surface concentration is C1 and, in the following mathematical de- 
velopment, C1 = CO, the initial applied concentration, at time t = 0, i .e.,  at 
the beginning of the experiment. Because of the assigned significance of k z  
and k3,  C2 may be equated with the concentration of drug in the stratum 
corneum and available for subsequent partitioning into the viable tissue. Es- 
timation of this parameter is useful, therefore, in terms of the dermatological 
application of the model. The conce9tration of drug in  blood is represented 
by C3. No attempt is made to differentiate between drug in the local cutaneous 


Table 11-Rate Constants (k2 and k3) Chosen for Application of the Model 


Relative Stratum 
k2. h-’ k3.  h-’ k3 /k2  Corneum Affinity 


1.440 28.800 20.00 “High” 
1.440 0.720 0.50 “Medium” 
1.440 0.029 0.02 “Low” 
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Table Ill-Rate Constants ( k l - k 4 ) .  Previously Determined for 
Testosterone, Benzoic Acid, and Hydrocortisone, Used to Generate the 
Ihposition Profiles a 


Comoound k I .  h-‘ k >. h-’  k i .  h-I ka. h-I 
~~~ ~ 


Testosterone 0.058 I .44 2.70 0. I04 
Bcn7oic acid 0. I84 2.88 0.014 0.592 
I lydrocortisone 0.022 I .44 0. I80 0.158 


0 Scc I.’igs. 3 and 5; the v;ilue> were taken from Kef. 27. 


microvasculature and drug systemically available. Because i t  is not possible 
to sample the dermal capillaries. such a refinement is not presently justified 
by experimental capabilities. Lastly, C4 is the concentration of drug in  the 
urine; it follows that attention is focused on the renal excretion of the drug 
and this may or may not be an appropriate decision. I lowever, because of the 
stipulation suggested above that drug excretion following intravenous dosing 


take into account the elimination of the drug by other routes (29). 
Four rate equations describe the kinetics of the model in  Fig. 1 :  


be.  ‘issessed .. . as a matter of course. then suitable corrections can be applied to 


(Eq.  4) 


where VI  - V4 correspond to the volumes of compartments I - 4, respectively. 
Manipulation of the equations to obtain an expression for the amount of drug 
appearing in the urine as a function of time has been presented prcviously (27). 
Thc reduction to achieve relationships pertaining to drug levels in skin (C2) 
and plasma (C3) follow parallel steps (see Appendix). The drug concentration 
in the stratum corneum available for partitioning into the viable epidermis 
is: 


dC;  Vi 
dt v4 
- = - kjC.3 


I n  Eqs. 5 and 6, u2 and u3 arc normalized concentrations (with respcct to 
the initial applied concentration. c‘o), i.e.: 


112 = C‘2/(;) (Eq. 7 )  


1i3 = C’i/<’o (Eq. 8) 


L Y / ~  = k 2 k j  (Eq. 9) 


(Eq. l a )  


and N and P are the roots ova quadratic (scc Appmdix) such that: 


N + /3= k 2  -I k i  + kq  


Asdiscussed previously fordrug in  urinc (27). Eqs. 5 and 6 may be multiplied 
b) a factor F ,  which is the fraction of thc applied topical dose and metabolites 
recovered (and corrected for nonrenal excretion) i n  compartment 4. 


EXPERIMEKTAI, SECTION 


Using Eqs. 5 and 6 .  it is now possible to predict drug disposition kinetics 
in skin and plasma for various combinations of the four rate constants k I -kJ. 
To illustrate this ability. the following approach is adopted. The input ( k , )  
and output (k4) processes are arbitrarily dcfincd as “fast” and ”slow.” thereby 
allowing four possible combinations (fast/fast, Fast/slow. slow/fast. and 
slow/slow). Then. for each of these combinations. u2 and u j  are calculated 
for “high.” “medium,” and “low” ratios of k ,/kz. i . e . .  for dif’ferent relatibe 
stratum corneum-viable tissue affinities. The numerical values selected for 
the rate constants are given i n  Tables I and I I .  The choice of the kl and ke 
ranges reflects the span observed previously between bcn7oic acid, testosterone. 


1 


5 0.1 


T 
T 


T T T  


T 


0,Cll 


HOURS 


Figure 3-Skin dispimtion proJ1e.s (u2) as u function of rime for tesiosierone 
(T) .  henzoic acid (B), and hydrocortisone (HI. The curves were evaluaied using 
the rate constants in Table 111 und Eq.  5 .  


and hydrocortisone (27,29). The k3/k2 ratios arc designed to illustrate the 
ramifications of varying the effective stratum corneum-via ble tissue partition 
coefficienti of the penetrant over a range of three ordersof magnitude. A value 
of 40 X s-I  ( I  .44 h-I) was assigned to k2 throughout. Such a figure has 
been shown to correspond to an effective solute diffusion coefficient through 
the viable tissue of -lo-’ cm2/s; this is in  reasonable agreement with earlier 
independent assessments (34). The k3 values employed again span, but also 
extend. the range identified for the three penetrants given above (27). Because 
it is unlikely that a penetrant with less reservoir-forming ability than benzoic 
acid will be identified. the k, range has been extended in the direction of in- 
creasing stratum corncum affinity. Finally, toevaluate u2 and uj, VI and V2 
have been estimated as essentially equal for typical topical applications (i.e., 
V,/V: ‘v I )  and Y I /  L‘3 has been set equal to 2 X 1O-j. based on an applied 
volume of 100 jtl. and a plasma volume of 5 L. Hence, with four combinations 
of k I and k 4  and thrcc k3/k2 values, twelve assessments each of u2 and u3 can 
be made. 


RESULTS AND DISCUSSION 


Disposition Profiles in Skin-The graphs in Fig. 2 show a wide variety of 
behatior for the conccntration-time course of a penetrant within the skin. 
There are marked differences between the curves in a quantitative sense of 
how much material can be found in the skin and for how long thesubstance 
is maintained within the cutaneous region. The curves clearly indicate com- 
binations of rate constants which may not prove efficacious for the treatment 
of local (nonsurface) dermatological disease. For example, penetrants with 
low k]/kz ratios fall into this category: either the drug is very rapidly elimi- 
nated from the skin (Fig. 2A-C) or it is present in relatively insignificant 
amounts (Fig. 2D). On the other hand, penetrants which are expected to ex- 


I It is important to point out that  the ratioofkjlkl is not a true partition coefficient 
in the classic31 sense However, because of the assigned significance of the vale processes 
which k Z  and k ,  deacribe. their ratio (a “pseudo-partition coefficient”) will k related 
to the conventional. though not easily mensurable, distribution constant of the drug bc- 
tween the stwtum corneum and the viable tissuc. 
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hibit substantial reservoir effects (30-33). i.e.. those with high k3 /kz  values, 
achieve substantial and prolonged levels within the tissue. It may bc noted that 
a Past/slow penetrant with k3/k2 = 20 (Fig. 2B. curve Z) produces potentially 
ideal local sustained-release characteristics over an extended time pcriod. Of 
course, certain combinations of kinetic parameters may prove unlikely. e.g., 
fast/fast with high k3/k2  and slow/slow with a low ratio. Furthermore, the 
model may not be able to distinguish between certain alternatives [the high 
k3/k2  curves in Fig. 2C (slow/fast) and D (slow/slow) provide such a case]. 
However, on the whole, the delineation between different permutations is good 
and the profiles, and their relative juxtaposition to one another, are consistent 
with the assigned physicochemical significance of the model. 


In Figure 3, skin disposition curves are shown for testosterone, benzoic acid, 
and hydrocortisone. The profiles have been calculated using the rate constants 
quoted in  the previous publication (27) of this kinetic model (see Table I l l ) .  
The distinction between the three compounds is striking-bnzoic acid shows 
virtually no residence within the skin, merely a transient presence. The time 
course for the steroids is similar yet. quantitatively, testosterone achieves levels 
an order of magnitude greater than those of hydrocortisone. This observation 
is consistent with larger kl and k3 values of testosterone and its consequently 
higher potential for stratum corneum reservoir formation. 


Figure 4- Prediciion of plasma disposiiion 
kineiics ar a plot of normalized concenrraiion 
u3 versus rime. The curves correspond to pene- 
iranis wiih high ( Z ) .  medium (0). and low (X)  
stratum corneum affiniries. Rate consiants 
kl -k4 are gicen in Tables I and 11. Key: (A) case 
fasilfast; ( B )  case fastlslow. (C) case sfowlfast; 
(0) case slow/slow. 


Disposition Profiles in Plasma-Figure 4 shows the relative plasma dis- 
position profiles for the various k I - k q  combinations considered. The curves 
provide a preliminary insight into the desirable transcutaneous properties 
required by a penetrant to be a candidate for systemic delivery L;ia thc topical 
route. Indication of sensible dosing intervals for such an objective is also 
available. Interestingly. the medium and low stratum corneum affinity pen- 
etrants are not distinguishable in terms of plasma level except for the slow/fast 
situation (Fig. 4C). Even then, the time course is identical; only the amounts 
are different. These observations are apparent despite a 25-fold difference 
between the k3 values used in the medium and low cases. The reason for the 
apparent anomaly is straightforward. Only for slow/fast is the input ( k l )  
proccss substantially slower than the output (k4) such that the differences 
in  k3 (medium rersus low) can be reflected in the values of UJ. 


I n  Figure 5 ,  u3 profiles for testosterone, benzoic acid, and hydrocortisone 
arc plotted. The rate constants used for the calculations arc given in Table 
I l l  (27). Benzoic acid clearly falls into the fastpast, low k3/k2 ratio, category. 
Testosterone and hydrocortisone climb to their maximum plasma levels more 
gradually and maintain appreciable concentrations over a prolonged period. 
The potential for sustained transdermal delivery of endogeneous corticosteroid 
hormones to treat clinical deficiencies would, therefore, appcar attractive. 
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Figure 5-Plasma disposition profiles (1131 as afunction of time for testos- 
terone (TI. benzoic acid (B) ,  and hydrocortisone ( H ) .  The curces were eual- 
uated using the rate constants in Table 111 and Eq. 6. 


APPENDIX 


I n  this appendix, the derivation of Eqs. 5 and 6 is outlined. First, all con- 
centrations are normalized with respect to CO, the concentration in com- 
partment 1 at I = 0: 


u, = c,/co ( i  = I ,  2, 3,4) (Eq. A 1 )  


Solutions for 142 and u3 are obtained using the technique of Laplace trans- 
formation. Substituting Eq. A I into Eqs. 1-4 and transforming gives: 


~ i i l  = I - klii l  (Eq. A2) 


(Eq. 3A) 


(Eq. A4) 


(Eq. A51 


vz - 
v3 ~ i i 3  = - k 2 ~ 1 -  ( k 3  + k 4 ) i i 3  


v3 
sii4 = - k 4 i i 3  


v4 


Equation A2 gives an exprcssion for U I .  which may be substituted into Eq. 
A3. This latter equation and Eq. A4 then provide a pair of simultancous 
equations which may be solved for u2 and u3. The algebra is trivial and the 
following results are obtained: 


where a and fl  are the roots of the quadratic: 


(Eq. A7) 


S’ + ( k 2  + k ,  + k 4 ) S  + k2k4 = 0 (Eq. A8) 
Simple inversion of Eqs. A6 and A7 results in the expressions for u2 and u )  
quoted in the text as Eqs. 5 and 6, respectively. 
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Abstract 0 The effect of distortion of a uniform film on its opacity has been 
calculated for a simple step film model. Nonuniform distribution of sunscreen 
films on skin and of theabsorber within the film would account for large dis- 
crepancies between naively predicted efficacy and that observed clinically. 


Keyphrases 0 Film irregularities-effect on sunscreen efficacy. opacity 
sunscreens-effect of film irregularities, opacity 


Cosmetic sunscreen products are effective in protecting the 
user from sunburn by absorbing injurious U V  radiation, but 
it  is well known that their performance is not nearly as good 
as would be predicted from the absorption spectra of their 
active ingredients. Spectra of strongly absorbing materials are 
usually measured at weight concentrations of 4 . 0 0 1 %  in 
transparent solvents like water or ethanol in a cuvette with an 
optical path length of 1 cm. A sunscreen on the skin contains 
several percent of the absorber in a film with an average 
thickness of -0.002 cm. The fact that such lengthy extrapo- 
lation of spectrophotometric data leads to predictions of effi- 
cacy far greater than those obtained in  clinical measurements 
is occasionally ascribed to misapplication or even to a failure 
of the physical laws underlying spectrophotometry. More often 
it is ascribed to vehicle effects and to skin topography. 


In  this paper the average opacity of a simple model film is 
calculated as a function of its departure from uniform thickness 
and chemical homogeneity. It is suggested that plausible ir- 
regularities can account for discrepancies of many orders of 
magnitude between naively predicted and observed sunscreen 
efficacy. 


BACKGROUND 


The pharmacological measure of sunscreen efficacy, the sun protection 
factor (SPF), is the factor by which the product allows the time of exposure 
to sunlight to be increased before a given degree of sunburn occurs. For ex- 
ample. someone who suffers a slight sunburn after 20-min exposure could 
remain in sunlight of the same intensity for 40 min wearing an ointment with 
an SPF of 2 before suffering the same slight burn. 


The equivalent physical definition is: 


J (S x A) 


SPF = (Eq. 1 )  
J (S x A x T) . d ~  


where S(X) is the intensity of sunlight under standardizcd conditionsof alti- 
tude. latitude. time of day, etc. (usually replaced in clinical practice with the 
more accessible and intense emission spectrum of a solar simulator); A(X) 


1 
L 


r'------------ ---------- 
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~~ 


Figure I-Step film geometry: cross section oJa rectangular slab of unit 
width. 


is the skin sensitivity or action spectrum, the reciprocal of theenergy per unit 
area of exposed skin producing a standard degrce of burn (usually the mini- 
mum perceptible erythema); and T(X) is the fractional transmission of the 
sunscreen. 


In both integrals the lower limit is -290 nm because the function, S(X), 
is negligibly small in  thestandard solar spectrum at lower wavelengths. The 
upper limit is the wavelength above which the action spectrum, A(A), is so 
small that the product S X A is negligible. From our own experience with 
sunscreens, we take this limit as -350 nm but its exact location is immaterial 
i n  the discussion that follows. 


Since the dimensions of S in Eq. I are energy X area-' X time-' and those 
of A are erythema X energy-' X area, and since T is the dimensionless ratio 
of transmitted to incident intensity, both the numerator and denominator have 
"dimensions" of erythema per uni t  of time. For a given degree of erythema, 
this reduces to the time ratioof the pharmacological definition. 


For convenience, we define a protection factor for monochromatic radiation 
15: 


S(A) X A(X) 
S(A) X A(X) X T(X) 


M PF( A) = 


= I /T( A) = P( A) (Eq. 2) 


%here P ( i )  is the opacity of the film. This definition is used rather than the 
more cumbersome Eq. I in the discussion that follows. For the most part, the 
notation of wavelength dependence is dropped, but we emphasize that MPF 
is a strong function of the wavelength and that it is not simp11 related to the 
SPFexcept in special cases (e.g.. where the transmission is a constant. inde- 
pendent of wavelength. as might be true of a dispersion of an opaque, reflective 
solid like aluminum powder; in this case SPF = P). The extension of conclu- 
sions regarding the effect of sunscreen film irregularities on M P F  to that on 
SPF is discussed below where appropriate. 


The opacity of a cosmetic sunscreen is given, i n  the first approximation, 
by the absorption spectrum of the active ingredient as measured in  dilute so- 
lution in a transparent solvent expressed according to the Beer-Lambert 
law: 


(Eq. 3)  


where I0 and I are the intensities of incident and transmitted light, k ( X )  is the 
absorptivity in units corresponding to those of theconcentration, C, and the 
path length d .  


Although the concentrations and path lcngths in  applied sunscreens differ 
by scvcral orders of magnitude from those used in  spcctrophotometry, there 
arc no obvious grounds for suspecting that the opacities will not be related 
according to Eq. 3. There are no known exceptions to Lambert's law relating 
opacity to path length through hornogcneous bodies, and marked deviations 
froin Beer's law (the concentration effect) arc usually attributabk to gross 
physicochemical departures from simple molecular solutions. such as ion- 
ization or complexation, which are not likely tooccur with the absorbcrs used 
in  sunscreens at  either very high or very low concentrations. Uevertheless, 
bunscreen cfficacy as predicted from spectrophotomctry using Eq. I ,  assuming 
;I iilm thickness corresponding to thc application level, is usually higher. 
sometimes by several orders of magnitude, than the S P F  value measured 
clinically. The following calculations show that seemingly plausible deviations 
from uniformity of film thickness or of distribution of the absorber can account 
tor these discrepancies. 


DISCUSSION 


Opacity of Step Films- -Figure I shows the cross section of a uniform, ho- 
mogeneous film of thickness d of a solution of concentration c'of an absorbing 
solute whose absorptivity in thc transparent medium is k .  The broken lines 
show what we call a step film, produced by removing a fraction U, of the 
uniform film over a fraction (R) of its area and redepositing i t  uniformly over 
the remaining area. The average intensity of light transmitted by the step film 
is: 


f s = g f , + ( I  -g)/2 (Eq. 4) 
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Table I-MPF (ODacitvl of SteD Films Derived from a Uniform Film of Omcitv 10 


Fraction of Area Depleted, g 
0.1 0.3 0.5 0.7 0.9 I .o 


~~~~~ ~ ~ ~~~~~ 


0. I 9.968 9.882 9.740 9.464 8.728 7.943 
0.3 9.680 8.934 8.01 1 7.261 5.568 5.01 1 
0.5 9.023 7.267 5.749 4.476 3.513 3.162 
0.7 7.976 5.392 3.837 2.844 2.216 1.995 
0.9 6.626 3.743 2.478 I .797 I .398 I .258 
1 .o 5.893 3.066 1.980 I .428 1 . 1  1 I I .000 


Depth fraction. 


Table 11-MPF (Opacity) of Step Films Derived From a Uniform Film of Opacity 1000 


P 
Fraction of Area Depleted, g 


0.1 0.3 0.5 0.7 0.9 I .o 
0. I 968.0 
0.3 662.5 
0.5 264.8 
0.7 76.24 
0.9 19.77 
I .o 9.958 


893.4 
374.3 
103.6 
26.4 I 
6.648 
3.332 


801.1 
241.8 
63.18 
15.88 
3.990 
I .999 


686.5 
179.7 
45. I7 
1 1.34 
2.850 
I .428 


556.8 501.1 
139.8 125.8 
35.13 3 1.62 


8.825 7.943 
2.216 I .995 
1 . 1 1 1  I .Ooo 


Depth fraction. 


Table Ill-MPF (Opacity) of Step Films Derived From a Uniform Film of Opacity 1,000,000' 


Fraction of Area Depleted, g 
fb 0. I 0.3 0.5 0.7 0.9 I .o 


0.1 845,676 
0.3 145,403 
0.5 9.958 


632.295 
52,501 


3,332 
0.7 630.8 210.3 


472,560 357,309 279,098 251,188 
3 1,689 22,641 17.609 15,848 


2.000 1,428 1 , 1 1 1  1 ,ooo 
126.1 90.13 70.10 63.09 


0.9 39.81 13.27 7.962 5.687 4.423 3.981 
I .o 10.00 3.333 2.000 1.428 1 . 1 1 1  1 .Ooo 


a A 20-pm thick film of an absorber solution whose molar extinction coefficient is 30.000 L .  mo1-I cm-' reaches this opacity at a concentration of 0.1 mol/L; for octyl dimethyl 
p-aminobenzoatc (Escalol 507 brand of padimate 0) this corresponds to a weight concentration -2.8% Depth fraction. 


where f I  and 12 are the intensities of light transmitted by the depleted and 
augmented areas. These are given by the Beer-Lambert law as: 


where lo is the intensity of the light normally incident on both areas. I n  Eqs. 
5 and 6 the expressions in  parentheses are the factors by which the thickness 
of the film is changed; the expression in Eq. 6 can be derived by equating the 
volumes removed, f d  X gu, and redeposited, (d' - d )  X ( 1  - g)u .  where u is 
the area of the film. The avcrage opacity of the step film, P,, as  a function of 
fand  g ,  is given by combining Eqs. 3-6: 


where Pc is the opacity of the uniform parent film. 
Tables 1-111 give the calculated opacities of the step films derived from 


uniform films of opacities 10. 1000. and 1,000.000. The most obvious feature 
of thesc tables is that all the calculated average opacities are less than that 
of the uniform parent film. It might have been expected that for some range 
of values of the distortion factorsjand g ,  the increase in  opacity of the area 
on which the film thickness is increascd would more than offset the loss of 
opacity of the depleted area. This is not so in any case: the distorted film is 
nlways less opaque. 


Another disturbing featurc of the behavior of the model is the dependence 
0 1  the relative loss in opacity on the opacity of the parent film: for any set of 
values off and g .  the greater the opacity of the parent film, the greater the 
relative decrease in  opacity. For example, a t /  = g = 0.9 (removal of 90% of 
the film over 90% of the area) uniform films of opacities 10. 1000, and 
I .OOO,OOO are degraded to step films with respcctive opacities of 14%. 0.22%. 
and 0.00044% of those of the parent films. 


The Same behavior can be viewed in terms of the absorption spectrum of 
the active ingredient. Note that according to Eq. 7 the ratio of step film 
opacity, P,, to that of the uniform film. P,, depends on the wavelength, because 
for a given film distortion (fixed values offand g )  the ratio is the reciprocal 
of the sum of two terms which vary exponentially with k ,  the absorptivity. I n  
this view, film distortion has its greatest relative effect at the absorption 


maxima where the absorber is expected to be most effective; distortion blunts 
the spectrum of the absorber. 


I n  Tables 1-111 the bottom row, wheref - 1.0, shows the result of com- 
pletely removing part of the film. Even if only 109'0 of the area is so depleted 
( g  = 0. I ) ,  the step film opacity drops to 5 10 as would be expected from or- 
dinary experience: if the parent film were a metallic foil of virtually infinite 
opacity, a few pin pricks would degrade it into an imperfect screen transmitting 
a fraction of incident light equal to the areal fraction of the holes, as  is the case, 
to four significant figures in the botfom row of Table I l l .  


The right-hand column of each table illustrates Lambert's Law relating 
opacity to thickness over the entire area of the film (g = 1 .O).  Removal of 90% 
of the film cf = 0.9) reduces the opacity to the tenth root of that of the parent 
film-from 1 .Ooo,D00 to 4.0 for example, as seen in Table 111. 


If the geometry of sunscreens on human skin corresonds to large values of 
/and moderate-telarge values of g, then the values of MPF(X) predicted 
according to Eq. 7, and, by inference, of S P F  itself, will be very modest com- 
pared with those predicted on the assumption of a uniform film. 


The dependence of step film opacity on absorber concentration as given by 
Eq. 7 is illustrated in Fig. 2 where the opacity of the uniform film, Pc is also 
shown for comparison. The opacities for a given combination offand g are 
plotted on semilogarithmic graphs against the loglo of the opacity of the 
uniform parent film, which, according to Eq. 3, is proportional to the con- 
centration C for fixed k and d .  In all cases. the curve is more or less concave 
down, near the origin (C = 0, P = 1) and then becomes nearly log-linear a t  
high concentration. The latter occurs when the second term in Eq. 7 becomes 
negligible compared with the first (when the transmittance of the augmented 
area is negligible compared with that of the depleted area): 


log P, = log Pc - log g - kCdf 


log P, = ( I  -8kCd - log g 


(Eq. 8) 


or, sincc log P, = kCdc 


(Eq. 9) 


which corresponds to a straight line with the slope reduced by a factor of 1 
- f relative to that of log P, against C. and with an intercept of -log g (as 
shown by extrapolation in a few cases). 


Forf = 0.9, P, or MPF appears to increase linearly with absorber concen- 
tration over the range covered in Fig. 2C, as can be seen from the linear plots 
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Figure 2-Opacity ofstepfilms with depth fractions of fAJ. f = 0.5 fB).  f = 
0 .7 ,  and (C) f = 0.9. 
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Figure 3 - -Opacity of stepfilms: linear plots against absorber concentration 
in arbitrary units. 


in Fig. 3. Forf = 0.7 and 0.5, similar plots are distinctly concave up. We take 
this as an indication that high values offapply to Sunscreens on skin because 
in our clinical measurements S P F  values increase roughly in  proportion to 
absorber concentration rather than exponentially, as might be expected from 
Eqs. 2 and 3. 


Opacity of Nonhomogeneous Films-The effect of nonuniform distribution 
of the absorber on the opacity of a film of uniform thickness can be treated 
in the same fashion as that of nonuniform thickness of a homogeneous film. 
The vertical dimension in Fig. 1 can be taken as a measure of absorber con- 
centration by replacing d and d' with Cand C', and deriving Eqs.  5 and 6 from 
conservation of the mass of absorber rather than film volume. Equation 7 
follows identically; it is now immaterial whether the parameteryrefers to the 
extent of transfer of the bulk of the film or to relocation of the absorber (except 
that the result of bulk transfer follows with certainty from Lambcrt's law while 
that of relocation of the absorber assumes that Beer's law applies with the same 
absorptivity. k. in both parts of the film; the latter is certainly not exact for 
some kinds of nonhomogeneity, such as recrystallization of the absorber). 


Figures 2 and 3 can now be interpreted in terms of the transposed variables 
by labeling the abscissas as "thickness" rather than "concentration." They 
then show that nonhomogeneity frustrates the response of opacity to thickness 
(or product usage level) just as irregularities in  thickness frustrates response 
to absorber concentration. 


Origins of Irregularities-The particular geometry of the step film chosen 
in Fig. I does not enter into the derivation of average opacity. The depleted 
area can be broken up into any number of elements of arbitrary size and shapc 
as secn from above (from the origin of the incident beam); only its fraction, 
g. enters the calculation. I n  fact, it is tacitly assumed in reference to sunscreens 
that the irregularities of thickness or concentration are distributed on a scale 


of distances fine enough that the resulting pattern of burned and protected 
skin will be averaged when subjectively scoring the degree of erythema. The 
only evident physical limitation is that the irregularities be large compared 
with the wavelength of U V  light (of the order of 1 p n ) .  


The topography of human skin is an obvious source of variation in  the 
thickness of an applied film. Any fluid which wets the skin tends to accumulate 
in the sulci, the furrows which unfold to spare the inelastic epidermis from 
tensile stress when body movements. such as making a fist, increase the contour 
length along the surface. tleavily dyed mineral oil moderately applied to the 
skin discloses a map of the sulci; very little color is seen on the plateaus (the 
roughly triangular areas bounded by sulci). This pattern develops sponta- 
neously on relaxed skin as soon as rubbing is stopped, partly because surface 
tension reduces the pressure of the fluid under the concave surfaces over un- 
filled sulci and pumps it away from the plateaus (except where it wicks up into 
a cone at the base of each hair). Dyed petrolatum gives somewhat more uni- 
form coverage showing the importance of viscosity in retarding the effects of 
capillary action. With fluid mineral oil the plateaus are well covered only at  
repugnantly high levels of application. 


This effect could be quantified by measurements of the cross-sectional area 
of the sulci and the length of sulci per unit area of skin on surface replicas (like 
those used in  scanning electron microscopic studies of skin). The product of 
these two would give the sulcus volume per unit area of skin, apd this would 
indicate the fraction of the residue of a sunscreen (or any other applied fluid) 
"lost" by this mechanism (which might vary from subject to subject and on 
different parts of the body); but, even in the absence of such data it seems 
evident from observation of dyed mineral oil on skin that the assumption of 
a uniform film thickness at tolerable application  level^ is a poor one. 


Nonhomogcneity of the sunscreen residue on the skin is another likely cause 
of the disappointing performance of commercial products. When a typical 
sunscreen lotion is rubbed out on a microscope slide. dried at room humidity, 
and examined at moderate magnification, it has the irregular appearance of 
an ordinary emulsion residue. At least two phases are usually present: one 
probably derived from the water phase and another from the oil phase (as can 
be seen when an unrubbed, th in  film is examined as i t  dries). Except in the 
very unlikely event that the U V  absorber partitions between these residual 
phases at equal opacity, the resulting film must bc optically more or less similar 
to a slice of Swiss cheese. I f  two or more absorbers arc present, the array of 
possible distortions becomes more complex, especially if the absorbers were 
selected to be complementary on the basis of their dilute solution spectra, but 
the likelihood of a near optimal distribution seems remote. 


A solution ofp-aminobenzoic acid (PABA) in alcohol is an extreme case 
of poor absorber distribution in the residue. On glass the residue is a crust of 
small well-formed crystals with a large areal fraction of voids. On skin i t  is 
a loosely held, chalky-looking deposit which can be resolved into individual 
crystals with a magnifier. I n  either case i t  is obvious that even if  the crystals 
iire infinitely opaque. the residue can have an opacity no greater than the re- 
ciprocal of the areal fraction of voids (as in the bottom row of Table I l l ) .  This 
situation is probably not altcrcd much when a glycol or an oil is added to mask 
the chalkiness. Since neither of t h L x  fluids is a good PABA solvent, they would 
be almost as transparent to harmful radiation as the voids they fill. 


CONCLUSION 
The ideal sunscreen leaves a chemically and physically uniform residue on 


the skin. The physical form of the product as applied is not important. It may 
be a simple solution or a coarse emulsion but the residue after casual appli- 
cation should be a single continuous phase in  which the absorbers are in true 
solution. It should tend to remain well spread on the plateaus of the skin and 
not xcumulate  in the sulci. 
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creased by at  least two orders of magnitude on substitution by epoxides. 
Since the pharmacokinetics of parenterally applied lipophilic drugs are 
very strongly affected by their relative water solubility (21), derivatives 
2 and 3 may be useful in modifying the effects of lipophilic drugs. 
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Abstract 0 Buprenorphine (I), a member of’ the 6,14-endo-ethanote- 
trahydrooripavine series of analgesics, undergoes an acid-catalyzed re- 
arrangement reaction when exposed to acid and heat. The product was 
shown by ‘H-NMR and GC-MS to have undergone overall elimination 
of a molecule of methanol with concurrent formation of a tetrahydrofuran 
ring a t  C(6)-C(7) of I. Short-term stability studies across a wide range 
of pH and temperature conditions indicate that I is stable in aqueous 
solution a t  pH > 3 for 24 h a t  36-38°C. Under the more extreme condi- 
tions of the autoclave, significant loss of I occurred. Long-term stability 
studies (10 weeks) of I in aqueous solution (pH 1 and pH 5) at  0-4°C and 
26-28OC indicate only minor conversion (4%) to the rearrangement 
product. Eight other 6,14-endo-ethanotetrahydrooripavine derivatives 
were subjected to extremes of acid (pH 0) and temperature (autoclave) 
to determine if similar rearrangement reactions occur. GC-MS indicated 
that hydrolysis products were produced whose spectra were consistent 
with the proposed rearrangement structures. 


Keyphrases 0 Buprenorphine-6,14-end~-ethanotetrahydrooripavine 
analgesics, stability, acid-catalyzed structural rearrangement 0 Anal- 
gesics-6,14-endo-ethanotetrahydrooripavine series, buprenorphine, 
stability, acid-catalyzed structural rearrangement Stability-hupre- 
norphine and other 6,14-endo-ethanotetrahydrooripavine analgesics, 
acid-catalyzed structural rearrangement 


The 6,14-endo-ethanotetrahydrooripavine series of 
analgesics contains numerous potent narcotic agonist and 
antagonist derivatives including buprenorphine (I), di- 
prenorphine (V), and etorphine (VI). These substances are 
highly lipophilic (1) and display limited solubility at  
physiological pH; however, a t  lower pH values their solu- 


bilities increase substantially. Members of the closely re- 
lated 6,14-endo-ethanotetrahydrothebaine series of an- 
algesics have been shown to undergo acid-catalyzed rear- 
rangement under vigorous conditions (2). However, it was 
not apparent whether a similar rearrangement would be 
observed for the 6,14-endo-ethanotetrahydrooripavine 
series. Consequently, a study was made of the stability of 
I under a variety of conditions involving exposure to acid 
and heat. A rearrangement product of’ I was identified by 
mass spectrometry and lH-NMR. Evidence was obtained 
by GC-MS for the presence of similar rearrangement 
products from other 6,14-endo -ethanotetrahydrooripavine 
derivatives following acid hydrolysis. 


EXPERIMENTAL 
Materials-Compounds I-IX’ (Table I) were used as received. Their 


structural identity and purity were confirmed by TLC and GC-MS. 
Tri-Sil Z2, obtained in 1-mL sealed glass ampules, was used as supplied. 
All other chemicals were reagent-grade quality. 


Instrumentation-GC was conducted on a gas chromatograph3 
equipped with a flame-ionization detector. The stationary liquid phase, 
3% OV-2104, was coated on 100-120 mesh Gas Chrom Q5 and packed into 
a 0.36-m X 2-mm i.d. silanized glass column. The temperatures were: 


Reckitt and Coleman, Hull, England. 
Pierce Rockford Ill. 


Supelco Inc., Bellefonte, Pa. 


3 Mode1’2700; Vadan Associates, Palo Alto, Calif. 
4 Applied Science, State College, Pa. 
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Table I-Structures of the  6,14-endo-Ethanotetrahydrooripavine Derivatives and The i r  Proposed Acid-Catalyzed Rearrangement 
Product  


Parent Compound RI R2 R3 R4 Rs R6 


I Buprenorphine; 21-cyclopropyl-7a-[(S)-l- H CHzCH2 CH3 CH:j CH3 


I1 Norbuprenorphine; !7-Demethyl-7a-[ (8- H H CHzCH2 CH:I CHs CH3 


C H 2 - a  hydroxy-1,2,2-trimethylpropyl]-6,14-endo-eth- 
anotetrahydrooripavine 


l-hydroxy-1,2,2-tr1methylpropyl]-6,14- 
endo-ethanotetrahydrooripavine 


methylpropyl]-17-propyl-6,14-endo-ethano- 
tetrahydrooripavine 


trimethylpropyl]-6,14-endo-ethanotetrahydro- 
oripavine 


V Diprenorphine; 21-cyclopropyl-7a-(l-hydroxy- H 
l-methylethyl)-6,14-endo-ethanotetrahydro- 
oripavine 


6,14-endo-ethenotetrahydrooripavine 


ethenotetrahydrooripavine 


6,14-endo -ethenotetrahydrooripavine 


6,14-endo-ethenotetrahydrothebaine 


I11 17-Demethyl-7n-[(S)-l-hydroxy-1,2,2-tri- H (CHz)zCH:{ CHzCHe CH:i CH3 CH3 


JV 17-Butyl-17-demethyl-7a-[(S)-l-hydroxy-l,2,2- H (CHz)&Ha CHzCHe CH:I CH:i CH3 


CHzCH2 H H H WU 
VI Etorphine; 7a- [ (R)- 1 -hydroxy- 1 -methylbutyl] - H CHs CH=CH H H CHzCH3 


VII 7n- ( ( R ) -  1 -Hydroxy- 1 -methylhexyl] -6,14-endo - H CH3 CH=CH H H (CHd:jCH:i 


VIII 7a-[(R)-2-CyclohexyI-l-hydroxy-l-methylethyl]- H CHs CH=CH H H C6Hll 


IX 22-Cyclopropyl-7a-(l-hydroxy-l-methylethyl)- CH3 C H , ~  CH=CH H H H 


injector, 190'C; detector, 275°C; oven, programmed from 170'C to 260°C 
a t  lO"C/min. Nitrogen was the carrier gas at  a flow rate of 20 mL/min. 


Methane chemical-ionization mass spectral data were obtained on a 
quadrupole gas chromatograph-mass spectrometel.6. The GC system was 
identical to that  described. The temperature of the source was 260°C. 
The electron energy was 70 eV, and the multiplier voltage was 1.4 kV. 
Methane was used as reagent and carrier gas a t  a flow rate of 20 mL/ 
min. 


'H-NMR7 spectra were obtained on an NMR spectrometer operating 
in the Fourier-transform mode. Samples (60 mg) were dissolved in deu- 
terated methanol (2 mL). Chemical shifts (6) are expressed in ppm rel- 
ative to tetramethylsilane. 


Extraction-Aqueous aliquots (10 mL) of drug standards (5-10 
pg/mL) were buffered to pH 9.5 with 2 mL of 3.3 M phosphate buffer. 
Sodium chloride (1 g) was added and a final adjustment of the pH was 
made with 2 M NaOH or 2 M HCI. Methylene chloride-isopropyl alcohol 
(70%, v/v) was added (15 mL) and the contents were shaken for 20 min. 
Following centrifugation, the aqueous layer was discarded, and 13 mL 
of the organic layer was transferred. The extract was evaporated to dry- 
ness under a stream of nitrogen, and the residue was dissolved in meth- 
anol and transferred quantitatively to an acylation tube8 containing 50 
pg of a-isocodeine (internal standard). The contents were evaporated 
to dryness under a nitrogen stream, and 100 pL of Tri-sil Z was added. 
The tube was sealed, vortexed, and allowed to remain at  room tempera- 
ture for 1 h. An aliquot (1-2 pL) was removed and analyzed by GC or 
GC-MS. 


Stability Studies-Standard aqueous solutions of I (5-10 pg/mL) 
were prepared over the pH range of 0-12. The pH of the solutions was 
maintained constant by the use of saturated phosphate buffers (pH 2-12) 
or hydrochloric acid and sodium chloride (pH 0-2). Incubation studies 
were performed under the following conditions: 0-4"C, 24 h; 26-28'C, 
24 h; 36-38"C, 24 h; autoclave a t  112°C and 75.8 kN/m 2for 30 min. Fol- 
lowing the incubation period, the samples were neutralized and extracted 
as previously described. 


A 10-week incubation study of I a t  pH 1.0 and 5.0 was performed a t  
0-4OC and a t  26-28°C. Aliquots were removed a t  weekly intervals and 
analyzed for the rearrangement product, All samples were analyzed in 
triplicate, and the mean of the analyses is reported. Controls were in- 
cluded wherever appropriate to ensure that artifacts were not formed 
during the extraction and analysis procedures. 


Model 4021 Automated GC/MS/DS; Finnigan Corp., Sunnyvale, Calif. 
Model FT80A Varian Associates. Palo Alto. Calif. 
Regis Chemical Co., Morton Grove, 111. 


RESULTS AND DISCUSSION 


S t ruc tu re  of the Acid-Catalyzed Rearrangement Product  of 
Buprenorphine (1)-Preliminary analytical and metabolic studies on 
the 6,14-endo-ethanotetrahydrooripavine derivatives indicated that they 
were unstable in the presence of acid and heat. When I was subjected to 
conditions commonly used for the acid-catalyzed cleavage of conjugated 
opiate metabolites (10% HC1, v/v; autoclave for 30 min a t  112OC and 75.8 
kN/m2 steam pressure) (3), conversion was nearly complete to a hy- 
drolysis product. Both I and the acid-hydrolysis product could be ex- 
tracted from aqueous solution a t  pH 9.5 with methylene chloride-iso- 
propyl alcohol (70%, v/v) with a 60-90% extraction efficiency. Extracts 
of I and the acid-hydrolysis product were analyzed by GC as the silyl 
derivatives. GC tracings are shown in Fig. 1 for standard I and extracts 
of I following various incubation conditions. The acid-hydrolysis product 
(Rt  = 6.4 min) was not produced during incubation a t  pH 5 for 24 h (Fig. 
lB), but appeared in the same incubation experiment a t  pH 0 (Fig. 1C). 
A nearly complete conversion occurred under autoclave conditions (Fig. 
1D). Analytical quantities (100 mg) of the acid-hydrolysis product were 
produced for structural determination uia the latter conditions and were 
isolated by precipitation at pH 9. The product was an amorphous white 
solid which, when converted to the hydrochloride salt, had a melting point 
range (uncorrected) of 250-268" dec. The methane chemical-ionization 
spectrum indicated a molecular weight of 435 AMU, representing a loss 
of 32 AMU from the parent substance. The most abundant ion was ob- 
served a t  m/z 436 [(M + l)+, pseudomolecular ion] and was accompanied 
by other ions a t  m/z ('3 relative abundance): 464(15), (M + 29)+ ion; 
437(29), isotopic ion; 435(32), M+ ion; and 434(18), (M - 1)+ ion. 


Structural assignment of the acid-hydrolysis product of I was made 
by 1H-NMR (Fig. 2). The singlets in the spectrum of I for the side-chain 
methyl groups a t  6 1.0 and 6 1.3 ppm as well as the methoxyl group a t  6 
3.4 ppm are not present in the spectrum of the hydrolysis product. In- 
stead, four new singlets of near equal intensity at 6 1.05,1.15,1.20, and 
1.25 ppm are present, consistent with the proposed structure in which 
a new tetrahydrofuran ring is formed at C(6)-C(7). Similar products have 
been identified for tetrahydrothebaine analgesic derivatives following 
hydrolysis with formic acid under reflux conditions (2). The formation 
of the furan ring is speculated to occur following demethylation of the 
methoxyl group, acid-catalyzed elimination of the tertiary hydroxyl 
group, and a subsequent 1,2-shift of a substituent group on the C(7) side 
chain. The overall scheme results in the formation of a new ring with 
nonequivalent methyl groups on the basic skeleton of I and a net loss of 
a molecule of CH30H (32 AMU). 


Stabil i ty of I in Aqueous Solution-The stability of I in aqueous 
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Figure I-Gas chromatograms of buprenorphine (I) and extracts fol- 
lowing incubation under different conditions. Key: (A)  standard I 
without extraction; (B) extract following incubation of I at p H  5 and 
36-38'C for 24 h; (C)  extract following incubation of I at p H  0 and 
36-38°C for 24 h; (0) extract following incubation of I at p H  0 under 
autoclave conditions for 30 min; (IS) internal standard. The  appearance 
of t h e  rearrangement product of  I is indicated by t h e  arrow. 


solution was studied over pH 0-12 under the following incubation con- 
ditions: 0-4'C, 24 h; 26-28'C, 24 h; 36-38"C, 24 h; 30 min, autoclave. 
Following incubation the samples were extracted and analyzed by GC 
for I and the rearrangement product. The percent recoveries of I were 
calculated from peak height ratios of I and the internal standard for ex- 
tracted samples uersus unextracted standards. Hence, percent recoveries 
reflect a combination of extraction efficiency and loss of I through rear- 
rangement and other decomposition pathways. Calculations of percent 
rearrangement product were based on peak height ratios of rearrange- 
ment product to the sum of rearrangement product and parent com- 
pound. Therefore, percent rearrangement values are independent of the 
extraction efficiency of the solvent and reflect only the percentage of I 
converted to the rearrangement product. 


Recoveries of I following incubation were consistently high (60-90'70) 
at pH > 1 for all conditions except the autoclave (Table 11). After incu- 
bation in the autoclave, recoveries generally fell and reached a low of 17% 
at pH 7.4, presumably reflecting decomposition uia hydrolytic pathways 
other than rearrangement. The nature of these decomposit.ion products 
is unknown. At pH 0 for all incubation conditions, rearrangement product 
was detectable, but the amount of rearrangement was clearly related to 
the temperature of incubation. Only a trace of rearrangement product 


I 


C -C -CH, 


OH CH, 
OCH, 


HO 


r 
H,I,C - 


Figure 2-IH-NMR spectra of buprenorphine (A) and rearrangement 
product following acid hydrolysis (B). 


was present in the M ' C  samples, whereas a near quantitative conversion 
occurred under autoclave conditions. Rearrangement product was not 
detected in any sample a t  pH > 3. 


Long-term incubation studies (10 weeks) were performed with aqueous 
solutions of I to determine if significant rearrangement occurred during 
storage at 0-4°C and 26-28% Solutions of I (50-100 pg/mL) were pre- 
pared for incubation a t  pH 1 and pH 5. Aliquots were withdrawn a t  
weekly intervals and assayed by GC for I and the rearrangement product. 
The rearrangement product was first detected in week 2 samples (pH 1, 
26-28'C) and represented -1% of the parent compound. The amount 
of rearrangement product in these samples increased gradually to -4% 
of I at week 10. Rearrangement product was detectable in the remaining 
solutions (pH 1, M'C;  pH 5,M'C;  and 26-28°C) only in trace amounts, 
-0.1%, a t  week 10. Buprenorphine (I) was recovered in high yield (60- 
80%) from all samples throughout the incubation period, and products 
uia other decomposition routes were not detected. 


Acid-Hydrolysis of 6,14-endo-Ethanotetrahydrooripavine De- 
rivatives-Other members of the oripavine series and related derivatives 
were subjected to autoclave conditions to determine if acid-catalyzed 
rearrangement occurs similar to that observed for I. The structures of 
the parent compounds and the potential rearrangement products are 
illustrated in Table I. Following autoclave incubation, the samples were 
allowed to cool and were extracted and analyzed by GC and GC-MS. 
Derivatization of a number of the compounds was found to be necessary 
for GC analysis. Recoveries of the compounds in Table I from aqueous 
solution ranged from 65-78% prior t o  autoclave incubation, but fell to 
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Table 11-Recovery and Rearrangement of Buprenorphine Following Incubation Under Various pH Conditions a 


0-4OC Incubationh 26-28°C Incubation" 36-38°C Incubationh Autoclave" 
Recovery, Rearrange- Recovery, Rearrange- Recovery, Rearrange- earrange- 


PH Q ment, % Q ment, % % ment, % Dio ment, W 


99.3 f 0.1 0 75.5 f 6.8 0.7 f 0.2 57.6 f 4.5 3.3 f 0.7 51.2 f 2.4 18.4 f 0.8 
1 70.6 f 5.1 0 63.0 f 4.4 0 74.0 f 5.7 0.9 f 0.1 1.1 f 0.1 98.7 f 0.1 
2 73.4 f 1.8 0 72.9 f 2.6 0 74.0 f 0.4 0 78.1 f 2.4 15.3 f 0.5 


0.7 f 0.1 


2.5 68.6 f 4.0 0 64.7 f 2.8 0 76.3 f 5.4 0 81.8 f 2.7 4.1 f 0.4 
3 72.1 f 2.0 0 71.1 f 1.6 0 74.1 f 1.4 0 89.4 f 1.2 1.3 f 0.3 
4 71.9 f 3.4 0 
5 74.9 f 1.3 0 
6 78.3 f 3.3 0 
7 75.4 f 1.7 0 
7.4 71.5f 5.1 0 
H 91.0 f 10.1 0 
9 92.5 f 8.8 0 
10 91.2 f 2.6 0 
12 88.9 f 0.5 0 


79.3 f 5.2 0 
88.2 f 2.6 0 
88.1 f 5.7 0 
93.7 f 4.4 0 
85.9 f 5.4 0 
76.1 f 0 0 
63.0 I 3.2 0 
61.4 f 6.0 0 
68.0 f 4.8 0 


73.0 f 2.1 0 
71.1 % 2.3 0 
70.5 f 4.0 0 
73.9 f 1.6 0 
70.5 f 3.2 0 
76.6 f 5.0 0 
76.4 I 1.1 0 
77.1 f 3.6 0 
80.7 f 2.3 0 


96.3 f 3.6 0 
67.9 I 2 . 3  0 
44.8 f 2.3 0 
19.0f 1.4 0 
17.0 f 0.3 0 
22.5 4 1.6 0 
41.4 I l . 1  0 
31.1 f 3.0 0 
30.6 f 1.2 0 


Decomposition by pathways other than rearrangement account for low recoveries under autoclave conditions and may have contributed to a lesser extent to the varialiility 
of recovery under all conditions. 


Table 111-Methane Chemical Ionization Spectra  of 6,14- endo-Ethanotetrahydrooripavine Derivatives and Hydrolysis Products  a 


For 24 h. For 30 min. 


Hydrolysis Product 
Standard Apparent 


Comaound Mol. Wt. (M + 1)+ (M - 17)+ Prominent Ions Mol. Wt. (M + 1)+ Prominent Ions 


I-Trimethyl 
silane 


11-Trimethyl 
silane 


111-Trimeth yl 
silane 


IV-Trimethyl 
silane 


V 


VI 


VII 


VIII 


IX-Trimethvl silane 


539 


485 


527 


541 


425 


411 


439 


451 


437 


540(27) 


486(23) 


528(21) 


542(19) 


426(26) 


412(38) 


440(44) 


452(44) 


438(38) 


522(100) 539(14), 538(12), 524(19), 
523(39), 508(19), 506(31), 
492(29). 490(22). 482(17) 


468(100) 470(19), 469(38), 454(22), 
453(17). 452(331.438(43). 


524(100) 541(17), 526(24), 525(43), 
510(21), 509(17), 508(34), 
498(18), 495(15), 494(38), 
492(26), 484(26) 


408(100) 425(23), 409(31), 394(15), 
376(33) 


394(100) 411(29), 410(16), 395(28), 


422(100) 439(32), 438(21), 423(28), 
298(18), 216(23) 


298(17). 216(15) 


' 453(17); 435(32), 43824)' 
298(40), 216(17), 191(19) 


420(100) 437(21), 421(32), 270(22) 


507 


453 


495 


509 


393h 


379 


407 


419 


405 


508(100) 


454( 100) 


496( 100) 


510(100) 


394(84) 


380( 100) 


408( 100) 


420( 100) 


406(100) 


536(16), 509(39), 507(38), 
506(15), 493(21), 492(51) 


482(17), 455(34), 453(39), 
439(20), 438(58) 


524( 171,497 (36). 495(37), 
494(17), 481(24), 480(63) 


538(18), 511(38), 509(38) 
495(24), 494(62) 


448(19), 422(20), 421(25) 
420(100), 419(25), 418(25), 
395(21), 393(20) 
408(20), 381(26), 379(17) 


436(21), 409(26), 407(21), 
252(19), 137(41) 
448(19). 421(29). 419(18). 
418(26), 408(20), 216(16), 
137(16) 
407 (29), 405( 17) 


" m/z (percent relative abundance). Only ions 215% are reported. Unresolved mixture. 


zero following acid-hydrolysis in the autoclave. Compounds I-IV, VI, VII, 
and IX were converted to single major products, whereas two apparent 
isomeric products were present for VIII and a complex multicomponent 
mixture was obtained for V. 


Methane chemical-ionization spectra are shown in Table I11 for I-IX 
and their major acid-hydrolysis products. The spectra present strong 
evidence for the formation of rearrangement products similar to that 
identified for I. The spectra of the parent compounds are characterized 
by a (M + 1)+ ion (pseudomolecular ion) and a (M - 17) ion (loss of 
-OH), the latter representing the most abundant ion in the spectrum 
of each compound. With the exception of 111, which was a multicompo- 
nent mixture, the most abundant ions in the spectra of the acid-hydrolysis 
products were the (M t 1)+ ions. The pseudomolecular ions were ac- 
companied by corresponding (M t 15)+ and (M + C*H# ions, thus 
supporting the molecular weight assignments of the hydrolysis products. 
Also, there was a notable lack of (M - OH)+ ions in the spectra of the 
hydrolysis products. Overall, the mass spectral features of the acid- 
hydrolysis products of 11-IX completely paralleled those observed for 
the rearrangement product of I and are entirely consistent with the 
structures of the proposed rearrangement products. 


In summary, the acid and heat lability of the endo-ethanotetrahy- 
drooripavines must be considered when these compounds are dissolved 
in aqueous media. Under conditions of high acidity (pH 0-l), heat ac- 


celerates an acid-catalyzed rearrangement reaction to yield an hydrolysis 
product. The structure of the acid-hydrolysis product of I contained a 
new tetrahydrofuran ring formed a t  C(6)-C(7) with a net loss of meth- 
anol from the parent compound. Evidence for similar acid-hydrolysis 
products arising from other members of the series (11-IX) was obtained 
by GC-MS. At higher pH (pH > 1) the rearrangement reaction of I was 
much slower or nonexistent. After 10 weeks incubation a t  pH 5 (26--28OC), 
I was recovered from aqueous solution in high yield with no evidence of 
decomposition. Significant loss of I via other decomposition pathways 
was apparent following exposure to the extreme conditions of the auto- 
clave. 
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Abstract 0 A quantitative analytical method for studying renal handling of 
drugs in dogs with mild renal impairment is described. Renal damage was 
induced experimentally by pretreatment with mercuric chloride or neomycin. 
Analytical results of renal handling in those animals indicated a reduction 
in maximum transport of secretion, while the affinity of drugs to secretion 
site and reabsorption showed slight or no change. These results were consistent 
qualitatively with other renal function test values which demonstrated the state 
of glomerular or proximal renal tubular function. Evidence for the applicability 
of the proposed analytical method for quantitative validation of functional 
changes in the nephron in renally impaired animals, as  well as  the precise 
determination of the site of damage, was demonstrated. This work holds 
considerable promise for the study of dosage adjustments in patients with renal 
disease. 


Keyphrases 0 Renal insufficiency-effect on the renal handling of drugs, 
dogs, sulfamethizole, cephalexin, ampicillin, quantitative analytical method 
0 Sulfamethizole-renal handling in dogs, quantitative analytical method, 
effect of renal insufficiency 0 Cephalexin-renal handling in dogs, quanti- 
tative analytical method, effect of renal insufficiency 0 Ampicillin-renal 
handling in dogs, quantitative analytical method, effect of renal insuffi- 
ciency 


In  the pharmacokinetics of drugs, renal excretion plays an 
important role. Recent reviews ( 1  ;3) have shown that the 
pharmacokinetics of drugs change in patients with renal failure 
necessitating dosage adjustments. However, there have been 
few reports on the quantitative measurement of renal excretion 
alterations. In previous papers (4-6) we have introduced a new 
and simple analytical method for studying renal handling of 
drugs in rabbits, dogs, and humans under normal conditions. 
Quantitative analyses of glomerular filtration, renal tubular 
secretion, and renal tubular reabsorption were performed si- 
mu1 taneously. 


Patients with renal failure show complicated patterns of 
renal functional impairment. In some cases, such as the early 
phase of pyelonephritis, kidney stone, and prostatic hyper- 
trophy, the patients have selective renal tubular dysfunction. 
However, changes in renal handling of drugs in such patients 
have not been investigated. 


In this paper, we focused on the application of our method 
to disease models in dogs. Thus, dogs wi th  acute renal insuf- 
ficiency (induced by nephrotoxic compounds) were chosen as 
the model for selective renal tubular damage in humans. The 
changes of renal functions and renal handling of drugs on each 
of the transport processes were followed in these dogs. On the 
simultaneous measurement of the processes mentioned, the 
analysisindicated the great potential of the method for diag- 
Table I-Effects of Mercuric Chloride on Renal Tubular Secretion and 
Reabsorption of Sulfamethizole in a 7.5-kg Dog 


Control 17 100 0.10 2.3 
24 ha 16 I 0 0  0.20 2.1 
48 ha I I  98 0.2 I 1.5 
72 ha 7 99 0.23 0.9 


a Time after mercuric chloride injection. Maximum velocity of secretion. Michaelis 
constant. Reebsorption traction. Corrected Y,,,. 


nosing the site of the dysfunction and/or the degree of severity 
of nephron disorders affecting the rates of urinary excretion 
of drugs in patients with renal impairment. 


EXPERIMENTAL SECTION 
Materials-Sulfamethizole was of J P  1X gradel. Cephalexin monohydrate2, 


sodium ampicillin2, and neomycin sulfate3 were obtained commercially. All 
other chemicals were reagent grade. 


Analytical Methods-Sulfamethizole-Plasma and urine samples were 
treated with deproteinizing reagents (7) and then analyzed by the procedure 
of Bratton and Marshall (8). using 2-dimethylaminoethyl- I-naphthylamine 
as the coupling reagent. Unbound (protein-free) sulfamethizole concentrations 
in plasma were determined by ultrafiltration using a membrane cone4. 


Cephalexin and Ampicillin-Drug concentrations in plasma and urine were 
determined fluorometrically (9, 10). Unbound drugs in plasma were assayed 
after ultrafiltration using cellulose tubing5. 


lnulin and Creutinine-lnulin concentrations in plasma and urine were 
measured by a modification of the method of Dische and Borenfreund ( I  I ) .  
Creatinine levels in plasma and urine were analyzed by Jaffe’s reaction using 
picric acid ( 12). 


Other Urinalyses-Urine lysozyme activity was determined by the method 
of Litwack ( 1  3), and urine glutamic oxaloacetic transaminase (GOT) activity 
was assayed using 2.4-dinitrophenylhydrazine as the color reagent (14). Blood 
urea nitrogen (BUN) was measured by the modified diacetylmonoxime 
method (15). Urinary protein was estimated using urinalysis reagent 
s t r i ps6. 


Animal Model-Male mongrel dogs weighing 5- IS kg were used. The an- 
imals cach received a single I S-mg/kg im injection of mercuric chloride or 
45-mg/kg sc injections of neomycin sulfate daily for 7 d. These doses of ne- 
phrotoxic compounds were chosen to produce the selective renal tubular 
damage and the mild disease states, which changed slowly. Under these 
conditions, we could follow the changes in renal function and renal handling 
of drugs with time. These dosages did not cause diarrhea, and food intake and 
body weight did not change more than ID% throughout theexperimental pe- 
riod. For the dogs with acute renal insufficiency induced by mercuric chloride, 
renal clearance experiments were performed before and after mercuric 
chloride injection. For the neomycin-treated dogs. the experiments were 
carried out before injection, 3 and 7 d after the first injection, and 1 and 2 
weeks after the final injection. 


Renal Clearance Experiment- Animals were anesthetized with pentobar- 
bital (27 mg/kg ip). Each animal received a constant infusion of 4% (w/v) 
mannitol and 0.3% (w/v) inulin in  saline at 3 mL/min throughout the ex- 
periment. Blood samples were taken by venipuncture. Urine samples were 
collected oia a catheter. Urinary pH was measured immediately after col- 
lection. 


Each drug was dissolved in saline and given intravenously. Urine was col- 
lected for 2 h beginning 5 mint after injection and at 10-min intervals there- 
after. During this 2-h experiment, 6- 10 blood samples wcre drawn, and total 
and unbound drug were determined in  the plasma as described under Ana- 
lytical Methods. Blood collection was performed at I min before the midpoint 
of the selected urinc collection period in order to correct the delay time of drug 
appearance from blood to urine. 


The glomerular filtration rate (GFR) was determined by inulin clearance. 
Clearance ratios were calculated for each sample using the unbound drug 
concentration in plasma (PA and expressed as the excretion ratio (ER) using 
the followinn: 


Eizai Co. Ltd * Toyo JozOCo. Ltd. ’ Mciji Scika Co. Ltd. 
Ccntriflo CF-50A: Arnicon Co. Ltd 
y 3 2 ;  Visking Co. 


P. Pretest Wako; Wako Pure Chcmicals. 
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Figure 1 --Represent ative plot of renal clearance of 
sulfamethizole in a dog and computer-simulated curves 
before and after mercuric chloride injection. Key: (0) 
control (before mercuric chloride injection); (a) 24 h; (A) 
48 h; (A) 72 h. 


I I I I . I 


40 80 120 160 200 240 280 
Unbound su l fameth izo le  concent ra t ion  i n  plasma (uM) 


where U is drug concentration in urine and V is the urine flow rate. In some 
animals, the clearance experiments were repeated two to three times within 
2-7 d under normal conditions to check the reproducibility of these experi- 
ments: the excretion ratios among the experiments were almost the same. The 
last clearance experiment was used as "control" in those cases. 


Computer Analyses-Computer analyses were carried out using the fol- 
lowing equation as previously described (4-6): 


E R =  I +  I e ( 1 - R )  [ ( K , + P f ) - G F R  
where V,,, is the maximum velocity or secretion, K, is the Michaelis con- 
stant, and R is the reabsorption fraction. 


RESULTS 


The effects of disease on the renal clearance of various drugs injected in- 
travenously were investigated in dogs with mild renal insufficiency induced 
by the administration of mercuric chloride. Figure I shows typical patterns 
of sulfamethizole secretion through the kidney and computer-simulated curves 
using the data listed in Table I .  Excretion ratios of sulfamethizole declined 


as  a function of time after administration of mercuric chloride. k i n g  each 
curve, the maximum velocity of secretion ( Vma,). affinity constant of drug 
to the site of secretion ( K , ) ,  and tubular reabsorption fraction (U) were 
calculated. The analytical results indicated that the treatment with mercuric 
chloride markedly reduced the V,,,. but K ,  remained unchanged (Table 1, 
Fig. 2). Also, administration of mercuric chloride produced an increase in renal 
tubular reabsorption as the urine pH decreased (Fig. 2). but glomerular fil- 
tration rate (GFR). creatinine clearance (Ccr), and BUN remained unaltered. 
Regarding the renal tubular functions, however. urine lysozyme activity, urine 
GOT activity, and urinary protein increased with time after mercuric chloride 
injection. 


Concomitantly, the effects of disease on the renal clearance of ampicillin 
(Fig. 3a) and cephalexin (Fig. 3b) were also studied 48 h after the injection 
of mercuric chloride. Similar results as those for sulfamethizole were obtained 
using either drug; i .e.,  V,,, diminished substantially (50-60% of control), 
while K ,  and R showed no significant change compared with the control 
values. Urine lysozyme activity increased markedly, while GFR decreased 
slightly. 


Renal clearance experiments for sulfamethizole were then carried out on 
neomycin-treated dogs. Figure 4 shows representative results of this experi- 
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Figure 2---Effects of mercuric chloride on various renal functions in dogs. Data represent mean f SD of three animals. Key: (VmaX) maximum velocity of 
secretion of sulfamethizole; (K,) Michaelis constant for secretion of sulfamethizole; (R) reabsorption fraction of sul/amethizole; (GFU) glomerular filtration 
rate; (Lysozyme) lysozyme activity in urine; (GOT) glutamic oxaloaceiic transaminase activity in urine; (Ccr) creatinine clearance; (BUN} blood urea nitrogen; 
(Protein) urinary protein; (C) control. 
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Figure 3-Effects of mercuric chloride on the renal clearances of ampicillin (a) and cephalexin (b) and renalfunction qfdogs 48 h ajier injection. Data represent 
mean f SD of three animals. Abbreviations are as described in Fig. 2. 


ment with computer-simulated curves, and Table I 1  presents the analytical 
data. The administration of neomycin decreased the excretion ratio for sul- 
famethizole, with a gradual recovery on the cessation of neomycin effect with 
time (Figs. 4 and 5). Our analysis clearly demonstrated the substantial re- 
duction of v,,, during the neomycin treatment (Table 11, Fig. 5: 3 and 7 d). 
One and two weeks after the end of neomycin treatment. V,,, increased and 
approached the valucs of the control, although K, and R remained unmodified 
throughout the experiments (Table 11, Fig. 5). Slight increases in lysozyme 
and GOT excretion in urine were detected (Fig. 5). G F R  and Ccr were de- 
creased -20% as compared with the controls, but BUN showed no increase, 
except 7 d after the start of neomycin treatmcnt (Fig. 5). 


DISCUSSION 


Some patients with renal failure show a nonparallel decrease of glomerular 
and tubular functions. However, the changes in renal handling of drugs in such 
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Figure 4--Hepresentati~:e plot of renal 
Kuy; (0) control (before injection); 1.) 


patients are unknown. Thus, experiments were performed to clarify those 
quantitative changes using our proposed method. As a subclinical study, 
mercuric chloride- or neomycin-treated dogs were chosen as the model of 
selective renal tubular impairment. 


Induction of renal impairmcnt by mercuric chloride is well known. Histo- 
logical studies have shown primary damage in the proximal tubular cells (16, 
17). Thus, dogs treated with mercuric chloride were used as a model for the 
study of the effect of acute renal discase on drug clearance. 


Dogs treated with mercuric chloride showed no significant change in  the 
indices of glomcrular filtration (GFR, Ccr, and BLN) as compared with the 
normal condition (Fig. 2). Howcver, thc urine pH decreascd (Fig. 2). indi- 
cating alteration of the kidney function. The significant increases of lysozyme, 
GOT, and protein in the urine indicated renal tubular damage. 


Lysoi-ymc and GOT in urine have been reported to reflect the proximal 
tubular cell function ( I  8,  19). As thcsc two cnzymes arc actively reabsorbed 
by the proximal tubular cclls, thcy arc cxcretcd into urine in minute amounts 
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Figure 5 -Ef/ects of neomycin on various renal functions in dogs. Data represent mean f S D  of three animals. Abbreviations are as described in Fig. 2. 


under normal conditions. The excreted amounts of these enzymes increase 
as the number of injured renal tubular cells increase. Increased lysozyme and 
GOT activities in urine, therefore, indicate damage of the proximal renal 
tubules (Fig. 2). Further, the increase in urinary protein has been considered 
due to cell debris from damaged tubular cells. 


Results gathered in the study of sulfamethizole using the clearance method 
fitted the above findings with good qualitative compatibility, i .e.,  a marked 
decrease in maximum velocity of secretion, V,,, and no change in the affinity 
constant of secretion, K,,,, which suggested the reduction in the number of 
intact proximal tubules. Also, the absence of alteration in reabsorption for 
cephalexin and ampicillin. as shown in Fig. 3, and the pH-dependent changes 
in the reabsorption for sulfamethizole supported the finding that renal tubular 
reabsorptive function was intact. The analytical data clearly demonstrated 
that the reduction in excretion ratios were mainly due to decreases in V,,, 
for secretion. 


Spccific proximal tubular cell damage has also been reported for neomycin 
(20.2 I ). Our results indicated only mild damage to the proximal tubules, as 
shown in Fig. 5. Subsequently, signs of recovery from damage caused by ne- 
omycin injections were detected. Under this slightly impaired condition (Ccr 
remained the same or decreased slightly). the excretion ratios were substan- 
tially diminished, and the analytical data revealed that this reduction was due 
to the decrease in V,,, (Table 11). These results were consistent with the early 
report of neomycin effects by Gol'dberg (20). He reported changes in the 
transport maximum of p-aminohippurate (Tm PAH) and Ccr under the 
conditions we used, with greater reduction of Tm PAH than of Ccr. Present 
results also showed a greater reduction of V,,, than of Ccr. 


Although body weights did not change more than 10% over the course of 
the experiment, since the dogs varied in  weight from 5 to I 5  kg, Vma, per unit 
weight ( V',) was calculated. V', showed small variation among dogs (Tables 
I and 11). 


Table 11-Effects of Neomycin on Renal Tubular Secretion a d  
Reabsorption of Sulfamethizole in a 15-kg Dog 


Control 33 90 0.90 2.2 
3 d o  18 89 0.10 1.1  
7 da  18 98 0.12 1.2 
1 weekb 21 95 0.10 I .4 
2 weeksb 28 93 0.09 I .9 


a Days after thc first neomycin injection. * Weeks after the final neomycin injection. 
Maximum velocity of secretion. Miehaelis constant. Reabsorption fraction. 


/Corrected Vmx. 


In conclusion, the quantitative data gathered on the renal handling of drugs 
in dogs with experimentally induced acute renal insufficiency provided con- 
clusive evidence for the reliability of the clearance method for qualitatively 
testing renal function. Functional changes in the nephron could be also 
quantitatively estimated. 


Recently, a kinetic model (using normal dogs) of the renal excretion of io- 
dopyracet has been proposed (22). That method has m t  been useful clinically 
since data fitting for plasma concentrations must be done prior to the calcu- 
lation of parameters for urinary excretion rates. Our equation was simple and 
suitable for clinical application in patients with renal failure and was found 
to be more appropriate than that method using the Akaike's information 
criterion (23.24). 


This study suggests the use of the described method in dosage adjustments 
for patients with renal disease. This possibility is now being tested clinically 
in patients with renal failure where the renal tubular functions are reduced 
more than their creatinine clearance. 
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Abstract 0 The kinetics of conversion of the prodrug ancitabine to the anti- 
cancer drug cytarabine have been studied in aqueous solutions in the pH range 
of I .5-10.7, temperature range of 19.5-80.0'C. ionic strength range of 
to I .5, and in the presence of several general-basecatalysts. Under all condi- 
tions ancitabine was quantitatively converted to cytarabine. The pH-rate 
profiles were linear with slope = I in alkaline pH. becoming pH independent 
in the region of maximum stability at pH d 4, where buffer catalysis was found 
tobeinsignificantandk,b,= (1.12X LO" h-r).exp(-10121 deg/T].At30°C. 
pH 6 4, it is calculated that an aqueous ancitabine solution will maintain 90% 
of its initial concentration for I 2  d. A novel method for measuring general-base 
catalysis in competition with predominating specific-base catalysis and in the 
presence of secondary salt effects at constant ionic strength was developed. 
Three mechanisms of hydrolytic prodrug conversion are p r o m :  nucleophilic 
hydroxide addition, general base-assisted nucleophilic water attack, and 
spontaneous water attack. 


Keyphrases 0 Ancitabine-conversion to cytarabine, kinetics, aqueous so- 
lutions 0 Cytarabine-conversion of ancitabine, aqueous solutions, kinetics 
0 Kinetics-ancitabine conversion to cytarabine, aqueous solutions 
~ ~~~ ~ ~ ~ ~ 


Ancitabine (I), a prodrug of the antileukemic agent cytar- 
abine (II), has been shown to be more effective than I1 in 
several animal tumor systems (1, 2) (Scheme I). The phar- 
macological activity of I is attributed to its conversion to I1 
rather than any direct effect on nucleic acid synthesis (3 ,4) .  
Although incubation of I with Ehrlich ascites carcinoma cells 
demonstrated very little uptake of I, significant intracellular 
concentrations of I1 were nonetheless observed ( 5 ) .  


Intravenous doses of I are primarily excreted unchanged in 
urine together with 11 and its inactive metabolite, l-P-D-ara- 
binosyluracil(1II) (3 ,6 ,7 ) .  The efficacy of I1 is limited by its 
rapid deamination to 111 (6). It has been suggested that a depot 
form of I 1  might be useful in maintaining effective levels (8). 


0 
0 


NH 2 


0 
""'IWN 


I I I  
Scheme I 
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111 


Unlike 11, I is not phasphorylated nor deaminated (6,9,  10). 
A prodrug may extend the biological duration of the drug 
through slow prodrug absorption or rate-limiting conversion 
to the drug ( 1  I ) .  Ancitabine may act as a reservoir through 
hydrolytic production of I1 (8). 


In uiuo conversion of I is thought to be chemical rather than 
enzymatic hydrolysis (8, 12,13). The purpose of this study was 
to investigate the kinetics and mechanisms of prodrug hy- 
drolysis in aqueous solutions. Since I, like 11, is not orally active 
(6), it is important to define its stability for preparation and 
storage of parenteral formulations. 


EXPERIMENTAL SECTION 


Stability in Sodium Hydroxide and Hydrochloric Acid Solutions Using 
Thin-Layer Chromatography-Samples of 0.01 M ancitabine ( I ) '  in 0.1 M 
HCI and 0.05 M NaOH at 50'C were taken over a 4-d period, and 10-pL 
aliquots were spotted together with reference samples of I ,  112, H I 3 ,  and cy- 
clouridine4 on 20 X 20-cm TLC plates (0.25 mm silica gel GF)5. The plates 
were developed to 10 cm in water-saturated I-butanol-propanol (3:l), air 
dried, and examined at 254 nm. A time zero plate was also impregnated with 
12 vapor, and 0- and I-h plates were sprayed with sulfuric acid and heated. 
This procedure was also used periodically in the kinetic studies to identify the 
components in the reaction mixtures. 


Speetrophotometric Analysis of Ancitsbine and Cytarabine in Mixtures- 
Absorbance spectra from 220 to 330 nm were obtained for synthetic mixtures 
to determine which wavelengths could best be monitored for reaction time- 
course changes6. These showed an isosbestic point at 267 nm. 


Beer's law plots in 0.1 M HCI provided molar absorptivities ( 6 )  at 240 and 
290 nm of 7.25 X lo3 and 4.70 X lo2 for 1 and 1.38 X lo3 and I .05 X lo4 for 
I I .  Known concentrations in mixtures were successfully calculated using: 


lo5* [ I ]  = 13.914A240 - 1.828Azw 


lo5 * [ I I ]  = 9.604A2w - 0.623A240 


(Eq. 1 )  


(Eq. 2) 


which were derived from simultaneous equatipns for total absorbance, A,  at 
240 and 290 nm for mixtures of I and 11. 


Analysis of Three-Component Mixtures-Reverse-phase HPLC with 


I 1.2'-Anhydro-( I -8-D-arabinofuranosyl)-cytosine; Sigma Chemical Co.. St. Louis. 
u o .  


Cytiimbine: The Upjohn Co.. Kalamazoo, Mich. The chemical name is I-P-D-ara- 
hinofurpnorylcyrosinc, the I U P A C  name is arabinosylcytosinc. and the common name 
IS cytosine arebinoside (ara-C). 


Lr;iciI-8-D-arabinofuranoside: Sigma Chemical Co.. Sl. Louir. Mo. 
Ij-D-02.2'-cyclouridine; Terra-Marine Biorcscarch. La Jolla. Calif. 
Typc TLP 109: New England Nuclear, Boston. Mass. 
M d c l  250 spcctrophotornetcr with model 6051 recorder, model 2451X autoniatic 


ccll positioner. and model 6047 thcrmosensor; Gilford Instruments. Oberlin. Ohio. 
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Abstract 0 A graphical method for determining the lipophilicity of the 
members of a homologous series of barbituric acids, from a consideration of 
their reverse-phase HPLC retention data. isdescribcd. The IIPLC parameter 
used as the index of lipophilicity, Hg, is shown not only to form excellent 
correlations wi th  the more commonly employed indices of lipophilicity, K, 
and log P. but also to have a predictive capability for those log P values that 
had not previously been determined experimentally. 


Keyphrases 0 Lipophilicity-homologous series of barbiturates, dctermi- 
nation by the HPLC parameter HQ 0 Barbiturates-lipophilicity. determi- 
nation by the HPLC parameter RQ 0 HPLC--use of the parameter Rg to 
determine lipophilicity, homologous series of barbiturates 


Since Meyer ( I )  and Overton (2) first postulated a rela- 
tionship between the biological response elicited by a drug 
substance and its lipophilic character, medicinal chcmists have 
sought rapid and reliable methods of determining molecular 
lipophilicity. The oetanol-water partition coefficient (P), 
classically being determined using the “shake-flask’’ method 
( 3 ) ,  has been the index of lipophilicity most commonly cm- 
ployed in correlations between molecular structure and bio- 
logical response (4, 5). The “shake-flask” approach to thc 
determination of lipophilic character has been shown, however, 
to have many inherent practical difficulties associatcd with 
it (6-8) ,  and as a consequence alternative methods of deter- 
mining P or other indices of lipophilicity have becn sought. 


Many of the alternatives have been derived from TLC 
(9- 12) and high-performance liquid chromatography (HPLC) 
( 1  3- I6), but in  nearly all instances problems arise when 
characterizing highly lipophilic or hydrophilic molecules. The 
potential of the HPLC-based term RQ (17) as an index of 
molecular lipophilicity was explored using a homologous series 
of barbituric acids. Special reference was paid to the correla- 
tion of RQ with the more commonly accepted indices of lipo- 
philicity, log P and R,, the latter being experimentally de- 
termined from reverse-phase TLC studies within the series. 


EX PER IM ENTA L 


The barbituric acids comprising the scries (Table 1 )  were obtained either 
from commercial sources or synthetically by condcnsing the respective diethyl 
2-alkyl-2-ethylmalonatc wi th  urea in the presence of sodium ethoxidc. The 
bynthetic barbituric acids were character i~d by ’H-NMR. elemental analyscs. 
and melting point determinations. All were calculated to be >99% pure. 


Liquid Chromatographic Analysis and the Determination of RQ Values- 
The analytical system has been previously outlined (17). The basis of the 
1IPI.C assay is that the un-ionized barbiturates are separated using ii re- 
verse-phase column’. and then by thc postcolumn infusion of pH 10 buffer, 
the barbiturates are converted to the more strongly UV-absorbing monoan- 
ionic species. facilitating detection at 254 nm. 


The acetonitrile* and acetic acid’ used in the preparation of the mobile 
phases were HPLC and analytical grade. respectively. All water used was 


I Hypersil ODS 5 p n :  Shandan Southcrn Products. 1 I .K.  * Acetonitrile; Rathburn Chemicals. L . K .  
Acetic acid: M a y  & Baker Ltd.. U.K. 


freshly glass-distilled. The mobile phases were deacrated prior to use by fil-  
tration under vacuum through a 0.22-prn microbial filter4. 


The barbiturates were studied individually as solutions in acetonitrile (50 
pg/mL). 10 p L  of which was used in the analysis, thereby facilitating the 
measurement of retention times of the various barbiturates ( R T )  relative to 
the unretained solute peak (IOpL of methanol, Ro) at varying concentrations 
of acetonitrile in the mobile phase. To improve the rctention characteristics 
of 5-ethylbarbituric acid, 0.05% (v/v) acetic acid was added to the mobile 
phase; the retention of the other members of the series was unaffected by this 
addition. 


RQ values were calculated at the various acetonitrile concentrations ac- 
cording to: 


(Eq. 1 )  


where RT is the retention time of the solute and KO is the retention time of the 
unretained solvent. Values of KQ at 0% V / P  acetonitrile (10070 v /v  water; R Q ~ )  
and at 40% v/v acetonitrile (Kw) were derived for all of the compounds either 
by direct measurement or by extrapolation/interpolation of the plots of the 
KQ Genus concentration (5% v/v) of acetonitrile in the mobile phase. 


Thin-Lmyer Chromatography and Calculation of R ,  Values-Silica gel5 
was spread as a water slurry onto 20 X 20-em glass plates to a thickness of 0.25 
mm. After air drying, the plates were activated by heating overnight in an oven 
at I 10°C. The plates were predeveloped in an I -octanol-acetone ( I  :9) mixture, 
after which the acetone was evaporated from the plates by the use of an air 
blower. The silica gel plates were thus coated with a layer of I-octanol. 


Solutions of the individual barbiturates in acetone (2 mg/mL) were pre- 
pared, and 30 pI of each were applied as discrete spots along the baseline. 
positioned I cm from the bottom edge of the TLC plate. The prepared plates 
were developed in  one of seven possible solvent systems composed of differing 
concentrations of acetone in water (5. I S ,  25. 30,35.37, and 40% v/v acetone 
in  water). 


The ratio of the distance traveled by a given solute (barbiturate), relative 
to that traveled by the solvent front, was calculated in each instance yielding 
Kfvalucs, which in turn allowed the calculation of R ,  values for the individual 
barbiturates at varying acetone concentrations according to ( I  8. 19): 


Assessment of log P-A solution ( 5  X M )  of the compound to be in- 
vestigated (compounds 1.2. and 3; Table 1) was prepared in Sorensen’s buffer 
(pH 5.1, 0.07 M)  saturated with I-octanol. This solution was then shaken 
gently for I h with I-octanol that had been previously washed successively 
with I M NaOH. 1 M HCI. and the Sorensen’s buffer. A period of I h toen- 
sure that equilibrium had been achieved is more than adequate; only a few 
minutes are generally needed ( 3 ) .  The ratio of the volumes of the two phases 
was chosen so that 20 -60% of the solute rcmains in the aqueous phase after 
extraction. The concentration of compound in  the aqueous phase, adjusted 
to pH 10 by addition of dilute NaOlI, was determined spcctrometrically (240 
nm) before and after extraction. The partition cocfficient (P) of the acid was 
calculated from the relationship: 


V ,  ( b ( 0 )  
vo [ (*a I ]  


p = -  -- 


where Co(0) and C a  are the respective concentrations of the cornpound in the 
aqueous phase before and after extraction and V ,  and Vo are the volumes of 
the aqueous and organic phases, respectively. 


‘ Millipore Corp. 
Kieselgel. G type 60 and Kicselgel 60 GF??, in a I:I ratio: I:. Merck. West Ger- 


many. 
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Table I-Chromatographic and Literature Indices ' of Lipophilicity for the Barbiturates 


RKl log P 
(25% v/v  Acetone) (Octanol -Water) RQO RQ40 Key Compound 


-1.52 -0.083 -1.215 
2 5-Ethyl-5-methylbarbituric acid -0.3 1 0.02 -0.002 -0.562 
3 Barbital -0.02 0.68 0.05 1 -0.469 
4 5-Ethyl-5-n-propylbarbituric acid 0.38 0 .87r  0.1 14 -0.314 


6 5-Ethyl-5-n-hexylbarbituric acid - 3.OSc 0.292 -0.084 
7 5-Ethyl-5-n-heptylbarbituric acid ._ 3.64c 0.304 -0.040 
8 5-Ethyl-5-n-octylbarbituric acid .- 3.85' 0.361 0.017 
9 5-Ethyl-5-n-nonylbarbituric acid - 4.13c 0.384 0.052 


10 Pentobarbital I .06 2.13< 0.190 -0. I66 
I I  Amobarbital 1.12 2.1 I '  0.235 -0.1 57 
12 Phenobarbital 0.48 1 .42b 0.140 -0.244 


I 5-Ethylbarbituric acid - 


5 Butethal 0.83 I .7OC 0. I87 -0.221 


0 ~ e o  el a / .  (3 )  reported x = 0.121.log P - 0.447 ( n  = IO.-~ = 0.9470); RW = 0.0864og P + 0.021 ( n  = 10.12 = 0.9740); ~ ~ 4 0  = 0.280.~~ - 0.446 ( n  = 7. r2 = 0.9470); 
and log P = 1.465.Rm + 0.528 ( n  = 6, r2 = 0.9619). * Taken from Hansch and Leo (30). CTakcn from Yih (31). 


RESULTS AND DISCUSSION 


The barbituric acid series under investigation varies widely in lipophilic 
character (Table I )  and problems were encountered in determining TLC R ,  
values for the more lipophilic members of the series. Although a TLC solvent 
containing (40% acetone yielded a suitable migration from the baseline of 
the more hydrophilic homologues. hence facilitating the calculation of R ,  
values, elution from the bascline of the lipophilic n-hexyl through n-nonyl 
homologues was not afforded u n d x  such conditions. Furthermore, a solvent 
containing 240% acetone was found to strip the 1-octanol layer from the 
precoated plates, rendering them useless for the purpose in hand. 


For those members of the series that did lend themselves to TLC analysis. 
a linear relationship was shown to exist between R ,  and the acetone con- 
centration (% v/v) in the developing solvent (Fig. I ) .  Similar relationships 
have previously been demonstrated for other molecular series, including the 
benzcdiazepines and penicillins (9, 1 I ) .  


Our results highlight the problem in quantitating lipophilic character of 
highly nonpolar compounds by TLC. Hulshoff and Perrin (20) have proposed 
a TLC-based method for the determination of the relative partition coefficients 
of very lipophilic basic compounds, based on the manipulation of developing 
solvent pH, While promising, this method has received only limited application 
(21). 


Most HPLC approaches to the determination of lipophilicity are based on 
attempts made at formulating relationships between the capacity factor k'  
[k' = (RT - Ro)/Ro; RT and Ro as previously defined] and P. The capacity 
factor (k') of a solute is only constant under any given set of chromatographic 
conditions. If  k'values are to serve as the index of lipophilicity for the members 
of a homologous series, therefore, they should be obtained, for each homologue. 
under identical chromatographic conditions, an almost impossible constraint 
when dealing with a series of widely ranging lipophilicities. 


Initial attempts at obtaining k' values for the barbituric acid series using 
a single isocratic HPLC system provcd fruitless. The maximum possible 
concentration of organic solvent in  the mobile phase that allowed a suitable 
retention time for the most hydrophilic homologue, 5-ethytbarbituric acid, 
was 10% v/v acetonitrile in 0.05% v/v aqueous acetic acid. Elution of the more 
hydrophobic homologues was not afforded under these conditions, with pre- 
dicted retention times for these compounds being in excess of 10 h. 


*In 1 ---. 'k- 12 


kctons ccwu" (%v/v) - 
Figure 1 -Plot of R, against acetone concentration in the mobilephasefor 
carious barbiturates. See Table I for key 10 the numbers. 


Yamana ei al. (22) noted a linear relationship between log k' and the 
concentration of methanol in the HPLC mobile phase for a series of penicillins 
and cephalosporins. Such a relationship facilitates the calculation of k'values 
for the individual homologues at two or more mobile phase compositions, those 
which yield adequate retention times of the solute in question. These empiri- 
cally determined k' values may then be extrapolated to give k'values at any 
desired mobile phase composition. Yamana et al. extrapolated their plots of 
log k' cersus mobile phase cornpsition to obtain log k' values for all members 
of their series at WO v/v methanol (100% v/v water), these values in turn being 
shown to be highly correlated with the respective log P and R ,  values. 


The values of k' and log k' do not always vary linearly with mobile phase 
composition (1 7); thus, extrapolation of k' uersus mobile phase plots is not 
always possible. As seen in Fig. 2, log k' for the barbiturate series is propor- 
tional to the concentration of acetonitrile in the mobile phase for many, but 
not all, of the homologues. 


In contrast to k'. we have found K Q  to vary linearly with mobile phase 
composition in all the cases we have examined, even when marked nonlinearity 
has been shown to exist between log k' and mobile phase composition (17). 
Plots of RQ cersus the concentration of acetonitrile in  the mobile phase (Fig. 
3) were back-extrapolated to yield K Q  values at 0% v /v  acetonitrile (Rqo) for 
all of the homologues. RQO values obtained in this manner were found to form 
good correlations with both TLC R ,  values as  well as with literature log P 
values (Fig. 4). The choice of a reference state of 0% v/v acetonitrile in water 
in relating RQ values to other measures of lipophilicity is arbitrary. A better 
reference point would be one at which RQ could be empirically determined 
for the maximum number of homologues, thereby reducing the number of RQ 
values obtained by extrapolation, giving increased confidence in the RQ data. 
A mobile phase of 40% v/v aqueous acetonitrile provides such a reference 
point. 


Using the regression equation of Kqo against log P, octanol-water partition 
coefficients were predicted for the two lowest homologues as being (log P) 
-1.52 for 5-ethylbarbituric acid and 0.02 for 5-methylbarbituric acid. As no 
literature values for log P were available for these two homologues. empirical 
determination was necessary to check the predicted values. The experimentally 
determined values for 5-ethylbarbituric acid and 5-ethyl-5-methylbarbituric 


,I 
o 1 0 ~ 0 3 o 4 o 5 0 6 0 7 o  


Figure 2--Semilogarithmic plot of log k' against the organic modifier, ac- 
etonitrile, in the mobile phase for carious barbituraies. See Table I for key 
to the numbers. 


Acetonitrik conc" (%v/v) - 
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Figure 3-Ploi Of RQ against the organic modifier, aceioniirile. in the mobile 
phase for various barbiturates. See Table I for key to the numbers. 


acid were -1.26 and 0.2, respectively, illustrating the good predictive capa- 
bilities of RQ. 


Pretreatment of column packings prior to the determination of lipophilicity 
using an HPLC based method has been the cause of considerable debate. 
Several workers have capped the reverse-phase column prior to use (23), while 
others have coated the column with I-octanol (24-26). Baker er al. (27), 
proposed that the ordered side chains and residual silanol groups of untreated 
octadecylsilane packing material best reflects a biolayer, and partition data 
obtained from such systems are more suitable for use in biological correlations. 
A commercially available untreated reverse-phase packing material was used 
throughout our experimental procedure. In view of the excellent correlations 
obtained between RQ values and other indices of molecular lipophilicity, we 
feel that pretreatment of the column packing prior to use may be unneces- 
sary. 


The thermodynamic basis of HPLC-derived lipophilicity data has been the 
subject of several investigations (28, 29). The thermodynamic basis of RQ, 
if there is one, is unclear. From a theoretical standpoint, however, we should 
point out that the ratio (RT - R ~ ) / R T  cannot exceed 1 and R Q  cannot 
therefore exceed 0. Several of the extrapolated R w  values (Table I )  are nu- 
merically greater than zero. Even so. these RQ values form excellent cor re  
lations with the more commonly accepted indices of lipophilicity. 


HPLC offers several advantages in the determination of lipophilicity over 
more conventional approaches, the main ones being speed and analytical 
sensitivity; these advantages are inherent in the proposed parameter RQ. 
Unlike k’ (the HPLC term most commonly used to quantiate molecular li- 
pophilicity), RQ has been found to vary linearly with mobile phase composition 


-- LOO P 


Figure 4 - P h  of Rpo againri log P for various barbiiuraies iaken from the 
liieraiure (0 )  or determined experimentally (m). Siraighi line is the line of 
bestfit using rhe I0 literature log P values. See Table Ifor key to the num- 
bers. 


i n  all cases examined. This linear correlation allows interpolation and some 
extrapolation from empirically determined RQ values to values at any selected 
mobile phase composition. At a minimum, RQ values need only be empirically 
determined at two differing mobile phase compositions to obtain any desired 
value of RQ. From a practical viewpoint, we feel that as many empirically 
determined RQ values as possible should be used, from solute retention data 
where RT falls within the range of 1.5-1 5 X Ro. RQ thus provides a rapidly 
determined index of lipophilicity which can be applied to compounds of widely 
ranging lipophilic character. 
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analogue was compared with the slope of the estradiol response to de- 
termine parallelism in this assay system. The relative uterotropic activity 
of each compound was expressed as a percentage of estradiol activity 
according to the method of Bliss (11). 


RESULTS 


The dose-response curve produced by each of the selenium analogues 
is presented in Fig. 1. The potency of each compound relative to estradiol 
is summarized in Table I. 


Among the selenosteroids that were examined in this study, I11 pro- 
duced the greatest uterotropic activity while I produced the least activity. 
The selenoanalogues of ethynylestradiol(II1 and IV) were more active 
than those of estradiol or estrone. This may be due to the differences in 
the activity of the parent compounds (12). None of the test compounds 
produced a significant degree of antiestrogenic activity in this study. 


DISCUSSION 


In Table I the relative binding affinity of the test compounds was 
compared with the uterotropic activity. The potency estimates were in 
good agreement with the relative binding affinities with few exceptions. 
To correlate in uitro and in uiuo results, metabolism has to be taken into 
consideration. Even though VI demonstrated a low in uitro binding af- 
finity, its in uiuo potency is almost equal to that of V. This could be as 
a result of demethylation in uiuo. Sulfur-containing organic compounds 
are metabolized to sulfoxides (13); analogously, selenides are expected 
to oxidize to selenoxides in uiuo. Reports indicate that aromatic sele- 
noxides are less stable than the aliphatic derivatives (14-16). Therefore, 
we assume that the greater activity of I11 as compared with IV, despite 
a lower affinity for estrogen receptors, is due to the degradation of 111 to 
the more potent ethynylestradiol. 


It is reasonable to assume that VII has a greater in uiuo uterotropic 
activity than V because estradiol (the parent compound of analogue VII) 
is more potent than estrone (the parent compound of analogue V) 
(12). 


This study indicates that increasing the size of the substituent on C-17 
decreases the in uitro binding and the in uiuo potency. These data confirm 
the importance of the 8-hydroxyl group on C-17 to retain the estrogenic 
activity (17). Since these selenosteroids retain a high degree of estrogenic 
activity (especially I11 and IV) in uiuo, as shown in the present study, and 
display potent receptor binding in uitro (8), it is possible that one of these 
derivatives might be a suitable imaging agent for estrogen-dependent 


tumors and metastatic foci. Selenium-75 labeling of I1 has been accom- 
plished utilizing newly developed methodology (18). Biodistribution 
studies of this 75Se-labeled compound in tumor-bearing animals are 
underway. 


REFERENCES 


(1) W. L. McGuire, K. L. Horwitz, D. T. Zava, R. E. Garola, and G. 
C. Chamness, Metabolism, 27,487 (1978). 


(2) C. K. Osborne and W. L. McGuire, Bull. Cancer (Paris), 66,203 
(1979). 


(3) J. A. Katzenellenbogen, K. D. McElvany, S. G. Senderoff, K. E. 
Carlson, S. W. Landvatter, M. J. Welch, and the Los Alamos Medical 
Radioisotope Group, J.  Nucl. Med.,  23,411 (1982). 


(4) R. N. Hanson, D. E. Seitz, and J. C. Botarro, J. Nucl. Med., 23, 
431 (1982). 


(5) G. P. Basmadjian, R. R. Hetzel, and R. D. Ice, Int. J. Appl. Radiot. 
Isotopes, 26,695 (1975). 


(6) F. F. Knapp, in “Radiopharmaceuticals: Structure Activity Re- 
lationships,” R. P. Spencer, Ed., Grune & Stratton, New York, N.Y., 1981, 
p. 345. 


(7) S. A. Sadek, S. M. Shaw, W. V. Kessler, and G.  C. Wolf, J.  Org. 
Chem., 46,3259 (1981). 


(8) S. A. Sadek, W. V. Kessler, S. M. Shaw, J. N. Anderson, and G. 
C. Wolf, J. Med. Chem., 25,1488 (1982). 


(9) J. T. Pento, R. A. Magarian, R. T. Wright, M. M. King, and E. T. 
Benjamin, J.  Pharm. Sci., 70,399 (1981). 


(10) B. L. Rubin, A. S. Dorfman, L. Black, and R. I. Dorfman, Endo- 
crinology, 49,429 (1951). 


(11) C. I. Bliss, “The Statistics of Bioassay,” Academic, New York, 
N.Y., 1952. 


(12) J. P. Raynaud, M. M. Bouton, D. Gallet-Bourguin, D. Philibert, 
C. Tournemine, and G. Azadian-Barlanger, Mol. Pharmacol., 9, 520 
(1973). 


(13) N. P. Salzman and B. B. Brodie, J.  Pharmacol. Exp. Ther., 118, 
46 (1956). 


(14) R. Walter and J. Roy, J. Org. Chem., 36,2561 (1971). 
(15) K. B. Sharpless, M. W. Young, and R. F. Lauer, Tetrahedron 


(16) G. Ayrey, D. Barnard, and D. T. Woodbridge, J.  Chern. SOC., 1962, 


(17) S. G. Korenman, Steroids, 13,163 (1969). 
(18) S. A. Sadek, G. P. Basmadjian, and R. D. Ice, Nucl. Med. Com- 


Lett . ,  1973,1979. 


2089. 


mun., 3,247 (1982). 


Diaspirins of Methylenecitric Acid 


SOLOMON E. MASSIL, GUEY-YUEH SHI, and 
IRVING M. KLOTZ” 
Received October 25,1982, from the Department of Chernistr.y. Northwestern Uniuersity, Euanston, IL 60201. 
January 19,1983. 


Accepted for publication 


Abstract A series of bissalicylic esters of methylenecitric acid have 
been prepared and, as a probe of their potential as antisickling agents, 
tested for their ability to modify hemoglobin. Substantial acylation of 
hemoglobin was obtained with these dicarboxylate esters at 1-5 mM 
concentrations. 


Keyphrases Methylenecitric acid-bissalicylic esters, synthesis, 
hemoglobin-modifying potential o Antisickling agents-potential, bis- 
salicylic esters of methylenecitric acid, synthesis, hemoglobin-modifying 
ability 


Diaspirins have been found (1) to modify hemoglobin 
S and to change its solubility markedly. Consequently, this 
class of compounds may provide promising antisickling 


agents. Just as aspirin is an acetate of salicylic acid, so are 
diaspirins the alkanedioates of salicylic acid. Alkanedioic 
acids of 4-5 carbon chain length seem to be optimal in 
modification of hemoglobins, probably because they can 
readily span the 0-cleft of the hemoglobin molecule and 
form a covalent bridge between the two Lys 82 residues. 
Such a bridge evidently locks the protein into a confor- 
mation out of register for the aggregation that occurs in 
sickling. 


The modified pentanedioic acid, 4-oxo-1,3-dioxolane- 
5,5’-diacetic acid, also known as methylenecitric acid (A), 
is a five-carbon span dicarboxylic acid whose monoesters 
have been examined previously for pharmacological ac- 
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Table I-Modification of Hemoglobin b s  Bissalicvlic Esters of Methvlenecitric Acid 


Melting Point, Yield, Conc., Modification of 
Compound "C % Formula" mM Oxyhemoglobin A, %b 


I 155-157 72 C21H16011 5 34 
1 20 


I1 153-155 54 CZIHI~FZOII 5 46 
1 24 


I11 161-163 51 CZIHI~C~ZOII  5 70 
1 35 


IV 168-169 


V 167-168 


45 


53 


VI 


VIIC 
VIIIC 


IXC 
X 


165-166 45 CziHi4C1zOiif 


155-157 69 C z ~ H i z C I r O i i ~  


146-148 76 CZIH zI4011' 
[Bis(4,6-dibromo-z-carboxyphenol)fumarate~ 


183-185 53 Cz1H1zBr4011 


5 
1 
5 
1 


74 
38 
83 
42 
69 
35 
27 
32 
35 
87 
88 


0 C o m p d s  I-IX underwent elemental analyses for C, H, and the appropriate halogen. Unless otherwise noted, all analyses were within i0.4% of the theoretical 
values. * emoglobin concentration, 1 mM. c Unstable compared with the monosubstituted compounds; they hydrolyzed slowly on standing Repeated recrystallization 
did not improve the anal sis d Calc. for CI, 13.82; found, 13.21. e Calc. for Br, 26.54; found, 26.04. / Calc. for CI, 13.82; found, 12.98. 8 Calc. for H. 2.08 CI, 24.36. Found 
for H, 2.72; CI, 19.75. &c: for Br, 42.06; found, 39.06. I Calc. for I, 53.55; found, 48.62. I In  aqueous solution containing 2.6% ethanol to aid in solubilizing the com- 
pound. 


tivity (2, 3). It seemed interesting, therefore, to prepare 
salicylic derivatives (B) of this diacid and to examine their 
effects on hemoglobin. The significant parts of B for its 
chemical and biological activity are the three C-0-C 
moieties designated O(l) ,  0 ( 2 ) ,  and O(3) .  Classification 
of the functionality of the C-0-C at  O(1) is acid anhy- 
dride, at O(2) acetal, and at O(3) acylal, and their relative 
reactivities toward amino groups are O(1) > O(3)  > 
O W .  


A 
HOOC' 


B' 
I : R = H  V I :  R = 4-C1 


11: R = 5-F VII: R = 3,5-Cli 
111: R = 5421 
I V :  R = 5-Br 


VIII:  R =I 3,5-Br2 
IX: R = 3,5-12 


V: R = 5-1 


EXPERIMENTAL* 


To a stirred mixture of salicylic acid (2.00 mmol) or its halogen deriv- 
atives and dimethylaniline (4.13 mmol) in 100 mL of dry benzene was 
added in a dropwise manner 4-oxo-1,3-dioxolane-5,5-bis(acetylchloride) 
(methylene-citroyl dichloride, 1.02 mrnol) dissolved in 20 mL of benzene. 
After 0.5 h a t  room temperature, the mixture was further warmed on a 
water bath (at 60-7OoC) for -10 min and then stirred overnight at room 
temperature. The solvent was removed in uacuo; the residue was sus- 
pended in 100 mL of ethyl acetate and then extracted twice with ice-cold 
1 M aqueous HzS04 (50 mL) and once with water (50 mL). After the or- 
ganic layer had been dried (MgSOd), filtered, and evaporated (in uacuo), 
the residue was triturated with several milliliters of petroleum ether to 
give solid material. Recrystallizetion either from benzene or a mixture 
of chloroform-petroleum ether (30-6QDC) provided purified bis(substi- 


1 Numbering of substituenta in structure B is in terms of salicylate ring. 
2 Elemental analyses were performed b Micro-Tech Laboratories of Skokie, Ill. 


IR spectra (in KBr pellets) were obtainedlwith a Perkin-Elmer 283 s ectrometer. 
'H-NMR spectra were obtained with Varian EM-360 (60 MHz) and JkOL FX-270 
spectrometers. Melting points were taken in open capillary tubes and are uncor- 
rected. Salicylic acids used herein were purchaaed from the Aldrich Chemical Co. 
Methylenecitric acid was pre ared from citric acid and paraformaldehyde, and its 
subsequent conversion into &chloride was by treatment with PC16. The physical 
pro rties in all cases were in close agreement with those cited in the literature (2, 
4,5r 


tuted 2-carboxyphenyl)4-oxo-1,3-dioxolane-5,5'-diacetates, commonly 
known as bis(substituted sa1icyl)anhydromethylene citrates. 


The compounds were identified by elemental analysis (Table I), IR, 
and 'H-NMR spectrometry (1). The C=O stretching vibration of esters 
occurs in the range 1690-1770 cm-'. NMR data were consistent with the 
proposed structures. The NMR spectra (DMSO-de tetramethylsilane 
as internal standard) showed the following common ahsorption peaks: 
6 3.W.5 (s , -C-CH~CO),  5.45.52 (s .O-CHrO),  and 7.2-8.2 ppm 
(ArH). 


Isoelectric focusing (6,7) was used to assess the extent of modification 
of oxyhemoglobin. The acylated protein was separated from the parent 
protein in a flat gel by electrophoresisJ. Minor alterations (8) were made 
in the procedures described by the manufacturer. Before application to 
the gel surface (on small pieces of filter paper) all hemoglobin samples 
were saturated with carbon monoxide and made to 0.01 M in NaCN. After 
focusing had been achieved, the gel was fixed (8) and dried overnight, and 
a densitometric scan was made with a soft laser scanning densitometefl 
and integrator. From this pattern the extent of modification was calcu- 
lated. 


RESULTS AND DISCUSSION 


The extent of modification of oxyhemoglobin by these diesters is shown 
in Table I. The prototype of this series, the diester with unsubstituted 
salicylate (I), shows significant modification of the protein even at con- 
centrations as low as 1 mM. The effectiveness increases progressively as 
one proceeds from the fluoro to the chloro, bromo, and iodo monosub- 
stituted salicylates (11-V). With the monochlorosalicylate, a comparison 
was also made of the 4-substituted (VI) with the 5-substituted derivative 
(III), but the difference in behavior is insignificant. Derivatives with 
disubstituted haldicylates  (VII-IX) are not more effective as acylating 
agents for hemoglobin than are the monosubstituted derivatives. 


Using [14C]acetyl-labeled salicylate, we established previously (8) that 
acylation of hemoglobin (xcurs on lysine side chains. Subsequently, with 
the "double-headed" aspirins, chemical work supplemented by X-ray 
diffraction (9, lo), showed that the 8-subunits of hemoglobin were 
cross-linked by -C(=O)-CHz-CHz-C(=O)- or -C(=O)- 
CH=CH-C(=O)- bridges connecting 01 Lys 82 to 0 2  Lys 82. Similar 
cross linking has been observed with five-atom bridges (1 1). Thus, the 
methylene citric acid series became a natural candidate for the extension 
of these structure-function investigations. 


At first glance one would have expected (1) the dihalosalicylate diesters 
to be more effective than the monohalo ones since the additional halogen 
substituents should increase binding to hemoglobin. However, one must 
recognize that the extra electron-withdrawing substituents also activate 
the ester bond and make the compound more sensitive to hydrolysis. Such 
effects have already been observed (11, 12) with derivatives containing 
polar substituents on a four-carbon bridge; oxygen moieties adjacent to 
the carbonyl groups decrease the stability of the bis(dibromo)salicylate 


3 LKB 2117 Multiphor with a Savant power source. 
4 Zeineh. 
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esters. Corresponding results have also been evident when electron- 
withdrawing groups were placed on the salicylate ring (13). The doubly 
halogenated salicylate derivatives of methylenecitric acid have activating 
groups both oh the aromatic rings and on the middle carbon of the five- 
carbon bridge so that  hydrolytic instabilities are magnified. Even in the 
solid sbte, traces of moisture lead to slow cleavage of these esters. Thus, 
aa has been emphasized previously (11, 12) a careful balance between 
stability and reactivity is essential for optimal activity of the double- 
headed aspirins. 
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Monitoring the Granulation Process 
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To the Editor: 
Wet granulation of powders is a fundamental process 


in pharmaceutical technology. The phenomenon of gran- 
ulation, however, is not well understood because of the 
many variables involved in the process. The need for a 
better understanding and control of wet granulation has 
increased in recent years because greater utilization of 
high-intensity mixers has dramatically reduced the total 
time required to reach or exceed a proper granulation end 
point. Several workers have reported results from studies 
of the granulation process using instrumented mixers 
(1-8). These studies have shown that measurements of 
power consumption by the mixer, torque on the mixer 
shaft, change in rotation-rate of the mixer shaft, or the 
force with which granules deflect a strain-gauged beam, 
provided insight into the changes that occur as a powder 
is massed. 


We wish to report a new approach to study the dynamics 
of wet granulation, which uses a computer-interfaced 
capacitive sensor that has been designed in our laborato- 
ries. The sensor is constructed from a polytetrafluoroe- 
thylene cylinder 1.5 cm in diameter, to which two insulated 
stainless steel electrodes are attached. The sensor is 
threaded to fi t  the existing thermocouple port in the wall 
of a high-intensity mixer’. The sensor extends into the 
mixer a distance of 5 cm and is 12 cm below the mixer 


~~ 


Model FM-50, Littleford-Lodige, Florence, Ky. 


center, with the distal 3 cm of each electrode exposed. 
The two electrical leads from the sensor are connected 


to a moisture analyzer2 which acts as the interface to the 
computer. The electronics of the moisture analyzer have 
been modified to filter signal noise caused by the rotation 
of the mixer plowshares and to allow for initial baseline 
adjustments. The moisture analyzer with sensor operates 
on the principle of power loss from a tuned radio-frequency 
(R/F) circuit as the dielectric of the medium surrounding 
the sensor changes. The analog DC voltage output of the 
moisture analyzer is converted to a digital value by an A D  
converter and is fed to a 16-bit microprocessol.3 which is 
used for data processing and system control. System 
software is stored in a nonvolatile form in an onboard, 
programmable, read-only memory and allows for operator 
control of data sampling rate and text information for 
hard-copy output. Each data point, taken at  4-s intervals, 
is the average of 5000 A/D conversions. 


Granulations were prepared by charging the mixer with 
20 kg of lactose powder and using only the plowshare 
mixing action. Figure 1 shows the resulting voltage uersus 
mixing time profile as incremental additions of water were 
made to the lactose4. The decreases in voltage are the result 
of rapid moisture distribution throughout the powder after 
each addition. The plateau reached between each addition 
is an equilibrium voltage value that is a function of the 
amount of water in the moist powder. The granules formed 
with this simple lactose water system, however, were not 
of good quality. 


Figure 2 shows the voltage response when 2.5 kg of a 4% 
w/w metbylcellulose 15 cps5 aqueous solution was added 
to 20 kg of lactose at time zero. A similar voltage response 


2 Moisture Register Model G8R, Moisture Register Co., Brrwind Instrumenta 


3 . J  1 BC 88/25. Intel Inc.. Santa Clara, Calif. 
4 Lactoae Hydroua USP, No. BOM, Sheffield Products, Memphis, Tenn. 


Grou , North Hollywood, Calif. 


Methocel A 15 Premium, The  Dow Chemical Co., Midland. Mich. 
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esters. Corresponding results have also been evident when electron- 
withdrawing groups were placed on the salicylate ring (13). The doubly 
halogenated salicylate derivatives of methylenecitric acid have activating 
groups both oh the aromatic rings and on the middle carbon of the five- 
carbon bridge so that  hydrolytic instabilities are magnified. Even in the 
solid sbte, traces of moisture lead to slow cleavage of these esters. Thus, 
aa has been emphasized previously (11, 12) a careful balance between 
stability and reactivity is essential for optimal activity of the double- 
headed aspirins. 
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Cotnputer-Interfaced Capacitive Sensor for 
Monitoring the Granulation Process 


Keyphrases Granulation-computer-interfaced capacitive sensor, 
high-intensity mixer, moisture measurement, instrumentation, process 
control 


To the Editor: 
Wet granulation of powders is a fundamental process 


in pharmaceutical technology. The phenomenon of gran- 
ulation, however, is not well understood because of the 
many variables involved in the process. The need for a 
better understanding and control of wet granulation has 
increased in recent years because greater utilization of 
high-intensity mixers has dramatically reduced the total 
time required to reach or exceed a proper granulation end 
point. Several workers have reported results from studies 
of the granulation process using instrumented mixers 
(1-8). These studies have shown that measurements of 
power consumption by the mixer, torque on the mixer 
shaft, change in rotation-rate of the mixer shaft, or the 
force with which granules deflect a strain-gauged beam, 
provided insight into the changes that occur as a powder 
is massed. 


We wish to report a new approach to study the dynamics 
of wet granulation, which uses a computer-interfaced 
capacitive sensor that has been designed in our laborato- 
ries. The sensor is constructed from a polytetrafluoroe- 
thylene cylinder 1.5 cm in diameter, to which two insulated 
stainless steel electrodes are attached. The sensor is 
threaded to fi t  the existing thermocouple port in the wall 
of a high-intensity mixer’. The sensor extends into the 
mixer a distance of 5 cm and is 12 cm below the mixer 


~~ 


Model FM-50, Littleford-Lodige, Florence, Ky. 


center, with the distal 3 cm of each electrode exposed. 
The two electrical leads from the sensor are connected 


to a moisture analyzer2 which acts as the interface to the 
computer. The electronics of the moisture analyzer have 
been modified to filter signal noise caused by the rotation 
of the mixer plowshares and to allow for initial baseline 
adjustments. The moisture analyzer with sensor operates 
on the principle of power loss from a tuned radio-frequency 
(R/F) circuit as the dielectric of the medium surrounding 
the sensor changes. The analog DC voltage output of the 
moisture analyzer is converted to a digital value by an A D  
converter and is fed to a 16-bit microprocessol.3 which is 
used for data processing and system control. System 
software is stored in a nonvolatile form in an onboard, 
programmable, read-only memory and allows for operator 
control of data sampling rate and text information for 
hard-copy output. Each data point, taken at  4-s intervals, 
is the average of 5000 A/D conversions. 


Granulations were prepared by charging the mixer with 
20 kg of lactose powder and using only the plowshare 
mixing action. Figure 1 shows the resulting voltage uersus 
mixing time profile as incremental additions of water were 
made to the lactose4. The decreases in voltage are the result 
of rapid moisture distribution throughout the powder after 
each addition. The plateau reached between each addition 
is an equilibrium voltage value that is a function of the 
amount of water in the moist powder. The granules formed 
with this simple lactose water system, however, were not 
of good quality. 


Figure 2 shows the voltage response when 2.5 kg of a 4% 
w/w metbylcellulose 15 cps5 aqueous solution was added 
to 20 kg of lactose at time zero. A similar voltage response 


2 Moisture Register Model G8R, Moisture Register Co., Brrwind Instrumenta 


3 . J  1 BC 88/25. Intel Inc.. Santa Clara, Calif. 
4 Lactoae Hydroua USP, No. BOM, Sheffield Products, Memphis, Tenn. 


Grou , North Hollywood, Calif. 


Methocel A 15 Premium, The  Dow Chemical Co., Midland. Mich. 
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TlME IN SECONDS 
Figure 1-Voltage response curve when water is added in incremental 
portions to 20 kg of lactose. Amount of water is shown as cumulative 
percent based on the weight of lactose. 
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TIME IN SECONDS 
Figure 2-Voltage response curve when 2.5 kg of an aqueous methyl- 
cellulose (4% w/w) granulating solution is added a t  time zero to  20 kg 
of lactose. 
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is seen; however, after the initial distribution phase, pe- 
riodic voltage increases are observed. The difference in 
voltage response when a granulating agent is used in place 
of water indicates that the system, as designed, is sensing 
granule formation as well as moisture distribution. These 
voltage fluctuations have also been observed with other 
granulating agents when granules are formed. The height 


Table I-Sieve Analysis Comparison of Lactose from T w o  
Sources 


Lactose A' Lactose Bb 
Weight % > 200 mesh 16.2 41.8 
Weight % on 325 mesh 33.9 35.5 
Weight 9% < 325 mesh 49.9 22.7 


Lactose h drow USP, No. 80M, Sheffield Products, Mem his, Tenn. * Lactare 
hydrous USJ, 3lO/Regular Grind, Foremost-McKesson, fnc., San Francisco. 
Calif. 


and periodicity of these voltage spikes seem to be associ- 
ated with granule quality. The favored explanation for 
these observations is that the apparent density of the moist 
powder bed fluctuates in a periodic manner as agglomer- 
ation and deagglomeration occur during the mixing pro- 
cess. The changes in bed porosity around the sensor are 
reflected in a greater or lesser power-loss from the tuned 
R/F circuit. 


Figure 3 illustrates the difference in sensor response 
when two lots of lactose having different particle sizes are 
granulated using the identical procedure described above 
for Fig. 2. The lower curve is the granulation response seen 
with fine particle lactose, while the upper curve is that 
observed with a more coarse lactose. A comparison of re- 
sults from sieve analyses6 conducted on the two lots of 
lactose is given in Table I. It is hypothesized that the finer 
lactose, because of its smaller particle diameter, forms 
more stable agglomerates that tend to deagglomerate less 
readily; therefore, the voltage spikes are fewer and more 
widely spaced. Conversely, the coarser lactose does not 
agglomerate as well and tends to deagglomerate rather 
quickly as indicated by the smaller and more closely spaced 
voltage spikes. Moreover, the granulation produced from 
the finer lactose was of better quality than that produced 
from the coarser lactose. 


The dynamic granulation monitor using a computer- 
interfaced capacitive sensor shows promise both as a re- 
search tool to gain better understanding of the granulation 
phenomenon and as a control system to obtain better re- 
production of granulations made in high-intensity mixers. 
In future communications, we will discuss the system and 
its applications in greater detail. 
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EDITORIAL 


FDA Commissioners-Their Function and Operation 


Over the past eighteen years, we have witnessed a virtual 
procession of people serve as FDA Commissioners. In addition, 
there have been many other periods-some quite lengthy- 
+iring which various Acting Commissioners have bridged the gap 
between the departure of one Commissioner and the arrival of 
the next. 


George P. Larrick was the last FDA Commissioner to “rise 
through the ranks” and follow the traditional promotion and 
selection process that had been used for the agency since its 
predecessor department was initially established a t  the turn of 
the century. In breaking with the past, a Public Health Service 
physician-administrator, James L. Goddard, was selected to head 
the FDA. Supposedly, this would transform the agency’s en- 
forcement and regulatory philosophy-which was attributed to 
the inspector background of Larrick and his immediate prede- 
cessors-into one with a more scientific and medical orientation 
associated with Goddard and his background. 


Although Goddard and every subsequent occupant of the 
Commissioner’s office have been medical or health care scientists, 
the overall orientation has changed relatively little-at least until 
the recent government-wide deregulation emphasis espoused by 
the Reagan Administration. And given the fact that FDA’s pri- 
mary mission is to protect and safeguard the public relative to 
foods, drugs, and cosmetics, it hardly could be otherwise. Simply 
put, FDA’s major mission is neither research nor education- 
although both of these elements are highly important to it and 
to the public in FDA’s ability to fulfill its regulatory role in the 
most efficient and effective manner possible. 


However, in departing from the promotion from within prac- 
tice, something did happen. The office became “political” rather 
than “career.” In practical terms, this made the revolving-door 
syndrome one natural result; it also led to the instability and 
insecurity that has characterized the position for almost the past 
two decades; and it has contributed to certain rivalries between 
the FDA Commissioner and his or her boss, the Secretary of the 
U S .  Department of Health and Human Services (formerly, US.  
Department of Health, Education, and Welfare). 


Without exception, each of the FDA Commissioners since 
Larrick has been competent, qualified, and has discharged his 
duties with skill and dedication. However, their individual per- 
sonalities and operating styles have differed as greatly as night 
and day. This diversity began immediately with Goddard, whose 
authoritative rule, high management profile, and dominating 
personality earned him the nickname of “Dr. God.” 


But at  the same time, these various FDA heads were obliged 
to mold their individual operating styles and their public images 
to “fit” with their respective bosses-namely, the person who 
happened to be HHS or HEW Secretary at  that particular point 
in time. 


And again, the personality and operating style of the respective 
HHS/HEW Secretaries has been every bit as broad and different 
as the FDA Commissioners. To this, add the fact that their rel- 
ative interest in FDA and in FDA matters has been equally var- 
ied, and we have had situations ranging from one extreme to the 
other. 


At no time was that phenomenon more evident than during 
the tenure of Arthur Hull Hayes. During the first portion of 
Hayes’ term in office, Richard S. Schweiker was his boss-and 
Schweiker took such a strong personal interest in FDA matters 


that  he virtually appeared to emasculate the Commissioner’s 
office. Indeed, it was widely mentioned in Washington political 
circles that  Schweiker served “as his own FDA Commissioner.” 
This was the case despite the fact that both Hayes and Schweiker 
repeatedly claimed that they enjoyed a close, harmonious working 
relationship. 


Then, when Schweiker resigned and Margaret M. Heckler was 
named Secretary, Hayes found himself in a profoundly different 
situation. No longer was the Secretary trying to run the FDA. 
Indeed, Heckler adopted and followed such an extreme “hands 
off’ policy that when Hayes himself resigned many months later, 
it  was reported that he had never once had a meeting with her 
during his entire term in office. 


All of this makes interesting recounting for us and, we hope, 
interesting reading for our subscribers. But that is not our real 
purpose in reviewing this past history. 


Rather, we wish to suggest that it may be appropriate to review 
the relationship that exists between the two offices involved; 
namely, HHS Secretary and FDA Commissioner. If so, such an 
examination and review would appear to be especially timely now 
with the FDA Commissionership currently vacant. 


Former FDA Commissioner Alexander M. Schmidt wrote a 
guest commentary that appeared in the January 1983 issue of 
Pharmaceutical Technology. His editorial, written when Hayes 
and Schweiker were both still in office, was extremely tactful and 
diplomatic. But, in spite of his careful choice of words and 
phraseology, Schmidt clearly delineated what he saw as the re- 
spective roles of the two positions, as well as the hazard inherent 
in having the Secretary intrude too far into the realm of the 
Commissioner. 


“It  was my strongly held view as Commissioner,” wrote 
Schmidt, “that the Secretary’s job was to establish policy to 
govern the functioning of the agency. It was the Commissioner’s 
job to be certain that the agency responded to the policy and was 
well run. 


“The Commissioner, for his part, had to subscribe to the 
mandated policy or leave. The Secretary had to be fully satisfied 
with the Commissioner and his performance or replace him, but 
should never become involved with the operation of the agency 
or assume the Commissioner’s function. I always insisted,” 
continued Schmidt, “that one Commissioner of Food and Drugs 
was enough!” 


Schmidt then went on to detail various managerial and prag- 
matic reasons why he felt such a clean division of responsibility 
should be established and followed. He summed up by saying, 
“There is a much more important reason for the Commissioner 
to run the agency, however, and that is simply that the higher 
FDA’s decisions go in the administrative hierarchy, the more 
political and less scientific the decisions are likely to be. . . Good 
science certainly protects the public interest and in the long run, 
also protects the interests of industry and FDA.” 


Well said, Dr. Schmidt! We earnestly hope that your words of 
advice will have a positive influence in shaping the future roles 
and interrelationships between these two highly important 
government offices. 


-EDWARD G. FELDMANN 
American Pharmaceutical Association 


Washinton, DC 20037 
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Cyt ar abine 


LEE E. KIRSCH* and ROBERT E. NOTARIX 


Received November 22, I982 from Lloyd M. Parks Hall ,  College offharmmy, The Ohio State University, Columbus, OH 43210. 
publication June I ,  1983. 


Accepted for 
*Present address: Product Development Division, Eli Lilly and Co., Indianapolis, 1N 46206. 


~ ~ ~ ~ ~~~ ~~~ ~ ~ ~~ 


Abstract 0 The kinetics of conversion of the prodrug ancitabine to the anti- 
cancer drug cytarabine have been studied in aqueous solutions in the pH range 
of I .5-10.7, temperature range of 19.5-80.0'C. ionic strength range of 
to I .5, and in the presence of several general-basecatalysts. Under all condi- 
tions ancitabine was quantitatively converted to cytarabine. The pH-rate 
profiles were linear with slope = I in alkaline pH. becoming pH independent 
in the region of maximum stability at pH d 4, where buffer catalysis was found 
tobeinsignificantandk,b,= (1.12X LO" h-r).exp(-10121 deg/T].At30°C. 
pH 6 4, it is calculated that an aqueous ancitabine solution will maintain 90% 
of its initial concentration for I 2  d. A novel method for measuring general-base 
catalysis in competition with predominating specific-base catalysis and in the 
presence of secondary salt effects at constant ionic strength was developed. 
Three mechanisms of hydrolytic prodrug conversion are p r o m :  nucleophilic 
hydroxide addition, general base-assisted nucleophilic water attack, and 
spontaneous water attack. 


Keyphrases 0 Ancitabine-conversion to cytarabine, kinetics, aqueous so- 
lutions 0 Cytarabine-conversion of ancitabine, aqueous solutions, kinetics 
0 Kinetics-ancitabine conversion to cytarabine, aqueous solutions 
~ ~~~ ~ ~ ~ ~ 


Ancitabine (I), a prodrug of the antileukemic agent cytar- 
abine (II), has been shown to be more effective than I1 in 
several animal tumor systems (1, 2) (Scheme I). The phar- 
macological activity of I is attributed to its conversion to I1 
rather than any direct effect on nucleic acid synthesis (3 ,4) .  
Although incubation of I with Ehrlich ascites carcinoma cells 
demonstrated very little uptake of I, significant intracellular 
concentrations of I1 were nonetheless observed ( 5 ) .  


Intravenous doses of I are primarily excreted unchanged in 
urine together with 11 and its inactive metabolite, l-P-D-ara- 
binosyluracil(1II) (3 ,6 ,7 ) .  The efficacy of I1 is limited by its 
rapid deamination to 111 (6). It has been suggested that a depot 
form of I 1  might be useful in maintaining effective levels (8). 


0 
0 


NH 2 


0 
""'IWN 


I I I  
Scheme I 


-13 0 


" O C U N  


111 


Unlike 11, I is not phasphorylated nor deaminated (6,9,  10). 
A prodrug may extend the biological duration of the drug 
through slow prodrug absorption or rate-limiting conversion 
to the drug ( 1  I ) .  Ancitabine may act as a reservoir through 
hydrolytic production of I1 (8). 


In uiuo conversion of I is thought to be chemical rather than 
enzymatic hydrolysis (8, 12,13). The purpose of this study was 
to investigate the kinetics and mechanisms of prodrug hy- 
drolysis in aqueous solutions. Since I, like 11, is not orally active 
(6), it is important to define its stability for preparation and 
storage of parenteral formulations. 


EXPERIMENTAL SECTION 


Stability in Sodium Hydroxide and Hydrochloric Acid Solutions Using 
Thin-Layer Chromatography-Samples of 0.01 M ancitabine ( I ) '  in 0.1 M 
HCI and 0.05 M NaOH at 50'C were taken over a 4-d period, and 10-pL 
aliquots were spotted together with reference samples of I ,  112, H I 3 ,  and cy- 
clouridine4 on 20 X 20-cm TLC plates (0.25 mm silica gel GF)5. The plates 
were developed to 10 cm in water-saturated I-butanol-propanol (3:l), air 
dried, and examined at 254 nm. A time zero plate was also impregnated with 
12 vapor, and 0- and I-h plates were sprayed with sulfuric acid and heated. 
This procedure was also used periodically in the kinetic studies to identify the 
components in the reaction mixtures. 


Speetrophotometric Analysis of Ancitsbine and Cytarabine in Mixtures- 
Absorbance spectra from 220 to 330 nm were obtained for synthetic mixtures 
to determine which wavelengths could best be monitored for reaction time- 
course changes6. These showed an isosbestic point at 267 nm. 


Beer's law plots in 0.1 M HCI provided molar absorptivities ( 6 )  at 240 and 
290 nm of 7.25 X lo3 and 4.70 X lo2 for 1 and 1.38 X lo3 and I .05 X lo4 for 
I I .  Known concentrations in mixtures were successfully calculated using: 


lo5* [ I ]  = 13.914A240 - 1.828Azw 


lo5 * [ I I ]  = 9.604A2w - 0.623A240 


(Eq. 1 )  


(Eq. 2) 


which were derived from simultaneous equatipns for total absorbance, A,  at 
240 and 290 nm for mixtures of I and 11. 


Analysis of Three-Component Mixtures-Reverse-phase HPLC with 


I 1.2'-Anhydro-( I -8-D-arabinofuranosyl)-cytosine; Sigma Chemical Co.. St. Louis. 
u o .  


Cytiimbine: The Upjohn Co.. Kalamazoo, Mich. The chemical name is I-P-D-ara- 
hinofurpnorylcyrosinc, the I U P A C  name is arabinosylcytosinc. and the common name 
IS cytosine arebinoside (ara-C). 


Lr;iciI-8-D-arabinofuranoside: Sigma Chemical Co.. Sl. Louir. Mo. 
Ij-D-02.2'-cyclouridine; Terra-Marine Biorcscarch. La Jolla. Calif. 
Typc TLP 109: New England Nuclear, Boston. Mass. 
M d c l  250 spcctrophotornetcr with model 6051 recorder, model 2451X autoniatic 


ccll positioner. and model 6047 thcrmosensor; Gilford Instruments. Oberlin. Ohio. 
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Table I-Experimental Conditions for Kinetics of Ancitabine Hydrolysis 


Temp., 
OC Components" P b  PH nc 


19.5 
21.1 
21.2 
26.4 
31.4 
40.0 
50.0 
60.0 


70.0 


80.0 


NaOH 
NaOH 
NaODe 
NaOH 


NaKO?.  NaHCOl 


NaHCOl. Na;COi 
(CH20H)3CNH2,-(CH;OHj3CNH,+ 
+H3NCH2C02Na, H2NCH2COzNa 


CH jCOOH, CH 3COONa 
HCI 


NaH2P04, Na2HP04 
HCI 


NaH2PO;,Na2HP04 
HCI 


0.005-1 .O 
0.0003 -0.00075 
0.0003 
I .oo 
I .o 
1 .o 
0.5- 1.5 
I .o 
0.5- I .O 
1 .o 
I .o 
1 .o 
0.01 
0.002-0.02 
1 .o 
0.02 
I .o 
0.002- I .00 


10.3d 
10.3 - 1 0.7d 
10.3d 
10.7d 
8.6-9.9 
7.8- 10.0 
6.2-7.6 
5.2-7.4 
6.4 - 9.4 
8.1-8.4 
7.8-8.8 
8.5-9.1 
3.1 -3.9 
1.6-2.6 
6.4-7.5 


6.4-7.4 
1.5-2.7 


I .6 


7 
5 
3 
2 
7 
8 


24 
19 
29 


5 
5 
6 
2 
2 
5 
I 
6 
4 


All reactions aqueous unless otherwise specified. Adjusted with sodium chloride. Number of rate constants determined. Calculated values. Solvent was D20. 


254-nm fixed-wavelength detection' was used to assay I,  I I .  and 111 in mix- 
tures. The mobile phase was filtered and deaerated, double-distilled water 
containing 12% (v/v) methanol*, 0.01 M acetic acid, 0.01 M sodium acetate, 
and 0.005 M sodium heptanesulfonate as an ion-pairing agent, at 1 .O mL/min. 
The capacity factors of I ,  11, and I I I  were 4.4, 1.8, and 0.52, respectively. The 
peak height versus concentration plots were linear in the 1.0 X 10-5 to 
M range for all three compounds. Some analyses were carried out using the 
HPLC method of Tuncel et al. (14), with similar results. 


Kinetics in Buffers and in Dilute Hydrochloric Acid-Reaction solutions 
containing I were prepared at various pH values and temperatures (Table I ) .  
Those in the pH range of 5.2-10 were assayed as a function of time by diluting 
aliquots with an appropriate volume of 0.1 M HCI before employing the 
spectrophotometric analysis (Eqs. I and 2) or the HPLC assay (14). In the 
pH range of 5.2-6.2, mass balance was Confirmed by HPLC analysis of [ I ] ,  
[Il],and [ I l l ]  with time(l4). Forreactionsin thepH rangeof6.2-10,mass 
balance was confirmed by monitoring both the isosbestic point and the percent 
recovery of [ I ]  and [ 111 as a function of time. 


Reactions in the pH range of 1 S-4were assayed as a function of time by 
cooling aliquots and applying the HPLC assay reported herein. The sum of 
the molar concentrations of 1, I I ,  and I l l  did not equal the initial concentration 
of I ,  [lo]. Complete conversion of I to I I  was confirmed by fitting concentra- 
tion-time profiles of I I  to a biexponential equation using NONLlN ( IS) ,  
calculating the areas under these curves (AUC), and showing them to be equal 
to the expected values of [ lo ] /k ' .  where k' is the rate constant for loss of 
11. 


Kinetics of hydrolysis of I at 8OoC were compared with that of I I  i n  0.01 
and 0.001 M HCI and in 0.01 M HCI containing 1.0 M NaCI. Samples were 
assayed as a function of time using the HPLC assay described herein. The 
concentration of IV (Scheme 11) were determined as a function of time by 
subtracting the sum of the time-dependent concentrations from the initial 
concentrations of starting materia?. The rate constants kob,  k', and k, were 
determined by simultaneously fitting a series of differential equations de- 
scribing the concentration-time courses of I .  l l ,  111, and IV in Scheme l l .  


fk' I t 
4 IV' 


k x  
Scheme I I  


Both k o b  and k' were independent of pH and ionic strength in acid. The two 
pairs of values for k, provided fractional negative slopes for plots of log k ,  
ocrsus pH or [ f i / ( l  + h)]. Although data are limited, they may indicate 
that loss of IV  may not be a single irreversible process as shown in Scheme 
II. The value for k' (0.076 h-I) agrees with that previously reported under 
similar conditions (16). 


Kinetics in Dilute Sodium Hydroxide-Distilled-deionized water was re- 
fluxed, cooled under nitrogen, and used to prepare solutions containing I in 
the presence of sodium hydroxide and sodium chloride (Table I). These were 


' Model 332 Beckman gradient liquid chromatograph wi th  model I13 analytical dc- 
lector and Alrex ultras here octyl 5-pm column ( I  5 cm X 4.6 rnrn i d ): Beckman In- 
\irun,cnts. Irvtne. Cali! - 


Omnisolv methanol (glas distilled): MCB Reagents. Norwood. Ohio. 


maintained at constant temperature under a stream of nitrogen and assayed 
as  a function of time by acidifying aliquots with HCI, measuring absorbances, 
and applying Eqs. 1 and 2. The influence of ionic strength was quantitated 
by varying the sodium concentration at  19.5OC (Table 11). 


In Situ Spectrophotometric Analysis of Alkaline Reactions-Studies for 
estimating the kinetic isotope effect required the analysis of I and I I  in reac- 
tions carried out in the spectrophotometer using either aqueous sodium hy- 
droxide or sodium deuteroxide in deuterium oxide. Potentiomctric titrations 
of 0.057 M I in  0.05 M HCI with sodium hydroxide showed no evidence for 
a pK,. Spectrophotometric data were consistent with this observation. Spectra 
were superimposable below pH -8.4. At pH 10.4 and 11.2 absorbance 
changed with time. The c value at  230 nm, calculated from the intercepts of 
In ( A ,  - A,)  versus time, was the same as in  acidic solutions. 


This pH-independent spectrum for I was compared with that for I 1  i n  
carbonate-free I X M NaOH. The maximum absorbance diffcrcnces 
occurred at 258 and 280 nm. Molar absorptivities (t) at 258 and 280 nm were 
I .01 X lo4 and 4.69 X lo3 for I in double-distilled water and 6.78 X 10) and 
7.88 X lo3 for I 1  in carbonate-free I X M NaOH. Concentrationsof I 
and 11 were calculatcd from the following equations, derived from simulta- 
ncous equations for the total absorbances at 258 and 280 nm: 


lo4-  [I] = 1.651A258 - 1.420A2~0 


lo4. [ i l l  = 2.1 1 2 ~ ~ ~ ~  - 0 . 9 8 6 ~ ~ ~ ~  


(Eq. 3) 


(Eq. 4) 


The accuracy was assumed to be similar to the acid-quenched assay although 
its assessment using known mixtures under basic conditions was not possible 
due to the instability of I .  


Comparison of Ancitabine Kinetics in Sodium Hydroxide to Those in Sodium 
Deuteroxide--A closed system with nitrogen-flushed head space was used 
to limit uptake of atmospheric carbon dioxide and hydrogen--deuterium ex- 
change. Polytef-eappcd cuvcttes were filled with solutions containing either 
I .9 X M NaOH in carbon- 
ate-free. doublc-distilled water. Stock solutions of I were prepared free of 
carbon dioxide and maintained at ambient temperatures. Each reaction in 
deuterated solvent was duplicated by a corresponding aqueous reaction. An 
aliquot of the stock solution was quickly added to each cuvette, capped, mixed, 
and the time of mixing was marked on the recorder". The cuvettes were placed 
in the thermostated chambcr along with a blank. Absorbancesof each reaction 
mixture were automatically rccorded at 258 and 280 nm as a function of time 
using a 2-s dwell time for each cuvette, with automatic reference compensation 
before and after each reading6. Reactions were al lowd to proceed until  ab- 
sorbances were constant with time. The temperature in the cuvctte chamber 
was automatically recorded before and after each run. The concentrations 
of 1 and I 1  were calculated using Eqs. 3 and 4. 


M NaOD in  deutcrium oxide or 1.9X 


RESULTS 


Hydrolysis Products- Reactions monitored by TLC showed I to be stable 
over a 4-d period at 50°C in  water and i n  0.1 M tICI. whilc converting im- 
mediately to I I  in  0.05 M NaOH. At pH 2 I .5-6, HPLC analyses detected 
subsequent deamination of I I  to I I  I ,  in accordance with Schemc II. As the pH 
decreases in this range, the formation of I l l  becomcs dctectableduring the 
hydrolysis of I because k' passes through a maximum value at  pH 3, whereas 
kobr decreases to a minimum and is constant below pH 4. The AUC values 
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Table Il-Selected Experimental Conditions and Rate Constantso 


Tcmp.. Buffer k o h .  
OC PH Concentrations, M h-I 


0.0 


1.0 


-2.0 
5.0 


60.0 


xo.0 


31.4 


80.0 


70.0 
60.0 


19.5 - 


- 


- 


- 


- 
- a 


a 
a - a  


- 


I I I I 


6.0 7 .O 


7.37 
7.25 
7.15 
7.27 
7.17 
7.06 
7.01 
6.98 
6.94 
6.86 
6.80 
6.45 
6.40 
6.33 
6.29 
5.25 
5.22 
5.23 
5.23 
6.42 
7.38 
7.08 
6.56 
6.63 
6.42 


9.82 
9.94 
9.61 
9.49 
9.18 
839  
8.69 


I .63 
2.68 
1.60 
1.52 
I .60 
I .58 
2.60 


10.44h 
10.43 
10.38 
10.35 
10.32 
10.26 
10.22 


NaHZP04 
0.018 
0.0 I0 
0.005 
0.060 
0.040 
0.025 
0.010 
0.070 
0.050 
0.030 
0.015 
0.250 
0. I25 
0.050 
0.025 
0.500 
0.250 
0.100 
0.050 
0.200 
0.020 
0.30 
0.100 
0.050 
0.060 
NaHCO, 
0.060 
0.80 
0.100 
0.130 
0.280 
0.200 
0.450 


HCI - 
0.020 
0.002 
0.020 
0.020 
0.020 
0.020 
0.002 
NaOH 


0.000 I95 


NazHPOq 
0. I80 
0.100 
0.050 


0.200 
0. I25 
0.050 
0.210 
0.150 
0.090 
0.045 
0.250 
0. I25 
0.50 
0.025 
0.050 
0.025 
0.0 I0 
0.005 
0.200 
0.200 
0. I50 
0. I50 
0. I00 


NazCOI 
0.100 
0.160 
0.100 
0.100 
0.100 
0.040 
0.050 


L! 
0.02 
0.002 
0.100 
1.000 
0.02 
0.02 
0.002 


0.300 


0.080 


0.005 
0.0 I0 
0.050 
0.100 
0.200 
0.500 
1.000 


I .09 
0.8 I6 
0.640 
0.966 
0.750 
0.6 I 2  
0.408 
0.540 
0.442 
0.363 
0.294 
0.274 
0.168 
0. I22 
0.0935 
0.0354 
0.0232 
0.0182 
0.01 52 
2.57 


7.86 
2.86 
3.02 
I .92 


13.9 


4.94 
6.27 
3.07 
2.33 
1.20 
0.66 I 
0.446 


0.0386 
0.0382 
0.0364 
0.034 I 
0.0181 
0.00680 
0.00664 


koti .  
1 @( M-'h-l) 


2.12 
2.02 
I .68 
1.51 
1.16 
I .04 
0.568 


~ ~~ ~ 


0 Thc cxprimcntal conditions and results presented here are a representative sample 
ol' .L iiiuch larger body of kinctic data. All buffer studies were adjusted t o p  = I .O using 
h.i('l. C;ilcul;ited VBIUCS. 


of the concentration time profiles for II showed that I was quantitatively 
converted to 11. The appearance of an additional, nonchromophoric inter- 
mediate in the chemical damination of I1 to I l l ,  demonstrated previously (16). 
was confirmed. 


Hydrolysis in Acid-In the presence of dilute hydrochloric acid, first-order 
rate constants ksaH20r obtained from linear plots based on: 


In [ I ]  = In [lo] - k,at120i (Eq. 5 )  
were found to bc temperature dependent but indepcndent of pH and ionic 
strength (Fig. 1,Tablc 11). 


Hydrolysis in Alkali--In the presence of dilute sodium hydroxide (or 
deuteroxide), the second-order rate copstqnts, kotj .  were obtained from the 
slopes of linear plots based on: 


1 3 5 7 9 1 1  


PH 
Figure 1 -The pH -rate projile for quantitutiue confiersion of I IO I I .  Data 
points (ka )  represent kobr volues corrected for  hujJer catalysis. c'urws w e  
c~alctiluted (Eq. 29) at SO"C(A). 70"C(B). 60"C'(C), SO"C(D/. 40"c'(E). and 
3 / . 4 " C ( F ) ,  jl = I.0. 


where [OH] is the concentration of either hydroxide or deuteroxide as de- 
termined from [OH] = [OH01 - [ I l l .  


Kinetics in Buffers-In the presence of excess buffer, first-order rate con- 
stants ( k o b )  were obtained from linear plots based on In [ I ]  = In [lo] - k&(. 
Buffer participation was recognized in plots of log k o b  versus pH, which 
showed that hydroxide and solvent attack were not sufficient todescribe the 
observed rate constants under all conditions (Fig. 2). General base-catalyzed 
water attack was hypothesized leading 10 the overall expression ( I  7): 


(Eq. 7) 


where k;" is the rate constant for hydroxide attack at zero ionic strength, YOH 
is the activity coefficient for hydroxide, y~ is the activity coefficicnt for 1, yt 
is activity coefficient for the hydroxide-attack transition state. [B,] is the 
concentration of the ith general base, YB, is the activity coefficient for the ith 
base, Yt l  is the activity coefficient for the transition state for B, attack,  kip^^^ 


PH 
Figure 2 -Log k,,h.< versus pH Jor quanriiuiioe conwrsion of I t o  II inphos- 
phart. hirjfrrs ut 6O0C. = 1.0. w h m  the ratios o / lNaHzP04 / / lNazHPO~]  
tiri'.' 0 .1  (0). 0.2 (0). 0.33 (A). 1.0 (A), and 10 (a) (see Tuhle 111. The re- 
,tye.v.rion lint.. based on the 0.1 ruiio hiiJfers (0). ha.$ a slope of one. 
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Table Ill-Biomolecular Rate Constants (I/M.h) as a Function of Temperature 


Temp., 
"C 


lo-%&, 
10-5k$H Phosphate Borate Carbonate 


80.0 
70.0 
60.0 
50.0 
40.0 
31.4 


26.4 
21.2 
19.0 


43.1 
18.5 
7.59 
4.47 
1.66 
0.719 


0.53 I 
0.303 
0.220 


5.67 
1.35 
0.444 
0.1 15 
- 
- 


Temp.. OC 
80 
70 
60 


- 


88.3 
- 


I .62 
Glycine 
- 
- 


14.3 


102k, 
3.84 
1.81 
0.672 


equals k:,, the bimolecular rate constant for catalysis by the ith base at zero 
ionic strength, and k ,  is the bimolecular rate constant for solvent attack. 


Reaction kinetics were studied in solutions of Tris, borate, carbonate, ac- 
etate. glycine, and phosphate buffers. Tris, acetate, and borate buffers con- 
tained only one .Bronsted base species. Although carbonate, glycine, and 
phosphate buffer contained two general bases, their acids differed by a min- 
imum of four orders of magnitude in KO values. According to the Bronsted 
relationship, the efficiency of a geneial base catalyst increases with the in- 
creasing pK, of its conjugate acid ( I  8). Therefore, the contribution of the more 
acid base species to kobs was not detectable. The contribution of kaaH20 was 
also insignificant except in  buffer solutions of pH 65.3. Above this, the ob- 
served rate constants in buffers can be described by hydroxide attack plus 
catalysis by one general basc component, B, so that Eq. 7 can be rewritten: 


kobr = (khaoHYI/Yt) + ( k ! ~ a ~ , o [ B ] y e y ~ / y ~ )  (Eq. 8) 


where UOH = YOHIOH-] and k e ' a ~ , ~  = kcalO. After taking ionic atmosphere 
effects into account (sec discussion below), observed first-order rate constants 
were adequately described by this equation. The pH-rate profiles. constructed 
by subtracting the general base contributions, were linear at pH > 6 with 
slopes approaching unity, which is the theoretical value when a reaction is 
first-order in  hydroxide (Fig. I ) .  


Ionic Atmosphere Effects-In dilute hydroxide and buffered solutions, the 
activity coefficients of the reactants and transition states appear in the rate 
law for hydrolysis of 1. The influence of ionic atmosphere effects on activity 
coefficients is greater for reactions between ions than for reactions between 
polar molecules or ions and dipoles (19). Under all conditions studied, I was 
a cation while hydroxide ion and the general bases (except Tris) were an- 
ions. 


According to absolute reaction-rate theory. the rate constant is proportional 
10 the concentration equilibrium constant (kc t )  betweeh the activated complex 
and the reactants (20). This concentration equilibium constant is affected by 
the ionic environment and is related to a thermodynamic equilibrium constant 
( K O + )  by the ratioofthe transilionstateactivitycoefficient to theproduct of 
the activity coefficients for the reactants (20). For a bimolecular reaction such 
as the reaction between hydroxide and I:  


kOH = (k:HYOHYI)Y+ (Eq. 9) 


where k$" is the second-order rate constant expressed in terms of the ther- 
modynamic equilibrium constant K!. Carstensen (21) has shown that Eq. 10 
adequately describes the logarithm of an activity coefficient based on the ki- 
netic salt effects as reported for the degradation of a number of drugs over 
a wide range of ionic strengths: 


(Eq. 10) 


where y I  is the activity coefficient of the ith ion, Z, is its charge, p is the ionic 
strength, and A is a function of the temperature and dielectric constant of the 
solution. According to theory the charge on the transition state is the sum of 
the charges on the reactants (20). Substitution of Eq. 10 into the logarithmic 
form of EQ. 9 yields E . 11. which predicts a linear relationship between log 
kotf and G/( I t 2) with a slope of -2A: 


(Eq. 1 I) 


This relationship was observed for hydroxide attack on I .  Kinetic analyses 
are more complex in buffers, wherein both primary and secondary salt effects 
can depend not only on ionic strength but also on specific ionic interactions 
(22). Activity coefficients of buffer ions can be influenced by the concentration 
of ions of opposite charge, which often are added as neutral salts to maintain 
constant ionic strength. This is reflected in the final term of the Guggenheim 
equation: 


where &, represents the interaction Coefficients between ion i and all other 
j ions of opposite charge (20, 22). The activity coefficients in the Hender- 
son- Hasselbach equation: 


PH = P& + log [Bl/[HBl+ log (YB/YHB) (b. 13) 


can be described by Eq. I2 to give: 


(Eq. 14) 
where HB designates the buffer conjugatc acid, AD = PB, - BHB,, and the 
summation involves the concentration (C,) of all the ions of charge opposite 
to that of buffer ions. 


Equation I4 shows that the pli can change as a function of the concentration 
of ions of charge opposite to that of the buffer ions (XjABC,) at constant p 
and buffer concentration ratio ([B]/[HB]). For example, the decreasing pH 
at each constant ([HPO.&]/[HzP04-]) ratioobservcd in Table I I  is due to 
increasing sodium ion concentration. I n  the extreme case, hydroxide activity 
was observed to decrease from 1.79 X which will have 
a pronounced effect when hydroxide attack is significant. Therefore, the rate 
constants for hydrolysis of I in buffers with high concentrations of added 
neutral salts are not adequately described in terms of concentration. 


The following method was developed to solve for the contributions of hy- 
droxide attack and gcneral-base catalysis to the observed first-order rate 
constants in buffers. Equation 8 was employed to calculate ko~O and k,,,' 
using approximations for yt, y(, and yl in the following manner. According 
to theory the charge on the transition state is the sum of the charges on the 
species involved in its formation, Z +  = ZA + ZB t * - - ZN (20). Therefore, 
the transition state formed from the hydroxide anion and the 1 cation was 
assumed neutral, and its activity coefficient was taken as unity, i.e. y+ z I. 


to 0.98 X 


8.01 


1 1 


2.80 3.00 3.20 3.40 
10' (1/T) 


Figure 3- - Arrhenius plotsjor rate constants at infinite dilution where k ' is 
k%j (A), k:o, for carbonate (B). borate (C),  und dibasic phosphate (D) .  and 
k, ( E ) .  
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Intermediate 


I 


'I'able IV-Energetics of I Hydrolysis 


Scheme I11 


Katc AH? 
Constant E a .  (kcal mol de ) AS', 
M-Ih-1 kcal/mol.deg M - k - I  (1 & e.u.C 


k8l l  17.2 1 1.74X lo'' 16.6 - 18.0 
L 
Phosphate 29.84 1.45 X lozo 29.2 29.2 23.6 
Carbonate 28.26 2.96 X lo2' 27.2 26.9 28.2 
Borate 26.00 1.51 X loi9 25.4 26.7 17.7 


!I. 20.1 I 2.02 x 109 19.4 - - 10.6 


1' Values were calculated at each temperature studied using Eq. 21; the mean values 
;ire t;ibulated bValucc were calculated at each temperature studied using Eq. 22 where 
A l l i s  and AH;, were calculated from literature equations (24). The mean values arc 
t;ibul;wd. W d l u e s  were calculalcd at each temperature studied using literature equations 
( 2 5 ) :  the mean values are tabulated. 


General base-assisted Nater attack on I would produce the same net charge 
as protonation of the base to form its conjugatc acid, Z+' = ZHB. On this basis, 
it was assumed that the activity coefficients of these transition states and their 
corresponding buffer conjugate acids were sufficiently similar to use the ap- 
proximation y+' 2 Y H B .  Substitution into Eq. 8 yields: 


kobs = (k8HaoHYt) -k (k%HzdBl'YBY!/YHB) (Eq. 15) 


Substituting ( K , [ B ] ~ B ~ K , ( H B ] ~ H B )  for aOH and dividing the equation by 
( I B1 Y B/YH B) provides: 


The buffer activity cocfficient ratio, YB/YtlB, was calculated from pll mea- 
aurcments, known buffer concentrations, and literature values for K, 
using: 


(Y B/YHB) = KO IH BI/[Bl 10-pH (Eq. 17) 
which is a rearrangement of the antilogarithmic form of Eq. 13. 


Plotsof k,b,/([B]yB/yl+B) wrsus I/[HBj were linear ( r2  3 0.994) with  
intercepts of keOylalj,oand slopes which allowed the calculation of koHoyl 
after substituting for K, and KO. Borate buffers gave the poorest reproduc- 
ibility ( r2  = 0.985). which was probably due to borate polymerization (23) 
making the true Band HB concentrations unknown. 


While Eq. 16 corrects for secondary ionic atmosphere effccts, 71 (a mul- 
tiplier of both the slope and intercept) is subject to primary salt effects, which 
are influenced by both ionic strength and specific ionic interactions. The im- 
portance of specific ionic interactions appear minor judging from the large 
r 2  values for each series of buffers at constant ionic strength but  varying ion 
concentrations. To determine the effect of ionic strength on yj. a series of 22 
reactions were studied in phosphate buffers at 5OoC and p = 0.05,0.20,0.50, 
and I .OO. All reactions were described by a single linear plot ( r2  = 0.995) based 
on: 


sincc y~ values were estimated by Eq. 10. 


Temperature Dependence-From values of k g ~ y 1  and k&,yr obtained in 
buffers at  various temperatures (Eq. 16) and the estimates for 71 (Eq. 10). 
k i H  and k:, were calculated at each temperature. Additional k i H  values were 
c;ilculated from dilute hydroxide reactions using Eq. I I .  Where k o b  (i.e,,  
k,all,o) values were independent of pH and ionic strength in  hydrochloric 
acid, k, values were calculated from k,h/ati,o (Table 111). The Arrhenius 
relationship: 


Ink = In 6 - E , / R T  (Eq. 19) 


was used to determine the temperature dependence of k t ~ ,  k:, and k:,, where 
E ,  is the activation energy. /? is the preexponential constant, R is the molar 
gas constant, and T is the absolute temperature (Fig. 3). The activation 
energies arc given in Table IV. 


General Base Catalysis-At 6OoC and p = I .O, a series of buffers were 
studied and a Bronsted linear-free energy correlation was demonstrated 
using: 


6.0 


4.0 


-4.c 


-1 


(Eq. 20) 


Figure 4- B r h t e d  plot relating the rate comtants at 60"Cfor general-base, 
speci/r-base. and solvent attack at infinite dilution to the dissociation con- 
. m n i s  oftheir conjugate acids (24). Data points represent phosphate (a), Tris 
[h). &cine (c), borate (d). carbonate (e). k$,, m, and k, (g). Bufler values with 
.whsi,ript I ( A )  represent k:=,. whereas those with subscript 2 (B) are the 
corresponding [k:0,155.5) values. The slopes are 0.90 (r2 = 0.95)for line A 
cind0.97 (r2 = 0.98) for B. 
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I Intermediate 
Scheme IV 


where k is the bimolecular rate constant (kkl, k,, or k$H), GB is a constant, 
0 is the Rronsted coefficient, p is the number of equivalent protons which can 
bc transfcrred from the conjugate acid, and q is the number of sites on the 
gcncral base which can accept a proton (25). The catalytic constants for 
gcncral base attack, k$= k!oHlo, were calculated from plots based on Eq. 
I6 and comprise correlation line A in Fig. 4. As is often observed ( I  8.26). k& 
shows negative deviation from the plot and k, does not fall on the line. Line 
B is composed of the k t H  value and those for kL,/55.5. The agreement between 
thc factor 55.5 and the molarity of pure water may be significant or fortuitous. 
However. this relationship (line B) will be employed to develop a predictive 
cquation for kobs. 


Isotope Effect in the Hydroxide Attack of I-Studies conducted simulta- 
neously in sodium hydroxide and sodium deuteroxide solutions yielded ratios 
of k&,/k& which varied from 0.8 to 1.4. Thus, no significant isotope effect 
was observed. 


DISCUSSION 


Mechanism of Hydroxide Attack Nucleophilic Addition-Scheme I II i l-  
lustrntcs nucleophilic attack of hydroxide anion at the C-2 position of l ,  with 
rate-dctcrmining formation of a C-0 bond and simultaneous loss of the 
positive charge to form the tetrahedral intermediate. Subsequent loss of this 
intcrmcdiate could take place as depicted or with general-base assisted transfer 
of I hc C-2 hydroxyl proton. Rate-determining formation of the intermediate 
is consistent with the absence of a significant deuterium isotope effect. Si- 
mult;incous loss of the positive charge is supported by a negative ionic strength 
cl'rcct and a positive entropy of activation (Table IV). which is common for 
reticlions i n  which charge isdestroyed in polar media (25). 


Mechanism of Buffer Attack: General-Base Assisted Solvent Attack- 
According toSchemc IV. protonation of the general base, ionization of a water, 
;ind formation of the tetrahedral intermediate occur during or prior to the 
ratc-dctcrmining step. This is consistent with the observed linear free energy 
corrclation. which includes both hydroxide and general-base assisted solvent 
attack together with a Bransted coefficient of unity (Fig. 4). The Bronsted 
corrclation implies that proton transfer is involved at the rate-determining 
stcp. and the coefficient value of unity implies that proton abstraction is nearly 
coniplctc in  the transition state ( I  8.26). 


Confirmatory evidence for Scheme I V  can beobtained from the activation 
cncrgics for the rate constants (k$H and k;,). The enthalpies of activation 
con be calculated using (26): 


AHt = E, - R T  (Eq. 21) 


Thc cnthalpy of activation for general base-assisted solvent attack (AHB'), 
wiis calculated in two ways. In addition to employing the activation energy 
in Eq. 21. AHB' was approximated by: 


AHe' = AHOH' + A H i 2 o  - A H t e  (Eq. 22) 


b;i\cd on Scheme IV where AHOH* is enthalpy for the formation of the C - 0  
bond calculated from the activation energy of hydroxide attack and Eq. 21, 
A/fpl,o is the cnthalpy for ionization of water, and A H t B  is the enthalpy for 
ionisation of the conjugate acid (therefore, it is equal to the negative enthalpy 
of gcncral base-protonation process). There is excellent agreement between 
thc vducs of AHB' computed under the assumptions of Scheme I V  and those 
viilucs calculated directly from the experimentally observed activation energies 
(Tablc I V ) .  


r 


Mechanism of Solvent Attack-Scheme V depicts a mechanism for sol- 
volysis involving intramolecular general base participation by removal of a 
proton during nucleophilic attack at C-2. Although there is no direct kinetic 
hupport for this anchimeric mechanism, it is consistent with the fact that 
solvent attack becomes prominent below the reported pK, (4.2) of II (16) (see 
Fig. 1 ). Assuming the ability of the tetrahedral intermcdiate to accept a proton 
ill N-3 is approximately the same as that of II. Eq. 20 with pK, = 4.2 was used 
to calculate k!,,. The ratio of ksoH20/kLl, which represents the "effective 
concentration" of intramolecular catalyst in the vicinity of I .  was calculated 
to be 3 M. Thisvaluesuggests that the intramolecular rate enhancement can 
bc accounted for by local concentration effects (27). 


Stability Prediction for Ancitabine Conversion-The rate constant for 
conversion of I to I I  was shown to be the sum of the rate constants for water 
attack (Eq. 5 ) .  hydroxide attack, and gcncral base-catalysed water attack (Fq. 
8 )  and therefore can be defined: 


I t  was observed that using kk,/55.5 values resulted in  a common Bronsted 
plot which included the kbH value. The agreement between 55.5 and the 
molecularity of pure water may be coincidental, but the observation was used 
to derive a predictive equation for /Cobs. Since @ = I (line B, Fig. 4) the an- 
tilogarithmic form of Eq. 20 may be written: 


kgH = GB/K', (Eq. 24) 


where p = q = 1 and K', = K,/uH,o and: 


k~ , /55 .5  = GeplK, (Eq. 25) 


Therefore, kk l  can be described in terms of k o H o  as: 


k k l  = 55.5ktHK',p/K, (Eq. 26) 


Arrhenius parameters were determined for k& and k, (Fig. 3, Table IV)  
from: 


k$H = A exp (-Ea/KT) (Eq. 27) 


k,=A'-exp(-E,'/RT) (Eq. 28) 


Substitution for 71 (b. 10). Ye/YHB (Eq. 17). kLl (h. 26), k,(Eq. 28). and 
OOH = K,lOpH into h. 23 yields: 


(Eq. 29) 


where OOH is calculated from measured pH and K, at tcmperaturc T. This 
describes the first-order rate constant for loss of I. k,,lc in h-I, as a function 
of pH. ionic strength, and temperature where X = p . [ HB]/ I M reflects the 
conccntration [HB] and type (p) of the conjugate acid. Figure 5 demonstrates 
the agreement between rate constants calculated by Eq. 29 (kale) and those 
observed in  this study (kob). 


Substitution for the constants provides the following: 


kc;,ic (h- ')  = ( I  + X11.74 X IO"OOH 


.cxp (;I+"," --- 8662) + 1.12 X 10" -exp(-lO,I21/T) (Eq. 30) 
T 


Journal of Pharmceutical Sciences I 901 
Vol. 73, No. 7, July 1984 







2 -  


1 -  
h 


U - 
8 


6 0 -  


-I 


- 1  - 
8 


- 2  - 


- 
-3 -2 -1 0 1 2 


Figure 5-Correlation between firsi-order rate constants for conversion of 
I culrulared using Eq. 29 (krolcJ and observed (kubs) in I25 reactions in the 
pH ronp 1.5-10.7. the temperature range 19.5-80°C; the ionic strength range 
I X to 1.5; and in various concentrations of phosphate, borate. glycine. 
Tris, carbonare, and ucetate buffers, hydrochloric acid, and sodium hydroxide 
.solrction. 7’hese rate constants were plotted versus the calculated rate using 
R log-log scale to facilitate visualira/ion of the entire range of values. The 
slopr ofthe log-log plot is 1.060 ( r2  = 0.992). 


which requires only the measured pH (for aoH). temperature, concentration 
I H Bj, and type (p) of conjugate acid to solve for kale. 
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Abstract 0 The effect of trypsin and neuraminidase treatments on con- 
canavalin A-induced agglutination of viable hepatocytes from normal and 
diabetic rats are reported. Trypsin ( I  .O pg/mL) treatment resulted in an in- 
creased rate of hepatocyte agglutination in both normal and diabetic cells in 
the presence of 100 pg/mL of concanavalin A. However, neuraminidase 
treatment resulted in a decrease in the rate of cytoagglutination in the normal 
cells and an increase in the rate in the diabetic counterpart. The results suggest 
that trypsin may have caused the removal of a surface protein and/or split 
a peptide bond on the agglutinin receptors resulting in identical receptor ex- 
posure and clustering in normal and diabetic cells. The neuraminidase data 
suggest that the arrangements of the neuraminic acid moieties on the receptors 
in normal cell membranes were different from those in the diabetic cells, 
eliminating the possible effect of changes in the surface charge density. In 
conclusion, normal cells carry numerous clustered (possibly some in the 
“cryptic” state) agglutinin receptors in  the cell membrane as compared with 
cells from diabetic rats. 


Keyphrases 0 Agglutination-kinetics of enzymatically treated normal and 
diabetic rat hepatocytes, trypsin, neuraminidase 0 Trypsin-agglutination 
kinetics of enzymatically treated normal and diabetic rat hepatocytes, neu- 
raminidase 0 Kinetics-agglutination of enzymatically treated normal and 
diabetic rat hepatocytes, trypsin, neuraminidase 0 Neuraminidase-agglu- 
tination kinetics of enzymatically treated normal and diabetic rat hepatocytes, 
trypsin 


The cell surface is considered to be an attractive target for 
the binding of proteins like lectins. The carbohydrate-binding 
specificity of the lectin concanavalin A has been useful in the 
detection, characterization, and study of membrane alterations 
and cytodifferentiations in cell surface membranes (1 - 5 ) .  
Studies on the pretreatment of normal and transformed cells 
with proteolytic enzymes, neuraminidase, P-galactosidase, 
phospholipases, and other enzymes prior to agglutination have 
elucidated the mode and extent of cell membrane transfor- 
mations (6-9). 


Recently, it was reported (10) that rat hepatocytes dispersed 
by collagenase perfusion were highly agglutinable by con- 
canavalin A. Furthermore, agglutination was twice as fast in 
normal cells as compared with cells obtained from streptozo- 
cin-treated diabetic rats. This manuscript reports cytoagglu- 
tination studies with concanavalin A after pretreating the 
normal and diabetic hepatocytes with trypsin and neuramin- 
idase. 


EXPERIMENTAL 
Preparation of Rat Hepatocytes-Dispersed liver parenchymal cells were 


isolated and tested for viability by the procedure of Bikhazi et al. (10. I I ) .  
The trypan blue exclusion test for cellular viability was routinely performed 
before and after the experiments, and preparations showing 29O?h viable cells 
were used. 


The metabolic state of the hcpatocytes during the incubation period was 
examined by following the respiration rate of cell suspensions in several sep- 
arate experiments. Oxygen tension was recorded continuously with the aid 
of a biological oxygen monitor. Rates were determined from the slopes of the 
oxygen tension curves and were calculated in terms of microliters of 0 2  per 
milligram of cell protein. Protein was determined by the biuret reaction, with 
bovine serum albumin as a standard, using centrifuged cell pellets dissolved 
in 1 M NaOH to minimize possible interference from medium compo- 
nents. 


Preparation of Diabetic Rats-Rats were rendered diabetic by injection 
with 65 mg/kg iv of streptozocinl. The procedure and blood glucose level tests 
were reported previously by Bikhazi ef  al. (10, 1 I ) .  


Agglutination of Hepatocytes from Normal and Diabetic Rats-For the 
control experiments -9 X 106 hepatocytes were suspended in 225 mL of Ca2+- 
and Mg2+-free phophate-buffered saline (pH 7.4). Cell counts were recorded 
kinetically by an automated counter2 at 0, 5, 10. 20. and 30 min (10, 1 I ) .  


Treatment with Concanavalin A-Two milliliters of Ca2+- and Mg2+-free 
phosphate solution containing concanavalin A was added to 225 mL of buffer 
to obtain a IOO-pg/mL solution of the lectin. The hepatocytes were then 
dispersed in this solution, and cell counts were obtained as described 
above. 


Treatment with Trypsin andlor Neuraminidase-The experiments in- 
cluded treatment of normal or diabetic cells with trypsin or neuraminidase 
and measuring agglutination in the absence of the lectin. The cells were dis- 
persed in Ca2+- and Mg*+-free buffer solutions containing 0.22,0.74, or 1.0 
Mg/mL of trypsin’. Treatment was allowed to proceed for 5 min, then cell 
counts were recorded at 0, 5, 10, 20, and 30 min. For ne~raminidase~ (88 
ng/mL), the hepatocytes were treated with the enzyme for 15 min before cell 
counts were recorded. In another experiment, concanavalin A (100 pg/mL 
in the suspension) was added after the above treatments to induce aggluti- 
nation. 


Treatment with Neuraminidase, Trypsin, and Concanavalin A-After 
treating the hepatocytes for 15 min with 88 ng/mL of neuraminidase, trypsin 
( 1  .O pg/mL) was added and the suspension was allowed to mix for 5 min. 
Concanavalin A was then added and the cytoagglutination was recorded as 
above. 


Treatment with Trypsin, Trypsin Inhibitor, Neuraminidase. and Con- 
canavalin A-Trypsin ( I  .O pg/mL) was added to the cell suspension after 
cell counts were recorded. After 5 min, trypsin inhibitor (1.3 pg/mL) was 
added to quench the trypsin activity. Neuraminidase (88 ng/mL) was then 
added, the suspension was stirred for I5 min, and a second cell count recording 
was obtained. Afterward, concanavalin A (100 pg/mL) was added, and cell 
counts were recorded at 5 ,  10, and 20 min. 


Data Analysis-The physical model on irreversible agglutination (10, 12) 
was used in the data analysis and interpretation. The general second-order 
rate relationship derived by Higuchi et al. (13) and further supported by Bi- 
khazi et al. (10, 12) was used to describe the agglutination rate. The following 
equations were used: 


where: 


and H s  is the number of hepatocyte singlets at any time I ,  Hg is the number 
of singlets at t = 0, y is the sticking probability constant (which measures the 
stickiness of the cells), KO is the Boltzmann constant. rs  is the hepatocyte 
radius, T is the temperature in degrees Kelvin, and 9 is the viscosity of the 
medium (1  0, 12). 


RESULTS 


Average Number, Mean Diameter, and Viability of Rat Hepatocytes-The 
average number of isolated cells per liver was -I .2 X lo* hepatocytes. The 
mean hepatocyte diameter was taken as 20 pm (lo), and cellular viability was 
routinely tested using the trypan blue exclusion test. The rate of oxygen pro- 
duction was estimated to be 1 .O pL/mg dry weight/h, which is within the 
normal range for mammalian cells (1 1 ) .  The protein content of hepatocytes 
was -16% of the wet weight, near the value reported for whole liver (1 I ) .  


’ U-9889, lot number 60,273-9; courtesy of The Upjohn Co., Kalamazoo, Mich. 
Coulter Counter model A; Coulter Electronics. Hialeah, Fla. 
Sigma Chemical Co.. St. Louis, Mo. 
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THRESHOLD 
Figure 1-Representative cumulative size distribution curves for normal [A) and diabetic (B)  rat hepatocytes with respect to time in the presence of I pglmL 
of trypsin and 100 NglmL of concanavalin A. Key: (0 )  0 min. trwsin-treated cells without concanacalin A: (0) 0 min. concanavalin A added after trypsin 
treatment; (r) 5 min; ( 0 )  10 min: (.I 20 min. 


Second-Order Rate Plots for Agglutination-The value of Hs (Eq. 1 )  was 
estimated from the cumulative size distribution curves as exemplified in Fig. 
1,  The cell counts (Hs) at threshold 30 (volume 4.2 X lo1 gm]) and at  0,5. 
10, and 20 min were used to draw the linear curves of I / H s  versus time ( I ) .  
All data were treated similarly to Fig. 2, which represents the least-squares 
line fitted to the experimental data. The slopes of the least-squares lines were 
estimated, and y values (Eq. 2) were calculated (10. 12) (Table I). 


Hepatocyte Agglutination-Bikhazi et al. (10) observed that the aggluti- 


Table I-Sticking Probability Constants for Hepatocyte 
Agglutination with Concanavalin A after Various Treatments 


Sticking Probability Constantsb, 
y x 10' cm-'/hepatocyte 


TreatmentD Normal Cells Diabetic Cells 


Concanavalin A 8.78 f 0.92 (A)  3.23 f 0.46 (G)  
Trypsin 3.23 f 0.02 (B) 4.16 f 0.92 (H) 
Neuraminidase 0 0 
Trypsin plus 36.05 f 3.23 (C) 34.20 f 4.16 (I) 


Neuraminidase plus 4.53 f 0.69 (D) 8.78 f 0.92 (J) 


Trypsin plus 13.86 i 3.70 (E) 9.70 f 1.84 (K) 


concanavalin A 


concanavalin A 


trypsin inhibitor plus 
concanavalin A 


Trypsin plus trypsin 
inhibitor plus neuraminidase 
plus concanavalin A 


7.85 f 1.85 (F) ' 13.86 f 0.46 (L) 


Concentrations: concnnavalin A, 100 /mL; trypsin. 1.0 pg/mL; neuraminidase, 


theses are CO&E for statistical anal sis. Si nificant differences: p < 0.001 (A 0. 
(J,L); 0.01 < p < 0.02 (F,L), (H,K); 0.02 < p < 0.05 (A.E), (E,K); O.OS,<.p < 0.1 
(B.H); 0.1 < p < 0.2 (A,D), (D,J). No other combinations showed statistical dif- 
ferences. 


88 nglmL; try sin inhibitor, 1.3 pg/mL. 9 Mean f S E M ;  n = 6. Letters in paren- 


(A,c), (B,c). (B,E), (c,E), (CJ. (c,f;), ( ~ 5 ,  (K,L), (G,J); 0.001 < p < 0.01 (E:F). 


nation rate of normal cells was double that of diabetic cells in  the presence 
of 100 pg/mL of the lectin. Hepatocytes were not agglutinable after trypsin 
treatment. Figure I represents typical time-dependent cumulative size dis- 
tribution plots of normal and diabetic cells after treatment with trypsin fol- 
lowed by concanavalin A. The effect of trypsin treatment was obvious when 
compared with the non-trypsin-treated cells (Table I). 


Curves similar to those of Fig. 1 were observed after treatment with trypsin 
and trypsin inhibitor followed by concanavalin A, except that the rate of ag- 
glutination was less than when the inhibitor was absent. These findings suggest 
that trypsin has no proteolytic action on concanavalin A. 


&"[ X 


L 12 


. - 
0 4: 0 6 10 16 20 26 


MINUTES 


Figure 2-Representative second-order plot of diabetic rat hepatocyte ag- 
glutination. Ilhepatocyte count versus time. Straight lines are least-squares 
f i t  to the experimental data in the presence of 88 ng/rnL of neuraminidase 
and 100 gglmL of concanavalin A. Key: (0) 100 pg/mL of concanavalin A: 
(0) 88 nglmL of neuraminidase plus 100 gglmL ofconcanaoalin A. 
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N o  agglutination was seen after neuraminidase treatment. Table I shows 
that there was no effect of neuraminidase treatment on concanavalin A-in- 
d u d  agglutination in normal cells, but a drastic increase in cytoagglutination 
was observed in diabetic cells. 


Neuraminidase treatment after trypsin treatment caused a marked decrease 
of y in normal cells, while the reverse was true for diabetic cells (Table I ) .  
After treatment with both enzymes, the agglutination rate of normal cells 
remained the same as those of the untreated cells. However, diabetic hepa- 
tocytes showed an increase in the agglutination rate after trypsin treatment 
followed by the neuraminidase effect. This was also observed for the neu- 
raminidase uersus the trypsin-neuraminidase results. 


DISCUSSION 


A number of postulations have been reported in the literature on the effect 
of proteolytic enzymes on normal and transformed cell agglutination induced 
by lectins. These include the exposure of cryptic receptors (14, 15). clustering 
of receptors (16-1 8), and changes in surface morphology characterized by 
a reduction (19) or increase in surface microvilli (20,21). 


In the absence of trypsin inhibitor, the proteolytic effect of trypsin continued 
throughout the course of the experiments, suggesting that the 5-min enzymatic 
treatment was not sufficient for complete receptor exposure and/or rear- 
rangement. The agglutination rates of both cell types with concanavalin A 
after trypsin treatment (with and without inhibitor) were almost the same. 
Therefore, the proteolytic action of trypsin may have caused the removal of 
a surface protein and/or split a peptide bond on the agglutinin receptors, which 
could result in identical exposure and clustering (rearrangements) of the re- 
ceptors in normal and diabetic cells. 


Neuraminidase is an enzyme which normally hydrolyzes peripheral n- 
acetylneuraminic (sialic) acids. After hydrolysis, the removal of the surface 
sialic acid could cause a reduction in the net negative surface charge of the 
cells thus reducing the forces of repulsion between adjacent cells, favoring 
cytoagglutination (22). The results presented in Table I indicated cytod- 
ispersion and repulsion rather than agglutination after normal cells were 
treated with neuraminidase. I t  is, therefore, possible that the hydrolysis of 
the neuraminic acid moieties (the target moieties for concanavalin A-induced 
agglutination) on the glycoprotein receptors actually took place. However, 
in the case of diabetic cells, the opposite effect was observed. Therefore, in 
normal hepatocytes, the arrangements of the neuraminic acid moieties on the 
glycoprotein receptors seemed to be different from those in the diabetic cell 
membranes. The surface charge density may not be a factor since after neu- 
raminidase treatment and in the absence of concanavalin A, agglutination 
was not observed (Table I). 


The pretreatment of normal cells first with trypsin and then neuraminidase 
had no effect on the rate of concanavalin A-induced hepatocyte agglutination 
(Table I). This was contrary to diabetic cells, where the rate of agglutination 
drastically increased after consecutive treatment with both enzymes. The data 
suggest that normal cells (as compared with diabetic cells) carry clustered 


agglutinin receptors, some of which may be in the “cryptic” state. Trypsin 
normally causes increased receptor mobility and further exposure of the 
“cryptic” receptors. In the presence of both trypsin and neuraminidase, ag- 
glutination of the diabetic cells was maximal. 
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Abstract 0 For the development of radioimmunoassay procedures 
for trifluoperazine and fluphenazine, three haptens, N-(2-carboxy- 
ethyl)desmethyltrifluoperazine, N-(4-carboxybutyl)desmethyltrifluo- 
perazine, and l0-(3-(4-carboxyethylpiperazinyl)-3-oxopropyl] -2-triflu- 
oromethyl-10H-phenothiazine, were synthesized and characterized. Each 
hapten was coupled to bovine serum albumin, and the number of hapten 
residues per mole of bovine serum albumin was calculated by UV spec- 
trophotometric methods. Antibodies to each hapten-protein conjugate 
were developed in rabbits, and titers of the antisera were checked by 
evaluating their binding characteristics to the tritiated drug, 


Keyphrases Trifluoperazine-hapten synthesis, conjugation with 
bovine serum albumin, antisera production in rabbits, RIA 0 Flu- 
phenazine-hapten synthesis, conjugation with bovine serum albumin, 
antisera production in rabbits, RIA 0 Psychotropic drugs-triflu- 
operazine, fluphenazine, hapten synthesis, conjugation with bovine serum 
albumin, antisera production in rabbits, RIA 


~~ ~ ~ 


Trifluoperazine (I), a piperazine-type phenothiazine, 
is widely used orally for the treatment of certain psychotic 
disorders. However, until recently there were no suitable 
sensitive and specific analytical methods available to 
quantitate this drug in the plasma of patients under 
treatment. This slow method development was primarily 
due to the reputed instability and adsorptive loss of phe- 
nothiazines in all stages of handling for analysis, the low 
plasma levels encountered (arising from such reasons as 
the low doses used), the probable significant first-pass 
metabolism, and extensive metabolism to numerous me- 
tabolites. The available reported chemical methods of 
analysis include GC-NPD (1-3) procedures sensitive to 
0.5 ng/mL using a 2-mL plasma sample (1, 3) and a 
GC-MS method involving the use of a single-ion moni- 
toring technique, which permitted the determination of 
78 pg of trifluoperazine/mL of plasma using a 2-mL sample 
(4). Although of sufficient sensitivity to monitor plasma 
levels of patients under chronic treatment with normal 
therapeutic doses of trifluoperazine, these procedures are 
tedious, requiring extraction of the drug from the biological 
media, and are thus not easily amenable for routine clinical 
monitoring. 


Radioimmunoassay (RIA) procedures, on the other 
hand, are simple, sensitive, require a small amount of 
plasma sample generally with no extraction, and are 
readily applicable to routine analysis with their ability to 
handle large numbers of samples with a short turnaround. 
In fact, an RIA procedure for trifluoperazine was recently 
reported from these laboratories, which can quantitate 0.25 
ng/mL with a 200-pL plasma sample (5 ) .  This method is 
based on an antiserum developed to a protein conjugate 
(IIa), where the protein is linked to the side chain of the 
piperazine ring. This site was chosen since from previous 
experience, as with antibodies raised to chlorpromazine 


(6,7), the antiserum raised to conjugates where the protein 
is coupled to carboxylic acid groups attached to the N-10 
side-chain sites cross-reacted significantly less with phe- 
nothiazine ring metabolites (such as the sulfoxide and 
7-hydroxy derivatives) than the antiserum raised to con- 
jugates where the protein is coupled through carboxylic 
acid groups attached through other positions of the phe- 
nothiazine ring. Furthermore, antibodies have now been 
raised to the protein conjugates (IIb, 111) of two other 
haptens, where the protein is also coupled through the side 
chain. 


This paper describes the syntheses and characterizations 
of three drug-protein conjugates, the production of the 
antibodies to these conjugates in rabbits, and comparison 
of the titers of the antisera. Since fluphenazine only differs 
structurally from trifluoperazine in having a N-hydroxy- 
ethyl substituent on the piperazine ring in place of the 
N-methyl group shown in I, these antisera should be 
suitable for developing an RIA for fluphenazine as well as 
trifluoperazine. 


RESULTS AND DISCUSSION 


To modify the structure of trifluoperazine so as to contain an acid 
moiety in the side chain (i .e. ,  VII), 10-(3-chloropropyl)-2-trifluo- 
romethylphenothiazine (V) was treated with carbomethoxyalkyl-sub- 
stituted piperazines (IV), and the resultant esters (VI) subsequently 
hydrolyzed with base. The desired substituted piperazines were readily 


CHZCH,CH2NUNCH3 I n 


I 


IIa: n = 2 
IIb: n = 4 
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/ mlz 479:  
mlz 507: 


-[(kHi)nCO,RI mlz 465:  
rnlz 493: 
m / z  493:  
m / z  479:  


/ 
/ 


/ I 
CH,CH~Y N?=CH, 


W 
m/z 406: Y = CH, (VIa,b; VIIa,b) 
m / z  420: Y = CO (IX,X) 


I 
CHzCHzY N?CH2(CH2).C0,R 


W 
VIa: Y = CHI, n = 1, R = CH, 
VIb: Y = CH2, n = 3. R = CH, 


VIIa: Y = CH,, n = 1 ,  R = H 
VIIb: Y = CH1. n = 3. R = H 


IX: Y = CO,-n = 1,  R = CH3 
X: Y = CO, n = 1 ,  R = H \ 


mlz 266 (VIa,b;  VIIa,b; IX; X )  


Sche 


synthesized by treatment of piperazine with methyl acrylate or 5-bro- 
movalerate. This approach to the synthesis of carboxyalkyl-substituted 
trifluoperazine differs from that initially reported for the synthesis of 
the analogous hapten of chlorpromazine (81, where N-desmethylchlor- 
promazine was reacted with methyl acrylate and the resultant ester of 
the desired hapten subsequently hydrolyzed (5) .  The lack of availability 
of N-desmethyltrifluoperazine and the simple synthetic accessibility of 
the chloropropyl starting material (V) prompted the approach reported 


n am3 I 


CHZCHZCHZR 
HN N(CH2)nCOOCH3 
W 


IVa: n = 2 V: R = C I  
I V b : n = 4  


VIa: R = P-T\NCHzCHzCOOCH3 
U 


VIb: R = N / - h l C H z C H z C H 2 C H 2 C &  
W 


W 
VIIa: R = ~S~NCH,CH,WH 
VIIb: R = NT-hrCHzCHzCH2CH2COOH 


W 


CH,CH,COR 
VIII: R = CI 


IX: R = (--pHzcmH3 


X:  R = P N C H & H , C O O H  
U 


\ 
CH,CH=Y 


mlz 307: Y = CH, (VIa,b; VIIa,b) 
mlz 321: Y = CO (IX,X) 


XI 
rnlz 213: Y = CHI, n = 1, R = CH, (VIa)  
mlz 241: Y = CHI, n = 3, R = CH, (VIb )  
mlz 199: Y = CHI, n = 1, R = H (VIIa) 
mlz 227: Y = CH,, n = 3, R = H (VIIb) 
mlz 227: Y = CO, n = 1, R = CH, (IX) 


'me I 


here. Additionally, to investigate the effect that a carbonyl group in the 
side chain of the hapten has on the sensitivity and specificity of the an- 
tiserum raised t~ the protein conjugate, X was obtained by treatment of 
3-[ 10-(2-trifluoromethylphenothiazinyl)]propionyl chloride (VIII) with 
1 -(2-methoxycarbonylethyl)piperazine (IVa) to yield the ester IX which 
was subsequently hydrolyzed to the desired acid (X). 


All three haptens and their methyl esters gave NMR and MS entirely 
consistent with the given structures. The mass spectra of the three esters 
(VIa, VIb, and IX) and their corresponding acids (VIIa, VIIb, and X )  gave 
molecular ions in each case. The fragmentations of these esters and acids 
can be rationalized in terms of the structures of the compounds. Some 
of the major diagnostic ions of the mass spectra of all six compounds are 
shown in Scheme I, the origin of the various ions being indicated in pa- 
rentheses. In each case, the loss of (~H~) , ,COZCHR from the esters and 
the loss of ( ~ H z ) ~ C O ~ H  from the acids leads to the diagnostic ions at  m/z 
406 (VIa, VIb, VIIa, and VIIb) or m/z 420 (IX and X).  Also, the loss of 
NH(CH~CH~)NCH~(CH~) ,COZCH:~  from the esters or HN(CHzCH2)- 
NCH~(CHZ),,CO~H from the acids, as a neutral molecule from the parent 
molecular ions, results in diagnostic ions a t  m/z 307 for VIa, VIb, VIIa, 
and VIIb and at  m/z 321 for IX and X. The presence of the ion at  m/z 266 
in the mass spectra of all six compounds is due to the cleavage of the N-C 
bond between the ring and the side chain, with the charge being accom- 
modated a t  the phenothiazine ring system (8). On the other hand, when 
the charge is accommodated in the side chain, then the diagnostic ions 
a t  mlz 213 (VIa), 241 (VIb), and 227 (IX) for esters and a t  m/z 199 (VIIa) 
and 227 (VIIb) for acids can be rationalized by the proposed structure 
for XI. Also, the ions due to XI can further fragment by loss of one or more 
of the neutral molecules, CH=CH, CH2=CHz, C H H = O ,  CO(CH&, 
RN(CH2)2, and CHR-N=CH~. The absence of the corresponding ion 
XI in the mass spectrum of X may be due to the fact that  the charge is 
completely retained by the phenothiazine ring system (mlz 266, 100% 
relative abundance). The /.?-aminocarboxylic acids, VIIa and X, lose a 
neutral molecule of acrylic acid with a transfer of hydrogen as reported 
earlier (9). This results in the ions at m/z 393 and 407 for VlIa and X, 
respectively. However, in the mass spectrum of the y-aminocarboxylic 
acid VIIb, the ion a t  mlz 393 was of low abundance, while the abundant 
ion a t  m/z 406 probably formed from the loss of C H ~ C H ~ C H Z C O ~ H  due 
to the bulkiness of the chain. 


All attempts to find a suitable recrpstallization solvent for the haptens 
failed and, thus, analytical figures were obtained for the hydrochloride 
salts of their methyl esters. Further confirmation of the integrity of the 
hapten was obtained by conversion of the acid group back to the methyl 
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ester by reaction with an ethereal solution of diazomethane (8 ) .  (;C 
analysis of the crude methylated residue showed in each case only one 
peak, which gave on GC-MS the same electron-impact mass spectrum 
BS the appropriate authentic hapten methyl ester. 


The haptens were successfully coupled to  bovine serum albumin hy 
a modified mixed anhydride method (8,10, 1 1  J. To investigate whether 
the number of moles of hapten coupled to one mole of the protein influ- 
ences the quality of the antiserum in t.erms of specificity and sensitivity, 
both Ha and IIb were obtained with variation in the number of moles 
coupled to bovine serum albumin. Thus, while all three haptens were 
coupled with bovine serum albumin to produce an immunizing antigen 
with 15 30 hapten residueslmol of bovine serum albumin, Ila and I l l )  
were also obtained with -70 hapten residueshol of bovine serum al- 
bumin. 


Kabhits were immunized with each hapten protein conjugate as de- 
scribed in the Experimental section. The preliminary assessment of the 
antisera so produced, together with the number of intravenous booster 
shots required, is presented in Table I. In the first experiments using at  
least five rabbits, operational titers were produced from all five conju- 
gates. However, only the antisera produced from the conjugate with two 
carbon atoms between the piperazine ring and the amide linkage in 
structurally modified trilluoperazine (i.c.., Ila) gave titer values greater 
than 1:500. Thus, by comparison of the antisera produced from Ira and 
IIb i t  can be observed that on increasing the chain length between the 
piperazine ring and the amide linkage in the hapten-protein conjugate, 
the titer value did not increase. To  check this important observation, two 
more rahhits each were immunized with Ila ( X  = 70) and IIb ( X  = 71) 
i n  a second experiment. Apart from a 1:500 titer in two of the rabbits, a 
1:8000 titer was produced in one of the IIa rabbits, thus confirming the 
initial observation. It can also be deduced from the first experiments that 
since 111 only produced 1:500 tit.ers, the insertion of a carbonyl group in 
the side chain 0 1  the hapten had a detrimental effect on the quality of the 
antisera raised to the resultant hapten-protein conjugate. Finally, from 
the initial experiments it was also observed that increasing the number 
ol'hapten residues per mole of bovine serum alhumin did not have a 
dramatic effect on titer values. In the case of the two types of Ilh ( X  = 
27 and X = 71), there were virtually no differences with respect to the 
titer prtduced; however, in the case of Ila higher titers were produced 
from the antibodies raised to the high moles-coupled hapten-protein 
conjugate ( i . c ~ .  , Ila, X = 70) than the low moles-coupled hapten-protein 
conjugate (i.p., Ila, X = 27). 


HIAs sensitive to the nanogram range have been developed for triflu- 
operazine using antibodies to Ila. The assays were not influenced by 
plasma and endogenous substances. A procedure using ;Intibodies to the 
Ila ( X  = 277) conjugate has been previously published (5). where the an- 
tisera cross-reacted with the presumed major metabolites of triflu- 
operazine (the N-desmethyl, 7-hydroxy, and sulfoxide compounds) to 
the extent of 26, 24, and i l Q ,  respectively. By comparison, the three 
1:10,000 titer antisera raised to the Ha ( X  = 70)  conjugate cross-reacted 
(12) with these same metabolites 12-14, < I  -14,and <]yo, respectively. 
These improved KIA procedures using the IIa ( X  = 70) conjugate are 
descrihed in depth elsewhere (13). Also, these antisera raised to the IIa 
conjugates recognize especially well (100-1439~, cross-reactivity) the 
side-chain-modified analogue of trifluoperazine, fluphenazine; therefore. 
RIA procedures are also being developed for lluphenazine using these 
same antisera. 


EXPERIMENTAL1 


I-(4-Methoxycarbonylbutyl)piperazine (IVb) a n d  1,4-Ris(4- 
mcthoxycarbony1butyl)piperazine-A stirred mixture of methyl 5- 
bromovalerate (7.80 g, 40 mmol) and anhydrous piperazine (6.88 g, 80 
mmol) in 50 mI, of dry benzene was heated under reflux for 4 h. The  re- 
sulting piperazine hydrobromide was removed by filtration and washed 
with dry benzene (20 mL). The organic phase was evaporated, and the 
residue was distilled in uacuo to ohtain 4.5 g (56%) ol' 1Vh as a colorkss 
oil, hp 7'2. 74DC/0.08 mm Hg; IH-NMR: b 1.44-1.74 (m, 5, butyl central 


I Melting points were determined in open-glass capillaries with a Gallenkamp 
melting point apparatus and are uncorrected. 'H-NMR spectra were determined, 
with the free hase in each case. on a Varian T-60 instrument in deuterochloroform 
with tetramethylsilane as internal reference. Low-resolution electron-impact mass 
sprrtra were recorded on a VG Mioromas MM16F instrument at 70 eV, and except 
for base peak, diagnostic ion and parent ion peaks <mi2 75 or relative intensity 
<1Wh of the hase peak were omitted. UV determinations were carried out using a 
L'nicam SP 1700 instrument. Microanalyses for samples dried over phosphorus 
pentoxide at 6OOC under reduced pressure were carried out by Mr. R. E. Teed, 
Department of Chemistry and Chemical Engineering, University of Saskatch- 
ewan. 


Table  I-Rabbit Antiserum T i t e r s  of Trifluoperazine Hapten- 
Pro te in  Conjugatesa 


No. of No. of 
Positives1 Intravenous 


Immunizing Antigenh No. Tested Boosters TitersC 


Ha, X = 70 315 
212 


Ila, X = 27 218 


1 1:1o,OOo (3) 
4 1:500 (1) 
4 1:8OOo ( 1 )  
1 1:2000 (1) 
1 1:4000 ( 1 )  


Ilb, X = 71 315 2-4 1:500 (j) 


Ill,  X = 24 618 3 1:500 (6) 


112 4 1:500 ( 1 )  
lib, X = 16 315 3-4 1:500 (3) 


Titer values 1:250 or less are not recorded. X = number of hapten residues 
Numtmr of rabbits giving this titer in paren- per mole nf bovine serum albumin. 


theses. 


CH2CH2 and NH which exchanges with D20), 2.14-2.58 (m, 8, piperazine 
CHZ), 2.7tL3.06 (m, 4, CH2CO&H:j and CHZ-piperazine), and 3.70 ppm 
(s, 3: C02CH:j); MS: mlz 200 (M+., 21%), 169(34), 159(11), 158(81), 
1lCS(3:3), 1oc)(13),99(100),98(13), 85(12), 84(23), and 8:1(15). 


Anal.-Calc. for C I O H ~ O N Z O ~ :  C, 59.97; H, 10.07; N, 13.99. Found: C, 
60.57; H, 10.40; N, 13.55. 


The vacuum distillation also gave 1.5 g (12%) of the bis compound as 
a colorless oil, bp 134-1~36°C/0.08 mm Hg; 'H-NMR: 6 1.30-1.80 (m, 8, 
butyl central CHZCHZ), 2.17-2.57 (m, 16, piperazine CH2, CHzC02CH3, 
and CHp-piperazine), and 3.68 pprn (s, 6, C02CH3); MS: m/z 314 (M+, 
I]%), 283(17), 214(15), 213(100), 185(12), 158(16), 144(37), 115(19), 
99(32), 98(35), 84(17), and 83(15). 


N-(2-Methoxycarbonylethyl)desmethyltrifluoperazine (VIa)-A 
mixture of I0-(3-chloropropyl)-2-trifluoromethylphenothiazine (V) (1.38 
g, 4 mmol), mp 69-70°C [lit. (14) mp 70-7loC] synthesized by modifi- 
cation of a literature procedure (15), IVa (1.03 g, 6 mmol) (16), and sodium 
iodide (0.60 g, 4 mmol) in 20 mL of methyl ethyl ketone was refluxed with 
stirring for 20 h. The solvent was removed in uacuo, and the residue was 
extracted with 5% HCI (5 X 4 mL). The  acidic extract was brought to pH 
7.0 with sodium carbonate and extracted with ether (3  X 20 mL). The  
combined ether extract was dried (magnesium sulfate) and treated with 
dry hydrogen chloride in ether to afford 1.61 g (73%) of the dihydro- 
chloride salt of the ester VIa as pale-yellow crystals from methanol+ther, 
mp 194-196"(:; 'H-NMR 6 1.83-2.14 (m 2, propyl central CH2), 2.34-2.81 
(m, 14, piperazine CH2, CHz-piperazine, and C H Z C H ~ C O ~ C H ~ ) ,  3.74 (5, 
3, COzCHa), 4.04 (t, 2, J = 6.2 Hz, CHZ-phenothiazine ring), and 6.79-7.26 
ppm (m, 7, aromatic); MS: mlz 479 (M+', 37%), 406(10), 307(10), 280(28), 
267(11), 266(15), 258(12), 248(14), 213(24), 199(42), 186(15), 185(100), 
157(12), 142(14), 130(13), 116(28), 113(14), 111(16), 99(15), 98(35), 97(13), 
and 84(21). 


And-Calc. for C24HzsFsN:j02S.2HCI: C, 52.17; H, 5.11; N, 7.61. 
Found: C, 52.29; H, 5.29; N, 7.70. 


N-(4-Methoxycarbonylbutyl)desmethyltrifluoperazine (VIb)- 
-This compound was synthesized from IVb (1.00 g, 5 mmol), V (1.38 g, 
4 mmol), and sodium iodide (0.60 g, 4 mmol) in 20 mL of methyl ethyl 
ketone in the same manner as descrihed for VIa. The yield was 65% of the 
dihydrochloride salt of VIb. recrystallized from methanol-ether, mp 
235-236°C; 'H-NMH: 6 1.3642.57 (m, 20, side-chain CH2 except CH2- 
phenothiazine ring), 3.60 (s, 3, COzCHa), 3.88 (t, 2, J = 6.2 Hz, CH2- 
phenothiazine ring), and 6.80-7.23 ppm (m, 7, aromatic); MS: m/z 507 
(M+, 67%), 476(1:), 406(28), 307(14), 306(11), 295(13), 281(21), 280(100), 
267(26), 266(25), 248(27), 241(28), 228(15), 227(90), 214(18). 213(68), 
203(21), 185(12), 170(11), 144(33), 115(12), 113(40), 99(17),98(30), and 
97(18). 


And-Calc. for C ~ ~ H ~ ~ F ~ N ~ O Z S . ~ H C I :  C, 53.79; H,  5.90; N, 7.24. 
Pound: C, 53.60; H, 6.04; N, 6.91. 


N-(2-Carboxyethyl)desmethyltrifluoperazine (V1Ia)-A mixture 
of VIa as the dihydrochloride salt (0.55 g, 1 mmol), sodium hydroxide 
(0.16 g. 4 mmol), methanol (15  mL), and water (15 mL) was heated under 
gentle reflux for 1 h. The methanol was removed under reduced pressure, 
and a further 15 mI, of water was added. After washing with ether ( 2  X 
10 mL), the pH of the aqueous phase was adjusted to neutral with 1% HCI 
to yield an oily solid. The product was extracted with methylene chloride 
(3 X 10 ml,), dried (magnesium sulfate), and concentrated under reduced 
pressure to give 0.41 g (88%) of pale-yellow scales; IH-NMR: 6 1.72-2.17 
(m, 2, propyl central CHZ), 2.47-2.94 (m, 14, piperazine CH2, 
C H Z C H ~ C O ~ H ,  and CHz-piperazine), 4.00 (t ,  2, J = 6.0 Hz, CHZ-phe- 
nothiazine ring), 6.94-7.43 (m,  7, aromatic), and 10.03 ppm (s, 1, acid H 
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which exchanges with D20); MS: m/z 465 (M+., 23%), 406(2), 394(13), 
393(49), 307(16), 306(17), 280(24), 267(22), 266(36), 248(28), 199(12), 
185(12), 171(23), 127(36), 99(99), 97(17), 84(29), and 58(100). 
N-(4-Carboxybutyl)desmethyltrifluoperazine (V1Ib)-This 


compound was synthesized from VIb by alkaline hydrolysis in the same 
manner as described for VIIa to yield 94% of pale-yellow scales; 'H-NMR 
1.44-3.03 (m, 20, side-chain CH2 except CH2-phenothiazine ring), 3.97 
(t, 2, J = 6.0 Hz, CH2-phenothiazine ring), 6.78-7.41 (m, 7, aromatic), and 
12.09 ppm (s, 1, acid H which exchanges with &O); MS: m/z 493 (M+, 
74%), 406(22), 393(2), 350(10), 307(17), 306(12), 294(16), 281(20), 
280(100), 267(38), 266(36), 248(33), 227(37), 214(12), 213(78), 203(22), 
200(17), 199(100), 197(10), 171(14), 156(17), 143(11), 139(10), 130(27), 
113(45), 105(12), 99(29), 98(36), 97(22), 96(ll) ,  85(12), 84(35), 83(18), 
82(13), and 77(10). 


lo-[ 3 4  4-Methoxycarbonylethylpiperezinyl)-3-oxopropyl]-2-trif- 
luoromethyl-10H-phenothiazine (1X)-The propionyl acid chloride 
(VIII) (0.90 g, 2.5 mmol), prepared as previously reported (17), in 5 mL 
of dry benzene was added in a dropwise manner over a period of 1 h to 
a stirred solution of IVa (0.47 g, 2.75 mrnol) and triethylamine (0.5 rnL) 
in 10 mL of benzene a t  5°C. After stirring a t  room temperature for an 
additional 2 h, the benzene layer was washed twice with water, dried over 
anhydrous magnesium sulfate, filtered, and evaporated in uacuo to leave 
an oily residue. Column chromatography with alumina as the adsorbent 
and benzene as the solvent gave, after evaporation of the solvent, 1 g (81%) 
of a colorless oil which yielded the hydrtxhloride salt as fine white crystals 
from methanol, mp 141-142'C; 'H-NMR: 17 2.1Eb2.94 (m, 10, piperazine 
CH:! and CHZ-piperazine), 3.17-3.73 (m, 7, CH&ON, CH2C02CH3, and 
C02CH3,4.30 (t, 2, J = 7.0 Hz, CH2-phenothiazine ring), and 6.77-7.40 
ppm (m, 7, aromatic); MS: m/z 493 (M+., loOo/o), 420(21), 321(13), 320(15), 
280(66), 267(16), 266(42), 248(27), 227(55), 213(10), 210(17), 199(4), 
185(3), 171(11), 142(49), 130(1 I ) ,  127(16), 125(11), 116(13), 99(16), 98(10), 
and 97(11). 


Anal.-Calc. for C24H26F3NnO$3aHCl C, ,5438; H, 5.14; N, 7.93. Found: 
C, 54.74; H, 5.12; N, 7.96. 


10 - [3-(4-Carboxyethylpiperazinyl)-3-oxoprop~l]-2-trifluoro- 
methyl-10H-phenothiazine (X)-This compound was obtained from 
IX by alkaline hydrolysis in the same manner as described for VIIa to 
yield 86% of white scales; 'H-NMlt: 6 2.38-2.94 (m, 10, piperazine CHz 
and CH2-piperazine), 3.22-3.87 (m, 4, CH2CON and CH2C02H3), 4.31 
(t, 2, J = 7.0 Hz, CH2-phenothiazine ring), 6.91-7.37 (m, 7, aromatic), and 
9.60 ppm (s, 1, acid H which exchanges with DzO); MS: m/z 479 (M+; 2%), 
420(1), 408(10), 407(40), 340(12), 339(61), 321(2), 281(15), 280(78), 
268(11), 267(50), 266(100), 248(39), 247(10), 141(46), 85(13), 79(10), 
78(100), and 77(31). 


Coupling of VIla to Bovine Serum Albumin-Compound UIIa was 
coupled to bovine serum by a modified mixed anhydride method (8,10, 
11). Compound VIIa (0.20 g, 0.43 mmol) and isobutyl choroformate (56 
pL, 0.43 mmol) were dissolved in freshly distilled dioxane (3 mL), and 
the solution was cooled to 1 5 O C  and allowed to stand for 20 min. The 
mixture was then slowly added in 0.5-mL aliquots to a stirred, cooled 
(4OC) solution of bovine serum albumin2 (0.30 g, 0.0043 mmol) in a 
mixture of 20 mL of water and 6 mL of dioxane, which had been adjusted 
to pH 9.3 with 2 M NaOH. Throughout the addition, the pH was main- 
tained a t  pH 9.3 with 2 M NaOH. After the addition was complete, the 
clear solution was allowed to stand a t  4°C for 12 h with continuous 
stirring. 


The solution was initially dialyzed3 alternately every 15 min a t  room 
temperature against bicarbonate buffer (0.2 M, pH 8.0,3 X 600 ml,) and 
acetate buffer (0.2 M, pH 5.0,3 X 600 mL), and then finally against dis- 
tilled water continuously for 4 h. After lyophilization. the conjugate IIa 
was obtained as a white crystalline solid (0.48 8). A blank was prepared 
in the same manner, but without VIIa. The number of hapten residues 
per mole of bovine serum albumin was calculated by the UV method (10, 
11) to be 70 (IIa, X = 70). 


The procedure was repeated, decreasing by half the relative amount 
of VIIa (0.20 g, 0.43 mmol) used with bovine Serum albumin (0.60 g, 0.0086 
mmol). The conjugate (0.71 g) was determined to have 27 mol of hapten 
residueshol of bovine serum albumin (Ha, X = 27). 


Coupling of VIIb to Bovine Serum Albumin-Compound VIIb was 
coupled to bovine serum albumin by a modified mixed anhydride method 
(8,10,11) in the same manner as described for the coupling of VIIa. VIIb 
(0.20 g, 0.41 mmol) and bovine serum albumin2 (0.29 g, 0.0041 mmol) gave 
0.47 g of conjugate IIb, where the number of hapten residues per mole 


2 RIA Grade, Fraction V Powder; Sigma Chemical Co., St. Louis, Mo. 
Fisher dialyzer tubing (Size C);  Fisher Scientific Co., Edmonton, Alberta, 


Canada. 


of bovine serum albumin was calculated by the UV method (10, l l )  to 
be 71 (Ilb, X = 71). 


The procedure was repeated, decreasing by half the relative amount 
of VIlb (0.050 g, 0.10 mmol) used with bovine serum albumin (0.15 g, 
0.00215 mmol). The conjugate (0.17 g) was determined to have 16 mol 
of hapten residues/mol of bovine serum albumin (IIb, X = 16). 


Coupling of X to Bovine Serum Albumin-Compound X was cou- 
pled to bovine serum albumin by a modified mixed anhydride method 
(8, 10, 11) in the same manner as described for the coupling of VIIa. 
Compound X (0.080 g, 0.167 mmol) and bovine serum albumin (0.117 g, 
0.00167 mmol) gave 0.15 g of conjugate 111, where the number of hapten 
residues per mole of bovine albumin was calculated by the UV method 
(10, 11) to be 24 (111, X = 24). 


Immunization--Each hapten-protein conjugate (4 mg) was dissolved 
in normal saline (2.0 mL) and emulsified with Freund's complete adju- 
vant4 (2.0 mL). Each conjugate was administered to a t  least five New 
Zealand White female rabbits5 by injection of 0.5 mL of the emulsion into 
each shoulder. At 2-week intervals thereafter, the injections were repeated 
with an emulsion prepared as described above, except that Freund's 
complete adjuvant was replaced by Freund's incomplete adjuvant. The 
antiserum titer of each rahhit was checked 1 week after the fifth injection, 
when the route of administration was changed to intravenous. In the 
experience of the authors (5, 7), selectivity does not change after five 
immunizations, whereas intravenous booster shots a t  this stage lead to 
improved sensitivity with maintained selectivity. 


Serum was obtained from the marginal ear vein a t  2-week intervals 
after the fifth injection. The antiserum titer of each rabbit was checked 
by evaluating the binding characteristics of tritiated trifluperazine6 to 
each antiserum. After optimal titer values were achieved, blood was ob- 
tained from each rabbit by cardiac puncture. The harvested serum was 
immediately lyophilized in l.O-mI, samples and stored a t  -2OOC. 
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Abstract 0 A method is described for rapidly and reliably evaluating paren- 
teral preservative efficacy. Solutions containing antimicrobial preservatives 
were challenged with microorganisms, sampled from 0.5 t o 6  h following in- 
troduction of the challenge, cultured, and counted for surviving microbial cells. 
Data were analyzed by computer according to two models: linear and qua- 
dratic. Decimal reduction times ( D  values) were calculated for each microbial 
challenge in each preservative solution. A D value of 52 h for bacteria predicts 
that the preservative system will pass the British Pharmacopoeia (BP) pre- 
servative efficacy test, a more rigorous test than the USP test. Fourteen pre- 
servative systems were tested in both neutral isotonic saline solutions and 
neutral regular insulin solutions. D values and correlation coefficients for both 
models were calculated. The ranking of preservative effectiveness in  neutral 
.saline solutions closely correlated with the results found using neutral regular 
insulin solutions. The most effective preservative systems were found to be 
0.3% m-cresol and various combinations of m-cresol and phenol. The ad- 
\antages and limitations of this method are discussed. 


Keyphrases 0 Preservatives- -parentera1 formulations, efficacy. preformu- 
lation determination 0 Parenteral formulations-efficacy of preservatives, 
prcformulation determination 0 Antimicrobial screening-preservatives, 
parentcral formulations, efficacy, preformulation determination 


The British Pharmacopoeia1 (BP) test for preservative ef- 
ficacy requires that the number of bacteria recovered per 
milliliter in injectable preparations intended for multiple use 
be reduced by a factor of lo3 within 6 h following challenge 
( I ) .  This requirement imposes a far stricter criterion for an- 
timicrobial action than the USP preservative efficacy test, 
which requires the bacterial concentration to be reduced by 
a factor of lo3 14 d following microbial inoculation (2). A large 
number of preservatives at bacteriostatic concentrations will 
pass the USP test but will fail the BP test. Parenteral drug 
manufacturers who wish to market their products in countries 
abiding by BP requirements must reformulate their products 
to obtain a preservativc system which, in fact, is self-sterilizing 
to pass the BP preservative test. 


There is a need for a rapid, reliable, and inexpensive 
scrccning method to determine effective preservative systems 
in parenteral products. Several methods for screening and 
evaluating preservative efficacy have been reported (3-6) ;  
most employed the construction of time-log survivor curves 
during a short-time exposure period. However, previous studies 
have been limited in the number of preservative systems 
evaluated and have not attempted to correlate results from a 
test model to results obtained from an actual parenteral drug 
product. In this work, neutral isotonic sodium chloride solution 
was selected as the model parenteral solution, while neutral 
regular insulin was chosen as the actual drug product. The use 
of neutral isotonic saline was based on the assumption that 
bacteria would not be adversely affected by such an inoffensive 
formulation and, thus, bacterial destruction would be solely 
the result of preservative activity. 


An additional unique feature of the work reported herein 
is the application of a computer statistical program generating 
two types of models fitted to the experimental data. The use 
of models to analyze the microbial survivor data facilitates the 


decision-making process in the selection of appropriate pre- 
servative systems in the formulation development of multidose 
parenteral products. 


EXPERIMENTAL SECTION 


Solution Preparation-The preservatives used in this study were USP grade, 
tcstcd by and obtained in-house: phenol (0.2% and 0.5%), m-cresol (O.l-O.3%). 
bcn7yl alcohol ( I  % and 2%), methylparaben (0.1% and 0.2%), propylparaben 
(0.01 % and 0.02%), and chlorobutanol (0.5%). Preservative combinations 
studicd were phenol-m-cresol, methyl- and propylparabens, and methyl- 
parabcn- benzyl alcohol. A total of I4  preservative systems were evaluated. 


Solutions in isotonic saline were prepared using sterile glass flasks and sterilc 
0.9% NaCl irrigating solution'. The accurately weighed or measured volume 
of preservative was dissolved in the saline solution, and the pH was adjusted 
to 6.8 7.4 using sterile filtered I .O M NaOH or I .O M HCI. Solution volume 
was then adjusted quantitatively to the correct volume with saline. 


Insulin solutions were prepared and sterile-filtcred using a regular insulin 
formulation without a preservative. Preservatives were accurately weighed 
or measured and added to the insulin solution. All insulin solutions were pH 


Test Organisms-The test organisms used in this study were Sraphylo- 
1'0c~'14.s aureus (ATCC 6538), Pseudomonas aeruginosa (ATCC 9027). 
Eschrrichia coli (ATCC 8739), Candida albicans (ATCC 10231). and As- 
pcv-gillus niger (ATCC 16404). The bacterial cultures were grown for 18-24 
h in  soybean-casein digest agar2 and the growth washed from the slants with 
10 mL of sterile saline (0.85% NaCI). The stock suspensions were prepared 
by dilution with sterile saline to give a cell concentration of -5 X lo8 organ- 
ismb/mL. Sufficient suspension was added to the test solution to obtain -I 
x lo6 organisms/mL. 


Yeasts and molds were grown on Sabouraud dextrose agar plates2 at  25°C 
until sufficient growth appeared. Cells were washed from the plates with sterile 
saline. scdimented by centrifugation, and the sediment was suspended in 
sufficient sterile saline to yield -5 X lo8 organisms/mL. Suspensions were 
further diluted logive-I X IO6organisms/mL whenadded tothe testsolu- 
tions. 


l e s t  Procedure-A 0. I -mL amount of the test organism suspension was 
addcd to each 5-mL portion of the test solution. After mixing on a vortex 
mixcr. an initial sample was taken for the time zero plate count. A saline 
confrol sample prepared in the same manner was also tested; this was used 
;IS thc time zero count in some instances because of the very rapid bactericidal 
cffcct of some test solutions. Test samples were then retested after incubation, 
typically at 0.5. I .  2.4,  and 6 h for bacteria and at 4.8,  and 24 h for yeasts and 
molds. All test samples were held at  room temperature unless otherwise 
spccificd. 


All dilutions were prepared in phosphate buffer solution, pH 7.2 f 0.1. After 
shaking, 0. I - and/or I .O-mL aliquots were transferred into duplicate petri 
platcs. Letheen agar3 was used as the test medium: i t  contains polysorbate 
80 and lecithin. known to inhibit most phenolic and paraben antimicrobial 
agents (7. 8). Tests in our laboratories confirmed the effectiveness of this 
medium. Bacterial and yeast plates were incubated for 48 h at 35OC and mold 
pl;ites at 25°C for 4 to 7 d. Average plate counts were calculated for each 
sa niplc. 


Data Analysis-The data analysis was accomplished via a computer pro- 
gram utilizing the statistical software package SAS4. When values of the 
variables "Hours" and "Counts" were entered, the program generated two 
types of fitted models relating log (count + I )  to hours and produced plots 
of the fitted equations superimposed by the original observations. The two 


6.9 -7.4. 


I Travcnol Laboratories, Deerfield, II. 
Difco. Detroit, Mich. 
BBL. Cockcysville, Md. 
Statistical Analysts System; SAS Instilute. Cary. N.C. 
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I. Table I-Comparison of D Values for the USP Challenge Organisms in 
Neutral Saline Solutions Containing Various Preservative Systems 
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Figure 1 -Linear regression f i t  of the log number of microbial survivors 
versus time as calculated by the SAS linear analysis method. Data points 
represent two separate experiments; D and R2 values are the average of two 
linear regression analyses. 


models used were a linear model and a quadratic model. The linear model is 
givcn by: 


y = ff + Bx + f (Eq. 1) 


where y = log (count + I )  at hour x .  a is the intercept. fi  is the slope of the 
line, and c is the experimental error associated with the observation ofy. The 
quadratic model is given by: 


y = ff + px + y x 2 +  f (h. 2) 


where the additional term yx2, represents the departure from linearity of the 
log (count + I ) .  The purpose of these model-fitting programs is tocalculate 
cstimates of the parameters a, 8. and y in the two theoretical models. 


The D value refers to the decimal reduction time describing the death rate 
of the microorganisms; i t  represents the length of time in which a I-log re- 
duction in  thc number of survivors will be achieved. Since the term “ D  value” 
has heretofore been used in conjunction with a model in which the death rate 
is indepcndcnt of the current number of survivors, it has been convenient to 
calculate it by the formula: 


pc 
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FiRure 2-Linear regression f i t  of the log number of microbial survivors 
versus time as calculated by the SAS quadratic analysis method. Data points 
represent two separate experiments; D and R 2  values are the average o/two 
linear regression analyses. 


Linear Method Quadratic Method 
Organism D. h R2 D. h R2 


S.  aureu.7 
P. aeruginosa 
E .  coli 
A. niger 


S.  aureus 
P.  aeruginosa 
E. coli 
A. niger 
C. alhicans 


S.  aureus 
P.  aeruginosa 
E. coli 
A. niger 
C. albicans 


0.2% Phenol 
1O.Q 0.96 15.6 0.99 
7.0 0.99 4.2 1 .oo 


26.2 0.96 21.4 .95 
250.0 0.84 81.3 I .oo 


0.3% m-Cresol 
0. I 0.98 0.4 0.99 
I .9 0.39 0.6 0.57 
I .x 0.82 0.8 0.91 
3.2 0.98 2.3 0.99 
9.0 0.87 3.5 I .oo 


0.2% Phenol + 0.3% m-Cresol 
0.5 0.18 0.2 0.95 
I . 3  0.8 I 0.5 0.98 .. 


2.5 0.92 3.6 0.97 
3.1 0.99 2.1 1 .oo 
2.8 0.84 1.5 0.90 


where U is the time exposure interval at constant temperature, N o  is the initial 
number of surviving microorganisms, and N u  is the number of surviving 
microorganisms after exposure period U .  This equation is applicable to our 
model, in which the log of the number of survivors is mated as a linear function 
of timc. 


A typical semilogarithmic plot of the number of living microorganisms in  
ii preserved solution versus time is shown in  Fig. 1. I f  the R2 value was 20.9. 
the linear model shown in Fig. I was considered sufficient for determining 
the D value of the microorganism in the preserved parentcral system. Pre- 
servative systems especially effective in  inactivating microorganisms tended 
to yield curvilinear plots of log count versus time. The rate of kill during the 
first 30- 60 min was more rapid than the rate of kill at later times. Fitting the 
data according to a linear model generally resulted in a poorly fit straight line 
with an H 2  of 50.9. Also, the calculated D value often underestimated the 
actual rate of kill produced initially. 


A better fit of the data was achieved by employing the quadratic equation. 
According to this model. a hyperbolic fit of the data is obtained, as shown i n  
Fig. 2. The D value shown here corresponds to the length of time before the 
first log reduction in  count. The fit of the data using the quadratic model 
improved the R2.  


RESULTS 


Preliminary results comparing D values of USP challenge organisms i n  
neutral saline solutions containing various preservative systems are reported 
in  Table I. The D values for the mold and yeast were higher than those for 
bacteria. However. both USP and BP requirements for yeast and mold survival 
in preserved solutions are less stringent than those for bacterial survival. Of 
the three bacterial challenges, E. coli was most resistant to the antimicrobial 
;igcnts tested. However. E. coli is not required by the BP test for injections. 
Either S.  aureus or P.  aeruginosa can be used as a prototype challenge or- 
ganism 10 provide early predictions regarding the success or failure of a pre- 
servative system to pass the BP preservative efficacy test. S. aureus was se- 
lected as the model challenge organism, primarily because of the data reported 
in Table I I .  I n  solutions containing lower concentrations of preservatives, the 
I) values for S. aureus were greater than those for P .  aeruginosa. 


D values for S. aureus i n  14 different preservative systems were compared 
in both neutral isotonicsaline and neutral regular insulin solution (Table I l l ) .  
The combination of 0.2% phenol + 0.3% m-cresol consistently produced the 
lowest D values, while 0.2% phenol consistently produced the highest D values. 
Preservative systems ranked 1-5 in Table Ill passed the BP requirement of 
rcducing the bacterial population by 1 log in  2 h in both neutral saline and 


Table 11-Comparison of D Values of Three Bacterial Challenges in 
Phenol and m-Crew1 Preservative Systems in Neutral Isotonic Saline 
Solutions 


Dtim h 
Preservative System S. aureus P. aeruginosa E .  coli 


0.2% Phenol + 0.3% m-Cresol 0.5 1.3 2.5 
0.2% Phenol + 0.1% m-Cresol 3.8 I .5 7.5 
0.2% Phenol 10.9 7.0 26.2 
0.5% Phenol 1.1 I . 3  2.5 
0.2% m-Cresol 5.1 1 . 1  8.3 
0.3% m-Cresol 0.7 1.9 I .8 
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Table 111- D Values and Correlation Coefficients (R2) from Linear and Quadratic Data Analyses for Saline and Insulin Solutions Containing Different 
Preservative Systems Ranked According to Their Effectiveness Against S aweus' 


Linear Analysis Quadratic Analysis 
Saline Solution Insulin Sol ut ion Saline Solution Insulin Solution 


Preservative System Rank DI,,, h R2 Rank Dlin, h R 2  Rank &"ad, h R2 Rank DQuad. h R 2  


0.2% Phenol t 0.3% m-Cresol I 0.5 0.78 I 0.5 0.79 I 0.2 0.95 I 0.2 0.96 
0 1% m-Cresol 2 0.7 0.98 2 0.6 0.76 2 0.4 0.99 2 0 3  0.94 - - . . . . -. - - -. 
0.5% Phenol 
2.0% Ben7vl Alcohol 


- - ~ 


3 i . i  i.oo 3 0 8 0.93 5 1.2 1.00 4 0 4  0.99 
4 1.6 0.68 3 0.8 0.74 3 0.6 0.94 2 0 2 0.97 


0.2% Phenbl + 0.2% m-Cresol 5 1.7 0.93 5 1.3 0.75 4 0.8 1.00 4 0.4 0.96 
0.2% Methylparaben 6 1.8 0.99 


0.1% Methylparaben 7 2.7 0.94 


0.2% Phenol t 0.1% m-Cresol 8 3.8 0.99 
0.2% m-Cresol 9 5.7 0.92 
0. I %  Methylparaben 10 7.4 0.97 


0. I % Methylparaben I 1  8.9 0.95 
0.5% Chlorobutanol I2 10.1 0.81 


t 0.02% Propylparaben 


t I .O% Benzyl Alcohol 


t 0.01% Propylparaben 


0 3.0 0.92 6 


6 1.4 0.90 7 


8 2.2 1.00 8 
8 2.2 0.94 9 
3 12.3 0.91 10 


2 9.5 0.86 1 1  


1 4.2 0.83 13 
7 1.8 0.80 - 


1.7 1.00 


1.7 0.97 


3.6 1.00 
4.9 0.96 
8.3 0.98 


11.0 0.95 


12.2 0.96 
- - 


8 1.6 0.99 


7 0.7 0.91 


0 2.2 1.00 
8 1.6 0.98 
3 12.0 0.95 


2 7.6 0.94 
6 0.7 0.99 
I 3.4 0.94 I .O% Benzyl Alcohol 13 10.7 0.93 


0.2% Phenol 14 10.9 0.96 4 16.2 0.96 14 15.6 0.99 14 12.9 0.96 


All data are the average of two experirnenth 


neutral regular insulin solutions. D values, generally, were lower in insulin 
solution compared with saline. Thus, the neutral isotonic saline solution 
conservatively estimated the preservative effectiveness against S. aureus 
obscrvcd in neutral regular insulin solutions. 


Fits ol' the linear models of log count uersus time were very good ( R2 20.93) 
for thc majority of the saline solutions tested. Fits were not as good for the 
insulin solutions using the linear method, but the quadratic model improved 
the Tits. Additionally, the quadratic model ranked the effectiveness of the 
v;irious prcservative systems in nearly the same order as that found using the 
lincar model. Thus, the choice of the model did not cause any major change 
in  the identification of best and worst systems. 


DISCUSSION 


Thc logarithmic order of death of microorganisms (9) facilitates the study 
of the effectiveness of destroying microorganisms within a convenient time 
frame. Simple techniques of microbiological assay and computer data analysis 
pcrtnit the generation of microbial kinetic data easily and rapidly. The 
methodology described in this paper can be used to evaluate Preservative ef- 
rcctivencss in a given formulation as a function of any number of variables: 
typc and concentration of preservatives, combination of preservatives. mi- 
crobial challenge organism, solution pH. formulation differences, and tem- 
pcrature. The results reported in this paper show that D values can be easily 
obtained and used to compare the effectiveness of different preservative sys- 
tcms. Computers aid in the analysisof data that employ different models for 
;in adequate fit. From the data one can select the best preservative system for 
the formulation being developed. 


I.ike most experimental screens, this method has cervain limitations and 
prcciiutions. The initial microbial concentration cannot be determined ac- 
curately from the test sample because of the immediate action of the antimi- 
crobid agent. Initial values must be determined using a control solution with 
no ;intimicrobial activity. At least three, preferably four, samples should be 
taken from the test solution for microbial analysis a t  various times over a 
maximum of 6 h. I n  the studies reported here, four samples were taken. 


Rapid-acting preservative systems require sampling times at intervals much 
htwncr and shorter than for long-acting Preservative systems. For example, 
rather than taking samples at I ,  2.4, and 6 h following the addition of the 
microbial challenge, rapid-acting preservative systems need to be sampled 
i i t  0.25.0.5, 1 ,  and 2 h after time zero. Many preservative systems caused a 
precipitous initial reduction in the microbial population followed by a more 
gradual decline. This produced curvature in the log count uersus time graph, 
which necessitated the use of the quadratic model for analyzing the data. The 
/I value calculated gave a more representative estimate of the destructive 
action of the preservative system than that obtained from the standard linear 
Inodcl. 


1 1  may not be advisable to study only a single species challenge in a screening 
test. Of course, the fewer the types of microorganisms used. the more expedient 
the lest. Idcally, the most resistant microorganism in  the test system is iden- 
tified at the beginning of the screening study. The hazard of employing a single 
ch;illcnge to evaluate a large number of Preservative systems is the potential 
for ;I different microbial species than that used as the challenge to be signifi- 
cantly more resistant in a particular preservative system. For example, S. 
ourws might be the most resistant microorganism in phenolic preservative 


systems. while E .  coli might be more resistant in paraben preservative systems. 
I t  ib  because of these possibilities that the most effective preservative system 
xclccted as a result of its activity against one microorganism should subse- 
qucntly be studied in the presence of all other compendial challenge micro- 
organisms. This screening method is not a substitute for the USPand/or BP 
preservative efficacy tests, but rather serves to reduce the potential number 
of preservative systems to be tested by the compendial methods. 


The D values reported in this study represented the average of two experi- 
ments. Preliminary investigation found that the standard deviations calculated 
from five replicate D value experiments of the same organism in separately 
prcparcd solutions containing the same preservative system ranged from 4.2 
to 8.7%. This seemed adequate for a preformulation screening test, especially 
one involving a plate count microbiological test procedure. 


Several of the data sets showed significant departures from linearity 
10.01 for the improvement in fit gained by including a quadratic term in the 
model). By fitting both linear and quadratic models and comparing the 
rankings of D values from these models, it was possible to verify that the 
ranking of these preservative systems was not dependent on the choice of 
model. Although the linear models proved to be adequate for the screening 
of preservatives, a quadratic model based on an adequate number of time 
points should be considered whenever an accurate estimate of the actual value 
of D is desired. 


While this method provides an excellent initial estimate of preservative 
activity in parenteral solutions, it is not intended to evaluate other issues 
concerning antimicrobial preservatives, such as  stability and compatibility 
characteristics in the final formulation and package system. The most 
promising systems identified by this method will be studied in greater detail 
for compliance to compendial standards of effectiveness, stability. and com- 
patibility in the newly developed parenteral formulation. 
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Abstract 0 The effect of freeze-thaw cycles on the physical stability of 
aluminum hydroxycarbonate and magnesium hydroxide gels was studied. 
Coagulation following a freeze-thaw cycle, leading to the formation of 
visible aggregates, affected the content uniformity of both gels. The 
freeze-thaw cycles did not affect the crystal form or surface character- 
istics of the gels as determined by X-ray powder diffraction and point 
of zero charge, but caused a slight reduction in the rate of acid neutral- 
ization and a large increase in the rate of sedimentation. The greatest 
effect was observed after the first freeze-thaw cycle. While the duration 
of freezing was not a factor, the rate of freezing was important and was 
inversely related to the aggregate size. The aggregates which formed 
following a freeze-thaw cycle were not redispersed by shaking, but were 
reversed by ultrasonic treatment or homogenization. The adsorption of 
polymers or surface-active agents prior to freezing reduced and, in some 
cases, prevented the formation of aggregates. The physical instability 
produced by a freeze-thaw cycle was explained by the modified DLVO 
theory. The force exerted on the particles by the growing ice crystals 
forced the particles into the primary minimum, producing strong inter- 
particle attraction. On thawing, simple agitation did not provide enough 
force to overcome the attractive force of the primary minimum. Ad- 
sorption of polymers or surface-active agents increased the steric re- 
pulsive force and prevented the particles from reaching the primary 
minimum. 


Keyphrases 0 Aluminum hydroxycarbonate gel-freeze-thaw insta- 
bility, mechanism, effect of added polymers and surface-active agents 
0 Magnesium hydroxide gel-freeze-thaw instability, mechanism, effect 
of added polymers and surface-active agents 0 Freeze-thaw cycles- 
stability of aluminum hydroxycarbonate and magnesium hydroxide gels, 
effects of added polymers and surface-active agents, mechanisms 


A pharmaceutical suspension must be composed of 
small, uniformly sized particles which do not settle rapidly 
and which can be easily redispersed to provide the patient 
with an accurate dose. Unfortunately, the physical char- 
acteristics of many suspensions are adversely affected by 
freeze-thaw cycles, causing the formation of visible lumps 
which settle rapidly and do not redisperse even after vig- 


orous shaking (1). Aluminum hydroxycarbonate and 
magnesium hydroxide gels are widely recognized examples 
of suspensions whose physical stability is adversely af- 
fected by freeze-thaw cycles. Products containing these 
gels frequently bear a warning on the label to protect from 
freezing. 


The homogeneity of parenteral chloramphenical sus- 
pensions is affected so adversely by freeze-thaw cycles that 
they can not be administered due to needle blockage (2). 
The rate of sedimentation of insulin suspensions was a t  
least three times faster after undergoing a freeze-thaw 
cycle (3). The rate of thawing of the frozen insulin sus- 
pensions did not affect the sedimentation rate. The bio- 
logical activity of the insulin suspensions was not affected 
by the freeze-thaw cycle, but it was difficult to obtain a 
reproducible dose. A change in particle size distribution 
following a freeze-thaw cycle has also been observed for 
suspensions of titanium dioxide, zinc oxide, glass beads, 
prednisolone acetate, and sulfadimethoxine (2). 


Physical stability problems, such as oil separation, have 
been associated with freeze-thaw cycles of oil-in-water 
emulsions (1, 4-8). The mechanism responsible for the 
freeze-thaw instability of emulsions is not fully under- 
stood, but a common mechanism may be operating in both 
suspensions and emulsions. 


The present study was undertaken to investigate the 
mechanism responsible for the freeze-thaw instability of 
suspensions in the belief that this basic information will 
lead to methods of stabilizing suspensions which are ex- 
posed to freezing. Gels of aluminum hydroxycarbonate and 
magnesium hydroxide were chosen as model suspensions 
because of their history of freeze-thaw stability problems. 
In addition, these gels provide a valuable comparison as 
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Table I-Percent of Theoretical Dose Obtained Under 
Simulated Administration of Aluminum Hydroxycarbonate and 
Magnesium Hydroxide Gels 


Aluminum Hydroxycarbonate Gel Magnesium Hydroxide Gel 
Never After One Freeze- 


Frozen Thaw Cycle Frozen Thaw Cycle 


99.6 118.2 
99.6 109.8 
99.6 112.0 


99.1 
99.1 
99.1 


136.9 
121.8 
109.3 


99.6 108.4 99.1 83.6 
99.1 110.9 99.1 100.0 
99.6 113.8 
98.7 117.8 
99.6 112.0 


98.7 
99.1 
99.1 


132.4 
101.3 
92.4 


99.6 107.8 99.1 91.6 
99.6 109.9 99.1 92.4 


Mean 99.5 112.0 99.1 106.2 
SD 0.3 3.6 0.1 18.4 


aluminum hydroxycarbonate gel is amorphous, but can 
undergo transformation to crystalline polymorphs, while 
magnesium hydroxide gel possesses the stable crystalline 
structure of the mineral brucite (9). 


EXPERIMENTAL 


The aluminum hydroxycarbonate and magnesium hydroxide gels 
studied were prepared by diluting a commercial aluminum hydroxy- 
carbonate gel to 4% equivalent aluminum oxide or a commercial mag- 
nesium hydroxide gel to 6.8% magnesium hydroxide with doubly distilled 
water and homogenizing'. A standard procedure was followed for the 
freeze-thaw cycle. The gel (350 mL) in a 500-mL linear polyethylene 
bottle was placed in a freezer a t  -24OC. After 24 h, the sample was re- 
turned to room temperature. The effect of a rapid freezing rate was de- 
termined by immersing a 350-mL sample contained in a 500-mL linear 
polyethylene bottle in an acetone-dry ice bath (-86OC) for 24 h. 


The aluminum or magnesium content was determined by chelatometric 
titration (10) and was expressed as equivalent aluminum oxide or mag- 
nesium oxide. The content uniformity was determined by inverting the 
350-mL sample 20 times and immediately withdrawing a sample which 
would theoretically neutralize 3.75 X M equivalent A1203. The 
sample was withdrawn by syringe and accurately weighed. The moles of 
acid actually neutralized by the sample at pH 3.0,25OC was determined 
by an automated2 pH-stat titration (11). 


Samples were prepared for X-ray diffraction by air drying the gel and 
preparing a power by trituration with an agate mortar and pestle. Ran- 
domly oriented powder samples were prepared in McCreery mounts. 
Diffractograms were recorded3 from 4" to 65' 28 under the following 
conditions: CuK, radiation, 30 kV, 28 mA, 1000 cps, and 2O/min. 


A titration technique (12,13) was used to determine the point of zero 
charge. The rate of acid neutralization was determined by an automated 
pH-stat titration a t  pH 3.0,25OC and expressed as tso,  the time required 
for 50% of the theoretical amount of acid to be neutralized (11). The rate 
of sedimentation was determined by monitoring the densit9 of the upper 
region of the sample (14). Entrapped air was removed from the sample 
by placing 350 mL in a 1-L sidearm flask and applying vacuum for 15 
min. 


Samples were examined microscopically a t  a magnification of 400X 
using the following dilutions: aluminum hydroxycarbonate gel, 1 drop 
of gel with 4 drops of supernatant; aluminum hydroxycarbonate gel after 
one freeze-thaw cycle, 1 drop of gel with 2 drops of supernatant; mag- 
nesium hydroxide gel, 1 drop of gel with 6 drops of supernatant; and 
magnesium hydroxide gel after one freeze-thaw cycle, no dilution. 


Samples were processed using the following equipment: ultrasonic 
dispersor5 for 12 min at  an output control of 4, one pass through a colloid 
mill6 at a clearance of 7.62 X cm, one pass through a hand homoge- 


Eppenbach Homo Mixer; Gifford-Wood Co., Hudson, N.Y. * PHM 26, TTT 11, ABU 12 (2.5 mL), TTA 3, SBR 2, Radiometer, Copenhagen, 
Denmark. 


Germany. 
Siemens AG Kristalloflex 4 generator, type F diffractometer; Karlsruhe, West 


Hydrometer. model H8705-8 and cvlinder model C-9010-340: American Sci- 
entific Products, McCaw Park, Ill. 


" 


Sonicator, model W-370; Heat Systems Ultrasonics, Plainview, N.Y. 
Tri-Homo Dispersor, Tri-Homo Corp., Salem, Miss. 


Table 11-X-ray Diffractogram of Magnesium Hydroxide Gel 
Before and After Freeze-Thaw Cycles 


dhkl ( I l lo )  
Magnesium Hydroxide Gel 


Never After 1 After 10 . ~. 


Brucitea Frozen Freeze-Thaw Cvcle Freeze-Thaw Cvcles 
~ ~ ~~ ~ ~~ -~ 


4.77(90) 4.7663(40) 4.7663(41) 4.7663(38) 
2.72(6) 2.7281(4) 2.7281(4) 2.7281(5) 
2.365flOO) 2.3659(100) 2.3659flOO) 2.3659(100) 
1.7941(55) 1.7957(38) 1.7957(38) 
1.573(35) 1.5739(35) 1.5739( 35) 


1.79i7i38)' 
1.5739(34) 


1.494(19) 1.4955(14) 1.4955(14) 1.4955(14) 


Selected Powder Diffraction Data for Minerals, Joint Committee on Powder 
Diffraction Standards, Swathmore, Pa. 1947, File 7-239. 


nizer set at the smallest opening, and a magnetic stirrer for 12 min. 
Samples containing hydroxypropyl methylcellulo~e~, sodium lauryl 
sulfate, cetyltrimethylammonium bromide, or polysorbate 80 were pre- 
pared by appropriate dilution of stock solutions. 


The surface tension of the supernatant of surface-active agent-alu- 
minum hydroxycarbonate gel mixtures was measured with a DuNouy 
tensiometera. The average of three readings was reported. The following 
procedure was necessary to obtain a clear supernatant: 


1. The equilibrated surface-active agent-aluminum hydroxycarbonate 
gel mixture was centrifuged at 6000 rpm for 20 min and the supernatant 
(cloudy) was collected. 


2. The pH of the supernatant was adjusted to the point of zero charge 
of the aluminum hydroxycarbonate gel (pH 6.7) with 0.5 M NaOH (the 
number of drops was recorded). 


3. The mixture was centrifuged at  5000 rpm for 10 min, and the su- 
pernatant (clear) was collected. The surface tension of solutions con- 
taining the same concentration of surface-active agent and 0.5 M NaOH 
served as controls. 


RESULTS AND DISCUSSION 


Aluminum hydroxycarbonate and magnesium hydroxide gels exhibit 
excellent content uniformity, as the mean dose was within 99% of the 
theoretical following the simulated administration of 10 doses (Table I). 
However, the ability to obtain an accurate dose of either gel was lost 
following one freeze-thaw cycle. Lumps were observed in both gels fol- 
lowing the freeze-thaw cycle; however, the lumps in the magnesium hy- 
droxide gel appeared to be larger. This difference may be responsible for 
the greater standard deviation for magnesium hydroxide (f18.4%) than 
for aluminum hydroxycarbonate gel (f3.6%) following a freeze-thaw 
cycle. 


Freeze-thaw cycles did not affect the polymorphic form of the solid 
phase, as aluminum hydroxycarbonate gel remained amorphous by X-ray 
diffraction after 10 freeze-thaw cycles. The X-ray diffractogram of 
magnesium hydroxide gel was identical to brucite and did not change 
after 10 freeze-thaw cycles (Table 11). Freeze-thaw cycles also do not 


35 r 


FREEZE-THAW CYCLES 


Figure 1-Effect of repeated freeze-thaw cycles on the rate of acid 
neutralization of aluminum hydrorycarbonate gel. t50 represents the 
time required for 50% of the theoretical amount of acid to  be neutralized 
at p H  3. 


Methocel E50 Premium; Dow Chemical Co., Midland, Mich. 
8 Autotensiomat, Model 215; Fisher Scientific Co., Chicago, Ill. 
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Figure 2-Apparent density of the upper regioq of aluminum hy- 
droxycarbonate or magnesium hydroxide gels. Key: ( M )  magnesium 
hydroxide gel, never frozen; (MF) magnesium hydroxide gel after one 
freeze-thaw cycle; (A) aluminum hydrorycarbonate gel, never frozen; 
(AF) aluminum hydroxycarbonate gel after one freeze-thaw cycle. 


appear to affect the surface groups of either gel as the point of zero charge 
(ZPC) was unaltered by 10 freeze-thaw cycles (ZPC of aluminum hy- 
droxycarbonate, 6.7; ZPC of magnesium hydroxide, 10.8). 


The rate of acid neutralization decreased slightly following freeze-thaw 
cycles. This effect was seen most clearly for aluminum hydroxycarbonate 
gel (Fig. 1). The initial freeze-thaw cycle caused the greatest decrease 
in the rate of acid neutralization, although a consistent decrease in the 
rate of acid neutralization occurred following each freeze-thaw cycle. The 
rate of acid neutralization of magnesium hydroxide is so rapid (t50, 1.3 
min) that the small effect of a freeze-thaw cycle was difficult to de- 
tect. 


The decrease in the rate of acid neutralization was too small to attribute 
to the formation of a crystalline phase in aluminum hydroxycarbonate 
gel, as the crystalline forms 6f aluminum hydroxide are virtually un- 
reactive a t  pH 3 (10). Thus both the X-ray diffraction and rate of acid 
neutralization data conflict with Gamame and Yoshida's (15) conclusion 
that freeze-thaw cycles promote the crystallization of aluminum hy- 
droxide. An explanation for this apparent discrepancy is that  Gamame 
and Yoshida used chloride-, nitrate-, and sulfate-containing aluminum 
hydroxide gels, which convert to crystalline forms very rapidly under 
normal aging (16,17). 


The duration of freezing is not significant, as samples of aluminum 
hydroxycarbonate or magnesium hydroxide gel which were frozen for 1, 
3, 5, or 7 d all exhibited the same rate of acid neutralization (t50, 26.0 
min.). The freeze-thaw process seems to be the key element rather than 
the duration of freezing. 


The rate of sedimentation as measured by the decrease in the density 
of the upper region of the sample proved to be a good indicator of the 
effects of a freeze-thaw cycle on the particle size distribution (14). The 
density of the upper region of aluminum hydroxycarbonate or magnesium 
hydroxide gel which had never been frozen remained essentially constant 
for a t  least 30 min, indicating a very low rate of sedimentation (Fig. 2). 
However, the density of the upper region of each gel decreased sharply 
following a freeze-thaw cycle. The sedimentation method is not as sen- 
sitive to the effect of repeated freeze-thaw cycles as the rate of acid 
neutralization, because a similar density curve was obtained regardless 
of the number of freeze-thaw cycles while the rate of acid neutralization 
steadily decreased with repeated freeze-thaw cycles (Fig. 1). 


The greater particle size of magnesium hydroxide gel following a 
freeze-thaw cycle, which was suggested by the content uniformity data 
in Table I, was confirmed by the density data in Fig. 2. The density of the 
upper region of the aluminum hydroxycarbonate gel dropped rapidly to 
1.0275 following a freeze-thaw cycle while the density of the upper region 
of the magnesium hydroxide gel rapidly approached the density of water. 
This indicates that  the rate of sedimentation in magnesium hydroxide 
gel following a freeze-thaw cycle was very rapid and produced a parti- 
cle-free upper region within several minutes. Photomicrographs of alu- 
minum hydroxycarbonate and magnesium hydroxide gels confirm that 


Figure 3-Photomicrographs of gels a t  a n  original magnification of 
400X. Key: (a) aluminum hydroxycarbonate gel; (b) aluminum hy- 
droxycarbonate gel after one freeze-thaw cycle; (c) magnesium hy- 
droxide gel; (d) magnesium hydroxide gel after one freeze-thaw 
cycle. 


aggregates ranging from -65 to 160 pm form following a freeze-thaw cycle 
(Fig. 3). 


The effects of a freeze-thaw cycle were reversed if adequate energy was 
applied to  the suspension. As observed in Fig. 4, magnesium hydroxide 
gel which had undergone a freeze-thaw cycle was restored to its original 
settling characteristics by treatment with an ultrasonic dispersor. The 
effectiveness of various processing methods in restoring the original 
particle size distribution of the magnesium hydroxide gel appears (Fig. 
4) to be directly related to the energy input as the order of effectiveness 
was ultrasonic dispersor > hand homogenizer > colloid mill > magnetic 
stirrer. The settling characteristics of aluminum hydroxycarbonate gel 
were similarily restored by the processing equipment. 


The rate of freezing was found to be an important factor in the for- 
mation of aggregates during a freeze-thaw cycle. The rate of sedimen- 
tation of aluminum hydroxycarbonate gel was unaffected (identical to 
curve A in Fig. 2) if the gel was exposed to an acetone-dry ice bath 
(-86OC) to produce a rapid rate of freezing, while a slower rate of freezing 
(freezer at -24OC) resulted in an increased particle size (identical to curve 
AF in Fig. 2). 


The importance of the freezing process and the rate of freezing, the 
absence of crystallization following freeze-thaw cycles, and the ability 
of high shear to reverse the effects of the freeze-thaw cycle all led to the 


Table 111-Effect of Hydroxypropyl Methylcellulose on Rate of 
Acid Neutralization of Aluminum Hydroxycarbonate Gel at pH 
3.0 


Hydroxypropyl 
Methvlcellulose, % tsn, min 


0 
1 
3 


38 
39.5 
40.5 


5 42 
7 44.5 
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Figure 4-Apparent density of the upper region of magnesium hy- 
droxide gel. Key: (M) never frozen; (MF) after one freeze-thaw cycle; 
(U) ultrasonic dispersor after one freeze-thaw cycle; (H) hand ho- 
mogenizer after one freeze-thaw cycle; (CM) colloid mill after one 
freeze-thaw cycle; (MS) magnetic stirrer after one freeze-thaw cycle. 


hypothesis that the freezing process forces the particles to form aggregates 
as described by the modified DLVO theory (Fig. 5) (18-22). The strong 
force exerted on the particles by ice formation was sufficient to overcome 
the repulsive barrier known as the primary maximum, and the particles 
were forced close enough together to experience the strong attractive force 
present in the primary minimum, thus forming aggregates. When the ice 
thawed, the aggregates remained intact unless enough energy was applied 
to overcome the energy barrier imposed by the primary maximum. The 
appearance of aggregates, the increased rate of sedimentation, the slight 
decrease in rate of acid neutralization, and the reversibility under high 
shear are all consistent with this mechanism. 


The effect of the rate of freezing was also consistent with the modified 
DLVO theory. The more rapid rate of freezing caused a greater rate of 
nucleation and, therefore, a lower rate of crystal growth (23). The smaller 
ice crystals which were formed during the more rapid rate of freezing did 
not force as many suspension particles into an aggregate as occurred when 
large ice crystals formed during a slow rate of freezing. Therefore, ag- 
gregate size is inversely related to the rate of freezing. Furthermore, both 
theoretical and experimental studies showed that the maximum force 
exerted on a fixed spherical particle by a freezing interface was inversely 
related to the freezing rate (24, 25). Thus, the suspension particles ex- 
perience a smaller force during a rapid freezing process. 


The modified DLVO theory includes steric repulsive forces which are 
dependent on the size, geometry, and conformation of adsorbed mole- 
cules. Lecithin monolayers have been reported to exhibit strong repulsion 
at separation distances <20 A (26). Steric repulsive forces have been 
observed on the close approach of mica sheets in an aqueous medium 
containing polyethylene oxide (27). A sharp increase in the repulsive 
force, which was attributed to forcing the polymer from between the mica 
surfaces, was observed when the distance of separation of the mica sheets 
was <5 A. 


It was hypothesized that adsorption of appropriate solutes will mini- 
mize aggregate formation during a freeze-thaw cycle by enhancing the 
primary maximum through the introduction of steric repulsive forces. 


Table IV-Difference in Density of the Upper Region of 
Aluminum Hydroxycarbonate Gel Containing Various 
Concentrations of Hydroxypropyl Methylcellulose Following a 
Freeze-Thaw Cycle 


Hydroxypropyl Initial Equilibrium 
Methvlcellulose. % Densitv Densitv" A Densitv 


~ ~ ~~ ~ 


1.050 1.027 (10 min) 0.023 
1.055 1.035 (10 min) 0.020 
1.060 1.040 (10 min) 0.020 
1.070 1.055 (15 min) 0.015 
1.075 1.065 (20 min) 0.010 


PRIMARY MAXIMUM 


I MINIMUM 


' PRIMARY MINIMUM 
Figure 5-Interparticle forces described by the modified DLVO 
theory. 


This hypothesis was tested by determining the effect of a polymer and 
several surface-active agents on the freeze-thaw stability. 


Hydroxypropyl methylcellulose was adsorbed by aluminum hydrox- 
ycarbonate gel as evidenced by the decreased rate of acid neutralization 
in the presence of increased quantities of hydroxypropyl methylcellulose 
(Table 111). The adsorbed hydroxypropyl methylcellulose was believed 
to reduce the rate of acid neutralization by occluding the surface and 
interfering with the approach of protons (28). The reduced rate of acid 
neutralization was not believed to be due to changes in viscosity as the 
hydroxypropyl methylcelldose-aluminum hydroxycarbonate gel sample 
was diluted 20 times prior to the pH-stat titration. 


The addition of hydroxypropyl methylcellulose increased both the 
density and viscosity of the aluminum hydroxycarbonate gel. Therefore, 
to monitor the effect of a freeze-thaw cycle on the particle size distri- 
bution of the hydroxypropyl methylcellulose-containing aluminum hy- 
droxycarbonate gel, it was necessary to modify the sedimentation pro- 
cedure by comparing the difference in apparent density between the 
initial value (which increased with increasing hydroxypropyl methyl- 
cellulose concentration) and the relatively constant density which was 
ultimately reached. As seen in Table IV, aggregate formation due to a 
freeze-thaw cycle was reduced in direct relation to the concentration of 
hydroxypropyl methylcellulose. 


The ability of polymers to minimize the effects of a freeze-thaw cycle 
was previously observed for polyvinylpyrrolidone, polyvinyl alcohol, 
methylcellulose, sodium carboxymethylcellulose, pectin, tragacanth, and 
sodium alginate (29). The protective effect was attributed to the forma- 
tion by the polymer of a three-dimensional network in the aqueous phase 
which reduced the growth of ice crystals and immobilized the suspended 
particles, thereby reducing the formation of aggregates. While the 
structuring effect of polymers on the aqueous phase may be important 
and may have occurred in the hydroxypropyl methylcellulose-aluminum 
hydroxycarbonate system, it does not explain the protective effect which 
was also observed when surface-active agents were adsorbed by aluminum 
hydroxycarbonate or magnesium hydroxide gel. 


The effect of sodium lauryl sulfate (an anionic surface-active agent), 
cetyltrimethylammonium bromide (a cationic surface-active agent), and 
polysorbate 80 (a neutral surface-active agent) on the freeze-thaw sta- 
bilities of aluminum hydroxycarbonate and magnesium hydroxide gels 
was studied. The rate of acid neutralization was reduced by the presence 
of the surface-active agents, with sodium lauryl sulfate causing the 
greatest effect (Table V). The reduction in the rate of acid neutralization 
was believed to be due to adsorption of the surface-active agents. Greater 
adsorption of sodium lauryl sulfate was expected, as both gels are posi- 
tively charged under the conditions of the test (ZPC of aluminum hy- 


Table V-Effect of Surface-Active Agents on the Rate of Acid 
Neutralization of Aluminum Hydroxycarbonate Gel at  pH 3.0 


Adsorbate t50,  Min 


Control 20.8 
2.4 X M Sodium lauryl sulfate 27.2 
2.0 x 10-2 M Cetvltrimethvlammonium bromide 22.2 


0 Time to reach equilibrium density in parentheses. 2.6 X lod2 M Polkorbate 80 22.5 
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Figure 6-Apparent density of the upper region of (A) aluminum hydroxycarbonate and (B) magnesium hydroxide gels. Key: (A, M) never frozen; 
(AF, MF) after one freeze-thaw cycle; (CTAB) containing 2.0 X M cetyltrimethylammonium bromide after one freeze-thaw cycle; (SLS) 
containing 2.4 X M polysorbate 80 after one freeze-thaw 
cycle. 


M sodium lauryl sulfate after one freeze-thaw cycle; (P80) containing 2.6 X 


droxycarbonate gel 7.6, pH 5.4; ZPC of magnesium hydroxide gel 10.8, 
pH 9.9). Therefore, the greater reduction in the rate of acid neutralization 
which occurred when sodium lauryl sulfate was present confirms the 
adsorption hypothesis. 


Adsorption of the surface-active agents was confirmed by a comparison 
of the surface tension of a solution of the surface-active agent with the 
surface tension of the supernatant after equilibration of the gel with the 
same solution of surface-active agent (Table VI) (30). Sodium lauryl 
sulfate was the most readily adsorbed agent, as the surface tension of the 
supernatant was 10-15 dyneshm higher than the surface tension of the 
control solution. Adsorption of cetyltrimethylammonium bromide and 
polysorbate 80 also occurred, as the surface tension of each supernatant 
was greater than the control solution. In addition, it is likely that the 
freezing process favors adsorption since the solute will be concentrated 
in a solution of unfrozen water a t  the solid-liquid interface as freezing 
proceeds. 


Each of the surface-active agents reduced aggregate formation fol- 
lowing a freeze-thaw cycle (Fig. 6). Polysorbate 80 was the most effective 
surface-active agent in preventing an increase in the particle size distri- 
bution of either gel, while sodium lauryl sulfate was the least effective. 
The relative effectiveness of the surface-active agents can be rationalized 
based on the adsorption mechanism and the dimensions of the surface- 
active agent. The expected orientation of the adsorbed agents is shown 
in Fig. 7. The negative hydrophilic region of sodium lauryl sulfate will 
be adsorbed by the positive surface. However, the hydrophobic region 
will also be adsorbed (31), thereby reducing the thickness of the adsorbed 
layer. The hydrophobic region of cetyltrimethylammonium bromide will 
be adsorbed, while the positive hydrophilic region will experience elec- 
trostatic repulsion with the positive surface. The hydrophobic region of 
polysorbate 80 will be adsorbed, while the hydrophilic region will undergo 
little or no adsorption due to its compatibility with water. 


A 


g \ \ 
\ 
\ 
\ 
\ 
\ 
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Figure 7-Hypothetical steric repulsive region on adsorption of various 
surface-active agents. Key: (A) sodium lauryl sulfate; (B) cetyltrimethyl- 
ammonium bromide; (C) polysorbate 80. 


The estimated molecular length of the surface-active agents is: sodium 
lauryl sulfate, 53 A; cetyltrimethylammonium bromide, 76 A; and poly- 
sorbate 80,786 A. Thus, the expected orientation of the adsorbed sodium 
lauryl sulfate suggests a steric repulsive region substantially <53 A. The 
expected orientation of adsorbed cetyltrimethylammonium bromide 
suggests a steric repulsive region of -76 A. Polysorbate 80 will produce 
the largest steric repulsive region due t o  its large size and expected or- 
ientation. Examination of Fig. 6 reveals that the effectiveness of the 
surface-active agents in minimizing aggregate formation following a 
freeze-thaw cycle was directly related to the predicted size of the steric 
repulsive region produced by adsorption of the surface-active agent. 


To determine if surface-active agents can produce disaggregation when 
added to a suspension following a freeze-thaw cycle, a sample of alumi- 
num hydroxycarbonate gel was frozen for 24 h and then thawed. Poly- 
sorbate 80 was added with gentle stirring after thawing. Figure 8 shows 
that addition of a surface-active agent following a freeze-thaw cycle was 
partially effective in restoring the original particle size distribution. It 
has been reported (32) that irregular particles, when coagulating, will only 
come in contact at a limited number of points. Therefore, it is believed 
that polysorbate 80 added after a freeze-thaw cycle was adsorbed on the 
accessible interparticle space of the aggregates. The adsorption of poly- 
sorbate 80 produced a steric repulsive force between the particles, which 
led to partial disaggregation. However, the most effective steric repulsion 
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Figure &-Apparent density of the upper region of aluminum hy- 
droxycarbonate gel. Key: (A) never frozen; (AF) after one freeze-thaw 
cycle; (P80L) 2.4 X 10-2 M polysorbate 80 added after one freeze-thaw 
cycle. 
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Table VI-Comparison of Surface Tension of Solutions of 
Surface-Active Agents to  the Surface Tension of the 
Supernatant After Equilibration with Aluminum 
Hydroxycarbonate Gel 


Surface 
Surface Tension 


Concen- Tension of 
tration, of Solution, Supernatant, 


Surface-Active Agent M dyneshm dyneshm 


Sodium lauryl sulfate 5 x 10-5 62 
I x 10-4 57 
2 x 10-4 48 


72 
72 
70 


3 x 10-4 44 60 
4 x 10-4 43 59 
5 x 10-4 42 57 


Cetyltrimethylarnmonium 5 X 10-5 52 55 
bromide 1 x 10-4 49 52 


2 x 10-4 47 50 
3 x 10-4 44 47 
4 x 10-4 40 41 
5 x 10-4 40 41 


Polysorbate 80 5 x 10-6 44 45 
1 x 10-5 41 42 
5 x 10-5 39 40 
I x 10-4 38 39 
2 x 10-4 38 38 
3 x 10-4 38 38 


was produced when the surface-active agent was adsorbed before the 
suspension was exposed to a freeze-thaw cycle. 


Although only gels of aluminum hydroxycarbonate and magnesium 
hydroxide were examined, it is believed that the results of this study can 
be applied to any suspension and that the aggregation produced by 
freeze-thaw cycles will be more pronounced as the particle size of the 
suspension is smaller. 
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Abstract 0 The effect of sulfaphenazole on the distribution of tolbutamide 
was examined by comparing the change in  the steady-state volume of distri- 
bution (Vd,) determined from in uioo plasma elimination with the tissue- 
to-plasma concentration ratio of various tissues (K,) in rabbits; this effect was 
compared with that previously reported in  rats. I n  rabbits. the K ,  values of 
six tissues studied (i.e.,  brain, heart. spleen, small intestine, muscle, and skin) 
increased in the presence of sulfaphenazole; except for brain, lung, and adipose 
tissue, the tissue-to-plasma u n b i n d  concentration ratio (K,,f) of other tissues 
did show a significant decrease. This suggested that both the tissue and plasma 
protein binding of tolbutamidc were affected by sulfaphenazole and that the 
increase in K ,  was due mainly to the displacement of plasma protein binding 
of tolbutamide by sulfaphenazole, which was greater than that of tissue 
binding, while no change in K ,  was due to a parallel change in both the plasma 
protein binding and tissue binding of tolbutamide. I n  both rabbits and rats, 
the Vd, calculated from plasma concentration uersus time curve was very 
close to that calculated from the K ,  values and volumes of various tissues in 
the presence and absence of sulfaphenazole. respectively. The interspecies 
difference of the effect of sulfaphenazole on the tissue distribution of tolbu- 
tamide between rabbits and rats was elucidated from both in uiuo tissue dis- 
tribution and in v i m  plasma protcin binding studies. 


Keyphrases: 0 Sulfaphenazole-effect on tissue distribution of tolbutamide, 
rabbits, interspecies comparison 0 Tolbutamide-tissue distribution in 
rabbits, effect of sulfaphenazole. interspecies comparison 0 Tissue distribu- 
tion-tolbutamide in rabbits, effect of sulfaphenazole, interspecies compar- 
ison 


In  previous papers (1, 2) a blood flow rate-limited phar- 
macokinetic model was developed to study the effect of sul- 
fonamide on the plasma elimination and tissue distribution of 
tolbutamide in rats. The tissue-to-plasma concentration ratio 
(Kp) of all tissues studied increased in the presence of sulfa- 
phenazole, but the tissue-to-plasma unbound concentration 
ratio (Kp,f) did not show a significant alteration. This suggested 
that the tissue binding of tolbutamide is not affected by sul- 
faphenazole and that the increase of K ,  is due mainly to the 
displacement of plasma protein binding of tolbutamide by 
sulfaphenazole. The purpose of this study was to investigate 
an interspecies difference in the effect of sulfaphenazole on 
the tissue distribution of tolbutamide in rabbits and rats, and 
to determine whether this finding would encompass other 
species. 


EXPERIMENTAL 


Sodium tolbutamide' and sulfaphenazole* were used. [14C-carbonyl]tol- 
butamide3 (48.09 mCi/mmol), which was found to be 298-9970 pure by TLC, 
was used as the radioactive compound. All other reagents were commercially 
available and analytical grade. 


Animal Experiments -Adult male albino rabbits4, weighing 2.6-2.9 kg. 
were used. Under light ether anesthesia, the femoral vein and artery were 
cannulated with polyethylene tubings. Cannulated rabbits were kept in a su- 


I Japan Hext. Tokyo, Japan. 
Dainippon Pharm. Co.. Tokyo, Japan. 
New England Nuclear Co., Boston, Mass. 
Ichikawaya, Tokyo, Japan 
Type PE-50. Clay Adams; Becton, Dickinson Co., Panippany. N.J. 


pine position on restraining plates. After a loading dose of 53.6 mg of sulfa- 
phenazole/kg, 57.1 mg/kg/h was infused through the femoral vein cannula 
for 8 h with a constant-rate infusion pump6; with this dosage, steady-state 
concentrations of sulfaphcnazole ( 1  53.3 h 3.5 pg/mL, n = 4) and N4-acetyl 
sulfaphenazole (201.7 * 9.6 pg/mL, n = 3) were obtained at 2 h after the 
initiation of infusion, as reported previously (3). The rabbits were then given 
80 mg/kg of tolbutamide containing 3.33 pCi/kg of (i4C]tolbutamide in 
physiological saline through the other femoral vein cannula. The control 
rabbits were given physiological salinc instead of sulfaphenazole. The body 
temperature was kept at 37'C by a heat lamp. 


After removal of arterial blood samples, the animals were sacrificed 6 h 
after tolbutamide administration by an injection of saturated potassium 
chloride solution into the carotid artery. The brain, heart, lung, liver, kidney, 
spleen, pancreas, small intestine, adipose tissue (around thc kidneys and 
bladder), muscle (abdominal), and skin (dorsal) were quickly excised, rinsed 
well with cold saline, blotted, and weighcd. The wet weights of these tissues 
were not altered in the presence of sulfaphenazole. All tissues and plasma were 
stored at  -20°C until assayed. 


The separation of the metabolites from tolbutamide was carried out ac- 
cording to Shibasaki et al. (4) as described in a previous paper (2). With this 
method, unchanged tolbutamide could be separated from its metabolites, i.e., 
hydroxy- and carboxytolbutamides (4). Briefly, tissue samples except for skin 
were homogenized7 with a threefold excess volume of 0.5 M phosphate buffer 
(pH 5.0). Four milliliters of each homogenate or 50 pL of the plasma was 
shaken for 30 min and then extracted twice with 6 mL of n-heptane-chloro- 
form (4:l v/v). The extracts were combined and shaken with 1 mL of 0.5 M 
NaOH for 15  min, and the aqueous phase was used for the determination of 
tolbutamide. The concentration of i4C-labeled tolbutamide was determined8 
after addition of a 0.5 mL of 0.5 M HCI and 10 mL of scintillation fluid9. 


The skin was oxidized to I4CO2 in a sample oxidizeri0, and then the ra- 
dioactivity was determined as described before. The value of the plasma free 
fraction of rats was obtained from a previous paper (2). but that of rabbits 
was determined by an ultrafiltration method at  37OC as reported previously 
( 1 .  3) .  


Statistical Analysis-All means are presented with their standard error 
(mean f SE) .  Statistical analysis was performed using the Student's t test, 
with p = 0.05 as the minimal level of significance. 


RESULTS 


The tissue-to-plasma concentration ratios (K , )  i n  rabbits 6 h after intra- 
venous bolus administration of tolbutamide in  the presence and absence of 
sulfaphenazole are listed in Table 1. In the presence of sulfaphenazole, the 
K ,  values of six tissues, i.e., brain, heart. spleen, small intestine, muscle, and 
skin, increased significantly. The relationships between the K ,  values in the 
presence and those in the absence of sulfaphenazole are shown in Fig. l a  and 
are compared with that of rats (Fig. lb). which were reported previously (2). 
The plasma free fractions up) of tolbutamide in the absence and presenceof 
sulfaphenazole are listed in  Table 11. The fp increased significantly in the 
presence of sulfaphenazole. The tissue-to-plasma unbound concentration ratios 
(Kp.f) were calculated by thc following equation and are also listed in Table 
1 I :  


K,,f = 
f, 


Significant decreases in Kp,f were shown in the heart, liver, kidney, spleen, 


Model KN,  Type' 12H; Natsume Seisakusho Co.. Tokyo, Japan.  
'Teflon glass homogenizer. 
* Aloka Tri-Carb counter; Aloka Instruments Co., Tokyo, Japan. 


l o  Model 306; Packard Instruments Corp., Downers Grove, 111. 


0.1 g of 1,4-bis[2-(4 methyl-5-phenyloxazclyl)]-benzene. 4.0 g of 2.5 dipheny- 
loxazole, and 500 mL of Triton X-IOO/L of toluene. 
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K&of Tolbutamide in the Control Animals 


Figure 1 -Relationship between thr tissue-to-plasma Concentration ratios (K,,) of tolhutamide in the presence and absence of suvaphenazole in rabbits 
(a )  and rats (b). The abbreciations, Li, Ki, SI,  Lu. H .  Mu. Br. Pa. Sp, Ad, and S k  denote h e r ,  kidney,small intestine, lung, heart. muscle, bruin, pancreas. 
rpleen. udipose tissue. and skin, respecricely. The data for rats were obrained from a precious paper (2). The line shows that of unity (slope = I ) .  


pancreas, small intestine, muscle, and skin of the sulfaphenazole-treated 
rabbits, but there did not appear to bc significant changes in  thc brain, lung, 
and adipose tissucs. The relationships between the K,,f values in the presence 
and those in  the absence of sulfaphcnazolc are shown in  Fig. 2a. and are 
compared with those of rats (Fig. 2b) as reported previously (2). 


The volume of distribution at steady state (Vd,) calculated by Eq. 5 in the 
Appendix and that based on the unbound drug except for the blood space 
(vdT,f) calculated by Eq. 7 in the Appendix I are listed in  Table I I I  along with 
those for rats, which were calculated from the data reported previously (2). 
In both the sulJaphenazole-tre&ed rabbits and rats, a significant increase was 
observed in Vd,. whereas in VdT.f a significant decrease was observed only 
in  rabbits. The extent of decrease in Vd.r.f for rabbits in  the prcscnce of sul- 
faphenazole was smaller than that of the bound fraction ( I  - f,,) calculated 
by/, in Table 11. Using the values ofK,, K,,,f, and volumes of various tissues 
listed in Tables I, 11, and 1V. the Vd, and VdT.fWele calculated by Eqs. 8 and 
10 from the Appendix I. respectively, and are listed in Table 111 with those 
of rats, which were calculatcd from the data reported previously (2). The VdSs 
significantly increased in  the presence of sulfaphenazole in rabbits as well as 
in rats. A significant decrease in VdT.f was shown in rabbits in the presence 
ofdfaphenazole, but in rats no alteration was shown. The extent of changes 
in Vd, and vdT.~calCUlated by Eqs. 5 and 7 in the Appendix I was comparable 
with that of those parameters (Vd,, and VdT,f) calculated by Eqs. 8 and 10 
in the Appendix I. respectively. 


DISCUSSION 


When metabolism is thc rate-determining step of plasma drug elimination 
(1, 3), thc Vd,, can be expressed as follows ( I  0) (see Appendix I ) :  


Table I-Tissue-to-Plasma Concentration Ratios (Kp) of Tolbutamide in 
Rabbits 


Tissue 
Control, Sulfaphenazole, 


n = 4  n = 3  


Brain 
Heart 
Lung 
Liver 
Kidncy 
Spleen 
Pancreas 
Small intestine 
Adiposc tissue 
Musclc 
Skin 


0.062 f 0.01 1 
0.230 f 0.01 4 
0.297 f 0.054 
0. I84 f 0.009 
0.382 f 0.028 
0.171 f 0.009 
0.405 f 0.074c 
0.169 f 0.016 
0.080 % 0.01 5 
0.1 1 I f 0.004 
0.200 f 0.026 


0.186 f 
0.420 f 
0.325 f 
0.240 f 
0.368 f 
0.329 f 
0.629 f 
0.287 f 


0.008h 
0.033 
0.064 
0.033 
0.028 
0.025 
0.047 
0.022b 


0. I07 f 0.02 1 
0.229 f 0.007h 
0.316 f 0.0146 


Results arc given as the mean f SE;  at 6 h aftcr bolus inlection of tolbutamidc. 
Significantly different ( p  < 0.05) from the control. n = 2. 


Previously, the effects of sulfaphenazole on the plasma free fraction and in-  
trinsic clearance of tolbutamide in rats (2) and rabbits (3) have been reported. 
The plasma protein binding showed a nonlinearity and was decreased in the 
presence of sulfaphenazole in both animals. But little has been reported for 
the effect of sulfaphenazole on the tissue distribution of tolbutamide ( I ) .  


Although the K, values for many tissues studied in the presence of sulfa- 
phcnazole significantly increascd in rabbits, the Kp,~values calculated by Eq. 
1 showed a significant decrease. From these findings, it was suggested that 
the tissue binding of tolbutamide in rabbits may depend on the plasma tol- 
butamide concentration or may be decreascd in the presence of sulfaphenazole 
or .V4-acetylsulfaphenazole. The increase in Vd,, ( I  .2-fold of that for the 
control rabbits) might be explained by a simultaneous decrease in the plasma 
protein binding of tolbutamide (0.45-fold of that for the control; Table 11) 
and in  the tissue binding (0.53-fold of that for the control; Table 111). The 
decrcase in the tissue binding of tolbutamide can be seen in the decrease in  
vdT.r(Table I l l ) .  


In sheep, Thiessen and Rowland (5) reported that although the plasma free 
fraction of tolbutamide increased, the distribution volume did not show an 
alteration in the presence of sulfadimethoxine. Accordingly. in sheep a parallel 
change in  both the plasma protein binding and the tissue binding of tolbuta- 
mide might minimize any change in  Vd as a function of the plasma free 
fraction. However, in rats, although the K, values for most of the tissues 


Table If -Tissue-to-Plasma Unbound Concentration Ratios (Kp,f) of 
Tolbutamide in Rabbits' 


Control, Sulfaphenazole, 
Tissue n = 4  n = 3  


C,, g l m L b  


iir: i n 
Heart 
Lung 
Liver 
Kidney 
Spleen 
Pancreas 
Small intestine 
Adipose tissue 
Muscle 
Skin 


118.6 f 11.3 
0.094 f 0.003 
0.706 f 0.135 
2.474 f 0.229 
3.210 f 0.663 
1.971 f 0.158 
4. I 17 f 0.439 
1.821 f 0.079 
4.369 f 1 .020e 
I .8 12 f 0.205 
0.868 f 0. I84 
1 . I  88 f 0.072 
2.139 f 0.278 


94.8 f ISd 
0.273 f 0.001 
0.682 f 0.030 
1 .543 & 0.1 24d 
1. I95 f 0.236 
0.880 f 0.1 50d 
1.353 f 0.104d 
1.212 f 0.09Id 
2.310 f 0.1 74d 
1.055 f 0.08 I 
0.393 f 0.078 
0.84 I f 0.03 1 
I .  160 f O.05Od 


a Results arc given as the mean f SE: at 6 h after bolus injection of tolbutamidc. 
Plasma concentration of tolbutamide. Plasma free fraction of tolbutamide. Signi- 


ficantly different (I, < 0.05) from the control. n = 2. 


632 f Journal of Pharmaceutical Sciences 
Vol. 73, No. 5, May 1984 







/ a. Rabbit 


Pa /f --i- 


K,,f of Tolbutamide in the Control Animals 
Figure 2-- Relationship between the [issue-to-plasma unbound concentration ratios (K,J) of tolbutamide in the presence and absence of sulJaphenazole 
in rabbits ( a )  and rats ( b ) .  Abbreviations are the same as those in Fig. 1 .  The data for  rats were ohtained from a previous paper ( 2 ) .  The line shows that 
ojunity  (slope = I ) .  


studied in the presence of sulfaphenazole and at a higher steady-state con- 
centration of tolbutamide than that of the control. significantly increased, the 
Kp,f values calculated by Eq. I did not show an alteration (Figs. 1 band 2b). 
Consequently. the tissue binding of tolbutamide may not depend on the plasma 
tolbutamide concentration and may not be decreased in the presence of sul- 
faphcnazole, whereas the plasma protein binding of tolbutamide showed a 
nonlinearity and was decreased in the presence of sulfaphenazole (2). From 
these findings, it was suggested that i n  rats the increase in K ,  might be ex- 
plaincd mainly by an alteration of the plasma protein binding of tolbuta- 
mide. 


The difference in the cffect of sulfaphenazole on the tissue distribution of 
tolbutarnide between rats and rabbits may be due to the presence of a higher 
concentration of N4-acetylsulfaphenazole in rabbits than in rats. As previously 
rcprtcd, the displacement of thiopental by sulfadimethoxine was not revealed 
in the tissue binding using rat muscle, liver, and adipose tissue homogenates 
(6) .  Moreover. the tissue binding of tolbutamide was not significantly in- 
flucnced by phenylbutazonc using rabbit muscle homogenates (7). Wardell 
(8)  also reported that phenylbutazone did not affect significantly the tissue 
binding of sulfadimethoxine using rat muscle, liver, and kidney homogenates. 
Consequently, the increase in Vd, of tolbutamide in rats in the presence of 
sulfaphenazole might be explained by the unchanged tissue binding of tol- 
butamide and the increase in the plasma free fraction of tolbutamide. caused 
by the displacement of the plasma tolbutamidebinding by sulfaphenazole. 
As shown in  Table IV. the difference between Vd,  and Vd,,, calculated by 
Eqs. 5 and 8, respectively, in both the control rabbits and rats may result from 
the nonlinearity of the plasma protein binding (2, 3) .  since the plasma con- 
centration of tolbutamide 6 h after intravenous bolus administration was lower 
than the in vivo mean plasma concentration for 6h(see footnote in Table 111). 
On the other hand, the close agreement between Vd, and Vd, in the presence 
of sulfaphenazole may be due to the linearity of the plasma protein binding 
of tolbutamide, which was observed only in the presence of sulfaphenazole 
( 2 . 3 ) .  


In  rabbits, the Kp,f values were greater than unity in most of the tissues 
studied (Fig. 2 and Tablc II) and were different from those of rats, which were 


Table Ill-Effect of Sulfaphenazole on Volume of Distribution of Tolbutamide 


not greater than unity in all tissues ( I ) .  The comparison of vdT.f and f ,  among 
rabbits, rats, sheep, and humans is summarized in Table V. It was shown that 
the distribution of tolbutamide to the tissues was approximately two times 
higher in rabbits and sheep than that in humans and rats. A remarkable in- 
terspecies difference was also shown in f p  between humans and rats, whereas 
only a small difference was shown in the tissue distribution of tolbutamide 
between the two species. This suggests the possibility of the animal scale-up 
from rats to humans for the prediction of Vd of humans using the data of the 
tissue distribution of tolbutamide obtained in the rat study. 


In the present study, the interspccies difference of the tissue distribution 
of tolbutamide between rabbits and rats was demonstrated from both the in 
vivo tissue distribution and in vitro plasma protein binding. 


APPENDIX I: Calculation of the Volume of Distribution 


The volume of distribution at steady state (Vd, , )  is given by: 


Vd, = VdB -k VdT (Eq. 3)  


The volume of distribution for the blood space ( VdB) can be expressed by: 


The b'd= is calculated by two methods as follows: 


(2,) is given by (9): 
Method I-The Vd, calculated by plasma concentration versus time curve 


- Dose - AUMC 
Vd, = 


(AUC)* 


From Eq. 3 (lo),  the following equation is obtained: 


(Eq. 6) 


~ ~~~ ~~ ~ ~~ ~ ~ ~ ~ 


Volume of Control, Sulfaphcna7ole, 


268 90 f 13 97f 
703 42 f 46 72f 


Animal Distribution, mL/kg n = 4  n = 3  


222 84 f I 89 
1336 54 f 14 88 


Rabbit Z S b  


152.19 f 4.91 
1061.01 f 74.68 


237.41 f 3.82f 
656.00 f 13.231 


216.16 f 2.13 
597.39 f 7.95 


297.19 f 6 . 4 6  
436.73 f 11.83 vdT.rC 


Vd,,d 146.79 f 3.50 273.89 f 26.821 
vdT.r' 381.90 f 13.99 405.59 f 53.82 


Rat a , b  


Results are given as the mean f SE. Calculated by PA. 5 in Appendix I: DOSC-AUMC/(AU_C)~ (9 ) .  Calculated by Eq. 7 in Appendix 1. (zs, - VR s ) / f  fhcf,values 
calculated from the c'rof the in cirm mcan plasma concentration (C,) for 360 rnin were used. The C, was calculated mathematically by: C ,  = AUCo 3~ m,n/360 kin. In  rabbits, 
the mean/ values were 0. I27 in the absence and 0.299 in the presence of sulfaphenazole. respectively. while in rats the meanf valucs were0.286 in the absence and 0.546 in the 
presence ofsulfaphenarolc. respectively. Calculated by Eq. 8 of Appendix I: Vde + ZK,.V, (10). Calculated by Eq. 10 of!4ppendix 1: Z l K P ; V l / / ~  The/, values at 360 min 
after intravenous bolus administration of tolbutamide were used (see Table I f ) .  f Significantly different (p < 0.05) from the control. 
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Table IV-Volumes of Blood and Tissues in Rabbits and Rats’ 


Rabbits, Rats, 


Blood 73.8b 75.4b 
Gastrointestinal tractC 51.5 44.3 
Lung 7.3 4.6 
Brain 2.6 4.6 
Heart 2.6 4.3 
Liver 42.8 44.3 
Kidnev 6.4 7.9 


Tissue mL/kg mL/kg 


Musch 
Skin 
Adipose tissue 


500.0d 
100.0 


51.5 


500.0d 
175.0 
40.0 


Pancreas 0.4 3.6 
Spleen 0.4 3.6 


0 Determined cxperimcntally from the wet tissue weight by assuming a density of I .O, 
exce t for muscle and blood volume. The blood volume was calculated according to 
Biscl!offer a/. (1 I )  as: Vplarml = 44 X (body weight. kg)099 and Vbl+ =, Vp~a,,,,J(l - 
H,). where H, is the hematwrit value and was determined to be 0.41 in this study Body 
weights used were 2.8 kg for rabbits and 280 g for rats. Includes the stomach, small 
intestine. and large intestine: the K,of the small intcstine was used to calculate the dis- 
tribution volume ( V d )  of tolbutamide for this tissue. The muscle volume was assumed 
to be half of the body weight.( 12). 


The volume of distribution based on themeasurement of the unbound drug 
in plasma except for the blood space (VdT.1) is given by: 


In this paper, the of humans and sheep were calculated by using the data 
reported previously (4, 12). respectively. The mean value of 1.36 ( I  .33 for rats 
and I .39 for rabbits) was used as the value of s. The V s  was calculated by the 
equation in footnote b of Table IV. 


Method 2-The Vd,  calculated by tissue-to-plasma concentration ratios 
at 6 h after intravenous administration of tolbutamide is given by the following 
(10): 


The subscript j represents all tissues studied. From Eqs. 3 and 8, the following 
equation is obtained: 


(Eq. 9) VdT = 2: K ,  * VJ 
J 


The volume of distribution based on the measurement of the unbound drug 
in plasma except for the blood space (vdT,r) is given by: 


Appendix 11: Glossary 


Vd, = volume of distribution at steady state (mL) 
VdB = total amount of the drug in the blood compartment divided by 


Table V-Interspecies Difference in the Total Amount of Drug in All 
Tissue Compartments Divided by the Concentration of the Unbound Drug 
in Plasma ( V d d  and the Plasma Free Fraction (1-1 


Species Vdrr.  mL/ke. f, 


Rabbit 1336.5 0.127 
Rat 597.4 0.286 
Sheep 1341.2‘ 0.146 
Human 6~39.2~ 0.093 


a Calculated by Eq. 7 of Appendix I using the reported value ( 5 ) .  Calculated by Eq 
7 of Appendix I using the reported value ( I  3). 


the concentration of the drug in plasma (mL) 


the concentration of the drug in plasma (mL) 


the concentration of the unbound drug in plasma (mL) 


VdT = total amount of the drug in all tissue compartments divided by 


vdT.r = total amount of the drug in all tissue compartments divided by 


K ,  = tissue-to-plasma concentration ratio 


Y B  = blood volume (mL) 
K,,f = tissue-to-plasma unbound concentration ratio 


V = volume of the tissue (mL) 
s = plasma-to-blood concentration ratio 
C, = plasma concentration (pg/mL) 
CB = blood concentration (pg/rnL) 


AUC = area under the plasma concentration uersus time curve [pg/ 
(mlmin)] 


fp = plasma free fraction 
AUMC = area under the moment curve (pg/[mL-(min)2]) 
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Hepatic Tissue Binding and the Oral 
First-Pass Effect 


Keyphrases 0 Oral bioavailability-influence of hepatic tissue binding 
on first-pass effect 0 Lidocaine-oral availability in healthy subjects and 
epileptic patients compared II Hepatic tissue binding-effect on oral 
availability of lidocaine, healthy subjects and epileptic patients com- 
pared 


To the Editor: 
The development in recent years of physiological 


pharmacokinetic models has provided valuable quanti- 
tative insights into factors determining drug disposition. 
This is particularly so for the process of elimination by 
either a single (1-3) or a series of multiple organs (4,5). A 
seminal contribution was that of Rowland and colleagues 
(1) who conceptualized the quantitative interrelationship 
between organ clearance and certain determinants: 


where Q is the organ blood flow, k, is the first-order rate 
constant for drug elimination, Kp is the apparent partition 
coefficient of total drug between the eliminating organ and 
the emergent venous blood, and VE is the actual tissue 
volume of the eliminating organ. Subsequent refinement 
of what has become known as the “venous equilibration” 
or “well-stirred” model of elimination (3) led to the concept 
of intrinsic clearance of either total (CLt$) or unbound 
(CLkt) drug, and the definition of organ clearance in these 
terms and the other physiological determinants. Namely, 
organ blood flow and the unbound fraction of drug in the 
blood ( f ~ ) :  


For a drug that is metabolized under linear conditions, free 
intrinsic clearance is equivalent to the ratio of the net 
maximal rate of metabolism from liver water, i .e. ,  non- 
proteinaceous fluid of the liver (Vm,,) to the Michaelis- 
Menten constant (K,) for the involved enzyme(s) (6). It 
is readily apparent, therefore, that organ clearance, i e . ,  
irreversible drug removal, is independent of the extent of 
tissue binding in the organ, as reflected by the unbound 
fraction in the tissue. Nevertheless, some confusion over 
this matter appears to exist (7) presumably because of the 
apparent involvement of tissue uptake in Eq. 1. This 
misconception arises because of the failure to recognize the 
equivalence of the clearance terms kmfiPVE (Eq. 1) and 
fBCL$t (Eq. Z), and the inverse relationship between the 
first-order rate constant (12,) and effective volume of 
distribution (KPVE) when clearance is constant. Such 
equivalence is readily apparent if Kp is expressed ac- 
cording to its physiological determinants, i.e., the ratio of 
the unbound fractions of drug present in the blood and the 
liver ( f B / f L ) ,  and CL$, is equated in the conventional 
fashion to the product of the rate constant ( k , )  and the 
volume of distribution of unbound drug ( VE/~L).  


The conclusion that tissue binding could affect drug 
clearance by an organ was based on an analysis (7) of data 
obtained following oral and intravenous administration 
of lidocaine to normal volunteers and patients who were 


receiving chronic anticonvulsant therapy with known en- 
zyme-inducing agents (8). In essence, a simple three- 
compartmental physiological model was postulated to 
include rapidly and slowly equilibrating noneliminating 
tissue pools and the hepatoportal system. By assigning 
parameter values to tissue volumes, partition coefficients 
between serum and the tissue (referred to as retention 
factors in Ref. 7), tissue flow rates, and total intrinsic 
clearance, the study in the normal subjects was simulated 
with good agreement between the experimental data and 
the model. Parameter adjustment then permitted a rea- 
sonably good simulation of the different pharmacokinetic 
findings obtained in the epileptic patients, i .e. ,  a signifi- 
cantly reduced area under the serum concentration-time 
profile following oral but not intravenous administration 
with essentially no change in the elimination half-lives. It 
was indicated in the text and in the legend of Fig. 1 of Ref. 
7 that the only difference between the two simulations was 
an increase in the effective liver volume ( VHRH, equivalent 
to V a P  of Eq. 1). However, examination of the parame- 
ters provided in Table I of Ref. 7 indicates that the suc- 
cessful simulation of the data from the epileptic patients 
required modification of both the effective liver volume 
and the total intrinsic clearance (referred to as CLH in Ref. 7 Compartment 


t 
Metabolism 


Figure 1-Physiological model for evaluating the first-pass effect when 
the body has the characteristics of a two-compartmental system. 
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Table I-Model Parameters for Lidocaine 
Volume, L 


V B  
VL $ 


Flow rate, L/h 
QHA 
QPV 
QS 


Unbound fraction 
fB 


Free intrinsic clearance, L/h 
Absorption rate constant, h-’ 


5.0 
1.5 
1.0 


11.47 
23.0 


18.0 
72.0 
198.0 


0.40 
0.65 
0.176 
0.176 


1.75 
390 


7). It is, therefore, impossible to conclude that the changes 
in the pharmacokinetics of lidocaine produced by en- 
zyme-inducing agents was caused solely by an increase in 
the effective volume of the liver. An additional problem 
with the simulations is the parameter values chosen for the 
effective liver volumes: 50 and 150 L for the normal and 
epileptic subjects, respectively; the physiological basis and 
appropriateness of these values were not indicated. 


To clarify the findings with lidocaine in normal and 
epileptic subjects, and to specifically examine the role of 
tissue binding in organ clearance and elimination, a 
number of simulations were performed based on the 
physiological model shown in Fig. 1 and described by the 
following mass balance equations. 
Rapidly equilibrating compartment: 


(Eq. 3) 
Slowly equilibrating compartment: 


(Eq. 4) 


Liver: 


dAL = QPVCPV + QHACB dt 


Metabolism: 


Portal vein: 


Gut: 


= - kaD dG 
d t  
- 


where CB, CT, CL, and Cpv refer to the total drug con- 
centrations in the arterial blood, slowly equilibrating tis- 
sue, liver, and portal vein, respectively; Q!, Qpv, and Q H A  


are the blood flows to the slowly equilibrating tissue, portal 
vein, and hepatic artery; f ~ ,  f! ,  f!, and f~ are the unbound 
fractions of drug in the blood, the rapidly equilibrating 
tissue, the slowly equilibrating tissue, and the liver; CLrn, 
is the free intrinsic clearance; D is the oral dose; and k, is 
the first-order rate constant for oral absorption. 


Furthermore, the effective volumes of the various “or- 
gans” may be defined assuming equilibration of the 
emergent and tissue concentrations of unbound drug. 
Rapidly equilibrating compartment: 


Slowly equilibrating compartment: 


Liver: 


where VB, VF, V?, and Vk correspond to the actual phys- 
iological volumes of the blood, the other rapidly equili- 
brating tissues, the slowly equilibrating tissues, and the 
liver, respectively. 


The present model is essentially the same as that used 
by Colburn (7) except that the hepatoportal system is 
separated into its component organs and the apparent 
partition coefficient of the drug between the blood and 
tissue is identified by its physiological determinants, 
namely the ratio of the unbound fractions of drug in the 
blood and the tissue. Accordingly, Eq. 5 which describes 
the mass balance relationship in the liver is mathematically 
equivalent to Eq. 5 of Ref. 7. 


Parameter values for the model (Table I) were selected 
on the basis of standard values of blood volume, hepatic 
blood flow, liver weight, and portal venous system volume 
for a 70-kg man. Other values were based on the known 
disposition characteristics of lidocaine, for example, the 
unbound fraction in the blood was taken to be 0.4 (9). The 
livedemergent venous plasma partition coefficient of 
lidocaine at  steady state has been experimentally deter- 
mined to be 0.61 f 0.16 in the rhesus monkey (10). Based 
on a blood-plasma concentration ratio in the monkey of 
0.8 and an unbound fraction in the plasma of 0.4 (lo), this 
partition ratio provided an estimate of the unbound frac- 
tion of lidocaine in the liver of 0.65. To investigate the ef- 
fect of altering such binding and, therefore, changing the 
effective volume of the liver, values of f  ranging from 
0.002 to 1.0 were also used. The values of V, and f $  and fi 
and f i  were arbitrarily selected to provide the appropriate 
effective tissue volumes according to preliminary con- 
ventional compartmental analysis based on the first-pass 
model described by Gibaldi and Feldman (11). This 
analysis also provided an estimate of the blood flow to the 
slowly equilibrating compartment. The estimate of free 
intrinsic clearance was based on the mean value reported 
by Perucca and Richens (8) in the control subjects after 
taking into account the extent of binding in the blood. 
Finally, to compare the simulations based on blood con- 
centrations with the experimental serum concentration, 
the theoretical data was corrected by the blood-serum 
concentration of lidocaine using a value of 0.88 (8). 


k 


Journel of Pharmaceutical Sciences I 423 
Vol. 73, No. 3, March 1984 







1 Normal 


3 
[r 
Lu 
v) 
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Excellent agreement was obtained between the simu- 
lation using the parameter values in Table I and the ex- 
perimental data from the normal subjects (Fig. 2). To test 
the hypothesis that the altered pharmacokinetics of lido- 
caine in the epileptic patients was solely due to an increase 
in hepatic drug-metabolizing ability, as suggested by 
Perucca and Richens (8), the value of free intrinsic clear- 
ance was increased from 390 to 930h. Again, excellent 
agreement was obtained with the experimental observa- 
tions (Fig. 2). 


The effect of altering hepatic tissue binding on the oral 
disposition of lidocaine was examined by altering the un- 
bound fraction over a 500-fold range (0.002-1.0) equivalent 
to changing the effective liver volume from 0.6 to 300 L. As 
shown in Fig. 3, this had essentially no effect on the serum 
concentration-time profile other than a small reduction 


0.01 1 I I I I 1 
0 2 4 6 8 10 


HOURS 
Figure 3-The effects of the fraction of lidocaine not bound to liver 
tissue (fL) on the serum concentrations of lidocaine following oral ad- 
ministration. 


in the peak serum level and a modest prolongation of the 
elimination half-life at very high levels of hepatic binding 
( f ~  < 0.01). At such extreme values, about 20-70%of drug 
in the body during the terminal elimination phase would 
be present in the liver. Importantly, the changes in hepatic 
tissue binding had no effect on the total area under the oral 
serum concentration-time curve. Additional simulations 
indicated that these effects were independent of the value 
of the free intrinsic clearance, i.e., they applied equally to 
low- and high-extraction drugs. 


The major experimental finding concerning the effect 
of chronic anticonvulsant therapy on the disposition of 
lidocaine was a reduction in the areas under the serum 
concentration-time curve to about 4Wo of that determined 
in subjects not receiving such medication. The elimination 
half-life and disposition profile following intravenous 
administration were, however, largely unaffected. It was 
concluded that these differences were consistent with 
enzyme induction leading to a two- to threefold increase 
in the hepatic drug metabolizing activity of a drug that is 
well extracted by the liver and, therefore, undergoes a large 
fimt-pass effect (8). The present analysis based on physi- 
ological modeling completely supports this conclusion 
using parameters consistent with the known disposition 
of lidocaine. Moreover, the simulations indicate that 
changes in hepatic tissue binding leading to alterations in 
the effective volume of the liver have no effect on oral 
clearance. This is not unexpected, since the total area 
under the curve following oral administration is equal to 
the ratio of the absorbed dose to the total intrinsic clear- 
ance (2). The major effects of increasing liver binding is to 
modestly reduce the peak serum concentration and 
prolong the elimination half-life, as would be predicted 
from the increased total volume of distribution of the 
drug. 


Considerable insights have been obtained in recent years 
concerning the quantitative disposition of drugs and the 
factors controlling important processes such as elimina- 
tion. In particular, the oral first-pass effect is well under- 
stood, especially under linear conditions. While hepatic 
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tissue binding contributes to the initial uptake and storage 
of drug in the liver, except in unusual situations, this is a 
reversible process, and such binding does not affect the 
irreversible removal of drug by the clearance processes. 
Accordingly, such a mechanism does not need to be in- 
voked to explain the increased first-pass effect of drugs, 
including lidocaine, produced by the administration of 
enzyme-inducing agents. 
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Aspirin Prodrug Studies: Lack o f  Proper 
Literature Citation 


I read with great interest the recent article by Hussain et al., J. 
Pharm. Sci., 72,1093 (1983), which contradicts the observations of 
Amidon et al . ,  J .  Pharm. Sci., 70,1299 (1981), concerning the 
question of aspirin phenylalanine ethyl ester as an aspirin prodrug. 


Although the former article unequivocally demonstrates the 
inadequacies of the latter, it appears that  both senior authors have 
been remiss in acknowledging the important contributions of other 
investigators in the development of aspirin prodrugs. 


Chem., 22,683 (1979) and Agents and Actions, 10,240 (1980) are 
never cited. More importantly, the only published article which 
describes the detection of aspirin in the plasma after in uioo 
administration of a prodrug of aspirin is conspicuously absent, Bodor 
et al., J. Pharm. Sci., 70,743 (1981). 


The lack of proper literature citation by these authors is a poor 
reflection of the care taken by them in the preparation of their 
manuscripts, and is also a reflection on the quality of the reviewers 
who would allow such an obvious lack of citation to occur. 


In particular, the aspirin triglyceride works of Paris et al . ,  J. Med. 


James J.  Kaminski 
Schering Corporation 
Bloomfield, NJ 07003 
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Simultaneous Determination of Chloroprocaine Hydrochloride and Its 
Degradation Product 4-Amino-2-chlorobenzoic Acid in Bulk Drug and 
Injection Solutions by High-Performance Liquid Chromatography 
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Received November 19,1982, from the Department of Analytical Research, Abbott Laboratories, North Chicago, IL 60064. 
publication December 20. 1982. 


Accepted for 


Abstract  0 A high-performance liquid chromatographic method has 
been developed for the simultaneous determination of chloroprocaine 
hydrochloride and its hydrolytic degradation product, 4-amino-2-chlo- 
robentoic acid. Separation is achieved using a p-Bondapak CIS column 
and the eluant, water-acetonitrile-methanol-glacial acetic acid (74 
20:5:1) containing 0.05-0.08% (w/v) sodium 1-heptanesulfonate, at  a flow 
rate of 2 rnL/min. Benzoic acid and p-nitroacetophenone were used as 
internal standards. A variable-wavelength UV detector (278 nm) was used 
for detection of the compounds. The method is simple, accurate, and 
precise. 


Keyphrases o Chloroprocaine hydrochloride-determination in bulk 
drug and injection formulations by HYLC separation from synthetic 
impurities 


Chloroprocaine hydrochloride, a local anesthetic of the 
para -aminobenzoic ester class, is formulated as a 2 or 3% 
aqueous injection solution for caudal and epidural nerve 
blockage. Like other para-aminobenzoic esters, the drug 
is susceptible to hydrolysis, resulting in the formation of 
4-amino-2-chlorobenzoic acid and diethylaminoethanol. 
The cornpendial assay (1) for chloroprocaine hydrochloride 
bulk drug is based on potentiometric titration with per- 
chloric acid, after the addition of mercuric acetate to a 
glacial acetic acid solution of the drug. The assay is not 
specific, since any hydrochloride salts of the manufacturing 
precursors or free bases would also be titrated. The for- 
mulation is assayed by UV spectrophotometry following 
the extraction of the drug as the free base. Although the 
assay is stability indicating, numerous chloroform ex- 
tractions of an alkaline sample solution are required. Since 
the drug is rapidly hydrolyzed in basic solutions, this assay 
is undesirable. The degradation product, 4-amino-2- 
chlorobenzoic acid, is determined in a limit test using the 
Bratton-Marshall reaction (2) of the 4-amino group. 


The present study describes a high-performance liquid 
chromatographic (HPLC) method for the simultaneous 
determination of chloroprocaine hydrochloride and its 
potential degradation product, 4-amino-2-chlorobenzoic 
acid, in bulk drug and injection solutions. It is accurate, 
precise, and simple, with minimal sample manipulation. 


EXPERIMENTAL 


The chromatographic system was equipped with a dual piston recip- 
rocating pump1 a t  a flow rate of 2 mL/min, a universal injector2 with 5-pL 
volume, and a variable-wavelength UV detector at  278 nm3. The sepa- 


I Model 6OOOA, Waters Associates, Milford, MA 01757. 
Model 1J6K Universal Injector, Waters Associates, Milford, MA 01757. 
Model SF 770 Schneffel. Westwocd, N J  07675 or Model LC-55. Perkin-Elmer, 


Norwalk, CT 068% 


ration was performed on a 30 cm X 4-mm i.d. column containing mi- 
croparticulate (10 pm) bonded octadecylsilane material4. The chrorna- 
tographic peaks were electronically integrated and recorded5. For 
quantitative analyses, peak area ratios of the sample preparation were 
compared with those of the standard preparations. 


Materials-The eluant was water-acetonitrile6-methanol6-glacial 
acetic acid (74:20:5:1) containing 0.05-0.08% w/v sodium l-heptanesul- 
fonate7, pH 3.1. 


A 1-mg/mL benzoic acid* solution in 1:l methanol-water was used as 
the internal standard for 4-amino-2-chlorobenzoic acid and a 5-mg/mL 
solution of p-nitroacet~phenone~ in methanol was used as the internal 
standard for chloroprocaine hydrochloride for the analysis of the bulk 
drug. The concentration of benzoic acid was increased to 4 mg/mL for 
the analysis of formulations. 


4 


L 
+Att'n X 1 6 4 A t t ' n  X 128-4 


I I I 1 1 


0 4 8 12 16 
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Figure 1-HPLC analysis of 2% chloroprocaine hydrochloride injection 
exposed to artificial light for 1 month. Key: ( I )  4-amino-2-chlorobenzoic 
acid; (2) benzuic acid; (3) chloroprocaine hydrochloride; and (4) p-hi- 
troacetophenone. 


p-Rondapak '218. Waters Associates. Milford, MA 01757. 


Distilled in Glass, Burdick and Jackson, Muskegon, MI 49442. 
5 Model 3 : M A  Automation System, Hewlett-Packard. Avondale, PA 19311. 


7 Eastman Organic Chemicals, Rochester. NY 14650. 
8 Mallinckrodt, St. Louis, M O  63147. 
9 Aldrich Chemical Co.. Milwaukee. WI 53233. 
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Figure 2-HPLC analysis of a mixture (J/ chloroprocaine hydrochloride 
bulk drug and the manufacturing precursors and 4-amino-2-chlora- 
bentoic acid each spiked a t  1 1 ,  leuel in the bulk drug. Key: (I) 4 -  
Amino-2-chlorobenzoic acid; (2) 2-chloro-4-nitrobenzoic acid: (3) 
chloroprocaine hydrochloride; and (4)  methyl-2-chloro-4-aminobcn- 
zoate. 


S t anda rd  Preparation-4-Amino-2-ehlorobcntoic Acid-Ten 
milliliters of 0.1 mg/mI, 4-amino-2-chlorobenzoic acid reference stan- 
dardl0 in 1:l methanol-water and 10.0 mL of 1 mg/mL benzoic acid in- 
ternal standard solution were pipetted into a 100-mL volumetric flask 
and diluted to 100 mI, with water; this solution was used for the analysis 
of the bulk drug. For the formulation assay, 20.0 mL of O.l-mg/mI, 4- 
amino-2-chlorobenzoic acid reference standard solution and 10.0 mI, of 
4-mg/mL benzoic acid solution were diluted to 100 mL with water. 


Chloroprocaine Hydrochloride-One hundred milligrams of chloro- 
procaine hydrochloride USP reference standard was weighed into a 
100-mL volumetric flask; 20.0 mL of p-nitroacetophenone internal 
standard solution was added and diluted to volume with water. This so- 
lution was used for the analyses of both bulk drug and injection formu- 
lation. 


Sample Preparation-For the analysis of the bulk drug, 100 mg of 
the sample was mixed with 10.0 mL of 1-mg/mL benzoic acid solution 
and 20.0 mL of p-nitroacetophenone internal standard solution and di- 
luted to 100 mL with water. For the formulation, an aliquot of the sample 
equivalent to 1W120 mg of chloroprocaine hydrochloride was mixed with 
10.0 mL of 4-mg/mL benzoic acid internal standard solution and 20.0 mL 
of p-nitroacetophenone internal standard solution and diluted to 100 
mL with water. 


RESULTS AND DISCUSSION 


The retention of chloroprocaine hydrochloride was found to increase 
with increasing concentration of the ion-pair reagent in the range of 
0.02-0.10% in the mobile phase, while a decrease was observed with in- 
crease in acidity (1.0% acetic acid versus 0.05% sulfuric acid). Neither of 
the above changes caused any significant change in the retention volumes 
of 4-amino-2-chlorobenzoic acid and the internal standards. 


Figure 1 shows a typical chromatogram of a sample preparation of the 
formulation exposed to artificial light for I month. Diethylaminoethanol 
is not detectable a t  the detector wavelength of 278 nm. Peak I ,  which is 


lo Pfaltz and Bauer. Inc., Stamford, CT 06902 (Characterized and designated 
Abbott House Reference Standard). 


Table I-Statistical Data  fo r  the Analysis of Chloroprocaine 
Hydrochloride Bulk Drug and  2% Injection Solution 


Bulk Drug 
Puritv. Formulation. 


Number of Analyses 9 10 6 6 
Chloroprocaine hydrochloride 99.3 100.4 100.2 100.7 


(Mean) 
SD 
RSD 


60.6% 60.2% 6l.Wa 62.2% 
f0.7% 60.2% f1.Wo 62.2% 


4-Amino-2-chlorobenzoic acid <O. 1% <0.625%" 0.67% <3.0%" 
SD 
RSD 


USP XX Limit Test. 


due to 4-amino-2-chlorobenzoic acid, corresponds to-0.7 mg in 100 mg 
o f  the drug (peak 3) in the sample preparation. The recorder has been 
attenuated after the elution of the benzoic acid peak to scale down the 
responses of the latter peaks. The concentration of ion-pair reagent in 
the eluant was 0.08%. 


The trace component eluting between peaks 1 and 2 was identified as 
2-chloro-4-nitrohenzoic acid", the starting material for the manufacture 
of chloroprocaine hydrochloride. Also, the trace component between 
peaks 3 and 4 was identified as methyI-2-chloro-4-aminoben~oate~~, a 
manufacturing intermediate. The only other intermediate in the man- 
ufacture of the bulk drug, methyI-2-chloro-4-nitroben~oate~~ does not 
elute from the column during this chromatography. The levels of the two 
manufacturing impurities detected in the bulk drug were <0.5%, which 
was also confirmed by TLC. 


Since the HPLC system separates all the manufacturing impurities 
from chloroprocaine hydrochloride, the procedure was also used for the 
analysis of the bulk drug. The concentration of the ion-pairing agent was 
reduced to 0.05% in the mobile phase to enhance the resolution of 
methyl-~-chloro-4-aminobenzoate from chloroprocaine hydrochloride. 
Figure 2 shows a chromatogram of the bulk drug spiked with the manu- 
facturing precursors and 4-amino-2-chlorobenzoic acid (degradation 
product) each a t  the 1% level in the bulk drug. 


The compendia1 limits for 4-amino-2-chlorobenzoic acid in the bulk 
drug and formulation are 0.625% and 3%, respectively, as determined by 
the Bratton-Marshall reaction. As low as 0.1% of the degradation product 
can be readily quantitated by the HPLC method. The bulk drug used in 
this study contained <O.lU/o of the degradation product. Since the drug 
degrades in solution, separate standard preparations of chloroprocaine 
hydrochloride and the degradation product are employed for quantitative 
analyses. 


Acidic, basic, and neutral reflux studies of the drug showed 4-amino- 
2-chlorobenzoic acid as the only UV-active degradation product. The drug 
was degraded totally in 0.5 M sodium hydroxide, 3% in 0.5 M hydrochloric 
acid and 12% in water under reflux conditions for 1 h, with excellent 
material balance between the intact drug and degradation products. 


Chloroprocaine hydrochloride formulations are discolored on pro- 
longed storage under natural light. T o  study the nature of the photode- 
gradation product, a formulation contained in a sealed vial was exposed 
to UV radiation for 45 min. A large peak was seen eluting a t  the same 
retention volume as the trace component seen between peaks 2 and 3 in 
Fig. 1. Preparative chromatography followed by mass spectrometry 
suggested the new component to be due to 2-hydroxyprocaine. This was 
confirmed by further hydrolyzing the UV degradation product in dilute 
carbonate solution to produce 4-aminmalicylic acid, the retention volume 
of which was in good agreement with that of an authentic material. The 
amount of the photodegradation product produced was found to be <0.1% 
after 1 month exposure to artificial light, as is apparent in Fig. 1, although 
the formulation was slightly discolored. 


Linear detector responses were obtained when 50-200 mg of chloro- 
procaine hydrochloride and 0.25-5 mg of 4-amino-2-chlorobenzoic acid 
were analyzed. The correlation coefficients were 0.9999 in both cases, and 
the response uersus concentration plots essentially passed through the 
origin. 


A placebo formulation containing 0.4% sodium chloride and 0.2% so- 
dium bisulfite in water for injection was spiked simultaneously with 
chloroprocaine hydrochloride a t  12-28 mg/mL and 4-amino-2-chloro- 
benzoic acid a t  0.2-1 mg/mL; 5 mL of each of the spiked solutions were 
taken through the procedure. The average recovery of chloroprocaine 
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hydrochloride was found to he 99.8% ( n  = 5, C V  = fO.T%) and that ol 
.l-amino-2-chlorobenzoic acid, 101.0% ( n  = 5, C V  = f0.796). The repro- 
ducibility of the method was determined using a typical lot of hulk drug 
and a % formulation by three analysts over a 6-d peritd. The results and 
the statistical data are presented in Table I along with the results ob- 
tained by the corresponding assays prescribed hy US’ .  


In conclusion, ion-pair reverse-phase chromatography permits the 
simultaneous analysis of chloroprocaine hydrochloride and its degra- 
dation product. 4-amino-’-chlorobenzoic acid, in hulk drug and injection 


formulations. The method is specific tor the analysis ot‘the hulk drug and 
stability indicating lor  the drug in injection solutions. 
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Abstract 0 Adsorption of carbutamide, chlorpropamide, tolazamide, 
tolhutamide, glibenclamide (glyburide), and glipizide onto activated 
charcoal was compared in oitro using different charcoal-to-drug ratios. 
Maximal binding capacities of different sulfonylureas were 0.45-0.52 g/g 
of charcoal a t  pH 7.5. The affinity of the second generation derivatives, 
glibenclamide and glipizide, was considerably higher than that of the first 
generation derivatives. The affinity of sulfonylureas to charcoal was 
higher a t  pH 4.9 than a t  pH 7.5. Poor water solubility of sulfonylureas 
a t  pH 1 prevents the adequate testing in these conditions. Contrary to 
what has appeared previously, activated charcoal effectively adsorbs 
different sulfonylureas and can be used to possibly prevent their gas- 
trointestinal absorption. 


Keyphrases 0 Activated charcoal-adsorption, sulfonylureas, carbu- 
tamide, chlorpropamide, tolazamide, tolbutamide, glibenclamide, glip- 
izide 0 Sulfonylureas-adsorption to activated charcoal 0 Adsorp- 
tion-sulfonylureas, activated charcoal 


The capacity of activated charcoal to adsorb chemicals 
has been recognized for centuries, and in many countries 
charcoal is generally used as an antidote for intoxication. 
Maximal amounts of drugs adsorbed by charcoal of good 
quality are on the order of 100-10oO mglg of charcoal (1-4). 
Decker et al. (4) have concluded from their in uitro studies 
that compounds insoluble in aqueous acidic solution, such 
as tolbutamide, are not adsorbed to any measurable extent 
onto activated charcoal. Others have cited this and ex- 
tended the conclusions to include other sulfonylureas as 
well. Recently, claims have been made that activated 
charcoal is ineffective (5 ,6)  or even contraindicated (7) as 
an antidote in poisonings caused by tolbutamide or sul- 
fonylureas in general. This paper reports the adsorption 
of six commonly used sulfonylureas onto activated charcoal 
in uitro. 


EXPERIMENTAL 


Material-Activated charcoal’, carhutamide2, ~hlorpropamide~, 
tolazamide4, tolbutamide5, glibenclamide2 (glyburide), and glipizide4 
were used as received. Dichlormethane, acetonitrile, isopropyl alcohol, 
~~~~ ~ ~ ~~~~~~~ ~ - 


Carhomix (Norit A), Medica Ltd. Helsinki. 
2 Orion Ltd. Helsinki. 
3 Farmw Group Ltd, Turku. 
4 Medica Ltd, Helsinki. 


Hoechst AC. Frankfurt. 


and methanol were HPLC grade. All other reagents were analytical grade 
quality and were used as received. 


Preparat ion of Drug  Solutions-Solutions containing 700 mg/L of 
various sulfonylureas (or glipizide 360 mg/L, glibenclamide 100 mg/L) 
were prepared in 50 mM phosphate buffer as follows. The solutes were 
first dissolved in a small amount of 0.1 M NaOH, then phosphate buffer 
(pH 6.5) was added and the pH was adjusted to 7.5 with 1 M NaOH. 
Gilbenclamide, which is very sparingly soluble, was first dissolved in an 
ethanol-sodium hydroxide solution. 


In addition, carbutamide and chlorpropamide were dissolved in two 
phosphate-acetate buffers, pH 7.5 and 4.9, containing 50 mM phosphate 
and 40 mM acetate. The sulfonylureas were maintained in the afore- 
mentioned solutions for several days a t  room temperature and a t  4OC. 


Adsorption Studies-The adsorption studies were carried out at mom 
temperature (20-24OC) either a t  pH 7.5 or 4.9 (phosphate or phos- 
phate-acetate buffers; see Preparation of Drug Solutions). A solution 
of 20 mL of sulfonylureas in different concentrations and 20 mg of 
charcoal were mixed in 30 mL stoppered glass tubes. When the effect of 
pH was studied, 16 mg of charcoal was added to 25 mL of the drug solu- 
tion to achieve lower charcoal-to-drug ratios. The charcoal-to-drug ratio 
varied from 0.91:l to 27:l. The tubes were shaken for 10 min, after which 
time the solutions were allowed to stand for an additional 10 min and then 
centrifuged (1800Xg for 10 mid .  The drug concentration in the super- 
natant was determined. 


Determination of Sulfonylurea Concentrations-The UV ab- 
sorption of sulfonylureas could not be used for direct determination of 
these drugs because of the unpredictable amount of impurities absorbing 
a t  the UV range eluted from charcoal. The drug concentrations were 
therefore determined by HPLC6 with some modification of the original 
procedure (8). The impurities from the charcoal did not interfere with 
the HPLC assay. Aliquots of the supernatant were diluted to constant 
volume with buffer and acidified with hydrochloric acid. The drugs were 
extracted with dichlormethane-containing internal standard (carbu- 
tamide or tolbutamide). The organic phase was separated and evaporated 
in a nitrogen stream. The residue was dissolved in methanol, and samples 
of  this were injected into the chromatograph. The separation was per- 
formed with a C-187 column which was eluted with 50 m M  phosphate 
huffer-acetonitrile, 55:45, pH 3.9 a t  a flow rate of 2.5 mL/min. For 
analysis of glibenclamide 1Wo isopropyl alcohol was added to the mobile 
phase to shorten the retention time. The sulfonylureas were monitored 
with a variable-wavelength UV detectop a t  230-240 nm, depending on 
the optimal ratio of absorption of the derivatives and the internal stan- 
dard. 


The coefficient of variation between runs for the whole process com- 
prising incubations with activated charcoal and drug determination was 


HPLC: M6000A Chromatography pump and 6UK injector; Waters Associates, 


WBonda ak CIS; Waters Associates, Milford. Mass. 
SF 770 fpectroflow; Schoeffel. Westwood, N.,J. 


Milford, Mass. 
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Abstract 0 Several factors affecting the dissolution rate of cholesterol in 
monooctanoin were investigated. This solvent is used clinically for dissolution 
of residual cholesterol gallstones in  the bile duct after cholecystectomy. The 
effect of added water on dissolution rate, measured using the static- or ro- 
tating-disk methods, was not consistent with the previously measured solu- 
bility. The discrepancy was found to be due to the decrcasing viscosity of the 
solvent as water was added. Addition of cholesterol. however. increased the 
viscosity of monooctanoin. The viscosity effect on dissolution rate was inves- 
tigatcd further by addition of polymers (povidone and poloxamcr 237) which 
increased solvent viscosity. Dissolution rate was proportional to viscosity to 
the -0.4 power with these polymers. An equation was derived which predicts 
that dissolution rate should be proportional to viscosity to the -2/3 power. The 
predicted exponent was very close to reported cxpcrimcntal values for bcnzoic 
acid, but the dissolution rate/viscosity relationship for cholesterol in aqueous 
monooctanoin was nonlinear with apparcnt exponents of -0.65 to -2.3. Al- 
though the Arrhenius activation energies for viscosity (3.79 kcal/mol) and 
dissolution rate constant (3.66 kcal/mol) wcre almost equal for bcnzoic acid. 
a nonlinear relationship was again observed for cholesterol in aqueous mo- 
nooctanoin with approximate E,  values of 5.6 10 kcal/mol. The strong in- 
fluence of viscosity on dissolution rate in this system is attributed to the vis- 
cosity-increasing effect of cholesterol in the diffusion layer. The increased 
viscosity at higher cholesterol concentrations reduces the diffusion coefficient 
of cholesterol and causes the dissolution rate to be slower even though solubility 
may have been higher. The data suggest that it may be possible to increase 
cholesterol gallstone dissolution by addition of water to monooctanoin. 


Keyphrases 0 Cholesterol dissolution-monooctanoin, viscosity, effect of 
water addition 0 Monooctanoin- -cholesterol (gallstone) dissolution, viscosity. 
effect of water addition 0 Viscosity-monooctanoin, cholesterol (gallstone) 
dissotution, effect of water addition 


Monooctanoin (glyceryl monooctanoate) is being used 
clinically for dissolution of common bile duct cholesterol 
gallstones ( 1 ,  2). The solvent is infused into the bile duct 
through an abdominal T-tube drain inserted after cholecyst- 
ectomy. Although cholesterol has high solubility in monooc- 
tanoin, most clinical studies indicate that infusion for 1-2 
weeks is necessary for gallstone dissolution. 


In a previous communication, the solubility of cholesterol 
in monooctanoin was found to be dependent on the water 
content of the solvent (3). With addition of water the solubility 
increased and then decreased with a maximum occurring at 
5% water (37OC). The solubility maximum was coincident 
with the transition of solid cholesterol from the anhydrous to 
monohydrate form. Since the clinical efficacy of the solvent 
is primarily dependent on the dissolution rate of cholesterol, 
the effect of water and other factors influencing cholesterol 
dissolution rate in monooctanoin were investigated. 


THEORETICAL SECTION 


The simple Nernst diffusion layer theory is adequate for most dissolution 
rate studies. The dissolution rate is assumed to be proportional to the con- 
centration gradient across an unstirred diffusion layer on the solid surface: 


(Eq. 1 )  J = DA/h(C,  - C'b) 


where J is the dissolution rate, A is thc surface area of dissolving solid, D is 
thediffusivityofsolute, C., is thesolubilityofsolute, c'b is theconcentration 
of solute in bulk solution, and h is the effective diffusion layer thickness. This 
equation is often used with the static-pellet method for comparative dissolution 


rate determinations because it assumes that the dissolution rate is only affected 
by diffusional processes and that the factors in Eq. I ,  other than solubility. 
are constant (4). 


When diffusion and convection are both important, the Levich equation 
applies for a rotating dissolving disk ( 5 ) :  


J = 0 . 6 2 A D ' / ' / ~ ' / ~  * w'J2CC (Eq. 2) 


where v is the kinematic viscosity and w is the angular velocity of rotation. 
Since the parameters in Eq. 2 can be independently determined. the calculated 
dissolution rate may be compared with experimental data. Upon combination 
of these equations. the cffective diffusion layer thickness for the rotating disk 
is obtained: 


h = 1 . ( j D ' / 2 ~ ' / 4 / ~ ~ / 2  (Eq. 3)  


EXPERIMENTAL SECTION 


Dissolution Rate-Dissolution of cholesterol monohydrate from a rotating 
disk was measured using an apparatus similar to that reported previously (6), 
consisting of a synchronous motor and stirring assembly in a water-jacketed 
beaker. The sample was compressed in a I .27-cm diameter die with a load of 
3 180 kg'. and the die was attached to a plate on the end of the stirring shaft 
using cyanoacrylate glue2 (the die was later removed by soaking the assembly 
in acetone). The rotation speed was changed using synchronous motors from 
60-600 rpm3. In  the static disk studies the die/disk was placed facing upward 
on the bottom of the beaker, and the solution was stirred at 150 rpm. To 
simulate the conditions of gallstone dissolution in vico, 0.5-g cholesterol disks 
were accurately weighed and placed in screw-capped test tubes containing 
40 g of solvent. The samples were left undisturbed at 37°C for 24 hand the 
residual cholesterol was determined gravimctrically after removing excess 
solvent by blotting with tissue. 


Analysis-Cholesterol was analyzed by HPLC using a modification of a 
literature procedure (7) using an acetonitrile-methanol ( 5 :  I )  mobile phase, 
a reverse-phase column4. and a variable-wavelength detector at 21 5 nm. 
Dissolution samples were diluted with mobile phase and injected directly on 
the system. Benzoic acid was analyzed spectrophotometrically at 229 nm in  
0.01 M HCI. 


Water in  cholesterol monohydrate and dissolution media was determined 
by automated Karl Fischer titrimetrys. Viscosity was measured using a 
cone-plate viscometer6 with a circulator bath for temperature control. Cho- 
lesterol solubility was determined as  previously described (3). 


Fractionation of Monooctanoin-The mono- and diglyceride fractions of 
commercial monooctanoin were separated by column chromatography on 
silica gel. The diglyceride fraction was eluted with ethyl acetate-hexane ( I : I )  
and the monoglyceride fraction was then displaced with ethyl acetate. The 
purity of the fractions was checkcd by TLC (1:I  ethyl acetate-hexane on 
precoated silica gel platcs) and the solvent was removed by rotary evaporation. 
The monoglyceride melted at 36OC, and the diglyceride was an oil. The 
samples contained <0.5% water. 


Materials-Cholesterol USP'. monooctanoin8, and glyceryl monolaurateg 
were obtained commercially. The -30% diglyceride content in monooctanoin 
reported by the manufacturer was consistent with the column chromatography 
yields. Solvents were HPLC grade, and the other chemicals were reagent 
grade. 


Cholesterol monohydrate was prepared by recrystallization from 10% 
aqueous acetone. The wet crystals, after filtration, wcre air-dried for -I h 


I Fred S. Carver Inc. 
K r d r y  Clue Inc. 
l lurs t  Mfg. Co. 
HRondapak CIS. Waters Associates. 
Auto-aquatrator: Precision Scientific. 
Ferranti-Shirley, Fcrranti Ltd. 


'Sigma Chemical Co. 
8Capmul R 2 1 0  Stokeley-Van Camp Inc. 


Kessco 675; Armak Industrial Chemicals. 
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Figure I-Ratio of the solubilities and dissolution rates of cholesterol in 
aqueous munooctanoin solurions to the values in the dry solvent (37°C). 
Dissolution rates were measured at I50 rpm. Solubility data was taken from 
Re/. 3. 


and then stored in a chamber containing water. The water content of the 
crystals was equal to theory for a monohydrate (4.4% water). Although 95% 
ethanol has been widely used for preparing the monohydrate, problems were 
encountered in removing the residual ethanol when using this solvent. This 
may be due to the formation of a hemiethanol solvate (8). The vacuum drying 
required to remove ethanol also removed the water of hydration, so the sample 
was rehydratcd in the water chamber. The water of hydration was quite labile. 
After a few hours in an open container. the water content of cholesterol 
monohydrate decreased to -I %. 


RESULTS AND DISCUSSION 


Static-Disk Studies-Dissolution rate measurements by the static-disk 
method were conducted. In Fig. I the relative dissolution rateand solubility 
of cholesterol in monooctanoin solutions is plotted as a function of the water 
content of the solvent. At this stirring rate, there was poor agreement between 
the previously determined solubilities and the staticdisk dissolution data. The 
dirfcrcnce was most apparent at >5% water where the dissolution rate did not 
dccrcase along with the solubility. The dissolution rate determined in the dry 
solvent (4.7 X lo-' mg s-I) was in  good agreement with the value of 
4 X 


Other data corroborated the poor correlation between solubility and dis- 
solution rate. Table I shows the effect of sodium chloride on solubility and 
dissolution rate in 5% aqueous monooctanoin. A mixture of 0.9-2.5% aqueous 
NaCl with monooctanoin increased cholesterol solubility, presumably by 
inducing association of cholesterol with itself or the nonpolar fatty acid chains 
of the glycerides. As before, however. the solubility increase did not cause a 
corresponding change in the dissolution rate. The viscosity of the solutions 
was not affected by sodium chloride. Cholesterol solubility increased with 
addition of longer-chain glycerides. When monooctanoin was mixed with an 
equal amount of glyceryl monolaurate and 5% water. cholesterol solubility 
increased from 16. I to 23%. whereas the dissolution rate was essentially un- 
changed. These data clearly show that the direct proportionality between 
solubility and dissolution rate expected from the Nernst equation is not being 
followed in this system. 


Rotating-Disk Studies-Because of the uncertainty of the static-disk 
method with regard to hydrodynamic conditions in this system, the effect of 
water was redetermined using the rotating disk at I50 rpm (Fig. 1, upper 


Table I-Effect of Salt on Cholesterol Solubility and Dissolution Rate 
(Static-Disk Method] 


reported by Thistle et al. ( I ) .  


YaCI in  Aqueous 
Component of 5% Viscobity, Solubility, Rate, 
Monooctanoin. % cP 90 mg cm-2 5-1 


I O3 Dissolution 


0 
0.9 
I .8 
2.5 


-37 16.1 5.7 
37 
38 
37 


I a.0 
19.1 
18.2 


5.6 
5.5 
5.8 


1 + 
4 8 12 16 20 


PERCENT WATER OR CHOLESTEROL (wlw)  


Figure 3-Effects of water ( 0 )  and cholesterol (+) on the viscosity of mo- 
nooctanoin at 37°C. 
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Figure 4- Viscosity of 10% aqueous monooctanoin as a function ofpolymer 
concentration at 37°C. 


tanoin (Fig. 3 ) .  In addition, the upward curvature indicated a greater than 
first-order dependence on cholesterol concentration. The similarity of the two 
curves showed that the amount of water present had little effect on the vis- 
cosity-inducing properties of cholesterol. Since the higher concentrations in 
Fig. 3 are similar to the solubility of cholesterol in the dissolution experiments, 
the diffusion layer during dissolution must be significantly more viscous than 
the bulk solution. This implies also that a viscosity gradient must be present 
across thc diffusion layer. Although it is probably not rigorously applicable 
to this system, the Stokes-Einstein equation predicts an inverse relationship 
between the diffusion coefficient and viscosity: 


D = k T / ( 6 q r )  (Eq. 4) 


where k is the Boltzmann constant, T is the absolute temperature, 7 is the 
viscosity, and r is the radius of the molecule. 


Viscosity Effects on Dissolution Rate-Two independent approaches were 
investigated for probing the effect of viscosity on dissolution rate: addition 
of polymers and temperature effects. The former approach has been exten- 
sively investigated in aqueous systems ( I  1 - 13). In aqueous polymer solutions 
the exponential relationship betweeen dissolution rate and viscosity usually 
lies between -0.25 and -0.8 (1 I ) .  The exponent was dependent on the ex- 
perimental system, polymer, and dissolving solute. This specificity was pro- 
posed to be due to the difference between the measured bulk solution viscosity 
and the effective viscosity (resistance to solute diffusion), which controls the 
dissolution rate ( 1 2 ) .  In a recent study, several equations for the diffusion 
coefficient in polymer solutions were compared for their ability to represent 
benzoic acid dissolution (1 3) .  None was found to be significantly better than 
Eq. 4 and the average viscosity exponent was -0.62 ( I  3). 


Rearrangement of Eq. 2 gives the dissolution rate constant: 


J/(AC, = O . ~ ~ V - ~ / ~ W ~ / ~ D ~ / ~  (Eq. 2 4  


By substituting D from E.q. 4, the hypothetical effect of viscosity on dissolution 
rate is obtained: 


J/(AC<) = 0 . 6 2 ~ - ~ / ~ w ~ / ~ ( k T / ( 6 * r ) ) ~ ~ ~ ~ - ~ f ~  (Eq. 5 )  


= k'q-2/3 (Eq. 5 4  


where k' = 0.62~-'/~wl/~(kT/(6*r))~/~. 


At constant temperature the terms of k' should be constant except for v-I I6.  
This term, however, is almost constant over the range of viscosity usually 
studied. For example, a 50% increase in viscosity would change this term by 
only -6.5%. Equation 5 predicts that J/AC, should be proportional to viscosity 
zo the --y3 power. This predicted value is quite similar to that experimentally 
determined ( I  1 - 13). although previous investigators have apparently not 
considered this simple relationship. 


In preliminary studies several polymers were screened for their effects on 
cholesterol solubilitj and monooctanoin viscosity. Povidone K-30 and 
poloxamer 237 were chosen because viscosity was increased without change 
in cholesterol solubility. In Fig. 4 the viscosity of aqueous monooctanoin is 
plotted as a function of polymer concentration. The povidone data are linear 
but the Poloxamer 237 viscosities are not, and higher concentrations were 


1 + 
3 3.5 4 4.5 


In VISCOSITY 


Figure 5-Log-log plot of the dissolution rate constant versus the viscosity 
ofthe dissolution medium according to Eq. 5A. Key: (0)  10% aqueous mo- 
nooctanoin at different iemperatures; (+I povidone in 10% aqueous mo- 
nooctanoin (37°C); (0) Poloxamer 237 in 10% aqueous monooctanoin 
(37°C). 


required to reach a given viscosity. Figure 5 shows the log-log relationship 
between dissolution rate and viscosity for these two polymers plotted according 
to Eq. 5a. The slopes were -0.39 for povidone and -0.36 for poloxamer 237, 
smaller than the -2/3 power predicted above. 


The effect of temperature on dissolution rate has not been previously utilized 
for investigating viscosity effects. In Eq. 2,  for the rotating disk, changing 
temperature affects v ,  D ,  and C,. Since the v- I l6  term is negligible under most 
conditions and solubilities can be readily measured, the effect of viscosity on 
dissolution rate can be isolated to the changing diffusion coefficient. If Eq. 
4 adequately represents thc proportionality between D and 7, then l?q. 5 should 
also be applicable for dissolution rate-temperature data. Since PI' changes 
only 5% with the present data (20-45OC). whereas J/AC, increases threefold, 
dividing J/AC, by T2l3 has no significant effect (Fig. 5). The slopes for this 
curving line are approximately -0.6 to -2.3.  with the smaller value occurring 
at the higher temperatures (37OC and 45OC). Thus, it appcars that thedis- 
solution rate approaches theoretical behavior (-% power of viscosity) with 
increasing temperature. 


Activation Energies for Viscosity and Dissolution Rate-viscosity-tem- 
perature data are commonly plotted in the Arrhenius manner to obtain the 
energy of activation, E,. Figure 6 shows thc temperature effect on viscosity 
of aqueous monooctanoin and water ( 1  4). The apparent activation energy for 
monooctanoin was higher than that for water. Although viscosity decreases 
with increasing temperature. these activation energies are reported as  endo- 
thermic constants. 


Previous rotating-disk dissolution rate studies reported activation energies 


4 1  


Ea= 3.79 kcal/mol -I 


't 
3: 1 i 3  


l@/T 


Figure 6-Arrhenius plots of the uiscosity of 10% aqueous monooctanoin 
(+) and water ( 2  + In 7) ( 0 )  from ReJ 14. 
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Figure I-Arrhenius plor for the dissolution rate constant of cholesterol in 
10% aqueous monooctanoin. 


of 3.3-3.7 kcal/mol (15-17). By calculating the dissolution rate constant 
(J/AC;)  of benzoic acid in 0.01 M HCI from Eqs. 2 and 4. Touitou and 
Donbrow (17) obtained a theoretical E, of 3.66 kcal/mol. Their experimental 
data showed an EA of -3.3 kcal/mol with some curvature in the Arrhenius 
plot. The difference was ascribed to the influence of interfacial kinetics a t  lower 
temperatures. The similarity between the E, for the dissolution rate constant 
of benzoic acid indicates that viscosity change can almost entirely account 
for the change in dissolution rate. 


In Fig. 7 the experimental dissolution rate constants for cholesterol are 
plotted against reciprocal temperature. The data again show significant 
curvature with an apparent range of E, values from -5.6 to 10 kcal/mol. As 
discussed previously, separation of the T2/' term had a negligible effect on 
E,.  The heat of solution for cholesterol in aqueous monooctanoin was found 
to be 4.1 kcal/mol (3). When In J was plotted against T-' the total heat of 
dissolution was -I I .5 kcal/mol. The difference in these activation energies 
(7.4 kcal/mol) would be the average E ,  for the viscosity effect. Therefore, 
temperature changes exert a greater influence on dissolution rate through 
viscosity-diffusion coefficient effects than through solubility. 


Solubility and Dissolution Rate in Mono- and Diglyceride Fractions-The 
monooctanoin used in these studies is a mixture containing -3Wodiglyceride. 
The uncertainty about the individual cffects of the solvent components and 
the previously discussed influence of viscosity prompted measurement of 
cholesterol solubility and dissolution rate in the mono- and diglyceride frac- 
tions of monooctanoin isolated by column chromatography. Table I I compares 
the viscosity, solubility, and dissolution rate of the solvent and its components. 
The highest dissolution rates were obtained for the diglyceride fraction, even 
though the solubilities were the lowest. Although thedata are limited. a good 
correlation is apparent between viscosity and dissolution rate. 


A difficulty in the interpretation of Table I1 is that cholesterol monohydrate 
was used for the dissolution rate measurements, whereas the equilibrium 
solubility form was anhydrous (3). Curvature was not detected in the rotat- 
ing-disk dissolution runs at  150 rpm, indicating that surface conversion, if 
occurring, was not significantly affecting the rate. This is consistent with the 
similar solubilities of the two forms (3). Whether conversion occurs in stirred 
systems depends on the hydrodynamic conditions and the potential for crys- 
tallization (supersaturation and nucleation factors). 


Table 11-Cholesterol Dissolution Rate in Monooctanoin and its Mono- 
and Diglyceride Fractions 


10) Dissolution 
Water, Viscosity. Solubility, Rate, 


Monooctanoin 3 38 15.2 8.0 


Solvent % CP % mg cm-2 s-1 


Monoglyceride 3 49 15.4 7.3 


Diglyceride 3 18 7.3 12.1 
fraction 


fraction 
Monooctanoin 0.4 46 13.8 6.4 
Monoalvceride 0.4 58 12.8 4.6 


fractibn 


Tract inn 
Diglyceride 0.4 20 9.8 12.4 


Figure 8- Polarized light photomicrographs of a cholesterol monohydrate 
crystal in dry monooctanoin solution immediately upon immersion (top) and 
after 2 win (borrom). 


Cholesterol Dissolution in Unstirred Media-Under static (unstirred) 
conditions, surface transformation to the anhydrous form was observed. The 
photomicrographs in Fig. 8 show a cholesterol monohydrate crystal imme- 
diately and 2 min after incubation with dry monooctanoin. The darkening of 
the crystal is due to crystallization of the anhydrous form on the dissolving 
surface. In this case, the crust of anhydrous cholesterol inhibited further 
dissolution of the monohydrate, as  shown in Table Ill.  In the dry solvent the 
weight loss of tablets made from cholesterol monohydrate was less than that 
from the anhydrous form. The effect of water on the monohydrate in Table 
111 parallels the results in Fig. I .  which show an essentially constant dissolution 
rateat >5% water. Since theconditionsof theseexperimentsaremoresimilar 
to the clinical situation. which involves slow infusion into the bile duct, sig- 
nificant improvement in gallstone dissolution in uiuo may be possible with 
monooctanoin containing water. 


CONCLUSIONS 


The strong effect of viscosity on dissolution rate in this system has its origin 
in the solute-solvent interactions which cause high solubility. Theseinterac- 


Table Ill-Effect of Water on Weight Loss of Unstirred Cholesterol 
Tahlets 


~ ~ ~~~~ 


Weight Loss After 24 h. %O 


Water. o/c Monohydrate Anhydrousb 


0 32.5 f 2.4 39.7 f 1.4 
5 49.8 f 1.0 56.6 f 3.4 


10 45.8 f 3.3 - 
15 48.2 f 4. I - 


Mean f SD (n = 4). * Dried monohydrate. 
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tions increase the viscosity of the diffusion layer on the dissolving cholesterol 
monohydrate surface. The resulting decrease in the diffusion coefficient of 
cholesterol in the diffusion layer causes the dissolution rate to be slower even 
though solubility may have been higher. For these reasons. the preferred ap- 
proach for increasing the dissolution rate of cholesterol gallstones in  mono- 
glycerides would be to investigate solvents with low viscosity rather than to 
try to optimize solubility. The validity of this statement is supported by the 
data in Table 11. which show that dissolution rate is greater i n  the diglyceride 
fraction of monooctanoin although cholesterol solubility is lower. 


In terms of clinical applications, this study suggests that it may be possible 
to increase the cholestcrol gallstone dissolution rate by addition of water to 
monooctanoin. Water may also improve local tolerance of the drug during 
infusion. Since the solubility of water in monmtanoin is - I  5% at 37OC, the 
aqueous solvent would have much lcss potential for extraction of water from 
the bile duct and intestinal walls. The importance of temperature should be 
emphasized, since the dissolution rate of cholesterol increases 50% from 3OoC 
to 37OC. Some of the reported variability in clinical results may be due to 
inadequate control of solvent temperature. Lastly, addition of water overcomes 
a practical problem with handling monooctanoin. i .e..  crystallization. By its 
effect on the colligative properties of the solvent, water depresses the solidi- 
fication point of monooctanoin to well below room temperature. 
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Abstract 0 The release of phenacetin from a wax matrix was improved by 
the addition of an acrylic acid polymer. Increasing the amount of polymer 
increased the release rate of phenacetin due to the formation of pores and 
channels in the matrix resulting from leaching of the polymer. The leaching 
was affected by the pH of the dissolution medium as  well as  by the methods 
used to prepare the granules. The polymer in ordered powder mixes behaved 
differently from that uniformly dispersed in a wax matrix. The drug appeared 
to bc released by an approximate zero-order process at pH 7.5 from tablets 
containing the polymer. 


Keyphrases 0 Wax matrices, inert-release of phenacetin, effect of acrylic 
acid polymer 0 Phenacetin release from inert wax matrices, effect of acrylic 
acid polymer 0 Acrylic acid polymer-effect on release of phenacetin from 
inert wax matrices, action as a channeling agent 


Recently, various methods have been developed to prolong 
the action of drugs by controlling their release rates. One 
method involves the incorporation of drugs into a wax matrix. 
The mechanism of drug release from a wax matrix involves the 
leaching of the drug by a permeating fluid that enters the 
drug-matrix phase through the pores, cracks, and intergran- 
ular spaces. Higuchi has treated the drug release from the 
matrix model in a theoretical manner (1 ) .  


Several investigators have described the incorporation of 
additives, such as surfactants, into the matrix (2, 3).  These 
additives act as channeling agents and improve drug release. 
The drug appears to be released by a zero-order process. Others 


have investigated ordered powder mixes (4,5). For example, 
the wettability of a-lactose powder was appreciably changed 
by modifying its surface with other powders ( 6 ) .  The purposes 
of this work are to evaluate an acrylic acid polymer as a 
channeling agent in the wax matrix and to examine the effects 
of powder arrangement on drug release. 


EXPERIMENTAL SECTION 


Materials-carnauba wax’ was obtained commercially, and the stearyl 
alcohol, sodium chloride. disodium phosphate, and hydrochloric acid were 
reagent grade. The phenacetin2 was J P  grade; the powder was ground with 
an automatic mortar3 and then sieved to 49-1OS-pm particlesize with stainless 
steel sieves. The water used in  this experiment was prepared with a water 
purification apparatus4. Acrylic acid polymerS was cross-linked and had a 
viscosity of 3000 cps as a 1 %  aqueous solution. Molecular weight, solubility, 
and carboxyl group content of the acrylic acid polymer were -2,000,000, 5% 
(w/w), and 60%. respectively. 


Preparation of Granules-Carnauba wax ( I  5.0 g) and stearyl alcohol ( I  5.0 
g) were mixed and melted at 90 f 3°C. Phenacetin powder was added into 
the melt in small portions with constant stirring for 5 min at  90 f 3OC. to 
achieve an even distribution; the mixture was then poured onto a glass plate 
kept at O°C and allowed tocongeal. The plate-like mass was crushed for 10 


~~ ~~ ~ 
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Abstract 0 An approach is developed by which the solubility of an or- 
ganic compound in mixed solvents may be estimated. In this approach, 
an expression for the excess Gibbs free energy of mixing for multicom- 
ponent solvent systems was used to  obtain parameters characteristic of 
the interaction between the solvents. A fairly simple equation which 
predicts the solubility of a solute in a binary solvent system over the entire 
solvent composition range was then derived. The equation may be par- 
titioned into terms that contain (a)  pure solvent solubilities, ( b )  sol- 
vent-solvent interaction contributions, and (c) contributions from the 
solute-mixed solvent interactions. The required data are the molar vol- 
ume of the solute, the pure solvent solubilities, and, theoretically, one 
experimentally determined solubility in a solvent mixture. The equation 
can be easily extended for systems with three or more solvents. 


Keyphrases Solubility-mixed solvent systems, estimation by an 
excess free energy approach, theory 0 Excess free energy-use in esti- 
mating solubility in mixed solvent systems, theory 0 Mixed solvent 
systems-estimation of solubility, excess free energy approach, theory 


For pharmaceutical purposes, it is often necessary to 
dissolve a nonpolar or slightly polar drug in a mixture of 
water and one or more cosolvents such as ethanol, glycerol, 
propylene glycol, and low-molecular weight polyethylene 
glycols to increase its solubility. It is also often desirable 
to know if and where a maximum exists in the solubility 
profile of the drug in the mixture of solvents. Apart from 
determining such a profile experimentally over the whole 
solvent composition range, no general method exists at  
present which can, with a minimum of experiments, 
completely describe the solubility in the solvent mixture. 
Typical approaches to the estimation of solubility in mixed 
solvents merely express solubility in terms of a power series 
in mole or volume fraction multiplied by arbitrary num- 
bers that have little physical meaning (1). Although useful 
such equations are by their nature restricted to and only 
useful for the particular solute-solvent systems for which 
they were formulated. 


Recently Martin and coworkers (2-5) have attempted 
to use an extended form of the regular solution equation 
for the solubility of solids to estimate solubility in pure and 
mixed solvents. This is accomplished, in effect, by adding 
a term, W ,  to the expression for the regular solution ac- 
tivity coefficient to account for non-dispersion-type so- 
lute-solvent interactions. W is then estimated from dif- 
ferences between experimental and calculated solubilities 
using the regular solution equation. While their method 
is an improvement over the purely empirical approach, it 
does have a few disadvantages. For instance, it requires 
obtaining the heat of fusion, melting point, molar volume, 
and solubility parameter of the solute and the solubility 
parameter of the solvent or solvent mixture. When these 
data are not readily available, the experimental labor in- 
volved in determining them may be such as to frustrate the 
ultimate aim of the approach, i e . ,  to estimate solubility 
with a minimal number of experiments. As the authors 
have also pointed out (2), the correction term ( W )  is dif- 


ficult to determine independently, and the solubility pa- 
rameter of the solute may assume a different value in a 
different solvent system (although this does not seriously 
affect the results) (4). 


This paper presents the theoretical aspects of a method 
based on an excess free energy model which can be used to 
characterize the solubility of compounds in binary and 
ternary solvent systems. The method is general and ap- 
plicable, in principle, to virtually any solute-mixed solvent 
system as long as the solubility is not high. The data re- 
quired are the molar volume of the solute, the pure solvent 
solubilities, and, theoretically, one experimentally deter- 
mined solubility in a solvent mixture. The last item is re- 
quired for estimating C p ,  a ternary interaction term. Al- 
though estimated empirically, C2, unlike W ,  results logi- 
cally from the development of the excess free energy model 
for the system. .Subsequent papers in this series (6, 7) 
discuss the usefulness of this approach in describing ex- 
perimental data from the literature. 


THEORETICAL 


For a solute in solution in equilibrium with its solid phase: 


0%. 1) 


where R1" is the fugacity of the solute in solution a n d p  is the fugacity 
of the pure solid. The fugacity of the solute in solution may be expressed 
as (8): 


fp = xzy2fg (Eq. 2) 


where x z  is the mole fraction concentration of the solute, 72 is the sym- 
metric convention activity coefficient, and f i  is the fugacity of the hy- 
pothetical pure liquid at the same temperature and pressure as the so- 
lution (as is shown later, fg drops out of the equation and, therefore, its 
evaluation does not present a problem). 


The symmetric convention activity coefficient ( 7 2 )  has the property 
that yp - 1 as x p  - 1, while the unsymmetric convention activity coef- 
ficient (7;) has the property that 7; - 1 as x p  - 0. The relationship be- 
tween the two activity coefficients has been derived by Prigogine and 
Defay (9): 


fpln = f y e  


*/z = limit Yz 
7; x2-0 


(Eq. 3) 


If x 2  approaches zero, 7; is equal to  -1 and Eq. 3 becomes: 


72 0 limit Y Z  (Eq. 4) 
x2-0 


This situation is described by Henry's Law which may be written as: 
fsoln 


limit = Hz 0%. 5) 
r2-0 xz 


If we assume that the mole fraction solubility is sufficiently small such 
where Hp is the Henry's Law constant. 


that  Henry's Law holds up to the solubility limit, we can write: 


where x ;  is the mole fraction solubility. In many cases of interest, the mole 
fraction solubility of the drug or chemical in question is low enough even 
in the pure cosolvent to  justify such an assumption. 
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Comparison of Eqs. 2 and 5 shows that: 


Hz limit 7 2  = - 


If we take the logarithm of Eq. 7 and then write the expression for the 
solute in solvents 1 and 3 separately, we obtain for solvent 1: 


(Eq. 7) 
x2-0 A 


H2,1 limit In y2,1 = In - 
x2-0 A (Eq. 8a) 


and for solvent 3: 


(Eq. 8b) limit In y2,3 = In - 


We note here that subscript 2 is used for the solute while subscripts 1, 
3,4, etc. are used for the pure solvents. For a binary mixture (denoted 
by subscript m) of solvents 1 and 3, Eq. 7 becomes: 


H2.3 


x*-0 f i  


(Eq. 8c) limit In ~ 2 , ~  = In - 


If we take the logarithms of Eqs. 1,2, and 4 and combine them, we obtain, 
a t  the solubility limit: 


H2 .m 


x2-0 18 


In x l  = In - - limit In yz (7) x2-0 
(Eq. 9) 


Substituting the expressions for In y2 in Eqs. 8a-c we obtain, for solvent 
1: 


(Eq. 10a) A““ In x;,~ = In - 
Hz,i 


for solvent 2: 


(Eq. lob) 
fRU‘e In x; ,~ = In - 
H2.3 


and for a mixture of solvents 1 and 3: 
mure 
1 2  In x&, = In - 
H2.m 


(Eq. 1Oc) 


We now define the volume fraction zi of any component i in the mix- 
ture as: 


1 


where y, is the molar volume of component i. If we let x 2  approach zero, 
2 2  also approaches zero, and z1 and 23 become solute-free volume frac- 
tions, i.e.: 


21 + 23  = 1 (Eq. 12) 


where the circumflex denotes solute-free terms. From Eq. 6 we can 
write: 


In A”” = In + In HZJ (Eq. 13a) 


and 


In m.l. = In ~ 5 2 , ~  + In H2,3 


If we multiply Eq. 13a by 21, Eq. 13b by 23, and add them, we obtain: 


(Eq. 13b) 


In lyre = 2l(ln x;,l + In H ~ J )  + L3(ln + In H2,3) (Eq. 14) 


Eq. 14 substituted into Eq. 1Oc gives: 


In x ; , ~  = 21 In X$,J t 23 In w;,~ - (In Hz,,,, - 21 In H2,l - 2 3  In H2.3) 


Equation 15 shows that the solubility of a compound in a binary solvent 
mixture is a volume fraction-weighted sum of the two pure solvent 
solubilities plus what can be termed an excess Henry’s Law constant HF. 
In general, we may write: 


(Eq. 15) 


In ~ 9 2 , ~  = x 21 In x;,., - In H P  


In H p  = In Hz,,,, - x 2 1  In H Z , ~  


(Eq. 16) 


(Eq. 17) 


solv i 


solv 1 


For Eqs. 1 6 1 7  to be useful, an expression for In H F  must be developed. 
To obtain such an expression, we have employed an excess free energy 
model as proposed by Wohl(10). 


Excess Free Energy Model-The total free energy (C) of a homo- 


geneous system consisting of r components may be written as: 
r r 


; = I  i=l  
G = x nig; + RT 1 ni In xi + 


where ni represents the number of moles of the i th component, xi is the 
mole fraction of the i th  component, andgE is the excess free energy per 
mole. The first term represents the free energies of each of the pure 
components (gp being the free energy per mole of pure component i). The 
second term is the free energy of ideal mixing, and the third term repre- 
sents the excess free energy arising from nonidealities in the mixing. The 
partial molar free energy of component j a t  constant temperature, 
pressure, and composition is given by: 


= g, = gy + RT In x ,  + RT In y, (Eq. 19) 
( g ) T . P . n i +  j 


where 


In 1946, Wohl(l0) proposed a general method for expressing the excess 
free energies of mixtures in terms of increasing powers of the volume 
fractions ( 2 )  of the components. Thus, the excess free energy of a ternary 
system may be expressed as: 


“E 


+ 3a1122$?z + 3 Q 1 ~ ~ 2 1 2 ;  + 3U1132&3 + 3a133212: 


+ 3a2232523 + 3az33zzzi -t 6a123~1~223 + 4alllzz?z2 


+ 6 ~ 1 1 2 2 ~ f ~ q  + 4a12222123 4- 4alii3z~z3 + 6~11332f232 


+ 4a1333z1zj + + 60zp:33z$z~ + 4Q2333222; 


+ 12a1123zfz~z3 + 12a1223212$23 + 12a123: ,~1z~ (Eq. 21) 


where 21 = xlyl / (xlyl+ xzy2 + x3y3.. .) (see Eq. 11). The q values are 
usually considered a measure of the sizes of the molecules. In this report 
we have used molar volumes for the y-values; Wohl used the term 
“four-suffix y equation” in describing Eq. 21 to distinguish it from 
Margules-type equations which assume that all the molecules are of equal 
size. The “four” refers to the largest number of subscripts on an a term 
in the equation. As an example, a12 is a constant which represents the 
interaction between one molecule of component l‘and another of com- 
ponent 2. Also, as Prausnitz (8) has pointed out, the probability that any 
pair of two molecules consists of one molecule each of components 1 and 
2 is given by 22122, Similarly a1133 is the interaction parameter for four 
interacting molecules two of which are components 1 and 3, respectively, 
and 62 fzs is the probability that any four neighboring molecules consist 
of two molecules each of components 1 and 3. Although the a values may 
be regarded, in a rough sense, as similar to virial coefficients, they do not 
have a rigorous theoretical basis (8). Their importance lies in the fact that 
they are physically meaningful parameters. 


Higher- or lower-suffix y equations may also be written for the excess 
free energy depending on the degree of complexity required. A three- 
suffix equation contains only the first 10 terms on the right-hand side 
of Eq. 21, and a two-suffix equation contains only the first three 
terms. 


Wohl(10) defined: 


A2.1 = qz(2alz + 3a112 + 401112) 


A1.z = ~1(2a12 -t 3a122 + 4a1222) 


A3-1 = ~3(2a13 + 3 a 1 ~  -t 4a1113) 


A1-3 = YI(2a13 + 30133 + 401333) 


A3-2 = Y3(2a23 -t 3a223 + 4a2223) 


A2-3 = ~ 2 ( 2 a ~ 3  -t 30233 + 4 ~ 3 3 3 )  


(Eq. 22a) 


(Eq. 22b) 


(Eq. 22c) 


(Eq. 22d) 


(Eq. 22e) 


(Eq. 22f) 


- 4a1222 + 601133 + 4azm - 12a11231 0%. 2%) 
ci = qi[(3aiiz + 3 ~ 1 3 3  + 3’2223 - 6~123) + 4aiiiz + 6a1122 


CZ = 42[(3U112 + 3 a m  + 3 ~ 2 2 3  - 6a123) + 4U2223 + 6~2233 


C3 = y3[(3a112 + 3a133 + 3 ~ ~ 2 3  - 60123) + 4~1333 + 6a1133 


- 4U2333 + 6a1122 + 4a1333 - 12a1z23] (Eq. 22h) 
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- 4a1113 + 6 ~ 2 2 3 3  + 4a1112 - 12~12331 0%. 22i) 


(Eq. 2%) 


(Eq. 22k) 


(Eq. 221) 


If we introduce Eqs. 22a-1 into Eq. 21 and differentiate the total excess 


Di2 = q 1 [ 4 ~ 1 1 1 2  + 4a1222 - 6~i izzI  


Di3 = 43[4a1333 + 4a1113 - 6 ~ 1 1 3 3 1  


D23 = 92[4a2223 + 4a2333 - 6 ~ ~ 2 3 3 1  


free energy with respect to n2, Eq. 23 is obtained: 


-c .?q2Z3(1  -322)-c1q221(1 -322) ] (Eq. 23) 


where nT is the total number of moles. Since, in our convention, subscripts 
1,2, and 3 represent one solvent, the solute, and the other solvent, re- 
spectively, in the mixture m, ~ 2 , ~  is the activity coefficient of a solute in 
a mixture of two solvents in which the solute is dissolved. If desired, the 
activity coefficients of each of the solvents may be obtained by appro- 
priately interchanging the subscripts (lo), but they are not needed in this 
analysis. 


For the purpose of our analysis Eq. 23 may be simplified by making 
the following approximations: 


3alZ2 3a112, 4a1222 4alllZ (Eq. 24a) 


3Q233 3a223, 4Q2333 is 4Q2223 (Eq. 24b) 


4 3  41 


With these approximations: 


(Eq. 25) Al-2 - 41 A2-3 - 92 
A2.1 42' 243.2 43 


Equations 24a and b imply that we are neglecting three (or more)-body 
interactions between the solute and each of the solvents. This approxi- 
mation seems reasonable in view of the fact that we are dealing in most 
cases with low concentrations of solute. If we apply the same approxi- 
mation to solvent-solvent interactions, Eq. 23 reduces to the van Laar 
equations which have been used to fit activity coefficient data with some 
success. 


Substituting Eq. 25 into Eq. 23 and letting x2 (and hence 2 2 )  approach 
zero, we obtain: 


42 limit In Y Z , ~  = A2-323 + A2.121 + A1.3ili3(2il - 1 )  - 
x2-0 41 


where A2.3 is the constant arising from the interaction of the solute with 
pure solvent 3, and A2.1 is the corresponding constant for the solute and 
pure solvent 1. 


Comparison of Eqs. 8a and b with the first two terms in Eq. 26 shows 
that: 


(Eq. 27a) H2.1 Jmit In y2,1 = In - = A2.! 
xz-0 f l  


and 


(Eq. 27b) H2,3 limit In y2.3 = In - = A2.3 
xz-0 f l  


Substituting Eqs. 8c, 27a, and 27b into Eq. 26, we obtain: 


In Hz,,,, = i l  In H ~ J +  23 In H2,3 + A1.3-91i3(2il- 1) 42 
41 


Note that f i  does not appear in Eq. 28; it drops out since 21 + 23 = 1. If 


we substitute Eq. 28 into Eq. 15, we obtain the final equation: 


q 2  In x;,, = 21 In x ; ~  + 2 3  In x;,~ - A1.3ili3(2il - 1) - 
41 


+ A3.122723-+ q 2  D133i?i iQz+ c3ilii-+ 4 2  c&3- 42 (Eq. 29) 
43 9 3  4 3  41 


The above equation will be referred to as the reduced four-suffix solubility 
equation since it was derived from the four-suffix excess free energy ex- 
pression. Other solubility equations to be derived later will be referred 
to in a similar manner. 


Equation 29 expresses the mole fraction solubility I$,, of the solute 
in the mixed solvent in terms of (a )  the pure solvent solubilities given by 
the first two terms, ( b )  contributions from solvent-solvent interactions 
given by the next three terms, and (c) contributions from the interaction 
between the solute and the solvent mixture described by the last two 
terms. The data needed for the estimation of the solubility in Eq. 29 
are: 


1. The pure solvent solubilities 
2. The binary solvent data (usually vapor pressure as a function of 


composition) from which solvent-solvent interaction constants 
A1.3, A3.1, and D13 may be obtained, 


and x; ,~.  


3. The molar volumes of the pure compounds. 
4. Two ternary experimental points (obtained from the solubility 


of the solute in the solvent mixture a t  two different compositions) 
from which C1 and C3 are calculated. I t  is important to note that 
the solvent-solvent interaction constants, once obtained a t  a 
particular temperature are fixed for the solvent system at that 
temperature. 


Corresponding two- and three-suffix equations may also be written 
for the system described by Eq. 23. The three-suffix equation is obtained 
by setting the D values equal to zero or, in other words, by neglecting 
four-body interactions. If this is done, then: 


42 q 3  


41 41 
cz = c1-, c3 = c1- 


and Eq. 23 becomes: 


(Eq. 31) 


where C2 = q2[3a112 + 3 ~ 1 3 3  + 3 ~ 2 2 3  - 6 ~ 1 2 3 1  and the A values are as de- 
fined in Eqs. 22a-f without four-body interaction terms. Following the 
same treatment given in Eqs. 23-29, we arrive a t  the reduced three-suffix 
solubility equation: 


9 2  In x;,, = 21 In xB1 + 23 In xg3 - A1.321&(2il- 1) - 
91 


+ A3.12i:i3%+ c 2 i l i 3  (Eq. 32) 


Equation 32 shows that only one constant, C2, needs to be obtained from 
ternary data and, theoretically, only one point in the ternary system is 
needed. 


The two-suffix equation is obtained by neglecting three- and four-body 
interactions. Then, Eq. 23 becomes: 


In ~ 2 , ~  = Z;A2.3 + zqAz., + 2123 A2.3 + A2., - A1.3 ") (Eq. 33) 


4 3  


( Ai.2 


where 


A1.2 = 2a 124 I ,  (Eq. 34a) 


A1-3 = 2Q1341, As-I = 2a1343 (Eq. 34b) 


A2-3 = 2Q2392, A3-2 = 2Q23q3 (Eq. 34c) 


Again, following the same treatment given in Eqs. 23-29 (excepting that 
it is not necessary to make the van Laar-type approximation mentioned 
earlier because it is already implied in Eq. 34), Eq. 33 leads to the reduced 
two-suffix solubility equation: 


A2-1 = 2~ 1242 
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Tab le  I-Summary of Equations a 


Starting Equation Differential Simplifications Final Equation 


Four-suffix equation with: 
a112 = a122 = (1113 = 0133 = 0223 
= a m  = a123 = .  . . = 0 


The symbols are defined in the t e x t .  Note that the A values for the two-suffix equation are defined differently than those for the three- and four-suffix equations. 


Examination of Eq. 35 shows that unlike the reduced three- and four- 
suffix solubility equations, it contains no constant to be estimated from 
ternary data. This, combined with the fact that the reduced three-suffix 
solubility equation with its fewer parameters (compared with the cor- 
responding four-suffix equation) satisfactorily describes the data used 
(6), leads us to choose Eq. 32 as our working equation for a three-com- 
ponent system. 


Four-Component Systems-For a four-component system, the 
three-suffix excess free energy expression is given by: 


g" 


+ ~ ~ ~ I Z ~ ~ Z I Z Z Z ~ Z ~ )  


With the following definitions: 
(Eq. 36) + A3-I + A4.3- - G I ~ ~ Q I  + K Z I Z Z Z D Z ~ ~ I  (Eq. 38) 


where A1.2, A2.1, Al.3, A3.1, A2.3, and A3.2 are as defined in Eqs. 22a-f 
without the four-body interaction terms. If we consider this system as 
a solute (denoted by subscript 2) in a mixture of three solvents (denoted 
by subscript8 1,3, and 4), then an approach similar to that given in Qs. 
23 to 29 yields the reduced three-suffix solubility equation for a four- 
component system: 


q 2  In x; ,~  = 21 In x; ,~ + 23 In X;,J + 2 4  In xi,, - A1$123(221 + 224 - 1) - 
q1 


43 4 4  q1 1 
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t G 1 2 4 q 2 i i i j  t G234q22324 - G 1 3 4 q 2 i i i 3 2 4  - K q 2 2 1 2 3 2 4  (Eq. 39) 


Equation 39 shows that only one constant, K, need be obtained from 
a quaternary system. The A values and G134 are obtained from solvent 
vapor pressure composition data. If we let 2 4  equal zero, Eq. 39 reduces 
to Eq. 32 with C2 = G123q2. Thus G123, G124, and G234 are estimated from 
solubility data a t  points where solvent 4, solvent 3, and solvent 1, re- 
spectively, are absent. They are, therefore, not new parameters in the 
same sense as K. It is important to note that even with the more complex 
four-component system, we need to estimate only one quaternary con- 
stant to describe the system. It is clear that if Eq. 39 is used for predictive 
purposes (for systems in which it is valid) the experimental labor saved 
is substantial. The same consideration holds to a lesser degree for Eq. 
32. 


DISCUSSION 


The reduced three-suffix solubility equation for a solute in a mixture 
of two solvents (Eq. 32) describes solubility in terms of pure solvent 
solubilities and contributions from solvent-solvent and solute-binary 
solvent interactions. The advantages of this approach over others are its 
generality and flexibility. Once the solvent-solvent interaction constants 
are obtained, they are fixed for that solvent system (provided one operates 
at or close to the temperature at  which they were determined, usually 
25’C). Thus, the only constant that needs to be determined to completely 
describe the solubility (assuming that the solubility of the solute in each 
solvent is known) is the ternary constant Cz. For a solute in a mixture of 
three solvents (four-component system), only one quaternary constant 
( K  in Eq. 39) is needed to describe the solubility. The ternary constants 
Gle4, G234, and Glz:{ are obtained in practice in the absence of solvents 


3 , 1 ,  and 4, respectively. The essential aspects of this treatment are pre- 
sented in Table I, including the n-suffix excess free energy model for the 
number of components involved and assumptions which simplify the 
solute-solvent interactions while keeping the solvent-solvent interaction 
terms as detailed as necessary. 
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Abstract 0 Improved specific and sensitive reverse-phase HPLC assays of 
nafronyl ( I )  and its acidic metabolite and hydrolysis product (11) in biological 
fluids were developed with sensitivities of 3-6 ng/mL using fluorometric de- 
tection with 225 nm excitation and 330 nm emission wavelengths. There were 
no significant differences in the stabilities and assays of I and I I  i n  plasma 
obtained using heparin, citrate phosphate dextrose solution, EDTA, citrate. 
or oxalate as anticoagulant. Inordinately high membrane binding did not 
permit the quantification of the high plasma protein binding of I by ultrafil- 
tration; its instability precluded the use of equilibrium dialysis. Plasma protein 
binding of II by ultrafiltration was 76.4%and was not concentration depen- 
dent. The apparent red blood cell-plasma partition coefficients for I and I I  
were 2.00 and 0.49, respectively, with almost all antjcoagulants; the red blood 
cell-plasma water partition coefficient for I I  was 2.08 when corrected for 
plasma protein binding. Thus. both I and II had erythrocyte binding sites in 
addition to simple volume partitioning. Only heparin-treated blood gave 
anomalously low erythrocyte-plasma partition coefficients, indicating that 
heparin inhibited the partitioning of I and II into red blood cells from plasma 
water. The total body clearance of nafronyl ( I )  referenced to total plasma 
concentration [ 1295 f 65(SEM) mL/min] was dose independent (35-70-mg 
range) and showed biphasic plasma half-lives (intravenous) of 12 and 100 min. 
Only 34% of the nafronyl appears as systemically circulating I1 in the plasma. 
Apparent volumes of distribution similarly referenced were 39.8 and 163 L 
for the central compartment and total body, respectively. Renal clearances 
referenced to total plasma concentration were 8.3 and 0. I8 mL/min for I and 
I I, respectively. The respective total urinary excretions of I ,  I I ,  and the glu- 
curonideof I 1  ( I l l )  were0.48,0.02l,and0.32%of theadministered intrave- 
nous doses. The respective total urinary excretions of 1, I I ,  and 111 for a bile- 
cannulated dog were 0.005.0.16, and 0.40%. The total body clearance of in- 
travenously administered I I  was 225 mL/min. with a renal clearance of 0.057 
mI,/min referenced to total plasma concentration. The respective total urinary 
excretions of I 1  and I l l  were 0.027 and 0.44% of the intravenous dose of 11. 
Respective plasma half-lives of I I  (intravenous) were 2.5, 10.9, and 225 min. 
The apparent volume of distribution referenced to total plasma concentration 
was 2.2 L (9.1 L referenced to plasma water Concentration). The apparent 
overall volume of distribution referenced to plasma concentration was 73 L. 
The bioavailability of nafronyl ( I )  was 0.3-2.7% of the oral 250-mg dose of 
I .  The bioavailabilityof I I  was 10-17%of theoral 250mgdoseof I ,  indicating 
high presystemic and/or first-pass metabolism of I and 11. Additional me- 
tabolites of nafronyl. probably the major ones, could be chromatographically 
identified and quantified. Their extraction and fluorescent properties indicated 
that they were hydroxylated naphthalenic compounds containing carboxylic 
acid groups and their glucuronides. Only one major uneonjugated metabolite 
( IV)  was found in significant quantities in plasma. In addition to IV, other 
organic extractable nonconjugated compounds (V, VI, and VII) appeared 
in urine and bile. Conjugates of VII were also present in urine and bile. 


Keyphrases 0 Nafronyl-pharmacokinetics in the dog, HPLC, red blood cell 
partitioning, plasma protein binding, effect of different anticoagulants, bio- 
availability 0 Pharmacokinetics-nafronyl in the dog, HPLC, red blood cell 
partitioning, plasma protein binding, effect of different anticoagulants, bio- 
availability 0 Bioavailability- nafronyl in  the dog. HPLC, red blood cell 
partitioning, plasma protein binding, effect of different anticoagulants, 
pharmacokinetics 


The vasodilator and metabolic activator nafronyl [2- 
diethy1amino)ethyl tetrahydro-a-( 1 -naphthylmethyl)-2-fur- 
npropionate (I)  ( I ,  2) is prepared as the oxalate. Its smooth 
iuscle relaxation properties, along with its ability to increase 
xipheral and cerebral blood flow, cerebral ATP concentra- 
ins, and glucose utilization may have value in the treatment 


senile brain disease ( 1  -3).  Tetrahydro-a-( 1 -naphthyl- 
:thyl)-2-furanpropionic acid (II), a hydrolysis product of 


I (Scheme I), was observed by TLC in the plasma and urine 
of dogs, humans, and rats (4, 5 )  administered I ,  but was not 


0 


kH2 
I 


* I  - 
COOH m I 


0 
I1 rcHL + HOCHZCHZN(C~Hs)~ 


Scheme I 


quantified. The glucuronide of I1 (111) was also observed in the 
bile and urine of dogs administered I intramuscularly (4). 


Fontaine et al. (4) showed prolonged (at least through 5 h, 
but low, plasma levels of I (3.4-5.1 pg/mL of plasma) after 
administration of 40 mg/kg im of I to dogs. Detection of I in 
plasma was 80 ng/mL for three of six dogs at 24 h after in- 
tramuscular administration, with maxima of -5 pg/mL at 1 
h by the use of a nonspecific fluorometric assay (6 ) .  Minor 
amounts of the intramuscularly administered dose (0-0.4%) 
were excreted unchanged into dog urine, half within 6 h. As 
much as 20% of the dose was still present at the site of intra- 
muscular injection at  that time (4). 


Bile collected over 12 h from bile-cannulated dogs contained 
0.01 3% of the intramuscular dose of I and contained 0.42% of 
the injected dose as total I (free and liberated by @-glucuron- 
idase), presumably fluorometrically analyzed; this agreed with 
the estimates of nafronyl equivalents obtained from measured 
spectrophotometric absorbance at 224 nm of acid extracts of 
ether-extracted alkalinized bile (4). The remaining aqueous 
phase after this extraction was acidified and extracted with 
ether. These ether extracts, back-extracted into 0.1 M NaOH 
and assayed spectrophotometrically at 224 nm, accounted for 
33% of the dose in nafronyl absorbance equivalents, of which 
22% was 11, measured by quantifying TLC-separated amounts. 
After @-glucuronidase hydrolysis, the similarly treated bile 
accounted for 40% of the dose in nafronyl absorbance equiv- 
alents, of which 29% was I1 (free and liberated by P-glucuro- 
nidase). These ether extracts showed at least three identifiable 
TLC spots in addition to the one assignable to 11. The IR 
chromatograms indicated the presence of both the naphtha- 
lenic and carboxyl groups in these metabolites, and two of the 
three contained phenolic hydroxyls. Since there was an in- 
crease in their presence after @-glucuronidase treatment, the 
glucuronide conjugates of these naphthols must also be me- 
tabolites of nafronyl (4). 


I11 (g lucuronide  of 11) 
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After oral administration of 150 mg of nafronyl to a human, 
plasma levels of I of 720 ng/mL at 1 h and 1 10 ng/mL at 6 h 


the urine within mg im of 
nafronyl to a human, phSma levels of I Of 290 ng/mL at 1 h 


studies of bile-cannulated dog E. and most of the oral studies. Procaine hy- 
drochloride4 was the internal standard in  all other pharmacokinetic 


were 'Iaimed (4), and Oe6' Of unchanged I was recovered in S t u ~ ~ ~ & a t u s .  -The HPLC system14 used for plasma stability, red blood cell d. After administration Of  partitioning, and protein binding studies contained a single pump, an alkyl 
phenyl column, and a manual iniector. The variable-wavelength detectorI5 


and 550 ng/mL at 3 h were noted, and 1.6% of inchanged 1 
was recovered in the urine 2 d (4). apparent terminal 
plasma half-life Of 90 was Observed for I when loo mg Of 
nafronyl was administered Orally to two human subjects 


was set at 225 nm, with a stripchart recorderI6. The system was modified for 
analyses in  the intravenous pharmacokinetic studies lo use a radial-com- 
pression module'7, an automatic injector", a fluorescence detector1* with 
excitation at  225 nm and emission at 330 nm, and an i n t e g r a t ~ r ' ~ .  I n  the 
bile-cannulated dog E pharmacokinetic study, a different detectorZo and in- 


(7). iectorZ0 were used. , I -  


Since the above is the sum total of published studies on 
nafronyl pharmacokinetics, there is a need for systemically 
determined pharmacokinetics, disposition, and bioavailabili- 
ties. The purpose of this study was to determine the phar- 
macokinetic parameters of nafronyl after intravenous ad- 
ministration by quantitatively monitoring the time courses of 
both I and I 1  and their possible conjugates in plasma, urine, 
and bile as a function of dose in the dog. Selected studies were 
conducted to estimate the oral bioavailability of nafronyl and 
to identify possible quantitative methods of monitoring the 
time courses of as yet unidentified metabolites. 


The recent developments of HPLC methods for the bioan- 
alyses of nafronyl(7) and nafronyl plus its derived metabolite, 
I 1  (S), using UV detection at 224 nm after selective extractions 
from biological fluids, have provided specific and sensitive 
assays. These methods have been applied recently to the 
complete delineation of the solution stability of nafronyl as a 
function of pH and the optimization of analytical methods (8) 
in plasma. In  this present report, further assay modifications 
and increased sensitivities with the use of fluorometric detec- 
tion are given. Since questions had been raised as to the pos- 
sible effects of different anticoagulants on the stability and 


Liquid Chromatography- With Haloalkane Extraction (Method &--This 
method was used in the pharmacokinetic studies. Plasma (2 mL) was adjusted 
to pH 3.5 with 0.35 mL of 0.2 M HCI, vortexed, and extracted with 5.0 mL 
of dichloromethane with mild shaking. The samples were centrifuged at 3000 
rpm for 10 min and 3 mL of the organic phase was evaporated to dryness under 
a stream of nitrogen. The residue was reconstituted with 0.5 mL of acetoni- 
trile-0.1 M acetate buffer pH 4.0 (80:20) containing 9.8 pg of procaine hy- 
drochloride and 50 p L  was injected into the HPLC (for method A ] )  or the 
residue was reconstituted with 0.5 mL of acetonitrile-0.1 M acetate buffer, 
pH 4.2, (10:90) containing 46 pg of butacaine hemisulfate, and 30 WL was 
injected into the HPLC (for method A2). Undiluted urine ( I  mL) was adjusted 
to pH 3.5 with 0.175 mL of 0.2 M HCI, vortexed, extracted, evaporated, and 
reconstituted as above. 


Method A/-This method was used for all intravenous pharmacokinetic 
studies except with the bile-cannulated dog study. Assay of I (retention time 
5.4 min) used a mobile phase of acetonitrile-0.1 M acetate buffer pH 4.0 
(80:20) through a radial cyano cartridge2', with a flow rate of 3.0 mL/rnin. 
The assay of I 1  (retention time 4.8 min) used a mobile phase of acetonitrile- 
acetate buffer pH 4.5 (50:SO) through a radial c8 cartridge*', with a flow rate 
of 2.0 mL/min. 


Method A2-In the oral and bile-cannulated dog studies only one system 
was used for the assay of I and 11. A 5-pm Cg column22 ( 1  2 cm) maintained 
at 45OC was used, with a mobile phase of acetonitrile-0.05 M acetate buffer 
pH 4.0, (53:47) with a flow rate of 1 . I  mL/min. A 25-pL aliquot of the0.5-mL 
reconstituted residue was injected onto the HPLC. Peak area ratios to internal 
standard were used in all these pharmacokinetic studies for the assays. 


Acelonilrile Dewoteinizarion (Method B)-This method was used in  the 
assay of nafronyl in plasma, these factors were studied When plasma stability, ;ed blood cell partitioning, and protein binding studies. 


Acetonitrile ( I  .5 mL) containing 5.0pglmLof the internal standard butacaine 
sulfate was added to a 0.5-mL Dlasrna samde. vortexed at  hiah swed for 20 various anticoagulants were used in blood procurement. 


EXPERIMENTAL 


Materials-Acetic acid', sodium acetate', potassium and ammonium ox- 
alate', dibasic and monobasic potassium phosphate], and volumetric con- 
centrations of sodium hydroxide* and hydrochloric acid2 were all analytical 
grade. Dichloromcthane' and acetonitrile3 were HPLC and UV grade. 
P-Glucuronidase, purified from Escherichia coli4. ( 1,344, I00 Fishman U/g, 
1,816,490 U/g with CHCI,) and beef liver5 (50 Fishman U/g) were used as  
received. EDTA was a 2% solution of the disodium salt6. Citratc phosphate 
dextrose solution USP6 contained 1.6 I g of hydrous dextrose USP, 1.66 g of 
sodium citrate dihydratc USP, 0.19 g of anhydrous citric acid USP, and 0.14 
g of sodium biphosphate USPdissolved to 63 mL with water for injection USP. 
The oxalate anticoagulant solution was 1.2 g of ammonium oxalate and 0.89 
g of potassium oxalate in 100 mL of water for injection USP. 


The pharmacokinetic studies used sodium chloride injection USP6, sodium 
heparin injection USP', intravenous delivery system sets6, evacuated blood 
collection tubes*, disposable syringes9, 5-French urethral catheters9, three-way 
stopcockslo, 16-gauge vein catheters, 14-gauge needles". and carbocaine 
hydrochloridei2. Pure I and I 1  were used as receivedI3. 


Crystalline butacaine hemisulfate4 was the internal standard for red blood 
cell partitioning, protein binding, plasma stability studies, the pharmacokinetic 


I Mallinckrodt, Paris, Ky. 
Ricca Chemical Co.. Arlington, Tex. 
Burdick and Jackson Laboratories. Muskegon. Mich. 
Sigma Chemical Co.. St. Louis, Mo.. 8-glucuronidase ( E .  coli) was Type VII. 


J Lot 042967; Aldrich Chemical Co., Milwaukee. Wis. 
McCaw Laboratories, Irvine, Calif. ' The Upjohn Co.. Kalamazoo. Mich. 
Vacutainer blood collection tube with sodium heparin; Becton. Dickinson and Co., 


Monoject; Sherwood Medical, St. Louis, Mo. 
Pharmaseal, Inc.. Toa Aka. P.R. 


Rutherford. N.J.  


I' Intrdcath: The Deseret Co.. Sandv. Utah. 
l 2  Winthro Laboratories. New Yoik, N.Y.  
l 3  NafronyP(1) LS 121, Lot 1956, I N D  9571 and Lot 6260. analysis 23569; 1.S 74 


(11) IND 9575, Lot 2357. Lipha Chemicals Inc., New York, N .Y.  


s, and centrifuged at 3000 rpm fbr 5 min; 50;L of the supernal& was injected 
into the HPLC. The mobile phase of acetonitrile-0.1 M acetate buffer pH 
4.5 (50:50) was passed through an alkyl phenyl column at  a flow rate of 1.5 
mL/min. Peak height ratios to internal standard were used in these in oilro 
studies. 


Glucuronide Assay in Urine (Merhod C)-After extraction of the pH 
3.5-adjusted urine with dichloromethane for assay of I and I I  as in method 
A I and checking, in  several instances, a second extraction to ascertain com- 
plete extraction, the urine samples were hydrolyzed with freshly prepared (100 
Sigma or Fishman U/mL) 0-glucuronidase ( E .  coli). Phosphate buffer at 
pH 7.0 ( 1  mL) and 8-glucuronidase solution (0.2 mL) were added to I mL 
of the previously extracted urine. The mixture was incubated at 37.5OC for 
30-40 min. An aliquot (1 mL) was adjusted to pH 2.5-3.0 with 0.5 mL of 0.2 
M HCI, extracted with dichloromethane. and assayed for the aglycone using 
method A l .  In one study, plasma was treated similarly to determine the 
presence o f a  generated aglycone, 11. No significant I I  was found in plasma 
after P-glucuronidase treatment. 


Glucuronide Assay in Urine and Bile in Bile-Cannulared Dog E (Method 
D)-Plasma and nonhydrolyzed urine and bile were extracted at pH 3.5. and 
the extracts were assayed by the single-injection HPLC method (method A2) 
in  the bile-cannulated dog E study for the simultaneous determination I and 
I I ,  using butacaine as the internal standard. The bile and urine were hydro- 
lyzed by 0-glucuronidase ( E .  coli) as in  method C, except that the samples 


l4 Model M 6000A solvent delivery system and Model U6k universal liquid chroma 


I s  LC 75 spectrophotometer detector for liquid chromatography; Pcrkin-Elmei 


l6 Fisher recordall series 5000; Fisher Scientific Co.. Pittsburgh, Pa. 
l7 Wisp 710A automatic sampling device and RCM 100 module; Waters Associate 


I *  Varian Fluorichrom fluorescence detector; Varian Instruments, Walnut Cree 


l 9  Model 3380A; Hewlett Packard. Avondale, Pa. 
2o PE models 4 2 0 8  and 630-10s;  Perkin-Elmer, Norwalk. Conn. 
2 l  Waters Associates. Milford, Mass. 
22 Perkin Elmer H S  5-pm CS column. Perkin-Elmer, Norwalk. Conn. 


tograph injector with a pBondapak column; Water Associates, Milford, Mass. 


Norwalk. Conn. 


Milford. Mass. 


Calif. 
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were adjusted to pH 2.0 before extraction and thedried extracts were recon- 
stituted in acetonitrile-0.1 M acetate buffer pH 4.2 (10:90) for injection be- 
cause interfering impurities resulted from the plastic tips of the automatic 
injector2' when the acetonitrile concentration was as high as that in the mobile 
phase (53% acetonitrile). The preextracted bile was also hydrolyzed with 0.2 
M NaOH for 30 min at room temperature and adjusted to pH 2 with HCI 
before extraction and assay by method A2. 


Pharmacokinetic Studies in Dogs-The dogs were healthy mongrels 
weighing 22-26 kg; dog E was female. All were negative for microfilaria. 
Initial hematocrits ranged between 0.43 and 0.38. with white blood counts 
of I 1,500- 15,000 (normal range). 


The dogs were fasted for 24 h before each study, and a jugular vein cathe- 
ter'* was inserted uia venipuncture using carbocaine as an anesthetic. The 
end of the catheter was fitted with the three-way stopcocklo. The dead volume 
of the catheter was filled with 0.5 mL of heparinized sodium chloride solution 
(100 U/mL) to prevent clotting. The dog was placed in a clean metabolism 
cage overnight. On the day of the study the dog was placed in a dog sling?' 
and an intravenous drip of 0.9% NaCl was started to keep the catheter open 
and to water-load the dog. A 5-French urethral catheter9 was placed and the 
dog voided of urine prior to drug administration. 


The drug was prepared by dissolving the appropriately weighed amount 
in I0 mL of isotonic saline. I n  the metabolite study, the appropriate amount 
of 11 was dissolved in 0.1 mL of propylene glycol before adding isotonic sodium 
bicarbonate to 10 mL. The percentage of propylene glycol was 0.67%. 


Blood (60 mL) was drawn before drug injection for use in the plasma cal- 
ibration curves. The drug solution (10 mL) was injected oia the jugular 
catheter, and the stopcock and the catheter were flushed with 10 mL of isotonic 
saline; the time was measured from the end of the flush. For the oral studies, 
250 mg of I was dissolved in 20 mL of deionized water. The solution was in- 
jected through a plastic feeding tube9, which had been inserted orally to reach 
the stomach. It was followed by a 30-mL rinse of deionized water. 


The normal time course for sampling in the intravenous pharmacokinetic 
studies was 2.4,6,9. 12, 15.20,25,30,40.50.60, 70.80.90, 110, 150, 180, 
240, and 300 min. The catheter and stopcock were filled with 1.0 mL of fresh 
blood before sampling, which was then discarded. Blood (5 mL) was taken 
in a syringe and transferred to a heparinized tube. The sample was centrifuged 
at  3000 rpm for 5 min, and the plasma was extracted immediately for assay 
of I and I I .  The red blood cells were handled under sterile conditions, resus- 
pcnded in isotonic saline, and infused back into the dog after the last urine 
sample was obtained. The dog was then treated with antibiotics to lower the 
risk of infection. 


Urine samples were collected through the urethral catheter at the following 
times: 15, 30,45,60,75,90, 105, 120, 140, 160, 180,210,240,300,and 360 
min. The volume and pH were recorded, and the samples were placed in an 
ice bath. All samples were extracted after the last plasma sample had been 
obtained and were assayed for I, I I ,  and glucuronide by the methods described 
previously. 


The sampling times were modified for the oral studies. Blood samples were 
obtained at 10-min intervals up to 200 min and then at  30-min intervals up 
to 480 min. Urine was collected at 20-min intervals up to 240 min and there- 
after at 30-min intervals up to 540 min. Bile was collected at 20-min intervals 
up to 220 min in the bile-cannulated dog study. 


Evaluation of &Glucuronidase, Acid, and Alkaline Release of Conjugates 
of the Derived Acid-Biological fluids to be assayed for conjugates of I I  (k,  
I l l )  were obtained from the nondosed animal and were used to establish cal- 
ibration curves, with graded amounts of I 1  added to dichloromethane- 
precxtracted fluids prior to the solvolytic and analytical processes. A I-mi. 
aliquot of urine, plasma, or bile was extracted at pH 3.5 with 5 mL of di- 
chloromethane for 10 min with shaking. the normal process in the assay of 
nonconjugated I or 11. The aspirated aqueous phase was then hydrolyzed at 
37.5OC with E. coli j3-glucuronidase (40 Fishman U/mL) after adjustment 
to pH 7.0 with phosphate buffer or with beef liver B-glucuronidase (0.016 
Fishman U/mL) after adjustment to pH 4.5 with acetate buffer. Finally, the 
solutions were adjusted to pH 3.5 and extracted with 10 mL of dichloro- 
methane. The organic extract was evaporated under nitrogen and reconstituted 
in 500 p L  of mobile phase, with 50 p L  injected for assay by method A l .  


Urine samples, taken at different times from dog A (dosed with 70 mg of 
nafronyl), were assayed several times to determine when complete release of 
the conjugates of I 1  was obtained. Dichloromethane-preextracted urine ( I  .O 
mL) from dog A was mixed 1:1 with 0.1 M NaOH, 0.2 M NaOH, 1 M HCI, 
and 6 M HCI. After I5 and 30 min at room temperature. the alkaline samples 
were adjusted to pH 2. The urine samples were extracted with 10 mL of di- 
chloromethane and assayed by method Al  for l l .  


Nafronyl Stability in Plasma Containing Various Anticoagulants-The 
stability of nafronyl (I) was investigated in fresh dog plasma prepared with 


~~ ~ ~~ *' Dog Sling; Alice King Chatham. Medical Arts. 1.0s Angeles. Calif. 


Table I-Nafronyl Stabilities in Fresh Dog Plasma Prepared Using 
Various Anticoagulants 


Amount 


Anticoagulant min-' h at I,, ?6 
lo3 k b ,  11p. Transformed 


Heparin 1.99 5.77 49.3 
Citrate phosphate dextrose solution 4.40 2.63 40.7 
EDTA 3.68 3.19 38.5 
Sodium citrate 3.49 3.31 36.1 
Oxalate 3.41 3.33 40.4 


All studies, except for heparin at 22OC. were performed at 37.5"C. The concentration 
of nafronyl was 16 pg/mL. Obtained from the slopes of data plotted in accordance with 
Eq. 5.  


different anticoagulants. The amounts per milliliter of blood were: heparin, 
0.5 U; citrate phosphate dextrose solution USP, 0.14 mL; 0.2% EDTA, 0.1 25 
mL; 3.78% sodium citrate, 0.1 I I mL; and ammonium-potassium oxalate 
solution, 0.1 mL. Blood (50-80 mL) was withdrawn from the jugular vein 
using a 16-gauge needle and syringe containing the necessary amount of 
anticoagulant. The blood was centrifuged for I5 min at 3000 rpm; no hemolysis 
was observed. Clear plasma (5-17 mL) was transferred into a clean stoppered 
tube and equilibrated. Nafronyl ( I )  (0.075-0.27 mg) was added, and the 
mixture was vortexed 1 min to give final concentrations between 15 and 19 
pg/mL. After the addition of plasma to I, a timer was started. Aliquots (0.5 
mL) of the mixture were assayed with time by the acetonitrile deproteinization 
procedure (method B). 


Calibration curves were prepared (0.4-4 pg/mL of injected solution) from 
stock solutions of I, 11. and butacaine dissolved in acetonitrile. I n  the EDTA, 
sodium citrate, and oxalate studies, the calibration curves were prepared from 
the same blank plasma that was used for the stability study, and the injected 
solutions had the same composition as  those injections made in the studies. 
The plasma used for the calibration curves in the heparin study had been re- 
frigerated overnight. The calibration curve for the citrate phosphate dextrose 
solution study was prepared from compounds in  the mobile phase. 


Protein Binding-The protein binding of I and I 1  in the hcparinircd dog 
plasma was investigated using a cone24 filtration technique (9). Fresh whole 
dog plasma was filtered to obtain the plasma water. Plasma water (1.5 mL) 
and plasma ( I  .5 mL) were spiked with 2- I6-pglmL concentrations of I and 
11. A 0.5-mL aliquot of each was assayed using acetonitrile deproteinization 
(method B) to determine the initial concentrations. The plasma water was 
then filtered at 3000 rpm for 20 min, and 0.5 mL of filtrate was assayed. The 
spiked plasma was then filtered through thesame cone used to filter the plasma 
water, which contained substances at the same concentration. 


Red Blood Cell Partitioning-Calibration curves for the assay of I, 11, and 
mixtures of I and I I  were prepared at  0.2-16 pg/mL i n  whole blood and 
plasma obtained by centrifugation from the same blood. Calibration curves 
were established for mobile phases at 25% of these concentrations, since they 
were injected without the dilution by acetonitrile nceded for deproteinization. 
The blood samples were obtained with different anticoagulants: heparin, 
oxalate, citrate phosphate dextrose solution, and 0.2% EDTA in concentrations 
given previously. The hematocrits (H) of the blood samples were measured 
and portions centrifuged to recover the plasma. The spiked blood samples were 
carefully mixed and centrifuged at  3000 rpm for 5 min, and the separated 
plasma samples were assayed by method B using acetonitrile denaturation. 
The final hematwrits of the spiked blood samples were corrected for the 
dilutions made by the addition of the compounds. The corrected hematocrits 
(H' )  were 0.83 of those experimentally determined in  the blood samples. 


The spiked plasma and mobile phase were also assayed by this method. The 
concentrations per milliliter (C,) in the separated plasma of spiked blood were 
ascertained from the calibration curve established for spiked plasma. The 
amount of drug in the plasma obtained from 1 mL of spiked blood is Ap - n 
= ( 1  - H')C,. The amount of drug in the red blood cells obtained from 1 mL 
of spiked blood is ARBC - B = CO - Ap - B. where CO is the concentrationof 
spiked drug per milliliter of blood. The concentration of drug in the red blood 
cells of spiked blood is CRBC = ARBC - B / H ' .  Thus, the apparent red blood 
cell-plasma partition coefficient is: 


(Co - A P  - d / H '  - D' = CRBC/Cp = ARBC - n/H'C,  = - 
CP 


An alternate method tocalculate the apparent red blood cell-plasma par- 
~~ ~ 


24 Centriflo Lltrafiltra~ion Mcmbrane Cones CF 50A; Amicon Corp.. Lexington. 
Mass. 
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Table 11-Parameters’ for Calculation of the Apparent Red Blood Cell-Plasma Partition Coefficients, D = (1 - R + RH‘)/RH‘,  of I and 11 


Ant i -  I I I  
coagulant H’ R D’ R D‘ 


Citrate phosphate dextrose solution 0.3276 0.70 2.29 1.14 0.62 
O.27Sc 0.83 1.75 1.13 0.58 
0.275‘ 0.79 1.94 1.16 0.50 


0.3466 0.60 2.93 1.23 0.47 
0.3OOc 0.89 1.41 1.19 0.46 
0.300‘ 0.78 1.92 0.96 1.15 
O.33Oc 0.65 2.67 1.30 0.30 
Mean f SEM 2.00 f 0.37 0.64 f 0.26 


2.00 f 0.15 0.57 f 0.04 Mean f SEM 
Oxalate 
EDTA 


Heparin 0.252c 
0.2526 - 
0.28 I 
0.28 I 
Mean f SEM 


1 .oo 1 .oo 
1 .oo I .oo 
1 .oo I .OO 
0.8 I I .85 


1.2 f 0.2 


1.51 -0.3 
1.56 -0.1 
1.32 0.14 
1.28 0.23 


0.0 f 0.1 


D’ = CRBC/C?.= H = m/m‘, where m is APHR,/AC in the plasma concentration curve, m’ = APHR/ACo in the blood concentration curve, PHR is the peak height ratio 
of I and I I ,  and H IS the corrected hematocrit of the spikcBblood samples. * Effected on mixtures of I and I I ,  each 0.4-4.0 pg/mL of blood. Separate studies for I and II. 


tition coefficient, D’, is based on the HPLC calibration curves, established 
in spiked plasma or mobile phase, that pass through the origin and conform 
to: 


PHR, = mC, (Eq. 2) 


where C, is the spiked concentration in plasma or mobile phase that gives the 
peak height ratio, PHR,: Calibration curves for drugs spiked in plasma and 
mobile phase were superimposable. 


Apparent calibration curves were also prepared for the assay of drug in the 
plasma samples separated from spiked blood of different concentrations, CO, 
obtained with different anticoagulants. This conformed to: 


PHR, = m’Co = m [ ( l  - H’)C, + H ’ c ~ e c ]  = mC, (EQ. 3) 


Since D’ = CRBC/C, and R = m’/rn, this equation can be rearranged to: 
1 - R + RH’ D’ = 


RH’ (Eq. 4) 


for the estimations of D’. 


RESULTS AND DISCUSSION 


Unless specified all concentrations of I, 11, and 111 are given as equivalent 
to nafronyl (as the oxalate). 


Improvements in Chromatographic Assays-The HPLC assay methods 
developed herein substantially improved analytical sensitivity for nafronyl 
(I.) and its derived acid metabolite (11) over those published previously (8) 
for a haloalkane extraction method using 224-nm spectrometric detection, 
where the standard errors of regression of concentration on peak area or peak 


L 


height or their ratios to that of a butacaine internal standard were 100-200 
ng/mL of plasma. The columns and conditions for these new studies with 
fluorometric detection (225-nm excitation, 335-nm emission) using method 
Al and dichloromethane extraction gave calibration curves in the 0-300- 
ng/mL range, which indicated analytical sensitivities of 2-1 5 ng/mL in urine 
and plasma. 


Some examples of linear regression equations with standard errors of the 
estimates for nafronyl ( I )  concentrations in plasma (ng/mL) as the oxalate 
in plasma are: C f 4.0 ng/mL = (522.6 f 10.O)PHR - 11.9 f 3.3, r = 
0.99960; C f 6.2 = (347.0 f 2.5)PAR + 10.9 f 3.1,  r = 0.99983; C f 5.1 
= (10.27 f 0.06) PH + 0.60 f 2.60, r = 0.9991. Some examples of linear 
regression equations with standard errors of the estimates of I1 concentrations 
in plasma (ng/mL) are: C f 3.6 = (8.56 f 0.60)PH - 5.8 f 5.2, r = 0.9952; 
C f 2.15 = (4.744 f 0.072)PA + 8.3 f 1.6, r = 0.99965. In urine for 1: C f 
5.6= (3 .78fO. l7)PH-7.11  f 5 . 1 0 , r  = 0 . 9 9 9 3 ; C f 6 . 1  ~ ( 8 9 4 . 0 f 5 . 6 )  
PHR - 6.4 f 2.8, r = 0.99986; C f 7.1 = (828.9 f 20.6)PAR - 5.4 f 9.8, 
r = 0.9993. In urine for JI: C f 0.59 = (2.363 f 0.016)PH - 4.6 f 0.6, r = 
0.9979; C f 5.6 = (3.78 f I .71)PH - 7.1 f 5.1. r = 0.996. Similar values 
were obtained for I I  i n  urine treated with 0-glucuronidase for the assay of 
111. 


The different mobile phases and columns selected for the respective assays 
of I and I1  in method Al permitted the assay of I with a respectable retention 
time of 5.4 min. The faster moving I I  in this system eluted with large peaks 
for urine (0-2 min) and plasma components (0- I .5  min). The system for I 1  
increased its retention time to 4.74 min, well separated from interferences from 
plasma. It was difficult toobserve any metabolite that had smaller retention 
times to I and I I  and would fall within the retention time intervals of interfering 
plasma and urine components. 


I 
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Figure 1-Plasma concentrations of I (OJ and I1 ( 0 )  in equivalenrs 
of nafronyl oxalate against time for dog A giwn a 70-mg iv bolus dose 
of I .  The curve through I was calculated from the sum ofexponentials 
(Eq. lo )  using the parameters in Table Ill. The inset (AJ is the 
feathered data /or I with the curve calculated from the first two ex- 
ponentials. The curve through I I  was calculated from Eq. IS using 
the parameters in Table I l l .  
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c.2L- ' 
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M i n u t e s  Minutes 


M i n u t e s  
Figure 2 Plasnra concenrrarions of I and I1 in equiiwlenrs of nafronyl ox- 
alaie per milligram of an inrrarenous dose of l against time for  dogs B.  C', 
and D. The cim:es rhrough I were c~alculatedfrom rhe sum of esponenrials 


(Eq.  10) using rhe paramerers in Table Il l .  The euri'es rhrough I1 were cal- 
culated from Eq. I5 using the paramerers in Table 111. Kqv: (0. 0) 35 mg: 
(A) 53  mg; (@, 70 mg. 


Examples of linear regression equations from tiPLC method A2 for si- 
multaneous assay of I (10.9 min) and I 1  (3.9 min) with butacaine internal 
standard (6.1 rnin) (2.25-nm cxcitation. 330-nm emission) for plasma are CI 
f 21.4ng/mL = (51.8 f 1.4)PA + 4.1 f 14.7,r = 0.9940 CI f 21.8 ng/mL 
= (537.4 f 14.7)PAR t 4.7 f 15, r = 0.9992: C'll f 23 = (37.6 f 4.2)PA 
- 17.9 f 24, r = 0.9937. For urine, they are: C ~ I  f 12.5 ng/ml. = (732 f 
40)PAR - 25 f 10.6; CI f 8.4 ng/ml. = (70.9 f 2.6)PA - 23 * 7. For bile 
examples are: CII f 18 ng/mL = (547 f 44)PAR - 8.5 f 14.1; CII f 29 
ng/mL = (58.4 f 7.7)PA - 1 I .7 f 23.5. The symbols Pt1 and PA represent 
peak height and peak area, respectively. whereas PHR and PAR are there- 
spcctive ratios to the internal standard. 


Release of Conjugates of Derived Acid from the Urine of a Nafronyl-Dosed 
Dog--Preliminary studies of urine samples obtained rrom dog A treated with 
E. coli 8-glucuronidase showed no significant change at IS,  30, and 60 min 
in the HPLC assay of generated I I  from dichloromethanc-preextracted urine 
containing 111. A similar study with P-glucuronidase (beef liver) showed no 


significant change in  the HPLC assay of generated I I  at 3. 5.5. and 9 h. 
Dichloromethane-preextracted urine ( I  .0 ml) from a nafronyl-dosed dog 


was hydrolyzed with 0.1 M NaOH, 0.2 M NaOH, 1 M HCI, and 6 M HCI. 
Significant peaks for 11 were observed from thc alkaline hydrolyses, but none 
for the acid hydrolyses. There was a decided NaOH concentration effect. Peak 
heights of generated I I  were 19 and I I mm after 15 and 30 rnin of hydrolysis, 
respectively, for 0.1 M NaOH and 40 and 49.5 rnm after I5 and 30 min of 
hydrolysis, respectively. for 0.2 M NaOH. The latter peak height corresponds 
to200ngof  Il/mLofurineandcompared well withthe251 and 192ng/mL 
assayed after glucuronidase hjdrolyses from bovine and E. coli (30 rnin at 
37.5OC) sources. rcspectively. 


Effect of the Use of Different Anticoagulants on the Plasma Stability Studies 
of Nafronyl-Previous studies of nafronyl stability at 1.25 pg /mL of fresh 
dog plasma at 24.5OC showed an apparent half-life of 3.2 h for the loss of 5Wo 
of nafronyl to 11. The remaining 50% of nafronyl appeared to maintain its 
stability thereafter (see Figs. 10 and 1 1  in Ref. 8). 
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Plots in  accordance with: 


In (P- - P) = -kr + In P, (Eq. 5 )  


were linear for both I and I 1  and of the same slope, where P, is the asymptotic 
peak height or area ratio of nafronyl or I 1  to internal standard with time, P 
is the peak height or area ratio of I or I I  at time I ,  and 1112 = 0.693/k. The 
curves for nafronyl concentration uersus time in fresh dog plasma were similar 
in the present studies when different anticoagulants were used. They decreased 
with decelerating rates to an asymptote, and changes in both 1 and I 1  con- 
centrations could be characterized by Eq. 5. The data are given in Table 1. 
The use of different anticoagulants has no significant effect on the stability 
estimates of nafronyl in fresh dog plasma. 


There were no interferences in the chromatograms of I and I 1  by any of the 
anticoagulants used in these studies in the assay range of 0.4-4.0 pg/mL of 
injccted solutions. Calibration curves constructed in plasma obtained from 
blood samples using the different anticoagulants did not show any significantly 
different regression statistics. A typical calibration curve by method B in the 
range of 0.4-4.0 pg/mL using a 50-pl sample of the supernatant from ace- 
tonitrile-denatured plasma showed a standard error of estimate for the assay 
from linear regression of f 4 3  and f 3 0  ng/mL for I and I I ,  respectively. 
Correlation coefficients for six values were >0.9996. 


There was no significant difference in the calibration curve statistics of I 
when materials were injected in the mobile phase or in the supernatant of 
acctonitrile-denatured plasma. However, 11 gave a 10% decrease in peak height 
ratio when injected in the supernatant of acctonitrile-denatured plasma than 
in  mobile phase. 


Protein Binding-Filtration (33%) of 2.0-16.0pg/mL of 1 in spiked plasma 
water and plasma subsequently filtered through cones prefiltered with plasma 
containing the same concentration showed no detectable I in the respective 
filtrates. This inordinately high cone binding did not permit protein binding 
estimates of I by this method. Filtration (30%) of 2.0-16.0 pg/mL of I I  in 
plasma water gave the same concentrations of I 1  i n  the filtrate as was in the 
plasma water, indicating insignificant cone binding of 11. When the plasma 
containing I I  was filtered through the cone previously used to filter the plasma 
water, with thc same concentration of the fraction boUnd,fb, could be calcu- 
lated from: 


PHR, - PHRr 
PHR, f b  = 


where PHR,and PHRr were the peak height ratios for the assay of thesame 
volumes of each by method B in the plasma and filtrate, respectively. The 
respective plasma concentrations (C ,  in pg/mL) and fractions boUnd,fb, were 
(c,,fb): 16.0, 0.762; 12.0.0.777; 8.0, 0.751; 4.0, 0.767; and 2.0, and 0.815. 
I f  the last datum is excluded, since assay sensitivity was less at this lowest 
concentration, the average fraction of I I  bound to plasma protein is 0.764, and 
no concentration dependence is indicated. 


Red Blood Cell-Plasma Partition Coefficients-The red blood cell-plasma 
partition coefficient D' (Table 11) of I was 2.00 when the anticoagulants citrate 
phosphate dextrose solution, oxalate. and EDTA wcre used. This indicated 
a specific binding to erythrocytes i n  addition to volume partitioning. When 
the blood samples were heparinized, there was a significant decrease in the 
partition coefficient to I .2. indicating a possible competition between 1 and 
heparin for thesc erythrocyte binding sites. 


The red blood cell-plasma partition coefficient of I I  (Table I I )  avcraged 
0.49 (excluding one outlier of I . I S )  when the anticoagulants citrate phosphate 
dextrose solution. oxalate, and EDTA werc used. I f  the fraction of I 1  bound 
to protein,fb, was taken as 0.764. thc truc partition coefficient, D, between 
the concentration in red blood cclls. C'HB~. and plasma water, Cpw. would be 
2.08, indicating an erythrocyte binding in addition to volume partitioning. 
Since: 


where CPB is the concentration of I 1  bound to plasma protein. and: 


thus: 


When the blood samples werc heparinized, there was an apparent inhibition 
of the partitioning of I 1  into the red blood cells from plasma. 


Plasma Pharmacokinetics and Possible Dose Dependencies- Plasma 
level-time data for nafronyl ( I )  werc fitted to a sum of exponentials. A typical 
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example is given in Fig. I ,  and the parameters of best fit i n  accordance 
with: 


C’(ng/mL) = A’e-”‘ + Ae- . ,+  Be-0, (Eq. 10) 
arc listed in Table I l l  for the various studies. I n  most cases. only two expo- 
ncntials were needed. 


The plasma level-time data for I and its derived acid (11) as ng/ml./mg 
of the dose of 1 are plotted semilogarithmically against time for the studies 
at various doses in dogs B, C, and D (Fig. 2). Such plots of I and I I  for three 
different doses were superimposable for dog C, indicating no dose dependency 
of nafronyl pharmacokinetics. Whereas nafronyl ( I )  and the acid (11) plasma 
levels/mg of dose were higher at the 70-mg dose than at  the 35-43  dose in 
dog B. the reverse was obscrvcd in dog D. Thus, dose-dependent pharmaco- 
kinetics of nafronyl ( 1 )  and its derived acid (11) cannot be concluded. 


The apparent parallelism, in general, of these semilogarithmic plots of 
plasma levels against time for the various doses (Fig. 2) indicates that there 
are insignificant differences in the fitted rate constants (a  and @) within a dog, 
notwithstanding the apparent differences in  the best-fit parameters (Table 
I l l ) .  The terminal plasma levels at the lower doses have the expected higher 
errors in their estimation since their levels approach the limits of valid dc- 
tection. The half-lives of the biphasic curve for nafronyl averaged 12 f 12 
( S E M )  min for a and 100 f 18 min  for @. 


The apparent volumes of distribution references to total plasma concen- 
tration of nafronyl averaged 39.8 f 5 . 1  (SEM) and 163 f 24 ( S E M )  L for 


12rDose:  70mg I A/ 


“0 2 4 6  8 10 12 14 
AUC= 


4 6 8  
I O - ~  AUC’ 


20 t 


Figure 3- -Renal clearanreplois for  I in accordance with Eq. I I ,  where 
AUC6 (ng-minfmL) is ihe area under the plasma l e i d t i m e  cume from 
the intercepi of the linear plors. The plors are labeled with the dog 
identificarion. nafronyl dose. and the esiimated CLI,, calues in 
mLfmin (in pareniheses). 


the central compartment and total body, respectively (Table 111). These values 
arc in high excess of extracellular and total body water. respectively. indicating 
a high degree of sequestration in body tissues. 


Clearances--Total body clearances of nafronyl (CL;,, = Dosc/AUC,) 
averaged (excluding outlier dog B at the 35-mg dose) 1295 f 65 (SEM) 
mL/min. The renal clearances of nafronyl (CL:cr) .  estimated from both the 
slopes of plots of the rates of urinary excretion ( A U / A i )  against plasma levels 
at the midpoint of the urinary collection interval @, m,d) and the slopes of plots 
of cumulative amounts excreted ( X U ’ )  against area under plasma level-time 
curves (AUC’). were not significantly different and averaged 8.3  f 3.0 
mL/min, which would indicate a high protein binding if  unbound drug was 
excreted solely by glomcrular filtration. These latter plots (Fig. 3) frequently 
did not go through the origin and could be best characterized by a straight 
line conforming to the equation: 


zU= C‘L,,,(AUC - AUCo) (Eq. 11) 
where AUCo is the area undcr the plasma level-time curve at ZU = 0 as esti- 
mated from the extrapolation of the best linear plot of ZU versus AUC. The 
plots for AU/Ai oersusp, ,n,d which gave the same estimates of renal clearance. 
were linear for the lower plasma concentrations and did go through the origin. 
There were no significant urinary pH changes within a study and no statistical 
dependence of apparent renal clearance (AU/Ai)/p, mid on urine flow 
rate. 


A rational explanation for the non-zero intercepts of  the lincar’plots in 


Figure 4- Renal clearance plois for I1 (dose equioalenl 10 74.8 
m g  of nafronyl oxalare) in accordance wiih E q .  1 I .  where 
AUC’h’is as deJned in I;ig. 3. The plors are labeled wirh the dog 
identificaiion. dose. and the estimated CLI;, ualues in mLfmin 
(in pareniheses). 


Dose ; 44.7 mg II o/ 


m’ D (0.05 7 1 
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0.60R 
0.40 1 k 7 O m q  


AUCn / A U C '  


accordance with Eq. I I is that monitored plasma levels did not reflect those 
at the sites of renal clearance at early time periods when pseudo-steady-state 
conditions had not been achieved for the drug. The hypothesis of decreasing 
concentration gradient from the plasma monitoring site to the glomerulus is 
a reasonable explanation for this renal lag. This is also consistent with the 
possible extrahepatic clearance of nafronyl. supported by its 3.2-h half-life 
in plasma in c;itro ( I ) .  I n  one dog study (dog D, 53.0-mg dose) the assays of 
initial plasma levels of I from the femoral vein were consistently less than those 
taken simultaneously from the jugular (time(min), femoral, jugular (ng/mL)]: 
4, 595, I3 18; 6,477,950; and 15, 185,536. This has been observed previously 
with other highly metabolized and quickly cleared drugs. An example is sul- 
mazole (10) where the initial early plasma levels from the femoral and jugular 
veins did not agree. Drugs that are not highly metabolized and are more slowly 
cleared do not show significant differences between levels from jugular and 
femoral plasma. An example is the immunomodulatory I ,2-O-isopropyl- 
idene-3-O-3'-(N',N'-dimethylamino-n-prop~l)-~-glucofuranose hydro- 
chloride ( I  I ) .  


The hepatic flow in the dog is in the range of 30-45 mL/min/kg 1750-1 125 
mL/min for a 25-kg dog (12)]. I f  there is no biliary excretion of unchanged 
nafronyl, its metabolic clearance, CLio, - CL),. referenced to total plasma 


a 


0 
0 


a 


A 
A 


\ 


Minutes 
lob 50 I00 I50 200 250 


Figure 7-Plasma concentrations of I (0) and I I ( 0 )  in equivalents of naf- 
ronyl oxalate against time for bile-cannulared dog E a)er a 70.5-mg iv bolus 
dose of I .  The curcc through I was calculated from the sum of exponentials 
(Eq. 10); the curve through I I  was calculared from E y .  IS. The peak height 
at retention time 3.00 min of IV,  which dffered from I (10.9 rnin). II(3.90 
minl, and the internal standard (6.15 min), is also plotied against time 
(A). 


Figure 6-Plots of the quotients of 11 plasma leoels 
and the area under the plasma level-time curve of I 
against the ratios of the areas of 11 and I until that 
time in accordance with /II//AUC' = CL[-'"/VII - 
(CL" .*x/V~~J (AUC"/AUC') where C L"" and 
CL1l'x are the clearances of I to I 1  and of 11. re- 
spectively. and where VJI is the apparent volume of 
distribution of I I .  The curves are labeled with the 
intravenous dose of I and the dog identification; each 
datum point is labeled with the time after adminis- 
tration. 


concentration is 1287 mL/min. Since this value exceeds even the highest ex- 
pected extreme of maximal hepatic flow rate, which is the maximal hepatic 
clearnace possible, extrahepatic metabolism of nafronyl is indicated. 


The renal clearances of the derived acid (CL;:,) were obtained by the 
methods described for nafronyl and averaged even lower, 0.1 8 f 0.04 mL/min. 
This would imply a renal clearance of unbound II of 0.8 mL/min (0.18/ 
fraction unbound), indicative of a high excess of tubular reabsorption. Gen- 
erally, an AUCo was observed in accordance with Eq. I 1  (Fig. 4). The assay 
of initial plasma levels of I I  from the femoral vein were consistently less than 
those taken simultaneously from the jugular [tirne(min), femoral, jugular 
(ng/mL in nafronyl equivalents)]: 4.807, 1930; 6, I I 16, 1930; and 15, 1324, 
1789. 


Urinary Excretions-The percentage of the dose renally eliminated at 330 
min and the estimated total eliminated at infinite time are given in Table III .  
The latter values for I and I I  were estimated from Eq. 1 1  for AUC = AUC, 
using the estimates of CL,,, and AUCo given in  Table 111. Extremely small 
percentages of the dose are eliminated by this route; averaging 0.48 f 0.254 
for nafronyl (1) and 0.021 f 0.004% for the derived acid (11). Plots of the 
cumulative urinary excretion of I and I1  with time are given in Fig. 5 for the 
various studies. The curves through the data were drawn in accordance with 
Eq. 11 for the particular AUCo and CL,,, values given in Table 111. 


Semilogarithmic plots of amount not-yet-excreted of the conjugate of 11, 
(i.e., HI), assayed as I I  for soIvoIysis, against time (ZU?' - ZUII') were linear 
after the first 10-70 min, for a chosen XU!' in accordance with: 


In (XU!' - ZU"') = In XU'!' - klllt) 0%. 12) 


where Zd!' is obtained from the intercept of the extrapolated linear terminal 
data. The estimated XU!', Xu!', and kill values of urinary excretion of the 
I l l  are given in Table I l l .  The cumulative amounts of renally excreted con- 
jugates are plotted against time in Fig. 5 .  The curve through the data is plotted 
in  accordance with the nonlogarithmic transformation of Eq. 12: 


Z~111 = Xu, - ZU'-e-"I111 (Eq. 13) 


for the specific parameters listed in Table I l l  and, as expected, gave excellent 
fits. The terminal half-lives of urinary excretion of I I I  derived from kill av- 
eraged 145 f 18 min. The percentage of the dose renally eliminated as I l l  (the 
conjugates of I I )  were the ZU?' values and averaged 0.32 f 0.12%. 


Since the total amounts of these three compounds (I, 11, and 111) were only 
0.82% of the total administered nafronyl dose, it is apparent that >99% of the 
administered dose is eliminated by processes other than renal and/or as other 
metabolites in the dog. 


Relationsbips Between Metabolic Clearances of Nafronyl (I) and the Total 
Ckarance of Its Acid Metabolite (II), and the Fitting of I1 Plasma Levels with 
Time-If there are no dose-dependent pharmacokinetics of I and its produced 
acid metabolite, a relation can be constructed (13, 14) from the constant 
metabolic clearance of nafronyl to the metabolite, CL'"". and for the constant 
total clearance of the metabolite, CL1"x, as: 


(Eq. 14) 11 = CL'-'llAUC1 - CL11-XAUC11 


to calculate the amount of metabolite I I  in the body at any time, where AUC' 
and AUCI' are the areas under the plasma level-time curves of I and I I  at that 
time. The amount of I I  can be formulated as Y1l[ll] on the presumption that 
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Figure 9-Plots of cumulative amounts of I(0). I1 (0). and 111 (A) excreted 
into bile with time in the study of bile-cannulated dog E .  The curves are la- 
beled with the estimated total amounts eliminated in bile. 


the formed I I  is rapidly equilibrated in a one-compartment body model of 
volume Y I I  and plasma concentration [II]. Thus, Eq. 14 can be rearranged 
to: 


CLI'II CL'Ik-x 
[II]  = - - AUC' - - * AUC" 


I ' I  I I ' I  I 
0% 15) 


or: 


Thus, if the premises are valid, plots of the quotient of acid metabolite 
plasma concentrations and the area under the plasma level-time curve of 
nafronyl ([II]/AUC') against the ratios of the respective areas of I1 and I 
(AUC1I/AUC1) should give a straight line where CL"ll/Vl~ and CL"'x/I'~~ 
can be obtained from the intercept and slope, respectively. 


Such plots for the various studies in the dogs are given in  Fig. 6, and their 
linearities are consistent with the premises. The derived clearance/volume 
ratios are listed in Table 111. The CL1l'x/I'l~ (= 0.693/11/2) ratio also has 
the significance of an elimination rate constant for 11. The average of the 
half-lives (Table 111) for this I I  elimination was 6.4 f 0.5 min. 


The total areas under the curves for I 1  (obtained by the trapezoidal rule 
plus terminal plasma divided by terminal rate constant for 11) per 70-mg dose 
were consistent for dogs A, 8, and C at  all doses and averaged 9.83 f 0.57 X 
lo4 ng.min/mL for a 70-mg dose of I. Dog D showed a significantly higher 
total area under thecurve for I I ,  which averaged 26.4 f 3.4 X 104 ng.min/rnL 
for a 70-mg dose of I .  This implies that dog D has a greater metabolic for- 
mation of I I  from I and/or a smaller apparent volume of distribution, I'll, for 
the acid metabolite. 


The validity of this development was challenged by calculating plasma levels 
of I 1  from Eq. I5 using the obtained parameters given in Table 111. The curves 
drawn through the plasma level [ I l l  against time in Figs. I ,  2, and 7 are based 
on these calculations and are consistent with the actual data for a significant 
portion of their time course (i.e.,  up to 110 min), but not for all. This can be 
reconciled by postulating that Vll is the volume of the central compartment 
for the acid metabolite, 11, and I'll is not representative of the apparent overall 
volume of distribution of I1  when the slow equilibration of I1  among other 
tissues becomes significant. 


Phnmacokinetic Study in BileCannulated Dog E-In the pharmacokinetic 
study of bile-cannulated dog E, a single injection method (method A2) was 
used for the simultaneous assay of both I 1  (retention time, 3.90 min) and I 
(10.9 min) with butacaine as internal standard (6.15 min). Plasma (Fig. 7) 
and bile were assayed for both I and 11. An additional peak ( I V )  a t  3.00-min 
retention time was observed in plasma samples (compare Fig. 8 A and a). The 
maximum concentration of IV (Fig. 7) in the plasma was observed at  25 min, 
in comparison with the 9-min maximum of I I  in plasma, with a peak height 
equivalent to IV to that of 350 ng/mL of I I  at retention time 3.90 min in the 
plasma. I t  is apparent that an unknown metabolite ( IV)  can be observed in 
plasma that lags after 11. This could be a metabolite derived from I I .  


Thecumulativeamount of I 1  excreted in the bilecan beestimated as0.16% 


16 - 
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4 -  


OO L I00 200 
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Figure 10-Time course of peak heights and areas of peaks, labeled with 
retention times. appearing in chromatograms (method A2) of nonhydrolyzed 
bile taken from dog E (administered 70.46 mg iv of I )  that did not appear in 
bile from the control dog. The dashed lines indicate higher values that could 
not be estimated. Values for  I1 (3.9-min retention time) are given for com- 
parison. 


of the dose (0.14% at  214 min). The low amount of 1 was 0.005% (0.0043% 
at 80 min) (Fig. 9). Additional HPLC peaks were observed on bile assay after 
drug administration (Fig. 8b). These peaks did not appear in the bile assay 
when drugs were not administered (Fig. 8B). Thechromatograms of the ex- 
tracts (before hydrolysis) gave peaks at 1.5, 1.73, I .99,2.65 (VII),  3.0 (IV),  
3.43 (VI), and 4.38 min, as well as the very small amounts of I (10.9 min) and 
II  (3.9 min). The time courses of the concentrations of these compounds of 
different retention times, in terms of peak height or peak area, are shown in 
Fig. 10 at the times they could be evaluated. Since bile at each time interval 
was very constant (3.4 f 0.2 mL/20 min), these peak heights and areas are 
good estimates of the relative rates of elimination. The dashed lines in Fig. 
10 indicate peak heights or areas that were so out of scale that they could not 
be estimated. For purposes of comparison, the peak heights and areas of 11 
from the bile samples are also given. It is apparent that there were large 
amounts of the same 3.0-min retention time material ( IV)  that could be de- 
tected in plasma (Figs. 7 and 8a). I t  must be concluded that multiple or- 
ganic-extractable metabolites derived from nafronyl are excreted into the bile 
i n  significant quantities and have the potential of being quantified by 
HPLC. 


The extracted bile samples were subjected to alkaline (0.2 M NaOH) and 
/3-glucuronidase (E. coli) hydrolysis and again extracted with methylene 
chloride. These extracts were assayed and showed significant peaks at 3.0 (IV),  
3.6 (VI), and 3.9 (11) min for 8-glucuronidase hydrolysis (Fig. 8, C and c) and 
at 3.0 ( IV)  and 3.9 (11) min for alkaline hydrolysis. There may be others, but 
the background from similarly treated bile samples from the nondosed animal 
makes it difficult to determine conclusively if the metabolites were present 
in the extracts of hydrolyzed bile. The presence of I1  i n  these hydrolyzed bile 
extracts is conclusive proof of conjugates of 11, i.e., 111, excreted into bile; this 
can be estimated as 0.40% (0.34% at 214 min) of the administered nafronyl 
dose (Fig. 9). This estimated yield of 111 was based on the assay of the extract 
of alkaline-hydrolyzed bile, preextracted for I I  since the HPLC base line at 
3.90 min (Fig. 8d) was so much better than that of the extract of 8-glucuro- 
nidase-treated bile (Fig. 8c). The question is yet unanswered as to whether 
the presence of 1V is due to its release from a conjugate or due to its incomplete 
extraction from the bile prior to the hydrolysis. The total areas under the re- 
spective peaks up to 214 min after drug administration were 215 (IV, 3.0 min) 
as compared with 149 (11. 3.9 min) after /3-glucuronidase treatment. The 
3.6-min (VI) peak total area was 36.5. The total areas up to 214 min were 218 
(IV, 3.0 min) as compared with 278 (II,3.9 min) after alkaline hydrolysis of 
the bile. The 2.65-min (VII )  peak total area was 118. 


In genera1,the dichloromethane extracts of 8-glucuronidase-treated samples 
showed large backgrounds; the 3.0-, 3.4-, and 3.9-min peaks did not arise from 
a constant baseline, so peak area quantification of these peaks may not be 
accurate. This may possibly explain, in part, the difference i n  the estimates 
of these peak areas from the two methods of hydrolysis (Fig. I I ) .  
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Figure 12-Plasma levels of 11. in equioalents of nafronyl oxalate, against 
time for  a 44.7-mg io (74.8-mg equivalent) bolus dose of It gilien to dog D. 
The cume through the data points was calculated from the sum of expo- 
nentials (see text). The insets show the successive feathering necessary to 
obtain the parameters of the three exponentials. 


f1-11 = AL'Cl'ad,,n/AL'C1lladmln= 1404/4451 = 0.32 (Eq. 18) 


where both the numerator and denominator are given per milligram of the 
administered dose of I and the latter is based on the AL'C! average per 70-mg 
dose given in Table 111. 


The average of the ratio of total clearance of I I  to its apparent volume of 
distribution (CLl l -x /Vl , ) ,  as based on application of Eq. 16 to the plasma 
concentration data obtained from the pharmacokinetic studies of intravenously 
administered 1 (Fig. 6). was 0.120 f 0.009 min-I. This value can also represent 
theapparent rateconstant (tip = 6.4 f 0.5 min) for theeliminationof I I  and 
is of the same magnitude as the 10.9 min half-life observed for intravenously 
administered 11 (Fig. 12) during the significant portion of the time courses 
of I and I I  (Figs. 1 ,2 ,7)  on which the estimations of C L 1 l - ' x / V ~ ~  were based 
(Eq. 16). I f  c'L1l'x is equated to the 225 mL/min observed in the phar- 
macokinetic study of I 1  (Fig. 12). the apparent volume of distribution, V I I ,  
is estimated as (0.120 f 0.009) X 225 = I875 f 245 mI., which is not sig- 
nificantly different from the estimated apparent volume of distribution of the 
central compartment of 11 (Fig. 12) of 2 I5 I mL. These considerations support 
the premise that the greater time course of I I  formation from I, wi th  its con- 
comitant elimination, occurs largely in the central compartment before sig- 
nificant equilibration of I I  among the tissues has been effected. The average 
of the ratio of theclearanceof 1 oia I I  to the apparent volume of distribution. 
V I I ,  is CL' *'I/Vll = 0.246 f 0.044 min-' (Table 111, Eq. 16. Fig. 6 ) .  Thus, 
i f  V I I  is 1875 f 245 mL. the estimated clearance (CLl -I1) is 0.246 X 1875 
= 461 mL/min. Since the average total clearance of I less its renal clearance 
is CL;,, = I287 mL/min, the fraction of I cleared to I 1  is: 


fl-11 = CL""/CL!,,,, = 461 / 1287 = 0.36 (Eq. 19) 


This latter value is in reasonable agreement with the 0.32 value estimated from 
Eq. 18, implying that not all of the I is metabolized through systemically ap- 
pearing 11, that 60-70% of nafronyl has primary metabolites other than I I ,  
and/or that I and its derived metabolites are excreted in bile so as not to appear 
in the systemic circulation. The high metabolic clearance of I ,  in excess of the 
hepatic flow, could permit sequential metabolism within the first pass through 
the liver. 


Pharmacokinetics and Bioawdabilities of Orally Administered Naf- 
ronyl-Extremely small concentrations of orally administered nafronyl ( I )  
were observed in the plasma of dogs (Fig. 13). The apparent terminal half-lives 


Minutes 
Figure 11-Time course of peak areas, labeled with retention time, appearing 
in chromatograms (method A2) of hydrolyzed bile taken from dog E (ad- 
ministered 70.46 mg io of I) that did nor appear in hydrolyzed bile from the 
control dog. Values for  It are given for comparison. Key: ( A )  P-glucuron- 
idase-treated bile: ( B )  0.2 M NaOH-treated bile. 


Unfortunately the urinary catheterization of female dog E did not permit 
the collection of urine at different intervals of time. Nevertheless, assay of the 
organic extractsof the few urine samples obtained show a compound ( IV)  a t  
a retention time of 3.0 in addition to those peaks assignable to 1 (10.9 min) 
and I I  (3.9 min); this peak did not exist in spiked urine from the same dog 
(compare E and e, Fig. 8). The 2.66-min peak (VII)  observed i n  extract of 
nonhydrolyzed and alkaline-hydrolyzed bile was also observed. 


Pharmacokinetics of an Intravenously Administered Bolus of II-The 
plasma levels of I I  on administration of 44.7 mg iv (74.8 mg as equivalents 
of nafronyl oxalate, I )  of I I  are plotted against time in  Fig. 12. The data were 
fitted to the sum of three exponentials for time I .  i n  min. to calculate plasma 
levels in  ng/mL as equivalents of nafronyl oxalate by: 


[ I I ] ,  ng/mL = 24.500e-0,2800' + 10,000e-h~34x10-*f t 270e-3 08x10-3f 


(Eq. 17) 


to demonstrate half-lives of the three respective phases as 2.47, 10.91. and 225 
min. The total clearance of I1 is 225 mL/min. The area under the curve per 
milligram of nafronyl equivalent dose is 4451 ng.min/mL per milligram. 


The renal clearance of I 1  from a plot (Fig. 4) in accordance with Eq. 1 I was 
0.057 mL/min, the same value obtained from the slope of the linear plot with 
zero intercept of the rate of urinary excretion against the plasma level at the 
midpoint of the urinecollection interval. The estimated total urinary excretions 
were 0.027 and 0.441% of the dose, unchanged and as the glucuronide, re- 
spectively. The terminal rate constant of renal elimination of the glucuronide, 
kill, was 9.59 X min-' for a half-lifeof 72 min. I n  addition to [ I l l  in the 
urine (retention time, 4.0 min), extremely large peaks due to other compounds 
were observed at  - I -  and 2-min retention times. 


The apparent volumes of distribution of the central and pseudo-steady-state 
volumes of distribution referenced to total plasma concentration are 2.1 5 and 
73.0 L, respectively. The respective values for a 0.236 fraction unbound to 
plasma proteins are 9.1 and 310 L, respectively. The former value implies 
relatively instantaneous distribution in the total body water; the latter implies 
a high degree of sequestration in the relatively slowly equilibrated total body 
tissues. 


Estimation of the Extent of Nafronyl Metabolic Transformation through 
Its Acid Metabolite-There are several methods to estimate the fraction of 
nafronyl generating its acid metabolite (11). The relative area under the plasma 
level-time curve of 11 for administered nafronyl ( I )  to administered acid ( 1 1 )  
can estimate the fraction being metabolized by this route: 
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Table IV-Parameters and Bioavailabilities of Orally Administered 
Nafronyl (I) 
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Figure 13-Time courses of I, 11 (plotted as I equivalents), and IVinplasma 
after oral administration of 250 mg of I t 0  dogs D (0, A, 0) and C (X). as 
assayed by the single-injection merhod A2 or its modification. The peak 
heights of l V a t  3.05 min areplotted for dog D:thepeak areas ofIVat  2.48 
min are plotted for  dog C. 


(20-30 min) of I on oral administration were between those of the a (9 min) 
and (3 (100 min) phases obtained on intravenous administration. The estimated 
bioavailabilities of I ,  determined from the ratios of the AUC'/mg values (oral 
to intravenous), were 0.3-2.7% of the 250-mg oral dose in three studies (Table 
IV). When dog D was administered 502 mg, the dog regurgitated the material 
25 rnin after administration. 


The apparent terminal plasma half-lives of I 1  after oral administration of 
250mgofI were55-1 IOmin (Figs. 13and 14).Theestimated bioavailabilities 
of I I ,  determined from the ratios of the AUC"/mg values obtained after oral 
administration of I to those obtained after intravenous administration of 11, 
were 9.7-16.79'0. It is apparent that there is a definite presystemic and/or 
first-pass metabolism of both I and I1 on oral administration. In one of the 
250-mg po studies of dog C, a time lag of 100 min was observed before sig- 
nificant appearanceof I I  in the plasma (Fig. 14). 


In all dogs, a peak assignable to a compound other than I or I I  was observed 
in  the plasma, but was not present in control plasma. This peak, IV, was ob- 
served with all HPLC methods. The chromatograms of extracted plasma for 
dog D, 250 mg po, were similar to those given in Fig. 8a. Chromatograms for 
dog D in  the second study are given in Fig. 8F,f. The retention times of I ,  I I ,  


tl I P I  


Dog (Weight, kg) D(26.0) 
Dose, mg 250 
AUC!,/mg doseo 8.39 
AUC!,!/mg dose" 744 
Bioavailability, % 


I b  0.65 
I I '  16.7 


I 0.003 
I 1  0.030 


Glueuronidase 111 0.28 
NaOH 0.22 


Dose recovery in urine, ?kd 


Plasma terminal half-lives, min 
I 20 
I I  55 
IV I05 


Assay Method A2 


Plasma retention times, min 
I 10.33 
I I  4.03 
IV 3.05 


I 11.6 
V 8.6 (small) 
I 1  4.26 
VI 3.7 
1v 3.20 


Urine retention times, min 


VI1 2.78 
Hydrolyzed urine retention times, r n i n  


I I  3.95 
IV 3.00 
VII 2.62 


~ ( 2 3 . 8 )  
25 1 
35.1 
470 


2.7 1 
10.6 


0.061 
0.42 
0.07 
0.13 


30 
5 8  
105 
Modified 
A2 


7.69 
2.78 
2.48 


7.8 I 
9.26 


2.96 


2.5 1 
<2.08 


3.92 
2.98 
2.62 


- 


251 
3.54 
430 


0.27 
9.7 


-I: 
-R 
- R  
- - R  


- h 


110 


A1 
78 


- I 


4.97 
3.74 


- 1  


.. 
4.92 
3.76 
5.20 
<2.n 


.. J 


- I  
- I  


Estimated total area in nafronyl equivalents under plasma level-time curve per mg 
of oral dose calculated from trapezoidal rule plus the quotient of terminal plasma level 
and the rate constant for the terminal loss of plasma concentration. Calculated from 
IO&AUC!/mg dose po + AUC!Jmg dose iv. where the latter denominator is  the total 
clearance. 1295 mL/min. Bioavailability of I I  from the administered oral dose of I .  
calculated from I .666-AUC!$mg dose po + AliC!/mg dose iv, where the latter value 
is  4451/mg dose of I f  (as I equivalents) taken from the intravenous study. Based on 
total amounts excreted in urine at 430 min in nafronyl equivalents; Ill was assayed as 
organic-extractable I 1  after h drol s i c  of previously extracted urine by either @ glucu- 
ronidase or 0.2 M NaOH. Lobire 'hase composition and column differed. but sin- 
gle-injection method was used. f Peak I!, I mergcd with thc peak for the internal standard 
and could not be readily quantified as to p d k  height or area. Also. dog regurgitated at 
23 min after oral administration. 8 Too many interferences with the pcaks for I and I I  
to permit their quantification and or identification in urine. * Plasma level data for I 
were too scattered to estimate. ' T6e assay for I used a different mobile phase than the 
assay for I I  where IV was observed. Retention times for I werc 4.2 min for dog C and 
6.62 min for dog D. The urine studies for these dogs showed peaks in addition to those 
i n  blank urine for the mobile phase used toassay I .  with decreasing peak height magni- 
tudes at I .85 > 3.86 > 2.63 > 3.55 > 4.20 (I) min for dog C and a1 4 I5 and 3.00 min 
for dog D. 1 Not studied. 


and IV from plasma extracts in other mobile phases and HPLC systems arc 
listed in Table IV.  The time course of 1V in the plasma generally paralkled 
that of I I  (Figs. 13 and 14). Peak heights and areas of IV and I I  were very 
similar at a given time (Fig. 14). For purposes ofcomparison, the maximum 
peak height of IV for dog D, 250 mg (Fig. 13) at 3.05-niin retention time, 
corresponded to a concentration of 11 (retention time. 4.03 min) of 678 ng/mL 
equivalents of 1. 


The cumulative amounts of I and I 1  excreted unchanged i n  the urine after 
oral administration of 250 mg of 1 were in the ranges of 0.003 0.061 and 
0.030-0.42%, respectively. I n  addition to these compounds. extractable from 
nonhydrolyzed urine, IV, V, VI,  and V I I  were identifiable at separate retention 
times in  the urine extracts (Fig. 8G, g. and g'). Retention times in various 
mobile phases and systems are given in Table IV. The time courses of peak 
heights in sampled urine at  these various retention times are given in Fig. 15 
and can be compared with that for 11. Some of these peaks were well out of 
the recording range for many of the collection intervals. Corresponding peaks 
for 1V and VII had been observed previously in organic extracts of nonhy- 
drolyzed urine samples obtained from a dog administered I intravenously (Fig. 
8e). Corresponding peaks for IV, VI, and VII have been observed previously 
in organic extracts of bile from this dog (Figs. 8b, c, d). 


P-Glucuronidase and NaOH treatment, after prior extraction of the urine, 
gave chromatograms ofsubsequent organic extracts (compare H and hand 
I and i in Fig. 8) that indicated significant amounts of I 1  (3.95 min) derived 
from its glucuronide (i.e.,  I l l )  and additional higher peaks with retention times 
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Figure 15-Plots of peak heights against time ofrarious chromatographic 
peaks obtained on assay (method A2) of urine extracts of dog D after oral 
administration of 250 mg of 1. 


of 3.00 min (1V) and 2.62 min (VII). It is not possible to state if  IV or VII were 
derived from glucuronides or if they were just not as completely removed as 
II in the extraction prior to hydrolysis. The cumulative amount of 111 in the 
urine (estimated as 11 after treatment) was 0.07-0.28% of the dose (Table 
IV ) .  


Summary of Pharmacokinetics of Nafronyl in the Dog-Intravenously 
administered nafronyl ( I )  is rapidly cleared, with a total body clearance ref- 
erenced to total plasma concentration of I295 mL/min. Dose-dependent 
plasma pharmacokinetics of I and derived I I  could not be concluded in the 
35-70-mg dose range. The plasma level-time data of I were usually well 
characterized by a sum of two cxponentials with respective half-lives of 12 
and 100 niin. The latter was similar to the 90 min suggested for humans (7). 
The initial phase accounted for the major fraction (0.85) of the loss of I in 
plasma. The time course of derived I I  from I in the plasma could be quantified 
by a systemic metabolic clearance of I to 11 of 461 mL/min in an apparent 
volume of distribution, V I I ,  of the central compartment of I 1  of I .88 L. wi th  
a simultaneous total body clearance of I1 of 225 mL/min. 


The estimated renal clearance of nafronyl was 8.3 mL/min with a renal 
elimination of only 0.5% of unchanged drug. This indicated a net metabolic 
clearance of I in excess of hepatic blood flow, favoring extrahepatic metabo- 
lism. Although the derived acid ( 1 1 )  was a major plasma metabolite of naf- 
ronyl. it could only account for 30 W o o f  the intravenously administered drug 
in the plasma and 0.02% in the urine. with a renal clearance of I 1  of 0.18 
mL/min. Thus, other metabolic transformations of nafronyl must exist that 
do not give direct formation of systemically appearing 11. 


The glucuronide ( 1 1 1 )  of II in the urine, liberated by &glucuronidase or 
alkali, only accounted for 0.32% of the intravenous dose of I .  The bile ac- 
counted for 0.005% of the dose as I, 0.16% of the dose as I I ,  and 0.40% of the 
dose as  111. Thus, >98.5% of the intravenously administered nafronyl dose 
is not eliminated as 1. 11, or I II in bile and urine, and these compounds do not 
account for the principal fates for nafronyl disposition in the dog. 


Considerable amounts of a chromatographically identifiable compound 
( I V )  also extractable intodichloromethane, appeared in  plasma after intra- 
venous and oral nafronyl administration. I t  also appcarcd in  normal and hy-  
drolyLed prcevtracted bile and urine in  considerable quantities and was con- 


histent with the naphthol-containing carboxylic acid suggested previously to 
bc a metabolite (4). Chromatographically identifiable. but as yet uncharac- 
terized. compounds other than I V  that were also extractable into dichloro- 
methane appeared i n  normal (V, VI, and V I I )  and hydrolyzed preextracted 
(VII) urine and in  normal (VI and V I I )  and hydrolyzed preextracted (VII) 
bile in  apparently large quantities. Undoubtedly, these compounds can  account 
for the major fates of nafronyl ( I )  and 11 in the dog. Other possible unex- 
tractable compounds could exist. 


A study of the pharmacokinetics of intravenously administered I I  demon- 
strated a triphasic plasma level-time curve wi th  respective half-lives of 2.5, 
10.9, and 225 min. The initial two phases accounted for 99.2% of the loss of 
I1 in plasma. The total body and renal clcaranccs were 225 and 0.057 mL/min, 
respectively. The pcrccntages of the dose renally excreted and as glucuronide 
were 0.027 and 0.44%. rcspectively. Thus. I I  is also metabolized by routes other 
than glucuronidation. 


The bioavailability of I after oral administration of 250 mg of nafronyl to 
the dog is only 0.3-2.7%. The percentage of potentially systemically available 
11 was only 10 17%. These facts clearly demonstrate presystemic and/or 
first-pass metabolisms of both I and 11.  
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tissue binding contributes to the initial uptake and storage 
of drug in the liver, except in unusual situations, this is a 
reversible process, and such binding does not affect the 
irreversible removal of drug by the clearance processes. 
Accordingly, such a mechanism does not need to be in- 
voked to explain the increased first-pass effect of drugs, 
including lidocaine, produced by the administration of 
enzyme-inducing agents. 


(1) M. Rowland, L. Z. Benet, and G. G. Graham, J .  Pharmacokinet. 
Riopharm., 1,123 (1973). 


(2) G. R. Wilkinson and D. G. Shand, Clin. Pharmacol. Ther., 18,377 
(1975). 


(3) K. S. Pang and M. Rowland, J .  Pharmacokinet. Riopharm., 5, 
625 (1977). 


(4) J. H. Gillette and K. S. Pang, Clin. Pharmacol. Ther., 22, 623 
(1977). 


(5) J. R. Gillette, J .  Pharm. Sci., 71,673 (1982). 


OPEN FORUM 


(6) A. Rane, G. R. Wilkinson, and D. G. Shand, J .  Pharmacol. Exp.  


(7) W. A. Colhurn, J .  Pharm. Sci., 70,969 (1981). 
(8) E. Perucca and A. Richens, Rr. J. Clin. Pharmacol., 8, 21 


(1979). 
(9) G. T .  Tucker and L. E. Mather. Rr. J .  Anaestheol., 47 (Suppl.), 


213 (1975). 
(10) N. Benowitz, R. P. Forsyth, K. L. Melmon, and M. Rowland, Clin. 


fharmacql. Ther., 16,87 (1974). 
(11) M. Gibaldi and S. Feldman, J .  Pharm. Sci ,58,1477 (1969). 


Thw., 200,420 (1977). 


P. J .  Wedlund 
G .  R .  Wilkinson" 
Department of Pharmacology 
Vanderbilt University 
Nashville, Tennessee 37232 


Received January 4,1983. 
Accepted for publication June 16, 1983. 
Supported in part by USPHS Grant GM 31304. 


Aspirin Prodrug Studies: Lack o f  Proper 
Literature Citation 


I read with great interest the recent article by Hussain et al., J. 
Pharm. Sci., 72,1093 (1983), which contradicts the observations of 
Amidon et al . ,  J .  Pharm. Sci., 70,1299 (1981), concerning the 
question of aspirin phenylalanine ethyl ester as an aspirin prodrug. 


Although the former article unequivocally demonstrates the 
inadequacies of the latter, it appears that  both senior authors have 
been remiss in acknowledging the important contributions of other 
investigators in the development of aspirin prodrugs. 


Chem., 22,683 (1979) and Agents and Actions, 10,240 (1980) are 
never cited. More importantly, the only published article which 
describes the detection of aspirin in the plasma after in uioo 
administration of a prodrug of aspirin is conspicuously absent, Bodor 
et al., J. Pharm. Sci., 70,743 (1981). 


The lack of proper literature citation by these authors is a poor 
reflection of the care taken by them in the preparation of their 
manuscripts, and is also a reflection on the quality of the reviewers 
who would allow such an obvious lack of citation to occur. 


In particular, the aspirin triglyceride works of Paris et al . ,  J. Med. 


James J.  Kaminski 
Schering Corporation 
Bloomfield, NJ 07003 
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hydrochloride was found to he 99.8% ( n  = 5, C V  = fO.T%) and that ol 
.l-amino-2-chlorobenzoic acid, 101.0% ( n  = 5, C V  = f0.796). The repro- 
ducibility of the method was determined using a typical lot of hulk drug 
and a % formulation by three analysts over a 6-d peritd. The results and 
the statistical data are presented in Table I along with the results ob- 
tained by the corresponding assays prescribed hy US’ .  


In conclusion, ion-pair reverse-phase chromatography permits the 
simultaneous analysis of chloroprocaine hydrochloride and its degra- 
dation product. 4-amino-’-chlorobenzoic acid, in hulk drug and injection 


formulations. The method is specific tor the analysis ot‘the hulk drug and 
stability indicating lor  the drug in injection solutions. 
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Adsorption of Sulfonylureas onto Activated Charcoal 
In Vitro 
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Abstract 0 Adsorption of carbutamide, chlorpropamide, tolazamide, 
tolhutamide, glibenclamide (glyburide), and glipizide onto activated 
charcoal was compared in oitro using different charcoal-to-drug ratios. 
Maximal binding capacities of different sulfonylureas were 0.45-0.52 g/g 
of charcoal a t  pH 7.5. The affinity of the second generation derivatives, 
glibenclamide and glipizide, was considerably higher than that of the first 
generation derivatives. The affinity of sulfonylureas to charcoal was 
higher a t  pH 4.9 than a t  pH 7.5. Poor water solubility of sulfonylureas 
a t  pH 1 prevents the adequate testing in these conditions. Contrary to 
what has appeared previously, activated charcoal effectively adsorbs 
different sulfonylureas and can be used to possibly prevent their gas- 
trointestinal absorption. 


Keyphrases 0 Activated charcoal-adsorption, sulfonylureas, carbu- 
tamide, chlorpropamide, tolazamide, tolbutamide, glibenclamide, glip- 
izide 0 Sulfonylureas-adsorption to activated charcoal 0 Adsorp- 
tion-sulfonylureas, activated charcoal 


The capacity of activated charcoal to adsorb chemicals 
has been recognized for centuries, and in many countries 
charcoal is generally used as an antidote for intoxication. 
Maximal amounts of drugs adsorbed by charcoal of good 
quality are on the order of 100-10oO mglg of charcoal (1-4). 
Decker et al. (4) have concluded from their in uitro studies 
that compounds insoluble in aqueous acidic solution, such 
as tolbutamide, are not adsorbed to any measurable extent 
onto activated charcoal. Others have cited this and ex- 
tended the conclusions to include other sulfonylureas as 
well. Recently, claims have been made that activated 
charcoal is ineffective (5 ,6)  or even contraindicated (7) as 
an antidote in poisonings caused by tolbutamide or sul- 
fonylureas in general. This paper reports the adsorption 
of six commonly used sulfonylureas onto activated charcoal 
in uitro. 


EXPERIMENTAL 


Material-Activated charcoal’, carhutamide2, ~hlorpropamide~, 
tolazamide4, tolbutamide5, glibenclamide2 (glyburide), and glipizide4 
were used as received. Dichlormethane, acetonitrile, isopropyl alcohol, 
~~~~ ~ ~ ~~~~~~~ ~ - 


Carhomix (Norit A), Medica Ltd. Helsinki. 
2 Orion Ltd. Helsinki. 
3 Farmw Group Ltd, Turku. 
4 Medica Ltd, Helsinki. 


Hoechst AC. Frankfurt. 


and methanol were HPLC grade. All other reagents were analytical grade 
quality and were used as received. 


Preparat ion of Drug  Solutions-Solutions containing 700 mg/L of 
various sulfonylureas (or glipizide 360 mg/L, glibenclamide 100 mg/L) 
were prepared in 50 mM phosphate buffer as follows. The solutes were 
first dissolved in a small amount of 0.1 M NaOH, then phosphate buffer 
(pH 6.5) was added and the pH was adjusted to 7.5 with 1 M NaOH. 
Gilbenclamide, which is very sparingly soluble, was first dissolved in an 
ethanol-sodium hydroxide solution. 


In addition, carbutamide and chlorpropamide were dissolved in two 
phosphate-acetate buffers, pH 7.5 and 4.9, containing 50 mM phosphate 
and 40 mM acetate. The sulfonylureas were maintained in the afore- 
mentioned solutions for several days a t  room temperature and a t  4OC. 


Adsorption Studies-The adsorption studies were carried out at mom 
temperature (20-24OC) either a t  pH 7.5 or 4.9 (phosphate or phos- 
phate-acetate buffers; see Preparation of Drug Solutions). A solution 
of 20 mL of sulfonylureas in different concentrations and 20 mg of 
charcoal were mixed in 30 mL stoppered glass tubes. When the effect of 
pH was studied, 16 mg of charcoal was added to 25 mL of the drug solu- 
tion to achieve lower charcoal-to-drug ratios. The charcoal-to-drug ratio 
varied from 0.91:l to 27:l. The tubes were shaken for 10 min, after which 
time the solutions were allowed to stand for an additional 10 min and then 
centrifuged (1800Xg for 10 mid .  The drug concentration in the super- 
natant was determined. 


Determination of Sulfonylurea Concentrations-The UV ab- 
sorption of sulfonylureas could not be used for direct determination of 
these drugs because of the unpredictable amount of impurities absorbing 
a t  the UV range eluted from charcoal. The drug concentrations were 
therefore determined by HPLC6 with some modification of the original 
procedure (8). The impurities from the charcoal did not interfere with 
the HPLC assay. Aliquots of the supernatant were diluted to constant 
volume with buffer and acidified with hydrochloric acid. The drugs were 
extracted with dichlormethane-containing internal standard (carbu- 
tamide or tolbutamide). The organic phase was separated and evaporated 
in a nitrogen stream. The residue was dissolved in methanol, and samples 
of  this were injected into the chromatograph. The separation was per- 
formed with a C-187 column which was eluted with 50 m M  phosphate 
huffer-acetonitrile, 55:45, pH 3.9 a t  a flow rate of 2.5 mL/min. For 
analysis of glibenclamide 1Wo isopropyl alcohol was added to the mobile 
phase to shorten the retention time. The sulfonylureas were monitored 
with a variable-wavelength UV detectop a t  230-240 nm, depending on 
the optimal ratio of absorption of the derivatives and the internal stan- 
dard. 


The coefficient of variation between runs for the whole process com- 
prising incubations with activated charcoal and drug determination was 


HPLC: M6000A Chromatography pump and 6UK injector; Waters Associates, 


WBonda ak CIS; Waters Associates, Milford. Mass. 
SF 770 fpectroflow; Schoeffel. Westwood, N.,J. 


Milford, Mass. 
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Figure I-Langmuir adsorption isotherms for sulfonylureas. Different symbols represent individual experiments. The correlation coefficients 
varied from 0.968 (tolazamide) to 1.00 (glipizide). 
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Figure 2-Correlation of percentage adsorption of sulfonylureas to charcoal-drug ratio (R). Different symbols represent individual experi- 
ments 


9.9% (N = 25). The coefficient of variation within run for drug determi- 
nation only was 1.9% ( N  = 8). 


Calculations-The Langmuir isotherm was constructed by the fol- 
lowing equation (1): 


c 1  c - +- 
Q K Q m  Qm 


where C is the concentration of free drug in the solution a t  equilibrium 
(mg/L), Q is the weight of drug (g) adsorbed per weight unit of charcoal 


Table I-Parameters for Langmuir Adsorption Isotherm of 
Various Sulfonylureas, Phosphate Buffer pH 7.5 


Param- Car- Chlor- Tolaz- Tol- Glip- 
eter butamide propamide amide butamide izide 


B m  (g/d 0.46 0.42 0.45 0.47 0.50 
K (L/mg) 0.045 0.036 0.062 0.052 1.204 


(g), Qm is the maximal adsorbing capacity, and K is a constant indicating 
the affinity of the drug to charcoal and physically represents the recip- 
rocal of free drug concentration when half of the maximal binding ca- 
pacity is used. The plot of C/Q versus C yields a straight line, and linear 
regression analysis was used to calculate the best line through the ex- 
perimental data and to evaluate the adsorption parameters. 


RESULTS 


The Langmuir adsorption isotherms a t  pH 7.5 for carbutamide, 
chlorpropamide, tolazamide, tolbutamide, and glipizide are given in Fig. 
1 and the calculated parameters in Table I. Due to the poor water soh-  
bility of glibenclamide the charcoal-drug ratio in the conditions used 
remained too high to allow the determination of its adsorption parame- 
ters. 


Figure 2 shows the percentage adsorption o f  six sulfonylureas as a 
function of the charcoaldrug ratio. The adsorption of glibenclamide was 
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Figure 3-Langmuir adsorption isotherms ( top)  and percentage adsorption (bottom) of carbutamide and chlorpropamide at p H  7.5 and 4.9. 


more than 99% a t  all charcoal-drug ratios tested (5.3:l-161). For other 
sulfonylureas the adsorption of 90% was attained a t  charcoal4rug ratios 
from -2 (glipizide) to 6 (chlorpropamide). 


As seen in Fig. 3 and Table 11, the decrease of the incubation medium 
pH from 7.5 to 4.9 increased the affinity of carbutamide and chlorpro- 
pamide to charcoal. The differences of K were significant ( p  < 0.001), 
whereas the maximal hinding capacities were only insignificantly in- 
creased ( p  < 0.10). The differences were tested by comparing the re- 
gression lines (9). 


DISCUSSION 


The adsorption of different drugs onto activated charcoal in uitro has 
been studied by several authors (1-4), but there have been no systematic 
studies on the adsorption of sulfonylureas. However, the statement, “The 
adsorptive capacity of  activated charcoal for ferrous sulphate, sulfonyl- 
ureas and organo-phosphorous insecticides is too low to be useful,” has 
appeared (51, and activated charcoal has even been claimed to be con- 
traindicated in poisonings caused by tolbutamide (7). To our knowledge, 
these conclusions are based on very limited in uitro studies in acidic 
conditions, in which the water solubility of tolbutamide was rather lim- 
ited, so that its adsorption onto charcoal could not be measured (4). 


Quite recently, the effect of activated charcoal on the absorption of 
tolbutamide and chlorpropamide has been studied in humans (10, 11). 
Activated charcoal (50 g), ingested 5 min after these drugs, reduced their 
absorption by -90%. The charcoal-drug ratio was rather high in these 
two studies. However, in uiuo the absolute amount of charcoal is probably 
more important than the charcoal-drug ratio, as has been demonstrated 
earlier (12, 13). 


The present results demonstrate that sulfonylureas are adsorbed onto 
charcoal a t  pH 7.5 in uitro. In an acidic medium they seem to be even 
more effectively adsorbed, provided that they are soluble at  that pH. The 


Table 11-Parameters for Langmuir Adsorption Isotherm of 
Carbutamide and  Chlorpropamide, Phosphate-Acetate Buffer, 
DH 7.5 and 4.9 


Carbutamide Chlorpropamide 
Parameter pH 7.5 pH 4.9 pH 7.5 pH 4.9 


Q ,  (dg )  0.62 0.78O 0.58 0.910 
K (L/md 0.028 O.16Ob 0.026 0.189* 


0 The differences from the respective value at  pH 7.5, p < 0.10, * p  < 0.001 


affinities of carbutamide and chlorpropamide were considerably higher 
a t  pH 4.9 than a t  pH 7.5, which was predictable because of the shift in 
equilibrium toward nondissociable, nonpolar species of these weak acids. 
Similar behavior of other acidic substances has been reported (6,14). 


In the present study the adsorption isotherms in phosphate-acetate 
buffer, pH 7.5 differed from those in phosphate buffer, pH 7.5 (Tables 
I and 11). This might be due to the buffers or to the fact that a different 
charcoal concentration (16 mg/25 mL instead of 20 mg/20 mL) was used 
in the experiments with phosphate-acetate buffer. 


The affinity of the second generation sulfonylureas, glibenclamide and 
glipizide, to charcoal is considerably higher than that of the older deriv- 
atives (Table I, Fig. 2). Clinically used doses of glipizide and glibenclamide 
are only about of those of the first generation derivatives. Thus, most 
probably, the generally recommended doses of activated charcoal (50 g), 
given soon enough after the ingestion of glipizide and glibenclamide, 
would be effective in preventing their absorption. In massive intoxication 
caused by the older sulfonylureas, the adsorption capacity of charcoal 
may be saturated and the dose of charcoal should, therefore, be as high 
as possible. 


Although poisoning due to oral hypoglycemic agents is relatively un- 
common, several deaths and cerebral damage have been reported. Of 16 
patients who had deliberately ingested toxic doses of a sulfonylurea, 6 
died (15). The gastrointestinal absorption of many sulfonylureas is slow, 
a t  least partially due to their poor solubility at the gastric pH. Therefore, 
their absorption in acute intoxication may he delayed for several hours 
so that they may be adsorbed onto charcoal given even several hours 
later. 
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Abstract The partition coefficient K of four barbituric acids has been 
determined by the equilibrium dialysis method in aqueous solutions of 
sodium alkylsulfonate at  25OC. The results obtained from dilute solutions 
to 0.3 M surfactant concentration are compared with solubility data for 
the same systems. The K values as deduced from Langmuir or Freundlich 
isotherms decrease with increasing surfactant concentration. The de- 
tergent used was an impure commercial product of known composition, 
which could be considered as a mixed surfactant. The change of partition 
coefficient with surfactant concentration as obtained from equilibrium 
dialysis experiments has been interpreted by assuming a continuous 
change of micelle composition. 


Keyphrases Barbituric acids-equilibrium dialysis up to high con- 
centrations of aqueous sodium alkylsulfonate solutions, solubility 0 
Sodium alkylsulfonate-aqueous solutions, equilibrium dialysis of bar- 
bituric acids up to  high concentrations, solubility 0 Equilibrium dialy- 
sis-barbituric acids up to high concentrations of aqueous sodium alk- 
ylsulfonate solutions, solubility 0 Solubility-equilibrium dialysis of 
barbituric acids up to high concentrations of aqueous sodium alkylsul- 
fonate solutions 


The solubility of 13 barbituric acids as a function of 
sodium alkylsulfonate concentration between 25OC and 
5 5 O C  shows a rather sharp change in slope at low surfactant 
concentrations (4 .05  molb);  the solubility increases less 
rapidly above this concentration than below it (1,2). The 
ionic surfactant used was not pure but was a typical com- 
mercial product mixture consisting of 91% monosulfonated 
and 9% disulfonated ions. A model was suggested (1) to 
explain the solubility profile, which assumed two types of 
mixed micelles: predominantly monosulfonated mixed 
micelles at  low surfactant concentration and predomi- 
nantly disulfonated micelles at high concentrations. T o  
further investigate this micellar system, we decided to 
study the solubilization behavior at  25°C of four typical 


Table  I-Characteristics of Barbituric Acids 


Harhituric Acid Solubility, mollL” Melting Point, “C 


Amoharhital 
Phenoharhi tal 
Alloharhital 
Secoharhital 


0.00’2 157 
0.005’ 174 
o.nn(17 172 
0.0044 98 


Sotul~ilit,~ i n  water at ‘ L > O C .  


barbituric acids (amobarbital, phenobarbital, secobarbital, 
and allobarbital) with the same surface-active agent using 
equilibrium dialysis instead of the solubility method. 


EXPERIMENTAL 


Materials-The barbituric acids’ were used without further purifi- 
cation. The melting points and the solubility in water at 25% are pre- 
sented in Table I. The sodium alkylsulfonate was a commercial product2 
containing monosulfonated ion-disulfonated ion-polysulfonated ion 
(90.7:8.8:0.5, v/v/v). The monosulfonated product was a mixture of 
CldHpSOsNa and C15H31S03Na, whose average molecular weight was 
321. 


Methods-The equilihrium dialysis experiments were performed using 
dilute to saturated solutions of barbituric acids a t  25OC thermostatically 
controlled to within fO.l°C with polytef cells and a cellulose acetate 
membrane. The equilibrium was attained in -4 h. Barbituric acid con- 
centrations were analyzed using a UV spectrophotometer. Each experi- 
ment was repeated five times, and at  least six barbiturate concentrations 
were studied for each surfactant concentration. 


The solubility of the barbituric acid is dependent on the pH of the 
medium. The pH of the solutions was measured a t  each concentration, 
and a correction applied to the concentration of barbituric acid on both 
sides of the dialysis using: 


S.r = So(1 + IOpH-pK) (Eq. 1) 
where ST and SO are the total concentration and the concentration of 
undissolved barbituric acid of a given pK, respectively. 


RESULTS 


Sodium alkylsulfonate showed a very high degree of adsorption onto 
the cellulose acetate membrane (Fig. 1). This adsorption was reproduc- 
ible, and a systematic correction was applied. The barbituric acids were 
also partially adsorbed onto the membrane. A correction was also applied 
which amounted a t  most to 5% of the total concentration of the drug 
dissolved in the solution. 


Two types of isotherms were used to obtain the partition constants. 
The Freundlich isotherm may be written as: 


(Es. 2) 
1 


*f 
log r = log K + -log R,, 


AmoharhitaJ and secoharhital obtained from: Expandia, 13 Avenue de I’Opkra. 
75001 Paris, France. Allobarbital obtained from: Soprotec, 144 Avenue de Malakoff, 
751 16 Paris, France. Phenobarbital obtained from: CtwpBration Pharmaceutique 
Francaise. 66 Rue du Chemin Vert, 75001 Paris, France. 


*Soci&t6 des Produits Chimiques de la Montagne Noire, 81100 Castres. 
France. 
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tions increase the viscosity of the diffusion layer on the dissolving cholesterol 
monohydrate surface. The resulting decrease in the diffusion coefficient of 
cholesterol in the diffusion layer causes the dissolution rate to be slower even 
though solubility may have been higher. For these reasons. the preferred ap- 
proach for increasing the dissolution rate of cholesterol gallstones in  mono- 
glycerides would be to investigate solvents with low viscosity rather than to 
try to optimize solubility. The validity of this statement is supported by the 
data in Table 11. which show that dissolution rate is greater i n  the diglyceride 
fraction of monooctanoin although cholesterol solubility is lower. 


In terms of clinical applications, this study suggests that it may be possible 
to increase the cholestcrol gallstone dissolution rate by addition of water to 
monooctanoin. Water may also improve local tolerance of the drug during 
infusion. Since the solubility of water in monmtanoin is - I  5% at 37OC, the 
aqueous solvent would have much lcss potential for extraction of water from 
the bile duct and intestinal walls. The importance of temperature should be 
emphasized, since the dissolution rate of cholesterol increases 50% from 3OoC 
to 37OC. Some of the reported variability in clinical results may be due to 
inadequate control of solvent temperature. Lastly, addition of water overcomes 
a practical problem with handling monooctanoin. i .e..  crystallization. By its 
effect on the colligative properties of the solvent, water depresses the solidi- 
fication point of monooctanoin to well below room temperature. 
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Abstract 0 The release of phenacetin from a wax matrix was improved by 
the addition of an acrylic acid polymer. Increasing the amount of polymer 
increased the release rate of phenacetin due to the formation of pores and 
channels in the matrix resulting from leaching of the polymer. The leaching 
was affected by the pH of the dissolution medium as  well as  by the methods 
used to prepare the granules. The polymer in ordered powder mixes behaved 
differently from that uniformly dispersed in a wax matrix. The drug appeared 
to bc released by an approximate zero-order process at pH 7.5 from tablets 
containing the polymer. 


Keyphrases 0 Wax matrices, inert-release of phenacetin, effect of acrylic 
acid polymer 0 Phenacetin release from inert wax matrices, effect of acrylic 
acid polymer 0 Acrylic acid polymer-effect on release of phenacetin from 
inert wax matrices, action as a channeling agent 


Recently, various methods have been developed to prolong 
the action of drugs by controlling their release rates. One 
method involves the incorporation of drugs into a wax matrix. 
The mechanism of drug release from a wax matrix involves the 
leaching of the drug by a permeating fluid that enters the 
drug-matrix phase through the pores, cracks, and intergran- 
ular spaces. Higuchi has treated the drug release from the 
matrix model in a theoretical manner (1 ) .  


Several investigators have described the incorporation of 
additives, such as surfactants, into the matrix (2, 3).  These 
additives act as channeling agents and improve drug release. 
The drug appears to be released by a zero-order process. Others 


have investigated ordered powder mixes (4,5). For example, 
the wettability of a-lactose powder was appreciably changed 
by modifying its surface with other powders ( 6 ) .  The purposes 
of this work are to evaluate an acrylic acid polymer as a 
channeling agent in the wax matrix and to examine the effects 
of powder arrangement on drug release. 


EXPERIMENTAL SECTION 


Materials-carnauba wax’ was obtained commercially, and the stearyl 
alcohol, sodium chloride. disodium phosphate, and hydrochloric acid were 
reagent grade. The phenacetin2 was J P  grade; the powder was ground with 
an automatic mortar3 and then sieved to 49-1OS-pm particlesize with stainless 
steel sieves. The water used in  this experiment was prepared with a water 
purification apparatus4. Acrylic acid polymerS was cross-linked and had a 
viscosity of 3000 cps as a 1 %  aqueous solution. Molecular weight, solubility, 
and carboxyl group content of the acrylic acid polymer were -2,000,000, 5% 
(w/w), and 60%. respectively. 


Preparation of Granules-Carnauba wax ( I  5.0 g) and stearyl alcohol ( I  5.0 
g) were mixed and melted at 90 f 3°C. Phenacetin powder was added into 
the melt in small portions with constant stirring for 5 min at  90 f 3OC. to 
achieve an even distribution; the mixture was then poured onto a glass plate 
kept at O°C and allowed tocongeal. The plate-like mass was crushed for 10 


~~ ~~ ~ 
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Tabk !-Formulations for Method 1 Table 11-Formulations for Method 2 


Acrylic Acid Wcight. g Acrylic Acid Weight, g 
Polvmcr Carnauba Stearvl Acrvlic Acid Acrvlic Acid Polvmer- Acrvlic Acid - 


Conc. 70 ( w / w )  Wax Alcohbl Polymer Phenacetin Polymer Phenacetin Ratio Carnauba Stearyl Poiymer- 
Conc. % (w/w) ( w / w )  Wax Alcohol Phenacetin" 


1 .o 14.775 14.775 0.45 15.0 
3.0 14.325 14.325 I .35 15.0 1.1  1 :30 14.75 14.75 15.50 
6.0 13.650 13.650 2.70 15.0 2.2 1:15 14.50 14.50 16.00 
9.0 12.975 12.975 4.05 15.0 3.3 1 : l O  14.25 14.25 16.50 


6.6 1 :5 13.50 13.50 18.00 
min in a ceramic mortar and then screened to prepare a granule size of 
420-590um. a Mixed powder. 


Incorp&ation of Acrylic Acid Polymer into the Wax Matrix-Merhod 
I--When a homogeneous melt carnauba wax and stearyl alcohol was attaincd 
at 90 f 3°C. the polymer powder was gradually added to the melt followed 
by phenacetin powder. which was added in small portions at the same tem- 
perature while stirring. After pouring the mixture onto a cold glass plate, the 
plate-likc mass was crushed and sieved to obtain the required granule s i x  
The formulations are shown in Table I 


Method 2-A 30.0-g portion of phenacetin powder and various loadings 
(I .O, 2.0. 3.0, and 6.0 g) of acrylic acid polymer were thoroughly blended i n  
an automatic mortar for 5 min. Figure I shows scanning electron micrographs 
of the phenacetin and blended powders. Samples equivalent to 15.0 g of 
phenacetin were homogeneously incorporated into the melted mixture of 
carnauba wax and stearyl alcohol according to the formulations shown in 
Table 11. The 420-590-pm granules were obtained by the same procedure 
described in method I .  


Preparation of Tablets--A KBr disk press6 was used to compress the 
granules into tablets using a compression force of I00 kg/cm2. The average 
tablet weight was -500 mg. with a thickness and diameter of -3.6 and 13 mm, 
respective1 y. 


Dissolution Procedures- The fluids of pH 1.2 and 7.5 included in J P  IX 
were used as the dissolution media. The former was prepared by mixing 2.0 
g of sodium chloride, 24.0 mL of 10% (w/w) HCI, and a sufficient amount 
of water to give I000 mL of solution; the latter was prepared by mixing 35.8 
g of disodium phosphate. 6.0 mL of 10% (w/w)  HCI. and water togive 1000 
mL of solution. 


The apparatus shown in  Fig. 2 was used for thedissolution tests. The dis- 
solution flask was covercd during the experiment to prevent water evaporation. 
A paddle with six blades was set at 3 cm from the bottom of the flask and ro- 
tated at constant rate of 200 rpm. A stirring specd of 200 rpm was adequate 
to disperse the granules uniformly in the fluid. Granules (0.3 g) were added 
into the flask containing 500 mL of a dissolution medium maintained at 37 
f 0.1 OC. After adding the granules, 3-mL aliquots of the tat fluid, containing 
granules, were withdrawn with syringes at intervals ovcr a 10-h period. The 
sample was then filtered through 0.6-pm pore membrane filter'. 


Figure I -Scanning electron micrographs of the powders used. Key: (a) 
acrylic acid polymer; (b) phenacetin; Ic) polymer-phenacefin (]:lo); (d) 
polymer-phenacefin (1:15). 


~ 


Hitachi, I.td., Tokyo. Japan. ' EDWW2500; Millipore Corp., Hedford. Mats. 


A method similar to the USProtating-basket method was used to investigate 
drug release from the tablets. A basket, in which a tablet was placed, was 
immersed into a flask containing 600 mL of a dissolution medium maintained 
at 37 f 0.1 OC. The basket was set at a height of 3 cm from the bottom of the 
flask and rotated at a rate of 200 rpm; this was necessary to prevent air bubbles 
from adhering to the basket and the tablet surface. Aliquots (3 mL) of the test 
fluid were then withdrawn at intervals over a 10-h period. Each sample was 
replaced with 3 mL of fresh dissolution medium kept at 37 f 0.1 OC to main- 
tain the constant volume of the test fluid. The amount of phenacetin released 
was determined by direct measurement of the absorbance at 245 nm. 


RESULTS AND DISCUSSION 


Effect of Acrylic Acid Polymer Added According to Method 1 on Phenacetin 
Release-The release of phenacetin from the wax matrix containing acrylic 
acid polymer made according to method 1 was investigated. The particle sizes 
and concentration of phenacetin were 49-105 pm and 33.3% (w/w), respec- 
tively, the granule sizes were 420-590 pm. the compression force was 100 
kg/cm2, and acrylic acid polymer concentrations were I .O. 3.0,6.0, and 9.0% 


Figure 3a and b illustrates the drug release profiles at pH I .2 from granules 
and tablets. respectively. The addition of acrylic acid polymer into the wax 
matrix affected the drug release. As is evident from Fig. 3, there was a slight 
increase in the release rates, in both cases. with increasing amounts of added 
polymer. A similar observation has been reported for a water-soluble 
nonelectrolytic polymer by Dakkuri et al. (3). The drug release from tabkts 
for the initial I .5 h at pH 1.2 seemed to be in accordance with the Higuchi 
equation, but a negative deviation was seen when the added polymer con- 
centrations were 0, 1 .O, 3.0, and 6.0% (w/w) and a positive deviation was noted 
when the polymer concentration was 9.0% (w/w). 


The release profiles from granules and tablets at ptl 7.5 are shown in Fig. 
3c and d, respectively. For granules, the addition of the polymer markedly 
increased the drug release as compared with the polymer-free formulation. 
A 100% release was achieved in 10 h for the 6.0% (w/w)  and in 2 h for 9.0% 
(w/w) polymer concentrations. Also, in the case of tablets at pH 7.5, an ob- 
vious increase in the drug release rate was associated with the amount of 
polymer added. The drug release appeared to follow a quasi-zero-order kinetics 
at  high polymer concentrations (6.0 and 9.0%). Similar observations were 
reported by Dakkuri ef al. (2). The deviation from a straight line after 7 h for 
the 9.0% (w/w) polymer concentration (Fig. 3d) could be explained by the 
total exhaustion of the solid drug phase. 


(w/w). 


Thermometer 


Figure 2-Schematic diagram of apparatus for the dissolution test of 
granules. 
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These distinct effects of the polymer were due to the formation of pores and 
channels in  the matrix, which resulted from swelling and leaching of the 
polymer powder. The degrees of swelling and leaching of the polymer were 
controlled by a change in the dissolution medium pH. When the polymer in 
the matrix was hydrated by thedissolution medium, the degree of ionization 
of the carboxyl groups of the acrylic acid polymer was lower at pH I .2 than 
at pH 7.5. As a result, the partially hydrated polymer molecules at pH I .2 
formed a dense jelly structure, which caused most of the polymer molecules 
dispersed in the matrix to be held in  the pores and channels. Therefore, the 
drug molecules were released slowly through the pores and channels that were 
filled with the less-hydrated polymer molecules. 


At pH 7.5. however. because the polymer chains were extended due to the 
repulsion of negatively charged carboxyl groups. the fully hydrated polymer 
became swollen. Consequently, the hydrated polymer molecules in the matrix 
were liberated into the dissolution medium. Leachingout of the polymer in- 
creases the internal porosity and decreases the tortuosity. as suggested by 
Samuelov e taf .  (7). Therefore, the drug was released rapidly at pH 7.5. The 
apparent quasi-zero-order kinetics of drug release from tablets a t  pH 7.5 and 


high polymer concentrations can be attributed to the increase ofthe diffusion 
rate of the drug in the channels and to the increasing number of channels after 
leaching of the polymer. 


Effect of Acrylic Acid Polymer Added According to Method 2 on Phenacetin 
Release-The release of phenacetin from the wax matrix containing acrylic 
acid polymer made according to method 2 was studied. The particle sizes and 
the concentration of phenacetin were 49 - 105 p m  and 33.3% (w/w), respec- 
tively, the granule sizes were 420 -590pm. and the compression force was 100 
kg/cm2. 


The release profiles at pH I .2 and 7.5 from granules are shown in Fig. 4a 
and c, respectively. These results indicated that the increase in the polymer 
concentration increased the release rate of phenacetin. It is alsoobvious that 
the addition of the polymer into the matrix according to method 2 significantly 
improved the drug release as compared with method 1. Higher release rates 
were also observed at pH 7.5 than at pH I .2. Figure 4b and d illustrates the 
release profiles from tablets a t  pH 1.2 and 7.5. respectively. As described 
above, leachingof the polymer into the pH I .2 dissolution medium was slight, 
and the effect of the addition of the polymer on the drug release at pH 1.2 was 
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also negligible. At pH 1.2, the drug release from tablets in the initial period 
seemed to be in accordance with the Higuchi equation, and then a negative 
deviation was observed. However, at pH 7.5, the addition of the polymer 
markedly increased the drug release from tablets. The drug release followed 
quasi-zero-order kinetics at high polymer concentrations (3.3 and 6.6%). 
Moreover, tablet disintegration was observed in some cases at  this pH. The 
drug release at a polymer concentration of 2.2% (w/w) had two zero-order 
rate constants, caused by slow tablet disintegration after 5 h. The tablets 
containing 3.3 and 6.6% (w/w) acrylic acid polymer began to disintegrate after 
-I h and 30 min, respectively. However, no burst phenomenon was observed 
with all the tablets. The change of the release pattern (to quasi-zero-order 
kinetics) at pH 7.5 and at high polymer concentrations could be caused by 
an increase in the diffusion rate of drug molecules through channels that re- 
sulted from leaching of the polymer and also by a shortening of this channel 
length due to tablet disintegration. 


Differences Between the Two Methods-When the release data obtained 
using the two methods of polymer addition are compared (Figs. 3 and 4), it 
was shown that method 2 gave a more rapid release of drug than method 1 


Table 111-Effects of Acrylic Acid Polymer Concentration on the Zero- 
Order Release Rate Constant (k) for Tablets at  p H  7.5 


Acrylic Acid 
Polymer Conc., k .  


% (w/w) mg/h r 


I .o 
3.0 
6.0 
9.0 


Method 1 
0.60 


1.29 
6.00 


18.22 


0.998 
0.999 
0.999 
0.998 


Method 2 
2.2 2.97n 0.998 


4.75h 1 .ooo 
3.3 22.89 0.999 
6.6 5 I .63 I .Ooo 


For the period up to 5 h. * For the period after 5 h.  
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Figure 5-Relationships of log k to the concentration of acrylic acid polymer 
at pH 7.5. Key: (0) method I ;  (Oj method 2. 


for both granules and tablets. For example, those tablets which were prepared 
by method 1 and contained 6.0% (w/w) polymer released only 17% of the drug 
in 5 h at pH 7.5, while those prepared by method 2 released 100% at pH 
7.5. 


The zero-order release rateconstant ( k )  at pH 7.5 for the tablet increased 
with increasing polymer concentration. as shown in Table 111, where k was 
calculated from the plots in  the initial period of the test at low polymer con- 
centrations. Attempts to relate mathematically the zero-order release rate 
constant, k, to the polymer concentration yielded the best results when log 
k was plotted against polymer concentration, giving an empirical equation 
similar to that suggested by Borodkin and Tucker (8). Plots of log k against 
polymer concentration for method 1 were linear. as shown in Fig. 5. However, 
log k for method 2 suddenly increased as the polymer concentration increased; 
there was no linear relationship bctween the two quantities. This difference 
could be explained by the formation of a polymer particle layer which adhered 
physically around phenacetin particles in the matrix prepared by method 2. 
Leaching of the polymer would, therefore, result in the formation of larger 
pores and channels around the phenacetin particles. increasing the surface 
area of thedrug particle in contact with the dissolution medium. Slow disin- 
tegration of the matrix, coupled with the enhanced pore formation, would 
affect the drug release rate since the polymer added according to method 2 
acts as a disintegrator at high concentrations (see the previous section). 


Scanning electron micrographs of the tablet surface are shown in Figs. 6, 
7. and 8, where the particle sizes and the concentration of phenacetin were 
49- 105 p m  and 33.3% (w/w). respectively, the granule sizes were 420-590 


Figure 6-Scanning electron mi- 
crographs of the surface of a poly- 
mer-free tablet: thephenacetinpar- 
tide sizes and the concentration were 
49-105 wm and 33 3% (w/w), re- 
spectively; the granule sizes were 
420-590 pm; and the compression 
force was 100 kglcm2. Key: (a)  he- 
fore the dissolution test: (b) after the 
test at p H  1.2 for 10 h; (c) after the 
test at pH 7.5 for I0 h .  


Figure 7-Scanning electron mi- 
crographs of the surface of a tablei 
prepared by method I ,  containing 
3.0% (wlw) of the polymer. Key: (a) 
before the dissolution rest; (b) after 
the test ar pH 1.2 for  10 h; (c) after 
the test at pH 7.5 for 10 h .  


pm. and the compression force was I 0 0  kg/cm2. After dissolution tests at pH 
1.2 and 7.5, small pores (which had not been observed before the tests) were 
formed on thc surface of a polymer-free tablet, as shown in Fig. 6. This was 
the result of phenacetin dissolution. In the case of tablets containing the 
polymer, larger pores were seen on the tablet surface after dissolution tests 
at pH 1.2 and 7.5. Figure 7 shows a tablet prepared by method I containing 
3.0% (w/w) of the polymer. A tablet made by method 2 containing 3.3% (w/w) 
of the polymer is shown in Fig. 8. The pores in both tablets were formed by 
leaching of the polymer; the pore s i x  was larger a t  pH 7.5 than at pH 1.2. and 
for method 2 than for method I .  The above resultsare in accordance with the 
results obtained for drug release. 


CONCLUSIONS 


Acrylic acid polymer added to inert wax matrices by methods 1 and 2 acts 
as a channeling agent, enhancing the drug release. At high polymer concen- 
trations, the drug release from tablets at pH 7.5 appears to follow quasi- 
7ero-order kinetics. For both methods. the drug release rates increased with 
increasing polymer concentration, but method 2 was more effective than 
method 1. In this regard, the location of acrylic acid polymer relative to the 
drug particles is importanr, i.e., leaching of the uniformly dispersed polymer 
in the wax matrix causes the formation of more pores and channels in addition 
to those formed by leaching of the drug, whereas leachingof the polymer when 
physically adhered around the drug particlcs makes the pores and channels 
produced by drug release larger. Therefore, the effects of powder arrangement 
could be one of the important factors in pharmaceutical formulation. Since 
addition of acrylic acid polymer to the inert wax matrix, as a channeling agent 
and a disintegrator, enhances the controlled release of the drug at  alkaline 


Figure 8-Scanning electron mi- 
crographs of the surface of a tablet 
prepared by method 2, comaining 
3.3% (wlw) of the polymer. Key: (a)  
before the dissolution test; (b)  after 
the test at p H  1.2 for 10 h; (c) after 
the test at p H  7.5 for 10 h. 
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pH, the polymer could be useful in  preparing an orally administered wax 
matrix product which releases most of its drug content in the intestinal 
tract. 
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Particle Size Analysis of Latex Suspensions and 
Microemulsions by Photon Correlation Spectroscopy 
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Abstract 0 The particle size in  microemulsions and other highly dispcrsed 
systems was determined by means of photon correlation spectroscopy (PCS). 
As PCS cannot be applied to highly concentrated dispersed phases, the 
measurement accuracy was tested for its dependence on the particle concen- 
tration using latex suspensions. The data obtained by clipping and scaling were 
compared. The particle size determination was expected to provide information 
about the influence of thestructure of the surfactant system on microcmul- 
sions. using a homologous alcohol series as cosurfactant and potassium oleate 
as surfactant. I n  this system the region of solubilization is characteristically 
divided from the region of microemulsification by a zone of instability. Fur- 
thermore, there are distinct differences in mean particle sizes between mi- 
croemulsions (9-30 nm) and micellar solutions (4-6 nm). 


Keyphrases 0 Particle size analysis-photon correlation spectroscopy, latex 
suspensions, microemulsions 0 Photon correlation spectroscopy-particle 
size analysis, latex suspensions. micrmmulsions 0 Microemulsions--particle 
size analysis, photon correlation spectroscopy, latex suspensions 


Microemulsions appear as monophasic, more or less stable 
and transparent or slightly translucent. systems. They have 
been defined as dispersed liquid-liquid systems in  which the 
particle size of the dispersed phase is <2000 A. Shinoda and 
Friberg ( 1 )  assumed the existence of discrete micelles (oil- 
in-water) and reverse micelles (water-in-oil). According to the 
emulsion theory of Prince and co-workers (2, 3), these systems 
can be described as emulsions with highly dispersed internal 
phases. This definition includes the premise that there are 
essential differences between the microemulsion and the so- 
lubilization regions. The description of the structure of mi- 
croemulsions as droplets is only valid for low concentrations 
of the internal phase. For high concentrations, Scrivcn (4) 


Table I-Particle Radii of Latex Suspensions (19 nm) 


Particle Conc., Measuring Error, 
Radius. nm' % 


0.05 
0. I 
0.25 
0.5 
I 
2.5 
5 


10 


19.3 
19.2 
19.4 


18.7 
I 8.9 


17.8 
17.2 
16.4 


I .6 
1.1  
2. I 


-0.5 
-1.6 
-6.3 
-9.5 
- 13.7 


25 15.3 -19.5 
50 I 3.8 -27.4 


Determined by photon correlation spctrobcopy. 


postulates bicontinuous microstructures. This bicoherence of 
microemulsions was confirmed by Lindman et al. (5). 


These are of interest since drugs applied topically are lib- 
erated more efficiently from microemulsions than from oint- 
ments composed of the same ingredients ( 6 ) .  Up to now most 
of the known microemulsions were made with toxic surfactants 
or with surfactants in very high concentrations, precluding 
pharmaceutical use. Therefore, an attempt is made herein to 
determine the dependence of microcmulsion formation on the 
structure of the emulsifier system and on other such factors, 
in order to find suitable excipients in suitable concentrations. 


TIIEORETICAL SECTION 


Light-scattering techniques are used extensively when testing micro- 
emulsions (7-1 2). I n  the following, the mean particlediameter wasdetermined 
by photon correlation spectroscopy (PCS) (13, 14). A laser beam is sent 
through a sample and the scattered light is detected by a photomultiplier at 
a certain angle. The time-dependent periodical fluctuations of the scattered 
light are analyzed. Smaller particles diffuse faster than larger ones and, thus, 
cause a more rapid fluctuation of the intensity of the scattered light. The signal 
received by the photomultiplier is cvaluated by a correlation function Cc,, = 
e-T/'C, where 7 stands for the time and rc for the correlation coefficient that 
dcscribcs the decay of this correlation function. The correlation coefficient 
is related to the diffusion coefficient D by tc = 1 /2DK2,  whcre K is the ab- 
solute value of the scattering vector. As fc and K can be calculated, the dif- 
fusion constant D can be obtained; this is related to the particle radius by the 
Einstein relationship: 


- k.7' r = -  
6 r D q  


Table 11-Particle Radii of latex Suspensions (54 nm) 


Particle Conc., Measuring Error, 
Pg/L Radius, nmu 90 


0.1 
I 
5 


10 


62 
51 ~. 


50 
50 


11.8 
-5.6 
-7.4 
-1.4 


20 49 -9.3 
50 49 -9.3 


100 50 -7.4 
250 46 -14.8 
500 46 -14.8 


2500 32 -40.7 
I000 44 -18.5 


a Determined by photon correlation spectrobcopy. 
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Ethanol-Water Mixtures 
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Abstract 0 The use of the reduced three-suffix solubility equation in 
characterizing solubility in ethanol-water mixtures is discussed. The 
equation states that In x;,, = 21 In xs2,1 + 2 3  In ~ 9 2 , ~  - A1.3ilf3(221 - 1)- 
(q2/q1) + A3.12i@3(q~/q3) + c!$1& where x;,~, xis, and I$,,,, are the mole 
fraction solubilities of the solute in ethanol (subscript l), water (subscript 
3), and in the mixture (m); A1.3 and A3.1 aresolvent-solvent interaction 
terms; Cz is a solute-solvent interaction term; and the q -  and z-values 
are molar volumes and solute-free volume fractions, respectively. The 
contributions of the various terms in the equation to solubility are ex- 
amined, and the possible use of its derivative in indicating whether a 
maximum may exist in the solubility profile is discussed. Methods of 
obtaining the solvent-solvent interaction constant and the ternary 
constant Cp are described, and the general effectiveness of the equation 
in describing solubility is examined. The equation is shown to be appli- 
cable to 10 compounds with widely different physical properties and, 
thus, appears to combine both ease of use and general utility. 


Keyphrases 0 Solubility-mixed solvent systems, estimation by an 
excess free energy approach, application to ethanol-water 0 Excess free 
energy-use in estimating solubility in mixed solvent systems, application 
to ethanol-water 0 Mixed solvent systems-estimation of solubility, 
excess free energy approach, application to ethanol-water 


The previous paper (1) described the theoretical aspects 
of an excess free energy approach to the estimation of 
solubility in mixed solvent systems. In this report we 
discuss methods of obtaining the constants in the working 
equation and their use in characterizing solubility in the 
ethanol-water system. 


THEORETICAL 


For a solute (subscript 2) in a mixture of ethanol (subscript 1) and water 
(subscript 3), the reduced four-suffix solubility equation is: 


The corresponding three-suffix and two-suffix equations are given by 
Eqs. 2 and 3, respectively: 


q 2  - A1&123(221 - 1)  - 
41 


In x;,, = 21 In + 2 3  In 


+ A3.122:23 t c p i l i 3  (Eq. 2) 


(Eq. 3) 


Note that the numerical values of A1.3 and A3.1 differ in Eqs. 1-3 because 
they are defined differently in the three equations (1). We also note here 
that Eq. 2 may be rearranged to give: 


93 
q z  t 2 3  In xi,3 + A1-32123 - 
Q1 


In x;,, = 21 In 


(Eq. 4) 


In this report we evaluate the parameters in Eqs. 1-3 and discuss their 
ability to describe solubility in ethanol-water mixtures. 


Evaluation of Interaction Constants-The solvent-solvent inter- 


action constants (the A terms) are easily obtained from vapor-liquid 
equilibrium data. If partial pressure-composition data are available, the 
constants may be obtained by fitting the excess free energy calculated 
from such data to whichever n-suffix equation is chosen. As an example 
consider the three-suffix equation for a binary solvent mixture. The molar 
excess free energy is given by (2): 


where 


But 


and 


P1 y l = -  y 3 = p 3  P! 
PP' 


(Eq. 8) 


where p1 is the partial pressure of component 1 in the mixture of 1 and 
3 and py is the vapor pressure of pure component 1; p3 and p i  are defined 
similarly. 


Combining Eqs. 5 and 7 we find: 


Equation 9 may be represented as: 


Y = 01x1 + 0 2 x 2  (Eq. 10) 


where y = x1 In y1 t x3 In y3,& = A1.3, x1 is the first term in parentheses, 


El 


Figure I-Solubility profiles o f  barbital in ethanol calculated from Eqs. 
1-3 udhou t  any solute-soluent interaction term (i,e., with C1 = Cz = 
C3 = 0). Key: (1) reduced four-suffix solubility equation (Eq. 1); (2) 
reduced three-suffix solubility equation (Eq. 2); (3) reduced two-suffix 
solubility equation (Eq. 3); (0) experimental points. 
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Table I-Solvent-Solvent Interaction Te rms  


/ 


Figure 2-Projection of ( 2 1 )  on t o  the (C2/q2), (Ilqz) In ( X ~ , ~ / X ? +  
plane. Kqv: (a) barbital; (b) acetanilide, (c) phenyl salicylate; (d) stearic 
atid; (e) o-nitrophenol; lf) antipyrine; (g) phenobarbital; (h) m-oaline; 
(i) glycine; (J) DL-alanine. 


0 2  = Al.3, and x2 is the second term in parentheses. As shown by Eq. 10, 
y is a linear function of the parameters 01 and 02 and, so, -41.3 and A3.1 can 
be obtained by linear regression. 


The constants for ethanol-water were obtained a t  25°C from data in 
Ref. 5. If only the partial vapor pressure of one component is available, 
the Gibbs-Duhem relation may be used to calculate the other in the case 
of a binary system (3). It is usually easier to measure the total vapor 
pressure over a solvent mixture rather than partial pressures. From the 
total pressure, the interaction constants may be obtained as follows. 


The total pressure PT over a binary solvent mixture is given by: 


P T  = PI t p3 = XlylP? t x3y3Pg (Eq. 11) 


If we differentiate Eq. 5 with respect to nl, we obtain the expression for 
In y1 in the solvent mixture: 


Similarly: 


Substituting Eqs. 12 and 13 into Eq. 11, we obtain: 


-21 I I I 


0 0.2 0.4 0.6 0.8 
$1 


Excess Free Constants 
Enernv Model Linear Remession Total Pressure Fito 


Four-suffix A1.3 = 0.9385 
A3.1 = 1.387 
Di3 = 0.6106 


Three-suffix A1-3 = 1.216 
A3.1 = 0.9093 


Two-suffix AI . :~  = 2.215 


1.138 
0.9047 


a Nonlinear. 


where X I  = &1 - 2211, x2 = ~ Z I Z ; ( Q I / Q ~ ) ,  x 3  = ~ z ? z ~ ( Q ~ / Q I ) ,  and x4 = 


The parameters may be obtained from Eq. 14 by a total pressure fit 
using nonlinear regression. This method is more complicated, but it gives 
similar results to the excess free energy fit (Table I). Where partial 
pressure data are available, as in the case of ethanol-water, the linear 
regression fit is the method of choice because of its simplicity and much 
lower tendency to give non-unique constants than the nonlinear method, 
whose results sometimes depend on the choice of initial estimates. 


Choice of a Working Equation-Figure 1 shows calculated solubility 
profiles for barbital in ethanol-water mixtures using Eqs. 1,2, and 3 with 
the solvent-solvent interaction constants in Table I, but without any 
ternary solute-solvent interaction terms (i.e., with C1 = C z  = C3 = 0). 
When compared with experimental data (41, it is clearly seen that the 
reduced four-suffix solubility equation is the worst for predicting solu- 
bility. The three-suffix equation does better, but not as well as the two- 
suffix equation. A comparison of Eqs. 2 and 3, however, shows that while 
the reduced three-suffix solubility equation has one more constant that  
is related to, and can be evaluated from, ternary solute-solvent data, the 
two-suffix equation has none and this severely limits its use. The four- 
suffix equation has two constants, which may be estimated from ternary 
solute-solvent data. For the ethanol-water system, the three-suffix 
equation, with its one constant Cz estimated from ternary data, satis- 
factorily predicts the solubilities of compounds in ethanol-water mix- 
tures. This and the fact that it has less parameters than the four-suffix 
equation has led us to choose the three-suffix equation (Eq. 2) to char- 
acterize the solubilities in ethanol-water systems. 


Estimation of C2-The constant Cz, which accounts for the interaction 
between the solute and the two solvents, was estimated by linear re- 
gression from the difference between the reported experimental solubility 
a t  25OC and the calculated solubility (without the Cz term) a t  each point 
in the solvent composition range. The C2 thus obtained was then used 
to estimate the solubility over the solvent composition range. 


Analysis of Solubility in the Ethanol-Water System-Certain 
compounds are known to exhibit a maximum in their solubility in some 
solvent mixtures (4). In this work, we were interested in whether our re- 
duced three-suffix solubility equation for a three-component system 
predicted a maximum and/or minimum and under what conditions. We 
used the ethanol-water system as a specific example; the results will 
therefore be applicable only to a solute in ethanol-water. 


2 7 0  - 223). 


-1.51 I I 1 I .  


0 0.2 0.4 0.6 0.8 
21 


I 


Figure 3-Solubility profile of  barbital (A), acetanilide (B), and DL-ualine (C) i n  ethanol showing contributions from terms i n  Eq. 4. Key: (---) 
il In (X;,,/X$,~); (---) -A1&i3(251 - l)(qz/qd + A3.12i:i3(q~/qd); (- -) C2i153; (--) calculated In (x;,,/x$3); (X) experimental In (x;,,,/x~,&. 
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Figure 4-Solubility profile of phenobarbital (A), pheny salicylate (B), o-nitrophenol (C), glycine (D), DL-alanine (E), and antipyrine (F) in 
ethanol. Key: (-) estimated solubility; (0) experimental solubility. 


Differentiating Eq. 2 with respect to 21 and equating i t  to zero 
yields: 


1 
- 0.0207 t -1n - t 2 = 0 (Eq. 15) 


where the values A1.3 = 1.216 and A3.1= 0.9093 obtained from ethanol- 
water vapor-liquid equilibrium data (5) have been used and the maxi- 
mum or minimum 21 is indicated by (21). Equation 15 can be solved 
quadratically for (21) .  Depending on the values of C2/qp and (l/qz). 
In ( X ; , ~ / X ; , ~ ) ,  the range of possible values for the two roots of 21 are given 
in Table 11. Cases 1-4 have no extrema in the 0-1 volume fraction range. 
Cases 5-6 have one extremum each in the 0-1 range, but without knowing 
Cz, 92, and In ( x $ , ~ / x $ , ~ ) ,  i t  is impossible to say if it is a maximum or 
minimum. No solubility profiles exhibiting a minimum have been found 
in the literature. Case 7 has two extrema which clearly must be a mini- 
mum and a maximum; to our knowledge, no such profiles have been found 
in the literature. The relationship between (21) and the solute-dependent 
terms mentioned above is illustrated in Fig. 2, where the (21) surface is 
projected onto the uersus (l/q2.1n (&/x;,~) plane. Theoretically, 
the question of whether a solute exhibits an extremum in ethanol-water 


Table 11-Possible Solutions of Eq. 15 


I 9 2  (z:,:) rd 


Cases Roots Remarks 


1 Imaginary, Imaginary No extremum 
2 <o, >1 No extremum 
3 <o, (0 No extremum 
4 >I,  >1 No extremum 
5 0-1, >1 1 extremum 
6 0-1, <o 1 extremum 
7 0-1,o-1 2 extrema 


mixtures may be answered by obtaining the above solute-characteristic 
terms and then locating the area in which they fall in Fig. 2. This will not 
always be successful since Fig. 2 arises from a purely mathematical 
treatment; however, i t  may be useful as a general guide. 


RESULTS AND DISCUSSION 
Contributions of Various Te rms  to  Solubility-Figure 3 shows a 


plot of the left-hand side of Eq. 4 against the volume fraction of ethanol 
for three compounds. Without ethanol, the left-hand side of Eq. 4 is zero 
because X ; , ~ / X ~ , ~  = 1; hence, the curves all start from zero. With water 
absent, i.e., with 23 = 0, only the first term on the right-hand side of Eq. 
4 remains, all other terms going to zero as indicated in Fig. 3. If, in a 
mixture of ethanol and water, we set all the interaction constants equal 
to zero, then the solubility is given by the dashed straight line. This may 
be called the ideal mixture solubility since there are no contributing in- 
teraction terms. The solvent-solvent interactions contribute to solubility 
in the manner shown in Fig. 3. They go to zero at  each end, as they must. 
The contribution from these terms usually (but, not always) results in a 
maximum solubility being predicted for the compound without the C p  
term. The Cp term not only corrects this tendency, but also adjusts the 
solubility to such an extent as to be able to reproduce the maximum 
solubility with respect to the value and the volume fraction of ethanol 
at which it occurs (Fig. 3A). Since Cz accounts for interactions between 
solute and solvents, it must necessarily go to zero at both ends of the . -  
solvent composition. 


Prediction Canabilities of the Reduced Three-Suffix Solubili ts  
Equation-Figures 3-5 show the results of using Eq. 2 and the param-- 
eters given in Table I11 to estimate reported solubilities in ethanol-water 
a t  25OC. In the ethanol-barbital-water system in Fig. 3A, the solvent- 
solvent terms and Cp make significant contributions to the solubility, but 
tend to compensate for each other. Since they are unsymmetrical with 
respect to 21, they combine to produce a lower than ideal mixture solu- 
bility a t  low volume fractions of ethanol and a higher than ideal mixture 
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Table 111-Parameters Used to  Estimate Solubilities a and  Parti t ion Coefficients 


Log (PC) in Solubility 
Octanol- Data 


Compound Formula In x”z~ In ~ “ 2 . 3  szb c2 n r S C  Waterd References 


Barbital CaHnNz03 -3.479 -7.240 151.0 -6.76 10 0.999 0.069 0.71 (4) 
Acetanilide CsHsNO -2.294 -7.233 110.9 -4.26 10 1.000 0.095 1.21 (6) 
Phenyl sahcylate C13H1003 -2.266 -11.28 169.8 -13.3 7 0.997 0.315 3 (6) 
Stearic acid CisH360:! -4.237 -10.75 302.4 -23.8 7 0.993 0.438 6.8e (6) 
o-Nitrophenol CsHsN03 -2.023 -8.037 93.68 -6.67 ” 0.997 0.131 1.76 (7) 
Antipyrine CiiHizN?O -1.716 -2.096 175.1 -7.94 0.952 0.365 0.26 (8) 
Phenobarbital ClpH12N203 -3.450 -9.282 172.0 -7.63 15 1.000 0.062 1.41 (4) 
DL-Valine CsHiiN02 -9.498 -4.529 89.02 1.15 5 0.996 0.282 -1.14f (9) 
Glycine CzHsNO:! -10.68 -2.871 90.66 3.67 5 0.998 0.359 -3.0 (9) 
DL- Alanine C , I H ~ N O ~  - 10.01 -3.433 62.57 4.43 5 0.997 0.367 -2.8 (9) 


~~ ~~ ~ ~ 


The solvent-solvent k r m  is -1 .216f l23(2i l  - l)(qZ/yJ + 0.9093 2i: i3(42/43) .  41 = 58.68 (Ref. 11) and 43 = 18.07 (Ref. 12) were used as molar volumes of ethanol 
and water, respectively; ylvalues were calculated from density data in Ref. 12. s is the standard deviation of the error between In (X$,,)& and In (x;,,Jest. d From Ref. 
10; some values are averages of reported data. n-Heptane-water; not used in the regression of Cz. I-Butanol-water; not used in the regression of C p .  


solubility a t  higher ethanol volume fractions. The maximum in the sol- 
ubility a t  21 = 0.93 is also due to the nonsymmetrical contributions of 
these two terms and the particular values they assume a t  this point. 
Figure 3B for acetanilide shows similar contributions from the various 
terms although there is no maximum; this is due to the lower contribution 
of the solvent-solvent terms because of a lower q p .  In Fig. 3C, which shows 
a case where the solubility of the solute (DL-vdine) is higher in water than 
in ethanol, the deviation from the ideal mixture solubility is accounted 
for largely by the solvent-solvent terms. 


Figure 4 shows semilogarithmic plots of solubility profiles for additional 
compounds. The results for phenobarbital, phenyl salicylate, and o-  
nitrophenol in Fig. 4A-C are similar to the barbital and acetanilide sys- 
tems (Fig. 3A and B) previously discussed. Figure 4D and E shows the 
results for glycine and DL-alanine, which are similar t o  Fig. 3 for DL- 
valine. 


Figure 5 shows a plot of the terms in Eq. 4 for stearic acid to indicate 
why a minimum is predicted (although the experimental data from Ref. 
6 do not show it). I t  is seen that the minimum is caused by the large 
negative value (-3) of the Cp term compared with the value (+1) of the 
sum of the solvent-solvent terms. 


Figure 4F shows the solubility profile of antipyrine. The solubilities 
of antipyrine are reported as 620 mg/mL in water and 425 mg/mL in 
ethanol (8) which, converted to mole fraction solubilities, are 0.123 and 
0.180, respectively. These high figures invalidate the assumption (made 
in the derivation of Eq. 2) that  the mole fraction solubility is very small. 
In addition, the solubility of antipyrine changes very little between the 
end points. The shallow maximum and minimum in the predicted solu- 
bility profile result from the unsymmetric dependence of Cp and the 
solvent-solvent terms on volume fraction (see Fig. 3). In summary, Figs. 
3-5 show clearly that the reduced three-suffix solubility equation esti- 
mates solubilities in ethanol-water systems very well. 


In practice, one would have little or no data from which to estimate Cp 


21 


Figure 5-Solubility profile of stearic acid in ethanol showing contri- 
butions from terms in Eq. 4. Key: (---) 21 In (x$,1/xi,3); (-.-) -A 
1.&23(22l- l)(qp/qd + A3.122@3 (qp/q3); (- -1 C2ili3; (-) calculated 
In (x$,,/x$,3); (x) experimental In (x$,,,/x;,d. 


as we have done here. In such a case it is still possible to estimate this term 
by other means requiring the determination of solubility at one or two 
points in the solvent composition. The significant point, in any case, is 
that  i t  is possible to obtain the single ternary constant C2 which, along 
with the other constants, adequately describes the solubility profile. 


Significance of Cz-The solvent-solvent terms, when combined only 
with ideal mixture solubilities, usually (but not necessarily always) ov- 
erpredict (as in Fig. 1 and with nonpolar compounds) or underpredict 
(as with the more polar amino acids in the solubility profiles shown) 
solubility. Therefore, the Cp term usually has an opposite sign (but not 
always; see Fig. 3C) to the sum of the solvent-solvent terms. To determine 
what influence, if any, the polar or nonpolar nature of the solute has on 
Cp, we have obtained octanol-water partition coefficients (PC), when 
available (lo), for the solutes whose solubility profiles we examined. There 
is an excellent trend in which C:! becomes more negative as the solutes 
become more nonpolar and more positive as the solutes become more 
polar (Table 111, Fig. 6). The regression equation is: 


(Eq. 16) 
Cp = -3.96 - 2.6610g (PC) 
n = 8, r = 0.946, s = 1.96 


where s is the standard deviation of the error between observed and 
predicted values of Cp. Equation 16 suggests that i t  may be possible to 
estimate Cp from octanol-water partition coefficients and use the esti- 
mated term with the solvent-solvent terms and pure solvent solubilities 
t o  estimate the entire solubility profile. 


A qualitative interpretation of Cz is as follows. If the solvents interact 
in such a manner as to eliminate (i.e., interact “negatively” with) the 
solute more effectively than would be expected from their interactions 
with each other (as indicated by the solvent-solvent constants), the 
predicted solubility without Cz will tend to be higher than the observed 
solubility. This may be expected to happen with nonpolar solutes in 
ethanol-water. T o  correct this overprediction, Cp has to be negative to 
decrease the predicted solubility. Conversely, if the solvents interact in 
such a manner as to incorporate the solute more effectively than would 
be expected from their interactions with each other, the predicted solu- 
bility will tend to be lower than the observed solubility. This could happen 
with more polar solutes. Cp will therefore tend to be more positive in order 
to increase the solubility. 


Prediction of Extrema in Solubility-As was mentioned earlier, it 
is possible to obtain some idea of whether a solute may exhibit a maxi- 


-40; 
- 4 - 2 0  2 4 6 


Log PC 


Figure 6-Correlation of Cp with the logarithm of the partition coef- 
ficient (octanol-water) where C2 = -3.96 - 2.66 log (PC), n = 8, r = 
0.946. Key: (A) 1-butanol-water; (0) n-heptane-water. 
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mum (or a minimum, although we have not seen this) by computing its 
Cp/q2 and (l/q&ln ( X ! , ~ / X ; , ~ )  and locating them on Fig. 2. This was done 
for the solutes listed in Table 111, and the values obtained for the above 
terms were plotted in Fig. 2. It is seen that the amino acids DL-valine, 
glycine, and DL-alanine fall in the case 1 area where no extrema are pre- 
dicted (see Table 11). They are, therefore, not expected to show any ex- 
trema in solubility, and they do not (Figs. 3C and 4D, E). Acetanilide and 
o-nitrophenol fall in the case 2 area and also show no extrema (Figs. 3B 
and 4C). Phenyl salicylate and stearic acid fall into case 5 where one ex- 
tremum is predicted. The literature data we obtained do not show this, 
although, as expected, the estimated solubility curves in Figs. 4B and 5 
indicate a minimum (the minimum in the case of phenyl salicylate is too 
shallow to be evident on the graph). If indeed these compounds do not 
show any minimum, the failure of Eq. 15 should not be surprising for 
reasons indicated earlier. Antipyrine falls into the case 7 area, but the 
solubility data show only one maximum in Fig. 4F instead of a minimum 
and maximum as predicted by Eq. 15. Even though the equation predicts 
a minimum not seen, the fact that it predicts a maximum which is seen 
makes it useful. Barbital falls in the borderline area between cases 6 and 
7, while phenobarbital falls more into case 6 than case 2. The interesting 
point is that both show well-defined maxima in their solubility profiles 
in ethanol-water (4). Because the shapes of solubility curves change 
slightly when solubility is plotted as mole fraction rather than mg/L or 
mol/L and the fact that the log of the mole fraction solubility is used for 
most of the plots, the maximum is not pronounced in the case of barbital 
in Fig. 3A and it is not even evident with phenobarbital in Fig. 4B. 


In summary i t  does seem that Fig. 2 may be of considerable help in 
indicating when a solute may be expected to show an extremum, usually 
a maximum, in its solubility in ethanol-water mixtures. Since we have 
seen no case in which a solute showed an experimental maximum without 
falling into one of cases 5-7, it may be possible to use a method such as 
this to a priori rule out possible maxima for solutes in ethanol-water (or 
other mixed solvent) systems. 


CONCLUSIONS 
The reduced three-suffix solubility equation (Eq. 2): 


Q z  In x;,,, = i l  In x8.1 + i 3  In x8,a - A1.3ili3(2il - 1) - 
91 


92 
43 


+ A3-12i?i3 - + Cpfli3 


provides a general method for characterizing and estimating solubility 
in mixed solvent systems. The equation may be partitioned into ( a )  the 
ideal mixture solubility described by the first two terms on the right-hand 
side, ( b )  solvent-solvent interaction contributions described by the next 
two terms, and (c) a solute-solvent interaction contribution described 
by the C2 term. A1.3 and A3.1 are solvent-solvent interaction constants 
which, once obtained, are fixed for that particular mixed solvent system. 
Thus, apart from pure solvent solubilities, the only term needed to esti- 
mate the solubility of any solute in ethanol-water is Cp. 


All systems investigated in this report were adequately described by 
Eq. 2, except antipyrine, which was not as well characterized because its 
high solubility in both solvents invalidates the assumptions made in 
deriving Eq. 2. The approach is also flexible enough to  be appropriately 
altered. For example, it is possible to use the reduced four-suffix solubility 
equation (Eq. 1) for a system where the three-suffix equation does not 
satisfactorily describe the solubility. The method is readily applicable 
to pharmaceutically important cosolvents such as ethanol, propylene 
glycol, glycerol, and low-molecular weight polyethylene glycols. 
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Abstract 0 The reduced thee-suffix solubility equation derived from 
the Wohl excess free energy expression is used to describe the solubility 
of phenobarbital in propylene glycol-water, ethanol-propylene glycol, 
and ethanol-water-propylene glycol mixtures and the solubility of hy- 
drocortisone in propylene glycol-water mixtures. Solvent-solvent in- 
teraction constants were obtained by fitting total vapor pressure versus 
composition data, obtained at  25 f O.l”C, to the Wohl excess free energy 
model for the solvents. The equation describes solubility in these systems 
satisfactorily except for phenobarbital in ethanol-propylene glycol, where 
the solubility is fairly high and the assumptions involved in the derivation 


In previous reports, a general equation for describing 
and estimating solubility in mixed solvent systems was 
developed (1) and applied to ethanol-water systems (2). 


of the equation do not hold. 


Keyphrases [1 Solubility-mixed solvent systems, estimation by an 
excess free energy approach, application to binary and ternary mixtures 
of ethanol, propylene glycol, and water 0 Excess free energy-use in 
estimating solubility in mixed solvent systems, application to binary and 
ternary mixtures of ethanol, propylene glycol, and water 0 Mixed solvent 
systems-estimation of solubility, excess free energy approach, appli- 
cation to binary and ternary mixtures of ethanol, propylene glycol, and 
water 


The equation, referred to as the reduced three-suffix sol- 
ubility equation, was developed from an excess free energy 
model proposed by Wohl(3). 
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Abstract 0 A method for quantitative determination of mineral density 
changes in dental enamel has been developed. It utilizes the quantitativemi- 
croscopy capabilities of image analysis or photometer systems. Characteristic 
demineralization of bovine enamel in acetate buffers containing calcium and 
phosphate has been used to demonstrate the results. The method together with 
chemical kinetic data obtained from spectrophotometric and ion-selective 
electrode measurements of the bulk solution for calcium, phosphate, and 
fluoride permit important basic studies to be conducted on demineralization 
and remineralization of dental enamel. 


Keyphrases 0 Microradiography--quantitative study of dental enamel de- 
mineralization/remineralization 0 Dental enamel--demineralization/ 
remineralization, quantitative study using microradiography 0 Demineral- 
ization-dental enamel, simultaneous remineralization, quantitative study 
using microradiography 


Although the literature contains many references (1 - 5 )  
utilizing microradiographic techniques to observe mineral 
changes that occur in enamel, the vast majority of these are 
largely qualitative in nature and are thereby limited in their 
usefulness. Until recent years, technology has limited the 
ability of researchers to obtain quantitative information from 
microradiographic images. The purpose of this present study 
was to develop and critically examine such a quantitative 
method and its limitations. The application of an image 
analysis system’ to this quantitative determination of mineral 
density changes has been successful. Close examination of the 
density profiles obtained after incorporation of the internal 
standard data yields information not readily apparent from 
visual examination. The method is demonstrated here using 
demineralization of bovine tooth enamel, but it has also found 
application in synthetic hydroxyapatite compacts as well as 
examining the mineral density changes occurring in solutions 
containing fluoride. 


EXPERIMEWAL 


Dissolution Medium - A buffered solution -32% saturated (on a molar 
basis) with respect to the thermodynamic solubility of hydroxyapatite was 
used for the dcmineralization procedure. The solution was a 0.1 M acetate 
buffer containing 7.05 mM each of total calcium and phosphate in thc form 
of calcium chloride and dibasic sodium phosphate. The pH was adjusted to 
4.5 with concentrated sodium hydroxide and the ionic strength to0.5 M by 
the addition of sodium chloride. 


Bovine Teeth Preparation--Incisors from 8-week old strictly Kosher calves 
were obtained from packing houses in the Chicago area. These are crate-fed 
calves whose diets are uniformly controlled and thus provide an exccllent 
experimental system. From these. only reasonably flat teeth without anyob- 
vious surface defects were used experimentally. The pellicle was removed from 
the labial surface using 400-. and 600-grit silicon carbide2 abrasive disks. 


Dissolution Procedure-A bovine tooth was selected and covered with nail 
enamel, except for a 0.25 cm2 square window on the labial surface. The tooth 
was then placed in 10 mL of0.l M acetate buffer containing 7.05 mM each 
of calcium and phosphate for varying lengths of time. I t  has been calculated 


I Quantimet-720, Cambridge Instruments, Inc.. Monsey, Iri.Y 
3-M Co.. St Paul. Minn.  


that the dissolution medium is not saturated with respect to hydroxyapatite 
after these periods of dissolution. During demeneralization the solution and 
sample were gently agitated with a wrist-action shaker’. The temperature was 
maintained a t  30°C throughout the procedure. 


Sample Preparation for X-ray Analysis--The demineralized sample was 
mounted in a circular saw4 with a high concentration diamond wafering blade 
Sections werecut through the exposed window perpendicular to the enamel 
surface as t h i n  as possible. Each thin section was then ground with 600-grit 
silicon carbide paper plane-parallel to a thickness of 100 p n  as determined 
by a micrometer. Final polishing using diamond paste6 on a rayon cloth was 
done to remove any small aberrations resulting from the initial grinding 
procedure. 


X-ray Method-The thin section of enamel was placed in direct contact 
with the emulsion of a 5 X 5 cm high-resolution glass plate’. A wedge made 
of bovine enamel was cut from the block enamel using the circular saw. The 
wedge was placed on the plate directly opposite the enamel surface to be an -  
alyzed. The internal standard is essential because it allows comparison of the 
negatives of different samples by factoring out any deviations due to variations 
in the time and temperature during the film development process. The sample 
was positioned in the center of the X-ray beamX for 25 min. with the instrument 
settings at 40 kVp and 3 mA. The exposed negative was developed in developer 
solution9 according to the manufacturer’s instructions. Quantitation of the 
mineral density oersus position was accomplished using the image analysis 
system (Fig. I ) .  Scans were made through the demineralized region as well 
as  the adjacent wedge (Fig. 2). Thedata were recorded on magnetic tape; a 
program’” utilizing the wedge and sample data Has employed to calculate the 
mineral density uersus position. r G Z l p b F 1  PREPARATION 


”I”’/ CT-;? 4-1 
POL ISHlNG N E G A T I V E  EXPOSURE 


I I M G E  ANALYZER I 
L I G H T  


SCANNER 1 
I 3 L 


IJ 


C L  
C A L C U L A T I O N  VS D I S T A N C E  


PROGRAM PROF I L E S  


Figure I--Schematic representarion of the merhodology for obtaining relarice 
mineral densiry versus position in enamel. 


3 Burrel Co., Pittsburgh, Pa. 
South Bay Technology. Temple City, Calif.  


5 Norton. Worcester, Mass. 
Magcr Scientific. Inc.. Ann Arbor, Mich.  


’Type I A :  Eastman Kodak. Rochester. N.Y.  
t-kwlett-Packard, McMinnville, Ore. 
D-19 Developer; Eastman Kodak. Rochester. N.Y 


l o  Developed by J. L. Fox, unpublished results. 
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WEDGE THICKNESS (u p  ) 


Figure 2-Calibration plot using a wedge of enamel, prooiding the crucial 
link in allowing quantitative comparisons to be drawn between different 
microradiograp hs. 


RESULTS AND DISCUSSION 


Contact Microradiography Technique-Contact microradiography, an 
extension of the conventional macroradiography, allows a rapid and convenient 
means of studying the density changes that occur within a block of enamel 
or a synthetic pellet ( I )  during the demineralization and/or remineralization 
process. This method possesses a very great depth of field and has the same 
resolution limit as transmitted light microscopy ( 4 . 2 5  pm) (6). Several 
factors limit the resolution: ( a )  a lack of geometric sharpness results from the 
finite apparent source of the X-rays in relation to the source film distance; 
under the experimental procedure followed here this blurring of the image 
would be insignificant a t  4 . 0 2  pm as calculatcd by a previously described 
method (7); ( b )  high resolution glass plates have a photographic graininess 
limit of 0.15 pm; and ( c )  the lack of sharpness in the image at the edge of a 
sample resulting from the diffraction of the X-ray beam at the edge of a sharp 
electron-dense boundary. Again this effect was calculated to be 4 . 2  p m  and 
comparablc to the film graininess (6). Considering all these contributions it 
can be assumed that structural detail down to 4 . 5  pm can be observed. To 
test the resolution limit of the entire quantitative procedure, a scan was made 
over the sharp edge of a nondemineralized bovine tooth sample (Fig. 3).  and 
the resolution limit was-4 pm. 


The system used to generate X-rays was operated at an accelerating voltage 
of 40 kVp and a current of 3 mA. The exposure time was 25 min, and the 
source-to-sample distance was 25 cm. A continuous spectrum of X-rays was 
produced, the wavelength of the most energetic being 0.05 nm. In an enamel 
sample the principal X-ray absorber at this wavelength is the calcium atom. 
The mass absorption coefficients of the inorganic versus organic components 
of enamel differ by a factor of 20. Absorption of X-rays of this wavelength 
by the organic material can be considered negligible. 


The use of a wedge of bovine enamel exposed and further proccsscd under 
the exact same conditions as the sample permits comparisons to be made be- 
tween different negatives. Corrections can be thus made for any differences 
between negatives which may arise due to variations in time and temperature 
during the film development process. The angle of the wedge was determined 
by the trigonometric tangent function examining a negative on which the 
wedge resting on its side, had been exposed to X-rays. 


Data Handling and Generation of Density Profiles-Using a computer 
programlo the image data on the magnetic tape was transformed using the 
bovine wedge data as an internal standard to allow calculation and plotting 
of relative mineral density uersus position. 


In preparing a scan across the sample, the overall light level of the total 
image produced must be adjusted to allow maximum sensitivity of all the pixels 
(picture elements). The level of grayness can vary greatly between samples, 
so this adjustment must be made before each scan. When adjusting what is 
callcd white level sensitivity, the gray level values or scanner reading for the 
baseline value obtained from the exposed negative was not identical for two 
scans from the same negative (Fig. 38 oersus Fig. 48). 


DISTANCE (urn) 


Figure 3-(A) Photograph of a control sample of bovine enamel. Note the 
sharp edge between the exposed negative and the enamel. ( B )  Data obtained 
directly from the image analyzer after scanning from the negatice onto the 
enamel to a depth of230 pm.  (C) Profile of relatioe mineral density versus 
position in enamel obtained aster including the information obtained from 
the wedge data. 
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DISTANCE ( b i n )  


Figure 4 -(A) Photomicrograph of bocine enamel afier 24 h dewiineralizaiion 
a! p H  4.5 in solution containing /calcium] = /phosphate/ = 7.05 mM.  (B)  
lmage analyzer scanning of the microradiograph indicates mineralizaiion 
of surface enamel is greater than that at depths further inio the enamel. (c') 
Profile of mineral density versus position for (A )  relatioe to the enamel at 
a depth of 230 Fm. 


'a 


Initially it was thought that either the X-ray beam intensity or the photo- 
graphic emulsion was not uniform, but scans made across different regions 
of blank negatives were essentially flat, indicating uniform exposure. To  test 


Figure 5- Pictorial representation of microradiograph depicring relatioe 
positions of wedge and sample. The dotied lines show direction of image 
analysis scan. 


whether this variable baseline reading was due to this need tochange the light 
intensity between samples, several scans across the same wedge in the exact 
same spot on the same negative were made. Results indicated that although 
the absolute values were changing they were changing at both ends of the curve 
so that the shape of the calibration curve remained constant. The placement 
of the wedge and sample (not to scale for clarification) is depicted in Fig. 5 .  
The dotted line indicates the path each scan followed. These data allow nor- 
malizing the raw image analysis data obtained from the sample to that of the 
wedge and calculating from this the relative mineral density cersus distance 
(see Figs. 2,4B, and 4C). 


The relative mineral density is defined as the normalized scanner reading 
at a point divided by the maximum reading in thesample X 100. The maxi- 
mum scanner reading in the sample is taken as theaverage of the last 20data 
points. I n  this i t  is assumed that there has been no acid dcmineraliiation in  
this deep reccss of the enamel. 


Application of the Method as  Shown by Results of Experiments on Bovine 
Tooth Dissolution-In the development of this quantitative technique, samples 
of bovine enamel were exposed to a demineralizing solution for varying lengths 
of time (0, I ,  2, 3 .4 ,5 ,6 ,  12. and 24 h) and the resultant changes in mineral 
density were observed. For samples in which dissolution occurred for short 
periods of time, the mineral density was very low at the surface and increased 
monotonically until it reached the density of sound enamel. With increasing 
dissolution time, the mineral density at the original surface tended to increase, 
while the mineral beneath it remained less dense. The density again reached 
the maximum of sound enamel at sufficient depth (Fig. 4C). The longer dis- 
solution times give rise to what has been termed a "subsurface 1esion"or "white 
spot" phenomenon. This quantitative X-ray microradiographic technique has 
been shown to be an excellent method to study the demineralization and/or 
remineralization of enamel as well as synthetic hydroxyapatite compacts. 


APPENDIX: lmage Analysis 


Image Analysis--Quantitative determination of the mineral density oersus 
position in the tooth was obtained from the microradiograph using the image 
analysis system. This system is composed of three major components. The first 
is a transmission light microscope with high-quality optics, fitted with a 16X 
objective and IOX eye piece. The image analyzer itself is of modular design 
capable of a variety of image analysis functions, one of which is the image 
digitization used here. The third component of the system is a minicomputer 
system with a peripheral terminal and tape drive. The minicomputer functions 
here to collect and store the digitized image as  it comes from the image ana- 
lyzer and later to transfer this information to magnetic tape for further pro- 
cessing. A second function of the minicomputer is to instruct the system in 
its opcrations according to a user-defined protocol (average gray level deter- 
mination) to bc discussed later. 


Image Production-The image analyzer uses a television camera to convert 
an optical image into an electronic signal. The first step then is to produce a 
high-quality image of the sample. The image analyzer cannot improve the 
quality of the projected image; in fact, its usefulness is severely limited by the 
quality of the image. Inherent in any image of good quality is lack of shading 
or uneven illumination in the image plane. Although an excellent grade mi- 
croscope is used to produce the image, the optics are limited and image analysis 
off the optical axis of the microscope can result in  incorrect measurements. 
In  object plane scanning systems. i.e., conventional microdensitometers, this 
probleni is overcome by restricting the measurement area toa very small region 
in the center of the field on the optical axis of the microscope. In image plane 
scanners, i.e., the system used herein, the measurement area is over a broad 
range, not limited to the optical axis of the microscope, so the resultant po- 
tential for error in  off-axis operation must be corrected for. Fortunately, a 
unique comprehensive shading device has been developed which automatically 
corrects for illumination errors. 


Glare or stray light arising from multiple reflections within the microscope 
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is another major source of error in microdensitometry, not unique to the image 
analysis method used here. Some of this stray light can affect the apparent 
optical density of the measured object. Glare tends to be specimen dependent, 
so its effect varies from field to field. In this system a dynamic glare correction 
is automatically applied. The transmission light microscope is the device 
utilized to produce an optical image which is then projected onto the phote  
sensitive face of the vidicon tube scanner”. 


Image Scanning-The face of the vidicon tube is made of material that 
produces a local potential difference proportional to the intensity of light 
striking it. The sampling method of the scanner then converts the optical image 
to an electronic signal consisting of continuously varying analog voltage. High 
voltage corresponds to bright (white) portions of the image, while low voltage 
corresponds to the darker regions. 


Image Digitization-The total image is composed of -500,000 picture 
points or pixels, each of which is sensitive to the light intensity incident on it 
and contributes to the total analog video signal. It is within the auto detector 
module (see Fig. 1) that the analog video signal of each pixel is assigned a 
“gray 1evel”value between 0 and 63. The 63 value corresponds to the brightest 
area over the total image, the 0 value set to some internal standard for black. 
The result of this digitization procedure is a digital image consisting of a matrix 
of numbers each with a value between 0 and 63. This is the basic data set 
produced by the image analysis system. 


Data Reduction Module-To allow selectivity as to what portion of the total 
field is to be scanned, a variable frame size option is employed. This allows 
restricting the measurement to some quadrilaterally defined pbrtion of the 
field. A frame size measuring 600 pixels horizontally by 10 pixels vertically 
is used to scan each sample. The 600 horizontal pixels under the 16OX mag- 


I ’  E.M.I., London, England 


nification of the microradiograph allows a sufficiently wide scan to be made 
across the sample and adjacent negative. 


The minicomputer interface allows further processing of the 600 X I0 
matrix of pixels, each with a value between 0 and 63. In  this case, it is the 10 
vertical pixels that are acted upon. To  minimize any error due to variable 
sensitivity of a particular pixel, some defect in the microradiograph itself (dust 
or a scratch), a single value is obtaincd from the 10 vertical numbers by simply 
taking the average. This produces what is called an “average gray level” for 
600 horizontal sampling points. Using appropriate calibration methods it was 
determined that under these conditions each pixel has a width of 0.46 Fm. The 
data are then transferred to magnetic tape as a pair of numbers corresponding 
to position in scan and the average gray level or “reading” at  that position. 
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Abstract 0 The remineralization behavior of weak acid-treated bovine tooth 
enamel has been investigated using a recently developed quantitative micro- 
radiographic method. Acetate buffer solutions at pH 4.5 containing calcium, 
phosphate, and 10 ppm fluoride were used in this study. When the solution 
ion activity product ( K F A P  = a& a h ,  a : )  was I X 10-’08, the remineralization 
of the demineralized region was relatively uniform and complete. On the other 
hand, when the K F A ~  was - 6 I X remineralization of the outer 10-20 
pm was incomplete. I n  addition, for the smaller Kp-np solutions there was 
significant demineralization in the deeper recesses of the originally demin- 
eralized region. These results agree with a recent chemical kinetics study in 
which it was proposed that K F A P  = 1 X lo-”* demarcated the region of so- 
lution conditions in  which remineralization only occurs from that in  which 
simultaneous demineralization/remineralization takes place. A model con- 
sistent with all of the data is proposed. 


Keyphrases 0 Microradiography-quantitative study of dental enamel de- 
mineralization/remineralization, solution ion activity product 0 Dental 
enamel-dcmineralization/remineralization. solution ion activity product, 
quantitative microradiography 0 Demineralization-dental enamel, simul- 
taneous remineralization, solution ion activity product, quantitative micro- 
radiography 


Recently, Fox et ul. (1) investigated the influence of the 
solution ion activity product (KFAP = u& u h 4  a;) on the 


remineralization of weak acid-treated bovine tooth enamel and 
hydroxyapatite pellets. Solutions containing calcium-45, 
phosphate, and fluoride in acetate buffers were used. The 
calcium-45/fluoride molar ratios determined for the remin- 
eralized enamel by perchloric acid etch biopsy indicated the 
predominant formation of fluorapatite [Ca,,,(PO&F2; FAP] 
or fluoridated hydroxyapatite [Ca,o(P04)6(0H)2-xF,], 
where 0 5 x I 2 when PKFAP N 108. When the PKFAP of the 
solutions were 1 1  12, the calcium-45/fluoride ratios were 
found to be considerably <5 .  From these results, the authors 
proposed that a PKFAP value of -1 12 marked the demarcation 
between remineralization only and simultaneous demineral- 
ization/remineralization for these acidic remineralizing so- 
lutions. 


The purpose of the present investigation was to study the 
remineralization of bovine tooth enamel under the same con- 
ditions as those of Fox et al. ( I ) ,  employing a recently devel- 
oped (2) quantitative microradiographic technique. A special 
point of interest was to examine the hypothesis that simulta- 
neous demineralization/remineralization sets in when the 
PKFAP value is - 1 1  12 for these solutions. 
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BOOKS 


The Total Synthesis of Natural Products, Vol. 5. Edited by JOHN 
ApSIMON. John Wiley and Sons, One Wiley Drive, Somerset, NJ 
08873.1983.550 pp. 15 X 23 cm. Price $60.00 
Volume 5 of this series is devoted entirely to a review of sesquiterpene 


total synthesis from 1971 to 1979. Those familiar with the literature on 
synthesis will appreciate the enormity of this task. In Volume 2 a single 
chapter covered sesquiterpene synthesis through 1970; that an entire 
volume is now required attests to the expIosion of research in this area 
during the past decade. The Heathcock group has assembled a lucid and 
readable account of modem sesquiterpene synthesis which can be heartily 
recommended to students and practicing chemists alike. 


The authors have done a creditable job of organizing over 250 total 
syntheses. The volume is grouped into sesquiterpenes of increasing 
connective complexity (i.e., acyclic, monocyclic, bicyclic) and includes 
a chapter on alkaloid sesquiterpenes. This organizational scheme facili- 
tates the location of specific structural classes in addition to permitting 
the reader to digest the synthetic efforts toward a specific class of com- 
pounds in one sitting. A notable improvement over previous volumes is 
a closer correlation between the text and the reaction schemes, greatly 
improving the readability of the former. Each synthesis is accompanied 
by a detailed discussion, with special attention given to key steps. The 
syntheses of selected compounds are subjected to comparative analysis, 
including tabulated information on the number of steps, separations, and 
overall efficiency. The authors wisely refrain from the obvious temptation 
to use this interesting data to rate the individual syntheses. References 
to the isolation and activity of compounds are not included, but should 
be readily available through the papers on synthesis, making Volume 5 
a useful reference to those involved in natural products chemistry. 
Practitioners of organic synthesis will find this volume of The Total 
Synthesis of Natural Products an enlightened and indispensable re- 
source. 


Reviewed by James Kallmerten 
Department of Chemistry 
Syracuse University 
Syracuse, NY 13210 


Deposition of Toxic Drugs and Chemicals in Man, 2nd Ed. By 
RANDALL C. BASELT. Biomedical Publications, P.O. Box 495, 
Davis, CA 95617. 1983.795 pp. 15 X 23 cm. Price $49.50. 
This compilation of important and useful information about common 


drugs and chemicals offers an excellent “one-stop” general reference for 
toxicologists, pharmacologists, and clinical chemists. This edition is or- 
ganized in a format easier to read and contains considerably more in- 
formation than the first edition. 


Dr. Baselt devotes individual attention to  305 substances including 
drugs, pesticides, metals, and commonly used solvents to which humans 
are frequently exposed. He dedicates a section to each compound, 
showing the chemical structure and, when available, the volume of dis- 
tribution, plasma protein binding, plasma half-life of drugs, and pK, of 
compounds. Individual paragraphs describe concisely the drug as it re- 
lates to occurrence and usage, blood concentration, metabolism and ex- 
cretion, toxicity, and analytical procedures. The references listed are 
plentiful in most cases, especially in each section on analytical 
methods. 


In presenting data for the “metabolism and excretion” sections, the 
author made an effort to profile the metabolic process with both de- 
scriptive information and chemical structure. The reader should find this 
useful, considering the increased understanding of the role metabolites 
play in the human response to drugs. Each section on “toxicity” includes 
brief case histories and literature references of fatalities, relating the 
concentrations of the substance as found in blood and other body 
tissues. 


With the overwhelming amount of information being generated on the 
fate of drugs and chemicals in the human body, it is almost a relief to see 


such data capsulized and presented in a useful source for the practicing 
scientist. This reference book certainly should have a spot reserved for 
it on the shelf of all analytical and clinical toxicologists who function in 
hospital laboratories. 


Reuiew by Gary L. Lensmeyer 
Uniuersity of Wisconsin Hospitals 
Toxicology Laboratory 
Madison, WZ 53792 


Recent Advances in Clinical Therapeutics, Vol. 11: Psychophar- 
macology, Neuropharmacology, and Gastrointestinal Thera- 
peutics. Edited by JACK Z. YETIV and JOSEPH R. BIANCHINE. 
Grune and Stratton, Inc., 111 Fifth Avenue, New York, NY 10003. 
1983.290 pp. 16.5 X 24 cm. Price $32.50. 
As the Preface states, this volume “is an outgrowth of a symposium 


held annually a t  the Ohio State University College of Medicine under 
the cosponsorship of the Departments of Pharmacology, Medicine, and 
Family Practice. The majority of the topics in this book were presented 
at  the Fourth Annual Symposium on Recent Advances in Clinical 
Therapeutics held in September 1981. Several additional chapters were 
commissioned to round out the general focus of this volume.” While 
fearing another random collection of disjointed lectures from 21 con- 
tributors, this volume was a pleasant surprise. 


For each section, chapters are devoted to updates in general therapeutic 
principles as well as new drugs. Thus, the 25 newly approved or prom- 
ising investigational drugs in this book are discussed in the context of 
their value in the overall management of the particular disease state. The 
table of contents is very detailed, and the index is more than adequate 
to help find desired information. Most chapters are well referenced. 


The psychopharmacology section contains five chapters, covering 
neuroleptics, antidepressants, lithium, and phencyclidine. An excellent 
chapter on psychopharmacological classification of depressive disorders 
consolidates and clearly explains controversial and confusing literature. 
The lithium chapter focuses on new and important information, including 
renal effects and drug interaction concerns. The only chapter suffering 
from the 21/2 year lag-time from presentation to publication is the chapter 
on antidepressants. So much has happened in the last 2l/2 years with 
newer antidepressants that this chapter is significantly out of date. 


The neuropharmacology section contains chapters updating antiepi- 
leptic drugs, newer muscle-relaxant drugs, aging and neuropsycho- 
pharmacology, and the benzodiazepines. Each chapter is current and 
relevant. The aging and neuropsychopharmacology chapter is a concise 
summary of clinically useful information. 


The gastrointestinal therapeutics section contains five very specific 
chapters. The histamine Hz-receptor antagonists chapter provides a 
useful discussion of cimetidine and ranitidine as well as their value for 
various indications. Other chapters include new therapeutics of reflux 
esophagitis, nonsteroidal anti-inflammatory drugs and the stomach, 
effects of GI and hepatic pathology on human drug responses, and 
chenodeoxycholic acid in the management of gallstones. The final mis- 
cellaneous section contains chapters on the treatment of sexually 
transmitted diseases, therapeutic use of marijuana derivatives, and 
management of bronchial asthma in the ambulatory patient. 


For the pharmaceutical scientist interested in a concise update in 
clinical therapeutics, this volume will be helpful. It also provides some 
insight into the relative value of newly introduced drugs, as well as the 
remaining need for even better medicines. 


Reuiewed by Glen L. Stimmel 
School of Pharmacy 
University of Southern California 
Los Angeles, CA 90033 
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Abstract The partition coefficient K of four barbituric acids has been 
determined by the equilibrium dialysis method in aqueous solutions of 
sodium alkylsulfonate at  25OC. The results obtained from dilute solutions 
to 0.3 M surfactant concentration are compared with solubility data for 
the same systems. The K values as deduced from Langmuir or Freundlich 
isotherms decrease with increasing surfactant concentration. The de- 
tergent used was an impure commercial product of known composition, 
which could be considered as a mixed surfactant. The change of partition 
coefficient with surfactant concentration as obtained from equilibrium 
dialysis experiments has been interpreted by assuming a continuous 
change of micelle composition. 


Keyphrases Barbituric acids-equilibrium dialysis up to high con- 
centrations of aqueous sodium alkylsulfonate solutions, solubility 0 
Sodium alkylsulfonate-aqueous solutions, equilibrium dialysis of bar- 
bituric acids up to  high concentrations, solubility 0 Equilibrium dialy- 
sis-barbituric acids up to high concentrations of aqueous sodium alk- 
ylsulfonate solutions, solubility 0 Solubility-equilibrium dialysis of 
barbituric acids up to high concentrations of aqueous sodium alkylsul- 
fonate solutions 


The solubility of 13 barbituric acids as a function of 
sodium alkylsulfonate concentration between 25OC and 
5 5 O C  shows a rather sharp change in slope at low surfactant 
concentrations (4 .05  molb);  the solubility increases less 
rapidly above this concentration than below it (1,2). The 
ionic surfactant used was not pure but was a typical com- 
mercial product mixture consisting of 91% monosulfonated 
and 9% disulfonated ions. A model was suggested (1) to 
explain the solubility profile, which assumed two types of 
mixed micelles: predominantly monosulfonated mixed 
micelles at  low surfactant concentration and predomi- 
nantly disulfonated micelles at high concentrations. T o  
further investigate this micellar system, we decided to 
study the solubilization behavior at  25°C of four typical 


Table  I-Characteristics of Barbituric Acids 


Harhituric Acid Solubility, mollL” Melting Point, “C 


Amoharhital 
Phenoharhi tal 
Alloharhital 
Secoharhital 


0.00’2 157 
0.005’ 174 
o.nn(17 172 
0.0044 98 


Sotul~ilit,~ i n  water at ‘ L > O C .  


barbituric acids (amobarbital, phenobarbital, secobarbital, 
and allobarbital) with the same surface-active agent using 
equilibrium dialysis instead of the solubility method. 


EXPERIMENTAL 


Materials-The barbituric acids’ were used without further purifi- 
cation. The melting points and the solubility in water at 25% are pre- 
sented in Table I. The sodium alkylsulfonate was a commercial product2 
containing monosulfonated ion-disulfonated ion-polysulfonated ion 
(90.7:8.8:0.5, v/v/v). The monosulfonated product was a mixture of 
CldHpSOsNa and C15H31S03Na, whose average molecular weight was 
321. 


Methods-The equilihrium dialysis experiments were performed using 
dilute to saturated solutions of barbituric acids a t  25OC thermostatically 
controlled to within fO.l°C with polytef cells and a cellulose acetate 
membrane. The equilibrium was attained in -4 h. Barbituric acid con- 
centrations were analyzed using a UV spectrophotometer. Each experi- 
ment was repeated five times, and at  least six barbiturate concentrations 
were studied for each surfactant concentration. 


The solubility of the barbituric acid is dependent on the pH of the 
medium. The pH of the solutions was measured a t  each concentration, 
and a correction applied to the concentration of barbituric acid on both 
sides of the dialysis using: 


S.r = So(1 + IOpH-pK) (Eq. 1) 
where ST and SO are the total concentration and the concentration of 
undissolved barbituric acid of a given pK, respectively. 


RESULTS 


Sodium alkylsulfonate showed a very high degree of adsorption onto 
the cellulose acetate membrane (Fig. 1). This adsorption was reproduc- 
ible, and a systematic correction was applied. The barbituric acids were 
also partially adsorbed onto the membrane. A correction was also applied 
which amounted a t  most to 5% of the total concentration of the drug 
dissolved in the solution. 


Two types of isotherms were used to obtain the partition constants. 
The Freundlich isotherm may be written as: 


(Es. 2) 
1 


*f 
log r = log K + -log R,, 


AmoharhitaJ and secoharhital obtained from: Expandia, 13 Avenue de I’Opkra. 
75001 Paris, France. Allobarbital obtained from: Soprotec, 144 Avenue de Malakoff, 
751 16 Paris, France. Phenobarbital obtained from: CtwpBration Pharmaceutique 
Francaise. 66 Rue du Chemin Vert, 75001 Paris, France. 


*Soci&t6 des Produits Chimiques de la Montagne Noire, 81100 Castres. 
France. 
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a 10 
a 1  


I 


0.1 0.2 
C, mol/L 


0.3 


Figure 1-Rate of adsorption of sodium alkylsulfonate onto the acetate 
cellulose membrane. 


where r = R,,JC; R,,, and Raq are the molar concentrations of barbituric 
acids within the micelles and In the aqueous phase, respectively; and C 
is the surfactant molar concentration. R,, is assumed to be equal in both 
compartments of the cell. Figure 2A illustrates the corresponding curves 
for amobarbital. The Langmuir isotherm is presented for the same bar- 
biturate in Fig. 2B: 


- - -  (Eq. 3) 


Both isotherms suffer from a number of well-known deficiencies. They 
involve long linear extrapolations to obtain K or n ,  depending on which 
isotherm is used, although it is known a t  least in a few cases that they are 
not valid when a large concentration domain is investigated ( 3 )  (Freun- 
dlich isotherm). Furthermore, the intercept usually being very small, the 
n value of the Langmuir isotherm is known to have poor accuracy (4,s). 
Finally, both equations are applicable only to  dilute solutions. Thus, the 
slopes of F ~ s .  2 and 3 can be better determined than their intercepts with 
the ordinate axis. 


Table I compares, for the most dilute surfactant concentration studied, 
the values of the parameters obtained from the dialysis method according 
to the Freundlich and Langmuir methods, together with the solubility 
results a t  25OC taken from our previous work. The  apparent partition 
constant as obtained from the solubility data may be defined in dilute 
surfactant solutions by: 


There is no way of calculating with any confidence the individual values 
of n from the Langmuir isotherm. For each concentration of surface- 
active agent at  least six dialysis experiments were performed ranging from 
very dilute to saturated concentrations of  the barbituric acid. The  cor- 
relation factors were excellent in all cases (in the range 0.994 < r2 < 0.999); 
thus, the intercepts and slopes were obtained with the highest accuracy 
compatible with the systems under investigation. This is the most com- 
plete set of data obtained from equilibrium dialysis experiments in the 
case of a single micellar system. 


As can he seen from the data in Table 11, n values ranging from 0.99 
to 1.38 are necessary in order to match the solubility and dialysis results 
with the same isotherm. Then  values are slightly > I  with the Freundlich 
isotherm, and the K values differ widely from those derived from the 
solubility data for those barbituric acids that showed good agreement 


Table I lLCompar ison  of Parti t ion Constants a s  Deduced from 
Solubility or Equilibrium Dialysis Experiments a t  25°C a t  Low 
Sodium Alkylsulfonate Concentrations 


Fr ti1 I nd 1 i c h , I ~ n ~ m u i r .  Soluhility fhrhituric 
/i I? c' ' 1  K n  K nl.' acid 


27.4 1.07 51.5 51.6 0.99 Amoharhital 
f0.O" 


fO.0'' 


f0.01 


14.4 I .o:\ 19.2 22.7 1.18 l'hcnt~harl~iti~l 


10.6 1 .oo 11.7 9.2 I .27 All~itiarhital 


82.4 I .o-1 I 19.9 80.6 I.:H Secol)arhital 
fO.0 I 


2.E 


3.c 


L 


-1 
c 3.5 


4.0 


4.5 


1 oc 


8( 


6C 


c . - 
4c 


2c 


A 


-8.0 -7.5 -7.0 -6.5 -6.0 


- 
1000 2000 3000 4000 


' b q  


Figure 2---Frc~undlich (A) and Langmuir (R)  isotherms for arnoharhital 
in aqueous sodium alkylsuifonate .~o/ution.~.  Key: (0) 0.020 molll,; (a) 
0.065 molll,; (e) 0.125 mollL; (8)  0.182 molll,: (0) 0.239 molll,. 


with the solubility results when using the Langmuir isotherm. The results 
are satisfactory in the other two cases. 


The results of the analysis of the dialysis experiments with both kinds 
of isotherm do not agree with each other whatever barhituric acid is 
considered. Considerable care must he exercised when using these iso- 
therms-the fact that  n z 1 is obtained from the Freundlich plot does 
not ensure that the K values are necessarily correct. There is no reason 
for the n values obtained from the Freundlich o r  1,angmuir isotherms 
to  be equal, as can be inferred from their very different ( 3 )  theoretical 
derivation. 


The Langmuir isotherm which has the soundest theoretical basis has 
been chosen (Table 111). We think that the long extrapolation involved 
in the determination of K with the Freundlich isotherm is inappropriate. 
Table I1 shows the results obtained for all the solutions studied. I t  has 
been assumed that the n values are characteristic of the hehavior of each 
barbituric acid. Thus, the K values have been calculated using the n 
values deduced from the comparison between the 1,angmuir isotherm 
and the solubility results at  low surfactant concentrations. 


DISCUSSION 


I t  has been assumed previously (1)  that the solubility profile for the 
barbituric acids in aqueous sodium alkylsulfonate solutions could be 
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Table 111-Partition Constants of Barbituric Acids (Langmuir Isotherm) in Aqueous Sodium Alkylsulfonate Solutions 


Barbituric 
Acid 


Concentration of Sodium Alkylsulfonate, mol/l, 
0.0201 0.0646 0.1246 0.1822 0.2386 


Amobarbital 


Phenobarbital 


Allobarbital 


Secobarbital 


K n  
r2 


Kn 
r 2  


Kn 
r2 


Kn 
r2 


5 1.5 
0.9996 


19.2 
0.9893 


11.7 
0.9986 


111.9 
0.9992 


48.4 
0.9990 


17.8 
0.9998 


8.0 
0.9997 


106.0 
0.9999 


44.0 
0.9998 


14.:1 
0.9986 


6.9 
0.9995 


100.7 
0.9996 


39.1 
0.9999 


12.9 
0.9999 


5.8 
0.9999 


96.0 
0.9997 


39.0 
0.9968 


1 1 . 1  
0.9999 


5.9 
0.9986 


91.9 
0.9999 


described from dilute to concentrated surfactant solutions (C I 0.3 M 
or 10% w/v) by two partition coefficients, corresponding to two types of 
micelle. In the low concentration region, predominantly monosulfonated 
micelles would be formed, and a change in the slope of the solubility 
uersus surfactant concentration curve might indicate the formation of 
disulfonated micelles. 


The nonlinearity of a plot of the solubility of a solute uersus surfactant 
concentration concerns only mixed systems, e.g., 1-[ (2-methylpheny1)- 
azol-2-naphthylamine (Color Index No. 11390), in mixed anionic and 
nonionic surfactants (6,7). Nishikido (7) attributed the nonlinear plot 
at low surfactant concentration to a variation of the micelle composition 
with the total surfactant concentration; the linearity observed a t  higher 
concentration was interpreted as evidence for a constant micelle com- 
position. The previous model also assumed constant micelle composition 
(1). However, these conclusions were deduced solely from solubility 
measurements. The present equilibrium dialysis data suggest that  these 
models might be too restrictive. In effect, a continuous change of the 
partition coefficient is observed from dilute to concentrated alkylsul- 
fonate solutions with a levelling off a t  the highest concentrations (Fig. 
3). The general pattern is observed whatever isotherm is employed to 
obtain the partition coefficients. Thus, the dialysis data are more com- 


1201 


5 60 (1 
1 


0.1 0.2 0.3 
C, rnol/L 


Figure 3-Variation of partition constants with sodium alkylsulfonate 
concentration for different barbiturates. Key: (8)  secobarbital; (0) 
amobarbital; (0)  phenobarbital; (0)  allobarbital. 


patible with a model of gradual change in micelle composition with total 
surfactant concentration. 


The following considerations indicate possible reasons for the decrease 
of K with surfactant concentration. It is known that the critical micelle 
concentration (CMC) of alkylsulfate surfactants increases when the 
sulfate group moves from the terminal to a median position along the 
hydrocarbon chain (8-10). In the case of the sodium tetradecanemono- 
sulfate series quoted by Klevens (lo), the CMC changes from 1.65 X 
to 3.26 X molL  when the sulfonate group moves from the terminal 
position 1 to position 2. This situation is somewhat different from that 
of the present study, where the sulfonate group of the monosulfonated 
ions is on the terminal 1 position, while the second sulfonate group of the 
disulfonated ions is located somewhere on the hydrocarbon chain. 
However, a simple calculation may be used as a qualitative argument. 
The CMC of the compound used was 3.72 X mol/L. Assuming an 
ideal behavior of the mixed micelles, the CMC of the pure sodium alk- 
ylmonosulfonated product would be 3.3 X mol/L when taking into 
account the composition of the mixed surfactant. Thus, the CMC of the 
pure sodium alkyldisulfonated compound would be equal to 5.0 X 
molL  (the breaking point of the solubility curve is in most cases -5.0 
X 10-2 molfl.). Therefore, the progressive incorporation of the disulfo- 
nated ions in the monosulfonated micelles will increase the CMC of the 
mixed compound. 


The increase in the CMC in a surfactant series is usually related to a 
decrease in the solubilization properties of the micelles. The appearance 
of mixed micelles with predominantly monosulfonated ions a t  low sur- 
factant concentration with gradual incorporation of disulfonated ions 
a t  higher concentration may have the same effect: a decrease in the so- 
lubilization properties of the micellar solution; hence, the observed de- 
crease of the partition coefficients with increasing surface active con- 
centration for the four barbituric acids. 


Finally, some aspects of the contradictions pointed out in this study 
between conclusions deduced from the solubility and from the equilib- 
rium dialysis results have been discussed before, in pafticular by Donbrow 
et a/. (3). I t  stresses the need for parallel studies using several solubili- 
ration methods to deduce nonequivocal conclusions ahout the behavior 
of complex molecules in micellar systems. 
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Particle Size Analysis of Latex Suspensions and 
Microemulsions by Photon Correlation Spectroscopy 
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Abstract 0 The particle size in  microemulsions and other highly dispcrsed 
systems was determined by means of photon correlation spectroscopy (PCS). 
As PCS cannot be applied to highly concentrated dispersed phases, the 
measurement accuracy was tested for its dependence on the particle concen- 
tration using latex suspensions. The data obtained by clipping and scaling were 
compared. The particle size determination was expected to provide information 
about the influence of thestructure of the surfactant system on microcmul- 
sions. using a homologous alcohol series as cosurfactant and potassium oleate 
as surfactant. I n  this system the region of solubilization is characteristically 
divided from the region of microemulsification by a zone of instability. Fur- 
thermore, there are distinct differences in mean particle sizes between mi- 
croemulsions (9-30 nm) and micellar solutions (4-6 nm). 


Keyphrases 0 Particle size analysis-photon correlation spectroscopy, latex 
suspensions, microemulsions 0 Photon correlation spectroscopy-particle 
size analysis, latex suspensions. micrmmulsions 0 Microemulsions--particle 
size analysis, photon correlation spectroscopy, latex suspensions 


Microemulsions appear as monophasic, more or less stable 
and transparent or slightly translucent. systems. They have 
been defined as dispersed liquid-liquid systems in  which the 
particle size of the dispersed phase is <2000 A. Shinoda and 
Friberg ( 1 )  assumed the existence of discrete micelles (oil- 
in-water) and reverse micelles (water-in-oil). According to the 
emulsion theory of Prince and co-workers (2, 3), these systems 
can be described as emulsions with highly dispersed internal 
phases. This definition includes the premise that there are 
essential differences between the microemulsion and the so- 
lubilization regions. The description of the structure of mi- 
croemulsions as droplets is only valid for low concentrations 
of the internal phase. For high concentrations, Scrivcn (4) 


Table I-Particle Radii of Latex Suspensions (19 nm) 


Particle Conc., Measuring Error, 
Radius. nm' % 


0.05 
0. I 
0.25 
0.5 
I 
2.5 
5 


10 


19.3 
19.2 
19.4 


18.7 
I 8.9 


17.8 
17.2 
16.4 


I .6 
1.1  
2. I 


-0.5 
-1.6 
-6.3 
-9.5 
- 13.7 


25 15.3 -19.5 
50 I 3.8 -27.4 


Determined by photon correlation spctrobcopy. 


postulates bicontinuous microstructures. This bicoherence of 
microemulsions was confirmed by Lindman et al. (5). 


These are of interest since drugs applied topically are lib- 
erated more efficiently from microemulsions than from oint- 
ments composed of the same ingredients ( 6 ) .  Up to now most 
of the known microemulsions were made with toxic surfactants 
or with surfactants in very high concentrations, precluding 
pharmaceutical use. Therefore, an attempt is made herein to 
determine the dependence of microcmulsion formation on the 
structure of the emulsifier system and on other such factors, 
in order to find suitable excipients in suitable concentrations. 


TIIEORETICAL SECTION 


Light-scattering techniques are used extensively when testing micro- 
emulsions (7-1 2). I n  the following, the mean particlediameter wasdetermined 
by photon correlation spectroscopy (PCS) (13, 14). A laser beam is sent 
through a sample and the scattered light is detected by a photomultiplier at 
a certain angle. The time-dependent periodical fluctuations of the scattered 
light are analyzed. Smaller particles diffuse faster than larger ones and, thus, 
cause a more rapid fluctuation of the intensity of the scattered light. The signal 
received by the photomultiplier is cvaluated by a correlation function Cc,, = 
e-T/'C, where 7 stands for the time and rc for the correlation coefficient that 
dcscribcs the decay of this correlation function. The correlation coefficient 
is related to the diffusion coefficient D by tc = 1 /2DK2,  whcre K is the ab- 
solute value of the scattering vector. As fc and K can be calculated, the dif- 
fusion constant D can be obtained; this is related to the particle radius by the 
Einstein relationship: 


- k.7' r = -  
6 r D q  


Table 11-Particle Radii of latex Suspensions (54 nm) 


Particle Conc., Measuring Error, 
Pg/L Radius, nmu 90 


0.1 
I 
5 


10 


62 
51 ~. 


50 
50 


11.8 
-5.6 
-7.4 
-1.4 


20 49 -9.3 
50 49 -9.3 


100 50 -7.4 
250 46 -14.8 
500 46 -14.8 


2500 32 -40.7 
I000 44 -18.5 


a Determined by photon correlation spectrobcopy. 
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Table Ill-Particle Radii of Latex Suspensions (1 10 nm) Table IV-Particle Radii of Latex Suspensions 


Particle Conc., Radius, nm" 
rcu/L Clipping Mode ' Scaling Mode 


0. I 
1 


10 
50 


100 
500  


181 
I28 
1 I3 
115 
109 
103 


- 


139 
I12 
1 1 3  
113 
I04 


a Determined by photon correlation spectroscopy 


where k is the Boltzmann constant, T is the absolute temperature. q is the 
viscosity of the external medium, and P is the mean hydrodynamic radius. 


EXPERIMENTAL SECTION 


Materials---To determine the functional capacity of the measuring appa- 
ratus, monodispersed latex suspensions' (10% dry weight) were used which 
had particles of the following diameters (fSD): 0.038 (k0.0075) pm, 0.109 
(f0.0027) pm, 0.220 (*0.0065) pm, 0.497 (f0.0059) pm. The quantity of 
particles was I .37 X 10I4/mL for the 109-nm suspension. The stock suspen- 
sions were diluted with fresh twice-distilled water. To  eliminate dust, the 
samples were purified using membrane filters2 (0.22-0.8 pm), which were 
attached to 10-mL disposable syringes. The microemulsions were prepared 
using twice-distilled water, potassium oleate3. liquid paraffin oil4. and pen- 
tanols. hexanols, or heptano15. The potassium oleate was taken from one ho- 
mogeneous batch. The alcohols were used without further purification. 


Apparatus-The measuring apparatus consisted of an argon laser6, a 
temperaturc-stabilized measuring cell, and a photomultiplier7. This setup was 
fitted on an optical bank, which was stabilized against vibrations by placement 
on a slab of marble buffered with special shock absorbers. The sample was 
tempered (kO.05 K) by means of a matching fluid. regulated by a temperature 
controller. To eliminate the vibrations of the elastic-tube pump, the matching 
fluid flowed through a collecting vessel before it was returned to the measuring 
cell. The photomultiplier detccted the scattered light to an angle of 90°. 


On the basis of the photomultiplier signals the correlation function was 
calculated in a correlatorn. If necessary a clipping counter9 was added. The 
correlator data were analyzed in a computerlo and simultaneously storcd in 
a data logger. The data were transferred from the correlator to the computer 
using an interface constructed specifically for this purpose. This interface was 
connected between the punch-outlet of the correhtor and the computer input 
terminal. This not only allowed the data transfer, but also permitted the 
computer to control the correlator functions. 


oi /--' _ - - - .  
0.1 1 10 100 lo00 loo00 


Figure 1-Scattering intensiry in dependence on the concenrration of the 
poriicles. Key: (A )  55 nm; (S) I9 nm: A. units are XIO1o/mL: 6, units are 
xIO'2/mL. 


- - - L. _--..A- 'L- -J 


I Dow Chemical. 
Millipore Corp. 
Depuratum grade; Roth. Karlsruhe. FRG. 
Pharmacopeia quality DAB 8. 


J Merck, FRG. 
Model 162-03. maximum output 18 mW. air cooled; Spectra-Physics 
Malvern. U.K. * Model K 7023 with a connected memory; Malvern. U.K. 
Model R 95: Malvern, U.K. 


l o  Tcktronix 4052. 


Particle Conc.. Radius, nm" 
Clipping Mode Scaling Mode 


1 228 259 
10 
50 


100 
500 


229 
235 
222 
209 


~. 


226 
244 
225 
213 


1000 95 84 


Determined by photon correlation spectroscopy. 


RESULTS AND DISCUSSION 


The mean radii of the particles werc determined by photon correlation 
spectroscopy (PCS) on the basis of the diffusion coefficients. This required 
an unhindered diffusion. Higher particle concentrations resulted in measuring 
faults because of an interaction between the particles on the one hand and the 
multiple scattering on the other. The use of a structure factor should correct 
for these errors ( 1  5-1 9). While the interactions between the particles leads 
to lower diffusion constants, the multiple scattering produces a higher fluc- 
tuation of scattered light intensity. The described effects result in a stronger 
decaying correlation function together with a higher diffusion constant and 
a smaller particle radius. Therefore, the determination of highly concentrated 
suspensions and emulsions is difficult. To  determine the dcpendence of the 
measurements on the particle concentration. latex suspensions with different 
particle sizes werc measured in a dilution series (Tables I-IV). The measuring 
errors obtained in the clipping and scaling modes are also compared (Tables 
111 and IV). 


In the latex suspensions of 19-nm particles (Table I)  the particle radii were 
almost constant over a wide range of concentrations (SO-lo00 pg/L). In 
higher concentrations, the measured value was markedly low. Comparable 
results were obtained for the other particle sizes (Tables 11-IV). In some cases, 
measuring errors of >60% were observed. Hence, from the standpoint of ac- 
curacy of measurement, the results of some reports (20) which neglect this 
effect for microemulsions are in doubt. The observed error is less in emulsions 
than in suspensions, but in certain concentrations, errors result whereby the 
data is >SO% too low. If Nicholsen et al. (20) measure a particle radius of 2-3 
nm in their microemulsions, the consideration that the micelle diameter must 
be at  least twice the molecule length of the surfactant plus the diameter of the 
aqueous (oily) core reveals that their value must be too low. Moreover, the 
PCS determines the hydrodynamic diameter, which means that higher values 
are more probable. 


If the scattering intensity is plotted against the particleconcentration. the 
curves show a maximum of the scattered light (Fig. 1). When this maximum 
is exceeded, back-scattering predominates and the measuring error increases. 
The reproducibility of the experimental results is dependent on the scattering 
quality of thesample. It decreases when thescattering intensity, i .e.,  thesig- 
nal-noise ratio, is low. With low particle concentrations, the relative standard 
deviation of the results was -I -3%. I f  the measuring conditions were good. 
a reproducibility of f0 .5% could be obtained. At a measuring angle of g o 0 ,  
an optimal reproducibility within a wide concentration range of latex particles 
was observed. 


Table V-Particle Sizes of Microemulsions Prepared with the Same Molar 
Concentrations of Different Alcohols 


Potassium Alcohol, Particle diameter, ?t 
Oleate. % mol/L Pentanol Hexanol HeDtanol 


I .5 0.964 
2.0 0.803 


1.852 228 
2.5 0.482 


0.642 
0.803 
0.964 
1.124 
I .482 220 
1.666 I64 


3.0 0.642 
0.803 
0.964 
1.124 
1.296 I 7 5  


225 I55 
205 121 
I30 
21 1 110 
198 I02 
I28 I02 
I12 91 
I05 108 
95 
95 


141 92 
127 88 
I08 85 
97 89 


1 ni 
a Measured by photon correlation spectroscopy shortly after production; water wntent 


3.6%. 
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Figure 2-Component diagram with penlanol. 


To eliminate the concentration error, microemulsions with low concentrated 
dispersed phases (3-6%) were measured. Microemulsion formation could 
already be found at a surfactant-cosurfactant concentration of 5-Iwo (w/w). 
Thus, the sample rcmains in a measurable concentration range for the PCS, 
which is also characterized by a 5- 10% particle concentration in other reports 
(8, 19). Shinoda (21) describes microemulsions with such low surfactant- 
cosurfactant fractions, but he defines them as  “solubilized solutions.” 


The tested systems consisted of a constant water fraction of 3.6%. a po- 
tassium oleate component of 0.5 3.0%, alcohol as cosurfactant. and liquid 
paraffin oil, added to obtain 100% volume. T o  determine the microemulsion 
region, component diagrams for each alcohol were established. They show 
the dependence of the microcmulsion formation on the surfactant structure. 
The homogeneous alcohol series butanol, pentanol, hexanol, heptanol, octanol, 
and decanol was used. A distinct microemulsion region could only be observed 
for pentanol, hexanol. and heptanol at these concentrations (Figs. 2-4). Other 
ranges of concentration also show a distinct microemulsion formation using 
the remaining alcohols. Baviere et a!. (22) describe that-in addition to the 
surfactant structure-factors such as salt concentration have an influence, 
but they are not considered here. 


Figure 3 shows that hexanol is a particularly good cosurfactant. A minimum 
surfactant quantity (-1%) must exist before water-in-oil microemulsions are 
formed. Higher surfactant concentrations (2%) result in a lower particle di- 
ameter due to an optimization of the surfactant-cosurfactant ratio. The op- 
timal surfactant-cosurfactant ratio is -I :3 for hexanol. I f  the surfactant 
content is below the optimum, it can be compensated to a certain degree by 
a higher quantity of cosurfactant. With pentanol, microemulsion formation 
requires higher quantities of surfactant and cosurfactant. The microemulsion 
region is smaller than that of hexanol and shifts to higher pentanol and po- 
tassium oleate concentrations. The more hydrophilic pentanol has a larger 
region of sohbilization than hcxanol. The microemulsion rcgion of heptanol 
is smaller than the other alcohols. Heptanol is more lipophilic; therefore, 


so I u l  I on u 
mxanol ( V d  %) 


0 24 40 72 96.4 
96.4 72.4 40.4 24.4 0 
Paraffln 011. Vol % 
Water 3.6 Vol. % const. 


Figure 3 Component diagram with hexanol. 


zone o f  
. i s t o b i l i t s  


1 I 
Heptanol (Vd %) 


0 24 40 72 96.4 
96.4 72.4 40.4 24.4 0 
Paraffln Oil, Vol % 
Water 3.6 Vol. % cotis!. 


Figure 4-Component diagram with heptanol. 


microemulsions are formed at a lower cosurfactant concentration. However, 
the solubilization region is narrower. 


I f  microemulsions are considered as swollen micelles. an abrupt diminution 
in particle size from the macroemulsion to the microemulsion region, and after 
that a continuous transition to a micellar solution, should be expected. AC- 
cording to the emulsion theory. there should be a distinct separation between 
the solubilization and the microemulsion regions due to the transition of a 
single-phase liquid into a system with at  least two phases characterized by 
micelles with different diameters. Between the two regions an instability zone 
is assumed. with big particles (in the dimension of macroemulsions) caused 
by coalescence. Such a zone was discovered in the component diagrams of the 
above systems. The storage tests showed that the microemulsions are unstable 
and that the dispersed phase undergoes coalescence toward the macroemulsion 
and also toward the solubilization regions. This fact was unexpected. 


The change in particle diamcter can be investigated by PCS with great 
accuracy and little difficulty using the specimen tubes as storage containers 
for the emulsions. The measured particle diameters of the microemulsions 
were 9-30 nm; those of the micellar solutions were 4-6 nrn and smaller (Figs. 
5-7). The most apparent increase in particlesize before the zoneof instability 
toward the solubilization rcgion was observed in microemulsions prepared 
with hexanol. Curve B in Fig. 6 (1.5% potassium oleate) reveals a relatively 
big particle diamcter of 225 A at  the border of the microemulsion region 
toward the macroemulsions. With increasing alcohol concentration, the 
particle diameter decreases to 160 A. This is the smallest possible particle size 
at this surfactant-cosurfactant ratio, and it is constant over a wide range. 
Before the zone of instability, a distinct increase in particle diameter of up 
to 225 b; can be seen. This effect is even more obvious in the case of micro- 
emulsions with I .O% potassium oleate (Fig. 6 .  curve A). After having reached 
280 A, the smallest possible particle she, a considerable increase (up to 400 
A) was found. The particle sizes measured in microemulsions with pentanol 


~articie diameter (A) 
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Figure 5-Particle sizes of microemulsions with pentanol (cf. Fig. 21, mea- 
sured shortly after production. Composition: 3.6% water. potassium oleate. 
and pentanol, 9,s. to 100% with paraffin oil. Potassium oleate content: ( A )  


Pentanol (Vol %) 


1.5%; (B)  2.0%; /c) 2.5%; {[I) 3 0%. 
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Figure 6- Particle sizes of microemulsions with hexanol (cf. Fig. 3). mea- 
sured shortly after production. (‘omposition: 3.6% water. potassium oleate. 
and hexunol. q.s. to 100% with purafjin oil. Potussiurn oleate content: (A]  
1.0%; (E )  1.5%; (C) 2.0%: (0) 2.5%: ( E )  3.0%. 


50 


25 


(Fig. 5) show a comparable alteration. However, the increase in droplet di- 
amctcr W o r e  the zone of instability appcars only during the aging process 
and is less distinct. Constant surfactant concentration together with low co- 
surfactant concentrations result i n  big particles. I f  the cosurfactant concen- 
tration incrcases. the particle sizes decrease toward a minimal limiting value. 
I t  is rcmarkablc that in  microcmulsions with hcxanol. a minimal particle size 
of 95 A appcars (Fig. 6, curve D), which cannot be lowered by a further in- 
crease of the surfactant and cosurfactant concentrations (Fig. 6, curve E). 
Thc samc limiting valuc can be found in  microemulsions with pentanol. 


The particlc siies of thc emulsions formed by a minimum fraction of co- 
surfactant (e.g.. pentanol) dccreascd from 246 to I35 A relative to incrcasing 
surfactant conccntration (1.5 to 3.0%). due to the optimization of the sur- 


’ 
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Figure 7- Particle si:es of mii~roemulsions with heptanol (cf. Fig. 41. mea- 
sured shortly aJier production. Composition: 3.6% water. potassium oleate. 
and hepianol. 9,s. to 100% with porafjin oil Poiassium oleate content: (A )  
1.5%; IE! 2.0%: (C.1 ?.SZ. fD! 3.0%. 


factant -cosurfactant ratio. Figurc 5 show$ a continuous transition from the 
microemulsion to the solubilimtion region if the microemulsion contains -3% 
potassium oleate. This seems to contradict the results described before. 
However, it has to be considered that thc emulsions in this region break after 
a short storagc time (23). Thus. a scparation in the microemulsion and solu- 
bilintion regions was obtained, And the continuous transition disappcared. 
With rcgard to the particle sizes and thcir alteration during thc storage, the 
cosurfactani heptanol is omparablc  wi th  pentanol. On the other hand, the 
formation of microemulsions is reduced to a smaller region. What is important 
is that thc particle sizes decrcasc with the incrcasing chain length of the al- 
cohol. Table V comparcs the particle sizes of microemulsions prepared with 
the same molar concentrations of differing alcohols. 
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mum (or a minimum, although we have not seen this) by computing its 
Cp/q2 and (l/q&ln ( X ! , ~ / X ; , ~ )  and locating them on Fig. 2. This was done 
for the solutes listed in Table 111, and the values obtained for the above 
terms were plotted in Fig. 2. It is seen that the amino acids DL-valine, 
glycine, and DL-alanine fall in the case 1 area where no extrema are pre- 
dicted (see Table 11). They are, therefore, not expected to show any ex- 
trema in solubility, and they do not (Figs. 3C and 4D, E). Acetanilide and 
o-nitrophenol fall in the case 2 area and also show no extrema (Figs. 3B 
and 4C). Phenyl salicylate and stearic acid fall into case 5 where one ex- 
tremum is predicted. The literature data we obtained do not show this, 
although, as expected, the estimated solubility curves in Figs. 4B and 5 
indicate a minimum (the minimum in the case of phenyl salicylate is too 
shallow to be evident on the graph). If indeed these compounds do not 
show any minimum, the failure of Eq. 15 should not be surprising for 
reasons indicated earlier. Antipyrine falls into the case 7 area, but the 
solubility data show only one maximum in Fig. 4F instead of a minimum 
and maximum as predicted by Eq. 15. Even though the equation predicts 
a minimum not seen, the fact that it predicts a maximum which is seen 
makes it useful. Barbital falls in the borderline area between cases 6 and 
7, while phenobarbital falls more into case 6 than case 2. The interesting 
point is that both show well-defined maxima in their solubility profiles 
in ethanol-water (4). Because the shapes of solubility curves change 
slightly when solubility is plotted as mole fraction rather than mg/L or 
mol/L and the fact that the log of the mole fraction solubility is used for 
most of the plots, the maximum is not pronounced in the case of barbital 
in Fig. 3A and it is not even evident with phenobarbital in Fig. 4B. 


In summary i t  does seem that Fig. 2 may be of considerable help in 
indicating when a solute may be expected to show an extremum, usually 
a maximum, in its solubility in ethanol-water mixtures. Since we have 
seen no case in which a solute showed an experimental maximum without 
falling into one of cases 5-7, it may be possible to use a method such as 
this to a priori rule out possible maxima for solutes in ethanol-water (or 
other mixed solvent) systems. 


CONCLUSIONS 
The reduced three-suffix solubility equation (Eq. 2): 


Q z  In x;,,, = i l  In x8.1 + i 3  In x8,a - A1.3ili3(2il - 1) - 
91 


92 
43 


+ A3-12i?i3 - + Cpfli3 


provides a general method for characterizing and estimating solubility 
in mixed solvent systems. The equation may be partitioned into ( a )  the 
ideal mixture solubility described by the first two terms on the right-hand 
side, ( b )  solvent-solvent interaction contributions described by the next 
two terms, and (c) a solute-solvent interaction contribution described 
by the C2 term. A1.3 and A3.1 are solvent-solvent interaction constants 
which, once obtained, are fixed for that particular mixed solvent system. 
Thus, apart from pure solvent solubilities, the only term needed to esti- 
mate the solubility of any solute in ethanol-water is Cp. 


All systems investigated in this report were adequately described by 
Eq. 2, except antipyrine, which was not as well characterized because its 
high solubility in both solvents invalidates the assumptions made in 
deriving Eq. 2. The approach is also flexible enough to  be appropriately 
altered. For example, it is possible to use the reduced four-suffix solubility 
equation (Eq. 1) for a system where the three-suffix equation does not 
satisfactorily describe the solubility. The method is readily applicable 
to pharmaceutically important cosolvents such as ethanol, propylene 
glycol, glycerol, and low-molecular weight polyethylene glycols. 
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Abstract 0 The reduced thee-suffix solubility equation derived from 
the Wohl excess free energy expression is used to describe the solubility 
of phenobarbital in propylene glycol-water, ethanol-propylene glycol, 
and ethanol-water-propylene glycol mixtures and the solubility of hy- 
drocortisone in propylene glycol-water mixtures. Solvent-solvent in- 
teraction constants were obtained by fitting total vapor pressure versus 
composition data, obtained at  25 f O.l”C, to the Wohl excess free energy 
model for the solvents. The equation describes solubility in these systems 
satisfactorily except for phenobarbital in ethanol-propylene glycol, where 
the solubility is fairly high and the assumptions involved in the derivation 


In previous reports, a general equation for describing 
and estimating solubility in mixed solvent systems was 
developed (1) and applied to ethanol-water systems (2). 


of the equation do not hold. 


Keyphrases [1 Solubility-mixed solvent systems, estimation by an 
excess free energy approach, application to binary and ternary mixtures 
of ethanol, propylene glycol, and water 0 Excess free energy-use in 
estimating solubility in mixed solvent systems, application to binary and 
ternary mixtures of ethanol, propylene glycol, and water 0 Mixed solvent 
systems-estimation of solubility, excess free energy approach, appli- 
cation to binary and ternary mixtures of ethanol, propylene glycol, and 
water 


The equation, referred to as the reduced three-suffix sol- 
ubility equation, was developed from an excess free energy 
model proposed by Wohl(3). 
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Table I-Binary (A Terms) and Ternary (G134) Solvent Constants8 


System Al-3 A3-1 A1-4 A4-1 A3-4 A4-3 G134 
Ethanol-Water 1.138 0.9047 
Ethanol-Propylene Glycol 0.1633 0.5688 
Water-Propylene Glycol -0.0308 -0.0828 
Ethanol-Water-Propylene Glycol 1.138 0.9047 0.1633 0.5688 -0.0308 -0.0828 -0.1068 mol/cm3 


Subscript 1 denotes ethanol, subscript 3 denotes water, and subcript 4 denotes propylene glycol. 


THEORETICAL 


For a solute (denoted by subscript 2) in a mixture (subscript m) of two 
solvents (denoted by subscripts 1 and 3): 


where x!,,,, is the mole fraction solubility of the solute in the solvent 
mixture; x;,] and x;,~ are the solute mole fraction solubilities in solvents 
1 and 3, respectively; A1.3 and A3.1 are solvent-solvent interaction con- 
stants; Cz is a ternary solute-solvent interaction constant; 91, 42 ,  and 43 
are the molar volumes of the first solvent, the solute, and the second 
solvent, respectively; and 21 and 23 are the solute-free volume fractions 
of solvents 1 and 3, respectively. Equation 1 may be rearranged to 
give: 


+ A3.12i$3' + C2i1.23 (Eq. 2) 


For a solute in a ternary solvent mixture (denoted by subscripts 1,3, 
91 


and 4), the reduced three-suffix solubility equation is: 
92 In xi,,,, = i l  In ~ 1 , ~  + 23 In ~52.3 + 2 4  In x;,~ - A1.3ili3(201 + 2i4 - I )  - 
91 


92 92 
43 91 44 


+ A3.12ilf3(il + 24) -- A1.4ili4(221 - 1) - + &.12f?i4 42 


92 
44 43 


- A4.32?3i4(2f4 - 1) - + A3-42i3iqS - G13492ili3f.j 


t Gi2392iii3 t Giz49ziii4 + G23492i324 - Kqziii3i4 (Eq. 3) 


where ~92,~.is the solute mole fraction solubility in solvent 4; 24 is the vol- 
ume fraction of solvent 4; A1.4, A4.1, A4.3, A3.4, and G134 are solvent-sol- 
vent interaction constants; GI23 and G234 are ternary solute-solvent in- 
teraction constants accounting for the interaction of the solute with 
solvents 1 and 3,1 and,4, and 3 and 4, respectively; and K is a quaternary 
solute-solvent interaction constant, which accounts for the interaction 


of the solute with a mixture of all three solvents. The other terms are as 
defined in Eq. 1. Examination of Eqs. 1 and 3 shows that IQ. 1 is identical 
to Eq. 3 with i 4  = 0 and GI2392 = CZ. The 92 in GI2392 arises from the 
slightly different definitions of CZ and GI23 (1). 


Equation 3 shows that the logarithm of the mole fraction solubility of 
a solute in a ternary solvent mixture In x ; , ~  may be described in the fol- 
lowing terms: 


1. The ideal mixture solubility, described by the first three terms 
which are a volume fraction weighted sum of the logarithm of the pure 
solvent solubilities. 


2. Contributions from binary solvent-solvent interactions between 
solvents I and 3, 1 and 4 , 3  and 4, described by the next six terms. Con- 
tributions from ternary solvent interactions are described by the GI34 
term. All the solvent interaction constants (A1.3, A3.1, Al.4, A4.1, A3.4, A4-3, 
and G134), once obtained for a ternary solvent system a t  a particular 
temperature, are fixed for that  solvent system and do not need to be de- 
termined again for any solute. 


3. Contributions from ternary solute-solvent interactions described 
by the next three terms. These terms account for the interaction of the 
solute with two solvents in the absence of the third. For example, 
G123q2ili3 (equivalent to C z i l i 3  in Eq. 1; see Ref. 1) is the contribution 
to solubility from the interaction of the solute with a mixture of solvents 
1 and 3 only; the constant GI23 is determined from solubility data in the 
absence of solvent 4. 


4. Contributions from a quaternary solute-solvent interaction given 
by the last term. The constant K describes the interaction of the solute 
with all three solvents in the mixture. Since G123 and G124 are obtained 
for the special cases where solvents 4,3, and 1, respectively, are absent, 
they, unlike K, are not new constants to be determined. K,  theoretically, 
may be obtained from one solubility measurement somewhere in the 
ternary solvent composition range. 


In this report, we measured total vapor pressures over ethanol-pro- 
pylene glycol (denoted by subscripts 1 and 4, respectively, in Eq. 3) and 
ethanol-water-propylene glycol (denoted by subscripts 1,3, and 4, re- 
spectively, in &. 3) mixtures a t  2 5 O C .  With these data and reliable vapor 
pressure data for ethanol-water (4) and propylene glycol-water (5), the 
binary solvent interaction constants (the A terms) and the ternary solvent 
interaction constant (Gl34) were obtained. These constants were then 
used to characterize the solubilities of ( a )  phenobarbital in propylene 
glycol-water, ethanol-propylene glycol, and ethanol-water-propylene 
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Figure 1-Total vapor pressure PT versus mole fraction 
, composition x. Key: (A) ethanol-water; (B) propylene 
glycol-water; (C) ethanol-propylene glycol; (0) etha- 
nol-water-propylene glycol; (-) calculated curves; (0) 
experimental points; (EtOH) ethanol; (H2O) water; (PG) 
propylene glycol. 
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Figure %-Diagram of vapor pressure-measuring apparatus. Key: (A) 
cold trap; (B, C) flasks containingsoluent mixtures; ( 0 )  pressure gauge; 
(E) mercury manometer. 


glycol mixtures and ( b )  hydrocortisone in propylene glycol-water mix- 
tures a t  25OC. The solubility of phenobarbital in ethanol-water mixtures 
has already been described (2). 


Estimation of Binary Solvent Interaction Constants-Following 
the method described in the previous paper for the estimation of solvent 
interaction parameters from total pressure data, the data reported here 
for ethanol-propylene glycol and those for ethanol-water (4) and pro- 
pylene glycol-water (5) were reduced to obtain the binary constants. The 
binary constants, including the ternary constant GI34 to be discussed next, 
are shown in Table I. The experimental vapor pressurecomposition data 
and the calculated curves using the binary solvent interaction constants 
in Table I are shown in Fig. 1 for three binary systems, ethanol-water, 
ethanol-propylene glycol, and propylene glycol-water. 


Estimation of Ternary Solvent Interaction Constant GL34-For 
a ternary solvent mixture such as ethanol-water-propylene glycol, the 
excess free energy model is given by Eq. 36 of Ref. 1 except that  all terms 
with subscript 2 are omitted. If we rewrite the equation in terms of the 
A values, multiply by the total number of moles, and differentiate with 
respect to the number of moles of each of the components, we obtain 
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Figure 3-Solubility profile of phenobarbital in propylene glycol-water 
mixtures. 


Table 11-Total Vapor Pressure Results fo r  Ethanol-Propylene 
Glycol 


Mole Fraction Vapor Pressure, 
Ethanol ProDvlene Glvcol mm HE 


0.0 
0.1254 
0.2258 
0.2996 
0.3974 
0.5135 
0.6181 
0.7066 
0.7864 
0.8648 
0.9386 
1.0 


1.0 
0.8746 
0.7742 
0.7004 
0.6026 
0.4865 
0.3819 
0.2934 
0.2136 
0.1352 
0.0614 
0.0 


0.32 
9.00 


16.43 
21.27 
26.71 
33.12 
40.77 
46.87 
47.28 
51.23 
55.31 
58.57 


expressions for the logarithm of the activity coefficients as already de- 
scribed (2). Thus, for a ternary solvent system: 


The total vapor pressure, PT, of a ternary solvent system is given by: 


P T  = xlP??’l + x3P!y3 + X @ h 4  (Eq. 7) 


PT = xlppeln 71 + x3p;eln 53 + x4p:eIn 7 4  (Eq. 8) 


where XI, x 3 ,  and x 4  are the mole fraction compositions of solvents 1,3, 
and 4 (in this case ethanol, water, and propylene glycol, respectively); pp, 
pg, and p i  are the pure solvent vapor pressures; and y1,y3, and 7 4  are the 
activity coefficients. 


Table  111-Total Vapor Pressure Results for Ethanol-Water- 
Propylene Glycol 


Mole Fraction Vapor Pressure, 
Ethanol Water Prowlene Glvcol mm HE 


0.1191 0.3033 
0.0817 0.6219 
0.1857 0.4764 
0.0463 0.9265 
0.3246 0.2804 
0.1359 0.6994 
0.1096 0.8259 
0.3475 0.4415 
0.5003 0.2555 
0.2588 0.6638 
0.4874 0.4143 
0.7188 0.2272 


0.5776 
0.2964 
0.3379 
0.0272 
0.3950 
0.1647 
0.0645 
0.2110 
0.2442 
0.0774 
0.0983 
0.0540 


18.44 
25.81 
30.71 
30.73 
33.27 
35.03 
37.03 
42.00 
43.70 
48.42 
48.79 
53.70 
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Table IV-Solute-Solvent Interaction Parameters  
~ 


Solute-Solvent 
Mixed Solvent Interaction 


Compound 42a Systemb Constants nc YC Sc.d 


Phenobarbital 172.0 Ethanol-Propylene Glycol G124q2 = -0.092 9 0.885 0.291 
Phenobarbital 172.0 Propylene Glycol-Water G234q2 = -1.80 9 0.999 0.129 


Phenobarbital 172.0 Ethanol-Water-Propylene Glycol Kqz = 15.3 20 0.996 0.135 
Phenobarbital 172.0 Ethanol-Water G123q2 = -6.74 9 0.995 0.21 


Hydrocortisone 293 Propylene Glycol-Water - C2 = 1.44 4 1.000 0.200 


qi  = 58.68 (Ref. l l),  43 = 18.07 (Ref. 15). and 4 4  = 73,69 (Ref. L4),,qz was calculated by group contribution from themolar volume of barbital (Ref. 15). b Subscript 
key: 1, ethanol; 2, solute; 3, water; 4, propylene glycol. Linear regression parameters for the estimation of the conRtants in column 4. s is the standard deviation of the 
error between In (Y$,,,,)obs and In (Y;,,,,)~.+ 


By substituting Eqs. 4-6 into Eq. 8, all seven interaction constants may 
be obtained by nonlinear regression since PT, the mole fractions, and pure 
solvent-vapor pressures are known. T o  obtain G134, the other six con- 
stants A1.3, A3.1, A1.4, A4.1, A3.4, and A4.3 were fixed so that only G134 was 
altered to obtain the best fit. If the six binary constants were allowed to 
vary, the estimates would become meaningless because of the complexity 
of the sum of squares surface for seven parameters. With this method, 
G134 = -0.1069 mol/cm3 was obtained with the A terms as shown in Table 
I. It should be noted that, while the A terms are dimensionless, G134 has 
units of reciprocal molar volume because of the way it was defined in Eq. 
37i of Ref. 1. 


EXPERIMENTAL 


Materials-Absolute ethanol and propylene glycol were used as re- 
ceived. Double-distilled water was used for all aqueous mixtures. 


Method-All solvent mixtures were made by weighing the appropriate 
amounts of solvents. To prevent condensation of the solvent vapor on 
the mercury and in the manifold of the apparatus (Fig. 2), the manometer 
(E) and the manifold were wrapped with a heating tape kept a t  3 f 0.5"C 
above the temperature of the flask contents (B and C). 


The method described here is similar to that used by Verlinde e t  al. 
(5). The solvent (or solvent mixture) was frozen using liquid nitrogen. 
The stopcock to the solvent was opened, and the air in the manifold and 
above the solvent was evacuated by means of a compound-stage vacuum 


- 1  


I 
-11 ' I I 1 I 1 1 I 1 


0 0.2 0.4 0.6 0.8 
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Figure 4-Solubility profile of hydrocortisone in water-propylene 
glycol mixtures  (shouing contributions f rom terms in Eq. 4) .  Key: 
(- - - -) il In (x;,J/x;,& (- - - * - ) -A1.3ili3(221 - 1) 42/91 + 
A3-12i:i3qz/q3; (-- -) Czil i3;  (-) estimated In (X;,,,/X;,.~); (0) 
experimental In (xt,,,/~;,J. 


pump until the pressure gauge (D) indicated a pressure of 1 2  pm. The 
stopcock was then closed, and the solvent was brought t o  room temper- 
ature and stirred by means of a glass-coated magnetic bar in the flask. 
The solvent was again frozen, the stopcock opened, and the air evacuated. 
By means of several such freeze-thaw cycles, the dissolved air in the 
solvent was removed. The process was stopped after the pressure gauge 
showed no significant increase in pressure on opening the stopcock to the 
frozen solvent. 


After deaerating the solvent, it was brought to, and kept at, 25 f 0.1"C. 
The solvent stopcock was opened, the vapor pressure was read by a 
cathetometer (graduated to 0.05 mm) after the mercury column had 
stopped moving, and the average was computed. 


Two flasks containing two different concentrations of the solvent 
mixture were used so that deaerating the contents simultaneously saved 
considerable time. After deaerating, flask B was shut off while the vapor 
pressure of the contents of flask C was measured. Then flask C was shut 
off, the system evacuated, and the vapor pressure of the contents of flask 
B measured. Each averaged vapor pressure reading was corrected for the 
change in acceleration due to gravity, the change in the density of mercury 
a t  28°C (temperature of the manometer), and capillary depression (6) 
using: corrected pressure = (uncorrected pressure) (g/go) (dJdo) + C ,  
- CI, where g is the acceleration due to gravity in Madison (980.368 cm/s2) 
(7); go = 980.665 cm/s2 (6); d t  is the density of mercury a t  manometer 
temperature (28°C); do is the density of mercury a t  0°C; C ,  and Cl are 
the capillary depression correction for the upper and lower columns of 
the manometer, respectively; and dJdo = 0.994939 (6). The results of four 
separate measurements with ethanol indicated a relative standard error 
of <1%. 


Calculations (using the ideal gas equation PV = nRT), with the highest 
possible partial pressure values showed that with a void volume of 1324 
f 7 cm3 occupied by the solvent or solvent mixture vapor, there was 
<OX% change between initial and equilibrium weight fractions of the 
components. There was, therefore, no need to use equilibrium weight/ 
mole fraction values. 


RESULTS 


Vapor Pressure Results-Corrected total vapor pressure readings 
a t  different solvent compositions are given in Tables I1 and 111 for etha- 
nol-propylene glycol and ethanol-water-propylene glycol mixtures. For 
ethanol-water mixtures, partial vapor pressure readings that had been 


0.021 ' 1 1 1 I I t 
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Figure 5-Solubility profile of phenobarbital i n  ethanol-propylene 
glycol mixtures. Key:  (--) estimated solubility; (0) experimental 
solubility. 
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i 
Figure 6-Solubility profiles of phenobarbital in ethanol-water a t  
designated volume fractions of propylene glycol. Lines represent esti- 
mated solubilities and points are the experimental solubilities. Volume 
fractions of propyleneglycol: (8)  0.1; (a) 0.2; (0) 0.3; (0)  0.4; (0) 0.5; 


tested for thermodynamic consistency (8) were taken from Ref. 4. For 
propylene glycol-water mixtures, total vapor pressure results from Ref. 
5 were used after being checked with the apparatus described above. 


Figure 1A-C shows the experimental points for the three binary sys- 
tems. Figure 1D combines all three cases and the ternary mixture vapor 
pressures. The resulting vapor pressure surface is plotted above a trian- 
gular plane each of whose apices represent a pure solvent. 


Solubility in Ethanol-Water-Propylene Glycol Mixtures-Fig- 
ures 3 and 4 show the estimated and experimental solubility profiles of 
phenobarbital (9) and hydrocortisone (10) in propylene glycol-water 
mixtures obtained by methods described in the previous paper (2). In 
summary, the ternary solute-solvent interaction constant for this system, 
(2234, is estimated from differences between experimental solubilities and 
solubilities calculated with G234 = 0. The binary solvent-solvent inter- 
action constants needed in this case are A3.4 and A4.3, whose values are 
given in Table I. With regard to Eq. 4, it means that one sets 21 = 0. 


Figure 5 shows the estimated and experimental solubility profile of 
phenobarbital in ethanol-propylene glycol mixtures (9), and Fig. 6 shows 
the same compound in a mixture of all three solvents (9). In this case, K, 
the quaternary solute-solvent constant, was estimated from differences 
between experimental solubilities in mixtures of the three solvents and 
solubilities calculated from all the terms in Eq. 4 without the K term. G m ,  
(3234, and GI24 were already known from the solubilities of phenobarbital 
in mixtures of ethanol-water, water-propylene glycol, and ethanol- 
propylene glycol, respectively. All ternary and quaternary solute-sdvent 
interaction constants estimated are shown in Table IV. 


(A) 0.6. 


DISCUSSION 


Vapor Pressure Fit  by Excess Free Energy Model-As shown in 
Fig. 1A-C, the three-suffix excess free energy model accurately predicts 
total vapor pressures for the three binary systems described here. This 
indicates that it is very reliable for obtaining binary solvent interaction 
constants which adequately represent interactions between the solvents. 
I t  is interesting to note that in Fig. lB,  the total vapor pressure over 
propylene glycol-water mixtures can be described by a straight line, which 
implies that the solvent mixture follows Raoult’s Law for ideal mixtures. 
Raoult’d Law states that the total vapor pressure, PT, over an ideal 
mixture of solvents may be expressed as: 


PT = c X i P ?  (Eq. 9) 
1 


/ I  
0 O / O  I 


Figure 7-Observed (YOBS) versus predicted (YPRED) vapor pres- 
sures for ethanol-water-propylene glycol mixtures; n = 12, r = 0.765, 
s = 11.1. 


where xi represents the mole fraction of each component i and pp is the 
pure vapor pressure of component i. In systems where Raoult’s Law holds, 
the excess free energy of mixing is zero. The implications of this obser- 
vation as it concerns solubility in propylene glycol-water mixtures will 
be discussed in the next section. The vapor pressure curve for ethanol- 
propylene glycol (Fig. 1C) follows that of a typical solute (with a relatively 
low vapor pressure) in a solvent. At high concentrations of ethanol, the 
total vapor pressure is practically equal to the partial pressure of ethanol, 
which, as expected, converges to the Raoult’s Law line as the mole fraction 
of ethanol in the mixture approaches 1. 


For the mixture of all three solvents, predicted vapor pressures (Fig. 
7) were not as good as for the binary systems (Fig. l), but if one considers 
the complexity of the ternary system, the fit is satisfactory. A better fit 
may be obtained by using the four-suffix excess free energy model (3), 
but the number of solvent constants to be estimated (12, see Ref. 3) be- 
comes inconveniently high. Another excess free energy model which has 
been shown to better describe ternary vapor-liquid equilibrium data is 
the nonrandom two liquid (NRTL) model (12). However, we have not 
examined this model at  this time for possible application to solid-solvent 
systems. 


Estimation of Solubility in Ethanol-Water-Propylene Glycol 
Mixtures-As was mentioned above, the propylene glycol-water system 
is close to ideal in the Raoult’s Law sense. This is also indicated by the 
binary solvent interaction constants (A terms) which are quite small in 
magnitude (Table I). Consequently, the soluhility of a compound in their 
mixture should be approximately equal to the ideal mixture solubility 
discussed earlier if there is little interaction between the solute and mixed 
solvent. This is borne out by Figs. 3 and 4, in which the experimental 
solubility is close to a straight line between the two end points. This 
provides a rationale for the observation that the logarithm of the solu- 
bility of some compounds, e.g., alkyl p-aminobenzoates (13), in propylene 
glycol-water mixtures increases linearly with the volume fraction of 
propylene glycol in the mixture. 


Figure 4 shows the contributions of the various terms in Eq. 2 to the 
solubility of hydrocortisone in propylene glycol-water mixtures. Equation 
2 is written for solvents 1 and 3. It may be applied to propylene glycol- 
water mixtures by temporarily designating propylene glycol as solvent 
1. If we temporarily make this change, then we can refer to the ternary 
solute-solvent constant Cz in Eq. 2 instead of G234q2 in Eq. 3. As seen in 
Fig. 4, the solvent interaction contribution (the sum of the A terms) is 
always close to zero and has no significant effect on the solubility. The 
Cz term is responsible for the positive deviation from the ideal mixture 
solubility. The magnitude of the sum of the A terms in Eq. 2 is influenced 
by the ratio of the solute to solvent molar volumes q d q l  and q&3. If we 
temporarily label propylene glycol “1” (water is still “3”), then since the 
molar volumes of hydrocortisone, propylene glycol, and water are 293 (lo), 
73.69 (141, and 18.07 cm3/mol (15), respectively, q d q l  = 3.98 and 42/43 
= 16.2. These ratios are about as high as they can get for many solutes. 
Therefore, the fact that the solvent interaction contribution is very small 
for hydrocortisone indicates that it is likely to be even smaller for many 
other solutes in this binary solvent mixture. One can conclude from these 
results that  for propylene glycol-water systems, only the interaction 
between the solute and solvent mixture (estimated by Cz) contributes 
significantly to the deviation of the solubility profile from that estimated 
by using only the ideal mixture solubility terms. 
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The solubility of phenobarbital in ethanol-propylene glycol mixtures 
is not well described by Eq. 1, as seen in Fig. 5. However, if one takes into 
account that  Fig. 5 is drawn on an expanded scale compared with, for 
example, Fig. 3, then the estimation is not overwhelmingly poor. The 
equation predicts a maximum and a minimum, whereas only the maxi- 
mum is seen experimentally. The comparatively poor characterization 
of solubility in this case [as in the case of antipyrine in ethanol-water 
discussed previously (2)] is most likely due to the fairly high solubility 
of the drug in each of the solvents (149.5 mg/mL in propylene glycol and 
117.9 mg/mL in ethanol) (9). These values are 0.051 and 0.032, respec- 
tively, in mole fraction units. 


Figure 6 shows the estimated and experimental (9) solubility profiles 
of phenobarbital in ethanol-water-propylene glycol mixtures. The fit 
is remarkably good. One could argue that the curves could be well ap- 
proximated by straight lines so that the effectiveness of Eq. 3 is not really 
demonstrated by Fig. 6. If the points are fitted to straight lines, two pa- 
rameters would be required for each line. In this approach, however, only 
one parameter (K) is required to generate all the curves in Fig. 6, since 
the solvent-solvent constants (the A terms and GI34 in Eq. 3) and the 
ternary solute-solvent constants (GI239 G124, and G234 in Eq. 3) are known 
(Tables I and IV). Thus, this aproach is more flexible and requires fewer 
empirically adjusted parameters (compared with the straight line fit just 
discussed, for example) to describe solubility in a ternary solvent 
system. 


As was pointed out earlier, the binary solvent interaction contributions 
from propylene glycol-water are quite small. It is, therefore, possible to 
drop these terms (k., set A3.4 = A4.3 = 0) from Eq. 3 for mixtures of 
ethanol-water-propylene glycol without any significant loss in estimation 
capabilities. 


CONCLUSION 


The reduced three-suffix solubility equation for decreasing solubility 
in binary and ternary solvent mixtures has previously been shown to be 
quite successful for ethanol-water systems 2. In this report, its applica- 
bility to other binary systems and a ternary system is further demon- 
strated. Our results indicate that the solubility of compounds in propylene 
glycol-water systems may be described in terms of the volume fraction 
weighted sum of the pure solvent solubilities and a ternary solute-solvent 
interaction term, i.e., solvent-solvent interaction terms make negligible 
contributions to the total solubility. This finding provides a rational 
explanation for the observation that the logarithms of the solubilities of 
a number of compounds in propylene glycol-water mixtures are a linear 
function of the volume fraction of the former. 


Estimation of solubility in a ternary solvent system requires more terms 
than in a binary solvent system, which is not unexpected considering that 
the former is complicated. However, in both systems only one unknown 
parameter needs to be estimated from mixed solvent solubility data. For 
instance, to describe the solubility of phenobarbital in ethanol-water, 
ethanol-propylene glycol, and propylene glycol-water, we may use Eq. 
1 or 3. To use Eq. 3 for ethanol-water, we set i 4  = 0 and estimate GI23 as 
already described for ethanol-propylene glycol we set 23 = 0 and estimate 


G124; and for propylene glycol-water, we set il = 0 and estimate G234. To 
describe the solubility of phenobarbital in ternary mixtures of these 
solvents, the only known term to estimate in Eq. 3 is the quaternary so- 
lute-solvent constant K since the A terms and GI34 are fixed for the sol- 
vent system and G123, G124, and G234 are fixed for the solute in this solvent 
system. With the estimated K, the entire solubility profile of phenobar- 
bital in a mixture of these three solvents was described very well. It ap- 
pears, then, that this approach is reasonably flexible and general while 
requiring relatively few empirically adjusted solute-solvent parame- 
ters. 


The only apparent limitation of the reduced three-suffix solubility 
equation thus far is in describing relatively high solubilities. Bearing in 
mind that the equation was developed with the assumption that the 
solubility of the solute is very small, it is not surprising that the equation 
does not do well for compounds that are fairly to highly soluble in both 
(or all) of the pure solvents used. From a pharmaceutical point of view, 
a compound with appreciably high solubility in water does not need a 
cosolvent. Therefore, it seems that the equation is well suited for the 
systems for which it was derived: compounds whose very low solubility 
in water (or another solvent) necessitate the addition of a second solvent 
or solvents to increase their solubility. 
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is another major source of error in microdensitometry, not unique to the image 
analysis method used here. Some of this stray light can affect the apparent 
optical density of the measured object. Glare tends to be specimen dependent, 
so its effect varies from field to field. In this system a dynamic glare correction 
is automatically applied. The transmission light microscope is the device 
utilized to produce an optical image which is then projected onto the phote  
sensitive face of the vidicon tube scanner”. 


Image Scanning-The face of the vidicon tube is made of material that 
produces a local potential difference proportional to the intensity of light 
striking it. The sampling method of the scanner then converts the optical image 
to an electronic signal consisting of continuously varying analog voltage. High 
voltage corresponds to bright (white) portions of the image, while low voltage 
corresponds to the darker regions. 


Image Digitization-The total image is composed of -500,000 picture 
points or pixels, each of which is sensitive to the light intensity incident on it 
and contributes to the total analog video signal. It is within the auto detector 
module (see Fig. 1) that the analog video signal of each pixel is assigned a 
“gray 1evel”value between 0 and 63. The 63 value corresponds to the brightest 
area over the total image, the 0 value set to some internal standard for black. 
The result of this digitization procedure is a digital image consisting of a matrix 
of numbers each with a value between 0 and 63. This is the basic data set 
produced by the image analysis system. 


Data Reduction Module-To allow selectivity as to what portion of the total 
field is to be scanned, a variable frame size option is employed. This allows 
restricting the measurement to some quadrilaterally defined pbrtion of the 
field. A frame size measuring 600 pixels horizontally by 10 pixels vertically 
is used to scan each sample. The 600 horizontal pixels under the 16OX mag- 


I ’  E.M.I., London, England 


nification of the microradiograph allows a sufficiently wide scan to be made 
across the sample and adjacent negative. 


The minicomputer interface allows further processing of the 600 X I0 
matrix of pixels, each with a value between 0 and 63. In  this case, it is the 10 
vertical pixels that are acted upon. To  minimize any error due to variable 
sensitivity of a particular pixel, some defect in the microradiograph itself (dust 
or a scratch), a single value is obtaincd from the 10 vertical numbers by simply 
taking the average. This produces what is called an “average gray level” for 
600 horizontal sampling points. Using appropriate calibration methods it was 
determined that under these conditions each pixel has a width of 0.46 Fm. The 
data are then transferred to magnetic tape as a pair of numbers corresponding 
to position in scan and the average gray level or “reading” at  that position. 
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Abstract 0 The remineralization behavior of weak acid-treated bovine tooth 
enamel has been investigated using a recently developed quantitative micro- 
radiographic method. Acetate buffer solutions at pH 4.5 containing calcium, 
phosphate, and 10 ppm fluoride were used in this study. When the solution 
ion activity product ( K F A P  = a& a h ,  a : )  was I X 10-’08, the remineralization 
of the demineralized region was relatively uniform and complete. On the other 
hand, when the K F A ~  was - 6 I X remineralization of the outer 10-20 
pm was incomplete. I n  addition, for the smaller Kp-np solutions there was 
significant demineralization in the deeper recesses of the originally demin- 
eralized region. These results agree with a recent chemical kinetics study in 
which it was proposed that K F A P  = 1 X lo-”* demarcated the region of so- 
lution conditions in  which remineralization only occurs from that in  which 
simultaneous demineralization/remineralization takes place. A model con- 
sistent with all of the data is proposed. 


Keyphrases 0 Microradiography-quantitative study of dental enamel de- 
mineralization/remineralization, solution ion activity product 0 Dental 
enamel-dcmineralization/remineralization. solution ion activity product, 
quantitative microradiography 0 Demineralization-dental enamel, simul- 
taneous remineralization, solution ion activity product, quantitative micro- 
radiography 


Recently, Fox et ul. (1) investigated the influence of the 
solution ion activity product (KFAP = u& u h 4  a;) on the 


remineralization of weak acid-treated bovine tooth enamel and 
hydroxyapatite pellets. Solutions containing calcium-45, 
phosphate, and fluoride in acetate buffers were used. The 
calcium-45/fluoride molar ratios determined for the remin- 
eralized enamel by perchloric acid etch biopsy indicated the 
predominant formation of fluorapatite [Ca,,,(PO&F2; FAP] 
or fluoridated hydroxyapatite [Ca,o(P04)6(0H)2-xF,], 
where 0 5 x I 2 when PKFAP N 108. When the PKFAP of the 
solutions were 1 1  12, the calcium-45/fluoride ratios were 
found to be considerably <5 .  From these results, the authors 
proposed that a PKFAP value of -1 12 marked the demarcation 
between remineralization only and simultaneous demineral- 
ization/remineralization for these acidic remineralizing so- 
lutions. 


The purpose of the present investigation was to study the 
remineralization of bovine tooth enamel under the same con- 
ditions as those of Fox et al. ( I ) ,  employing a recently devel- 
oped (2) quantitative microradiographic technique. A special 
point of interest was to examine the hypothesis that simulta- 
neous demineralization/remineralization sets in when the 
PKFAP value is - 1 1  12 for these solutions. 


0022-3549f 84f 0500-06S3$0 1.OOf 0 
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EXPERIMENTAL 


Figure I-Bocine tooth enamel demineralized for 6 h in 10 mL of 0.10 M 
acetate buffer ( p  = 0.5, ptf 4.5) with calcium = phosphate = 3.5 mM. 
Remineralization was done in dgferent solutions (see Table I )  for 24 h. Key: 
(A) no remineralization; (6) solution I ,  p K ~ ~ p  = 108; (C) solution 2. P K F A ~  
= 112; (0) solution 3, pK,=ap = 118. 


Table I-Ion Activity Products of Solutions' Used in this Study 


Buffer Dissolutions---0issolirfion--A solution -16% saturated (on a molar 
basis) wi th  respect to the thermodynamic solubility of hydroxyapatite was 
used for dcmineralization. The solution was 0.1 M acetate buffer containing 
3.5 mM each of total calcium and phosphate. The pH was adjusted to 4.5 with 
sodium hydroxide and the ionic strength to 0.5 M by the addition of sodium 
chloride. 


Remineraliratiotr --For remineralization. 0. I M acetate buffers (pH4.5) 
containing different amounts of total calcium and phosphate depending on 
the desired bulk solution activity product (KI. ,Q = ak: a b 4  a t )  as shown in 
Table I were employed. These solutions also contained 10 ppm fluoride ( i n  
the form of sodium fluoride) with sodium chloride added to adjust the ionic 
strength to0.5 M. All chemicals used were of analytical grade. 


Bovine Teeth--Teeth from 8-week old strictly Kosher calves were obtained 
from packing houses in the Chicago area. From these, only reasonably flat 
incisors without any visible surface defects were used experimentally. The 
pellicle was removed from the labial surface using 400- and 600-grit silicon 
carbide abrasive disks. 


Demineralization and Remineralization Procedures--A selected bovine 
tooth was covered with nail enamel except for a 0.25-cm2 window on the labial 
surface. The tooth was then placed in 10 mL of the 16% partially saturated 
buffer solution for 6 h .  From experimental results obtained by Yonese et al. 


Calcium, Phosphate, Fluoride, 
Solution m M  mM ppm PKFAP PKHAP 


1 12.00 12.00 10 108 120 
2 6.87 6.87 10 112 124 
3 2.86 2.86 10 118 130 


a pH 4.5; p = 0.5; 0.1 M acetate buffer. 


(3) the demineralizing solution was not saturated with respect to hydroxy- 
apatite after 6 h of demineralization. During demineralization the solution 
was gently agitated with a wrist-action shaker. The temperature was main- 
tained at 3 O O C .  


The previously demineralized sample was immediately placed in 50 mL 
of thcdesired remineralization solution. During the remineralization theso- 
lution was again gently agitated and maintained at 30°C. 


Sample Preparation-The dcmineralized/rcmineralized tooth was mounted 
on a circular saw fitted with a high concentration diamond wafering blade. 
Sections as  thin as possible were cut through the exposed window perpendic- 
ular to the enamel surfwe. Each section was then ground plane-parallel to 
a thickness of exactly IM) p n  as determined by a micrometer. Final polishing, 
using diamond paste on a rayon cloth, was done to remove any small aberra- 
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tions resulting from the initial grinding using 600-grit silicon carbide 
paper. 


X-Ray- A section was placed in dircct contact wi th  the emulsion on a 5 
X 5 cm high-rcwlution glass plate'. Directly opposite the enamel surface to 
bc analyied. a wedge made of bovine enamel was placed. The wedge allowcd 
comparison of the negatives of different samples by factoring out any dcvia- 
tions in the time- and temperature-dependent film development process. 


The sample was placed in  the center of the X-ray beam2 for 25 min. The 
instrument settings were 40 k V p  and 3 mA. The negative was developed in 
dcvclopcr solution3 according to the manufacturer's instructions. 


Density Profiles-Quantitation of the deminera~izdtion/remincra~ization 
process was accomplished using the image analysis sqstem4. By the procedure 
outlined in the previous article (2) ,  scans were made across the sample as well 
;is u n  the adjacent step wedge. The data recorded on magnetic tape were an- 
alyred by a computer program in which the wedge data and sample data were 
uacd to calculate the mineral density cersus position in the tooth. 


~ ~~~ ~ ~~~ ~ ~~ 


I liasfman K o d n k .  Hochertcr. N . Y .  
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Figure 2-Relurice minerul densiry versus disrance for remineralirurion 
experiments described in Fig. I .  Key: (A) ~ K F A . A P  = 108; (B)  ~ K F A ~  = I I.?; (C) 
p K p ~ p  = 118. 


RESULTS AND DISCUSSION 
As shown by the photomicroradiographs (Fig. 1)  and the mincral density 


wrsus position profiles (Fig. 2). the influence of the solution activity product 
on the remineralimtion of bovine tooth enamel is profound. Remineralization 
under conditions in  which the solution activity product equals gives 
a relativcly uniform and essentially complete recovery of mineral density to 
the original surface of the previously demineralized sample (Figs. I B and 2A). 
Under conditions whcre the PKFAP of the remineralizatio? solution is high 
( i . ~ . ,  1 12) the recovery appears less complete, particularly in the outer 20 jtm 
(f:igs. IC and 2B). There is also the appearance of a less dense band at a depth 
slightly greater than that produced by the deminerali7ation treatment alone. 
The experimental results for conditions in which the solution activity product 
was varicd from also indicated this less dense outer 20pm 
i n  the enamel sample. The band below the original "lesion" (Fig. I A) depth 
was now significantly deeper and more diffuse (Figs. ID and 2C). 


Mincral density profiles of this type  indicate that the situation is more 
complex than that of simple mineral deposition in the form of fluorapatite ( I ) .  
Indeed, simultaneous dissolution must also be occurring in  order to explain 
the loss of mineral deepcr than the original "lesion." The presence of a more 
highly rcmineralized region under the less dense outer 20 p n  found when 
remineralization was done in solutions wi th  PKFAp Z 110 indicates that the 


to 
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bulk solution activity product is not the sole determinant of the reminerali- 
zation process. 


The following discussion attempls to present a mechanism that is consistent 
with the present observations and with the chemical kinetic data obtained by 
Ludwig ei al .  (4), Fox ef al. ( I ) ,  and Katdare er al.  (5). Thermodynamic 
calculations show (Table I )  that a bulk solution with ~ K F A P  = 108 is super- 
saturated with respect to fluorapatite and saturated or supersaturated with 
respect to the ion activity products, KHAP values, governing the relatively rapid 
rate of hydroxyapatite dissolution [ i .e . ,  ~ K H A P  = I20 for site I and pKtlAp 
= 128 for site 2 described by Fox et al. ( 6 ) ] .  Ludwig ef a/ .  (4) have shown, 
however, that for apatite powder containing -5% carbonate, the corresponding 
apparent solubilities may be grcatcr by approximately four orders of magni- 
tude in the KHApvalues. The carbonate level in the bovine enamel used in these 
experiments is -4%. The modest band of demineralization (at -80 pm depth) 
observed with the PKFAP = 108 case is consistent with this consideration. With 
increasing ~ K F A P  the solutions become increasingly unsaturated with respect 
to hydroxyapatite (and carbonate apatite), and the deeper and wider band 
ofdemineralization observed at -I IOpm for P K F A ~  = I 1  8 would be consistent 
with this thinking. 


The remineralization behavior in the region 0--20 pm is in agreement with 
the results of experiments with hydroxyapatite and carbonate containing 
apatite crystal suspensions reported by Katdare et al. (5). At PKFAP = 108, 
fluorapatite suspension crystal growth ratcs were found to be relatively rapid 
but decreased significantly ( i .e . .  by a factor of-10) at ~ K I : A P  = 112, and the 
rates were negligibly slow at p K r ~ p  = 116. These findings by Katdare et al. 
(5) may easily explain the rather complete and uniform remineralization 
observed at p K p ~ p  = 108 i n  the region 0-20 pm and the much poorer extent 
of remineralization in  this region at  PKFAP = I 1 2  and 118. I t  may be con- 
cluded, therefore. that the remineraliration behavior in the outer 10-20 pm 
may bc primarily controlled by the bulk solution activity product. 


The most interesting aspcct of the results i n  Figs. I and 2 is that rclated to 
the highly mineralized region at intermediatedepths (e.g.. at -50 pm in the 
p K p ~ p  = I I2 experiment). The following process is proposed to explain why 
remineralization occurs at intermediate depths but not at or near the surface 
(for the PKFAP = 1 12 and I I8 experiments). Ludwig ef a/ .  (4) have shown 
that, even for apatites containing -5% carbonate. dissolution rates should be 
negligible when p K b ~ p  I 1 15. Therefore, for lesions to form at 80--90 pm i n  
the P K F A ~  = I08 and I12 cxperinients, i t  is reasonable to postulate that the 
microenvironment (aqucous pores) p K p ~ p  values in  the deep recesses of the 
lesion must be > I  I5  as a result of aqueous fluoride depletion caused by fluo- 
rapatite (or fluorhydroxyapatite) formation or fluoride adsorption in the outer 
layer and at intermediate depths. Fluorapatite deposition and fluoride de- 
pletion at the intermediate depths (40 -50 p i s )  woutd be enhanced because 
mineral dissolution at 80-90pm and the resultant outward flow of calcium 
and phosphate ions may significantly elevate the K ~ ~ p v a l u e s  to far above the 
bulk K F A ~  value. This simultaneous dissolution (at 80-90 pm) and reminer- 


alization (at 40 -80 pm) process continues until sufficient aqueous fluoride 
concentrations (corresponding to p K ~ h p  = I 15) can build up in  the deeper 
reFions of the lesion. 


ro test the hypothesis that continued dissolution bcneath the level of the 
original lesion is a transient phenomenon. additional studies have been con- 
ducted at different p K r ~ p  values for 3,6, 12. 24,48, and 96 h .  At p K k ~ p  = 
116, for example. the simultaneous dissolution and remineralization did not 
proceed beyond I2 h, and the lesion pattern remained essentially unchanged 
beyond that time period. Interestingly, Fox et a/ .  ( I )  found that 45Ca-labelcd 
hydroxyapatite pellets dissolved only for 12.- I6 h in  ~ K F A ~  = I I6 solutions. 
These are bulk-solution conditions for which simultaneous dissolution and 
remineraliration will occur. The simultaneous dcmineralization/remineral- 
ization then appears to be a transient phenomenon indicating that once suf- 
ficient remineralization has occurred at the intermediate depths, dissolution 
no longer continue$ under the control of the microenvironmental KtrAp in the 
deeper regions of the enamel. 


These results support the hypothesis by Fox ef a / .  ( 1  ) that ~ K F A ~  N 1 1  2 
marks the demarcation between mainly remineralization only and simulta- 
neous demineralization/remineralization. For high ~ K F A ~  solutions (e.g.. 
118). fluoride deposition uia fluorapatite or fluorhydroxyapatite formation 
occurs mainly at intermediate depths and involves, to a large extent, the re- 
action between bulk solution fluoride and the calcium and phosphate ions 
dissolved from the deeper regions of the lesion. For ~ K F A P  = 108, the rem- 
inerali7ation is mainly controlled by the bulk solution, and the contribution 
to fluorapatite or fluorhqdroxyapatitc formation from the mineral dissolved 
in the lesion is minimal. 
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BOOKS 


The Total Synthesis of Natural Products, Vol. 5. Edited by JOHN 
ApSIMON. John Wiley and Sons, One Wiley Drive, Somerset, NJ 
08873.1983.550 pp. 15 X 23 cm. Price $60.00 
Volume 5 of this series is devoted entirely to a review of sesquiterpene 


total synthesis from 1971 to 1979. Those familiar with the literature on 
synthesis will appreciate the enormity of this task. In Volume 2 a single 
chapter covered sesquiterpene synthesis through 1970; that an entire 
volume is now required attests to the expIosion of research in this area 
during the past decade. The Heathcock group has assembled a lucid and 
readable account of modem sesquiterpene synthesis which can be heartily 
recommended to students and practicing chemists alike. 


The authors have done a creditable job of organizing over 250 total 
syntheses. The volume is grouped into sesquiterpenes of increasing 
connective complexity (i.e., acyclic, monocyclic, bicyclic) and includes 
a chapter on alkaloid sesquiterpenes. This organizational scheme facili- 
tates the location of specific structural classes in addition to permitting 
the reader to digest the synthetic efforts toward a specific class of com- 
pounds in one sitting. A notable improvement over previous volumes is 
a closer correlation between the text and the reaction schemes, greatly 
improving the readability of the former. Each synthesis is accompanied 
by a detailed discussion, with special attention given to key steps. The 
syntheses of selected compounds are subjected to comparative analysis, 
including tabulated information on the number of steps, separations, and 
overall efficiency. The authors wisely refrain from the obvious temptation 
to use this interesting data to rate the individual syntheses. References 
to the isolation and activity of compounds are not included, but should 
be readily available through the papers on synthesis, making Volume 5 
a useful reference to those involved in natural products chemistry. 
Practitioners of organic synthesis will find this volume of The Total 
Synthesis of Natural Products an enlightened and indispensable re- 
source. 


Reviewed by James Kallmerten 
Department of Chemistry 
Syracuse University 
Syracuse, NY 13210 


Deposition of Toxic Drugs and Chemicals in Man, 2nd Ed. By 
RANDALL C. BASELT. Biomedical Publications, P.O. Box 495, 
Davis, CA 95617. 1983.795 pp. 15 X 23 cm. Price $49.50. 
This compilation of important and useful information about common 


drugs and chemicals offers an excellent “one-stop” general reference for 
toxicologists, pharmacologists, and clinical chemists. This edition is or- 
ganized in a format easier to read and contains considerably more in- 
formation than the first edition. 


Dr. Baselt devotes individual attention to  305 substances including 
drugs, pesticides, metals, and commonly used solvents to which humans 
are frequently exposed. He dedicates a section to each compound, 
showing the chemical structure and, when available, the volume of dis- 
tribution, plasma protein binding, plasma half-life of drugs, and pK, of 
compounds. Individual paragraphs describe concisely the drug as it re- 
lates to occurrence and usage, blood concentration, metabolism and ex- 
cretion, toxicity, and analytical procedures. The references listed are 
plentiful in most cases, especially in each section on analytical 
methods. 


In presenting data for the “metabolism and excretion” sections, the 
author made an effort to profile the metabolic process with both de- 
scriptive information and chemical structure. The reader should find this 
useful, considering the increased understanding of the role metabolites 
play in the human response to drugs. Each section on “toxicity” includes 
brief case histories and literature references of fatalities, relating the 
concentrations of the substance as found in blood and other body 
tissues. 


With the overwhelming amount of information being generated on the 
fate of drugs and chemicals in the human body, it is almost a relief to see 


such data capsulized and presented in a useful source for the practicing 
scientist. This reference book certainly should have a spot reserved for 
it on the shelf of all analytical and clinical toxicologists who function in 
hospital laboratories. 


Reuiew by Gary L. Lensmeyer 
Uniuersity of Wisconsin Hospitals 
Toxicology Laboratory 
Madison, WZ 53792 


Recent Advances in Clinical Therapeutics, Vol. 11: Psychophar- 
macology, Neuropharmacology, and Gastrointestinal Thera- 
peutics. Edited by JACK Z. YETIV and JOSEPH R. BIANCHINE. 
Grune and Stratton, Inc., 111 Fifth Avenue, New York, NY 10003. 
1983.290 pp. 16.5 X 24 cm. Price $32.50. 
As the Preface states, this volume “is an outgrowth of a symposium 


held annually a t  the Ohio State University College of Medicine under 
the cosponsorship of the Departments of Pharmacology, Medicine, and 
Family Practice. The majority of the topics in this book were presented 
at  the Fourth Annual Symposium on Recent Advances in Clinical 
Therapeutics held in September 1981. Several additional chapters were 
commissioned to round out the general focus of this volume.” While 
fearing another random collection of disjointed lectures from 21 con- 
tributors, this volume was a pleasant surprise. 


For each section, chapters are devoted to updates in general therapeutic 
principles as well as new drugs. Thus, the 25 newly approved or prom- 
ising investigational drugs in this book are discussed in the context of 
their value in the overall management of the particular disease state. The 
table of contents is very detailed, and the index is more than adequate 
to help find desired information. Most chapters are well referenced. 


The psychopharmacology section contains five chapters, covering 
neuroleptics, antidepressants, lithium, and phencyclidine. An excellent 
chapter on psychopharmacological classification of depressive disorders 
consolidates and clearly explains controversial and confusing literature. 
The lithium chapter focuses on new and important information, including 
renal effects and drug interaction concerns. The only chapter suffering 
from the 21/2 year lag-time from presentation to publication is the chapter 
on antidepressants. So much has happened in the last 2l/2 years with 
newer antidepressants that this chapter is significantly out of date. 


The neuropharmacology section contains chapters updating antiepi- 
leptic drugs, newer muscle-relaxant drugs, aging and neuropsycho- 
pharmacology, and the benzodiazepines. Each chapter is current and 
relevant. The aging and neuropsychopharmacology chapter is a concise 
summary of clinically useful information. 


The gastrointestinal therapeutics section contains five very specific 
chapters. The histamine Hz-receptor antagonists chapter provides a 
useful discussion of cimetidine and ranitidine as well as their value for 
various indications. Other chapters include new therapeutics of reflux 
esophagitis, nonsteroidal anti-inflammatory drugs and the stomach, 
effects of GI and hepatic pathology on human drug responses, and 
chenodeoxycholic acid in the management of gallstones. The final mis- 
cellaneous section contains chapters on the treatment of sexually 
transmitted diseases, therapeutic use of marijuana derivatives, and 
management of bronchial asthma in the ambulatory patient. 


For the pharmaceutical scientist interested in a concise update in 
clinical therapeutics, this volume will be helpful. It also provides some 
insight into the relative value of newly introduced drugs, as well as the 
remaining need for even better medicines. 


Reuiewed by Glen L. Stimmel 
School of Pharmacy 
University of Southern California 
Los Angeles, CA 90033 
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High-Performance Liquid Chromatographic Analysis of 
Nadolol and Bendroflumethiazide Combination Tablet 
Formulations 
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Abstract 0 A reverse-phase high-performance liquid chromatographic 
(HPLC) method was developed for the simultaneous assay of nadolol and 
bendroflumethiazide in tablet formulations. The tablets were extracted 
with methanol and, after centrifugation, were chromatographed. A phenyl 
column was used with a mobile phase of aqueous acetate buffer with so- 
dium chloride-methanol (6040); detection was a t  270 nm. Linearity of 
both drugs was satisfactory. The procedure can be automated and also 
applied to bendroflumethiazide formulations and bulk material. 


Keyphrases 0 Nadolol-high-performance liquid chromatography with 
bendroflumethiazide, combination tablet formulations Bendroflu- 
methiazide-high-performance liquid chromatography, with nadolol, 
combination tablet formulations 


One of the principal uses of D-adrenergic-blocking drugs 
is for the control of hypertension (1). Accordingly, the 
0-blocker nadolol(2) has been formulated with the diuretic 
bendroflumethiazide since they work synergistically and 
need to be administered only once a day (3). A reverse- 
phase high-performance liquid chromatographic (HPLC) 
method for analyzing nadolol and other P-adrenergics has 
been developed in this laboratory (4). The USP methods 
for assaying bendroflumethiazide include UV spectro- 
photometry (for tablet content uniformity), nonaqueous 
titration (for bulk material), and Bratton-Marshall col- 
orimetry (for tablet assay) (5). 


The HPLC method for bendroflumethiazide described 
by Moskalyk et al. (6) uses an aqueous methanol mobile 
phase and may not be stability indicating since no mention 
is made of the disulfonamide degradation product. To si- 
multaneously assay nadolol and bendroflumethiazide, a 
method was needed that would be rapid, stability indi- 
cating, and amenable to automation for unattended 
overnight analyses. Such a method is described in this 
report. 


EXPERIMENTAL 


Materials-Nadolol', bendroflumethiazide', and timolo12 were used 
as received. Water was double-distilled and stored in glass. HPLC-grade 
methanol3 and ACS reagent-grade sodium chloride4, glacial acetic acid4. 
and anhydrous sodium acetate4 were obtained commercially. 


Apparatus-A p u m p  capable of maintaining a constant flow at 
200-3000 psig delivered deaerated mobile phase a t  a flow rate of 1.5-2.5 
mI,/min. A precision loop inject()$ with a nominal volume of 20 pL was 
attached to a prepacked reverse-phase medium-polarity column7 (see 
DUcus.sion section), containing 5- or 10-pm particles and 250-300 mm 
long X 4.6-mm i.d., through an inlet filtefi. A saturator column, 50 X 0.2 
cm packed with 37-pm silica, preceded the loop injector. This column 
saturates the mobile phase with silica and thus protects the analytical 


column. The analytical column was maintained above ambient temper- 
atures (32OC) to avoid variations in retention time. 


A variable-wavelength detector10 was used, set at  270 nm. The 25-cm 
strip-chart recorders" had inputs compatible with the detector output. 
One recorder (or channel) was set to trace the nadolol and bendroflu- 
methiazide peaks on scale. The other was set to be-10 times more sen- 
sitive to detect possible impurities or degradation products. For auto- 
mated, unattended analysis, an autosampler12 was used in conjunction 
with a computing integratorI3. 


The mobile phase was aqueous acetate buffer (0.029 M acetic acid, 0.01 
M sodium acetate, 0.04 M sodium chloride)-methanol (64). 


Tablet  AnalysisCurrently,  there are three formulations containing 
40,80, or 160 mgof nadolol and 5 mg of bendroflumethiazide per tablet. 
These were extracted with 50,100, and 150 mL of methanol, respectively, 
ultrasonicated for 15 min, and centrifuged for 15 min a t  3000 rpm 
(-12OOXg). For content uniformity, the whole, unground tablet was 
extracted; for average content (assay), 10-20 tablets were ground and the 
weight equivalent to one tablet of the powder was taken. Methanolic 
standard solutions were prepared by pipetting the appropriate amount 
of a stock methanolic bendroflumethiazide standard solution (1 or 0.5 
mg/mL) into a volumetric flask containing a quantity of nadolol similar 
to that of the sample. All glassware containing bendroflumethiazide was 
low-actinic or covered with aluminum foil. A standard solution of the 
disulfonamide precursor (and degradation product) of bendroflu- 
methiazide containing 2 p g h L  of methanol was also prepared. 


System Suitability Test-A standard solution containing disul- 
fonamide, nadolol, and bendroflumethiazide was injected into the system. 
The resolution of disulfonamide from the solvent front and of nadolol 
from disulfonamide were each >1.4, while the resolution of bendroflu- 
methiazide from nadolol was >1.7. The resolution, R,, is defined as 2 ( t 2  
- t I)/( W1+ Wz), where t l  and t:! are the retention times and W1 and Wp 
are the respective peak widths of tangents to the base line expressed in 
the same units. Any column which passes this system suitability test can 
be used. 


Solvent Suitability Test-Bendroflumethiazide has been shown to 


A B 
Figure I---C'hromalogram of disulfonamide ( I ) ,  nodolol 111). and / ) en -  
droflurnethiazid~ (III); Key: (A) on scale; ( H I  off stale.  .%> t e x t  for d?- 
toils of th t .  scparntion. 
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Table I-Recoveries from Placebo Formulation of Added 
Nadolol(80 mg), Bendroflumethiazide (5  mg), and  
Disulfonamide (0.05 mg) Using the Recommended Procedure 


Compound Recoveries, 70 Mean RSD,% 
Nadolol 99.8,99.0,99.0 99.5 0.4 


Bendroflumethiazide 100.4, 100.4, 100.2 100.3 0.1 
Disulfonamide 100.2, 100.2,100.0 100.1 0.1 


99.8,99.8,99.8 


react with even minute amounts of formaldehyde (7); thus, the methanol 
used to extract the tablets and to prepare the mobile phase must be free 
of formaldehyde. Therefore, when a fresh bottle of methanol is opened, 
it should be tested by preparing a standard solution of nadolol and ben- 
droflumethiazide, as described above, injecting it after 24 h, and checking 
for the presence of a new peak eluting after bendroflumethiazide. If this 
peak is present, the methanol should not be used in the assay. 


RESULTS AND DISCUSSION 


Bendroflumethiazide, on hydrolysis or exposure to light, yields 2,4- 
disulfonamide-5’-trifluoromethylaniline, also referred to as free amine 
or (more correctly), as disulfonamide. Most compendia set limits on the 
disulfonamide content of bendroflumethiazide raw material. The USP 
(5) and BP (8) allow 1.5 and 1%. respectively. Thus, the system developed 
for assaying nadolol-bendroflumethiazide must be able to detect disul- 
fonamide at these and lower concentrations. Furthermore, the sample 
preparation conditions must be designed so as to minimize or eliminate 
in situ formation of disulfonamide. The recommended system gave good 
separation of nadolol from bendroflumethiazide for all octadecylsilane 
columns tested (5-15% coverage). Separation of the disulfonamide peak 
from the solvent front was difficult. Accordingly, the system suitability 
test described in the Experimental section was devised. Any column that 
passes this test can be used. The mobile phase as described above has 
been optimized for high-efficiency phenyl columns (Fig. 1). Other col- 
umns which can be used on the basis of this test include trimethyl~ilane’~ 
and P a r t i ~ i l ’ ~  5 C8. However, the mobile phase would require slight 
modification to be optimized for these (and possibly other) columns. 
Changing the extracting solvent from methanol to mobile phase would, 
of course, eliminate the solvent front peak, but this has been shown to 
promote the degradation of bendroflumethiazide to disulfonamide a t  a 
rate of 40 pg/h/tablet. 


The stability of bendroflumethiazide in methanol (in the dark) was 
confirmed by observing no change in the disulfonamide content after 60 
h. A solution containing nadolol and hendroflumethiazide exposed to 
laboratory-intensity light showed increases in disulfonamide content 
corresponding to an average rate of formation of -1.2 pg/h. In addition, 
the methanol must be free of formaldehyde which reacts with ben- 
droflumethiazide (7)  (c f ,  solvent suitability test in the Experimental 
section). 


I IV  


F,q = 0.15 FR = 0.85 


U 


Table 11-Assays of Typical Nadolol-Bendroflumethiazide (80:5) 
Tablets 


Nadolol, Rendroflumethiazide, Disulfonamide. 
Formulation mg/tablet mg/tablet mg/tablet 


1 


Mean 
R S D  


2 


78.9 
80.1 
78.2 
82.4 
79.3 
81.8 
80.5 
80.6 
80.9 
81.2 
80.4 
1.3% 
81.2 
78.9 
79.4 
81.1 
79.4 
80.6 
83.1 
81.8 
79.0 


5.06 
5.08 
5.08 
4.92 
5.08 
5.04 
5.08 
5.02 
4.93 
5.07 
5.04 
1.2% 
j.14 
5.07 
5.14 
5.13 
5.07 
5.07 
5.00 
5.04 
5.1 1 


All 
<0.005 


All 
<0.005 


81.2 4.85 
Mean 80.6 5.06 
RSD 1.7% 1.7% 


The precision of the methtd was confirmed by performing six injections 
of nadolol, bendroflumethiazide, and disulfonamide both alone and in 
the presence of each other. The relative standard deviation was always 
<0.7%. The plots of response uersus concentration for all three com- 
pounds were linear and passed through the origin. The ranges for con- 
centrations tested were 0-2000 pg!mL for nadolol, 0-250 pg/mI, for 
bendroflumethiazide, and 0-200 pg/mI, for disulfonamide. Table I lists 
the recoveries from spiked placebos of the three compounds both alone 
and combined, using amounts equivalent to the contents of a typical 
tablet. When placebo tablets were extracted and analyzed, no peak was 
seen corresponding to nadolol, bendroflurnethiazide, or disulfonamide. 
Thus, the assay appears to be both accurate and precise. The potencies 
of two typical lots of tablets are shown in Table 11. Disulfonamide results 
for various samples are all <0.005 mghblet  (0.1%). The limit of detection 
is considered to be 0.005 (0.1%); better detectors give lower limits. The 
disulfonamide values for several experimental lots of bulk bendroflu- 
methiazide as determined by this H P I X  method are 0.15-0.25%. 


The wavelength of  270 nm was selected because the peak heights of 
nadolol and hendroflumethiazide at  the specified concentrations are 
relatively similar. If bendroflumethiazide raw material is being assayed, 
then 220 nm should be used and the samples and standards diluted ac- 
cordingly. A synthetic route to bendroflumethiazide (9) (111) is shown 
in Scheme 1. The relative retentitin times of the intermediates tlisul- 
lonamide (11 and l,l-dirnethoxy-’L-ethylhenzei\e (I\’) and the catalyst, 
~~- t c~ luenesu l f~~n ic  acid, indicate that they are resolved from each other 
a n d  from bendrollumethiazide (111). 


A commercially available lormulation of  timolol with twndrollu- 
methiazide wiis injected into the system descritied herein. h t h  ccimpci- 
nents and the disulfonamide were resolved from each other, indicating 
the potential o f  this method. 
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Abstract The relative bioavailability of a new conventional tablet 
formulation (5 mg) of trifluoperazine dihydrochloride was studied in 24 
healthy volunteers. Using a sensitive radioirnmunoassay technique, 
plasma trifluoperazine concentrations were measured up until 24 h fol- 
lowing ingestion of single 5-mg doses of trifluoperazine. The mean f SD 
for the peak concentration (CmsX), time to C,,,, area under the curve 
from 0 to 24 h (AUCP), and terminal elimination half-life following the 
administration of the test formulation were 2.15 f 1.07 ng/mL, 4.10 f 
1.38 h, 21.04 f 11.92 ngh/mL, and 9.5 f 7 h, respectively. Following the 
ingestion of the original trifluoperazine tablet formulation (5 mg) these 
same parameters were estimated to be 1.92 f 0.88 ng/mL, 4.02 f 1.10 h, 
18.03 f 10.11 ngh/mL, and 9.3 f 7 h, respectively. Large intersubject 
variations in C,,, and AUCi4 were observed. The relative bioavailability 
of the test formulation was calculated to be 106.5 f 25.5%. 


Keyphrases 0 Trifluoperazine-relative bioavailability, commercial 
tablet formulation, RIA technique Bioavailability-relative, com- 
mercial trifluoperazine tablet formulation, RIA technique 0 Radioim- 
munoassay-relative bioavailability, commercial trifluoperazine tablet 
formulation 


Trifluoperazine is an orally administered phenothiazine 
antipsychotic agent that has been in clinical use since 1958. 
Bioavailability studies of this drug have not been hitherto 
reported for a number of reasons. Trifluoperazine under- 
goes extensive metabolism to many metabolites which are 
formed from attack on both the phenothiazine ring and the 
side chain (1). Trifluoperazine is also known to undergo 
pronounced presystemic biotransformation in animals 
following oral administration (2). Phenothiazine drugs in 


Table I-In Vitro Tablet  Test Results 
~~ 


Test 
Reference 


Method Test Product Product 


Assay, mg 
(% potency) 


Disintegrations, 
min 


USP xx 4.88 5.23 


USP xx 5.5 7.0 
(97.6%) (104.6%) 


G t i n t  uniformity, USP XX 95.7 (3.04) 100.5 (1.69) 


Dissolution. o/c (Gastric test 100.7 (1.50) 80.7 (30.13) 
% (RSD. %) 


(HSD,  %) solution, 
no 
enzyme) 


0 Gastric test solution. 


general undergo significant first-pass effects in humans 
which contribute to large intersubject variability (3-5). 
Therefore, bioavailability studies require sensitive and 
specific analytical procedures. Recent analytical methods 
for trifluoperazine in plasma include GC-NPD (nitro- 
gen-phosphorus detection) ( 6 4 ,  GC-MS (9, lo), and ra- 
dioimmunoassay (RIA) (11). Of these the GC-MS and RIA 
procedures have been used in single-dose pilot studies, 
where it was found that the bioequivalency parameters as 
determined by RIA were similar to those determined using 
GC-MS (12). 


This study describes the estimation of the bioavailability 
of a new conventional trifluoperazine tablet formulation 
(5  mg)' relative to the original product2. Following single 
oral doses of 5 mg, the plasma concentration-time profiles 
of trifluoperazine were examined up to 24 h using RIA, 
which is sensitive to 0.25 ng/mL using a 200-pL plasma 
sample (11). 


EXPERIMENTAL 


Tablet samples from production lots of two formulations of triflu- 
operazine were assigned as test' and reference2; standard in uitro t.esta 
were performed on both tablet formulations. The dissolution test was 
carried out on six individual tablets using apparatus 1, as described (13). 
The basket was rotated a t  50 rpm, and the dissolution medium (900 mL) 
was 1% HCI (v/v) a t  37 f 0.5OC. At the end of  30 min, a suitable portion 
of the dissolution fluid was filtered. Af ter  discarding the first 20 mI, of 
the filtrate, the absorbance of the standard and dissolution test prepa- 
rations were determined in 1-cm cells a t  255 (the wavelength of maximum 
absorbance) and 278 nm (the wavelength of minimum absorbance) using 
1% HC1 (v/v) as the blank. 


Twenty-four healthy adult male volunteers, from whom written in- 
formed consent was obtained, were included in thisstudy. With one ex- 
ception, all were nonsmokers. The fitness of each subject was assessed 
by an independent physician who conducted complete physical exami- 
nations, reviewed medical histories and the results of clinical laboratory 
tests (hematology, SMA 12 biochemistry screen, and urinalysis), and 
monitored the health of the subjects throughout the study period. All 
subjects were drug free 30 d prior to the study and were asked to refrain 
from taking any drugs during the study, including abstaining Irom alcohol 
for 24 h, prior to and 24 h following each dose. The subjects were assigned 
randomly to receive the test or reference formulation for the first dose 


1 Trifluooerazine hvdrochloride. lot Jt79-082, Cord Laboratories, Ltd., 
Broomfield; Cola. ~ 


2 Stelazine. lot #2129SOS, Smith Kline (Ir French Ltd., Philadelphia, Pa. 
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Abstract 0 Several component diagrams for different alcohols as cosurfactants 
;ind potassium oleate as the surfactant were investigated. Bctween the regions 
of the water-in-oil microemulsion and the miccllar solution (reverse micelles), 
and diagrams showed a zone of instability which was determined by particle 
s i x  analysis by means of photon correlation spectroscopy (PCS). The poly- 
disprsity of the internal phase was dctermined at the instant of microemulsion 
formation and after fixed intervals of storage. At the edge of the microcmulsion 
region. a rapid increase in particle size due to coalescence followed by breaking 
was observed. If a slow transition t w a r d  the region of solubiiization could 
be seen by a slow decrease of the droplet size, coalescence was observed after 
storage. I n  the middle of the microemulsion region. the particle radius, how- 
ever, was almost constant for a long interval. The velocity of the microemulsion 
formation depended on the alcohol used. In some cases a very fast formation 
(milliseconds) was observed; in others, macroemulsions were formed which 
became transparent within a few hours or days. PCS was used to follow the 
dynamic process of formation and breaking of such systems with droplet di- 
amctcrs of 5-200 nni by obtaining the mcitn hydrodynamic diameters. Dis- 
tribution curves were calculated by the 1.aplace transform of the correlation 
function. The practicability of the method was demonstrated with mono- and 
polydispersed latex suspensions and microemulsions. 


Keyphrases 0 Particle size analysis- - microemulsions, photon correlation 
yxctroscopy. Ialcx suspcnsions, Laplace transforms Emulsions --particle 
s i x  analysis. photon correlation spectroscopy, I.aplace transforms 0 Sta- 
bility -microcmulsions, particle size analysis. photon correlation spectroscopy, 
I.;iplace transforms 


Three types of microemulsions seem to exist: discrete mi- 
celles, microdroplets, and bicontinuous structures. To obtain 
an insight into the dynamics of microemulsion formation and 
breaking, photon correlation spectroscopy (PCS) can be used 
for the first two types ( 1 ) .  To eliminate mcasuring errors, in- 
terparticle effects and multiple scattering must be avoided by 
using low concentrations of the noncontinuous phase (5- 10 
YO). Under these conditions, PCS might be a valid method of 
measuring mean particle diametersand, in combination with 
a Laplace transform of the data, estimating the particle size 
distributions. By following alterations after spontaneous 
emulsification, it should be possible to develop thermody- 


Particle diameter (1) 
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Figure I -Particle sizes versus time in microemulsions with pentanol as 
wsurfuc~tant. Conipo.tition: 3.6% water, 2.0% potassium oleare. and penranol. 
q..F. to  100% with paraffin oil. Pentanol content: (A)  20.0%; (B)  22.0%: (C) 
Xi.O%: (D)  30.0%. 


namically stable microemulsions with drugs and to find es- 
sential differences between a solubilization and a micro- 
emulsion if the system contains microdroplets or micelles. 


THEORETICAL SECTION 


The polydispersity of microemulsions and model suspensions was analyzed 
using PCS. With this method. the intensity autocorrelation function of the 
light, scattered by particles of the suspension. is obtained. The autocorrelation 
function g ( r )  may be obtained from the intensity autocorrelation function 
R 2 ( T ) :  


R'(7) = I -k lg(7)l2 (Eq. 1 )  


I n  the case of monodispersed particles, the autocorrelation function g(7) 
g ( r )  contains information about the sizedistribution. 


is  given by: 


g(7) = RO exp (-77) (Eq. 2) 


where y = 2Dk2. D is the diffusion constant, and k is the line width constant. 
The decaying of the correlation function depends on the Brownian motion of 
the particles and may be derived from the statistics of the scattered light. In 
polydispersed suspensions and emulsions the autocorrelation function g ( ~ )  
can be derived from the size distribution G ( y )  by the Laplace transform: 


g ( 7 )  = go Jm exp (-77) G ( y ) d y  (Eq. 3) 


Ostrowsky (2) introduced a method for the inversion of this formula based 
on eigenvalues and eigenfunctions of the Laplace transform. The inversion 
problem in general has an "ill-conditioned nature'' (3). This means that there 
is an uppcr limit of information about the size distribution function in  the 
cxpcrimentally obtained correlation function. Using the method of Ostrowsky. 
the most complete information about the polydispcrsity may be obtained. 
Ostrowsky points out that the truncation of the correlation function due to 
noise leads to a band-limited Laplace transform. This is due to the fact that 
thc maximum information about the polydispersity may be obtained by a 
discrete spectrum with exponentially spaced samples: 


Y n t l  = Y I  exp (n*/w,,,) 


300 
? o r t l c i e  diameter ( 8 )  
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Figure 2 -Particle sizes versus time in microemulsions with pentunol as 
cosurfactant. Composition: 3.6% water. 3.0% potussium oleare. and penranol. 
q.s. to 100% with paraffin oil. Penranol contenr: ( A )  14.0%; (6) 16.0%; ICi 
20.0%: (0) 24.0%: ( E )  28.0%: (F) 36.0%; lC) 40.0%. 
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Figure 3- Particle sizes versus time in microemulsions with hexanol as co- 
surfactant. Composition: 3.6% water, 2.0% potassium oleate. and hexanol, 
q.s. to 100% with paraffin oil. Hexunol conteni: (Aj 10.0%; (Bj 12.0%; (C) 
14.0%; (D) 16.0%; (El 18.0%. (Broken systems, marked by x in the Figs. I 
and 2, were not investigated.) 


where w,,, is the band limit. These discrete spectra p in ts  are computed from 
the autocorrelation function by minimizing the equation: 


Time (ucoks) 


The continuous polydispersity spectrum can be derived from the develop- 
ment of the discrete spectrum: 


This polydispersity spectrum was calculated by a computer program which 
includes the method of Ostrowsky (2). I t  must be pointed out that in addition 
to this method, there are other possibilities using other primary information 
about the polydispersity spectrum (4. 5). 


EXPERIMENTAL SECTION 


Materials-The microemulsions were prepared using fresh twice-distilled 
water, potassium oleate’. liquid paraffin oil2, and pentano13, hexano13, or 
heptanol). The potassium oleate was taken from one homogeneous batch and 
was used without further purification. The alcohols were used as  received. 


To determine the accuracy of the polydispersity analysis by means of the 
Laplace transform of the correlation function, model suspensions were pre- 
pared by mixing latex particles of various sizes using monodispersed latex 
~uspcnsions4 (10% by weight). The stock suspensions were diluted with distilled 
water and mixed in different ratios. The suspensions were passed through 
mcmbrane filters5 (0.22-0.8 pm) to remove as many particlc impurities as 
possible from the samples; the filters were attached to 10-mL disposable sy- 
r i n g d .  


A commercial oil-in-water emulsion was tested as an example of a phar- 
maceutical product; it was composed of 200 g of soybean oil, 15 g of soy oil 
phosphatidc, and 50 g of xylitol, 9,s. to 1000 mL with water. Because the 
Concentration of the dispersed phase was too high for PCS measurements. a 
dilution with twice-distilled water was necessary (50 p L  of the cmulsion was 
diluted to 100 mL). To avoid contamination with dust, the samples wcrc 
prepared using the laminar flow technique. 


Apparatus-For the measuring apparatus used in this experiment ( I ) ,  the 
refractive indexes were determined by a refractometer’. To measure the vis- 
cosity of the dispersion media, a viscometer8 with light barriers as an automatic 
timing device was used. The thermostated bath had a constant temperature 
of fO.OS0C. 


~~ ~~~ ~~ 


’ Depurnturn grade; Rolh. Karlsruhe, FCR. 
Pharmacopeia quality DAB 8. 
“Pro synthesis” grade, >98% pure; Merck. 
DON Chcmical. 
Millipore Corp. 
I.ipofundin S 20%. Ch. KO. 117381: Braun AG. Melwngen. I G R .  ’ Carl Zcisr A b E .  ” Ubbcluhde. 
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Figure 4- Particle sizes versus rime in microemulsions with heptanol as 
cosurfactant. Compositiotr 3.6% water, 2.Ph potassium oleate. and heptanol. 
q.s. 10 100% with paraffln oil. Heptanol content: ‘A )  8.0%; (B) 10.0%; (C) 
12.0%; (D) 14.0%; fE )  16.0%. 


RESULTS AND DISCUSSION 


A series of four-component phase diagrams was established to determine 
the microemulsion regions. The quaternary systems, water-paraffin oil- 
potassium oleate as  the surfactant and various alcohols as cosurfactants, were 
investigated; some of the results are published in the companion paper (I) .  
The homologous series butanol. pentanol, hexanol, heptanol, octanol. and 
dccanol was used. A “single-phase” microemulsion region could be observed 
only for pentanol. hexanol, and hcptanol. I n  this report these systems were 
investigated to study the variations of the particlc sizes as a function of the 
storage time. 


Most of the microemulsions stored for a period of several weeks at  room 
temperature wcrc found to be unstable. The particle size alterations were 
extreme. The instability of the tested systems was due to their composition. 
These systems were located at the edge of the water-in-oil microemulsion 
region in the tetrahedral phase diagram. A basic difficulty with PCS studies 
is that the concentration of the dispersed phase cannot be higher than -10% 
in  order to avoid concentration faults due to interparticle forces and multiple 
scattering ( I  ). Only low concentrations allowed the use of the Stokes-Einstein 
equation without a correction factor (so called “structure factor”). The systems 
examined were composed of I .O-3.0% (by volume) potassium oleate and a 
constant 3.6% volume of water. The following assumptions were made: 


1 .  Some of the alcohol molecules, together with the oleate, are needed to 
stabilize the amphiphilic layer between the aqueous core of the microdroplets 
and the dispersion medium. 


2. Thc surrounding paraffin oil contains the remainder of the alcohol. 
3. All oleate molecules arc in the watcr phase and the bilayer of the 


emulsifier mixture (i.e.,  the oleate concentration in the lipphilic continuous 
phase is neglected). Thus, the concentration of the dispersed phase cannot be 
higher than -7% (3.6% water + a maximal 3.0% potassium oleatc) and the 
Stokes -Einstein equation is valid. 


The experimental points in the compared systems were chosen to clarify 
the variation in particle diameter of the microemulsions for which the amount 
of alcohol changes at constant potassium oleate concentrations. The resultb 
are presented i n  the form of curves of particlc siJe against time. All concen- 
trations are given as volume percent. 
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Figure 5- Distribution curves of monodispersed latex suspensions (radii: 
I100 and 4720 A)  and their mixture ai the ratio of 5:l.  


The resultsobtained with pentanol are shown in Figs. I and 2. The phase 
diagram of the pseudoternary system of paraffin oil. pentanol, potassium 
oleate, and a constant water fraction of 3.6% showed a zone of instability 
between the microemulsion and the micellar solution [see Fig. 2 in the previous 
paper ( I ) ] .  A continuous transition from the microemulsion to the solubili- 
zation region was found only if the system contained -3% potassium oleate. 
I n  the diagrams for the other alcohols, no continuous transition according to 
the swollen micelles theory was obscrvcd. 


Figure I shows the particle sizes along a composition line with a constant 
concentration of 2.0% potassium oleate. Microemulsion A is formed with the 
smallest possible amount of alcohol, microemulsion D with a maximum 
amount of alcohol. Both systems are located at the edge of the microemulsion 
region. Microemulsion formation with a lower or higher concentration of 
pcntanol is not possible. System A is located at  the edge bordering on the 
macroemulsions with a low pcntanol concentration. I t  showed a nearly con- 
stant particle size of -230 A for I week. After 3 weeks it was broken (marked 
by x in the curve) and an aqueous phase had formed at  the bottom of the 
specimen cell. There was, however, still a microemulsion in  the upper phase 
with a particle size of 260 A, which decreased during storage. An analogous 
behavior was found for microemulsion D. which is located at the edge of the 
microemulsion region towards the solubiliation region. The values obtained 
for compositions B and C proved that the systems in the middle of the mi- 
crocmulsion region were more stable. 


The particle size alteration is more obvious in Fig. 2, and the reason for the 
alterations can easily be explained as follows. Figure 2 shows the particle sizes 
during the continuous transition from the microemulsion region (systems A-F) 
to the solubilization region (system C ) .  After 6 weeks of storage, the “sin- 
gle-phase” systems in  the zone of instability (systems E and F) were broken 
and a separation between microemulsions and micellar solutions occurred. 
After 3 additional weeks, systems D and A were also broken and the micro- 
emulsion field was narrowed from both sides. Microemulsion A showed a rapid 
increase in particle size from 135 A to 266 A due to the coalescence of the 
dispersed phase. After 9 weeks the system was broken, but a microemulsion 
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Figure 6-Distribution curve of two microemulsions produced with equal 
oolume fractions of hexanol and pentanol. Composition: 3.6% water. I .5% 
potassium oleate. and 13.0% alcohol, 4,s. to 100% with paraffin oil. 


still remained in the upper phase with a particle size of 233 A. Relatively large 
unstable microdroplets had coalesced. and an aqueous subphase had formed. 
The remaining microdroplets in the upper phase increasingly coalesced in 
proportion to the length of the storage. After a period of I year, only a micellar 
solution remained, whereas the volume of the aqueous subphase had increased. 
Microemulsion D had a nearly constant particle size for some weeks. An in- 
crease before phase separation was not observed, as  this occurred between two 
measurements. Systems E and Fin the unstable zone at the edge of the mi- 
cellar solution region showed a very slow increase in  particle size. For micellar 
solution C ,  no alteration was observed. Penianol as  cosurfactant caused rapid 
microemulsion formation, but also rapid coalescence. 


The use of hexanol as  cosurfactant also results in rapid microemulsion 
formation, within milliseconds, but the coalescence is less distinct. Figure 3 
shows that the particle size is almost constant for a long time, and the systems 
are more stable compared with those using pentanol. Another important 
difference is that only the microemulsions in the unstable zone toward the 
micellar solution region break at the beginning of the storage period (Fig. 3. 
systems D and E). The microemulsions on the opposite side (Fig. 3. system 
A) are, on the other hand, stable in contrast with those formed with pen- 
tanol. 


Heptanol as cosurfactant causcs very slow microemulsion formation. During 
the formation process the smallest possible particle size was not reached at  


Figure 7-Electron micrograph of an oil-in-water emulsion after 5 d of 
storage. The narrow distribution of the particle sizes is obvious. The deter- 
mined mean radius (25 nm) is almost the same as yielded by photon corre- 
lation spectroscopy. 
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Figure %-Distribution cume of an oil-in-wafer emulsion for infusion. 


once but, rather. after I week of storage (Fig. 4, curves A, B. and C). In some 
cases, macrocmulsions were first formed, becoming transparent after a few 
days (Fig. 4. curves D and E). These emulsions showed the same instability 
as thoseof hexanol and broke rapidly. I n  general. the systems with heptanol 
were as unstable as  those with pentanol, showing a rapid increase in  particle 
size. 


In  summary, pentanol and hexanol in combination with potassium oleate 
cause rapid microemulsion formation. The smallest possible particle size is 
reached at once in contrast with heptanol. where this takes somcdays. Pentanol 
and heptanol form unstable systems with a rapid increase in particle size; 
hexanol. however, shows more constant particle sizes during storage. I lexanol 
and heptanol have in common that the microemulsion systems at the edge of 
the solubilization region break at the beginning of the storage time, whereas 
those bordering the macroemulsion region only coalesce after an induction 
period. A simultaneous breaking on both sides of the microemulsion region 
occurred using pentanol. The tested microemulsions showed the same insta- 
bility due to coalescence as found with macroemulsions, because they are lo- 
cated at the edge of the microemulsion region. 


The particle size distribution can be determined with the polydispersity 
analysis by the Laplace lransformation of the correlation function as described 
above. The efficiency of the method was tested using monodispersed latex 
suspensions and their mixtures. The two upper curves of Fig. 5 show thedis- 
tributions of monodispersed latex suspensions with radii of I100 and 4720 A. 
As the particles are not exactly monodispersed and the Laplacc transform 
inherently has some uncertainty, two relatively narrow logarithmic normal 
distributions are obtained. The distribution of the smaller particles is not as 
narrow as that of the larger ones because the signal-noise ratio is small. which 
results in a higher standard deviation of the values and a wider distribution. 
The mixing of these two types of particles in a ratio of 5: I results i n  a distri- 
bution curve where the peak heights reflect the particle proportion. Most of 
the commercial apparatuses. however, calculate only an unsatisfactory pol- 
ydispersity index. 


All the tested microemulsions showed a narrow particle si7e distribution. 
Two microemulsions prepared with equal volume fractions of hexanol and 
pentanol are given as an example (Fig. 6). The mean diameters calculated 
using the Stokes-Einstein equation were I13 A for the pentanol system and 
80 A for that with hexanol. This corrcsponded exactly to the pcak maxima 
in  Fig. 6. The measured distributions were confirmed by electron microscopic 
studies. The structure of microdroplets and the obtained particle sizes were 
verified (Fig. 7) using the freeze-fracture technique (6). 


The described polydispersity analysis can be applied in the pharmaceutical 
industry. An example is process control of the liposome production, especially 
small unilamellar vesicles of diameters <I00 nm. The liposome size can hardly 
be controlled during production. Up to now these analyses were made by 
separating the different liposome sizes into monodispersed systems using a 
Sephadcx column and measuring each system, e.g., with a particle counter. 
A polydispcrsity index of 5 2  confirmed the successful separation. A higher 
polydispersity index indicates a bad separation and docs not allow any further 
statement about the distribution. Such analyscs can be carried out faster with 
the method described herein. An illustration of the practicability is the de- 
termination of particle size distributions in  oil-in-water emulsions for par- 
enteral use. The tested emulsion6 had a mean diameter of 446 nm. The cor- 
raponding distribution curve shows that it is a polydispcrsed system (Fig. 8). 
and the droplet distribution is  not logarithmic as is generally assumed for 
cmulsions. 
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Abstract  0 A high-performance liquid chromatographic (HPLC) 
method for the quantitation of dextromethorphan (I) and its three me- 
tabolites, dextrorphan (II), 3-hydroxy-9cu,l3tu,14a-morphinan (III), and 
3-methoxy-9a,l3cr,l4a-morphinan (IV), in urine was developed. For the 
analysis of nonconjugated compounds, urine samples a t  pH 11-11.5, 
containing 3-methoxy-17-methyl-lO-oxo-9~,l3cu,l4a-morphinan as an 
internal standard, were applied to an extraction column, and the com- 
pounds were eluted with 10% n-butyl alcohol-hexane. The organic eluant 
was extracted with 0.1 M HCI, and an aliquot of the acidic extract was 
analyzed by HPLC utilizing a 5-pm phenyl column (25 X 0.46-cm id . )  
with a mobile phase of 10 mM potassium phosphate-acetonitrile (4555, 
pH 4.0); the column effluent was monitored by UV detection a t  280 nm. 
Free and conjugated metabolites in the enzyme-treated urine were ana- 
lyzed by selective extraction of I and IV with hexane from urine samples 
a t  pH > 12  and extraction of 11 and 111 with 10% n-butyl alcohol-hexane 
from urine samples at pH 11-11.5. The minimum quantifiable levels of 
I-IV ranged from 0.017 to 0.09 pg of base/mL and from 0.11 to 0.21 pg 
of base/mL in nonbydrolyzed and hydrolyzed urine, respectively. 


Keyphrases 0 Dextromethorphan-quantitation with metabolites by 
high-performance liquid chromatography, human urine 0 Dextror- 
phan-quantitation in human urine after administration of dextro- 
methorphan, high-performance liquid chromatography 0 Cough sup- 
pressants-dextromethorphan, dextrorphan, and metabolites, quanti- 
tation in human urine by high-performance liquid chromatography 


Dextromethorphan (3-methoxy-17-methyl-9cu,13a,- 
14a-morphinan, I), a widely used nonnarcotic antitussive 
agent, has been judged to be safe and effective, with a re- 
ported activity of about one-half the potency of codeine 
(1) against citric acid-induced cough. Considerable inter- 
subject variations in plasma levels of I have been reported 
by Barnhart and Massad (2). O'Brien et al. described the 
measurement of I by GC with nitrogen detection and also 
reported variable human plasma levels of I following single 
and multiple doses (3). Hinsvark et al. suggested that these 
differences are attributable to genetic polymorphism (4). 
Therefore, a study to determine if differences in the 
elimination rates of I were related to different biotrans- 
formation routes was initiated in our laboratories. The 
initial phase required the development of a procedure 
capable of measuring I and its known metabolites in 
urine. 


R2 I 


Recently, Barnhart described a GC procedure to mea- 
sure the amount of I and three of its metabolites [dex- 
trorphan (II), 3-hydroxy-9a,l3a,l4cu-morphinan (111) and 
3-methoxy-9a,l3a,l4a-morphinan (IV)] in urine (5). It 
suffers the usual problems associated with derivatization. 
The approach utilized in this paper uses high-performance 
liquid chromatography (HPLC) to simultaneously mea- 
sure I and its metabolites in urine. The procedure is pre- 
sented and data are provided which describe the accuracy 
and precision of the method. Examples of chromatograms 
from assay of 24-h urine samples of subjects who had re- 
ceived 60 mg of dextromethorphan hydrobromide orally 
are also presented. 


EXPERIMENTAL 


Materials-Dextromethorphan hydrobromide', dextrorphan tar- 
trate2, 3-hydroxy-9~,13a,14a-morphinan2, and thebaine3 were available 
commercially. The 3-methoxy-9a,l3cu,l4a-morphinan hydrochloride 
was synthesized by N-demethylation of dextromethorphan (6). The in- 
ternal standard, 3-methoxy-17-methyl-lO-oxo-9cr,13a,l4a-morphinan4 
was prepared by a previously described method (7) .  


All reagents were analytical grade. The chromatographic solvents used 
in the chromatographic separation were HPLC grade. Membrane filters5 
were used for filtration of the mobile phase. Disposable extraction col- 
umn@ were utilized for extraction. ~-Glucuronidase-sulfatase7 was used 
for hydrolysis of conjugated metabolites for the assay of total metabo- 
lites. 


Instrumentation-A modular chromatograph consisting of a pumpS, 
an autosample injectors, a fixed-wavelength absorbance detectorlo, and 
a recorder" was used. A reverse-phase phenyl column1* (25 X 0.46-cm 
i.d.) packed at 8000 psi was used for all analyses. A laboratory data sys- 
ternL3 was used for quantitation and identification of chromatographic 
peaks. 


Chromatographic Conditions-The mobile phase was 10 mM po- 
tassium phosphate (monobasic)-acetonitrile (4555, v/v) adjusted to pH 
4.0 with 8.5% phosphoricacid. The flow rate was 1.2 mL/min. Following 
preparation, the mobile phase was filtered through a membrane filter 
and deaerated under vacuum. The detector was set a t  280 nm with a 
sensitivity of 0.05 AUFS. 


Preparat ion of Validation Samples and  Standards-Validation 
samples, analyzed under single-blind conditions, were prepared in control 
human urine by spiking with combinations of I, 11,111, and IV at  various 
concentrations. One set of samples was analyzed on preparation; the other 
set was frozen for 2 weeks, thawed, and analyzed. Duplicate standards 
were prepared on each day of analysis of the validation samples by adding 


LISP reference standard. 


Synthesized by Dr. Metro Fedorchuk in the Department of Organic Chem- 


2 Hoffmann-La Roche, Inc., Nutlev, N.J. 
,1 Mallinckrodt Chemical Co., St. Louis, Mo. 


.' 0.45-pm; Rainin Instrument Co.. Woburn, Mass. 
fi Clin-Elut; Analytichem Internation, Inc., Lawndale, Calif. 
7 Glusulase; Endo Laboratories, Garden City. N.Y. 
8 Model M-45; Waters Associates, Milford, Mass. 


l o  Model 440; Waters Associates, Milford, Mass. 
I '  Omni-Scribe B-5000 Strip Chart Recorder; Houston Instrument, Austin, 


l2  Spherisorb phenyl. 5-fim; Deeside Ind. Est., Clwyd. UK. Hauppauge, N Y  


istry. 


Model WISP-710B; Waters Associates, Milford, Mass. 


Texas. 


11787. 
Model 3353E; Hewlett-Packard, Avondale. Pa. 
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Figure 1-Chromatogram at  280 nm of dextromethorphan and three 
metabolites with an internal standard (3 methoxy-l7-methyl-lO-oxo- 
9a,l3a,l4a-morphinan) using a 5-pm phenyl25 X 0.46-cm column with 
10 mM potassium phosphate-acetonitrile (45:55, pH 4.0) at 1.2 mL/min. 
Key: ( I )  dextromethorphan; (II)  dextrorphan; (III)  3-hydroxy- 
9a,13a,I 4a-morphinan; (IV) 3-methoxy-9a,l3a,l4a-morphinan. 


100 pL of stock solutions to control human urine (2 mL) to give final 
concentrations of 0.00,0.05,0.10,0.25, 1.25, 2.50,5.00, and 10.00 pg of 
base/mL for all four compounds. 


Extraction Procedures-Dextromethorphan and Unconjugated 
Metabolites-The urine sample (2 mL) was adjusted to pH 11-11.5 with 
concentrated ammonium hydroxide, and 50 pL of a solution of 3-me- 
thoxy-17-methyl-10-oxo-9a,13a,14a-morphinan (1 pg of base/50 pL in 
0.01 M HCl) was added as the internal standard. The mixture was gently 
vortexed and transferred to an extraction column with a pipet. After 5 
min, the column was eluted with 10% n-butyl alcohol-hexane (10 mL). 
The collected eluant (-7 mL) was extracted with 0.1 M HCl(0.4 mL) by 
roto-mixing for 40 min and centrifuged. The organic layer was aspirated 
and discarded. The acid extract (40 pL) was analyzed by HPLC. 


Dextromethorphan and Total (Free and Conjugated) Metabo- 
lites-The urine sample (2 mL) was adjusted to pH 5-5.5 with 50 mM 
sodium acetate buffer (pH 3.5), and the 0-glucuronidase-sulfatase 
mixture (0.2 mL) was added. After incubation at  37°C for 18 h, the 
mixture was adjusted to pH 12-12.5 with 1 M NaOH, and 50 pL of a so- 
lution of 3-methoxy-17-methyl-lO-oxo-9a,l3a,l4a-morphinan (1 pg of 
base/50 pL in 0.01 M HCl) was added as the internal standard. The 
mixture was extracted with hexane (6 mL) by roto-mixing for 40 min and 
centrifuged. The aqueous layer was frozen in a dry ice-acetone bath. The 
hexane extract was decanted into a centrifuge tube and back-extracted 
with 0.1 M HCl(0.2 mL) by roto-mixing for 30 min. The acid extract (25 
pL) was analyzed by HPLC for I and IV. The thawed aqueous layer was 
adjusted to pH 11-11.5 with 1 M HC1. After addition of 50 pL of a solution 
of thebaine, the internal standard (1 pg of base/50 pL in 0.01 M HCl), 
the mixture was extracted by the aforementioned method for the deter- 
mination of free metabolites. The acid extract (25 pL) was analyzed for 
total I1 and 111. 


Extraction Efficiency-The extraction efficiency of each compound 
from urine was investigated at pH ranging from 2 to 13. The pH-adjusted 
urine samples (2 mL) were spiked with 100 pL of a mixture of I, 11,111, 
and IV in solution and processed through the entire extraction procedure 
and chromatographic analysis for the determination of both free and total 
metabolites. The recovery of each compound was determined by com- 
paring the peak heights of extracted standards with those of unextracted 
standards. The unextracted standards were prepared by the addition of 
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Figure 2-Effect of p H  of the mobile phase (10 mM potassium phos- 
phate-acetonitrile, 45.55, pH 4.0) on the retention times (tR) of dex- 
tromethorphan (H), dextrorphan (x), 3-hydroxy-9a,13a,14a-mor- 
phinan (a), and 3-methoxy-9a,13a,l4a-morphinan (A). 


stock solutions of I, 11,111, ahd I V  to 0.1 M HCl to give concentrations 
equivalent to that of extracted standards. 


Quantitation-The duplicate fresh standards at  seven different 
concentrations ranging from 0.05 to 10.0 pg of base/mL of I-IV were 
analyzed together with validation samples. From the Standards, the peak 
height ratios of each compound to the internal standard were obtained 
with the aid of a laboratory data system. From linear regression of the 
peak height ratios of each compound with respect to its concentration 
in the standards, the concentrations of each compound in the validation 
samples were determined by inverse prediction. 


RESULTS AND DISCUSSION 


HPLC of Dextromethorphan and Metabolites-Figure 1 is a rep- 
resentative chromatogram of I, 11,111, IV, and the internal standard on 
a phenyl column. The phenyl column was chosen after evaluation of oc- 
tadecylsilanyl and cyano columns. Unlike the others, the phenyl column 
gave both symmetric peaks and baseline separations of compounds of 
diverse polarity. 


The effect of pH and acetonitrile composition on retention times of 
the four compounds was investigated. The retention times of all four 
compounds increased as the pH of the mobile phase increased (Fig. 2). 
Similarly, the retention times of the compounds increased with decreasing 
concentrations of acetonitrile in the 10 mM potassium phosphate buffer 
a t  pH 4.0 (Fig. 3). These studies suggest that the chromatographic 
characteristics of dextromethorphan and its related alkaloids are de- 
pendent on both the pH and composition of the mobile phase. A mobile 
phase of 10 mM potassium phosphate buffer-acetonitrile (45:55) a t  pH 
4.0 was chosen because it permitted the baseline separation of dextro- 
methorphan and its three metabolites with reasonable analysis time and 
sensitivity. 


Extraction and Recovery-In the development of thig assay, several 
problems were encountered. The first was attaining an efficient simul- 
taneous extraction of all four compounds from urine. The second was 
concentrating the compounds to give sufficient sensitivity for the analysis 
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Figure 5-Extraction efficiency versus pH value of urine samples. Two 
milliliters of enzyme-treated urine containing a mixture of I-IV was 
extracted with 6 mL of hexane a t  pH 12-12.5 by liquid-liquid extraction. 
The separated hexane extract was extracted with 0.2 mL of 0.1 M HCl. 
Each point represents the average of three determinations at three 
different concentrations. Key: (A) dextromethorphan (I); (0) 3-me- 
thoxy-9a,13a,l4a-morphinan (IV). 


and IV compared with I1 and 111 observed in hydrolyzed urine samples 
of humans who had received doses of dextromethorphan. 


To carry out a simultaneous extraction of a mixture of compounds that 
have both acidic and basic functions, a pH profile is important. Using 10% 
n-butyl alcohol-hexane as the extracting solvent, the recoveries of I, 11, 
and IV were constant over the pH range of 9-13. However, the recovery 
of 111 was markedly dependent on the pH, with the maximum occurring 
at  pH 11-11.5 (Fig. 4). 


Having optimized the pH, the next problem was efficient and clean 
extraction of dextromethorphan and its metabolites from urine, followed 
by back-extraction into a small volume of acid to effect removal of neutral 
materials and concentration of the compounds. A variety of solvents and 
solvent mixtures were investigated. Solvents such as hexane and toluene 
effectively extracted I and IV, but gave poor recovery of the more polar 
I1 and 111. Relatively polar solvents such as 10 to 20% n-butyl alcohol in 


Table I-Analysis of Dextromethorphan (I)  in Nonhydrolyzed 
Validation Urine Samples 
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Figure 3-Effect of acetonitrile percentage in 10 mM potassium 
phosphate buffer a t  p H  4.0 on the retention time (tR) of dextrometh- 
orphan (*), dextrorphan (m), 3-hydroxy-9n, 13n,l4a-rnorphinan (O),  
and 3-methoxy-9~u,l3n,l4a-morphinan (A). 


of the free compounds in nonhydrolyzed urine, while using a solvent that 
gave little background interference from hydrolyzed and nonhydrolyzed 
urine samples. Thirdly, an unexpected problem arose in that the hy- 
drochloride salts of I and IV were found to be fairly soluble in relatively 
polar organic solvents, resulting in a poor extraction efficiency of the 
amines from the organic phase into the acidic phase in the back-extrac- 
tion procedure. A fourth problem was the concentration difference of I 
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Figure 4-Extraction efficiency versua pH value of urine samples. Two 
milliliters of urine containing a mixture of I-IV was extracted with 10% 
n-butyl alcohol-hexane a t  pH 11-11.5 by an  extraction column. About 
7 mL of the eluant was extracted with 0.4 mL of 0. J M HCI. Each point 
represents the average of three determinations a t  four different con- 
centrations. Key: (0) dextromethorphan (I); (x) dextrorphan (II); (0) 
3-hydroxy-Sa,l3a,l4a-morphinan ( I l l ) ;  (A) 3-methoxy-9a,l3a,- 
Ma-morphinan (IV). 
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Figure 6-Chromatograms of extracts of 2 mL of nonhydrolyzed 24-h urine samples from humans who were given 60 mg of dextromethorphan 
hydrobromide orally. Key: (A) sample determined to  contain 0.04 pg of III,0.26 pg of II,0.66 pg of I V ,  and 4.83 pg of IlmL; (E) extracted control, 
human urine samples containing only internal standard, 3-methoxy-f 7-methyl-lO-oxo-9a,l3a,14a-morphinan (0.5 pgglmL); (C) sample determined 
t o  contain 0.42 pg of III, 1.28 pg of II, and 0.49 pg of IJmL. 


either toluene or ethyl acetate gave high recoveries of I-IV, but the high 
solubility of their hydrochloride salts in the organic solvents gave poor 
extraction into the small volume of acidic phase needed for concentration 
and cleanup. The solvent chosen to satisfy all the criteria for the efficient 


Table 11-Analysis of Dextrorphan (11) in Nonhydrolyzed 
Validation Urine Samples 


simultaneous transfer of I-IV from the urine sample to a small volume 
of acid with low background was 10% n-butyl alcohol-hexane at pH 
11-11.5. The recovery was -80% for I, 11, and 111 and 60% for IV. 


A further problem that developed on analysis of hydrolyzed human 


Table  111-Analysis of 3-Hydroxy-9a,l3a,l4a-morphinan (111) in 
Nonhydrolyzed Validation Samples 
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Mean % difference" 


<0.03 
<0.03 
<0.03 


0.21 
0.21 
0.21 
0.21 


<0.017 
<0.017 
<0.017 


0.21 
0.19 
0.22 
0.21 


0.00 (0.0) 0.02 (7.4) 


0.52 0.46 
0.52 0.47 
0.49 0.47 


+5.0 t3.3 


. .~.  


0.51 
0.02 (3.4) 


+2.0 


~~ 


0.47 
0.01 (1.2) 


-6.7 
2.06 1.81 
2.07 1.92 
1.93 1.95 
2.02 1.89 
0.08 (3.8) 0.07 (3.9) 


+1.0 -5.3 


2.06 
2.01 . 
1.93 
2.02 
0.08 (3.8) 


+1.0 


1.81 
1.92 
1.95 
1.89 
0.07 (3.9) 


-5.3 
4.09 
4.03 
4.06 
4.06 


3.78 
4.21 
4.02 
4.00 


0.03 (0.7) 0.21 (5.4) 
+1.5 +0.08 


0 Defined in Table I. (I Defined in Table I. 
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Table IV-Analysis of 3-Methoxy-9a,l3a,l la-morphinan (IV) in 
Nonhydrolyzed Validation Samples 


Table  VI-Analysis of Dextrorphan (11) and 3-Hydroxy- 
9a,13a,l la-morphinan (111) in Enzyme-Treated Validation 
Samples 


Nominal 
Value, 
pa/mL 


Analyzed Value Analyzed Value 


P d m L  pg/mL 
in Fresh Samples, in Frozen Samples, 3-Hydroxy-9a,l3a,l4a-mor- 


Dextrorphan phinan 
Nominal Analyzed" Nominal Analyzed" 
Value, Value, Value, Value, 
pg/mL P d m L  P g h L  p d m L  


~ 


0 
~ 


<0.05 
<0.05 
<0.05 
0.11 
0.10 
0.11 
0.11 
0.01 (5.4) 
6.7 
0.51 
0.51 
0.50 
0.51 
0.01 (1.1) 
1.3 
0.98 
1.01 
1 .OO 


<0.09 
<0.09 
<0.09 


0 <0.11 
<0.11 
<O. 11 


0.05 <0.21 
<0.21 
<0.21 


0.1 0.11 
0.11 
0.08 
0.10 
0.02 (17.3) 
0.0 
0.52 
0.51 
0.52 
0.52 
0.01 (1.1) 
3.3 


Mean 
SD (70)" 
Mean % difference" 
0.5 


0.5 0.53 0.2 
0.53 
0.53 
0.53 
0.00 (0.0) 
6.0 
1.03 0.5 
1.00 
0.97 
1.00 
0.03 (3.0) 
0.0 


0.31 
0.22 
0.23 
0.25 
0.05 (19.5) 
26.5 


Mean 
SD ( % ) b  
Mean % difference" 


Mean 


Mean % difference" 
SD (70)" 


1 .0 


0.60 1 .0 
0.47 
0.50 
0.52 
0.07 (13.0) 


1.05 
1.03 
1.01 
1.03 
0.02 
3.0 
2.43 
2.54 


Mean 
SD ( % I b  
Mean 70 difference" 
3.0 


4.7 
2.21 
1.84 
2.05 
2.03 


~. 


Mean 1.00 
SD (5%)" 0.01 (1.5) 
Mean 'Ic difference" -0.3 


2.99 
2.97 
2.97 


2.0 
1.9) 


Mean 


Mean % difference" 
SD ( % ) b  


5.0 


2.98 
0.01 (0.4) 


4.88 4.0 
4.92 
5.13 
4.98 
0.13 (2.7) 


-0.8 


-0.47 


2.5 


Mean 
SLI ('70)" 


2.40 
2.40 0.18 (9.1) 


1.7 
-. .. 


2.41 
2.40 
0.01 (0.2) 


2.42 
2.46 
0.07 (2.7) 4.37 


3.52 
3.85 
3.91 


Mean "/,difference" -3.9 -1.5 


Defined in Table I. 


urine samples from subjects given dextromethorphan was that the con- 
centrations of I and I\' were much lower than those of I1 and 111. T o  in- 
crease sensitivity and decrease background interference for the analysis 
of I and IV, a sequential extraction procedure was designed. Compounds 
I and IV, which do not have a phenolic hydroxyl group, were selectively 
extracted from the enzyme-treated urine at  pH 12-12.5 with hexane and 
hack-extracted into 0.1 M HC1 from the separated hexane extract. 
Compounds I 1  and 111, which remained in the aqueous layer, were ex- 
tracted with 10% n-butyl alcohol-hexane a t  pH 11-11.5 as previously 
described for the simultaneous extraction of I-IV. 


Two internal standards were required in this procedure: 3-methoxy- 


Table  V-Analysis of Dextromethorphan (I) and 1-Methoxy- 
9a,l3a,l4a-morphinan (IV) in  Enzyme-Treated Validation 
Samples 


:~-hlethoxy-Da,l:~cu,14~~-mor- 
1)extromethorphan phinan 


Nominal Analyzed" Nominal Analyzed" 
Value. Value, Value, Value, 
p d m L  pglmI, P d m L  pcg/mI, 


Mean 
SD (70)" 
Mean ?h difference" 


0.43 (10.9) 
-2.2 


Analyzed immediately after preparation. Defined in Table I. 


17-methyl-l0-oxo-9a,l3a,l4a-morphinan was found to behave chemi- 
cally and physically like 1 and IV, while thebaine was used for 11 and 111. 
By this specific extraction procedure, the recoveries of 1 and IV were 
increased to %95% and 80-85%, respectively (Fig. 5), and the sensitivity 
for each compound was doubled, since the acid volume was reduced to 
one-half in the acid hack-extraction. The recoveries of I1 and 111 were 
-80%. 


Assay Sensitivity and Precision-The standard curves for I-IV in 
nonhydrolyzed urine samples fit a linear model ( r  > 0.997) over the range 
of 0.05-5.0 pg of base/mI,. Similarly, the standard curves for I-IV in 
hydrolyzed urine samples were linear (r  > 0.995) over the range of 
0.10-10.0 pg of base/mL. The range of minimum quantifiable levels, 
determined as that concentration whose lower 80% confidence limit just 
encompasses zero (8). was 0.017-0.09 pgof baseimL and 0.11-0.21 pg of 
base/mL for I-IV in nonhydrolyzed and hydrolyzed urine samples, re- 
spectively. 


The accuracy of the assays, expressed as the mean percent difference, 
ranged from -12.1% to 9.0% over all concentrations of I-IV in nonhy- 
drolyzed urine (Tables I-IV) and -18.0% to 26.5% in hydrolyzed urine 
(Tables V and VI). The precision of the assay, expressed as the mean 7% 
S l l ,  was 2.93 f 3.1% ( n  = 32) for all Concentrations of I-IV in nonhy- 
drolyzed urine samples and 5.51 f 5.77% (n  = 14) for all concentrations 
in hydrolyzed urine. Quantitation of each compound assayed immediately 
after preparation and after freezing (Tables I-IV) showed that there was 
no loss of drugs due to freezing the urine samples. 


Chromatograms of I and free (unconjugated) 11-IV in 24-h urine 
samples of humans who were dosed with 60 mg of dextromethorphan 
hydrobromide orally are presented in Fig. 6. Compared with Fig. 6C, Fig. 
6A shows relatively high concentrations of I (4.83 p g  of base/mL) and 1V 
(0.66 pg of base/mL) and low concentrations of the polar metabolites, 
111 (0.04 pg of base/mL) and 11 (0.26 pg of base/mL). In Fig. 6C, the 
concentrations of I, 11, and I J I  were 0.49, 1.28, and 0.42 pg of base/mL, 
respectively; IV was not detected. Figure 6H is a chromatogram of the 
extract of a control human urine sample containing the internal standard. 
Results of the assay of urine samples from clinical studies will be reported 
separately. 


The simultaneous quantitation of dextromethorphan and its urinary 
metabolites provided several challenges in the development of both ex- 
traction and chromatographic methods. The methods presented are 


0.1 


0.5 


<0.15 0.1 <0.15 
<0.15 <0.15 
<().I5 <0.15 


0.51 0.5 0.43 
0.19 0.40 
o..io 0.40 


Mean O..i0 sn ( T O P  0.01 (2.0) 
Mean nk differenceh 0.0 


0.41 
0.02 (4.2) 


-18.0 
1 .o 1.02 


1 .0:3 
1.02 


Mean 1.02 sn (9;)" 0.01 (0.5) 
Mean 74 difference" 2.3 


1 .0 0.86 
0.85 
0.89 
0.87 
0.02 (2.4) 


- 13.3 
3.00 3.0 4 0 4.3.5 


3.85 
:1.79 
4.00 
0.:10 (7.7) 


2.91 
3.00 
2.97 
0.05 (1.7) 


Mean S i  differenceh -0.08 -1.0 
" Analyzed immediately after prrparation. Defined in T a b k  1. 
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precise, accurate, specific, and sensitive for the assay of dextromethor- 
phan and its urinary metabolites and have been used to quantitate these 
compounds in urine from humans who received a therapeutic dose of 
dextromethorphan hydrobromide. 
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Abstract 0 Renal failure patients undergoing hemodialysis are regularly 
exposed to phthalate plasticizers leached from dialysis tubings. Previous 
studies have shown that antipyrine is eliminated more rapidly in chronic 
renal failure patients compared with normal individuals. Therefore, the 
effect of bis(2-ethylhexyl) phthalate on the metabolism of antipyrine was 
investigated in normal and renal failure rats. In normal animals, the 
elimination kinetics of an intravenous dose of antipyrine (20 mg/kg) was 
determined before and after 14 days of peroral treatment with 2 mL/kg/d 
of bis(2-ethylhexyl) phthalate. The plasma clearance of antipyrine in- 
creased markedly after his(2-ethylhexyl) phthalate treatment. There was 
a corresponding decrease in the elimination half-life of antipyrine, 
whereas the apparent volume of distribution was not affected. Both liver 
weight and hepatic cytochrome P4m content increased following exposure 
to bis(2-ethylhexyl) phthalate, indicating the induction of hepatic mi- 
crosomal enzymes. The fractional urinary recovery of the N-demethyl, 
4-hydroxy, and 3-hydroxymethyl metabolites of antipyrine was not al- 
tered, suggesting that all three oxidative pathways were induced to the 
same extent. Renal failure alone did not affect the elimination kinetics 
of antipyrine. However, antipyrine clearance was induced to a greater 
extent by bis(2-ethylhexyl) phthalate treatment in the renal failure rats 
as compared with the control animals. The potential for phthalate plas- 
ticizers to alter hepatic drug metabolism in hemodialysis patients should 
be considered. 


Keyphrases 0 Antipyrine-disposition, pharmacokinetics, effect of 
bis(2-ethylhexyl) phthalate pretreatment and renal failure, rats 0 
Bis(2-ethylhexyl) phthalate-pretreatment, effect on antipyrine dis- 
position and pharmacokinetics, renal failure, rats 0 Renal failureeffect 
on antipyrine disposition and pharmacokinetics, rats, his(2-ethylhexyl) 
phthalate pretreatment 


There is increasing evidence suggesting that the me- 
tabolism of some drugs may be altered in renal failure (1). 
In general, an inhibition of drug metabolism is observed; 
e.g., the oxidative metabolism of propranolol (2) and 
propoxyphene (3) and the acetylation of drugs such as 
sulfisoxazole (4) and aminosalicylic acid (5) are apparently 
inhibited in uremia. Phenytoin (6,7) and antipyrine (8-10) 


are apparent exceptions to this rule, as the metabolic 
clearance of these compounds has been reported to be in- 
creased in patients with renal insufficiency. 


The increased metabolic clearance of phenytoin in pa- 
tients with renal failure is attributed to reduced protein 
binding of this drug in uremic serum (11). Antipyrine, 
however, is only slightly bound to serum and tissue pro- 
teins (12), and a decrease in serum protein binding would 
not be expected to significantly alter the metabolic clear- 
ance of this drug. Alternative explanations for this phe- 
nomenon, therefore, should be considered. 


It is known that plasticizers can be leached from plastic 
medical devices such as blood transfusion bags and he- 
modialysis tubing into blood and certain intravenous 
fluids. The most common plasticizer used in the produc- 
tion of medical-grade plastics, bis( 2-ethylhexyl) phthalate 
(I), has been identified as a contaminant in blood that was 
stored in transfusion bags (13,14) or passed through plastic 
tubing (15). Clinical studies have shown that patients 
undergoing maintenance hemodialysis are regularly ex- 
posed to I (16,17). Serum concentrations of I in the mi- 
crogram/milliliter range were observed in renal failure 
patients during hemodialysis. It is possible that impaired 
renal function and repeated dialysis may lead to significant 
accumulation of I and its metabolites in hemodialysis pa- 
tients (18). 


Animal studies have shown that chronic exposure to I 
can induce changes in the in uitro activities of a number 
of hepatic drug-metabolizing enzymes (19-23). Both in- 
hibition and induction of hepatic enzymatic activities have 
been observed. The reason for these conflicting results 
between studies may be due to variations in the selection 
of drug substrate, treatment schedule, and route of ad- 
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Abstract The classical approach in  Arrhenius prediction of drug stability 
uses two sequential steps of linear regression involving ( a )  a function of drug 
content versus time to obtain the rate constants (k)  at several elevated tem- 
peratures and ( h )  the relationship of logarithm of mean k versus reciprocal 
temperature to predict the room temperature rate constant and hence the 
shelf-life of the drug. Uncertainties in drug content determinations are often 
neglected in the second regression. The classical approach also provides a wide 
and unsymmetrical 95% confidence interval for the predicted shelf-life. We 
have developed equations which allow for direct statistical prediction of 
shelf-life using observed values of drug contcnt, time, and temperature. 
Nonlinear regression analysis was employed to provide parameter estimates 
of drug shelf-life and the energy of activation. The developed approach was 
shown to provide good estimates of shelf-life with meaningful statistics of 
reactions over a wide range of stability and energetics, with various kinetic 
orders, with different levels of noise in  the data. and with different types of 
data structure. Comparison between the nonlinear approach and the olassical 
approach showed that the nonlincar approach provided better mean estimates 
of shelf-life with much smaller and morc symmctricalY5% confidence intervals 
than the classical approach. 7 he method appears sufficiently robust and 
wide-ranging as to be potentially applicable for the prediction of the drug 
stability of pharmaceutical products. 


Keyphrases 0 Drug stability--statistical prediction of shelf-life, nonlinear 
parameter estimation, comparison with classical Arrhenius prediction 0 
Nonlinear parameter estimation-drug stability, statistical prediction of 
shelf-life, comparison with classical Arrhenius prediction 0 Shelf-life-sta- 
tistical prediction of drug stability, nonlinear parameter estimation, com- 
parison with classical Arrheniub prediction 


The establishment of the projected expiration date (or 
shelf-life) of a pharmaceutical product is of importance to the 
pharmaceutical industry. Accelerated stability testing using 
the Arrhenius equation is often employed to treat stability data 
obtained under elevated tcmperaturc storage conditions for 
the prediction of the shelf-life of drug products. The classical 
approach consists of two sequential steps which include ( a )  the 
choice of a proper order for the degradation reactions to de- 
scribe the drug content (amount or concentration) Genus time 
relationship for determining rate constants at each elevated 
temperature and ( h )  the application of the Arrhenius equation 
to predict (or extrapolate) the room tcmperaturc rate constant, 
and hence the shelf-life of the drug, through the use of the 
mean rate constants obtained at scveral elevated temperatures. 
Linear regression analysis ( 1 )  is the statistical method cm- 
ployed in each of these two steps. 


Although this classical linear approach has been used quite 
frequently, the method of data treatment appears to suffer 
from two statistical problems. First, since Arrhenius treatment 
often employs only the mean rate constants obtained at  ele- 
vated temperatures to predict drug shelf-life, errors associated 
with the determination of drug content are not included (and 
thus they are often ignored) in the analysis of accelerated 
stability data. Second, the 95% confidence interval of the 
predicted room temperature rate constant derived from the 
confidence band of the best-fitted straight line may be so wide 
as to make the predicted shelf-life of little value (2). Because 
of these inherent problems in the classical approach, it seems 


desirable to develop an alternate approach for the treatment 
of accelerated stability data so as to provide an improved 
prediction of drug shelf-life. 


This study was initiated to develop and test mathematical 
relationships among drug content, time, and temperature, 
which take into account the errors in the drug content data for 
the prediction of shelf-life of drug products. A one-step non- 
linear approach is proposed for the treatment of accelerated 
stability data. Comparison of this approach with the classical 
method is reported. 


BACKGROUND 


The shelf-life or expiration date of a drug product is defined ac the time 
period required for a drug to decompose to a specified fraction of the labeled 
drug content, usually 90%. This shelf-life may be determined by directly 
monitoring the drug content in the drug product as  a function of time at  some 
ambient storage conditions, e.g., 25'C and certain humidity and light levels. 
The proper order for the degradation reactions was determined usually by 
examining the best fit of plots of drug content oersus time (for a zero-order 
reaction) or of the logarithm of drug contcnt uersus time (for a first-order 
reaction). Linear regression analysis may then be used to estimate the rate 
constant at the specified storage conditions. The time for the lower 95% con- 
fidence limit curve about the fitted straight line to reach 90% of the labeled 
drug content is assigned as the shelf-life of the pharmaceutical product (3,  
4). 


Although the shelf-life of the drug product can be accurately determined 
by the previously described method, it is usually a time-consuming process. 
To obtain a predicted shelf-life in a shorter period of time, accelerated stability 
testing is employed. Most frequently, accelerated stability testing is coupled 
with the use of the Arrhenius equation for the prediction of drug stability ( 5 ,  
6 ) .  This approach involves two steps. First, a correct order of degradation 
reaction is determined to describe the functional rclationship between drug 
content and time at several elevated temperatures. The equations for zero-, 
first-. and second-order degradation reactions are respectively: 


C = C o - k t  (Eq. 1) 


(Eq. 2) C = Coexp ( - k t )  


_ - _ =  kt c co 
where k is the rate constant. Co and C a r e  the drug contents at time zero and 
time i ,  respectively. Both reactants are assumed to have the same initial 
contents for the second-order reaction. The equation for the first-order reaction 
can also be expressed in a linearized form: 


In C' = In Co - k t  


The linear regression method may then be used to obtain the rate constant 
at each elevated temperature by using Eq. I .  4. or 3 for each order of reac- 
tion. 


In the second step, the Arrhenius equation (Fq. 5 or 6 )  is employed to relate 
the logarithm of mean k linearly to the reciprocal of the elevated temperature, 
T .  


(Eq. 4)  


k = A exp -2 (3 
E ,  


Ink = In A -- 
RT 


where R is the gas constant. 
In employing the Arrhenius approach, several assumptions are implicit: 
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( a )  that the kinetic model is valid, (6) that analytical accuracy is not com- 
promised over the time of the stability study, and (c) that the Arrhenius 
equation is valid, i.e., linear extrapolation beyond the observed data is feasible. 
In practice, after obtaining the estimates of the energy of activation (E,) and 
frequency factor ( A )  through the use of Eq. 6 uia the least-squares technique, 
the rate constant at room temperature and, subsequently, the shelf-life can 
then be predicted. The 95% confidence interval of the predicted room tem- 
perature rate constant caq be derived from the confidence band of the re- 
gressed straight line (2.7). The linearity of the Arrhenius plot can be checked 
statistically using the F ratio test (8 .9) .  


Besides the classical linear approach described, other methods using the 
Arrhenius relationship were also reported for stability prediction. Lordi and 
Scott (10) designed stability charts to facilitate the analysis of accelerated 
stability data. Kirkwood (1  1)  suggested a maximum likelihood nonlinear 
approach for the prediction of the shelf-life of biological products using all 
the available drug potency uersus time data. Nonisothermal kinetic methods 
( I  2-1 8)  have also been developed for stability prediction. 


Carstensen and Su (7) suggested a nonlinear approach for estimating the 
parameters of E, and A in the Arrhenius equation (Eq. 5). The equations were 
derived by substituting the Arrhenius equation (Eq. 5) into either the equation 
of a zero-order reaction (Eq. 1) or that of a first-order reaction (Eq. 2). The 
form of the zero-order equation (Eq. 7) and first-order equation (Eq. 8) were, 
respectively: 


C = CO - rA exp - (3 
The Gauss-Newton iterative technique was used to obtain the parameter 
estimates of E ,  and A.  However, a digital computer was not used and the 
computational steps associated with the estimation of A and E ,  may be too 
tedious. 


Recently, %her (19) proposed a method of kinetic ratio parameter for 
product stability calculation. Both Eqs. 7 and 8 were used to derive equations 
for the calculation of the shelf-life (tw) of the drug. Equations 9 and 10 were 
employed for the zero-order and first-order reactions, respectively: 


Davies ef a/. (20.21) suggested the use of the logarithmic forms of Eqs. 8 
and 10 to calculate drug shelf-life. The statistical properties of the parameter 
estimates of En and A in the equation for the first-order reaction (Eq. 8) were 
evaluated through the use of the Monte Carlo method of computer simulations 
(22). The simulation results showed that estimates of E, and A were robust, 
and meaningful statistics of these two parameter estimates could be obtained. 
The relative standard deviation of the frequency factor ( A )  was large in 
comparison with the prescribed standard deviation of normal distribution for 
generating random errors in the data. After obtaining estimates of A and E,. 
the shelf-life ( I W )  may then be estimated using Eq. 10. The “approximate” 
standard deviation of the shelf-life (190 )  may be calculated by using the 
standard Taylor expansion (23) expressed as: 


(sT)I,)2 = (rw.ASDA)2 + ( I ~ o . E . S D ~ . ) ~  t ~(I~o.A~w.E.COVE.,A) 
(Eq. 1 1)  


where 190.~ and 190.& are, respectively, the partial derivatives of 1g0 with re- 
spect to A and E.; ST), and SDE, are the standard deviations of A and E, .  
respectively; and COVE,,A is the covariance of E,, and A .  No simulation was 
attempted to evaluate the statistical properties of the predicted shelf-life (Iw) 
as estimated by this nonlinear approach. 


I n  this report, the nonlinear approach was further modified to facilitate a 
direct prediction of drug stability using observed values of drug content, time, 
and temperature. Extensive computer simulations were made to evaluate the 
statistical properties of the parameter estimates of E ,  and 190. The applicability 
and versatility of this nonlinear approach were evaluated as well. 


THEORETICAL 


The assumptions made in the subsequent mathematical derivations are that 
( a )  the energy of activation (E,) is not a function of temperature and (b) 
normal storage condition at room temperature is set at 2 5 T .  Since a direct 
prediction of the shelf-life of the drug at  2 5 T  is desired, modification of the 
Arrhenius equation appears necessary. The degradation rate constant at 25’C 
(k298) can be obtained from the Arrhenius equation: 


Rearrangement of Eq. 12 yields: 


A = k298 exp (&) 
Substituting Eq. 13 for A into the Arrhenius equation (Eq. 5)  yields: 


k = k298 exp (A) exp (- 5) 
R298 


If drug degradation follows a first-order reaction. Eq. 2 can be used to de- 
scribe the functional relationship between content and time. Substitution of 
Eq. I4 for k into Eq. 2 and rearrangement yields: 


C = CoexpI-k2981 exp [ ( E , / K ) ( 1 / 2 9 8  - I/T)]l (Eq. 15) 


For a first-order reaction, rgO can be determined by using the following rela- 
tionship: 


190 = 0.!054/kzss (Eq. 16) 


Substituting Eq. 16 for k298 into Eq. 15 yields: 


C = Coexp l-r(O.I054/tg0) exp ((E,/R)(1/298 - I/T)]1 (Eq. 17) 


Equation I7 can be used now to provide direct estimates of f90 and E, via 
nonlinear regression analysis. Time ( I )  and temperature ( T )  are the two in- 
dependent variables. Similarly. equations for either zero- (Eq. 18) or sec- 
ond-order (Eq. 19) degradation can be derived as follows: 


C = Coil - r(0.1/r90) exp ((En/H)(1/298 - ! / T ) ] }  (Eq. 18) 


(Eq. 19) 
co 


1 + f(0.1 l / f w )  exp [(E,/R)(1/298 - I/T)] 
C =  


EXPERIMENTAL 


Generation of Data With or Without Error-Data were generated by using 
Eqs. 17-19 for first-, zero-, and second-order reactions, respectively. Different 
sets of input theoretical values of E, and f90 were assigned to each case. A 
single temperature sequence [323 K, 333 K,  343 K,  and 353 K (50-80OC)) 
and a specified time scale for each temperature were employed to generate, 
a t  first, errorless drug content data. Drug content data were expressed as 
percent of content at time zero. Random numbers, which were alsoexpressed 
as  percent, were selected from a normal distribution with a mean of zero and 
a prescribed standard deviation (24, 25). These selected random numbers 
(used as noise) were added to the errorless drug content data to obtain simu- 
lated experimental “raw data.” The normality of the generated error distri- 
bution was tested by using the chi-square goodness-of-fit test (26). The mean 
and standard deviation of the error distribution were also computed to as- 
certain that the mean was close to zero and that the standard deviation was 
close to that prescribed. 


Calculation of Initial Estimates for Nonlinear Regression Analysis--Since 
the nonlinear regression method uses the iterative technique, the proper initial 
estimates of the parameters should be provided to initiate the iteration (27). 
The initial estimates of E, and (go were calculated in  the following manner: 
( a )  the functional relationships between drug content and time (Eqs. 1.4, and 
3) were employed to estimate the rate constants a t  these temperatures; ( h )  
the linearized form of the Arrhenius relationship (Eq. 6) was used to obtain 
the values of E ,  and A ;  and (c) the shelf-lives ( f g o )  can be calculated using 
Eqs. 20-22 for zero-, first-, and second-order reactions, respectively: 


190 = (O.ICo/A) exp - 
(:;8) 


rW = (0.1054/A) exp - (Rt268) 
Table I-Specification of Computer Simulation Using a Random Error 
Structure 


Order Parameter 
of Reaction Ea rw na Nh 


First 25.00 124.0 32 30 
25.00 260.0 32 30 
10.00 124.0 32 30 
10.00 260.0 32 30 


Zero 25.00 124.0 32 30 
Second 25.00 124.0 32 30 


~~~~~~~ ~ 


0 Number of data points in each set of data. Number of data sets. 
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Table 11-Influence of Data Noise on Final Parameter Estimates of a First-Order Reaction with Standard Deviations of 2.5,5.0, and 7.5% 


Standard Deviation 
2.5% 5.0% 7.5% 


Ea 190 Ea 190 E ,  190 


Estimateb 25.02 f 0.28 124.6 f 7.6 25.06 f 0.57 126.4 f 15.5 25.09 f 0.88 128.1 f 24.8 
(1.1%) (6.1%) (2.3%) ( I  2.3%) (3.5%) (1  9.3%) 


Range of Estimate 24.61-25.57 1 13.0- 139.6 24.14-26. I9 101.9-1 59.7 23.70-26.91 91.9-185.8 
SD of Estimate 0.29 f 0.04 7.50 f 1.12 0.60 f 0.07 15.6 f 2.9 0.88 f 0.1 I 23.4 f 5.7 
Range of SD of Estimate 0.23-0.39 5.57-10.8 0.48-0.76 1 I .O -20.6 0.70-1 .I2 14.5-39.5 
BiasC 0.23 (0.9%) 6.03 (4.9%) 0.44 (1.8%) 12.1 (9.8%) 0.68 (2.7%) 18.7 (15.1%) 


Range of Bias 0.020-0.57 0.343-15.6 0.040- 1. I9 0.689-35.7 0.030 - I .9 1.10-61.8 
f 0.16 f 4.53 f 0.34 f 9.8 f 0.55 f 16.4 


a Theoretical values: E .  = 25.00 kcal/mol; 190 = 124 weeks. Mean f SEM: CV in parentheses. Percent error from the theoretical values in parentheses. 


Statistical Methods-The Monte Carlo method of computer simulations 
(28) was used to evaluate the reliability of the statistics for the estimates of 
E ,  and 190. The NONLIN computer program (29) was employed to obtain 
values of final estimates of E ,  and 190 in the nonlinear approach. After ob- 
taining the final estimates of E ,  and lgo for each set of data, a certain sampling 
distribution for either E ,  or 190 was formed. The mean, standard deviation, 
and bias of the sampling distribution of the parameter estimates were deter- 
mined. The bias, in absolute values, is defined as the difference between the 
parameter estimate and the theoretical value. The statistics of the parameter 
estimates were evaluated by the closeness of the mean of the sampling dis- 
tribution of each parameter estimate to its theoretical value, and the relative 
magnitudes of the standard deviation and the bias. 


For comparison, the classical linear approach was also used to obtain the 
predicted shelf-life of the drug. The shelf-life was estimated through steps 
involving ( a )  the use of the linearized form of drug content-time relationship 
to obtain the rate constants a t  elevated temperatures, (b)  the application of 
the Arrhenius equation (Eq. 6) to estimate E,  and A ,  (c) the extrapolation 
from straight line with the best fit in the Arrhenius plot to obtain the room 
temperature rate constant and its 95% confidence interval, and (d) the 
transformation of the room temperature rate constant and its 95% confidence 
interval to the corresponding value of shelf-life and its 95% confidence interval. 
Three computer programs written in FORTRAN I V  were employed to gen- 
erate the simulated experimental data, to calculate the initial estimates for 
nonlinear regression analysis, and to obtain values of the shelf-life and its 95% 
confidence interval through the use of the classical linear approach. 


RESULTS 


Before performing the computer simulations, Eqs. 17-19 were fitted to 
errorless data. In every case, NONLIN gave final estimates of E ,  and fgo  


exactly identical to the input theoretical values. Standard deviations of these 
two estimates were close to zero. However, they were found to be highly cor- 
related, with a correlation coefficient of 0.97 in all cases. Estimates of E, and 
190 obtained from the simulated “raw data” with prescribed errors also had 
the same high correlation coefficient. The high dependence between parameter 
estimates might complicate the separate estimation of each parameter (30). 
Metzler and Tong (31) indicated that this high correlation between parameters 
may imply meaningless statistics of  the final estimates. 


To examine this high correlation problem between the computer estimates 
of E ,  and 190 and to evaluate the applicability of this “one-step” nonlinear 
approach, the Monte Carlo method of computer simulations was employed 
to probe into the statistical properties of these two final estimates. The sim- 
ulations were divided into four parts which examined (a) the influence of data 
noise on the final estimates of E ,  and 190, (b) the influence of different theo- 
retical values on the estimates of E ,  and fgo, (c) the influence of various orders 
of reaction on the final estimates of E, and fgo, and (d) the influence of the 
“extensiveness” of stability data on the estimates of E,  and 1%. It was reasoned 
that if estimates of these two parameters with meaningful statistical properties 
could be obtained under a wide range of conditions and different distributions 
of random errors in the data set, this high correlation between them may be 
assumed to be attributed to the nature of the mathematical function employed 
for estimating these parameters. 


The simulated experimental “raw data” employed for examining the in- 
fluence of data noise, different theoretical values, and various orders of reaction 
on these two final parameter estimates were generated using a single tem- 
perature sequence of 5O-8O0C and a variable time scale for each temperature. 
The time scales were selected to achieve 260% degradation of drug content 
at the lowest temperature and 280% degradation of content for three higher 
temperatures. The specifications of the computer simulations is shown in Table 


Table Ill-Influence of Initial Estimates on Final Parameter Estimates of 
a First-Order Reaction 


Initial Estimate Final Estimate 
SD Ea 190 Ea 190 


2.5% 17.50 219.0 25.17 f 0.27 127.4 f 7.0 
27.1 I 185.1 25.17 f 0.27 127.5 I 7 . 0  
32.50 40.00 25.1 7 f 0.27 127.5 f 7.0 


5.0% 32.50 40.00 24.85 f 0.60 120.5 f 14.9 
24.19 108.6 24.85 f 0.60 120.5 f 14.9 
17.50 2 10.0 24.85 f 0.60 120.5 f 14.9 


7.5% 17.50 2 10.0 25.07 f 0.77 125.5 f 19.9 
24.75 118.1 25.07 f 0.77 125.6 f 19.9 
32.50 40.00 25.07 f 0.77 125.6 f 19.9 


a Theoretical values: E. = 25.00 kcal/mol; 190 = 124 week 


I .  A wide range of stability and energetics values were chosen to test this 
nonlinear mathematical relationship. Thirty sets of data with 32 data points 
per set were generated for each case. 


The results for simulations which examined the influence ofdata noise on 
final estimates of E ,  and [go are shown in Tables 11-IV. At all three noise 
levels. mean estimates for E ,  and 190, obtained as  the average from 30 indi- 
vidual estimates given by NONLIN, were very close (within 3.3%) to the 
assigned theoretical values. The standard deviations of the estimates given 
by NONLIN, on the average, were found to be acceptable estimates of the 
standard errors of mean estimates for both E ,  and 190 in all cases. Both stan- 
dard errors of mean estimates and average biases of the estimates were small 
and responded well to the change of the noise level in the constructed data. 
Estimates of E,  and 190 also did not vary excessively among these 30 sets of 
data. 


The effect of initial estimates on the computed estimates of E ,  and 190 was 
also tested for each set of data. The data. shown in  Table 111, represented 
simulation trials from one representative run for each noise level. One of these 
three sets of initial estimates was calculated using the linear approach, as 
described in the experimental section. The other two sets of initial estimates 
were arbitrarily chosen to provide different starting points to initiate the it- 
eration step. The results clearly indicated that the locations of the initial es- 
timates had no apparent effect on final estimates of E ,  and fgo. 


The examination of the residuals in  the regression analysis revealed that 
the standard deviations of residuals obtained were also consistent with the 
prescribed standard deviations (Table IV). The r2 values, which can be used 
as measures of good fit (27). were close to 1.0 in all cases. The randomness 
of the residuals in a representative set of data is shown in Fig. I .  The composite 
results showed, therefore, that estimates of E ,  and 190 with meaningful sta- 
tistics can be obtained with Eq. 17 using simulated data with different levels 
of data noise. 


Results for studies which examined the influence of different theoretical 
values and of various orders of reaction on the parameter estimates of E ,  and 
tgo are shown in Tables V and VI. respectively. The statistics of the parameter 
estimates for E,  and 190 were shown to be satisfactory for these conditions. 


The influence of the “extensiveness” of stability data on the final parameter 
estimates of E ,  and (go was also tested. Specification of different types of data 


Table IV-Goodness of Fit of Data from a First-Order Reaction with 
Standard Deviations of 2.5.5.0, and 7.5% a 


Standard Deviation 
2.5% 5.0% 7.5% 


SD of Residuals 2.4 f 0.3 5.0 f 0.6 7.4 f 1.0 
r2 0.989 f 0.0003 0.954 f 0.013 0.900 f 0.031 


Theoretical values: E. = 25.00 kcal/mol; IW = I24 weeks. 
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Table V-Influence of Different Theoretical Values on Final Parameter Estimates of a First-Order Reaction using Data with a Standard Deviation of 5.0% 


Set I Set 2 Set 3 
Ea 190 Ea 190 Ea 190 


Estimateb 24.99 f 0.57 259.9 f 32.8 9.99 f 0.59 124.0 f 16.2 9.99 f 0.60 260.0 f 34.7 
(2.3%) ( I  2.6%) (5.9%) (13.1%) (6.1%) (13.4%) 


Range of Estimate 24.09-26.30 215.7-343.4 8.98-1 1.38 101.8-166.0 8.96- I I .42 212.5-351.1 
SD of Estimate 0.61 f 0.09 32.9 f 6.6 0.61 f 0.09 15.8 i 3.2 0.62 f 0.09 33.8 f 7.0 
Ranne of SD of Estimate 0.49-0.78 22.6-5 1.7 0.46-0.79 10.8-25.0 0.47-0.80 22.9-53.4 
Bias- 


Range of Bias 


0.44 (1.8%) 25.0 (9.6%) 0.46 (4.6%) 12.5 ( lO . l%)  0.47 (4.7%) 26.7 (10.3%) 
f 0.35 f 20.5 f 0.37 f 10.1 f 0.38 f 21.7 


1.20-91.1 0.020- 1.4 0.340f42.0 0.030-1.4 0.010- I .3 0.291-83.4 


Theoretical values: (set I )  E .  = 25.00 kcal/mol. 190 = 2 6 0  weeks; (set 2) E .  = 10.00 kcal/mol, 190 = 124 weeks; (set 3) E .  = 10.00 kcal/mol. 190 = 260 weeks. Mean f SEM;  
C V  in parentheses. Percent error from the theoretical value in parentheses. 


Table VI-Influence of Different Orders of Reaction on Final Parameter Estimates using Data with a Standard Deviation of 5.0% ’ 
Zero Order 


E .  ton 
Second Order 


E ,  190 


Estimate 25.00 f 0.16 124.0 f 10.8 24.96 f 0.77 124.0 f 21.1 
(0.6%) (8.7%) (3.1%) (17.0%) 


Range of Estimate 24.15-26.06 105.8-1 53.7 23.72-26.75 94.6-177.2 


Range of SD of Estimate 0.30-0.53 7.06-13.0 0.69- I .  1 14.7-37.3 
SD of Estimate 0.40 f 0.06 10.2 f 1.9 0.86 f 0. I3 21.3 f 4.9 


BiasC 0.32 (1.3%) 8.22 (6.6%) 0.62 (2.5%) 16.5 (13.3%) 
f 0.26 f 6.77 f 0.45 f 12.8 


Range of Bias 0.0010- 1.1 0.785-29.7 0.0020- 1.8 0.138-53.2 


Theoretical values E .  = 25.00 kcal/mol; 190 = 124 weeks. b Mean f SEM: CV in parentheses. Percent error from the theoretical value in parentheses. 


Table VII-Swcification of Different Tvws of Data Structure 


Temp. Time Scale, week Percent Remaining of 
Structure K Sampling Time Last Sample Drug Contentu 


T v m I  323 10.0 80.0 
3.0 24.0 


343 I .0 8.0 
353 0.4 3.2 


r y p e i i  323 2.0 16.0 
333 0.7 5.6 


16.8 
17.8 
17.7 
14.1 
70.0 
66.9 ... 


343 0.2 1.6 70.7 
353 0.07 0.56 71.0 


Type111 323 0.4 3.2 93.1 
333 0.4 3.2 79.5 
343 0.4 3.2 so. 1 
353 0.4 3.2 14.1 


At the last sampling time, using errorless data for estimation. 


structure is shown in Table VII .  The same temperature sequence (50-80°C) 
was used for all three types of data structure. “Raw data” with type I structure, 
representing an example of extensive data gathering, were generated 
employing a variable time scale to achieve 280% degradation in drug content 
at each temperature. Simulated “raw data” with type I1  structure were gen- 
erated using a variable time scale for each temperature as well. However, these 
time scales were set to account for degradation of the drug content to only 
-30% completion. Data with type 111 data structure were generated by 
employing a fixed sampling time and frequency for all four temperatures 
studied. Thus, data structures shown as type I1  and 111 represented situations 
in which only limited kinetic data were available, as often the case in real 
accelerated stability trials. Simulations using these types of data structures 
are shown in Table VIII .  Despite considerable differences in the degree of 
“extensiveness” in the data base, it was shown that good estimates of Ea and 
rW with satisfactory statistical properties could be obtained for each type of 
data structure. 


Sometimes the initial drug content, Co, is not known and should be esti- 
mated together with the estimation of En and tgo. Simulations for estimating 
these three parameters are shown in Table IX. The nonlinear approach is 
shown to be capable of providing good mean estimates and meaningful sta- 
tistics for CO. E., and t ~ .  Based on kinetic principles, Eqs. 17-19 can be easily 
modified to determine the shelf-life at any chosen content. i.e., either as percent 
of initial or of labelcd strength. 


Comparison between the classical linear approach and the nonlinear ap- 
proach for the prediction of drug stability was made by using a first-order 
degradation reaction as an example. The “raw data’’ generated for the study 
that examined the influence of data noise on the final estimates of En and tw 
were employed for this comparison between the two methods. The shelf-lives 


( t ~ )  and their 95% confidence intervals as  estimated by using either the 
classical linear approach or the present nonlinear approach for three repre- 
sentative sets of data (each at  three noise levels) are shown in Fig. 2. The 
nonlinear approach appeared to provide better mean estimates of drug 
shelf-life with much smaller and more symmetrical 95% confidence intervals 
than did the classical approach in all cases examined. 


It is desirable to compare the nonlinear approach with the classical linear 
approach using real stabilitydata. Accelerated stability data of vitamin A in 
multivitamin tablets (2) and of NAD (32) were employed for this purpose; 
results of this comparison are shown in Table X. The linear and nonlinear 
methods provided identical mean estimates of shelf-life in both cases. More- 
over, the nonlinear method also provided a more symmetrical and smaller 95% 
confidence interval in the prediction of vitamin A stability than did the classical 
linear approach. However, both linear and nonlinear methods predicted 
somewhat longer shelf-lives of these two compounds than that experimentally 
determined at  room temperature. It is possible that both systems possess some 
degree of non-Arrhenius behavior, a problem that neither the linear nor the 
nonlinear approach can correct. 
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Figure 1 -Representative plot of residuals. Calculated values are expressed 
as percent of drug content at time zero. Residual is the dqference between 
the observed value and calculated value of drug content for each data 
point. 
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Table VIII-Influence of Different Types of Data Structure on Final Parameter Estimates of a First-Order Reaction using Data with a Standard Deviation 
of 2.5% a 


Data Structure 
Type I Type I1 Type 111 


Ea 190 Ea 190 Ea 190 


( I  .3%) (6.7%) (2.9%) ( 1  4.2%) (3.3%) (20.0770) 
Estimateb 25. I2  f 0.32c 127.7 f 8.6 25.19 f 0.73 130.5 f 18.6 25.23 f 0.84 133.4 f 26.7 


Range of Estimate 24.61-25.59 1 1  5.1- 136.9 24.5 3 -26.3 1 101.6- 161.5 24.15-26.77 100.3- 187.0 


Ranae of SD of Estimate 0.23-0.30 5.55-8.22 0.43-0.59 8.96-17.8 0.56-0.80 14.0-34.0 
0.68 f 0.07 22.1 f 6.0 S D  of Estimate 0.26 f 0.03 6.90 f 0.90 0.50 f 0.05 13.2 f 2.7 


Bias2 


Range of Bias 


0.29 (1.1%) 7.76 (6.3%) 0.61 (2.4%) 15.5 ( 1  2.5%) 0.67 (2.7%) 21.2 (17.1%) 
f 0.17 f 4.63 f 0.41 f 1 1 . 1  f 0.51 f 17.6 
0.10-0.48 0.490- 16.2 0.029-1.3 0.0900-37.5 0.068- 1.7 2.60-63.0 


a Theoretical values E ,  = 25.00 kcal/mol; 190 = 124 weeks. Mean f S E M ;  CV in parentheses. N = 10. Pcrccnt error from the theoretical value in parcnthcscs. 


Table IX-Values of Parameter Estimates for a First-Order Reaction, 
Including the Initial Drug Content, CO, a s  a Parameter, using Data with a 
Standard Deviation of 2.5% 


Parameter 
E ,  190 co 


Estimateb 24.97 f 0.22 122.3 f 6.0 100.2 f 1.9 
(0.9%) (4.9%) ( I .9%) 


Range of estimate 24.76-25.45 113.3-131.1 97.19-102.6 
SD of estimate 0.33 f 0.05 9.34 f 1.51 1.66 f 0.25 
Range of SD of Estimate 0.26-0.41 7.94-1 1.8 1.30f1.99 
BiasC 0.17 (0.7%) 5.26 (4.2%) I . 5 5  ( I  .6%) 


f 0.13 f 2.85 f 0.89 
Range of Bias 0.030-0.450 0.740- 10.7 0.270-2.81 


Theoretical values: E .  = 25.00 kcal/mol; 190 = I24 weeks; CO = 10W0, Mean f 
SEM: CV in parentheses. Pcrccnt error from the theoretical value in parenthescs. 


DISCUSSION 


The nonlinear approach shown in  this report appears to be capable of pre- 
dicting the shelf-life ( t g o )  directly and reproducibly. The uncertainties in the 
estimated r90 are the reflection of the errors inherent in the observed drug 
content data. The nonlinear approach can be applied to various orders of 
degradation reaction and a wide range of different theoretical values of E ,  
and tgo .  It was shown that although some experimental "raw data" n a y  not 


2000 -1 


-i 


I 1  


111111111111111111 
Method:L N L N L N L N L N L N L N L N L N 
SO&): 2.5 5.0 1.5 2.5 5.0 1.5 2.5 5.0 1.5 


Data: Set 1 Set 2 Set 3 
Figure 2-Plot of the parameter estimate of the shelf-life ft90) for  each of 
the two methods of esrimation in three sets of data with three different levels 
of noise. Data represent mean estimate and its 95% confidence interval after 
using rhe nonlinear approach (N. a) and the classical linear approach (L.  
W); (- - - -) represents the rheoretical value of shelf-life of124 weeks. 


be very extensive, good estimation of shelf-life with meaningful statistical 
properties can still be obtained. Furthermore, this approach provides better 
mean estimates of 190 with much smaller 95% confidence intervals than the 
classical approach. Obviously, this method of drug stability prediction will 
be of little value without the aid of appropriate computer programs to carry 
out the nonlinear parameter estimation procedure. Fortunately, several 
computer programs including NONLIN (29). BMDP-P3R (33), SAAM (34), 
etc. are available for nonlinear regression analysis. The 1974 version of the 
NONLIN program was selected in this study because this particular computer 
program, which can be used to fit various models (27), is a widely used pro- 
gram in the area of pharmacokinetics and related pharmaceutical sciences. 


A high correlation between E ,  and 190 was found during the study of 
computer simulations. This high dependency between the parameter estimates 
was suggested by Metzler and Tong as  a possible indication of meaningless 
statistics of these estimates (31). The Monte Carlo method of computer 
simulations was used to examine this high correlation problem and to evaluate 
the statistical properties of the final estimates of E, and t g o  in this report. 
During the regression analysis for each set of data by NONLIN, the final 
parameter estimates of E ,  and igo converged on the mathematical minimum 
after only 3-5 iteration steps without any computational difficulty. 


The statistics of the parameter estimates can be evaluated by examining 
the sampling distributions of both E.  and 190. The sampling distributions of 
both E ,  and tgo  were symmetrical about the mean estimates and had small 
standard deviations and biases. A large standard deviation is usually reflective 
of a poor determination of a parameter estimate (35,36). Examination of the 
residuals (36) and of the correlation of the observations ( r 2  value) can also 
be used to evaluate the statistics of the parameter estimates in a model. Our 
results indicated that ( a )  the standard deviations of the residuals were con- 
sistent with the prescribed standard deviations and (b)  the plots of the residuals 
uersus the calculated values for each set of data showed the random nature 
of the residuals. The r2  values found were close to perfcction ( i .e . ,  I .O) in all 
the data sets examined. Furthermore, it has been stated (37) that if the non- 
linear regression method is correct, different sets of initial estimates for each 
set of data should converge on the same final cstimatcs. Our simulation trials 
(Table I l l )  showed this to be the case here. Therefore, it appears that good 
mean estimates of E, and 190 with meaningful statistical properties are ob- 
tained using the nonlinear method, even though these two parameters are 
highly correlated. 


Our observation of a correlation between the final estimates of E ,  and 190 


is not unique. Metzler and Tong (31) showed the high correlation between 
Vmx and K,,, in the parameter estimations of the Michaelis-Menten equation 
to be accompanied by meaningless statistics. They attributed this result to 
the peculiar nature of the mathematical function that relates these two vari- 
ables, in that a change in the estimate of V,,, may becompensated by a si- 
multaneous change in K,,,. However, Bard (22) had shown that meaningful 
statistical properties of the parameter cstimates of A and E ,  (Eq. 8) could 
be obtained despite the high correlation ( i .e . ,  r = 0.98) between them. Thus, 


Table X-Comparison Between the Classical Linear Approach and 
Nonlinear Method for the Prediction of Drug Stability using Literature 
Data 


Shelf-Life, wcek 
Literature Linear Method Nonlinear Method 


Studv Mean 95% CI" Mean 95% CI" 


I b  1 13.3d 49.25-262.2d 109.0 61.73-156.2 
11' 6.49 5.67-7.44 6.63 5.54-7.71 


~~ ~ ~~ 


Confidence interval. Prediction of vitamin A stability in multivitamin tablets. The 
Prediction of the 


These values were calculated by using the re- 
accelerated stability data were obtained from Fig. I in the Ref. 2. 
stability of NAD. taken from Ref. 32. 
ported rate constants. 
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it seems that the presence of a high correlation between parameter estimates 
may not necessarily indicate that the statistical properties of these final esti- 
mates are meaningless. 


In conclusion. meaningful statistics of the final parameter estimates of E.  
and tgo can be obtained by the nonlinear approach described in this paper. This 
approach is applicable over a wide range of different theoretical values of E .  
and rW, different orders of reaction, different levels of noise in data, and dif- 
ferent types of data structure. The advantage of this nonlinear approach is 
that it uses data of drug content, time, and temperature to provide a direct 
estimation of shelf-life with relevant statistics This method may be potentially 
useful for the realistic prediction of drug stability of pharmaceutical prod- 
ucts. 
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Abstract 0 The tricyclic amines promazine, promethazine, chlorpromazine, 
triflupromazine. and trifluperazine form solid ion pairs with ATP in a 1.2 
molar ratio. There is a good correlation between the measured Ksp and the 
apparent diffusion constants of the ion pairs with the critical micelle con- 
centration (CMC) of the corresponding phenothiazines. Solid ion pairs are 
solubilized by phenothiazine micelles; the binding constants of ATP to drug 
micelles are calculated from solubility data at 25OC and can be related to the 
CMC of the phenothiazines. 


Keyphrases 0 ATP-behavior toward phenothiazine drugs, binding, micellar 
solubilization Binding- behavior of ATP toward phenothiazine drugs, 
micellar solubili;?ation 0 Phenothiazine drugs-behavior of ATP. binding, 
micellar solubilization 0 Micellar solubilization-behavior of ATP toward 
phenothiazine drugs, binding 
~~~~~~ ~ ~~ 


The mechanism of action of phenothiazine drugs is difficult 
to explain because of their great variety of biochemical and 
physiological effects. Membrane interactions seem to be im- 
portant particularly in the case of chlorpromazine ( 1  -4). 
Phenothiazines, like many tricyclic amines, have amphiphatic 
properties and are surface-active drugs (4-7). Their micelles 


are able to solubilize in uitro various high molecular weight 
drugs such as pteridine and porphyrin derivatives (8 ,9) ;  the 
binding constants of solubilized compounds with micelles are 
rather high. Previously, Blei (10) studied the decrease of 
chlorpromazine surface tension in the presence of ATP, while 
Moriguchi et al. (1  1) observed the formation of a I : 1 complex 
between the neuroleptic agent and ATP. 


The aim of the present work is to investigate the behavior 
of five phenothiazines with different pharmacological activity 


Promethazine 
Promarine 
Chlorpromazine 
Triflupromazine 
Trifluperazine 
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BOOKS 


The Total Synthesis of Natural Products, Vol. 5. Edited by JOHN 
ApSIMON. John Wiley and Sons, One Wiley Drive, Somerset, NJ 
08873.1983.550 pp. 15 X 23 cm. Price $60.00 
Volume 5 of this series is devoted entirely to a review of sesquiterpene 


total synthesis from 1971 to 1979. Those familiar with the literature on 
synthesis will appreciate the enormity of this task. In Volume 2 a single 
chapter covered sesquiterpene synthesis through 1970; that an entire 
volume is now required attests to the expIosion of research in this area 
during the past decade. The Heathcock group has assembled a lucid and 
readable account of modem sesquiterpene synthesis which can be heartily 
recommended to students and practicing chemists alike. 


The authors have done a creditable job of organizing over 250 total 
syntheses. The volume is grouped into sesquiterpenes of increasing 
connective complexity (i.e., acyclic, monocyclic, bicyclic) and includes 
a chapter on alkaloid sesquiterpenes. This organizational scheme facili- 
tates the location of specific structural classes in addition to permitting 
the reader to digest the synthetic efforts toward a specific class of com- 
pounds in one sitting. A notable improvement over previous volumes is 
a closer correlation between the text and the reaction schemes, greatly 
improving the readability of the former. Each synthesis is accompanied 
by a detailed discussion, with special attention given to key steps. The 
syntheses of selected compounds are subjected to comparative analysis, 
including tabulated information on the number of steps, separations, and 
overall efficiency. The authors wisely refrain from the obvious temptation 
to use this interesting data to rate the individual syntheses. References 
to the isolation and activity of compounds are not included, but should 
be readily available through the papers on synthesis, making Volume 5 
a useful reference to those involved in natural products chemistry. 
Practitioners of organic synthesis will find this volume of The Total 
Synthesis of Natural Products an enlightened and indispensable re- 
source. 


Reviewed by James Kallmerten 
Department of Chemistry 
Syracuse University 
Syracuse, NY 13210 


Deposition of Toxic Drugs and Chemicals in Man, 2nd Ed. By 
RANDALL C. BASELT. Biomedical Publications, P.O. Box 495, 
Davis, CA 95617. 1983.795 pp. 15 X 23 cm. Price $49.50. 
This compilation of important and useful information about common 


drugs and chemicals offers an excellent “one-stop” general reference for 
toxicologists, pharmacologists, and clinical chemists. This edition is or- 
ganized in a format easier to read and contains considerably more in- 
formation than the first edition. 


Dr. Baselt devotes individual attention to  305 substances including 
drugs, pesticides, metals, and commonly used solvents to which humans 
are frequently exposed. He dedicates a section to each compound, 
showing the chemical structure and, when available, the volume of dis- 
tribution, plasma protein binding, plasma half-life of drugs, and pK, of 
compounds. Individual paragraphs describe concisely the drug as it re- 
lates to occurrence and usage, blood concentration, metabolism and ex- 
cretion, toxicity, and analytical procedures. The references listed are 
plentiful in most cases, especially in each section on analytical 
methods. 


In presenting data for the “metabolism and excretion” sections, the 
author made an effort to profile the metabolic process with both de- 
scriptive information and chemical structure. The reader should find this 
useful, considering the increased understanding of the role metabolites 
play in the human response to drugs. Each section on “toxicity” includes 
brief case histories and literature references of fatalities, relating the 
concentrations of the substance as found in blood and other body 
tissues. 


With the overwhelming amount of information being generated on the 
fate of drugs and chemicals in the human body, it is almost a relief to see 


such data capsulized and presented in a useful source for the practicing 
scientist. This reference book certainly should have a spot reserved for 
it on the shelf of all analytical and clinical toxicologists who function in 
hospital laboratories. 


Reuiew by Gary L. Lensmeyer 
Uniuersity of Wisconsin Hospitals 
Toxicology Laboratory 
Madison, WZ 53792 


Recent Advances in Clinical Therapeutics, Vol. 11: Psychophar- 
macology, Neuropharmacology, and Gastrointestinal Thera- 
peutics. Edited by JACK Z. YETIV and JOSEPH R. BIANCHINE. 
Grune and Stratton, Inc., 111 Fifth Avenue, New York, NY 10003. 
1983.290 pp. 16.5 X 24 cm. Price $32.50. 
As the Preface states, this volume “is an outgrowth of a symposium 


held annually a t  the Ohio State University College of Medicine under 
the cosponsorship of the Departments of Pharmacology, Medicine, and 
Family Practice. The majority of the topics in this book were presented 
at  the Fourth Annual Symposium on Recent Advances in Clinical 
Therapeutics held in September 1981. Several additional chapters were 
commissioned to round out the general focus of this volume.” While 
fearing another random collection of disjointed lectures from 21 con- 
tributors, this volume was a pleasant surprise. 


For each section, chapters are devoted to updates in general therapeutic 
principles as well as new drugs. Thus, the 25 newly approved or prom- 
ising investigational drugs in this book are discussed in the context of 
their value in the overall management of the particular disease state. The 
table of contents is very detailed, and the index is more than adequate 
to help find desired information. Most chapters are well referenced. 


The psychopharmacology section contains five chapters, covering 
neuroleptics, antidepressants, lithium, and phencyclidine. An excellent 
chapter on psychopharmacological classification of depressive disorders 
consolidates and clearly explains controversial and confusing literature. 
The lithium chapter focuses on new and important information, including 
renal effects and drug interaction concerns. The only chapter suffering 
from the 21/2 year lag-time from presentation to publication is the chapter 
on antidepressants. So much has happened in the last 2l/2 years with 
newer antidepressants that this chapter is significantly out of date. 


The neuropharmacology section contains chapters updating antiepi- 
leptic drugs, newer muscle-relaxant drugs, aging and neuropsycho- 
pharmacology, and the benzodiazepines. Each chapter is current and 
relevant. The aging and neuropsychopharmacology chapter is a concise 
summary of clinically useful information. 


The gastrointestinal therapeutics section contains five very specific 
chapters. The histamine Hz-receptor antagonists chapter provides a 
useful discussion of cimetidine and ranitidine as well as their value for 
various indications. Other chapters include new therapeutics of reflux 
esophagitis, nonsteroidal anti-inflammatory drugs and the stomach, 
effects of GI and hepatic pathology on human drug responses, and 
chenodeoxycholic acid in the management of gallstones. The final mis- 
cellaneous section contains chapters on the treatment of sexually 
transmitted diseases, therapeutic use of marijuana derivatives, and 
management of bronchial asthma in the ambulatory patient. 


For the pharmaceutical scientist interested in a concise update in 
clinical therapeutics, this volume will be helpful. It also provides some 
insight into the relative value of newly introduced drugs, as well as the 
remaining need for even better medicines. 


Reuiewed by Glen L. Stimmel 
School of Pharmacy 
University of Southern California 
Los Angeles, CA 90033 


426 I Journal of Pharmaceutical Sciences 
Vol. 73, No. 3. March 1984 












(9) W. 0. Gtdtfredsen, P. Lund, and K. Lyngby, US.  Patent 3392168 and Harry Sambucini for performing the analyses; Dr. John M. Joseph 
for helpful discussions; and Mr. Raymond Poet, Dr. Glenn Brewer, and 
Dr. Klaus Florey for their critical reading of this manuscript. The talents 
of  Sal Meloni in illustration, Joe Salenetri in photography, and Mrs. C. 
Saloom in typing are all gratefully appreciated. 


Leo Pharmaceuticals, 1968. 


ACKNOWLEDGMENTS 
The authors thank Rosemary Catena, Nancy Garside, Fred Hopps, 


Relative Bioavailability of a Commercial 
Trifluoperazine Tablet Formulation using a 
Radioimmunoassay Technique 
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Abstract The relative bioavailability of a new conventional tablet 
formulation (5 mg) of trifluoperazine dihydrochloride was studied in 24 
healthy volunteers. Using a sensitive radioirnmunoassay technique, 
plasma trifluoperazine concentrations were measured up until 24 h fol- 
lowing ingestion of single 5-mg doses of trifluoperazine. The mean f SD 
for the peak concentration (CmsX), time to C,,,, area under the curve 
from 0 to 24 h (AUCP), and terminal elimination half-life following the 
administration of the test formulation were 2.15 f 1.07 ng/mL, 4.10 f 
1.38 h, 21.04 f 11.92 ngh/mL, and 9.5 f 7 h, respectively. Following the 
ingestion of the original trifluoperazine tablet formulation (5 mg) these 
same parameters were estimated to be 1.92 f 0.88 ng/mL, 4.02 f 1.10 h, 
18.03 f 10.11 ngh/mL, and 9.3 f 7 h, respectively. Large intersubject 
variations in C,,, and AUCi4 were observed. The relative bioavailability 
of the test formulation was calculated to be 106.5 f 25.5%. 


Keyphrases 0 Trifluoperazine-relative bioavailability, commercial 
tablet formulation, RIA technique Bioavailability-relative, com- 
mercial trifluoperazine tablet formulation, RIA technique 0 Radioim- 
munoassay-relative bioavailability, commercial trifluoperazine tablet 
formulation 


Trifluoperazine is an orally administered phenothiazine 
antipsychotic agent that has been in clinical use since 1958. 
Bioavailability studies of this drug have not been hitherto 
reported for a number of reasons. Trifluoperazine under- 
goes extensive metabolism to many metabolites which are 
formed from attack on both the phenothiazine ring and the 
side chain (1). Trifluoperazine is also known to undergo 
pronounced presystemic biotransformation in animals 
following oral administration (2). Phenothiazine drugs in 


Table I-In Vitro Tablet  Test Results 
~~ 


Test 
Reference 


Method Test Product Product 


Assay, mg 
(% potency) 


Disintegrations, 
min 


USP xx 4.88 5.23 


USP xx 5.5 7.0 
(97.6%) (104.6%) 


G t i n t  uniformity, USP XX 95.7 (3.04) 100.5 (1.69) 


Dissolution. o/c (Gastric test 100.7 (1.50) 80.7 (30.13) 
% (RSD. %) 


(HSD,  %) solution, 
no 
enzyme) 


0 Gastric test solution. 


general undergo significant first-pass effects in humans 
which contribute to large intersubject variability (3-5). 
Therefore, bioavailability studies require sensitive and 
specific analytical procedures. Recent analytical methods 
for trifluoperazine in plasma include GC-NPD (nitro- 
gen-phosphorus detection) ( 6 4 ,  GC-MS (9, lo), and ra- 
dioimmunoassay (RIA) (11). Of these the GC-MS and RIA 
procedures have been used in single-dose pilot studies, 
where it was found that the bioequivalency parameters as 
determined by RIA were similar to those determined using 
GC-MS (12). 


This study describes the estimation of the bioavailability 
of a new conventional trifluoperazine tablet formulation 
(5  mg)' relative to the original product2. Following single 
oral doses of 5 mg, the plasma concentration-time profiles 
of trifluoperazine were examined up to 24 h using RIA, 
which is sensitive to 0.25 ng/mL using a 200-pL plasma 
sample (11). 


EXPERIMENTAL 


Tablet samples from production lots of two formulations of triflu- 
operazine were assigned as test' and reference2; standard in uitro t.esta 
were performed on both tablet formulations. The dissolution test was 
carried out on six individual tablets using apparatus 1, as described (13). 
The basket was rotated a t  50 rpm, and the dissolution medium (900 mL) 
was 1% HCI (v/v) a t  37 f 0.5OC. At the end of  30 min, a suitable portion 
of the dissolution fluid was filtered. Af ter  discarding the first 20 mI, of 
the filtrate, the absorbance of the standard and dissolution test prepa- 
rations were determined in 1-cm cells a t  255 (the wavelength of maximum 
absorbance) and 278 nm (the wavelength of minimum absorbance) using 
1% HC1 (v/v) as the blank. 


Twenty-four healthy adult male volunteers, from whom written in- 
formed consent was obtained, were included in thisstudy. With one ex- 
ception, all were nonsmokers. The fitness of each subject was assessed 
by an independent physician who conducted complete physical exami- 
nations, reviewed medical histories and the results of clinical laboratory 
tests (hematology, SMA 12 biochemistry screen, and urinalysis), and 
monitored the health of the subjects throughout the study period. All 
subjects were drug free 30 d prior to the study and were asked to refrain 
from taking any drugs during the study, including abstaining Irom alcohol 
for 24 h, prior to and 24 h following each dose. The subjects were assigned 
randomly to receive the test or reference formulation for the first dose 


1 Trifluooerazine hvdrochloride. lot Jt79-082, Cord Laboratories, Ltd., 
Broomfield; Cola. ~ 


2 Stelazine. lot #2129SOS, Smith Kline (Ir French Ltd., Philadelphia, Pa. 
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Table 11-Mean Plasma Trifluoperazine Concentrations by Formulation 


Trifluoperazine Concentration, ng/mL 
Formulation 0.5 h 1.0 h 1.5 h 2.0 h 3.0 h 4.5 h 6.0 h 8.0 h 1 2 h  24 h 


Test 0.18 0..55 1.04 1.43 1.93 1.89 1.36 1.03 0.84 0.35 
(0.23) (0.65) (0.72) (0.83) (1.06) (1.03) (0.86) (0.61) (0.41) (0.35) 


Reference 0.16 0.52 0.91 1.25 1.69 1.81 1.30 0.98 0.81 0.33 
( S D )  


( S D )  (0.19) (0.38) (0.72) (0.77) (0.80) (0.92) (0.73) (0.50) (0.43) (0.31) 


Table 111-Mean Values of Bioavailability Parameters of Trifluoperazine Formulations 


AUC;' Cmax 
AUCz4, In AUC;', Cmax, tmnx, Ratios, Ratios, K,1 (3-12 h), K,, (12-24 h), 


Formulation ng.h/mL ng.h/mL ng/mL InC,,, h %a %a h-' h-l 


Test 20.54 2.86 2.10 0.61 4.10 106.54 108.39 0.1023 0.0729 
(11.63) (0.61) (1.04) (0.55) (1.38) (25.46) (25.50) (0.0486) (0.0330) 


Reference 19.27 2.83 1.92 0.56 4.02 - - 0.1013 0.0748 
(SD) 
(SD)  (10.58) (0.52) (0.87) (0.44) (1.10) - - (0.0455) (0.0391) 


a Teatlreference formulation. 


and then the respective alternate formulation for the second dose. There 
was a 2-week interval between treatments (balanced complete block). 
Single oral doses of trifluoperazine (5 mg) were administered with 100 
mL of water to overnight-fasted subjects. Fluid and food intake were 
controlled for 4 h following each dose with a carbonated lemon-lime 
beverage (280 mL) and a standard lunch provided a t  1.5 and 4 h, re- 
spectively. Blood samples were obtained by venipuncture immediately 
before and a t  0.5,1.0,1.5,2.0,3.0,4.5,6.0,8.0,12, and 24 h after admin- 
istration. During sampling, care was taken to prevent the blood from 
coming in contact with the rubber stopper of the heparinized evacuated 
sampling tubesg (14). The blood samples were centrifuged, and the sep- 
arated coded plasma samples were stored at  - 2 O O C  until analysis. 


Three variables for bioe uivalency, i .e.,  area under the plasma con- 


and time to C,,, (tmax) were examined in this study. Plasma concen- 
trations of trifluoperazine appeared to decline biexponentially, and 
elimination rate constants for trifluoperazine were calculated for the two 
phases (3-12 h and 12-24 h) employing least-squares linear regression 
analysis of the semilogarithmic data. The AUCi4 was estimated using the 
trapezoidal rule to C,,,, followed by the logarithmic trapezoidal rule (15) 
to 24 h. C,,, and t,,, were obtained directly from the raw data. The 
three-way analysis of variance of AUCi4, C,.,, and tmax was carried out 
on the raw data. This analysis was also performed on natural logarithmic 
transformation of AUCg' and C,. ,. The subject effect, period effect, and 
the formulation effect were taken into account in each analysis. All results 
are reported as mean f SD unless otherwise stated. 


centration-time curve (AUCo 1 4  1, maximum observed concentration (C,=), 


RESULTS AND DISCUSSION 


Table I shows the results of the in ui t ro  data for both the test and ref- 
erence formulations of trifluoperazine. The assay results demonstrated 


. 
m 


i a o.2ilj 
0.1 1 I 1 , I I I 


4 a 12 16 20 2 4  
HOURS 


Figure 1-Mean plasma trifluoperazine concentrations for test (0) 
and reference (0) formulations. 


that the test formulation was 97.6% and the reference formulation 104.6% 
of the label strength (5 mg). 


Figure 1 depicts the semilogarithmic mean plasma concentration-time 
profiles of trifluoperazine for the two formulations. The multicompart- 
mental behavior of trifluoperazine and the limited number of correctly 
timed samples made it difficult to obtain meaningful estimates of the 
absorption, distribution, and elimination rate constants (16,17). 


Table I1 shows the mean plasma concentration-time data for the 24 
subjects. Values reported <0.25 ng/mL are only estimates, as they fall 
below assay sensitivity (1 1). All other hioavailability data is presented 
in Table 111. The AUCg4 ranges for reference and test formulations were 
6.3-53.3 and 3.9-55.5 ng.h/mL, respectively. The C,, values for reference 
and test formulations ranged from 0.67 to 4.28 and 0.43 to 4.64 ng/mL, 
respectively. The tmax ranged from 2 to 6 h for the reference formulation 
and from 2 to 8 h for the test formulation. The .4UCi4 (8- to 14-fold) and 
Cm,, (6- to 10-fold) ranges clearly demonstrated the large intersubject 
variability typical of the oral phenothiazine drugs (3-5), which is shown 
here for the first time for single doses of trifluoperazine. 


The AUC;' and C,,, ratios of test-reference formulation were 106.5 
f 25.5 and 108.4 f 25.5, respectively, which demonstrates that the test 
product has acceptable relative bioavailability. This is further supported 
by the fact that 18/24 and 17/24 of the subjects who participated in this 
study had relative bioavailabilities of 100 f 25% in terms of AUC and 
C,,, ratios, respectively. This clearly establishes the bioequivalency of 
the test formulation. 


Table IV presents the results of the analysis of variance. There are 
no statistically significant differences in the formulations in terms of 
AUC;', In AUCg4, and In C,,,, while there is statistically significant 
difference in C,,,,,. However, this latter difference may not be of signifi- 
cance in the clinical situation. There is a subject effect on all of the pa- 
rameters examined, and a period effect on AUCG4. The 95% confidence 
intervals for the test and reference formulations are summarized in Table 
V. I t  is clear that  there IS no detectable difference between the test and 
reference formulations for all the parameters examined. The narrow and 
overlapping confidence intervals for AUCi4and C,,, further estahlish 
the hioequivalency o f  the test formulation as compared with the refer- 
ence. 


After reaching C,,,, trifluoperazine plasma concentrations decline 
a t  least in a biphasic manner. The apparent terminal half-lives were 
unfortunately estimated from only two data points in each case (12 and 
24 h). The mean values for apparent terminal half-lives for test and ref- 
erence were 9.5 f 7 and 9.3 f 7 h, respectively. Information concerning 
trifluoperazine plasma concentrations in humans is scarce because of the 
lack of sensitive assay methods. In a patient under chronic treatment a t  
various times with daily doses of 15,30. and 80 mg, Curry et al. (18) was 
able to measure plasma trifluoperazine concentrations only a t  the 80- 


Table IV-Three-way Analysis of Variance 


Formulation 0.057 0.303 0.045' 0.219 0.606 
Period 0.009a O.OIOa 0.144 0.174 0.276 
Subject 0.ooO" 0.000" 0.000* 0.000' 0.OOo" 


Vacutainer B. D.. Hecton, Dickinson & Co., Mississauga, Ont. Significantly different from IW'% a t  n = 0.05, based on two-tailed t test. 
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Table V-Average Values of Rioavailability Parameters  with 9.570 Confidence Intervals a 


Formulation 
AUC;‘, Cman t m a n  Relative Bioavailability, ?hb 


ng-h/mL ng/mL h AUCi4 Cmax 
Test 
Confidence Intervals 


17.46 
(16.17-18.75) 


1.84 
(0.58-3.10) 


4.10 
(3.52-4.68) 


103.63 
(93.52-114.82) 


105.65 
(95.63-1 16.72) 


Reference 16.95 1.75 4.02 - - 
Confidence Intervals (15.70-18.20) (0.55-2.95) (3.56-4.48) - - 


These mean values are based on natural logarithm transformed data. * Testheference formulations. 


mg/d dose level. In the present study trifluoperazine plasma concentra- 
tions were followed for 24 h following a single 5-mg dose. The charac- 
teristic phenothiazine multicomponent elimination was demonstrated 
for trifluoperazine. The Cmax to 12-h phase is clearly distinct from the 
12-24-h elimination following cessation of dosing. Animal studies have 
indicated that trifluoperazine, like other phenothiazine antipsychotics, 
appears to be extensively biotransformed presystemicallp (2); most of 
this may occur during first passage through the liver or in the gut. This 
may explain the large intersubject variability seen here with triflu- 
operazine, which is very characteristic of a drug with a high hepatic ex- 
traction ratio (19-21). Alteration in the activity of drug metabolizing 
enzymes by factors such as diet and smoking (22) may produce significant 
variations in the plasma concentrations of trifluoperazine following oral 
administration. 


The present study demonstrated that trifluoperazine plasma con- 
centrations can be monitored for as long as 24 h following the oral ad- 
ministration of single 5-mg doses of trifluoperazine. The measurement 
of these plasma concentrations has allowed us to successfully establish 
the relative bioavailability of a newly developed trifluoperazine formu- 
lation. These results suggest that  the available analytical methodology 
should be able to monitor plasma concentrations in patients under 
chronic treatment with even low doses of trifluoperazine so that plasma 
concentration uersus clinical response correlations can be investi- 
gated. 
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precise, accurate, specific, and sensitive for the assay of dextromethor- 
phan and its urinary metabolites and have been used to quantitate these 
compounds in urine from humans who received a therapeutic dose of 
dextromethorphan hydrobromide. 
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Abstract 0 Renal failure patients undergoing hemodialysis are regularly 
exposed to phthalate plasticizers leached from dialysis tubings. Previous 
studies have shown that antipyrine is eliminated more rapidly in chronic 
renal failure patients compared with normal individuals. Therefore, the 
effect of bis(2-ethylhexyl) phthalate on the metabolism of antipyrine was 
investigated in normal and renal failure rats. In normal animals, the 
elimination kinetics of an intravenous dose of antipyrine (20 mg/kg) was 
determined before and after 14 days of peroral treatment with 2 mL/kg/d 
of bis(2-ethylhexyl) phthalate. The plasma clearance of antipyrine in- 
creased markedly after his(2-ethylhexyl) phthalate treatment. There was 
a corresponding decrease in the elimination half-life of antipyrine, 
whereas the apparent volume of distribution was not affected. Both liver 
weight and hepatic cytochrome P4m content increased following exposure 
to bis(2-ethylhexyl) phthalate, indicating the induction of hepatic mi- 
crosomal enzymes. The fractional urinary recovery of the N-demethyl, 
4-hydroxy, and 3-hydroxymethyl metabolites of antipyrine was not al- 
tered, suggesting that all three oxidative pathways were induced to the 
same extent. Renal failure alone did not affect the elimination kinetics 
of antipyrine. However, antipyrine clearance was induced to a greater 
extent by bis(2-ethylhexyl) phthalate treatment in the renal failure rats 
as compared with the control animals. The potential for phthalate plas- 
ticizers to alter hepatic drug metabolism in hemodialysis patients should 
be considered. 


Keyphrases 0 Antipyrine-disposition, pharmacokinetics, effect of 
bis(2-ethylhexyl) phthalate pretreatment and renal failure, rats 0 
Bis(2-ethylhexyl) phthalate-pretreatment, effect on antipyrine dis- 
position and pharmacokinetics, renal failure, rats 0 Renal failureeffect 
on antipyrine disposition and pharmacokinetics, rats, his(2-ethylhexyl) 
phthalate pretreatment 


There is increasing evidence suggesting that the me- 
tabolism of some drugs may be altered in renal failure (1). 
In general, an inhibition of drug metabolism is observed; 
e.g., the oxidative metabolism of propranolol (2) and 
propoxyphene (3) and the acetylation of drugs such as 
sulfisoxazole (4) and aminosalicylic acid (5) are apparently 
inhibited in uremia. Phenytoin (6,7) and antipyrine (8-10) 


are apparent exceptions to this rule, as the metabolic 
clearance of these compounds has been reported to be in- 
creased in patients with renal insufficiency. 


The increased metabolic clearance of phenytoin in pa- 
tients with renal failure is attributed to reduced protein 
binding of this drug in uremic serum (11). Antipyrine, 
however, is only slightly bound to serum and tissue pro- 
teins (12), and a decrease in serum protein binding would 
not be expected to significantly alter the metabolic clear- 
ance of this drug. Alternative explanations for this phe- 
nomenon, therefore, should be considered. 


It is known that plasticizers can be leached from plastic 
medical devices such as blood transfusion bags and he- 
modialysis tubing into blood and certain intravenous 
fluids. The most common plasticizer used in the produc- 
tion of medical-grade plastics, bis( 2-ethylhexyl) phthalate 
(I), has been identified as a contaminant in blood that was 
stored in transfusion bags (13,14) or passed through plastic 
tubing (15). Clinical studies have shown that patients 
undergoing maintenance hemodialysis are regularly ex- 
posed to I (16,17). Serum concentrations of I in the mi- 
crogram/milliliter range were observed in renal failure 
patients during hemodialysis. It is possible that impaired 
renal function and repeated dialysis may lead to significant 
accumulation of I and its metabolites in hemodialysis pa- 
tients (18). 


Animal studies have shown that chronic exposure to I 
can induce changes in the in uitro activities of a number 
of hepatic drug-metabolizing enzymes (19-23). Both in- 
hibition and induction of hepatic enzymatic activities have 
been observed. The reason for these conflicting results 
between studies may be due to variations in the selection 
of drug substrate, treatment schedule, and route of ad- 


0022-35491 841 0 100-0029$0 1.991 0 
@ 1984, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 29 
Vol. 73, No. 1, January 1984 







Table I-Pharmacokinetic Parameters for Antipyrine 
Disposition in  Normal Rats  Receiving Corn Oil or Phthalate  
Treatment a 


Corn Oil Phthalate 
Pretreat- Posttreat- Pretreat- Posttreat- 


Parameter ment ment ment ment 


CL,, mL/min/k 3.30 (0.44) 4.18 (0.49) 3.86 (0.51) 7.81 (0.53Ib 
VdB (area), mLhg  726 (98) 755 (79) 859 (58) 755 (56) 
t 1/28, mln 153 (13) 128 (9) 165 (22) 67.2 (3.1)b 


and n = 7 for phthalate. Significantly different from pretreatment, p < 0.005. 
a Results are expressed as mean ( M E )  of n determinations; n = 9 for corn oil 


ministration of the phthalate. Moreover, appropriate in 
v i m  metabolic studies are seldom available for in oitro-in 
oiuo correlations. 


The primary purpose of the present study was to de- 
termine whether chronic treatment with I can induce the 
in oioo metabolism of antipyrine in rats, which may pro- 
vide a plausible explanation for the apparent increase in 
the metabolic clearance of this drug in chronic renal failure 
patients. Secondly, studies were performed in rats with 
experimentally induced renal failure to assess the effect 
of uremia on antipyrine metabolism. In addition, possible 
modulation of the metabolic effect of I in the presence of 
renal failure was investigated. 


EXPERIMENTAL 


Chemicals-Antipyrine, N-demethylantipyrine, 4-hydroxyantipyrine, 
and 3-hydroxymethylantipyrine were supplied'. Bis(2-ethylhexyl) 
phthalate2, and (3-glucuronidase-aryl sulfatase3, in the form of limpet 
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Figure 1-Mean antipyrine plasma concentration-time profile in rats 
before (0) and after (0) a 14-d treatment with I .  Bars represent SE. 


* Supplied by Dr. Charles Hignite, Veterans Administration Medical Center, 
Kansas City. Mo. and Professor Gerhard Levy, State University of New York at 
Buffalo. * Aldrich Chemical Co., Milwaukee, Wis. 


3 Sigma Chemical Co., St. Louis, Mo. 


Table 11-Liver Weights and Antipyrine Clearance Normalized 
for Liver Weight in Corn Oil- and Phthalate-Treated Rats a 


Corn Oil Phthalate 


Wet liver weight, g/kg 30.7 (1.6) 48.2 (0.9) 
CL,, mL/min/g of liver 0.139 (0.017) 0.162 (0.012) 


Results are expressed as mean ( M E )  of n determinations; n = 9 for corn oil 
and n = 7 for phthalate. Significantly different from corn oil, p < 0.005. 


Table 111-Comparison of Cumulative Urinary Recovery of 
Antipyrine and Metabolites Between Corn Oil and  Phthalate  
Treatments  a 


Compound Corn Oil Phthalate 


Antipyrine 2.11 (0.38) 3.26 (0.65) 
N-Demethvlantipvrine 2.97 (0.61) 2.08 (0.32) 
4-Hydroxyantipyfine 17.8 (4.7) 13.0 (2.8) 
3-Hydroxymethylantipyrine 26.1 (2.3) 24.9 (2.8) 


Total 48.9 (5.5) 43.2 (3.4) 
a Results are expressed as mean percent of dose ( M E )  of six determinations. 


acetone powder (type I) were purchased and used without further puri- 
fication. 


Studies in  Normal Rats-Antipyrine Clearance Kinetics-Male 
Sprague-Dawley rats4 weighing 300-350 g were used. A silicone rubber 
cannula was implanted in the right jugular vein under ether anesthesia 
48 h before the first experiment. Antipyrine (20 mg/kg) dissolved in 
physiological saline (10 mg/mL) was administered through the cannula. 
Serial venous blood samples (0.2-0.3 mL) were drawn through the can- 
nula over an 8-h period and collected in heparinized tubes. The plasma 
was separated and stored a t  -2O'C until assayed. Food was restricted 
only during the blood collection period, and water was available ad libi- 
tum throughout the entire experiment. The plasma concentration of 
antipyrine was determined by the high-performance liquid chromato- 
graphic (HPLC) procedure of Danhof et al. (24). 


Following the blood sampling, I dissolved in corn oil (2:3 v/v) or corn 
oil alone was administered once daily for 14 days uia gastric intubation. 
The total volume administered was 5 mL/kg/d, yielding a dosage of I of 
2 mL/kg/d or 1.96 g/kg/d, which is comparable to dosages employed in 
previous studies of the effect of I on in uitro hepatic drug-metabolizing 
enzyme activities. 


On the final treatment day, a silicone rubber cannula was implanted 
in the left jugular vein under ether anesthesia, and the posttreatment time 
course of antipyrine was determined 48 h later. The 48-h washout period 
was included to avoid the possibility of direct effects of the plasticizer 
on the disposition of antipyrine. I t  has been shown that a single dose of 
radiolabeled I is completely eliminated in the rat within this time period 
(25). Following blood sampling the animals were sacrificed and the livers 
were excised and weighed. 


The pretreatment and posttreatment antipyrine plasma concentration 
time course data were fit to a biexponential equation using a nonlinear 
least-squares regression computer program (26). The apparent volume 
of distribution (Vdp), plasma clearance (CL,), and terminal disposition 
half-life (tllzg) were calculated. 


Urinary Recouery of Antipyrine Metabolites-Rats weighing 300-350 
g were treated with I or corn oil for 14 d as in the previous experiment. 
Antipyrine (20 mgkg) was administered intravenously uia the dorsal tail 
vein under light ether anesthesia 48 h following the final day of treatment. 
The rats were placed in plastic metabolism cages, and urine was collected 
for 24 h. Urinary excretion of antipyrine and its metabolites has been 
reported to be essentially complete within 8 h (27). Food and water were 
available ad libitum during the urine collection period. The urine samples 
were incubated with fl-glucuronidase-aryl sulfatase (limpet acetone 
powder) a t  37OC for 3 h, and the total (free plus conjugated) amounts of 
4-hydroxyantipyrine, 3-hydroxymethylantipyrine, N-demethylantipy- 
rine, and the parent drug were then assayed by the HPLC method of 
Danhof et al. (24). 


Hepatic Hemoprotein Content-Rats weighing 265-315 g were treated 
for 14 d with I or corn oil as in the previous experiment. Twenty-four 
hours following the final treatment, the animals were anesthetized lightly 
with ether and exsanguinated by cutting the renal blood vessels. The 
livers were quickly excised, washed in ice-cold 0.25 M sucrose, blotted 
dry, and weighed. Following homogenization in ice-cold 0.25 M sucrose 
(1:4 w/v) the hepatic microsomes were isolated by the calcium precipi- 


4 Blue Spruce Farms, Altamont, N.Y. 
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Table IV-Hepatic Microsomal Protein and Hemoprotein 
Content in Rats  Treated with Corn Oil o r  Phthalate a 


Table V-Mean Se rum Creatinine Concentrations (mg/dL) in 
the Six Treatment  Groups 


Corn Oil Phthalate Treatments" Mean f SE 


Wet liver weight, g/kg 24.9 (2.1) 44.6 (3.1)c 1 0.356 f 0.046 
Total microsomal motein. 2 0.490 f 0.041 


mg/g of liver 23.8 (4.0) 24.7 (9.4) 
Cytochrome p450, 


nmol/mg of protein 
nmol/g of liver 


Cytochrome b5 
nmol/mg of protein 
nmol/g of liver 


0.544 (0.004) 0.860 (0.112)b 
13.0 (1.1) 19.5 (1.6Ir 


3 
4 
5 
6 


0.452 f 0.031 
2.21 f 0.51b 
1.37 f 0.06b 
1.71 f 0.35b 


See text for explanation of treatment codes. Significantly different from their 
respective sham-operated controls ( p  < 0.005). 0'310 7.53 (1.24) (0'037) 0'338 8.96 (2.57) (0'051) 


Values are mean (iSE) of five determinations. b Si nificantly different from mean cumulative urinary recovery of antipyrine and three of its oxidative 
metabolites in the corn oil and phthalate groups is presented in Table 
111. None of the differences between the two eroum were statisticallv 


corn oil, p < 0.05. Significantly different from corn oi& p < 0.001. 


tation method of Kamath and Rubin (28). The microsomal content of 
cytochrome P450 and cytochrome b5 was determined spectrophotomet- 
rically as described by Omura and Sato (29). Microsomal protein content 
was determined by the method of,Lowry et  al. (30). 


Studies in Renal Failure Animals-Renal failure was induced by 
a two-step subtotal nephrectomy (31). Two-thirds of the right kidney waa 
removed in the first step, followed by removal of the entire left kidney 
1 week later. The sham procedure consisted of removal of the connective 
tissue surrounding the appropriate kidney on each of the 2 surgical days. 
Care was taken a t  all times to avoid damaging the adrenal glands. Peni- 
cillin-G (20,000 U/kg) and streptomycin (10 mg/kg) were administered 
intramuscularly following each surgical procedure to prevent infection 
and reduce mortality (31). Preliminary studies with this renal failure 
model showed that the procedure significantly elevated the serum cre- 
atinine level without affecting the serum glutamic pyruvic transaminase 
activity, indicating that subtotal nephrectomy does not produce hepatic 
damage. 


Renal failure and sham-operated animals received the following 
treatments: (1) sham-operated rat dosed with corn oil; (2) renal failure 
rat dosed with corn oil; (3) sham-operated rat dosed with 0.5 mL/kg/d 
of I; (4) renal failure rat dosed with 0.5 mL/kg/d of I; ( 5 )  sham-operated 
rat dosed with 2 mL/kg/d of I; and (6) renal failure rat dosed with 2 
mL/kg/d of I. The treatment scheme was designed to ascertain the effect 
of renal failure on antipyrine elimination. In addition, the combined effect 
of renal failure and phthalate pretreatment was assessed a t  low (0.5 
mL/kg/d) and high (2 mL/kg/d) dosages of I. 


Phthalate treatment began 48 h after the completion of the nephrec- 
tomy procedure (i.e., after the second surgical day). The renal function 
of nephrectomized rats remains depressed for 10 d after surgery. 
Thereafter, a gradual recovery in renal function is observed in some an- 
imals. Therefore, the length of phthalate treatment was reduced to 7 d 
as compared with the 2-week period in the studies with normal animals. 
At  48 h after the final dose of I, the elimination kinetics of antipyrine was 
determined as previously described. 


Statistical Analysis-The paired Student's t test was used to test the 
significance of differences between means of the pretreatment and 
posttreatment antipyrine pharmacokinetic parameters. Differences 
between the phthalate and corn oil treatment in normal animals were 
analyzed using the unpaired Student's t test. The Wilcoxon summed 
ranks test was used to test the significance of differences between the 
uremic and sham-operated animals receiving I or corn oil. A probability 
level of p < 0.05 was considered statistically significant. 


RESULTS 


Studies in Normal Rats-Antipyrine Disposition-The mean an- 
tipyrine pharmacokinetic parameters for the corn oil- and phthalate- 
treated animals are presented in Table I. The disposition of antipyrine 
was not significantly affected by corn oil administration, although there 
was a trend towards an increased CL, and decreased t 1 / 2 .  In contrast, 
treatment with I resulted in a significant increase in plasma clearance 
and a decrease in the terminal disposition half-life of antipyrine. No al- 
teration in the volume of distribution was observed. The mean pre- and 
posttreatment antipyrine concentration-time profiles for the phthal- 
ate-treated animals are presented in Fig. 1. 


Liver weight data are presented in Table 11. A significant increase in 
wet liver weight was observed following treatment with I. When the 
posttreatment plasma clearance of antipyrine was normalized for wet 
liver weight, the difference between the two groups was no longer sta- 
tistically significant. 


Urinary Excretion of Antipyrine Metabolites-A comparison of the 


significant, indicating that the three major metabolic pathways of an- 
tipyrine, i.e., N-demethylation, hydroxylation at the 4 position of the 
pyrazole ring, and hydroxylation a t  the 3-methyl side chain, were uni- 
formly induced by I. 


Hepatic Hemoproteins-The hepatic hemoprotein data are presented 
in Table IV. In comparison with control animals, treatment with I sig- 
nificantly increased the hepatic content of cytochrome P450 and the 
weight of the liver. The recovery of microsomal protein per gram of wet 
liver and the hepatic content of cytochrome b5 were not significantly 
altered. 


Studies in Renal Failure Rats-Serum creatinine concentrations 
a t  the time of antipyrine studies in the various treatment groups are given 
in Table V. Subtotal nephrectomy increased serum creatinine three- to 
fivefold, while phthalate treatment apparently had no effect on creatinine 
concentrations. 


The mean antipyrine plasma clearances and half-lives for the ne- 
phrectomized animals and sham-operated controls are given in Tables 
VI and VII, respectively. Nephrectomy alone did not significantly affect 
the disposition of antipyrine in the corn oil-treated animals. As in the 
earlier study in normal rats, administration of I to the sham-operated 
animals resulted in a significant increase in CL,  and a corresponding 
decrease in t1/2. Treatment with I at a dose of 2 mL/kg/d produced sig- 
nificantly greater changes in the elimination kinetics of antipyrine than 
a lower dose of 0.5 mL/kg/d, suggesting that the magnitude of the increase 
in antipyrine clearance is related to the dose of plasticizer administered. 
The apparent volume of distribution was not affected by nephrectomy, 
pretreatment with I, or combinations thereof. Equivalent doses of I 
tended to produce a greater increase in antipyrine clearance in the ne- 
phrectomized animals as compared with the sham-operated controls. The 
differences between the two groups are statistically significant a t  the low 
dose of I, but not a t  the high dose. The lack of a difference a t  the high dose 
of I may be due to the large variability in the clearance estimates in the 
renal failure group. Alternatively, near maximal induction may have been 
reached with the phthalate dosage of 2 mL/kg/d such that any en- 
hancement in response in the presence of renal failure was not readily 
discernible. 


The effects of nephrectomy and phthalate treatment on wet liver 
weight per kilogram of body weight are presented in Table VIII. Ne- 
phrectomy alone tended to decrease liver weight slightly, although the 
difference was statistically significant. I t  is likely that this difference is 
the result of a decreased food intake in these animals. Phthalate treat- 
ment led to a marked increase in liver weight in both renal failure and 
sham-operated control animals. There was no significant difference in 
liver weight between the nephrectomized and sham-operated control 
animals at either phthalate dosage level, possibly because the decrease 
in liver weight due to uremia was partly offset by an increase response 
to the plasticizer in the renal failure rats. 


DISCUSSION 


Chronic exposure to I can induce hepatic drug metabolism in the rat. 
The magnitude of increase in the plasma clearance and the decrease in 
terminal disposition half-life of antipyrine following chronic treatment 
with I is comparable to the reported changes in antipyrine disposition 
produced by phenobarbital (27), 3-methylcholanthrene (27), and poly- 
chlorinated biphenyls (32). Also, the increase in antipyrine clearance was 
dependent on the pretreatment dosage of I. 


The urinary recovery of the N-demethyl and hydroxyl metabolites of 
antipyrine remained unchanged after treatment with I. Danhof et al. (27) 
showed that 3-methylcholanthrene preferentially induced the 4-hy- 
droxylation pathway in the metabolism of antipyrine in rats, while phe- 
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Table VI-Antipyrine Clearance (mL/min/kg) in  Renal Failure and Sham-Control Rats after Treatment with Corn Oil o r  Phthalate 


Statistical 
Comparisons" 


Treatmentsb 
1 2 3 4 5 6 


~ ~~~ 


Mean (n) 3.71 (7) 3.83 (7) 5.14 (6) 6.56 (5) 7.54 (7) 9.53 (7) 
SE 0.11 0.24 0.38 0.13 0.58 1.20 
Between renal failure 


and sham-operated rats NSc- 
treated with corn oil p < 0.05 


Between low- and high- 
dose phthalate in sham- 
operated rats 


Between low- and high- 
dose phthalate in 
renal failure rats 


p < 0.05 
p < 0.001 


p < 0.005 
p < 0.005 


p < 0.001 


Between renal failure 
NS - - and sham-operated rats -p < 0.05- 


treated with phthalate 


Wilcoxon's summed rank test. See text for explanation of treatment codes. c No statistically significant difference. 


nobarbital treatment resulted in an almost uniform stimulation of all 
known metabolic pathways. The present urinary metabolite data suggest 
that induction of antipyrine metabolism by I resembles induction pro- 
duced by phenobarbital more closely than that produced by 3-methyl- 
cholanthrene. However, it should be noted that in our study as well as 
in others, only -50% of the antipyrine dose could be accounted for as 
either intact antipyrine or its known metabolites in urine. A previous 
study of Aarbakke (33) in rats with radiolabeled antipyrine showed that 
-74% of the radioactive dose is recovered in urine while <3% appeared 
in the feces and expired air. Recently, 4,4'-dihydroxyantipyrine was 
identified as a metabolite in rat urine (34). Therefore, the effect of I on 
other metabolic pathways of antipyrine is presently unknown. 


The increase in hepatic cytochrome P4m content following treatment 
with I is similar in magnitude to that reported by other investigators (19, 
20,22,23). It is well recognized that treatment with 3-methylcholanthrene 
results in a shift in the wavelength maximum of the carbon monoxide 
difference spectrum of reduced hepatic microsomes from 450 nm to 448 
nm, whereas no such shift is observed with liver microsomes from phe- 
nobarbital-induced animals. The carbon monoxide difference spectrum 
of reduced microsomes from both control and phthalate-treated rats in 
the present study displayed a maximum at  450 nm. This finding would 
also suggest that the inductive properties of I more closely resemble 
phenobarbital than 3-methylcholanthrene. 


Treatment with I had no apparent effect on the hepatic content of 
cytochrome bg. Little data concerning the induction of this cytochrome 
is available; however, phenobarbital (35) hrts been reported to increase 
hepatic cytochrome b g .  This may indicate a subtle difference between 
the inductive properties of I and phenobarbital. The importance of this 
difference, however, is not known. 


It should be noted that normalizing the plasma clearance of antipyrine 
by liver weight rather than body weight, eliminates any significant dif- 


ference between the phthalate and corn oil groups. This would suggest 
that the clearance of antipyrine is governed primarily by the amount of 
normally functioning hepatic tissue present in the organism. The lack 
of a significant difference in mean plasma clearance per gram of liver 
weight between the phthalate and corn oil groups also suggests that, while 
I increases the amount of hepatic tissue, i t  does not change the intrinsic 
metabolic activity of the newly generated tissue towards antipyrine. 


The elimination of antipyrine was not altered by the impairment of 
renal function. Furthermore, the effect of I on antipyrine clearance was 
enhanced in the presence of renal failure. The in uiuo data are consistent 
with the study by Leber et al. (20), who observed that pretreatment with 
I at a dosage of 0.2 mL/kg/d led to an increase in the in uitro drug-me- 
tabolizing enzyme activities in subtotally nephrectomized rats, but not 
in sham-operated controls. The enhanced response to phthalate treat- 
ment in uremic rats may be explained by a greater exposure to the in- 
ducing agent(& as a result of accumulation of I and/or its metabolites 
during renal failure. Alternatively, uremia may promote the intrinsic 
response of the liver to treatment with the plasticizer. 


The present animal data with I suggest that the increased metabolic 
clearance of antipyrine in renal failure patients could be a result of chronic 
exposure to phthalate ester plasticizers through repeated hemodialysis. 
However, it is important to note that in this study the antipyrine clear- 
ance measurements were all performed at  48 h after the last dose of I, 
by which time much of the administered dose of phthalate should have 
been eliminated. Hence, the possibility of a direct inhibitory effect on 
antipyrine metabolism cannot be ruled out. Metabolic inducers such as 
phenobarbital are known to also exhibit inhibitory activity (36). The 
potential for induction and inhibition of drug metabolism to occur si- 
multaneously during continuous treatment with I should be recognized. 
In fact, a recent study by Agarwal et al. (23) showed that either induction 
or inhibition of in uitro hepatic microsomal oxidative enzyme activities 


Table VII-Antipyrine Elimination Half-life (min) in  Renal Failure and Sham-Operated Rats after Treatment with Corn Oil o r  
Phthalate 


Statistical Treatmentsb 
Comparisons" 1 2 3 4 5 6 


Mean ( n )  157 (7) 152 (7) 
SE 5 14 
Between renal failure 


and sham-operated rats NSc- 


Mean ( n )  157 (7) 152 (7) 
SE 5 14 
Between renal failure 


and sham-operated rats NSc- 
treated with corn oil 


Between low- and high- 
dose phthalate in 
sham-operated rats 


Between low- and high- 
dose phthalate in 
renal failure rats 


108 (6) 70.9 (5) 76.9 (6) 70.2 (7) 
6 , 7.4 4.8 4.0 


p < 0.005 
p < 0.005 


p < 0.001 


D < 0.005 
I." 


p < 0.001 


Between renal failure 
and sham-operated rats - p < 0.005- -NS- 
treated with phthalate 


Wilcoxon's summed rank test. * See text for explanation of treatment codes. No statistically significant difference. 
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Table VIII-Liver Weights in Renal Failure and Sham-Operated Rats after Treatment with Corn Oil or Phthalate 


Statistical 
Comparisonsa 


Treatmentsb 
1 2 3 4 5 6 


Mean ( n )  35.7 (7) 31.2 (7) 43.6 (6) 46.6 (5) 54.3 (7) 52.7 (7) 
SE 1.4 1.2 1.4 0.7 1.4 2.6 
Between renal failure 


and sham-operated rats -p < 0.05- 
treated with corn oil 


Between low- and high- 
dose phthalate in sham- 
operated rats p < 0.001 


p < 0.001 
p < 0.001 


Between low- and high- 
dose phthalate in renal 
failure rats 


and sham-operated rats 
treated with Dhthalate 


Between renal failure 


p < 0.005 
NS 


p < 0.001 


NS - -NS - 


Wilcoxon's summed rank test. * See text for explanation of treatment codes. C No statistically significant difference. 


can result depending on the route of administration of I. Induction of 
metabolism was observed after oral administration of I, whereas inhibi- 
tion was evident after intraperitoneal administration. Unfortunately, 
these investigators used very high doses of I (>2 mL/kg/d). Since the 
degree of metabolic inhibition is usually dependent on the dose or con- 
centration of the inhibitor, the likelihood for metabolic inhibition to occur 
a t  phthalate levels that  have been observed in human subjects is not 
known. Studies are currently underway to investigate the effects of 
phthalate plasticizers on hepatic drug metabolism under more clinically 
relevant experimental conditions. 


In conclusion, the presence of circulating plasticizers in patients 
undergoing regular hemodialysis should be considered as a complicating 
factor in the interpretation of clinical data concerning the effect of renal 
failure on drug metabolism. 
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BOOKS 


The Total Synthesis of Natural Products, Vol. 5. Edited by JOHN 
ApSIMON. John Wiley and Sons, One Wiley Drive, Somerset, NJ 
08873.1983.550 pp. 15 X 23 cm. Price $60.00 
Volume 5 of this series is devoted entirely to a review of sesquiterpene 


total synthesis from 1971 to 1979. Those familiar with the literature on 
synthesis will appreciate the enormity of this task. In Volume 2 a single 
chapter covered sesquiterpene synthesis through 1970; that an entire 
volume is now required attests to the expIosion of research in this area 
during the past decade. The Heathcock group has assembled a lucid and 
readable account of modem sesquiterpene synthesis which can be heartily 
recommended to students and practicing chemists alike. 


The authors have done a creditable job of organizing over 250 total 
syntheses. The volume is grouped into sesquiterpenes of increasing 
connective complexity (i.e., acyclic, monocyclic, bicyclic) and includes 
a chapter on alkaloid sesquiterpenes. This organizational scheme facili- 
tates the location of specific structural classes in addition to permitting 
the reader to digest the synthetic efforts toward a specific class of com- 
pounds in one sitting. A notable improvement over previous volumes is 
a closer correlation between the text and the reaction schemes, greatly 
improving the readability of the former. Each synthesis is accompanied 
by a detailed discussion, with special attention given to key steps. The 
syntheses of selected compounds are subjected to comparative analysis, 
including tabulated information on the number of steps, separations, and 
overall efficiency. The authors wisely refrain from the obvious temptation 
to use this interesting data to rate the individual syntheses. References 
to the isolation and activity of compounds are not included, but should 
be readily available through the papers on synthesis, making Volume 5 
a useful reference to those involved in natural products chemistry. 
Practitioners of organic synthesis will find this volume of The Total 
Synthesis of Natural Products an enlightened and indispensable re- 
source. 


Reviewed by James Kallmerten 
Department of Chemistry 
Syracuse University 
Syracuse, NY 13210 


Deposition of Toxic Drugs and Chemicals in Man, 2nd Ed. By 
RANDALL C. BASELT. Biomedical Publications, P.O. Box 495, 
Davis, CA 95617. 1983.795 pp. 15 X 23 cm. Price $49.50. 
This compilation of important and useful information about common 


drugs and chemicals offers an excellent “one-stop” general reference for 
toxicologists, pharmacologists, and clinical chemists. This edition is or- 
ganized in a format easier to read and contains considerably more in- 
formation than the first edition. 


Dr. Baselt devotes individual attention to  305 substances including 
drugs, pesticides, metals, and commonly used solvents to which humans 
are frequently exposed. He dedicates a section to each compound, 
showing the chemical structure and, when available, the volume of dis- 
tribution, plasma protein binding, plasma half-life of drugs, and pK, of 
compounds. Individual paragraphs describe concisely the drug as it re- 
lates to occurrence and usage, blood concentration, metabolism and ex- 
cretion, toxicity, and analytical procedures. The references listed are 
plentiful in most cases, especially in each section on analytical 
methods. 


In presenting data for the “metabolism and excretion” sections, the 
author made an effort to profile the metabolic process with both de- 
scriptive information and chemical structure. The reader should find this 
useful, considering the increased understanding of the role metabolites 
play in the human response to drugs. Each section on “toxicity” includes 
brief case histories and literature references of fatalities, relating the 
concentrations of the substance as found in blood and other body 
tissues. 


With the overwhelming amount of information being generated on the 
fate of drugs and chemicals in the human body, it is almost a relief to see 


such data capsulized and presented in a useful source for the practicing 
scientist. This reference book certainly should have a spot reserved for 
it on the shelf of all analytical and clinical toxicologists who function in 
hospital laboratories. 


Reuiew by Gary L. Lensmeyer 
Uniuersity of Wisconsin Hospitals 
Toxicology Laboratory 
Madison, WZ 53792 


Recent Advances in Clinical Therapeutics, Vol. 11: Psychophar- 
macology, Neuropharmacology, and Gastrointestinal Thera- 
peutics. Edited by JACK Z. YETIV and JOSEPH R. BIANCHINE. 
Grune and Stratton, Inc., 111 Fifth Avenue, New York, NY 10003. 
1983.290 pp. 16.5 X 24 cm. Price $32.50. 
As the Preface states, this volume “is an outgrowth of a symposium 


held annually a t  the Ohio State University College of Medicine under 
the cosponsorship of the Departments of Pharmacology, Medicine, and 
Family Practice. The majority of the topics in this book were presented 
at  the Fourth Annual Symposium on Recent Advances in Clinical 
Therapeutics held in September 1981. Several additional chapters were 
commissioned to round out the general focus of this volume.” While 
fearing another random collection of disjointed lectures from 21 con- 
tributors, this volume was a pleasant surprise. 


For each section, chapters are devoted to updates in general therapeutic 
principles as well as new drugs. Thus, the 25 newly approved or prom- 
ising investigational drugs in this book are discussed in the context of 
their value in the overall management of the particular disease state. The 
table of contents is very detailed, and the index is more than adequate 
to help find desired information. Most chapters are well referenced. 


The psychopharmacology section contains five chapters, covering 
neuroleptics, antidepressants, lithium, and phencyclidine. An excellent 
chapter on psychopharmacological classification of depressive disorders 
consolidates and clearly explains controversial and confusing literature. 
The lithium chapter focuses on new and important information, including 
renal effects and drug interaction concerns. The only chapter suffering 
from the 21/2 year lag-time from presentation to publication is the chapter 
on antidepressants. So much has happened in the last 2l/2 years with 
newer antidepressants that this chapter is significantly out of date. 


The neuropharmacology section contains chapters updating antiepi- 
leptic drugs, newer muscle-relaxant drugs, aging and neuropsycho- 
pharmacology, and the benzodiazepines. Each chapter is current and 
relevant. The aging and neuropsychopharmacology chapter is a concise 
summary of clinically useful information. 


The gastrointestinal therapeutics section contains five very specific 
chapters. The histamine Hz-receptor antagonists chapter provides a 
useful discussion of cimetidine and ranitidine as well as their value for 
various indications. Other chapters include new therapeutics of reflux 
esophagitis, nonsteroidal anti-inflammatory drugs and the stomach, 
effects of GI and hepatic pathology on human drug responses, and 
chenodeoxycholic acid in the management of gallstones. The final mis- 
cellaneous section contains chapters on the treatment of sexually 
transmitted diseases, therapeutic use of marijuana derivatives, and 
management of bronchial asthma in the ambulatory patient. 


For the pharmaceutical scientist interested in a concise update in 
clinical therapeutics, this volume will be helpful. It also provides some 
insight into the relative value of newly introduced drugs, as well as the 
remaining need for even better medicines. 


Reuiewed by Glen L. Stimmel 
School of Pharmacy 
University of Southern California 
Los Angeles, CA 90033 
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Determination of Picogram Nitroglycerin Plasma 
Concentrations Using Capillary Gas Chromatography with 
On-Column Injection 
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Abstract 0 A specific, sensitive. and precise capillary gas chromatographic 
(GC) assay capable of analyzing picogram concentrations of nitroglycerin 
in human plasma was developed. The analytical procedure involves a double 
extraction of 1 m L  of plasma with pentane, after the addition of internal 
standard ( I  ng of 2,6-dinitrotoluene), followed by evaporation and rcconsti- 
tution in 50 pL of heptane. The extract ( I  pL) was injected onto a capillary 
column using the on-column injection technique. The GC oven temperature 
was programmed from I ZOOC to 1 80°C at a rate of S°C/min. The oven 
temperature was then programmed to 250OC and aas maintained for 10 min. 
The nitroglycerin and internal standard retention times wcre 8.6 and 1 I .4 min, 
respectively. Thc position of the end of thecapillary column inside the detector 
is  ;I critical determinant of sensitivity: the column exit must be positioned such 
that nitroglycerin adsorption to the detector i s  minimized ( i . ~ . ,  sensitivity 
niaximiied). The assay limit of quantitation was 25 pg/mL ( C V  = 7.6%) using 
I mL of plasma. This GC assay. specific for nitroglycerin in the prcscncc of 
i t 5  metabolites, isosorbidc dinitrate, and several other drugs, may be used to 
quantitate plasma IcvcIs obtained after therapeutic nitroglycerin doses. 


Keyphrases 0 Nitroglycerin 
glycerin, picogram quantitation 


GC, picogram quantitation 0 GC-nitro- 


Nitroglycerin is a potent vasodilator used in the treatment 
of angina pectoris and congestive heart failure associated with 
acute myocardial infarction ( I ) .  The pain of angina may be 
relieved and/or prevented by the administration of sublingual, 
oral, or topical nitroglycerin. Although a definitive therapeutic 
plasma concentration range has not yet been defined, it is still 
important to identify the nitroglycerin concentration-response 
relationship so that dose adjustments in patients may be made 
more effectively. Nitroglycerin administration results in venous 
plasma concentrations ranging from <50 pg/mL to 10 ng/mL, 
depending on the route of administration (2-4). Studies in the 
rhesus monkey (5) indicate that concentrations of I4C-labeled 
nitroglycerin metabolites are 10- to 300-fold higher than the 
parent drug. Therefore, an analytical method for nitroglycerin 
must be both sensitive (25-pg/mL detection limit) and specific 
(i.e., must measure nitroglycerin in the presence of metabo- 
lites). 


Several different analytical methods have been developed. 
H PLC methods have been developed to measure nitroglycerin 
amounts and concentrations in dosage forms (6), waste water 
(7), trace level explosives (8), and blood (9). Of these HPLC 
methods, the last (9) used a thermal energy analyzer-detector 
and was the most sensitive. This method was capable of dc- 
tecting 500 pg (injected on column) and required 2 mL of 
plasma (CV = 12% at 13 ng/mL). None of these methods are 
capable of detecting nitroglycerin conccntrations of 50 pg/ 
m L. 


Within the past few years, four GC-MS assays for nitro- 
glycerin have been described (10-1 3). These assays possess 
some advantages over HPLC and conventional gas chroma- 
tographic (GC) assays. GC-MS assays are selective for the 
parent drug and quite sensitive (typically 50 pg/mL). Several 
disadvantages of GC-MS methods are readily apparent. The 
cost and time to set up a GC-MS instrument is often prohib- 


itive for most clinical laboratories. Several of these assays 
( I  1 - 1  3) require the use of specially synthesized internal 
standards labeled with stable isotopes. These internal standards 
often are not commercially available, which may certainly limit 
the utility of these assays for routine clinical monitoring. 


Several GC assays utilizing conventional packed columns 
have been developed ( 14- 16). These were not fully satisfactory 
due to lack of sensitivity (14), complicated extraction proce- 
dure and questionable precision [i.e., CV = 23% at 100 pg/mL 
(1  5 ) ] ,  and lack of specificity (1 6). Wu et al. ( I  6) found in- 
terfering chromatographic peaks, which varied between in- 
dividuals and even varied within individuals with time. Another 
major obstacle to the determination of picogram concentra- 
tions of nitroglycerin with conventional packed-column GC 
is adsorption of nitroglycerin to the column components. 
Several investigators have found that preloading columns, i.e., 
injecting large amounts of nitroglycerin immediately before 
analyses of plasma samples, resulted in decreased column 
adsorption ( 1  7-  19). 


Drug adsorption to GC columns may be greatly reduced, 
i f  not eliminated, with the use of inert fused-silica capillary 
columns (20). Douse (20) reported a fused-silica capillary GC 
assay capable of detecting 5 pg and quantifying 100 pg of ni- 
troglycerin (CV = 13%). Sved et al. (21) recently reported 
nitroglycerin plasma levels after a topical dose of nitroglycerin 
ointment. Although a detection limit of 50 pg/mL (using a 
fused-silica column) was reported, details of the assay vali- 
dation have not been reported to date. In the present assay, the 
use of an on-column injector, a syringe with a fused-silica 
capillary needle, and fused-silica capillary columns allows the 
quantitation of picogram concentrations of nitroglycerin in 
plasma samples. 


This report describes the capillary GC determination of 
nitroglycerin in  plasma using on-column injection and elec- 
tron-capture detection (EC). The assay described possesses 
the precision, sensitivity, and selectivity required to analyze 
picogram nitroglycerin concentrations in human plasma. 


EXPERIMENTAL SECTION 


Chemicals and Reagents-Nitroglycerin was obtained as a 10% triturate 
on li~ctose' and aas extracted from the lactose with ether. The internal stan- 
dard was 2.6-dini~rotoluene~. All soIvcnts3 (pesticide quality) were used as 
\upplicd. with the exception of heptanc. Iieptane was further purified with 
iictivatcd charcoal. Dim~thyldichlorosilane~ was commercially obtained. 


Glassware Silanization Procedure-All glassware was silanized before use. 
A 5% (v/v) diniethyldichlorosilane solution in toluene was prepared fresh 
monthly and stored at 4OC. Glassware was soaked in this solution for 20 min, 
rinsed in toluene. and soaked in methanol for 20 min to neutralizc excess re- 
agent. The glassware was rinsed a final time with fresh methanol. dried at 
100°C for 1 h. and baked at 260°C for 6 h. 


~~ 


I Key Pharmaceuticals. Inc., Miami. Fla. 
2 K & K Laboralorics, Hollywood. Calif. 
3 Glass-dislzlled Rurdick and Jackson, Muskegon, Mich 


Aldrich Chemical Co., Milwaukee. Wis. 


0022-35491 8 4  0700-0923$0 1.0010 
@ 1984, American Pharmaceutical Association 
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Table I-Retention Times of Nitroglycerin, Nitroglycerin Metabolites, and 
Several Other Commonly Prescribed Drugs 


Compound G C  Retention Time, min 


DISTANCE (cm) 
Figure I -Effect of capillary column alignment imide the GC detector (i.e.* 
disiance column is inserted through the detector insert) on nitroglycerin 
sensiliuity. 


Instruments-The gas chromatographs5 were equipped with 63Ni elec- 
tron-capture detectots (EC) and on-column injectors6 (this assay has been 
validated on two separate instruments). The columns were 30 m X 0.25-mm 
fused silica capillary columns coated with a cross-linked methyl polysiloxane 
stationary phase’. The capillary column was wrapped in a single sheet of 
aluminum foil: this technique was found to eliminate peak splitting, which 
occurred due to uneven heat distribution within the GC oven. Helium was used 
iis a carrier gas at a flow rate of I .5 mL/min (inlet pressure = 40 psi). Nitrogen 
flow rates to the EC and column make-up were.5 and 25 mL/min, respectively. 
Column position inside the EC was optimized for maximum sensitivity. The 
detector temperature was maintained at 300OC. The oven temperature was 
programmed from 120’C to 180OCat S°C/min. A second temperature ramp 
was used to “burn-ofT’ the residual extract. This was accomplished by pro- 
gramming the oven at 50°C/min to 25OOC and maintaining this final tem- 
pcraturc for 10 min. Chromatograms were recorded and peak height ratios 
calculated using a recording integrators. 


With routine use (every 100 injections) a 40-cm length of column (at the 
injector end) should be removed. This procedure. which results in more re- 
producible standard curves, removes nonvolatile extract components that 
;iccumulate and eventually cause chromatographic peaks to broaden and the 
scnsitivity to decrease. A n  alternative to removing portions of the analytical 
column is the use of a precolumn. The precolumn is a I -m section of column 
with the Same liquid phase as the analytical column. The precolumn should 
iilso be wrapped in aluminum foil and connected directly to the injector. The 
opposite end of the precolumn is connected to the analytical column using a 
x r o  dead-volume union9. After -I00 injections, the precolumn may be 
changcd and column efficiency is not lost. 


Clinical Blood Sampling-Serial blood samples were drawn into chilled 
7-inL evacuated tubes’O through an indwelling venous catheter kept patent 
with hcparin. The blood was immediately centrifuged at 12,800Xg for 20 s. 
The plasma was then immediately frozen in  a dry ice bath. The total amount 
of time required to withdraw the blood sample and centrifuge to obtain plasma 
prior to freezing was <2 min. This procedure minimizes the in uitro degra- 
dation of nitroglycerin by blood. 


Sample Preparation-Nitroglycerin calibration standards were prepared 
as follows. Primary stock solutions ( I  mg/mL each) of nitroglycerin and 
2,6-dinitrotoluene were prepared in  ethanol. Secondary stock solutions ( I  0 
pg/mL) were prepared fresh monthly by diluting the primary standards in 


Varian 3700 and 6000 gas chromatographs; Varian Associates. Los Altos, Calif. 
On-column injector; J & W Scientific, Inc., Rancho Cordova. Calif. 


Zero dead volume union; J & W Scientific. Inc.. Rancho Cordova, Calif. 


’ DB-I. 1.0-pm film thickness; J & W Scientific, Inc.. RanchoCordova. Calif. * HP3390A; Hewlett Packard. Palo Alto. Calif. 


l o  Vacutainers: Becton. Dickenson and Co.. Rutherford. N.J. 


Nitroglycerin 
I .3-Dinitroglycerin 
I ,2-Dinitroglycerin 
1 -Glycerylmononitrate 
2-Glycerylmononitrate 
2.6-Dinitrotoluene 
lsosorbide dinitrate 
Isosorbide-2-mononitrate 
Isosorbide-5-mononitrate 
Acetaminophen 
Acctylsalicylatc 
Caffeine 
Chloral Hydrate 
Furosemide 
H ydrochlorothiazide 
Metolazone 
Procainamide 
N- Acet ylprocainamide 
Spironolactone 
Triamterene 


8.6 
7.5 
7.6 
4.5 
4.7 


11.4 
14.5 
9.8 


12.2 
N Da 
11.9 
ND 


I .o 
ND 
ND 
ND 
ND 
ND 
ND 
ND 


N D  = not detected. 


Table If-Within-Day Nitroglycerin Assay Precision and Accuracy 


Nitroglycerin Concentrations, pg/mL 


Actual Mean f SDa cv, ?6 Error, ?h 
Calculated 


~~ ~~ 


25 21.3 f 1.6 7.6 -16 
50 49 f 3  6. I -2 


100 104 f 2 2.3 +4 
300 288 f 6  2. I -4 


I.000 1015 f 3 9  3.8 +2 
I0.000b 9890 f 670 6.8 -1 


n = 6. * Diluted I :I0 (v/v) before cxtraction. 


ethanol ( I  :loo, v/v). Fresh aqueous solutions of nitroglycerin (10 ng/mL) 
and 2,6-dinitrotoluene (20 ng/mL) in distilled water were prepared daily from 
the secondary stock solutions. Nitroglycerin calibration standards (0. 25.50, 
100,200,300,400,500,750, IOOO. and 2000 pg/mL) were prepared by adding 
the appropriate aliquot of the nitroglycerin standard and 50 p L  ( I  ng) of 
2.6-dinitrotoluene to 1 -mL samples of blank human plasma in I6 X I SO-mm 
silanized test tubes with polytef-lined screw caps. Clinical plasma samples 
( I  mL) were transferred to silanized test tubes and mixed with 50 p L  of the 
2.6-dinltrotoluene. 


Each calibration standard or clinical sample was extracted with 10 mL of 
pentane by vortexing for 2 min, followed by centrifugation for 10 min at 
2000Xg. The pcntane layers were transferred to clean test tubes. The residual 
plasma layers were extracted and centrifuged a second time, as described 
above. The combined pentane extracts were evaporated under a stream of 
nitrogen (at room temperature) to a final volume of-I mL. Theextracts were 
then transferred to I-mL vials” and evaporated to dryness under a stream 
of nitrogen. Immediately after the solvcnt had been complctcly removed, 25 
p L  of n-heptane was added to each vial, and the vials were vortexed (-5 s). 
A 1.0-pL aliquot of each extract was injected into the gas chromatograph. 


Sample application to the column was performed cia thc injector stopcock 
using a 10-pL gas-tight syringe which was modified to hold a 0.21 X 190-mm 
fused-silica capillary “needle.” All extracts were stored nt -2OOC until 
chromalographed and on dry ice betwccn G C  injections. 


Assay Specificity-Assay specificity was determined by injecting solutions 
of several drugs and some of their known metabolites on column. The oven 
temperature was programmed from I 2OoC to 200°C at a rate of S°C/min, 
then ballistically to 25OOC. This temperature program is only slightly different 
than that described earlier and will not affect the retention time of nitro- 
glycerin, nitroglycerin metabolites, or the intcrnal standard. This temperature 
program was used to show the relative retention times of a related drug, iso- 
sorbide dinitrate. and it metabolites. Thc analytical method described may 
be modified in this manner to determinc plasma isosorbide dinitrate and 
metabolite concentrations. All of the compounds tested for possible interfer- 
ences were tested using these same conditions. 


Nitroglycerin Stability-Nitroglycerin stability in frozen human plasma 
was evaluated at  -2OOC. Drug-free plasma was obtained from four volunteers 


~ ~~ 


I ’  Rcacti-vials: Pierce Chemical Co., Rockford. 111. 
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Figure 2-Chromatograms of blank and nitroglyc- 
erin- fortifed plasma extracts. Key: (A) blank plasma 
extract: (B) plasma extract fortified with 100 pg/mL 
of nitroglycerin and I ng/mL of 2.6-dinirrotoluene. 
Retention times for nitroglycerin and 2,b-dinitrotoluene 
are indicated in each chromatogram by a and b. re- 
spectively. 


1 
(thrcc male,onc female) and pooled. Nitroglycerin was added to twoseparate 
I OO-mI, aliquot5 of plasma (at OOC) to obtain final concentrations of 0.1 and 
1.0 ng/mL. Each plasma solution was subdivided into multiple I-mL aliquots. 
quick-frozcn in dry ice, and stored at  -2OOC. Six aliquots of each concen- 
tration were assayed (as described above) after 0.7,  14,24,40, and 60 d of 
storage. 


Column/Electron-Capture Detector Optimization-The position of the 
capillary column exit inside the detector was optimized for maximum sensi- 
tivity. Sensitivity was evaluated from multiple injections of a I.0-pL aliquot 
of a nitroglycerin standard solution ( I  .O pg of nitroglycerin/pL and 40 pg of 
2.6-dinitrotoluene/~L, in heptane). The position of the column in the detector 
was adjusted to increase sensitivity (maximum nitroglycerin/2.6-dinitroto- 
lucnc peak height ratio). 


RESULTS AND DISCUSSION 


Injector and Detector Optimization-Initial attempts to use a capillary GC 
system to quantitate picogram amounts of nitroglycerin were unsuccessful. 
3itroglycerin may adsorb and degrade on active surfaces of capillary injectors, 
glass columns. and detectors. Several injection systems were evaluated. Sig- 
nificant nitroglycerin adsorption occurred with splitless and direct injectors'*. 
Use of the split injection technique (90 1 split ratio) decreased the apparent 
adsorption of nitroglycerin to the injector. Lower split ratios were necessary 
to increase assay sensitivity. but the coefficient of variation was >20%. Finally, 
injector precision and assay sensitivity were evaluated using the on-column 
injcction technique. Use of this technique allowed nitroglycerin to be applied 
dircctly onto the capillary column, thus avoiding glass and metal surfaces 
which may adsorb and/or degrade nitroglycerin. 


Adsorption and degradation of nitroglycerin may occur not only on surfaces 
of conventional injectors, but also on active surfaces present in the EC. An 
advantage of using narrow-bore fused-silica capillary columns is that the 
column may be inserted entirely into the EC. Optimization of the position of 
the column exit inside the EC is an important determinant of assay sensitivity. 
The EC contains highly active surfaces which may bind or degrade labile drugs 
such as nitroglycerin. Therefore, the column must be positioned to both 
minimize nitroglycerin loss and maximize detector sensitivity. 


Figure I shows that detector sensitivity sharply increases as the column is 
inserted further into the EC and peaks at  13.1 cm, i.e., 13. I cm as measured 
from the EC detector insert to the end of the column. Further insertion of the 
column into the detector results in a sharp decrease in sensitivity. Note that 
if  the column alignment varies by as little as 1-2 mm. 50% of the maximum 
sensitivity is lost. 


The position of the column within the EC may not be as critical in the 
chromatography of other compounds. For example, lindane and aldrin are 


l 2  Varian Associates. 1.0s .41tos, Calif. 


1 . 1 1  I , , . ,  


6 8 M 1 2  


MINUTES 


easily detected even when the column outlet is placed only 0.5 cm inside the 
detector insert. 


Extraction Precision and Recovery-Initial assay development utilized an 
extraction procedure in which 1.0 mL of plasma wasextracted once with 10 
m L  of pentane. Extraction efficiencies for nitroglycerin and 2,6dinitrotoluene 
( I .O ng/mL each) were 75 f 7% and 93 f 2% respectively. When biological 
samples (plasma) were each extracted twice, assay precision, as measured 
by the decrease in Coefficient of variation. was increased by two- to threefold. 
Coefficients of variation decreased from 13.7 to 6.1%. 15.9 to 2.370, and 9.5 
to 2.9% at plasma nitroglycerin concentrations of 50,100, and 1000 pg/mL, 
respectively, when single and double extractions are compared. 


Nitroglycerin Chromatography and Assay Specificity-Chromatograms 
of blank and nitroglycerin-fortified plasma are shown in Fig. 2. Figure 2A 
dcpicts a chromatogram for a blank plasma extract. The nitroglycerin and 
2.6-dinitrotoluene retention times are indicated by arrows. The small peak, 
indicated by arrow a, has the same retention time as nitroglycerin. This peak 
is due to a contaminant present in the heptane and was eliminated by purifying 
the heptane with activated charcoal. Figure 2B shows a representative chro- 
matogram of plasma fortified with 100 pg/mL of nitroglycerin and 1 ngjmL 
of 2.6-dinitrotoluene. The retention times for nitroglycerin and 2.6-dinitro- 
toluene were 8.6 and 11.4 min, respectively. 


Both nitroglycerin and dinitrotoluene were resolved from nitroglycerin 
metabolites. The retention times for the metabolites are  shown in Table 1. 
Since the capillary G C  assay will be used to measure nitroglycerin plasma 
concentrations in patient populations, several other drugs were tested for assay 
interference. Table I lists the retention times, when detected, of several drugs 
(and metabolites) which may be prescribed to patients in a hospital cardiac 
care unit. None of the drugs. nor the metabolites tested, interfered with the 
nitroglycerin capillary GC assay. Also note that nitroglycerin may be assayed 
in the presence of isosorbide dinitrate, which is often concurrently administered 
to patients. N o  intcrfcrence was noted for this compound and its two major 
metabolites. isosorbide-5-mononitrate and isosorbide-2-mononitrate. 


Assay Precision, Accuracy, and Linearity-The precision and accuracy 
of the nitroglycerin assay procedure was assessed by analysis of six replicate 


Table Ill-Stability of Nitroglycerin in Pooled Human Plasma at 100- and 
1000-pg/mL Concentrations When Stored a t  -20°C 


Calculated Concentration, pg/mL 
I00 pg/mL 1000 pg/mL 


Time, d Mean f SD cv. % Mean f SD CV.% 


0 l l 2 f 7  6.2 1015 f 39 3.8 
3.0 7 102 f 5 4.9 


14 I09 f 7 6.4 987 f 31 3. I 
1034 f 31 


24 102 f 4 3.9 933 f 33 3.5 
40 1 1 3 f 6  5.3 952 f 31 3.4 
60 I06 f 6 5.7 955 f 41 4.2 
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Figure 3-Nitroglycerin standard curves. Key: (A)  Representative nitroglycerin standard curve; curve is linear between 0- 200 pg/mL and 200-2000 pg/mL. 
Inset shows the low calibration standard range. (B) Mean of six individual nitroglycerin standard curves. Standard error bars are shown except when smaller 
than the data symbol. Inset shows the low calibration standard range and the extrapolated line ( - - - ) f r o m  the high concentration range. 


plasma samples to which known amounts of nitroglycerin were added. 
Within-day assay precision and accuracy are summarized in Table 11. Coef- 
ficients of variation over the concentration range, 25- 10.000 pg/mL, were 
<lo%. The relatively high coefficient of variation of the 10-ng/mL concen- 
tration may be due, in part, to the additional steps involved in sample analysis 
at higher concentrations, i.e., extracting 100 1L of plasma diluted with 900 


/LL of blank plasma. Accuracy for all concentrations, except 25 pg/mL, was 
within f5% of the actual fortified nitroglycerin concentrations. Between-day 
assay precision was evaluated over 2 months (40 standard curves), i.e., each 
day for 40 d. Blank plasma samples were fortified with 0.1 and 1.0 ng/mL 
of nitroglycerin. These samples servcd as calibration controls un t i l  drug sta- 
bility could be established. Coefficients of variation were 7 and 12% at 1.0 and 


1 .o. 


0.5. 


“a/,, 
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0.05. 
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Figure 4-Plasma nitroglycerin concentration versus time profiles for two subjects. Key: (A) ajier 0.4-mg sublingual doses to subject I ;  ( B )  after topical 
doses to subject 2 via ointment (m) and controlled-release patch (0) 
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0. I ng/mL, respectively. Accuracy (mean concentrations) were within the 
percent error noted for these two concentrations in Table I I .  


Nitroglycerin standard curves were not linear over the entire concentration 
range of 0-3OOO pg/mL. At very low concentrations (<200-300 pg/mL) the 
standard curve slope was generally 50% greater than that of the high con- 
centration range. Figure 3A shows a representative standard curve. The 
change in slope is not due to extraction efficiencies. since the slope change was 
also present when known concentrations of drug in heptane were injected. The 
“break-point” of the standard curve was consistent and did not change during 
any given day. Even when six different standard curves were averaged together 
(Fig. 3B), the break-point was still present. Therefore, this break-point is not 
due to assay variability. 


The break-point may vary between different columns, instruments, or 
make-up gas flow rates. The standard curve in Fig. 3A was analyzed on a 
different instrument than the curves averaged in Fig. 3B. The break-point in 
Fig. 3A occurred at 200 pg/mL. In each of the six individual curves and the 
mean curve in Fig. 3B, the break-point occurred at 300 pg/mL. The position 
of the break-pint may vary between instruments, but is constant within any 
one instrument. Although the Occurrence of the break-pint is quite consistent, 
the cause has not yet been identified. 


Nitroglycerin Stability in Frozen Plasma-Nitroglycerin stability in frozen 
plasma has been determined in some detail by Maier er al. (22). &cause these 
investigators determined nitroglycerin conccntratiom using a GC assay which 
utilized packed columns. it was necessary to validate the plasma storage 
conditions using the capillary GC assay reported here. The nitroglycerin 
stability data are shown in Table I l l .  Nitroglycerin was stable in plasma for 
a minimum of 60 d when stored at -20%. 


Clinical Studies-As an illustration of the applicability of this assay pro- 
cedure, nitroglycerin was administered to two healthy volunteers. Subject I 
received a 0.4-mg sublingual dose on two separate occasions (1 week apart); 
the plasma concentrations are shown in Fig. 4A. Nitroglycerin peak times were 
5 min, and terminal half-lives were 2.0 and 3.0 min. Subject 2 received two 
topical doses of nitroglycerin on separate occasions. The subject received a 
I -g dose of 2% nitroglycerin ointment (equivalent to 20 mg of nitroglycerin) 
which was spread evenly over a 200-cmZ chest area and occluded. The second 
dose was a sustained-release nitroglycerin patch. Plasma concentrations are 
shown in Fig. 4B. The half-life (15 min) after removing the ointment was 
longer than that after sublingual dosing. The longer half-life is most likely 
due to continued absorption of nitroglycerin. 
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it seems that the presence of a high correlation between parameter estimates 
may not necessarily indicate that the statistical properties of these final esti- 
mates are meaningless. 


In conclusion. meaningful statistics of the final parameter estimates of E.  
and tgo can be obtained by the nonlinear approach described in this paper. This 
approach is applicable over a wide range of different theoretical values of E .  
and rW, different orders of reaction, different levels of noise in data, and dif- 
ferent types of data structure. The advantage of this nonlinear approach is 
that it uses data of drug content, time, and temperature to provide a direct 
estimation of shelf-life with relevant statistics This method may be potentially 
useful for the realistic prediction of drug stability of pharmaceutical prod- 
ucts. 
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Abstract 0 The tricyclic amines promazine, promethazine, chlorpromazine, 
triflupromazine. and trifluperazine form solid ion pairs with ATP in a 1.2 
molar ratio. There is a good correlation between the measured Ksp and the 
apparent diffusion constants of the ion pairs with the critical micelle con- 
centration (CMC) of the corresponding phenothiazines. Solid ion pairs are 
solubilized by phenothiazine micelles; the binding constants of ATP to drug 
micelles are calculated from solubility data at 25OC and can be related to the 
CMC of the phenothiazines. 


Keyphrases 0 ATP-behavior toward phenothiazine drugs, binding, micellar 
solubilization Binding- behavior of ATP toward phenothiazine drugs, 
micellar solubili;?ation 0 Phenothiazine drugs-behavior of ATP. binding, 
micellar solubilization 0 Micellar solubilization-behavior of ATP toward 
phenothiazine drugs, binding 
~~~~~~ ~ ~~ 


The mechanism of action of phenothiazine drugs is difficult 
to explain because of their great variety of biochemical and 
physiological effects. Membrane interactions seem to be im- 
portant particularly in the case of chlorpromazine ( 1  -4). 
Phenothiazines, like many tricyclic amines, have amphiphatic 
properties and are surface-active drugs (4-7). Their micelles 


are able to solubilize in uitro various high molecular weight 
drugs such as pteridine and porphyrin derivatives (8 ,9) ;  the 
binding constants of solubilized compounds with micelles are 
rather high. Previously, Blei (10) studied the decrease of 
chlorpromazine surface tension in the presence of ATP, while 
Moriguchi et al. (1  1) observed the formation of a I : 1 complex 
between the neuroleptic agent and ATP. 


The aim of the present work is to investigate the behavior 
of five phenothiazines with different pharmacological activity 


Promethazine 
Promarine 
Chlorpromazine 
Triflupromazine 
Trifluperazine 
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toward ATP, paying attention particularly to variations in  the 
lipophilicity of ATP in the presence of thc drugs and to its 
possible solubilization by phenothiazine micelles. 


EXPERIMENTAL 


Materials-Promethazine hydrochloride’, promazine hydrochloride’, 
chlorpromazine hydrochloride’, trifluperazine hydrochloride’, and triflu- 
promazine hydrochloride’. ATPI, non-reinforced dimethylpolysil~xane~ 
sheeting in a labeled thickness of 5 mil [ 12.5 X lo--’ cm, thoroughly rinsed 
and treated as previously described (12)); 0.25-pm filter disks4, Sephadex 
G-25 medium’, and glass microfiber papers6 were commercial samples. A 
pH meter’, a spectrophotometer8, a plate tensiometer9, a conductimetertO, 
and an automatic fraction collectork1 were also used. 


Preparation of Solid Complexes--The solid complexes were obtained in 
aqueous media by mixing 50 mL of ATP (8.0 X I O--’ M) with 50 mL of tri- 
cyclic amine (16.0-32 X lod3 M ) .  Thesuspensions were pH 3.5-4.0. All the 
phenothiazines formed a precipitate, which was separated and analyzed. The 
same molar ratios of ATP-phenothiazine were employed throughout. The 
pH was fixed at 5.5 and 6.0 by adding 0.1 M NaOH and 0.1 M 2-morpho- 
linecthansulfonate buffer, respectively. This buffer was selected because 
permeability measurements have shown ( I  2) that it does not form ion pairs 
with phenothiazines. 


M )  and chlorpro- 
marine (8.0 X lo--’ M )  and increasing concentrations of calcium chloride (2.0 
X I OW3, 4.0 X lo--’, and 8.0 X lo--’ M )  were prepared. No solid complex was 
obtained from the solution with 8.0 X lo--’ M calcium chloride. 


Analysis of Solid Complexes--Solid ion pairs (8-1 5 mg) were treated with 
10 mL of 2 M HCI, and the solution was heated for I5 min in a water bath to 
promote ATP hydrolysis, then diluted to 25 mL with 2 M HCI. ATP was de- 
termined by the malachite green method ( 1  3) to evaluate the phosphate ob- 
tained by hydrolysis. 


The concentration of phcnothiazine was determined spectrophotometrically 
at 310 nm (chlorpromazine, log f = 3.62; promazine, log f = 3.56; pro- 
methazine, loge = 3.56; triflupromazine, log f = 3.43; and trifluperazine, log 
f = 3.60). ATP does not interfere at this wavelength. 


The analysisdata are reported in Table I .  Each molar ratio is the average 
of three determinations. All the phenothiazines studied form a 1:2 solid 
complex with ATP. A I :2 molar ratio was also obtained for the solid ATP- 
chlorpromazine complex formed at different molar ratios of reactants and 
in the presence of calcium chloride. In Table I I  the yields of the solid complex 
obtained in different media are listed. 


Determination of Solubility Products-Spectrophotometry at 25OC- 
Glass-stoppered cylinders containing an excess of solid comple~in  6 mL of 
water were shaken in a water bath kept at 25 f OS0C for 24 h. The samples 
were then filtered through 0.25-pm filter disks. The ATP and phenothiazine 
concentrations were determined by the malachite green method and absorb- 
ance measurements, respectively, on the filtrate as previously described. The 
results reported in  Table I I I  confirm an ATP-tricyclic amine molar ratio of 
I :2. 


ConductinietrL.-Twentv-five milliliters of the drug solution was placed 
in the titrimeter cell kept at 25 f 0SoC. A concentrated solution of ATP was 
then added; the rate of addition was generally between 0.1 and 1 mL/min. 
wi th  titration usually complete within 5-10 min. Complexation between the 
two ions was taken to be the point on the conductimetric titration trace where 
a marked change in the gradient is observed (Fig. la). 


Several titration curves were determined using different concentrations 
of phenothiaiines. Double-logarithmic plots were then constructed, reporting 
ATP concentrations at the break point against drug concentrations. All the 
studied systems exhibited a straight-line relationship between cation and anion 
concentration (Fig. 1 b), showing that, over the concentration ranges studied, 
the areas of ion self-association have bcen avoided (14, 15). Analysis of these 
double-logarithmic plots gave slopes of -0.5; the intercept was at log K,,/2. 
By substituting the values: 


Solutions at  fixed concentrations of ATP (4.0 X 


log K , ,  log [ATP] 
log [drug] = - - ~ 


2 2 


I Rhbne-Poulenc. 
Merck. 
Silasric. 
Millipore. 
Pharmacia. 
Whatman.  ’ Orion-701/A. 
Perkin-Elmer EPS-3T 
Dognon-Abribat. 


l o  Amel Model 123. 
I ’  LKB-Redirec 21 12. 


Table I-Experimental Molar Ratios a for ATP-Phenothiazine Complexes 
~ 


ATP, mot Phenothiazine, 
Complex Amount. e. X mol X lo-’ 


ATP-chlorpromazine 0.01 50 I .2 2.5 
ATP-promazine 0.0080 0.65 1.4 
ATP-promethazine 0.01 00 I .o 2.1 
ATP-triflupromazine 0.01 50 I .o 2.2 
ATP-trifluperazine 0.0 I30 1 .o I .9 


Detcrmined spectrophotometrically. Standard deviation of each value is within 
5 100/0; e.g.. for the ATP-chlorpromazine complex, the molar ratio, averaged over three 
separate measurements. is 2.08 f 0. I I .  I f  the  molar ratio is averaged over all the mea- 
surements concerning all the complexes (assuming t h a t  the ratio is the same for all the 
phenothiazines) a value of 2.09 f 0.08 is obtained. 


Table 11-Solid ATP-Phenothiazine Complexes (1:2) Formed in Solutions 
of ATP’ and Phenothiazine Drugs in Water and in the Presence of 
Increasing Concentrations of CaClz 


Yield, “a 
In  the Presence of CaC12 


2.0 x 1 0 - 3  4.0 x 10-3 8.0 x 10-3 
Drug H2O‘ pH 5.5 pH 6.0 M M M 


Promethazine 4.2 1.8 7.5 - - - 


Promazine 19.1 7.4 31.9 - - - 


Chlorpromazine 26.8 35.0 44.2 18.1 13.8 0 
Triflupromazine 30.0 25.5 42.3 - - .- 


Triflupera- 30.0 42.5 44.9 - - - 


zine 


a 4.0 X 10-I M .  8.0 X lo-’ hl. pH 3.5-40. 


Table Ill-Solubility Products of Phenothiazine-ATP Ion Pairs 


KSP.  ( m ~ l / L ) ~  
25OC 37°C 


Drug Spcctrophotometry Conductimetry Conductimetry 


Promethazine 6.1 X lo-* 8.3 X 9.3 X 


Chlorpromazine 1.4 X 1.6 X 1.5 X 
Promazine 4.6 X 4.7 x 10-8 5.3  x 10-8 


Triflupromazine 9.2 X 9.2 x 10-9 1.2 x 10-8 
1.1  x 10-8 Trifluperazine 1.0 x 10-8 8.7 x 10-9 


8 


ATP ADDED, mmol x 90) 


-zPo r 


7 -210 , \ ,  


- W O  
100 [ATP] 


430 *O 


Figure 1-(a) Conductimetric titration for ATP versus proma:ine at 25°C 
original promazine concentration: 9.0 X lo--’ M. (b) Double logarithm plot 
for the promazitre-ATP system ofthe concentration oJeach interacting ion 
at the K,point: slope 0.47. 
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Table V-Bindine Constants of ATP to Phenothiazine Mieelles 


1W 2 M  Z M  


moles Iltei 'x to3 


Figure 2-Surface rension versus the molar concentration oj'chlorpromazine 
at 25°C. Key: (0) chlorpromazine alone; (a) chlorpromazine in rhe presence 
of0.8 X MATP;(X~chlorpromazineinrhepresenc.eof0.8 X M 
ATP and 0.6 X M CaC12; I.) chlorpromazine in the presence ($0.8 
X 1 0 - 4 M A T P a n d 0 . 8  X 10-4MCaC12.  


a I:2 interaction between the ATP and the drug was inferred. 
Determination of the Critical Mieelle Concentration -The critical rnicelle 


concentrations (CMC) of phenothiazines were determined by measurements 
of surface tension using a plate tensiometer a t  25 f 0.5'C in 0.9% NaCl at 
pti 6.0. The CMC of chlorpromazine was also determined in the presence of 
ATP and of calcium ions ( [ATP] = 0.8 X lo-' M; [Ca2+] = 0.6 X M 
f 0.8 X 


Determination of the Apparent Diffusion Constant--The diffusion cell was 
of the type used by Nakano and co-workers (16, 17). The glass cell consists 
of donor and receptor compartments (volume of each. 20 mL) and a membrane 
(available area, 3.80 an2). Twenty milliliters of 0.01 M HCI were added to 
one arm, and an equal volume of the test solution was placed in the other arm. 
The concentration of thc diffusible phenothiazine drug in the desorbing hy- 
drochloric acid solution was kept at zero, maintaining diffusing phenothiazine 
in a dissociated form. All  solutions were brought to 37°C before being placed 
in the cell. which was kept a t  37'C. The contents of each compartment were 
stirred by a magnet attached to an electric motor turning at 300 rpm. At 
scheduled times an aliquot (0.5 ml.) of the receptor solution was removed for 
the absorbance measurements, and the same volume of 0.01 M HCI was 
added. 


The equation derived by Garrett and Chemburkar (18) for steady-state 
diffusion was used toobtain the apparent diffusion constants. D = CIXV/rC2S 
where CI is the concentration of diffusate in the desorbing solution, X is the 
thickness of the membrane. S is the available area of membrane. V is the 
volume of the desorbing solution, and C2 is the concentration of the diffusate. 
The diffusing solution in 0.9% NaCl at pll 6.0al 37'C contained 0.8- I .O X 
10-I M tricyclic amine and an ATP concentration eight times the molarity 
of the drug. D values arc reported in Table IV. 


Determination of the Binding Constants of ATP to Phenothiazine Micclles 
by a Solubility Method- Increasing concentrations of tricyclic amines 
(0.5-40.0 X lo-' M )  were added to the solutions of ATP ( I  .O X lo-) M)  in 
glass-stoppered cylinders at pH 6.0 in 0.9% NaCI. The cylinders were placed 
in a water bath and rotated at 25 f 0.5"C until equilibrium was reached. 
Agitation for 24 h was sufficient. The ionic strength of the solutions was 
brought to 0.1 55 with 0.9% NaCI; thereforc, the small amounts of sodium 
hydroxide used for pH adjustnient did not appreciably influcncc the ionic 
strength. After 24 h an appropriate volume (4 mL) was filtered through a 


Table IV-Apparent Constants of Diffusion Through Dimethylpolysiluxane 
Membrane at  37°C of Phenothiazines a Alone and in the Presence of ATP 


M )  (Fig. 2). 


D, L/s-cm 
I n  the Presence 


Drug Alone of ATPb 


Promethaxine 1.3 X 4.6 x 10-1" 
Promazine 1.4 X 5.3 x 10-10 
Chlorpromazine 1.7 X lo-'" 16.1 x 10-Io 
Triflupromazine 4.7 x 10-10 14.8 X 
Triflupcrazine 2.7 x 10-Io 21.4 X 10-Io 


In  0.9% NaCI. ptl  6.0. Eight times the concentration of the tricyclic mines. 


K b  
Solubility Method 


I n  the Absence of In the Presence of Gel Filtra- 
CaClz CaClz tion Method. 


Drug micelles/L mol/L micelles/L mol/L mol/L 
~~~~~~~~~~~~ ~~~~~ 


- - Promet hazine 1215 45 
Promazine 1665 45 
Chlorpromazine 3360 80 1974 47 79 
Triflupromazine 8000 200 - - .~ - 
Trifluperazine 6000 I20 - - - 


- - - 


In 0.9% NaCI. pH 6.0. at 25'C. 


0.25-pm filter disk. The concentration of ATP was determined by the mala- 
chite green method; each value is an average of three determinations. Com- 
parable results were obtained using glass microfiber papers instead of filter 
disks. The same procedure was employed to study the solubility of the ATP- 
chlorpromazine complex at increasing concentrations of chlorpromazine in 
the presence of a fixed concentration of calcium chloride (7.5 X lo-' M). 


The solubility measurements for all the studied phenothiazines were also 
performed in 0. I M 2-morpholineethansulfonate buffer (pH 6.0). The results 
are in  agreement with previous data. Variation in the solubility of the ATP- 
phenothiazine complex was quite similar to the variation of the solubilization 
of slightly soluble hydrophobic solutes by aggregating micelle-forming sur- 
factants (19. 20). At first, ATP concentration decreases because of solid 
complex formation; at higher concentrations of the drug, ATP concentration 
increases since the solid ion pair is solubilired by surfactant micelles. From 
the solubilization curves the apparent binding constants of ATP with pheno- 
thiazine micelles were ca~culated using ( 2  l ) :  


where SW is the concentration of ATP at the CMC, SM.W is the concentration 
i n  the presence of micelles of the drug, and C i s  the surfactant concentration 
(molarity). which exceeds the C M C  value (Table V). 


Determination of the Binding Constant of ATP with Chlorpromazine Mi- 
cellos by Gel Filtration-The binding constant ( K b )  of ATP with chlorpro- 
mazine micelles was determined by gel filtration according to Herries et a / .  
and Yatsimirskii et al. (21,22). The chromatography of Sephadex G-25 was 
carried out on a 2-cm diameter column with a total volume of 72 mL. Using 
blue dextran 2000, the void volume VO of the packed column was determined 
to be 29.5 ml,. The imbibed volume of the gel V , ,  calculated from the water 
regain and wet density data, was 34.0. Prior to each run the column was first 
equilibrated with 0.9% KaCI at pH 6.0 and then with the appropriate con- 
centration of chlorproniazine ( in  0.9% NaCl at pH 6.0). The run was initiated 
by addition of 0.5 mL of ATP solution (2  mg/ml.) to the column. All runs 
were done at 25OC. The elution volume Ve was calculated by ATP determined 
according to the method previously described. The K b  value was determined 
using (22. 23): 


(Eq. 3) 


- where V, ,  Ve. and Vo are the imbibed (stationary), elution. and void volumes, 
V is the molar volume ofchlorpromazine in  the micelle. Kd is the molecular 
sieving constant. k' is the proportionality constant between the solute absorbed 
per unit volume of gel matrix and the equilibrium concentration of monomer 
solute in liquid, C i s  the concentration of chlorpromazine. and K p  is the rni- 
celle-water partition coefficient of ATP. A plot of the left-hand side of Eq. 
3 ( V i /  V ,  - VO)  wrsus chlorpromazine concentration (C) is shown in  Fig. 3. 
At low drug concentrations the values of V,/  V ,  - VO are independent of the 
concentration of the surfactant. Above the CMC. the values of V , / V e  - VO 
increase linearly_with the micelle concentrations. 


The product V ( K ,  - I) can be dctermined from the slope of the straight 
line according to-Yatsimirskii et al. (21). The binding constant is then cal- 
culated as Kb = V ( K ,  - l ) .  Intersection of the lines in Fig. 3 define theCMC 
of chlorprornazine hydrochloride in the presence of the solute and of Sephadex 
G-25.  The CMC is about twice as great as that determined by the surface 
tension method. According to other authors (23, 24). such a discrepancy is 
probably due to strong interaction between the Sephadex dextran and chlor- 
promazine. In Table V the K b  value obtained by gel filtration is reported. 


RESULTS 


ATP interacts with phenothiazine drugs to form water-insoluble complexes. 
A 1:2 ATP-drug complex was obtained (Table 1) i n  the presence and absence 
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Figure 3-Plots of VJV, - VO versus chlorpromazine molar concentra- 
lion. 


of calcium ions. Trifluperazinc with t w o  basic sites on the piperazine ring 
bhows a similar behavior. The yields change with the different drugs examined 
and are pll dependent; all the phenothiazines show a maximum at pH 6.0, 
where ATP dissociation is highest (Table 11). The formation of the ion pairs 
at pH > 6.0 was not studied because of the partial coprecipitation of some 
phenothiazine bases. 


The CMC of chlorpromazine (Fig. 2) varies in the presence of ATP and 
calcium ions; by adding only ATP at low concentration, the CMC decreases, 
probably due to the greater hydrophobicity of the ion pairs. I f  calcium ions 
arc then also added to the solution, the C M C  rises and when the molarity of 
calcium and ATP are equal, the initial CMC is obtained. This behavior could 
indicate that a high calcium ion concentration interferes with ion pair for- 
mation. 


The permeation rate of different phenothiazines through a dimethylpoly- 
siloxanc membranc increases in the presence of ATP (Table V). The effect 
of ATP on the apparent diffusion constant (D) was studied examining solutions 
containing ATP at concentrations only eight times the molarity of the drug, 
to avoid the precipitation of the solid complex. Phenothiazine micelles solu- 
bilize ATP, giving high apparent binding constants ( K b ) .  The concentration 
of the drug was indicated in two ways: as  molar concentration (C) and as 
micellar Concentration (C,),  where C, = (C - C M C ) / N  ( N  is the aggre- 
gation number obtained from the literature (6, 25) assuming that the solu- 
bilized compound does not change the size of the micelles). The binding 
constant of ATP with chlorpromazine micelles decreases in the presence of 
calcium ions in aqueous solution. The K b  of ATP with chlorpromazine was 
verified by two methods, obtaining comparable values within the limits of 
experimental error. 


DISCUSSION 


The solubility products of the l:2 solid complexes, obtained by two methods 
(Table I V ) ,  arc in  good agreement with the yields obtained at pH 6.0. The 
sequence of solubility products is consistent with that of the surface tensions 
of the phcnothiazine drugs in Ringer's solution at pH 6.0 (26). 


A good correlation was also established between the logarithm of the sol- 
ubility product and the logarithm of theCMC of the phenothiazine involved 
in the interaction (Fig. 4a. b). A similar dependence was previously observed 
( I  5). These results suggest that the increased hydrophobic nature of the in- 
teracting amines raises the ion pair stability. Further support to this hypothesis 
can be noted from Fig. 5, whcre log b rersus CMC of phenothiazine is re- 
ported. The CMC describes the lipophilicity of the amphiphilic substances; 
the relation between log D and log CMC shows a linear trend and could be 
an indirect measure of the lipophilicity of the ion pair. As a consequence, in 
the prcscncc of phenothiazincs at concentrations lower than the CMC, the 
lipophilicity of ATP greatly increases. 


Baur (27) noted that for tricyclic amines the tranquilizing potency rises 
exponentially with increasing lysis index, a measure of the relative hemolytic 
potency. Using ihe lysis index of chlorpromazine (i.e., 1) (27) for comparison, 
we note a rclationship between log (lysis index) and log D of the phcnothiazines 
in the presence of ATP (Fig. 6); permeability data, in this case, can be related 
to data obtained in i:ioo. On the contrary, no relationship can be found between 
permeability constants of the ion pairs and partition coefficients (27. 28) or 
pK, values (29) of the phenothiazlnes. 


I t  was shown that certain drugs can be absorbed in their undissociated state, 
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Figure 4-Relatiomhip between solubility products (log K,) of the ion pairs 
determined by conductimetry and log CMC of the phenothiazines at 25°C 
(a) and at 37°C (b). Key: (0 )  promethazine; (X) promazine: (A) chlorpro- 
mazine; (a) trijlupromazine: (0 )  trijluperazine. 
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Figure 5-Relationship between apparent diffusion constants D of pheno- 
thiazines in the presence of ATP and log CMC (0.9% NaCI. pH 6.0. at 37°C). 
Key: (0) promethazine; (X) promazine: (A) chlorpromazine; (I) trigu- 
promazine; (0)  tripuperazine. 
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Figure 6-Relationship between lysis index (LI)  and apparent diJf/usion 
constants D of phenothiazines in the presence of ATP (0.9% NaCI. p H  6.0. 
at 37°C). Key: (0) promethazine; (X) promazine; ( A )  chlorpromazine; (m) 
triflupromazine; (@) tri'uperazine. 


either directly or by ion pair or complex formationI2; but ion pairs can also 
be formed in biological fluids, e.g.. between basic drugs and biogenic acids. 
The role of ATP in the uptake and in the release of biogenic amines is complex 
and not clearly understood. Thekhavior of chlorpromazine in the release and 
uptake of serotonin and biogenic amines from storage sites has not yet been 
explained (30). In  particular, the existence of serotonin-ATP aggregates (up 
to 12,000-1 5,000 mol. wt.) was shown by Berneis el a / .  (31) i n  the storage 
organelles of blood platelets. Chlorpromazine may interfere with ATP-se- 
rotonin aggregates in storage organelles. I t  is possible that the hydrophobicity 
of the depressant at first promotes its transport through biological membranes. 
Subsequently, chlorpromazine might form an ion pair with ATP. partially 
removing the nucleotide from its aggregates with serotonin. The consequence 
might be an interference in the uptake mechanism of the monoamine. 


Basically, we can regard the micelles as dispersed oil droplets in water (32); 
the peculiar solvent property of mieelle-forming surfactants is closely related 
to the peculiar nature of the self-association responsible for the formation of 
the micelles themselves. Micellar solubilization can provideconsiderable jn-  
sight into the nature of the interaction of moleculcs with other lipid assemblies, 
such as biological membranes, which are responsible for the binding or uptake 
of molecules and their transport (33). 


Figure 7 shows clear trends that suggest a linear correlation, between 
log CMC and log Kb; probably. lipophilicity of phenothiazineseould determine 
the binding stability between ATP and the micelles. Further support for this 
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2855 (1971). 
(22) D. G. Herries. W. BishoD. and F. M. Richards, J .  Phvs. Chem.. 68. 
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log OMC 
Figure 7-- Relationship between binding constants of ATP to phenothiazine 
micelles and log CMCof the drugs (0.9% NaCI, p H  6.0, at 25°C). Key: (0) 
promerhazine; (X) promazine; (A) chlorpromazine; (m) triflupromazine; 
1.) ~rifluperazine. 


I *  Lnpublished results. 


hypothesis arises from the increase of the binding constants (Table V) going 
from promethazine,an antihistaminic drug, to neuroleptics. The location and 
distribution of ATP inside micelles could be of interest in elucidating the role 
of its molecular structure in  the solubilization process and in understanding 
the solubilization capacity of micelles. Phenothiazines are ionic surfactants 
and their micelles (34) have a core formed from their tricyclic moiety with 
their cationic head-group outside. 


Previously (8,9), we noted that phenothiazine micelles can solubilize polar 
molecules; their solubilization occurs, in all cases examined. only when the 
formation of an ion pair is noted. The solubilization of ATP by phenothiazine 
micelles can be explained in several ways. Solubilization of ATP might occur 
as the poorly dissociated ion pair; the lipophilicity of the ion pair is greater 
than that of ATP, as permeability constants show, for the presence of two 
phenothiazine hydrophobic molecules. Furthermore, solubilization of the ion 
pair could be facilitated because the phenothiazine molecules forming the 
complex are the same as those forming the micelles. 


I t  is possible that in oivo bioactive molecules can be solubilized into micelles 
formed by a drug alone, into mixed micelles of drug and phospholipid, or into 
membranes, by an ion pair mechanism. Such an interaction might be re- 
sponsible in part for the activity of drugs and endogenous substances. 
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Abstract 0 A high-performance liquid chromatographic (HPLC) method 
is reported that provides for either separate or simultaneous plasma deter- 
mination of tracazolate and its major metabolite, the free carboxylic acid. 
Tracazolate is extracted from plasma with hexane and is quantitated by re- 
verse-phase HPLC using an internal standard. The metabolite is extracted 
in an additional step, methylated, and either quantitated using the same HPLC 
conditions in a separate determination or combined with the hexane extract 
for the simultaneous HPLC determination of drug and metabolite. The plasma 
concentrations of metabolite were as much as 60 times greater than free drug 
in some animal species, therefore requiring the use of separate determinations 
for the two compounds. The analyses have limits of reproducible quantitation 
of 20 ng/mL for tracazolate and 50 ng/mL for the metabolite in plasma. The 
simultaneous analysis for tracazolate and the metabolite was used to evaluate 
plasma levels of both compounds uersus time and dose. Data generated in 
conjunction with a toxicology study are reported to demonstrate the appli- 
cability of the procedure. 


Keyphrases 0 Tracazolate-free carboxylic acid metabolite, individual and 
simultaneous assay in plasma, HPLC 0 HPLC-tracazolate and its free 
carboxylic acid metabolite, individual and simultaneous assay in plasma 


Tracazolate (I) (ICI 136,753; 4-(butylamino)-l-ethyl-6- 
methyl-l H-pyrazolo[ 3,4-b]pyridine-5-carboxylic acid ethyl 
ester), a nonbenzodiazepine agent with potential clinical utility 
as a nonsedative anxiolytic drug (1,2), is extensively metab- 
olized by a first-pass effect in the rat and dog. The major me- 
tabolite (11) is the acid resulting from deesterification of I (3). 
Although I1 is inactive in pharmacological screening tests, it 
is of interest since the circulating levels can be 3- to 60-fold 
greater than I depending on the species and dosage. Metabolite 
(11) may be the only drug-related compound in sufficient 
concentration to measure in plasma, therefore, the quantitation 
of I 1  may provide an indication of absorption of I at low dos- 
ages should plasma levels of I fall below the limits of detec- 
tion. 


The analytical procedures described herein allow for either 
the separate determination of I and I1 or for the simultaneous 
determination of both in plasma. The internal standard used 
was the 1-butyl analogue of tracazolate (111). Compound IV 
is the methyl ester of 11. 


1: R I  = R2 = - C H 2 C H 3  (mol. wt. 304) 
I I :  R1 - H; R2 = -CH2CH3 (mol. wt. 276) 


111: R I  = -CH2CH3; R2 = -(CH2)3CH3 (rnol. wt. 332) 
IV: R1 = -CH3; R2 = - C H 2 C H 3  (mol. wt. 290) 


EXPERIMENTAL 
Chemicals and Rengents-All organic solvents used were HPLC grade’. 


The water was purified by ion exchange, activated charcoal filtration, and 
distillation. Ammonium hydroxide was high purity2, and 10% aqueous tri- 
chloroacetic acid was made from reagent-grade trichloroacetic acid). The 
methylation of I 1  was carried out with diazomethane4 (4). 


Instrumentation-A liquid chromatograph fitted with an automatic sam- 
pler5 was used with a variable-wavelength UV detector6 set at 240 nm. The 
columns used were: a 30 cm X 3.9 mm i.d. stainless steel precolumn (prior to 
the injector) hand packed with 30-38-pm pellicular packing’, a 3-cm guard 
cartridge (between the injector and the analytical column) packed with 5-pm 
octadecylsilane-bonded packing (ODs)*, and a 25 cm X 4.6-mm i.d. stain- 
less-steel analytical column packed with 7-pm spherical ODS packing9. The 
mobile phase of methanol-water-20% NH3OH (90: 10:0.05 V/V/V) was 
pumped at -2 mL/min and produced -3000 psi back-pressure. A stripchart 
recorder l o  provided a real time record of the chromatography; however, the 
quantitation was done by computerll. The detector signal for the computer 
was tapped prior to attenuation and had an output of I V/AU. 


Standard Solutions-Stock solutions of 1, II, IV, and the internal standard 
(HI) (1.0 mg/mL) were prepared in methanol. Aliquots of the above stock 
solutions were further diluted in methanol as spiking solutions. Standard so- 
lutions of l, 111, and IV were brought to volume with mobile phase solution 
and were chromatographed directly. Ester IV was previously synthesized in 
bulk and was used directly to make a stock solution. Matrix standards were 
prepared with control plasma, 200pL in a 15-mL centrifuge tube, and spiked 
with methanol solutions of I and 111. for the analysis of I only; I1 only for the 
separate analysis of 11; or I, 11, and 111 for the dual analysis of I and 11. Matrix 
blanks were not spiked. The internal standard ( I l l )  was added to samples 
obtained from dosed animals for either the single or dual analysis where I was 
being determined. A 20-pL aliquot of a 1.0-pg/mL internal standard solution 
in methanol was added to the 200-pL plasma aliquots. The resulting con- 
centration of internal standard was 110 ng/mL. 


Sample Preparation-For theextraction of I, 2.5 mL of n-hexane was added 
to each plasma sample in a 15-mL centrifuge tube, vortexed for 30 s, and 
centrifuged. The hexane layer containing I and 111 was removed with a Pasteur 
pipet, and if I was to be measured it was transferred into a labeled test tube. 
If I1 was to be extracted, a 10% trichloroacetic acid solution (0.04 mL) and 
2.5 mL of methyl ferr-butyl ether were added to the aqueous residues, which 
were then vortexed and centrifuged. The methyl rerf-butyl ether layer con- 
taining I 1  was removed with a Pasteur pipet and transferred into a test tube. 
I f  both I and I I  were to bedetermined simultaneously the methyl rert-butyl 
ether layer was added to the n-hexane layer from the previous extraction. The 


I Burdick and Jackson; methanol, n-hexane. methyl !err-butyl ether. and ether; US1 


* Baker Chemicals; “Ultrex” grade 209b ammonium hydroxide. 
Baker Chemicals; trichloroacetic acid. ‘ Aldrich Chemical Co., diazald (N-methyl-N-nitroso-p-toluene); Baker Chemical 


Co.. lacial acetic acid (diluted 25% in water); Fisher Chemical Co., potassium hydroxide 
(0.7 h in 10% v/v water-ethanol). 


Model 10818 HPLC; Hewlett-Packard, Palo Alto, Calif. 
S ctromonitor 111 (model 1204); Laboratory Data Control, Rivicra Beach, Fla. 


Guard Holder and.5 pm CIS cartridges; Brownlce, Santa Clara, Calif. 
Zorbax ODS packing and columns; DuPont. Wilmington. Del. 


Chemicals: 200 proof ethanol. 


’ 3c38-pm HC Pellosil; Whatman. Clifton N.J. 


l o  Model 391 recorder; Linear Instruments, Irvine, Calif. 
I ’  Model 3356 Laboratory Automation System; Hewlett-Packard, Palo Alto, 


Calif. 
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Use of a Lactobacillus casei Assay as a Prescreen for 
Potential Anticancer Agents: An Update Study 
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Abstract Updating an earlier report, 15 known antineoplastic agents, 
11 of which are commercially available for treatment of human cancers, 
were tested for growth-inhibitory activity in a Lactobacillus casei system 
to determine if this microbial system could select them as “active.” Al- 
though we previously reported that over 160 compounds tested in this 
assay were inactive, 11 of the 15 known antineoplastic agents tested here 
were inhibitory. Because of this observation and the advantage that the 
procedure is rapid and inexpensive, this microbiological assay is recom- 
mended for consideration as a prescreen for anticancer agents. 


Keyphrases 0 Lactobacillus casei-anticancer agents 0 Anticancer 
agents-lactobacillus casei 


The need for a simple, rapid, and inexpensive method 
of screening for potential anticancer agents has long been 
recognized. In 1958, an ad hoc committee’ was organized 
by the National Cancer Institute Div. of Cancer Treatment 
to investigate the feasibility of using microbiological sys- 
tems for such a purpose. As a result of the study, the 
committee published a comprehensive report in which it 
described 16 assays and the use of a set of four microbial 
systems capable of detecting 95% of 89 compounds from 
among some 200 compounds known at that time to be ef- 
fective in in uiuo assay against experimental neoplasms (1). 
Although certain limitations in the microbiological pro- 
cedure were recognized, its possible role in the search for 
new agents was recognized. 


In the present study 15 compounds currently being used 
for the treatment of human malignancies or being devel- 
oped for clinical use by the National Cancer Institute were 
tested for growth-inhibitory activity in a Lactobacillus 
casei system. 


EXPERIMENTAL 


Fifteen anticancer agents2 currently being used, clinically or in a de- 
velopmental phase in the cancer treatment program, and soluble in 
aqueous systems were selected at  random (Table I) .  Twenty milligrams 
of the test compound was dissolved in 10 mL of triple-distilled (in glass) 
water. In some cases sufficient amounts of 0.1 M sodium hydroxide were 
added to bring the test solution to pH 6.0 before bringing to volume. The 
solutions were sterilized by filtration through filter units? attached to 
a sterile 10-mL plastic syringe4. The test solutions were pipetted in graded 
volumes to contain 0.1,0.5, and 1.0 mg/mL, final concentration, of the 
test compound. The volume was made to 2.5 mL by the addition of an 
appropriate volume of sterile water. The final volume of the assay system 
after the addition of the medium was 5.0 mL. 


The assay procedure is that of Foley et al .  (1) and is alsodescribed in 
our earlier paper (2). 


A riboflavin assay medium5 supplemented with a minimal quantity 


1 Subcommittee on Microbiolo Screening Panel. Cancer Chemotherapy 
National Service Center, National ?%ricer Institute, Public Health Service, Re- 
thesda. MD 20205. * Obtained from Developmental Therapeutics Program, Diviwon of Cancer 
Treatment, National Cancer Institute. Bethesda, MD 20205. 


3 Mil1ex.CS 0.22 pm filter units, Millipore Corp., Bedford. MA 01730. 
4 BD Plaatipak syringe, Becton, Dickinson and Co.. Rutherford. N J  07070. 


Difco Laboratories. Detroit, MI 48232. 


of riboflavin6 to give maximal growth (0.03 pg/mL final concentration) 
was used. The period of medium autoclaving was monitored carefully to 
not exceed the 10-min period previously described (1). 


The organism used was Lactobacillus casei ATCC 7469”, which was 
carried on aga9 as stab cultures, transferred monthly, incubated at 37OC 
for 24 h, and then stored at 4°C. 


The inoculum for the assay was prepared by washing a 24-h broths 
culture (grown a t  37°C) in isotonic saline solution, suspending the bac- 
terial pellet in 10 mL of isotonic saline by centrifugation, and from this 
making a 1:20 dilution suspension in isotonic saline. 


An appropriate amount of the medium for the uninoculated control 
and the solution blank was removed, and the balance of the medium was 
inoculated with a sufficient volume of the 120 bacterial suspension so 
that each 5 mL contained 0.06 mL of the inoculum. Then 2.5 mL of the 
inoculated medium was added to each assay tube, which contained the 
graded amounts of the test solution. The sterility blank and reagent blank 
tubes containing the uninoculated medium were each treated with 0.06 
mL of the isotonic saline solution that is used in washing the bacteria. 


The pH of the assay system containing the highest concentration of 
the test compound determined in a parallel nonsterile system was within 
f0.2 pH units of the control tubes containing an equal volume of water 
in place of the test solution. 


The assay was incubated at  37°C for 19 h, after which growth was 
terminated by immersing the tubes in boiling water for 10 min. The extent 
of growth was determined turbidimetrically on a photoelectric colorim- 
eterI0 equipped with a red filter (660 mp). A positive control, consisting 
of 6-mercaptopurine a t  0.1 mg/mL, a normal growth control, containing 
no test compound, and a sterility control were included routinely in all 
assays. An inhibition value of 52-56% by 6-mercaptopurine and a con- 
current normal growth of 19&200 turbidity reading in the determination 
were the criteria of a valid assay. The figures shown in the table are typical 
values from at least three duplicate determinations. 


RESULTS AND DISCUSSION 


Fifteen compounds, most of which are currently being used clinically 
as antineoplastic agents, were tested for growth-inhibitory activity in a 
Lactobacillus casei system. The system was a portion of a set of 16 mi- 
crobial systems selected by the Subcommittee on Microbiology (11, 
mentioned earlier, for the purpose of screening chemical compounds for 
potential antitumor activity. According to the study protocol compounds 
showing a growth inhibition of 250% at a concentration of 1 mg/mL were 
considered inhibitory. 


As seen in Table I, 11 of the 15 compounds tested (73%) were inhibitory 
in the test system: the extent of inhibition was quite striking. Indeed, 10 
of the 11 inhibitory compounds showed essentially complete inhibition 
a t  0.5 mg/mL, and 6 of these showed essentially complete inhibition even 
a t  0.1 mg/mL. The inhibition by phosphonoacetyl-L-aspartic acid 
(PALA) a t  1 mg/mI, (54%) is considered to be positive as defined by the 
protocol, even though the inhibition did not appear to be dose related. 


The positive tests obtained from this series of compounds are some- 
what lower than the 95% (using four microbial systems) or the 90% (using 
three microbial systems) described by Foley et ol. (1). However, it is 
noteworthy that a single microbial system used here was capable of de- 
tecting a majority of the 15 selected antineoplastic compounds presently 
being used clinically or in the developmental phase of the cancer treat- 
ment program. The compounds run concurrently with these compounds 
and found to be negative in this system (i.e., N-benzoyl-  as par tic acid 
and N-propionyl-L-alanine) were also negative in mammalian in uiuo 


fi Calhitwhem. Sen Diego, CA 92112. 
7 From American Type Culture Collection, Rockville, MD 20852. 
a Micro Assay Culture Agar, Difco Laboratories, Detroit, MI 48232 


Micro lnoculum Broth, Difco Laboratories, Detroit, MI 48232. 
‘0 Klett-Summerson 
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Table  I-Effect of Some Antineoplastic Agents on the  Growth  of 
L. casei 7469 


Inhibition, %” 
NSC” 0.1 0.5 1.0 


Compound No. mg/mLr mg/mI,c mg/mLc 


Iloxorubicin h drochlorided 123127 
Daunoruhicin K 82151 
Mitomycin 26980 
Streptozocind 85998 
Phosphonoacetyl-l.-aspartic acidf 224131 
Azaserinel 742 
Alanosinef 
DON/ 
Melphaland 
Cyclophosphamide” 
‘I’hioteDad 
Cytarabined 
H ydroxyuread 
Procarbazined 


153.153 
7365 
8806 


26271 
6396 


63878 
32065 
77213 


90 - p - -y  


99 - e - e  
94 .- e -e 


100 100 100 
42 50 54 


100 100 100 
42 90 99 


100 100 100 
0 0 8 
1 0 2 


28 93 98 
59 97 98 
0 0 8 
0 -6g -68 


55 100 100 
0 0 0 
2 2 2 


6-Mercaptopurined 755 
N-tr-Benzosl-I.-asuartic acid“ 227406 
N-Propion;I-I.-aIaninen 270569 


National Service Center numher. The Cancer Chemotherapy National Service 
Center was the forerunner of the Developmental Therapeutics Program a t  the 
National Cancer Institute. “4, Inhihition = (To - ‘I’t)/To X 100, where‘l’n repre- 
sents the turbidity reading nfthe system in the absence of the testcompound and 
’l’t represents the turbidity reading of the system in the presence of the test com- 
pound. The turbidity readings of the inwulated control tubes (containing no test 
compound) were 191-2ocI Klett units. At least three sets of duplicatedeterminations 
were made for each compound. The duplicate values in each determination agreed 
within i5 Klett units. A positivr control. 6-mercapto urine, was run with each 
assay. An inhibition value of .52-56% by this compounfat 0.1 mg/mI., and a con- 
current normal growth (no inhibitor present) of 194-200 turbidity reading in the 
dctcrmination were criteria of  a valid assay. Final concentration in the assay 
svslem. Commercially availalilr. *’ Color  interfered with Klett reading in hi her 
c~incentrationn of the test cwnpound. However. the tuhes were clear (no turbijity) 
iipon visual examination. Antiwncer cornpounds in development in the Devel- 
tq~mental Therapeutics Program, National Cancer Institute, Bethesda, MD. #In- 
dicates stimulation of growth. Negative control compounds: see text. 


tumor systems (I.1210’1 lymphoid and P388” lymphocytic leukemias). 
In addition, there are more than 160 compounds, including P-hydroxy- 
amino acids (2, :%), N-chloroacetyl-P-hydroxyamino acids (2,3), N-acetyl- 
and N-propionylamino acids (4), free amino acids (4), N-chloroacetyl 
amino acids (4), N-trifluoroacetyl amino acids (5), and certain N-benzoyl 
amino acids (6.7) that exhibited no inhihition in this assay system. There 
are also -30 compounds thus far reported (2-7) that showed considerable 
activity in this system. However, since these compounds, both active and 
inactive in the assay, have not ticen tested in human malignancies, no 


11 Data ohtamed from I)evelopmentaI ‘I’herapeutics Program, Division of Cancer 
’l’reatment. National Cancer Institute, Bet hesda, MD 20205. 


I L  Unpublished data; screening performed through Developmental ‘l‘hera utics 
Program. Division of Cancer ‘l’reatment, Xational Cancer Institute, BethesE, MD 
“20.5. 


correlation between the in uitro data and the efficacy in human cancer 
can be made a t  this time. 


Possibly the reason some of the antineoplastic compounds were 
“missed” in this test was due to the requirement for a metabolic con- 
version to an active form, and to the lack of an appropriate enzyme system 
in the test microorganism. For example, it has been reported that cy- 
clophosphamide is activated by an enzymatic cleavage of the cyclic 
compound a t  the P-N-linkage (%lo) and procarbazine, upon metabolic 
conversion has been reported to depolymerize DNA (11). While some of 
the other compounds that require transformation to the active form 
showed inhihition in this system [such as 6-mercaptopurine (12), mi- 
tomycin ( 1 3 ,  and cytarabine (14,15)], the systemapparently possessed 
the necessary mechanism to cause the transformation to  the active 
form. 


When designing prospective anticancer compounds, a simple and rapid 
assay procedure to follow the alteration of activity with modification in 
the molecular structure is necessary. Therefore, a procedure consisting 
of a single microbiological system was selected for studying the activity 
of the numerous compounds prepared in this laboratory. Lactobacillus 
casei ATCC 7469 in riboflavin assay media was selected because this 
system was rapid (with a 19-h incubation period) and was found to be the 
most sensitive among a set of three systems used in our earlier studies 
(2). 
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Protection of Murine L1210 Leukemia and Bone Marrow 
Progenitor Cells Against Mechlorethamine and 
Inhibition of Choline Uptake as a Structure-Activity 
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Abstract  0 The structure-activity relationships of 2-dimethylami- 
noethanol and i t s  analogues as protectors against mechlorethamine 
cytotoxicity and as inhibitors of choline uptake were evaluated. Of a series 
of inhibitors and protectors, 2-dimethylaminoethanol was the most po- 
tent inhibitor of choline uptake and the most potent protector of both 
hematopoietic progenitor cells and murine L1210 leukemia cells. Two 
analogues that exhibited both potent protection and inhibition were 
1-dimethylamino-2-propanol and 2-ethylmethylaminoethanol, 2-Di- 
n-  butylaminoethanol, while protecting against mechlorethamine cyto- 
toxicity, was not an inhibitor of choline uptake. 2-n-Butylmethylami- 
noethanol, while an inhibitor of choline uptake, was not a protector 
against mechlorethamine cytotoxicity. Addition of 2-dimethylami- 
noethanol to mechlorethamine in a mole ratio of 1ooO:l did not improve 
survival of tumor-bearing mice beyond that of mice treated with me- 
chlorethamine alone. 


Keyphrases  0 Structure-activity relationships-2-dimethylami- 
noethanol and i ts  analogues, protection against mechlorethamine cyto- 
toxicity, inhibition of choline uptake 0 Antitumor activity-combination 
chemotherapy, 2-dimethylaminoethanol and mechlorethamine, differ- 
ential antitumor activity 0 2-Dimethylaminoethanol-analogues, pro- 
tection against mechlorethamine cytotoxicity, inhibition of choline up- 
take, combination chemotherapy with mechlorethamine 


The limited capacity of membrane transport carriers 
allows use of nutritional and appropriate pharmacological 
substrates to protect cells from cytotoxicity by competing 
with cytotoxic agents dependent, at  least in part, for up- 
take into the cell by transport carriers (1). %Dimethyla- 
minoethanol, the tertiary amine corresponding to choline, 
is fully protonated a t  physiological pH and is a substrate 
for the choline transport system (2, 3). Mechloretha- 
mine(2,2'-dichloro-N-methyldiethylamine), a nitrogen 
mustard, is a cytotoxic agent transported by the choline 
transport carrier (4). With the view of obtaining differ- 
ential protection of sensitive host tissue against mechlor- 
ethamine cytotoxicity, a systematic evaluation of the 
structure-activity relationships of 2-dimethylami- 
noethanol and its analogues as protectors of hematopoietic 
precursor cells and murine L1210 leukemia cells against 
mechlorethamine cytotoxicity and as inhibitors of choline 
uptake into purine L1210 leukemia cells was undertaken. 
Mechlorethamine cytotoxicity was used as an indicator for 
its transport by the choline transport system (4), and 
protection against mechlorethamine cytotoxicity was 
employed as an indicator for inhibition of mechloretha- 
mine uptake by competitors for the choline transport 
system (5). Since mechlorethamine is a highly reactive 
alkylating agent and the transport of its hydrolyzed 
product, diethanolmethylamine, is only partially inhibited 


by choline (6), the inhibition of choline transport by 2- 
dimethylaminoethanol and its analogues was used to 
identify potential inhibitors of mechlorethamine transport. 
The study concluded with the in uiuo chemotherapy of 
L1210 tumor-bearing mice using 2-dimethylaminoethanol 
and mechlorethamine in a mole ratio of 1OOO:l. 


EXPERIMENTAL 
Material-Mechlorethamine hydrochloride', 2-dimethylami- 


noethanol', 2-dimethylamino-l-propanol', 2-dimethylamino-2- 
methyl-1-propanoll, 1-dimethylamino-2-propanol', and the higher 
homologues? were purchased from commercial sources and were used as 
received. 


L1210 Cloning Assay-The methods for the growth and maintenance 
of L1210 cells have been previously described (7). The L1210 cells were 
maintained in RPMI medium 16303 plus 16% heat-inactivated fetal bo- 
vine serum4. They were harvested in log phase ( a 1 2  X l@/mL by cen- 
trifugation a t  300Xg for 5 min, washed twice in medium composed of 
Dulbecco's phosphate saline6 plus 0.1 mM bovine serum albumin (pH 
7.4) supplemented with 16 mM glucose (medium I), and resuspended to 
an appropriate cell density as determined with a cell counte$. The L1210 
cells a t  a final density of 1 X 105/mL were added to the incubation me- 
dium containing the compounds to be tested and incubated for 15 min 
a t  37°C. Mechlorethamine hydrochloride was then added to a final 
concentration of 1.0 p M  (an LDw dose), and the incubation was contin- 
ued for 20 min. The incubation was terminated by placinohe tubes 
containing the mixture into an ice-water bath for 5-10 min. The cells were 
washed three times in growth medium composed of medium 1630,20% 
fetal bovine serum, and 40 pg/mL of gentamicin. The cell density was 
adjusted to 1 X l@/mL, and cytotoxicity was assayed by clonal growth 
in 0.13% soft nutrient agar according to the procedure of Chu and Fischer 
(8) with minor modifications. The surviving fractions were estimated in 
triplicate after 2 weeks of incubation. They were similar whether the 
protector and the mechlorethamine hydrochloride were added simulta- 
neously to the L1210 cell suspension or the L1210 cell suspension was 
incubated 15 min with the protector prior to the addition of mechlor- 
ethamine hydrochloride. 


Bone Marrow Colony-Forming Units in Culture-The method 
of obtaining colony-forming units in culture from bone marrow was 
adapted from a previously reported work (7). The central core of the fe- 
murs from male CDFl mice were flushed with medium I. The bone 
marrow cells were washed three times with this medium and resuspended 
to a nucleated cell concentration of 1 X 105/mL. The incubation of the 
cells with the test compounds was performed in the same manner as de- 
scribed for the murine L1210 leukemia clonal growth assay. The cells were 
then incubated with the LDss dose of 0.5 pM mechlorethamine hydro- 
chloride and for 20 min. They were then washed three times in McCoy's 
5A medium7 supplemented with- 16% fetal bovine serum (non-heat in- 


Aldrich Chemical Co., Milwaukee, Wis. 


Prepared by the NIH media unit. 


Miles Laboratories, Elkhart, Ind. 


Grand Island Biological Co., Grand Island. N.Y. 


2 Sapon Laboratories, Division of Overlook Industries. Bloomsbury, N.J. 


' Flow Laboratories, McLean, Va. 


6 Model ZBI; Coulter Electronics, Hialeah, Fla. 
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Figure 1-Protection of murine L1210 leukemia cells and bone marrow 
colony-forming units by 2-dimethylaminoethanol and its a- and 
8-methyl derivatives against mechlorethamine cytotoxicity. The L1210 
cells (0) and the bone marrow cells (0) a t  a density of 1 X 105/mL were 
exposed to 200 p M  2-dimethylaminoethanol, 2-dimethylamino-l- 
propanol (a,), 2-dimethylamino-2-methyl-1 -propano1 (a1 + ad,  and 
l-dimethylamino-2-propanol(~~ plus 1.0 or 0.5 p M  mechlorethamine 
hydrochloride, respectively, a t  37OC. After 20 min the L1210 cells and 
bone marrow cells were washed and resuspended in their respective 
growth medium-containing agar; colonies were counted after 2 weeks 
and 1 week, respectively. 


activated), 20 UImL of penicillin, and 20 pg/mL of streptomycin and 
plated in soft nutrient agar (0.3%) with colony-stimulating factors such 
that 1 X lo5 nucleated cells gave 100 colonies after 7 d of growth at 37OC 
in a humidified, 10% carbon dioxide atmosphere. Colonies having 50 or 
more cells were counted in triplicate. 


Choline Uptake Studies-Murine L1210 leukemia cells were washed 
three times in transport medium composed of Dulbecco's phosphate- 
balanced saline, 0.1 mM bovine serum albumin, and 6.4 mM glucose at  
37"C, and the final cell density was adjusted to 1 X l@/mL. Incubations 
were initiated by the addition of a volume of an L1210 cell suspension 
to an equal volume of medium containing [3H]cholineg and the com- 
pounds to be tested. The incubation was terminated by layering 200 pL 
of medium over silicone oillo in microcentrifuge tubes and pelleting the 
cells through the silicone oil for 1 min a t  12,OOOXg in a microcentrifuge". 
The centrifuge tube tips containing the pellet were cut off, mixed with 
liquid scintillation fluor, and the incorporated radioactivity estimated 
in a liquid scintillation counter12. Each experimental point was deter- 
mined in duplicate or triplicate. 


Chemotherapy-L1210 cells (NCI stock) were maintained in female 
DBAI2 mice and grown intraperitoneally for experimental work in male 
CDFl miceI3, 8-12 weeks old and weighing 22-31 g. The mice were 


Gift of Dr. T. R. Bradle of the Cancer institute, Melbourqe, Australia and 


New England Nuclear, Boston, Mass. 
lo Versilube F-50, specific gravity 1.045, viscosity 70 centistokes at 25OC; Harwick 


Model 235; Fisher Scientific Co., Rockville, Md. 
l2 Model LS8100; Beckman Instruments Inc., Silver Spring, Md. 
l3 Charles River Laboratories, Wilmington, Mass. 


Dr. R. Knazek, NCI, BethesJa, Md. 


Chemical Corp., Cambridge, Mass. 
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Figure 2-Inhibition of choline uptake by 2-dimethylaminoethanol, 
2-dimethylamino-1-propanol, 2-dimethylamino-2-methyl-l-propanol, 
and 1-dimethylamino-2-propanol. A volume of a L1210 cell suspension 
a t  a density of 2 X 106/mL was added to a n  equal volume of transport 
medium a t  37OC containing 1.0 pM 13H]choline (0) plus 200 p M  2- 
dimethylaminoethanol (A), 2-dimethylamino-1-propanol do), 2- 
dimethylamino-2-methyl-1 -propano1 (A), or 1 -dimethylamino-2-pro- 
panol (m). At indicated time intervals triplicate 200-pL samples of the 
cell suspension were layered over silicone oil and centrifuged a t  
12,OOOXg. The centrifuge tips were placed in scintillation fluid and the 
incorporated [3H]choline was counted. 


grouped by weight, 5 or 6 per plastic cage with wood chip bedding, and 
were given laboratory diet ad libitum. The L1210 cells were harvested 
7 d after the passage inoculum, 1 X lo5 cells were injected intraperito- 
neally on day 0, and intraperitoneal chemotherapy was begun on day 1. 


RESULTS 


2-Dimethylaminoethanol and Its a- or &Methyl Analogues-The 
structure-activity pattern of protection by 2-dimethylaminoethanol, 
2-dimethylamino-1-propanol (a,-methyl), 2-dimethylamino-2-me- 
thyl-1-propanol (a1- plus az-methyl), and 1-dimethylamino-2-pro- 
panol @-methyl) for L1210 cells quantitatively parallels that of the 
protection pattern for bone marrow progenitor cells (Fig. 1). Quantita- 
tively, there are differences. The protector-mechlorethamine ratio was 
400:l during the incubation of precursor bone marrow cells and 2001 
during the incubation of L1210 cells. Yet, the surviving fraction of L1210 
cells is uniformly greater except when the protector analogue has two 
a-methyl groups as in 2-dimethylamino-2-methyl-l-propanol, which 
results in an equally poor protector. Though this poor protector results 
in a greater survival of bone marrow colony-forming units compared with 
L1210 cells, the surviving fraction differs by a factor of -2, consistent 
with the difference in their protector-mechlorethamine ratio. 


The potent protectors 2-dimethylaminoethanol and l-dimethyl- 
amino-2-propanol achieve an L1210 surviving fraction of 0.95 and 0.90, 
while the comparable surviving fractions of bone marrow colony-forming 
units are 0.6 and 0.5.2-Dimethylaminoethanol and its a- and /?-methyl 
analogues acting as inhibitors of choline uptake reflect their qualitative 
pattern of protection. 2-Dimethylamino-2-methyl-1-propanol is a rela- 
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Figure 3-Protection of murine L1210 leukemia cells and bone marrow 
colony-forming units by 2-dimethylaminoethanol and its higher 
homologues of the ethanol moiety against mechlorethamine cytotoxicity. 
The L1210 cells (0) and the bone marrow progenitor cells (0) a t  a 
density of 1 X 105/mL were exposed to 200 pM 2-dimethylaminoethanol 
(n = I), 3-dimethylaminopropanol (n = 2), 4-dimethylaminobutanol 
(n = 3), 5-dimethylaminopentanol (n = 4), and 6-dimethylaminohex- 
anol (n = 5) plus 1.0 or 0.5 pM mechlorethamine hydrochloride, re- 
spectively, a t  37OC. The cells were processed in the same manner as 
described in the legend under Fig. 1. 


tively poor inhibitor compared with the other three in this series (Fig. 
2). To compare choline with 2-dimethylaminoethanol, a &methyl addi- 
tion onto the choline molecule results in a compound with decreased 
inhibition of choline uptake, whereas a single a-methyl substitution 
slightly decreases the K, of the compound for the choline transport 
carrier (2,9,10). However, a single methyl addition onto the 8-position 
of 2-dimethylaminoethanol does not result in diminished protection 
against mechlorethamine cytotoxicity nor in decreased inhibition of 
choline uptake (Figs. 1 and 2). 


2-Dimethylaminoethanol and Its Higher Methylene Homo- 
logues-With each successive increase in the number of methylene 
groups between the nitrogen and the hydroxyl group of 2-dimethylami- 
noethanol, generated higher homologues show decreased protection of 
both bone marrow and L1210 cells against mechlorethamine cytotoxicity 
(Fig. 3). Comparison of the surviving fractions of bone marrow with that 
of L1210 cells shows preferential protection of the bone marrow colony- 
forming units. A greater decrease in the surviving fraction of the L1210 
cells occurs with each protector of the higher homologue than in that of 
the bone marrow cells. Protection by 5-dimethylaminopentanol results 
in a differential surviving fraction of the bone marrow cells, with the 
difference between these and L1210 surviving fractions being greater than 
an order of magnitude. This finding may describe differential protection 
of bone marrow progenitor cells or may be accounted for by the particular 
sensitivity of the L1210 cells, resulting in a survival fraction of 0.003 for 
mechlorethamine alone (Fig. 3). The pattern of choline uptake into L1210 
cells produced by 2-dimethylaminoethano\ and its higher homologues 
as competitors of choline is decreased inhibition of choline uptake by each 
higher homologue (Fig. 4). This structure-activity pattern of tertiary 
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Figure 4-Inhibition of choline uptake by 2-dimethylaminoethanol 
and its higher homologues of the ethanol moiety. A volume of a LIZ10 
cell suspension a t  a density of2 X 106/mL was added to an equal uolume 
of transport medium a t  37OC containing 1.0 pM [3H]choline (0) plus 
200 pM 2-dimethylaminoethanol (A), 3-dimethylaminopropanol (a), 
4-dimethylaminobutanol (O), 5-dimethylaminopentanol (A), or 6- 
dimethylaminohexanol (m). The cell suspension was sampled and the 
incorporated r3H]choline was counted as described in the legend under 
Fig. 2. 


alkylamino alcohols is unlike that seen with the quaternary ammonium 
ions with the structure of alkyltrimethylammonium, which shows in- 
creased inhibition of choline uptake into erythrocytes with each meth- 
ylene addition to the alkyl branch (11). 


Methylene Additions onto a Single Alkyl Branch of 2-Dimethyl- 
aminoethanol-The analogues in the series from P-dimethylami- 
noethanol to 2-methyl-n-propylaminoethanol show minimal differences 
in their protection of bone marrow and L1210 cells against mechloreth- 
amine (Fig. 5). 2-n-Butylmethylaminoethanol is different from the rest 
of the series, showing a marked decrease in the ability to protect both 
bone marrow progenitor and L1210 cells. The entire series protected 
L1210 cells better than bone marrow cells. As inhibitors of choline uptake 
into L1210 cells, they are equally potent (Fig. 6). Compared with the 
pattern of inhibition of choline uptake by this series, the affinity for the 
choline transport carrier by quaternary ammonium analogues of choline, 
which were generated by increasing the number of methylene groups in 
a single alkyl branch, shows a biphasic pattern with maximum decrease 
occurring with the n-propyl and n-butyl derivatives and a progressive 
increase in affinity with n-pentyl and higher homologues (12). The alk- 
yltrimethylarnmonium ions, containing no alcohol group, show a similar 
transition in affinity for the choline transport carrier occurring with the 
n-propyl to n-pentyl derivatives (11). 


Methylene Additions into Both Alkyl Branches of 2-Dimethyl- 
aminoethanol-Protection of bone marrow progenitor and L1210 cells 
by 2-dimethylaminoethanol and its analogues, which are generated by 
methylene additions to both alkyl branches, shows a biphasic pattern 
(Fig. 7). Within the series the most potent protector is 2-dimethylami- 
noethanol and the least potent protector is 2-di-n-propylaminoethano\; 
at the transition to a potent protector is 2-di-n-butylaminoethanol. 


2-Di-n-butylaminoethanol may detoxify mechlorethamine by func- 
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Figure 5-Protection of murine L1210 leukemia cells and bone marrow 
colony-forming uni ts  by 2-dimethylaminoethanol and i ts  analogues 
generated by methylene additions into a single alkyl branch. T h e  L1210 
cells (0) and the bone marrow progenitor cells (0) at  a densi ty  of 1 X 
I05/mL were exposed to  200 p M  2-dimethylaminoethanol (n = 0), 2- 
ethylmethylaminoethanol (n = I ) ,  2-methyl-n-propylaminoethanol 
(n = 2), and 2-n-butylmethylaminoethanol (n = 3) plus 1.0 or 0.5 p M  
hydrochloride, respectively, a t  37OC. T h e  cells were processed in the 
same manner as described in the  legend under Fig. 1. 


tioning as a potent nucleophile in the manner of 2-dimethylaminoethanol 
(13). In solution, mechlorethamine exists in various molecular forms (14) 
and is transported by a two-component transport system (6). Since it is 
a poor inhibitor of choline uptake (Fig. 8), 2-di-n-butylaminoethanol may 
protect against a larger number of mechlorethamine moieties which are 
not transported by the transport carrier inhibited by choline or its ana- 
logues. The small differential protection of bone marrow cells by 2-di- 
ethylaminoethanol and 2-di-n-propylaminoethanol may be due to the 
higher ratio of protector to mechlorethamine in its culture system (4001 
compared with 2001 in the L1210 culture system). 


2-Dimethylaminoethanol and 2-diethylaminoethanol are approxi- 
mately equipotent inhibitors of choline uptake (Fig. 8). Their quaternary 
ammonium congeners, choline and diethylcholine, were found to show 
the same affinity for the high-affinity choline uptake system, but to differ 
in their affinity for the low-affinity system (15). 


Treatment of L1210 Tumor-Bearing Mice with a Combination 
of 2-Dimethylaminoethanol and Mechlorethamine Hydrochlo- 


Table I-Survival of Murine L1210 Leukemia-Bearing Mice 
Following Treatment with Mechlorethamine Hydrochloride o r  
2-Dimethylaminoethanol and  Mechlorethane Hydrochloride 


Treatment" 


None or 5000 pmol/kg of 2- 
dimethy laminoethanol 


5 pmollkg of mechlorethamine 
hydrochloride (days 1-5) 


5 pmollkg of mechlorethamine 
hydrochloride and 5000 pmol/kg of 2- 
dimethylaminoethanol (0.25 hr, days 1-5) 


5000 pmollkg of 2-dimethylaminoethanol 
and 5 pmollkg of mechlorethamine 
hydrochloride 


0.25 h, days 1-5 
0.5 h, days 1-5 
1 h. davs 1-5 


Mean Survival 
Time, TIC, 


d f SEM % 


7.7 f 0.7 100 


12.0 f 0.9 156 


11.2 f 1.2b 146 


9.8 f 1SC 114 


9.5 f l.ld 123 
10.5 f 0.8' 121 


0 L1210 cells, 1 X 105, were injected on day 0, and intraperitoneal chemotherapy 
was begun on day 1 and continued through day 5. In the combination treatment 
groups, the time indicates the interval between the two treatments. There were six 
mice per group. b No significant difference from mechlorethamine hydrochloride 
treatment only group at p > 0.05, as determined by the one-sided Student's t test. 


Significantly different from the mechlorethamine hydrochloride treatment only 
group, p < 0.02. d Significantly different from the mechlorethamine hydrochloride 
treatment only group, p < 0.01, Significantly different from the mechlorethamine 
hydrochloride treatment only group, p < 0.05. 
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Figure 6-Inhibition of choline uptake  by 2-dimethylaminoethanol 
and its analogues generated by methylene additions into a single alkyl 
branch. A volume o f  a L1210 cell suspension at a density of 2 X I061mL 
was added t o  a n  equal volume o f  transport medium at  37OC containing 
1.0 p M  [3H]choline (0) plus 200 pM 2-dimethylaminoethanol (A), 
2-ethylmethylaminoethanol (a), 2-methyl-n-propylaminoethanol (O), 
or 2-n-butylmethylaminoethanol (A). T h e  cell suspension was sampled 
and the incorporated [3Hlcholine was counted as described i n  the  
legend under Fig. 2. 


ride-The in viuo treatment combination of 2-dimethylaminoethanol 
plus mechlorethamine hydrochloride in a mole ratio of 1ooO:l decreased 
survival of the combination treatment group compared with the me- 
chlorethamine hydrochloride only treatment group (Table I). This 
finding may be secondary to the detoxification of mechlorethamine by 
its ability to react with 2-dimethylaminoethanol (13). This point is pos- 
sibly illustrated by the survival data, which show that the mean survival 
time of the group of animals which received mechlorethamine hydro- 
chloride prior to the protector was longer (11.2 d )  than the group which 
received the protector prior to mechlorethamine hydrochloride (9.8-10.5 
d). The large doses of 2-dimethylaminoethanol produced minimal tox- 
icity, such as salivation and shivering. The use of choline in high doses 
has been limited by its neurotoxicity, with a mole ratio of 301  of choline 
to mechlorethamine hydrochloride not protecting rats from a lethal dose 
of mechlorethamine hydrochloride (16). 


DISCUSSION 


With the possible exception of 5-dimethylaminopentanol (Fig. 31, the 
structure-activity relationships of 2-dimethylaminoethanol and its an- 
alogues to protection of bone marrow colony-forming units and L1210 
cells did not identify a differential protector of bone marrow progenitor 
cells. During treatment with the protectors, the maximum achieved 
surviving fraction was observed with L1210 cells, unlike the plasmacy- 
toma cell-bone marrow precursor cell culture system which showed 
preferential survival of bone marrow cells because of the differential 
sensitivity of the plasmacytoma cells to mechlorethamine (17). The 
maximum surviving fraction of bone marrow cells appears consistently 
fixed between 0.5 and 0.6 when they were exposed to 2-dimethylami- 
noethanol and mechlorethamine hydrochloride. The protector alone at 
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Figure 7-Protection of murine L1210 leukemia cells and hone marrow 
colony-forming units by 2-dimethylaminoethanol and its analogues 
generated by methylene additions into the dialkyl branches. The L1210 
cells (0) and the hone marrow progenitor cells (0) at a density of 1 x 
10b/mL were exposed to 200 pM 2-dimethylaminoethanol (n = O), 2- 
diethylaminoethanol (n = I ) ,  2-di-n-propylaminoethanol (n = 2), and 
2-di-n-butylaminoethanol (n = 3) plus 1.0 or 0.5 pM mechlorethamine 
hydrochloride, respectively, a t  37°C. The cells were processed in the 
same manner as described in the legend under Fig. 1. 


the concentration used was not toxic to the bone marrow cells. Though 
an explanation for this persistent feature is not known, bone marrow 
precursor cells may have an increased number of choline transport sites 
or these sites may have a greater affinity for the various transformation 
products of mechlorethamine. In the milieu of the incubating bone 
marrow progenitor cells, the molar ratio of protector to mechlorethamine 
is 4001, compared with 200:l in that of the L1210 cells. Therefore, a 
counterflow phenomenon may exist (18). The increased intracellular 
concentration of protector may result in a preferential influx of me- 
chlorethamine into the bone marrow progenitor cells. 


The molecular transformations of mechlorethamine vary according 
to pH, and these products have different activities (13, 14). 2-Methyl- 
n-propylaminoethanol is an isostere of a hydrolysis product of me- 
chlorethamine, 2-chloroethyl-2-hydroxyethylmethylamine. The isostere 
and its higher homologue, 2-n-butylmethylaminoethanol, are poor pro- 
tectors against mechlorethamine cytotoxicity (Fig. 5);  yet, both are potent 
inhibitors of choline uptake into the L1210 cells (Fig. 6). Another non- 
parallel finding between protection and inhibition is the potent protection 
against mechlorethamine cytotoxicity and the poor inhibition of choline 
uptake by 2-di-n-butylaminoethanol (Figs. 7 and 8). Using protection 
as an indicator of transport would have failed to identify an inhibitor of 
choline uptake in the former case (Figs. 5 and 61, while using inhibition 
of choline uptake as an indicator of protection would have failed to 
identify a protector in the latter case (Figs. 7 and 8). There may not be 
a direct correlation between protection against mechlorethamine cyto- 
toxicity and inhibition of choline uptake by a choline analogue. Prein- 
cubation of the L1210 cell suspension with the compound to be tested 
rather than simultaneous addition of the compound and mechloretha- 
mine hydrochloride to the cell suspension was selected because this ap- 
proach would most closely represent the in uiuo situation of maximizing 
protection of the sensitive host tissues. 


In  uiuo experiments of interest would be the use of Z-di-n-butylami- 
noethanol as a protector against mechlorethamine host toxicity, with the 
possibility of avoiding the dose-limiting complications of neurotoxicity 
imposed by a substrate of the choline transport carrier, and use of 5- 
dimethylaminopentanol as a possible differential protector of the bone 
marrow progenitor cells. In the series of protectors that were tested, 2- 
dimethylaminoethanol consistently showed maximum protection of bone 
marrow and L1210 cells and was used in large doses as a protector against 
mechlorethamine toxicity in vivo with no benefit in survival to the 
tumor-bearing animal. There may be a role for 2-dimethylaminoethanol 
as a potent detoxifying agent, as with thiosulfate (19). 


The correlation of the structure-activity relationship of choline and 
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Figure 8-Inhibition of choline uptake by 2-dimethylaminoethanol 
and its analogues generated by methylene additions into the dialkyl 
branches. A volume of a LI210 cell suspension at a density o f2  X 106/mL 
was added to an equal uolume of transport medium at 37OC containing 
1.0 pM [3Hlcholine (0) plus 200 pM 2-dimethylaminoethanol (A), 
2-diethylaminoethanol (o), 2-di-n-propylaminoethanol (e), or 2-di- 
n-butylaminoethanol (A). The cell suspension was sampled and the 
incorporated C3H]choline was counted as described in the legend under 
Fig. 2. 


its congeners that are used in other disciplines (2, 9-12) to that of the 
murine L1210 leukemia cell is striking. Though exceptions have been 
found (15), such substrates can be used to predict similar structure- 
activity relationships in tumor systems. 
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Abstract 0 A method is presented for encapsulating high molecular 
weight biological materials such as viral antigen, concanavalin A, and 
other proteins with cellulose acetate phthalate. The method is simple, 
inexpensive, and rapid; the process takes -15 min. Capsules generated 
by this method are produced as microspheres 1-3 mm in diameter. They 
are stable for at least 6 h in simulated gastric conditions, but disintegrate 
rapidly under simulated intestinal conditions. Encapsulation had no 
effect on the activity of the biological materials. The method has po- 
tentially wide application for encapsulation of drugs and other sub- 
stances. 


Keyphrases 0 Microspheres-enteric-coated, method for rapid prep- 
aration, encapsulation, cellulose acetate phthalate 0 Encapsulation- 
method for the rapid preparation of enteric-coated microspheres, cel- 
lulose acetate phthalate 0 Cellulose acetate phthalate-method for the 
preparation of enteric-coated microspheres, encapsulation 0 Delivery 
systems-enteric-coated microspheres, cellulose acetate phthalate, 
method for rapid preparation 


Cellulose acetate phthalate (I) has been used extensively 
as an enteric coating. Due to the presence of ionizable 
phthalate groups, the polymer is insoluble in acid media 
I p H  5, but is soluble when the pH is 26  (1). Since it is also 
remarkably inert in uiuo (2), it is used to coat material for 
the release of drugs and other substances in the intestine. 
In recent years, I-coating technologies have been applied 
to the encapsulation of many biologically active materials, 
ranging from low molecular weight drugs [e.g. ,  sodium 


salicylate and phenacetin (3,4)] to microorganisms [e .g . ,  
viruses and bacteria (5-7)]. 


This report describes the development of an enteric 
coating for an oral vaccine used to protect wildlife against 
rabies. Studies on the vaccine itself will be reported else- 
where. The present report describes the principles of a 
method for encapsulation of the vaccine in the form of 
quasi-spherical particles -1-3 mm in diameter (micro- 
spheres). The method is simple, rapid, and can be used to 
encapsulate a wide variety of materials. Therefore it has 
potential applications other than vaccine encapsulation. 


EXPERIMENTAL 


Materials-Core materials (i.e., high molecular weight materials) that 
were encapsulated included rabies antigen (ERA-H strain of virus grown 
in BHK-21 cells and inactivated with P-propiolactone'), concanavalin 
A', and bovine serum albumin'. Radiolabeling of these materials with 
iodine-125 was carried out essentially as described by Thorell and Larson 
(8). Before use, the labeled preparations were passed through columns 
of Sephadex G-252 and extensively dialyzed against phosphate-buffered 


Figure 2-Paraffin section (hematonylin-eosin stain) of part  of two 
sucrose microspheres showing the I matrix and the randomly distributed 
pockets that  contained microparticles of the sucroselcore material. 
Hollow interiors of the microspheres are a t  the top right and bottom left 
of the photomicrograph. 


Figure 1-Sucrose microspheres prepared as detailed in the text 
(formation time: 5 min). 
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Abstract o A series of activated and nonactivated esters of 2-furoic and 
2-furylacrylic acids were synthesized and examined for antineoplastic 
activity in the Ehrlich ascites carcinoma screen a t  20 mg/kg/d. 2-Furoic 
acid and 2-furylacrylic acia demonstrated potent activity, as did the 
methyl and cyanomethyl esters of each series. The vinyl ester of 2-furoic 
acid possessed antineoplastic activity. However, the ethyl and D,L-te- 
trahydropyranyl esters of each series were inactive in the tumor 
screen. 


Keyphrases 0 2-Furoic acid-ester derivatives, synthesis, antitumor 
potential, Ehrlich ascites screen 0 2-Furylacrylic acid-ester derivatives, 
synthesis, antitumor potential, Ehrlich ascites screen 


Activated esters such as vinyl, cyanomethyl, and di- 
haloethyl esters of amino acids have been shown to have 
antitumor properties in the Ehrlich ascites screen (1-4). 
Compounds containing furan moieties have similarly 
displayed antineoplastic activity (5). It was suggested by 
Cutting et al. (5) that the furan ring may compete for the 
pentoses in nucleotide synthesis. Such observations have 
stimulated interest in the synthesis and antineoplastic 
evaluation of several activated esters of 2-furoic and 2- 
furylacrylic acids. Reported at  this time is the synthesis 
of vinyl, cyanomethyl, and pyranyl activated esters which 
were compared with similar nonactivated ethyl and methyl 
esters of 2-furoic acid and 2-furylacrylic acid for antineo- 
plastic activity. 


EXPERIMENTAL 


Melting points were determined on an electro-thermal melting point 
apparatus and are uncorrected. IR spectra were determined in chloro- 
form'. NMR spectra were determined in deuterochloroform2, and 
chemical shifts are reported in pprn relative to internal tetramethylsilane. 
Silica gel G3 was used for TLC, and compounds were visualized by 
charring with sulfuric acid. Silica gel (AR) CC, 200-325 mesh, was used 
for column chromatography4. 2-Furoic acid4 (I), 3-furoic acid4 (XIII), 
2-furylacrylic acid5 (VII), and 3,4-furandicarboxylic acid' (XIV) were 
purchased. Methyl 2-furoate (II), ethyl 2-furoate (III), methyl 2-furyla- 
crylate (VIII), and ethyl 2-furylacrylate (IX) were prepared according 
to procedures described previously (6-1 1). Only NMR and IR data per- 
tinent to structure determination are noted below for newly synthesized 
compounds. 


Activated Esters of 2-Furoic Acids-Vinyl 2-Furoate (1V)-This 
compound was prepared by a modification of a procedure described by 
Weygand and Beryermann (12). T o  a solution of 1.20 g (10 mmol) of 2- 
furoic acid in 25 mL of vinyl acetate was added 20 mg of PdClrNaCI. The 
solution was refluxed (70-75OC) for 5 h. After cooling and treating with 
30 mg of activated charcoal, the resulting mixture was filtered and solvent 
was removed in uacuo. The residue was dissolved in 20 mg of vinyl ace- 
tate, 20 mg of PdClTNaC1 was added, and the entire procedure was re- 


' With a PYE-Unicam SP/lOO grating spectrophotometer. 
2 With a Varian T 60A spectrometer or JEOL FX-60 spectrometer. 
3 Merck. 
4 Elemental analyses were performed by Domi U. Kolbe, West Germany. 
6 Aldrich Chemical Co. 


peated. Chromatography (chloroform) of the crude mixture gave 500 mg 
(400/0) of a colorless oil. IR 1755 (C=O str), 1648 ( C 4  str), and 900 cm-l 
( C 4 - H  bend); 'H-NMR: 6 4.70 (m, 2, CH2). 


Anal.-Calc. for C7H603: C, 60.86; H, 4.34. Found: C, 60.90; H, 4.36. 
Cyanomethyl 2-Furoate (V)-This material was prepared by treat- 


ment of the acid with chloroacetonitrile and triethylamine in ethyl acetate 
according to a procedure described by Morozova and Zhenodarova (13). 
The product was crystallized from ether-ligroine, to give ester V (35%), 
mp 30-31OC. IR: 1755 cm-I (C=O str); 'H-NMR d 4.4 (9, 2, 


Anal.-Calc. for C7H5N03: C, 55.63; H, 3.31; N, 9.27. Found C, 55.69; 
H, 3.34; N, 9.30. 


Tetrahydropyranyl 2-Furoate (VI)-To a solution of 1.12 g (10 mmol) 
of 2-furoic acid in 30 mL of dry ether were added 50 mg of p-toluene- 
sulfonic acid and 1.4 mL (20 mmol) 3,4-dihydropyran. The mixture was 
stirred a t  room temperature for -4 h, filtered, and the filtrate was washed 
with 5% NaHC03 (3 X 5 mL) and water (3 X 5 mL) and dried over an- 
hydrous magnesium sulfate. The solvent was removed a t  reduced pres- 
sure, to give 400 mg (20%) of an oily product. Chromatography 
(CHCGEtOH, 95:5) on silica gel gave 250 mg (13%) of a colorless oil. I R  
1755 cm-l ( C 4  str); 'H-NMR 6 1.4-2.0 (m, 6, C-3,-4,-5 tetrahydro- 
pyranyl protons). 


Anal.-Calc. for C10H1204: C, 61.22; H, 6.12. Found: C, 61.22; H, 
6.12. 


Activated Esters of 2-Furylacrylic Acid-The vinyl (X), cya- 
nomethyl (XI), and tetrahydropyranyl esters (XII) were synthesized 
according to the same procedures described for the analogous 2-furoic 
acid derivatives. 


Vinyl 2-Furylacrylate (X)-Yield of 30%; chromatography (CHCl3) 
on silica gel gave an oil. 


Anal.-Calc. for C9H803: C, 65.85; H, 4.87. Found: C, 65 90, H, 4.91. 
Cyanomethyl 2-Furylacrylate (XI)-mp 46OC; 40% yield (ether-li- 


groine). IR: 2080 (C=N str) and 1740 cm-' (C=O str). 
Anal.-Calc. for C9H7NOn: C, 61.02; H, 3.98; N, 7.91. Found C, 60.86; 


H, 4.06; N, 7.85. 
Tetrahydropyranyl 2-Furylocrylate (X1I)-Yield of -10%; column 


chromatography, Florisil (ether), gave a colorless oil. 
Anal.-Calc. for C12H1404: C, 64.86; H, 6.30. Found: C, 65.98; H, 


6.35. 
Repeated attempts a t  obtaining correct elemental analyses for chro- 


matographically pure XI1 were unsuccessful. The structure was con- 
firmed by 'H- and W - N M R  spectra. W-NMR:  6 20,25,28,65 (C3, C4, 
C5 and Cg of tetrahydropyranyl), 95 (Cz), 165 (ester carbonyl), 125, 135 
(C=C), 140,118,112, and 145 (C2, CJ, C4, CS of furyl). 'H-NMR 5.72 (s, 
1, OzCH), 3.69 (m, 2, C-6 tetrahydropyranyl protons), and 1.15-1.8 ppm 
(m, 6, C-3,-4,-5 tetrehydropyranyl protons). 


Pharmacological Studies-The compounds were tested for antitu- 
mor activity in the Ehrlich ascites carcinoma screen in CFI male mice 
using a procedure described by Piantadosi et  al. (14), with certain mod- 
ifications. Eight days after tumor transplantation, donor mice were 
sacrificed, and ascites fluid was collected and diluted with isotonic saline. 
An aliquot was placed in a hernocytometer chamber, and the number of 
cells per milliliter was calculated. Then, 106 cells were injected intra- 
peritoneally into each test animal usmg an 18-gauge needle. 6-Mercap- 
topurine was used as internal standard in the test. The test drugs were 
homogenized in 0.05% polysorbate 80 and administered intraperitoneally 
a t  20 mg/kg/d for 9 d. After 10 d,  the inoculated mice were sacrificed, and 
the ascitic fluid was collected. The volume (mL) of the ascitic fluid was 
measured, and the total packed ascites cell volume for each group was 
measured utilizing nonheparinized capillary tubes centrifuged a t  3000 


OCHzCN). 
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Table I-Antineoplastic Activity of 2-Furoic and $-Furanacrylic Acids and Ester Derivatives in the Ehrlich Ascites Screen in CF, 
Male Mice a t  20 mg/kg/d 


Survival Ascrit (Packed Volume Ascites Inhibition, 
Compound R mMIkg on Day 10 Cell Volume), mL Fluid, mL % 


I -H 0.179 616 41.6 0.77 89.7 


111 -CH~CHB 0.144 616 39.7 3.70 52.9 
1v CH=CH2 0.145 718 25.1 0.21 98.3 
V CHzCN 0.132 718 44.0 0.50 85.7 


VI 0.075 616 505.6 3.73 39.5 


I1 -CH3 0.158 216 2.0 0.25 99.7 


VII 
VIII 


IX 
X 


XI 


XI1 


-H 0.145 616 28.4 0.08 
-CHa 0.132 616 28.3 0.66 
-CH2CH3 0.121 616 43.5 3.05 
CH=CH:, 0.122 616 39.0 2.03 
CHzCN 0.113 416 36.3 0.58 


0.090 416 37.5 3.58 


XI11 -H 0.179 516 40.5 2.81 
XIV -H 0.128 516 38.9 2.10 


6-Mercaptopurine - - 616 0.70 0.30 
0.05% Polysorbate 80 - - 616 32.4 9.62 


99.3 
94.0 
57.5 
74.6 
93.2 


56.1 


72.7 
72.7 
99.9 - 


rpm for 3-5 min. The control (C) value for the volume of tumor was 9.62 
f 0.48 ( S D )  mL; the w r i t  (total packed cell volume) was 32.4 f 1.69 mL 
at day 10. Percent inhibition of tumor growth was calculated by the fol- 
lowing formula for the treated animals (T): 


volumw X ascritT 
volumec X ascrik 


% inhibition = 100 - x 100 


Any compound that exhibited 80% inhibition of tumor growth was con- 
sidered significantly active (Table I). 


RESULTS AND DISCUSSION 


The 2-furoic and 2-furylacrylic acid derivatives that demonstrated 
potent activity in the Ehrlich ascites screen at 20 mg/kg/d were I, 11, IV, 
V, VII, VIII, XI, and the standard (6-rnercaptopurine). In the 2-furoic 
acid series, the methyl ester (11) derivative demonstrated the most potent 
activity demonstrating 99.7% inhibition. The activated vinyl (JV) and 
cyanomethyl esters (V) were also active, i.e., 98.3% and 85.7% inhibition, 
respectively. The methyl ester (VIII) of the furylacrylic acid series, as 
well as the cyanomethyl ester (XI), demonstrated potent activity, i.e., 
94.0% and 93.2% inhibition of Ehrlich ascites carcinoma growth, re- 
spectively. The ethyl and tetrahydropyranyl esters of both series of acids 
proved to be inactive as antineoplastic agents in the Ehrlich ascites screen. 
Movement of the acid side chain on the furan ring from the 2-position 
(XI11 and XIV) resulted in compounds which were not active in the 
Ehrlich ascites screen. These results suggest that activated esters of 2- 
furoic acid and 2-furylacrylic acid were not as active as the nonactivated 
methyl ester, but were more active than the ethyl ester derivatives. 
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Abstract 0 A high-performance liquid chromatographic (HPLC) method 
is reported that provides for either separate or simultaneous plasma deter- 
mination of tracazolate and its major metabolite, the free carboxylic acid. 
Tracazolate is extracted from plasma with hexane and is quantitated by re- 
verse-phase HPLC using an internal standard. The metabolite is extracted 
in an additional step, methylated, and either quantitated using the same HPLC 
conditions in a separate determination or combined with the hexane extract 
for the simultaneous HPLC determination of drug and metabolite. The plasma 
concentrations of metabolite were as much as 60 times greater than free drug 
in some animal species, therefore requiring the use of separate determinations 
for the two compounds. The analyses have limits of reproducible quantitation 
of 20 ng/mL for tracazolate and 50 ng/mL for the metabolite in plasma. The 
simultaneous analysis for tracazolate and the metabolite was used to evaluate 
plasma levels of both compounds uersus time and dose. Data generated in 
conjunction with a toxicology study are reported to demonstrate the appli- 
cability of the procedure. 


Keyphrases 0 Tracazolate-free carboxylic acid metabolite, individual and 
simultaneous assay in plasma, HPLC 0 HPLC-tracazolate and its free 
carboxylic acid metabolite, individual and simultaneous assay in plasma 


Tracazolate (I) (ICI 136,753; 4-(butylamino)-l-ethyl-6- 
methyl-l H-pyrazolo[ 3,4-b]pyridine-5-carboxylic acid ethyl 
ester), a nonbenzodiazepine agent with potential clinical utility 
as a nonsedative anxiolytic drug (1,2), is extensively metab- 
olized by a first-pass effect in the rat and dog. The major me- 
tabolite (11) is the acid resulting from deesterification of I (3). 
Although I1 is inactive in pharmacological screening tests, it 
is of interest since the circulating levels can be 3- to 60-fold 
greater than I depending on the species and dosage. Metabolite 
(11) may be the only drug-related compound in sufficient 
concentration to measure in plasma, therefore, the quantitation 
of I 1  may provide an indication of absorption of I at low dos- 
ages should plasma levels of I fall below the limits of detec- 
tion. 


The analytical procedures described herein allow for either 
the separate determination of I and I1 or for the simultaneous 
determination of both in plasma. The internal standard used 
was the 1-butyl analogue of tracazolate (111). Compound IV 
is the methyl ester of 11. 


1: R I  = R2 = - C H 2 C H 3  (mol. wt. 304) 
I I :  R1 - H; R2 = -CH2CH3 (mol. wt. 276) 


111: R I  = -CH2CH3; R2 = -(CH2)3CH3 (rnol. wt. 332) 
IV: R1 = -CH3; R2 = - C H 2 C H 3  (mol. wt. 290) 


EXPERIMENTAL 
Chemicals and Rengents-All organic solvents used were HPLC grade’. 


The water was purified by ion exchange, activated charcoal filtration, and 
distillation. Ammonium hydroxide was high purity2, and 10% aqueous tri- 
chloroacetic acid was made from reagent-grade trichloroacetic acid). The 
methylation of I 1  was carried out with diazomethane4 (4). 


Instrumentation-A liquid chromatograph fitted with an automatic sam- 
pler5 was used with a variable-wavelength UV detector6 set at 240 nm. The 
columns used were: a 30 cm X 3.9 mm i.d. stainless steel precolumn (prior to 
the injector) hand packed with 30-38-pm pellicular packing’, a 3-cm guard 
cartridge (between the injector and the analytical column) packed with 5-pm 
octadecylsilane-bonded packing (ODs)*, and a 25 cm X 4.6-mm i.d. stain- 
less-steel analytical column packed with 7-pm spherical ODS packing9. The 
mobile phase of methanol-water-20% NH3OH (90: 10:0.05 V/V/V) was 
pumped at -2 mL/min and produced -3000 psi back-pressure. A stripchart 
recorder l o  provided a real time record of the chromatography; however, the 
quantitation was done by computerll. The detector signal for the computer 
was tapped prior to attenuation and had an output of I V/AU. 


Standard Solutions-Stock solutions of 1, II, IV, and the internal standard 
(HI) (1.0 mg/mL) were prepared in methanol. Aliquots of the above stock 
solutions were further diluted in methanol as spiking solutions. Standard so- 
lutions of l, 111, and IV were brought to volume with mobile phase solution 
and were chromatographed directly. Ester IV was previously synthesized in 
bulk and was used directly to make a stock solution. Matrix standards were 
prepared with control plasma, 200pL in a 15-mL centrifuge tube, and spiked 
with methanol solutions of I and 111. for the analysis of I only; I1 only for the 
separate analysis of 11; or I, 11, and 111 for the dual analysis of I and 11. Matrix 
blanks were not spiked. The internal standard ( I l l )  was added to samples 
obtained from dosed animals for either the single or dual analysis where I was 
being determined. A 20-pL aliquot of a 1.0-pg/mL internal standard solution 
in methanol was added to the 200-pL plasma aliquots. The resulting con- 
centration of internal standard was 110 ng/mL. 


Sample Preparation-For theextraction of I, 2.5 mL of n-hexane was added 
to each plasma sample in a 15-mL centrifuge tube, vortexed for 30 s, and 
centrifuged. The hexane layer containing I and 111 was removed with a Pasteur 
pipet, and if I was to be measured it was transferred into a labeled test tube. 
If I1 was to be extracted, a 10% trichloroacetic acid solution (0.04 mL) and 
2.5 mL of methyl ferr-butyl ether were added to the aqueous residues, which 
were then vortexed and centrifuged. The methyl rerf-butyl ether layer con- 
taining I 1  was removed with a Pasteur pipet and transferred into a test tube. 
I f  both I and I I  were to bedetermined simultaneously the methyl rert-butyl 
ether layer was added to the n-hexane layer from the previous extraction. The 


I Burdick and Jackson; methanol, n-hexane. methyl !err-butyl ether. and ether; US1 


* Baker Chemicals; “Ultrex” grade 209b ammonium hydroxide. 
Baker Chemicals; trichloroacetic acid. ‘ Aldrich Chemical Co., diazald (N-methyl-N-nitroso-p-toluene); Baker Chemical 


Co.. lacial acetic acid (diluted 25% in water); Fisher Chemical Co., potassium hydroxide 
(0.7 h in 10% v/v water-ethanol). 


Model 10818 HPLC; Hewlett-Packard, Palo Alto, Calif. 
S ctromonitor 111 (model 1204); Laboratory Data Control, Rivicra Beach, Fla. 


Guard Holder and.5 pm CIS cartridges; Brownlce, Santa Clara, Calif. 
Zorbax ODS packing and columns; DuPont. Wilmington. Del. 


Chemicals: 200 proof ethanol. 


’ 3c38-pm HC Pellosil; Whatman. Clifton N.J. 


l o  Model 391 recorder; Linear Instruments, Irvine, Calif. 
I ’  Model 3356 Laboratory Automation System; Hewlett-Packard, Palo Alto, 


Calif. 
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Figure 1-Tracing of a computer reconstructed chromatogram of a 50-pL injection of a matrix standard (. . .) with 500 ng/mL of IV, I00 ng/mL of I .  and 
100 ngJmL of I l l  from canine plasma superimposed on the chromatogram of a matrix blank I-). Compound I I  is not relained on the column, so its methyl 
ester I V  is the species chromatographed and quantitated. 


12110 


8073 


A "* 


4036. 


0 1 
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Retention Time (Minutes) 


Figure &Tracing ofthe computer reconsrruction of capillary gas chromatograms of a plasma blank (A ) ,  a spiked plasma standard (B),  and samples at 
I (C) and 6 h (0) postdose from a dog dosed with 80 mgJkg of I .  


organic extracts containing I1  were evaporated under a gentle stream ofdry 
nitrogen at room temperature to -0. I mL. The diazomethane-ether solution 
( 4 . 2  mL) was added to each tube, and the tubes were carefully agitated, 
loosely covered, and let stand for 30 min at room temperatureI2. The extracts 
were evaporated under an efficient hood with a gentle stream of dry nitrogen 
at room temperature and removed as won as they were dry. The dried residues 
were either tightly capped and stored at - 10°C for up to 72 h or diluted with 
mobile phase solution which remained stable overnight at room tempera- 
ture. 


12 Mild conditions were required for derivatization because of the potential for the 
decarboxylation of 11 at elevated temperatures. 


Lquid Chromatographic Procedure-At least four matrix standards were 
prepared for each sequence of samples. The matrix standard solutions were 
positioned between the standard solutions and the samples and again after 
the samples as a reproducibility chcck. Compound concentration ranges were 
the same for the standard solutions and matrix standards (see Table 1). Peak 
heights (PH) of I, IV, and 111 were used as the measure ofdetector response. 
Results for the dual determination of I and I I  or the separate determination 
of I were calculated by the internal standard method using the average of 
matrix standard response factors in a multipoint calibration. The concentration 
of I I  in the separate determination was calculated using the external standard 
method, since the internal standard (111) was removed in the initial n-hexane 
extraction. 
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Figure 3---Pharmacokinetic data from dogs at 3 dosing 
leciels of I;plasma levels of I and I 1  are reported in ng/mL. 
One-half of the daily dose of I was given by gaoage im- 
mediately following the predose sample, and the remaining 
dose was given after the 4-h sample. 


Sample Time (post 1st dose) 


NO = Non-quantifiable 


RESULTS 


A representativechromatogram, shown in Fig. I ,  was from a study for which 
the dual analysis of I and I I  was used. 


Recovery-Control of plasma pH was found not to be critical for the effi- 
cient extraction of I or 111. However both pH control and efficient protein 
precipitation were found to be critical for the extraction of 11 from plasma. 
The plasma sample was buffered to pH 1.6 and protein was precipitated ( 5 )  
when loO/o trichloroacetic acid was added at a 1 5  volume ratio to the samples. 
Methanol spiking solutions were not found to affect the recoveries of 1 and 
11 when added to plasma at levels of < I %  up to 20% (v/v). External standard 
response factors were calculated and averaged for the matrix standards and 
the standard solutions. The ratio of the average standard solution response 
factor and the average matrix standard response factor was used to evaluate 
the percent recovery of desired compound13. Average recoveries of I and 11, 
when extracted from spiked plasma, were 102 and 96%, respectively, during 
the production of the data listed in Table 11. The coefficients of variation for 
recoveries across the concentration ranges listed in Table I1 were 4.3% for I 
and 6.8% for 11. The diazomethane methylation of 11 had an efficiency of 94% 
uersus standard solutions of IV. Hexane extracts of plasma resulted in a re- 
covery of 86% of 14C-labeled I added at the 1 .O-pg/mL level measured by 
radiochemical techniques. Methyl tert-butyl ether extracts of plasma re- 
covered 85% of I4C-labeled I1 added at the 2 pg/mL level. Recoveries of [I4C]I 
and ['4C]IV were complete when injected directly into the HPLC as solutions 
in mobile phase. 


UV detcction was done at the maximum absorbance of I ,  which occurred 
at 240 nm with t > 30,000 and provided high sensitivity. From Table 1, the 
peak height ratios for the matrix standards were reproducible and linear from 
20 to 2000 ng/mL for I and from I00 to 5000 ng/mL for 11 measured as IV. 
Correlation coefficients were >0.99 for both curves, and y-intercepts were 
0.0478 and 0.5834. respectively. Accuracy and precision were measured from 
routine calibration data which reflected the accuracy and precision expected 
in  practice. The coefficients of variation were < 10% and rclativcly constant 
over a wide analytical range for both compounds. The limits of quantification, 
represented in Table 11, were selected to ensure reproducibility of the deter- 
mination of the low standards on a daily basis. 


Specificity-Capillary GC of sample extracts from animals dosed with I 
was used in the evaluation of specificity The samples were carried through 
the sample preparation procedure for the dual determination of I and 11 de- 
scribed above. The dry residue of the sample extractions containing I, IV, and 
111 was reconstituted in i m t a n e .  This mixture was injected onto a 15-m fused 
silica capillary column coated with SE52 methyl silicone gumI4. The column 
was temperature programmed from 80°C to 23OOC in a gas chromatograph 
equipped with an alkali bead nitrogen detectorIs. Asdemonstrated in Fig. 2, 
the elution order of IV, I, and 111 was the same order as in the HPLC method. 


' 3  The molecular weight ratio of 11 and IV was used to properly adjust the percent 


I' Fused silica capillary column; J & W Scientific, Rancho Cordova. Calif. 
I 5  Hewlett-Packard Model 5730 GC fitted for capillary columns. 


recovery to a molar basis. 


Table I-Peak Height Ratios from Matrix Standards: Dual Determination 
of I and I1 


Spiked Conc. Peak Height Ratiosb 
in Plasma, I I  


ng/mL I (Measurcd as IV)  


20 


50 


100 


250 


500 


2000 


2500 


5000 


0.296 
0.292 
0.7 10 
0.691 
1.280 
1.276 


6.360 
6.504 


26.607 
26.113 


I .534 
1.384 
2.850 
2.732 
4.682 
4.572 


19.715 
20.036 
40.438 
41.135 


a Procedure used for canine plasma samples. Peak height ratios: a sample peak 
height/lll peak height. 


No interfering peaks with 1 or IV were seen under these GC conditions. 
Specificity was also evaluated by a GC-MS analysis of samples prepared 
according to the dual procedure from animals dosed with 1. Isolated fractions 
of HPLC eluant of these samples corresponding to the HPLC peaks of I and 
IV were dried under nitrogen and the residueanalyzed byGC-MSI6. The pure 
compounds displayed molecular ions of m/z 304 and 290 for I and IV, re- 
spectively, a base peak of m/z 21 5 ,  and several fragments including m/z 99. 
The mass spectra as well as the G C  retention times of the HPLC eluants 
corresponded to the rcspcctive data of the pure compounds. 


Stability of Prepared Samples-Plasma samples from animals dosed with 
I were analyzed several times for both I and I1 over a period of 5 months and 
were found to be stable. These plasma samples were stored frozen with in- 
termittant thawing and maintenance at room temperature for several hours 
during preparation for analysis. Stock and standard solutions of I ,  I I . 1 1 1 .  and 
IV were stable, without measurable alteration, for at least 1 month if refrig- 
erated between uses. 


DISCUSSION 


The quantitative HPLC procedures for tracazolate and its major metabolite 
described herein have been used to evaluate circulating levels of these com- 


l6 Model 4000 GC/MS; Finnigan Instruments. Sunnyvale. Calif., utilizing the same 
GC capillary conditions described above with the quadrupolc MS operating under El 
conditions a t  70 eV and scanning from m/z 60-350. 
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Table 11-Accuracy and Precision from Matrix Standards: Individual 
Determinations of I and I1 


Value Expected, Mean Foundb, 
Compound na/mL na/mL cvc. 70 


I 20 
50 


100 
500 


2000 
I 1  I00 


250 
500 


2500 
5000 


10,000 


23 4.1 
50 3.3 


100 6.3 
503 I .5 


I852 4.5 
I00 1.9 
250 1 .o 
515 4.3 


2405 
5146 
9835 


2.0 
3.6 
3.5 


a Procedure used for mouse plasma samples. bFound calculated from peak height ratio 
and peak height ratio response factors for I and II, respectively. from four standard curvcs 
each r u n  on a different day for each compound. For four determinations. 


pounds in pharmacological, pharmacokinetie, and toxicological studies in rats, 
dogs, mice, monkeys, and rabbits. These procedures had reproducible quan- 
tifiable limits of 20 ng/mL for I and 50 ng/mL for I t .  Separate determinations 
of I and I I  were required for animal samples in which ratios of the concen- 
tration of I I  to theconcentration of I were large enough tosignificantlydegrade 
the resolution between the HPLC peaks. These high ratios occurred in plasma 
samples from dosed rats, mice, and rabbits. The separate determinations were 
used in these cases; otherwise, the selectivity, sensitivity. and other analytical 
indicators uere the same for the plasma of all species tested. 


Results from the dual determination of I and 11 in plasma from dogs are 
shown in Fig. 3. Part of these results were generated using the standardiiation 
curve data reported in Table I .  The animals were dosed orally with one-half 
of the daily dose of I just after the time zero samples were taken and with the 
remainder of the daily doseafter the 4-h samples. The data were evaluated 
for peak plasma level times (6-8 h) as  well as  for relationships between dose 
and plasma levels (no consistent dose response). The low detection limits for 
both I and I1 and the low plasma volume requirements for analysis have made 
this procedure very useful in multisampling and small animal studies. These 
points and the versatility of this procedure are amply demonstrated in Fig. 
3. 
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Abstract 0 Five lots of prednisone tablets that disintegrate within 5 min were 
collaboratively studied by I I laboratories using USP Apparatus 2 under 
carefully controlled conditions. One lot gave complete dissolution. The re- 
producibility and repeatability of Apparatus 2 for the four lots still dissolving 
at the end of the tcst were 2.6 and I .6% of label claim, respectively, for the 11 
laboratories. 


Keyphrases 0 USP dissolution tcst-collaborative study of Apparatus 2, five 
lots of prednisone tablets, 1 I laboratories 0 USP Apparatus 2-collaborative 
study of dissolution of five lots of prednisone tablets, I 1  laboratories 0 
Prednisone tablets-dissolution of five lots with USP Apparatus 2, collabo- 
rative study by 1 1  laboratories 


The USP dissolution test for prednisone tablets (1) requires 
that when 12 tablets are tested, an average of 280% of the 
labeled amount of prednisone must dissolve in 30 min. The 
tablets are individually tested under experimental conditions 
which must be carefully controlled if reproducible results are 
to be obtained. 


Four common sources of error associated with Apparatus 
2 have been identified: misalignment of equipment (2), 
nonuniformity of the bottom curvature of vessels (3 ) ,  excess 
gases in the dissolution medium (4), and the interaction of the 
test with slowly disintegrating tablets (4). Equipment, tools, 
and technique were developed and improved between 1978 and 
1980 to control the first three sources of error. Certain products 


consist of slowly disintegrating tablets that do not always settle 
at the center of the bottom of the vessels; such variability of 
tablet position before disintegration can give imprecise results 
(4). However, rapidly disintegrating tablets gave results of 
sufficient precision to warrant a collaborative study. 


The purpose of this collaborative study, conducted by 11 
laboratories in the second half of 1980, was to measure the 
reproducibility and repeatability of Apparatus 2 under state- 
of-the-art conditions for prednisone tablets that disintegrate 
within 5 min. The secondary objectives were to determine 
whether personnel in many laboratories could correctly adjust 
Apparatus 2 by following a set of detailed instructions and 
whether the apparatus would hold the adjustment over an 
-2-week test period. 


EXPERIMENTAL 


Dissdution Test-The instructions’ to collaborators conformed to the USP 
conditions for testing prednisone tablets ( I )  with two exceptions. The eol- 
laborators were instructed to drop a tablet down the side of the vessel with the 
paddle rotating rather than to drop a tablet into the vessel and then start paddle 
rotation. The collaborators were instructed to position each vessel so that its 
vertical axis was not more than 1 mm at any point from the axis of the paddle 
shaft. A 2-mm tolerance is allowed in the USP specifications. If this second 


I The complete instructions are available from the authors on request 
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Abstract The pharmacokinetic profile of bromophenol blue ( I )  in the 
plasma, urine, and bile of beagle dogs was determined after intravenous ad- 
ministration of 5- ,  20-, and 30-mg/kg doses. In  addition, two competitors, 
probenecid and phenylbutazone, were interacted with I in uiuo and with I and 
rat liver cytoplasmic protein fractions Y and 2 in uitro as  a means of eluci- 
dating the mechanism of intrahepatic transport of I .  Compound I was deter- 
mined spectrophotometrically a t  587 nm. In plasma, I displayed apparent 
first-order dose-dependent kinetics. The percentage of I bound to plasma 
proteins was -92.5% over the dose range studied. Consecutive injections of 
equal dosesof I produced statistically different terminal half-lives (p < 0.05), 
suggesting the possibility of a saturable uptake process. In the presence of each 
competitor, the disposition of I was altered significantly (p < 0.05): phenyl- 
butazone displaced I from plasma protein, while probenecid decreased the 
binding of I to liver proteins in the Z-fraction. The Z-fraction bound a larger 
amount of I than the Y-fraction. suggesting a larger bindingcapacity. Under 
no circumstances was the binding of 1 to the Y-fraction altered. Cumulative 
biliary excretion data showed that the elimination of 1 in bile accounted for 
92-9W0 of the dose delivered. The biliary excretion u- plots displayed no d w  
dependency, suggesting that the dose-dependent plasma half-life is due to a 
dose-dependent liver uptake (as opposed to elimination) process. 


Key phrases 0 Pharmacokinetics-bromophenol blue, dogs, hepatobiliary 
transport Bromophenol blue-pharmacokinetics, hepatobiliary transport, 
dogs Hepatobiliary transport-bromophenol blue, dogs, pharmacoki- 
netics 


An understanding of the complex processes involved in 
hepatobiliary transport will lead to a more complete under- 
standing of the disposition of the many compounds eliminated 
by this route. Radiological (1 -3) and pharmacological (4-7) 
investigations have addressed various aspects of these transport 
processes, but relatively few pharmacokinetic studies have been 
conducted. The use of blood, urine, and bile data to suggest or 
support a model of hepatobiliary uptake and elimination ap- 
pears to be a promising research objective. Takada and co- 
workers (8-10) proposed the use of bromophenol blue (I) as 
a model compound for the study of hepatobiliary transport in 
rats. This was confirmed by Wills ef al. (1 l ) ,  who noted that 
I is primarily excreted in bile, is not metabolized, elicits no 
pharmacological action, and is not intestinally reabsorbed. 
Although studies conducted in rats have been informative, the 
pharmacokinetics of the hepatobiliary transport of I have not 
been addressed in higher animals. Although a few studies using 
dogs have been conducted ( I ,  3, 12), the feasibility of obtaining 
a useful bile concentration profile has yet to be demon- 
strated. 


In rat plasma, I displays a dose dependency which was re- 
lated to the saturation of proteins involved in the liver uptake 
process (8). These proteins were separated as cytoplasmic 
protein fractions Y, Z, and T-binder (9, 13-15), and it was 
subsequently shown (10) that both Y and Z act as uptake sites, 
2 and T-binder act as storage sites, but only Y functions as an 
intracellular carrier to the bile canaliculi. 


Takada and wworkers (8-10) used competitors to elucidate 
the hepatobiliary transport mechanism in rats. Two compet- 
itors, probenicid and phenylbutazone, were selected because 


of their ability to inhibit liver uptake of organic anions (1 3, 16, 
17) and to displace drug from plasma proteins ( I  8-20), re- 
spectively. 


The nature of the hepatobiliary uptake and elimination 
processes in higher animals is still the subject of controversy. 
Shanker (21) hypothesized the existence of three different 
carrier systems for liver uptake of anionic, cationic, and ncutral 
compounds. However, Schwenk (6) has recently presented 
conflicting data. 


In this report, we discuss efforts to determine the phar- 
macokinetic profile (plasma and urine) of I following intra- 
venous administration in intact beagle dogs, to determine the 
pharmacokinetic profile (plasma, urine, and bile) of 1 following 
intravenous administration in beagle dogs with cannulated 
common bile ducts and excised gallbladders, to observe the 
effect of probenecid and phenylbutazone on the pharmacoki- 
netic parameters for I, and to examine the action of these two 
competitors by in uitro rat liver protein binding studies. 


EXPERIMENTAL SECI'ION 


Bromophenol blue' ( I )  was purchased from the manufacturer. Purity was 
cstablished by melting point and TLC. A mixture of propyleneglycol-etha- 
nol-sterile water (4:1:5) was found to be a suitable intravenous injection ve- 
hick2. 


One female and two male beagles, weighing I I - I8 kg, were used in  all 
studies; all three dogs were 7 years old. Hematology values were determined 
to be within normal limits. The dogs were fasted 18 h prior to drug adminis- 
tration, and at least 2 weeks were allowed between studies unless otherwise 
noted. 


Bromophenol Blue Intravenous Bolus Studies-Compound I was adminis- 
tcred as 5-, 20-, or 30-mg/kg doses. Sample times varied with dose, as indicated 
in  the figures. Blood samples were transferred to stoppered evacuated tubes3 
containing sodium heparin and centrifuged. The plasma was removed and 
stored at -2OOC until assayed. Urine was collected as produced and also stored 
frozen until assayed. 


Competitor St~dies-Probenecid~ and phenylb~tazone~ were supplied by 
thc manufacturers. Each competitor was administered 1 h before the I dose. 
The doses of probenecid, phenylbutazone, and I were 125,75, and 20 mg/kg. 
respectively. The half-life of each competitor was -8 h (17.22). 


Plasma Protein Binding Studies-The extent of binding of I was determined 
after dialysis using a rotary five-cell (volumes of I .36 mL; membrane surface 
area of 4.52 cm2) dialysis apparatus6. The dialysis apparatus was assembled 
with equivalent in uivo concentrations of I dissolved in pH 7.4 isotonic buffer 
on one side uersus pooled dog plasma on the other side, placed in  a watcr bath 
at  37OC, and incubated for 2 h a t  10 rpm. The time required for equilibration 
was established by dialyzing spiked buffer against unspiked buffer. 


The effect of the competitors on the plasma protein binding of I was also 
determined. To 4 mL of pooled dog plasma, I00 pL of a Ih-mg/mL solution 
of competitor was added to give a final concentration equivalent to an in cico 
concentration ( I  7, 22) of the competitor a t  time zero. This solution was di- 
alyzed against spiked buffer, which encompassed the concentrations of I found 


~ 


I Fisher Scicntific Co.. Fair Lawn, N.J. * Personal communication J. W. McGinity. Drug Dynamics Inbtitute.  Collcgc of 
Pharmacy, University of Texas. Austin. Tex. 


' Merck Sharp and Dohme. West Point, Pa. 
5 Ciba-Geigy. Summit. N.J. 


Vacutainer: Beclon. Dickenson and Co.. Rutherford. N.J.  


Spectrum Medical Industries, Inc.. Los Angeles. Calif. 
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Table I-Pharmacokinetic Disposition Parameters Following an 
Intravenous Bolus Injection of I 


0 
1 I 1  


-0: 00 50.00 1bO.00 150.00 200.00 250. 
MINUTES 


Figure 1 -Mean f S D  (n = 3) plasma concentrations of1 after an intravenous 
bolus injection to a dog. Key: (A) 5-mglkg dose; (B) 20-mglkg dose: (C) 
3O-mglkg dose. 


in oico. All solutions were collected and any cell volume changes were noted. 
The samples were assayed immediately after removal from the dialysis ap- 
paratus. 


Bile Duct Cannulation Studies-Under pentobarbital anesthesia, a midline 
incision was made' and the common bile duct was exposed. After excising the 
gallbladder, a small incision in the common bile duct was made - 1  cm from 
its cntrance to the duodenum, and a T-shapcd cannula was inserted and ligated 
in place. A second T-shaped cannula was placed into the duodenum and both 
silicone rubber" cannulae were attached to a larger stainless steel cannula 
which was inserted through the abdominal wall. Although the cannula into 
the duodenum would have allowed the return of bile between experiments, 
prcvious experience indicated that this would subject the animals to an in- 
creased risk of hepatic infection. Thus, total bile was collected at  all times. 
Bile salt dietary supplements9 were given to maintain the animals' weights 
at constant values. 


During experiments, bile was collected in pre-tared screw-capped vials1° 
and frozen until assayed. In addition, blood and urine were collected. Thc 
sampling times varied with dose. Only I week was allowed between studies 
because animal viability was poor. 


Liver Protein Binding Studies-Two male Sprague-Dawley rats. 400 g. 
were anesthetized by a 7O-mg/kg ip injection of sodium pentobarbital. A 
midline laparotomy exposed the internal viscera. The hepatic vein was severed, 
followed by cannulation of the hepatic portal vein with a 22-gauge needle 
connected to an infusion pump" containing pH 7.4 isotonic phosphate buffer. 
The liver was perfused until the color appeared pink (after -200 mL of buffer). 
The livers were then excised, dried, weighed, and stored frozen. 


I n  preparation for extraction and purification of the liver protein fractions 
(9). the livers were homogenizedI2 to a 25% homogenate with 0.25 M su- 
crose-0.01 M phosphate buffer (pH 7.4) and then ~l t racentr i fugcd '~ at  
100,OOO X g for 2 h a t  20°C. After removing the surface lipids, thesupernatant 
was collected. A I-mL aliquot of supernatant was used for determination of 
the total protein concentration (23). 


A total of nine mixtures containing supernatant. I, and the competitors were 
preparedasfollows.To5mLofsupernatant,6.7mg(IO~mol)of Iand0,  10, 


' Procedure developed by Dr. R. Shumacher and pcrformcd by Mr. J.  Wiley and Ms. 
A. Black at Warner-Lamkrt. Ann Arbor. Mich. * Silastic. 


Rehcis Chemical Co..  Tarrytown. N.Y. 
l o  Kimble, Toledo, Ohio. 
' I  Harvard Apparatus. Millis. Mass. 
l2 Brinkman Instruments. Wcstbury, N.Y. 


Beckman Instruments. Inc.. Palo Alto. Calif. 


A 
30-ynikg Dose I ,40 


40.8 22.300 
R 31.5 23.1 1.01 18.300 - 
C 31.5 32.1 1.43 1 ol200 


Mean 34.1" 26.2 I .28 16,900 
f S D  5.6 0.23 6. I60 


.. . 


1.27 6430 
A 25.1 
B 25.8 44.3 
C 23.0 30. I I .02 7540 


1.73 6480 


Mean 24.8" 42.0 I .34 6820 
f SD 11.0 0.36 628 


A 
B 


6.7 5- 2.02 
6.5 159 1.81 


570 
357 


C 7.1 70.8 1.01 I070 
Mean 6.9O 128 1.61 666 
f SD 49.4 0.53 370 


Harmonic mean half-life. 


20.30, or 40 rmol  of either probenecid or phenylbutazone were added. Each 
mixture was incubated for 24 h at 4°C and then eluted using 0.01 M phosphate 
buffer pH 7.4 on a Sephadex G-75 column (2.5 X 45 cm)I4 previously equil- 
ibrated with the phosphate buffer (24). Five-milliliter fractions were collected 
using a fraction c~l lec tor '~ .  Absorbances of I and protein for a given tube were 
determined a t  587 and 280 nm, respectively, using a double-beam spectro- 
photometer16. The absorbances measured at 280 nm were used as a fingerprint 
for liver protein fraction identification. 


The total amount of I bound to the void volume ( X  fraction), Y, and Z 
fractions was quantitated as follows. After determining the amount of I in each 
tube the amounts were then added together mathematically from tubes 0-7, 
8- 14, and 29-64 (representing I bound to the void volume, Y, and Z fractions, 
respectively). The total amount of 1 bound in the presence of each competitor 


(Y 


;1: 
t. 


0 1 )* , , , ' .  , 
0 


-0.00 36.00 72.00 ioa .00  144 .00  180. 
MINUTES 


Figure 2--Plasmu concentrations of I followinx an intravenous bolus injection 
of 5 mglkg at time zero (A) and a second injection at 2 h (S). The solid lines 
represent the fitted line from the f irst injection data. 


l4 Firhcr and Porter Co.. Warminstcr. Pe. 
I 5  lnsirumcnlation Specialties Co.. Lincoln. Neb. 
l6 Pcrkin-Elmer Corp.. Maywood. 111. 
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Figure 3-Plasma concentrations of1 after a ZO-mglkg dose of I with a 125-mglkg dose of probenerid (A) or a 75-mglkg dose of phenylbutazone (B) .  Key: 
(a) dog A; (bJ dog B; (c) dog C; (- - -) 20-mg/kg dose of I without the competitor. 


at different competitor concentrations was divided by the control to give the 
percent reduction in I binding to either the Y or Z fraction. The amount found 
in the void volume was used for mass balance calculations. 


Assay-In all procedures, only I was assayed. Plasma, urine, bile, and the 
plasma and liver protein binding samples were diluted with phosphate buffer 
(pH 8), and the absorbance was measured directly at 587 nm. Standards were 
prepared and run daily. The standard curves were linear ( r  = 0.9997); the 
sensitivity was 0.6 pg/mL. 


RESULTS 


Plasma Concentrations of Bromophenol Blue-The mean plasma concen- 
trations of I cersus time are shown in Fig. I .  The low dose (5 mg/kg) declined 
monoexpnentially, while the intermediate dose (20 mg/kg) and the high dose 
(30 mg/kg) declined biexponentially (Fig. I ) .  The data were fit to a sum of 
exponentials using NONLIN (25). The relevant pharmacokinetic parameters 
are given in Table 1 (26.27). 


The biological half-life (1112) and plasma clearance (CL,) were not constant 
over the range of doses studied (Table I). These results indicate that the 
elimination of I from plasma is a dose-dependent process in this dose range. 
The area under the plasma concentration-time curve (AUCo--..) increased 
at a greater than linear rate with increasing dose (Table I). 


The percentage of I bound to plasma proteins was 92.5 f 1.5% at 37OC and 
was essentially constant over the rangeof I concentrations examined (100-875 
pg/mL). A slight increase in the free fraction of I with increasing I concen- 
tration occurred, but was found not to be statistically significant using the 
Student's I test. 


The graph in Fig. 2 indicates the plasma concentrations following two 
identical 5-mg/kg doses of I administered 2 h apart. The first dose was no 
longer detectable in the plasma just prior to the second dose, yet thc second 
dose was eliminated at a significantly (p < 0.005) slower rate. The half-lives 
were 6.7 and 12.7 min, respectively. 


Drug Competition With Bromophenol Blue-The concentration-time 
profiles of I following prior administration of probenecid and phenylbutazone 


Table Il-Comparison of Pharmacokinetic Disposition Parameters of I (20 
mg/kg) in the Presence of a Competitor 


t l!2. CL,: Vdss. AUCO-~ ,  
Dog mina mL/min" L fig/mL-min" 


Probenecid, I25 mg/kg 
A I27 9.5 I .60 37,400 
C 56.0 15.1 1.08 14,300 


Phenylbutazone, 75 mg/ 
A 17.9 1 8.9 I .  18,500 
B 56.3 26.3 I .21 12.200 


are shown in Fig. 3a and b. The data was fit to a sum of exponentials using 
NONLIN (25). 


I n  the presence of each competitor, the half-life increased, the area under 
the plasma concentration-time curve increased, and the clearance decreased 
(Table 11). The volume of distribution at steady state (Vd,) was essentially 
unchanged, indicating that the competitors had no effect on the overall dis- 
tribution of 1. 


Phenylbutazone produced a significant change 0, < 0.05) i n  the plasma 
protein binding of I .  The percent of I bound was 86.1 f 2.9%, corresponding 
to nearly a twofold increase in the free I concentration over that found in the 
absence of phenylbutazone. Probenecid had no effect on the plasma protein 
binding of I (92.2 f 1.2%). 


Liver Protein Binding Studies-The results of the in oitro studies of I binding 
to rat liver protein fractions are presented in Table 111. Figure 4a and b shows 
the protein and I elution profiles. From left to right the protein peaks corre- 
spond to protein in the void (unidentified protein) volume, proteins in the 
Y-fraction, and proteins in the 2-fraction ( 1  3-1 5), while the I peaks indicate 
binding to the respective protein peaks. Probenecid competed with I for Z- 
fraction binding sites. resulting in a significant decrease in the amount of I 
bound and a corresponding increase in the amount of free 1 (Table 111). In Fig. 
4a the profile representing I bound to 2 steadily decreased with an increase 
in probenecid concentration. Phenylbutazone did not affect I binding to 2- 
fraction (Fig. 4b, Table I l l ) .  Neither competitor affected theamount bound 
to the Y-fraction. because the amount of I bound to the Y-fraction was - I  -3% 
of that bound to the 2-fraction, the results were not presented. 


Biliary Excretion Studies-Although all three dogs were cannulated as 
described above, only one animal provided complete data. Dog A developed 
peritonitis despite intensive postoperative maintenance, and dog B developed 
a colateral bile duct which bypassed the cannula 2 weeks after the surgery. 


Table 111-Effect on the Binding of I to the Z-Fraction in the Presence of 
a Competitor 


~ ~ ~~ 


Conipctitor Reduction 
Conc.. I Conc., Total Amount in I 


pmol/mL fimol/mL I Bound, p g  Binding, % t test 


2,0 Phenylb;;wone 
- - 0.0 


2.0 2.0 748 1.0 p > 0.05 
4.0 2.0 754 0. I p > 0.05 
6.0 2.0 748 0.9 p > 0.05 
8.0 2.0 753 0.3 p > 0.05 


Probenecid 
0.0 2.0 755 - - 
2.0 2.0 704 6.9 p < 0.05" 
4.0 2.0 699 1.3 p <0.05" 
6.0 2.0 693 8.2 p < O . O 5 O  
8.0 2.0 687 9.0 D < 0.05" 


Significantly different from the no competitor case @ < 0.005) Paired I test performed on duplicate data sets. 
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Figure 4-Elution patterns of I .  measured at 587 nm, in the presence of probenecid (A) and phenylbutazone (8) in the rat liver cytoplasmic fraction. 0. I ,  
2, 3, and 4 indicate the amount of competitor added as a multiple of the amount of I present. The asterisks represent the protein fraction elution paitern 
measured at 280 nm. Each tube number represents a 5-mL collection. 


The pharmacokinetic parameters derived from I plasma concentrations 
following intravenous administration to the cannulated dogs showed an in- 
crease in half-life over the values observed in  the same dogs before surgery 
(40.6 versus 24.8 min at 20 mg/kg and I 1.7 versus 6.9 min at 5 mg/kg, re- 
spectively). Liver dysfunction did not appear to be the explanation, since he- 
matology values were still within normal limits. The remaining parameters 
(clearance. volume of distribution. and area under the plasma concentra- 
tion-time curve) were unchanged. 


Biliary excretion u- is plotted in Fig. 5. The abnormalities in the curve for 
the 30-mg/kg dose were due to the temporary clogging of the cannula. 
Combined with the urine output. the amount recovered ranged from 95.7 to 
101 . I %  of the dose. Theamount recovered from the bile ranged from 92.3 to 
98.9% of the dose. The (I- plot appeared to be linear for all doses. There was 
no statistical difference (p < 0.05) between the half-lives at all doses (mean 
harmonic half-life = 163 min). Rate plots were also constructed, but were 
difficult to interpret. The biliary excretion rate data will bediscussed briefly 
in another report (28). 


Urinary Excretion Data-The amount of I recovered i n  urine from the 
intravenous and biliary excretion studies ranged from 1.5 to 7.2%. These data 
were considered significant in the pharmacokinetic interpretation of I and 
were used only for mass balance recovery purposes. 


DISCUSSION 
The plasma data presented in Fig. 1 and Table 1 clearly indicate that the 


rutc of I elimination from plasma is dose dependent. and the rapid increase 
in  AUC with increasing dose seems to suggest some saturable process. Since 
95- 101% of the dose was recovered as unchanged drug, it appears that the 
dose dependency is not due to I metabolism. Takada et al. (8) found that 
metabolic inhibitors did not affect the liver uptake of I in rats, suggesting that 
the dose dependence is not due to saturation of an active transport system. The 
fact that the extent of plasma protein binding of 1 remains essentially constant 
over the dose range indicates that the dose-dependent elimination kinetics are 
not due to changes in plasma protein binding. The data shown in Fig. 2 further 
suggest that, since the first dose was essentially eliminated from the plasma, 
the observed dose dependency may be due to the binding of I in other tissues. 
Accordingly, the binding of I to liver protein fractions was investigated. 


The peak assignmehts (as discussed in the Results) in Fig. 4a and b are 
supported by earlier studies ( I  3- 15). but differ from those reported by Takada 
P I  a/ .  (9). In the present study, each 1 peak corresponds to a protein peak while 
in  thc work of Takada et al. (9) the I supposedly bound to the Z-fraction did 
not have a corresponding protein peak; the I peak we have identified with the 
Z-fraction was labeled free I in their work (9). We observed free I eluting at 
much later times than are plotted (Fig. 4). Takada and co-worker8 also 
identified a fraction. T-binder, which elutes at a time similar to the Z-fraction. 
I t  is possible that this peak was masked by the large Z-fraction peaks in Fig. 
4a and b. Since the only difference in methodology between our study and that 
of Takada et a / .  appeared to be the strain of rat (Sprague-Dawley in this 
study, Wistar in their work), further investigation may be warranted. because 
it is unlikely that strain differences would account for these discrepancies. 


The data summarized in Table Ill indicate that neither competitor inter- 


fcred with I binding to the Y-fraction and that probenecid competed with I 
for Z-fraction binding sites while phenylbutazone did not. Since both pro- 
benecid and I are anionic at physiological pH while phenylbutazone is neutral, 
these findings tend to support the hypothesis (21) of the existence of separate 
pathways for the biliary uptake and elimination of charged and neutral 
species. 


We found that the amount of I bound to the Y-fraction is farsmaller than 
the amount bound to the Z-fraction. This tends to support the earlier hy- 
pothesis (8.9) that organic anions are taken up by the liver oia two pathways 
(binding to the Y- and Z-fractions). one of which (Y-fraction) is of limited 
capacity and easily saturable. Once the Y-fraction is saturated, I is still 
eliminated from the plasma at a reduced, but apparently first-order, rate 
through uptake by the large-capacity Z-fraction. 


The increased I plasma half-life following administration of probenecid 
appears to be due to competition for the Z-binding sites involved in the uptake 
process. The increased I plasma half-life following administration of phe- 
nylbutazone appears to bedue to the displacement of I from plasma proteins 


0 


MINUTES X l?' 
Figure 5-a- Plot of1 elimination in bile after doses of 30 mglkg (A). 20 
mglkg (B) ,  and 5 mglkg (C) to dog Cand a 5-mglkg to dog B (0). 
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and thc subsequent increase in frcc I plasma concentrations, which saturatc 
thc uptake process in a manner similar to large doses of I .  


Biliary excretion data obtained from rats (8 I I ) havc often been of suffi- 
cicnt quality to cnablc thc pharmacokinetic support of intrahcpatic models 
such as that suggested above. Although our data was quite limited. i t  seems 
to suggest that data of sufficient quality may be difficult to obtain from dogs. 
Thc fact that the biliary excretion half-lifc was found not to vary with dose 
supportsour contention that the changing plasma half-life reflectsa saturable 
hepatic uptake rather than an elimination process. 
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Abstract o Following the intravenous administration of bromophenol blue 
10 bcagle dogs. graphs of  the biliary excretion rate versus time displayed 
drabtic fluctuations which rcnder them of little value for standard phar- 
mocokinetic modeling purposcs. I t   as shown that these fluctuations in  ex- 
crction rate are highly correlated with corresponding fluctuations in the bile 
flow rate. An expression was derived which accounts for the primary effect 
of nonuniform bile flow rate on the biliary excretion ratc. This treatment would 
cnablc thc uscof such biliary excretion rate data for pharmacokinetic mod- 
cling. Secondary effects of nonuniform bile flow on the biliary excretion rate 
arc also discusscd. It is suggested that the modeling of other flow rate-de- 
pcndcnt elimination processes could benefit from such a treatment. 


Keyphrases 0 Bromophenol blue-biliary excretion, nonuniform bile flow 
rate. dogs Biliary cxcretion-bromophcnol bluc. dogs, nonuniform bile flow 
rate 0 Bile flow rate-nonuniform, biliary cxcrction of bromophenol blue, 
dogs 


Biliary excretion has long been a subject of intensive in- 
vestigation ( I ) .  Within the past decade, there has been an in- 
crease in the number of studies in which the bile duct has been 


cannulated to permit the determination of drugs and metab- 
olites in the bile. These studies typically involve collecting bile 
samples at relatively long intervals and, usually, the cumulative 
amounts of drug excreted are reported as a function of time 
(2-5). These studies have been particularly useful in assessing 
the magnitude of the first-pass effect and the role of hepato- 
biliary elimination in the overall elimination of a wide variety 
of compounds (1). More recently, i t  has been shown that 
high-quality bile data can provide pharmacokinetic support 
for an intrahepatic model for hepatobiliary elimination in rats 
(6,7). Takada et al. (7) obtained biliary excretion rate data 
(mg/h OersuS time) of sufficient quality to enable a statistically 
significant fit to a tetraexponential function, which they 
identified with a five-compartment model for hepatobiliary 
transport . 


The possibility of obtaining similar data in higher animals 
is appealing, yet the problem must be viewed somewhat 
pessimistically due to the fact that the bile flow rate fluctuates 
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EDITORIAL 


Observations on the Selection of Our Professional Leaders 


We are indebted to a fellow editor-who is also a current member 
of the APhA Academy of Pharmaceutical Science’s Executive 
Committee-for the “idea germ” that triggered this month’s editorial. 
We refer specifically to Professor Joseph R. Robinson of the School 
of Pharmacy, University of Wisconsin. 


Among his many concurrent responsibilities, Dr. Robinson serves 
as Editor of the Journal of Parenteral Science and Technology, and 
he authors the editorial column that regularly appears in that bi- 
monthly periodical. 


His column-or more precisely, the “Editor’s Page,” as it is ac- 
tually headed-in the January-February 1984 issue, is entitled 
“Leading Versus Managing.” We recommend that the article be read 
in its entirety to get the benefit of Professor Robinson’s full message. 
However, for our purposes here, we will briefly summarize his points 
as: ( a )  bringing out the important distinction between leadership and 
managership; (b) noting that a good manager is not necessarily a good 
leader, and in fact only rarely does a single individual possess both 
attributes; ( c )  observing that it is easier to be a good manager than 
it is to be a good leader; ( d )  pointing out that new executives often 
start out as good leaders but then gradually drift into an operating 
style wherein managing replaces leadership; and ( e )  concluding that 
the awareness of the value of, and the need for, leadership represents 
a vital first step in developing this very rare quality in one’s self. 


We would now like to take ’Professor Robinson’s thoughts and 
observations a bit further. 


Granted, virtually all of us profess to want leaders in our positions 
of authority, and we profess to want them to lead in a forceful and 
effective manner. But although we profess these desires, are they truly 
what we want or only what we have deluded ourselves into believing 
that we want? 


These thoughts particularly come to mind as the American Phar- 
maceutical Association is currently in the throes of selecting a new 
President and chief executive officer. The criteria mentioned by all 
involved or in any way interested-from the APhA Board of Trustees, 
to the general membership, to the professional press-universally 
include “strong leadership” as a prime qualification for the person 
to be chosen for the office. 


Certainly, the person who held the position for the past twenty-five 
years-the latc William S. Apple-was unquestionably one of the 
strongest leaders that the entire health care community has ever 
produced. He was acknowledged by fan and critic alike as a dynamic, 
forceful personality who was able to achieve a level of success in his 
objectives far beyond normal expectations-and that this was pri- 
marily due to his strong leadership, his political astuteness, and his 
forceful personality. 


Indeed, except perhaps for a few isolated criticisms in his later 
years, never did anyone fault either Dr. Apple or the organization he 
led, as being inactive, lethargic, unimaginative, or inflexible. When 
Dr. Apple took the reins a t  APhA, it had an image of being a con- 
servative, outdated, and stodgy organization. He quickly reversed that 
perception, and by the early 1960s APhA was acknowledged as the 
frontrunner organization in pharmacy and among the forefront of 
all health care organizations. 


But interestingly, criticism of Apple and APhA grew proportion- 
ately with their leadership influence. It appears that many members 
down deep really prefer the status quo. They want the appearance 
of activity, but they don’t want change. The new APhA policy posi- 
tions and initiatives were unpopular among many of the “rank and 
file” within the profession. Drug product selection, patient consul- 
tation, and clinical roles for the pharmacist were just some of the 
policies that APhA espoused first within organized pharmacy and 
which were vigorously resisted for a long time by much of the pro- 
fession itself. 


The role of APhA as an organizational ‘‘leader’’ for the profes- 
sion-rather than simply a “protector” or “caretaker” for the pro- 
fession-meant that, as an organization, it was out in front of the 
general membership and the profession as a whole. But the reaction 
of many pharmacists to APhA and Applc suggested that they didn’t 
really want leadership. When they called for a strong leader, they 
really meant to say that they wanted a dynamic manager. 


We see this same phenomenon repeated time-after-time in other 
areas. Journal subscribers and authors also profess to want a strong 
leader as the periodical’s Editor. However, when changes are initiated, 
innovative approaches are established, or new policies are adopted, 
these developments are usually met with shocked disbelief if not 
outright resistance. 


Scientific societies, including the APhA Academy of Pharma- 
ceutical Sciences, almost universally will contend that they want an 
established,. prominent scientist as their chief executive officer. 
Purportedly, this is so that the individual can serve with a high profile 
for the group in its dealings with other scientific organizations, with 
government agency officials, with the press, and with the general 
public. 


But in contrast to industry and trade groups, experience shows that 
scientific societies and professional associations usually prefer to 
retain the leadership visability role for their chief elected officers or 
for some comparable elected officials. 


Although the motivating reasons are natural and quite under- 
standable, this sort of modus operandi is bound to impede the full 
exercise of the most effective leadership for the organization. 


Consequently, we felt that Professor Robinson’s observations have 
special relevance and application to the pharmaceutically related 
organizations, groups, and institutions with which we are involved 
or in which we participate. 


If it is strong leadership that we truly want from those we select 
to staff and run those operations, then we must be prepared to accept 
the “fall-out’’ associated with new ideas, new directions, and new 
approaches. I f  we are not willing to do so, then let us be honest and 
admit candidly that what we really desire is simply good manag- 
ers-and not good leaders. 


-EDWARD G. FELDMANN 
American Pharmaceutical Association 


Washington, DC 20037 
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Abstract 0 A method is presented for encapsulating high molecular 
weight biological materials such as viral antigen, concanavalin A, and 
other proteins with cellulose acetate phthalate. The method is simple, 
inexpensive, and rapid; the process takes -15 min. Capsules generated 
by this method are produced as microspheres 1-3 mm in diameter. They 
are stable for at least 6 h in simulated gastric conditions, but disintegrate 
rapidly under simulated intestinal conditions. Encapsulation had no 
effect on the activity of the biological materials. The method has po- 
tentially wide application for encapsulation of drugs and other sub- 
stances. 


Keyphrases 0 Microspheres-enteric-coated, method for rapid prep- 
aration, encapsulation, cellulose acetate phthalate 0 Encapsulation- 
method for the rapid preparation of enteric-coated microspheres, cel- 
lulose acetate phthalate 0 Cellulose acetate phthalate-method for the 
preparation of enteric-coated microspheres, encapsulation 0 Delivery 
systems-enteric-coated microspheres, cellulose acetate phthalate, 
method for rapid preparation 


Cellulose acetate phthalate (I) has been used extensively 
as an enteric coating. Due to the presence of ionizable 
phthalate groups, the polymer is insoluble in acid media 
I p H  5, but is soluble when the pH is 26  (1). Since it is also 
remarkably inert in uiuo (2), it is used to coat material for 
the release of drugs and other substances in the intestine. 
In recent years, I-coating technologies have been applied 
to the encapsulation of many biologically active materials, 
ranging from low molecular weight drugs [e.g. ,  sodium 


salicylate and phenacetin (3,4)] to microorganisms [e .g . ,  
viruses and bacteria (5-7)]. 


This report describes the development of an enteric 
coating for an oral vaccine used to protect wildlife against 
rabies. Studies on the vaccine itself will be reported else- 
where. The present report describes the principles of a 
method for encapsulation of the vaccine in the form of 
quasi-spherical particles -1-3 mm in diameter (micro- 
spheres). The method is simple, rapid, and can be used to 
encapsulate a wide variety of materials. Therefore it has 
potential applications other than vaccine encapsulation. 


EXPERIMENTAL 


Materials-Core materials (i.e., high molecular weight materials) that 
were encapsulated included rabies antigen (ERA-H strain of virus grown 
in BHK-21 cells and inactivated with P-propiolactone'), concanavalin 
A', and bovine serum albumin'. Radiolabeling of these materials with 
iodine-125 was carried out essentially as described by Thorell and Larson 
(8). Before use, the labeled preparations were passed through columns 
of Sephadex G-252 and extensively dialyzed against phosphate-buffered 


Figure 2-Paraffin section (hematonylin-eosin stain) of part  of two 
sucrose microspheres showing the I matrix and the randomly distributed 
pockets that  contained microparticles of the sucroselcore material. 
Hollow interiors of the microspheres are a t  the top right and bottom left 
of the photomicrograph. 


Figure 1-Sucrose microspheres prepared as detailed in the text 
(formation time: 5 min). 


Sigma Chemical Co., St. Louis, Mo. 
Pharmacia, Uppsala, Sweden. 
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Figure 3-Influence of formation time on the size of the microspheres. 
Formation was terminated by the addition of chloroform. Formed mi- 
crospheres were collected, dried in air, and graded by passage through 
a series of U S .  standard stainless steel sieves mounted on a portable 
sieve shakerg, before being weighed. Key: (0 )  No. 50 sieve; (a) No. 20 
sieve; (m) No. 16 sieve; (a) No. 12 sieve. 


saline to remove any free iodine. In the final preparations, >99% of the 
radioactivity was associated with trichloroacetic acid-precipitable (i .e. ,  
high molecular weight) material. 


Two lots of cellulose acetate phthalate3 (A and B) were employed as 
the encapsulation material. Lot A had been stored for several years and 
had a pungent smell of acetic acid. Lot B was newly purchased and was 
practically odorless. Although both preparations were acceptable, they 
required slightly different conditions for optimal formation of micro- 
spheres. 


Formation of Microspheres-The core material (maximum 50 mg) 
was suspended in 200 mL of 5% sucrose (w/v), shell-frozen, and then 
freeze-dried. The resulting powder was then triturated in a 1:4 ratio with 
finely divided sucrose containing up to 5% cornstarch and pressed through 
a No. 50 U S .  stainless steel sieve. This powder was then suspended in 
200 mL of white paraffin oil4 contained in a 400-mL beaker. The mixture 
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Figure 4-Relationship between weight and core material content of 
the microspheres. Core material was [1251]oiral antigen, measured by 
radioactivity. 


3 Lots #193(A) and #A9E(B); Eastman Kodak, Rochester, N.Y 
4 Anachemia Chemicals Ltd., Mississauga, Ont. 
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Figure 5-Influence of pH of the incubation medium on the release of 
encapsulated viral radiolabel at 37°C. Key: (0) uncoated; (A) I coated; 
(0) I-diethyl phthalate coated; (A) I-diethyl phthalate-wax coated. 


was dispersed by stirring at  -260 rpm with a 44-mm polyethylene 
three-blade paddle fitted to a high-torque stirre$. To the suspension was 
added 20 mL of 10% (w/v) I in acetone-95% ethanol (91). Stirring was 
continued for 5 min to allow the microspheres to form, and then 75 mL 
of chloroform was added. The suspending medium was then decanted, 
and the microspheres were briefly resuspended in 75 mL of chloroform 
and air-dried at  ambient temperature. 


With one lot of I (B), some clumping of the microspheres was observed 
when they were removed from the chloroform. This was circumvented 
by stirring the suspension for 10-15 min after addition of the first volume 
of chloroform, prior to decanting. 


In some preparations, the plasticizer diethyl phthalate6 was included 
since it has been shown to increase the pliability and reduce the amount 
of moisture absorbed by I-coated capsules (9). The plasticizer (3% w/v) 
was dissolved in the I solution before addition to the encapsulation me- 
dium. 


To further reduce the permeability of the microspheres, a wax coating 
was applied. Carnauba wax (1 g) was dissolved in 200 mL of white paraffin 
oil a t  70°C and cooled to <45”C. The formed microspheres were then 
suspended in this for 15 min, with constant stirring. The wax solution 
was then decanted, and the microspheres were collected on filter paper 
to absorb the excess wax solution. 


Release of Core Material-Stability of the microspheres was studied 
under conditions simulating those of the stomach and intestine. Break- 
down or dissolution of the particles was monitored by measuring the re- 
lease of iodine-125 and sucrose into the supernatant medium. 


In most experiments, 2.5-g aliquots of the microsphere preparations 
were suspended in 20 mL of simulated gastric juice USP, without pepsin 
(i .e. ,  0.08 M HCl containing 0.2% NaC1, pH 1.2). The suspension was 
incubated for 3 h at  37”C, with constant shaking a t  160 rpm, on a clinical 
rotator7. A t  the end of each 1-h period, 1.0 mL of supernatant was re- 
moved, clarified by low-speed centrifugation (-7OOOXg for 10 rnin), and 
assayed for the presence of released encapsulated materials. Immediately 
following the 3-h incubation period, the simulated gastric medium was 
aspirated off, and the remaining microspheres were rinsed briefly with 
5 mL of warm distilled water which was then discarded. The particles 
were incubated for a further 3 h at  37°C with 20 mL of simulated intes- 
tinal juice USP, without pancreatin (i.e.,  0.05 M KHzPOl adjusted to pH 
7.5 with 0.04 M NaOH). The hourly sampling process was repeated as 
before. The pH of the suspension was monitored by the addition of a few 
drops of 0.001% phenol red and adjusted when necessary with small 
volumes of alkali (usually 75 /.LL of 10 M NaOH aftet 1 and 2 h). 


Assays-Levels of iodine-125 in the supernatant were measured by 
direct counting in a gamma-radiation counters. Sucrose was measured 
by the anthrone reaction (10). There was no significant interference in 
this colorimetric reaction by dissolved I at the dilutions used. 


6 Type RZR1, “Caframo”, Wiarton, Ont. 
6 BDH Chemicals, Toronto, Ont. 
7 Fisher Scientific Co., Fair Lawn, N.J. * Gammacord; Ames Co., Elkhart, Ind. 


40 I Journal of Pharmaceutical Sciences 
Vol. 73, No. 1, January 1984 







100 


80 8 
w‘ 


8 60 
!3 


2 
8 
2 


40 


-I 
w 
IT 


20 


1 2 3 4 5 6 
INCUBATION TIME, h 


Figure 6-Influence of p H  of the incubation medium on the release of 
encapsulated sucrose at 37OC. Symbols are the same as in Fig. 5. 


Before encapsulation, >99% of the iodine-125 activity was associated 
with trichloroacetic acid-precipitable material. T o  determine if any 
degradation or dissociation had occurred during the encapsulation and/or 
release studies, the hourly samples were adjusted to 10% with respect to 
trichloroacetic acid and incubated for 30 min at  4OC. Bovine serum al- 
bumin (1 mg) was added as a carrier. The resulting precipitates were 
separated from the supernatant by centrifugation, and both fractions 
were assayed for radioactivity. 


Viral antigen and concanavalin A (a protein with lectin and immu- 
nostimulatory activity) were also assayed for biological activity before 
and after encapsulation. The virus was assayed by its ability to induce 
circulating antibody formation after intraperitoneal injection into mice, 
and the concanavalin A was assayed by its ability to agglutinate rabbit 
erythrocytes. 


RESULTS AND DISCUSSION 


Figure 1 illustrates the physical appearance of the microspheres. 
Preparations made with I lot A were dull white in color, whereas those 
produced with lot B were shiny white. Other characteristics of both 
preparations were similar. Most experiments presented in this report, 
however, were carried out with lot A. 


Almost all of the microspheres were hollow, and in the large majority 
of particles the interior was completely sealed. A cross section of the 
particles revealed that the encapsulated material was dispersed 
throughout the I matrix in small pockets (Fig. 2). Fully formed quasi- 
spherical particles were apparent as early as 1 min after addition of the 
1 solution. As seen from the data in Fig. 3, the size of the particles in- 
creased with time, reaching a maximum by 5-10 min after initiation. 
Coacervation of I, sucrose, and core material appeared to be complete 
since no I and only trace amounts of radioactivity (probably due to free 
iodine-125) were detected in the paraffin phase after separation of the 
microspheres. 


I t  appears that  formation of the microspheres occurs by stages. Ini- 
tially, the finely divided suspension of sucrose/core material in the par- 
affin oil nonsolvent comes in contact with the I solution. Since the par- 
affin is also a nonsolvent for I, phase separation of the latter occurs with 
its deposition around the sucrose microparticles. Coated microparticles 
then aggregate, rapidly forming small hollow spheres. Further deposition 
of coated material around the aggregate results in the formation of larger 
spheres until all the suspended material has been utilized. 


The data in Fig. 4 show a linear relationship between the weight of the 
microspheres and the amount of incorporated 1251-labeled antigen. This 
indicates that the core material is dispersed uniformly among the par- 
ticles. 


Figures 5-7 summarize the disintegration characteristics of the mi- 
crospheres under simulated gastric and intestinal conditions. From Fig. 
5 it can be seen that, with a I-diethyl phthalate-wax coating, <I% of the 
encapsulated viral radiolabel was released into the gastric medium in 3 
h. By comparison, the I-diethyl phthalate and I coatings were not as ef- 
fective, releasing -10 and 1795, respectively. Regardless of the coatings 
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Figure 7-Influence of pH of the  incubation medium on the release of  
encapsulated concanaualin A at 37°C. Key: (e) uncoated; (A, A) I- 
diethyl phthalate-wan coated. 


applied, however, most of the encapsulated protein was released within 
the first hour of incubation in the intestinal environment. Only 85-9070 
of the uncoated viral radiolabel (i.e., lyophilized sucrose-viral antigen 
alone) was released in the first 3 h. The reason for this is not clear, but 
it may be due to an artifact in the assay system. There are a number of 
different proteins in the viral antigen preparation with radiolabel at-  
tached. Some of these proteins may have been denatured a t  the low pH 
of the simulated gastric juice and may have precipitated, in which case 
they would not have been measured in the supernatants, after centrifu- 
gation, as “released” material. Released under intestinal conditions, the 
same proteins would have remained soluble. 


Although the I and I-diethyl phthalate coatings were effective in re- 
taining the high molecular weight material, they had little effect on the 
retardation of the sucrose efflux, with almost all sucrose being released 
into the suspending medium within the 3-h test period. In contrast, when 
a I-diethyl phthalate-wax coating was applied, <20% was released under 
the same conditions (Fig. 6). 


Figure 7 depicts the release of [1251]concanavalin A from I-diethyl 
phthalate-wax-coated microspheres. Even after 6 h a t  low pH, there was 
<5% release, but there was almost complete breakdown a t  the intestinal 
pH of 7.5. 


The size of the microspheres to some extent determined their release 
characteristics. In the experiment summarized in Fig. 8, I-coated mi- 
crospheres prepared with [1251]bovine albumin as the core material were 
graded through a series of Tyler sieves mounted on a portable sieve 
shakers. I t  can be seen that the smaller the diameter, the more rapid the 
release. Since the size of the microspheres can be controlled to some ex- 
tent by the time of addition of the chloroform (Fig. 3), the rate of release 
of their contents can also be controlled. 
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Figure 8-Influence of size of  the microspheres on the release of bovine 
albumin from simulated gastric juice (without enzymes), pH 1.2, at 
37OC. Key: (0) particles retained by a No. 50 sieve; (e) particles re- 
tained by a No. 20 sieve; (A) particles retained by a No. 12 sieue. 
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Figure 9-Effect of pH on the release ofuiral radiolabel from citrate- 
phosphate buffer at 37% Key: (0) pH 2.5; (A) p H  5.0; (0) p H  6.0; (A) 
p H  7.0; (0) pH 8.0. 


The above data indicate that the core materials were effectively re- 
leased under simulated intestinal conditions. However, the data give no 
information about the physical state of the labeled material-specifically, 
whether or not it has been degraded during encapsulation and/or incu- 
bation. Studies on trichloroacetic acid-induced precipitation showed that 
>80% of the viral antigen- and concanavalin A-associated radiolabel was 
still acid insoluble after 3 h in each of the simulated gastric and intestinal 
conditions. Additionally, and more importantly, mice injected with the 
decapsulated viral antigen still produced protective neutralizing antibody 
titers against rabies virus (indicating that the antigenicity was largely 
intact), and the decapsulated lectin showed no significant loss of hem- 
agglutinating activity with rabbit erythrocytes. 


Figure 9 illustrates the pH dependency of the release of radiolabel from 
I-diethyl phthalate-wax-coated microspheres with a viral antigen core 
material. Conditions were the same as in previous experiments except 
that the buffer system was 0.1 M citrate-phosphate, ranging from pH 
2.5 to 8.0. I t  is clear that the wax coating does not interfere with the re- 
lease, which is minimal a t  pH 55. Between pH 5 and 7 there is increas- 
ingly rapid release, with no significant further increase above pH 7. 


CONCLUSIONS 


The encapsulation method described here is simple, inexpensive, and 
rapid; starting with the core material in the form of a finely divided 
powder, the whole procedure can take <15 min. Furthermore, no spe- 
cialized equipment is required. The system has similarities to that de- 
scribed by Kitajima and coworkers (11) ;  in their method, however, the 


core material is suspended in the I solution and the process required 5 
h. In the system described here, it was found that if the stirring process 
was continued for > -15 min prior to addition of the chloroform, 
clumping of the microspheres occurred. Since the microspheres were 
formed considerably before this time, this was no drawback. 


In this report, the encapsulation of complex biologicals has been de- 
scribed, but the method can be applied to the encapsulation of many 
other substances. For example. microspheres have been prepared with 
such varied materials as cornstarch, tetracycline, saponin, and barium 
sulfate individually replacing the sucrose. Sucrose microspheres have 
been prepared containing the following active ingredients (2-60 mg/g 
of sucrose): scopolamine butylbromidelO, loperamidell, trifluoperaz- 
ine-isopropamide12, and metoclopramide hydr~hlor ide’~.  Encapsulation 
of ~imetidine’~,  however, was unsuccessful. The prime requirements 
appear to be that the materials to be encapsulated are in a finely divided 
state and that they are insoluble in both the acetone-ethanol and the 
paraffin phases. The microspheres can also be color-coded by addition 
of a dye such as malachite green to the I solution, the requirement here 
being that the dye is insoluble in the paraffin phase. 


REFERENCES 


( 1 )  C. J. Malm, J. Emerson. and G. D. Hiatt, J. Am. Pharm. Assoc., 


(2) H. C. Hodge, J. Pharmacol. Exp. Ther., 80,250 (1944). 
(3) H. P. Merkle and P. Speiser, J. Pharm. Sci., 62.1444 (1973). 
(4) P. 1,. Madan and S. R. Shanbhag, J. Pharm. Pharmacol., 30,65 


(1978). 
(5) A. Gumma and A. Mirimanoff, Pharm. Acta Helu., 46, 278 


(1971). 
(6) D. H. Ferris and A, S. Arambulo, Ger. Offen. 2,343,570 (1974); 


Chem. Abstr., 8 1 , 9 6 4 3 7 ~  (1974). 
(7) R. M. Chanock, R. J. Huebner, and H. B. Couch, US. Pat. 


3,317,393 (1967); Chem. Abstr., 67,310182 (1967). 
(8) J. 1. Thorell and S. M. Larson, “Radioimmunoassay and Related 


Techniques. Methodology and Clinical Applications,” C. V. Mosby, St. 
Louis, Mo., 1978. 


(9) R. R. Crawford and 0. K. Esmerian, J. Pharm. Sci., 60, 312 
(1971). 


Sci. Ed., 40,520 (1951). 


(10) D. L. Morris, Science, 107,254 (1948). 
(11) M. Kitajima, A. Kondo, S. Asaka, M. Moroshita, and J. Abe, Ger. 


Offen. 2,105,039 (1971); Chem. Abstr., 75,152682k (1971). 


ACKNOWLEDGMENTS 


This work was supported by Provincial Lottery funds through a con- 
tract with the Ontario Ministry of Natural Resources. 


~ 


lo Buscopan; Boehringer Ingelheim (Canada) Ltd., Burlington.Ont. 
Ii Imodium; Ortho Pharmaceutical (Canada) Ltd.. Don Mills, Ont. 


I‘ Tagamet; Smith, Kline and French (Canada) Ltd.. Mississauga, Ont. 


Stelabid Forte; Smith, Kline and French (Canada) Ltd.. Mississauga, Ont. 
Reglan; A. H. Robins Canada Ltd., Montreal, Que. 


42 I Journal of Pharmaceutical Sciences 
Vol. 73, No. 1, January 1984 












Gas Chromatographic Determination of a Diuretic- 
Antihypertensive Agent, (f)-[[6,7-Dichloro-2- 
(4 -fluorop henyl) - 2-met hyl- 1 -0xo-5 -indanyl]oxy]ace tic 
Acid, in Biological Fluids 


LINDA L. WEIDNER and ANTHONY G. ZACCHEIX 
Received July 28,1982, from the Merck Sharp & Dohme Research Laboratories, Merck Institute for Therapeutic Research, West Point, P A  
19486. Accepted for publication December 17,1982. 


Abstract A method for the measurement of a potential diuretic- 
antihypertensive' agent, (f)-[[6,7-dichloro-2-(4-fluorophenyl)-2- 
methyl-l-oxo-5-indanyl]oxy]acetic acid, in biological fluids is described. 
The procedure involves the addition of a related internal standard to the 
specimens followed by extraction of the acids into toluene at pH 1. The 
indanyloxyacetic acids, following back-extraction into base and reex- 
traction into methylene chloride at an acidic pH, are converted to methyl 
esters by reaction with ethereal diazomethane for subsequent gas chro- 
matographic analysis. The sensitivity of the method is such that 5 ng of 
drug in 1 mL of biological specimen can be quantitated using a 63Ni 
electron-capture detector. The recovery from plasma in the 5-2000- 
ng/mL range (n = 53) was 97.0 f 16.3%. Differences were noted in the 
disposition of the enantiomers of this agent in dogs following a pharma- 
cologically active dose. 


Keyphrases Diuretics-gas chromatographic determination of 
(f)-[[6,7 - dichloro-2-(4-fluorophenyl)-2-methyl-l-oxo-5-indanyl]oxy]- 
acetic acid in biological fluids 0 Antihypertensives-gas chromatographic 
determination of (f)-[6,7-dichloro-2-(4-fluorophenyl)-2-methyl-l- 
oxo-5-indanyl]oxy]acetic acid in biological fluids (f)-[[6,7-Dichloro- 
2-(4-fluorophenyl)-2-methyl-l-oxo-5-indanyl]oxy]acetic acid-di- 
uretic-antihypertensive, gas chromatographic determination, biological 
fluids 


The search for potent diuretic-antihypertensive agents 
has led to the synthesis of a class of compounds known as 
the indanyloxyacetic acids (I). (f)-[[6,7-Dichloro-2-(4- 
fluorophenyl)-2-methyl-l-oxo-5-indanyl]oxy]acetic acid 
(I) and its enantiomers are examples of such compounds 
(2). Since disposition and metabolic differences have been 
reported (3-8) for the enantiomers of indacrinone (the 
defluoro analogue), studies were initiated on I to gain in- 
sight into the effects of blocking the primary site of met- 
abolic transformation (9,lO). 


rophenyl)-2-methyl-l-oxo-5-indanyl]oxy]acetic acid (II)], toluene', di- 
chloromethane2, and freshly prepared 0.5 M diazomethane (generated 
from N-nitroso-N-methylurea3). A gas chromatograph equipped with 
a data processor4, a 63Ni electron-capture detector, and a 122-cm X 4-mm 
(id.) glass column packed with 3% OV-17 on 80-100 mesh Gas Chrom 
Q was used in these studies. The column temperature was set at 280°C 
for the analysis of I and its enantiomers. The injection and detector 
temperatures were maintained at 300°C. Argon-methane (955) was used 
as the carrier gas a t  a flow rate of 34 mL/min. 


Measurement of I in Biological Samples-The concentration of I 
or its enantiomers in biological samples was determined as follows. To 
1.0 mL of plasma (0.1-0.5 mL of urine) in a 50-mL glass-stoppered cen- 
trifuge tube were added 1.0 pg of I1 (the internal standard), 1 mL of 2 M 
HCI, and 15 mL of toluene. The tube was shaken for 10 min, centrifuged, 
and the organic phase was transferred to a similar tube containing 2 mL 
of 0.1 M NaOH. After the tube was shaken for 10 min and centrifuged, 
the organic phase was removed by aspiration. The pH of the aqueous 
phase was adjusted to 1 by the addition of 0.25 mL of 2 M HC1, and the 
free acids were extracted into 5 mL of dichloromethane (agitated5 for -30 
s). After centrifugation, the dichloromethane phase was transferred to 
a 13-mL centrifuge tube and treated with 100 p L  of ethereal diazo- 
methane at room temperature. The contents of the tube were evaporated 
to dryness6. The residue was dissolved in 1.5 mL of toluene, and a 4-wL 
aliquot was injected7 into the chromatograph. The methyl esters of I and 
I1 exhibited retention times of 1.5 and 2.6 min, respectively, under the 
conditions of the analysis. 


Standard recovery samples, which were run concurrently with the bi- 
ological specimens, were prepared by spiking appropriate aliquots of 
control plasma or urine with 5-2000 ng of I and a constant amount (1000 
ng) of internal standard. The samples were prepared for GC as described 
above. The standard curves were constructed by plotting area ratios of 


I R = F  
I1 R = C1 


This report describes a sensitive electron-capture gas 
chromatographic (GC) method for the determination of 
I and its enantiomers in biological fluids. The method, 
which is similar to that reported for indacrinone (11,12), 
does not differentiate between the enantiomers of I, but 
provides the methodology to study the disposition of these 
enantiomers separately following pharmacological 
doses. 


EXPERIMENTAL 


Chemicals and Instrumentation-The chemicals used were I and 
its enantiomers, the internal standard ((f)-[[6,7-dichloro-2-(4-chlo- 


0 5 10 0 5 10 0 5, 10 0 5 10 
(a)  (b) ( C) (d) 


MINUTES 


Figure 1-Chromatograms of: (a) control dog plasma; (b) control dog 
plasma with 1000 ng of XI added; (c) control dog plasma with 100 ng of 
I and 1000 ng of I I  added; and  (d) dog plasma obtained 2 h after drug 
administration. All samples were carried through the eiectron-capture 
detection method. Four microliters was injected out of a 1.5-mL final 
volume. 


1 Reagent Grade, Fisher Scientific. 


3 ICN Pharmaceuticals. 
4 Hewlett-Packard Model 5840A. 
5 Vortex-Genie Model K - 5 5 0 4 .  


Buchler Vortex-Evaporator. 
7 Hewlett-Packard Automatic Sampler Model 7671A. 


Nanograde, Mallinckrodt. 
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Table I-Recovery of I from Plasma and Urine 


Amount Amount Recoveredb, ng 
Added, na Plasma Urine 


2000 1990 f 104 


1500 1477 f 81 
(99.6 f 5.3%) 


1994 f 44 


1500 f 25c 
(99.7 f 2.2%) 


1000 


500 


250 


(98.5 f 5.5%) 


(99.7 f 5.5%) 


(100.0 f 1.7%) 
1004 f 16 


(100.4 f 1.6%) 
997 f 54 


496 f 34c 
(99.2 f 7.0%) 


257 f 25 


502 f 10 
(100.5 f 2.1%) 


(103.1 i io.i%) 
125 129 f 16 


(103.4 f 13.5%) 
100 96.5 f 11.4c 116 f 4 


(96.5 f 11.4%) 


(98.8 f 14.5%) 


(93.8 f 12.9%) 


(I16 f 4.0%) 


(123.6 f 4.3%) 
50 49.4 f 5.2 61.8 f 2.2 


25 23.4 f 3.2 


10 8.2 f 2.7 


5 
(88.2 f 27.3%) 


(92.8 f 37.3%) 
4.6 f 1.8 5.8 f 1.1 


(116.0 f 21.9%) 
5-2000 97.0 f 16.3% 108.3 f 12.5% 


(n = 53) (n = 24) 


Represents racemic 1 and/or the enantiomers. Means f SD, n = 5 percent 
recovery is in parentheses. C n = 4. 


1/11 versus the amount of I added. The area ratio (I/II) of the unknown 
sample was then used to determine the amount of I present. 
In Vivo Studies-Three male beagle dogs, 8.610.0 kg, received either 


1 or its enantiomers a t  a single oral dose of 2.5 mg/kg; 1 week later the 
Same animals received the respective drugs intravenously in a crossover 
design. The animals were fasted overnight prior to drug administration. 
Blood was drawn into heparinized syringes, and the plasma separated 
by centrifugation prior to analysis. Urine specimens were frozen imme- 
diately on collection (dry ice) and kept frozen until analyzed. Animals 
were individually housed in metabolism cages. The specimens were an- 
alyzed for I or its enantiomers as described above. 


blood and urinary levels of the compound for absorption, excretion, and 
metabolism studies. Electron-capture GC of the methyl esters provided 
the sensitivity required for such studies following a pharmacologically 
active dose. Figure 1 presents chromatograms of control dog plasma, 
internal standard (11) added to control dog plasma, I and I1 added to 
control dog plasma, and dog plasma obtained 2 h after drug adminis- 
tration. Similar tracings were obtained during urinalysis. The retention 
times of the methyl esters of I and I1 were 1.5 and 2.6 min, respec- 
tively. 


The small peak seen in Fig. Ib, which is present to the extent of -2% 
of the internal standard peak, appears in all samples carried through the 
analytical procedure. This trace contaminant, which represented <2 
ng/sample of biological specimen, limited the sensitivity of analysis for 
I to 5 ng/mL. The appropriate area ratio for this impurity was subtracted 
from all data values prior to linear regression analysis. A linear rela- 
tionship was observed for all plasma samples containing amounts to 500 
nghample: y = 0.0028~ + 0.003 ( r  = 0.973). Above 500 ng, the standard 
curve exhibited a slight curvature. Regression analysis on this portion 
of the standard curve (500-2000 ng) gave y = 0.0023~ + 0.32 (r = 0.!499), 
which was used to calculate the results of the biological samples in this 
range. This equation was used whenever the area ratio was greater than 
that obtained with the 500-ng standard. Similar data were obtained on 
analysis of urine samples. 


A summary of the results obtained following analysis of various 
amounts of I or its enantiomers in control dog plasma and urine is pre- 
sented in Table I. In the 5-2000-ng range, the mean recovery of I from 
control plasma was 97.0 f 16.3% (n = 53); the recovery from urine was 
108.3 f 12.5% (n = 34). The electron-capture GC method is extremely 
sensitive and exhibits a high degree of accuracy and precision over the 
entire range. 


The values of I or its enantiomers in dog plasma and urine following 
single oral or intravenous administration of I as the racemate (f) or the 
(+)- or (-)-enantiomer a t  a dose of 2.5 mg/kg are presented in Tables I1 
and 111. Regardless of which enantiomer was given, peak plasma levels 
occurred within 0.5 h of dosing, suggesting rapid absorption. In addition, 
direct comparison of the respective oral versus intravenous areas under 
the curve (AUC) established that absorption was complete. Greater than 
91% of the oral dose of either enantiomer was bioavailable. Although 
absorption was quantitative for each enantiomer, the absolute AUC 
values differed markedly between the enantiomers. Pharmacokinetic 
analyses using standard techniques previously described (3). established 
the fact that the (+)-enantiomer is cleared from the system twice as fast 
as the (-)-enantiomer (2.1 versus 1.1 mL/min-kg). This finding is con- 
sistent with the twofold difference in AUC values. The biexponential 
plasma profiles, which were observed for each enantiomer, exhibited 


RESULTS AND DISCUSSION 
During the development of I and i ts  enantiomers for potential use as 


a diuretic-antihypertensive agent, a method was needed to determine 


Table 11-Plasma Levels of I Following Administration of I to Dogs a t  a Dose of 2.5 mg/kg 


Hours Dog 1 Dog 2 Dog 3 Dog 1 Dog 2 Dog 3 


0.08 
0.25 
0.5 
1 
1.5 
2 
4 
6 


24 
48 
72 


AUC (0-24), ng.hr/mL 


N.S. 
3,995 
3,990 
2.960 
3;190 
4,410 
2,095 
1,850 


360 
26 


36,526 
- 


N.S. 
4,425 
4,520 
3,500 
2,110 
1.475 
1;100 


800 
16 


- c  


- 
17,794 


N.S. 
4,050 
5,710 
5;400 
4,950 
4.250 
31106 
2,090 


399 
- 
- 


44,332 


13,400 
7,795 
5.920 
4;325 
N.S. 


2,275 
1,375 
1,370 


143 
21 


29,925 
- 


13,500 13,180 
7,200 9,710 
4.925 7.275 
3;620 5;100 
N.S. N.S. 


1,520 4,350 
1,150 2,225 


720 1,705 
24 - 


- - 
- - 


19,577 38,480 


Represents 1 and/or the enantiomers. * N.S. = no sample. Less than detection limits. 


Table 111-Urinary Excretion of In Following Administration of I to Dogs at a Dose of 2.5 mg/kg 


I, % of dose excreted 
Oral Intravenous - (f) (+) - (f) (+) 


Hours Dog 1 Doe 2 Doe 3 Doe 1 Doa 2 Doe 3 


0-24 17.97 9.73 13.00 16.46 14.30 11.62 
24-48 2.69 0.82 3.60 1.99 3.36 1.52 
48-72 0.51 0.35 0.11 0.33 0.50 0.10 
Total 21.17 10.90 16.71 18.78 18.16 13.24 


0 Represents I and/or the entantiomers. 
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similar terminal half-lives, t l / z p  = 0.693h (2.5 versus 3.2 h). These minor 
differences were also noted in the volumes of distribution of the central 
compartment 1139 versus 160 mL/kg for the (+)- and (-)-enantiomer, 
respectively]. Although these pharmacokinetic parameter values illustrate 
differences between the enantiomers of I, the data do not establish a 
definitive pharmacokinetic profile in view of the limited sample 
number. 


REFERENCES 


(1) E. J. Cragoe, Jr., E. M. Schultz, J. D.Schneeberg, G. E.Stokker, 
0. W. Woltersdorf, Jr., G. M. Fanelli, Jr., and L. S. Watson, J. Med. 
Chem., 18,225 (1975). 


(2) S. J. deSolms, 0. W. Woltersdorf, Jr., E. J. Cragoe, Jr., L. S. 
Watson, and G .  M. Fanelli, Jr., J Med.  Chem., 21,437 (1978). 


(3) A. G. Zacchei, M. R. Dobrinska, T. I. Wishousky, K. C. Kwan, and 
S. D. White, Drug Metab. Dispos., 10,20 (1982). 


(4) J. D. Irvin, P. H. Vlasses, P. B. Huber, J. A. Feinberg, R. K. Fer- 
guson, J. J. Schrogie, and R. 0. Davies, Clin. Pharmacol. Ther., 27,260 
(1980). 


(5) A. G. Zacchei, M. R. Dobrinska, J. D. Irvin, K. C. Kwan, and P. 
H. Vlasses, Abstr. World Conf. Clin. Pharmacol. Ther., No. 0793 


(1980). 
(6) P. H. Vlasses, J. D. Irvin, P. B. Huber, H. B. Lee, R. K. Ferguson, 


J. J .  Schrogie, A. G. Zacchei, R. 0. Davies, and W. B. Abrams, Clin. 
Pharmacol. Ther., 29,798 (1981). 


(7) J. A. Tobert, G. Hitzenberger, I. M. James, and J. S. Pryor, Abstr. 
World Conf. Clin. Pharmacol. Ther., No. 0436 (1980). 


(8) M. R. Dobrinska, A. G. Zacchei, J. J. Schrogie, R. K. Ferguson, 
and K. C. Kwan, Abstr. World Conf. Clin. Pharmacol. Ther., No. 0762 
(1980). 


(9) A. G. Zacchei, T. I. Wishousky, B. H. Arison, and G. M. Fanelli, 
Jr., Drug Metab. Dispos., 4,479 (1976). 


(10) A. G. Zacchei and T. I. Wishousky, Drug Melab.  Dispos. 4,490 
(1976). 


(11) A. G. Zacchei and T. I. Wishousky, J. Pharm. Sci., 65, 1770 
(1976). 


(12) A. G. Zacchei and T. I. Wishousky, J. Pharm. Sci., 67, 162 
(1978). 


ACKNOWLEDGMENTS 


The authors thank J. D. Schneeberg and 0. Woltersdorf for supplies 
of I and its enantiomers and S. White for the animal-related work. 


Cytotoxic Effects of Eleutherococcus senticosus Aqueous 
Extracts in Combination with N6- ( A2-Isopentenyl) - 
adenosine and 1-P-D-Arabinofuranosylcytosine 
Against L1210 Leukemia Cells 


BRUCE HACKER and PHILIP J. MEDON” 
Received July 6,1982, from the Department of Pharmacology-Toxicology, Northeast Lousiana University, Monroe, LA 71209. 
for publication November 22, 1982. 


Accepted 


Abstract 0 The use of the aqueous extracts of Eleutherococcus senti- 
cosus in combination with either cytarabine or N6-(A2-isopentenyl)- 
adenosine gave additive antiproliferative effects against L1210 murine 
leukemia. The ED% for E. senticosus root extracts against L1210 cells 
was -75 pg/mL. E. senticosus appears to be potentially useful for re- 
ducing the concentration of conventional antimetabolites used for their 
antiproliferative effects on tumor cells. 


Keyphrases 0 Cytarabine-Eleutherrcoccus senticosus, N6-(A2-iso- 
pentenyl) adenosine, L1210 leukemia 0 Eleutheroccmus senticosus- 
cytarabine, N6-(A2-isopentenyl) adenosine, L1210 leukemia 


The Far Eastern plant Eleutherococcus senticosus 
(Rup. + Maxim.) Maxim. (Araliaceae or Ginseng family), 
formerly known as Hedera senticosa and Acanthopanax 
senticosus, is commonly known as “Siberian Ginseng,” 
“Touch-me-not,” “Devil’s shrub,” “Eleutherococc,” and 
“Wild Pepper” (1). This plant, which has recently become 
an item for export from the People’s Republic of China, is 
most abundant in the Khabarovsk and Primorsk Districts 
of the Soviet Union, with a distribution extending to the 
middle Amur region in the North, Sakhalin Island and 
Japan in the East, and South Korea and the Chinese 
Provinces of Shansi and Hopei in the South (1, 2). E.  
senticosus has been used extensively in the Soviet Union 
as an “adaptogen” (3), defined by these authors (4) as a 
nontoxic substance with so-called “normalizing” actions 
on a wide range of physical, chemical, and biochemical 
parameters. The effects of E. senticosus, as well as those 


of other natural products for alleviating numerous path- 
ological changes when administered on a chronic basis, 
have been the subject of several recent reviews ( 2 , 5 7 1 .  


There have been numerous reports suggesting that 
crude, unfractionated E. senticosus per se has cytostatic 
activity as well as metastasis-preventing effects against the 
following systems: Walker 256 and Ehrlich ascites tumor 
cells (8), and SSK sarcoma (9), spontaneous tumors in 
AKR mice (lo), indole oil-induced leukemia ( l l ) ,  mam- 
mary tumors in C3H mice (12), as well as urethane-induced 
pulmonary tumors in CC57 mice (13). Moreover, the lit- 
erature also suggested that E. senticosus extracts when 
administered in combination with thiotepa (14, 151, cy- 
clophosphamide (14,16), hydrocortisone (17), 6-mercap- 
topurine (181, or rubomycin-C (19) had a potentiating or 
enhancing effect on the parent agent. These data suggested 
the importance in evaluating the possible effects of E. 
senticosus per se ,  and its ability to enhance the antiprol- 
iferative property of two established cytotoxic agents: 
cytarabine hydrochloride (I) and N6-(A2-isopentenyl)- 
adenosine hemihydrate (11). 


BACKGROUND 


Cytarabine (I), an important pyrimidine antimetabolite used in com- 
bination chemotherapy for the treatment of acute myelocytic leukemia 
(20-22), has the potential for the treatment of chronic myelocytic leu- 
kemia as well, when given with the deaminase-inhibitor, tetrahydrouri- 
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Table 11-Accuracy and Precision from Matrix Standards: Individual 
Determinations of I and I1 


Value Expected, Mean Foundb, 
Compound na/mL na/mL cvc. 70 


I 20 
50 


100 
500 


2000 
I 1  I00 


250 
500 


2500 
5000 


10,000 


23 4.1 
50 3.3 


100 6.3 
503 I .5 


I852 4.5 
I00 1.9 
250 1 .o 
515 4.3 


2405 
5146 
9835 


2.0 
3.6 
3.5 


a Procedure used for mouse plasma samples. bFound calculated from peak height ratio 
and peak height ratio response factors for I and II, respectively. from four standard curvcs 
each r u n  on a different day for each compound. For four determinations. 


pounds in pharmacological, pharmacokinetie, and toxicological studies in rats, 
dogs, mice, monkeys, and rabbits. These procedures had reproducible quan- 
tifiable limits of 20 ng/mL for I and 50 ng/mL for I t .  Separate determinations 
of I and I I  were required for animal samples in which ratios of the concen- 
tration of I I  to theconcentration of I were large enough tosignificantlydegrade 
the resolution between the HPLC peaks. These high ratios occurred in plasma 
samples from dosed rats, mice, and rabbits. The separate determinations were 
used in these cases; otherwise, the selectivity, sensitivity. and other analytical 
indicators uere the same for the plasma of all species tested. 


Results from the dual determination of I and 11 in plasma from dogs are 
shown in Fig. 3. Part of these results were generated using the standardiiation 
curve data reported in Table I .  The animals were dosed orally with one-half 
of the daily dose of I just after the time zero samples were taken and with the 
remainder of the daily doseafter the 4-h samples. The data were evaluated 
for peak plasma level times (6-8 h) as  well as  for relationships between dose 
and plasma levels (no consistent dose response). The low detection limits for 
both I and I1 and the low plasma volume requirements for analysis have made 
this procedure very useful in multisampling and small animal studies. These 
points and the versatility of this procedure are amply demonstrated in Fig. 
3. 
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Abstract 0 Five lots of prednisone tablets that disintegrate within 5 min were 
collaboratively studied by I I laboratories using USP Apparatus 2 under 
carefully controlled conditions. One lot gave complete dissolution. The re- 
producibility and repeatability of Apparatus 2 for the four lots still dissolving 
at the end of the tcst were 2.6 and I .6% of label claim, respectively, for the 11 
laboratories. 


Keyphrases 0 USP dissolution tcst-collaborative study of Apparatus 2, five 
lots of prednisone tablets, 1 I laboratories 0 USP Apparatus 2-collaborative 
study of dissolution of five lots of prednisone tablets, I 1  laboratories 0 
Prednisone tablets-dissolution of five lots with USP Apparatus 2, collabo- 
rative study by 1 1  laboratories 


The USP dissolution test for prednisone tablets (1) requires 
that when 12 tablets are tested, an average of 280% of the 
labeled amount of prednisone must dissolve in 30 min. The 
tablets are individually tested under experimental conditions 
which must be carefully controlled if reproducible results are 
to be obtained. 


Four common sources of error associated with Apparatus 
2 have been identified: misalignment of equipment (2), 
nonuniformity of the bottom curvature of vessels (3 ) ,  excess 
gases in the dissolution medium (4), and the interaction of the 
test with slowly disintegrating tablets (4). Equipment, tools, 
and technique were developed and improved between 1978 and 
1980 to control the first three sources of error. Certain products 


consist of slowly disintegrating tablets that do not always settle 
at the center of the bottom of the vessels; such variability of 
tablet position before disintegration can give imprecise results 
(4). However, rapidly disintegrating tablets gave results of 
sufficient precision to warrant a collaborative study. 


The purpose of this collaborative study, conducted by 11 
laboratories in the second half of 1980, was to measure the 
reproducibility and repeatability of Apparatus 2 under state- 
of-the-art conditions for prednisone tablets that disintegrate 
within 5 min. The secondary objectives were to determine 
whether personnel in many laboratories could correctly adjust 
Apparatus 2 by following a set of detailed instructions and 
whether the apparatus would hold the adjustment over an 
-2-week test period. 


EXPERIMENTAL 


Dissdution Test-The instructions’ to collaborators conformed to the USP 
conditions for testing prednisone tablets ( I )  with two exceptions. The eol- 
laborators were instructed to drop a tablet down the side of the vessel with the 
paddle rotating rather than to drop a tablet into the vessel and then start paddle 
rotation. The collaborators were instructed to position each vessel so that its 
vertical axis was not more than 1 mm at any point from the axis of the paddle 
shaft. A 2-mm tolerance is allowed in the USP specifications. If this second 


I The complete instructions are available from the authors on request 
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Table I-Collaborative Dissolution Results. for Tablet 2, 10-mg 
Prdnisone Tablets 


Table 11-Collaborative Dissolution Results’ for Lot A, 5-mg Prednisone 
Tablets 


Individual Tablet Results. 
Labora- 90 of label claim 


tory I 2 3 4 5 6 Vean f SD 
~ ~ ~~ ~~ ~~ ~~ 


I 41.7 44.1 42.9 37.0 43.7 44.1 42.3 f 2.7 
43.8 43.3 39.6 40.2 43.8 42.6 42.2 f 1.9 


2 40.2 36.9 37.4 36.9 36.9 39.1 37.9 f 1.4 
42.0 43.8 38.0 33.4 36.9 38.0 38.7 f 3.7 


3 41.9 36.0 37.6 37.8 44.2 43.1 40.1 f 3.4 
34.8 33.0 34.2 34.5 32.7 34.7 34.0 f 0.9 


4 33.5 31.7 33.8 35.4 35.0 34.2 33.9 f 1.3 
41.2 37.8 42.4 41.1 32.0 40.7 39.2 f 3.8 


5 33.7 35.9 41.1 33.3 40.4 37.6 3 7 . 0 f  3.3 
35.1 33.2 39.0 34.6 34.6 37.6 35.7 f 2.2 


6 33.1 35.4 40.8 32.8 
36.9 33.9 33.8 39.9 


7 32.1 36.4 34.8 38.9 
33.9 43.2 45.6 34.6 


8 36.7 42.3 31.3 39.4 
32.0 42.3 36.1 37.4 


9 46.2 44.5 41.5 41.8 
45.7 49.1 46.4 46.7 


10 42.3 40.2 42.2 44.6 
39.9 37.8 37.8 41.5 


1 1  38.8 43.8 31.2 41.1 
45.6 47.5 39.6 37 0 


Duplicate subsdniples of six tabletc 


36.8 
32.6 
37.6 
43.9 
35.4 
37.4 
39.4 
44.4 
42.9 
38.0 
41.0 
41.8 


37.3 
39.7 
33.7 
42.8 
39.5 
41.9 
42.1 
45.8 
43.6 
39.8 
39.2 
39.4 


36.0 f 3.0 
36.1 f 3.2 
35.6 f 2.5 
40.7 f 5.1 
37.4 f 3.8 
37.8 f 3.8 
42.6 f 2.4 
46.3 f 1.6 
42.6 f 1.5 
39.1 f 1.5 
39.2 f 4.3 
41.8 f 4.0 


requirement could not be met, the dissolution drive was deemed unsuitable 
for the study. 


All laboratories used similar six-spindle dissolution drives2, paddles), ves- 
s e l ~ ~ ,  and slotted vessel covers3 without guide bushings. A transparent water 
bath was specified. The collaborators were required to use a specially designed 
centering tool (5). a 2.5-cm depth gauge, and a torpedo level with two bubble 
indicators at right angles to each other. Stepby-step instructions for the setup 
of equipment were supplied. The volumes of deaerated dissolution medium 
were measuredS in volumetric flasks or calibrated graduated cylinders. The 
medium was preheated to 37OC bcforc it was added to the vessels6. After the 
medium was placed in the vessels, paddle rotation was started and the system 
was allowed to equilibrate for 15  min. 


Each vessel, vessel position, and corrrespnding tablet result were assigned 
the same number. Thus, for each subsample of six tablets tested simulta- 
neously, every individual tablet result was idcntificd with a particular vessel 
and position. 


The tablets were immersed at I-min intervals to permit the collaborator 
to draw and filter an aliquot of dissolution medium after each tablet had been 
subjected to the test for precisely 30 min. A 5 0 4  aliquot was taken from the 
Same point in each vessel with a syringe equipped with a glass tube. The aliquot 
was then forced through a 0.8-pm porosity membrane filter’, and the first 25 
ml. was discarded to wash the filter free of material that might interfere with 
the determinative step and to saturate the filter with drug. The filtered aliquots 
were diluted, if required, and the absorbances of the solutions were measured 
manually at 242 nm in  a I -cm cell. Portions of the same batch of dissolution 
medium used for a subsample were also used as the reference solutionin the 
spectrophotometer and as the diluent for the standard. 


Collaborative Study-An intralaboratory study was first conducted in this 
laboratory. Two analysts, one inexperienced with the dissolution test and the 
other experienced with the test, were able to follow the instructions and obtain 
similar results from different equipment. Portions of each lot of tablets, the 
instructions, and standard prednisone powder were then sent to 10 other FDA 
laboratories. Seven of the eleven laboratories have been conducting dissolution 
tests for several years and are considered experienced with the test. The others 
(laboratories 1.5.7 and 10) had received their dissolution equipment within 
I2 months of participating in the study and were considered relatively inex- 
perienced. 


Lots Studied -Four of the lots were commercially manufactured for use 


Sine laboratories used the Model 72RL and two laboratories used the Model 72SI.; 


Hanson Research Corp. 


Five laboratories used 500- and 900-ml. flasks marked T.D./T.C.; Kimble Products. 
Vineland. N.J. Three laboratories used 500-ml. flasks marked T.C. and 1000-mL 
graduated cylinders. Three laboratories used 500- and 1000-ml. graduated cylinders. 


6 One laboratory deviated from these instructions. Deaerated medium was added to 
the vessels from graduated cylinders a t  room temperature. The medium was then brought 
to 37°C. ’ KO. AAWP. 2.5-cm diameter; Millipore Corp., Redford. Mass.. or equivalent. 


Hanson Research Corp.. Sorthridge, Calif. 


‘ Eli Lilly and Co.. Indianapolis. Ind .  


Individual Tablet Results. 
Labora- %of label claim 


tory I 2 3 4 5 6 Mean f SD 


I 99.2 102.7 98.6 96.2 103.1 
102.5 98.9 97.3 101.3 101.2  


2 96.6 93.3 93.3 94.4 94.4 
99.1 99.1 100.2 99.1 99.1 


3 96.2 98.7 96.6 98.4 98.2 
100.0 98.4 95.6 100.7 100.7 


4 95.8 96.4 97.7 100.3 94.7 
100.0 98.7 98.4 98.4 97.3 


5 98.2 100.2 01.2 100.7 100.2 
100.0 102.1 97.7 101.0 102.3 


6 96.5 102.0 01.1 97.2 98.6 
104.9 99.4 98.3 96.4 101.0 


7 98.0 96.6 00.8 96.9 96.7 
99.3 100.6 99.2 101.0 96.0 


8 98.1 103.8 97.9 102.0 100.6 
99.5 99.2 99.5 97.6 99.5 


9 95.9 97.0 93.5 94.1 97.4 
96.0 103.5 97.8 110.6 100.5 


10 97.7 102.0 97.3 101.4 102.7 
97.1 96.8 97.4 98.2 99.2 


I I 103.0 98.9 102.3 98.4 101.4 
95.3 96.4 93.7 94.6 99.1 


“ Duplicate subsamples of six tablets. 


100.7 100.1 f 2.6 
98.1 99.9 f 2.1 
94.4 94.4 f 1.2 


101.3 99.6 f 0.9 
97.8 97.6 f 1.0 
98.4 99.0 f 2.0 
97.1 97.0 f I .9 


100.2 98.8 f 1 . 1  
98.8 99.9 f 1.2 
99.6 100.4 f 1.7 


103.4 99.8 f 2.8 
101.0 100.2 f 2.9 
98.6 97.9 f 1.6 


101.7 99.6 f 2.0 
102.2 100.8 f 2.4 
99.5 99.1 f 0.8 
96.1 95.7 f 1.6 


103.1 101.9 f 5.2 
100.6 100.3 f 2.3 
100.2 98.1 f 1.3 
97.9 100.3 f 2.2 
95.9 95.8 f 1.9 


as  drugs and were received under a certification program conducted in  this 
laboratory. The fifth lot subjected to collaborative study was the USP disin- 
tegrating calibrator. All five lots were selected because they disintegrated 
within 5 min, gave means of six-tablet dissolution results that fell within a 
range of -4% of label claim when tested in this laboratory, and responded to 
minor variations in the test to different extents. 


One of the lots subjected to study will be referred to as Tablet 2, the name 
used to designate this lot in previous papers. Tablet 2. a lot labeled to contain 
10 mg of prednisone per tablet, has been extensively studied (3,4) and was 
provided for practicc and to allow a collaborator to test the apparatus after 
it had been aligned. The collaborators were required to obtain results from 
six tablets that fell within 30-50% of label claim and whose mean fell within 
35-43%. If the results were outside of these ranges, the collaborator was in- 
structed to discuss the results with this laboratory before continuing the study. 
The disintegrated tablet particles stay on the bottom of the vessel throughout 
the test and are somewhat affected by misalignment of equipment and 
nonuniformity of vessel curvature. I f  excess gases are present in the dissolution 
medium. the tablet particles are lifted from the bottom of the vessel during 
the test, and dissolution results range from 50 to 90% of label claim. 


Lot A, tablets labeled to contain 5 mg of prednisone, gives complete dis- 
solution of drug content within 1 5  min. Lot A was used to assas the technique 
of each laboratory in the determinative steps: aliquoting. filtering, and mea- 
suring absorbance. The dissolution results should agree closely with the content 
uniformity results. When tested for content uniformity in  this laboratory (6). 
60 tablets gave a mean of 98.7% of label claim with an S D  of 1.7%. 


Lot B, tablets labeled to contain 5 mg of prednisone, gives dissolution results 
close to 80% of label claim at 30 minx. The disintegrated tablct particles stay 
on the bottom of t h e  vessel throughout the test; lot H is similar to Tablet 2 in 
this respect. Lot B, though not extensively studied, is sensitive to misalignment 
of equipment. When tested for content uniformity (6). 60 tablets gave a mean 
of 95.1% of label claim with an SII of 1.5%. 


Lot C ,  tablets labeled to contain 50 mg of prednisone, was selected because 
it also gives dissolution results of -80% of label claim at  30 minx. The disin- 
tegrated tablet particles rise and circulate i n  the dissolution medium during 
the test. The tablets. though not studied extensively, appear insensitive to 
misalignment of equipment. When tested for content uniformity (6). 60 tablets 
gave a mean of 105.1% of label claim with an SU of 2.3%. 


Lot D is the USP disintegrating calibrator’, labeled to contain 50 mg of 
prednisone/tablet. This lot has been studied extensively in this laboratory (4) 
and was included in  two collaborative studies (7, 8) conducted by the Phar- 
maceutical Manufacturers Association. The latter studies revealed large 
differences in results among laboratories. Although the tablets do not respond 
to the common systematic errors associated with the test (4). they were in- 
cluded as a blind sample for further study. I.ot D is similar to lot C in physical 


* This is not a “limiting YBIUC.” l f the paddle speed IS increased and the test continued. 
complete drug dissolution is eventually achieved. 


USP lot F. 
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Table 111-Collaborative Dissolution Results ’ for Lot B, !%me Prednisone 
Tablets 


Individual Tablet Results. 
Labora- %of label claim 


tory I 2 3 4 5 6 M e a n f S D  


1 72.1 75.0 75.7 74.2 73.0 73.2 73.9 f 1.4 
76.1 73.7 73.3 70.8 72.3 73.6 73.3 f 1.8 


2 78.1 73.8 82.5 73.8 80.3 76.0 77.4 f 3.5 
85.2 73.7 71.4 78.4 76.0 76.0 76.8 f 4.8 


77.2 79.9 72.8 79.2 83.8 79.7 7 x 3  * 3.6 
3 84.2 86.7 75.1 92.6 92.4 90.6 86.9 f 6.7 


4 70.8 78.0 73.6 71.2 67.0 73.4 72.3 I 3 . 7  
68.4 70.7 80.8 78.8 71.2 74.5 74.1 f 4.9 


5 81.4 75.6 81.4 75.4 87.0 82.6 8 0 . 6 f 4 . 4  
71.4 74.0 76.1 74.7 81.6 83.9 76.9 f 4.8 


6 73.6 78.3 74.0 73.3 73.1 76.5 74.8 f 2.1 
70.7 72.1 71.4 67.7 69.8 72.5 70.8 f 1.9 


7 71.8 73.5 80.2 72.0 79.5 71.5 74.8 f 4.0 
71.8 75.2 80.8 72.4 81.8 70.6 75.4 f 4.8 


8 71.4 78.0 70.5 77.4 68.2 74.6 73.4 f 4.0 
73.5 80.0 68.2 76.4 67.5 76.9 73.8 f 5.0 


9 103.3 75.0 82.9 71.9 71.9 79.3 80.7 f 11.9 
81.0 78.3 77.4 73.7 69.1 80.1 7 6 . 6 f 4 . 5  


10 80.3 74.5 72.3 79.6 76.4 77.0 76.7 f 3.0 
80.4 75.0 75.0 74.7 75.9 73.1 75.7 f 2.5 


I 1  77.6 86.4 73.2 79.5 76.0 71.8 77.4 f 5.2 
73.0 81.5 79.0 83.5 80.8 70.8 7 8 . 1 f 5 . 1  


“ Ihp l i ca tc  subsamples o f  s ix  tablets. 


behavior; the tablet particles rise and circulate in the dissolution medium 
during the test. 


Tablet 2 was packaged and labeled in 100-tablet bottles. The tablets from 
each of lots A. B, and C were tumbled in beakers until each lot was thoroughly 
mixed. Ten newly purchased bottles of the USP disintegrating calibrator were 
used as lot D in this study. Lots A, B, C, and D were repackaged in this labo- 
ratory by nesting 24 tablets from each lot in cotton in glass bottles possessing 
metal screw caps. The glass bottles were identified with the appropriate letter 
designation. Each collaborator was sent one unopened 100-tablet bottle of 
Tablet 2 and one repacked 24-tablet bottle of each of lots A-D. 


Test Sequence-The collaborators were instructed to test a total of I2 
tablets from each lot in  the following sequence, six tablets being tested at  a 
time: Tablet 2. lots A, B, C, D, A, B, C, and D, and Tablet 2. The study was 
planned to cover two 5-d work weeks. The first 4 d of the first week were de- 
voted to setting up  equipment and testing Tablet 2. The collaborators were 
then instructed to test six tablets from each of two lots as follows: day 5, lots 
A and B; day 6, lots C and D; day 7, lots A and B; day 8. lots C and D; and day 
9, six tablets of Tablet 2. Laboratories I ,  3. 5.6. 10, and I I conformed to this 
schedule. All laboratories conformed to the sequence in which the tablets were 
tested. Often, sevcral six-tablet subsamples of Tablet 2 were tested at  the 


Table 1V-Collaborative Dissolution Results ’ for Lot C, 50-mg Prednisone 
Tablets 


Individual Tablet Results. 
Labora- 70 of label claini 


tory I 2 3 4 5 6 Mean f SD 
I 79 n 7x.7 75.8 77.0 77.1 78.9 77.8 i 1.3 .. 


78.4 79.6 77.7 77.4 77.1 75 4 77 6 I 1.4 
2 69.2 69.2 68.2 67.2 71.2 69.7 69.1 f 1.4 


75.8 74.7 75.2 74.7 73.7 74.7 74.8 f 0.7 
3 77.5 77.0 75.1 76.4 76.7 75.4 76.4 f 0.9 


77.2 77.6 77.2 76.3 77.4 75.2 76.8 f 0.9 
4 76.4 76.0 76.2 72.4 75.1 76.6 75.6 f 1.6 


5 78.6 75.9 76.9 16.3 77.9 75.6 76.9 f 1.2 
17.0 77.8 77.9 77.6 76.4 77.8 77.4 f 0.6 


6 74.1 74.2 75.9 77.0 77.8 77.6 76.1 f 1.6 
76.3 76.7 74.8 78.5 76.1 77.2 76.6 f 1.2 


74.7 72.8 76.1 71.7 73.9 73.6 73.8 1.5 


7 77.7 77.6 75.8 77.8 78.4 77.5 77.5 f 0 . 9  


8 81.3 78.6 81.5 80.3 81.5 79.5 80.4 f 1.2 
76.3 75.5 79.5 77.8 77.4 77.0 77.3 f 1.4 


78.9 79.2 77.4 77.9 77.2 78.1 78.1 f 0.8 
9 70.1 69.0 72.3 71.9 67.1 70.5 7 0 . l f 1 . 9  


73.3 76.4 75.0 75.7 78.4 78.2 76.2 f 2.0 
I0 78.2 79.9 78.2 77.6 79.0 79.1 78.7 f 0.8 


78.6 79.4 80.1 81.7 80.5 78.8 79.9 f 1.2 
1 1  77.9 76.4 78.1 76.3 78.8 77.4 77.5 f 1.0 


79.3 76.5 78.9 79.3 77.7 76.6 7 8 . l f 1 . 3  
~ ~~ ~~ ~ 


a Duplicate scbsamples of six tablets. 


Table V-Collaborative Dissolution Results’ for Lot D, the USP 
Disintegrating Calibrator Tablets 


Individual Tablet Results, 
Labord- %of label claim 


tory 1 2 3 4 5 6 Mean f SD 


1 67.6 65.3 64.8 66.0 
64.6 67.8 66.3 65.7 


2 66.6 65.0 64.0 65.5 
65.5 64.4 64.4 65.0 


3 66.5 63.8 59.8 63.5 . .  


68.5 66.6 59.2 66.3 
4 65.0 67.3 65.8 65.4 


62.2 63.6 64.8 62.5 
5 68.2 70.6 69.5 63.2 


69.2 65.3 66.1 
6 60.1 65.4 66.5 


65.6 66.5 67.9 
7 64.1 68.5 66.6 


68.1 68.2 68.1 
8 70.2 68.1 64.5 


66.0 69.4 66.3 
9 64.4 61.3 63.6 


62.9 65.5 65.6 
10 70.3 69.7 68.6 


68.1 67.1 70.3 
I I 61.0 66.7 66.5 


69.7 65.8 68.1 


a Duplicate subsamples of six tablets. 


64. I 
6 5 . 3  
71.9 
68.3 
68.5 
67.6 
64.8 
64.6 
61.0 
69.3 
68.3 
69.7 
68. I - 


67.2 
67.7 
63.5 
65.0 
64.2 
65.0 
67.2 
62.7 
69.2 
65.3 
67.6 
68.8 
67.8 
66.4 
66.1 
63.9 
57.0 
63.1 
67.3 
65.2 
67.6 
72.1 


66.5 66.2 f 1 . 1  
66.7 66.5 f 1.2 
65.5 65.0 f 1 .1  
63.9 64.7 f 0.6 
65.6 63.9 f 2.3 
62.2 64.6 f 3.4 
68.5 66.5 f 1.4 
64.3 63.3 f 1.0 
68.2 68.1 f 2.6 
68.7 66.4 f 2.0 
67.8 65.4 f 2.8 
67.7 68.1 f 2.2 
66.7 67.0 f 1.6 
67.4 67.8 f 0.8 
70.0 67.8 f 2.2 
70.9 66.9 2.7 
60.4 61.9 f 2.9 
65.3 63.9 f 1.9 
67.3 68.8 f 1.2 
64.8 67.3 f 2.1 
65.8 66.2 f 2.9 
68.2 68.7 f 2.1 


beginning of the study; however, only the last six results taken by each l a b e  
ratory before progressing to lots A-D wcrc used in the statistical analysis. 


Reported Difficulties -When laboratory 3 first tested Tablet 2, high results 
traced to excess gases in the medium werc obtained; subsequent tests of Tablet 
2 were satisfactory. At the beginning of the study, laboratory 4 reported that 
the mean of six tablet results from Tablet 2 fell slightly below the acceptance 
range. Since the individual tablet results fell within the specified range, lab- 
oratory 4 was instructed to continue the study. Midway through the study, 
laboratory 6 observed background interference in the UV spectra of the tablets 
and repeated the second six-tablet tests for lots A and B. The background 
interference was attributed to dirty spectrophotometer cells. Laboratory 9 
obtained high results from Tablet 2 at the beginning of the study. A loose drive 
belt was found on the apparatus. After the belt was adjusted, satisfactory 
results were obtained. 


Laboratory 1 I obtained high results from Tablet 2a t  theend of thestudy. 
Inspection of the dissolution drive revealed that the base of the unit was 
warped. After the base had been mounted on a plastic plate to provide addi- 
tional support, laboratory I I repeated the study and obtained 12-tablet means 
that were lower by 3.0,0.8,7.0, 1.9, and I .4% of label claim, respectively, for 
Tablct 2 and lots A, B, C. and D; these means were significantly (p < 0.001) 
lower for lots B and C. The results from the repeated study were used in  the 
statistical analysis. 


The results obtained by laboratory 2 for lots C and D were -20% of label 
claim below those reported by the other laboratories. Although an adequate 
explanation could not be found, the cause of the discrepancy was shown to be 
related to the laboratory and not to the stability of the tablets. Laboratory 2 
was asked to repeat the test for lots C and D, and the results of the repeated 
tests were used i n  the statistical analysis. 


RESULTS AND DISCUSSION 


The individual tablet results for each lot and laboratory are given in Tables 
I-V. The results of the six-tablet subsamples are grouped in rows of six across 
the tables and correspond to the tablets tested simultaneously. The first sub- 
sample tested by each laboratory appears above the second subsample. The 
results correspond by number to position and vessel number: the results in the 
“tablet I ”  column were obtained from position and vessel I ,  efc. 


To achieve the purpose of the study, it was necessary that the laboratories 
conduct the dissolution tests under similar conditions and that the laboratories 
be able to maintain these conditions with respect to time. Because each lot 
responds differently to changes in  the test conditions, such changes within a 
laboratory could only be monitored by staggering the times at which the lots 
were tested. Only Tablet 2 and lot B responded to known systematic errors 
associated with the test. Thus. Tablet 2 was purposcly tested at the beginning 
and end of the sequence, and tests of lot B were spaced within the se- 
quence. 


The possibility of a “settling in” effect was noted in a previous collaborative 
study of Apparatus 2 (9); i.e., differences among dissolution results with re- 
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Table VI-Analysis of Variance for 11 Laboratories and Croup 1 ' 
Sum of Mean I.' I.' 


1-aboratories 115.44 10 11.54 0.89 2.2 
Grouped lots 20.694.52 3 - - - 
Interaction 388.39 30 12.95 3.16 1.7 
Means of six 180.20 44 4.10 - _. 


Total 21,378.55 87 .- 


Reproducibility SDb 2.89 
Repeatability SDb 2.02 


Source Squares DF Square Ratio (0.95) 


Six-tablet subsamples; Group I is Tablet 2 and lots R. C.and D. In percent of label 
claim. 


spect to time were present in the early days of the study but not later on. In 
the present study the time between tests and the test sequence were both 
specified so that all laboratories would be subjected to the same time effects, 
i f  present. Several laboratories stated that they could not participate in the 
study if  they were required to observe the exact daily schedule, and these 
laboratories were instructed to ignore i t .  However, all laboratories were re- 
quired to folloN the same test sequence. 


Reproducibility and Repeatability -The statistical techniques of Steiner. 
presented in Youden and Steiner (10) were used to assess the reproducibility 
and repeatability standard deviations of the tablets tested with Apparatus 2. 
The reproducibility standard deviation measures the agreement of individual 
results obtained by different laboratories with the same method on identical 
test material. I t  may be expressed by: 


R = (I. + I t  W)1/2 (Eq. 1) 


where I. is the error variance among laboratories, I is the error variance of 
the interaction among laboratories and test material, and W is the error 
variance within laboratories. 


The repeatability standard deviation measures the agreement of successive 
results obtained by a single laboratory with the same method on identical test 
materials and conditions. It may be expressed by: 


s = (u31/2 (Eq. 2) 


The variances ncccssary to calculate these two standard deviations are ob- 
tained from the mean squares derived from an analysis of variance of two 
crossed classifications, laboratories and test materials, with replication. 


The means of the two six-tablet subsamples reported by each laboratory 
for each lot were treated as duplicate determinations in the step-by-step 
procedure suggested by Steiner (10) to obtain the reproducibility and re- 
peatability standard deviations. I f  the subsamples from each lot could be 
considered identical. the differences among the mean values within and among 
the laboratories could be attributed to method error. In reality, associated with 
these subsample means is an inherent variancc that is one-sixth the variance 
of the tablets. The within-laboratory variance contains this source of variance 
in  addition to the within-laboratory error variance. A reduction of this inherent 
variance would have required a substantial increase in the workload of each 
collaborator. an impractical approach. Thus, it was important to select lots 
that gave reasonably uniform dissolution results. The inherent tablet variance 
is dealt with later in this paper. 


Examination of the Reported Means---The six-tablet means reported by 
each laboratory (Tables I - V )  were averaged into 12-tablet means that were 
then ranked from low to high for each lot. These rank values were summed 
across the five lots for each laboratory. The rank totals were then tested at the 
5% significance level to determine if  a laboratory consistently reported high 
or low results: none did. The ranked 12-tablet means within each lot were then 
tested at the STosignificance level to determine if any mean within the lot was 
abnormally high or low [Dixon's test ( lo ) ] ;  none were. 


Table VII-Analysis of Variance for 11 Laboratories and Two Groups a 


When an analysis of variance is performed on data that can be broken down 
into classifications of laboratories and lots, the assumption is made that the 
within-lot variance is constant for the lots. When data are obtained from lots 
that respond to minor variations in the method to different extents, the 
within-lot variance can be different from lot to lot. Steiner (10) suggests a 
statistical test, based on comparison of ranges of laboratory means, todeter- 
mine groups of lots that have similar variances. The test indicated, at the 5% 
significance level, that the data from all five lots could not be grouped together. 
The data from Tablet 2 and lots B, C, and D could be grouped if the data from 
lot A were removed. Tablet 2 and lots B, C, and D have a common eharac- 
teristic-they do not give complete dissolution of prednisone at 30 min. Thus, 
it is logical to treat these lots together in  an analysis of variance and to treat 
lot A separately. When grouped for statistical analysis, Tablet 2 and lots B, 
C ,  and D were designated Group I. 


The variances of the six-tablet means reported by each laboratory for each 
lot in Group I were calculated. The ratio of the largest variance to the smallest 
variance was tested at the 5% significance level and showed that the within-lot 
variance could be considered constant for the group. An analysis of variance 
was then performed on this group. 


Reproducibility and Repeatability of Group 1-The analysis of variance 
is shown in Table VI .  The F ratios indicate that there are no significant dif- 
ferences among the laboratories at the 5% level, but that there is a significant 
interaction among the laboratories and lots. The significant interaction mean 
square implies that the lots in this group responded differently to Apparatus 
2 from one laboratory to the next. For example, laboratories 2, 3. and 9 re- 
ported among the highest results for lot B and the lowest results for lot D; 
laboratories 6 and 8 reported among the lowest results for lot Band among 
the highest results for lot D. This interaction was great enough overall to be 
significant. 


The among-laboratory variance, the interaction variance, and the within- 
laboratory variance were obtained from the mean squares given in Table VI. 
The reproducibility and repeatability standard deviations were then calculated 
and are also shown in the table. 


Physical Dissolution Characteristin-A tablet whose disintegrated particles 
stay on the bottom of the dissolution vessel will usually react more to minor 
differences in Apparatus 2 than tablets whose disintegrated particles are lifted 
and circulated by the dissolution medium. I n  this study the former type of 
product was represented by Tablet 2 and lot B, termed Group 2. and the latter 
type of product by lots C and D, termed Group 3. 


Reproducibility and Repeatability of Groups 2 and 3-Because of their 
distinctly different physical behavior in  thedissolution test, it was of interest 
to perform an analysis of variance for groups 2 and 3 and to calculate the re- 
producibility and repeatability standard deviations for each group. Analyses 
of variance for these groups are shown in  Table VII .  Group 2 did not show 
significant differcnces among laboratories, but did show significant interaction 
among the laboratories and lots. Group 3 showed significant differences among 
laboratories, but no significant interaction among laboratories and lots. Thus, 
lots C and D responded in the same manner to Apparatus 2 in a given labo- 
ratory; Tablet 2 and lot B did not. The reproducibility and repeatability 
standard deviations of each group are given in Table VII.  As expected, these 
terms are somewhat higher for group 2. 


Examination of the Individual Tablet Results ---A total of 132 results were 
reported by the 11 laboratories for each lot. Steiner provides a statistical test 
for rejection of outlying results at the 5% significance level. based on the dis- 
tance, in standard deviations. that an individual result lies away from the mean 
Youden and Steiner (10). When one examines a total of 100-200 results. a 
single result must lie from 3.4 to 3.6 SD away from the mean before it can be 
considered an outlier. The mean and standard deviation for the I32 results 
for each lot are given in Table V111. For each of lots A, B, and D, laboratory 
9 reported one individual tablet result that was, respectively, 4.4.4.9, and 3.5 
S D  from the mean of the lot. No cause for these outlying results could be 
found. The outlier from lot D was borderline and was not far removed from 


Group 2 Group 3 
Mean F Mean F F 


Laboratories 10 18.75 I .24 14.46 7.23 3.0 
Grouped lots I 15,393.84 I 178.35 
Intcraction 10 15.17 2.73 2.00 0.76 2.3 
Means of six 22 5.56 - 2.63 


Total 43 368.73 -.. 32.58 
Reproducibility SOh 3.29 2.33 


Source DF Squarc Ratio Square Ratio (0.95) 


- - 


.- 


Repeatability SDb 2.36 I .62 


" Six-tablet subsainples. Group Z 15 Tablet 2 and lot B: group 3 IS lots C and I). I n  percent of label claim 
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Table VIII-Statistical Summar) of Collaborative Dissolution Results 
(Percent of label Claim) for lndiridual Results from Prednisone Tablets by 
U S P  Apparatus 2 


Tablet Lot 
Statistics 1 A B C D 


Mean" 38.9 98.9 76.3 76.5 66.1 
Total SD" 4.2 2.7 5.5 2.9 2.6 
S , b  3.0 2. I 4.7 I .3 2. I 
S m c  3.2 I .8 3.5 2.7 I .9 


n = 132. * Standard deviation of >ix tablet results (see tcxt ) .  ' Standard deviation 
of means of six tablet results (see icxt). 


results reported by other laboratories. Though the outliers from lots A and 
B are far removed from the rest of the results for these lots, i t  is doubtful that 
including them in an analysis of variance would alter conclusions drawn from 
the analysis. 


Analysis of Variance of Each IAt -Usually. the diL\olution test is performed 
on six tablets at one time, each in  its own dissolution environment. Differences 
in the individual tablet results can be attributed to differences in the tablets 
only if the dissolution environments affect the tablets similarly. Nonuniform 
environments, such as differences in liquid velocities generated by misaligned 
paddle shafts or irregular vesscls, may cause individual tablets to disintegrate 
and dissolve at different rates. With the type of six-spindle dissolution appa- 
ratus used in this study, each combination of paddle and vessel may produce 
a different environment; however. each environment can bc reproduced. Thus, 
if  the assumptions are made that there is no interaction bctwecn subsamples 
and positions of an apparatus within a laboratory and that the variance ob- 
tained from the positions of the apparatus can be pooled, a two-way analysis 
of variance can be performed on the data reported by each laboratory for each 
lot. These sources of variances can then bc pooled for all the laboratories. 


The analyses for all the lots are shown in Table IX. The sources of variance 
from subsamplcs, positions, and the interaction bctwecn them are vested with 
the laboratories ( I  I ) .  The F ratios of the laboratories (the laboratories' mean 
square divided by the between-subsample mean square) indicate differences 
among laboratories for lots B, C, and D. The between-subsamples' /.'ratios 
(the between-subsamples' mean square divided by the interaction mean 
square) indicate highly significant differences between subsamples within 
laboratories for all the lots. The among-positions' !' ratios (the among-position 
mean square divided by the interaction mean square) indicate marginal dil- 
fcrenccs among positions for Tablet 2 and lot D. but the F ratio for lot B is 
highly significant. 


Intepretation of the Mean Squares- The interaction mean squares (Table 
IX )  are residual variances that contain the inherent tablet variance and the 
within-laboratory error variance of the analytical procedure used to determine 
the quantity of dissolved drug. The design oithe study docs not permit these 
variances to be separated. I t  is reasonable to msumc. however. that the vari- 
ance of the analytical procedure is constant within a laboratory for all the lots. 
Because lot A dissolves completely, one would expect its dissolution results 
to be similar to its content uniformity results. I f  the standard deviation of the 
content uniformity results for lot A from this laboratory is converted to a 
variance, a value of 2.89 is obtained. This variance also contains the inherent 
tablet variance and the within-laboratory error variance (0.77. as percent of 
labcl cl,iim) obtained by a different procedure that was used to determine the 
quantity of the dissolved drug ( 6 ) .  I f  it is aswmed that this laboratory is typical 
of those in that collaborative study ( 6 ) .  the within-laboratory error variance 
obtained from that study (0.77) may be subtracted from the variance of the 
content uniformity results (2.89) to obtain an independent estimate of 2. I 2  
for the tablet variance of lot A. This value ior lot A may then be subtracted 
from the interaction mean square in Table 1X (4.79) to obtain an estimate 
of 2.67 for the within-laboratory error variance of the analytical procedure 
used in  this study. The latter value indicates that the inherent tablet variance 
is a relatively small part of the interaction mean square of lot C. whereas i t  
contributes a large portion of the interaction variance of lot B. 


The among-position mean square contains the interaction mean square and 


Table IX-Analysis of Variance for 11 Laboratories and All Lots 


possibly a mean square associated with the influence exerted by different 
apparatus positions on the tablet results. The magnitude of the latter mean 
square depends on the dissolution characteristicsof the lot under test and on 
the extent that the positions differ with respect to the alignment of the paddles 
in the vessels and the uniformity of the vesseIs. I t  has been shown that the 
results obtained for lots A and C are affected very little by the differences in  
apparatus positions, but that the results for Tablet 2, lot B, and lot Dare in-  
tluenced to various extents by such differences 


The within-subsample nican square is a pooled variance that measures the 
dispersion of the results of six tablets tested simultaneously. I t  is obtained by 
pooling the interaction mean square with the among-position mean square 
for each lot and is 9.05.4.58, 22.50, I .61, and 4.26. respectively, for Tablet 
2 and lots A, B, C. and D. It may be expressed by: 


7. 


' 
' 


MS, = A (Eq .3 )  ., 
The collaborators verified that the apparatuses met or exceeded USP speci- 
fications before they started the study. From a practical viewpoint. therefore. 
the within-subsample mean square represents the residual variance obtainable 
for each lot at the current state of the art and was taken to represent the tablet 
variance. 


The between-subsample mean square is a pooled variance that measures 
the dispersion of six-tablet means uithin a laboratory. I t  may be expressed 
by: 


M.sb = A + 6 8  


where B is a variance that measures a dispersion that cannot bc attributed to 
A .  The B term may be considered as a pooled within-laboratory crror vari- 
ance. 


The laboratories mean square is a variance that measures the dispcraion 
of I 2-tablet means. I t  may be expressed by: 


. 
(Eq. 4) 


. 
MSI = M S b  + 12(' (Eq. 5) . 


where C is a variance that measures a dispersion that cannot be attributed 
to A and B .  The C term may bc considered p l e d  among-laboratory error 
variance. 


I f  no error existed within or among laboratories. the three mean squares 
would. in  theory, be the same and the corresponding F ratios would be unity. 
I n  practice. the mcan squares will almost always be different. I f  they are the 
same, the F ratios will fluctuate around unity. To measure the probability that 
the mean squares are thc same, the F ratios are compared wi th  tabulated 
values that would not be exceeded at that probability level. Equations 3-5 can 
be used to calculate algebraically the within-laboratory error variance ( B )  
and the between-laboratory error variance (C) for each lot. Since the F ratio 
may fluctuate around un i ty  if two mean squares are equal, the values calcu- 
lated for B and C may be negative or positive. The significance of B or Cshould 
be judged against the probability of the corresponding !'ratios. 


Acceptance Rangs-If laboratories that exemplified the I I laboratories 
in the study obtained mean rcsults from six tablets tested simultaneously. those 
means would have a dispersion about the overall mean of a lot that can be 
expressed by: 


' 


S ,  = ( ( A / 6 )  + B + C ' ] ' / z  (Eq. 6)  


where S, is a standard deviation that may be considered as the standard error , 
about the overall mean result. It is the standard deviation for means of six 
tablets. I f  B or C i s  negative. the value may still be summed algebraically as ,. 
long as the sum of B and C i s  positive. I f  the sum of B and C i s  negative. the 
sum is assumed to be zero (10) and 


S, = (A/6)lI2 (Eq. 7) 


S, = ,4112 (Eq. 8 )  


The standard deviation of the six tablets in a subsample is expressed as 


S ,  and S ,  for each lot are given in  Table VI11. 


Tablet 2 Lot A Lot B Lot c Lot D 
Mean I.' Mean F Mean F Mean F Mean F F 


Source D F  Square Ratio Square Ratio Square Ratio Square Ratio Square Ratio (0.95) 


Laboratories 10 89.42 2.5X 12.X6 0.46 114.66 3.56 65.56 3.02 32.53 3.50 2.85 
Between subsamples I I 34.61 5.00 27.98 5.84 32.33 2.94 21.70 12.19 9.30 2.96 1.95 


4.38 0.91 33.99 3.09 I .44 0.8 I 5.39 1.72 1.54 Among positions 55 11.19 1.62 
Interaction 55 6.91 - 4.79 - 11.01 - 1.78 - 3.14 - 


._ - 30.36 - x.18 - 6.84 Total 131 17.33 - 7.18 - 
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Acceptance ranges for each of the lots may be established in a manner 
similar to that u d  in the PMA studies (7,8) toestablish the acceptance range 
for the USP calibrators. An acceptance range of six-tablet means could be 
defined as mean f 2S, for I32 tablets. The standard deviation of six individual 
tablets should not exceed 1.97S, ( I  2). Thus, from the data in this study. the 
acceptance range of means of six tablet results for Tablet 2 would be from 32.5 
to 45.3% of label claim; the standard deviation of six tablet results should not 
exceed 5.9%. The acceptance range of means of six tablet results for lot D. the 
USP disintegrating calibrator, would be from 62.4 to 69.8% of label claim; 
the standard deviation of six tablet results should not exceed 4.1%. 


Reproducibility and Repeatability of Apparatus 2-The repeatability 
standard deviations of groups 1.2. and 3 contain two sources of variance: thc 
inherent variance of the tablets and a within-laboratory error variance. The 
following relationship exists for the mean square of the means of six givcn in 
Tables VI and VII and the between-subsample mean squares for the lots re- 
ported in Table IX: 


MSrn = Z(MSb,)/m9 = Z(A,)/my + Z(B,)/Y (Eq. 9) 


where MS, is the mean square of means of six results for 9 lots in the group, 
MSb, is the between-subsample mean square for the j t h  lot in the group, m 
is the number of tablets in  a subsample, A, is the within-subsample mean 
square for thejth lot in the group, and B, is the within-laboratory error vari- 
ance attributed to the j t h  lot. The term Z(B,) /9 can be considered as the 
within-laboratory mean-square error for the group. 


For group 1 (Tablet 2 and lots B. C, and D) this term is 2.52. The rcpeat- 
ability standard deviation of Apparatus 2 for this group is the square root of 
2.52, or 1.59% of label claim. Thc error from the interaction of thc laboratories 
with the samples and the error among the laboratories remain unchanged. 
The corresponding reproducibility standard deviation of Apparatus 2 for this 
group is then 2.60% of label claim. The reproducibility and repeatability 
standard deviations of Apparatus 2 are, respectively. in pcrcent of label claim: 
for group 2 (Tablet 2 and lot B), 2.86 and 1.71; for group 3 (lots C and D), 
2.22 and 1.46. 


Effect of Time and Test Sequence-Table 1X shows significant differences 
between subsamples within laboratories. A difference between subsamples 
within laboratories might indicate an effect that could be associated with time 
or the sequence in which the lots were tcsted. Therefore, thc data from the six 
laboratories that followed the daily schedule werc tested. For each lot the 
six-tablet means reported for the first subsample were grouped and compared 
with a similar group from the second subsample. A one-way analysis of vari- 
ance showed no significance difference 0, > 0.25) between the first and second 
subsample for any of the lots. The test was then repeated for the data from 
all laboratories. Again, no significant difference was found (p > 0.1). Thus, 
neither the time of testing nor the order of testing contributed significantly 
to the results. 


Effect of Experience-For each lot, the 12-tablet means of the four labo  
ratories that had the least experience were grouped together for comparison 
to the 12-tablet means of the seven experienced laboratories. A one-way 
analysis of variance showed no significant difference (p > 0.05) between these 
groups for any of the five lots. Thus, if a laboratory carefully follows the in-  
structions used in this study, the level of previous experience with the test is 
not significant. 


CONCLUSIONS 
The laboratories satisfactorily controlled the critical parameters of Ap- 


paratus 2. Of a total of 660 tablet results reported by I 1  laboratories. only two 
were considercd outliers. The reproducibility standard deviation of Apparatus 
2 for means of six tablet results was found to be 2.60% of label claim for a 
group of four lots of tablets that disintegrate rapidly, are undergoing disso- 
lution at the time the aliquots are taken. and exhibit diffcrent dissolution 
characteristics. The corresponding repeatability standard deviation was 1.59%. 
Statistical analysis indicated that the lots in this group responded somewhat 
differently from one laboratory to the next. 


Tablet 2 was useful in several laboratories for identification and correction 
of problems with technique and equipment. The rcquirement that each lab- 
oratory obtain acceptable results from this difficult lot at the beginning of thc 
study was integral to the success of the study. The results indicate that Tablet 
2 was marginally affected by the internal paddle-vessel combinations of the 
dissolution apparatuses used in the laboratories. The mean of I32 tablet results 
(38.9%) of label claim, and the standard deviation from the within-subsample 
(38.9% of label claim), results (3.0%) compare favorably with the mean of 
72 tablet results (39.7% of label claim) and the standard deviation from the 
within-position results (2.7%) reported previously by this laboratory (3). 


For lot A, the mean (98.9% of label claim) and the within-subsample 
standard deviation (2. I % )  obtained from this dissolution study, compare Pa- 
vorably with the respective values (98.7 and I .7%) obtained from the content 


uniformity rehults in  this laboratory. Thus, the laboratories exercised good 
control over the analytical procedures associated with the measurement of 
dissolved prednisone. The standard deviation for means of six tablet results 
(1 .82)  is similar to that expected if several laboratories were to test these 
tablets for content uniformity. 


For lot B, the mean of I32 tablcts (76.3% of label claim) indicates that this 
lot comes within 4% of label claim of passing the USP dissolution requirement. 
This is precisely the type of tablct product that often leads to disagreement 
in “pass-fail” decisions in diffcrent laboratories. The results indicate that lot 
B was affected by the internal paddle-vessel combinations of the dissolution 
apparatuses used in the laboratories. Even though lot B possesses this degree 
of sensitivity to minor variations in the tcst, 10 of the 11 laboratories obtained 
results that showed that lot B failed the USP requirement. 


Lot C also comcs within 4% of label claim of passing the USP requirement. 
All of the laboratories obtained results that showed that this lot fails the re- 
quirement. Since this lot is not affected by the paddle-vessel combinations 
of the dissolution apparatus, better agreement among laboratories is to be 
expected. 


For lot D, the USP disintegrating calibrator. the mean of 66.1% of label 
claim obtained in  this study compares favorably with the mean of 66.8% ob- 
tained in  the Pharmaceutical Manufacturers Association study of 1980 (7). 
The within-subsample standard deviation (2.1%) compares well with that of 
the PMA study (2.3%). The standard deviation of means of six tablct results 
found in this study ( I  .WO) is considerably smaller than that reprtcd previously 
(7) ( 5 .  I%) .  Both studies indicate significant differences among laboratories. 
I n  addition. this study indicatcs significant differences within laboratories. 
However, the magnitude of the differences associated with the laboratories 
is smaller in this study than in the Pharmaceutical Manufacturers Association 
study. The results indicate that lot D was marginally affected by the internal 
paddle-vessel combinations of the dissolution apparatuses. This laboratory, 
however, has not been able to show a corrclation betwccn results obtained with 
this lot and misaligned paddles or irregular vesscls (4). 


The analysis of variance for group 3 (lots C and D) indicates that the lots 
respond to Apparatus 2 similarly within a laboratory and that there is a sig- 
nificant bias among laboratories. Thus, a laboratory that obtains a high or 
low result for lot C is likely toobtain a correspondly high or low result for lot 
D. The reproducibility and rcpeatability standard deviations for this group 
were found to be 2.22 and 1.46% of label claim, respectively. for Apparatus 
2. 


The analysis of variance for group 2 (Tablet 2 and lot B) indicates that each 
lot responds differently to perturbations in  Apparatus 2 from one laboratory 
to the next, but that there arc no significant differences among laboratories 
for the group. That the lots rcspond differently from one laboratory to the next 
may be explained by the differing degrees of scnsitivity these lots show toward 
dissolved air in  the dissolution medium and internal misalignment of the 
dissolution apparatuses. The rcproducibility and repeatability standard de- 
viations for this group werc found to be 2.86 and I .71% of label claim, re- 
spectively, for Apparatus 2. T h a e  standard deviations indicate that, at present. 
tablets whose disintegrated particles stay on the bottom of the vessel cannot 
be tcsted with the same precision as tablets whose disintegrated particles are 
lifted and swirled by the dissolution mcdium. I t  is encouraging to note that 
the differences between the prccisions are fairly small. 
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Abstract 0 The oil-in-water (o/w) emulsion-type ointment was prepared with 
food additives containing diclofenac sodium. The oil phase and the emulsifier 
used were I .2,3-propanetriyl trioctanoate (caprylic acid glyceryl ester) and 
sugar wax, and sugar ester, respectively. The emulsion stability of the o/w 
emulsion-type ointment as well as the diclofenac sodium release profile were 
investigated and compared with those from conventional ointments. The 
emulsion stability was evaluated in terms of the viscosity of the emulsion 
product, the particle size distribution of oil droplets, and the zeta potential 
of the droplets. It was found that sugar esters have excellent properties as 
emulsifiers, based on the results of viscosity and zeta potential measurements. 
The in vitro release test revealcd that the amount of diclofenac sodium released 
from o/w emulsion-type ointment was greater than from the hydrophilic and 
absorptive ointments. Accordingly, it was concluded that o/w emulsion-type 
bases are suitable for pharmaceutical use in  ointment products. 


Keyphrases 0 Diclofenac sodium-release from various topical ointment 
bases, oil-in-water emulsions. physicopharmaceutical characteristics 0 Oil- 
in-water emulsions-usc as a topical ointment base for diclofenac sodium, 
release rate, physicopharmaceutical characteristics 0 Ointment bases-oil- 
in-water emulsions. topical release of diclofcnac sodium, physicopharma- 
ceutical characteristics 


In  developing procedures for the design of pharmaceutical 
products, it is necessary to consider the bioavailability and 
safety of both the drugs and bases. Potent steroidal agents, 
which have substantial anti-inflammatory properties, have been 
used for external application for a long time. However, these 
steroidal agents have side effects ( I ) ,  which were found to be 
directly dependent on thc amount of drug applied to the skin. 
Therefore, various nonsteroidal agcnts (2. 3) have been de- 
veloped recently to replace the steroidal agents. 


Diclofenac sodium is a potent nonsteroidal anti-inflam- 
matory agent, which has been limited to oral (4) and rectal 
administrations (5). In  this investigation, diclofenac sodium 
was selected for topical application because no toxicity or 
topical irritation has been reported. 


Although reports on ointment application have been pub- 
lished (6 -8 ) .  few have dcalt with the selection of optimum 
conditions for the preparation of the ointment. Oil-in-water 
(o/w) emulsion-type ointment bases offer many advantages 
over other preparations (9): they permit incorporation of 
aqueous and oleaginous ingredients, they allow a greater re- 
lease of many incorporated medicaments, and their rheological 


properties can be controlled easily. Therefore, the selection of 
oil base and emulsifier is one of the most important factors in 
the preparation of o/w emulsion-type bases. 


1,2,3-Propanetriyl trioctanoate (caprylic acid glyceryl ester, 
I) a medium-chain triglyceride, and sugar wax were chosen 
as the oil phase, since the combination is very stable, solubilizes 
various drugs, is nontoxic, and does not irritate the human skin 
(10). Sugar ester is a nontoxic, tasteless, odorless, and nonir- 
ritative sucrose fatty acid ester (1 1). Because it is widely and 
safely used in  food (1 2), cosmetic (1 3), and pharmaceutical 
fields (14), it was selected as an emulsifier in this investigation. 
It is available in a wide range of hydrophilic-lipophilic bal- 
ances (HLB) from oil to water soluble and has excellent 
emulsifying and dispersing abilities. Furthermore, Nobile er 
al. conducted standard tests with the sugar ester, and they 
reported no irritation to the human skin ( I  1). 


Various methods have been reported for the examination 
of drug release from ointment (1 5-  17); however, no unified 
and simplified method has yet been established. In view of the 


I -7 
FiEure 1 -Cross-sectional diagram of the drug release apparatus. Key: (A )  
thermostat equipment; (B)  releasing fluid glass vessel; IC) inner cylindrical 
cell; (DI metal dish; (E)  membrane; (F) metallic net; (CJ releasingfluid; ( H )  
thermometer; ( I )  stirring bar: (J )  stopper; ( K )  cover. 
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and thc subsequent increase in frcc I plasma concentrations, which saturatc 
thc uptake process in a manner similar to large doses of I .  


Biliary excretion data obtained from rats (8 I I ) havc often been of suffi- 
cicnt quality to cnablc thc pharmacokinetic support of intrahcpatic models 
such as that suggested above. Although our data was quite limited. i t  seems 
to suggest that data of sufficient quality may be difficult to obtain from dogs. 
Thc fact that the biliary excretion half-lifc was found not to vary with dose 
supportsour contention that the changing plasma half-life reflectsa saturable 
hepatic uptake rather than an elimination process. 
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Abstract o Following the intravenous administration of bromophenol blue 
10 bcagle dogs. graphs of  the biliary excretion rate versus time displayed 
drabtic fluctuations which rcnder them of little value for standard phar- 
mocokinetic modeling purposcs. I t   as shown that these fluctuations in  ex- 
crction rate are highly correlated with corresponding fluctuations in the bile 
flow rate. An expression was derived which accounts for the primary effect 
of nonuniform bile flow rate on the biliary excretion ratc. This treatment would 
cnablc thc uscof such biliary excretion rate data for pharmacokinetic mod- 
cling. Secondary effects of nonuniform bile flow on the biliary excretion rate 
arc also discusscd. It is suggested that the modeling of other flow rate-de- 
pcndcnt elimination processes could benefit from such a treatment. 


Keyphrases 0 Bromophenol blue-biliary excretion, nonuniform bile flow 
rate. dogs Biliary cxcretion-bromophcnol bluc. dogs, nonuniform bile flow 
rate 0 Bile flow rate-nonuniform, biliary cxcrction of bromophenol blue, 
dogs 


Biliary excretion has long been a subject of intensive in- 
vestigation ( I ) .  Within the past decade, there has been an in- 
crease in the number of studies in which the bile duct has been 


cannulated to permit the determination of drugs and metab- 
olites in the bile. These studies typically involve collecting bile 
samples at relatively long intervals and, usually, the cumulative 
amounts of drug excreted are reported as a function of time 
(2-5). These studies have been particularly useful in assessing 
the magnitude of the first-pass effect and the role of hepato- 
biliary elimination in the overall elimination of a wide variety 
of compounds (1). More recently, i t  has been shown that 
high-quality bile data can provide pharmacokinetic support 
for an intrahepatic model for hepatobiliary elimination in rats 
(6,7). Takada et al. (7) obtained biliary excretion rate data 
(mg/h OersuS time) of sufficient quality to enable a statistically 
significant fit to a tetraexponential function, which they 
identified with a five-compartment model for hepatobiliary 
transport . 


The possibility of obtaining similar data in higher animals 
is appealing, yet the problem must be viewed somewhat 
pessimistically due to the fact that the bile flow rate fluctuates 
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Figure 1 --Schematic representation of physiological transport and elimination via the hepatobiliary route. Y and Z represent two liver protein fractions 
which are inrdced in hepatobiliary transport (8). 


more markedly in higher animals than in the rat. The purpose 
of this brief communication is to present preliminary results 
which confirm that nonuniform bile flow rates seriously 
complicate the interpretation of biliary excretion rate data in 
the beagle dog. Possible explanations for the observed corre- 
lation between excretion rate and bile flow rate, as well as the 
basis for the development of a bile flow rate-dependent model 
for hepatobiliary transport, will be discussed. 


THEORETICAL SECTION 


To best trcat excretion rate data, it will be necessary to develop a physical 
nicdcl of hcpatobiliary transport which explicitly involves the biliary flow rate. 
Figurc I depicts a simple model, similar to that suggested by Takada ef al. 
( 7 )  in  that I t  distinguishes between intrahepatic and extrahepatic bile. The 
shitdcd region is intended to represent the bile canaliculus in contact with the 
hcpatocytcs. I-et Vie symbolize the volume of intrahepatic bile contained 
within the canaliculi and Ale represent the amount of drug in intrahepatic 
bilc. Thc transport of drug between the hepatccyte and intrahepatic bile is 
rcprcsentcd by k m  and ~ B L .  I f  the bile production rate or flow rate, QB, were 
7cro. then no drug would be excreted from the liver. The rate at which drug 
is actually excreted depends on the rate at which drug is eluted from the in- 
trahcpatic bile compartment. of volume VIE. by newly produced bile flowing 
a t  B rate Qe: 


whcrc AF.B is the cumulative amount of drug excreted in bile as a function of 
time and kit. is the rate constant for transport from intrahepatic bile to ex- 
trahepatic bile'. In  the event that QB is observed tovary between sample times, 
F.q. 1 could, as a first approximation, be assumed to hold over the individual 
sampling intervals. Thus, by dividing the fluctuating excretion rate by the 


I Although the relationship k l ~  = &/YIB is discussed in any classical treatment of 
chromatography. the interested reader is referred to a pharmacokinetic application 
discussed by Gumtow c! a/ .  (8) .  


fluctuating bile flow rate, estimation of pharmacokinetic parameters can be 
achieved by fitting the quotient to an expression for A ~ B :  


excretion rate = ( A A E B ) ~ /  At, _1_. ( A  l B ) j  (Eq. 2) 
flow rate (Qdj  VIB 


In Eq. 2, j isan index referring to thesampling interval, At,and V ~ B  is treated 
as a constant model parameter to be determined. 


RESULTS 


As described previously (9), bromophenol blue (1) was administered in- 
travenously to three beagle dogs after they had each recovered from cannu- 
lation surgery. During surgery, the common bile duct was cannulated to permit 
collection of the total bile excreted and the gallbladder was removed to avoid 
bile storage and thus permit collection as the bile was produced. Bile salt di- 
ciary supplementsZ were given to maintain the body weight of each dog 
throughout the study. 


The limited data obtained to date is shown in Figure 2a-d. The solid lines 
connect the biliary excretion rates of I plotted at the midpoints of the collection 
intervals and the dashed lines connect the corresponding bile flow rates. It is 
apparent that the fluctuations in the excretion rate correspond to fluctuations 
in  the bile flow rate. It is also apparent that this excretion rate data is un- 
suitable for pharmacokinetic modeling in the present form. 


By mathematically pooling successive samples, the rate plots can be 
smoothed to a considerable extent as shown in Fig. 3. In  Fig. 3. the pooled 
collection intervals were 30 and, later, 60 min compared with actual collection 
intervals of 5 ,  10, and 15 min. Pooling the data smoothed the curve by re- 
placing the rapidly fluctuating bile flow rate with an average flow rate. We 
should be somewhat critical of attempts to fit smoothed curves which are 
obtained by masking rather than explaining the details of thedata. It should 
be noted that these details are analogous to excretion data when collected at 
longer sampling intervals. 


Using Eq. 2, values for excretion rate divided by flow rate were generated 
and plotted, along with the excretion rate, against time (Fig. 4). It is apparent 
that this new treatment of bile data smoothed the curves to the extent that 
pharmacokinetic evaluation may be possible. 
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DISCUSSION 


Before addressing this apparent bile flow rate dependence, we note that 
limited information can  be extracted from this data in a variety of ways. The 
cxcretion of drug in bile is somewhat analogous to the excretion of drug in 
urine, breast milk, sweat, saliva, and lacrimal fluid. Experimentally. we 
measure the accumulation (and rate of accumulation) of the amount OJ ex- 
creted drug in the excreted fluid, rather than the concentration, because the 
volume of the excreted fluid is changing. This could be contrasted with the 
treatment of plasma data, in which case we monitor the decreasing concen- 
tration of drug in an essentially constant volume of fluid. 


I n  the preceding paper (9). we presented plots of the cumulative amount 
of bromophenol blue excreted as a function of time to indicate the extent to 
which various doses are eliminated through the bile, and we noted that u- plots 
of the same data seemed to suggest that the observed dose-dependent plasma 


I j  
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Figure 3-Actual (- - -1 and mathematically pooled (-) biliary excretion 
rate data for I following an intravenous bolus injection of 20 mg/kg. The 
small segment (. - - -) indicates missing data. 


Figure 2-Biliary excretion rate (-) and bileflow rate 
(- - -1 of I following intravenous bolus injections of 5 
mglkg to dogs 3 (a) and C (b) and 20 (c) and 30 mglkg (d) 
to dog C. 


elimination is due to a dose-dependent liver uptake rather than to a hepato- 
biliary elimination process. Both types of plots mask not only the random 
variability but the genuine detail (i.e., fluctuations) in such excretion data 
(10). Excretion rate plots that provide a more precise presentation of thedata 
are normally preferred, but as shown here, these may not be adequate for 
pharmacokinetic modeling. 


In  contrast, the data generated by Eq. 2 accounted for most of the effect 
of nonuniform bile flow rate and yield a graph to which one could fit a 
model-based expression for Ale. It might be noted that the Ale curve indicated 
in Fig. 4 is of the same shape as a corresponding curve (for A',) that Takada 
et a/. ( 7 )  simulated for a compartmental model which could be used to describe 
the physiological transfer processes indicated in Fig. I .  It should also be noted 


100 200 300 400 500 
M I M S  (MIDPOINT) 


Figure 4-Biliary excretion rate (- - -) and biliary excretion raie divided by 
bile /low rate (-) of I following intravenous bolus injection of 20 mg/kg. The 
small segments (- - -) indicate missing data. 
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i hiit thc fitting is complicated by the fact that Ale is also dependent on k l ~ .  
,ilthough far less markedly than AEB.  


We have chosen not to attempt such pharmacokinetic modeling at  the 
prcscnt time. not only because of the incompleteness of our data but because 
additional analyses of the effects of nonuniform bile flow rate should be un-  
dcrtakcn. It certainly appears that the primary effect of nonuniform bile flow 
ratcs is on A.IE and that our treatment of this effect describes the data. How- 
cvcr. there are secondary effects which should also be addressed. 


One example would be the effect of bile flow rate on the thickness of the 
diffusion layer adjacent to the bile canalicular membrane, which represents 
an additional barrier to the transport between the hepatocyte and intrahepatic 
bile. The diffusion layer thickness within a cylindrical tube is discussed by 
Levich ( I  1 )  and it can be shown that 6avo- t /3  (9), where 6 is the diffusion 
layer thickness and vo is the maximum flow velocity a t  the axis of the tube. 
For a nonelastic tube of constant radius, vo is directly proportional to the flow 
rate, Qb. Thus. passive diffusion between the hepatocyte and the canaliculi 
would proceed at  a rate proportional to Qe1l3 .  


Nonuniform bile flow rates result in  nonuniform hydrostatic pressure within 
the canaliculi ( I  2), which, in turn, could affect the effective diameter of any 
pores existing in the canalicular membrane. I f  the transport between hepa- 
tocyte and intrahepatic bile involves pore filtration ( 1  2). then this secondary 
effect of nonuniform bile flow rates could become important. The relationship 
between pore size and pore filtration rate is discussed by Lakshminarayanaiah 
( 1  3). 


Lightfoot (14) discusses flow through elastic ducts and indirectly indicates 
the effect that flow rate might have on the rate of transport across the duct 
wall. It could also be pointed out that the elution approach discussed above 
is quantitatively correct only if  there is perfect mixing within the intrahepatic 
bile compartment. 


All of the secondary points mentioned above suggest that further analysis 
is required before biliary excretion data can be used to accurately describe 
a model for hepatobiliary uptake and elimination. However, if the objective 
is merely to use biliary excretion data to support a crude model which could 
be used for prcdictive (i.e., dosing) purposes, then our treatment of nonuniform 
bile flow rate should be of some value. 


Lastly, it should be noted that the elution approach discussed abovecould 
possibly be applied to other flow rate-dependent physiological processes. 
Whereas the effects of blood flow rate have received considerable attention 


in the pharmacokinetic literature, the effects of nonuniform flow rates on 
elimination via urine, milk, saliva, lacrimal fluid, etc. should account for some 
of the fluctuation or scatter frequently observed in  that type ofdata. 
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Abstract 0 A radiotelemetric method for the in vivo evaluation of enteric 
coating performance is described, and its advantages and disadvantages are 
compared with those of other available methods. Hydroxypropyl methylcel- 
lulose phthalate was used as the test enteric coating. Four dogs were admin- 
istered several batches of enteric-coated tablets containing buffers. Tablet 
disintegration was determined by radiotelemetric detection of the pH drop 
in  the upper intestine due to release of the buffer. Premature rupture of the 
coating in the stomach was detected by a rise. and then a fall in gastric pH prior 
to gastric emptying. The average gastric emptying time was 80 f 18 min 
( S E M ) .  while the average time for a tablet to disintegrate in the upper in- 
testine was 14.2 f 2 min. The average disintegration time was not affected 
by a change in the batch (for a given tablet core pH) or the dog used, 


suggesting that the method yielded readily reproducible results. Although 
there was little correlation with in oitro disintegration times, the method gave 
results similar to those reported in the literature for the same enteric coating 
in a human study. Of the formulations tested, it was concluded that buffering 
the core to pH 4 was most suitable for studying enteric coating perfor- 
mance. 


Keyphrases 0 Enteric coating-in vioo disintegration, radiotelemetry, hy- 
droxypropyl methylcellulose phthalate 0 Hydroxypropyl methylcellulose 
phthalate-in vivo disintegration, tablet coating, radiotelemetry 0 Radi- 
otelemetry-in oivo disintegration, hydroxypropyl methylcellulose phthalate 
tablet coating 


Enteric coating of dosage forms has been used in several 
ways to improve drug delivery. For example, the bioavailability 
of acid-labile drugs such as erythromycin can be improved by 
avoiding exposure of the drug to the gastric contents ( 1 ) .  A 
second reason for using an enteric coating is to avoid gastric 
irritation caused by drugs such as aspirin (2). Enteric coating 


has also been used to delay the release of a drug taken at bed- 
time with the aim of ensuring therapeutic blood levels when 
the patient awakes (3). 


Several methods are available for evaluating enteric coat- 
ings. A widely used in oitro test is the USP disintegration test 
for enteric-coated tablets (4). In oioo methods of following the 
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Abstract 0 This paper analyzes the relative efficacies of lipophilicity ois-&is 
topological indices in the correlation of the biological properties of four groups 
of bioactive molecules: alcohols, barbiturates, triazinones, and ketobcmidones. 
Wiener number ( W). information-theoretic topological parameters (IC, SIC, 
CIC, and I;), and molecular connectivity indices ( ‘ x .  ‘ x ” )  were used as 
the molecular descriptors. Results show that theoretical indiccs are comparable 
or superior to log P in biological correlations. 


Keyphrases 0 Lipophilicity-correlations with topological molecular de- 
scriptors, assessment of the biological activity of diverse molecules 0 Biological 
activity-comparison of lipophilicity with topological molecular descriptors, 
diverse molecules 0 Topology-molecular descriptors, comparison with li- 
pophilicity, assessment of the biological activity of diverse molecules 


In contemporary biomcdicinal chemistry, quantum chem- 
ical ( 1  -4), physicochemical (5-7), and topological (8-21) 
parameters have been extensively utilized in the prediction of 
biological activity of molecules. While quantum chemical 
descriptors provide the most accurate numerical information 
regarding molecular architecture, the complexity of many 
bioactive molecules precludes the possibility of the extensive 
use of these methods in drug design (8). The problem reaches 
a staggering dimension when one considers the enormous 
number of candidate structures derivable from a pharmaco- 
logical “lead” by means of probable molecular manipulations 
(22). 


To resolve this impasse attempts have been directed at  de- 
veloping methods that contribute reasonably accurate and 
practical information at a level less comprehensive than the 
quantum chemical treatment (8). The extrathermodynamic 
linear free energy relationship (LFER) approach, derived from 
physical organic chemistry, and topological indices defined 
on the chemical graph of the molecule, appear to provide 
convenient model systems in relating chemical structure to 
biological functions. 


The LFER approach, usually termed Hansch analysis, relies 
on the basic premise that complex physicochemical interac- 


tions between pharmacological and biological targets under 
in vitro and in vivo conditions can be quantitatively expressed 
in terms of multiparametric regression models involving steric, 
electronic, hydrophobic, and other substituent constants (6, 
7). The outcome of a large number of quantitative struc- 
ture-activity relationship (QSAR) studies of the Hansch type 
indicates the predominant role of hydrophobicity (log P or r) 
in determining the action of a large variety of nonspecific 
bioactive molecules. On the other hand, stereoelectronic 
variables seem to be crucial for the physiological action of 
molecules that act uia specialized enzyme or receptor systems 
(23). However, a number of studies show that steric, electronic, 
and hydrophobic factors have an appreciable degree of inter- 
dependence on each other. For a group of aromatic molecules, 
Rogers and Cammarata (24) found log P to be positively 
correlated with 2Sr, the sum of the elcctrophilic superdelo- 
calizabilities for the aryl atoms, and negatively correlated with 
Zl Qrl, the sum of the r-electron charge densities. Fujita (25) 
discussed the inherent difficulty in the complete separation of 
the hydrophobic and steric effects of substituents arising out 
of the internal correlation between these two classes of sub- 
stituent constants. Van der Waals’ volume ( VW), a steric factor, 
is well correlated with log P for a wide variety of compounds 
(26). Also, the different topological steric descriptors have 
appreciable correlation with log P (8, 15, 17,20). These studies 
indicate that some common structural features affect the steric, 
electronic, and hydrophobic factors in an unknown manner. 
Moreover, it has been pointed out that although the Hansch 
approach is a valid QSAR model for the closely related con- 
geners, it cannot account for the common biological properties 
of molecules with considerable structural diversity (27). 


These considerations neaessitated the development of sub- 
structural (27-29) and topological methods (8) to determine 
a direct relationship between chemical structure and biological 
action. In particular, QSAR literature of recent years shows 
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Figure 1-(A) Coordinate-attached structure for 2-propanol. The coordinate 
notation 1 I1  21 4l for C-2 means that this carbon atom is  singly bonded to 
four atoms whose valences are I ,  2. 4, and 4. (B) The labeled graph for I - 
butanol. 


the progressive reliance on various topological indices as 
convenient structural parameters for correlational studies in 
chemistry (8, 30) and biology (8-21). Although a topological 
index is likely to be inherently steric in nature by virtue of being 
a numerical descriptor of molecular shape and size (8,21), the 
most important progress in this area has been the development 
of topological structural parameters capable of expressing the 
electronic properties of molecules (3 1, 32). 


One of the necessary preconditions of successful QSAR 
analysis is the availability of a set of parameters with minimum 
overlap profile (21,33). Therefore, it seemed fitting to study 
the relative efficacies of lipophilicity u i s - h i s  steric descriptors 
in rationalizing pharmacological and toxicological properties. 
With this purpose we have investigated the utility of log P 
(octanol-water), information-theoretic topological indices 
(IC, SIC, CIC, I;, I;)), Wiener number (W),  and molecular 
connectivity indices (Ix, I f )  in the quantitative correlation 
of the toxicity of alcohols, the analgesic property of keto- 
bemidones, Hill reaction inhibitory potencies of triazinones, 
and the anesthetic action of three different groups of barbi- 
turates. 


EXPERIMENTAL 


Source of the Hydrophobic Parameter (log P, Octanol-Water)-Log P 
values for the various congeneric series were taken either from the literature 
or calculated according to the method of Hansch and Leo (34). 


Table I-Partitioning and Calculation of Information Indices (IC, SIC, and 
CIC) for 2-Propanol a 


Number of Atoms in 
Partition Class the Partitioned Class* Probability 
with Coordinate (nil @i = nib) 


7/12 
1/12 
1/12 
2/12 
1112 


~ ~ = 7 / 1 2 1 o g ~ ( 1 2 / 7 ) + 2 / 1 2 1 o g ~ ( 1 2 / 2 ) + 3 X  1/121og~(l2)= 1.7807bits;SIC 
= IC/log2(l2) = 0.4967; CIC = 1/12(7 log2(7) + 2 Iogz(2) + 1 logz(l)] = 1.8043 bits. 


Total number of atoms in the molecule (n) = 12. 


Table 11-Distance Matrix D(C) of the Hydrogen-Suppressed Graph G of 
1-Butanol 


Atom 1 2 3 4 5 


I 0 I 2 3 4 
2 1 0 1 2 3 


Calculation of Molecular Connectivity (Ix)-To each atom of the hydro- 
gen-suppressed molecular graph, a 6 value is assigned corresponding to the 
number of nonhydrogen atoms bonded to it. A connectivity value for a bond 
Ck (connecting atoms i and j )  is computed as follows (8): 


ck = (6i6j)-'I2 0%. 1) 


And finally, lx is calculated as the sum of all the individual connectivity 
terms: 


I x = ; c k  (4 2) 


Calculation of Valence Molecular Connectivity ('xV)-To each atom of the 
hydrogen-depleted molecular skeleton, a 6' value is assigned according to the 
formulation: 


6' = Zy - hi 0%. 3) 


where Zl represents the number of valence electrons and hi denotes the 
number of bonded hydrogen atoms for the ith atom in the labeled graph. 
Thereafter, IxV is calculated as in the case of Ix by substituting 6' for 6 in Eq. 
1. 


Calculation of Information-Theoretic Indices from the Molecular 
Graph-The statistical treatment of chemical structure by means of infor- 
mation theory relies on the basic premise that each structure contains a finite 
set of elements ( n )  that could be decomposed into disjoint subsets ni (i = 1, 
2, . . . , k) by means of selected equivalence relations defined on the set. A 
probability scheme may then be attached to this distribution: 


t:: ;:: : : : ; 3 
where pi = ni/n is the probability that a randomly selected element will lie 
in the ith subset. The entropy (or complexity) of the probability distribution 
of the elements of the set (or structure) can then be computed by means of 
Shannon's formula (35): 


Information Content = - C p ,  log2 p t  bits (Eq. 4) 
I 


where the logarithm is taken at a basis 2 in order to measure the information 
in bits. Following the pioneering studies of Rashevsky (36) and Trucco (37, 
38) on the topological information content of chemical graphs, various authors 
have defined information-theoretic indices and applied them to structure- 
property (15, 30, 39,40) and structure-activity (15-20,40) correlations. 


In the formalism developed by Sarker et al. (41), Basak et al. (19,42), and 
Raychaudhury et al. (43) the total (nonhydrogen-suppressed) molecular graph 
is used to define the various topological indices, and the method is sufficiently 
general to include linear graphs as well as multigraphs. On the basis of a 
first-order topological neighborhood, Sarker et al. (41) defined an equivalence 
relation which decomposes the vertex set X(G) of the molecular graph G into 
disjoint subsets, whereby the information content (IC) of the graph is com- 
puted as: 


IC(X(G)) = - C pJ - log2 p, bits 


Subsequently, Basak et al. (42) defined another information-theoretic index, 
structural information content (SIC): 


J 


SIC(X(C)) = IC/log2 n (Eq. 5) 
where n is the cardinality of X(G). In continuation of this work Raychaudhury 
et al. (43) developed another information-theoretic topological index, viz 
complementary information content (CIC): 


The equivalence relation is a relation (defined on a set) that has the property 
of being reflexive, symmetric, and transitive. Such a relation partitions a set 
into nonempty and disjoint subsets. The probability scheme attached to such 
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Table Ill-Hydrophobicity, Toxicity (log LCs), and Molecular Descriptors for Aliphatic Alcohols 
~ ~ ~~ - 


Compound log LCro log P IC SIC CIC ' X  'X" W 16 1; 
~~ 


Methanol -0.06 -0.77 1.7925 0.6934 0.7925 1 .0000 0.4472 1 0.00 0.00 
Ethanol -0.5 I -0.32 1.8800 0.593 1 1.2900 1.4142 1.0233 4 6.00 1.50 
2- Propanol -0.80 0.14 I .7807 0.4967 1.8043 1.7320 1.4129 9 22.53 2.50 
I-Rutanol - 1.63 0.88 1.8716 0.4790 2.0353 2.4 142 2.0233 20 62.93 3.15 
I - tlexanol -3.02 2.03 1.7206 0.3917 2.67 17 3.4142 3.0233 56 233.46 4.17 
I -0ctanol -4.00 3 .15  1.6069 0.3379 3. I480 4.4142 4.0233 120 590.03 4.92 
I -Nonanol -4.40 3.65 1.5615 0.3 182 3.3454 4.9 I42 4.5233 165 862.59 5.23 
1 -Decdnol -4.84 4.15 1.5220 0.30 I7 3.5224 5.4142 5.0233 220 1211.77 5.51 
I-Undecanol -s.22 4.65 1.4874 0.2877 3.6825 5.9142 5.5233 286 1648.26 5.76 
I-Dodecanol -5.21 5.15 1.4568 0.2756 3.8286 6.41 42 6.0233 364 2183.03 6.00 


Table Illa-Correlation of the log LCw with log P and Topological Indices (log LCm = a + bx + cx2)* 


X a h C r S F 


IC 


SIC 


CIC 


' X  


'X '  


W 


-23.0 
-40.6 


- 15.0 
-8.75 


I .98 
0.730 


I .64 
0.398 
0.839 


0.839 


-1.19 


12.0 
33.2 
13.8 
43.2 
-1.90 
-0.60 I 
- I .03 
- 1.63 
- I  .02 
- I  .44 
-1.436-2 


-0.585 * - 3.40E- 2 
- 1.39 
-0.822 


0.842 
,00776 


-2.328-1 
-5.786-3 
-0.986 
-0.105 


- 


-6.34 
- 


-31.3 
_- 


-0.272 
- 


0.0822 
- 


0.0650 
- 


0.94 
0.94 
0.96 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.9 1 


5.97E-5 0.98 
- 0.88 


I .776-5 0.97 
0.91 


-0.138 0.99 
- 


0.75 
0.80 
0.58 
0.21 
0.32 
0.23 
0.26 
0.13 
0.26 
0.19 
0.9 1 
0.43 
I .03 
0.57 
0.53 
0.20 


58.8 
26.4 


I04 
422 
355 
353 
55 1 


I090 
544 
512 


37.7 
98.7 
27.5 
54.3 


128 
456 


log P -0.842 -0.939 -. 0.99 0.2 I 875 
-0.826 -1.14 4.75E-2 0.99 0.14 91 I 


In 311 cases thc number of data points = 10 


decompositions of a set is, therefore. very much dependent on the nature of 
the equivalence relation. So, the information indices (IC, SIC, and CIC) of 
a chemical graph arc not unique; rather the values of such indices arc de- 
pendent on the mode of partition of the vertex set X(G) of the corresponding 
molecular graph G. In  this paper we have computed IC. SIC, and CIC indices 
from the corresponding chemical graphs using an equivalence relation which 
is a slightly modified form of that used by Sarkar ef a/ .  (41). According to the 
equivalence relation used in this paper, two vertices of a chemical graph arc 
said to be equivalent if they have similar edge multiplicity and the same 
number of first-order neighbors that have identical degrees (valence). If  x 
reprcsents an arbitrary element of the vertex set X(G) of a molecular graph 
G and r is a real number satisfying the relation 1 < r 5 2, then the opcn sphere 
S ( . r , r )  is given by: 


S ( x , r )  = (x )  u S: (Eq. 7) 


where S.: = bfX(C),  d(x,y) = 1 I and (x) is the one-point set consisting of 
.Y only. I f  N be a set consisting of all such open spheresS(x,r), where x runs 
over the whole set X(G). then N represents a collection of the first-order 
neighborhoods of all the vertices belonging to X(G). 


Two vertices x and y of the vertex set X(G) will be called equivalent with 
rcspcct to thc first-order topological neighborhood if and only i f  


1 .  O ( S : )  = O(Sl.), where O(Sl) and O(Sj) represent the cardinalities 
of S (  and S:. respectively. 


2. Correspunding to each clement x ' d :  there exists an element y'tSj. 
such that E [ . r . x ' ]  = ELy ,y i ] ,  where E [ x , x i ]  denotes the number of edges 
conncctinga and x'. while E k , y ' ]  represents the number of edgesof G con- 
nccting y and J,'; and 


3. x' and y' have the same degrees (valence) for all i. 
This theoretical scheme for the realization of the partition of atoms is ex- 


cniplified along with the coordinate-attached structure of 2-propanol (Fig. 
I A)  and the calculation of its IC. SIC. and CIC indices (Table I )  from the 
consideration of first-order topological neighborhood. 


The Wiener number ( W), proposed by Wiener (44). was the first topological 
indcx and represents the sum of all possible topological distances of a hydro- 
gen-suppressed molecular graph. W can bc conveniently calculated from the 
distance matrix D(G) of any graph G .  I t  is a square N X N matrix, where N 
IS the number of vertices in the hydrogen-depleted graph, the entries of the 
matrix being d,J = dJ,, d,J reprcscnting the number of bonds between vertices 
i and j by the shortest path. Table I I  shows the distance matrix of the labeled 
graph of I-butanol (Fig. I B). From the distance matrix. W is computed as: 


The information indices from the distance matrix arise out of the statistical 
treatment of the topological distances of the chemical graph through the 
formalism of information theory (39). The index (I;) is defined as: 


1; = W * log2 W - X(kd)(d * lo& d )  (Eq. 9) 


where t_he distance d appears kd times in the partition. The mean information 
indcx (I;) is calculated as: 


- 
1; = r y w  (Eq. 10) 


Statistical Analysis-Regression analysis was carried out according to the 
method of Nie et a/. (45). 


RESULTS AND DISCUSSION 


Toxicity of Alcohols-The characteristic toxic action of aliphatic alcohols 
probably is narcosis (46). Veith ei a / .  (47) reported that the aquatic toxicity 
(96 h LCM) of alkanols in Pimepha/espromelas is highly correlated with log P 
(octanol-water) in terms of a bilinear model (48). However, Basak and 
Magnuson (19) showed that CIC can account for the toxicity of alcohols in 
a significant manner. I t  wasof interest. therefore, tocarry out a comparative 
study of log P ois-d-ois various structural parameters in thecorrelation of the 
LCso of alcohols. 


Table I l l  shows the log LC50, log P, IC, SIC, CIC, Ix. I f ,  W ,  I;, and 5; 
values for a series of 10 alkanols; the experimental log LC50 values were taken 
from Veith el al. (47). Table l l l a  summarizes the results of thc statistical 
analysis in an attempt to correlate log LCJO with log P and thedifferent to- 
pological indices; r is the correlation coefficient. s the standard dcviation, and 
F the F-ratio between the variances of observed and calculated values. 


It appears from the results that a nonlinear fit shows significant improve- 
ment in thecorrelation coefficients as compared with the linear fits. The extent 
of fit of log LC50 values with log P and other structural parameters indicate 
that the topological indices (SIC. CIC, Ix, I f ,  I;) are capable of explaining 
the properties of alcohols almost as efficiently as  log P. 


Analgesic Property of K e t o b e m i h - T h e  opiate group of drugs is thought 
to bring about analgesia through the perturbation of certain types of specific 
receptors (49). The importance of lipophilicity for analgesic action is evident 
from the sharp decrease in the agonistic potency concomitant with quaterni- 


Journal of Pharmaceutical Sciences I 431 
Vol. 73, No. 4, April 1984 







Table IV-Hvdrophobicity. Analgesic Potency (A-EDd and Molecular Descriptors for Ketobemidones (1) 


A-EDso, - 
R mM log P IC SIC CIC ' X  I XV W 1; 1; 


Methyl" 2.10 1.22 2.2949 0.41 79 3.1970 8.5814 7.48 14 558 3950.76 7.08 
Ethyl 67.20 1.76 2.2305 0.3994 3.3544 9.1 194 8.0575 662 4785.09 7.23 
PropyI 16.00 2.30 2.1830 0.3848 3.4894 9.6194 8.5575 785 5781.87 7.36 
Butyl 4.60 2.84 2.1385 0.3716 3.6164 10.1194 9.0575 928 6954.56 7.49 
Pentvl 0.78 3.38 2.0970 0.3595 3.7359 10.61 94 9.5575 1092 8316.82 7.62 


9882.44 7.75 Hexil 7.50 3.92 2.0581 0.3484 3.8488 11.1194 10.0575 1278 
Heptyl 9.00 4.46 2.02 1 8 0.3382 3.9555 11.6194 10.5575 1487 I I 665.27 *i.n4 
o c t y l  26.50 5.00 1.9878 0.3289 4.0566 12.1194 1 I .0575 1720 13679.22 7.95 
Nonvl" Inactive 5.54 I ,9558 0.3202 4.1527 12.6194 1 1.5575 1978 10217.71 5.16 


Not included in the regression analysis. 


Table 1Va-Correlation of A-EDm with log P and Topological Indices (A-ED9 = P + bx + cx*)* 


X a b C r S F 


IC -2.546 + 2 
1.36E + 4 


SIC - I  .48E + 2 
4.706 + 3 


CIC 1.84E + 2 
5.28E + 3 


lY 1.20E + 2 ,. 
' X "  


W 


2.40E + 3 
l.lOE + 2 
1.96E + 3 


43.1 
2.478 4- 2 


40.4 
2.09E + 2 
3.426 + 2 
2.05E + 4 


1.30E + 2 


4.63.5 + 2 
-2.636 + 4 


-44.5 
-2.80E + 3 


-9.5 I 
-4.446 + 2 


-9.51 
-4.00E + 2 
-2.14E - 2 


-1.30E - 4 


-0.400 
- 2 . 4 8 ~  - 3 
-4.388 - 2 


-42.5 
5.35E f 3 


- 
3.1 1E + 3 


3.67E + 4 


3.728 + 2 


20.4 


20.4 


I .60E - 4 


2.256 - 6 


3.50E -I- 2 


- 


- 


- 


- 
- 


_. 


- 


0.50 
0.97 
0.5 1 
0.97 
0.49 
0.96 
0.44 
0.94 
0.45 
0.94 
0.36 


0.35 
0.88 


0.88 
0.48 
0.96 


22 1.6 
1.2 29 


9.1 17 


24 0.68 
14 6.6 
22 I .5 
7.6 25 


log P 48.6 -8.81 - 0.45 22 I .2 
2.28E + 2 -1.276 + 2 17.5 0.94 9.1 17 


a I n  all cases, the number of data points = 7. 


zation (50). I t  is proposed that hydrophobicity iscritically important for the 
passage of opiates through the blood-brain barrier (51). In view of the fact 
that the mode of action for opiates is complicated by participation of various 
biogenic amine systems, different neuronal subpopulations, and multiple re- 
ceptor types (52,53), substituted ketobemidones (I) provide a convenient class 
of compounds for the study of the structure-activity relationships of opiates 
because the molecular manipulations within thq group involve minimal al- 
terations in the molecular electronic characteristics. 


I 
In  an earlier study, Ray er 01. (17) reported that SIC could correlate the 


analgesic potency (A-EDSO) of ketobemidones in mice. In view of the re- 
portedly important role of lipophilicity in opiate pharmacology, we decided 
to study the relative efficacies of log P vis-2-vis other structural parameters 
in the correlation of the analgesic action of ketobemidones. 


Table IV depicts the hot-plate analgesic potencies (A-ED~o) in mice, log P 
values, and the topological descriptors for a series of nine ketobemidones; the 
experimental A-EDso values were taken from Wilson er al. (54). A look at 
the A-EDm values indicates that there are two peaks of agonist activity in the 
series, namely when the side chain in the nitrogen atom is either methyl or 
amyl. Some of the higher homologues (hexyl, heptyl, and octyl) have mea- 
surable antagonist potencies (50), while the nonyl derivative has no analgesic 
property in the in uiuo test. Under these circumstances we decided to delete 
the methyl and nonyl homologues of Table IV from the regression analysis. 
Table IVa represents the outcome of nonlinear regression analysis using log P 
as well as the topological indices. The linear correlations were not appreciable 
with any of the parameters. It is evident fromjhe statistical analysis that the 
topological parameters IC, SIC, CIC, and 1; are superior to log P in the 
correlation of analgesic action while ' x  and lx" appear to be as correlated as 


Herbicidal Action of Triazinones-Most herbicides are thought to exert 
log P. 


their characteristic action through the blocking of the electron-transfer step 
in the oxygen-evolving photosynthesis process (55, 56). Therefore, in an at- 
tempt to design more effective herbicides, various authors have studied the 
effects of molecular manipulations on the Hill reaction inhibitory potencies 
of these compounds in isolated chloroplasts (55-59). 


For a group of 1,2,4triazinones, Hansch analysis revealed that lipophilicity 
(log P) alone was able to correlate the Hill reaction inhibitory potency (~150) 
in a significant manner (59). On the other hand, Ray et al. (1 7) reported that 
the information-theoretical topological index SIC could adequately account 
for the plsO of triazinones. So it  was deemed desirable to undertake a com- 
parative study of log P and other theoretical parameters in the QSAR study 
of this class of herbicides. 


0 


II 
The p15& log P, I x ,  Ix", IC, SIC, CIC, W, 15, and 1; values for a series of 


11 triazinone derivatives (11) are presented in Table V; the log P and experi- 
mental plsO values were taken from Draber et al. (59). Table Va reveals the 
outcome of statistical analysis in an attempt to correlate pIs0 with log P and 
other descriptors. It is clear that all the parameters correlate signifmntly with 
experimental pIs0 values. In all cases the parabolic relationship results in 
significant improvement in the fit with respect to the linear one. It is-note- 
worthy that the theoretically derived indices IC. SIC, CIC, ' x .  and 1; are 
almost as effective as log P in the correlation of plm values of the herbi- 
cides. 


Narcotic Property of Barbiturates-Barbiturates are widely used in the 
treatment of several convulsive disorders (60). Although the precise mecha- 
nism of action of barbiturates is still not clear, attenuation of excitatorysyn- 
aptic transmission (6 I ,  62), potentiation of inhibitory synaptic transmission 
(61,63), and blockage of electrically excitable membranes (64) are tentatively 
considered to be the causative factors behind the biological action of these 
compounds. Some recent studies. however, demonstrated the interaction of 
barbiturates with benzodiazepine receptors (65). 


The high correlations of the physiological action of barbiturates with log P 
are the crucial factors for the assignment of a nonspecific mode of action to 


432 1 Jwrnal of Pharmaceutical Sciences 
Vol. 73. No. 4, April 1984 







Table V-Hydrophobicity, Hill Reaction Inhibitory Potency (PIX,), and Molecular Descriptors for Triazinones (11) 


SCH3 Methyl 3.88 3.2211 0.7583 1.0268 5.1639 4.1393 146 821.30 5.62 -0.16 
NHCH3 Isopropyl 5.79 3.0860 0.6565 1.6144 6.0746 4.0001 236 1442.11 6.1 1 0.30 
SCH3 5.38 3.1144 0.6347 1.7925 7.7364 6.3606 428 2868.80 6.70 0.38 
SCH? Ethvl 5.27 3.1867 0.7146 1.2727 5.7019 7.4000 190 1115.97 5.87 0.46 - __._. ._ 


SCH3 Pro6yl 5.70 3.0751 0.6622 1.5688 6.2019 5.2000 246 1499.30 6.09 0.93 


S C H I  rerr-Butvl 6.63 2.9583 0.6154 1.8491 6.3752 5.3893 284 1798.44 6.33 1.70 


SCH3 lsopropyl 6.24 3.0751 0.6622 1.5688 6.0746 5.0827 236 1442.11 6.1 I 1.01 
SCH3 Isobutyl 6.15 3.0567 0.6358 1.7507 5.5558 4.3356 304 1918.55 6.31 1.39 


SCH; 3-Methilbutyl 6.40 2.9767 0.6008 1.9775 7.0577 6.0558 386 2507.45 6.50 1.85 
SCH3 Cyclahexyl 6.60 2.8465 0.5693 2.1535 7.7364 6.7445 428 2868.80 6.70 2.14 
S C H l  Hexyl 6.43 2.7460 0.5398 2.3415 7.7019 6.7000 496 3302.79 6.66 2.68 


Table Va-Correlation of PIX, with Hydrophobicity and Topological Indices (plw = a + bx + cd)' ' 


X a b C r S F 
~ 


1C 


SIC 


CIC 


' X  


'X" 
W 


Ib 


1; 


log P 


- 


~ 


19.3 
-1.67E + 2 


13.0 
-12.8 


2.79 
-2.13 


2.19 
-3 1.5 


3.10 
-3.99 


4.54 
0.548 
4.7 I 
1.43 


-4.3 I 
-1.53E + 2 


4.98 
A 5R 


-4.42 
1.21E + 2 
-11.1 


69.1 
1.78 
7.90 


0.558 
10.9 


0.508 
3.20 


4.30E - 3 
3.21 E - 2 
5.85E - 4 
4.266 - 3 


1.62 
49.5 


0.760 
1 9 7  


- 
-20.9 


-61.9 


-1.81 


-0.779 


-0.249 


-4.30E - 5 


-8.81 E - 7 


-3.85 


-0 490 


- 


- 


- 


- 


- 


- 


- 


- 


0.77 
0.95 
0.85 
0.92 
0.83 
0.91 
0.60 
0.89 
0.60 
0.64 
0.60 
0.82 
0.59 
0.82 
0.7 1 
0.91 
0.83 
0.94 


0.54 
0.29 
0.45 
0.35 
0.48 
0.38 
0.68 
0.41 
0.68 
0.69 
0.68 
0.52 
0.70 
0.51 
0.60 
0.37 
0.48 
0.12 


13 
35 
23 
22 
19 
19 


15 
5.2 


5.0 
2.9 
5.0 
8.2 
4.7 
8.4 
9.0 


19 
20 
28 


0 I n  all cases the number of data points = 1 I .  


Table VI-Lipophilicity, Duration of Anesthesia (log T), Induction Time for Anesthesia (log f), and Molecular Descriptors for Barbiturates (111) 


log T O ,  log r b ,  - 
R I  R2 R3 h min IC SIC CIC logP 'x ' x "  w G 16 


Methyl Ethyl Methyl 0.0000 1.2041 2.8397 0.5845 2.0183 1.15 6.9238 4.5593 340 2224.00 6.5410 
Ethvl Ethvl Methvl -0.3979 0.9542 2.7871 0.5574 2.2129 1.65 7.4844 5.3271 398 2684.00 6.7430 -~ 
Probyl Ethyl Methyl -0.5229 0.8451 2.7217 0.5306 2.4076 2.15 7.9844 5.8271 472 3268.00 6.9240 
lsopropyl Ethyl Methyl -0.5229 0.6021 2.7648 0.5390 2.3645 1.95 7.8672 5.7098 458 3174.00 6.9300 
Methyl Methyl Ethyl 0.0000 1.3222 2.8397 0.5845 2.0183 1.15 6 9618 4.7890 330 2164.00 6.5570 
Ethyl Methyl Ethyl -0.1549 1.0792 2.7871 0.5574 2.2129 1.65 7.5224 5.3497 387 2165.00 6.7570 
Proovl Methvl Ethvl -0.3979 0.7782 2.7271 0.5306 2.4076 2.15 8.0224 5.8497 460 3191.00 69360 
1sop;opyl Methyl Ethyl -0.5229 0.6990 2.7648 0.5390 2.3645 1.95 7.9052 5.7324 446 3105.00 6.9620 
Methyl Propyl Methyl 0,0000 0.7782 2.7871 0.5574 2.2129 1.65 8.4238 5.2664 423 2840.00 6.7130 
Ethyl Propyl Methyl 0.0792 0.4771 2.7217 0.5306 2.4076 2.15 7.9844 5.8271 488 3374.00 6.9140 
Meihyl Isop~opyl Methyl -0.2218 0.7782 2.7482 0.5496 2.2518 1.45 7.2796 5.1391 410 2758.00 6.7270 
Methyl Butyl Methyl -0.3979 0.7782 2.7217 0.5306 2.4076 2.15 7.9238 5.7664 522 3588.00 6.8730 
Ethyl Butyl Methyl -1.0000 0.9031 2.6540 0.5057 2.5939 2.65 8.4844 6.3271 595 4197.00 7.0540 
Ethyl Ethyl Propyl -1.0000 0.9031 2.6540 0.5057 2.5939 2.65 8.5224 6.3877 551 3909.00 7.0950 


a Lonarithm of the duration of anesthesia in hours after intrarnritoneal iniection at the ADImdosc level. Logarithm of the induction time for anesthesia in minutes after intra- 
pcritonGal injection at the ADlm dose level. 


this class of drugs (23,66,67). On theother hand, Kier and Hall (8) found 
the action of congeneric series of barbiturates to bewell correlated with con- 
nectivity-type steric parameters. Raychaudhury er al. (68) reported significant 
linear correlations of the in uiuo stability of barbiturates with IC and SIC 
indices. In a further study, Basak el al. (20) showed that steric parameters 
like V,, CIC, lxv, and i E  are superior to log P in rationalizing the duration 
of physiological action of the barbiturate group of drugs. The above consid- 
erations necessitate a comparative study of lipophilic and steric parameters 
in the quantitative prediction of the phenomenology of barbiturate action. 


To illustrate the relative efficacies of log P uis-d-uis topological descriptors 
in the analysis of the narcotic action of barbiturates, a QSAR study was carried 
out with three different groups of barbituric acid derivatives, where the 
structural variations in the side chains include elongation of the carbon skel- 
eton, branching, and unsaturation. Table VI presents the duration of anes- 
thesia ( T i n  hours) and the logarithm of the induction time for anesthesia ( I  
in minutes) after administration of the drugs a t  ADlw dose levels, log P, l x ,  
Ixv, IC, SIC, CIC, W, I$ and 1; values for a series of 14 barbiturates (111) 
with variously modified side chains. The experimental T and f values (de- 
termined after the intraperitoneal injection of the compounds to albino mice) 


were taken from Cope and Hancock (69). and the log P values were taken from 
Hansch (23). 


"w"" 
III 


Table VIa shows the correlations of log T values with lipophilicity and the 
theoretically computed descriptors. None of the piyameters used show ex- 
cellent correlations with the T values. However, I;, I x .  and CIC exhibit 
correlations comparable or superior to that with log P values. Table VIa depicts 
the correlation of the induction time for anesthesia (log I )  with log P and other 
theoretical structural parameters. It is noteworthy that the correlations of log I 
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Table Vla-Correlation of log T and log t with log P and To~ological Indices a 


X a b c r S F 


IC -0.132E + 02 
-0.169E + 03 


0.77 
0.80 


0.23 17 
0.22 9.8 


log T = a + b.u + c x 2  
0.467E + 01 - 
0.1 18E + 03 -0.207E + 02 


CIC 0.3248 + 01 -0.155E + 01 - 0.80 0.22 21 .. 


-0.liSE + 02 
SIC -0.648E + 01 


-0.500E + 02 


0.1 1 3 ~  + 02 
0 . 1 1 3 E f 0 2  
0.171E + 03 


0.85 0.20 14 -0.280E + 01 


-0.147E + 03 


-0.91 4E - 05 


-0.191E - 06 


-0.385E + 01 


-0.126E + 00 


-0.333E + 00 


-0.367E + 00 


- 


-0.3486 - 02 - 


-0.4226 - 03 - 


-0.163E + 01 - 


0.4896 - 02 


0.757B - 03 


- 


- 


- 


log / = a + bx + ex2 
- 


0.4 I 8E + 02 


0.209E + 03 


0.396B + 01 


- 


- 


0.79 
0.84 
0.76 


0.22 
0.21 
0.23 


20 
13 


W 


1; 


1; 


'X 


'X" 


log P 


- 


0.120E + 01 
-0.6668 + 00 


0.9258 + 00 
-0.8246 + 00 


0.108E + 02 
-0.168E + 03 


0.281E + 01 
-0.4686 + 01 


0.2546 + 01 
-0.740E + 01 


0.724.E + 00 
-0.5 12E + 00 


16 


17 
8.5 0.78 


0.76 
0.80 
0.80 
0.86 
0.6 I 
0.6 1 
0.79 
0.85 
0.78 
0.82 


0.24 
0.23 
0.23 
0.22 
0.19 
0.28 


9.6 
21 


0.508E + 02 
-0.406E + 00 


0.154E +,01 
-0.5228 + 00 


0.313E + 01 
-0.5748 + 00 


0.8 14E + 00 


16 
7.0 
3.3 


20 
14 
19 
12 


0.30 
0.22 
0.20 
0.22 
0.21 


IC 


SIC 


CIC 


-0.450E + 01 
0.31 IE + 03 


-0.214E + 01 


0.195E + 01 
-0.228E + 03 


0.5538 + 01 
-0.223E + 03 
-0.7568 + 00 
-0.190E + 02 
-0.1618 - 02 
-0.2428 - 01 


0.49 
0.85 
0.59 
0.86 
0.59 
0.86 
0.54 
0.89 
0.56 
0.88 


0.20 
0.13 
0.19 


3.8 


6.4 


6.5 


14 


15 0.600E + 02 
0.262E + 01 
0.235E + 02 


0.13 
0.19 
0.i3 
0.20 
0.1 I 


15 


22 
4.9 


5.4 


- 


0.2478 - 04 


0.370E - 06 


0.427B + 01 
0.4896 + 00 


0.3838 + 00 


0.596E + 00 


- 


- 


- 


- 


- 


W 0.158E + 01 
0.661E + 01 


1; O.148E + 01 
- 0.4866 + 01 
1; 0.6466 + 01 


0.204E + 03 
' X  0.2826 + 01 


0.319E + 02 
IX" 0.220E + 01 


0.136E + 02 
log P 0.1346 + 01 


0.334E + 01 


a In  all cases, the number of data points = 14. 


-0.202E - 03 
-0.248E - 02 
-0.819E + 00 
-0.590E + 02 


0.19 
0.12 
0.18 
0.14 
0.19 
0.14 
0.19 
0.16 
0.20 
0.14 


20 
0.62 
0.82 
0.57 


7.3 


5.9 


5.4 


1 1  


10 
-0.25 1 E + 00 
-0.781E + 01 
-0.241 E + 00 
-0.444E + 01 
-0.294E + 00 
-0.2506 + 01 


0.8 I 
0.56 
0.77 8.0 
0.52 
0.82 


4.5 
I 1  


Table VII-Lipophilicity, Minimum Anesthetic Dose (MAD, log 1/ c), and Topological Descriptors for a Set of 16 Barbiturate Derivatives (IV) 


MAD - 
RI  log P (log l /c)  IC SIC CIC W 1; 1; 'X 'X" 


3.23 2.8397 0.5845 
3.27 2.787 I 0.5574 
3.35 2.7482 0.5496 


2.0183 334 2 189.41 
2.2129 402 271 1.99 
2.25 I8 389 2627.46 


6.5551 6.91 96 4.7504 
6.7462 7.4196 5.2504 
6.7544 7.3023 5.1331 
6.91 70 7.9196 5.7504 
6.9277 7.7754 5.6062 
6.9344 7.8403 5.67 1 1 


Ethyl 1.15 
Propyl 1.65 
Isopropyl 1.45 
Butyl 2.15 


Amy1 2.65 
sec- Am yl 2.45 
2-Methylbutyl 2.45 
3-Methylbutyl 2.45 
I-Ethylpropyl 2.45 
Hexyl 3.15 
2- Ethyl butyl 2.95 
Cyclopentyl 2.29 
Ally1 1.35 
2-Methylallyl 1.65 
Phenyl I .92 


lsobutyl I .95 
sec- Butyl I .95 


.~ 
3.38 2.721 7 0.5306 
3.36 2.7649 0.5390 
3.42 2.7649 0.5390 


2.4076 486 
2.3644 472 
2.3644 460 
2.5939 587 
2.5214 548 


3361.64 
3269.89 
3189.83 
4151.26 
3888.54 
3964.27 
405 1.54 


7.0720 8.4196 6.2504 
7.0959 8.3403 6.171 I 


3.26 2.6540 0.5057 
3.62 2.7265 0.5 195 
3.34 2.7265 0.5195 
3.36 2.7265 0.5 195 2.5214 572 
3.50 2.7265 0.5 I95 2.5214 535 
3.18 2.5878 0.4830 2.7697 706 


2.68 17 650 


2.5214 559 7.09 17 8.3134 6.1442 
7.083 I 8.2754 6.1062 
7.1067 8.3783 6.2091 
7.21 55 8.9196 6.7504 
7.2514 8.8514 6.6822 
7.1002 8.4641 6.2949 
6.7462 7.4196 4.8891 
6.9277 7.7754 5.2671 
7.3945 9.3579 6.8696 


3802.09 
5094.1 I 
47 13.39 3.25 6.6759 0.4995 


3.40 2.8 156 0.5446 
3.44 2.7974 0.5701 
3.37 2.7396 0.5431 
3.24 3.0659 0.5761 


2.3543 530 
2.1095 402 
2.3048 47 2 
2.2560 726 


3763.10 
271 1.99 
3269.89 
5368.42 


with 15, 15, lx, W ,  CIC, SIC, and IC are superior or comparable to that with 
log P (Table Vla). 


Table VII  summarizes the minimal anesthetic dose (MAD, log I/c) levels, 
log P, molecular connectivity, Wiener number, and the different inforrna- 
tion-theoretic indices for a series of 17 barbiturates (IV); the experimental 
MAD (log I /c)  values were taken from Doran and Shoule (70). In an earlier 


study Hansch e/ al. (67) showed that log P correlates more or less satisfactorily 
with the experimental log I / c  values of this set of compounds. The results of 
regression analysis, depicted in Table Vlla, show that some of the topological 
descriptors (SIC, CIC, W ,  I;, T;, 'x. and 1 ~ " )  are superior to log P in the 
correlation of the anesthetic concentratiow of this congeneric series of com- 
pounds. 


Table VIlI represents the anestheticconcentrations (AD50, log l / c ) ,  log P, 


I I  


HNYNH 
Iv V 
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Table VIla-Correlation of MAD (Rats) with log P and Molecular Descriptors, [log (l /c) = a + bx + CX*). 


X a b C r S F 


IC 


SIC 


CIC 


W 


15 
1; 


' X  


'XV  


log P 


- 


0.3486 + 01 
-0.21 8E + 02 


0.334E + 01 
-0.2OlE + 01 


0.340E + 01 
-0.3928 + 01 


0.348E + 01 
0.206E + 01 
0.3468 + ni 


-0.450E - 01 
0.179E + 02 
0.204E - 01 
0.878E + 02 


-0.218E - 01 
0.613E + 01 


-0.25 1 E - 03 
0.528E - 02 


- 
-0.316E + 01 


-0.819E + 02 


-0.128E + 01 


-0.518E - 05 


-0.782E - 07 


-0.106E + 01 


-0.132E + 00 


-0.155E + 00 


-0.l72E + 00 


- 


- 


- 


-. 


- 


- 


- 


- 


0.04 
0.52 
0.005 
0.64 
0.040 
0.54 
0.25 
0.68 
0.25 
0.66 
0.062 
0.54 
0.14 
0.59 
0.14 


0.1 1 
0.10 
0.1 I 
0.090 
0.1 1 
0.099 
0.1 1 
0.086 
0.1 1 
0.088 
0.1 1 
0.099 
0.1 I 
0.095 
0.1 1 
0.096 
0.1 1 
0.099 


0.025 
2.6 
0.00 
5.0 
0.023 
2.9 
1 .o 
6.0 


-0.308E - 04 
0.561 E - 03 


-0.319E - 01 
0.148E + 02 


0.97 
5.5 
0.058 
2.8 
0.30 


. . . - . . . 


0.240E + 01 
0.357~5 + 01 


-0.480E + 02 
0.354E + 01 


-0.512E + 01 
0.349E + 01 


-0.170E + 01 
0.3388 + 01 
0.2668 + 01 


-0.238E - 01 
0.212E + 01 


-0.2366 - 01 
0.178E + 01 


-0.148E - 01 
0.7 17E + 00 


3.7 
0.30 
3.4 
0.086 
2.7 


... 


0.57 
0.075 
0.53 


In all cases, the number of data points = 17. 


Table VI11-Lipopbilicity. Anesthetic Dose (AD% log l/c), and Topological Indices for a Set of Barbituric Acid Derivatives (V) 


ADso - 
R I  R2 log P (log I/c) IC SIC CIC W 1; 15 ' X  I X "  


Propyl 
lsopropyl 
Butyl 
Ethyl 
Propyl 
lsopropyl 
Butyl 
Ethyl 


Ethvl 


1 -Propenyl 
I-Propenyl 
I-Propenyl 
I-Butenyl 
I-Butenyl 
I-Butenyl 
1-Butenyl 
2-Methyl-l- 


I-Pentenyl 
I-Pentenyl 
3-Methyl- 1- 


buten yl  
3-Methyl-l- 


butenyl 
3-Methyl-l- 


butenyl 


propenyl 


1.35 
1.15 
1.85 
1.35 


3.12 2.7968 0.5757 
3.28 2.7708 0.5704 
3.3 1 2.7246 0.5449 
3.37 2.7968 0.5757 


2.0612 338 
2.0872 326 
2.2754 415 


221 5.24 
2139.91 
2794.55 


6.5540 
6.5641 
6.7338 
6.5399 


7.0637 
6.9464 
7.5637 
7.0637 


4.8724 
4.7551 
5.3724 
4.9 I04 2.0612 346 


2.2754 415 
2262.8 I 
2794.55 1.85 3.3 I 2.7246 0.5449 6.7338 


6.7404 
6.9075 
6.5551 


6.71 I5 
6.90 I0 
6.7257 


6.9096 


6.9145 


7.5637 
7.4464 


5.4104 
5.2931 
5.9 I04 
4.7504 


5.4104 
5.7931 
5.2831 


5.783 I 


5.6658 


I .65 
2.35 
1.15 


.. . .. 2.2129 402 
3.56 2.6506 0.5168 2.4787 500 
2.56 2.8397 0.5845 2.0183 334 


2709.65 
3453.76 
2189.41 


8.0637 
6.9 I96 


7.5637 
7.9464 
7.4196 


7.91 96 


7.8023 


1.85 
2.15 
I .65 


2.15 


I .95 


3.45 2.7246 0.5449 
3.50 2.7433 0.5348 
3.5 I 2.7871 0.5574 


3.32 2.7433 0.5348 


3.68 2.6506 0.5 I68 


2.2754 431 
2.3860 494 
2.2129 418 


2.3860 494 


2.4787 480 


2892.67 
3409.09 
281 1.32 


3413.36 


33 18.94 


~sol;ropy~ 
Ethyl 


Propyl 


lsopropyl 


Table VIIla-Correlation of ADM (Mice) with log P and Molecular Descriptors [log ( l /c)  = B + bx + cx2]. 


X a b C r S F 


IC 


SIC 


CIC 


W 


1; 


1; 


' X  


I X "  


log P 


- 


0.124E + 
-0.200E + 


0.822E + 
-0.49 1 E + 
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-0.179E + 


0.2226 t 


02 
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0.449E + 00 
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0.280E + 01 


- 


-0.2836 + 02 
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-0.3676 + 01 


-0.2346 - 04 


-0.4 I2E - 06 


-0.371E + 01 


-0.740E + 00 


-0.673E + 00 


-0.690E + 00 


- 


- 


- 


- 


- 


- 


- 


- 


0.65 
0.74 
0.69 


0.22 8.2 
0.2 1 6.1 
0.21 10 


0.76 
0.68 
0.73 


0.20 6.6 
0.22 9.4 
0.21 5.8 


0.62 
0.68 


0.23 6.9 
0.23 4.2 -0.170E + 01 


0.2368 + 01 
-0.780E + 00 
-0.37515 + 01 


0.62 
0.68 
0.62 


-0.173E + 03 0.66 
0.64 
0.72 
0.64 
0.72 
0.62 
0.70 


-0.837E - 
-0.412E + 


0.958E + 
-0.1 78E + 


0.258E + 
0.670E + 


01 
02 
00 
02 
01 
00 


0.23 7.6 


~ 


,a In each case, the number of data points = 13. 


' x .  IxV. W, 1;. i;, IC, SIC, and CIC values) for a set of 13 barbiturates (V). 
The experimental log I/c data were taken from the work of Cope et al. (71). 
The outcome of regression analysis indicates that log P and the various mo- 
lecular descriptors correlate significantly with the ADSO values of this group 
of analogues (Table Vllla). It is evident from the statistical analysis that IC, 
SIC. CIC, and ' x  are superior and I; as well as li; are slightly inferior to log P 
in accounting for the ADSO values of this group of barbiturates. 


sets of bioactive molecules that vary considerably with respect to chemical 
structure and physiological function. While alcohols and ketobemidones are 
simple homologous series, triazinones and barbiturates represent considerable 
structural diversity. At the biochemical level, alcohols and barbiturates are 
thought to be narcotic agents that act through nonspecific perturbation of 
cellular proteins or lipoprotein complexes (46,47,66,72,73). On the other 
hand, triazinones and ketobemidones act uia specific mechanisms where 
well-defined biotargets are involved (54.59). Yet it is interesting to note that 
certain graph theoretic invariants like CIC. l x ,  IxV, W, and 'is could predict 
these dissimilar biological phenomena as efficiently as hydrophobicity. 


From QSAR studies of different series of bioactive molecules, Hansch (23) 
pointed out that lipophilicity alone is sufficient to account for the action of 


CONCLUSIONS 


We have analyzed the relative roles of hydrophobicity (log P, octanol- 
water) u i s - h i s  several topological parameters in the QSAR study of diverse 


Journal of Pharmeceutical Sciences I 435 
Vol. 73, No. 4, April 1984 







nonspecific bioactive molecules. On the other hand, stereoelectronic factors 
are deemed to be critical for molecules with specialized mechanism of action 
at the biochemical level (23,74). However, the results of this paper indicate 
that topological steric parameters can correlate the action of both specific 
(triazinones and ketobemidones) and nonspecific (alcohol and barbiturates) 
bioactive agents. These findings could be rationalized in terms of the studies 
of Nemethy and Scheraga (75-77) where a “steric basis of hydrophobicity” 
is proposed on theoretical grounds. Alternatively, some recent studies highlight 
that certain so called “nonspecific” compounds may have specific physiological 
receptors (65,78,79) which could conceivably be sensitive to the steric factors 
associated with the effector molecule. 


Finally, from the QSAR of these diverse series of bioactive molecules, the 
easily calculable molecular descriptors like CIC, Ix, lxv, W, and 1: appear 
to be as effective as log P in the rationalization of biological action. Of these 
five topological descriptors, only CIC and 15 are highly correlated with bio- 
logjcal response for all six sets of compounds tested; accordingly, either CIC 
or Ig is the best single choice for a molecular descriptor. 
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Comparative Bioavailability of Two Furosemide 
Formulations in Humans 
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Abstract 0 Twelve healthy male volunteers participated in a balanced 
crwsover comparison of a brand-name and gencric furosemide formulations. 
Each treatment was given as a single 40-mg tablet following an overnight fast. 
Furosemide concentrations in plasma and urine were determined up to 24 h 
after treatment; urine output and urinary sodium excretion were also mea- 
sured. In comparison with the brand-name tablets, generic furosemide was 
significantly less bioavailable. Using a 95% confidence interval approach, 
generic furasemide gave up to 66% lower maximum furasemide plasma levels, 
up to 52% less area under the plasma level curve to infinite time, and up to 37% 
less urinary recovery of furosemide. Comparison of the effect of the two 
treatments was a less sensitive measurement of bioequivalence. Confidence 
intervals for differences in urinary output and sodium excretion over the period 
of maximum effect (0-4 h) were, however, asymmetrical, and pharmacody- 
namic differences between treatments were significant a t  the 1Wo level. 


Keyphrases 0 Furosemide-comparative bioavailability, brand-name and 
generic formulations, humans, plasma and urine 0 Bioavailability-com- 
parative, furosemide formulations in  humans, plasma and urine 0 Formu- 
lations-comparative bioavailability, brand-name and generic furosemide 
in humans, plasma and urine 


During 1979, generic formulations of furosemide tablets 
which were not legally marketed became available to U.S. 
physicians. Shortly after these tablets were introduced, reports 
began to appear of diuretic ineffectiveness of some of the 
products. The Food and Drug Administration became aware 
of the problem and took steps to prevent further clinical use 
of unauthorized furosemide tablets (1). 


With the above background in mind, it was felt that it would 
be useful to compare the relative bioavailability of the 
brand-name tablet formulation of furosemide available in the 
United States and one of the abovementioned generic furo- 
semide tablets. This paper presents the results of a crossover 
study in healthy volunteers with comparative pharmacokinetic 
and pharmacodynamic measurements. 


EXPERIMENTAL 


Subjects-Twelve healthy male volunteers aged 18-42 years, within 10% 
of ideal body weight, received treatment on two occasions with 1-week between 
doses. A comprehensive checkup, including clinical examination, clinical 
chemistry/hematology evaluation, and urinalysis revealed no evidence of 
cardiac, respiratory, hepatic, or renal disease. The project was subject to ethics 
review, and each subject gave his signed informed consent. 


Treatment-Furosemide (40 mg) was administered as  a single tablet on 
two occasions 1 week apart to each subject, according to a balanced crossover 
design. Treatments were designated product I ’  and product 112 respectively. 
Product I (the brand-name tablet) contained an average of 39.6 mg of furo- 
semide/tablet; product I1 (the generic tablet) contained an average of 40.3 
mg of furosemide/tablet. Therapy was given by mouth with 100 mL of water 
following an overnight fast, 1 h before a standard tea/toast breakfast. Oral 
fluid supplements (1 50 mL of water) were given at 1,2, 3 , 4 ,  and 6 h after 
treatment. 
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Figure I-Mean furosemide plasma concentration following oral treatment 
with product I (e) and product 11 (0). 
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Abstract  0 The dynamics of the interaction of clomethiazole edisylate 
(I) with polyvinyl chloride and cellulose propionate, the main plastics 
used in the manufacture of infusion bags and sets, was examined. An 
experimental system in which the plastic was either open or closed to the 
environment was used to determine the relative contribution of the 
sorption and permeation processes to loss from solutions of clomethiazole 
edisylate (I) in contact with the plastic infusion systems. Sorption by the 
plastic infusion materials accounted for most of the drug loss, while 
permeation into the external environment accounted for the remainder. 
The sorption and permeation into and through polyvinyl chloride was 
temperature dependent. The diffusion coefficient and permeation rate 
constant both increased with temperature, while the polyvinyl chlo- 
ride-water partition coefficients were independent of temperature. The 
activation energy for the diffusion in polyvinyl chloride was 13.5 kcal/mol. 
The permeability of the infusion bag plastic and the evaporation across 
an unstirred air boundary layer adjacent to the external surface of the 
plastic both appeared to contribute to the overall diffusional resistance 
encountered in the permeation process. The plastic-water partition 
coefficients are independent of initial concentration, suggesting that the 
concentration-dependent loss of the drug from solutions stored in plastic 
infusion bags and burets is a result of the greater diffusivity of the drug 
in the plastic at  the higher initial concentrations. Plasticization of the 
polymers by the drug is indicated by the increase in the diffusivity of the 
drug in polyvinyl chloride and cellulose propionate, the increase in the 
rate and extent of sorption of a radiolabeled marker (diazepam) by the 
plastic, and the decreased stiffness of polyvinyl chloride exposed to higher 
concentrations of the drug. 


Keyphrases 0 Clomethiazole edisylate-dynamics of interaction with 
plastic infusion systems, polyvinyl chloride, cellulose propionate 0 
Infusion systems, plastic-dynamics of clomethiazole edisylate inter- 
action, polyvinyl chloride, cellulose propionate 0 Polyvinyl chloride- 
dynamics of clomethiazole edisylate interaction with plastic infusion 
systems, cellulose propionate 0 Cellulose propionate-dynamics of 
clomethiazole edisylate interaction with plastic infusion systems, poly- 
vinyl chloride 


Clomethiazole edisylate (I), a sedative and hypnotic with 
anticonvulsant properties (I), has been administered by 
intravenous infusion in the treatment of delirium tremors 
(l), pre-eclampsia, and eclampsia (2, 3) and to control 
status epilepticus (4,5). Infusions of I have also been used 
for sedation of patients having surgery under epidural 
anesthesia (6) or receiving artificial ventilation of the lungs 
during intensive care (7). 


During the course of recent investigations it was ob- 
served that the drug was lost from solutions stored in 
plastic infusion bags and during infusion through plastic 
administration sets. The loss was attributed to sorption 
and possibly permeation of the drug through the plastic 
components of the intravenous delivery systems (8, 9). 
Tsuei and coworkers (10) have also reported sorption of 
I by plastic infusion sets and have suggested that I is lost 
from the infusion set to the atmosphere. The present work 
reports on the relative contribution of sorption and per- 
meation to the loss of I from solutions stored in polyvinyl 
chloride infusion bags and cellulose propionate buret 
chambers. The kinetics and thermodynamics of the sorp- 


tion process are also examined, as are the kinetics of the 
permeation process. 


Lingham et al. (11) have noted that “intravenous clo- 
methiazole reacts with the plastic giving sets and may 
soften the burette.” Softening of polyvinyl chloride infusion 
bags after contact with solutions has also been observed 
(8). It was suggested that this may be due to the ability of 
the drug to plasticize or swell the polyvinyl chloride resin. 
This hypothesis was investigated in the present work by 
monitoring the rate and extent of sorption of a radiolabeled 
marker substance (diazepam) by infusion bags and burets 
in the presence of varying concentrations of I. In addition, 
the softening of polyvinyl chloride on exposure to solutions 
of clomethiazole edisylate (I) was measured using tensile 
creep tests. 


EXPERIMENTAL 


Materials-Solutions of clomethiazole edisylate (I) were prepared 
by diluting I infusion solution’ (0.8%) with 4% dextrose solution. The pH 
of each solution was measured2 and found to be the same as that of the 
undiluted infusion solution (pH 5.8 f 0.1). The storage studies were 
conducted using polyvinyl chloride infusion bags3 and the cellulose 
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32 mm 
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Figure 1-Diagrammatic representation of the diffusion cell used in  
permeation studies. T h e  plastic sheet (PVC) 1s held between the drug 
solution and the annular (open diffusion cell) or solid square (closed 
diffusion cell) metal couer by a metal clamp. The  cells were stored 
resting on a wire gauze in the position shown in  the louier diagram. 


Heminevrin, batch FL1911 lot D106; Astra Pharmaceuticals, Sodertalje, 


Metrohm Hensau E520 pH meter. 
3 Viaflex (polyvinyl chloride), code AHB8098 empty container, 500 mL, batch 


Sweden. 


R39NO; Travenol Laboratories, Old Toongabbie, NSW, Australia, 2146. 
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Figure 2-Percentage of I remaining in solutions stored in polyvinyl 
chloride infusion bags (A) and cellulose propionate buret chambers (B). 
Initial Iconcentration: (0)  0.2%; (A) 0.4%; (m) 0.6%; (+) 0.89;. 


propionate buret chambers of the infusion sets4. The buret chambers were 
separated from the infusion tubing, and the outlet of each chamber was 
closed using a metal screw clamp. Where strips or sheets of polyvinyl 
chloride or cellulose propionate were required, these were cut from the 
unprinted areas of the infusion bags and buret chambers. The polyvinyl 
chloride tubing used for permeation studies was cut from an infusion set4. 
All experiments in the present study were performed in duplicate. 


Storage Studies-Loss of clomethiazole edisylate (I) and the effect 
of this drug on the loss of the radiolabeled marker (diazepam) from so- 
lution during storage in plastic infusion bags and buret chambers were 
examined in the following manner. Each infusion bag and isolated buret 
chamber was filled with 500, and 150 mL, respectively, of I solution 
prepared a t  concentrations of 0.2, 0.4, 0.6, or 0.870, or with diluent. In 
addition, each solution contained [methyl-3H]diazepam5 a t  a concen- 
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Figure 3-Percentage of original I concentration in the effluent (A) 
and cumulative amount of I lost from solution (B) at various times 
during infusion through polyvinyl chloride tubing a t  a flow rate of 0.095 
rnllmin. Key: (0) infusion tubing only (open); (A) infusion tubing 
encased by glass tubing (closed). 


4 Code ACH0317 solution administration set, batch no. R39F8; Travenol Lab- 


5 New England Nuclear, Boston, MA 02118. 
oratories, Old Toongabbie, NSW, Australia. 
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Figure 4-Percentage of I remaining in solutions stored in open (0) 
and closed (A) diffusion cells in contact with polyvinyl chloride (A) or 
cellulose propionate (B) sheets a t  20°C. 


tration of 1.8 X mg/mL, 8.2 X lo3 dpm/mL; 100 mL of each solution 
was stored in a glass container to act as a control. The infusion bags, buret 
chambers, and glass controls were stored in a controlled-temperature 
room a t  20 f 1°C. Aliquots of drug solution were removed from each 
container immediately after introduction of the solution and a t  regular 
intervals during storage, and assayed for I and diazepam content. 


Permeation Studies-The permeation of clomethiazole edisylate (I) 
through polyvinyl chloride and cellulose propionate sheets was examined 
using the diffusion cell shown in Fig. 1. A sheet of polyvinyl chloride or 
cellulose propionate was held firmly in place across the cell opening by 
either an annular or solid square stainless steel sheet. In this way the 
plastic sheet was either open to the ambient environment, permitting 
transfer of molecules of I to the atmosphere, or closed, preventing such 
transfer. A volume of I infusion solution (4.4 mL) sufficient to result in 
the same surface area of plastic-volume ratio as in the infusion bags was 
stored in each diffusion cell at 4 f 1"C, 10 f 1"C, 20 f lac, and 36 f 1°C. 
Aliquots of solution were removed from the cells periodically during 
storage and assayed for clomethiazole edisylate content. Solutions were 
also stored in glass containers to act as controls. 


Plastic-water partition coefficients were calculated as the ratio of the 
equilibrium concentration of the drug in the plastic and aqueous phases 
in the closed system. The concentrations were calculated as weight of drug 
per weight of water or plastic in contact with the solution. 


Permeation of clomethiazole edisylate (I) through polyvinyl chloride 
tubing was examined using two 150-cm lengths of tubing-one encased 
tightly by glass tubing (closed), the other left exposed to the atmosphere 
(open). Infusion solution (0.8% of I) was infused6 through the tubings a t  
an average flow rate of 0.095 mL min for a period of 144 h. The effluent 
was collected over 10-min intervals a t  specified times for analysis. 


Evaporation-The evaporation of I was examined a t  various tem- 
peratures by storing 9.8 mL of the 0.8% infusion solution in an open 
25-mL glass beaker to give the same surface area of solution-volume ratio 
as in the infusion bags. The percentage of I remaining at various times 
was calculated by determining the drug concentration of the solution and 
correcting for water loss. Evaporation of water was monitored by weighing 
each beaker of solution a t  the time of assay. Evaporation rate constants 
were evaluated from the slopes of log percentage remaining versus time 
plots. 


Tensile Properties-An experiment was designed to examine the 
stiffness of polyvinyl chloride strips exposed to solutions of clomethiazole 
edisylate (I). The stiffness of a plastic film can be assessed by examining 
its stress-strain curve. Because of the viscoelastic nature of plastics, 
stress-strain relationships are measured indirectly by tensile creep tests, 


~ 


6 Waters Associates M45 solvent delivery system 
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Figure 5-Percentage of I remaining in solutions stored in open (@) 
and closed (A) diffusion cells in contact with polyvinyl chloride sheets 
at 4 O C  (A),  lO0C (B),  20°C (C), and 36'C (0). 


the results of which may be expressed in the form of strain-time curves 
at constant stress. Isochronous stress-strain curves can be plotted from 
the strain-time curves (12, 13). Strips of polyvinyl chloride (12.5 cm X 
1 cm) were stored in I solution (0.2,0.4,0.6, and 0.8%) or in diluent in glass 
containers; after 9 d they were removed, rinsed lightly with distilled water, 
and allowed to dry. Each strip was suspended from a fixed clamp and 
loads of 517,770, or 1020 g were applied to the end of the strip. The length 
ofthe strip was measured before and a t  regular intervals for a t  least 48 
h after application of the load. Experiments were performed at room 
temperature (15-2OOC). 


Equilibrium Sorption Studies-Strips of polyvinyl chloride and 
cellulose propionate (1 X 1 cm) were stored in 5 mL of the drug solution 
(0.2,0.4,0.6, or 0.8%) in a glass container until equilibrium was reached 
(5 168 h). Plastic-water partition coefficients were calculated as the ratio 
of equilibrium concentrations of clomethiazole edisylate (I) in the plastic 
and the aqueous phases. The concentrations were calculated as weight 
of drug per weight of plastic or water. 


Assay of Drug Solutions-Solutions of clomethiazole edisylate (I) 
were assayed spectr~photometrically~. Solutions were diluted 1:200 with 
distilled water, and the absorbance was measured a t  257 nm. The ab- 
sorbance of the infusion solutions was proportional to concentration of 
I over the concentration range studied. Solutions were analyzed for di- 
azepam content by placing a 200-pL aqueous sample in a counting vials 
together with 5 mL of scintillation cocktailg and determining the radio- 
activity by liquid scintillation countinglo. 


RESULTS AND DISCUSSION 


The loss of clomethiazole edisylate from aqueous solutions stored in 
polyvinyl chloride infusion bags and cellulose propionate buret chambers 
at  2OoC is shown in Fig. 2. Extensive concentration-dependent losses are 
observed in both cases, confirming and extending previous reports (8, 
9). It can be concluded, by comparing the losses found in this study with 
those previously observed (8,9), that  the loss of I was unaffected by the 
presence of trace amounts of radiolabeled diazepam. Significant I losses 
were also observed from solutions infused through polyvinyl chloride 
tubing (Fig. 3). Since the loss of I from solutions stored in glass for 400 
h was negligible, it is reasonable to suggest that the loss of this drug during 
storage in plastic infusion bags and burets and during infusion through 
plastic tubing is the result of sorption of the drug by the plastic (and 
possibly its subsequent permeation into the atmosphere) (E-10). Sorption 
appears to be the predominant mechanism of the loss in all three cases 
(Figs. 3 and 4). Figure 4A shows that the loss is decreased, and eventually 
reaches equilibrium, when the polyvinyl chloride sheet is covered by 
metal. However, loss from solution in the open diffusion cell continued, 
suggesting that permeation also contributes to the loss from polyvinyl 
chloride infusion bags. No difference was observed in losses from solution 


7 Beckman DB-G grating spectrophotometer. 
8 Packard Minivial. 
9 Packard Insta-Gel Liquid scintillation cocktail. 


10 LKB Wallac RackBeta I1 Liquid scintillation counter. 
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Figure 6 4 A )  Rate constants for the permeation of I through polyvinyl 
chloride (P,,,) determined f rom open cell data (@) and membrane 
permeability rate constants (P,) calculated by substituting D and K 
from closed cell data into Eq. 2 (A). (B) Rate constants for the evapo- 
ration of I across the  unstirred air boundary layer adjacent to the ex- 
ternal surface o f the  polyvinyl chloride sheet in the open diffusion cell 
(@) and for the  evaporation of I from aqueous solution (A). 


in the open and closed infusion tubing (Fig. 3). However, the odor of I 
could be detected in the vicinity of the open tubing after the third day 
of infusion, suggesting that some permeation of I to the environment 
occurs. Permeation of I through cellulose propionate was not detected 
(Fig. 4B). 


Kinetics of Sorption and Permeation-The sorption of clomethi- 
azole edisylate (I) by polyvinyl chloride and cellulose propionate has been 
described previously as a diffusion-controlled process (8,9). According 
to the diffusion model, the rate and extent of sorption is determined by 
the plastic-water partition coefficient of the solute and its diffusion 
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Figure 7-Percentage of diazepam remaining in solutions containing 
different initial concentrations of I at various times during storage in 
polyvinyl chloride infusion bags (A) and cellulose propionate buret 
chambers (B). Key: (V) diluent only; (@) 0.2%; (A) 0.4%; I.) 0.6%, 
f+) 0.8%. 
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Table I-Diffusion Coefficients, Half-Times for Sorption, and I 


5 0.8 


Plastic-Water Partition Coefficients of I 


Apparent 
Diffusion Plastic-Water 


Temperature, Coefficient Partition 
"C x lo5, cmVh t 112, h Coefficientb 


Cellulose Propionate 
20 1.4 6.5 42 


Initial I concentration: 0.8%. * Determined from closed diffusion cell 
studies. 
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coefficient in the plastic. The fraction of the drug remaining in solution 
(Ft)  a t  various times ( t )  is (14, 15): 


where F ,  is the fraction of I remaining in solution a t  equilibrium, (Y = 
F.J(l- Fm), qn values are the nonzero positive roots of tan q = -aq, and 
D is the diffusion coefficient of solute in the plastic of thickness 1. In the 
present work the diffusion coefficients of I in polyvinyl chloride and 
cellulose propionate were determined from plots of log (Ft - F m )  versus 
time for the closed diffusion cell, using Eq. 1. In addition half-times for 
sorption were determined by inspection of disappearance profiles for the 
closed diffusion cell. These values and the plastic-water partition coef- 
ficients are shown in Table I. 


The rate of sorption is temperature dependent, appearing to progress 
more rapidly a t  higher temperatures (Fig. 5). The half-time for sorption 
decreases and its diffusion coefficient increases with increasing tem- 
perature. In contrast, the plastic-water partition coefficients appear to 
be independent of temperature over the temperature range examined 
(Table I). The temperature dependence of the sorption process is, 
therefore, a result of the increased diffusivity in the polymer matrix, the 
equilibrium fractional uptake being unaffected by changes in tempera- 
ture. 


The permeation is also a temperature-dependent process. Figure 5 
shows that while a t  the lower temperature permeation through polyvinyl 
chloride appears to be negligible, a t  36OC a large percentage of the initial 
amount of the drug contained in the solution is lost by permeation to the 
atmosphere. Rate constants for the permeation process (Pexp)  were de- 
termined from the slope of the terminal phase of log percentage I re- 
maining in solution versus time plots for the open diffusion cell (Fig. 6A). 
It is apparent that  the permeation process is more rapid a t  higher tem- 
peratures. 


The membrane permeability rate constant (P,) for I in polyvinyl 
chloride may be evaluated by substituting the values of the apparent 
diffusion coefficient ( D )  and the polyvinyl chloride-water partition 
coefficient ( K )  determined for the closed system (Table I) into the fol- 
lowing (16): 


DKA 
2.303Vl 


P,=- (Eq. 2) 


Table 11-Plastic-Water Partition Coefficients of I at Different 
Initial Concentrations a 


~~ 


Concentration of I, % 
Plastic-Water 


Partition Coefficient 


Polyvinyl Chloride 
0.2 55 . .- 


0.4 
0.6 
0.8 


58 
55 
53 


Cellulose Propionate 
0.2 80 
0.4 I1  
0.6 I1 
0.8 I1 


0 Determined using equilibrium sorption studies. 


500 


v) 


Y 


0.2 0.4 0.6 0.8 1.0 1.2 
ELONGATION/INITIAL LENGTH 


Figure 8-Strain-time curves at a constant stress of 1020 g (A) and 48-h 
isochronous stress-strain curves (B) for polyvinyl chloride strips treated 
with I solutions of various initial concentrations. Key: (A) 0.2%; (a) 
0.4%; (+) 0.6%; fv) 0.8%; (0)  diluent only. 


where V is the volume of I solution in contact with an area ( A )  of polyvinyl 
chloride of thickness 1 .  The use of Eq. 2 in the present context assumes 
that the extent of plasticization in the open and closed systems is iden- 
tical. P, is related to the final observed permeation rate constant (Pex,,) 
by (17,18): 


+ -  (Eq. 3) 


where E represents the rate of evaporation of I across an unstirred air 
boundary layer adjacent to the external surface of the plastic in the open 
diffusion cell. 


Figure 6A and B shows the individual rate constants a t  different 
temperatures. Values of E ,  calculated using Eq. 3, are of similar magni- 
tude to the values of P,, suggesting that the permeability of the infusion 
bag plastic and the evaporation of I across an unstirred air boundary layer 
contribute to a similar extent to the overall diffusional resistance en- 
countered in the permeation process. Rate constants for the evaporation 
of I from aqueous solution a t  different temperatures are shown in Figure 
6B. It is apparent that  the evaporation of the drug from solution is faster 
than its evaporation from polyvinyl chloride, suggesting that I has a lower 
vapor pressure in the plastic than in water. 


At a storage temperature of 2OoC permeation is evident after 24 h (Fig. 
5C). This lag time probably reflects the time required for the drug mol- 
ecules to travel through the polyvinyl chloride film to its external surface. 
It can be seen from Fig. 5D that the lag time is much shorter at  36OC. This 
is consistent with increased diffusivity of I in the polyvinyl chloride a t  
the higher temperature. The lag time for I in polyvinyl chloride tubing 
is apparently longer than in the infusion bag plastic, since no difference 
was observed in loss from the open and closed tubing during the 6 d of 
infusion (Fig. 3). The longer lag time is consistent with the greater 
thickness and density of the infusion tubing plastic compared with 
infusion bag plastic. 


The results of this study suggest that  the constant rate of I loss from 
solutions infused through a plastic administration set does not reflect 
loss of the drug to  the atmosphere as suggested by Tsuei et al. (lo), but 
that  i t  results mainly from sorption. The constant rate of I sorption into 
the infusion tubing over 1-6 d (Fig. 3) is consistent with the plastic acting 
as a semi-infinite sink over this time. Kowaluk et al. (9) have reported 
that the sorption of a number of other drugs by plastic infusion tubing 
also shows a constant rate over a limited period and have described an 
equation relating the steady-state effluent concentrations of those drugs 
sorbed by tubing (in the period in which the plastic acts as a semi-infinite 
sink) to the infusion conditions. 


Thermodynamics of Sorption-The plastic-water partition coeffi- 


1 -=- 
Pexp Pm E 
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cient ( K )  can be related to the thermodynamic parameters in the partition 
process by (19,20): 


-AH(’ ASo 
2.303RT 2.303R 


logK=-t- (Eq. 4) 


where AHo and ASo are the standard enthalpy and entropy changes of 
partition, respectively, R is the gas constant, and T is the temperature. 
Since the polyvinyl chloride-water partition coefficient is independent 
of temperature (Table I), the standard enthalpy of transfer is zero, 
implying an entropy-controlled partition process (20). The positive en- 
tropy change associated with this process probably reflects movement 
of I molecules from the relatively ordered aqueous environment to the 
more random environment of the polymer matrix. 


The diffusion of solute molecules through a polymeric field has been 
described as a series of jumps from one hole to another, the holes being 
formed by movements of the polymer chains (21,22). The energy required 
to move the polymer chains apart sufficiently to create a hole and to move 
the diffusing molecule into this hole corresponds to the activation energy 
of diffusion. This energy is supplied by the kinetic energy of the polymer 
chains and of the diffusing molecule (22). The activation energy of dif- 
fusion for I in polyvinyl chloride, determined from the Arrhenius equa- 
tion, has a value of 13.5 kcal/mol. This value is of the same order as that 
for the organic nitrates (23) and would be consistent with the hypothesis 
(22) that the energy required for diffusion of solute molecules in polyvinyl 
chloride is supplied mainly by the kinetic energy of the polymer chains 
and to a lesser degree by the kinetic energy of the diffusing molecule. The 
increase in diffusivity of I in the polyvinyl chloride with temperature 
probably reflects an increase in the kinetic energy of the polymer chains 
a t  higher temperatures (22). 


Plasticization-It has previously been suggested that the concen- 
tration-dependent loss of I from solutions stored in plastic infusion bags 
and burets (Fig. 2) is the result of the plasticization process (8,9). Plas- 
ticizer molecules insert themselves between the polymer chains, reducing 
the intermolecular forces between the polymer chains and generating 
additional free volume (22-26). Consequently, plasticizers accelerate the 
diffusive process (21) and produce greater flexibility and softness of the 
material (22). 


I t  is apparent that  the increased drug loss at  higher concentrations 
cannot be attributed to a greater affinity of I for the drug-impregnated 
plastic, since the I-plastic-water partition coefficients are independent 
of initial drug concentration (Table 11). Increased loss is probably due 
to greater diffusivity of I in the polymer matrix a t  higher drug concen- 
trations, consistent with plasticization. The rate and extent of sorption 
of the marker substance (diazepam) by plastic infusion bags and buret 
chambers [a diffusion-controlled process (8, 9)] is enhanced by the 
presence of I in the infusion solutions (Fig. 7), further suggesting plasti- 
cization of the plastic matrix of bags and burets by the drug (17). Bray 
and Meakin (27) have shown that the sorption and permeation of ben- 
zocaine through polyvinyl chloride increased with increasing concen- 
tration of the plasticizers di-2-ethylhexylphthalate and tri-n-butyl ci- 
trate. 


Figure 8 shows strain-time curves a t  constant stress and isochronous 
stress-strain curves (12,13) for I-treated polyvinyl chloride strips. These 
curves are concentration dependent; the stiffness of the polyvinyl chloride 
decreases with increasing drug concentrations. These data confirm the 
previously reported softening and greater pliability of plastic infusion 
bags in the presence of the solutions (8) and provides further evidence 
for plasticization of polyvinyl chloride by clomethiazole edisylate (I). 


The present study has shown that the loss of I from solutions stored 
in plastic infusion bags and buret chambers or infused through plastic 
tubing depends on ( a )  the partitioning of the drug between the plastic 
and aqueous phases, ( b )  the diffusion of I in the plastic matrix, (c) the 
evaporation of the drug across an unstirred air boundary layer, ( d )  the 
type of plastic, and ( e )  changes in the permeability characteristics of the 
plastic with drug concentration. Each of these processes must be taken 


into account in arriving at a predictive method for determining the extent 
of drug interactions with intravenous delivery systems. 


As we know of no other drug which plasticizes polyvinyl chloride, it is 
not possible to define, using structure-activity relationships, the factors 
determining the ability of I to act as a plasticizer. However, the possibility 
that other drugs may plasticize polyvinyl chloride cannot be over- 
looked. 
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similar terminal half-lives, t l / z p  = 0.693h (2.5 versus 3.2 h). These minor 
differences were also noted in the volumes of distribution of the central 
compartment 1139 versus 160 mL/kg for the (+)- and (-)-enantiomer, 
respectively]. Although these pharmacokinetic parameter values illustrate 
differences between the enantiomers of I, the data do not establish a 
definitive pharmacokinetic profile in view of the limited sample 
number. 
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Abstract 0 The use of the aqueous extracts of Eleutherococcus senti- 
cosus in combination with either cytarabine or N6-(A2-isopentenyl)- 
adenosine gave additive antiproliferative effects against L1210 murine 
leukemia. The ED% for E. senticosus root extracts against L1210 cells 
was -75 pg/mL. E. senticosus appears to be potentially useful for re- 
ducing the concentration of conventional antimetabolites used for their 
antiproliferative effects on tumor cells. 


Keyphrases 0 Cytarabine-Eleutherrcoccus senticosus, N6-(A2-iso- 
pentenyl) adenosine, L1210 leukemia 0 Eleutheroccmus senticosus- 
cytarabine, N6-(A2-isopentenyl) adenosine, L1210 leukemia 


The Far Eastern plant Eleutherococcus senticosus 
(Rup. + Maxim.) Maxim. (Araliaceae or Ginseng family), 
formerly known as Hedera senticosa and Acanthopanax 
senticosus, is commonly known as “Siberian Ginseng,” 
“Touch-me-not,” “Devil’s shrub,” “Eleutherococc,” and 
“Wild Pepper” (1). This plant, which has recently become 
an item for export from the People’s Republic of China, is 
most abundant in the Khabarovsk and Primorsk Districts 
of the Soviet Union, with a distribution extending to the 
middle Amur region in the North, Sakhalin Island and 
Japan in the East, and South Korea and the Chinese 
Provinces of Shansi and Hopei in the South (1, 2). E.  
senticosus has been used extensively in the Soviet Union 
as an “adaptogen” (3), defined by these authors (4) as a 
nontoxic substance with so-called “normalizing” actions 
on a wide range of physical, chemical, and biochemical 
parameters. The effects of E. senticosus, as well as those 


of other natural products for alleviating numerous path- 
ological changes when administered on a chronic basis, 
have been the subject of several recent reviews ( 2 , 5 7 1 .  


There have been numerous reports suggesting that 
crude, unfractionated E. senticosus per se has cytostatic 
activity as well as metastasis-preventing effects against the 
following systems: Walker 256 and Ehrlich ascites tumor 
cells (8), and SSK sarcoma (9), spontaneous tumors in 
AKR mice (lo), indole oil-induced leukemia ( l l ) ,  mam- 
mary tumors in C3H mice (12), as well as urethane-induced 
pulmonary tumors in CC57 mice (13). Moreover, the lit- 
erature also suggested that E. senticosus extracts when 
administered in combination with thiotepa (14, 151, cy- 
clophosphamide (14,16), hydrocortisone (17), 6-mercap- 
topurine (181, or rubomycin-C (19) had a potentiating or 
enhancing effect on the parent agent. These data suggested 
the importance in evaluating the possible effects of E. 
senticosus per se ,  and its ability to enhance the antiprol- 
iferative property of two established cytotoxic agents: 
cytarabine hydrochloride (I) and N6-(A2-isopentenyl)- 
adenosine hemihydrate (11). 


BACKGROUND 


Cytarabine (I), an important pyrimidine antimetabolite used in com- 
bination chemotherapy for the treatment of acute myelocytic leukemia 
(20-22), has the potential for the treatment of chronic myelocytic leu- 
kemia as well, when given with the deaminase-inhibitor, tetrahydrouri- 
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Table I-Antiproliferative Effects of E. senticosus Ext rac t s  Against L1210 Leukemia Cells 


Time, h 
48 72 - - 24 - 


Concentrationc, Inhibitiond, Inhibition, Inhibition, 
u d m L  Cells/mL x 10-5 % Cells/mL x 10-5 % Cells/mL x % 


0 
25 
50 


100 
200 
400 


18 f 1.0 
16 f 1.0 
9 f  1.5 
6 f 2.0 
7 f 1.0 
6 f 2.0 


0 
11 
50 
67 
61 
67 


38 f 2.0 
31 f 1.0 
23 f 2.0 
16 f 4.0 
18 f 2.0 
16 f 1.0 


0 
18 
39 
58 
5 3 
58 


44 f 2.0 
37 f 1.0 
24 f 2.0 
22 f 2.5 
23 f 1.0 
22 f 1.5 


0 
16 
39 
50 
48 
49 


a Each T-flask contained 5 mL of growth medium (RPMI-1640 plus 10% fetal calf serum) plus 1 X 16 L1210 leukemia cells. Incubations were conducted a t  37'c in 
a 5% carbon dioxide environment as described previously (43). * After added to culture medium. Aliquots (0.20 mI,) of each cell suspension were aseptically removed 
at the designated time for the determination of total and viable cell count (43). c Experiment8 conducted in triplicate were initiated (zero time) when lyophilized E.  senlicosus 
in RPMI 1640 without serum was added (0.14.2 mL) to each culture flask at the final designated concentrations. d Inhibition of L1210 proliferation was based on a comparison 
of treated cultures uersus untreated cells in control cultures. 


dine (23). In addition, ci-tarabine can he used in combination with other 
agents for the palliative treatment of large bowel and stomach cancer 
(22). 


The primary biochemical site of action for cytarabine following its 
enzymatic phosphorylation to cytosine arabinoside-5'-triphosphate is 
thought to occur as an inhibitor of DNA synthesis during the S-phase of 
mitosis (24, 25). It inhibits formation of new DNA replicons as well as 
chain elongation in cultured human lymphoblasts (26), and can be leth- 
ally incorporated into low molecular weight species of RNA in L5178Y 
mouse leukemia cells (27). 


Resistance to the antileukemic property of cytarabine has been at- 
tributed to diminished phosphokinase (28,29) and/or enhanced deami- 
nase activity (30-33). 
N6-(A2-Isopentenyl)adenosine (II), a nucleoside previously shown to 


he both an inhibitor of growth and cytotoxic to  human leukemic myelo- 
blast and Sarcoma-180 cells (34), and also found by Hare and Hacker (35) 
and also in several isoaccepting species of tRNA, is capable of interfering 
with the transport of unmodified nucleosides through the cytoplasmic 
membranes of mouse embryo cells a t  the level of the transmembrane 
translocation function. This inhibition of membrane transport is believed 
to be responsible for the ability of nucleoside I1 to alter RNA synthesis 
in phytohemagglutinin-stimulated mouse spleen lymphocytes as well 
as to be immunosuppressive in its nature (36). In the latter context, it has 
been possihle to prepare an antibody with serologic specificity for I1 (37). 
Previous studies by Hacker (38) have demonstrated that L1210 mouse 
leukemia cells do possess the necessary enzyme systems to phosphorylate 
I to the nucleotide level in uitro. It is not yet certain whether this bio- 
transformation is a prerequisite for its antileukemic property. 


Although I1 has antineoplastic and cytotoxic effects against leukemia 
cells when administered to humans, it is known to be susceptible to en- 
zyme degradation. Results obtained by Chassy and Suhadolnik (39) in- 
dicated that adenosine deaminase catalyzes conversion of 11 to inosine. 
Hall and Mintsioulis (40) reported that elevated adenosine deaminase 
activity in human blood significantly facilitates the degradation of 11. 
Chheda and Mittelman (41) have shown that the biological half-life of 
I1 after intravenous administration was 4 h. Compound I1 has also been 
prepared entrapped in a controlled-release polymeric delivery system 
using a silicone polymer monolithic disk to evaluate its relatively greater 
antineoplastic properties (42, 43). More recent studies by Hacker and 
Chang (44) using the adenosine deaminase inhibitor pentostatin, in 
combination with a silicone polymeric delivery system (45.46) have led 
to a system for potentiating and prolonging the cytotoxic effects of I1 
against 1,1210 leukemia cells in culture. 


EXPERIMENTAL 


The preparation of N6-(A2-isopentenyl)adenosine (i6A) (11) was con- 
ducted as described previously (35, 36,43). 1-@-D-Arabinofuranosylcy- 
tosine (cytarabine; Ara-C; NSC-63878) was supplied'. Aqueous extracts 
were prepared from E. senticosus roots by stirring for 10 min a t  60DC 
followed by filtration, freezing, and lyophilmtion, as previously described 
(47). 


L1210 lymphncytic leukemia cells were cultured to various densities 
as suspension cultures in fresh medium (RPMI-1640 plus L-glutamine 
and 10% fetal calf serum)2 in plastic tissue culture flasks3 a t  37°C in a 5% 


~~~~ ~ 


Natural. Products Br., DIV. of Cancer Treatment, National Cancer Institute, 
Bethebda. Md.; or Cytosar-U or cytarabine, The Upjohn Co., Kalamazoo, Mich. 


2 Grand Island Biological Co., Grand Island, N.Y. 
3 Corning; no. 25100. 


carbon dioxide atmosphere (38, 42,431. The  technique for monitoring 
the progress of cell cultures by an inverted microscope-video system and 
the determination of total cell count and cell viability have been described 
earlier (42-44). The number of viable and/or total cell number monitored 
at. various time periods before and during treatment was used as a mea- 
sure of cytostatic or cytotoxic activity and is reported as percent inhibi- 
tion in Tables I and 11. 


RESULTS AND DISCUSSION 


This investigation sought to establish whether an extract of E. senti- 
cosus [with so-called "adaptogen" (3) and broad antitumor properties 
(4-19)] has cytotoxic effects on L1210 murine leukemia cells alone and 
in combination with two nucleoside antimetabolites (I and 11) (20-44). 


Inhibition of cellular proliferation by E.  senticosus extract is seen to 
be concentration dependant between 25-100 Fg/mL for a period up to  
72 h following its addition to cultured L1210 leukemia cells (Table I). The 
magnitude of inhibition is greatest during the logarithmic or replicative 
phase of cellular growth, with diminished effects during the late-loga- 
rithmic and/or stationary stage. The  EDSO is -75 pg/mL. The maximal 
level of inhibition by E. senticosus extract alone is seen to occur at higher 
concentrations (200-400 pg/mL). The possibility exists that the crude 
extract of E. senticosus mag contain multiple components which act to  
antagonize or negate the antiproliferative effects that have been observed 
against 1,1210 cells (Table I). This may account in part for the plateauing 
effect observed. 


In those experiments where E. senticosus extracts were combined with 
I or I1 in varying concentrations, several salient features resulted (Table 
11). Nucleoside I (1 pg/mL) is equivalent in its antileukemic effect to 
nucleoside I1 (25 pg/mL) resulting in a 40% level of inhibition a t  those 
respective concentrations (Table 11). A combination of E. senticosus 


Table 11-Antiproliferative Effects o f  E. senticosus Extrac t  in 
Combination with M-(A2-Isopentenyl)adenosine (I) and  1- 
8-D-Arabinofuranosylcytosine (11) Against L1210 Cells 


Cytotoxicity Levelb (48 h) 
Change in Totalc 


Addition a t  Time Zero" Cells/mI, X Cell Number, % 
~ ~~ 


None 38 f 2.0 
E. senticosus (100 uelmL) 16 f 4.0 
E. senticosus (200 Li/mLj 
I (1 d m L )  
E. senticosus (200 ug/mL) 


18 f 2.0 
23 f 1.0 
10 f 2.0 


t I ( 1  pg/mL) - 


+ I1 (10 pg/mL) 


+ I1 (25 ue/mL) 


I1 (10 d m l )  
E. senticosus (100 WglrnL) 


32 f 1.0 
8 f 1.0 


23 f 1.0 I1 (25 kg/ml) 
E. senticosus (200 pg/mL) 0 


+53 
-58 
-53 
-40 
-74 


- 16 
-78 


-40 
-100 


Each T-flask contained 5 mL of growth medium (RPMI-1640 plus 10% fetal 
calf serum) plus 1 X 105 L1210 leukemia cells. The experiments were initiated (time 
zero) by the addition of each agent shown in RPMI-1650 without serum (0.05-0.10 
mL) with prior sterile filtration before introduct~on into thecell culture. Aliquots 
(0.20 mL) of each cell suspension were removed 72 h after the introduction of each 
a ent for the determination of cell number, viability, and HPLC analyses for N6- 
(&-isopenteny1)adenosine (I) and I-&D-arabinofuranosykytosine (11). Values 
reflect 3-5 individual determinations using duplicate cultures. c Change in total 
cell number ( W )  for control cultures (no addition) re resents increase in cell number 
(+ sign) compared with zero time. Inhibition in celrnumber (- sign) reflects cyto- 
toxicity compared with value for 48-h control cultures. 
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extract (100 pg/mL) and I1 (10 pg/mL) gave asimilar level of inhibition 
(74-78%) compared with the arithmetic sum of their individual effects 
when used separately. Again, the most effective concentrations of E. 
senticosus extract appear to be in the 50-100pg/mL range. Doubling the 
concentration of E. senticosus extract (200 pg/mL) in the presence of 
nucleoside I1 (25 pg/mL) resulted in an overall level of inhibition di- 
minished by 2070 when compared with the sum of their individual effects 
against L1210 cells. Again, this confirms our earlier suggestion that crude 
extracts of E. senticosus could contain components that  interfere with 
its antiproliferative and “adaptogen” types of activity. 


A combination of nucleoside I (1 pg/mL) plus E. senticosus extract 
(200 pg/mL), in contrast to the previous results, clearly resulted in a 
mutually additive antiproliferative effect on cultured L1210 cells. No 
synergistic effect was observed in the present investigation. 
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Abstract 0 The oil-in-water (o/w) emulsion-type ointment was prepared with 
food additives containing diclofenac sodium. The oil phase and the emulsifier 
used were I .2,3-propanetriyl trioctanoate (caprylic acid glyceryl ester) and 
sugar wax, and sugar ester, respectively. The emulsion stability of the o/w 
emulsion-type ointment as well as the diclofenac sodium release profile were 
investigated and compared with those from conventional ointments. The 
emulsion stability was evaluated in terms of the viscosity of the emulsion 
product, the particle size distribution of oil droplets, and the zeta potential 
of the droplets. It was found that sugar esters have excellent properties as 
emulsifiers, based on the results of viscosity and zeta potential measurements. 
The in vitro release test revealcd that the amount of diclofenac sodium released 
from o/w emulsion-type ointment was greater than from the hydrophilic and 
absorptive ointments. Accordingly, it was concluded that o/w emulsion-type 
bases are suitable for pharmaceutical use in  ointment products. 


Keyphrases 0 Diclofenac sodium-release from various topical ointment 
bases, oil-in-water emulsions. physicopharmaceutical characteristics 0 Oil- 
in-water emulsions-usc as a topical ointment base for diclofenac sodium, 
release rate, physicopharmaceutical characteristics 0 Ointment bases-oil- 
in-water emulsions. topical release of diclofcnac sodium, physicopharma- 
ceutical characteristics 


In  developing procedures for the design of pharmaceutical 
products, it is necessary to consider the bioavailability and 
safety of both the drugs and bases. Potent steroidal agents, 
which have substantial anti-inflammatory properties, have been 
used for external application for a long time. However, these 
steroidal agents have side effects ( I ) ,  which were found to be 
directly dependent on thc amount of drug applied to the skin. 
Therefore, various nonsteroidal agcnts (2. 3) have been de- 
veloped recently to replace the steroidal agents. 


Diclofenac sodium is a potent nonsteroidal anti-inflam- 
matory agent, which has been limited to oral (4) and rectal 
administrations (5). In  this investigation, diclofenac sodium 
was selected for topical application because no toxicity or 
topical irritation has been reported. 


Although reports on ointment application have been pub- 
lished (6 -8 ) .  few have dcalt with the selection of optimum 
conditions for the preparation of the ointment. Oil-in-water 
(o/w) emulsion-type ointment bases offer many advantages 
over other preparations (9): they permit incorporation of 
aqueous and oleaginous ingredients, they allow a greater re- 
lease of many incorporated medicaments, and their rheological 


properties can be controlled easily. Therefore, the selection of 
oil base and emulsifier is one of the most important factors in 
the preparation of o/w emulsion-type bases. 


1,2,3-Propanetriyl trioctanoate (caprylic acid glyceryl ester, 
I) a medium-chain triglyceride, and sugar wax were chosen 
as the oil phase, since the combination is very stable, solubilizes 
various drugs, is nontoxic, and does not irritate the human skin 
(10). Sugar ester is a nontoxic, tasteless, odorless, and nonir- 
ritative sucrose fatty acid ester (1 1). Because it is widely and 
safely used in  food (1 2), cosmetic (1 3), and pharmaceutical 
fields (14), it was selected as an emulsifier in this investigation. 
It is available in a wide range of hydrophilic-lipophilic bal- 
ances (HLB) from oil to water soluble and has excellent 
emulsifying and dispersing abilities. Furthermore, Nobile er 
al. conducted standard tests with the sugar ester, and they 
reported no irritation to the human skin ( I  1). 


Various methods have been reported for the examination 
of drug release from ointment (1 5-  17); however, no unified 
and simplified method has yet been established. In view of the 


I -7 
FiEure 1 -Cross-sectional diagram of the drug release apparatus. Key: (A )  
thermostat equipment; (B)  releasing fluid glass vessel; IC) inner cylindrical 
cell; (DI metal dish; (E)  membrane; (F) metallic net; (CJ releasingfluid; ( H )  
thermometer; ( I )  stirring bar: (J )  stopper; ( K )  cover. 
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Table I-The Constituents of the Hydrophilic and Absorptive Ointments 


H ydrophilic Absorptive 
Ointment Ointment 


White petrolatum 250.00 g White petrolatum 400 g 


Propylene glycol 120.00 g Sorbitan sesquioleate 50 g 
Sodium lauryl 15.00 g Polyoxyethylene lauryl 5 g  


Methylparaben 0.25 g Methylparaben I g  
Propylparaben 0.15 g Prop lparaben I g  


Volume IOOOg Volume 1000 g 


aforementioned considerations, the o/w-type emulsion, which 
is a dispersion of microscopic oil droplets in a water phase, 
seems to be one of the most promising as an ointment base. The 
purpose of this work was to investigate the effects of surfactant 
and oil base on the physicochemical properties of ointment 
bases. In addition, the emulsion stability of the ointment base 
was evaluated in terms of ( a )  the viscosity of the emulsion 
product, ( b )  the particle diameter and distribution of oil 
droplets, and ( c )  the zeta potential of the droplets. The diclo- 
fenac sodium release profile from an o/w emulsion-type 
ointment was investigated and compared with those from 
conventional ointments. 


Stearyl alcohol 220.00 g Cetyl alcohol 180g 


sulfate alcohol ether 


Purified water 395.00 g Purlled water 363 g 


EXPERIMENTAL 


Materials- Diclofenac sodium1 was recrystallized twice from water, with 
a melting range of 283-285°C. Sugar wax2 and 1.2.3-propanetriyl trioctanoate 
(I ,  caprylic acid glyceryl e ~ t e r ) ~  were the dispersed phases. 


Sugar wax is a sugar ester compound prepared from sucrose and palmitic 
acid or stearic acid. The average number of fatty acid molecules incorporated 
is 6.0, and its hydroxyl value and melting point are in the ranges of 80-130 
and 60-66"C, respectively. Compound I is the triglyceride of caprylic acid 
and has the following properties: a saponification value of -340-360, an acid 
value of <O. I ,  an iodine number of <1.0, and a hydroxyl value of <0.5. 


The emulsifier used was sugar estefl of commercial grade, which is a non- 
ionic surface-active agent synthesized from sucrose and palmitic acid or stearic 
acid. The average number of fatty acid molecules incorporated is 1.7. The 
content of dimethylformamide, arsenic, and heavy metals in sugar ester are 
very low as compared with those allowed by the Japanese Standard of Food 
Additives. Therefore, sugar ester is absolutely safe as a food, cosmetic, and/or 
pharmaceutical additive. 


Preparation of o/w Emulsion-Type Ointment-The agitator used was a 
homomixer5 which has two different blades: a homomixer and a paddle- 
mixer. 


Diclofenac sodium was dissolved in the oil phase, the solution was kept a t  
80°C in the tank, and water preheated to 80°C was added. Theconcentration 
of diclofenac sodium in the ointment was always kept constant at 3.0% in all 
experiments. 


The oil and water were vigorously stirred by both the homomixer and the 
paddlemixer at 80°C for 10 min. The speed of the homomixer was kept con- 
stant throughout the emulsification. The water-in-oil emulsion at 80°C was 
cooled quickly with ice water and then inverted to an o/w-type emulsion at  
55°C. After this temperature was attained, the emulsion was stirred with the 
paddlemixer alone and gradually cooled to 20°C. The air bubbles trapped in 
the ointment were removed completely with a vacuum pump during the cooling 
process. 


The conventional ointment bases used were commercial-grade hydrophilic 
ointment6 and absorptive ointment6. The compositions of these ointments are 
shown in Table 1. 


Measurement of the Pbysicochemical Properties of Ointment Bases- 
The stability of an emulsion as an ointment base was evaluated by measuring 
such physicochemical properties as viscosity, particle size, and zeta potential 
(18). The rheological properties were measured with a rheometer' under a 


' Hamari Pharmaceutical Inds.. Ltd.. Osaka, Japan. 
S-IOE Dai-ichi Kogyo Seiyaku Co.. Ltd., Kyoto, Japan. 
Panacete 800, Nippon Oil and Fats Co.. Ltd., Tokoyo. Japan. 
S-SO; Dai-ichi Kogyo Seiyaku Co.. Ltd., Kyoto, Japan. 
Model M: Tokushu Kika Kogyo Co.. Ltd., Osaka, Japan. 
JP X; Toho Yakuhin Co., Ltd.. Tokyo, Japan. ' Model RM-I; Shimadru Seisakusho Ltd., Kyoto, Japan. 
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Figure 2-Effeci ofrpm of the homomixer on pariicle diamerer distrihuiion 
of the o/w emuhion-iype oinrmeni. Key: (0) 3000 rpm; ( A )  6000 rpm; (0) 
10,OOO rpm. 


shear rate of 7.5-75 s-* at  20 f 0.1"C. The particle size distribution and the 
mean diameter of oil droplets were measured with a particle countefl. The 
zeta potential of oil droplets was obtained with the laser system9. A 0.1-g 
volume of o/w emulsion-type ointment was diluted with 50 mL of distilled 
water, and the zeta potential was measured at 20.0"C. 


In addition, the o/w emulsion-type ointment was sealed in a calibrated glass 
tube and stored in a constant-temperature water bath at 40 f 0.1"C. The 
flocculate depth and viscosity of the ointment were measured periodically to 
evaluate its emulsion stability. A short description of these procedures for 
evaluation of emulsion stability were given in a previous paper (19). 


Release of Diclofenac Sodium from the Ointment-The apparatus used for 
studying the drug released from the ointment is a modification of a common 
dissolution test instrumentlo (20) and is shown in Fig. 1. It consists of a metal 
dish (25 mm o.d., depth 6 mm), which floats on thesurfaceofdistilled water 
in an inner cylindrical cell. The bottom end of the inner cylindrical cell is 
covered with a membrane". The distilled water (300 mL) was stirred at  100 
rpm with a polytef-coated magnetic stirring bar placed at  the bottom of the 
sink. The external chamber was immersed in a constant-temperature water 
bath maintained at 37 f 0.I"C. 


The release of the drug from various o/w emulsion-type ointment bases was 
examined. After reaching the required equilibrium temperature, 2.5 g of the 
ointment was placed on the bottom surface of the metal dish. This allowed 
direct contact of the donor ointment with the releasing liquid. Three-milliliter 
samples were withdrawn from the sink nine times over a 120-min period. The 
receptor phase volume was kept constant through the release run by replacing 
the removed sample with an equal volume of distilled water. The drug con- 
centration was determined with a UV spectrometerI2 at a wavelength of 267 
nm (21). 


In the cases of the hydrophilic and absorptive ointments, diclofenac sodium 
powder that had been sieved through I 50-200-mesh screens was mixed with 
molten base. The whole base was agitated at 50°C for 10 min until the solid 
diclofenac sodium melted completely in the base, then the ointment was cooled 
to 20°C. Thc drug release from the bases was examined in the same manner 
as  in the case of the o/w emulsion-type ointment. The measurements were 
repeated five times, and the mean value of drug release concentration was 
calculated in all experimcnts. 


RESULTS AND DISCUSSION 


Selection of Optimum Conditions for Preparation of the o/w Emulsion-Type 
Ointment-The effect of impeller speed of the homomixer on the particle size 
distribution of the o/w emulsion-type ointment is shown in Fig. 2. In this case, 


Model ZB; Coulter Electronics Inc. Hialeah. Fla. 
Law-Zee, Model 500;  Pen Kern Inc.. New York. 


lo Model TMS-103: Toyama Sangyo Co., Ltd., Osaka. Japan. 
' I  SSWP04700: Millipore Co.. Milford, Mass. 
l 2  Model 200-20; Hitachi Ltd.. Tokyo, Japan. 
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Figure 3-Plot of viscosity andparticle diameter versus weight 
fraction of sugar wax in the oil phase. Key: (0) viscosity; (a) 
particle diameter. Concentration of oil phase, 42%; concen- 
tration of emulsifier. 15%; revolution raie of homomixer, 
10,OOO rpm. The rate of shear and iemperature in the mea- 
surement of viscosity were 7.5 s-'  and 20.0'C; the time of 
shear application was 30 s. 
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WEIGHT FRACTION OF THE SUGAR 
WAX IN THE OIL PHASE 


the revolution rate of the paddlemixer was kept constant a t  70 rpm. A sig- 
nificant effect of the difference in impeller speed was found on the size dis- 
tribution curve. A narrower size distribution and a smaller standard deviation 
were observed with increase of the revolution rate of the homomixer. The mean 
diameters were 3.51 f 1.91,2.3 1 f I .  18, and 1.93 f 0.89 p m  at  3000,6000, 
and 10,OOO rpm, respectively. As is evident in Fig. 2, the revolution rate of the 
homomixer is a very important dynamic factor in the preparation of a stable 
emulsion. Hence, it was kept constant a t  10,000 rpm in all subsequent ex- 
periments. 


Figure 3 shows the effect of the weight fraction of sugar wax in the oil phase 
on the viscosity and the particle size of the o/w emulsion-type ointment. The 
shear rate in the measurement of viscosity was 7.5 s-I. It is obvious in this 
curve that the viscosity is remarkably increased with the increase of the weight 
fraction of sugar wax. This is also associated with a slight increase in the mean 
diameter of the droplet. This phenomenon would probably be due to complex 
formation between the crystallized sugar wax molecule and the emulsifier 
molecule on the surface of droplets during the cooling process of emulsification. 
Therefore, the o/w emulsion-type ointment would be sufficiently stable due 
to its high viscosity, which prevents flocculation and coalescence. 


The zeta potential is a controlling parameter in the emulsion stability. 
Changes in the zeta potential with the weight fraction of sugar wax in the oil 
phase of the emulsion are shown in Fig. 4. The zeta potential of emulsion 
droplets was -38 mV when the oil phase of emulsion consisted of I alone. The 
value of the zeta potential gradually decreased with increase of the weight 
fraction of sugar wax in the oil phase of the emulsion. The minimum in this 
curve appears a t  a weight fraction of 4 . 5 .  After the minimum, the curve 
increases rather rapidly with the increase in  the sugar wax concentration. If 
the oil phase consists of equal parts of sugar wax and I, there probably exists 


WEIGHT FRACTION OF THE SUGAR 
WAX IN THE OIL PHASE 


a stable electric double layer on the surface of each droplet in the emulsion. 
These emulsions are semisolid a t  room temperature, however, and it seems 
that the high viscosity is a more important factor in preventing coalescence 
than the high zeta potential. Based on the results shown in Figs. 3 and 4, a 
weight fraction of 0.5 of sugar wax in the oil phase was used in all subsequent 
experiments. 


Figure 5 shows the effect of emulsifier concentration on the viscosity of the 
o/w emulsion-type ointment. The shear rate in the measurement of viscosity 
was 7.5 s-I. As the emulsifier concentration increased, the viscosity of the 
ointment increased linearly on a semilogarithmic plot a t  all concentrations 
of the oil phase studied. The viscosity of the ointment base was strongly af- 
fected by the concentration of sugar ester as an emulsifier. The emulsion 
prepared with sugar ester presumably has a stable gel structure around each 
droplet surface, because the globule surfaces of the oil may adsorb and con- 
sequently be stabilized by many sugar ester molecules. The viscosity of the 
emulsion increased remarkably with the increase of the oil concentration a t  
all emulsifier concentrations. The reason for this result could be that as the 
concentration of the dispersed phase increases, the interaction between oil 
droplets also increases due to their closer approach in the continuous phase. 
This will lead to the eventual overlapping of the stream lines surrounding the 
individual droplets. At this stage, the overall viscosity is no longer the sum of 
the effects of the individual droplets. In highly concentrated emulsions, small 
increments in oil concentration produce large increases in relative vis- 
cosity. 


When comparing the flow behavior of emulsions prepared using two or more 
different concentrations of emulsifier and/or oil phase, their viscosity should 
be measured over a wide range of shear rates. Rheograms of the ointment base 
prepared with four different concentrations of the emulsifier are shown in Fig. 
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Figure 4-Plot of zeia potential versus weight fraction of sugar wax 
in the oil phase. The temperaiure in the measurement of zeta potential 
was 20.0"C. 
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6. The curves show the relationship between viscosity and shear rate. As is 
evident in Fig. 6, it is not a horizontal relationship: the viscosity decreased 
markedly at first and then monotonically with an increase in shear rate. When 
a low steady shear was applied to the concentrated emulsion, it was often found 
that a steady stress did not develop instantly. This phenomenon is known as 
trixotropy. A hysteresis effect appears in  all thixotropic ointment bases, as 
shown in Fig. 6. 


The thixotropic behavior of an emulsion-type ointment base is of primary 
importance in pharmaceutical systems. Thus. it plays an important role in the 
mixing and flow of materials, their packaging into containers, physical sta- 
bility, and even patient acceptability. Furthermore, the thixotropic property 
of a semisolid ointment base may affect the absorption rate of drugs through 
the skin as well as their biological availability. On the basis of the results shown 
in Figs. 5 and 6, it is possible to prepare ointments which have desirable r h e  
ological properties by controlling the amount of additives such as sugar wax, 
I ,  and sugar ester. 


In Vitro Drug Release Profiles from the Emulsion-Type Ointment-The 
equation for the release rate of drugs from an ointment base was derived by 
T. Higuchi (22), and subsequently, W. Higuchi (23) simplified the equation 
to: 


Q = 2C',,(Dr/a)'/2 (Eq. 1) 


where Q is the amount of drug released to the skin at time I per unit area of 
contact (mg/m2). CO is the initial concentration of drug in the vehicle 
(mg/m3), and D is the diffusion coefficient of drug in the vehicle (m2/s). re- 
spectively. The release characteristic of diclofcnac sodium from various o/w 
emulsion-type ointment bases over a 120-min period is illustrated in Fig. 7. 
The curve does not start at the origin, but has a short lag time. The experi- 
mental data were fairly well approximated by a straight line within I20 min 
when the amount of diclofenac sodium released was plotted against the square 
root of time. As shown in Fig. 7, the amount of drug released is indirectly re- 
lated to the amount of oil phase in  the ointment. 


In general, the drug release from an emulsion base occurs in two steps: ( a )  
transport of the drug dissolved in droplets of oil to the aqueous medium and 
( 6 )  transport of the drug in the continuous aqueous phase across the mem- 
brane. In this o/w emulsion-type ointment, the amount of drug released could 
be controlled and the release prolonged by increasing the concentration of 
dispersed phase which, in turn, may affect the rate of transfer of the drug 
molecule from the oil droplets to the aqueous medium, the rate-limiting step 
for the release. 


Figure 8 shows the release profiles of diclofenac sodium from o/w emul- 
sion-type, hydrophilic, and absorptive ointments. The release rate was found 


Figure 5-Semilogarithmic plor of viscosity versus concentration of 
emulsifier. Key: concentration of oil phase (0)  30%; (A) 34%; (0 )  
38%; and (0) 42%. The rate of shear and temperature in  the mea- 
surement of viscosity were 7.5 s- '  and 20.0°C; the time ofshear ap- 
plication was 30 s. 


18 


to decrease in the order o/w emulsion-type ointment > absorptive ointment 
> hydrophilic ointment. Comparison of Fig. 7 with Fig. 8 reveals that the 
amounts of drug released from all o/w emulsion-type ointments are larger 
than from the hydrophilic ointment. This indicates that the o/w emulsion-type 
base prepared in this experiment has excellent properties as compared with 
the commercial grade hydrophilic ointment, and it appears to be very suitable 
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SHEAR RATE, s -' 
Figure 6- Plot of oiscosiry against rate of shear. Key: concentration of 
emulsifier (0) 9%; (A) 12%; ( 0 )  15%; and (a) 18%. Concentration of oil 
phase was 42%. The temperature in the measurement of ciscosiry was 2O.O"C; 
the toral time of shear application was 330 s. 
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for use as an ointment base. In this release exeriment, dissolution of the base 
itself into the aqueous phase is not a serious problem within 120 min from 
initiation. 


Evaluation of Emulsion Stability in Three Different Ointment Bases-The 
emulsion stability of the ointment base was evaluated in terms of visual ob- 
servation and the rheology of the emulsion product. Here, 3% diclofenac so- 
dium was admixed with each of the three different bases: hydrophilic. ab- 
sorptive, and o/w emulsion-type ointments. Gross visual analysis was used 
to observe flocculation and creaming of the emulsions stored at  a constant 
temperature of 40 f 0.1"C after preparation. This analysis utilized three 
15-mL calibrated glass tubes to observe each of the emulsions over a 30-d 
period. 


In the hydrophilic ointment, a separated water phase was observed after 
10 d. A flocculated oil layer appeared on the top of emulsion of absorptive 
ointment after 3 d only. However, no significant change was detected at  all 
in the o/w emulsion-type ointment over a 50-d period. Accordingly, the o/w 
emulsion-type ointment including 3% diclofenac sodium is considered to be 
more stable than the other ointments, even if it is stored at  room temperature 
for a long period. 


The viscosity of each ointment stored at 40 f 0.1"C was measured peri- 
odically with a rheometer over a 14-d period. Figure 9 illustrates the change 
in relative viscosity of ointment with storage time. Here, the relative viscosity, 
qrcl, was determined according to the equation: 


Vrsl = t / V O  


lo 8 f 


Figure 1-Diclofenac sodium release from various ofw emulsion- 
type ointments. Key: concentration of oil phase (0) 30%; (A) 34%: 
(0)  38%; and (e) 42%. 


12 


where q is the viscosity at each storage time and 70 at the initiation, respec- 
tively. 


In the cases of the hydrophilic and absorptive ointments, the relative vis- 
cosity decreased markedly with the increase in time. The viscosity of the ab- 
sorptive ointment could not be determined by this rheological method after 
7 d because of the appearance of separated oil phase on the surface of the 
emulsion. On the other hand, no significant change was found in the viscosity 
of o/w emulsion-type ointment over a 50-d period. Furthermore, it was con- 
firmed that the other physicochemical properties such as melting range, 
blooming. and deposition of drug crystals were almost unchanged with this 
base after 50 d at  4OOC. 


CONCLUSIONS 


On the basis of physicochemical tests, it seems that the oil phase in the 
emulsion base consisting of 50 parts each of sugar wax and I shows excellent 
stability. From the results of viscosity and zeta potential measurements, sugar 
ester in the region of 9-18% was found to have excellent properties as an 
emulsifier, and it appears to be very suitable for use as an ingredient in 
emulsion-type ointment bases. The in vitro release test reveals that the amount 
of diclofenac sodium released from the o/w emulsion-type ointment was 
greater than that from the hydrophilic and absorptive ointments. The o/w 
emulsion-type ointment containing 3% diclofenac sodium appears to be better 
than conventional ointments, as indicated by visual observations and viscosity 
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Figure 8-Plot of diclofenac sodium released versus the square root 
of time. Key: (0) ofw emulsion-type ointment (concentration of oil 
phase was 30%); ( A )  hydrophilic ointment; (0) absorptive oint- 
ment. 
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Figure 9--Change of (he oiscosity of the ointment with storage time. Key: 
( O /  o/w emulsion-type ointment; (A) hydrophilic oinrment; (01 ahsorptioe 
ointment. The oinrnienrs were stored at 40°C. The reniperalure in the mea- 
surement of riscosity was 20.0"C; the time of shear application was 30 s. 


measurements of the base over a 50-d experimental period at 4OOC. Finally, 
the aforementioned properties suggest that these o/w-type emulsions prepared 
with sugar ester, I ,  sugar wax, and distilled watcr are suitable for the phar- 
macuetical preparation of ointments for clinical use. Future inwtigations 
will evaluate the effect of physica-hemical properties of the o/w emulsion-type 
ointment on the indices of bioavailability through in oioo percutaneous ab- 
sorption. 


NOTES 
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Abstract 0 A modified analytical method was developed which can accurately 
quantitate calcium gluconate and its pharmaceutical preparations in the 
presence of  other calcium compounds or other cations able to complex with 
EDTA. The m e t h d  was based on t h e  principle  of [he ~ ~ l ~ ~ ~ ~ d ~  


according to which gluconic  acid is selectively and q u a n t i t a t i v e l y  
oidi7ed by 
from t h e  proceeded 
ill 50°C for 10 min, yielding -100% recovery of calcium gluconate. The 


proposed method was accurate, precise, and superior to the compendia 
EDTA -complexomctric method in terms of specificity. 


Keyphrases 0 Calcium gluconate- -determination by selectivcoxidation with 
periodate. quantitation, Malaprade reaction CI Pcr/odate -selective oxidation. 
determinqtion of  calcium gluconate. quantitation, Malaprade reaclion 
Mvilnpradc reaction -determination of calcium gluconate with se lcchc  ox- 
ida t ion  by p e r i c ~ a l c . q u a n t i t a t i o n  


The content orcalcium gluconate wds 
of gluconic acid found. ~h~ Selective 


The EDTA-complcxometric titration for the detcrrnination 
of calcium gluconatc ( I )  and its pharmaceutical formulations 
is most commonly adopted by many current national phar- 


macopoeias ( 1  -6) .  However, it is known that the official 
compcndia method is only suitable for dctermining a sample 
of I which does not contain othcr calcium compounds or othcr 
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i hiit thc fitting is complicated by the fact that Ale is also dependent on k l ~ .  
,ilthough far less markedly than AEB.  


We have chosen not to attempt such pharmacokinetic modeling at  the 
prcscnt time. not only because of the incompleteness of our data but because 
additional analyses of the effects of nonuniform bile flow rate should be un-  
dcrtakcn. It certainly appears that the primary effect of nonuniform bile flow 
ratcs is on A.IE and that our treatment of this effect describes the data. How- 
cvcr. there are secondary effects which should also be addressed. 


One example would be the effect of bile flow rate on the thickness of the 
diffusion layer adjacent to the bile canalicular membrane, which represents 
an additional barrier to the transport between the hepatocyte and intrahepatic 
bile. The diffusion layer thickness within a cylindrical tube is discussed by 
Levich ( I  1 )  and it can be shown that 6avo- t /3  (9), where 6 is the diffusion 
layer thickness and vo is the maximum flow velocity a t  the axis of the tube. 
For a nonelastic tube of constant radius, vo is directly proportional to the flow 
rate, Qb. Thus. passive diffusion between the hepatocyte and the canaliculi 
would proceed at  a rate proportional to Qe1l3 .  


Nonuniform bile flow rates result in  nonuniform hydrostatic pressure within 
the canaliculi ( I  2), which, in turn, could affect the effective diameter of any 
pores existing in the canalicular membrane. I f  the transport between hepa- 
tocyte and intrahepatic bile involves pore filtration ( 1  2). then this secondary 
effect of nonuniform bile flow rates could become important. The relationship 
between pore size and pore filtration rate is discussed by Lakshminarayanaiah 
( 1  3). 


Lightfoot (14) discusses flow through elastic ducts and indirectly indicates 
the effect that flow rate might have on the rate of transport across the duct 
wall. It could also be pointed out that the elution approach discussed above 
is quantitatively correct only if  there is perfect mixing within the intrahepatic 
bile compartment. 


All of the secondary points mentioned above suggest that further analysis 
is required before biliary excretion data can be used to accurately describe 
a model for hepatobiliary uptake and elimination. However, if the objective 
is merely to use biliary excretion data to support a crude model which could 
be used for prcdictive (i.e., dosing) purposes, then our treatment of nonuniform 
bile flow rate should be of some value. 


Lastly, it should be noted that the elution approach discussed abovecould 
possibly be applied to other flow rate-dependent physiological processes. 
Whereas the effects of blood flow rate have received considerable attention 


in the pharmacokinetic literature, the effects of nonuniform flow rates on 
elimination via urine, milk, saliva, lacrimal fluid, etc. should account for some 
of the fluctuation or scatter frequently observed in  that type ofdata. 
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Abstract 0 A radiotelemetric method for the in vivo evaluation of enteric 
coating performance is described, and its advantages and disadvantages are 
compared with those of other available methods. Hydroxypropyl methylcel- 
lulose phthalate was used as the test enteric coating. Four dogs were admin- 
istered several batches of enteric-coated tablets containing buffers. Tablet 
disintegration was determined by radiotelemetric detection of the pH drop 
in  the upper intestine due to release of the buffer. Premature rupture of the 
coating in the stomach was detected by a rise. and then a fall in gastric pH prior 
to gastric emptying. The average gastric emptying time was 80 f 18 min 
( S E M ) .  while the average time for a tablet to disintegrate in the upper in- 
testine was 14.2 f 2 min. The average disintegration time was not affected 
by a change in the batch (for a given tablet core pH) or the dog used, 


suggesting that the method yielded readily reproducible results. Although 
there was little correlation with in oitro disintegration times, the method gave 
results similar to those reported in the literature for the same enteric coating 
in a human study. Of the formulations tested, it was concluded that buffering 
the core to pH 4 was most suitable for studying enteric coating perfor- 
mance. 


Keyphrases 0 Enteric coating-in vioo disintegration, radiotelemetry, hy- 
droxypropyl methylcellulose phthalate 0 Hydroxypropyl methylcellulose 
phthalate-in vivo disintegration, tablet coating, radiotelemetry 0 Radi- 
otelemetry-in oivo disintegration, hydroxypropyl methylcellulose phthalate 
tablet coating 


Enteric coating of dosage forms has been used in several 
ways to improve drug delivery. For example, the bioavailability 
of acid-labile drugs such as erythromycin can be improved by 
avoiding exposure of the drug to the gastric contents ( 1 ) .  A 
second reason for using an enteric coating is to avoid gastric 
irritation caused by drugs such as aspirin (2). Enteric coating 


has also been used to delay the release of a drug taken at bed- 
time with the aim of ensuring therapeutic blood levels when 
the patient awakes (3). 


Several methods are available for evaluating enteric coat- 
ings. A widely used in oitro test is the USP disintegration test 
for enteric-coated tablets (4). In oioo methods of following the 
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thread 


/A tablet 


Heidelberg 
capsule 


I 


pH electrode 


Figure 1-Schematic for attachment of the enteric-coaled tabler to the 
Heidelberg pH detector capsule. 


fate of dosage forms in the GI tract utilize techniques such as 
endoscopy (S), X-rays (3, 6), external scintigraphy (7-9), 
whole body scintillometry (10, 1 I ) ,  or a combination of these 
techniques (1 2). Pharmacokinetic data (1 3, 14) can also be 
used to estimate release times for enteric-coated products. The 
USP and similar in oirro tests have been compared with in oiuo 
methods in several reports (3,6, 15). Results indicate that in 
oitro tests tend to underestimate the disintegration time in the 
human GI tract. However, they provide an inexpensive and 
convenient way of screening the performance of the enteric 
coating. In oiuo techniques have various advantages and dis- 
advantages. The most obvious advantage is that the coating 
is tested under the actual conditions of use. Endoscopic, X-ray, 
and scintigraphic techniques have the added attraction of 
providing visual information. For endoscopy and X-ray tech- 
niques, data are collected at intervals rather than continuously, 
so exact gastric emptying and disintegration times cannot be 
obtained. With X-ray, scintillometry, and external scintigra- 
phy, care must be taken to minimize exposure of the subject 
to radiation, although this is less of a problem in the latter 
cases. All the techniques for in oioo studies described above 
require either a skillful technical staff, expensive equipment, 
or both. Pharmacokinetic analyses of blood levels or urinary 
excretion data do not necessitate exposure to radiation, but 
there is the disadvantage of being unable to distinguish long 
gastric emptying times from slow enteric-coat dissolution 
times. 


In the current report, a radiotelemetric method for the in 
oioo evaluation of enteric coatings is described, and its ad- 
vantages and disadvantages are compared with those of other 
available methods. 


EXPERIMENTAL SECTION 


Tablets-Appropriate ratios of citric acid to citrate were chosen to for- 
mulate buffered tablet cores at pH 3,4. and 5. The pH values were chosen so 
that disintegration/dissolution of the tablet in the upper intestine would 
produce an easily detectable pH drop (typically from pH 2 6  to the pH of the 
tablet buffers). In  addition, if the coating failed, causing release of the buffers 
in  the stomach, there would be a detectable upward shift in the gastric pH. 
The formula for pH 4 tablets is as follows: disodium citrate', 396 mg; citric 
acid2, 144 mg; microcrystalline cellulose NF  (PH I O I ) ) ,  100 mg; modified 
cellulose gum4, 64 mg; and lubricant5, 14 mg. 


After passing all the powders, except the lubricant, through a 40-mesh 


Table I-Times for Onset of Disintegration of Enteric-Coated Buffered 
Tablets After Leaving the Stomach 


Time for Onset, Min 
Mean 


Batch Dog62 Dog72 Dog73 Dog74 f SEM 


"1 8391257 35 12 - b  35 27.5 f 7.5 


1941080 20 10 13 I I  13.5 f 2.3 
1941128 24 8 13 25 17.5 f 4.2 


8 - C 40 12.5 f 4.2 


- a  


6 
18 5 5 n 


"1 :9/096 


- a  10 
194/101 16 18 12 - b  15.3 f 1.7 


"1 :4/029 5 2 4 4 3.8 & 0.6 
M e a n f S E M  17 .7 f3 .9  9 f 1 . 9  9 . 5 f 1 . 6  20 .5f6 .1  1 4 . 2 f 2  


Statistical Analysis 


Between dons NS D < 0.05 
Treatment ANOV A Bartlett's Test 


Between pHYvalues p < 0.05 p < 0.05 
Between batches at pH 3 N S  N S  


a Failed in stomach. Not rested. C Disintegration not observed 


screen, they were mixed together and then wet granulated with a 50:50 mixture 
of ethanol-methylene chloride in a planetary blendeP. The granules were dried 
at  55OC for 2 h, and the lubricant was added. Tablets weighing720 mg were 
compressed using a single-punch tablet press'. The tablets were coated with 
hydroxypropyl methylcellulose phthalate8 in a small laboratory pan coater. 
Other batches were prepared using the method outlined. To obtain a pH 3 
buffering system, 192 mg of citric acid and 70 mg of sodium citrate9 per tablet 
were used. For pH 5, the amounts were 64 mg and 290 mg, respectively. 
Coating weights varied from 20 to 34 mg per tablet, depending on the 
batch. 


In Vitro Disintegration Test-The USP disintegration test (4) for en- 
teric-coated tablets was used to determine the in vitro disintegration time for 
each batch. Enzymes were omitted from the disintegration media; otherwise. 
the method was followed as described. Disintegration time was recorded as 
the time required, after transfer to simulated intestinal fluid, for all material 
to pass through the screen. 


Animals-Four healthy male beagle dogs, ranging in weight from 10.6 to 
17.3 kg, were selected for study. Before each experiment, the dogs were fasted 
for 24 h. Control GI pH profiles were obtained by administering a calibrated 
Heidelberg capsulelo followed by 20 mL of water. The control profiles were 
used for comparison with profiles obtained after administering the enteric- 
coated tablets. 


Radiotelemetric Technique-For each experiment, a Heidelberg capsule 
was calibrated using pH 1 and pH 7 standard buffer solutions. The enteric- 
coated tablet was then attached to the capsule with thread and acrylic glue 
(see Fig. I ) .  An antenna was strapped around the midriff of the dog to detect 
output from the Heidelberg capsule. The capsule-tablet combination was 
administered followed by 20 mL water. and the pH was continuously moni- 
tored using the radiotelemetric systemlo for a 6-h period. Important param- 
eters such as baseline gastric pH, gastric emptying time, intestinal pH sub- 
sequent to gastric emptying, and time of onset of core disintegration were 
determined by analyzing the pH-time profile. 


Statistical Analysis-The following statistical tests were applied to the 
data: 


I .  Linear regression to determine the degree of correlation between gastric 
emptying time and disintegration time, and between in oivo and in oitro dis- 
integration time; 


2. Analysis of variance to assess dog-to-dog. pH-to-pH. and batch-to-batch 
variation in  the time of onset of disintegration in vioo; 


3. Bartlett's test to analyze scatter differences between different groups 
of data in the in uivo tests. 


RESULTS AND DISCUSSION 


Performance of an enteric coating is evaluated by interpreting the pH profile 
generated by the radiotelemetric technique. Figure 2A shows a typical pH 
profile of the canine GI tract following administration of a Heidelberg capsule 


I Fluka AG. * Fisher Chemical Co. 
Avicel: FMC Corp. 


'Type SD-71 I .  Ac-Di-Sol; FMC Corp 
5 Lubritab; Mendell. 


6 Uodcl CIOO-T; Hobart Corp. 


8 HP-50 Shinetsu Chemical Co., Japan. 


l o  Telcfunken. West Germany. 


Model 519-2; Stokes Equipment. 


Mallinckrodt. 
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(control). In  most cases. the gastric pH ranges from a pH slightly below pH 
1 to -2. Gastric emptying causes a sharp rise in pH to a value of 5.5-6.5, re- 
flecting contact of the capsule with duodenal fluid. Thereafter, the pH rises 
gradually to 27.5. Note that the accurate measuring range of the Heidelberg 
capsule is pH 1-8, with a measuring error of f0.5 pH units". 


Unless the enteric coating ruptures prior to gastric emptying, the gastric 
pH after administration of an enteric-coated buffered tablet attached to a 
Heidelberg capsule is very similar to that observed in thecontrol experiment. 
However, as shown in Fig. 28. the pH profile in the upper intestine is altered 
distinctly when an enteric-coated buffered tablet is given. The pH rises at 
gastric emptying as in the control experiment, but when the coating dissolves 
the buffer materials are released and the pH drops rapidly. The time between 
gastric emptying and the start of the pH drop is designated as the time of onset 
of disintegration (ton& This method does not enable detection of completion 
of thecoredisintegration procep. After the initial pH drop, there is a gradual 
rise in pH as the buffer materiahare diluted and neutralized by secretion of 
bicarbonate ions until normal intestinal pH is recovered. Failure of the enteric 
coating to withstand gastric pH is detected by an increase in gastric pH from 
the baseline value, followed by a gradual rcturn to the baseline value as shown 
in Fig. 2C. 


A statistical analysis of the disintegration times for various formulations 
of enteric-coated buffered tablets in four dogs is presented in Table 1.: 
Twenty-nine tablets were administered: two failed in the stomach, one did 
not disintegrate within the observation period, and the rest disintegrated in  
the upper small intestine as expected. The mean disintegration time was 14.2 
f 2 min ( S E M ) .  Analysis ofvariance indicates that the mean disintegration 
time is not significantly different between dogspr between batches of tablets. 
However, there is a significant effect due to the tablet a r e  pH 0, < 0.05) with 
shorter mean disintegration time at pH 5 than at pH 3 or pH 4. Applying 
Bartlett's test to the results reveals that scatter in the disintegration time varies 
between dogs and between c0r.e pH values, but is not significantly affected 
(at a 95% confidence level) by the tablet batch. Overall, the statistical analysis 
suggests that the mean disintegration time is reproducible on both a dog-to-dog 
and batch-to-batch basis. Therefore, the radiotelemetric method is a reliable 


' I  Instruction Manual, Telefunken pH measurement system. 


I 
"1 


Figure 2-pH-time profiles in the canine GI tract. Each profile represents 
90. min. Key: (A )  control; (8) afrer administration of enteric-coated tablet 
containing buffer. with disintegration in upper intestine; (C) after adminis- 
tration of enteric-coated tablet containing buffer. with coating failure in 
stomach. 


means of comparing enteric coating performance. provided tablet cores are 
formulated at the same pH. A convenient pH choice is pH 4, as in this case 
both gastric failure of the coat and disintegration of the coat in the upper in- 
testine produce readily observable perturbations in pH. 


The degree of correlation between in uivo and in uitro results can be judged 
by comparing the disintegration times presented in Table 11. Linear regression 
analysis indicates that there is very little relationship between in oioo and in 
uirro disintegration test results ( r  = -0.09). The in uioo tmSet may be shorter, 
longer, or similar to the tdlslnt observed in the USPdisintegration test for en- 
teric-coated tablets; the times observed differed by as much as a factor of five. 
These results indicate that the USP test may not always be capable of pre- 
dicting the in oioo performance of enteric coatings. 


The extent of correlation between an in  oitro test and results obtained in 
oioo depends on how closely the in vitro experimental conditions model the 
in uiuo situation. Some specific differences between the USP test and the in 
oiuo conditions encountered in this study include the following. The pH at 
which the hydroxypropyl methylcellulose phthalate coating used in this study 
begins to dissolve is pH 5.08. The pH after gastric emptying in the dogs was 
typically between 5.5 and 6.5 (range 4.5-7.0). considerably lower than that 
of simulated intestinal fluid used in the in oitro test This discrepancy in the 
in oioo and in uitro pH values, combined with the variation in the in oioo in- 
testinal pH profile, may have contributed to the poor correlation in disinte- 
gration times for the coating studied. Another factor may have been thedif- 
ference in  the disintegration endpoints. In uioo, the tat was taken as the time 


Table 11-fn Vitro and In Vivo Disintegration Times for Enteric-Coated 
Buffer Tablets 


tdisint in oitro, s tonrct in oiuo, s 
Batch pH Mean f S E M  n Mean f SEM n 


1891257 3 <600 3 1620f 456 3 
1941080 3 3270 f 118 6 8 l 0 f  I38 4 
1891096 4 1 5 7 f  10 6 7 5 0 f 2 5 2  8 


1941029 5 8 1 7 f  71 6 225 f 36 4 
194/101 4 8 7 4 f  102 6 9 1 8 f  102 3 


Correlation coefficient = -0.09. 
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when the pH first started to fall, whereas in uitro the time taken for complete 
disintegration was measured. Differences in other factors such as agitation 
and enzyme levels may also have played a role. 


Two studies in the literature contain data which provide a comparison of 
disintegration times in humans with those observed in in uitro experiments 
(3. 14). In both cases the USPor similar test predicted shorter disintegration 
times than were observed in uioo [3 I min uersus >50 min (14). and <20 min 
uersus 96 min mean disintegration time (3)]. A further study ofinvirro and 
in uiuo disintegration times of five batches of tablets in dogs (6) showed a 
variable ratio between in oiuo and in vitro disintegration times, with up to a 
twofold difference in values. In that study, the batches werccoated with dif- 
ferent enteric coatings, so the variation between in oiuo and in uitro results 
may have depended to some extent on the coating type. The valuc of in Gifrv 
disintegration tests has been further discussed by Aiache el al. (16). 


In contrast to the poor in uim-in uifro correlation, there appears to be some 
correlation between canineand human results. The data presented in this paper 
show that the average time for onset of disintegration in thecanine upper in- 
testine is 14.2 f 2 min. This time compares closely with the time reported for 
disintegration in humans of tablets coated with hydroxypropyl methylcellulose 
phthalate. Using an endoscopic technique, Ehrhardt et a / .  ( 5 )  reported a 
disintegration time of 15 min after gastric emptying. This agreement suggests 
that use of the radiotelemetric technique in dogs gives a reasonable prediction 
of disintegration times in humans, at least for hydroxypropyl methylcellulose 
phthalate-coated tablets. 


It has been proposed in the literature that the disintegration time may be 
dependent on the gastric emptying time. Blythe et al. (3) suggested that dis- 
integration time is shorter for tablets which reside in  the stomach for a long 
time than for those which are emptied quickly. In  the current study, however, 
there was no significant correlation ( r  = -0.08) between gastric emptying 
time and disintegration time (Fig. 3). 


The main advantage of the radiotelemetric method over other available 
methods is that theonset ofdisintegration of theenteric-coated tablet in the 
upper intestine can be accurately determined since the pH of the luminal 
contents is monitored continuously. It is also possible to pinpoint coating 
failures such as rupture in the stomach and nondisintegration in the intestine. 
The technique does not expose the subject or the investigators to radiation, 


as do other commonly used techniques. Because the dimensions of the 
Heidelberg capsule arc fairly small (diameter, 7 mm: length, 20 mm) there 
is little chance of obstruction in the GI tract; no obstruction problems were 
encountered in the dogs studied. The Heidelberg capsule has little apparent, 
effect on the gastric emptying of single-unit dosage forms; in the current study 
mean gastric-emptying time for the capsule-tablet combination was 80 f 18 
min ( S E M )  with a range of 5-360 min compared with a range of <30 min 
to > 7  h (median 96 min) for tablets in the radiographic study by Blythe et al. 
(3). 


The chief limitation of the method described in this report is that it is ap- 
plicable only to monolithic dosage forms. A way of attaching more than one 
particle to the Heidelberg capsulc must be devised, so that the method can 
be extended to evaluating enteric coiat performance on multiparticulates. The 
fact that buffers must be incorporated into the test dosage form presents no 
morc of a limitation than including barium in tablets to be evaluated by X-ray 
or y-emitters i n  tablets studied by scintigraphic tcchniques. The advantages 
over pharmacokinetic methods lie in the greater accuracy with which the 
disintegration time can be determined and in avoiding blood or urine collection. 
The radiotelemctric technique requires less experimental expertise and less 
expensive equipment than other techniques and provides a facile and accurate 
means of evaluating enteric coating performance in uiuo. 
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Comparative Bioavailability of Two Furosemide 
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Abstract 0 Twelve healthy male volunteers participated in a balanced 
crwsover comparison of a brand-name and gencric furosemide formulations. 
Each treatment was given as a single 40-mg tablet following an overnight fast. 
Furosemide concentrations in plasma and urine were determined up to 24 h 
after treatment; urine output and urinary sodium excretion were also mea- 
sured. In comparison with the brand-name tablets, generic furosemide was 
significantly less bioavailable. Using a 95% confidence interval approach, 
generic furasemide gave up to 66% lower maximum furasemide plasma levels, 
up to 52% less area under the plasma level curve to infinite time, and up to 37% 
less urinary recovery of furosemide. Comparison of the effect of the two 
treatments was a less sensitive measurement of bioequivalence. Confidence 
intervals for differences in urinary output and sodium excretion over the period 
of maximum effect (0-4 h) were, however, asymmetrical, and pharmacody- 
namic differences between treatments were significant a t  the 1Wo level. 


Keyphrases 0 Furosemide-comparative bioavailability, brand-name and 
generic formulations, humans, plasma and urine 0 Bioavailability-com- 
parative, furosemide formulations in  humans, plasma and urine 0 Formu- 
lations-comparative bioavailability, brand-name and generic furosemide 
in humans, plasma and urine 


During 1979, generic formulations of furosemide tablets 
which were not legally marketed became available to U.S. 
physicians. Shortly after these tablets were introduced, reports 
began to appear of diuretic ineffectiveness of some of the 
products. The Food and Drug Administration became aware 
of the problem and took steps to prevent further clinical use 
of unauthorized furosemide tablets (1). 


With the above background in mind, it was felt that it would 
be useful to compare the relative bioavailability of the 
brand-name tablet formulation of furosemide available in the 
United States and one of the abovementioned generic furo- 
semide tablets. This paper presents the results of a crossover 
study in healthy volunteers with comparative pharmacokinetic 
and pharmacodynamic measurements. 


EXPERIMENTAL 


Subjects-Twelve healthy male volunteers aged 18-42 years, within 10% 
of ideal body weight, received treatment on two occasions with 1-week between 
doses. A comprehensive checkup, including clinical examination, clinical 
chemistry/hematology evaluation, and urinalysis revealed no evidence of 
cardiac, respiratory, hepatic, or renal disease. The project was subject to ethics 
review, and each subject gave his signed informed consent. 


Treatment-Furosemide (40 mg) was administered as  a single tablet on 
two occasions 1 week apart to each subject, according to a balanced crossover 
design. Treatments were designated product I ’  and product 112 respectively. 
Product I (the brand-name tablet) contained an average of 39.6 mg of furo- 
semide/tablet; product I1 (the generic tablet) contained an average of 40.3 
mg of furosemide/tablet. Therapy was given by mouth with 100 mL of water 
following an overnight fast, 1 h before a standard tea/toast breakfast. Oral 
fluid supplements (1 50 mL of water) were given at 1,2, 3 , 4 ,  and 6 h after 
treatment. 
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Figure I-Mean furosemide plasma concentration following oral treatment 
with product I (e) and product 11 (0). 
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Table I-Plasma Furosemide Concentration, ng/mL 


Time, Subject 
h 1 2 3 4 5 6 7 8 9 10 11 12 M e a n f  SD 


0.5 
1 
1.5 
2 
2.5 
3 
4 
5 
6 
7 
8 
10 
24 


0.5 
1 
1.5 
2 
2.5 
3 
4 
5 
6 
7 
8 
10 
24 


1000 1180 1610 90 
1650 1560 970 1810 
1110 1650 430 1460 
670 1150 340 800 
420 730 220 470 
240 460 140 290 
115 230 60 160 
50 125 50 115 
30 75 45 65 
20 45 20 40 
15 35 15 40 


<I5 20 20 25 
0 <I5 0 20 


135 
1800 
910 
660 
390 
300 
200 
85 
65 
45 
35 
25 


<IS 


200 880 45 
1350 740 90 
1350 490 210 
850 420 180 
440 260 180 
260 185 155 
130 105 175 
65 80 120 


0 <15 0 


1190 
1630 
1080 
570 
330 
240 
145 
70 
35 
15 
15 
0 
0 


670 
1010 
730 
490 
340 
280 
135 
95 
60 
45 
30 
25 


<15 


Product I 
2950 25 
2010 75 
1490 1060 
830 720 
530 460 
380 270 
250 130 
140 50 
95 25 
50 15 
35 20 
20 <15 


<15 0 
Product I1 


30 30 
135 45 


1340 380 
1100 420 
700 240 
560 160 
330 100 
150 75 
I00 40 
60 30 
40 30 
15 20 
0 <I5 


100 
1870 
1710 
8 20 
570 
370 
210 
100 
60 
40 
35 
25 
0 


65 
280 
770 
630 
480 
450 
250 
160 
105 
70 
55 
35 


<15 


70 
165 
550 
430 
380 
250 
160 
230 
120 
75 
55 
40 
25 


30 
60 


105 
100 
100 
95 


190 
240 
90 
65 
50 
40 
25 


105 
130 


1380 
1360 
930 
630 
280 
190 
135 
110 
65 
45 


<15 


570 
1580 
1400 
800 
450 
330 
160 
105 
80 
55 
40 
25 
0 


145 
740 


1500 
1040 
480 
360 
220 
145 
95 
70 
45 
25 


<15 


15 
20 


600 
620 
400 
330 
540 
290 
1 40 
75 
50 
25 


<15 


400 
2240 
1150 
940 
370 
220 
140 
80 
60 
30 
30 
20 


<15 


420 
1140 
1080 
590 
420 
350 
165 
80 
55 
45 
30 
20 


<15 


739 f 893 
1236 f 787 
1214 f 404 
806 f 292 
491 f 188 
321 f 130 
1 7 5 f  63 
112% 58 
7 0 f  35 
4 4 f  29 
3 4 f  16 
21 f 13 


258 f 301 
688 f 665 
780 f 446 
512 2 278 
367 f 158 
288 f 132 
207 f 123 
1 2 9 f  71 
73 f 30 
4 9 f  16 
3 4 f  15 
2 4 f  7 - -  


Table 11-Urinary Furosemide Excretion, mg/Sample 


Time, Subject 
h 1 2 3 4 5 6 7 8 9 10 11 12 M e a n f  SD 


Product I 
0-1 6.51 3.34 5.66 1.53 5.11 5.11 0.25 1.73 - 0.23 0.84 3.41 3.07 f 2.28 
1-2 8.12 5.79 4.46 5.32 4.67 2.89 6.37 5.43 1.23 3.91 7.85 5.49 5.13 f 1.93 
2-3 2.34 2.77 1.14 1.97 4.54 1.67 2.90 1.71 2.03 2.87 2.99 1.94 2.40f0.87 
3-4 0.86 1.00 0.68 0.93 0.67 0.80 0.56 0.85 - 1.37 1.80 0.93 0.95 f 0.35 
4-6 0.75 - 0.44 0.52 0.85 0.63 0.75 - 3.03 0.87 1.51 0.75 1.01 f 0.77 
6-8 0.43 1.63 0.77 0.56 0.42 0.39 0.52 1.26 0.91 0.74 0.75 0.40 0.65 f0 .37  
8-10 0.20 0.45 0.27 0.17 0.29 0.20 0.29 0.25 0.47 0.38 0.29 0.20 0.29 50.10 


10-24 0.38 0.57 0.76 0.20 0.64 0.42 0.64 0.47 0.28 1.00 0.52 0.28 0.51 f 0 . 2 3  
Product I1 


0-1 2.53 1.43 2.54 - 2.49 - 0.05 0.45 0.09 6.13 0.05 2.48 1.82f 1.88 
1-2 6.75 5.98 3.72 0.83 4.92 2.75 1.88 3.09 5.24 4.80 1.69 3.66 3.78 f 1.82 


3-4 1.02 1.01 0.70 0.71 0.89 0.69 - 1.42 0.41 1.23 1.90 1.18 1.01 f 0 . 4 1  
2-3 1.53 1.49 1.16 0.92 1.56 2.40 1.83 2.26 1.07 2.52 2.69 1.97 1.78 f 0 . 5 9  


4-6 0.91 0.98 0.74 1.13 0.93 0.69 1.80 1.69 1.90 1.01 2.39 0.98 1.26 f 0 . 5 4  
6-8 0.46 0.42 0.42 0.49 0.56 0.56 0.43 0.71 0.44 0.44 0.95 0.52 0.53 f 0 . 1 6  
8-10 0.29 0.30 0.25 - 0.34 0.36 0.32 0.10 0.69 0.26 0.37 0.32 0.33 f 0.14 


10-24 0.49 0.61 0.70 0.77 0.60 0.75 0.94 0.75 0.13 0.59 0.75 0.78 0.66f0.20 


Collection of Samples-Blood samples were taken by direct venipuncture 
at 0,0.5, 1, 1.5 2.2.5,3,4,5,6,7,8,10, and 24 h and placed in heparinized 
tubes3. Following centrifugation, the plasma were stored in the deep-freeze 
until analyzed. A predose 24-h urine collection was made; after treatment 
complete urine samples were collected over the intervals of 0-1, 1-2,2-3,3-4, 
4-6,6-8,8-10, and 10-24 h. The volume of each sample was recorded; ali- 
quots were stored in the deep-freeze for electrolyte and drug assay. Urinary 
sodium was measured by flame photometry. 


Furosernide Assay-Furosemide concentrations in plasma and urine were 
fluorometrically determined following HPLC separation. Urine was directly 
chromatographed after centrifugation. Following an initial 5-mL ether ex- 
traction of 0.25 mL of plasma plus 0.25 mL of phosphate buffer (pH 7.0) (with 
the ether layer discarded), the plasma was acidified with 50 pL of 5 M HCI 
and furosemide was extracted into 5 mL of ether. The ether layer was sepa- 
rated-and evaporated under nitrogen; the residue was taken up with 0.1 mL 
of pH 7.0 phosphate buffer. An internal standard (100 ng of the phenyl ana- 
logue of furosemide) was simultaneously taken through the plasma proce. 
dure. 


solvent delivery pump5, and a fluorometric detector with automatic overload 
reset6. The extracts were separated on a 12-cm X 4.3-mm column packed with 
5-pm reverse-phase irregular organically modified silica'. The eluant was 
methanol-0.1 M H3PO4 (53:47). The excitation wavelength was 233 nm, and 
the emission wavelength was 370 nm (sharp-cut filter, with additional blue 
filterE). 


The method was found to be linear over the concentration ranges of 10-1OOO 
ng/mL for plasma and 0.5-10 pg/mL for urine. Assay precision for the 
plasma method was f (7.7 + 0.039 C,) ng/mL, where C,  is the plasma con- 
centration; for urine, precision was f (0.5 + 0.013 C,) pg/mL, where C, is 
urine concentration. 


Pharmacokinetic Analysis-Initial estimates of furosemide elimination 
half-lives were calculated, using urinary data, by linear regression analysis 
of the logarithm of rate of urinary furosemide excretion against time (2). These 
estimates were employed as the starting values in an iterative least-squares 
curve-fitting program developed for a minicomputer9, which generated a series 
of fitted coefficients and exponential constants. Most profiles fitted a model 


The chromatographic apparatus consisted of an automatic sampler", a M 6000A. Waters Associates, Milford, Mass. 


LichroSorb RP-18; H. Knauer GmbH, 1000 Berlin 37, W. Germany. 


HP  1000 MX(E); Hewlett-Packard Ltd., Winnersh, Wokingham, Berks, U.K. 


6 SF 970; Kratos Schoeffel Instruments, Westwood, N.J. 


* CS 5-61; Corning Optical Products Dept., C0rning.N.Y. Li-Heparin; Walter Sarstedt Ltd., Leicester, U.K. 
WISP 710A; Waters Associates, Milford, Mass. 
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Table Ill-Results of Curve-Fitting * 


Subject 
I 2 3 


A ,  ng/mL 9677 9508 2840 
B,ng/mL 235.3 289.5 254.7 


10490 3102 


P. h-' 0.355 0.271 0.350 
-i, h-' 1.974 1.678 13.42 
r 0.985 0.991 0.995 


a. C * n g P L  h- ;og: ) . 0 ] 8  I .374 


A ,  ng/ml. 9599 7312 2111 
B,ng/mL 138.1 2138 399.7 


7, h-I 1.458 1.928 2.885 


C,ng(mL 10350 10150 2515 
a, h- 1.069 1.633 1.249 
& h-' 0.171 0.646 0.348 


r 0.913 0.903 0.998 


4 5 6 7 8 9 


7113 
226.5 
8710 
1.073 
0.223 


0.913 


9137 
I402 
I0540 
1.089 
0.498 
1.022 
0.959 


I ,896 


I9340 
1045 
20480 


0.569 
1.968 
0.983 


16530 
178. 1 


1.225 
0.204 
1.405 
0.992 


I ,678 


I 6840 


Product I 
5030 
758.2 
5790 
1.153 
0.374 
4.957 


Product I I  
0.998 


87980 
3504 
9 I 400 
3.380 
0.576 
3.070 
0.954 


9867 24380 
112.5 143.4 
10980 26200 


0.294 0.174 
1.469 1.458 
0.915 0.933 


1.073 1.188 


77.32 3986 
3761 567.5 
4957 5233 
1.003 0.817 
0.135 0.293 
1.524 1.164 
0.949 0.957 


2865 
308.7 
5136 
0.959 
0.201 
1.623 
0.956 


200.8 
1229 
I466 
0.356 
0.327 
0.43 I 
0 . ~ 5  1 


10 I I  


15970 2393 


22280 4117 
1.159 0.847 
0.238 0.343 
1.755 1.981 
0.993 0.908 


480.8 718.8 


I 1  I90 - 
402.3 7318 
12730 7776 
1.285 - 
0.279 0.551 
1.844 0.700 
0.959 0.901 


12 


6570 
171.6 
7627 
1.149 
0.218 
2.257 
0.903 


11220 
159.4 
I2270 
1.134 
0.199 
1.525 
0.975 


Time. Subject 
h 1 2 3 4 5 6 7 8 9 10 I I  12 Mean f SD 


2 - 3  237 207 108 242 378 159 362 I22 
3- 4 67 48 37 92 26 I05 44 45 
4 - 6  60 - 26 46 45 48 81 
6-8 58 140 84 127 54 67 105 218 
8-10 52 82 54 82 57 67 79 I20 


10-24 360 420 475 380 450 400 410 550 


- 


Product I 
Predose(24 h) 685 1130 672 2650 1222 2560 1300 1320 1252 2000 
0- 1 885 785 790 343 684 662 116 376 I43 
1 - 2  821 573 533 650 413 315 950 605 387 695 


658 
243 
113 
96 


I23 
615 


384 


233 
219 
109 
470 


Product I 1  
Predose(24h) 830 1136 725 1310 1060 2000 1453 1040 702 
0- I 360 319 452 - 450 - 75 176 255 
1-2 905 649 500 148 638 780 527 538 633 
2-3 I68 134 100 186 142 278 428 255 293 
3 4  73 52 40 256 42 54 - 82 I 28 
4 6  
6 8  
8- 10 


.~ -. . .- 


68 65 55 254 5T 62 238 85 I98 
64 80 69 I06 62 77 I77 155 98 
78 78 72 60 95 I44 38 246 


1220 1283 1441 f 6 3 8  


I141 595 6 4 0 f 2 3 8  
426 201 2 9 0 f  158 
107 59 73 f 62 
1 1 1  46 67 f 63 
148 92 1 1 7 f  56 
108 84 85 f 25 
410 1200 5 9 5 f 3 5 8  


258 447 457 i 298 


508 1250 1620 I303 f 373 
905 55 433 2 9 0 f 2 5 9  
596 410 477 5 6 7 f  189 
430 544 296 271 f 138 
151 276 85 1 0 3 f  86 
1 I5 256 61 1 2 6 f  85  
97 148 88 1 0 2 f  38 


110 I I9 85 9 4 f  61 
10-24 390 630 880 790 350 410 645 510 1090 650 595 440 6 1 5 4 2 2 0  


with two elimination phascs following absorption. The half-lives were calcu- 
lared from cach declining exponential term; the areas under the plasma 
level time curve to 10 h (AUCo lo h )  and to infinite time (AUCo -) for each 
subject were ca\cuhted from thc fitted equation by integration. Maximum 
plasma Concentration (Cmdr) and time to maximum concentration ([,,,ax) were 
taken directly from the observed dat:i. 


Statistical Analysis - - Analysis of variance (ANOVA) was used to test for 
significant subject, treatment. or week differences (3) for each pharmacoki- 
netic or pharmacodynamic paramctcr. .Missing data were estimated using 
Yates' mcthod (4).  Refore analysis. a normality test was carried out ( 5 ) .  I f  
necessary. the results were logarithmically transformed to normalize the 
distribution of data and to stabililc the variance. The 95% confidence limits 
of Shirley (6) were applied to the mean treatment differences fo r  cach pa- 
rameter. This gave a measure of precision and established whether the limits 
were symmetrical about a mean distribution of zero. The results for generic 
furosemidc (product 1 1 )  werc cxpressed as a percentage of those for brand- 
name furosemide (product I ) .  


The split-plot analysis of Westlake (7) was also used. This examined the 
data in two ways: ( a )  giving, a measurement of quantitative differences in 
overall mean plasma concentrations for each treatment. and ( b )  giving an 
evaluation of the relative shapes of the plasma concentration-time profiles 
of the two treatments. 


RES ti LTS 


Table I shows the individual plasma Icvcls of furoscmide associatcd with 
cach treatment. Mean plasma concentration with time is plotted in  Fig. 1. 
Table I1  shows the amount of furosemide in each urine collection. The results 
of pharmacokinetic curve-fitting appear in Table 111. Table I\' gives the in- 


dividual urine volumes, and Table V gives the individual urinary sodium data. 
The key pharmacokinetic and pharmacodynamic results are summarized in 
Table VI. and a summary of statistical analyses with 95% confidcnce limits 
is shown in Table V I I .  


Pharmacokinetics For one individual (subject 9) following product I I ,  
the curve-fit was unacceptable (Table I l l ,  r = 0.8511. In this case. derived 
pharmacokinetic values (11p and AUC terms) were estimated by Yates' 
method ( 5 ) .  


Following product I administration, the m a n  maximum plasma furohemidc 
concentration (Cmax) was 1658 ng/ml. (range 550-2950 ng/ml.). Following 
product I I  administration. the values weresignificantly lower (p < 0.01) with 
a mean C,,,of947 ng/mL (range 210 1800 ng/ml.). There wasnosignifi- 
cant difference in time to maximum concentration ( I , , , ) ,  although there was 
a trend toward later values following product I 1  treatment ( i . e . ,  an asym- 
metrical confidence limit). 


The overall bioavailabiliry judged from AlJC values followcd the Same trend 
as that shown by C,,,, with a highly significant (p < 0.01) difference between 
treatments in values both to 10 h and to infinite time. Product I gave a mean 
AUCo-, of 3066 n g h / m L  (range 1362-5223 ng.b/mL), whereas product 
I1 gave a mean AUCa.., of 2098 ngh/mL (range 891 -3252 ngh/mL). Figure 
2 shows the individual AUCo., values diagrammatica~~y, and illustrates that 
despite some interindividual variability in plasma level profiles, subjects tended 
to keep a similar rank ordcr of bioavailability following each preparation of 
furossmide. 


Urinary elimination of unchanged furosemide accounted for between 
17-50% of the administered dose. Again. a significant difference (p = 0.02) 
was observed between formulations in respect of the cumulative 0-24-h urinary 
furosemide, with product I giving a mean value of 13.6 mg (range 8.0-19.6 
mg) and product I1 giving a mean value of 10.8 mg (range 4.9-17.0 mg). 
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Table V-Urinary Sodium Output, mmol 


Time, Subject 
h 1 2 3 4 5 6 7 8 9 10 11 12 Mean f SD 


Product I 
Predose(24h) 199 113 108 305 141 269 156 119 144 230 195 103 1 7 4 f 6 7  
0- I 137 86 99 46 82 60 20 36 - 17 40 58 57 f 39 
1-2 111 57 72 85 52 35 138 67 45 45 154 83 82 f 36 


23 15 31 49 14 52 13 50 79 62 30 38 f 21 
- 27 15 8 8 f  7 


2-3 37 
3-4 11 4 4 10 2 6 4 4 
4-6 11 - 3 3 3 1 10 - 41 7 19 5 9 f  12 
6-8 16 11 10 8 6 3 16 22 37 5 32 12 15 f 11 
8-10 9 6 7 5 7 4 12 14 20 9 24 12 l l f  6 


10-24 59 13 71 25 59 40 62 50 29 55 68 60 4 9 f  18 
Product I1 


Predose (24 h) 100 91 83 144 80 240 189 125 60 241 206 105 1 3 9 f 6 4  
0- 1 50 33 52 - 45 - 17 17 8 122 12 63 35 f 35 
1-2 127 81 55 19 77 66 79 62 66 86 55 64 70 f 25 
2-3 25 17 11 25 18 29 68 33 13 60 73 49 35 f 22 
3-4 11 6 2 18 5 5 - 9 5 20 30 13 10f 9 
4-6 10 6 2 24 4 5 45 11 24 8 35 8 15 f 14 
6-8 
8-10 


10-24 


16 7 7 42 23 9 9 25 18 15 f 11 
- 7 7 31 3 22 12 20 15 1 2 f  9 


9 8 3 
13 9 5 
45 50 35 103 42 51 94 51 11 68 95 81 61 f 28 


Table VI-Summary of Kinetic and Dynamic Results 


Subject 
Parameter 1 2 3 4 5 6 7 ,  8 9 10 11 12 M e a n f  SD 


2 1 . 2  h 
~G&lOh,ng.h/mL 
AUCo-,, ng-h/mL 
0-24-h urinary furosemide, mg 
Urine volume. mL 


0-4 h 
0-24 h 


0-4 h 
0-24 h 


Sodium output, mmol 


Cmax. ng/mL 
tmax, h 
t 1/2.u, h 
t i  2 h 
Ah!?o-l~t,, ng.h/mL 
AUCo-.., ng-h/mL 
0-24-h urinary furosemide. mg 
Urine volume, mL 


Sodium output, mmol 


0-4 h 
0-24 h 


0-4 h 
0-24 h 


1650 
1 .o 


0.55 
1.95 


2933 
2943 
19.6 


2010 
2540 


296 
391 


1800 
1 .o 


0.65 
4.05 
2537 
2687 
14.0 


I506 
2106 


213 
290 


1650 
1.5 


0.68 
2.56 


4085 
4159 
15.6 


1613 
2255 


170 
200 


1350 
1.5 


0.43 
1.07 


2519 
2525 
12.2 


1154 
2007 


137 
210 


1610 
0.5 


0.5 1 
1.98 


2542 
2564 
14.2 


1468 
2107 


190 
28 1 


880 
0.5 


0.56 
1.99 
1932 
1968 
10.2 


1092 
2168 


120 
165 


1810 
1 .O 


0.65 
3.1 1 


2922 
3037 
11.2 


1327 
1962 


172 
213 


210 
1.5 


0.64 
1.39 
87 1 
891 
4.9 


590 
1740 


62 
205 


Product I 
1630 2950 


1.0 0.5 
0.41 0.60 
1.22 1.85 


2951 5175 
2964 5223 
17.2 12.1 


1501 1241 
2107 1823 


185 115 
260 163 
Product I1 


1010 1340 
1.0 1.5 


0.57 0.21 
3.39 1.20 
2268 2327 
2382 2346 
12.3 8.2 


1272 1112 
1795 1756 


145 100 
205 170 


1060 
1.5 


0.65 
2.36 
2084 
2102 
12.3 


1472 
2147 


214 
314 


420 
2.0 


0.69 
5.14 
91 1 


1070 
7.3 


1030 
2234 


164 
376 


1870 
1 .o 


0.58 
3.99 
3222 
3373 
11.7 


1148 
2036 


120 
206 


770 
1.5 


0.85 
2.37 
2204 
2321 
10.5 


1051 
1839 


121 
209 


550 
1.5 


0.72 
3.45 
1127 
1362 


8.0 


77 1 
2802 


95 
222 


240 
5.0 


1.95 
2.12 
705 
918 
10.0 


1309 
294 1 


92 
158 


1380 
1.5 


0.60 
2.91 


2889 
3099 
11.4 


1739 
2685 


168 
244 


1580 
1 .o 


0.54 
2.49 
3158 
3252 
17.0 


2082 
3054 


288 
385  


1500 
1.5 


0.82 
2.02 


277 1 
2845 
16.5 


1932 
2709 


27 1 
414 


620 
2.0 


1.26 
2113 
2167 
10.8 


1285 
2403 


170 


- 


2240 1658 f 585 
1.0 1.1 f 0 . 4  


0.60 0.6 f 0.1 
3.19 2.55 f 0.70 
3033 2977 f 981 
3125 1066 f 959 
13.4 13.6 f 3.2 


1302 1460 * 343 
2724 2325 f 345 


179 181 f 5 9  
268 2 6 4 f  76 


1140 9 4 7 f 5 1 8  
1.0 1.6 * 1.2 


0.61 0.70 f 0.44 
3.48 2.50 f 1.28 
2532 2006 f 772 
2646 2098 f 756 
11.9 10.8 f 3.1 


1291 1231 f 349 
1965 2167 f 438 


189 1 5 0 f 6 1  
_._ 345 311 2 5 2 f 8 4  


Split-plot analysis showed highly significant (p < 0.01) differences between 
formulations both in the overall mean plasma values and in the treatment-time 
shape of the curves. 


Pharmacodynamics-The missing values in the urinary tables reflect the 
fact that not all subjects were able to micturate on demand. Prior to statistical 
evaluation of pharmacodynamic data, estimates of the “missing” values were 
made by assuming that the urine eventually collected was actually produced 
at a constant rate over both “observed” and “missing” time periods. 


The pharmacodynamic measurements presented for analysis in Tables VI 
and VII are those from the 0-4- and 0-24-h urine collection periods; the former 
covered the period of maximum diuresis (Tables IV and V) and was considered 
to be the most appropriate measure of meaningful pharmacodynamic effect. 
The mean 0-4-h urine volume following product I was 1460 mL (range 
771-2010 mL); theequivalent mean result for product I1 was 1231 mL (range 
590-2082 mL). The mean 0-4-h urine sodium output following product I was 
181 mmol (range 95-296 mmol), and the mean 0-4-h urine sodium output 
following generic furosemide was 150 mmol (range 62-288 mmol). Most 
subjects showed less diuresis following product 11; however, for the 0-4-h urine 
volume this trend was clearly reversed in subjects 9 and 10. With respect to 
urinary sodium, subject 10 again reversed the general trend toward diminished 


natriuresis following product 11; subject 9 showed little difference between 
treatments in this respect. 


Statistical analysis of these pharmacodynamic results (Table VII), in 
contrast with the corresponding analysis of pharmawkinetic data, did not show 
any significant differences between the effects of the two furosemide prepa- 
rations. However, the 95% cpnfidence intervals, especially for 0-4-h data, were 
asymmetrical with product I1 giving between -33% and 2% (p = 0.07) of the 
0-4-h urine output of product I and between -38% and 4% (p = 0.08) of the 
0-4-h sodium output of product I, reflecting the general trend for the generic 
formulation to show a diminished effect. 


DISCUSSION 


This study has shown statistically significant differences in the bioavail- 
ability of two furosemide formulations, the generic tablet giving up to 66% 
lower C,, values, up to 52% lower AUCo-, values, and up to 37% less urinary 
elimination of furosemide over 24 h. Although not statistically significant, 
there was also a trend toward later tmax values following the generic treatment. 
However, simultaneous analysis of drug effect did not give correspondingly 
significant differences in urine output and sodium excretion. Nevertheless, 
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Figure 2-C'omparatiue bioarailability of the two furosentide formula- 
tions. 


pharmacodynamic differences between formulations over 0-4-h collection 
periods were significant at the 10% level. and the 95% confidence intervals 
were clearly asymmetrical; therefore, biological equivalence of these two 
formulations cannot be assumed. 


The analysis of pharmacodynamic effects has concentrated on 0-4-h data 
rather than the complete collection interval of the experiment, since following 
acute diuresis and natriuresis in normal subjects, homeostatic mechanisms 
can rcsult in compensatory "rebound" conservation of salt and water by 24 
h .  This tendency is shown by the diminished significance of 0-24-h statistical 
analysis in  comparison with that for 0-4 h, especially with respect to urinary 
sodium excretion. The inherent logarithmic shape of the classical dose-re- 
sponse curve in  pharmacology makes any pharmacodynamic measurement 
a less sensitive measure of formulation differences, since a given percentage 
change in  drug concentration will give a smaller percentage change in drug 
effect: a linear change on the latter scalc corresponds to a logarithmic change 
on the former scale. 


This study supports thc clinical observations of diuretic incffcctivenw which 
led to the withdrawal of this generic furosemide product. Since it has been 
rcprted that the absorption of furosemide is impaired in the praence of edema 
(8). i t  is possible that unequivalent furosemidc formulations may show pro- 
portionately greater pharrnacokinetic and pharmacodynamic differences i n  
patients with cardiac failure than in normal subjects. 


Kelly et a/. (9) have previously shown that the bioavailability of brand-name 
furosemide tablets was similar to that of an aqueous solution. A comparative 
bioavailability study from Sweden (10) which included pharmacokinetic and 
pharmacodynamic observations revealed no significant differences between 
brand-name furosemide tablets and a generic tablet; however. a study from 
Israel ( I  I ) demonstrated statistically significant pharmacokinetic and 
pharmacodynamic differences between two other furosemide products. A 
preliminary observation from investigators in  New Zealand ( I  2) suggested 
that there may be clinically important differences in the response to brand- 
name and generic furosemidc tablets, although a later more formal study (13) 
reported that the two furosemide products in question were in fact bioequiv- 


Table VII-Summnrv of Statistical Results 


Overall Differences 
(AN0VA)O 


Subject Treatment 95% Confidence 
Week Interval (Generic 


Parameter I 2 3 as % of Standard) 


AUCD., 
0-24 h urinary 


furosemide- 
Urine volume 


0-4 h 
0-24 h 


Sodium output 
0-4 h 
0-24 h 


NS 
N S  
N S  
N S  * 


N S  


N S  
N S  


* 
** 


** 
N S  
N S  
NS ** 
** 
* 


N S  
N S  


N S  
NS 


NS 
N S  
N S  


N S  
N S  
N S  


NS 
NS 


N S  * 


-66% to -21% 
- 8%to+82% 
-18% to +21% 
-24% 10 +37% 
-50% to -14% 
-52% to - 15% 
-37%to- 5% 


-33%tO+ 2% 
-15%to+ 2% 


- 3 8 % t 0 +  4% 
- 19% lo +lo% 


~~ ~ 


0 Key: (NS) = not significant: (*) = significant a t  the 5% Icvcl; (**) = significant at 
the 1 %  level. 


alent. However, it should be noted that this last study consisted only of urinary 
pharmacodynamic measurements, and our present investigation has shown 
that this may not be a sufficiently sensitive technique. Investigators in Aus- 
tralia (14) reported biocquivalence of yet another generic furosemide product 
basing their conclusions on measurements of urine volume and urine elec- 
trolytes. 


Furosemide can be used in clinical circumstances where a prompt diuresis 
is essential. While i t  is clear from the above discussion that some generic 
formulations are equivalent to brand-name tablets, it is also evident that other 
products may not bc adequate. Alternative furosemide formulations should 
be carefully evaluated, preferably by means of full pharmacokinetic and 
pharrnacodynamic investigations in humans. 


In the absence of greater detail, it is difficult to comment on any pharma- 
ceutical factors which may have contributed to inequivalence of these furo- 
semide formulations. However, calcium and phosphate were detected in 
product I I  and not in product I following the application of standard National 
Formulary methodsI0. Rcsidue analysis also showed differences in the amounts 
of inorganic excipients (4% for product I and 37% for product ll)Io. These 
Observations appear to be in  keeping with the findings of Rubinstein (1  5 )  who 
reported that the bioavailability of experimental batches of furosemide was 
considerably influenced by the choice of cxcipient. Healso found a poor cor- 
relation between dissolution rate and drug bioavailability. 
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Abstract Rats were immunized by intraperitoneal injection of oval- 
bumin (egg albumin) emulsified in Freund's incomplete adjuvant, and 
then the effect of an intravenous challenge with ovalbumin on salicylic 
acid absorption from the small intestine was examined by means of an 
in situ recirculation technique. The disappearance of salicylic acid from 
the luminal solution was significantly decreased in rats treated with 
ovalbumin compared with control groups treated with saline. The de- 
creased absorption of salicylic acid in ovalbumin-immunized rats was 
related to the anti-ovalbumin antibody responses examined by passive 
cutaneous anaphylactic reactions. On the other hand, the decreased ab- 
sorption of salicylic acid was not found in ovalbumin-immunized rats 
challenged intravenously with bovine y-globulin. Similar results were 
also noted in rats immunized uia the footpads with ovalbumin. However, 
no significant change was observed in the intestinal absorption of salicylic 
acid in normal (nonimmunized) rats challenged intravenously with 
ovalbumin. Furthermore, intestinal absorption of sulfadimethoxine and 
sulfanilamide was significantly decreased during systemic anaphylaxis, 
whereas no change was observed in the absorption of sulfisoxazole, qui- 
nine, sulfanilic acid, and phenolsulfonphthalein. This suggests that the 
intestinal absorption of rapidly absorbed drugs, including salicylic acid, 
is more sensitive to systemic anaphylaxis than that of poorly absorbed 
drugs. 


Keyphrases 0 Salicylic acid-intestinal absorption, effect of anaphy- 
laxis, rats 0 Absorption, intestinal-salicylic acid, effect of anaphylaxis, 
rats 0 Anaphylaxis-effect on intestinal absorption of salicylic acid, 
rats 


In a previous paper, it was reported that the intestinal 
absorption of salicylic acid was decreased by the intrave- 
nous challenge with bovine y-globulin in rats immunized 
intraperitoneally with the same antigen, and it was sug- 
gested that systemic anaphylaxis influenced the intestinal 
absorption of drugs (1). The present report concerns the 
effect of intravenous challenge with ovalbumin on the in- 
testinal absorption of salicylic acid in rats immunized 
parenterally with ovalbumin. Ovalbumin was chosen on 
the grounds that (a )  ovalbumin induces a good humoral 
and cellular response in the guinea pig, as demonstrated 
by Audibert et al. (2), ( b )  ovalbumin is widely used for IgE 
antibodies (3, 4), and ( c )  ovalbumin is one of the most 
potent immunogens in rats (5-8). To prove the immuno- 
genicity, the anti-ovalbumin antibody was examined by 
the passive cutaneous anaphylaxis technique (9-14), and 
the intestinal absorption of various drugs was investigated 
to clarify the mechanisms by which the absorption of sal- 
icylic acid was decreased during systemic anaphylaxis. 


EXPERIMENTAL 


Materials-Ovalbumin' (crystallized and lyophylized) and bovine 
y-globulin' (Cohn fraction 11) were used without further purification. 
Salicylic acid2, sulfadimethoxine2, sulfanilamide2, sulfisoxazole2, quinine2, 
sulfanilic acid2, phenolsulfonphthalein2, and all reagents2 used in these 
experiments were reagent grade. 


Sigma Chemical Co., St. Louis, Mo. 
Nakarai Chemical Co., Japan. 


The isotonic buffer solution (pH 6.5) was prepared from 0.123 M 
Na2HP04 and 0.163 M NaH2P04. Salicylic acid was dissolved in this 
buffer solution a t  a concentration of 1 mM for absorption experiments. 
All other drugs were dissolved in the same buffer solution a t  a concen- 
tration of 0.1 mM. 


Immunization-Male Wistar albino rats, 150-200 g, were used in these 
studies and were maintained on a diet free of ovalbumin and bovine 
y-globulin. For intraperitoneal immunization, 1 mg of ovalbumin dis- 
solved in 0.25 mL of saline (0.9% w/v) was emulsified with an equal vol- 
ume of Freund's incomplete adjuvant3 and was injected into the perito- 
neal cavity under light ether anesthesia. For footpad immunization, 0.5 
mL of ovalbumin dissolved in 0.05 mL of saline was emulsified with an 
equal volume of Freund's incomplete adjuvant and was injected into both 
the right and left footpads under light ether anesthesia. The same dose 
of antigen with adjuvant was administered a t  10-d intervals thereafter. 
Animals were immunized 1-3 times, and absorption studies were carried 
out 1 week after the last immunization. 


Antiserum and  Passive Cutaneous Anaphylaxis-Blood obtained 
by heart puncture 10 days after the last immunization was allowed to clot 
a t  room temperature, stored overnight at  4OC, and centrifuged for 10 min 
at  3000 rpm. The passive cutaneous anaphylaxis method used was similar 
to that described by Goose and Blair (9). The titer of the antisera was 
estimated by serial dilution from 1:l to 1:32. After light intraperitoneal 
pentobarbital anesthesia, the hair was removed from the back of the rat 
with an electric clipper. Diluted anti-ovalbumin sera (0.1 mL) was in- 
jected intracutaneously a t  six skin sites. Seventy-two hours after the 
intracutaneous injection, 10 mg of antigen dissolved in 1 mL of saline 
containing 0.5% (w/v) Evans blue dye was administered intravenously. 
The animals were killed 30 min after the challenge, and the skin was ex- 
cised. The  diameters of the blue discolorations were measured, and the 
wheals were scored as 0 for <5 mm, 1 for 5-10 mm, 2 for 10-15 mm, 3 for 
15-20 mm, and 4 for >20 mm. 


Absorption studies-The procedure of the in situ absorption study 
in the rat small intestine was the same as that reported previously (15). 
Briefly, animals were anesthetized with intraperitoneal pentobarbital, 
and the small intestine was cannulated for in situ recirculation. The 
entire length of the small intestine, from the pylorus to the ileocecal 
junction, was used for the absorption studies. The bile duct was ligated 
in all experiments. Ovalbumin dissolved in 0.25 mL of saline was ad- 
ministered into a right femoral vein for 5 min. Immediately thereafter, 
40 mL of a drug solution kept at 37OC was recirculated through the in- 
testine at a rate of 5 mL/min using a peristaltic pump. At the end of an 
experimental period, the perfused solution in the small intestine was 
withdrawn as completely as possible, and the intestinal lumen was washed 
with pH 6.5 buffer solution. The washings were combined with the per- 
fused solution and made up to 100 mL with pH 6.5 buffer solution. The 
amount absorbed by the lumen was calculated as the difference between 
the amount of the drug in the initial and the final solutions. Results were 
expressed as the mean f SD. Statistical analyses were performed using 
the Student's t test. 


Analytical Methods-Salicylic Acid-Three milliliters of sample 
solution was acidified with 0.1 mL of concentrated HCI and extracted 
with 7 mL of chlorofwm. An aliquot of the organic phase was then shaken 
with 0.1 M NaOH, and the optical density of the aqueous phase was de- 
termined spectrophotometrically a t  295 nm. 


Aromatic Amines-All the aromatic amines were diazotized, coupled 
with 2-diethylaminoethyl-l-naphthylamine, and then were extracted 
with isoamyl alcohol after the addition of sodium chloride. The optical 
density of the organic layer was determined a t  each absorption maximum, 
552-560 nm (16). 


Quinine-Three milliliters of a sample solution was alkalinized with 
1 ml of 3 M NaOH and extracted with 6 ml of ethylene dichloride. An 
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Figure 1-Effect of intravenous challenge with oualbumin(0Aj or bovine y-globulin (EGG) on the intestinal absorption of salicylic acid in 15 
min in rats immunized intraperitoneally once (A) ,  twice (B), or three times ((2) with oualbumin. Ovalbumin or bocine y-globulin (0.5 mg) dissolved 
in 0.25 m L  of saline was administered immediate1.y before the start of intestinal recirculation. Numbers in parentheses represent the number of 
experiments; vertical bars indicate fSD.  Key: (*) p < 0.001; (j') p < 0.005; (S;) not significantly dif ferent,  compared with the appropriate con- 
trol. 


aliquot of the organic phase was shaken with acidic media, and the optical 
density of the latter phase was determined spectrophotometrically a t  251 
nm (17). 


PhenoIsulfonphthalein-One milliliter of sample solution was al- 
kalinized with 4 ml of l M NaOH and determined spectrophotometrically 
a t  560 nm. 


RESULTS 


The absorption of salicylic acid from the small intestine was examined 
at  pH 6.5 in ovalbumin-immunized rat,s using an in situ recirculation 
technique. The protocol of the immunization with ovalbumin and the 
absorption studies are shown in each figure and table. 


The results of absorption studies in rats immunized once, twice, or 
three times with ovalhumin are summarized in Fig. 1. The disappearance 


Table I-Passive Cutaneous Anaphylactic Reactions in Hats 
Immunized Intraperitoneally Once, Twice, o r  Three Times with 
Ovalbumin a 


No. of Antiserum Dilution 
Immunizations 1:l 1:2 1:4 1:s 1:16 1 3 2  


1 2.4 0.9 0.5 0.1 0 0 
2 2.0 1.1 0.5 0.1 0 0 
3 2.2 1.1 0.5 0.3 0 0 


a The diameter of the blue discoloration Has scored 0-4 as described in Expert- 
mental Data represent the mean of 8-10 experiments 


Table 11-Passive Cutaneous Anaphylactic Reactions in Rats  
Immunized Intraperitoneally Three Times with Ovalbumin a 


of salicylic acid from the luminal solution in 15 min was significantly 
decreased in rats challenged intravenously with ovalbumin compared 
with control rats treated with saline. On the other hand, decreased ab- 
sorption of the drug by the intravenous challenge with bovine y-globulin 
was not observed in ovalbumin-immunized rats. These results indicate 
the remarkable specificity of antigen-antibody reactions. 


In this study, the passive cutaneous anaphylaxis method was employed 
for the identification of the anti-ovalbumin antibodies. The results of 
the anaphylaxis experiment are shown in Table I. There is a good rela- 
tionship between the decrease of salicylic acid absorption and passive 
cutaneous anaphylactic reactions. To examine the duration of the action, 
absorption studies and anaphylactic reactions were carried out 1,5,10, 
and 16 weeks after the third immunization. The results are shown in Fig. 
2 and Table 11, respectively. The reduction of salicylic acid absorption 
by the intravenous challenge with ovalbumin was observed for 10 weeks, 
but did not last for 16 weeks after the last immunization. Similarly, the 
sera withdrawn from rats 1,5, and 10 weeks after the last immunization 
were able to sensitize rat skin for passive cutaneous anaphylaxis, but 
anaphylactic reactions were negative for the serum withdrawn from rats 
a t  16 weeks, with one exception. Thus, the decreased salicylic acid ab- 
sorption agrees with the passive cutaneous anaphylactic reactions. 


Figure 3 shows the effect of intravenous administration of ovalbumin 
on salicylic acid absorption from the small intestine in nonimmunized 
rats. The decreased absorption of the drug by the intravenous challenge 


Table  111-Effect of Intravenous Challenge with Ovalbumin on 
the Intestinal Absorption of Various Drugs in 15 min in Rats  
Immunized Intraperitoneally with Ovalbumin a 


Challenge 
Drug Saline, 70 absorbed Ovalbumin, % absorbed 


Antiserum Dilution 
Grouph 1:1 1:2 1:4 1:8 1:16 1:32 


A 2.8 1.7 0.9 0.6 0.4 0.4 
B 1.2 0.3 0 0 0 0 
C 0.4 0.1 0 0 0 0 
D 0.25 0 0 0 0 0 


The diameter of the blue discoloration was scored 0-4 as described in Exprr i -  
mental .  Data represent the mean of 8-10 experiments. Passive cutaneous ana- 
phylaxis experiments were carried out l week (A),  5 weeks (B),  l@ weeks (C),  and 
16 weeks (D)  after the last immunization. 


Salicvlic acid 38.5 f 4.6 (5) 18.7 f 3.4 ( 7 ) b  
Su1fa"dimethoxme 28.7 f 2.6 (6) 20.6 f 2.5 (6) 
Sulfanilamide 17.8 f 2.4 (5) 11.6 f 1.2 ( 6 ) b  
Sulfisoxazole 
Quinine 
Sulfanilic acid 


12.9 f 1.5 (5) 
11.3 f 0.9 (6) 
4.3 f 0.6 (5) 


11.3 f 0.9 (5) 
9.9 f 1.3 (6) 
3.6 f 0.8 (5) 


Phenolsulfonphthalein 1.7 f 0.6 (6) 1.7 f 0.2 (6) 


0.5 mg of ovalbumin dissolved in 0.25 mL of saline was administered immedi- 
ately before the start of intestinal recirculation. Results are expressed as the mean 
f SD followed by the number of experiments in parentheses. * p < 0.001, compared 
with the appropriate control. 
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Figure 2-Effect of intravenous challenge with ovalbumin(0A) on the  intestinal absorption of salicylic acid in  15 min  in  rats immunized intra- 
peritoneally three times with ovalbumin. Absorption studies were carried out 1 week (A),  5 weeks (B), 10 weeks (C) ,  and 16 weeks (0) after the 
last immunization. Ovalbumin (0.5 mg) dissolved in 0.25 m L  of saline was administered immediately before the start of intestinal recirculation. 
Numbers in parentheses represent the number of experiments, vertical bars indicate f SD. Key: (*) p < 0.001; (7) p < 0.005; (#) p < 0.01; ($) not 
significantly different, compared with the appropriate control. 


failed to be found in normal rats. From the results described above, it is 
reasonable to consider that systemic anaphylaxis results in the decrease 
of salicylic acid absorption. This result is consistent with previous data 
that salicylic acid absorption was decreased by the intravenous challenge 
with bovine y-globulin in rats immunized with the same antigen. To 
elucidate the mechanism by which systemic anaphylaxis decreased sal- 
icylic acid absorption, the intestinal absorption of drugs with various 
absorbability was examined (Table 111). Sulfadimethoxine is a rapidly 
absorbed drug like salicylic acid. Sulfanilamide, sulfisoxazole, and quinine 
are moderately absorbable drugs. Sulfanilic acid and phenolsulfon- 
phthalein are poorly absorbed. As is evident from the table, the absorp- 
tion of sulfadimethoxine and sulfanilamide was decreased by the intra- 
venous challenge with ovalbumin; no significant change was observed 


in the intestinal absorption of sulfisoxazole, quinine, sulfanilic acid, and 
phenolsulfonphthalein. 


To examine the effect of the route of immunization with the antigen, 
ovalbumin was injected into the footpads of rats twice and three times. 
As shown in Fig. 4, the intestinal absorption of salicylic acid was signifi- 
cantly decreased in rats challenged intravenously with ovalbumin com- 
pared with the control (challenged with saline). However, there was no 
effect of the intravenous challenge with the different antigen, bovine 
y-globulin on salicylic acid absorption. These results agree well with the 
data shown in Fig. 1. In this case, the passive cutaneous anaphylaxis ex- 
periment can again be used to prove the existence of the anti-ovalbumin 
antibody in rats immunized via the footpads (Table IV). The data in the 
table provide definitive evidence for the existence of anti-ovalbumin 
antibodies in rats immunized via the footpads, as in rats immunized in- 
traperitoneally. 


DISCUSSION 


There has been considerable interest recently in the immunological 
consideration of the GI tract. A previous paper reported the decreased 
absorption of salicylic acid following intravenous challenge with bovine 
y-globulin in rats immunized intraperitoneally with this antigen (1). In 
the case of bovine y-globulin, however, the decreased absorption of the 
drug by the antigen challenge was observed in rats immunized twice and 
three times, but not in rats immunized only once. Furthermore, the effect 
was maintained for a t  least 5 weeks after the third immunization, but 
disappeared within 10 weeks. 


In the present study, the effect of intravenous challenge with ovaibu- 
min on the intestinal absorption of salicylic acid was investigated in rats 
parenterally immunized with the same antigen. As shown in Figs. 1 and 


Table  IV-Passive Cutaneous Anaphylactic Reactions in Rats  
Immunized in the Footpads Once, Twice, or Three Times with 
Ovalbumin 8 


No. of Antiserum Dilution 
Immunizations 1:l 1:2 1:4 1:8 1:16 1:32 


1 2.3 0.9 0.5 0.1 0 0 
2 4.0 4.0 4.0 4.0 2.6 1.2 
3 3.7 3.2 2.9 2.1 2.0 2.0 


The diameter of the blue discoloration was scored 0-4 as described in Experi- 
mental. Data represent the mean of 10 experiments. 
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Figure 4-Effect of intravenous challenge with ovalbumin (OA) on the intestinal absorption of salicylic acid in 15 min in rats immunized in the 
footpads twice (A) or three times (B) with ovalbumin. Ovalbumin or bovine y-globulin (BGG) (0.5 mg) dissolved in 0.25 mL of saline was administered 
immediately before the start of intestinal recirculation. Numbers in parentheses represent the number of experiments; vertical bars indicate f 
SD. Key: (j) not significantly different compared with the control. 


4, the intestinal absorption of salicylic acid was significantly decreased 
by the intravenous challenge with ovalbumin in ovalbumin-immunized 
rats. It seems likely that these results are not dependent on the route of 
immunization (intraperitoneal or intrafootpad). Figure 4 also shows that 
intravenous challenge with bovine y-globulin failed to decrease salicylic 
acid absorption in ovalbumin-immunized rats. This indicates the spec- 
ificity of the antigen-antibody reactions. 


A significant decrease in the intestinal absorption of salicylic acid was 
noted by an ovalbumin challenge in rats immunized only once with 
ovalbumin (Fig. 1). This result is consistent with the passive cutaneous 
anaphylaxis data shown in Table I, but differs from our previous exper- 
iments where there was no significant change in the intestinal absorption 
of the drug in rats immunized only once with bovine y-globulin. Fur- 
thermore, as shown in Fig. 2, intestinal absorption of salicylic acid was 
significantly decreased more than 10 weeks after the last immunization 
by the challenge with ovalbumin. In the case of bovine y-globulin, the 
decreased absorption of salicylic acid was observed within 5 weeks and 
had disappeared within 10 weeks after the last immunization. From the 
results described above, it is reasonable to consider that  ovalbumin is a 
more potent antigen than bovine y-globulin in rats under these condi- 
tions. 


The mammalian GI system contributes to the total immune response 
of the body. In both qualitative and quantitative terms, this contribution 
is no better defined than that of other organs. In addition, systemic an- 
aphylaxis has been accompanied by changes in vascular and mucosal 
permeability in the rat. These changes are reflected in an enhanced re- 
tention of labeled serum albumin in intestinal tissues and by the increased 
concentration of such proteins in intestinal fluids. Bloch et al. suggested 
that during intestinal anaphylaxis, there is an increased movement of 
protein from the lumen into the systemic circulation (18,19). Similarly, 
Thomas and Parrot could show that the systemic immune response, as 
well as the local immune answer, can change the normal protein ab- 
sorption (20). 


In contrast to the well-studied change of macromolecule transport 
during intestinal or systemic anaphylaxis (21-251, few studies have in- 
vestigated the immunological consideration on the intestinal transport 
of low molecular weight organic compounds. Since, from the standpoint 
of biopharmaceutics, it might be worthy to examine the absorption of 
such compounds during intestinal or systemic anaphylaxis, the intestinal 
absorption of several low molecular weight drugs was examined in im- 
munized rats by means of an in situ recirculation technique. As is evident 
from Table 111, intestinal absorption of sulfadimethoxine and sulfanil- 
amide was significantly decreased by the intravenous challenge with 
ovalbumin. There was, however, no significant change in the intestinal 
absorption of sulfisoxazole, quinine, sulfanilic acid, and phenolsulfon- 


phthalein in rats challenged with ovalbumin. These findings indicate that 
poorly absorbed drugs are less sensitive to systemic anaphylaxis than 
well-absorbed drugs. As the absorption of poorly absorbed drugs was not 
increased by systemic anaphylaxis, it is suggested that progressive loss 
of structural integrity of the epithelium did not occur during systemic 
anaphylaxis. 


The mechanism by which the intestinal absorption of salicylic acid was 
decreased during systemic anaphylaxis is not completely defined a t  
present. In this case, various mechanisms may be considered. One of the 
most important mechanisms is the alteration of the mesenteric blood flow 
during anaphylaxis. It is well known that the absorption rates of rapidly 
absorbed drugs are controlled by the mesenteric blood flow. Beubler and 
Lbmbech showed that the absorption rate of salicylic acid was affected 
by the intestinal blood flow (26). Therefore, changes in the vascular 
system during systemic anaphylaxis might influence the absorption rate 
of the drug. Another possibility is that the release of histamine, serotonin, 
and other vasoactive substances induced by systemic anaphylaxis may 
contribute to the decreased absorption of salicylic acid. These chemical 
mediators play an important role in increased capillary permeability, 
vasodilation, and smooth muscle contraction. Moreover, Lake et al. have 
shown the enhanced release of goblet cell mucus during intestinal ana- 
phylaxis (27,28). This discharge of goblet cell mucus may also represent 
a barrier against the intestinal absorption of salicylic acid. Additional 
studies are needed to further clarify this observation. 
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Abstract  0 Microcapsules containing sodium phenobarbital cores and 
ethylcellulose walls have been tableted. The thickness of the tablets, the 
breaking strength, and the dissolution characteristics were studied and 
found to be affected by the microcapsule core-wall ratio and the size of 
the microcapsule aggregates. 


Keyphrases 0 Microcapsules-sodium phenobarbital and ethylcellu- 
lose, tablets, effect of core-wall ratio and aggregate size on dissolution 
0 Dissolution-tablets composed of microcapsules, sodium phenobar- 
bital and ethylcellulose, effect of core-wall ratio and aggregate size 0 
Sustained-release formulations-tableted microcapsules, sodium phe- 
nobarbital and ethylcellulose, effect of core-wall ratio and aggregate size 
on dissolution 


Microcapsules consist of a thin wall which can enclose 
a solid or liquid core material. One of the many important 
reasons for microencapsulating medicaments is to achieve 
sustained release. Good sustained release has been 
achieved by microencapsulating poorly water-soluble 
medicaments such as aspirin and phenobarbital (1). With 
very water-soluble substances such as sodium phenobar- 
bital, the rate of release is slowed by microencapsulation, 
being controlled partly by the wall thickness. However, no 
satisfactory sustained release has been achieved with 
water-soluble substances (1-3). Tableting of microcapsules 
has been shown to slow the release significantly and pro- 
vide a sustained- or prolonged-action release (4-6). The 
microcapsules which have been tableted appear to be 
mainly those with ethylcellulose walls prepared using a 
modification of the method described by Fanger et al. (7); 
in most cases, this technique has produced aggregates (2, 
5,7).  This work studies the effect of'the aggregate size and 
the core-wall ratio on the properties of the prepared tab- 
lets. 


EXPERIMENTAL 


Materials-Phenobarbital sodium' (99.4% pure), ethylcellulosel 
(viscosity 5% w/w solution in 8020 toluene-ethanol mixture: 14.13 cP; 
degree of substitution: 2.50; ethoxy content: 47.5%), and cyclohexane2 
(99.5% pure, bp 80-81OC. fp 5.95OC; wt/mL a t  20°C: 0.776) were pur- 
chased commercially. 


Preparation of Microcapsules-The method used was a modifica- 
tion of an original technique by Fanger et al. (7) as further modified by 
Agyilirah and Nixon (5). This method involves deposition of polymeric 
wall-forming material onto dispersed particles of core by cooling below 
a critical liquid-liquid phase separation temperature. A typical example 
of microcapsule preparation was as follows. Ten grams of sodium phe- 
nobarbital and 5 g of ethylcellulose were dispersed in 500 mL of cyclo- 
hexane. The stainless steel stirrer was adjusted to the middle of the dis- 
persion to obtain uniform stirring and a speed of 500 rpm was used. The 
temperature was raised slowly to 8OoC over a period of 1 h after which 
it was allowed to reflux for 30 min. While continuing the stirring, the 
temperature was allowed to decline at  a controlled rate. The ethylcellulose 
separated, first as a liquid, which was deposited round the core particles, 
and when the temperature had reached 25OC the stirring was stopped 
so that the microcapsules could be filtered and dried. 


Preparat ion of Tablets-The tablets were made by compressing 
250-mg quantities of the dried microcapsules. The die was fitted onto a 
9.5-mm flat lower punch, and 250 mg of microcapsules was placed in it. 
The upper punch was carefully placed in position, making sure no mi- 
crocapsules were lost. The punch and die arrangement was placed under 
the compression head, which was lowered onto the upper punch until the 
required compression pressure was attained. A compression pressure of 
315 kg/cm2 was maintained for 1 min and then quickly removed. Tablets 
were prepared from microcapsules of core-wall ratios 4:1,1:1,1:2, and 
1:4 as well as from 2:1 core-wall ratio microcapsules sieved into sizes of 
215,302.5,427.5,605, and 855 l m  using British Standard sieves. 


Determination of Tablet Thickness and Breaking Strength-The 
thickness of the tablets was determined by means of a micrometer screw 
gauge. For each tablet five different measurements were taken a t  five 
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Abstract For an N-compartmental system, with irreversible drug loss 
from the sampled compartment, the equilibrium concentration, C ( m ) ,  
obtained with a zero-order drug input is related to the total amount of 
drug in the system, 7', by ('(a) V = T .  The scalar V is the volume of dis- 
tribution of the corresponding closed system. The moment functions of 
the open system define V. and hence T is directly calculable. The deri- 
vation is general in the sense that the topology of the system is not 
specified and no functional form for C ( t )  is required. 


Keyphrases Volume of distribution, apparent---theorem, amount of 
drug in the body a t  steady state, topology, moment functions Topol- 
ogy-apparent volume of distribution, amount of drug in the body a t  
steady state, moment functions, theorem 


The apparent drug distribution volume of an irreducible 
compartmental system, with a unit impulse drug input into 
a sampled compartment, is given by the ratio of the first 
statistical moment to the definite integral of the sampled 
concentration function (1). This apparent drug distribu- 
tion volume is identical to the apparent volume of the 
corresponding closed system if drug elimination occurs 
exclusively from the sampled compartment (I). 


In the present paper a relationship between the appar- 
ent volume of distribution of a compartmental system and 
the total amount of drug in the system, obtained with a 
zero-order drug input, is derived. The derivation does not 
require any conditions on ( a )  the eigenvalues of the system, 
( b )  the topology of the system, or (c) the intercompart- 
mental rate constants. However, it is assumed that  drug 
input is into the sampled compartment and that  drug 
elimination occurs only from the sampled compartment. 


THEOHETICAL 


Consider an arbitrary set of N interconnected compartments in which 
it is possible for material in compartment; to reach each of i compart- 
ments (i, ;el, 2 . . . N: i # j ) .  Such a compartmental system does not 
contain any sinks, disjointed sets of  compartments, or  suhsystems. For 
such a system: 


(Eq. 1) 


where X ,  (jc1,2. . . N )  is the amount of drug in compartment j, and X ,  
is the first derivative of X ,  with respect to time. The off-diagonal ele- 
ments of matrix A ,  k,, and k,,, are inlercompartmental rate constants 
lor drug transport from compartment j to compartment i and from 
compartment i to compartment j ,  respectively, j and i t1 ,2 .  . . N i # j. 
130th k, ,  and k,, are 10, and i f  a particular kj, = 0 the status of kj, cannot 
he inferred. Consequently, matrix A has no specified topological ar- 
rangement of the compartments. The diagonal elements of matrix A are 
defined by: 


XN k l . v  k 2 ~  k:l.v E R  X N  


(Eq. 2) 


(je1,2.. . N )  


where kjo  (kjo 2 0) is the rate constant for irreversible drug 106s from the 
system oia compartment j. For an open Compartmental system a t  least 
one k," is greater than zero, and for a closed compartmental system all 
values of k,o are equal to zero. 


For an open compartmental system the coefficient matrix A is a 
dominant diagonal matrix with respect to the columns and is an irre- 
ducible matrix (2 ,3) .  Since the off-diagonal elements of A are non-neg- 
ative, each X , ( t )  is greater than or equal to zero for all values of t  for any 
set of non-negative initial conditions or any non-negative input function 
(4). Further, since matrix A is column dominant it follows from 
Gerschgorin's eigenvalue theorem ( 5 )  that all the characteristic values 
of A have negative real parts. Consequently, X , ( m )  = 0, jc1 ,2 . .  . N ,  for 
any set of non-negative initial conditions. Combining the non-negativity 
of X j ( t )  and the irreducibility of matrix A no X j ( t )  is zero for all values 
o f t  when the initial conditions are non-negative and a t  least one initial 
condition is >O. The latter conditions guarantee that J;Xj(t) d t  exists 
for all values of j and that each integral is greater than zero for any set 
of non-negative initial conditions with a t  least one positive initial con- 
dition. Theorems concerning the determinant of an irreducible matrix 
are known (6); thus, ( A  I # 0 if at least one k,o >O and ( A  I = 0 if all kjo 
=Oforjc1,2 . . .  N .  


A special form of matrix A is one in which only one value of kjo is 
greater than zero. Considering such a system, and without loss of gener- 
ality, let k l o  > 0 and k , ~  = 0 for j c 2 , 3 . .  . N .  In this case the apparent 
volume of distribution ( V )  of the irreducible compartmental system is 
given by: 


D r - t C ( t ) d t  
Jo V =  (Eq. 3) 


where D is an impulse drug input into compartment 1 and C ( t )  is the 
resulting drug concentration-time function observed in compartment 
1 (1) .  This apparent volume is related to the total amount of drug in the 
body by the following theorem. 


Theorem-For an irreducible compartmental system with irreversible 
drug loss from one compartment only, e.g., compartment 1, and zero- 
order drug input K into this compartment, then the limiting concentra- 
tion, C l  ( m )  in the sampled compartment (compartment 1) is related to 
the total mass of drug in the system, T ( m ) ,  by: 


C1(m)  - v = T ( m )  (Eq. 4) 


where V is the apparent volume of distribution of the compartmental 
system as defined by Eq. 3. 


Proof-To establish a proof, an expression for the scalar volume (v) 
that maps the limiting concentration, Cl(-) ,  in compartment 1 to the 
total mass of drug in the system as t * - is required. If this latter volume 
can be shown to be identical to V then a proof is established. 


Expressions for T ( m )  and v can be obtained as follows. By standard 
Laplace transform theory: 


(Eq. 5 )  


(jc,l,B,. . . N )  
where x,(s) is the Laplace transform of X,( t ) ,  s the Laplace variable, MI, 
the matrix obtained by deleting row 1 and column j from matrix A, and 
I is the identity matrix. 


Expanding the polynomials in Eq. 5, then: 
K (-l) l+'(  . ~ N - ' + ~ l ~ N - 2 . . . a N - - 2 ~ +  ( - l ) N - ' l M l j l )  


x,(s) = -. 
9 (sN t b l s N - ' .  . . bN-1.S + ( - l )NIAJ)  


(Eq. 6) 
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where b, and a, are (-1)’ times the sum of the determinants of all the 
i-squared principle minors of matrix A and matrix MI,,  respectively. The 
coefficients b, (rt1,2 . . . N - 1 )  and ( - l ) N I A (  are greater than zero 
(1). 


Applying the final value theorem of Laplace transforms: 


b c 1 , 2 . .  . N )  Lim s - *  0 ( - l )NIAl  
(Eq.7) 


XI(-) = S ’ X , ( S )  = K ( - l P + 1 ( - l ) N - l  


The numerator terms in FA. 7 are all positive. The latter follows from the 
fact that I -A(  has all positive cofactors (4), and since - l (N- l ) l  MI, I = 
I-M1,1, the determinants - I ( l+ l ) l -M~,I  are cofactorsof I -A l .  Con- 
sequently X,(m) > 0 for all values of cjcl,:!. . . N) when K > 0. 


is given by ZFl  X,(m)  
= T ( m )  and Cl(m) = Xl(m)/V1 where Vl is the volume ofcompartment 
1. Consequently, the scalar that maps Cl(m) to T(-) IS given by ap- 
plication of Eq. 7 as: 


The total amount of drug in the system EL$ 1 - 
N c ( - l P + l ( - l ) N - ’  IMlll 


(Eq. 8)  


The latter scalar volume v is equivalent to the apparent volume of dis- 
tribution (V).  This identity can be established as follows. Consider the 
corresponding closed compartmental system ( k l o  = 0) with a unit impulse 
input into compartment I .  In this case, by standard Laplace transform 
theory: 


= ( -I) ,+’S [ s N - l  t al.yN-*. . . . ~ ~ - 2 s  + (-l)N-’IMi,I] 
[ s N  + h l s N - l . .  . . 6 ~ - 1 s  t (-1)” A[ ]  


Lim 
s -0 


(Eq. 9)  


where 6, is (-1)i times the sum of the determinants of all the i-squared 
principal minors of A, A is the coefficient matrix of the closed system (i e . ,  
all k,o = 0) and X,(m)  is the mass of drug in compartmentj of the closed 
system as t - m. Since IAl  = 0, the limits in Eq. 9 are obtained by the 
L’Hospital rule, and applying Eq. 9: 


Since the system is closed the total amount of drug in the system a t  any 
time is unity, this gives the unity identity of F4. 10. 


Substituting Eq. 10 intqEq. 8 gives: 


(Eq. 11) 


The quotient expressed in Eq. 11 has been shown previously (1) to be 
equivalent to the apparent volume of distribution of a compartmental 
system, whence v = V, from which Eq. 4 follows and thus completes the 
proof. 


DISCUSSION 


The apparent volume of distribution specified by Eq. 3 does not assume 
any particular functional form for C ( t ) .  After an impulse input (D), V 
can be calculated by standard numerical methods. Additionally, V can 
be calculated for any given input function into the central compartment 
and does not necessitate the use of an intravenous bolus drug dose (1). 


As is stated in the given theorem the apparent volume can be used to 
calculate the total amount of drug in the system a t  steady state when a 
constant intravenous infusion is administered: conversely if the amount 
of drug in the system and C(-) are known, then V can be calculated. 


The volume of distribution of a compartmental system is the apparent 
volume of the completely closed system (i .e. ,  when no irreversible drug 
loss occurs). It is defined as that scalar quantity which maps the equi- 


librium concentration, in the sampled compartment of the closed system, 
to the amount of drug in the closed system after a finite drug input (1). 
For an open system with elimination occurring only from the observed 
compartment this volume is given by Eq. 3 when an impulse input (D) 
is used. 


Riggs (7) introduced, hut without reference to a closed system, the term 
steady-state distribution volume. This volume of distribution is defined 
specifically with respect to a two-compartment open model and it is the 
ratio of the total drug content in the system to the drug concentration 
in the central compartment, these measurements being taken a t  a time 
when the second compartment contains the maximum amount of drug. 
For a two-compartmental model with drug elimination occurring only 
from the central compartment the latter definition coincides with the 
definition based on a closed system. However, in an irreducible open 
Compartmental system with more than two compartments, all of the 
peripheral compartments will not necessarily be in equilibrium with the 
central compartment a t  the same time. Consequently the steady-state 
distribution volume (7) cannot be arbitrarily extended to include a gen- 
eral N-compartmental system of unknown topology. For a two-com- 
partmental model the use of permeability coefficients for drug transfer 
(8) or partition coefficients (4) also gives an identical distribution volume 
to that of the closed system. The concept of permeability and partition 
coefficients could be extended to larger compartmental models such as 
mammillary and catenary models. However, the notion of partitioning 
in systems containing irreversible drug cycles is inappropriate. No such 
difficulties arise when the closed system is used as the reference. 


Since previous analyses are not general it is essential, for a clear un- 
derstanding of drug distribution volume, to have a general theorem that 
relates the distribution volume to the total amount of drug in an open 
system of unknown topology a t  steady state. I t  could be argued that it 
is intuitively obvious that the volume of distribution of a closed system 
maps the equilibrium concentration of the sampled compartment ob- 
tained with a zero-order drug input to the total amount of drug in the 
system. However, the reverse opinion has been held previously (9, 10) 
and an erroneous proof has been presented to show that the distribution 
volume does not have a direct relationship to the total amount of drug 
in the system a t  steady state (10). 


The derivation of the theorem presented in the text is general in the 
sense that no knowledge of the topology of the system is required and 
consequently no constraints on the eigenvalues of the system are required 
nor are any constraints on intercompartmental rate constants required. 
However, it is assumed that irreversible drug loss from the system occurs 
only from the sampled compartment. 


Although the term compartment has been used in the derivation, the 
term is merely a convenience and should not he interpreted literally as 
a circumscribable region of space. Frequently the term noncompart- 
mental is applied incorrectly to pharmacokinetic theory when topological 
independence is intended (11,121. 
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Figure 9--Change of (he oiscosity of the ointment with storage time. Key: 
( O /  o/w emulsion-type ointment; (A) hydrophilic oinrment; (01 ahsorptioe 
ointment. The oinrnienrs were stored at 40°C. The reniperalure in the mea- 
surement of riscosity was 20.0"C; the time of shear application was 30 s. 


measurements of the base over a 50-d experimental period at 4OOC. Finally, 
the aforementioned properties suggest that these o/w-type emulsions prepared 
with sugar ester, I ,  sugar wax, and distilled watcr are suitable for the phar- 
macuetical preparation of ointments for clinical use. Future inwtigations 
will evaluate the effect of physica-hemical properties of the o/w emulsion-type 
ointment on the indices of bioavailability through in oioo percutaneous ab- 
sorption. 
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Abstract 0 A modified analytical method was developed which can accurately 
quantitate calcium gluconate and its pharmaceutical preparations in the 
presence of  other calcium compounds or other cations able to complex with 
EDTA. The m e t h d  was based on t h e  principle  of [he ~ ~ l ~ ~ ~ ~ d ~  


according to which gluconic  acid is selectively and q u a n t i t a t i v e l y  
oidi7ed by 
from t h e  proceeded 
ill 50°C for 10 min, yielding -100% recovery of calcium gluconate. The 


proposed method was accurate, precise, and superior to the compendia 
EDTA -complexomctric method in terms of specificity. 


Keyphrases 0 Calcium gluconate- -determination by selectivcoxidation with 
periodate. quantitation, Malaprade reaction CI Pcr/odate -selective oxidation. 
determinqtion of  calcium gluconate. quantitation, Malaprade reaclion 
Mvilnpradc reaction -determination of calcium gluconate with se lcchc  ox- 
ida t ion  by p e r i c ~ a l c . q u a n t i t a t i o n  


The content orcalcium gluconate wds 
of gluconic acid found. ~h~ Selective 


The EDTA-complcxometric titration for the detcrrnination 
of calcium gluconatc ( I )  and its pharmaceutical formulations 
is most commonly adopted by many current national phar- 


macopoeias ( 1  -6) .  However, it is known that the official 
compcndia method is only suitable for dctermining a sample 
of I which does not contain othcr calcium compounds or othcr 
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Table I-Molar Ratio of I to Periodate in the Selective Oxidation 


Amounts of Eauivalents of I 
I Reference Standard 0.05 M 12 Subtracted Moles of Nal04 Molar Ratio of for i m~ of0.05 M 


Added, mg moI x 10-3 by the blank, mL Reacted, X lo-) 1 to Nal04  12, g 


55.64 0.1241 
50.23 0.1 120 
5 1.32 0.1 145 
48.32 0. I074 
53.53 0.1 194 


Mean 


24.81 
22.42 
22.89 
21.56 
23.85 


1.241 
1.121 
1.145 
1.078 
1.193 


1 : lO .O 
1:10.01 
1:lO.O 
1 : lO.O 
1:9.992 
1 : l O  


0.002242 
0.002241 
0.002241 
0.002243 
0.002242 
0.002242 


Table 11-Recovery of I 


I Added", mg I Found*, mg Recovery of I, Q 


51.32 
55.64 
50.23 
48.32 
53.53 


Mean 
S D  


51.30 99.96 
55.62 99.96 
50.24 100.0 
48.35 100.1 
53.50 99.94 


99.99 
0.0161 


According to Table 1. Calculated as I rnL of 0.05 MI2 equivalent to 2.242 rng of 
1. 


cations capable of complexing with EDTA. However, I as 
prepared by some domestic manufacturers usually contains 
a certain amount of calcium oxalate, which is a byproduct 
produced in the fermentation of glucose with Aspergillus niger. 
Commercially available injections of I usually contain a small 
amount of solubilizing agent, such as calcium lactate (7). 
Therefore, it is impossible to accurately estimate I with the 
compendia methods. Because gluconic acid is considered to 
be a vicinal polyhydroxy alcohol and since some earlier in- 
vestigators have applied the Malaprade reaction to determine 
vicinal polyhydroxy alcohols and aldoses (8-1 l ) ,  we were in- 
terested in  studying the reaction of 1 with periodate to develop 
an assay method for I. The proposed method is based on the 
selective oxidation of gluconic acid with periodate, calculating 
the amount of I from the amount of gluconic acid found. 


EXPERIMENTAL 


Drugs and Chemicals-ChP-grade powder'. tablets', and injections' of 1, 
starch, talc, magnesium stearate, lactic acid, and analytical- or base-re- 
agent-grade iodine, potassium iodide, arsenic(ll1) oxide, sodium oxalate, 
magnesium chloride, sodium bicarbonate, disodium EDTA, and sodium 
periodate were used. 


Volumetric Solutions-Solutions of 0.05 M iodine, 0.025 M sodium arsenite, 
0.05 M disodium EDTA, and 0.05 M sodium periodate were prepared and 
standardized by compendia methods. 


Preparation of I Reference Standard-Parenteral grade I ( I )  was dissolved, 
recrystallized from redistilled water three times, and dried a t  70°C. The 
content of 1 was determined by the ChP method ( I ) ,  containing 100 f 0.01% 
of C12H22014Ca'H~O. The oxalate content was < I  5 ppm, determined by the 
ferric perchlorate method ( 1  2, 13). 


Stoichiometric Relation in the Selective Oxidation of I with Sodium Per- 
iodate-About 50 mg of 1 reference standard, accurately weighed, was placed 
in a glass-stoppered 500-mL flask, 20 mL of water was added, and the mixture 
was stirred unt i l  the sample was completely dissolved. Forty milliliters of 0.05 
M sodium periodate was added and mixed. The solution was heated on a 50°C 
water bath for 10 min. After cooling, I gof potassium iodide, 1.5 g ofsodium 
bicarbonate, and 50 mL of 0.025 M sodium arsenite were added. The flask 
was stoppered, thoroughly mixed, and allowed to stand in the dark for 5 min. 
The inner walls of the flask and the stopper were rinsed, and the residual so- 
dium arsenite was titrated with 0.05 M 12, using the starch test system as the 
indicator. A blank determination was performed simultaneously. The titration 
reading of 0.05 M 12 for I reference standard, corrected for the blank, was 
equivalent to the amount of 0.05 M sodium periodate that reacted with I .  


Selection of Optimum Condition for the Selective Oxidation of I with Sodium 
Periodate--To 5 mL of 1 reference standard solution (I.OO%), were added 


' Prepared by the Second Pharmaceutical Factory of Wenchow. China. 


20 mL of water and 40 mL of 0.05 M sodium periodate. The solution was 
mixed as described above, except when the selective oxidation was carried out 
a t  different temperatures and time periods. 


Recovery of I in the Presence of Other Substances in Accordance with the 
Sodium Periodate Method-Twenty milliliters of water was added to three 
5-mL portions of I reference standard solution ( 1  .OO%), respectively. To the 
first portion, 20 mg of starch, 12.5 mg of talc, and 2.5 mg of magnesium 
stearate were added. To the second portion, 25 mg of sodium oxalate and 2 
mg of magnesium chloride were added. Then, to each portion, 40 mL of 0.05 
M sodium periodate was added, and the solution was mixed and heated on 
a 5OoC water bath for 10 min. The procedure was continued as described 
above. 


Comparison of the Sodium Periodate Method with the ChP Method ( I )  in 
the Determination of I and its Pharmaceutical Preparations-An aliquot of 
the sample, equivalent to -50 or 500 mg of I .  was accurately weighed or 
transferred and analyzed as described above or under the ChP method, re- 
spectively. 


RESULTS AND DISCUSSION 


In 1928, Malaprade (14) described that vicinal hydroxy groups in a C-C 
bond might be selectively oxidized by a reagent such as periodic acid to pro- 
duce two aldehyde fragments. Kolthoff and Belcher (15) have reviewed this 
oxidation, known as  the Malaprade reaction, at length and assured that all 
of the polyatomic alcohols, including vicinal hydroxyl groups, could be oxidized 
by periodate according to the following general formula (Scheme I): 


HOCH2(CHOH),CH20H t (n + 1)104- - 2CH20 t nHCOOH t (n t l)lO3- + H2O 
Scheme I 


The hydroxyl group at  the terminal carbon atom was oxidized to yield 
formaldehyde, but the hydroxyl group at the intermediate carbon atom was 
alternatively oxidized to yield formic acid. I f  a carbonyl and a hydroxyl group 
were vicinal, the periodate oxidation would yield a carboxyl and a carbonyl 
function, respectively. Because gluconic acid belongs to a vicinal polyhydroxy 
alcohol having a terminal carboxyl group, it is possible that gluconic acid may 
be oxidized by periodate as  in Scheme 11: 


HOCH2(CHOH)4COOH + 5104- 
+ CH2O + 3HCOOH + (C02H)z + 5103- + H2O 


Scheme II  
In the bicarbonate alkaline condition, the excess periodate can oxidize the 


added iodide to iodine quantitatively, but the iodatedoes not. The liberated 
iodine subsequently oxidizes the added arsenite and the residual arsenite is 
then back-titrated by 0.05 MI2 (Scheme 111): 


1 0 4 -  + 21- + H2O -+ 103-  t I 2  t 2OH- 


12 t As033- t 2 0 H -  + 21- + As04'- t H2O 
Scheme 111 


As a consequence, it is obvious that 1 mol of gluconic acid is equivalent to 


Table Ill-Recovery of I as  a Function of Time and Temperature During 
Selective Oxidation 


Recovery of 1.70' 
Temperatures, "C 5 min 10 min 30 min 


15 89.2 90.9 91.3 
40 99.2 99.9 100.2 
50 100.0 100.0 100.3 
60 100.0 100.2 100.6 
80 100.2 100.9 102.1 


I00 100.9 102.6 104.2 


Average of triplicate analyses. 
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Table IV-Recovery of I in the Presence of Other Substances 


I Added, Other Substances I Found, Recovery of 
mg Added, mg mgo I , % O  


~~ 


Starch, 20 talc, 12.5 
50.00 Magnesium stearate, 2.5 50.45 100.9 


50.00 Lactic acid, 25; calcium hydroxide, 2.5 50.37 100.7 


50.00 Magnesium chloride, 2; sodium oxalate, 0.5 49.98 99.96 


(SD 0.02) 


(SD 0.08) 


(SD 0.05) 


Average of triplicate analyses. 


5 mol of periodate or to 10 g equivalents of iodine. Hence, I mol of I is 
equivalent to 10 mol of sodium periodate or 20 g equivalents of iodine, i .e.,  
the molar ratio of I to periodate in the selective oxidation is 1 : lO.  and each 
milliliter of 0.05 M 12 is equivalent to 0.002242 g of I (C12H22014Ca-Hz0, 
Table I) .  The avcrage recovery of 1 is 99.9b% ( S D  0.0161. Table 11). 


When I reacts with peridate at l00OC over 10 min or at 80°C over 30 min, 
the formaldehyde would be oxidized successively so that the recovery of I may 
exceed 100%. On the other hand, if  the reaction temperature is low and the 
period of reaction is short, the selectivcoxidation of I may be incomplete, re- 
sulting in a lowering of recovery. As a rule. it is favorable to keep the selective 
oxidation at 50°C for as long as 10 min, resulting -100% recovery (Table 
I l l ) .  


Table IV gives the results of recovery of I by the sodium pericdate method 
in the presence of other substances. Some excipients such as starch, talc, 
magnesium stearate, lactic acid, calcium hydroxide, magnesium ions, and 
oxalate, elc.. occurring in amounts as much as 10-fold of formulation weight 
in tablets or injections of I, or far more than the compendia prescribed limits, 
do not interfere with the determination of I using the periodate method. Al- 
though lactic acid is an a-hydroxycarboxylic acid, it is not oxidized by per- 
iodate under the conditions described previously ( 16). 


Table V-Results of the Determination by use of the Sodium Periodate 
Method and the ChP Method ( I )  


Content of Oxalate, Content of 1. %b 
Sample of I PPm“ Nal04  Method ChP Method 


Lot 820131 585.4 
Lot 820303 909.6 
Lot 820207 1527.1 


Parenteral 
Lot 8203 14 <I5 
Lot 820310 (15  


Lot 820405 
Lot 820406 


Lot 801 222 


Tablets 


Injection 


99.87 100.7 
99.50 101.0 
99.24 101.7 


99.98 99.96 
99.99 99.99 


98.92‘ 101.7“ 
97.45c 99.83c 


101.4‘ 103.2c 
1.01 801226 100.6c 102.4c 


From Refs. I2 and 13. bAverage of triplicate analyses. Percent of labeled 
amount .  


Because the amounts of oxalate present in oral grade 1 ( I )  commonly reach 
500 ppm (sometimes >I000 ppm) and additive amounts of calcium lactate 
in I injections are approximated to 1.5% (7). results of analysis in oral grade 
I or its preparations with the EDTA-complexometric method are usually 
higher than with the sodium periodate method. Alternatively, owing to the 
low oxalate content in parenteral grade I ( in  general, the amounts of oxalate 
are controlled to < I  50 ppm in parenteral grade I;  if the injections are prepared 
by I containing oxalate > 150 ppm, microcrystalline calcium oxalate would 
precipitate after standing for several weeks), results of determination obtained 
by the two methods are almost identical (Table V). 


In conclusion, i t  is apparent that the sodium periodate method is superior 
to the official EDTA-complexomctric method with high specificity. no in- 
terference by any excipients or oxalate, etc. The proposed method is accurate 
and precise, not requiring any special apparatus or costly reagents. 
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Abstract 0 Dissolution studies were carried out with the USP rotating-basket 
apparatus in both simulated gastric and intestinal fluids. Four different brands 
of sustained-release theophylline products of different strengths (nine for- 
mulations) were studied. The percentage of the dose released in  1 h in gastric 
fluid ranged from (mean f S D )  6.6 f 0.9 to 50.1 f 3.8%. By 6 h. the per- 
centage of the dose released ranged from 10.8 f 1.8 to 86.5 f 5.2%. Similar 
formulations of different strengths released significantly different fractions 
of their dose at respective sampling times. In intestinal fluid. somc formulations 
released 100% of their dose within 3-4 h, behaving more like enteric-coated 
preparations. One dosage form appeared to release drug by an apparent 
zero-order rate. From one brand of theophylline (two strengths), only 48.1 
f 5.6 and 29.9 f 4.1% of label strength, respectively, dissolved in 25 h in in- 
testinal fluid. Some of these in viiro results were rank-correlated to previously 
reported bioavailability and pharmacokinetic studies. 


Keyphrases 0 Sustained-release formulations-dissolution, USP rotating- 
basket apparatus, theophylline 0 Theophylline-dissolution, sustained-release 
formulations, USP rotating-basket apparatus, 0 Bioavailability-theo- 
phylline, sustained-release formulations, USP rotating-basket apparatus 


The importance of using sustained-release theophylline 
dosage forms for the treatment of respiratory diseases in adults 
( 1  -4) and children (5 -9 )  is well established. The absorption 
characteristics of many sustained-release theophylline products 
have been defined by several investigators (10, 1 l ) ,  and cor- 
relations with in uirro dissolution studies have been described 
(I 2, 13). However, disintegration and dissolution tests are still 
the compendia1 standards of content release and uniformity 
( 1  4), and only minimal data for theophylline sustained-release 
products are available. Therefore, dissolution studies were 
performed on several sustained-release dosage forms, some of 
which have already been evaluated for bioavailability and 
pharmacokinetic characteristics (10, 15). 


EXPERIMENTAL SECTION 


I h g e  Forms-Nine commercially available sustained-release theophylline 
dosage forms were evaluated. Products A'. B', C2, and D2 were capsule forms, 
and products E', F3. C3, H4, and J 4  were tablets. 


Dissolution Apparatus-The USP rotating-basket dissolution apparatus 
(14) was used in  all experiments. Studies were carried out in simulated gastric 
or intestinal fluids. Simulated gastric fluid was prepared by dissolving 2 g of 
NaC15 and 3.2 g of pepsin5 in 7 mL of concentrated HC16 and sufficient water 
to make 1000 mL; the pH of this solution was I .2. Simulated intestinal fluid 
was prepared by dissolving 6.8 g of KaH2P045 in 250 mL of water. To this 
here added I90 mL of 0.2 M NaOH5 and 400 mL of water. The solution was 
thoroughly mixed, 10 g of pancreatin5 was added. and the pH was adjusted 
to 7.5 f 0.1 with 0.2 M NaOH before the volume was made up to 1000 mL 
uith water. 


Procedure-In each study, six dosage forms were tested simultaneously, 
uith one dosage form in each position of the dissolution apparatus. The dosage 
forms were not added until 900 mL of the solution had reached 37OC in a water 
bath. This temperature was maintained throughout the study. The baskets 


' Acrolatc 65- and 130-mg capsules; Fleming & Co.. Fenton. Mo. * Slo-phyllin 125- and 250-mg Gyrocaps; Dooner Labs. Ft. Washington, Pa. 
lheo-Dur loo-, 200-. and 300-mg S-A tablets; Astra Pharmaceuticals. Mississauga, 


Ontario. Canada L4X 1 M4 ( K e y  Pharmaceuticals, Inc., Miami, Fla.) 
Thco-Lair 250: and 500-mg SR tablets; Riker Labs.. Northridge, Calif. 
Fisher Scientific Co.. Fair Lawn. N.J. 


* J .  T. Baker Chemical Co., Phillipsburg. N.J. 


were rotated at 100 rpm. All dosage forms were tested in both simulated gastric 
and intestinal fluids under sink conditions. In simulated gastric fluid studies, 
I -mL samples were removed at 0.5- or I-h intervals for up to6 h. I n  simulated 
intestinal fluid, the sampling times were adjusted so that the rate of release 
of theophylline from each different dosage form could be optimally evaluated. 
For dosage forms A, B, E, F, and C, 3-mL samples were removed at  I-h in- 
tervals for I2 h and at  25 h. For dosage forms C and D. 3-mL samples were 
removed every I5 min for a total of 3 h. For dosage forms H and J, 3-mL 
sample$ were removed at 10,20,30,40,50,60.75,90,105, 120. and 240 min. 
Samples were not filtered, as no particles were observed, and the volume of 
sample removed was replaced by fresh dissolution medium at  37OC. All 
samples were refrigerated until the theophylline content was determined by 
a spectrophotometric or HPLC procedure (1 5 ) .  


Theophylline Quadtation-Stock solutions of theophylline were prepared 
in simulated gastric or intestinal fluid at concentrations of 5 .  10, 15.20, and 
25 pg/mL. The theophylline content in gastric fluid samples was determined 
by diluting the samples 2-20 times with gastric fluid and measuring the ab- 
sorbance at 27 I nm7. Appropriately diluted simulated gastric fluid samples 
were used as  a reference. 


In  simulated intestinal fluid samples, the theophylline content had to be 
extracted before the absorbance could be determined spectrophotometrically. 
A 0.5-mL aliquot of 2.5 M acetate5 buffer (pH 6.4) and 6 mL of chloro- 
form-isopropyl alcohol5 (201) were added to 2-mL samples of intestinal fluid. 


Roduct 


O ' 1 1 1 1 1 6  0 


M, h 
Figure I - Percent theophylline dissolved in simulated gastricjluid versus 
time. Results are mean + or - SD; data ore from six dosage forms. 


' Acta I l l  Spectrophotometer: Bcckman Instruments. Inc., Palo Alto, Calif. 
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Table I-Percent Theophylline Dissolved in Simulated Gastric Fluid at Various Times 


Theophyllinc Disbolvcd. ?hz0 
3 5 h  4.0 h 4.5 h 5.0 h 5.5 h 6.0 h Product 0.5 h 1.0 h 1.5 h 2.0 h 2.5 h 3.0 h 


(0.9) (1.7) (1.6) (1.8) ( I  8)  
A 4.1 9. I 11.4 13.7 15.0 15.9 16.6 17.7 18.3 19.0 19.5 20.3 


( 1  3) (1.7) ( 1.9) (1 .5 )  ( 1  6 )  (1.5) (1.5) 
6. I 6.6 7.3 7.7 8. I 8.6 9.0 9.2 9.5 9.8 10.2 10.8 


(0.8) (0.9) (0.8) ( 1 . 1 )  (1.3) ( 1  21 (1.3) ( 1  3) (1.6) (1.5) (1.7) (1.8) 
6. I 38.0 48.2 5 5 .  I 58.8 61.9 65 0 67.3 69.5 71.2 73.0 75.0 


66.0 69.8 72.3 77.3 78.9 80.5 82.2 84.9 86.5 9. I 50. I 58.7 


43.5 - 46.1 


39.4 - 45.6 - 14.8 - 21.8 - 26.8 - 35.3 - 
( I .4) (2.8) (4.4) (5 .1)  (7.1) (6.5) 


30.6 - 38.2 - 45.0 - 11.2 - 15.8 - 22.4 - 
( 1.9) (2.5) (4.4) (7.0) (7.0) (8.3) 


7.3 22.8 26.2 29.4 33.2 35.3 37.3 38.9 41.1 42.8 44.0 45.9 
( I  .3) (0.8) (0.7) 


- - 36.6 21.2 - 26.3 - 30 1 33.7 - 15.8 - 


(0.5) (0.6) ( I .O) ( 1 . 1 )  ( I .2) ( 1.2) 


(2.8) (4.6) (5.0) (4.9) (5.0) (5.2) (4.9) (4.8) (4.9) (4.7) (5.1) (4.5) 


-6  21.2 - 29.6 - 34.0 39.4 - 
(3.2) (0.9) ( I  .2) ( 1  7) ( 1  5 )  (2.5) 


(2.4) (3.8) (4.8) (4.4) (4.8) (4.3) ( 5  6) (5.0) ( 5  2) (4.9) (5.4) (5.2) 


(0.5) ( 1 . 1 )  (0.9) ( 1 . 1 )  (0.9) (0.7) ( 1 .O) (0.9) ( I  .O)  


Mean values: SD i n  parentheses. b - Samples not collected. 


Samples were extracted by shaking on a reciprocating shaker for 5 min and 
thcn centrifuging for 5 min. The upper aqueous phase was removed by aspi- 
ration. and 5 mL of the organic layer was extracted wi th  5 mL of 0.1 M 
NaOH5 by shaking for 5 rnin and centrifuging for 10 min. The upper aqueous 
phasc was transferred directly to a spectrophotometric cuvette. and the a b  
sorbancc was measured at 271 nm'. Simulated intestinal fluid samples con- 
taining no drug and extracted by the same procedure werc used as refer- 
cnccs. 


Calibration curves were constructed by plotting absorbance uersus theo- 
phyllinc concentration with simulated gastric and intestinal fluid stock solu- 
tions. Theophylline concentrations from studies of dosage forms E, F, and G 
wcrc dctcrmincd by an HPLC procedure described previously ( I  5 ) .  Analytical 
procedures wcre compared, and results from b o t h  tests were identical. 


RESULTS AND DISCUSSION 


I t  is not usually possible 10 differentiate between structurally related 
compounds. such as decomposition products or metabolites. by spectropho- 
tomctric methods of analysis. However, for dissolution studies of a dosage form 
containing a single chemical entity. this spectrophotometric procedure had 
cxccllent sensitivity and specificity. Since the results from these spectropho- 
tomctric assays were identical to those obtained by HPLC analysis, it was 
assumcd that no detectable decomposition occurred during these dissolution 
studies. I n  the gastric fluid medium, calibration curves were linear over the 
concentration range of 8-50 pg/mL, and through a 10-week pcriod they had 


a maximum coefficient of variation of 9.6%. Nevcrthclcss. calibration curves 
wcrc dctermincd daily for each set of analyses. Similar results wcre obtained 
for thc intestinal fluid samples. with a maximum coefficient of variation of 
10.6% over a 10-week period. The rcsults from the HPLC procedurc had a 
maximum coefficient of variation of 3.6%. I n  all individual curves, correlation 
cocfficients wcre always >0.995. 


Thc maximum dose of theophyllinc evaluatcd in  thesc studies was 300 mg. 
and thc volumc of sample rcmoved for analysis was replaced by fresh disso- 
lution medium at 37°C. so that the 900-mL initial volume was always main- 
taincd. Thc solubility of thcophylline at  2S°C is I g/l20 mL in distillcd water 
( 16). so that if thc total 300-mg dose dissolved during the study, only 4% of 
thc total solubility of theophyllinc would be achieved. Therefore. sink condi- 
tions wcre maintaincd in all studies ( 17). 


Thc absolute bioavailability oforally administered theophylline in aqueous 
solutions was calculated to be 100%; absorption was rapid, with peak serum 
conccntrations occurring at I h after dose administration (18). The rate and 
cxtcnt of theophyllinc absorption after administration of sustained-release 
products would. therefore. be controllcd by the rate and extent ofdrug relcase 
from thc dosage form. Also, since these dosage forms may contain larger doses 
or drug than conventional preparations. thc rate and completcncss of drug 
relcase from thc matrix must be uniform and well controlled. Fluctuations 
i n  x r q m  theophyllinc concentrations will then bc minimal, and efficacy will 
be achieved without toxicity. 


The efficacy and safety of most sustaincd-rcleasc theophylline dosage forms 
has bccn wcll documcnted ( I  -9). Howevcr. variability and incompleteness 


Table Il-Percent Thhv l l ine  Dissolved in Simulated Intestinal Fluid at Various Times 


Theophylline Dissolved. %" 
Product 1.0 h 2.0 h 3.0 h 4.0 h 5.0 h 6.0 h 7.0 h 8.0 h 9.0 h 10.0 h 11.0h 12.0 h 25.0 h 


A 3.0 6.4 11.5 14.2 18.4 19.5 


B 7.1 11.2 14.7 17.8 19.9 22.3 
(2.5) (2.3) (2.0) (2.5) (4.4) (4.7) 


(0.8) (3.2) (2.5) (2.8) (2.8) (3.3) 
E 29.1 37.2 43.1 47.2 52.3 56.0 


(2.3) (3.8) (4.7) (4.9) ( 5 . 5 )  (6.4) 
F 14.0 21.8 26.8 35 3 39.4 45.6 


(1.9) (2.8) (4.4) (5.1) (7.1) (6.5) 


21.6 
(5.3) 
22.3 
(3.8) 
61 .O 
(6.6) 
50. I 
(7.4) 


G 11.2 15.8 22.4 30.6 38.2 45.0 53.9 
(1.9) (2.51 (4.4) (7.0) (7.0) (8.3) (9.4) 
0.2Sb 0.5 0.75b I .Ob I .2Sb l.Sb 1.75b 


C 18.4 39.4 50.7 60.2 70.1 79.4 
(4.2) (3.8) (3.1) (4.2) (3.5) (8.1) 


D 18.5 40.0 55.7 65.7 73.2 78.5 
(3.4) (5.8) (5.8) (7.9) (5.6) (4.2) 


1 o c  20c  3OC 4OC 5 o c  6 o c  
H 7.7 14.3 21.7 26.6 32.4 36.0 


(1.8) (3.9) (4.7) (5.6) (7.2) (7.2) 


87.7 
(10.7) 
86.3 
(3.6) 
75c 


41.7 
(9.3) 


24.4 
(4.9) 
23.5 
(3.8) 
64.5 
(6.9) 
54.5 
(8.4) 
56.6 
(9.6) 
2.Oh 


94.9 
(10.8) 
90.5 
(6. I ) 
9OC 
52.9 


(14.3) 


26.2 28.8 
(S.2) (5.7) 
23.3 24.7 
(4.3) (3.6) 
67.7 72.0 


58.9 61.6 
(8.5) (6.0) 
68.0 71.6 


(7.5) (7.2) 


(3.9) ( 2 9  
2.2Sb 2.5 


95.5 95.5 
(5.4) (6.0) 
91.4 96.4 
(3.3) (4.7) 
105c 120' 


56.7 63.3 
( I  2.7) ( I  3.7) 


32. I 37. I 
(4.7) (5.3) 
24.5 24.0 
(3.1) (3.2) 
75.2 78.4 
(8.6) (7.9) 
62.2 66.6 


75.9 72.9 
(7.4) (7.1) 


(4.4) (10.9) 
2.7Sb 3.0b 


94.9 93.9 
(5.0) (2.8) 
94.3 95.7 
(1.8) (5 .1)  
240' 
88.5 


( I  8.5) 


48. I 
(5.6) 
29.5 


95. I 
(7.6) 
87.6 


( 10.5) 
89.4 


(4.1) 


(4. I ) 


J 3.3 8.4 13.5 18.4 22.0 24.9 30.6 38.8 43.6 48.8 77.0 
( 1 . 1 )  (2.0) (2.4) (2.7) (3.0) (3.6) (3.8) (4.6) (5.0) (4.8) (5.7) 


Mean values, SD i n  parentheses Adjusted time intervals (h)  4djusted time Intervals (mm) 
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Figure 2-Percenr rheophylline dissoli-ed in siniulared inrestinalfluid versus 
rime. Kesulrs ure mean -+ or - SD; dara are from six dosagejorms. 


of theophylline release from some sustained-release preparations after sin- 
gle-dose administration to asthmatic patients has been demonstrated ( 10). 
Similar results have been found in the present dissolution studies with the 
rotating-basket dissolution apparatus ( 1  4) and by evaluating the products 
in  both simulated gastric and intestinal fluids. 


The percentages of theophylline dissolved at various times from the simu- 
lilted gastric fluid studiesare presented in Table I .  and the percent dissolved 
rvrsus time plot is shown in Fig. I .  The dosage forms studied released 6.6 f 
0.9 to 50.1 f 3.8%of their drug content within I h i n  simulated gastric fluid. 
Although no simple correlation exists. the values obtained for the percentage 
of the d o x  released in I h in cirro from these products exhibit the same rank 
order as the values obtained at I h inrico with some of these same products 
(10). 


After the initial release of drug through the first 0.5 1.0 h, all of the 
products displayed some type of sustained-release characteristics (Fig. I ) .  
tlowcver. the variability between products clearly demonstrates that these 
products are not readily interchangeable. Since the mean gastric residence 
time has been reported to be 3.61 f I .47 h (19), the dissolution studies in  
simulated gastric fluid were terminated after 6 h. At that time, the mean 
pcrcentage of the dose released ranged from 10.8 f 1.8 to 86.5 f 5.2% (Table 
1 ) .  


Of greater concern is the differences in the rate of release of drug from 
similar preparations of different strength. Both at 3 and 6 h. products A and 
B. C and D, and H and J all released significantly different amounts of drug 
( p  d 0.005). Product E released significantly more drug than F and G ai 3 
h ( p  d 0.005). but not at 6 h. Products F and G released similar amounts of 
drug at 3 and 6 h (I, = 0.005). Theophylline doses arc often individualized by 
using a combination of different strengths of the same brand of product (1). 
However, different strengths of the Same brand cannot be arbitrarily assumed 
to release drug at similar rates. A more rational approach may be 10 adjust 
the dose by taking one-half of the higher strength dosage form to individualize 
the dosages. Nosignificant difference was detected in iico when this approach 
was used for product E ( I  5). In  addition. these in cirru studies may not reflect 
the in rico situation. The in ciro results for products E and G were not sig- 
nificantly different (10). 


Since these products were all sustained-release dosage forms, the dissolution 
studies in simulated intestinal fluid provide additional information. The 
percentage of theophyllinc dissolved at various times in  simulated intestinal 
fluid is shown in Table 11. and percent dissolved izr,sus time plots for all dosage 


forms arc presented in Fig. 2. The results from these studies show even greater 
product variability. 


Almost all of the thcophylline content, 93.9 f 2.8 and 95.7 f 5.1% from 
products C and D. respectively. was released in 3 h in simulated intestinal fluid. 
This means that the rate of release of drug from these dosage forms may be 
very dependent on gastric emptying time. These two products also yielded the 
fastest rate of drug release in simulated gastric fluid (Table I ,  Fig. I )  and 
displayed the characteristics of enteric-coated formulations rather than sus- 
tained-release dosage forms. These products also exhibited similar charac- 
teristics in r im ( I  0) .  as virtually 100% of the dose was absorbed in 6 h from 
these formulations. The results obtained from the two different strengths of 
this dosage form i n  simulated intestinal fluid were not significantly different 
at any time (p  = 0.005). 


Although the results from products E, F, G, and H were not significantly 
different in gastric fluid at 6 h (p = 0.005). the results obtained in intestinal 
fluid were different (I, d 0.005). Products H and J released 88.5 f 18.5 and 
77.0 f 5.7%, respectively, of their drug content within 4 h, whereas products 
E, F, and G released only 47.2 f 4.9.35.3 f 5.1, and 30.6 f 7.00/0, rcspcctively. 
Unfortunately, products H and J were not studied in  cico previously ( 1  0) .  


One interesting aspect of products E, F, and G is that the percent theo- 
phylline released cersus time plots are linear after 3 h (Fig. 2). These results 
indicate that an approximation to zero-order release from these dosage forms 
was achieved. These findings have also been reported in  previous studies in 
cico ( I  5 ) .  Despicc the delayed release. virtually all of the dose was released 
from these products between I2 and 25 h. These results confirm the earlier 
i n r i cos tud ie s ( l0 ) inwhich  100%ofthedoseappcaredtobeabsorbed by 16 
h. 


Products A and B demonstrate very poor drug availability both in simulated 
gastric and intesiinal fluids. At 25 h, only 48. I f 5.6 and 29.5 f 4.1% of the 
dose was released, respectively. for products A and B. These results mirrored 
the earlier in cii30 findings i n  which only 70% of the dose appeared to be ab- 
sorbed by 20 h. Again, the results from the two dosage forms of different 
strengths were significantly different (p 5 0.005). 


All results were also analyzed by plotting the log percentage of the labeled 
dose remaining to be dissolved uersus time. In some instances these plots were 
linear. However. the fact that these relationships may be simply artifacts of 
the systems has been thoroughly examined and discussed previously (20). 
Therefore. these results are not presented. 


I n  conclusion, the in cifro dissolution results in this study were obtained 
with the rotating-basket dissolution apparatus and indepcndcnt trials in  both 
simulated gastric and intestinal fluids (14). The pattern of drug release from 
these sustained-release products obtained in oitro mirrored the in ciuo ab- 
sorption results obtained with some of these products (10, 15) .  These rank- 
order comparisons provide additional information as to the usefulness of 
dissolution studies as compendia1 methods for determining product content. 
uniformity, and rate and extent of drug release. 
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Dosage Form Design for Improvement of 
Bioavailability of Levodopa VI: Formulation of 
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Abstract 0 A new dosage form of levodopa, which has thecharacteristics of 
loading high concentrations of levcdopa at the upper part of the intestine. has 
bccn developed to improve its bioavailability. It is shown that an effervescent 
tablet formulation, coated with hydroxypropyl methylcellulose phthalate 
(carboxybenzoyl radical content: 20-24%) as the enteric material, is suitable 
for the purpose of dissolution. This was confirmed from animal experiments, 
which showed that tablets of this composition disintegrate instantly on 
reaching the upper part of the intestine. This tablet was considered appropriate 
for the bioavailability tests described in this paper. 


Keyphrases 0 Levodopa-effervescent cnteric-coated tablet, intestinal ab- 
sorption, dissolution 0 Effervescent enteric-coated tablet-levodopa, intestinal 
absorption, lag time of dissolution and absorption, effect of sizc and shape 0 
Film material-hydroxypropyl methylcellulose phthalate, effervescent en- 
teric-coated tablet, levodopa 


It has been shown in previous work in this series (1,2) that 
the bioavailability of levodopa could be improved by loading 
high concentrations of the drug at the upper part of the intes- 
tine, the optimum site of absorption, and then inducing tem- 
porary saturation of levodopa decarboxylase. The present work 
describes the preparation of an oral solid dosage form of le- 
vodopa with improved bioavailability. The in uitro dissolution 
and in oioo disintegration behavior also are reported. 


EXPERIMENTAL SECTION 


Preparation of Effervescent Enteric-Coated Tablets of Levodopa [ I t A  
granular mixture of levodopa USP and carboxymethylcelluloel was prepared 
by the wet granulation method using an aqueous solution of hydroxypropyl 
cellulose* as a binder. All other diluents, effervescent agents, lubricants, and/or 
coloring agents were mixed with the dried granulation, and the mixture was 
compressed into tablets. These tablets were coated successively with hy- 
droxypropyl methylcellulose USP (11) (5% w/w) and then with hydroxypropyl 
methylcellulose phthalate (IWo w/w) in methylene dichloride-ethanol 
( I  : I ,  w/w) solution4 to obtain enteric-coated tablets. All the coating agents 
that were used here are accepted for drug use by the FDA. 


Marketed as NS300, Gotoku Yakuhin. Tokyo, Japan; acid form of sodium car- 


Shinetsu Chemicals Co.. I.td.. Tokyo. Japan: Biddlc Sawyer Corporation, 2, 


A substitute solution is acetone-ethanol solution ( 1 : l .  w / w )  or acetone-isopropyl 


box methylcellulose USP. 


Penn-Plaza, New York. N.Y. 10121. U S A . :  Master File No. DMF-2151. 


alcohol ( I ; I ,  w/w) 


JNippon Soda Co.. Ltd.. Oiso-machi, Kanagawa. Japan; F.C.C. 111 P280. 


Dissolution Tests-A modified disintegration test apparatus was used in 
the dissolution tests of levodopa and/or dyes (3). The frequency rate of the 
basket-rack assembly was set between 5 and 20 cpm. Ten-mesh stainless steel 
cloth was fitted over the top of the basket-rack assembly to prevent the tablet 
from floating out of the tube of the assembly during dissolution. 


Dissolution media (900 mL) at various pH values, prepared by mixing test 
solutions I and 2 ( JP  IX),  were heated to 37 f OS0C and placed in  the dis- 
solution apparatus. One tablet was placed in  the basket. The solution was 
drdwn from the flask through the flow cell (length 5 mm) by a pumpS and 
returned to the flask at a flow rate of -25 mL/min. The differences in ab- 
sorbance between A1 (258.5 nm) and A? (281 nm) for levodopa, XI (620nm) 
and X2 (662 nm) for methylene blue. and XI (600 nm) and A: (522 nm) for 
erythromycin were measured with a dual-wavelength spectrophotometer6 and 


100 
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= 50 - 
0 .o “l 
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- 
.- 
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0 


b - 1 0  
figure ]-Dissolution patterns of levodopa. The solid line shows the desired 
pattern; the dotted lines show conventional dosage forms. 
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Type MBP-100, lwaki Co.. Ltd., Japan 
Hitachi- I56 Spectrophotornetcr; Hitachi Co.. Ltd., Tokyo, Japan 
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pK, Determination of Verapamil by Liquid-Liquid 
Partition 
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Abstract 0 The pKo of verapamil was determined by measuring the partition 
coefficient of verapamil between n-heptane and aqueous buffer solution at  
various pH values. The magnitude of the effects of ionic strength or temper- 
ature on the pKa of verapamil was in agreement with those reported previously. 
The estimated pKa of verapamil in human plasma was 8.75. The pK, of 
2,4,6-trimethylpyridine measured by means of the present partition method 
was in good agreement with that determined by UV spectrophotometry. 


Keyphrases 0 Verapamil-pKa determination, liquid-liquid partition coef- 
ficients, effects of ionic strength and temperature Partition coefficients- 
liquid-liquid, use in determining the pK, of verapamil, effects of ionic strength 
and temperature 0 Dissociation constants-verapamil, determination using 
liquid-liquid partition coefficients, effects of ionic strength and tempera- 
ture 


Verapamil, an effective antiarrhythmic agent, exerts its 
effect through selective inhibition of slow inward transport of 
calcium across cell membranes. Although the drug was first 
introduced in 1962 in Germany, no report on the pKa value of 
verapamil, a weakly basic compound, has yet appeared. We 
required this information to analyze our results on the mech- 
anism of salivary excretion of verapamil in humans and 
dogs. 


Potentiometric or UV spectrophotometric methods are 
generally most useful for the accurate and reproducible de- 
termination of aqueous dissociation constants of organic 
compounds. However, these methods are not applicable for the 
determination of the pK, of verapamil because the drug is 
insufficiently soluble in aqueous media to give a reliable ti- 
tration curve and also because of the lack of a significant 
pH-dependent change in the absorption spectra. Several al- 
ternative methods exist for the determination of pKa values 
of such compounds (1). For instance, mixed aqueous solvents 
can be used for the titration of sparingly soluble compounds. 


I 


5.0 6.0 7.0 8.0 I# 4.0 
PH 


Figure 1-Plot of log [(Pm - Papp)/PePp] versus pH. Initial concentration 
of oerapamil in n-heptane, 0.003 M ;  ionic strength, 0.0315; temperature, 
25°C. Key: (0) in phosphate buffer: (@) in acetate buffer. 


However, there is no completely satisfactory method for con- 
verting the results to the aqueous pKa scale (2). The solubility 
(3,4) and modified titration (5) methods are also unsuitable 
for verapamil, since it is difficult to determine the aqueous 
solubility of the un-ionized form of the compound with suffi- 
cient accuracy because of the extremely low solubility. 


In the present study, we attempted to determine the pK, of 
verapamil by a partition method based on measurement of the 
partition coefficient between water and an immiscible organic 
solvent at various pH values of the aqueous phase. Although 
this method was first proposed several decades ago (6, 7), it 
has not been generally recognized as a useful method for the 
pKa determination of sparingly soluble compounds. Recently, 
Ezumi and Kubota extended this method to determine pKa 
values of weak organic bifunctional acids and bases (8), but 
their proposed equation cannot be applied to the pKa deter- 
mination of verapamil because of the extremely high partition 
coefficient of this drug. To test the general applicability of the 
partition method, the effects of organic solvent, ionic strength, 
temperature, and concentration of verapamil on the pKa value 
of verapamil were also studied. Furthermore, to confirm the 
validity of this method, the pKa value of 2,4,6-trimethylpyri- 
dine was measured by means of both the partition and the UV 
spectrophotometric methods. 


EXPERIMENTAL 


Materials-Verapamil hydrochloride' and 2,4,6-trimethylpyridine were 
used as received. Organic solutions of the free base of verapamil or 2.4.6-tri- 
methylpyridine were prepared by extracting alkaline solutionsof thesecom- 
pounds (pH 1 1 .O) with the appropriate organic solvent, followed by adjustment 
of the volume to 100 mL. n-Heptane*, n-hexane2, and carbon tetrachloride2 
were of spectroscopic grade, and other reagents3 were of analytical grade. 


Equipment-The pH values of aqueous buffer solutions were measured with 
a pH meter4 with an accuracy of 0.01 pH unit. UV absorption measurements 
relevant to the determination of partition coefficients and the pK, determi- 
nation of 2,4,6-trimethylpyridine by the U V  method were made using a 
spectrophot~rneter~. A spectrofluorophotometerh was used for the determi- 
nation of verapamil in the low concentration range. 


Determination of Partition Coefficient-Five milliliters of organic solvent 
containing verapamil or 2,4,6-trimethylpyridine and 5 mL of phosphate buffer 
or sodium hydroxide solution were added to a screw-capped vial and incubated 
for 2 h in a temperature-controlled incubator ( f O . l  "C)  with occasional vig- 
orous shaking by hand. The tube was centrifuged for 5 min at 3000 rpm, then 
immersed in the incubator again and allowed to stand for 30 min. Aliquots 
of both phases were withdrawn and subjected to analyses, and the pH of the 
aqueous phase was measured immediately. 


Analytical Procedure-For verapamil, the concentration in  the aqueous 
phase was determined either spectrophotometrically (A,,, = 277 nm) or 
spectrofluorophotometrically (excitation at  275 nm, emission at  339 nm) after 
appropriate dilution of the solution with 0.5 M HCI depending on the con- 


' Knoll A. G.,  Ludwigshafen, West Germany. * Dojin Chemical Co., Ltd , Tokyo, Japan. ' Wako Chemicals. Co., Ltd.. Osaka, Japan. 
Model HM-5B with a type GST 155C glass electrode; Toa Electric Co., Ltd. 
UV 300; Shimadzu Co., Ltd., Kyoto, Japan. 
Model R F  502; Shimadzu Co , Ltd., Kyoto, Japan. 
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Table I-Effect of PH on P,' 


Conc. of NaOH* PH Prn 


0.01 M 11.85 487 f 12 
0.03 M 12.38 523 f 18 
0.10 M 12.89 492 f 15 


Organic solvent, n-heptane. initial concentration of Vera mil in n-heptane. 0 001 
Mean M. temperature. 2YC * lonicstrength was adjusted to 0 I wit~sodium chloride 


& SD of three experiments 


Table 11-Effect of Ion Species on P, 


1 Aqueous phase I 
KCI 1 ! .90 434 f 21 
NaCl 11.95 467 f 6 
NaZS04 11.92 426 f 6 


Organic solvent, n-heptane; initial concentration of verapamil in n-hcptane. 0.001 
M;  temperature, 2 Y C .  Ionic strength was adjusted to 0.03 with the indicated salt. 


Mean f SD of three experi- 
menu. 


centration of verapamil present. The organic phase was evaporated to dryness 
under a nitrogen stream at 4OoC, and the residue was dissolved in 0.1 M HCI 
for spectrophotometric measurement. For 2,4,6-trimethylpyridine, concen- 
trations in the aqueous and n-heptane phases were determined spectropho- 
tometrically (Amax = 266 nm and 263 nm, respectively) after appropriate 
dilution with 0.5 M HCI and n-heptane, respectively. 


Preparation of Buffer Solution-All buffer solutions were prepared using 
monobasic potassium phosphate and dibasic sodium phosphate. The ionic 
strength of the aqueous phase after the partition experiment was calculated 
by means of the following: 


Concentration of sodium hydroxide was 0.01 M. 


1 + [K] + [Na)  + [V] - 
1 + Papp 


where 1 is the ionic strength of the aqueous phase; [PI, [V], [K], and "a] are 
the molar concentrations of total phosphate, verapamil, potassium, and so- 
dium, respectively; and Papp is the apparent partition coefficient of verapamil. 
The calculated ionic strength in the aqueous phase after partition varied ap- 
preciably with pH because of the differences in theconcentration of verapamil 
in the aqueous solution. However, since deviations in ionic strength of this 
magnitude were estimated to change the pK, value by no more than 0.01 pK, 
unit, the variation of ionic strength with pH was disregarded and the ionic 
strength was expressed as the mean value. 


Calculation of pK. from Apparent Partition Coefficient-During parti- 
tioning of a weak base between organic and aqueous phases, the distribution 
of each species can be described by Scheme I: where, K, and K,' are  the 
stoichiometric ionization constants of BH+ in the aqueous and organic phases, 
respectively; P, and Pi are the partition coefficients of un-ionized and ionized 
molecules, respectively; [Bl0 and [BIw are the molar concentrations of un- 
ionized molecules in the organic and aqueous phases, respectively; and [BH'l0 
and [BH+Iw are the molar concentrations of ionized molecules in the organic 
and aqueous phases, respectively. 


I f  the concentration of the ionized molecule is far less than that of the un- 
ionized molecule in the organic phase, that is [BH+], << [B],, the apparent 
partition coefficient can be expressed by: 


LBlO 
[BIy + [BH+lW Papp = 


g 8.8 


8.7 


8.61 .& 
0 6.0 10.0 


& 


INITIAL CONCENTRATION OF VERAPAMIL IN 
n - ~  EPTAN E, x 1 0 3  M 


Figure 2-Effect of concentration of oerapamil on pK.. Each point represents 
the mean f SD of 10 experiments. Ionic strength. 0.1050-0.1005: temper- 
ature. 25" C. 


Scheme I 


From the definition: 


From Eqs. 2, 3, and 5 :  


Equation 6 can be rearranged to: 


By plotting Papp uersus [H+] Pa, Ka. and P, can be obtained simultaneously 
from the slope and the intercept of the plot, respectively. However, for a 
compound with a large P, value, such as verapamil, this plot gives inaccurate 
results. Instead, by measuring P, a t  a pH which is higher than the pK, value 
of the compound by 2.0 pH units and Pa, a t  a pH where the PRW value is -1 .O, 
the pK, value can be calculated from Eq. 6. 


Measurement of pK, of 2,4,6-Trimetbylpyndine by UV Spectropbotome- 
try-The UV absorbances of 1 X 10-4 M 2.4.6-trimethylpyridine in phosphate 
buffer (from pH 6.98 to pH 7.57, I = 0.03), and in  0.1 M HCI and 0.1 M 
NaOH were measured at 266 nm and at  25OC. The pK, value was calculated 
by using: 


d - d u  
pK, = pH +log- 


dl - d 
where d ,  dl, and dM are the absorbances in buffer solution, 0. I M HCI solution 
(where 2,4,6-trimethylpyridine exists predominantly as  the ionized form), 
and 0.1 M NaOH solution (where it exists predominantly as the un-ionized 
form), respectively. 


RESULTS AND DISCUSSION 


Estimation of P,-The present method inherently requires the measure- 
ment of the P, value. Since the ion composition of the solution used for the 
measurement of P, is inevitably different from that of the buffer solution used 
for the measurement of Papp it is necessary to estimate the effect of ion species 
on the P, value. As shown in  Tables I and 11. the observed P, values change 
appreciably with change of pH or of the kind of neutral salts added to the 
solution. This discrepancy in P, value results in a variation in the calculated 


Table 111-Effect of Organic Solvents on pK. ' 


Solvent PKa Pm 


n-Heptane 8.93 f 0.001 
8.92 f 0.001 
8.90 f 0.003 


479 f 5 
448 f 5 
460 f 2 


Mean f SD 8.92 f 0.01 


8.88 f 0.01 
n-Hexane 8.89 f 0.02 561 f 17 


632 f 18 . . . - . . . 
Mean f SD 8.89 f 0.01 


n-Pentane 8.93 f 0.02 486 f 4 
Carbon tetrachloride 8.54 f 0.02 3.63 X 104 f 0.13 X lo4 


Initial concentration of verapamil in organic solvent, 0.003 M; ionic strength, 0.031 5; 
temperature, 25T. Mean f SD of seven experiments; different values for the same 
soIvcnt show results obtained on differcnt days. C Mean f SD of three experiments; 
different values for the same solvent show results obtained on different days. 
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Table IV-pKa Values of 2,4,6-Trimethylpyridine Determined by the UV 
Spectrophotometric Method a 


DH Absorbance6 PKO' 


6.98 
7.09 
7.19 
7.28 
7.38 
7.48 
7.57 


Mean f SD 
0.1 M HCI 
0.1 M KOH 


0.694 
0.678 
0.653 
0.634 
0.6 I0 
0.592 
0.574 


0.788 
0.384 


7.50 
7.52 
7.49 
7.49 
7.48 
7.51 
7.51 


7.50 f 0.01 


Concentration of 2,4,6-trimethylpyridine, 1 X M; ionic strength, 0.03; tem- 
perature, 25'C. Absorbance was measured at 266 nm. p& = pH t log ( d  - dM)/(dl - d) ,  where d, dl,  and d~ are the absorbances in solutions of the indicated pH, in 0.1 
M HCI, and in 0.1 M KOH, respectively. 


pK, of up to 0.03 pK, unit depending on the salt used; this possible deviation 
of the pK, values obtained by the present method must be borne in mind. P, 
measurements in the following experiments were carried out in 0.01 M NaOH 
solution whose ionic strength had been adjusted to 0.03 with sodium chlo- 
ride. 


Validity of Equation 6-To test the validity of Eq. 6 for the pK, determi- 
nation of verapamil, the apparent partition coefficients of verapamil between 
n-heptane and aqueous buffer solution at pH from 4.42 to 7.64 were obtained. 
The resultant log [(P, - Papp)/Papp] versus pH plot was linear with a slope 
of -1.016 (r = 0.9999) (Fig. 1). This means that Eq. 6 is applicable to the 
calculation of pK, from partition coefficients obtained under the proposed 
experimental conditions. There should be no appreciable effect of buffer 
composition on the resultant pK, value, since the results obtained in acetate 
and phosphate buffers as the aqueous phase are essentially on the same re- 
gression line. 


Effect of Verapamil Concentration-To determine the effect of verapamil 
concentration, pK, values were measured at three different initial verapamil 
concentrations. As shown in Fig. 2, the obtained pK, values increased slightly 
with increase of the verapamil concentration; in particular, the results at  0.01 
M gave a significantly higher pK, value than those at the lower concentra- 
tions. 


One possible reason for this finding might be the self-association of vera- 
pamil in the solution, although extensive studies would be necessary to elu- 
cidate the actual reason. At the initial concentrations of 0.001 and 0.003 M, 
the obtained pK, values were 8.95 and 8.96, respectively. These values are 
essentially identical, especially when the experimental error is taken into ac- 
count. In the following experiment, the initial concentration of verapamil in 
n-heptane was fixed at 0.003 M. 


Effect of Organic Solvent-If the theories and assumptions in the proposed 
method are valid, the pK, values obtained by this method should be inde- 
pendent of the kind of organic solvent used for the determination of the par- 
tition coefficient. One possible source of error in determining the true pK,, 
value would be partial miscibility of the organic solvent with the aqueous phase 
during the partition experiment, which might interfere with the dissociation 
reaction in the aqueous phase. To minimize the extent of contamination of 
the aqueous phase with the organic solvent, paraffinic hydrocarbons were 
chosen as organic solvents for the partition experiment in view of their low 
water solubility. The pK, values obtained with various organic solvents are 
presented in Table 111. Three highly nonpolar solvents gave comparable pK, 
values (n-heptane, 8.92; n-hexane, 8.89; and n-pentane, 8.93) even though 
they differ in water solubility by a factor of four (9, 10). 


On the other hand, carbon tetrachloride gave a fairly low pK, value com- 
pared with those obtained with paraffins. This result is consistent with those 


Table V-pK, Values of 2,4,6-Trimethylpyridine Determined by the 
Partition Method 


5.88 
6.08 
6.20 
6.38 
6.42 
6.55 
6.7 1 


Mean f SD 


0.276 
0.433 
0.579 
0.835 
0.929 
1.165 
1.718 


7.53 
7.53 
7.51 
7.53 
1.52 
1.54 
7.51 


7.52 f 0.01 
0.01 M-NaOH 12.5b 


0.03 15; temperature, 2 5 T  
0 Initial concentration of 2.4.6-trimethylpyridine in n-heptane, 0.003 M; ionic strength, 


Mean f SD of three experiments. 


Table VI-Temperature Dependency of P K , ~  of Verapamil 


Temp. Observed pK, a pKaT 


25OC 
31OC 
37OC 


8.92b 
8.79 
8.68 


8.84c 
8.7Ic 8.73d 
8.6OC 8.61 


a Initial concentration of verapamil in n-heptane, 0.003 M. 


Calculated by the method of Albert and Sergent (14). 


Mean of three experi- 
ments carried out on different days. Calculated using Fq. 10 and the observed p&. 


reported by Irving and Bell (7), who showed that the pK, value of dithizone 
as determined by the partition method using carbon tetrachloride was smaller 
than that determined using cyclohexane by 0.4 pK, unit. n-Heptane was 
chosen in the following experiments to minimize organic solvent contamination 
in the aqueous layer as well as to minimize evaporation, which may lead to 
volume loss of the organic phase during the partition experiment. 


Comparison of the Partition Method with the UV Spectrophotometric 
Method-To confirm the reliability of the partition method, the pK, value 
of 2,4,6-trimethylpyridine was determined by means of both the partition and 
UV spectrophotometric methods. As shown in Tables IV and V, the results 
obtained by the two methods were almost identical (7.52 and 7.50, respec- 
tively); the thermodynamic pK, value (pKaT), calculated by subtracting the 
value of -logy* (cJ, Eq. 10) from the mean pK, value to correct for the 
activity coefficient of the aqueous solvent, was 7.43, identical with the reported 
value (1 1). This result strongly supports the reliability of this method. 


Effect of Ionic Strength-Methods to correct for ionic strength and obtain 
the pK,T value are well documented (1, 2). One method is to subtract the 
following log y* value from the experimentally determined pK, value: 


A Z + Z - d  
1 + B a i d  


-logy* = 


where I is the ionic strength of the solvent, y* is the ionic activity coefficient, 
A and B are constants dependent on the dielectric constant of the solvent and 
the temperature, Z+ and Z- are the charge of the ion (Z+ = Z- = 1 for 
verapamil), and ai is the ion size parameter. Since ai for most electrolytes used 
in this experiment is equal to 3-4.5 X (12) and B changes only from 0.330 
X lo8 to 0.333 X lo* with the change of temperature from 25OC to 4OoC, Eq. 
9 can be simplified (1 3)7: 


An alternative method is to determine pK, at several different ionic strengths 
and then to plot pK, versus d / ( l  + 4) and extrapolate the plot to infinite 
dilution (2). Figure 3 is the obtained pK, versus d / ( l  + fi) plot for vera- 
pamil at 25OC. The intercept was 8.85 and is very close to the calculated value 
obtained from Eq. 10 (8.84). Although accurate and theoretically sound, this 
method is tedious. Therefore, since the two methods gave almost identical 
pKaT values at  25OC, Eq. 10 seems to be satisfactory for the determination 
of the pKoT of verapamil. 


Temperature Dependency of pKaT-Determination of the ply, is usually 
performed at 25OC. However, to interpret the absorption, distribution, me- 
tabolism, and excretion of drugs in terms of pK,, one must obtain the pK, 
value at 37OC experimentally or by calculation. Several equations have been 
proposed to express the variation of pK, with temperature (I). Albert and 
Sergent proposed a temperature coefficient of pK, of organic nitrogenous 
bases in the range of 0-40°C (14). but it is generally recognized that com- 
pounds vary somewhat in the sensitivity of their acidity constants to temper- 
ature changes. Therefore, the pKaT values of verapamil of 25OC, 3loC, and 


g"OL 8.9 


8.6 


L 
0 0.1 0.2 


J 
1 +J 


Figure 3-Plot ofpK, versus &/(I + 4). Initial concentration of verapamil 
in organic solvent, 0.003 M; temperature. 25°C. 


A = 0.488 at 0 ° C  0.500 at 15"C, 0.509 at 25'C. 0.524 at 45OC. 
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Table VII-pK. of Verapamil Under Various Conditions 


P K ~  a 
Temp. I = 0.00 I = 0.01 I = 0.03 I = 0.05 I = 0.10 


5 O C  9.28 9.32 9.35 9.37 9.40 
10°C 9.16 9.21 9.23 9.25 9.28 
15OC 9.05 9.10 9.12 9.14 9.17 
2OoC 8.94 8.99 9.01 9.03 9.06 
25OC 8.84 8.89 8.92 8.93 8.96 
3OoC 8.74 8.79 8.82 8.83 8.86 
37OC 8.60 8.65 8.68 8.70 8.73 


These values were calculated using Eqs. 10 and 12 


37OC were calculated, using Eq. 10, from the experimentally determined pK, 
values at these temperatures. Experimentally obtained pK, and pKaT values 
as well as pK,’ values estimated using the temperature coefficients reported 
by Albert and Sergent are shown in Table VI. 


Since the pKoT values calculated by the method of Albert and Sergent were 
close to the experimentally obtained values, their method seems to be appli- 
cable for the rough estimation of the pKnT of verapamil a t  various tempera- 
tures. On the other hand, the variation of pKOT with temperature can be ex- 
pressed by ( I ): 


A H o  ASo 
2.303KT 2.303R 


pK,T = ~ - - 
where A H o  is the enthalpy change under standard conditions, hs” is the 
entropy change under standard conditions, R is the gas constant, and T is the 
absolute temperature. As shown in Fig. 4, a plot of experimentally obtained 
pKOT values uersus 1/T gave a straight line and could be expressed by Eq. 
12. The pKOT values a t  arbitrary temperatures can be calculated by using: 


pKOT = 1.833 X 1/T X lo3 + 2.696 (Eq. 12) 


CONCLUSIONS 


The pK, values of verapamil a t  various temperatures and ionic strengths 
can be estimated by meansof Eqs.  10 and 12. The resultant values are pre- 
sented in Table VII. On the assumption that sodium chloride is the main 
ionized component in plasma, the pK, of verapamil in human plasma at 37OC 
can becalculated to be -8.75. 


Subject to the following restrictions, the present method should be appli- 
cable to the determination of pK. of weak organic bases or acidss, whose 
aqueous solubility is too low to give concentrations adequate for the deter- 
mination of pK, by the titration method: 


I .  A paraffinic hydrocarbon should be used as the organic solvent for 
the partition experiment to prevent the contamination of the aqueous phase 
with organic solvent. 


~ 


” For acidic compounds, use pK. = log [P /( P, - PaPp)] + fH in place of Eq. 6 and 
add the -logy* valuc to the obtained pK.:?order to get pK. . 


8.9. 


8.6 


s 


Figure 4-PloI of pKaT versus ID. Initial concenrration of verapamil in 
organic solvent. 0.003 M ;  temperature. 25°C; ionic strength. 0.0315. 


2. A P, value of 1.0-1000 is advisable from the standpoint of accu- 
racy. 


3. The concentration of the drug in the partition experiment should be 
as low as possible. 


4. Low buffer concentration is advisable to make the correction for the 
activity coefficient of ions simple. A swamping elcctrolyte such as sodium 
chloride should be added to adjust the ionic strength to a certain value (such 
as  0.05) to minimize the contribution of drug concentration change in  the 
aqueous phase to the ionic strength. 
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Abstract  0 Microcapsules containing sodium phenobarbital cores and 
ethylcellulose walls have been tableted. The thickness of the tablets, the 
breaking strength, and the dissolution characteristics were studied and 
found to be affected by the microcapsule core-wall ratio and the size of 
the microcapsule aggregates. 


Keyphrases 0 Microcapsules-sodium phenobarbital and ethylcellu- 
lose, tablets, effect of core-wall ratio and aggregate size on dissolution 
0 Dissolution-tablets composed of microcapsules, sodium phenobar- 
bital and ethylcellulose, effect of core-wall ratio and aggregate size 0 
Sustained-release formulations-tableted microcapsules, sodium phe- 
nobarbital and ethylcellulose, effect of core-wall ratio and aggregate size 
on dissolution 


Microcapsules consist of a thin wall which can enclose 
a solid or liquid core material. One of the many important 
reasons for microencapsulating medicaments is to achieve 
sustained release. Good sustained release has been 
achieved by microencapsulating poorly water-soluble 
medicaments such as aspirin and phenobarbital (1). With 
very water-soluble substances such as sodium phenobar- 
bital, the rate of release is slowed by microencapsulation, 
being controlled partly by the wall thickness. However, no 
satisfactory sustained release has been achieved with 
water-soluble substances (1-3). Tableting of microcapsules 
has been shown to slow the release significantly and pro- 
vide a sustained- or prolonged-action release (4-6). The 
microcapsules which have been tableted appear to be 
mainly those with ethylcellulose walls prepared using a 
modification of the method described by Fanger et al. (7); 
in most cases, this technique has produced aggregates (2, 
5,7).  This work studies the effect of'the aggregate size and 
the core-wall ratio on the properties of the prepared tab- 
lets. 


EXPERIMENTAL 


Materials-Phenobarbital sodium' (99.4% pure), ethylcellulosel 
(viscosity 5% w/w solution in 8020 toluene-ethanol mixture: 14.13 cP; 
degree of substitution: 2.50; ethoxy content: 47.5%), and cyclohexane2 
(99.5% pure, bp 80-81OC. fp 5.95OC; wt/mL a t  20°C: 0.776) were pur- 
chased commercially. 


Preparation of Microcapsules-The method used was a modifica- 
tion of an original technique by Fanger et al. (7) as further modified by 
Agyilirah and Nixon (5). This method involves deposition of polymeric 
wall-forming material onto dispersed particles of core by cooling below 
a critical liquid-liquid phase separation temperature. A typical example 
of microcapsule preparation was as follows. Ten grams of sodium phe- 
nobarbital and 5 g of ethylcellulose were dispersed in 500 mL of cyclo- 
hexane. The stainless steel stirrer was adjusted to the middle of the dis- 
persion to obtain uniform stirring and a speed of 500 rpm was used. The 
temperature was raised slowly to 8OoC over a period of 1 h after which 
it was allowed to reflux for 30 min. While continuing the stirring, the 
temperature was allowed to decline at  a controlled rate. The ethylcellulose 
separated, first as a liquid, which was deposited round the core particles, 
and when the temperature had reached 25OC the stirring was stopped 
so that the microcapsules could be filtered and dried. 


Preparat ion of Tablets-The tablets were made by compressing 
250-mg quantities of the dried microcapsules. The die was fitted onto a 
9.5-mm flat lower punch, and 250 mg of microcapsules was placed in it. 
The upper punch was carefully placed in position, making sure no mi- 
crocapsules were lost. The punch and die arrangement was placed under 
the compression head, which was lowered onto the upper punch until the 
required compression pressure was attained. A compression pressure of 
315 kg/cm2 was maintained for 1 min and then quickly removed. Tablets 
were prepared from microcapsules of core-wall ratios 4:1,1:1,1:2, and 
1:4 as well as from 2:1 core-wall ratio microcapsules sieved into sizes of 
215,302.5,427.5,605, and 855 l m  using British Standard sieves. 


Determination of Tablet Thickness and Breaking Strength-The 
thickness of the tablets was determined by means of a micrometer screw 
gauge. For each tablet five different measurements were taken a t  five 
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Figure 1-Influence of microcapsule core-wall ratio on tablet thickness. 
Compression pressure: 315 kglcm2; tablet weight: 250 mg; tablet di- 
ameter: 9.5 mm. 


different positions and the mean value recorded. Tablet breaking strength 
was determined by means of a hardness teste$. The tablet was pressed 
between platens across its diameter and the force increased until the 
tablet fractured. The force required to break the tablet was recorded as 
its breaking strength. 


Dissolution Studies-The dissolution medium consisted of 2 L of 
distilled water in a 2500-mL flask a t  a temperature of 37OC. A stirring 
rate of 100 rpm was standardized using a 7-cm paddle. The dissolution 
flask was connected to the cells of a digital spectrophotometer" by an inlet 
tubing through which solution from the flask was continuously pumped 
through the 1-cm UV cells for assay. The solution once assayed returned 
to the flask uia the outlet tubing. A wavelength of 240 nm was used and 
the instrument calibrated to give a direct reading of percent dissolved. 
One tablet was used for each dissolution. 
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RESULTS AND DISCUSSION 


The effects of the microcapsule core-wall ratio and aggregate size on 
the thickness of the tablets are shown in Figs. 1 and 2, respectively. From 
Fig. 1 it can be seen that the thickness of the tablet decreased as the 
proportion of the core material increased. During the compression both 
the sodium phenobarbital and the ethylcellulose became compressed, 
with a greater elastic compression of the ethylcellulose wall due to its 
fibrous nature. On removal of the compression pressure there is a reex- 
pansion of the ethylcellulose wall. The larger the amount of ethylcellulose 
present, the greater the expansion. This explains the reduction in the 
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Figure 2-Effect of microcapsule size on tablet thickness. Microcapsule 
core-wall ratios: (0) 4:1, (A) 2:1, (v) 1:I. Compression pressure: 315 
kglcm2; tablet weight: 250 mg; tablet diameter: 9.5 mm. 
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Figure 3-Effect of the percent core material on the mean breaking 
strength of tablets prepared from 4:1, l : I ,  I:2, and 1:4 core-wall ratio 
microcapsules. Compression pressure: 315 kglcm2; weight of tablet: 250 
mg; tablet diameter: 9.5 mm. 


tablet thickness as the core-wall ratio increases, since the amount of 
ethylcellulose present becomes proportionately less under these condi- 
tions. The much smaller value for the 4:l core-wall ratio ( i .e . ,  80% core) 
occurs because a t  this ratio the ethylcellulose wall is so thin that break- 
down of the wall occurs during the compression. When wall destruction 
occurs, some sodium phenobarbital crystals penetrate the wall, making 
i t  impossible for any appreciable expansion on removal of the pres- 
sure. 


The decrease in the thickness with increasing microcapsule aggregate 
size is due to the breakdown of microcapsule aggregates during the 
compression. The smaller particles resulting from the breakdown would 
fill gaps between larger particles, thus producing a more compact 
mass. 


The amount of sodium phenobarbital that resulted from assaying 100 
mg of 1:l core-wall ratio microcapsules of aggregate sizes 215,302.5,427.5, 
and 605 pm were 49.5,51.0,50.3, and 49.2 mg, respectively, showing that 
the amount of drug contained in a given amount of the same batch of 
microcapsules did not depend on the aggregate size. This finding is not 
surprising since the different aggregates are made up of microcapsules 
that existed as individual entities a t  one stage of their preparation and 
the different aggregate size only reflects the numbers of individual mi- 
crocapsules in the aggregate. 


Figures 3 and 4 show the relationship between the strength of the 
tablets, the core-wall ratio, and the microcapsule size. Figure 3 appears 
to complement the results shown in Fig. 1 in that when ethylcellulose 
expands after the removal of the compression pressure, the bonds formed 
during the compression are relaxed producing a less rigid tablet. This 
relaxation could explain the decrease found in the strength of the tablets 
as the core-wall ratio was reduced. The walls of the microcapsules also 
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Figure 4-Effect of microcapsule size on tablet breaking strength. 
Microcapsule core-wall ratio: (0) 4:1, (A) 2:1, (V) 1:I. Compression 
pressure 315 kglcm2; tablet diameter: 9.5 mm; tablet weight: 250 mg. 
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Figure 5-Effect of microcapsule core-wall ratio on tablet dissolution. 
Core-wall ratio: (0) 4:1, (v) l : l ,  (m) 1:2, (a) 1:4. Dissolution medium: 
2 L of distilled water (pH 5.4); dissolution temperature: 37OC; dissolu- 
tion stirring rate: 100 rpm; compression pressure: 315 kglcm2; tablet 
weight: 250 mg; tablet diameter: 9.5 mm. 


became thinner with a decrease in the proportion of wall material. At 
higher core-wall ratios there is the possibility of wall breakage during 
the compression. When walls rupture, particles of core material are ex- 
posed and will interlock strongly, thus leading to stronger tablets. 


An explanation of the effect of the microcapsule aggregate size on the 
tablet strength, as shown in Fig. 4, is that with the very small aggregates 
the large surface areas result in greater bonding. The strength of the tablet 
decreased as the aggregate size increased, and the surface area available 
for bonding decreased. A further rise in the size of the microcapsule ag- 
gregate brought about the breakdown of the aggregates and exposed fresh 
surfaces for bonding. The greater the aggregate size, the greater the extent 
of breakdown as found by Armstrong and Haines-Nutt (8) in the case of 
tablet granules. This would result in a larger fresh bonding surface being 
exposed and explain the second rise in the tablet strength curve a t  larger 
aggregate size. 


Figures 5 and 6 show the release of sodium phenobarbital from these 
tablets. Dissolution was faster from the higher core-wall ratio micro- 
capsules with greater strengths, although one would normally expect 
dissolution to be faster from a weaker tablet. When dissolution studies 
were conducted on untableted microcapsules, a faster release occurred 
from the higher core-wall microcapsules because these had thinner walls, 
making penetration of both the dissolution medium and the core solution 
through the walls easier. Also, because of the higher core-wall ratios, there 
were more core particles per microcapsule, resulting in a higher concen- 
tration gradient to boost dissolution. 


These same considerations are controlling factors for dissolution from 
the tableted microcapsules since the microcapsule wall still has to be 
penetrated to release the core. The only difference is the compact nature 
of the tablet as compared with the corresponding microcapsules. Com- 
pacting the microcapsules results in a greatly reduced surface area being 
available for release. Even after release of core material from the indi- 
vidual microcapsules composing the tablet, the core solution has to per- 
meate narrow channels prior to release between the compressed aggre- 
gates into the outside dissolution medium. The effect of reduced surface 
area and channel permeation results in a considerable slowing of the re- 
lease from the tableted microcapsules compared with the untableted 
microcapsules. 


The effects of microcapsule size on the dissolution from tablets are 


DISSOLUTION TIME, min 
Figure 6-Effect of microcapsule size on the dissolution from 2:l 
core-wall ratio microcapsule tablets. Microcapsule size: (0) 215 pm, 
fX) 302.5 pm, (A) 427.5 pm, (M) 605 pm, (V) 855 pm. Dissolution me- 
dium: 2 L of distilled water (pH 5.4); dissolution temperature: 37OC; 
dissolution stirring rate: 100 rpm; compression pressure: 315 kg/cm2; 
tablet weight: 250 mg; tablet diameter: 9.5 mm. 


shown in Fig. 6. This illustration indicates that release was faster from 
tablets made from larger microcapsules. The increase in the release from 
tablets prepared using 215-pm microcapsules to those from 302.5-pm 
microcapsules followed the same pattern as the corresponding strength 
graph, which also showed a decrease. Beyond 302.5-pm microcapsule size, 
the tablet strength increased again; the corresponding increase in the 
release characteristic of the core material is in line with the explanation 
given for the increase in strength found in this region. The increase in 
strength found with microcapsules >302.5 pm was due to a breakdown 
of aggregates, possibly even to the breakdown of individual microcapsule 
walls, either of which conditions would expose fresh surfaces for disso- 
lution. The breakdown would be greater the larger the initial microcap- 
sule size, as confirmed by the dissolution results. We can conclude, 
therefore, that  the aggregate size significantly affects the properties of 
the tablets and should be taken into consideration whenever one is de- 
signing a dosage form as it will affect the availability of the drug. Tablets 
made from different sized aggregates of the same preparation could give 
markedly different absorption rates because of the differences in drug 
release. 
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Abstract Two peptide forms of the antitumor transition state analogue 
N-phosphonoacetyI+aspartic acid (N2-phosphonoacetyl-N4-glycyl- 
glycinamidoethyl-L-asparagine and NL-glycylglycinamidoethyl-N2- 
phosphonoacetyl-L-isoasparagine) have been synthesized to ohtain po- 
tential medicinal agents useful as prodrugs or in a lysosomotropic carrier 
approach. The bridging unit, ethylenediamine, used for synthetic pur- 
poses might be of general interest. 


Keyphrases N-Phosphonoacetyl- a as par tic acid-peptide deriva- 
tives, synthesis, ethylenediamine bridging unit, potential prodrugs and 
lysosomal carriers Peptide derivatives-N-phosphonoacetyl- a as par tic 
acid, synthesis, ethylenediamine bridging unit, potential prodrugs and 
lysosomal carriers 0 Ethylenediamine-use as a bridging unit in syn- 
theses of peptide derivatives, N-phosphonoacetyl-L-aspartic acid 


Previous work (1 ,2)  showed that peptide derivatives of 
artificial inhibitors are useful alternatives for inhibiting 
the growth of cells having membrane systems unable to 
transport the free forms of these molecules. This paper 
describes the synthesis of two peptide derivatives of N- 
phosphonoacetyl-L-aspartic acid (I), a transition state 
inhibitor with antitumor activity (3, 4). The new com- 
pounds synthesized, N2-phosphonoacetyl-N4-glycylgly- 
cinamidoethyl-L-asparagine (VIII)' and Nl-glycylglyci- 
namidoethyl-N2-phosphonoacetyl-I,-isoasparagine (XIII) 
are possible medical agents that could be used as prodrugs 
or in a lysosomotropic carrier approach (5). Two inter- 
mediates synthesized during this work, 1-N-(tert-butox- 
ycarbony1)ethylenediamine (11) and 1-N-(benzyloxycar- 
bonylglycylglycy1)ethylenediamine (IX), might have nu- 
merous practical applications when bonding a drug to a 
peptide backbone is necessary. 


DISCUSSION 


Investigations in a model system (1) showed that peptide derivatives 
having a free N-terminal tu-amino group were preferentially taken up 
by cells. The bonding of N-phosphonoacetyl- a as par tic acid (1) to the 
(:-terminal group of a peptide unit must, therefore, be carried out with 
the help of a bridge. Ethylenediamine was chosen as the bridging unit 
hecause the molecule bears two reactive amino groups and, due to its 
small size, was not expected to create major steric interferences in the 
intracellular transport of the bonded forms of 1. 


In the particular case of I, the two carboxyl functions appeared to be 
suitable attachment points. Because of this, isomeric forms of linked I 


: 
0 t H 2  
C OH 


HO t - + ~  0 
NHCOCHz ?'(OH)z 


I 


1 &!commendations of the IUI'A-IUB Commission of Hiochemical Nomenclature 
[J Riol. Chem ; 247,977 (1972); Eur. J. Aiochem. 59.1 (1975)] have been followed 
for the biochemical names of the derivatives described in the text. 


were considered, since the ultimate biological response depends on the 
structure. In the synthesis of N2-phosphonoacetyl-N4-glycylglycinami- 
doethyl-L-asparagine (VII), the &linked form of I (Scheme I), the 
bridging molecule was first connected to a precursor of the inhibitor. We 
synthesized 1-N-tert- butoxycarbonylethylenediamine (11) which was 
joined to N-benzyloxycarhonyl- a as par tic acid a-p-nitrohenzyl ester 
to give N2- benzyloxycarbonyl-N4-(2-tert- butoxycarbony1aminoethyl)- 
L-asparagine p-nitrobenzyl ester (111). Compound 111 was partially un- 
blocked with trifluoroacetic acid to unmask the amino group of the bridge. 
The resulting compound, N2-benzyloxycarbonyl-N4-(2-aminoethyl)- 
L-asparagine p-nitrobenzyl ester (IV), coupled with N-tert-butoxycar- 
bonylglycylglycine (V) was then treated with hydrogen in the presence 
of Pd-C to give N4-(tert-butoxycarbonylglycylglycinamidothyl)-~~- 
asparagine (VI). The final product (VIII) (26% yield) was obtained by 
phosphonoacetylation of VI, treatment with trifluoroacetic acid, and 
preparative TLC. 


In the synthesis of N1-(glycylglycinamidoethyl)-N2-phosphonoa- 
cetyl-1.-isoasparagine (XIII), the a-linked isomer of I (Scheme II), eth- 
ylenediamine was connected to N-benzyloxycarhonylglycylglycine to give 
l-N-(benzyloxycarhonylglycylglycyl)ethylenediamine (1x1. Compound 
IX coupled with N-tert-  b~toxycarbonyl-O~-benzylhydrogen-~-aspartic 
acid gave N1-benzyloxycarbonylglycylglycinamidoethyl~N2-tert-bu- 
toxycarbonyl-O4-benzylhydrogen-~-isoasparagine (X), which was then 
partially unblocked with trifluoroacetic acid. Compound XI, obtained 
in the previous step, was phosphonoacetylated and totally unblocked with 
hydrogen bromide in acetic acid (45%). A final preparative TLC gave XI11 
(32% yield). 


I t  was found, using a paper disk assay (1 ,2) ,  that VIII and XI11 did not 
inhibit the growth of Escherichia coli. Further investigations showed that 
the derivatives are actively transported into the microbial cells, but not 
cleaved2. 
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* D. Gigot and M. Penninckx. unpublished observations. 
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EXPERIMENTAL 


For analytical purposes, -50 pg of the products was spotted on silica 
gel plates3. Three elution systems, ethanol-25% aqueous ammonia (7723) 
(system A), chloroform-methanol (2:l) (system B), and butanol-water 
(85:15) (system C), were used in this work. Spots were detected by nin- 
hydrin and by chlorine and starch-iodine when applicable. Phospho- 
rus-containing spots were detected by the Bandurski and Axelrod pro- 
cedure (6). Free amino group analyses were made by the dansylation 
procedure (7). 1-N-dansyl-ethylenediamine was obtained by the labeling 
of N- (tert- butoxycarbony1)ethylenediamine with dansyl chloride fol- 
lowed by acid hydrolysis (8). Resolution of the dansylation products was 
performed by TLC on polyamide sheets (9). High-voltage analytical paper 
electrophoresis (30 V / C ~ ) ~  was carried out a t  pH 3.55 (pyridine-acetic 
acid-water, 1:10:289). Melting points are uncorrected. 


1-N-( tert-Butoxycarbonyl)ethylenediamine (11)-Ethylenedi- 
amine (1.8 g, 0.03 mol) and 2-tert-butoxycarbonyloxyimino-2-phenyla- 
cetonitrile (10.4 g, 0.03 mol) were mixed in 50 mL of dry dioxane and 
cooled. The mixture was allowed to stand 2 h a t  room temperature, and 
the solvent was evaporated under reduced pressure; the residue was 
dissolved in 50 mL of ethyl acetate. The organic phase was extracted with 
100 mL of hot water (5OoC), and the aqueous layer was left overnight a t  
4OC. The resulting precipitate was removed by filtration and recrystal- 
lized from water to give I1 as white needles (0.6 g: 12%), mp 102-103°C; 
Rf :  0.87 (A), 0.15 (B), 0.05 (C); IR(KBr): 3350 (NHz), 2940 (--CHz-), 
1690 [C=O (amide I)], 1620 (NH2) 1535 [amide I1 (NH)], 1475 (- 
CHz-), 1405-1395 (doublet), 1370 and 1255 [C(CH&], 1180 (C-O), 
1030 (C-N), and 490 and 480 [C(CH3)] cm-I. 


And-Calc. for C7HlsNzO2: C, 52.50; H, 10.00; N, 17.50; 0, 20.00. 
Found: C, 52.32; H, 10.16; N 17.46. 


W-Benzyloxycarbonyl-N4- (2- tert-butoxycarbonylaminoethyl) - 
L-asparagine p-Nitrobenzyl Ester (111)-N,N'- dicyclohexylcarbo- 
diimide (4.12 g, 0.02 mol) was added to a solution of N-hydroxysuccini- 
mide (2.28 g, 0.02 mol) and 8.04 g (0.01 mol) of N-benzyloxycarbonyl- 
L-aspartic acid a-p-nitrobenzyl ester [obtained by the procedure of 
Schroder and Klieger (lo)] in 40 mL of N,N-dimethylformamide and 
cooled. The mixture was allowed to stand a t  4°C overnight. The dicy- 
clohexylurea was removed by filtration and washed with 10 mL of 
N,N-dimethylformamide. To the filtrate, a t  room temperature, was 
added 1 -N-tert-butoxycarbonylethylenediamine (3.2 g, 0.02 mol) in 30 
mL of water containing sodium bicarbonate (3.36 g, 0.04 rnol). After 12 
h, the mixture was acidified to pH 5.0 at 4°C with citric acid and extracted 
twice with 25 mL of cold (5OC) ethyl acetate. The resultingorganic phase 
was washed twice with 50 mL of saturated sodium chloride; a further 
concentration in UUCUO gave a yellow clear oil which was triturated with 
ether. Recrystallization from ether-light petroleum (1:l) gave a white 
solid (8.06 g, 74%), mp 90-92°C; R,: 0.94 (A), 0.69 (B), 0.48 (C); quanti- 
tative amino acid analysis of the hydrolyzed product (24 h in 5.7 M HC1 
at 105'C) gave 1.12 rnol of aspartic acid/mol of the product. 


Anal.-Calc. for C~~H33N409: C, 57.25; H, 6.06; N, 10.28; 0, 26.42. 
Found: C, 57.12; H, 6.12; N, 10.26. 
N2-Benzyloxycarbonyl-~4-(2-aminoethyl)-~-asparagine p -  


Nitrobenzyl Ester (1V)-Compound 111 (5.45 g, 0.01 mol) was allowed 
to stand with 30 mL of anhydrous trifluoroacetic acid for 30 min at  room 


Merck Kieselgel60-5721. 
Whatman 3-mm paper and Camag 67701 apparatus 


temperature. The excess acid was removed under reduced pressure, and 
the oily residue was partitioned between 50 mL of cold (4OC) ethyl acetate 
and 50 mL of 1 M sodium carbonate. The organic layer was washed 
quickly with cold water until neutral and concentrated to dryness (35°C) 
to give a white solid (3.64 g; 82%), mp 98-100°C; Rf:  0.83 (A), 0.21 (B), 
0.11 (C); quantitative amino acid analysis of the hydrolyzed peptide gave 
0.97 mol of aspartic acid/mol of the product; amino group analysis by 
dansylation revealed a single fluorescent spot migrating to the same 
position as a sample of 1-N-dansyl-ethylenediamine. 


And-Calc. for C21H25N407: C, 56.63; H, 5.62; N, 12.58; 0, 25.17. 
Found: C, 56.67; H, 5.65; N, 12.49. 
NZ - Benzyloxycarbonyl -N4- (tert-butoxycarbonylglycylgly- 


cinamidoethy1)-L-asparagine p-Nitrobenzyl Ester (V)-N,N'- 
dicyclohexylcarbodiimide (2.06 g, 0.01 moll was added to a solution of 
tert-butoxycarbonylglycylglycine (2.32 g, 0.01 moll and 1.04 g (0.01 mol) 
of N-hydroxysuccinimide in 20 mL of N,N-dimethylformamide and 
cooled. The mixture was allowed to stand a t  4OC overnight. The dicy- 
clohexylurea was removed by filtration and washed with 5 mL of N , N -  
dimethylformamide. To the filtrate, at room temperature, was added 4.45 
g (0.01 moll of IV and 2.02 g (0.02 mol) of triethylamine. After standing 
for 24 h, 50 mL of water was added to the mixture, and the pH was ad- 
justed to 5.0 with citric acid. The precipitated gum was extracted three 
times with 25 mL of cold (5OC) ethyl acetate. The organic layer was 
washed twice with 50 mL of saturated sodium chloride, and the solvent 
was evaporated under reduced pressure. The residue was crystallized 
from ether-light petroleum (1:l) to give a white solid (3.5 g, 53%), mp 
137-139OC; Rf:  0.64 (A), 0.37 (B), 0.17 (C); quantitative amino acid 
analysis of the hydrolyzed peptide gave 1.04 mol of aspartic acid and 1.98 
rnol of glycine/mol of the product. 


Anal.-Calc. for C30H38N6Ol1: C, 54.71; H, 5.77; N, 12.76; 0, 26.74. 
Found: C, 54.71; H, 5.69; N, 12.74. 


N4 - ( tert-butoxycarbonylglycylglycinamidoethyl)-L-asparagine 
(V1)-Compound V (6.58 g, 0.01 mol) was dissolved in a 25-mL mixture 
of N,N-dimethylformamide-methanol (1:2) in the presence of 0.5 g of 
10% Pd-C. The mixture was hydrogenated for 6 h a t  room temperature 
and atmospheric pressure. The catalyst was removed by filtration, and 
the solution concentrated to dryness under reduced pressure. The residue 
was dissolved in 20 mL of methanol, and the product precipitated by the 
addition of 100 mL of ether. Recrystallization from methanol-ether (1:l) 
gave a white solid (3.47 g; 89%), mp 192-194OC; Rf: 0.41 (A), 0.17 (B), 0.06 
(C); amino acid analysis gave 0.95 mol of aspartic acid and 2.1 mol of 
glycine/mol of the product; amino group analysis by dansylation revealed 
only one spot migrating to the same position as N-dansyl-aspartic 
acid. 


Anal.-Calc. for C I ~ H ~ ~ N ~ O ~ :  C, 46.27; H, 6.94; N, 17.99; 0, 28.79. 
Found: C, 46.17; H, 6.91; N, 18.04. 


Nz-Phosphonoacetyl- N4-glycylglycinamidoethyl-~-asparagine 
(VII1)-Triethylamine (1.2 g, 0.02 mol) was added to a solution of VI 
(3.89 g, 0.01 mol) in 20 mL of cold (4OC) dioxane-N,N-dimethylform- 
amide (4:l). Phosphonoacetylchloride (1.51 g, 0.01 moll in 15 mL of di- 
oxane obtained by the method of Balsiger ( l l ) ,  was added with stirring 
to the aforementioned solution in a dropwise manner. After the addition 
was complete, the mixture was filtered. The precipitate was washed with 
5 mL of dioxane-N,N-dimethylformamide (4:l). The filtrate was made 
alkaline with ammonia and extracted three times with 20 mL portions 
of ether. The aqueous layer was lyophilized, and the residue was treated 
during 1 h with 25 mL of anhydrous trifluoroacetic acid. The crude 
peptide salt was precipitated by the addition of 150 mL of anhydrous 
ether. The precipitate was decanted, transferred to a centrifuge tube, and 
repeatedly washed with ether, centrifuging each time. 


Ten-milligram scale preparative fractionation of the material was 
performed by preparative TLC. The crude product contained in 100 fiL 
of water was applied in a horizontal band near the base of the plate. 
Elution was performed using solvent system A. Under those conditions, 
the expected phosphonoacetylated product migrated slowly. The material 
was recovered by extraction of the desired gel portion with a solution of 
5% ammonia. The aqueous phase was further lyophilized, and the final 
product was obtained as a white hygroscopic powder (1.22 g, 26.5% yield 
extrapolated); Rf: 0.06 (A). 


The material migrated also as a single ninhydrin- and phosphorus- 
positive spot towards the anode when subjected to paper electrophoresis 
(0.3 cm for 2 h). Amino acid analysis gave 1.16 mol of aspartic acid and 
2.07 mol of glycine/mol of the product. Amino group analysis revealed 
only one spot migrating to the same position as N-dansyl-glycine. The 
extent of racemization of the product was estimated by the enzymatic 
quantitative determination of L-aspartic acid released during the acid 
hydrolysis of the peptide. One mole of the product gave 0.95 mol of L- 
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aspartic acid, as determined by conversion to ureidosuccinic acid with 
].-aspartate carbamoyltransferase (12). 


Anal.-Calc. for C12H22Nn09P4NH:j (the triammonium salt of the 
peptide): C, 31.17; H, 6.71; N,  24.24; 0, 31.17; P, 6.71. Found: C, 31.20; 
H, 6.76; N, 24.09; P, 6.83. 


l-N-(Benzyloxycarbonylglycylglycyl)ethylenediamine (IX) 
-A',"-dicyclohexylcarbodiimide (2.06 g, 0.01 moll was added to a so- 
lution of N-benzyloxycarhonylglycylglycine (2.66 g, 0.01 mol) and 1.04 
g (0.01 moll of N-hydroxysuccinimide in 20 mL of N,N-dimethylform- 
amide and cooled. After standing overnight a t  4°C the mixture was fil- 
tered and the precipitate washed with 10 mI, of Nfl-dimethylformamide. 
To the filtrate was added a solution of 0.6 g (0.01 mol) of ethylenediamine 
in 10 mI, of water adjusted to pH 8.5. The reaction mixture was allowed 
to stand overnight a t  room temperature and then was filtered. The filtrate 
was adjusted to pH 9.5 with 2 M NaOH and extracted three times with 
25 mL of ethyl acetate. The organic layer was washed twice with 20 mL 
of saturated sodium chloride and concentrated in uacuo. The oily residue 
was mixed with 5 mL of absolute ethanol and three drops of 12 M HCI 
and allowed to crystallize in a desiccator under reduced pressure (1.24 
g, 36%), mp 176178°C; R,: 0.61 (A), 0.1 1 (B), 0.06 (C); amino acid analysis 
gave 2.16 rnol of glycine/mol of the product; amino group analysis gave 
one fluorescent spot running at the same position as 1-N-dansyl-ethyl- 
enediamine. 


Anal.-Calc. for C14H20N404-HC1: C, 48.77; H, 6.10; N, 16.26; 0,18.58; 
CI, 10.30. Found: C, 48.59; H, 6.04; N, 16.40. 


N - Benzyloxycarbonylglycylglycinamidoethyl - NZ - tert- 
butoxycarbonyl-04-benzylhydrogen-~-isoasparagine (X)-N,N'-  
-dicyclohexylcarbcdiimide (2.06 g, 0.01 mol) was added to a solution of 
N-hydroxysuccinimide (1.04 g, 0.01 moll and 3.27 g (0.01 mol) of N- 
tert - butoxycarbonyl-P-benzyl-L-aspartic acid [obtained by the procedure 
of Laufer and Blout (13)] in 20 mL of N,N-dimethylformamide and 
cooled, the mixture was allowed to stand a t  4°C overnight and then was 
filtered. Compound IX (3.44 g, 0.01 mol) in 10 mL of water containing 
2.02 g (0.02 mol) of triethylamine was added to the aforementioned 
mixture. After 12 h of reaction, a t  room temperature, the solution was 
acidified to pH 5.0 with citric acid, and the precipitate waa extracted twice 
with 30 mL of cold (4°C) ethyl acetate; the organic layer waa washed twice 
with 50 mL of saturated sodium chloride and concentrated in vacua 
Recrystallization of the residue from ether-light petroleum gave the 
product as a white powder (2.15 g; 62), mp 127-129'C; R f :  0.83 (A), 0.71 
(B), 0.54 (C); amino acid analysis gave 1.91 rnol of glycine and 1.03 rnol 
aspartic acid/mol of the product. 


Anal.-Calc. for C30H39N509: C, 58.73; H, 6.36; N, 11.42; 0, 23.49. 
Found: C, 58.62; H, 6.31; N, 11.44. 
N' - Benzyloxycarbonylglycylglycinamidoethyl - O4 - benzyl- 


hydrogen-L-isoasparagine (XI)-Compound X (5.9 g, 0.01 mol) was 
treated for 30 min a t  room temperature with 35 mL of anhydrous triflu- 
oroacetic acid. The excess acid was removed under reduced pressure and 
the free base of the desired product was obtained by the same procedure 


as described for IV (3.4 g, 67%), mp 159-161°C; Rf:  0.44 (A), 0.36 (B), 0.25 
(C); amino acid analysis gave 1.1 rnol of aspartic acid and 1.98 rnol of 
glycine/mol of the product; amino group analysis gave one single spot 
migrating a t  the same position as N-dansyl-aspartic acid. 


Anal.-Calc. for C25H31N507: C, 58.48; H, 6.04; N, 13.65; 0, 21.23. 
Found: C, 58.39; N, 5.93; N, 13.61. 
N' - Glycylglycinamidoethyl - iV - phosphonoacetyl - L - isoas- 


paragine (XI1I)-Phosphonoacetylation of XI (2.56 g, 0.05 moll was 
carried out by the same procedure as described for VI in the preparation 
of VII. The lyophilized intermediate (XII) was then treated with 15 mL 
of 35% hydrogen bromide in glacial acetic acid for 12 h a t  room temper- 
ature. The crude peptide salt was then precipitated by the addition of 
100 mI, of cold (4OC) anhydrous ether and further treated as in the 
preparation of VIII. After the final preparative TLC, XI11 was obtained 
as a white hygroscopic powder (0.87 g, 38%); R f :  0.10 (A). The material 
migrated also as a single ninhydrin- and phosphorus-positive spot toward 
the anode when subjected to paper electrophoresis (0.4 cm for 2 h). Amino 
acid analysis gave 0.98 rnol of aspartic acid and 2.04 rnol of glycine/mol 
of the product. Amino group analysis gave one single fluorescent spot 
migrating to the same position as N-dansyl-glycine. Extent of racemi- 
zation of the product was determined using the procedure described for 
VIII; the aspartic acid residue of the product appears to be 97% under 
the L-form. 


Anal.-Calc. for Cl2H3lN809P4NH3. (the triammonium salt of the 
pept,ide): C, 31.17; H, 6.71; N, 24.24; 0, 31.17; P, 6.71. Found: C, 31.24; 
H, 6.64; N, 24.32; P, 6.59. 
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Abstract 0 Nafarelin acetate, [ D - N ~ I ( ~ ) ~ ] L H R H ,  a highly potent super- 
agonist of luteinizing hormone-releasing hormone, was given intranasally to 
six female rhesus monkeys. Absorption was rapid and very reproducible, with 
peak levels occurring at  15-30 min and a bioavailability of -2% relative to 
a subcutaneous dose. The nasal dose response was highly nonlinear. The 
nonlinearity was apparently associated with the absorption phase, since 
elimination profiles a t  all doses were similar. 


Keyphrases 0 Nafarelin acetate-nasal absorption, [ ~ - N a l ( 2 ) ~ ]  LHRH, 
rhesus monkeys 0 Absorption, nasal-nafarelin acetate, [ ~ - N a 1 ( 2 ) ~ ]  LHRH, 
rhesus monkeys 0 Luteinizing hormone-releasing hormone-analogue, 
nafarelin acetate, nasal absorption, rhesus monkeys 


The delivery of drugs by the nasal route is receiving in- 
creased attention as a convenient and efficient method of drug 
delivery (1-7). In addition to offering advantages such as rapid 
absorption and avoiding the first-pass effect, it provides for 
delivery of drugs such as peptides and proteins which are de- 
graded in the GI tract and cannot be given orally. The effi- 
ciency of absorption, however, varies considerably between 
drugs. Whereas a bioavailability of 100% (relative to intra- 
venous) has been reported for nasally administered propranolol 
in humans (3), the bioavailability was only 1-1.5% for lu- 
teinizing hormone-releasing hormone (LHRH) (8) .  Never- 
theless, the high potency of LHRH and its analogues, their 
large therapeutic ratio, and the need for daily administration 
in both men and women makes the nasal route extremely at- 
tractive for systemic delivery of these compounds. 


Nafarelin acetate, a highly potent agonist of LHRH ac- 
tivity, has recently been described (9). In this compound, 
[ D - N ~ ~ ( ~ ) ~ ] L H R H ,  the sixth amino acid in the LHRH de- 
capeptide has been replaced by 3-(2-naphthyl)-~-alanine. This 
analogue has -200 times the potency of the native hor- 
mone. 


The objective of this work was to study the nasal absorption 
of nafarelin acetate in monkeys, with the purpose of studying 
the effects of dose and concentration on the systemic avail- 
ability of this compound uia nasal administration and estab- 
lishing a nasal dose equivalent to a therapeutic subcutaneous 
dose. 


EXPERIMENTAL 


Study Design-Six adult female rhesus monkeys were used for each dose. 
The monkeys were sedated before dosing with a 5-mg/kg im injection of ke- 
tamine hydrochloride'. Approximately 100 pL of a buffered aqueous drug 
solution wassprayed intoeach nostril while the animal was held with the head 
in a vertical position. Immediately after dosing, the animals were placed in 
a supine position for 5 min. 


A heparinized blood sample of -3 mL was collected from the saphenous 
vein ofeach animal at 0 (predose), 5, 15, and 30 min. and I .  2,4, and 8 h after 
administration of the drug. Additional injections of lower doses of ketamine 
hydrochloride were administered at  -30 min after dosing and immediately 


' Vetalar: Parke-Davis 


prior to the 2-, 4-, and 8-h blood sampling. Blood samples were cooled on ice, 
and the plasma was separated within 2 h by centrifugation, after which it was 
stored at  -2O'C until analyzed by RIA. The monkeys were rested for a 
minimum of I week between doses. I n  the case of the subcutaneous injection, 
0.5 mL of a 10-pg/mL solution of the drug in aqueous buffer was injected in 
the interscapular area of the monkey, and blood sampling was done as de- 
scribed above. 


Radioinmunoassay (10)-A slightly modified nafarelin acetate was con- 
jugated to keyhole limpet hemocyanin (Megathura crenulta, mol. wt. 3-7.5 
million) using a water-soluble carbodiimide. To provide a suitable functional 
group for conjugation to the protein, the pyroglutamyl residue in nafarelin 
acetate was replaced by glutaric acid. Immunization with the protein conjugate 
was carried out in New Zealand White rabbits using Freund's complete and 
incomplete adjuvant. The resulting antiserum at a dilution of 1:3O,ooO yielded 
a total binding of 45-55%. The radioactive isotope used for labeling was io- 
dine-125. Separation of bound from free radioactivity was carried out with 
charcoal. The RIA buffer was 0.1 M Tris-HCI, pH 7.2, with 0.5% bovine 
serum albumin. 


30 r 
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Figure I-Mean concentrations (&SEMI of nafarelin acetate in the plasma 
of monkeys after a single subcutaneous or intranasal dose. Key: I Aj 431 pg, 
nasal: (0) 272 pg, nasal: (v) 133 pg, nasal; (0 )  5 pg, subcutaneous. 
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Table I-Plasma Level Parameters of Nafarelin Acetate Following Nasal 
and Subcutaneous Administration in Rhesus Monkeys’ 


Average 
Conc. of Volume Average Peak 
Solution, Administered, Dose, Height, AUC, 
mg/mL 4- Pg ng/mL ngh/mL 


h’asal 
0.622 213 l33( 1.8) 0.23(0.07) 0.63(0.3) 
1.25 217 272(4.1) 1.84(0.35) 4.56(1.1) 
2.5b 173 431(15.7) 8.24(0.7) 15.9(2.1) 
1.2 121 140( 10.3) 0.82(0.28) 2.31(0.76) 


0.01 500 5 I .93(0.35) 5.57(0.97) 
Six animals per group except where noted: numbers in parentheses are standard 


The method was validated by adding known quantities of nafarelin acetate 
to blank plasma and determining the ratios of measured to added compound. 
Linear regression analysis for the concentration range of 50-500 pg/mL 
yielded a slope of 0.96 with a correlation coefficient of 0.999. At 50 pg/mL, 
the CV was 1 1.3%. Additional validation was obtained from an in viva study 
in which [3H]nafarelin acetate was administered to monkeys, and plasma 
profiles were determined by RIA and an HPLC-radiochemical method. 
Excellent agreement was obtained between the two sets of results. 


Subcutaneous 


errors. Four animals per group due to inadequate dosing of two animals. 


RESULTS AND DISCUSSION 


The plasma level profiles of nafarelin acetate for the three nasal doses and 
the subcutaneous injection are shown in Fig. 1. As with other drugs, nasal 
absorption is quite rapid, with peak levels being achieved within 15 min. Re- 
producibility between animals is excellent, particularly a t  the higher doses, 
and suggests that a t  least in a controlled situation, the nasal route has con- 
siderable potential for delivery of this LHRH analogue. 


The peak heights and areas under the curve (AUC)* are listed in Table I. 
It is immediately evident that there is a pronounced nonlinearity between the 
dose administered and the resulting levels of drug in the plasma. For example, 
a roughly twofold increase in dose from 125 to 270 pg results in an approxi- 
mate 8-fold increase in  peak height and a 6.5-fold increase in AUC. Increasing 
the dose to 430 pg results in a further fourfold increase in peak height and 
AUC. Since the elimination profiles are similar for all three doses, this suggests 
that the nonlinearity is associated with changes in the absorption phase. To 
determine whether the nonlinearity is a function of the concentration of drug 
in the solution, or of the total dose administered, an additional experiment 
was conducted where the drug concentration was 1.2 mg/mL (similar to the 
previous experiment), but the dose was halved by reducing the volume ad- 
ministered. The results shown in Table I suggest that the nonlinearity in peak 
levels and AUC observed with the increase in dose appears to be associated 
with the concomitant increase in  the concentration of drug in  solution. At a 


AUC values were determined for the 0-8-h time period, since plasma blood levels 
were below detectable limits at 24 h. 


concentration of 1.25 mg/mL, a twofold increase in dose results in a slightly 
greater than twofold increase in peak height. On the other hand, a twofold 
increase in concentration (from 0.625 to 1.2 mg/mL) results in a 3.5-fold 
increase in peak height, even though the dose administered is the same 
(1 30-140 gg). An increase in flux across the nasal membrane due to the higher 
concentration or saturable binding and/or metabolism with membrane or 
enzyme systems are plausible explanations for these observations. Enzymes 
such as leucine amino peptidase are known to be present in the nasal membrane 
(11). 


In comparing the plasma level profiles for nasal delivery with that found 
for subcutaneous injection, it is apparent that the plasma levels for the 270-pg 
nasal dose are almost superimpsable on those for the 5-gg sc dose. This gives 
a bioavailability of -2% relative to the subcutaneous dose. These data also 
agree well with bioassay results, where the minimum effective dose for inhi- 
bition of ovulation in female rhesus monkeys was 250 and 5 gg administered 
daily uia nasal spray and subcutaneous injection, respectively (12). The reason 
for the relatively low bioavailability of this compound is presently unknown. 
Enzymatic degradation in the nasal membrane could be a factor, and there 
may have been some loss of solution uia postnasal drip. In any case, these 
studies show that the monkey can serve a s a  useful animal for studying nasal 
delivery of drugs. 
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Abstract 0 A new dosage form of levodopa, which has thecharacteristics of 
loading high concentrations of levcdopa at the upper part of the intestine. has 
bccn developed to improve its bioavailability. It is shown that an effervescent 
tablet formulation, coated with hydroxypropyl methylcellulose phthalate 
(carboxybenzoyl radical content: 20-24%) as the enteric material, is suitable 
for the purpose of dissolution. This was confirmed from animal experiments, 
which showed that tablets of this composition disintegrate instantly on 
reaching the upper part of the intestine. This tablet was considered appropriate 
for the bioavailability tests described in this paper. 


Keyphrases 0 Levodopa-effervescent cnteric-coated tablet, intestinal ab- 
sorption, dissolution 0 Effervescent enteric-coated tablet-levodopa, intestinal 
absorption, lag time of dissolution and absorption, effect of sizc and shape 0 
Film material-hydroxypropyl methylcellulose phthalate, effervescent en- 
teric-coated tablet, levodopa 


It has been shown in previous work in this series (1,2) that 
the bioavailability of levodopa could be improved by loading 
high concentrations of the drug at the upper part of the intes- 
tine, the optimum site of absorption, and then inducing tem- 
porary saturation of levodopa decarboxylase. The present work 
describes the preparation of an oral solid dosage form of le- 
vodopa with improved bioavailability. The in uitro dissolution 
and in oioo disintegration behavior also are reported. 


EXPERIMENTAL SECTION 


Preparation of Effervescent Enteric-Coated Tablets of Levodopa [ I t A  
granular mixture of levodopa USP and carboxymethylcelluloel was prepared 
by the wet granulation method using an aqueous solution of hydroxypropyl 
cellulose* as a binder. All other diluents, effervescent agents, lubricants, and/or 
coloring agents were mixed with the dried granulation, and the mixture was 
compressed into tablets. These tablets were coated successively with hy- 
droxypropyl methylcellulose USP (11) (5% w/w) and then with hydroxypropyl 
methylcellulose phthalate (IWo w/w) in methylene dichloride-ethanol 
( I  : I ,  w/w) solution4 to obtain enteric-coated tablets. All the coating agents 
that were used here are accepted for drug use by the FDA. 


Marketed as NS300, Gotoku Yakuhin. Tokyo, Japan; acid form of sodium car- 


Shinetsu Chemicals Co.. I.td.. Tokyo. Japan: Biddlc Sawyer Corporation, 2, 


A substitute solution is acetone-ethanol solution ( 1 : l .  w / w )  or acetone-isopropyl 


box methylcellulose USP. 


Penn-Plaza, New York. N.Y. 10121. U S A . :  Master File No. DMF-2151. 


alcohol ( I ; I ,  w/w) 


JNippon Soda Co.. Ltd.. Oiso-machi, Kanagawa. Japan; F.C.C. 111 P280. 


Dissolution Tests-A modified disintegration test apparatus was used in 
the dissolution tests of levodopa and/or dyes (3). The frequency rate of the 
basket-rack assembly was set between 5 and 20 cpm. Ten-mesh stainless steel 
cloth was fitted over the top of the basket-rack assembly to prevent the tablet 
from floating out of the tube of the assembly during dissolution. 


Dissolution media (900 mL) at various pH values, prepared by mixing test 
solutions I and 2 ( JP  IX),  were heated to 37 f OS0C and placed in  the dis- 
solution apparatus. One tablet was placed in  the basket. The solution was 
drdwn from the flask through the flow cell (length 5 mm) by a pumpS and 
returned to the flask at a flow rate of -25 mL/min. The differences in ab- 
sorbance between A1 (258.5 nm) and A? (281 nm) for levodopa, XI (620nm) 
and X2 (662 nm) for methylene blue. and XI (600 nm) and A: (522 nm) for 
erythromycin were measured with a dual-wavelength spectrophotometer6 and 
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figure ]-Dissolution patterns of levodopa. The solid line shows the desired 
pattern; the dotted lines show conventional dosage forms. 
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Table I-Formulations of Effervescent Enteric Tablets of Levodooa for the Tests of Dissolution Parameters 


Amount per Tablet, mg 
Compound 1 2 3 4 5 


~ 


Levodopa 200 
Tartaric acid 0 
Sodium bicarbonate 0 
Lactose 106 
Carboxymethylcellulose 
Magnesium aluminum silicate 
Sodium bisulfate 
H ydroxypropyl cellulose 
Ma nesium stearate 
H y &ox y propy l methylcellulose 
Hydroxypropyl methylcellulose phthalate-50 


79 


8 
30 


423 Total weinht 


200 
6.25 
7 


92.75 


79 


8 
30 


423 


200 
12.5 
14 
79.5 


79 


8 
30 


423 


200 200 


79 79 


8 8 
30 30 


423 423 


recorded continuously. The following parameters were obtained from the 
dissolution curves in several runnings: flag (lag time of dissolution), t l o  (time 
required to dissolve 10% of labeled drug), 190 (time required to dissolve 90% 
of labeled drug), and 190 - 110.  


Measurement of the Dissolution Time of the Enteric Coating Material- 
Fifty-milligram portions of 20-32-mesh fractions of each coating material 
were suspended in media of various pH values, as  described in the dissolution 
test, and agitated with a magnetic stirrer (9  mm in diameter and 30 mm in 
length) at -500 rpm at  37 f OSOC. The dissolution time of the suspended 
particles was measured visually. 


Lag Time Determination of Levodopa Absorption-Two samples were used 
for this study. Ten healthy male beagle dogs, 10.0-14.0 kg, were fasted for 
-I6 h and divided into two groups of five dogs each. Crossover experiments 
were carried out at I-week intervals. The dogs were dosed orally, and levodopa 
absorption was measured by observing the time at  which the dogs began 
vomiting, which indicated a significant release of the drug with subsequent 
absorption. 


Measurement of the Disintegration Site of Tablets In Viv+Experiment 
No. I -Two male beagledogs. 10.7 and 1 1.3 kg, were each orally dosed with 
two samples. Immediately after the dogs began vomiting, they were anes- 
thetized with pentobarbital sodium' (0.6 mL/kg). placed on their backs, and 
killed by exsanguination. The abdomens were immediately opened and the 
entire GI tracts were excised and opened in order to observe the disintegration 
sites. Such observation was made possible by the dye contained in  the tab- 
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pH OF MEDIUM 


Figure 2-pH profile of dissolution time of various enteric fi lm materials. 
Key: (0) 111-45; (0) 111-50: (0) 111-55; (0 )  IV.  


Dainippon Pharmaceutical Co.. Ltd. 


Experiment No. 2-One male beagle dog, 13.9 kg, was orally dosed with 
two tablets from each sample. Fifty minutes after the dog began vomiting, 
it was anesthetized with pentobarbital sodium 6 and examined, as in experi- 
ment no. 1. 


RESULTS AND DISCUSSION 


From the results of the in vitro and in situ experiments of levodopa ab- 
sorption characteristics, it was found that levodopa absorption from the solid 
dosage form was enhanced by: 


I .  Selecting the correct enteric dosage form to inhibit the levodopa de- 
composition in the stomach and ensure a high concentration of levodopa at 
the absorption site. 


2. Selecting the appropriate enteric film matcrials to obtain rapid disin- 
tegration and dissolution characteristics in the upper part of the intestine. 


3. Investigating dissolution characteristics so as to obtain a high concen- 
tration of levodopa at  the onset of dissolution and to inhibit the conversion to 
dopamine (4) as much as possible by decarboxylase distributed in the intestine, 
during the absorption process. 


4. Investigating product form and size to minimize variations in lag time 
of absorption and to shorten the lag time of absorption due to variability of 
individual gastric transit times. 


The in vitro dissolution curve showing the aforementioned characteristics 
can be seen in Fig. 1. One of the main purposes of this report was to obtain a 
preparation having the dissolution characteristics shown in Fig. 1. 


Selection of Enteric Film Material-The hydroxypropyl methylcellulose 
phthalate (111) used had different carboxybcnzoyl radical contents (458, 509, 
55'O).  Cellulose acetate phthalate ( I V )  was selected as a reference because 
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Figure 3-pH profile of the dissolution parameter, tiog, of effervescent enteric 
tablets of levodopa coated with various enteric fi lm materials. Key: ( 0 )  
111-45; (0) 111-50; (a) 111-55; (0 )  IV.  


* Carboxybenzoyl radical content: -2090. 
Carboxybenzoyl radical content: 20-24%. 


l o  Carboxybenzoyl radical content: 27-35%. 
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Table 11-Formulations and Dissolution Parameters of Two Samples 
Employed for the Determination of Disintegration Sites In  Vivo 


Compound 
Amount per Tablet, mg 


A B 
Levodopa I80 I80 
Methylene blue 20 0 
Erythromycin 0 20 
Tartaric acid 25 25 
Sodium bicarbonate 28 28 
Carboxymethylcellulose 
Microcrystalline cellulose 
Magnesium aluminum silicate 
Sodium bisulfate 
Hydroxypropyl cellulose 
Magnesium stearate 
Hydroxypropyl methylcellulose 
Hydroxypropyl methylcellulose phthalate-50 
Cellulose acetate phthalate 


79 


8 8 
30 0 
0 30 


370 


1 79 


Total weight 370 


Levodopa 
pH 7.5 


l l s g  


pH 6.0 
!lag 


tw-lo 


pH 7.5 
l lag  


pH 6.0 
flag 


190-10 


190.10 


Dye 


190-10 


Dissolution Paramctcr, min 


5.3 
1.1 


18.3 
2.0 


5.6 
1.4 


22.7 
I .5 


7.0 
1.5 


36.2 
2. I 


8.6 
1 . 1  


35.1 
I .7 


i t  is used extensively in the marketplace. The relationship between the disso- 
lution time of the enteric film material and the pH of the medium is shown 
in Fig. 2. I t  can be seen from Fig. 2 that there is no difference in dissolution 
time between materials at pH 7.0 and at pH 7.5. However, at more acidic pH 
levels, the dissolution time of the material was longer in the order of 111-45, 
111-50. 111-55, and IV.  The relationship between dissolution lag time ( f l a g )  
of tablets coated with various enteric materials and medium pH was also de- 
termined (Fig. 3) ,  from which the same pattern as the film materials them- 
selves can be seen. 


Intestinal pH is known to be between -6 and 7.5. I t  has been reported. 
however. that the pH of the duodenum was -pH 7 and varied according to 
the pH of the stomach (5). On the other hand, it has been reported that dis- 
integration and dissolution behavior at more acidic medium lcvels than the 
disintegration test solution (pl l  7.5) should be used in evaluating bioavail- 
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Figure 4- Relarionship between the dissolution parameter. tiag: of efler- 
uescenf enteric tablets of leuodopa and the amount of sodium bicarbonate 
formulated in the tablet. Key: (0)  p H  6.0, 20 strokesjmin: (OJ pH 7.5.  5 
rtrokesjmin: (0)  pH 7.5. 20 strokeslmin. 


Table Ill-/n Viro Disintegration of Samples A and R 


Dog I Dog 2 Dog3 


Length of intestine. cm I70 I80 170 


Time of enicsis, min postdosc I20 1 I0 130 
Anestheti7ing time. min postdose 120 I10 I80 


Dose, number of tablets I I 2 
Appearance of tablets d.c.a d.c. d.c. 
Distance from pylorus, cm 20 23 20 


Body weight, kg 10.7 11.3 13.9 


Length of duodenum. cm 20 25 2s 


Results from Sample h 


Results from Sample B 
Dose. number of tablets 
Appearance of tablets 
Distance from Dvlorus. cm 


1 I 2 
n.d." n.d. d.c. 
50 60 40. 130 


" Disintegrated completely. Not disintcgratcd. 


ability of cnteric-coated tablets ( 6 )  Morcovcr, considering the prevention of 
disintegration in the stomach, it might be more appropriate to evaluate film 
dissolving time or lag time of dissolution of enteric-coated tablets at pH 6 6 . 5 .  
Therefore, 111-50 was selected as the most appropriate material from among 
the four kinds of films used. 


Preparation of [-Effervescent tablets were investigated to obtain char- 
acteristics of fast disintegration and instantaneous dissolution of levodopa 
preparations. The compressibility of levdopa was such as to require additives. 
For this reason. it was difficult to obtain the characteristics mentioned above 
in other dosage forms. A sodium bicarbonate-tartaric acid systcm was selected 
as the effervescent component, and the five kinds of tablets shown in Table 
I wcre prepared. 


For these tablets, the relationship between the amount of effervescent 
component and lag time of dissolution ( t lng)  and between the amount of ef- 
rcrvcscent component and rate of dissolution (twin) were studied. The results 
are shown in Figs. 4 and 5. In  the determination of tw-io, the frequency of the 
basket-rack assembly was set to 5 cpm to clarify the differences among the 
preparations. It can be seen from Fig. 4 that as the amount of effervescent 
component is increased, the dissolution lag time will decrease. However, the 
dissolution lag time was found to become constant, and as seen in  Fig. 5, the 
dissolution rate bccamc smaller with the addition of >28 mg/tablet of sodium 
bicarbonate. These results confirmed, thercfore. that formulation 4 in Table 
I was the more appropriate. 


It is difficult to say why the lag times are different among the preparations, 
25 


20 


1 5  


c a 
0 
4 
u 10 
I 


0 


L) 
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0 7 1 4  28 56 


AMOUNT OF NaHCOj PER TABLET 


Figure 5 - Relationship between the dissolution parameter t9g. 1 0  of effer- 
re.srtn1 enterir tablets of Irwdopa and the amount of sodium bicarbonate 
formitluted in  the tablet. The number ofstrokes wasfixed at Sjmin. and thr 
p H  wus 7.5. Key: (a) uncoated tablet: (0) enteric tablet. 
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Figure 6-Photographs of the in vivo disintegration site of samples A and B. Key: (a) dog 1 ;  (b) dog 2; (c) dog 3. See Table Ill for experimental details. 


even with the same enteric film. One reason may be the variability in the rate 
of evolution of carbon dioxide due to slight differences in the rate of penetration 
of water into the tablet. 


Disintegration Site of I-The disintegration site of I was investigated in 
beagle dogs to confirm in vivo behavior. Two samples, A and B, were used in 
the experiments; compositions and dissolution parameters arc shown in Table 
11. Dyes were added to Facilitate visual investigation of the site ofand the rate 
of disintegration. Results are summarized in Table 111 and intestinal dissec- 
tions are shown in Fig. 6. 


The measured lengths of the duodenum and the small intestine are a p  
proximate. The lengths of the duodena measured were the same as  that de- 
scribed in the literature (7) (i.e.,  -25 cm). As shown in Table 111 and Fig. 6, 
sample A disintegrated in the duodenum of each dog and the length of the 
dyeing site was short. These results suggest that disintegration of I started as 
won as it reached the intestine and that the rate of disintegration or dissolution 
was instantaneous. In contrast, disintegration of sample B was very slow, and 
the sites of the disintegrations varied between the two tablets. In comparison 
with the dissolution parameters shown in Table 111. it seems reasonable to 
assume that the dissolution lag time is correlated with the site of disintegration 
and that the rate of dissolution (tw-10) is correlated with the length of the dyed 
site. Tablet I was designed for fast disintegration and high concentration in 
the upper intestine. From the above results. it was concluded that sample A 
was most suited to the purpose. 


Effects of Tablet Shape and Size on the Lag Time of I-A 250-mg volume 


10 


5 


0 


Average lag time f SE 


J L  
1 I t  


60 120 180 340 


LAG TIME OF ABSORPTION, min 


Figure l-Effect of tablet shape on the lag time of absorption (as indicated 
by emesis). Key: (0) round; (@) oval. 


Table I V-Characteristics of Effervescent Enteric Tablets of Levodopa 
used for the Measurement of Absorption Lap Time 


~~ 


Round Oval Sample Sample Sample 
Tablets Tablets I 2 3 


Weight per tablet, mg 594 594 369 461 474 
Diameter. mm 10.6 15.7 X 8.2 9.4 10.0 10.1 
Thickness. mm 6.3 5.1 5.3 5.4 5.4 
Dissolution parameter, mina 


5.1 5.1 7.0 
0.9 1.5 2.1 


t lag 9.0 7.4 
1.8 1.6 I n i n  


~~ ~ ~ ~ 


Dissolu~ion parameters were determined at pH 7.5 with  20 strokes/min. 


of levodopa was formulated into oval and round effervescent enteric-coated 
tablets. Table IV shows the characteristics of the two tablets. The tablets were 
compared with respect to lag time of levodopa absorption in dogs. The results 
(Fig. 7) indicate that the round tablet gives a shorter lag time and smaller 
intersubject variation in comparison with the oval one. 


Three types of I ,  each containing 200 mg of levodopa but of different sizes, 
were prepared. Table IV shows the characteristics of the three sizes of tablets. 
Lag times of levodopa absorption were determined following oral adminis- 
tration of four kinds of I: the round tablet and the three types of tablets 
(samples 1-3) in Table IV.  The results are shown in Fig. 8. The effects of size 
on lag time shown in Fig. 8 suggest that larger tablets have a longer levodopa 
absorption lag time in dogs. 


1.2 


1.1 


1.0 


0.9 


L 


300 400 500 600 


TABLET WEIGHT, rng 
Figure 8-Effect of tablet size on the lag lime of absorption. 
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CONCLUSIONS 
An enteric formulation of levodopa can prevent drug absorption in  the 


stomach and so can reduce the side effects of the drug on the stomach. Ap- 
plication of 111-50 as an enteric coating film material resulted in an enteric 
tablet with rapid disintegration characteristics after passing through the 
stomach. Addition ofan effervescent component to the tablet reduced the lag 
time of in  vitro dissolution in intestinal fluid, and the rate of levodopa disso- 
lution was accelerated. The conventional round shape was suggested as  a 
suitable tablet shape and also a smaller size was recommended to minimize 
the lag time for the transit of the tablet into the intestine 
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Abstract 0 I t  has been shown in rccent studies that warfarin exists in the solid 
state and in some nonaqueous solvents as a cyclic hemiketal. The present study 
was undertaken to investigate the ionization and ionization kinetics of war- 
hrin. to confirm the probable existence of the cyclic hemiketal in aqueous 
solution. and to determine the possible consequences of the cyclic hemiketal 
to acyclic en01 equilibrium and ionization kinetics on the dissolution rate of 
warfarin. The equilibrium aqueous solubility of un-ionized warfarin acid at  
25°C and ionic strength 0.5 (with potassium chloride) was found to be 1.28 
X M ,  and its observcd macroscopic pK, was 5.03-5.06, depending on 
thc method of determination. By comparing the aqueous pK, of warfarin to 
phenprocournin, a hydroxycoumarin that cannot exist in the cyclic hemiketal 
form. the hemiketal-acyclic en01 ratio was estimated to bc -2O:l. By stopflow 
spcctrophotometry. the ionization rate of warfarin (pH 3.5 jumped to pH 6.5) 
was found to have a f 112 < 1-2 X lo-) s. The dissolution rate of warfarin from 
a rotating disk (600 rpm), as  a function of pH, was measured under nonbuf- 
fcred but pH-stat conditions ( p  = 0.5 with potassium chloride). The pH- 
dissolution rate profile for warfarin agreed with that calculated from an 
cquation derived previously to describe the dissolution of instantancous ion- 
i7ing acids, i.e.. the profile was not perturbed from that expected from an acid 
of aqueous solubility 1.28 X 


Keyphrases U Dissolution-warfarin, ionization kinetics 0 Warfarin-dis- 
solution, ioni~ation kinetics U Ionization kinetics---warfarin, dissolution 


M (un-ionized form) and pK, 5.06. 


The structure of the anticoagulant warfarin is usually de- 
picted in the open-chain form ( I )  whereas it is known to exist 
in  the solid state in the cyclic hemiketal form (11) ( I ,  2). 
Spectrometric studies (3-6) have confirmed that I1 is also the 
predominant form of warfarin in solution in various non- 
aqueous solvents. In water, un-ionized warfarin ( I  and/or 11) 
exists in equilibrium with the enolate (111) (Scheme I). 


Since warfarin exists as the hemiketal in the solid state and 
its ionization appears to be complex, we decided to study the 
dissolution rate uersus pH (unbuffered, pH maintained by 
pH-stat) profile of warfarin to observe whether it behaved as 
an instantaneously ionizing acid (7, 8) .  To achieve this, the 
dissolution rate from a compressed rotating disk of warfarin 
at pH 2 and in the pH range 7-9.5 was studied along with its 
solubility, ionization characteristics, and ionization rate. By 


m 
Scheme I 


comparing the pK, of warfarin with that of phenprocoumin 
(IV),  a hydroxycoumarin which can exist only in  an acyclic 
form, it was also possible to test for the existence of I1 as the 
predominant form of warfarin in aqueous solution. 


"9 f 
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Abstract An analytical method for the quantitation of nanogram to sub- 
nanogram amounts of dexamethasone is described. Dexamethasone was iso- 
lated from human plasma using a CIS-bonded reverse-phase cartridge, purified 
by subsequent normal-phase HPLC, and the corresponding trimethylsilyl 
derivative analyzed by gas chromatography-mass spectrometry (GC-MS). 
The quantitation by isotope-dilution MS was carried out by selected-ion 
monitoring on the (M t I)+ ion of the trimethylsilyl derivative of dexa- 
methasone and its stable isotopically labeled diluent, ['3Cs,2H3]dexameth- 
asone (681 and 690 m/z ,  respectively). Methane was used as the GC carrier 
gas and as the chemical-ionization reagent gas. The sensitivity of the method, 
judged from the lower limit of detection of the mass spectrometer, was at -100 
pg. The inter- and intraassay coefficients of variation (CV) determined at two 
different concentrations were 3.83 and 3.78% for 2 ng/mL and 2.64 and 1.29% 
for 5 ng/mL, respectively. Plasma concentration profiles for dexamethasone 
following a single 1 -mg iv and a 2-mg oral dose of dexamethasone administered 
24 h apart to two healthy volunteers are presented. The mass fragmentographic 
method described here is useful for bioavailability and pharmacokinetic studies 
of the synthetic glucocorticoid. 


Keyphrases 0 Dexamethasone-quantitative determination in human plasma, 
stable isotope dilution mass spectrometry 0 Stable isotope mass spectrome- 
try-quantitative determination of dexamethasone in human plasma 


The assay of steroid hormones in biological fluids has been 
greatly simplified with the development of highly sensitive RIA 
techniques. RIA methods were developed for the estimation 
of plasma dexamethasone (1-3) and used to follow plasma 
levels of dexamethasone to determine the bioavailability of oral 
dexamethasone (4) and intravenous dexamethasone esters (5). 
Bioavailability studies of prednisone tablets have also been 
performed by an RIA method (6). There are often, however, 
serious restrictions to the use of RIA techniques in that 
cross-reactivity with other steroids is a serious problem in 
achieving acceptable specificity. 


More specific and precise HPLC methods have been widely 
used in determining natural and synthetic corticosteroids in 
biological fluids. The methods have been applied to bioavail- 
ability and pharmacokinetic studies of synthetic corticosteroids 
such as prednisone, prednisolone (7, 8), and budesonide (9). 
A test method for determining content uniformity by HPLC 
has also been described for fludrocortisone acetate (10). The 
HPLC method offers the advantage that the corticosteroids 
can be anajyzed without derivatization, unlike GC. However, 
the HPLC method lacks sensitivity and cannot be used to make 
accurate determinations of plasma concentrations in the 
nanogram-to-subnanogram range. Moreover, analytical 
methods such as RIA and HPLC do not have the advantage 
of the isotope dilution technique in that the correction for losses 
of a particular substance in various biological samples in the 
extraction and purification procedure cannot be easily 
made. 


The use of gas chromatography-mass spectrometry 
(GC-MS) and isotopically labeled drugs as diluents has found 
broad application in pharmacological studies (1 1, 12). In this 


technique, stable isotopically labeled carriers serve as the ideal 
internal standard to correct for losses of a substance under 
study in the initial isolation procedures. Pharmacokinetic 
studies represent one field in which the sensitivity and speci- 
ficity of GC-MS techniques offer an advantage. The present 
paper describes the development of an analytical method which 
involves stable isotope dilution mass spectrometry to follow 
plasma concentrations of dexamethasone after the adminis- 
tration of a therapeutic dose. The internal standard used was 
dexamethasone M+9 ( [13C6,2H3]dexamethasone). The 
method has been applied to the bioavailability study of a 
commonly used tablet formulation of dexamethasone. 


EXPERIMENTAL 


Chemicals-Methanol' (HPLC grade), methylene dichloride* (distilled 
in glass), hexane2 (UV grade, distilled in glass), and glacial acetic acid3 (AR 
grade) were used without further purification. N,O-bis(Trimethy1silyl)tri- 
fluor~acetamide~ (BSTFA) was commercially available, and dexametha~one~ 
was a gift. Stable isotopically labeled dexamethasone, [ 1,2,3,4,10,19- 
'3Cs,19,19,19-2H3]dexamethaone, was synthesized under an FDA con- 
tract6. 


Mass Fragmentography-Mass fragmentographic determinations were 
made with a gas chromatograph-mass spectrometer fitted with a chemical- 
ionization source and a data system'. Methane was used as the GC carrier 
(1 5 mL/min) and as the chemical-ionization reagent gas. The chemical- 
ionization source pressure was maintained at -0 .21  torr, and electron energy 
of 70 eV. The trimethylsilyl derivatives were monitored at m/z values of 681 
(nonlabeled dexamethasone) and 690 (labeled dexamethasone) by multi- 
ple-ion detection with an integration time of 0.839 s each. 


GLC was performed on a glass column (60.96 cm X 2 mm i.d.) packed with 
3% SP-21OOs on Supelcoport* (80-loomesh). The column temperature was 
27OOC and the temperature of the injector was 285'C. The temperature of 
the ion source was 270'C. 


In the electron-impact mode of operation, the electron energy was set to 
70 eV and the multiple-ion detection program was set to monitor the ions at 
m/z 680 and 689. The GC column was the same as described above. Helium 
(20 mL/min) was used as the carrier gas. The column temperature was 24OoC, 
the injector was at 255OC, and the jet separator was at 25OOC. The temper- 
ature of the ion source was 25OOC. 


Sample Preparation for Mass Fragmentography-To 1 .O mL of plasma 
was added 20 ng of dexamethasone M+9 dissolved in 10 pL of methanol, and 
the plasma was allowed to stand for 30 min. The plasma sample was applied 
to a C I S  bonded reverse-phase cartridge9. The cartridge was washed with 4 
mL of water and then eluted with 5 mL of methanol. The methanot eluate was 
evaporated to dryness under a stream of nitrogen. To the residue was added 
100 pL of the HPLC solvent and the sample was injected with a syringe- 
loading sample injectorlo into a liquid chromatograph'' equipped with a 


Fisher Scientific Co., Fair Lawn, N.J. 


Mallinckrodt, Inc., St. Louis, Mo. 
Pierce Chemical Co., Rockford, 111. 
US. Pharmacopeial Convention, Inc., Rockville, Md. 
Contract No. 223-79-301 1; SRI International, Palo Alto, Calif. 
Finnigan Model 4023 with INCOS data system; Finnigan Corp., San Jose, 


C18 Sep-Pak Cartridge; Waters Associates, Milford, Mass. 


* Burdick & Jackson Laboratories, Inc., Muskegon, Mich. 


Calif. * Supelco, Inc., Bellefonte, Pa. 


l o  Rheodyne, Inc., Berkeley, Calif. 
I '  Waters Model 6000. 
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UV--visibledetector12. The normal-phase HP1.C column13 (0.25 m X 4.6 mm 
i.d.) was eluted with 30% mcthylene dichloridc-4% methanol-0.27'0acetic acid 
in n-hexane (13) at the rate of 2.5 mL/min, and the column effluent was 
monitorcd at 240 nm. Approximately 5 mL of HPLC eluate of the appropriatc 
fraction was collected. The solvent was evaporated to dryness under a stream 
of nitrogen. The trimethylsilyl derivative was formed by reacting the residue 
with 30 pL of BSTFA in the presence of 10 pg of potassium acetate as a base 
catalyst ( 1  4, 15). The reaction was completed in 0.5- 1 h at 8OOC. Excess 
BSTFA was removed under a stream of nitrogen, and the residue was dissolved 
in  30 p L  of n-hexane. A 5-10-pL volume of the above n-hexane solution was 
analyzed by GC-MS. I n  addition, a methoxime-trimethylsilyl (MO-TMS) 
derivative of dexamethasone was prepared for GC-MS analysis according 
to a reported method (16). 


Preparation of Calibration Curve-To each of I0 standards containing 
0.5-200 ng of dexamethasone in 10 pL of methanol was added 20 ng of 
dexamethasonc M+9 in 10 p L  of methanol and 10 p g  of potassium acetate 
in 10 mL of methanol. After evaporation of the solvent to dryness under a 
stream of nitrogen, 30 p L  of BSTFA was added to each sample to form the 
TMS (trimethylsilyl) derivative asdescribed above. A 5 10-pL aliquot of the 
sample was subjected to GC-MS. 


Determination of Accuracy-Dexamethasone in amounts of 2.02, 5.05, and 
10. I0 ng dissolved in  10 pL of methanol was added to 1 .O-mL aliquots of 
p l e d  plasma. After preparation of the sample for mass fragmentography 
as described above, the observed area ratio of m/z 681 to m/z 690 was dctcr- 
mined in triplicate. 


Drug Administration-The two healthy adult male volunteers, 39 (subject 
I ) and 56 (subject 2) years old, weighed 64 and 77 kg, respectively. As a part 
of the experiment, a complete blood count, urinalysis, and screening blood 
chemistry battery (SMA) was performed. The laboratory results were found 
to be within normal limits. After an overnight fast. subjects I and 2 received 
three 0.75-mg dexamethasone tablets14 orally with 250 mg of water and I mg 
of dexamethasone in its phosphate ester formI5 in 5 mL of saline intravenously 


Tracor 970A. 
' 3  Spherisorb 5-pm Silica; Phase Sep. Hauppauge. N.Y. 
. 4  Decadron. 0.75 mg. Lo! D0257; Merck Sharp & Dohmc. 
, 5  Decadron phosphare injection. 4 mg/mI.. I.o! 2371 E; Merck Sharp L Dohme. 


750 800 


Figure 1-Mass chromatogram (upper) and mass 
spectrum (lower) of MO-TMS dexamethasone. 


over 5 min ( I  mL/min), respectively, on the first day. No food was permitted 
for 4 h after drug administration. On the second day, the drug administration 
was repeated with each subject receiving the reverse treatment. 


On the first day, 20-mL heparinizcd blood samples were taken from both 
subjects immediately before drug administration. At the end of injection and 
5 min after injection, 10-mL heparinized blood samples were taken from 
subject 2. At 15,30,45,60,90, 120,180,240,360.480,600.1200, and 1420 
min after dosing, 10-mL heparinized blood samples were taken from both 
subjects. On the second day, 5-mL blood samples were taken rather than 10 
mL. The samples were centrifuged at 2000 rpm for 15 min. The plasma 
samples were placed in culture tubes with plastic caps and stored at  -2OOC 
until the time of assay. 


RESULTS 


Prerequisites for Mass Fragmentographic Analysis-Derioatioe Forma- 
tion-In the electron-impact or chemical-ionization mass spectrum of 
dexamcthasone. the relative abundance of the molecular or (M+I)+  ion was 
very small and, unless derivatized, the ionvation efficiency of the compound 
was not sufficient to make possible the analysis of nanogram amounts of 
dexamethasone. The 3.20-diMO-1 1/3,17a,20-triTMS (MO-TMS) derivative 
(16) and I I p,17a,20.2 1 -tetraTMS derivative ( 15) possessed good G C  
properties and were suitable for use in GC-MS analysis. The electron-impact 
mass spectra shown in Figs. 1 and 2 indicate that a much higher molecular 
ion intensity was observed for the tetra TMS derivative at  m/z 680 than for 
the MO-TMS derivative at m/z 666. When the molecular ion of the tetra 
T M S  derivative was monitored, the sensitivity limit of the assay by GC-MS 
(electron-impact) was found to be 10 ng of dcxamcthasone/sample for a 
standard solution with a signal-to-noise ratio of -2.5. 


Figure 3 shows the chemical-ionization mass spectrum of tetra T M S  
dexamcthasone. An intense (M+1)+ ion wasobservedat m/z 681, with three 
other predominant peaks in the high mass region >m/z 450. This was ac- 
complished by using the chemical-ionization mode for MS analysis and 
methane as the GC carrier and chemical-ionization reagent gas. The GC ef- 
fluent was introduced oia the direct inlet of an MS intcrfacc. When the 
(M+1)+ ion at m/z 681 was monitored, the sensitivity limit by GC-MS 
(chemical-ioni7iition) was found to be I 0 0  pg of dexamethasone for a standard 
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solution (equivalent to 300 pg/mL of plasma) when a signal-to-noise ratio 
of 2 2 5 1  was used as a criterion for a significant response. 


Selective-ion recordings of tetra T M S  dexamethasone showed that no 
contaminating byproducts with retention times close to that of the T M S  de- 
rivative were present. After the initial purification procedures, there was no 
interference with the dexamethasone (M+ I ) +  ion of the TMS derivative from 
endogenous compounds in the plasma extract. 


Calibration Curue-Dexamethasone M+9 was used as the internal stan- 
dard in the MS analysis of dexamethasone. The tetra T M S  ether of dexa- 
methasone M+9 gave the same fragmentation pattern as the T M S  derivative 
of nonlabeled dexamethasone with the expected mass shifts of 9 amu (Fig. 
4). Known mixtures of dexamethasone and dexamethasone M+9 were pre- 
pared so that the sample size (5-10 pL) injected into the GC-MS covered 
the dexamethasone calibrations range of 0.5-200 ng with a fixed amount (20 
ng) of dexamethasone M+9. Each mixture was then anlayzed as  the T M S  
derivative, monitoring the (M+I)+ ions at  m/z 681 for dexamethasone and 
m/z 690 for dexamethasone M+9. There was a good correlation between the 
mixed molar ratio and the observed peak area ratio. Least-squares analysis 
of the observed ratio gave a regression line with a slope coefficient of 
0.9997. 


Accuracy--The accuracy of measurements was determined for dexa- 
methasone added to I 0-mL aliquots of pooled plasma. The plasma samples 
contained 20 ng of the internal standard and different amounts (2.02, 5.05, 
and 10.10 ng) of dexametkasone. The amounts of dexamethasone were 
measured by the described GC MS (chemical-ionization) method. The 


Table I-Accuracy of Mass Fragmentographic Analysis of Dexamethasone 
in Plasma 


Amount Amount Measured, ng Relative 
Added, ng Individual Values" Mean f SD Error, % 


2.02 1.96 2.01 1.94 1.97 f 0.03 -2.47 
5.05 5.11 4.97 4.86 4.98 f 0.10 -1.39 


10.10 10.41 9.73 10.08 10.07 f 0.28 -0.30 


a Each value represents the mean of triplicate measurements. 


Figure 2-Mass chromatogram (upper) and mass 
spectrum (lower) of tetra TMS dexamethasone. 


760 


amounts of dexamethasone added were determined and were in good agree- 
ment with the amounts of the dexamethasone spiked, the relative error being 
<3% (Table I). 


Precision-As determined by assaying in triplicate six 1 .O-mL plasma 
samples with a dexamethasone concentration of either 2 or 5 ng/mL (Table 
II),  the intraassay coefficients of variation were 3.78% for 2 ng/mL and 1.29% 
for 5 ng/mL. The interassay coefficients of variation at  these two concen- 
trations were 3.83% for 2 ng/mL and 2.64% for 5 ng/mL. 


Pharmacokinetics and Bioavailability of Dexamethasone-A single oral 
dose of three 0.75-mg dexamethasone tablets and a single intravenous dose 
of 1 mg of dexamethasone in  its phosphate ester form were administered 24 
h apart to two healthy male volunteers (subjects I and 2) .  Time courses of 
dexamethasone concentrations in plasma were followed for 24 h by the present 


Table 11-Precision of Mass Fragmentographic Analysis of 
Dexamethasone in Plasma 


Amount Determined, ng 
Run No. Individual Values Mean f SD CV,% 


Amount Added, 2 ng 
1 2.30 2.03 2.12 2.16 fO.ll 5.09 
2 1.96 2.08 2.03 2.02 f 0.05 2.48 
3 1.90 1.96 2.14 2.00 f 0.10 5.10 
4 2.22 2.16 2.1 1 2. I6 f 0.05 2.32 
5 1.88 2.00 2.04 1.97 f 0.07 3.55 
6 1.92 1.86 2.05 1.94 f 0.08 4.12 


Mean 2.04 3.78 
CV (%) 3.83 


A !  5,42 o,08 I 5.40 5.53 5.34 
2 5.08 5.02 5.16 5.08 f 0.05 0.98 
3 5.14 5.26 5.12 5 .17  I o . 0 7  i . 3 5  
4 5.02 5.12 4.95 5.03 f 0.07 1.39 
5 4.94 4.87 4.99 4.93 f 0.05 1.01 
6 5.32 5.10 5.18 5.20 f 0.08 1.54 


Mean 5.14 I .29 
CV (%) 2.64 


448 f Journal of Pharmaceutical Sciences 
Vol. 73, No. 4. April 1984 







100.0- 


90.8 


- 


600 


100.0- 691.1 


666.1 (Mt1)t 
681.2 


. . . . . . . . . . .  , ,.._ . I "  .- 


50.0 - 


619.2 


_ _  
650 700 


mlr 


method. Figure 5 shows a typical example of the selected-ion chromatogram 
for dexamethasonc from the plasma sample. 


Plasma concentrations of dexamethasone after intravenous administration 
appeared todecredse in a biexponential fashion (Fig. 6). The terminal phase 
of plasma concentrations of dexamethasone after oral administration paral- 
leled that after intravenous administration in each subject. After oral ad- 
ministration the appearance of dexamethasone in the plasma was very rapid. 
The peak dexamethasone concentrations ( 1  5.4 ng/mL for subject 1 and 14.1 
ng/mL for subject 2) were observed at 45 and 60 min, respectively, after a 
single oral dose of 2.25 mg. Semilogarithmic plots of the plasma concentration 
uersus time (Fig. 6 )  indicate that after absorption, a distribution phase was 
observed in both subjects. The terminal decline phase was monoexponential 
at time points later than 2 h for subjects I and 2. 


The observed set of plasma data was fitted to the polyexponential equation 
(C, = ZC,e-xiJ) describing the plasma concentration-time curves and pa- 
rameters characterizing the absorption and disposition of oral and intravenous 
dexamethasone were obtained oia a computerI6 by a least-squards estimation 
using the steepest descent method. The estimate of the elimination half-life 
( f l p )  was obtained from the terminal slope ( X i ) : t l p  = 0.693/X,. The total 
plasma clearance (CL,,) was expressed as the intravenous dose divided by the 
area under the plasma concentration-time curve (AUC). The AUC from t 
= 0-10 h (AUClo h) or I = 0 to infinity (AUC,) was measurcd by the t r a p  
ezoidal rule. In'the case of intravenous administration, the time point of 15 
min was taken to be the first data point to measure the AUC. The AUC be- 
yond the last detectable plasma dexamethasone concentration was calculatcd 
by dividing the last detectable plasma concentration (10-h point) by the ter- 
minal elimination rate constant, Xi. The volume of distribution ( V d ,  area) 
was calculated by dividing the clearance by the terminal rate constant: Vd, 
area = Cf.fijXJ. These pharmacokinetic parameters are summarized in Table 
111. 


Bioavailability-The absolute bioavailability of oral dexamethasone was 
calculated from a comparison of dexamethasone concentrations after oral 
dexamethasone and intravenous dexamethasone-21 -phosphate administration 
based on the AUC. I t  was assumed that after intravenous injection dexa- 
methasone-21-phosphate rapidly and quantitatively hydrolyzed to its free 
alcohol (5). The calculated values for bioavailability were 54.7% (AUClo h) 
and 54.9% (AUC,) for subject 1 and 71.7% (AUClo h) and 71.2% (AUC,) 
for subject 2. 


DISCUSSION 


The use of isotope dilution techniques coupled with isotope. ratio dctermi- 
nation by MS is rapidly becoming the method of choice in the analysis of 
steroids in biological samples (1 7- 19). Since bioavailability and phar- 
macokinetic studies of synthetic corticosteroids require sensitive, specific, and 
reproducible analytical techniques, attempts were made in the present study 
to devise procedures that would allow analysis of nanogram-to-subnanogram 
amounts of dexamethasone in human blood by isotope dilution MS. 


Generally, the MS analysis of corticosteroids in biological extracts is dif- 
ficult due to their thermal instability and the problems associated with isolating 
sufficiently pure material for analysis. Recently, sample purification proce- 
dures using a C I S  bonded reverse-phase cartridge for the quantitative analysis 
of corticosteroids in adrenal cell cultures by HPLC or GC-MS have been 
described (20). The present isotopc-dilution MS method involves spiking the 
plasma sample with stable isotopically labeled dexamethasone M t 9  and then 
purifying it by the use of a CIS bonded reverse-phase cartridge and normal- 


Table Ill-Parameters Characterizing the Disposition of Dexamethasone 


Parameter Subject 1 Subject 2 


Intravenous Administration 
I 55.8 


" E 7  10.37 
12.2 
0.38 
1.82 


8.2 
0.18 
3.85 


29.85 34.26 
30.68 39.2 I 
33.9 (0.53 L h kg) 
89.2 ( I  .4 L/kg( 


21.82 (0.28 L/h/kg) 
12 I .2 (1.5 L/kg) 


Oral Administration 


2 7 8 : P  52.6 


- -16.4 
2.05 


1.54 I .3n 


0.35 0.18 
14.1 11.7 


I .9n 3.85 
35.24 55.95 
36.45 63.10 ~ 


I h  CHM Modcl 2001-32. 
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phase HPLC. The steroid sample was then derivatized and analyzed by 
GC-MS. The absolute recovery of the purification procedures varied from 
80 to 90%, and coextracted endogenous material did not present any problems 
in  the final GC-MS analysis. 


For each MS method developed, the choice of derivative and mode of MS 
analyses must be made to reduce the possibility of interferences and enhance 
the sensitivity. Several derivatives of corticosteroids for GC analysis have been 
introduced in the past (14,21-24), and from a quantitative point of view the 
double MO-TMS derivative has been shown to be the most satisfactory (23). 
MO-TMS derivatives have been used for the quantitative determination of 
prednisolone and prednisone in human plasma using GC-MS (chemical- 
ionization) with methane as the chemical-ionization reagent gas (25). 


I t  has also been suggested that in order to produce stable silylated derivatives 
of corticosteroids it is necessary first to protect the ketone groups at C-3 and 
C-20 (26-28). This step has now, however, been shown not to be necessary 
in the case of dexamethasone when the silylation reaction was carried out with 
BSTFA in the presence of a base catalyst such as anhydrous potassium or 
sodium acetate (15). In the present study potassium acetate was used as a base 
catalyst, the C-20 ketone group of dexamethasone was converted to an enol 


c 


SCAN 10 20 30 40 50 60 70 
1:17 1:34 1:51 2:07 2:24 2:41 2:58 


RETENTION TIME, min 


Figure 5- Mass fragmentograrns of tetra TMS dexamethasone and tetra 
TMS dexamethasone M+9 after processing from a plasma sample. 


Figure 4-Chemical-ionization mass 
spectrum of tetra TMS dexameth- 
asone M+9. 


ether, and all hydroxyl groups were converted to TMS ether groups under 
reaction with BSTFA at 8OoC for 0.5-1 h. A single product was obtained, and 
the tetra TMS derivative showed excellent thermal stability and good GC 
behavior. The MO-TMS derivative of dexamethasone was also thermally 
stable and suitable for GC analysis. This derivative was recently used for the 
qualitative determination of dexamethasone along with other synthetic cor- 
ticosteroids in horse urine samples by combined HPLC-negative-ion chem- 
ical-ionization MS using ammonia as the reagent gas (29). 


Quantitation by MS requires the availability of isotopically labeled com- 
pounds to function as internal standards. It was expected that the molecular 
ion for tetra TMS dexamethasone would have a significant contribution to 
M+1, M+2, and M+3 because of the presence of four TMS groups. This 
multiplicity of the molecular ion imposes certain restrictions on the choice 
of a GC-MS internal standard. For a stable isotopically labeled dexametha- 
sone to serve as an internal standard in the present study, it must be substituted 
with a large number of stable isotopes so that its molecular ion cluster will not 
overlap with the molecular ion cluster of nonlabeled dexamethasoae. 


Dexamethasone M+9, used as the internal standard, was suitable for the 
present purpose. The standard curve prepared by plotting the peak area ratio 
of the (M+I)+ ions of the tetra TMS derivatives uersus the amount of non- 
labeled dexamethasone added to 20 ng of dexamethasone M+9 was linear 
at  a concentration range of 0-200 ng, a concentration range commensurate 
with the clinical levels in the bioavailability study of dexamethasone. Fur- 
thermore, accuracy and precision provided by the present method were sat- 
isfactory. 


The applicability of the method was shown by the determination of plasma 
dexamethasone levels in two healthy human volunteers after administration 
of a 2-mg oral or I-mg iv dose of dexamethasone. This study indicated that 
most of orally administered dexamethasone was absorbed within 60 min. The 
terminal half-lives ( t  112) calculated from plasma concentration data after oral 
and intravenous administration were in close agreement in both subjects. The 
half-life was somewhat short in subject 1 (-2 h) and was -3.5 h in subject 
2. These values were similar to results reported by other workers, who mea- 
sured total plasma radioactivity after administering radiolabeled dexa- 
methasone intravenously (30) or plasma levels by RIA (4). 


An assumption was made that the total plasma clearance (CL,l) was con- 
stant for each subject from oral to intravenous dose or vice uersa, and the 
values for bioavailability of the oral preparation were estimated by a model- 
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Figure 6-Semilogarifhmic plot of plasma concentrations of dexamethasone 
versus time ajter single I-mg iv (0)  and 2-mg oral (0) doses of dexameth- 
asone. 


independent comparison of dexamethasone levels after oral and intravenous 
administration based on the AUClo h values of -55 and 71% for subjects 1 
and 2, respectively. A comparison of AUC, rcsulted in only a small difference 
in the bioavailability values from those obtained above. 


CONCLUSION 


The isotope dilution MS method described here afforded a sensitive and 
reliable technique to measure nanogram-to-subnanogram amounts of dexa- 
methasone in  plasma. Specificity was high because the GC-MS system was 
used to separate and to detect the specific compound in question after initial 
purification by a Clx bonded reverse-phase cartridge and normal-phase HPLC. 
It was possible to apply the present method for the accurate determination 
of low concentrations of dexamethasone in human plasma after administering 
only a few milligrams of the drug. 
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Abstract 0 Eight 5'-(steroid-21-phosphoryl)-9-(~-~-arabinofuranosy1)- 
adenines (IV-XI) have been prepared and evaluated against L1210 
lymphoid leukemia in culture. These include the g-(p-D-arabinofura- 
nosy1)adenine conjugates of hydrocortisone (IV), cortisone (V), corti- 
costerone (VI), cortexolone (VII), 11-deoxycorticosterone (VIII), pred- 
nisolone (IX), prednisone (X), and dexamethasone (XI). Conjugates IV, 
IX, X, and XI inhibited the in  oitro growth of L1210 lymphoid leukemia 
cells by 50% (EDSO) at a concentration of 2.3-7.8 pM, while g-(P-D-ara- 
binofuranosy1)adenine (vidarabine, I) and its 5'-monophosphate (11) each 
showed EDSO value of 30 pM. All of the conjugates were enzymatically 
hydrolyzed to the corresponding steroid and 11, the latter undergoing 
further hydrolysis to I, by phosphodiesterase I, 5'-nucleotidase, and acid 
phosphatase. However, these congugates were resistant to hydrolysis by 
alkaline phosphatase and adenosine deaminase. 


Keyphrases 0 9-(fl-D-arabinofuranosyl)adenine-conjugates with 
corticosteroids, synthesis, antileukemic activity Corticosteroids- 
conjugates with 9-(P-D-arabinofuranosyI)adenine, synthesis, antileu- 
kemic activity 0 Antileukemic agents-potential, S(b-D-arabinofura- 
nosy1)adenine-corticosteroid conjugates, synthesis, L1210 screen 


The therapeutic effectiveness of 9-(D-D-arabinofura- 
nosy1)adenine (vidarabine, I) as an antitumor and antiviral 
agent is limited by poor solubility in water and by its me- 
tabolism to the less active 9-(P-D-arabinofuranosyl)hy- 
poxanthine by adenosine deaminase (1). In an attempt to 
overcome these problems, a variety of analogues and pro- 
drugs of I have been synthesized (2-6). In an effort to de- 
velop nucleoside conjugates as potential antitumor and 
antiviral agents, we reported the synthesis and antitumor 
activity of 1-(fl-D-arabinofuranosy1)cytosine conjugates 
of corticosteroids, linked by a phosphodiester bond (7-9). 
Most of the conjugates showed superior antitumor activity 
and reduced toxicity based on 1-(P-D-arabinofuranosy1)- 
cytosine (cytarabine) content, and were resistant to en- 
zymatic deamination by cytidine deaminase. Furthermore, 
the antiproliferative effects of corticosteroids on experi- 
mental cell systems (10, l l )  and their sensitivity even in 
many nonlymphoid experimental and human tumors, in- 
cluding brain tumors (12-14), have been well demon- 
strated. In view of the success of the conjugation with 
corticosteroids, we synthesized 9-(D-D-arabinofurano- 
sy1)adenine conjugates of corticosteroids linked through 
a naturally occurring phosphodiester bond. The advan- 
tages of this type of conjugate are (a)  increased water 
solubility, ( b )  resistance to enzymatic deamination by 
adenosine deaminase, ( c )  biological activities from the 
steroid moiety after release from the conjugate, ( d )  in- 
creased lipophilicity, and ( e )  a possible target-specific 
carrier role by the steroid. This paper describes the syn- 
thesis and antitumor activity of eight I-corticosteroid 
conjugates. 


EXPERIMENTAL' 


S-(&D-Arabinofuranosyl)adenine 5'-Monophosphate (11)-This 
compound was prepared by a previously published procedure (15) with 
some modification in the isolation procedure. To a cooled mixture (O'C) 
of 4 mL (44 mmol) of phosphorus oxychloride, 3.9 mL (48 mmol) of 
pyridine, and 10 mL of acetonitrile was added 0.5 mL of water in a 
dropwise manner, and the mixture was stirred at  0°C for 15 min, and 
then, 2.67 g (10 mmol) of I was added and the suspension was stirred at 
0-5OC for 3 h. The solution was poured into 200 mL of ice water and 
neutralized to pH 7.0 with concentrated ammonium hydroxide solution. 
The mixture was then evaporated to dryness, and the residue was dis- 
solved in 200 mL of water. The aqueous solution was applied to an 
AG1-X8 (formate) column (4 X 25 cm) prepacked in water. The column 
was eluted with water (500 mL) and then with 0.5 M formic acid (1000 
mL). The 0.5 M formic acid eluate (first 600 mL) was evaporated to 
dryness, the residue was treated with acetone, and the resulting material 
removed by filtration and washed with acetone to give 2.62 g (76%) of I1 
as a white solid. The chromatographic mobilities in various solvents and 
the IR spectrum were identical with those of authentic 11; TLC: &(A) 
0.21, R/(B) 0.22, Rf(C) 0. Enzymatic hydrolysis with 5'-nucleotidase (EC 
3.1.3.5) gave I. 
N6,2',3'-Triacetyl-9-(~-D-arabinofuranosyl)adenine 5'-MOnO- 


phosphate (111)-A mixture of 1.04 g (3 mmol) of dried 11, 15 mL of 
acetic anhydride, and 30 mL of anhydrous pyridine was stirred at  room 
temperature for 18 h, and then 10 mL of water was added to the ice-cooled 
mixture. After being stirred at room temperature for 2 h, the mixture was 
evaporated to dryness, and the last traces of water were removed by 
coevaporation 3 times with pyridine. The syrupy material was used in 
the next step without further purification. 


TLC showed mainly one spot: &(A) 0.21, &(B) 0.23, and R/(C) 0.44 
(streak). The UV spectrum of the pyridine-free compound taken in 50% 
ethanol showed a maximum at  270.5 nm with a shoulder a t  257 nm. The 
UV maximum was shifted to 277.5 and 290 nm in 0.1 M HC1 and 0.1 M 
NaOH, respectively. 


5'-(Prednisone-2 l-phosphoryl)-9-(~-~-arabinofuranosyl)adenine 
(X)-Compound 111, prepared by acetylation of 1.04 g (3 mmol) of I1 with 
acetic anhydride (15 mL) and pyridine (30 mL) as described above, was 
stirred with 2.16 (6 mmol) of prednisone and 2.45 g (12 mmol) of N,N'- 
dicyclohexylcarbodiimide in 150 mL of anhydrous pyridine at room 
temperature for 2 d. The mixture was evaporated to dryness, and then 
the final traces of pyridine were removed by coevaporation with toluene 
(10 mL). The residue was treated with 100 mL of 50% ethanol, and the 
insoluble urea was removed by filtration. The filtrate was evaporated to 
dryness, and the residual material was stirred with 100 mL of 2 M 
methanolic ammonia at room temperature overnight. The solvent was 
removed by evaporation and the residue was dissolved in 100 mL of 50% 
ethanol, and then the solution was applied to a DE-52 (acetate) column 
(3.5 X 26 cm) prepacked in 50% ethanol. The material was then eluted 


Melting pointg were determined in capillary tubes using a Mel-Temp apparatus 
and are uncorrected. UV absorption spectra were obtained on a Beckman Acts V 
spectrophotometer. IR spectra were recorded on a Perkm-Elmer 297 IR spectro- 
photometer. 'H-NMR spectra were obtained with a Varian EM-390 spectrometer 
using tetramethylsilane as internal standard. AG1-XS (formate, Bio-Rad), di- 
ethylaminoethyl cellulose (DE-52, Whatman), and cellulose powder (CC-31, 
Whatman) were used for column chromatography. Evaporation was performed in 
U ~ C U O  at 30°C. TLC was performed on glass plates coated with a (0.25-mm layer 
of silica gel PF-254 (Brinkman) and on polygram sil G UV 254 plates (Brinkman) 
using the following solvent systems: (A) isopropyl alcohol-water-concentrated 
ammonium hydroxide (7:21), (B) ethanol45 M ammonium acetate, pH 7.5 (52),  
and (C) chloroform-methanol-water-acetic acid (251542) .  Elemental analyses 
were performed by Galbraith Laboratories, Inc., Knoxville, Tenn. 


278 I Journal of Pharmaceutical Sciences 
Vol. 73, No. 2. February 1984 


0022-35491841 0200-0278$0 1.00/0 
@ 7984, American Pharmaceutical Association 







Table I-Physical Data and Elemental Analysis for  the Conjugates 


NH, 
I 


nu 


f-?P 
0” 


IV-VI I I  IX -X I  


Melting Yield, 
Compound X Y 2 Point”, “C o / o  Formula 


UV,.,, nm (c  x 10-3) 
H20 0.1 M HCl 0.1 M NaOH 


IV OH OH - 200-205 dec 14 C31H41Ns011P.NH4’3HzO 252 (22.5) 252 (22.7) 252 (22.1) 
V =O OH - 195-20 dec 16 C ~ ~ H : I U N S O ~ ~ P * N H ~ * ~ . ~ H ~ O  252 (23.9) 253 (23.9) 252 (23.0) 


VI OH H - 192-197 dec 11 CalH41Ns01oP.NH4.3.5Hz0 252 (21.1) 252 (21.2) 252 (21.2) 
VII H OH - 191-196 dec 21 Ca,H41N50loP”H4’3H20 253 (24.0) 250 (24.9) 251 (24.0) 


VIII H H - 187-192 dec 16 C ~ I H ~ I N ~ O ~ P * N H ~ * ~ . ~ H ~ O  251 (24.1) 253 (24.8) 250 (24.2) 
IX OH H H 200-205 dec 21 CslHasNs01IP.NH~.5HzO 256 (19.5) 254 (20.2) 255 (19.9) 
X =O H H 205- 215 dec 39 C~1H37N5011P.NH4.2.5HzO 253 (22.8) 252 (21.9) 254 (20.9) 


XI OH F CH:I 190-195 dec 11 C ~ ~ H ~ ~ F N S O ~ ~ P . N H ~ . ~ H ? O  251 (21.3) 251 (21.6) 250 (21.0) 


No distinct melting point. Slowly decomposed. All compounds were analyzed for C, H, N, and P. Results were within M . 4 %  of the theoretiral values 


using a linear gradient oEacetic acid in 50% ethanol (0-2.0 M, 1000 mL 
each). The fractions between 1250 and 1790 mL were pooled and evap- 
orated to dryness. The residue was treated with acetone, the material 
removed by filtration, washed with acetone, and dried to give 798 mg 
(39%) of X. The analytical sample, as an ammonium salt was prepared 
as described previously (113, mp 2OS215OC (slowly dec.). TLC Rf(A) 0.75, 
R,(B) 0.71, R&C) 0.65; IR (KBr): 3300-3200 br, 2940,1720,1690,1650, 
1600,1400,1230,1080, and 1040 cm-1; ‘H-NMR (DMSO-ds): 6 0.49 (s, 
3, CH3), 1.34 (s, 3, CHs), 1.00-3.00 (br m, 13),3.98 (d, 1, J = 4 Hz, C’I H), 
4.12(d,2,J=4Hz,C’sH),4.30-5.10(brm,7),5.99(d,l,J=3Hz,C4H), 


Hz, C1 H), 7.74 (br s, 2, NH2), 8.19 (s, 1, adenine C2 H), and 8.25 (s, 1, 
adenine Cs H). Table 1 lists the conjugates prepared in an analogous 
manner. 


Hydrolysis of the Conjugates with Barium Hydroxide-The 
conjugate (0.01 mmol) and.barium hydroxide (0.1 mmol) in 1 mL of water 
were heated at  90-95OC in a stoppered vial for 15 min. Aliquots (0.1 mL) 
were removed at  the designated time, treated with Dowex 50 (H+) resin, 
and examined chromatographically in solvents A and B. Each band was 
extracted with 50% ethanol and quantitated by UV. Hydrolysis of the 
conjugate was completed in 5 min, and the products were the steroid 
21-monophosphate and I. After standing at room temperature overnight, 
the steroid phosphate in the hydrolysate was further hydrolyzed to the 
corresponding steroid. 


Solubility in Water-A mixture of the compound (20 mg) in 2 mL 
of water was vortex mixed at full speed a t  25°C for 5 min and then filtered 
through a glass-fiber filter. The clear filtrate was quantitated by UV and 
the concentration was determined by using the molar extinction coeffi- 
cient of the compound. 


Antiproliferative Activity lo Vitro-Compounds I, 11, IV-XI, and 
mixtures of I with hydrocortisone, corticosterone, prednisolone, and 
prednisone were tested for growth-inhibitory activity against L1210 
lymphoid leukemia in culture using the methodology described previously 
(8, 17). 


Determination of Resistance of Adenosine Deaminase-Cyto- 
plasmic adenosine deaminase (EC 3.5.4.4) of L1210 leukemia cells was 
prepared according to a published procedure (17). Assay of enzyme ac- 
tivity was performed in a UV spectrophotometer a t  37°C in pH 7.3 
phosphate buffer by determining the rate of change in absorbance a t  265 
nm, as previously described (17,18). Activity of the enzyme with aden- 
osine was 133.33 IU/L, and the protein concentration was 3.22 mg/mL. 
For assay of the conjugates, a mixture of compound (0.4 pmol) in 1 mL 
of water, 0.5 mI, of enzyme preparation, and 0.5 mL of 0.18 M phosphate 
buffer (pH 7.5) was incubated a t  37°C for 24 h. The mixture was then 
evaporated to a small volume and streaked on a TLC plate (0.1 X 20 X 
20 cm), and the plate was developed with solvent A. The band matching 
with the conjugate was extracted with 50% ethanol and quantitated by 
UV. This was then further incubated with 5’-nucleotidase (EC 3.1.3.5) 


6.08 (d, l , J  = 10 Hz, C2 H), 6.28 (d, l , J  = 5 Hz. C’1 H), 7.58 (d, l , J  = 10 


from Crotalus adamanteus in 0.1 M Tris-HC1 (pH 9.0) and 0.005 M 
magnesium sulfate a t  37°C for 24 h. The products were separated by TLC 
and characterized and quantitated by UV as described previously (8). 


Enzymatic Hydrolysis-Enzymatic cleavage of the phosphodiester 
bond of the conjugates was studied by incubating the compounds (5 pmol) 
with phosphodiesterase I (EC 3.1.4.1), 5’-nucleotidase (EC 3.1.3.5), acid 
phosphatase (EC 3.1.3.2), and alkaline phosphatase (EC 3.1.3.1) in ap- 
propriate buffer (final volume 1.0 mL) as described previously (8). Ali- 
quots (0.1 mL) of the incubation mixtures a t  various lengths of time were 
streaked on TLC plates (0.05 X 10 X 20 cm) with authentic markers, and 
the plates were developed with solvent A. Each band was extracted with 
50% ethanol and quantitated by UV. 


RESULTS AND DISCUSSION 


Chemistry-The conjugates (IV-XI) were prepared by a method 
similar to that used for the preparation of the l-(P-D-arabinofuranosyl)- 
cytosine conjugates (7-9). Phosphorylation of I with phosphorus oxy- 
chloride in the presence of water and pyridine in acetonitrile (15) afforded 
I1 in 76% yield. The latter compound was then acetylated with acetic 
anhydride in pyridine. Compound Ill showed one spot on TLC, and its 
observed UV maximum was 270.5 nm with a shoulder a t  257 nm. Con- 
densation of Ill with 2 molar equivalents of the various steriods in the 
presence of N,N’-dicyclohexylcarbodiirnide and pyridine a t  room tem- 
perature for 2 d and the subsequent removal of the acetyl groups with 
2 M methanolic ammonia gave the conjugates (IV-XI) in 10-4@?6 yield 
after chromatography (Table I). 


Table  11-Effects of I, 11, the Conjugates, and Mixtures of I 
and  Steroids on the Viability of L1210 Lymphoid Leukemia 
Cells in Cul ture  


Compound miso, p~~ 


I 
I1 


IV 
V 


V i  
VII 


VIII 
IX 
X .. 


XI 
I and hydrocortisone 
I and corticosterone 
I and prednisolone 
I and Drednisone 


30 
30 


61 
12 
25 
42 


4.3 


2.3 
4.1 
7.8 


52.7 
48 
52 


100 
~~ 


0 Concentration for 50% loss of viability at 7 2  h. 
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Structures of the conjugates were verified by elemental analyses, UV, 
IR, and NMR spectroscopic methods, and chemical and enzymatic hy- 
drolysis of the phosphodiester bond. The observed UV maxima in water 
for the conjugates were between 251-256 nm (c -21,000) (Table I), which 
were different from those for the steroids (237-242 nm) and I(259 nm). 
The strong IR absorption a t  1720,1690,1650, and 1600 cm-’ supported 
the presence of the steroid (c--O) and the purine ring ( ( 2 4 ,  C=N), and 
the strong absorptions a t  1230 and 1040 cm-l showed the presence of the 
phosphodiester bond (P=O, P-0-C). The presence of methyl groups 
of the steroids and the anomeric, C-2, and C-8 protons of the nucleoside 
(I) was also supported by the ‘H-NMR spectra of the conjugates. Like 
the l-(/%D-arabinofuranosyl)cytcsine conjugates (7-9), hydrolysis of the 
conjugates (IV-XI) by 0.05 M Ba(OH)Z yielded I and the corresponding 
steroid 21-monophosphate, which was further hydrolyzed to the steroid. 
When enzymatic hydrolysis with phosphodiesterase I (EC 3.1.4.1) was 
used, the products were I1 and the steroid. 


The conjugates were soluble in water (-5 mg/mL). For example, 
solubilities of IV and IX were 6.69 and 6.49 pmol/mL of water, respec- 
tively, while those of I and I1 were 3.38 and 13.2 pmol/mL of water. 


Antiproliferative Activity in Vitro-Growth inhibition of LIZ10 
lymphoid leukemia cells in culture by the compounds listed in Table I1 
was measured by Trypan blue exclusion from the viable cells (17). The 
concentration of each drug which resulted in 50% inhibition (EDm) of 
growth a t  72 h is shown in Table 11. The parent drugs, I and 11, inhibited 
moderately the proliferation of L1210 cells in culture (ED50 = 30 pM 
each). Under the experimental conditions, only 11-deoxycorticosterone 
(among the steroids) used alone demonstrated an ED50 that was <lo0 
pM (9). Mixtures of I and steroids showed an ED50 of 50-100 pM. Among 
the conjugates, IX, X, and IV were the most potent inhibitors with ED= 
values of 2.3, 4.1, and 4.3 pM, respectively. The conjugates of dexa- 
methasone (XI) and corticosterone (VI) were also active (ED% = 7.8 and 
12.0 pM, respectively); those of cortexolone (VII) and ll-deoxycortico- 
sterone (VIII) were either as effective as I or I1 or nearly so. Only V was 
less inhibitory than the parent drugs. Thus, most of the conjugates we 
tested were found to be more inhibitory than I or I1 alone and mixtures 
of I and the steroids. 


Resistance to Adenosine Deaminase-Using the adenosine deam- 
inase (EC 3.5.4.4) from L1210 cells (17,18), the observed K ,  and V,, 
for adenosine was 63.07 pM and 4.92 pmolLlmin, while those of I were 
87.33 pM and 1.32 pmol/L/min. However, the conjugates remained intact 
under the same experimental condition. In fact, they were found to be 
resistant to the adenosine deaminase even during a 24-h incubation pe- 
riod a t  37OC. 


Enzyme Hydrolysis-Enzymatic hydrolysis of the conjugates with 
purified phosphodiesterase I (EC 3.1.4.11, 5’-nucleotidase (EC 3.1.3.5) 
from C. adamanteus, and acid phosphatase (EC 3.1.3.2) from wheat germ 
showed that the products were the steroid and 11. The latter was further 
hydrolyzed to I during a 24-h incubation period. For example, when IX 
was incubated with phosphodiesterase I, 50% of the conjugate was hy- 
drolyzed within 60 min. However, the conjugate was almost intact after 
60-min incubation with both 5’-nucleotidase and acid phosphatase, and 
50% of the conjugate remained intact a t  the end of a 24-h incubation. All 
conjugates were found to be resistant to enzymatic hydrolysis by bacterial 
alkaline phosphatase (EC 3.1.3.1). 


Under the conditions of the experimental procedures, the conjugates 
show strong antiproliferative activity against L1210 in culture. Fur- 


thermore, they are resistant to adenosine deaminase and water soluble. 
Thus, these findings will provide the bases for continued study of the ef- 
fects of these conjugates In uiuo. Moreover, as I is active in viral infections 
involving two groups of DNA viruses (herpes viruses and pox viruses) (19), 
the conjugates could be potential antiviral agents. 
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Abstract 0 A reverse-phase, high-performance liquid chromatographic 
(HPLC) procedure was developed for the simultaneous assay of captopril and 
hydrochlorothiazide in a combination tablet formulation. Gradient elution 
was used to quantify these two drugs, as well as the oxidized form of captopril, 
the disulfide. Tablets were extracted with methanol and, after centrifugation, 
were chromatographed. Initially. a methanoI-O.OS% aqueous phosphoric acid 
(25:75, v/v) solution was pumped at 2 mL/min into a phenyl column. After 
8 min. the flow rate was increased to 4.5 mL/min and the methanol content 
of the mobile phase. was increased to 45% to elute the disulfide. Detection was 
at 210 nm. Linearity and repeatability of all constituents were satisfactory. 
The hydrolytic degradation product of hydrochlorothiazide, 4-amino-6- 
chloro-1.3-benzene disulfonamide (also called the disulfonamide), could be 
resolved in test solutions but was not visible in chromatograms of tablets 
carried through the gradient procedure even after storage at elevated tem- 
peratures for prolonged time periods prior to assay. The method can be au- 
tomated. 


Keyphrases 0 Captopril-analysis by HPLC, combination with hydrochlo- 
rothiazide. tablet formulations 0 Hydrochlorothiazide-analysis by HPLC, 
combination with captopril, tablet formulations 


Captopril (I), an antihypertensive agent (1), has been for- 
mulated with the diuretic hydrochlorothiazide (11). An assay 
was needed to quantify these two drugs in a combination tablet 
formulation (2) together with two degradation products, the 
disulfide (IV) of captopril and the disulfonamide of hydro- 
chlorothiazide [4-amino-6-chloro- 1 &benzene disulfonamide 
(III)]. High-performance liquid chromatography (HPLC) has 
the potential for assaying all four compounds simultaneously. 
Such an assay should elute the isomeric forms of captopril(3) 
as one peak, as described in a previously developed assay for 
captopril bulk material (4). HPLC assays were previously 
developed for hydrochlorothiazide in tablets (5,6) and in body 
tissues (7, 8). The method described below is stability indi- 
cating and amen'able to automation. 


"*. p, 
'C 


nsc< 'c=o n , * % & 5  


h;""" c1 n 


I I1 


EXPERIMENTAL 


Materiats-Captoprill, the disulfide' of captopril, and hydrochlorothiazide' 
were used as  received. Water was double-distilled and stored in glass. The 
disulfonamide*, HPLC-grade methanol3, and ACS reagent-grade phosphoric 
acid4 were obtained commercially. 


Apparatus-A gradient system' capable of both flow-rate and mobile-phase 
composition adjustments was connected to a 50 X 0.2-cm saturator column 
packed with 37-pm silica. Next in sequence were an inlet filte# (2-pm pore 
size) and a precision loop injector' (nominal volume 20 pL),  attached to a 


I E. R. Squibb House Standard. 
Aldrich. 
Baker. 
Fisher. ' Beckmdn. 
Rheodyne Model 1362. ' Rhcodyne Model 7010. 


reverse-phase (medium polarity) phenyl column*, 5 or 10 pm, 250-300 mm 
X 4.6 mrn i.d., with >7000 theoretical plates per column. The column tem- 
perature was maintained slightly above ambient (3OOC) by a thermostatically 
controlled heater9, to avoid variation in retention time. A variable-wavelength 
detectorlo set to 210 nm was used. The 20- or 25-cm two-channel stripchart 
recorder" had input compatible with the detector output. One recorder 
channel was adjusted to trace the captopril and hydrochlorothiazide peaks 
on scale. The other channel was set to be -40 times more sensitive to detect 
possible impurities. For automated unattended analysis, an autosamplerI2 
was used in conjunction with a laboratory computer systemI3. Calculations 
are based on peak area or peak height, which appear to be interchange- 
able. 


Mobile Phase and Gradient Program-At time zero, a mobile phase con- 
sisting of methanol-O.OS% phosphoric acid in water (25:75, v/v) was pumped 
at  2 rnL/min. After 8 min, the flow rate was increased to 4.5 mL/min and the 
methanol content to 45%. After 15 min, the methanol content was returned 
to 25%, and after 20 min, the flow rate was also returned to the original 2 
m L / m i n . 


11 


H 


Figure 1-HPLC of mixed standards for analyzing captopril (1) and hy- 
drochlorothiazide (11) combination tablets. also including the disulfonamide 
( I l l )  and disuljide (IV). Gradient conditions ore appropriately noted. using 
methanol and 0.05% aqueous phosphoric acid. Detection was at 210 nm (0.16 
AUFS) using a phenyl column. For captopril. typical asymmetry factor is 
I .25. and number of theoretical plates is 470 (manufacturers' specifications 
are for >I000 theoretical piates/column using their lest systems). Tailing 
of both standards and samples gradually oppears with prolonged use of the 
column. 


Waters Associates or E.S. Industries or Waters columns reoacked bv Analvtical , ,  
Sciences. Inc. 


Bioanalytical Systems LC-22 and LC-23. 
lOSchoeffel770 or 773 or Perkin-Elmer LC-75 or LC-85. 
' I  Kipp and Zonen or Linear Instruments. 
l 2  Perkin-Elmer Model 4208 or ISS-100. 
l 3  Hcwlett-Packard 3356. 
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Table I-Gradient and lsocratic Systems for Captopril and Hydrochlorothiazide 


Captopril (Theory: 50 mg/tablet) 
Gradient lsocratic A 


tlydrochlorothiazidc (Theory: 25 mg/tablet) 
Gradient Isocratic A 


52.8 
50.8 
49.5 
49.5 
50.8 
50. I 
51.3 
49.6 
52.0 
50.0 


50.8 
51.6 
50.1 
50.9 
50.5 
51.6 
50. I 
49.3 
51.9 
50.3 


t 2 . 0  
-0.8 
-0.6 
-1.4 
t 0 . 3  
-1.5 
t l . 2  
+0.3 
+o. 1 
-0.3 


24.9 
25.1 
24.6 
24.6 
24.3 
24.6 
24.7 
23.9 
24.3 
24.4 


25. I 
24.8 
24.8 
24.3 
24.3 
24.8 
24.0 
23.8 
24.5 
24.6 


-0.2 
+0.3 
-0.2 
t 0 . 3  


-0.2 
t 0 . 7  
t o . l  
-0.2 
-0.2 


- 


Mean 50.6 50.7 -0.7 24.5 24.5 +0.4 
RSD 2.2% 1.6% 1.5% 1.6% 


Tablet Analyses--Ten formulations were assayed: 12.5, 25, 37.5, 50, and 
100 mg of captopril with either 15 or 25 mg of hydrochlorothiazide. For 
content uniformity, the intact. weighed tablct was extracted with methanol; 
Twenty-five milliliters of methanol was added to a 12.5-mg captopril/l5-mg 
hydrochlorothiazide combination tablet. and 40 mL of methanol was used 
to extract all other potencies. For the assay of the drug content of a tablet, 
10-20 tablets were ground and the weight of powder equivalent to one tablet 
was extracted with methanol. After 20 min of ultrasonication, the suspensions 
were shaken vigorously and then centrifuged at 1500 rpm ( I  200Xg). 


A mixed standard was prepared consisting of captopril and hydrochloro- 
thiaide equivalent in concentration to the potency of thc tablets being ana- 
lyzcd and 0. I% disulfonamide. A second standard containing 0.6% disulfide 
is newrsary sincc captopril normally contains traces of this reversible oxidation 
product. 


Assay---The column was initially equilibrated by passing 100 mL of 
methanol 0.5% aqueous phosphoric acid (l :3) through it. Prior to the first 
injection. the gradicnt program was activated. After the first cycle, the mixed 
captopril-hydrochlorothiazide disulfonamide standard was injected twice. 
All subsequent samples and standards (including the disulfide) were then 
injected into the column. No daily column cleaning was necessary. 


System Suitability Test-The resolution of the mixcd standard constituents 
was as follows: disulfonamide from void volume, >>I .4; disulfonamide from 
hydrochlorothiazide, >>I .4; hydrochlorothiazide from captopril. >2; and 
captopril from disulfide, >2. Resolution was calculated using Rs = 2 ( r z  - 
I I ) / ( W I  + W ? ) ,  where Rs is resolution, 1 1  and tzare  the retention times or 
distances, and Wl and W2 are the rcspective pcak widths of tangents drawn 
to the baseline. Responses from the initial injections of standard are usually 
within I .5% of each other. indicating continuation of the assay. 


RESULTS AND DISCUSSION 


The gradient IIPLC system was developed to quantify captopril, its re- 
versible oxidizcd form, hydrochlorothiazide, and its possible hydrolytic 
product, the disulfonamidc. Figure I illustrates the separation of all four 
constituents. The baseline aberration occurring after the captopril pcak is due 
to a change in the refractive index of the mobile phase as its composition varies. 
The disulfide pcak is clearly visible above the plateau. (Detectors are available 
with autozero capability which can electronically correct for such shifts. Al- 
ternatively, wc successfully uscd a laboratory data acquisition system” to 
make such a baseline correction.) Separation of all four constituents indicates 
selectivity of the HPLC system and is the basis of a system suitability test. 


Precision of the system (9) was determined by means of six injections of 
mixcd standards to give the following relative standard deviations: disul- 
fonamidc. 1.270; hydrochlorothiazide. 0.5%; captopril, 1.9%; and disulfide, 
3.5%. The disulfide value is high due to a Combination of long retention time 
and low (0.6%) Concentration. The precision of the method was determined 
b j  pooling 10 tablets and thcn analyzing six tablet weights carried through 
the recommended procedure. Thc rclative standard deviations arc as follows: 
hydrochlorothiaride, 0.86%; captopril. 1 . 1  %; and disulfide. 4.8%. 


The response Liersus concentration curves from I0 to 200% of the concen- 
trations of thestandards were found to bc linear for all four substances, with 
calculated correlation cocfficicnts of a0.99 for all substances except the di- 
sulfide, which was 0.98. Recovcrics of captopril and hydrochlorothia/,ide addcd 
to placebo formulation were 100.5% ( n  = 5, HSD = 0.8) and 98.7% (n = 5 ,  
HSD = 0.8%) respectively. No interfering peaks were noted after extracting 
and injecting placebo tablets. At least six phenyl columns from two vendors8 
have been used. indicating ruggedness. 


The gradient assay was verified by using an isocratic HPLC system which 
could quantitate captopril, hydrochlorothiazide, and the disulfide. This assay 
used rnethanol--0.05% aqueous phosphoric acid (55:45, V/V) and a I 5%loadcd 


octadecylsilane column. This system failed to resolve the disulfonamide from 
the void volume; however, since no disulfonamide appears to be present in any 
sample studied, it is suitable for verifying the gradient system. Individual 
tablets of 50 mg of captopril and 25 mg of hydrochlorothiazide were extracted 
with methanol and simultaneously injected onto the recommended gradient 
and alternative isocratic systems. The results (Table I)  show that the gradient 
and isocratic systems give similar results for captopril and hydrochlorothiazide, 
indicating the statistical reliability of the gradient system. The disulfide 
contents of 0.3% are identical using both systems. No change in strength was 
observed after storage for 52 weeks at temperatures between ambient and 
40°C for these or any other formulations. No other extraneous peaks were 
detected. 


Verification of the absence of disulfonamide was by TLCI4. The disul- 
fonamide limit of detection by TLC is 4.01%. However, the compendia1 (10) 
colorimetric assay gave values of 0.2-0.4’70. Kinetic studies ( 1  1) showed these 
values to be an artifact of the colorimetric method and indicate that this HPLC 
method has additional utility by replacing an erroneous assay. 


For routine assays of the disulfonamide, hydrochlorothiazide, and captopril 
(but omitting the disulfide), the mobile phase used in the first 8 min of the 
gradient assay can be used. In  this second isocratic system, the disulfide slowly 
elutcs from the column as  a broad pcak that is unnoticeable because disulfide 
contents are very low. The first and last chromatograms from a series of re- 
petitive injections are superimposable, indicating that the slow elution of di- 
sulfide does not affect the system. The remainder of the chromatogram is 
similar to Fig. I ,  except for the lack of the disulfide plateau region. 


In summary, an assay using gradient HPLC has been developed for the 
active constituents and possible impurities in captopril- hydrochlorothiazide 
combination tablets. This multiconstituent assay is selective, amenable to 
automation, and stability indicating. 
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CONCLUSIONS 
An enteric formulation of levodopa can prevent drug absorption in  the 


stomach and so can reduce the side effects of the drug on the stomach. Ap- 
plication of 111-50 as an enteric coating film material resulted in an enteric 
tablet with rapid disintegration characteristics after passing through the 
stomach. Addition ofan effervescent component to the tablet reduced the lag 
time of in  vitro dissolution in intestinal fluid, and the rate of levodopa disso- 
lution was accelerated. The conventional round shape was suggested as  a 
suitable tablet shape and also a smaller size was recommended to minimize 
the lag time for the transit of the tablet into the intestine 
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Abstract 0 I t  has been shown in rccent studies that warfarin exists in the solid 
state and in some nonaqueous solvents as a cyclic hemiketal. The present study 
was undertaken to investigate the ionization and ionization kinetics of war- 
hrin. to confirm the probable existence of the cyclic hemiketal in aqueous 
solution. and to determine the possible consequences of the cyclic hemiketal 
to acyclic en01 equilibrium and ionization kinetics on the dissolution rate of 
warfarin. The equilibrium aqueous solubility of un-ionized warfarin acid at  
25°C and ionic strength 0.5 (with potassium chloride) was found to be 1.28 
X M ,  and its observcd macroscopic pK, was 5.03-5.06, depending on 
thc method of determination. By comparing the aqueous pK, of warfarin to 
phenprocournin, a hydroxycoumarin that cannot exist in the cyclic hemiketal 
form. the hemiketal-acyclic en01 ratio was estimated to bc -2O:l. By stopflow 
spcctrophotometry. the ionization rate of warfarin (pH 3.5 jumped to pH 6.5) 
was found to have a f 112 < 1-2 X lo-) s. The dissolution rate of warfarin from 
a rotating disk (600 rpm), as  a function of pH, was measured under nonbuf- 
fcred but pH-stat conditions ( p  = 0.5 with potassium chloride). The pH- 
dissolution rate profile for warfarin agreed with that calculated from an 
cquation derived previously to describe the dissolution of instantancous ion- 
i7ing acids, i.e.. the profile was not perturbed from that expected from an acid 
of aqueous solubility 1.28 X 


Keyphrases U Dissolution-warfarin, ionization kinetics 0 Warfarin-dis- 
solution, ioni~ation kinetics U Ionization kinetics---warfarin, dissolution 


M (un-ionized form) and pK, 5.06. 


The structure of the anticoagulant warfarin is usually de- 
picted in the open-chain form ( I )  whereas it is known to exist 
in  the solid state in the cyclic hemiketal form (11) ( I ,  2). 
Spectrometric studies (3-6) have confirmed that I1 is also the 
predominant form of warfarin in solution in various non- 
aqueous solvents. In water, un-ionized warfarin ( I  and/or 11) 
exists in equilibrium with the enolate (111) (Scheme I). 


Since warfarin exists as the hemiketal in the solid state and 
its ionization appears to be complex, we decided to study the 
dissolution rate uersus pH (unbuffered, pH maintained by 
pH-stat) profile of warfarin to observe whether it behaved as 
an instantaneously ionizing acid (7, 8) .  To achieve this, the 
dissolution rate from a compressed rotating disk of warfarin 
at pH 2 and in the pH range 7-9.5 was studied along with its 
solubility, ionization characteristics, and ionization rate. By 


m 
Scheme I 


comparing the pK, of warfarin with that of phenprocoumin 
(IV),  a hydroxycoumarin which can exist only in  an acyclic 
form, it was also possible to test for the existence of I1 as the 
predominant form of warfarin in aqueous solution. 


"9 f 
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Figure 1 -Plot of the totalsolubility ( S T )  of warfarin a t  25°C versus I/[H+] 
for equilibrated 0.1 M acetate buffers. p = 0.5 (potassium chloride): S T  = 
1.28 X + (112 X l0-lo/[H+[)(r = 0.999; n = 29). /HA10 is obtained 


from the intercept, and K, is obtained from slope/intercept. 


EXPERIMENTAL SECTION 


Materials-WarfarinL and phenprocoumin2 were used as supplied. All 
reactions, dissolution rates, and pK, determinations were carried out i n  
glass-distilled or doubly deionized carbon dioxide- and oxygen-free water. 
The buffer components, potassium chloride, and sodium hydroxide were of 
rexgcnt or analytical reagent quality and were used without further purifi- 
cation. 


pK. and Solubility Determinations-Method A-The pK, values of war- 
farin and phenprocoumin were determined spectroph~tometrically~ (9) at 
282 (or 272) and 275 nm, respectively, a t  25 f 0.2OC and p = 0.1 (with po- 
tassium chloride). The pK, of warfarin was also determined spectrophoto- 
metrically a t  p = 0.5 (with potassium chloride). 


Method B-The solubility and pK, of warfarin at 25 f 0.5"C and p = 0.5 
(with potassium chloride) were determined by the solubility method (7, 10. 
I I ) .  While determining solubility as a function of pH, care was taken to 
deoxygenate the solutions and to protect them from light. Analysis of the 
;)mount of dissolved warfarin was by spectr~photometry~ of filtered samples, 
end the pH was adjusted to 1 1  - 1  2 with sodium hydroxide. A standard curve 
was prepared just before the measurements were taken. 


Ionization Kinetics of Warfarin-The pH jump technique for studying 
ionization by stop-flow spectr~photometry~ as previously described for the 
ionization of phenylbutazone ( 1  2). and phenindione ( I  3, 14) was used to de- 
termine whether warfarin ionization might have a half-life measurable by this 
nicthod ( t I / z  > 1-2 X s). Specifically, a 1.5 X M (pH 3.5) solution 
of warfarin in 0.5 M KCI was jumped to pH 6.5 (0. I M phosphate buffer; p 
= 0.5 with potassium chloride). and transmission was recorded as a function 
of time (on the stop-flow spcctrophotometer oscilloscope) at 272 nm5 imme- 
diately after mixing (mixing time, -2 X s). Transmission changes as a 
function of time were observed down to 1 X s/division on the oscillo- 
scope. 


Dissolution Study-Individual disks of 250 mg of warfarin were prepared 
b) the method previously described for other acids (7,8). Preslugging of the 
commercial warfarin and regrinding of the powder was necessary to produce 
ditks which did not cap or crack on expulsion from the die. Dissolution rates 
were determined by previously described procedures (7,8, 15). The continuous 
monitoring of dissolution was carried out at 285 nm for pH 2 (A,,, at pH 2) 
;ind at 292 nm (an isosbestic point) for all other pH values. 


RESULTS AND DISCUSSION 


The observed pK, of warfarin and the macroscopic pK,,,, defined by 
Scheme I and Eq. I :  


and determined by method A at 2 5 O C  and p = 0. I ,  was calculated to be 5.03 


I Sigma Chemical Co.. St. Louis, Mo. 
Organon Pharmaceuticals, West Orangc, N.J.  
Cary 219, Cary I 18. or h i s s  PM 6 UV spectrophotometers. ' Durrum stopped-flow spectrophotometer. with a therrnostated cell and syringes 


A wavelength at which there is a maximum transmission difference between un- 
nuintaincd at 25 f O.Z°C. 


ionircd and ionizcd warfarin. 


f 0.01 (fSD). This was calculated from individual data points (in triplicate) 
for seven pH values in the range of 4.00- 7.82, with the mean absorbance at 
pH 2.08. 2.88, and 3.02 representing the absorbancy of un-ionized warfarin 
and the absorbance at pH I 1.77 representing the absorbancy of the cnolate 
(9). A plotting technique described earlier ( 1  2- 14) gave an identical result. 
Thc pK, of phenprocoumin. under identical conditions, was determined to 
be 3.77 f 0.01 (fS1)). These determinations were carried out at p = 0.1 for 
the purpose of comparison with earlier studies ( I  2- 14). 


Inverting Eq. I and substituting the formulas for KoenolWarfarln and &',as 
defined in Scheme I ,  gives Eq. 2 and 3, respectively: 


(Eq. 2) I =-+- I l l  [ I l l  
KamWarfarin [ l I l ] [H+] [II l ] [H+] 


Thc only difference in structure between warfarin enol ( I )  and phenprocoumin 
( I V )  is the presencc of a butanone group compared with an ethyl group at C-3, 
respectively. The presence of the carbonyl group in the butanone side chain 
of warfarin should have a negligible electron-withdrawing effect on the enol 
pKOcnal relative to the ethyl side chain in phenprocoumin. I f  it is also assumed 
that there is a negligible effect on pK, , ,  by intramolecular hydrogen bonding 
and that warfarin and phenprocoumin do not exist significantly i n  a diketo 
Iorm (12-14). then: 


~ ~ ~ ~ w a r l a r i n  K phcnprocoumin (Eq. 4) 
B~ substituting ~~phcnprocoumin for K ,mol warfarin ' in Eq. 3, an estimate &'can 
be made. By using values of 9.33 X for 
Kuphcnprocoumln, Eq. 3 gives a value for KO' of 9.87 X or pK,' of 5.00. 
Therefore, the fraction of un-ionized warfarin present in aqueous solution as 
I I .  which is defined by Eq. 5, is 0.95 or: 


for Komwarfarln and I .70 X 


The cyclic hemiketal-acyclic en01 ratio is -2O:l at 25OC and p = 0.1. This 
conclusion is consistent with earlier spectrometric findings in other solvents 
(3-6) .  


Since the dissolution rate of warfarin was to be determined at  p = 0.5 for 
comparison with earlier studies (7, 8, IS), the pK, of warfarin at this ionic 
strength was determined by both methods A and B. The observed p K ,  of 
warfarin by method A was found to be 5.03 f 0.02 (fSD). 


The equilibrium solubility of a monoprotic weak acid in aqueous solution 
is given by: 


ST = [HA10 + [A-] (Eq. 6) 


where ST is the total solubility of all the possible species, [HA10 is the saturated 
solubility of the un-ionized form(s) of the weak acid, i.e., [ I ]  + [ I I ]  in the case 
of warfarin. and [A-1 is the amount of warfarin enolate, [ I l l ] .  present a t  
equilibrium at the particular pH in question. Combining Eq. 6 with the K ,  
expression (Eq. I )  for warfarin yields: 


K"oblwarfarin IHAlo 
[H+l  


ST = [HA10 + (Eq. 7) 


A plot of ST uersus I / [  H+] yields an intercept of [ HA10 and a slope from 
which K,hwdrfar'n can be calculated. Figure I depicts this relationship for 
warfarin. From the intercept, the intrinsic solubility of un-ionized warfarin 
at 2.5 f OSoC and p = 0.5 was found to be I .28 X M, the Komwarfdrin 
was 8.75 X lo-" (pKoobWarfarin = 5.06). The correlation coefficient for the 
plot was 0.999 (10 pH values, 2.20 -6.67, and a total of 29 individual solubility 
determinations). The p K ,  value of 5.06 correlates well with the value deter- 
mined spectrophotometrically in this study and previous determinations (16. 
I7), and the aqueous solubility of the un-ionized warfarin acid of I .28 X 
M is similar to a recorded value in 0. I M HCI of 1.43 X 


Based on the findings that the predominant form of warfarin i n  the solid 
state and the probable predominant. un-ionized form of warfarin in solution 
is I I ,  it was interesting to speculate that the conversion of I I to I I I by whatever 
mechanism might not be a diffusion-controlled process. By using a stop-flow 
spectrophotonieter and a pH jump technique, the transmission L'ersus time 
oscilloscope tracing from mixing of an unbuffered pH 3.5 warfarin solution 
with a 0.1 M phosphate buffer solution of pH 6.5 (final pH on mixing, 6.5) 
gave a straight line (slope = 0). The absorbance calculated from the trans- 
mission tracing was consisten1 with a solution of 0.75 X M warfarin of 
pH 6.5, i.e.. at all oscilloscope settings down to 1 X s/division, the re- 
action (ionization) was found to be complete within the mixing time (2 X lo-' 
s) of the stop-flow spectrophotometer, i .e . ,  I 112 < 1-2 X IO--'s. Under similar 
circumstances. the carbon acid phenylbutozone has a half-life of -I 2 X I 0-3 
s (12). 


( I  8). 
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Figure 2-~-Plot of the initial dissolution rate flux) of warfarinfiom a rotaring 
disk (ti00 rpm) as a function of p l f ,  unbuffered but maintained by a pll-stat. 
Key: (0) experimental poinrs (mean of 3-4 determinutiom at each pH); (-) 
predicted by Eq.  8. 


The dissolution rate of organic acids undergoing rapid ionization, dissolving 
from a rotating disk into nonbuffered aqueous solution under sink conditions 
in which the bulk solution pH has been maintained by a pH-stat, has been 
mathematically defined assuming a film model (7, 8) by: 


+ ([OHlh - [OHIO) (Eq. 8) 
h 


where J is the initial dissolution rate or flux with units of mol/cm2/s; DHA 
is the diffusivity of the dissolving acid species in cm2/s; h is the film thickness 
of the diffusion resistance layer in cm; [ HA10 is the molar saturated solubility 
of the dissolving acid under supprepsed ionbation conditions and is the amount 
of HA assumed to exist at the solid -liquid interface; D1i and DOH are the 
diffusion coefficients (diffusivity) for hydrogen ion and hydroxide ion. re- 
spectively [2.8 X cm2/s. (7)]; [H+]oand IH+]h are the hydrogen ion 
concentrations at thesolid-liquid interface and in the bulk solution, respec- 
tively; and [OH]h and [OHIO are the hydroxide ion conccntrations at the bulk 
solution a 4  at the solid-liquid interface. respectively (calculated from the 
equation [OH]  = K,/[H+]). The aqueous diffusion layer thickness. h,  can 
be calculated from (7.8, 19): 


h = I .6I (Eq. 9)  


where v is the kinematic viscosity of the dissolution medium 19.77 X lo-’ 
stokes (7,8)], and w is the rotation rate of the disk in rad/s at 600 rpm 
is 7.93). The value for [H+]o can be calculated by solving Eq. 10 (7) for 
varying [H+]h concentrations, as measured by the pH of the bulk medium: 


- D ~ l H + l o *  + ( h [ H + l h  - Dori I~Hlh) l~ l+ lo  
t K,(DoH + n A K i [ l j / \ ) o )  = 0 (Eq. lo) 


where K ,  is thc dissociation constant for water at 25°C ( M2); D A  is 
the diffusivity of the anionic form of H A  and was assumed to be numerically 
equal to D H A  (7, 8): and K I  is equal to K,/Ku, where K, is thc dissociation 
constant of the acid. In the present case. K, was assumed to be KohWarfarln 
determined from the solubility study. Therefore. K I was numerically equal 
to 8.75 X lo8. 


An estimate of DHA (and DA)? the diffusivity of the acid, is required lo 
calculate J as a function of bulk solution pH (nonbuffered) wi th  Eq. 8- 10. 
In  an earlier study, this was done by following J ,  the flux, as a function of a’/’ 
under pH conditions in  which ionization of thedissolving acid was suppressed 
and the diffusivity was calculated from the Levich equation (19). It was not 
possible to determine accurately thc initial dissolution rate of warfarin at low 
pH because of its low solubility. For example, a saturated aqucous solution 
of warfarin a t  pH values < pK, has an absorbance of only 0.16 at  285 nm, 
which is the absorbance maximum at pH values < pK,. Therefore. the initial 


dissolution rate would require measuring very small absorbance readings6. 
The diffusivity of warfarin was. therefore, calculated from the earlier work 
by assuming the square root relationship to molecular weight using benzoic 
acid, 2-naphthoic acid, and indomethacin as standards (7). A mean value for 
DHA for warfarin of 5.7 X cm2/s at 25OC and p = 0.5 was therefore 
assumed in calculating J from Eq. 8. 


Figure 2 is a plot of the initial dissolution rate of warfarin from a rotating 
disk (600 rpm) as a function of pH, unbuffered but maintained constant by 
a pH-stat (p maintained at 0.5). The theoretical line tends to underestimate 
the dissolution rates by -20%. The major differences appear to be between 
the estimated and calculated values for the dissolution rate at pH 2. However, 
as already discussed, it is very difficult to experimentally determine the initial 
dissolution rates at this or any acidic pH with certainty. Various parameters 
within Eq. 8 could be manipulated togive a better fit between theexperimental 
and theoretical valucs. However, it was felt that this would serve no meaningful 
purpose at this stage. since the overall fit was reasonably good using param- 
eters that were either determined experimentally or estimated from earlier 
studies. 


If the dissolution of warfarin were to behave nonclassically due to slow 
ionization ( IS) ,  the experimental dissolution rates would be overestimated 
by Eq. 8 since it is assumed in Eq. 8 that the dissolving acid dissociates a t  
diffusion-controlled rates. I f  anything, Eq. 8 underestimated by -20% the 
observed results in the present study. Therefore, it seems safe to conclude. 
based on the dala in Fig. 2 and the ionization kinetics mentioned earlier, that 
warfarin behaves as if i t  were a fast-ionizing acid with a solubility in  its u n -  
ionixd form of 1.28 X I 0-5 M and a pK, of 5.06. 
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Abstract 0 Rapid difference spectrophotometric methods for chlordi- 
azepoxide and demoxepam in chlordiazepoxide formulations are de- 
scribed which overcome the nonspecificity of the official spectrophoto- 
metric assays. The procedures are based on the measurement of the 
difference absorbance at 269 nm of equimolar solutions of chlordia- 
zepoxide at pH 8 and pH 3 and the difference absorbance at  263 nm of 
equimolar solutions of demoxepam at pH 13 and pH 8. The methods are 
specific for chlordiazepoxide and demoxepam in the presence of both 
compounds, 2-amino-5-chlorobenzophenone, certain coformulated drugs, 
and formulation excipients. Analyses of commercial dosage forms of 
chlordiazepoxide have shown the presence of demoxepam at  concen- 
trations in excess of the pharmacopoeial specifications in some aged 
samples. 


Keyphrases Chlordiazepoxide-assay with demoxepam in formula- 
tions, difference spectrophotometry 0 Demoxepam-assay with chlor- 
diazepoxide in chlordiazepoxide formulations, difference spectropho- 
tometry 0 Difference spectrophotometry-assay of chlordiazepoxide 
and demoxepam in chlordiazepoxide formulations 


Methods of analysis of benzodiazepine drugs and their 
respective hydrolysis products in pharmaceutical formu- 
lations based on the direct measurement of absorbance in 
the UV region lack selectivity. For example, chlordia- 
zepoxide (I) and its major hydrolysis product demoxepam 
(7-chloro-1,3-dihydro-5-phenyl-2H -1,4-benzodiazepin- 
2-one 4-oxide, 11) have very similar UV spectra resulting 
in their mutual interference in direct spectrophotometric 
procedures. The presence of a minor hydrolysis product 
2-amino-5-chlorobenzophenone (111) and absorbing co- 
formulated drugs in certain chlordiazepoxide-drug com- 
binations may further reduce the accuracy of direct spec- 
trophotometric methods for I and 11. 


Current pharmacopoeial specifications in the United 
States (1) limit the content of I1 to 0.1% in chlordia- 
zepoxide drug substance, 3% in capsules of the hydro- 
chloride salt, and 4% in tablets of the free base. The British 
Pharmacopoeia 1980 (2) also specifies limits for I1 and 
other related substances in chlordiazepoxide and its for- 
mulations based on a comparison of the intensities of im- 
purity spots on a thin-layer chromatogram of the sample 
with that of a specified quantity of I obtained by a dilution 
of the sample. The maximum permissible content of I11 is 
0.01% (1) or 0.05% (2) in chlordiazepoxide drug substance 
and 0.1% in solid dosage forms (1,2). 
A variety of techniques have been used to assay chlor- 


diazepoxide formulations including HPLC (3-5) and GLC 
(6) which quantitatively determine I and its hydrolysis 
products, spectrofluorometry (7,8), polarography (9, lo), 
colorimetry (11,12), and UVspectrophotometry (1,2,13). 
A column chromatographic-UV spectrophotometric assay 
has also been described for I1 (14). 


Difference spectrophotometry has proved particularly 
useful in the assay of medicinal substances by eliminating 


specific interference from degradation products and co- 
formulated drugs (15, 16) and also nonspecific irrelevant 
absorption from the formulation matrix. The technique 
may be applied to substances that exhibit a difference in 
absorbance between two equimolar solutions which has 
been induced by the addition of reagents to one or both of 
the solutions. The difference spectrophotometric assay of 
these substances in samples that also contain other ab- 
sorbing components may be carried out provided the ab- 
sorbances of the interfering substances remain unaltered 
by the reagents. This paper describes pH-induced simul- 
taneous difference spectrophotometric procedures that are 
specific for I and I1 in the presence of 111, certain cofor- 
mulated drugs, and formulation excipients. 


EXPERIMENTAL 


Apparatus-Absorption and difference absorption spectra were re- 
corded in I-cm silica quartz cells using a recording double-beam spec- 
trophotometerl. To measure the small difference absorbance of de- 
moxepam accurately, the cells were carefully matched for transmission 
and path length so that the absorbance difference at 269 nm of neither 
a solution of I (10 pg/mL) at pH 8 nor of water in the two cells exceeded 
0.001 AU. 


Reagents-Chlordiazepoxide BP2, demoxepam*, and 2-amino-5- 
chlorobenzophenone2 were dried as described in the USP XX (1). A11 
other reagents and solvents were of analytical reagent quality. Stock pH 
3 buffer was prepared by diluting 37.53 g of glycine and 114 mL of 1.00 
M HCl to 1 L with water. Stock pH 8 buffer was prepared by diluting 
60.57 g of Tris and 292 mL of 1.00 M HCI to 1 L with water. 


Chlordiazepoxide Standard Solutions-Approximately 25 mg of 
chlordiazepoxide was accurately weighed into a 250-mL volumetric flask 
and dissolved in 20 mL of ethanol. The solution was slightly acidified by 
the addition of 0.4 mL of 1 M HCI and diluted to volume with water. A 
5.0-mL aliquot was transferred to each of two 50-mL volumetric flasks 
containing stock pH 3 buffer (5 mL) and stock pH 8 buffer (5 mL), re- 
spectively, and diluted to volume with water. The difference absorbance 
at 269 nm ( h A 2 6 s s t d )  of the pH 8 solution in the sample cell was measured 
relative to the pH 3 solution in the reference cell after the zero absorbance 
had been set with the pH 8 buffer (stock buffer diluted 1:9 with water) 
in the sample cell and the pH 3 buffer (stock buffer diluted 1:9 with water) 
in the reference cell. 


Demoxepam Standard Solutions-Approximately 25 mg of de- 
moxepam, accurately weighed into a 250-mL volumetric flask, was dis- 
solved in 20 mL of ethanol and diluted to volume with water. A 5.0-mL 
aliquot was transferred to two 50-mL volumetric flasks containing stock 
pH 8 buffer (5 mL) and 1 M NaOH (5 mL), respectively, and diluted to 
volume with water. The difference absorbance at  263 nm ( A A Z ~ ~ ~ ~ )  of 
the pH 13 solution (in 0.1 M NaOH) in the sample cell was measured 
relative to the pH 8 solution in the reference cell after the zero absorbance 
had been set with 0.1 M NaOH and the pH 8 buffer in the sample and 
reference cells, respectively. 


Sample Solutions-Twenty tablets or the contents of twenty capsules 
were thoroughly triturated. A quantity of powder containing -10 mg of 
chlordiazepoxide or 11.2 mg of chlordiazepoxide hydrochloride was ac- 
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Figure 1-Difference absorption spectra of chlordiazepoxide (IOpg/ 
mL)  in p H 8  versuspH3solution.s (-) and demoxepam (10 pg/mL) in 
p H  13 versus p H  8 solutions (- - -). 


curately weighed into a 100-mL volumetric flask and shaken for 10 min 
with 10 mL of ethanol. Water (60 mL) and 0.1 M HCl(10 mL) were added 
and the flask was shaken for an additional 20 min. The extract was diluted 
to volume with water and clarified by passing it through a filter paper3 
or membrane filter4, with the first 10 mL of fikrate being discarded. Al- 
iquots (5.0 mL) of the filtrate were transferred to three 50-ml volumetric 
flasks containing stock pH 3 buffer (5 mL), stock pH 8 buffer (5 mL), and 
1 M NaOH (5 mL), respectively, and diluted to volume with water. The 
hA26988mp1e of the pH 8 and pH 3 solutions were measured as described 
above for the standard chlordiazepoxide solutions, and the hA26p”’ple 


of the solutions in 0.1 M NaOH and pH 8 buffer were measured as de- 
scribed above for the standard demoxepam solutions. 


The concentrations of chlordiazepoxide (CC) and demoxepam (CD) 
in a tablet or capsule contents of average weight (AW) as a percentage 
of the stated quantity of chlordiazepoxide (CJ were calculated using: 


X CcStd X AW X 100 cc = (Eq. 1) 


CD = 0%. 2) 


AA26gstd X weight of sample X Ct 


AA263std X weight of sample X Ct 


bA263samp’e X C D ~ ~ ~  X AW X 100 


where Ccstd and C ~ s t ~  are the concentrations of the buffered standard 
solutions of I and 11, respectively, in pg/mL and weights are in mg. 


RESULTS AND DISCUSSION 


Choice of Assay Conditions-The specificity of the difference 
spectrophotometric assays of I and I1 is due to the different spectral 
changes exhibited by these substances in aqueous solution on alteration 
of the pH. Chlordiazepoxide displays a bathochromic shift of its Amax at  
245 nm in acidic solution to 260 nm in alkaline solution (17). The dif- 
ference absorption spectrum (Fig. 1) of a solution of I buffered a t  pH 8 
relative to an identical solution buffered at  pH 3 in the reference cell 
shows that the maximum difference occurs at 269 nm. The spectra of I1 
are identical a t  pH 3 and pH 8, but basification to pH 13 results in a 
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Figure 2-Variation of molar absorptivity (c) of chlordiazepoxide (A) 
at  269 nm, demoxepam (0) at 263 nm, and 2-amino-5-chlorobento- 
phenone (a) at 269 nm with pH.  


bathochromic shift of the maximum at  237 nm to 242 nm with a shoulder 
a t  255 nm (17). The maximum difference absorbance of equimolar so- 
lutions of I1 at pH 13 (in 0.1 M NaOH) and at pH 8 occurs at 263 nm (Fig. 
1). 


Absorptivity-pH plots of equimolar solutions (3.34 X 10-5 M) of I, 
11, and I11 over the pH range of 1-13 (Fig. 2) show that each exhibits only 
one inflexion and that the pH regions over which these occur (pH -4.6, 
-10.5, and -1.0, respectively) are sufficiently well separated to permit 
the selective determination of I and I1 in the presence of each other and 
in the presence of 111. Buffers of pH 8 and pH 3 have been selected for 
the determination of I a t  269 nm and buffers a t  pH 13 and pH 8 for the 
assay of I1 at  263 nm. The assay of I11 utilizing the spectral changes of pH 
-1 has not been attempted in this work owing to the very low levels found 
in formulations, typically <0.03% (3,6). 


The sites of ionization which affect the absorption spectra of I and I1 
are, respectively, the N-oxide oxygen atom where protonation in acidic 
solution occurs (18) and the C-3 position where deprotonation occurs in 
alkaline solution with stabilizing enolization in the direction of C-2 (19). 
An ionization of I1 (pKa 4-5) associated with protonation of the N-oxide 
oxygen atom has been found in this work and previously (19) to have no 
effect on its absorption spectrum. 


The midpoint of the sigmoidal curve (Fig. 2) for I occurred a t  pH 4.6, 
in agreement with the pKa measured spectrophotometrically a t  265 nm 
(18). However the midpoint of the inflexion given by I1 occurred a t  pH 
10.5, considerably lower than 11.5, the pKaz which has been determined 
spectrophotometrically at an unspecified wavelength (19). To resolve 
this difference, the pKa of I1 (concentration, 10 pg/mL) was determined 


Table 1-Recovery of Chlordiazepoxide and  Demoxepam in 
Standard Mixtures 


Concentration Found 
Composition of I I1 
Mixture, pg/mL Percent Percent 


I I1 I11 pg/mL Added pg/mL Added 


99.2 0.0 0.0 99.2 100.0 0.0 - 
98.2 1.05 0.0 98.0 99.8 0.92 87.6 
96.2 2.10 0.0 96.6 100.4 2.23 106.2 
94.2 4.20 1.02 93.6 99.4 4.30 102.4 
89.3 8.40 2.04 89.9 100.7 8.16 97.1 
79.4 16.80 4.07 79.9 100.6 16.83 100.2 
59.5 31.49 10.18 60.2 101.2 31.40 99.7 
19.8 62.99 20.36 20.1 101.5 63.40 100.7 
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Table 11-Means, Standard Deviations (SD) ,  and  Coefficients of Variation (CV) fo r  Standard Solutions of Chlordiazepoxide and 
Demoxepam 


Composition of 
Mixture, pg/mL 


I I1 
AA269 


Meana SD x 103 CV,  % 
AA263 


Meana S D  x 103 cv, 70 
100.0 0.0 0.3704 1.30 


0.0 100.0 0.0008 0.92 
96.0 4.0 0.3551 1.13 
80.0 20.0 0.2960 1.05 


0.35 0.0001 0.70 - 
- 0.4903 0.91 0.19 


0.32 0.0194 0.69 3.57 
0.36 0.0982 0.62 0.63 


Ten replicate measurements. 


Table 111-Assay of Chlordiazepoxide Formulations by the Difference (AA)  and  Official Spectrophotometric Procedures  


Sample Formulation Coformulated Drug 
AA 


Age, years 10 IIa USP (I)” BP  (2)” 
~~ 


A 5-mg Capsule of I.HC1 - New 102.7 <L.D. 101.7 


D 10-mg Capsule of I.HC1 - 6 86.8 6.80 95.0 


B 10-mg Capsule of 1-HCI - New 98.9 <L.D. 101.0 
C 5-mg Capsule of I.HC1 - 6 98.1 2.47 100.0 


E 25-mg Tablet I (base) - 1 99.0 <L.D.b 102.2 
F 5-mg Tablet I (base) - 5 98.2 1.91 100.2 
G 5-mg Tablet I (base) Clidinium bromide, 2.5 mg 4 92.1 8.31 - 


- - H 5-mg Capsule I.HC1 Amitriptyline HCl, 12.5 mg New 98.3 
I 10-me Caosule LHCl Amitriotvline HCl. 25.0 me: 4 96.8 - - 


101.9 
100.4 
100.9 
94.4 


102.0 
99.7 
- 
- 
- 


Expressed as percent of stated content. * Less than the limit of detection. 


at  263 nm in seven buffers of 0.3 pH increments from pH 9.6 to 11.4 (20). 
The average pK,, was 10.55 f 0.05. 


Beer’s Law and  Specificity-Beer’s law graphs for I showed that a 
proportional relationship exists between the AA269 of solutions at pH 
8 and pH 3 and the concentration of I in the range 0-12.5 pg/mL. The 
regression equation obtained with six pairs of solutions was y = 0.0370~ 
- 0.0023 and the correlation coefficient ( r )  was 0.99997, where y is the 
b t 2 6 9  in I-cm cells and x pg/mL is the concentration. An almost identical 
line (y = 0.0369~ - 0.0010; r = 0.99994) was obtained for a similar series 
of solutions of I (0-12.5 pg/mL) containing I1 (2 pg/mL) confirming that 
the presence of I1 does not affect the absorptivity of I. Similarly, a pro- 
portional relationship exists between the AA263 of pH 13 and pH 8 so- 
lutions of I1 and their concentration in the range 0-12.5 pg/mL (y = 
0.0490~ + 0.0020; r = 0.99994) which is almost identical to that of a series 
of six mixtures containing a varying concentration of I1 (0-2.5 pg/mL) 
and a constant concentration (10 pg/mL) of I (y = 0.0492~ + 0.0020; r 
= 0.9994). The chosen analytical concentration of I (10 pg/mL) gives 
absorbance values for the standard solution of I and sample solutions at  
pH 8 of -1.0 at  269 nm and 1.2 a t  263 nm, which are within the optimum 
range of absorbance providing minimum relative error. 


To assess further the specificity of the method in samples containing 
I and 11, two series each of six solutions were assayed using the procedures. 
The solutions in the first series contained a constant concentration of I 
(100 pg/mL) and a varying concentration (0-25 pg/mL) of 11. The solu- 
tions in the second series contained a constant concentration of I1 (20 
pg/mL) and a varying concentration of I (0-125 pg/mL). The AA269 of 
the pH 8 and pH 3 solutions of the first series all fell within 99.4-100.6% 
of that of the solutions of I containing no added 11; in the second series, 
the hA263  of the pH 13 and pH 8 solutions fell within 97.6-101.3% of the 
solutions of I1 only. These results confirm that the concentrations of I 
and I1 may he selectively determined in mixtures by measurement of the 
AA269 of equal dilutions at  pH 8 and pH 3 and of the AA263 of equal 
dilutions a t  pH 13 and pH 8, respectively. 


Amitriptyline hydrochloride and clidinium bromide, coformulated with 
I in two commercial preparations, give zero AA269 and do not interfere 
in the assay of I in these formulations. Amitriptyline, however, precipi- 
tates in pH 13 solution, and the assay of I1 in amitriptyline-chlordia- 
zepoxide combinations cannot, therefore, be carried out by the procedure. 
Clidinium bromide gives zero A.4263 and does not affect the assay of I1 
in clidinium-chlordiazepoxide combinations. 


Isosbestic points ( i e . ,  wavelengths of zero difference absorbance owing 
to the equal absorptivity of the protonated and nonprotonated species) 
in the difference absorption spectra (Fig. 1) of I a t  291 nm and 252 nm 
and of I1 a t  287 nm and 240 nm were found to be identical in standard 
and sample solutions, which indicates that there was no interference from 
the formulation excipients of the samples (15). 


Accuracy, Precision, and  Limit of Detection of 11-The accuracy 
of the procedures was assessed by analyzing in duplicate standard mix- 


tures containing I, 11, and 111, prepared to simulate solutions of I which 
had undergone varying degrees of hydrolytic decomposition. The results 
in Table I show that the accuracy of the assay of I is excellent even in the 
presence of high concentrations of hydrolysis products. The recoveries 
of 11, at and above the USP limit of 4% in chlordiazepoxide capsules, were 
also satisfactory. At lower concentrations of 11, near the limit of detection, 
the recoveries of 87.6 and 106.2%, at approximate concentrations of 11 
of 1 and 2%, respectively, reflect the difficulty of accurately measuring 
very small values of AA263. At the specified analytical concentration of 
I, each 1% of I1 gives a A.4263 value of -0.005 AU. A high-performance 
spectrophotometer is therefore essential for the accurate and precise 
measurement of these small values. 


Satisfactory precision was achieved in 10 replicate measurements of 
and AA263 of solutions of I and I1 separately and mixtures con- 


taining 4 and 20% of I1 (Table 11). The limit of detection of I1 in I, calcu- 
lated as twice the standard deviation of the AA263 of the solution con- 
taining no I1 (211, corresponded to a concentration of 0.286%. 


Assay Results-To test the application of the methods, the levels of 
I and I1 were determined in a number of chlordiazepqxide tablets and 
capsules both newly purchased and stored for several years a t  room 
temperature. Tablets containing I and clidinium bromide were assayed 
for I and I1 and tablets containing I and amitriptyline hydrochloride were 
assayed for I only. For comparison, the chlordiazepoxide tablets and 
capsules were also assayed by the official procedures of the USP XX (1) 
and BP 1980 (2). The results (Table 111) show that the new formulations 
contained undetectable levels of 11, and that the levels of I were in good 
agreement with the declared content p d ,  where appropriate, with those 
found by the official procedures. In the samples which had been stored, 
the levels of I were lower than label strength and significant amounts of 
I1 were found. In most of these samples the total content of I and I1 were 
in reasonable agreement with the declared strength and, where appro- 
priate, with the Concentration found by the official procedures. These 
results confirm the findings of other investigations using chromatographic 
techniques (3,6) which showed that levels of I1 in excess of pharmaco- 
poeial limits may be found in aged chlordiazepoxide samples and that 
the official nonspecific spectrophotometric procedures do not measure 
the concomitant loss of chlordiazepoxide. 
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Abstract 0 A new technique is presented for estimating the apparent 
volume of distribution of drugs during constant-rate intravenous infusion. 
I t  is based on the initial slope of the plasma drug concentration uersus 
time profile during the infusion. Equations are derived to provide esti- 
mates of the apparent volume of distribution for a one-compartment drug 
and for the central compartment of a two-compartment drug. The utility 
of the technique is illustrated by data obtained during constant-rate 
infusion of metronidazole in 11 healthy subjects. The average estimated 
value of the volume of the central compartment of metronidazole was 12% 
higher than the average value obtained by conventional pharmacokinetic 
analysis. The systematic error associated with this volume estimation 
procedure was assessed through the use of dimensionless concentration 
uersus dimensionless time plots. The initial slope technique should prove 
useful in providing initial estimates of volume terms. 


Keyphrases 0 Pharmacokinetics-apparent volume of distribution, 
constant-rate infusion, estimation by an initial slope technique, appli- 
cation to metronidazole Initial slope technique-estimation of ap- 
parent volume of distribution, constant-rate infusion, application to 
metronidazole pharmacokinetics 0 Infusion, constant-rate-estimation 
of apparent volume of distribution, initial slope technique, application 
to metronidazole pharmacokinetics 


During the past few years, three research groups have 
described approaches for determining the apparent volume 
of distribution after administration of single and multiple 
intermittent, constant-rate, intravenous infusions. 
Sawchuk et al. (1,2) derived an equation from which the 
apparent volume of distribution for a drug that follows a 
one-compartment open model can be calculated, based on 
knowledge of (a )  the elimination rate constant, ( b )  the 
preinfusion residual plasma drug concentration, and (c) 
the plasma drug concentration at  the end of infusion. 
Chiou et al. (3 ,4)  extended the technique by using post- 
infusion data and the midpoint back-extrapolation method 
to calculate the apparent volume of distribution for drugs 
that exhibit linear one-compartmental or multicompart- 


mental characteristics. In addition, application of the 
Chiou-Hsu equation (5-7) to accurately estimate total 
body clearance during a constant-rate intravenous infusion 
requires an accurate estimate of the apparent volume of 
distribution. Barzegar-Jalali (8) used equally spaced 
sampling times during a zero-order intravenous infusion 
and the first derivative of the plasma drug concentration 
uersus time profile to directly estimate both the elimina- 
tion rate constant and steady-state plasma drug concen- 
tration for a drug with linear one-compartmental charac- 
teristics. The apparent volume of distribution could then 
be estimated from the latter two quantities. 


Unfortunately, none of these approaches can be used to 
estimate directly the apparent volume of distribution or 
total body clearance from individual patient plasma drug 
concentration data gathered during the ongoing infusion. 
The purpose o$ this paper is to detail a method for esti- 
mating the apparent volume of distribution of a drug from 
the initial slope of the plasma drug concentration uersus 
time profile during a constant-rate intravenous infu- 
sion. 


THEORETICAL 


If instantaneous drug distribution and first-order drug elimination 
are assumed, the plasma concentration of a drug given as a constant-rate 
intravenous infusion can be described by the following equation (9): 


where C is concentration, ko is the zero-order infusion rate, K is the 
first-order elimination rate constant, V is the apparent volume of dis- 
tribution, and t is time. Taking the first derivative of Eq. 1 with respect 
to time yields: 


dC - koe-Kt 
d t  V 
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COMMUNICA TlONS 


Noncompartmental Determination of the 
Steady-State  Volume of Distribution During 
Multiple Dosing 


Keyphrases 0 Pharmacokinetics-noncompartmental determination 
of the steady-state volume of distribution during multiple dosing. 0 
Volume of distribution-steady-state, noncompartmental determination 
during multiple dosing 


To the Editor: 


A noncompartmental approach, based on statistical 
moment analysis, has been used by Benet and Galeazzi (1) 
to estimate the volume of distribution at  steady-state, V,,, 
following an intravenous bolus injection. This analysis is 
applicable a t  present to systems characterized by first- 
order kinetics, and assumes that drug elimination occurs 
exclusively from the central compartment. Exactly the 
same limitations apply to V,, calculated from distribu- 
tional rate constants (2) or from the coefficients and ex- 
ponents of exponential equations (3). Yerrier and 
Mayersohn (4) have extended the analysis of Benet and 
Galeazzi to allow the calculation of V,, for other modes of 
drug administration. However, these methods can only be 
applied to single-dose concentration-time profiles. For 
multiple-dose data, V,, will be overestimated. Straughn 
(5) has addressed this problem, but the area analysis is not 
valid in the situation where residual drug is present prior 
to data collection. This communication shows how, at  
steady-state, this difficulty can be o-vercome by using the 
identity: 


AUCIVJ,” = AUC,,Ji, 0%. 1 )  
The notation used expresses the area under the plasma 
concentration-time curve (AUC) after either a single in- 
travenous bolus (IV) or a dose given a t  steady state (ss) 
over the time limits indicated. Area under the first moment 
curve (AUMC) is similarly denoted. The dosing interval 
is r. 


Following a single bolus dose, the mean residence time 
(trv) for the drug in the body is given by: 


- A U M C I V ~ ~  
t I V  = 


AUClV 10“ 
V,, can be calculated from the product of total body 
clearance and tlv (1, 6): 


v s s  = 


A I ~ ( ;  is the total amount of drug cleared, i.e., the dose 
administered. Cp and X i  are the coefficients and exponents 
in a polyexponential equation. 


Area under the moment curve for a single bolus dose 
until time 7, can be evaluated using: 


After multiple dosage a t  steady state: 


AUMCss(I, = AUMC1vl; - 7 AUC,,IT 


AUMCIVJC = AUMC,,Ji, + 7 AUC,,I; 
By analogy, it can be shown that for multiple infusions: 


(Eq. 3) 


T 
2 


AUMCIV),” = AUMC,,I; - -AUC,,(i + 7 AUC,,(T 


(Eq. 4) 


where T is the duration of the infusion 
V,, can be determined by appropriate substitution of 


corrected area values, Eqs. 1,3, and 4, into Eq. 2. If phar- 
macokinetic profiling is carried out during the last dose, 
then samples can be obtained until drug concentration is 
negligible, allowing AUC,,(; to be estimated by area 
analysis. Otherwise, when the concentration-time curve 
can only be characterized over a dosing interval, it is nec- 
essary to calculate an extrapolated area from the apparent 
terminal elimination rate. Although AUC,,(T may be nu- 
merically small, it should not be neglected as the product 
of AUC,,(T and T will often contribute significantly to 
AUMClvl;. 


It is recognized that in these situations, and often for the 
steady-state situation in general, mean residence time will 
be very closely approximated from the ratio of total AUMC 
to total AUC over a dosing interval with extrapolation to  
infinity. However, our method does offer an  alternative 
and a more exact mathematical approach to estimating the 
apparent volume of distribution a t  steady-state during 
multiple dosing. We have applied this approach in our 
present pharmacokinetic studies (7,8). 


While this communication was under review, Bauer and 
Gibaldi (9) proposed the use of reverse superimposition 
to determine V,, during multiple dosing. Unlike our 
analysis which assumes that  steady state has been 
achieved, their method can be applied a t  any time during 
therapy. I t  should be noted, however, that the single-dose 
curve derived from data obtained during a dosing interval 
is dependent on the accuracy of the trough level for the 
previous dose. Therefore, both methods are likely to prove 
useful in the analysis of multiple-dose data but, as pointed 
out  by Bauer and Gibaldi, are subject to  computational 
errors. 
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Transdermal  Administration of 
(15s)- 15-Methyl Prostaglandin F2tu Methyl 
Es te r  to Rhesus Monkeys 


Keyphrases Drug delivery systems-controlled-release transdermal 
administration, prostaglandins. rhesus monkeys 0 l’rostaglandins- 
transdermal delivery system, controlled release 


To the Editor: 
Drug formulation technology has advanced dramatically 


in recent years. Controlled-release delivery systems offer 
a number of distinct advantages in therapeutics, one being 
the potential for designing delivery systems that  release 
therapeutic agents a t  preselected rates such that in a given 
situation blood concentration of a drug can be maintained 
a t  the desired level for an extended period of time. This 
ability to control the rate of drug delivery aids in separating 
the beneficial effects of a drug from the undesirable side 
effects. Such delivery systems are particularly useful for 
drugs with short biological half-lives and/or narrow ther- 
apeutic indices. Transdermal delivery systems are one of 
the most exciting applications of controlled-release tech- 
nology. We report here our preliminary experiments, which 
demonstrate that (15S)-15-methyl prostaglandin F20 
methyl ester (carboprost methyl) is readily absorbed when 
administered transdermally to rhesus monkeys using a 
polymeric controlled-release delivery system. 


The transdermal delivery system consisted of laminated 
polymeric membranes with a surface area of 40 cm2. Car- 
boprost methyl was a t  a concentration of 16% (w/w) in the 
inner drug-bearing membrane. This membrane was cov- 
ered with a rate-controlling membrane which allowed a 
steady-state release rate of 480 pg/h. Double-sided adhe- 
sive tape was applied to the periphery of the transdermal 
patches for attachment to the skin. 


The  transdermal patches were placed on the shaved 
chests of four third-trimester pregnant rhesus monkeys. 
The  animals were anesthetized with ketamine hydro- 
chloride’, and uterine motility was recorded using a 


fluid-filled polyethylene catheter“ inserted transabdom- 
inally which was attached to a polygraph13 using a P-23 Dc 
transducer4 (1). Peripheral blood samples were collected 
from the femoral vein and immediately placed in tubes 
containing heparin. The plasma was harvested and frozen 
a t  -20°C for subsequent determination of (15S)-15- 
methyl prostaglandin F2(, by radioimmunoassay (2). 


The skin was hydrated prior to applying the transdermal 
delivery system in three animals: a hot towel compress was 
used on two animals and the skin was irrigated with water 
on the third animal. To evaluate the rate of drug absorp- 
tion without prior hydration, the transdermal patch was 
applied to  one animal immediately after shaving the 
skin. 


Drug absorption was more rapid in those animals whose 
skin had been hydrated. A plasma prostaglandin concen- 
tration of -1200 pg/mL was attained by 0.5 h after appli- 
cation of the transdermal delivery system in the water ir- 
rigated animal. In one animal in which a hot towel com- 
press was used the plasma concentration of prostaglandin 
was -2200 pg/mL by 0.5 h. The plasma prostaglandin 
concentration in the second animal similarly pretreated 
was -1 100 pg/mL by 1 h and 2300 pg/mL by 3 h. Thus, 
absorption of the drug was slightly slower in this animal 
even though the skin had been hydrated in a similar 
manner. When no attempt was made to hydrate the skin, 
prostaglandin was not detectable in the blood of the fourth 
monkey until 3 h after the transdermal delivery system had 
been applied. A t  this time the concentration was only 100 
pg/mL. Thereafter there was a gradual increase in plasma 
concentration of prostaglandin to 490 pg/mL at  5 h when 
the delivery system was removed. 


All four animals had an increase in the frequency and 
amplitude of uterine contractions following application 
of the transdermal delivery systems. In all cases uterine 
motility increased gradually without any evidence of a 
rapid onset of prostaglandin effects. The uterine motility 
tracing from one of these animals is shown in Fig. 1. The 
mean time to the initiation of stimulated uterine motility 
was 90 min (range = 45-150 min). The onset of increased 
uterine activity was temporally related to the increase in 
prostaglandin detected in the blood in three of the four 
animals. In one of the animals the rapid increase in blood 
prostaglandin (2200 pg/mL a t  0.5 h) was not reflected in 
an immediate increase in uterine motility. 


These preliminary results clearly demonstrate that 
carboprost methyl is readily absorbed transdermally in the 
rhesus monkey when administered using a polymeric 
controlled-release delivery system. This was particularly 
true when the skin was hydrated prior to application of the 
transdermal patch. I t  is known that hydration of the skin 
causes the stratum corneum to swell (3). Thus, the nor- 
mally tight, dense packing of the cells in this layer is loos- 
ened. Presumably, this would facilitate movement of 
prostaglandin through the stratum corneum into the 
deeper epidermal and dermal layers. However, it is evident 
that prostaglandin can be absorbed when no effort is made 
to hydrate the skin, albeit, a t  a much slower initial rate. 


Transdermal delivery systems are finding more and 


2 I’FAO, Clay Adams. 
3 Grass. 
4 Strathan. 1 Vetalor. I’srkc-Davis and C o  
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Abstract 0 A new technique is presented for estimating the apparent 
volume of distribution of drugs during constant-rate intravenous infusion. 
I t  is based on the initial slope of the plasma drug concentration uersus 
time profile during the infusion. Equations are derived to provide esti- 
mates of the apparent volume of distribution for a one-compartment drug 
and for the central compartment of a two-compartment drug. The utility 
of the technique is illustrated by data obtained during constant-rate 
infusion of metronidazole in 11 healthy subjects. The average estimated 
value of the volume of the central compartment of metronidazole was 12% 
higher than the average value obtained by conventional pharmacokinetic 
analysis. The systematic error associated with this volume estimation 
procedure was assessed through the use of dimensionless concentration 
uersus dimensionless time plots. The initial slope technique should prove 
useful in providing initial estimates of volume terms. 


Keyphrases 0 Pharmacokinetics-apparent volume of distribution, 
constant-rate infusion, estimation by an initial slope technique, appli- 
cation to metronidazole Initial slope technique-estimation of ap- 
parent volume of distribution, constant-rate infusion, application to 
metronidazole pharmacokinetics 0 Infusion, constant-rate-estimation 
of apparent volume of distribution, initial slope technique, application 
to metronidazole pharmacokinetics 


During the past few years, three research groups have 
described approaches for determining the apparent volume 
of distribution after administration of single and multiple 
intermittent, constant-rate, intravenous infusions. 
Sawchuk et al. (1,2) derived an equation from which the 
apparent volume of distribution for a drug that follows a 
one-compartment open model can be calculated, based on 
knowledge of (a )  the elimination rate constant, ( b )  the 
preinfusion residual plasma drug concentration, and (c) 
the plasma drug concentration at  the end of infusion. 
Chiou et al. (3 ,4)  extended the technique by using post- 
infusion data and the midpoint back-extrapolation method 
to calculate the apparent volume of distribution for drugs 
that exhibit linear one-compartmental or multicompart- 


mental characteristics. In addition, application of the 
Chiou-Hsu equation (5-7) to accurately estimate total 
body clearance during a constant-rate intravenous infusion 
requires an accurate estimate of the apparent volume of 
distribution. Barzegar-Jalali (8) used equally spaced 
sampling times during a zero-order intravenous infusion 
and the first derivative of the plasma drug concentration 
uersus time profile to directly estimate both the elimina- 
tion rate constant and steady-state plasma drug concen- 
tration for a drug with linear one-compartmental charac- 
teristics. The apparent volume of distribution could then 
be estimated from the latter two quantities. 


Unfortunately, none of these approaches can be used to 
estimate directly the apparent volume of distribution or 
total body clearance from individual patient plasma drug 
concentration data gathered during the ongoing infusion. 
The purpose o$ this paper is to detail a method for esti- 
mating the apparent volume of distribution of a drug from 
the initial slope of the plasma drug concentration uersus 
time profile during a constant-rate intravenous infu- 
sion. 


THEORETICAL 


If instantaneous drug distribution and first-order drug elimination 
are assumed, the plasma concentration of a drug given as a constant-rate 
intravenous infusion can be described by the following equation (9): 


where C is concentration, ko is the zero-order infusion rate, K is the 
first-order elimination rate constant, V is the apparent volume of dis- 
tribution, and t is time. Taking the first derivative of Eq. 1 with respect 
to time yields: 


dC - koe-Kt 
d t  V 
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which can be evaluated at  time zero to give: 
dC k 
dt  V 
- ( t  = O )  = _ o  (Eq. 3) 1.c 
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Rearrangement of Eq. 3 yields: 


k o  V =  
dC 
- ( t  = 0)  
dt 


Equation 4 indicates that the apparent volume of distribution can be 
calculated from the zero-order infusion rate and the initial slope of the 
plasma drug concentration uersus time curve. 


The above mathematical manipulations are readily extended to a drug 
undergoing biexponential disposition following drug administration by 
constant-rate intravenous infusion. Plasma drug concentration during 
infusion is given by (10): 


where a is the rapid disposition rate constant, /3 is the slow disposition 
rate constant, k l o  is the first-order elimination rate constant from the 
central compartment, and V ,  is the apparent volume of distribution of 
the central compartment. Taking the first derivative with respect to time 
yields: 


which can be evaluated at  time zero to give: 
dC k - ( t  = 0) = 0 
dt VC 


Rearrangement of Eq. 7 yields: 


(Eq. 8)  
k 0  


dC 
- ( t  = 0 )  
dt 


vc = 
I I 1 1 1 1 1 
1 2 3 4 5 6 7 


0 
Equation 8 shows that, for a drug exhibiting two-compartmental char- 
acteristics, the apparent volume of distribution of the central compart- 
ment is equal to the quotient of the zero-order infusion rate and the initial 
slope of the plasma drug concentration uersus time curve. Equations 4 
and 8 indicate that the apparent volume of distribution can be estimated 
if the initial slope of the concentration uersus time profile can be esti- 
mated. This initial slope can be estimated by: 


Figure 1-Relationship between dimensionless concentration C/C,, 
and dimensionless time @ for the uniuersal monoexponential disposition 
model (Eq. 1 1 )  and three examples (I,  II, and III)  of the biexponential 
disposition model (Eq. 12). Parameter ualues were chosen to reflect the 
range of values observed for the metronidazole examples. Key: I: p 1  = 
10, p2  = 0.75; II. p i  = 10, p z  = 0.50; III: p1  = 30, p2 = 0.50. 


undergoing monoexponential disposition. The dimensionless equivalent 
of Eq. 5 is: dC AC - ( t  = 0 )  z - ( t  - 0)  


dt At (Eq. 9) 


which is equivalent to: 
dC C - ( t  = 0 )  z - dt t where d = k l o t ,  P I  = d k l o ,  p z  = P / k l o ,  and C,, = ( k o / k l o V , ) ,  i .e . ,  C a t  


steady state. In concert wit.h the classical definition for a conventional 
biexponential disposition model where 01 > k l o  > P, it follows that p1 > 
1 > p2.  In contrast to Eq. 11, Eq. 12 indicates that the dimensionless 
concentration of a two-compartmental drug is a function not only of the 
dimensionless time, but also of the dimensionless hybrid rate constants 


The utility of the dimensionless Eqs. 11 and 12 is illustrated in Fig. 1. 
The most striking feature of these curves is that  they share common as- 
ymptotes a t  both @ = 0 and @ = a. In each case, the initial slope is unity 
(as indicated by the dashed line in Fig. 1). This is readily verified by 
differentiation of Eqs. 11 and 12 and evaluation of the respective deriv- 
atives a t  @ = 0. Note that the unit initial slope feature for the biexpo- 
nential disposition model is preserved only when the dimensionless pa- 
rameters @, p ~ ,  and p~ are defined as above. The family of exemplary 
curves for the biexponential model in Fig. 1 indicates that p1 and p2  are 
useful indices of the degree of biexponential character, i . e . ,  the extent 
of deviation from the monoexponential model. For a given value of p z ,  
the degree of biexponential character increases with increasing values 
of p1,  thereby reflecting the divergence of (Y and /3. As p 2  increases (for 
a given value of p l ) ,  the biexponential model exhibits less pronounced 
biexponential character and collapses to the monoexponential model as 
p2 approaches 1, i.e., as P becomes experimentally indistinguishable from 
k l o .  Thus, the dimensionless plot (Fig. 1) affords inspection of both 
monoexponential and biexponential disposition cases under limiting 
conditions (6 - 0, @ - m )  that supply equal asymptotes and elucidates 
the conditions under which collapse to the monoexponential case occurs. 


P I  and P Z .  


when there is no residual drug concentration a t  time zero. Using this 
simple estimate of the initial slope, Eqs. 4 and 8 become: 


k Ves t  = 0 
Clt 


(Eq. 4a) 


and 


(Eq. 8a) 


where the superscript est indicates an estimated value of the volume 
term. 


A detailed examination of the concentration uersus time profiles for 
both the monoexponential and biexponential disposition cases is nec- 
essary to determine the systematic error associated with this volume 
estimation procedure. To make this error analysis generally applicable 
to drugs with a wide range of parameter values, it is advantageous to work 
with the concentration versus time equations in their dimensionless 
forms. The dimensionless equivalent of Eq. 1 is: 


C 
(Eq. 11) - = 1 - e-d 


c s ,  


where @ = Kt  and C,, = ( k o / K  V ) ,  i e . ,  C at steady state. Equation 11 shows 
that the dimensionless concentration C/C,, is a function only of the di- 
mensionless time 6 and therefore Eq. ll is applicable to any drug 
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Figure %--Relationship between the ratio of estimated volume to true 
oolume versus dimensionless time @for  the universal monoexponential 
disposition model (Eq. 16) and three examples (I,  II, and III) of the 
biexponential disposition model (Eq. 19). The biexponential model cases 
are defined in Fig. 1. 


These features are useful in evaluation of the errors associated with 
volume estimation. 


A convenient way to quantify the accuracy of the initial slope technique 
for volume estimation is to examine the ratio of the estimated volume 
to the true volume. Combination of Eqs. 4 and 4a yields: 


-= 
V Clt 


or 


d, 
Recognize that the numerator in Eq. 14 is simply the unit initial slope 
of the previously developed dimensionless plot (Fig. 1). Therefore, Eq. 
14 reduces to: 


6 Vest - 
v c/c,s 


which on substitution of Eq. 11 yields: 
f$ Vest - 


V 1 - e - 9  


Equation 16 shows that the accuracy of the volume estimate is a function 
only of the dimensionless sampling time 6. In an analogous fashion for 
the biexponential model, Eqs. 8 and 8a yield 


c ( t  = 0 )  Vyt dt -= 
vc Clt 


or 


(Eq. 17) 


1.02 


1.05 


1.10 


Table I-Calculated Sampling Time to Achieve an Acceptable 
Accuracy of Volume Estimation for Drugs Undergoing 
Monoexponential Disposition with Various Half-lives 


Acceptable Corresponding Maximum 
Accuracy, Maximum Allowable t 112, Allowable Intrainfusion 


vest1 v Value of bU h Sampling Time ( t ) ,  minb 


1.01 0.020 2 3.5 
4 6.9 
8 13.9 


12 20.8 
24 41.6 


0.040 1 3.5 
2 6.9 
4 13.9 
8 27.7 


12 41.6 
24 83.1 


0.098 0.5 4.2 
1 8.5 
2 17.0 
4 33.9 
8 67.9 


12 101.8 
24 203.6 


0.194 0.25 4.2 
0.50 8.4 
1 16.8 
2 33.6 
4 67.2 
8 134.4 


12 201.6 
24 403.1 


Calculated uia Eq. 16. Calculated uia Eq. 21. 


Substitution of the unit initial slope and Eq. 12 leads to an expression 
analogous to Eq. 16: 


(Eq. 19) d, Vest 
c -  - _  


1 - L.22 e-P19-  p1-l e-Pz,$ 
V C  


I P ,  - P 2 )  ( P ,  - P2)  
Equation 19 shows that the accuracy of the volume estimate is a 


function of p1 and p z ,  as well as the dimensionless sampling time 4. The 
ratios of estimated volume to true volume calculated from Eqs. 16 and 
19 are illustrated in Fig. 2. In Fig. 2, as in Fig. 1, the monoexponential 
disposition case applies to all drugs with such dispositional properties. 
Consistent with Fig. 1, Fig. 2 shows that the estimation error associated 
with the biexponential case approaches that of the monoexponential case 
as p 2  approaches 1. Note the tendency of the initial slope technique to 
overestimate the apparent volume of distribution. This is consistent with 
the fact that the true initial slope, dCldt(t  = 0), is underestimated by C / t ,  
which is the slope of a line from the origin to the point t,C (see Eq. 10 and 
Fig. 1). This tendency to overestimate the volume term can also be readily 
verified by estimation of the quotient Clt using Maclaurin series ex- 
pansion (11) for limited term approximation of the exponential terms 
for concentration in Eqs. 1 and 5l. Clearly, accurate estimation of the 
apparent volume of distribution for both the monoexponential and 
biexponential model cases is best accomplished using a short intrainfusion 
dimensionless sampling time. Since this dimensionless sampling time 
is a function of both sampling time and the appropriate rate constant, 
i t  is useful to consider the accuracy of volume estimation in terms of 
sampling time ( t )  for drugs having a particular half-life (tllz). For the case 
of monoexponential disposition, $I K t  and therefore: 


or 


t = ! ! L Q  
In 2 


(Eq. 20) 


0%. 21) 


Similarly, for the biexponential disposition case, @ 
fore: 


klot and there- 


cb D. M. Cocchetto, unpublished calculations. 
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Table 11-Comparison of t he  Estimates of V, by the Initial Slope Technique and  by Nonlinear Regression Analysis for  11 Subjects 
Receiving Metronidazole 


- VFb Plasma Metronidazole Vyt (1) By Vc (1) BY 


Subject At 15 min”, pg/mL pg/mL.minb Technique“ Regression V.“ 
Concentration c / t  , Initial Slope Nonlinear 


12.68 
10.88 
14.16 
11.16 
12.61 


0.845 
0.725 
0.944 
0.744 
0.841 


31.6 
36.8 
28.3 
35.8 
31.7 


33.3 ~~ ~ 


32.7 
23.2 
26.2 
31.1 


0.95 
1.13 
1.22 
1.37 
1.02 


1.07 
1.11 
1.22 
1.06 
1.10 


6 15.52 1.035 25.8 18.9 1.37 1.37 
7 14.36 0.957 27.9 27.4 1.02 115  
8 
9 


10 


19.57 
13.13 
13.75 


1.305 
0.875 
0.917 


20.4 
30.5 
29.1 


21.6 
27.5 
26.8 


0.94 
1.11 
1.09 


1.17 
1.04 
1.08 


11 10.35 0.690 38.7 33.8 1.14 1.02 
Each subject received a constant-rate intravenous infusion of 800 mg of metronidazole over 30 min ( k o  = 26.67 mg/min). * An estimate of dCldt(t  = 0) calculated 


For each subject, this quantity is the quotient of the quantities in columns as the slope of the line joining the origin to the point (15 min, C). Calculated uia Eq. 8a. 
4 and 5. e Calculated uia Eq. 19 using the values of 4, PI, and p~ obtained for each subject (see footnote 2). 


or 


(Eq. 23) 


where the superscript 10 signifies the half-life with respect to klo .  Table 
I summarizes the intrainfusion sampling time t ,  calculated uia Eq. 21, 
required to achieve an acceptable accuracy of volume estimation for drugs 
undergoing monoexponential disposition with various half-lives. These 
results suggest that  an accurate initial estimate of V (error 5 10%) can 
be obtained from a single intrainfusion concentration determined a t  a 
clinically realistic sampling time for drugs with a half-life as short as 15 
min. Clearly, the accuracy of volume estimation increases as half-life 
increases for a series of drugs studied at the same intrainfusion sampling 
time. 


Of special interest with respect to the monoexponential disposition 
case is the utility of multiple intrainfusion sampling times. Each of two 
or more sequential intrainfusion sampling times can be used to obtain 
increasingly errant overestimates of V. In view of the approximately 
linear character of the monoexponential curve in Fig. 2, a plot of these 
Vest values uersus intrainfusion sampling time should be nearly linear. 
The time zero ordinate intercept of the Vest uersus intrainfusion sampling 
time plot then provides a more accurate value of Vest. This intercept 
volume estimation procedure should prove particularly useful for drugs 
with short half-lives (<3@ min) and monoexponential disposition char- 
acteristics, since an accurate value of Vest can be calculated from multiple 
values of Vest determined a t  intrainfusion sampling times that are long 
relative to the half-life. 


An analysis similar to that summarized in Table I for the monoexpo- 
nential case can be done for the biexponential disposition case, but nu- 
merical values of p1 and p2 must first be chosen. For example, for each 
of the biexponential cases illustrated in Fig. 2, the accuracy of volume 
estimation could be assessed and tabulated as a function of the half-life 
(t 1/21°) by applying Eq. 19 to calculate the 4 value yielding an acceptable 
accuracy and then using Eq. 23 to calculate the necessary sampling time 
t .  Since this exercise requires estimates of p1  and p2 for an individual 
patient, it is best left to the reader having specific parameters for a drug 
of interest. Note that estimation of V, as the time zero ordinate intercept 
of a plot of VFt versus intrainfusion sampling time is not recommended, 
since this approach would be accurate only if this relationship were ap- 
proximately linear. The biexponential curves in Fig. 2 clearly show that 
reasonable linearity can not be ensured over the range of possible values 
of p1 and p2 for every drug. 


RESULTS AND DISCUSSION 


The utility of the initial slope technique in estimating the apparent 
volume of distribution of the central compartment will now be illustrated 
using data collected in a recent study on metronidazole administered as 
a constant-rate intravenous infusion. A total of 800 mg of metronidazole 
in solution was administered over 30 min to 11 healthy human volun- 
teem2. The individual subject plasma metronidazole concentration uersus 
time data were analyzed using the nonlinear least-squares regression 
program NONLIN (12, 13) in conjunction with a subroutine for the 


* T. Bergan and D. M. Cocchetto, “Pharmacokinetics of Metronidazole After 
Intravenous. Oral, and Rectal Administration,” manuscript in preparation. 


two-compartment open model with zero-order intravenous infusion input. 
For purposes of this example, the NONLIN parameter estimate of V, 
for each patient will be compared to VFt calculated by Eq. 8a. The de- 
nominator in Eq. 8a is calculated from the plasma metronidazole con- 
centration observed a t  15 min after start of the infusion (the earliest 
sampling time in the study). Table I1 indicates the simplicity of this Vyt 
calculation. Figure 3 illustrates the correlation between values of VFtand 
the nonlinear regression values of V,. 


This example demonstrates use of the initial slope technique in esti- 
mating V,. Clearly, this estimate should be subsequently refined uia more 
thorough characterization of the plasma drug concentration uersus time 
profile. The predicted tendency of the initial slope technique of volume 
estimation to overestimate the true value of the volume term is confirmed 
by the example for metronidazole (Fig. 3, Table 11) since 9 of the 11 
subjects had higher initial slope estimates of V ,  compared with the 
nonlinear regression values of V,; on the average, the former estimates 
were 12% higher. The magnitudes of the observed e t / V ,  ratios (column 
6 in Table 11) are in reasonable agreement with the theoretical ratios of 
VFt/Vc (column 7 in Table 11) calculated uia Eq. 19 using the individual 
subject values of 4, p1, and p2. Deviation of the observed ratios from the 
theoretical ratios is probably due to measurement errors in blood sam- 
pling time and plasma metronidazole concentrations. Care must always 
be taken to minimize such measurement errors prior to using analytical 
results for pharmacokinetic parameter estimation. 


A new technique has been presented for estimating the apparent vol- 


36 c 0 
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Figure 3-Correlation between V, estimated by the initial slope 
technique and the nonlinear regression estimate of V, in I I  subjects 
receiuing a constant-rate intravenous infusion of metronidazole. The 
linear regression line is shown (slope = 0.819, y-intercept = 8.09, r = 
0.768). 
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ume of distribution of drugs during constant-rate intravenous infusion. 
This technique is based on the initiaI slope of the plasma drug concen- 
tration uersus time profile during infusion. The resulting estimate of the 
apparent volume of distribution should prove useful as an initial estimate 
of this pharmacokinetic parameter, especially for investigational drugs 
for which no pharmacokinetic parameter estimates are available, until 
additional data permit estimation of the appropriate volume term by 
conventional methods (14). In addition, this estimate of the apparent 
volume of distribution can be used with two intrainfusion concentration 
uersus time points as input to the Chiou-Hsu equation (5-7), from which 
total body clearance for individual patients can be calculated. In illus- 
trating the theoretical principles and potential errors involved in the 
initial slope technique, equations were derived and plots presented of 
dimensionless concentration uersus dimensionless time. To our knowl- 
edge such an approach, although widely used in engineering, has not been 
used previously in pharmacokinetics. 
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Abstract 0 Neutral polysaccharides that inhibit carrageenin-induced 
edema in rats were isolated from the nondialysate of the pulp of Aloe 
saponaria by gel filtration. These were shown to be a linear polymer of 
a 1,4-linked P-D-mannopyranose (mol. wt. 15,000) containing 18% acetyl 
groups (As mannan l), and a 1,4-linked a-D-mannopyranose polymer 
containing a single branch on the principal chain consisting of D-ghCoSe 
residues linked at  C-2 and C-4 (mol. wt. 66,000), with 10% acetyl groups 
(As mannan 2). As mannan 1 inhibited carrageenin-induced hind paw 
edema at  50 mg/kg ip in rats; As mannan 2 was not tested for pharma- 
cological activity. A crude preparation of both As mannans was effective 
when given intraperitoneally, but was ineffective when given orally. 


Keyphrases Aloe saponaria-isolation of neutral polysaccharides, 
As mannan 1, As mannan 2, structural determinations As man- 
nans-isolation from Aloe saponaria, structural determinations, inhi- 
bition of carrageenin-induced edema in rats Edema, carrageenin- 
induced-inhibition in rats by neutral polysaccharides isolated from Aloe 
soponico, As mannan 1, As mannan 2 


Pharmacological evidence for an anti-inflammatory 
effect was provided by the isolation from a nondialysate 
fraction of Aloe saponaria’ of a glycoprotein with kininase 
activity (1). Further studies on the nondialysate led to the 
isolation of neutral polysaccharides that inhibit carra- 
geenin-induced edema in rats. This paper describes the 
structural studies of the polysaccharides, As mannans 1 
and 2, and the pharmacological evaluation of As mannan 
1. 


This plant is also called spotted aloe or soap aloe. 


EXPERIMENTALz 
Materials-The following materials were obtained commercially: 


agarose gel3, diethylaminoethyl cellulose4, dialysis membrane5, brome- 
lain6, protease?, anti-inflammatory drugs, and a series of dextransg. 


Methods of Analysis-The carbohydrate content of the sample was 
determined colorimetrically by the phenol-sulfuric acid method (2). 
Elution of material through gel3 and diethylaminoethyl cellulose4 fil- 
tration was monitored by absorbance of the effluent at  490 nm. Acid 
hydrolysis was carried out with 1M HzSO4 a t  90°C for 2 h. Excess sulfuric 
acid was removed by precipitation as barium sulfate. The filtrate was 
passed through an ion-exchange column10 to remove the remaining salts, 
and then the filtrate was evaporated to dryness. Partial hydrolysis was 
performed with 0.5M HzS04 at  70°C for 4 h. Analysis of the carbohy- 
drates by methylation was performed according to the method of Hak- 
omori (3). This procedure was performed twice, to give permethylate 
showing no hydroxyl absorption in the IR spectrum. Paper partition 
chromatography” of the sugar moiety was performed using butanol- 
pyridine-water (6:4:3) and aniline hydrogen phthalate detection. U1- 
tracentrifugationI2 was performed on an analytical ultracentrifuge with 


~~ ~ 


The 1R spectra were obtained with a KOKEN DS-301 spectrometer. The ‘H- 
and I3C-NMR spectra were recorded with a JEOL PS-100 (100 MHz) and a JEOL 
FX-100 (25 MHz) spectrometer, respectively. Chemical shifts were recorded in 6 
units relative to the internal standards 3-(trimethylsilyl)- I-propanesulfonic acid 
sodium salt or tetramethylsilane. Optical rotations were obtained on a JASCO 
DIP-4. 


Sepharose 6B; Pharmacia Fine Chemicals, Uppsala. Sweden. 
DE 32; Whatman Ltd., England. 


.5 Visking tube; Union Carbide, Co. 
Nakarai Chemical Co., Ltd., Kyoto, Japan. 


7 Type 111 from papaya; Sigma Chemical Co. 
8 Indomethacin. 


Pharmacia Fine Chemicals, Uppsala, Sweden. 
lo Amberlite MR-3; Kohm and Hass Co., Ltd. 
11 Toyo Filter Paper No 50; Toyo Roshi, Co., Tokyo. 
l2 Spinco Model E; Beckman Instrument Inc. 
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ABSTRACT 0 The comparative disposition kinetics of quinidine, quinine, 
cinchonine, and cinchonidine were investigated in five male, mongrel dogs 
after intravenous bolus injections of a 9.2-mmol/kg dose of each alkaloid base. 
Blood and plasma specimens were obtained at various times up to 6 h postdose 
and assayed for quinidine and quinine with a TLC-fluorometric procedure 
and for cinchonine and cinchonidine by HPLC. The plasma alkaloid con- 
centration-time data were analyzed by weighted, nonlinear least-squares 
regression analysis to obtain the central compartment volume ( V J ,  disposition 
rate constants (a and /3), and corresponding half-life values ( t 1 1 2 ) .  Total body 
clearance (CL)  and apparent volume of distribution ( V d )  were estimated by 
nonparametric analysis. In this study, the highest plasma alkaloid concen- 
trations were reached with quinidine and the lowest concentrations with the 
quinidine congener, cinchonine. The other congeneric pair, quinine and cin- 
chonidine, exhibited plasma alkaloid concentrations that were comparable 
and intermediate to those of quinidine and cinchonine. With cinchonine and 
cinchonidine, the plasma and blood concentration-time curves were virtually 
superimposable. However, with quinidine and quinine, the plasma alkaloid 
concentrations of these diastereomers were approximately twice the corre- 
sponding blood concentrations. The total body clearance rate of quinidine 
was significantly slower than quinine and cinchonine clearance. No difference 
in clearance was observed between cinchonine and cinchonidine. The /3 and 
11/28 for quinidine were significantly smaller and larger, respectively, than 
the corresponding values obtained with the other alkaloids. No significant 
differences in a or V ,  and Vd were found between and within the two diaste- 
reomeric pairs of alkaloids. The differences in disposition kinetics observed 
in this study were attributable to an interaction of stereochemical and 6‘- 
methoxy group substitution effects. 


Keyphrases 0 Quinine-comparative disposition kinetics in the dog, effects 
of stereochemistry and 6’methoxy group substitution 0 Quinidine-com- 
parative disposition kinetics in the dog, effects of stereochemistry and 6‘- 
methoxy group substitution 0 Cinchonine-comparative disposition kinetics 
in the dog, effects of stereochemistry and 6’-methoxy group substitution 0 
Cinchonidine-comparative disposition kinetics in the dog, effects of ste- 
reochemistry and 6’methoxy group substitution 


Optical isomers as well as congeners of various drugs have 
been shown to exhibit different pharmacokinetic and/or 
pharmacological properties. Stereoselective behavior has been 
demonstrated for a number of drugs including disopyramide 
( I ) ,  fenfluramine (2), propoxyphene (3) ,  propranolol (4, 5 ) ,  
quinidine/quinine (6-8), thyroxine (9), and warfarin (1 0). For 
optical isomers, the asymmetry in their molecular structure 
(and the resultant effects) clearly account for the differences 
in properties observed between isomers. Drug congeners, on 
the other hand, possess different properties because of the 
presence of different group substituents on the parent drug 
molecule. The various tetracycline, penicillin, and phenothi- 
azine derivatives are well-known examples of drug congeners 
possessing different pharmacokinetic and pharmacological 
activities. 


In this investigation, quinidine, quinine, cinchonine, and 
cinchonidine, two diastereomeric pairs of cinchona alkaloids, 
were used to evaluate the effects of stereochemistry and group 
substitution on drug disposition kinetics. Quinidine, quinine, 
cinchonine, and cinchonidine are the four principal naturally 
occurring alkaloids isolated from the bark of trees and shrubs 
of various species of the Cinchona and Remijia genera. 
Stereochemically, quinidine, quinine, cinchonine, and cin- 


chonidine fall into two configurational and polarinietric 
groups. Cinchonine and its 6’-methoxy congener, quinidine, 
are dextrorotatory and have the same configuration at  C-9. 
The other congeneric pair, cinchonidine and quinine, are le- 
vorotatory and have the opposite configuration at C-9 when 
compared with the dextrorotatory isomers. 


The diastereomeric pairs, quinidine/quinine and cinchon- 
ine/cinchonidine, do not form racemates and are substances 
with distinct physicochemical properties (1 1) and therapeutic 
uses (7,8). The purpose of this paper is to report our results 
on the disposition kinetics of quinidine, quinine, cinchonine, 
and cinchonidine in dogs. 


EXPERIMENTAL 


Materials-Quinine, cinchonine, and cinchonidine bases were obtained 
commercially’ and used without further purification. Chromatographic 
analysis of these substances revealed the presence of trace amounts (<7%) 
of materials that were most likely the corresponding dihydro derivatives of 
these alkaloids. Quinidine, free of dihydroquinidine, was prepared from 
quinidine sulfate USP2 according to the method ofThron and Dirscherl(l2). 
The separated and purified dihydrquinidine was used as the internal standard 
for the assay of cinchonine and cinchonidine described below. 


Drug solutions suitable for parenteral administration were prepared by 
dissolving the alkaloid base in dilute sulfuric acid (pH 4) and aseptically fil- 
tering each solution through a 0.45-pm membrane filter3. All other reagents 
and chemicals were analytical reagent grade. 


Intravenous Drug Administration and Blood Sampling-Five male mongrel 
dogs (15-22 kg) were used in a crossover study with a 7-10-d washout period 
between drug treatments. During the study, the animals were housed in sep- 
arate cages with free access to water and they were fed commercial dog food4. 
Food was withheld during the actual experiments. 


After placing the dog in a sling support, vein infusion setsS with 19-gauge 
hypodermic needles were inserted into a leg vein of a fore- and hindlimb to 
facilitate intravenous drug administration and sampling of blood for drug 
analysis. Patency of the blood catheter was maintained by intermittent flushing 
with heparinized normal saline (100 IU/mL). 


Prior to drug administration, 5 mL of blood was removed as a control sample 
and for the determination of the hematocrit. A 9.2-mmol/kg dose of alkaloid 
base was given by rapid intravenous injection via the infusion set. Each dose 
was followed by 3-5 mL of normal saline to ensure complete delivery of the 
intended dose. 


Following drug administration, 3-mL blood samples for drug analysis were 
obtained at  5, 10, 15,30,60,90, 120, 180,240,300, and 360 min, using the 
second infusion set, and placed in 1 0-mL heparinized tubes6. Approximately 
1 mL of blood was reserved for the determination of drug concentrations in 
whole blood. The remaining sample was centrifuged to obtain the plasma 
fraction. The blood and plasma samples were stored at  -1OOC until ana- 
lyzed. 


Analysis of Alkaloids in Blood and Plasma-The concentrations of quinidine 
and quinine in blood and plasma were determined with the TLC-fluorometric 
method previously described for quinidine (13). 


The samples containing cinchonine and cinchonidine were extracted with 
benzene in the same manner as quinidine and quinine and assayed using an 
adaptation of the liquid chromatographic procedure for quinidine described 
by Drayer and associates (14). After evaporating the benzene extract to 


Fluka AG, Buchs SG, Switzerland. 
New York Quinine and Chemical Works, New York, N.Y. 


Wayne Pro-Mix; Applied Mills, Inc., Chicago, 111. 
Travenol Laboratories, Inc., Deerfield, 111. 
Becton. Dickinson and Co., Rutherford, N.J. 


3 Millipore; Gelman Instrument Co., Ann Arbor, Mich. 
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Figure 1 -Chromatograms for cinchonine and cinchonidine obtained under 
the following test conditions: (A) parenferal drug solutions; (B) plasma blank 
obtained from an untreated dog; (C) plasma blank spiked with the drug and 
internal standard: (0) plasma sample obtained from a treated dog, with added 
internal standard. Peaks I and I '  are cinchonine and cinchonidine, respec- 
tively; peaks 2 and 2' are the corresponding unknown impuritiesfound in the 
respectiue drug samples. Peak 3 is the internal standard, dihydroquini- 
dine. 


dryness under a stream of nitrogen, the residue was reconstituted with 25 p L  
of mobile phase containing 40 ng of dihydroquinidine as the internal standard. 
An aliquot of this solution was injected into a liquid chromatograph' equipped 
with a loop injector, a CIS reverse-phase p h n d a p a k  column8 (3.9 mm X 30 
cm; 10-pm particles), and a variable-wavelength fluorescence detector9. The 
mobile phase consisted of 15% (v/v) acetonitrile in 2.5% acetic acid, which 
was delivered at a rate of 2 mL/min (-2000 psi), and monitored with an ex- 
citation wavelength of 315 nm using a 418-nm cutoff filter. 


Figure 1 shows the chromatographic characteristics of cinchonine and 
cinchonidine, as  well as the internal standard, obtained under various test 
conditions with the assay procedure used. As shown in this figure, excellent 
separation and resolution of the two cinchona alkaloid peaks were achieved. 
Cinchonine and cinchonidine both eluted with a retention time of 4.3 min. The 


Model 2/2; Perkin-Elmer, Norwalk, Conn. 
Waters Associates, Millford, Mass. 
Schoeffel Model FS 970. Kratos, Inc.. Westwood. N.J. 
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Figure 2-Semilogarithmic graphs of the plasma alkaloid concentration- 
time curves for quinidine (-), quinine (. * * - .). cinchonine (- - - - -). and cin- 
chonidine (- - - - -) obtained after a 9.2 mmollkg io bolus dose of each al- 
kaloid base in dog E. Each graph is the best-fit curve for each alkaloid ob- 
tained by nonlinear least-squares regression analysis of rhe experimental 
data. 


internal standard, dihydroquinidine, eluted in 8.1 min. The unidentified im- 
purities in the drug samples eluted with an intermediate retention time of 6.0 
min and, therefore, did not interfere with the assay for either drug. 


Standard samples containing known concentrations of cinchonine and 
cinchonidine were prepared using blood obtained from untreated animals. 
They were processed concurrently with the plasma and blood samples to be 
analyzed and were used to prepare standard calibration curves using the peak 
height ratio of cinchonine or cinchonidine to internal standard. The unknown 
drug concentrations in plasma or b l o d  were determined from the best-fit 
equation of the calibration curves obtained by linear regression analysis after 
blank correction. In all cases, the correlation coefficients were 10.995. 


In the concentration range of 0.1- 10 pg/mL for cinchoninc and cincho- 
nidine in blood and plasma, the relative standard deviations for the respective 
fluids were 17% and 1 5 %  for cinchonine and 18% and 1 5 %  for cinchoni- 
dine. 


Date Analysis-The plasma drug concentration-time curves obtained with 
the bolus injections were fitted to a biexponential equation by weighted ( I  /cZ), 
nonlinear least-square regression analysis using the NONLIN program 
( I  5): 


(Eq. 1) C = Ae-aI + ~ ~ - 8 1  


Initial estimates of A ,  B ,  a, and p were obtained with the program CSTRIP 
(16); C is the plasma concentration of alkaloid at  any time I ,  a, and p a r e  
first-order rate constants for the fast and slow disposition processes, respec- 
tively. and A and B are the corresponding ordinate intercepts for each expo- 
nential term. 


Central compartment volumes ( V,) were estimated by: 
Dose v, = - 


A + B  
The total body clearance rate ( C L )  was calculated for each alkaloid using: 


Dose CL = - 


where J t C d t  is the total area under the plasma drug concentration-time 
curve, which was estimated by the trapezoidal rule to obtain the area up to 
the last measured concentration (C*)  and computing the area beyond C* by 
dividing C* by the terminal rate constant @. 


The apparent volume of distribution ( V d )  was determined by the rela- 
tionship: 


Dose Vd = (Eq. 4) 1" C d t  . B 


Half-life values ( 1 1 1 2 )  were calculated as: 
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Table I-Values for the Disposition Constants Obtained after a 9.2-mmol/kg i v  Bolus Injection 


Parameter Quinidine Quinine Cinchonine Cinchonidine 


0.61 f 0.20 0.66 f 0.20 A, mq/L 2.51 f 0.56 2.95 f 1.53 
a, h- 14.2 f 4.4 14.3 f 7.1 14.4 f 6.6 20.6 f 3.4 
t 1 / 2 ~ ,  h 0.09 f 0.05 0.12 f 0.04 0.08 f 0.02 0.04 f 0.01 
B ,  mf/L 1.95 f 0.99 1.33 f 0.46 0.81 f 0.21 1.05 f 0.27 
,8, h- 0.179 f 0.014 0.3 11 f 0.059 0.500 f 0.021 0.424 f 0.024 


1.86 f 0.20 !1/2 h 4.91 f 0.95 2.24 f 0.28 1.40 f 0.06 
V,, b k g  I .  10 f 0.30 2.01 f 0.85 2.22 f 0.43 2.07 f 0.51 
Vd, L/kg 2.78 f 0.69 3.93 f 1.38 3.72 f 0.78 3.04 f 0.66 
CL, L/h/kg 0.499 f 0.1 1 1  1.435 f 0.405 2.140 f 0.436 1.333 f 0.345 


a Mean f SEM; n = 5.  


The two-way ANOVA test method was used to evaluate the significance 
of the differences observed between the four alkaloids in this study. This 
statistical procedure provided a means to evaluate the effects of stereo- 
chemistry, 6'-methoxy group substitution, and an interaction of both factors 
on drug disposition kinetics. A 0.05 significance level was used; the data are  
reported as  the mean f l  SE.  


RESULTS AND DISCUSSION 


A comparison of the plasma concentrations of quinidine, quinine, cin- 
chonine, and cinchonidine obtained after intravenous administration of 
equimolar bolus doses is shown in Fig. 2 for a representative dog. In all dogs, 
the plasma concentration-time curves for each alkaloid declined biexponen- 
tially according to Eq. 1. A rapid distribution phase followed by a slower, 
terminal disposition phase was observed with all four alkaloids following the 
bolus injections. It was also noted in all animals studied that the highest plasma 
concentrations of alkaloid observed were achieved with quinidine. On the other 
hand, of the four alkaloids studied, the lowest plasma concentrations were 
always seen with the quinidine congener, cinchonine. The two remaining 
congeneric pair of alkaloids, quinine and cinchonidine, exhibited plasma 
concentrations that were comparable and intermediate between those of 
quinidine and cinchonine. 


The rapid and brief distribution phase seen in this study in dogs with the 
four alkaloids ( t l p a  N 5 min) has also been observed for quinidine in rabbits 
(17, 18) and monkeys (19). Moreover, a similar distribution characteristic 
has been found with quinidine in humans (20-22). 


Analysis of the plasma concentration-time data for each drug indicated 
that the relative differences in plasma alkaloid concentrations seen in this study 
were attributable to differences in total body clearance rates (CL) for the four 
alkaloids (Table 1). Total body quinidine clearance (0.499 f 0.1 1 1 L/h/kg) 
was significantly slower than the observed clearance rates of quinine and 
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cinchonine of 1.435 f 0.405 and 2.140 f 0.436 L/h/kg, respectively. Inter- 
estingly, while there was a difference in CL between quinidine and quinine, 
it was observed that the cinchonine/cinchonidine diastereomers had similar 
clearance rates. 


The terminal first-order elimination rate constant obtained for quinidine 
of 0.179 f 0.014 h-I was significantly smaller than the observed values for 
the remaining alkaloids (p < O . O l ) ,  which included the I-isomer of the dia- 
stereomeric pair, quinine (Table 1). This finding indicated that the fractional 
removal rate of quinidine was the slowest of the four alkaloids studied. Further 
analysis of the results revealed that, while there was no difference in /3 between 
the cinchonine and cinchonidine diastereomers (0.500 f 0.021 and 0.424 f 
0.024 h-l), the terminal rate constants for this diastereomeric pair were sig- 
nificantly greater than the rate constant of quinine (0.31 1 f 0.059 h-'). 


With the corresponding elimination half-life determinations (Table I), the 
cinchonine/cinchonidine pair were eliminated with similar t 1/26 values of 1.40 
f 0.06 and 1.86 f 0.20 h, respectively. On the other hand, the elimination 
half-lives of the quinidine/quinine diastereomers of 4.91 f 0.95 and 2.24 f 
0.28 h, respectively, were significantly different (p < 0.01 ). 


The results of the volume measurements are  also summarized in Table I. 
In this study, no significant differences were observed between or within the 
two diastereomeric pairs of alkaloids in their central compartment volumes 
or overall apparent volumes of distribution. 


In a recent investigation, Clohisy and Gibson (6) also observed that the total 
body clearance rate of quinidine was slower than the clearance rate of quinine 
in dogs. They found that the clearance of quinidine of 0.21 5 L/h/kg was about 
44 or 56% slower than the quinine clearance rate of 0.487 L/h/kg. Although 
these clearance rates are less than the respective values observed in the present 
study, the results of the two studies are in agreement in that we observed a 
clearance rate of quinidine that was 63% slower than the corresponding rate 
of quinine clearance. 


A possible explanation for these discrepancies could be the different dosages 


QUlN INE 


H O U R S  
Figure 3-Semilogarithmic graphs comparing the blood and plasma drug concentration-time curves of quinidine and quinine obtained after a 9.2 mmollkg 
iv bolus dose of alkaloid base to dog C. The solid lines are the best-fit curves. 
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Figure 4--Semilogarithmic graphs comparing the blood and plasma drug concentration-time curves of cinchonine and cinchonidine obtained after a 9.2 
nimollkg iv bolus dose of alkaloid base to dog C. The solid lines are the besr-fit plasma curves. 


that were used in the two studies. In 1948, the findings of Taggart er a/. (23) 
suggested that the disposition kinetics of all of the four alkaloids examined 
in  this study were dose dependent. For quinidine, quinine, cinchonine, and 
cinchonidine, they reported that there was a disproportionate relationship 
between dose and mean plasma drug concentration attained. More recently, 
Bolme and Otto (24) also suggested that the pharmacokinetics of quinidine 
in  humans is dose dependent. Thus, dose-dependent pharmacokinetics for 
quinidine and quinine in the dog is a distinct possibility. I n  this investigation, 
quinidine and quinine doses of 3 mg of alkaloid base/kg of body weight were 
given. Clohisy and Gibson (6) administered doses of the two alkaloids of 6.5 
mg/kg. I n  support of the present findings, after the administration of a 
quinidine dose of 2.5 mg/kg, the estimated rate of quinidineclearance observed 
in  dogs by Jellett et al. (25) was 0.435 L/h/kg (compared with 0.499 f 0.1 1 1  
I./h/kg in this study). 


The observed difference in clearance between quinidine and quinine suggests 
that the disposition characteristics of these two diastereomers are stcreose- 
Icctive, as recently reported by Clohisy and Gibson (6). With the similarities 
in  the apparent distribution volumes of these two alkaloids that were observed, 
these findings suggest that the stereoselective disposition behavior of quinidine 
and quinine is most likely ociated with mechanisms for the metabolism 
and/or excretion of these drugs rather than a distribution process. In support 
of this conclusion, i t  wasdemonstratcd in this study that the other diastereo- 
mers, cinchonine and cinchonidine. exhibited similar total body clearance 
rates. The two diastereomeric pair of alkaloids differ only in the 6'-position 
of the quinoline ring system, quinidine and quinine having a methoxy group 
in this position. Drayer et al. (26) have shown that a minor metabolite of 
quinidine in humans is the o-demethylated derivative of the drug. Therefore, 
the present data suggest that the 6'-position might be a site on the drug mol- 
eculc that is involved in the stereoselective clearance of the quinidine/quinine 
dinstereomers. 
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With the observation that quinidine, quinine, cinchonine, and cinchonidine 
exhibited similar volumes of distribution, the differences in terminal rate 


constants and corresponding elimination half-lives found between quinidine 
and quinine were expressions of the differences in total body clearance rates 
that these diastereomers possess. A similar observation has been seen recently 
with the optical isomers of disopyramide ( I )  as well as by Clohisy and Gibson 
(6) in their study with quinidine and quinine. 


In this study, there was no apparent effect of stereochemistry or the presence 
of the methoxy group in the 6'-position of the quinoline nucleus on the two 
measured volumes (V,  and Vd). A priori. this finding was quite unexpected 
since the 6'-mcthoxy group would have been expected to increase the volume 
of distribution by imparting greater lipid solubility to the parent drug mole- 
cuIelo. It is possible that the distribution volumes of the four alkaloids are 
similar because the stereochemical difference and 6'-methoxy substitution 
do not materially affect the manner and extent to which these alkaloids interact 
with tissue proteins. 


I n  the present investigation, corresponding blood samples were collected 
and analyzed for their alkaloid content to evaluate the relative differences in 
drug concentrations between plasma and whole blood. It was reasoned that 
this information might give some insight into how the four drugs might differ 
in  disposition in the body. With the quinidine/quinine diastereomers, after 
pseudodistribution equilibrium conditions were achieved, the blood concen- 
trations of both diastereomers were demonstrably lower than the corre- 
sponding alkaloid concentrations in  the plasma (Fig. 3). Nevertheless, the 
terminal disposition rate constants assessed with the blood and plasma data 
were similar for the respective isomers and, therefore, the blood and plasma 
elimination curves were parallel. For cinchonine and cinchonidine, the blood 
and plasma concentration-time curves were virtually superimposable after 
distribution equilibrium conditions were reached (Fig. 4). 


I n  the plasma alkaloid concentration range of -0-5 fig/mL, the overall 
plasma-to-blood concentration ratios observed for quinidine, quinine, cin- 
chonine, and cinchonidine were 2.15 f 0.26, 2.1 I f 0.28,0.92 f 0.1 0, and 
I .26 f 0.13, respectively. From these results and Fig. 4 it can be seen that the 
cinchonine/cinchonidine diastereomers are esscntially distributed and cleared 
to the same cxtent whether assessed by measuring blood or plasma concen- 
trations of these two alkaloids in  the dog. On the other hand, the plasma-to- 
blood concentration ratios for quinidine and quinine suggest that thcse dia- 
stereomers are cleared twice as fast from the blood as from the plasma. I n  
addition, based on blood quinidine and quinine concentration determinations, 
the apparent volumes of distribution for both of the diastereomers arc twice 
as large as the corresponding plasma-estimated values. 


Two possible explanations would account for the differences in plasma and 
blood concentrations observed for the two pairs of structurally related dia- 
stcreomers in  this investigation. First, quinidine and quinine may have had 
a higher affinity and/or capacity for binding to plasma proteins. I n  the vas- 


10 I n  three different solvcnt systems. I-ocranol. chloroform, and benzene 0.1 M 
phosphate buffcr (pH 7.4). the partition coefficients of the methoxy diastereomcrs were 
significantly greater than the corresponding cinchoninclcinchonidme diastereomers in 
each of these systems (27). 
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cular system, a drug that is highly bound to plasma proteins will tend to remain 
in the plasma fraction. In  separate in vitro experiments, the binding of quin- 
idine, quinine, cinchonine and cinchonidine to bovine serum albumin was 
studied by equilibrium dialysis (28). In these studies, the bound fraction was 
highest for quinidine (followed by cinchonine > quinine > cinchonidine) when 
the. plasma alkaloid concentrations were in  the range of 0-25 X M. 
Moreover, the affinity constant ( K A )  of quinidine for bovine serum albumin 
was three times greater than the KA of quinine, and the affinity constants for 
the methoxy-substituted diastereom& were found to be 4-8 times larger than 
the corresponding unsubstituted diastereamers. It  is possible that qualitatively 
similar conditions exist for the interactions of the four alkaloids to plasma 
proteins in the dog. 


Alternatively, the differences in the relationship between blood and plasma 
alkaloid concentrations for the two diastereomeric pairs may have been due 
to differences in the binding to the red blood cell membrane and/or relative 
affinity for components within the erythrocytes (e.g., hemoglobin). A lower 
affinity for erythrocytes could also result in a lower overall concentration of 
an alkaloid in the blood. The red blood cell/plasma ratios (K,) were estimated 
for each alkaloid with the following expression: 


K b - ( I  - H )  
H 


K ,  = 


where K b  is the ratio of the concentration of drug in  the blood to the corre- 
sponding plasma drug concentration and H is the hematocrjt. According to 
Eq. 6, i t  was observed that the ratios of the cinchonine/cinchonidine diaste- 
rcomers were significantly larger than the ratios obtained with the quini- 
dine/quinine diastereorners. 


Stercoselective drug disposition kinetics have been seen with a number of 
different optical isomers including disopyramide ( I  ), propranolol (4,5), and 
warfarin (9). These differences in disposition kinetics undoubtedly affect the 
quantitative differences in pharmacological activities observed between is* 
mers. In this study with the quinidine/quinine and cinchonine/cinchonidine 
diastereomers, the two-way ANOVA test method indicated that the dispo- 
sition Characteristics of these alkaloids were due to an interaction of stereo- 
chemical and 6’-methoxy group substitution effects and could not be attributed 
to a single effect. However, the stereochemical influences on the disposition 
kinetics of these four alkaloids appeared to be weaker than the effects con- 
tributed by the 6’-methoxy substitution. 
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Abstract 0 A high-performance liquid chromatographic procedure was de- 
veloped for the determination o f  diltiazem and desacetyldiltiazem in dog 
plasma. Two milliliters of plasma is extracted with a hexane-2-propanol 
mixture. The assay uses a reverse-phase column maintained at 55°C with a 
silica saturation column and a pellicular precolumn. The mobile phase is ac- 
etonitrile-water (5050) at pH 6.6 with 1 S-g/L heptanesulfonic acid added 
as  the ion-pair reagent. The procedure is sensitive to 5 ng/mL for both com- 
pounds in dog plasma and is linear up to 2000 ng/mL for diltiazem and lo00 
ng/mL for desacetyldiltiazem. Preliminary dog mean plasma profiles of dil- 
tiazem and desacetyldiltiazem are presented. 


Keyphrases 0 Diltiazem-quantitation with desacetyldiltiazem, dog plasma, 
HPLC 0 Desacetyldiltiazem-quantitation with diltiazem, dog plasma, 
HPLC 0 HPLC-quantitation of diltiazern and desacetyldiltiazem, dog 
plasma 


Diltiazem hydrochloride, a new antianginal drug being used 
in Japan for the treatment of angina pectoris, is classified as 
a calcium antagonist. It affects vascular smooth muscle and 
dilates coronary vessels, making the drug clinically useful in  
the treatment of ischemic heart disease (1 ,  2). 


Methods have been published for the determination of dil- 
tiazem and/or desacetyldiltiazem, the principal blood me- 
tabolite of diltiazem in plasma. A GC method of Rovei et af 
(3), which uses a hexane plasma extract at pH 7 with a nitro- 
gen-phosphorus detector after a complex derivatization pro- 
cedure, and a TLC-spectrophotometric procedure (4) have 
been presented. These methods either lack sensitivity (TLC) 
or are time consuming ( G C ) .  
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Figure I -- Chromatograms froin ( A )  blank dog plastna containing 400 ng 
oj'pro-eparn (31. (BJ plosrna spiked with 100 nglml. of drsaret~1rliltio:enr 
( I J  and 200 ng/tnL of diltiazeni (2). and (Cl dog plastna following the ititra- 
w t i o i / s  adtnitristration ofdi1tia;etn (2 tnglkg, I -h postdose). 


Many clinical trials and pharmacology studies have been 
conducted with this compound; however, few studies have 
reported the pharmacokinetic parameters in humans or other 
animal species. The objective of this study was to develop a 
rapid and sensitive diltiazem and desacetyldiltiazem plasma 
assay to assess the pharmacokinetics of diltiazem and to 
present preliminary plasma level data for the beagle dog. 


EXPERIMENTAL 


Protocol -Six beagle dogs were administered diltiazem hydrochloride in 
solution at  an oral dose of 5 mg/kg and as a bolus dose of 2 mg/kg iv in a 
crossover design. The dogs were fasted overnight before drug administration 
and until the 6-h blood collection. Blood samples were collected immediately 
before dosing and up to 10 h postdose, using sodium heparin as the antico- 
agulant. The plasma was immediately frozen at -2OOC until analysis. 


Reagents-Chromatography-grade acetonitrile', 2-propano11, methanol', 
and hexane' were used. Sodium acetatel and sodium borate' were ACS an- 
alytical reagents. Heptanesulfonic acid sodium salt2 was used as received. 


Apparatus---A high-performance liquid chromatograph3 with an automatic 
sampler4 and a reverse-phase C I S  column5 was used. A silica saturation col- 
umn6 was installed in the oven in front of the injector and a precolumn of 
pellicular CIS packing' was inserted after the injector. The column effluent 
was monitored with a variable-wavelength U V  absorbance detector* using 
a dual-pen recorder9. 


Standards-Primary standard solutions of diltiazem hydrochloride l o  (500 
pg of free base/mL) and de~acetyldiltiazem'~ (500 pg of free base/mL) were 
prepared in  distilled water. A secondary standard solution containing both 
diltiazem (100 pg/mL) and desacetyldiltiazem (50 pg/mL) was prepared 
in water. Eight dilutions were made such that 0. I mL of each dilution would 
be used to spike 2 mL of blank dog plasma to the concentrations used for the 
standard curve. The resulting plasma standard curve concentrations were 50, 
100.200,400,800, 1600, and 2000 ng/mL of diltiazem and 25.50, 100,200, 
400. 800, and 1000 ng/mL for desacetyldiltiazem. The internal standard, 
prazepam" (2OOpg/rnL), was prepared in  methanol and then diluted 1:500 
in 0.1 M sodium borate buffer (pti 9). 


Extraction-- - A  2.0-mL plasma aliquot from a control dog (standard curve) 
or unknown sample was placed in a I6 X 150-mm glass culture tube and I .O 
mL of internal standard buffer and 7 mL of hexane-2-propanol (98:2) was 
added. The tube was closed with a polyef-lined screw-cap and shaken 30 min 
on a horizonal shakerI2. 


Each sample was centrifuged 10 rnin at room temperature, and 6 mL of the 
upper hexane layer was transferred to a clean 13 X 100-mm culture tube. The 
tube was placed in a 40 5OoC water bath and evaporated to dryness under 
a nitrogen stream. The residue was reconstituted by adding 200 p L  of mobile 
phase. The tube was v o r t e x ~ d ' ~  30 s to ensure dissolution and centrifuged 2 
min to collect the solution. The resulting concentrate was transferred to a 
microcentrifuge tubeI4 and injected onto the HP1.C column by the automatic 
sampler. 


Chromatographic Conditions-The mobile phase consisted of acetoni- 


I Chroni AR; Mallinckrodt. Parib 
tJastnian Kodak Co.. Rochester. N.Y. 
Series 3 with Model LC65T Oven-detector: Perkin-Elmer. Norwalk. Conn. 
WISP 7108: Waters Associates. Milford. M a s s .  
pBondapack CIS (300 X 3.9 nim. id.): Waters Associates. Milford, Mass. 
Pre-SAT Kit; Applied Science, State College. Pa. 


1.C-75: Perkin-Elmer. Norwalk, Conn. 
Oniniscribe 8521 7-SI: Houston Instruments. Austin. Tex. 


lo  Marion I.aboratories. Kansas City. Mo. 
' I  Warner-Lambert. Ann Arbor. Mich. 
I* Model 6010: Eberbach Corporation. Ann Arbor. Mich. 


l 4  250-pl. polyethylene: Brinkman Instrumenls. 


' 60 X 2 rnm Perisorb RP18.30-40 pn:  EM Reagents. Darmstadt. W. Germany. 


Multi-Tube Vortexer. Model 2600, SMI Industries. Emeryvil!e. Calif. 
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Table I-Standard Curve Summary for Diltiazem and Iksaeetyldiltiazem 
in Dog Plasma 


Table 11-Reproducibility for Diltiazem and Desacetyldiltiazem in Dog 
Plasma 


Diltiazem Desacetyldiltia7em 
Standard Slope Slope 


Curve r x 102 Intercept r x 102 Interccpt 


I 0.9999 0.4464 0.0001 0.9999 0.5003 -0.020 
2 0.9999 0.4328 0.003 0.9999 0.4864 -0.003 
3 0.9999 0.4460 -0.003 0.9999 0.5 I00 -0.006 


n 3 3 3 3 3 3 
Mean 0.9999 0.4417 0.0003 0.9999 0.4989 -0.010 
S D  0 0.008 0.003 0 0.012 0.009 
CV 0 I ,870 917% 0 2.40/0 94.9% 


trile water (50:50) containingl.5 g of heptanesulfonic acid sodium salt/L 
and 8 g of sodium acetate/]-. The final solution was adjusted to pl l  6.6 wi th  
glacial acetic acid and filtered's. Ths flow rate was I .5 ml./min, the column 
temperature 55'C. the detector wavelcngth 240 nm, and the injection volume 
100 p L .  


Quantitation-All determinations were pcrformcd by hand measuring the 
peak heights and computing the peak height ratios of each compound as 
compared with the internal standard. This ratio was calculated and compared 
with the slope of the standard curve. Replicate and quality control samples 
(Table II) were processed from blank dog plasma with each sct of samples, 
and a computer program was developed to calculate the ratios, slopes, and 
intercepts of the standard curves. The quality control samples were spiked 
and f'rorcn W o r e  study initiation, and the replicate samples werc spikcd a t  
the time of extraction. 


RFSULTS AND DISCUSSION 


A method has been devclopcd todetermine diltiazem and desacetyldiltiarem 
plasma levels utilizing a 10-min HPLC separation. Typical chromatograms 
obtained from blank plasma spiked with the intcrnal standard. a standard 
curve sample, and an actual dog plasma sample are presented in Fig. I .  Blank 
dog plasma without internal standard indicated no interfering peaks. 


Sample extraction is pH, solvent, and time depndcnt .  A pfl value of 7 has 
been shown to be successful for the extraction of diltiazem into hexane ( 3 ) .  
However. adjustment to pH 9 and the addition of 2% 2-propanol to the hexane 
increased recovery from 55 to 77% for desacetyldiltiamn and from 70 to 85% 
for diltiazem, as compared with the pH 7 extraction. Recovery of diltiazem 
decreased when the two phases were mixed <30 min on the shaker. N o  dilti- 
azem degradation has been observed under the pH 9 extraction conditions. 


Several drugs were tested for use as internal standards and for possible 
interference with diltiazem and desacetyldiltiazem. Prazepam, diazepam, 
oxazepam, clonazepam, chlordiazepoxide, medazepam, and propranolol did 
not interfere with the HPLC separation. Prazcpam was chosen as the internal 


Figure 2-Mean plasmu leuels of six herrgle dogs administered 2 mglkg iv 
ojdiltiazem or 5 mg/kg of dilriazeni oral1.v. Key: (0) dilliaiem; (0 )  desu- 
ce~yldilriazem. 


' 5  0.45-pm pore. Nylon 66; Kainin Instruments. Emeryville, Calif. 


Conc. in  Mean, 
Plasma. ng/mL n ng/mL SD cv, % 


Diltia7eni 
5 0  5 4.9 0.3 6.5 


10" 1 1  12.0 I .4 11.9 
2 S a  6 28.0 I .2 4.2 


I OOh 4 100.9 2.4 2.4 
8006 4 801.1 2. I 0.3 


5 0  6 5.4 0.5 8.6 
10" 10 10.8 I .3 12.1 
12.5" 6 14.6 I .4 9.7 
S O b  4 50.6 2.0 4.0 


400 4 395.2 6.6 I .7 


Desacetyldiltia7em 


Within-day replicate samples. Quality control hamples. 


standard because of its symmetrical peak shape, extraction recovery properties 
(90%). and appropriate retention time. 


Three standard curves were run on successive days (Table I ) .  The accuracy 
and precision of the method are  shown in Table I 1  by the coefficicnt of vari- 
ation and mean values for the two quality control samples and two replicate 
samples. The lower limit of quantitation was calculated after completion of 
the study by the method ofGabriels (5). Thc methtd uses the mean baseline 
value of the blank plasma samples, a corresponding Fvalue, and the standard 
deviation. The lower limit of quantitation was 5 ng/mL for diltiazem and 
desacctydiltiazem. 


Stability test samples of diltiazem and desacetyldiltiazem in plasma stored 
for up to I3 weeks at  -20°C indicated no significant breakdown. The tests 
concentrations of diltiazem ranged from 50 to 500 ng/mL and those of 
desacetyldiltia7em from 25 to 250 ng/mL. 


The m a n  of the individual plasma diltiazem and desacctyldiltiazem profiles 
of the six beagledogs are presented in Fig. 2 for the 2-mg/kg iv and 5-mg/kg 
oral doses. Both the intravenous and oral data indicate a terminal diltiazem 
half-life of -2.2 h and an absolute bioavailability of 55% when the mcan of 
the individual diltiazem areas under the curve from zero to infinity ( A U G . . )  
of the intravenous and oral results are normalized and compared (6). The 
half-lives were calculated from the elimination rate constant (k)  by the 
equation 1 1 / 2  = 0.693/k. The elimination rate constant (k) was obtained by 
an intravenous two-compartment model with bolus administration and an oral 
two-compartment model with first-order absorption and elimination from 
the central compartment. The data were fitted by the NONLIN (7 )  regression 
analysis using subroutines for both sets of data. The AUCo-.. values were 
calculated by the trapezoidal method and normalized for dose assuming linear 
kinetics. 
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Abstract 0 Gastrointestinal absorption of the strongly acidic drug proxicromil 
has been studied with respect to its physical organic chemistry. The lipophil- 
icity of the drug above p l i  6 in octanolb buffer partition experiments is de- 
pendent on ion pair formation. Similar trends werc demonstrated for the in 
cirro partition of the compund into GI tissue. The absorption of the compound 
from the perfused GI tract of rats in cico was not consistent with classical 
un-ionized drug absorption theories and indicated the opcration of other 
prwcsses, especially ion pair formation, as major mechanisms of proxicromil 
absorption. 


Keyphrases 0 ProxicromilL GI absorption, lipophilicity, ion pair formation 
0 Absorption. GI- proxicromil, lipophilicity, ion pair formation 


The transfer of acidic drugs across membranes has usually 
been ascribed to the un-ionized form ( I ) .  Many acidic drug 
substances possess only a weak acidic function which allows 
a significant proportion of the un-ionized drug to be present 
at physiological pH. The oral anti-allergy agent proxicromil 
(FPL 57787, I )  (2) and related compounds [ FPL 55365(II) 
and FPL 57579(III)] are of considerable interest since the 
strong acidity of I (pK, 1.93) (3) causes the proportion of the 
drug present as the un-ionized species at physiological pH to 
be very small. Despite this, the compound has been demon- 
strated to be well absorbed in a number of animal species and 
in humans (>60%) (4). The compound also crosses other 
membrane systems, since it is transferred into the milk from 
the plasma when administered to lactating albino rats (5). 
Since the processes involved in the passage of the drug are not 
adequately explained by the sole passage of un-ionized drug, 
alternative explanations must bc sought. 


Several works on GI absorption refer to ion pair partitioning 
(for a review, see Ref. 6 )  as a possible mechanism of ion'ized 
drug absorption. Ion pairing forms a neutral species by elec- 
trostatic attraction between oppositely charged ions in solution. 
Houston and Wood (6), in  their monograph on the GI ab- 
sorption of drugs, state that there is no a priori reason why any 
molecular entity, regardless of ionic status, should not be ab- 
sorbed if it possesses adequate partitioning characteristics. We 
have therefore examined the partitioning characteristics of 
proxicromil and related compounds from buffer systems into 
octanol. The partitioning of proxicromil into GI tissues has also 
been examined. Similarly, we have investigated the absorption 
of the drug in the albino rat using a perfused intestine 
system. 


I: R5 = OH, R'O = CH~CH~CHJ 
I): R5 = H, R'O = H 


111: RS = H. R'O = CH2CH2CH3 


EXPERIMENTAL SECTION 


Chemicals- [ I4C] Proxicromil (9.67 mCi/g) and unlabeled proxicromil. 
prepared in-house, had a radiochemical and chemical purity of 99%. The 
octanoll used had been specially purified for the determination of partition 
coefficient of drugs. For physicwhemical and in oivo studies, Mcllvaine's (7) 
citratc-phosphate buffer (for pH 2.2-6.4) and modified Sorensen's (7) 
phosphate buffer (NaH2P04 replaced KH2P04) (for pH 7.4-8.2) had the 
sodium ion concentration adjusted to 0.155 M by the addition of NaCI, where 
necessary. Krebs-Ringer bicarbonate buffer was modified to exclude Ca2+ 
and Mg2+ since these ions werc found to cause precipitation of proxicromil. 
All other reagents2 were of analytical reagent grade. 


Solubility Determination-The aqueous solubility of proxicromil was 
measured (single determinations) in aqueous buffers at a series of pH values 
covering the range 0-7. Successive aliquots ( I  mg) of the compound were 
added to the buffer (2 mL) at 2OoC until saturation was indicated by the 
presence of undissolved material, for up to 3 h. The pH was checked, and the 
sample was filtercd (cellulose filter, 0.45 p n - ~ ) ~  and assayed spectrophoto- 
metrically for proxicromil (360 


Physicochemical Measurements- All distribution coefficients were mea- 
sured by thc shake-flask method (8). Results are reported as the mean of a t  
least three determinations, together with the observed spread. Compounds 
were partitioned between I-octanol saturated with buffer and the same 
aqueous phase saturated with I-octanol; the concentration of compound in 
the organic phase was analyzed (UV spectrophotometry at 360 before 
and after equilibration. Volume ratios of the two phases were selected to give 
a reduction of -50% in the U V  absorbance of the solution after equilibration. 
Equilibration was carried out by shaking at room temperature for 1 h, followed 


O; 0 
20 30 


MINUTES 
40 


Figure I - Plasma concentrutions of radioactivity (equivalent to proxicromil) 
after injection of [14Clproxicromil into separate regions of the rat gut.  Key: 
(A) duodenum; (A) jejunum: (m) upper ileum; (0)  lower ileum: (@) colon; 
(0) stomach and cecum. The stomach and cecum show very similar negligible 
absorption, and the results are represented rherejore as a single point; n = 
4 for each tissue. 


I Spectrograde: Fibons Scientific Apparatus, Loughborough, Leicestershire, U.K. * BDH I.td. Pcule. Dorset. U.K. 
Millipore ( U K )  Ltd. London. 
Model SP1700; Pye Unicam. Cambridge, U.K. 


0022-35491 841 0700-0949$0 1.001 0 
@ 1984. American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 949 
Vol. 73, No. 7, July 1984 







-6J  
I 1 I I 1 


0 1 2 3 4 5 6 7 8  


pH OF BUFFER 


Figure 2-Aqueous solubility of proxicromil with respect to buffer pH (see 
textl. 
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by centrifugation’ at 2000 rpm for I h. Thedistribution coefficient ( D )  was 
calculated from the ratio of the overall concentration of compound in the 
ionized and undissociated states between the two phases (9). 


Measurements of distribution coefficients were made over a wide pH range 
for I I  (pH 0-8.2), Ill (pH 3-8.2). and I (pH 3-8.2). Control of the aqueous 
phase pH was achieved using the buffers described above adjusted to a sodium 
ion concentration of 0.155 M. Experiments a t  pH 0-2 employed dilute hy- 
drochloric acid with added sodium chloride (0.155 M). Values of log D > 4 
could not be measured to an acceptable accuracy owing to practical limitations 
of the spectrophotometric method. 


The sodium content in the octanol phase was measured in proxicromil 
distribution experiments at various aqueous phase pH values between 4.0 and 
8.2, by atomic emission spectrometry6. Sodium content results are given as 
the average value from two experiments at each pH value. Control experiments 
were carried out under the same conditions, but omitting the proxicromil (I), 
to estimate background sodium levels in the octanol. All test solutions con- 
tained 4 mL of octanol made up to 50 mL with methanol. Where the volume 
of octanol available was smaller (pH 5-8.2). additional octanol was added 
in order to keep the overall solvent composition constant. 


The effect of cationic concentration on the octanol distribution coefficient 
of proxicromil was measured at  a constant pH of 7.4 in a dilute phosphate 
buffer system (0.02 M) containing varying concentrations of either sodium 
chloride or potassium chloride (0.02-0.24 M). 


Experiments with Everted Gut Segments-Male Wistar rats’ were killed 
by a blow to the head, and the jejunal section of the small intestine removed. 
This section (between 3 and 18 cm from the pylorus) was everted over a glass 
rod and cut into 2-3-mm segments (10). Three single segments from three 
separate rats were incubated together in 25-mL conical flasks a t  37OC in 
Krebs-Ringer bicarbonate buffer (2 mL) containing the appropriate con- 
centration of [ 14C]proxicromil. Experiments were carried out in triplicate 
at various pH values between 3.5 and 8.5. 


The flasks were aerated for 30 s with oxygen-carbon dioxide ( 9 5 5 ) .  sealed 
with rubber turnover closuress, and shaken at 37OC for thedetermined period 
of time in a shaking water bath. At thecompletion ot the incubation the tissue 
was removed, rinsed twice in  0.9% NaCl solution, blotted, and weighed. 


After incubation. segments were placed in aqueous sodium hydroxide (0.5 
mL. 1 M) in scintillation vials. The containers were then heated in an oven 
to -<8OoC to speed up tissue digestion, which was continued until a uniform 


Model Mistral 4L: MSE Instruments, Crawley, U.K. 
6 Model 703; Perkin-Elmer. ’ Hatfield Polytechnic. 
* Suba-Seal. Barnsley, U.K. 
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Figure 3-Dismriburion coefficient (log D) of I I  (m), I I I  (m), andproxicromil 
(I) (0) with respect to  buffer pH. Variation of log D was < f0.03 ofthe 
mean. 


solution was obtained. The contents were allowed to cool to rmm temperature 
and then acidified with an equal volume of aqueous hydrochloric acid (2 M), 
and Bray’s scintillation fluid was added ( 5  mL). Aliquots of incubation me- 
dium (0.2 mL) were also taken for radioactivity determination. Radioactivity 
was measured in a scintillation counter9, and counting efficiency was deter- 
mined using channel ratios for quench correction. 


Experiments with Gut In Situ-Male CR/CD ratsI0 (weight range, 
240-280 g; fed ad libitum) were anesthetized with pentobarbital solution 
administered oia an indwelling needle in the caudal vein. Following an incision 
in the throat, the carotid artery was exposed and cannulated with polyethylene 
tubing. For experiments to investigate the site of absorption, a midline incision 
was made and the GI tract was ligated in each animal with surgical thread 
to isolate either the stomach, duodenum, jejunum, upper ileum, lower ileum, 


I I A 0.08 0.18 0.24 0.32 


CATION CONCENTRATION. M 


Figure 4- Relationship between the distribution coefficient (DJ of proxi- 
cromil and the cation concentration of Na+ (0) or K+ (A). Variation in D 
was < f2.5% of the mean value in all cases. 


Model CM2700; Tracerlab Services Ltd.. Twickenham. U.K. 
l o  Charles River, Manston. Kent. U.K. 
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Figure 5-Relationship between the distribution coefficieni (log D) of 
proxicromil(0) and the ratio of Na+ to proxicromil ions (e) present in the 
octanol phase with respect to p H .  


colon, or cecum. Proxicromil was administered as a bolus injection (0.2 mL) 
into the isolated segment in modified Sdrensen's phosphate buffer, sodium 
ion concentration 0.155 M. Arterial blood samples were collected from the 
carotid artery at intervals for 60 min. 


The absorption of the drug was investigated after single-pass perfusion at 
various pH values. For these experiments a midline incision was made and 
a 20-cm length of silicone rubber tubing (2 mm id.) was inserted ventrally 
into the duodenum 2 cm from the stomach pylorus. The end inserted into the 
duodenum had a number of turns of surgical thread glued to the extreme end 
which, in conjunction with ligation of the duodenum, secured the tubing. The 
other end of the tubing was adapted to take standard syringe fittings. A similar 
length of tubing was inserted dorsally into the jejunum and secured in an 
identical manner to give a 10-cm section of perfused gut. All perfusion solu- 
tions were maintained at 37OC. The gut was then flushed to remove debris 
by gentle perfusion of saline ( 5  mL) administered via a syringe, followed by 
flushing with buffer ( 5  mL) at the respective pH of investigation. Perfusion 
of the buffer was continued fora further 10 min at a steady rate of I mL/min. 
After this, a solution of [14C]proxicromil ( 1  mM; 0.6 pCi/mL) dissolved in 
the same buffer was rapidly flushed through the intestine ( 5  mL) and then 
perfused at a rate of 1 mL/min for 20 min. Blood samples were collected into 
heparinized capillary tubes at 4-min intervals from the carotid vein cannula. 
The pH of the eluant buffer was monitored throughout the experiment. 


I n  certain experiments the perfusion was performed using the segmented 
flow method of Winne ( 1  1). Total rate of buffer perfusion remained at  1 
mL/min. Plasma was obtained by centrifugation of blood at  2500Xg for 10 
min. Radioactivity present in plasma was obtained by mixing the samples with 
liquid scintillation cocktail' 1 followed by liquid scintillation counting. Counting 
efficiency was determined by the external standard channels ratio method. 


RESULTS AND DISCUSSION 


Site of Absorption-To dctermine if the absorption of proxicromil observed 
in animals was from the stomach or from other regions of the GI tract, a bolus 
of [14C]proxicromil was injected into various regions of the gut, and blood 
samples were collected at intervals. Rapid absorption was observed from the 
duodenum, jejunum, and ileum, while much slower absorption occurred from 
the lower ileum and colon and very little absorption from the stomach and 
cecum (Fig. I ) .  Since little or no absorption occurred from the stomach, it is 
likely that proxicromil is absorbed in intact animals from regions of the GI 
tract in which the pH is approximately neutral. As little proxicromil is ab- 
sorbed in the stomach in oioo, where the compound would be substantially 
in its un-ionized state, the aqueous solubility of the compound at  various pH 
values was investigated since lack of solubility would limit absorption. Also 
the partitioning of the compound was determined in the octanol-aqueous 
buffer system over the same range of pH. Emphasis was given to the higher 
pH values corresponding to those of the region of the GI tract where absorption 
had been observed. 


Solubility and Partitioning -The aqueous solubility of proxicromil is 
strongly pH dependent (Fig. 2 ) .  The insolubility a t  low pH reflects the low 
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Figure 6-Partitioning of proxicromil into everted jejunal segments with 
respect to pH. Incubation of the segments was conducted in proxicromil- 
buffersolutions for 30 minat concentrationsof 1.0 mM (e) andO.l mM (a); 
n = 3 for each point. 


water solubility of the compound when its carboxyl group is undissociated 
(HA). At pH values above the pK, (1.93) (3). solubility in water increases 
rapidly reflecting the abundant water solubility of the ionized compound (A-). 
The lack of absorption of proxicromil from the stomach is paralleled by its 
lack of solubility and, hence, low availability a t  gastric pH. 


The relationship between pH and partition was studied for 1-111 (Fig. 3). 
The partition coefficient (P) refers to the ratio of concentrations of the un- 
dissociated compound (HA) between the two liquid phases (Eq. I ) .  The dis- 
tribution coefficient ( D )  represents the overall ratio of concentrations of 
proxicromil in the octanol and aqueous phases regardless of ionization (9) (Eq. 
2). Equation 2 is expanded from its usual form (9) to show the possibility of 
the sodium salt as potentially contributing to the concentration of proxicromil 
in the octanol phase: 
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Figure 7- Plasma concentrations of radioacticity (equivalent to proxicromil) 
during perfusion of the small intestine of the rat with /14C/proxicromil- 
buJJer solutions at pH 5 (8) ,  7 (a), and 9 (A) (see texi); n = 6 for each 
point. 
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Table I-Influence of pH of Perfusing Buffer on Proxicromil Absorption 
Expressed as Absorption Relative To pH 6.98 4001 


Absorption Ratio Calculated Using 
Plasma Conc. 


pH of Eluant Un-ionized at the End 
Buffer DrugU AUC0.20 ,,,inb of Infusionb 


8.93 f 0.02 0.01 
6.98 f 0.01 I .oo 
5.23 f 0.01 56 


0.17 
I .oo 
1.42 


0.17 
I .oo 
I .24 


Expected ratio if un-ionized drug was the sole form of drug absorbed. Ratio cal- 
culated from perfusion experiments. See text and Fig. 7. 


[HA],, + [Na+A-],, D =  
[HAIaq + [A-laq 


The relationship of log D to pH was measured for II over the pH range 0-8. 
For the other two compounds. however, log D could not be obtained bclow 
pH 3 owing to limitations of the spectrophotometric analysis. At pH values 
1 5 ,  all three compounds decrease in log D.  their behavior being described by 
the pH-partition relationship: 


(Eq. 3) 


Substitution of the data for II (Fig. 3) into Eq. 3 yields a pK, value of 1.65 
f 0.1, in agreement with other reports (3). 


The proportion of undissociatcd proxicromil in the water phase falls from 
0.0676 at pH 5. I to4.OOO1 at pH 8.0 (calculated from dissociation constant 
pK, = 1.93). Using Eq. 3. it can be calculated that the observed value of log D 
of 2.17 at  pH 5.1 should fall to -0.83 at  pH 8.0. I n  contrast to this, however, 
it was found that at higher pH the distribution coefficient became progressivcly 
independent of pH. This region was examined in more detail to identify the 
factors which now control the distribution ratio. At pH 7.4 a linear relationship 
was established betwcen observed distribution coefficient ( D )  and concen- 
tration of potassium or sodium ion in the aqueous phase (Fig. 4). This is par- 
allel to the findings on the lipophilic base chlorpromazine ( I  2), where added 
counterions such as chloride (CI-) also produced a linear relatiomhip to dis- 
tribution coefficient. This is consistent with ion pair partition, whose extent 
is related to the product of proxicromil ion and sodium ion concentrations in 
the aqueous phase. Scheme I indicates a series of equilibria which are con- 
sistent with the observed behavior. Proxicromil anion entry into the organic 
phase is shown as a distribution rather than a partition ratio (9). since i t  is a 
complex effect dependent in magnitude on factors including, for example, 
counterion concentration. 


Scheme I 


Analysis of the octanol layer for sodium ion using atomic emission analysis 
showed theconcentrations of proxicromil (UV spcctrophotometry) and sodium 
(atomic emission) to be in 1: l  molar agreement in  distribution experiments 
at pH 7.4. Similar cxpcriments at a series of lower pH values (Fig. 5 )  showed 
the pcnetration of sodium into the octanol to be significant only at pti > 5 .  
Below this pH, the ratio of sodium ion to proxicromil fell as conventional 
pH-partition of the undisswiatcd compound (HA) became dominant. This 
evidence for ion pair partition was supplemented by analysis for sodium ion 
in octanol equilibrated with phosphate buffer containing sodium ion (0.155 
M )  but no proxicromil. The penetration of sodium ions into the octanol thus 
was insignificant, despite its high Concentration in the aqueous phase, unless 
proxicromil anion was available. 


Effect of pH on Absorption --The experiments utilizing octanol were re- 
produced using gut segments in oitro. tiptake of ['4C]proxicromil into jejunal 
segments was studied at 0.1 and 1.0 mM concentrations of proxicromil at 
various pH values. The results are shown in  Fig. 6 and demonstrate that at 
pH < 6 the lower the pH, the greater the partitioning into the tissue. A1 pH 
>6 the uptake was approximately constant. Similar trends were shown at 
incubation times up to 90 min. The partitioning of proxicromil into gut tissue, 
therefore, closely follows the characteristics observed for the partitioning of 
the compound into octanol with pH-dependent partitioning at low pl l  and 
a constant partitioning of the drug at pH > 6. The change in bchavior for the 
compound takes place in both octanol and in gut tissue at pH -6 and very far 
from the value of the pK, of the drug ( I  .93). 


The effect of buffer pH on proxicromil absorption in cico was studied using 
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Figure 8 -Cvmulatice total absorption of rudiouctioity (equiralenr to 
proxicromil) during perfusion of the smull intesiine of the rat with /14<./- 


proxicromil-buJjer solutians at pH 5 (m), 7 (O) ,  and 9 (A) (see text). 


in situ perfused gut loops. Figure 7 illustrates thc plasma concentrations of 
radioactivity present in plasma after perfusion of the gut of anesthetized an- 
imals with ['4C]proxicromil dissolved in  buffers of varying pH. The plasma 
concentrations are  increased by decreasing pH. Taking either peak plasma 
concentration or areas under the plasma curve (AUCo 20 ,,,in as measured by 
the trapezoidal method) (Table I), absorption can be shown to be increased 
at  a nominal pH 5 and decreased at a nominal pH 9 from that at pH 7. These 
increases are much smaller than would be expected if un-ionized drug was 
the sole determinant since over the ptl range evaluated (5.23-8.93). there is 
an -5000-fold change in  free drug concentration. The absorption at  pH 5.0 
is not limited by the unstirrcd layer (13). since in experiments in which this 
layer was deliberately disrupted by alternating buffer perfusion with air using 
the method of Winnc ( I  I ) ,  thcrc was no significant change in  proxicromil 
absorption. 


The shape of the plasma curve. however. indicates that absorption is not 
defined by a single rate constant, since the zero-order input of drug, by per- 
fusion. to the intestine should result in a curve resembling the classical curves 
following intravenous infusion. Calculation of clearance in the rat (0.3 
mL/min) and volume of distribution ( I  7 mL) from intravenous infusion ex- 
perimentsI2 allow calculatian of the actual amount absorbcd using the classical 
approach of Loo and Riegelman (14). Figure 8 illustrates the total amount 
absorbed with time during gut pcrfusion experimcnts. 


The data can be interpreted by a model in which the mucosal tissue itsclf 
represents a compartment ( 6 )  in proxicromil absorption. The model is dcfincd 
by Scheme I I :  


k o  proxicromil in lumen --+ proxicromil in mucosa 


k i  
--* proxicromil systemically absorbed 


Schvmr I1 


The constant k o  represents the zero-order absorption of the drug from the 
constant perfusion system and is a hybrid of the actual absorption rate constant 
and the perfusion rate. The constant k I rcprcscnts the rste constiint for the 
passage of drug from the mucosa to the circulatory system. Individual Lero- 
order rates of absorption ( k o )  were calculated by methods analogous to those 
used for intravenous infusion experiments ( 1  5). The linear portion of the curve 
for each pH value in  Fig. 8 ( I  2-20 min) represents the zero-order rate of ab- 
sorption, yielding approximate values of 30,20, and 4 nmol/min at pH 5.7. 
and 9, respectively. The linear portion of the curvcs at each pH value can be 
extrapolated togive an intercept value from which k l  can becalculated (0.14 
min-I). 


CONC1,lSIONS 


The partitioning characteristics demonstrated in octanol and jejunal seg- 
ments can partly be reproduced i n  ciro in the perfuscd intestine. While the 
perfusion results could be affected by a number of other factors, it is likely 
that at pt i  values > 6 ion pair formation operates toallow distribution of the 
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compound into lipoidal phases. This process is likely to occur in the intestine 
as demonstrated both in vitro and in uiuo. Since absorption of the compound 
occurs from regions of the GI tract which have pH values >6, it is suggested 
that ion pair formation with naturally abundant cations such as sodium plays 
a significant role in  the absorption of proxicromil. 


An alternative explanation for the GI absorption is that there is a differcnce 
between bulk and surface pH. The data of Lei et al. (15) suggest the real 
surface pH might be lower than that expected from bulk pH. To overcome 
surface pH effects in the intestinal perfusion experiments, we have equilibrated 
the gut for 10 min by perfusion of buffer at the appropriate pH at I mL/min. 
Under these conditions. surface pH and bulk pH should have tended toward 
an equilibrium (16), the true pH of which would be very close to that of the 
measured eluant buffer (see Table I ) .  The linear rate of absorption at each 
pH indicated in Fig. 7 also demonstrdtcs that an equilibrium has been 
achieved. since a decreasing rate of absorption would be expected at the lower 
pH values as the surface pH gradually increased. The significance of a surface 
pH of 6.5 in explaining absorption of acidic compounds is also of much greater 
relevance for compounds such as n-butyric acid (pK, 4.9) (16) than proxi- 
cromil (pK, 1.93). 


The ion pair behavior described here is in marked contrast to the normally 
held concept (17). Proxicromil possesses intrinsic lipophilicity and requires 
only charge neutralization to partition into lipoidal phases. Endogenous ions 
such as sodium and potassium readily form such neutral lipophilic ion pair 
complexes. This can be contrasted to the facilitation of partitioning of a 
nonlipophilic drug by the incorporation of a lipophilic counterion, the concept 
of which has led Jonkman and Hunt (17) to consider ion pair absorption as 
more fiction than fact. 
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Abstract 0 Complexation of ferrous cytochrome P450 by metabolic inter- 
mediates formed during NADPH-catalyzed metabolism of compounds 
structurally related to orphenadrine was studied. This so-called metabolic 
intermediate complexation was determined in rat liver microsomes, obtained 
from phenobarbital-pretreated rats. at 455 nrn using 33 pM of the orphena- 
drine derivatives. Using secondary amine derivatives with various N-alkyl 
substituents, a parabolic relationship between the logarithm of percentage 
of cytochrome P450 complexation and hydrophobic fragmental constant was 
observed. Thederivative with a bulky tertiary butyl group, however, was devoid 
of metabolic intermediate-complexing activity. This indicates that steric 
factors besides lipid solubility may govern the complexing activity: also sub- 
stitution at the phenyl groupaffects metabolic intermediate complex forma- 
tion. 


Keyphreses 0 Cytochrome P~~~-complexation with metabolic intermediates, 
orphenadrine analogues 0 Orphenadrine-analogues. metabolic intermediate 
Complexation with cytochrome P450 0 Complexation-metabolic interme- 
diate. orphenadrine analogues with cytochrome PA50 


Several types of nitrogenous compounds have been shown 
to undergo cytochrome P450-catalyzed metabolic conversions 
leading to metabolic intermediates that complex with cyto- 


chrome P450 ( 1-3). This complexed cytochrome P450 is inac- 
tive. Metabolic intermediate complex formation may therefore 
inhibit metabolic reactions (4). Among the nitrogenous com- 
pounds which elicit this complex formation, there are several 
classes of therapeutically important drugs. 


Amphetamine derivatives form a metabolic intermediate 
complex with hepatic microsomal cytochrome P450 in oirro, 
but not in oioo (4,5). With regard to amphetamine analogues, 
relationships between molecular structure and in uitro com- 
plexation have been described (4.6). Recently, metabolic in- 
termediate complex formation produced by macrolide anti- 
biotics have gained much interest (7, 8). With a series of 
rnacrolide antibiotics, structural features which are important 
for the formation of metabolic intermediate complexes have 
been determined (9). However, with regard to compounds 
related to proadifen (like propoxyphene, desipramine, and 
orphenadrine) which produce such complexation both in oirro 
and in oioo (10, 1 I ) ,  little is known about the relationship be- 
tween molecular structure and the ability to evoke complexes 
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Transdermal  Administration of 
(15s)- 15-Methyl Prostaglandin F2tu Methyl 
Es te r  to Rhesus Monkeys 


Keyphrases Drug delivery systems-controlled-release transdermal 
administration, prostaglandins. rhesus monkeys 0 l’rostaglandins- 
transdermal delivery system, controlled release 


To the Editor: 
Drug formulation technology has advanced dramatically 


in recent years. Controlled-release delivery systems offer 
a number of distinct advantages in therapeutics, one being 
the potential for designing delivery systems that  release 
therapeutic agents a t  preselected rates such that in a given 
situation blood concentration of a drug can be maintained 
a t  the desired level for an extended period of time. This 
ability to control the rate of drug delivery aids in separating 
the beneficial effects of a drug from the undesirable side 
effects. Such delivery systems are particularly useful for 
drugs with short biological half-lives and/or narrow ther- 
apeutic indices. Transdermal delivery systems are one of 
the most exciting applications of controlled-release tech- 
nology. We report here our preliminary experiments, which 
demonstrate that (15S)-15-methyl prostaglandin F20 
methyl ester (carboprost methyl) is readily absorbed when 
administered transdermally to rhesus monkeys using a 
polymeric controlled-release delivery system. 


The transdermal delivery system consisted of laminated 
polymeric membranes with a surface area of 40 cm2. Car- 
boprost methyl was a t  a concentration of 16% (w/w) in the 
inner drug-bearing membrane. This membrane was cov- 
ered with a rate-controlling membrane which allowed a 
steady-state release rate of 480 pg/h. Double-sided adhe- 
sive tape was applied to the periphery of the transdermal 
patches for attachment to the skin. 


The  transdermal patches were placed on the shaved 
chests of four third-trimester pregnant rhesus monkeys. 
The  animals were anesthetized with ketamine hydro- 
chloride’, and uterine motility was recorded using a 


fluid-filled polyethylene catheter“ inserted transabdom- 
inally which was attached to a polygraph13 using a P-23 Dc 
transducer4 (1). Peripheral blood samples were collected 
from the femoral vein and immediately placed in tubes 
containing heparin. The plasma was harvested and frozen 
a t  -20°C for subsequent determination of (15S)-15- 
methyl prostaglandin F2(, by radioimmunoassay (2). 


The skin was hydrated prior to applying the transdermal 
delivery system in three animals: a hot towel compress was 
used on two animals and the skin was irrigated with water 
on the third animal. To evaluate the rate of drug absorp- 
tion without prior hydration, the transdermal patch was 
applied to  one animal immediately after shaving the 
skin. 


Drug absorption was more rapid in those animals whose 
skin had been hydrated. A plasma prostaglandin concen- 
tration of -1200 pg/mL was attained by 0.5 h after appli- 
cation of the transdermal delivery system in the water ir- 
rigated animal. In one animal in which a hot towel com- 
press was used the plasma concentration of prostaglandin 
was -2200 pg/mL by 0.5 h. The plasma prostaglandin 
concentration in the second animal similarly pretreated 
was -1 100 pg/mL by 1 h and 2300 pg/mL by 3 h. Thus, 
absorption of the drug was slightly slower in this animal 
even though the skin had been hydrated in a similar 
manner. When no attempt was made to hydrate the skin, 
prostaglandin was not detectable in the blood of the fourth 
monkey until 3 h after the transdermal delivery system had 
been applied. A t  this time the concentration was only 100 
pg/mL. Thereafter there was a gradual increase in plasma 
concentration of prostaglandin to 490 pg/mL at  5 h when 
the delivery system was removed. 


All four animals had an increase in the frequency and 
amplitude of uterine contractions following application 
of the transdermal delivery systems. In all cases uterine 
motility increased gradually without any evidence of a 
rapid onset of prostaglandin effects. The uterine motility 
tracing from one of these animals is shown in Fig. 1. The 
mean time to the initiation of stimulated uterine motility 
was 90 min (range = 45-150 min). The onset of increased 
uterine activity was temporally related to the increase in 
prostaglandin detected in the blood in three of the four 
animals. In one of the animals the rapid increase in blood 
prostaglandin (2200 pg/mL a t  0.5 h) was not reflected in 
an immediate increase in uterine motility. 


These preliminary results clearly demonstrate that 
carboprost methyl is readily absorbed transdermally in the 
rhesus monkey when administered using a polymeric 
controlled-release delivery system. This was particularly 
true when the skin was hydrated prior to application of the 
transdermal patch. I t  is known that hydration of the skin 
causes the stratum corneum to swell (3). Thus, the nor- 
mally tight, dense packing of the cells in this layer is loos- 
ened. Presumably, this would facilitate movement of 
prostaglandin through the stratum corneum into the 
deeper epidermal and dermal layers. However, it is evident 
that prostaglandin can be absorbed when no effort is made 
to hydrate the skin, albeit, a t  a much slower initial rate. 


Transdermal delivery systems are finding more and 


2 I’FAO, Clay Adams. 
3 Grass. 
4 Strathan. 1 Vetalor. I’srkc-Davis and C o  
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Navel Absorption: Transdermal  
-LA Bioavailability of Testosterone 
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210 MINUTES AFTER SYSTEM APPLIED 
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Figure I-Uterine motility tracing in a pregnant rhesus monkey (third 
trimester) treated with a transdermal delivery system containing 
(15S)-le5-methyl prostaglandin Fzo methyl ester. Note thegradual in- 
crease in the f reyucwy and amplitude of uterine contractions after the 
ddiuery system was applied. 


more application for the administration of therapeutic 
agents (4). A prostaglandin analogue has been shown to be 
hypotensive when administered transdermally (5). These 
systems may prove to be especially useful for the admin- 
istration of prostaglandins for menses induction. The most 
commonly investigated route of administration for this 
indication is vaginal (6,7). One disadvantage to the vaginal 
route of prostaglandin administration for menses induc- 
tion is the fact that uterine bleeding is induced as a con- 
sequence of the therapy. The time of onset and the amount 
of uterine bleeding vary among patients. This creates a 
variable environment for the absorption of prostaglandin 
from the vagina, and can interfere with drug absorption 
(7). A transdermal controlled-release delivery system could 
alleviate these problems. 


(1) C. H. Spilman and ‘r. J. Roseman, Contraception, 11, 409 
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( 4 )  C. D. Black, US. Pharmacist, November, 49 (1982). 
(5) .I. E. Birnhaum, P. S. Chan, P. Cervoni, F. Dessy, and L. Van- 


Humbeeck, Prostaglandins, 23,185 (1982). 
(6)  C. H. Spilman, G. D. Gutknecht, D. C. Beuving, and P. M. 


Southern, Contraception, 21,353 (1980). 
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Roseman, M. E:. Tuttle, and C. H. Spilman, Contraception, 27, 141 
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Keyphrases 0 Absorption-naval, transdermal, bioavailability of tes- 
tosterone Testosterone--transdermal absorption uia naval, bioavail- 
ability Bioavailability-transdermal via navel 


T o  the Editor: 


The navel (umbilicus) has for many years been widely 
used as the site for transdermal administration of a num- 
ber of Chinese drugs, e .g . ,  Mentha aruensis L.1, (1). No 
bioavailability data are yet available to justify the use of 
the navel as the site for drug administration. 


Recently, a number of systemically active drugs, such 
as nitroglycerin and scopolamine, have been actively in- 
vestigated and found to penetrate the skin tissues at a rate 
sufficient to achieve the therapeutic blood levels required 
for systemic effects (2-7). 


We evaluated the transdermal bioavailability of tes- 
tosterone through the skin tissues a t  the navel area2 and 
compared the data with that  obtained from the transder- 
ma1 administration on the forearm area (dorsal surface) 
using four rhesus monkeys as the model animal. [l4CC]- 
Testosterone [5 pCi (25 pg)], in 100 p L  of acetone, was 
applied on a skin area (controlled a t  0.2 cm2 by a metal 
templet) for 5 d. The solvent was quickly evaporated, and 
the site of drug administration was then covered with a 
piece of plastic adhesive which remained intact throughout 
the study. Blood samples (2  mL) were collected in hepar- 
inized tubes at  30-min intervals for the first 6 h after ad- 
ministration and then every 24 h up to  9 d. Urine samples 
were collected daily. The systemic bioavailability and 
pharmacokinetic profile of [ 14C]testosterone after topical 
administration on the navel and forearm skins were then 
compared using intravenous data as the reference. 


The data generated (Fig. 1) suggest that administration 
uia the navel yields a relatively faster absorption and also 
greater systemic bioavailability of [ l4C] testosterone than 
administration uia the forearm. Both routes of percuta- 
neous absorption give well-defined first-order elimination 
kinetics, which is very much in parallel to  that of intrave- 
nous administration. I t  is interesting to note that the sys- 
temic bioavailability of‘ [14C] testosterone by navel ab- 
sorption is relatively close to the level obtained by the in- 
travenous administration of an equivalent dose and is 
substantially greater than the level achieved by forearm 
administration. Calculated from Eq. 1, navel absorption 
of [ I4C] testosterone has achieved a relative bioavailability 
of 79.9%, as compared with 49.9% by forearm administra- 
tion. 


Chemical analysis indicated that it contains menthone. menthol. pinene. and 
methyl acetate. 


Navel area denotes the surface of the navel (Figure 329 in ‘‘Structure and 
Function in Man.” 2nd ed., by S. W. Jaroh and C. A. Francone. Saunders. Phila- 
delphia, Pa.. 1970). 
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ume of distribution of drugs during constant-rate intravenous infusion. 
This technique is based on the initiaI slope of the plasma drug concen- 
tration uersus time profile during infusion. The resulting estimate of the 
apparent volume of distribution should prove useful as an initial estimate 
of this pharmacokinetic parameter, especially for investigational drugs 
for which no pharmacokinetic parameter estimates are available, until 
additional data permit estimation of the appropriate volume term by 
conventional methods (14). In addition, this estimate of the apparent 
volume of distribution can be used with two intrainfusion concentration 
uersus time points as input to the Chiou-Hsu equation (5-7), from which 
total body clearance for individual patients can be calculated. In illus- 
trating the theoretical principles and potential errors involved in the 
initial slope technique, equations were derived and plots presented of 
dimensionless concentration uersus dimensionless time. To our knowl- 
edge such an approach, although widely used in engineering, has not been 
used previously in pharmacokinetics. 
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Structure Determination of Polysaccharides in 
Aloe saponaria (Hill.) Haw. (Liliaceae) 
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Abstract 0 Neutral polysaccharides that inhibit carrageenin-induced 
edema in rats were isolated from the nondialysate of the pulp of Aloe 
saponaria by gel filtration. These were shown to be a linear polymer of 
a 1,4-linked P-D-mannopyranose (mol. wt. 15,000) containing 18% acetyl 
groups (As mannan l), and a 1,4-linked a-D-mannopyranose polymer 
containing a single branch on the principal chain consisting of D-ghCoSe 
residues linked at  C-2 and C-4 (mol. wt. 66,000), with 10% acetyl groups 
(As mannan 2). As mannan 1 inhibited carrageenin-induced hind paw 
edema at  50 mg/kg ip in rats; As mannan 2 was not tested for pharma- 
cological activity. A crude preparation of both As mannans was effective 
when given intraperitoneally, but was ineffective when given orally. 


Keyphrases Aloe saponaria-isolation of neutral polysaccharides, 
As mannan 1, As mannan 2, structural determinations As man- 
nans-isolation from Aloe saponaria, structural determinations, inhi- 
bition of carrageenin-induced edema in rats Edema, carrageenin- 
induced-inhibition in rats by neutral polysaccharides isolated from Aloe 
soponico, As mannan 1, As mannan 2 


Pharmacological evidence for an anti-inflammatory 
effect was provided by the isolation from a nondialysate 
fraction of Aloe saponaria’ of a glycoprotein with kininase 
activity (1). Further studies on the nondialysate led to the 
isolation of neutral polysaccharides that inhibit carra- 
geenin-induced edema in rats. This paper describes the 
structural studies of the polysaccharides, As mannans 1 
and 2, and the pharmacological evaluation of As mannan 
1. 


This plant is also called spotted aloe or soap aloe. 


EXPERIMENTALz 
Materials-The following materials were obtained commercially: 


agarose gel3, diethylaminoethyl cellulose4, dialysis membrane5, brome- 
lain6, protease?, anti-inflammatory drugs, and a series of dextransg. 


Methods of Analysis-The carbohydrate content of the sample was 
determined colorimetrically by the phenol-sulfuric acid method (2). 
Elution of material through gel3 and diethylaminoethyl cellulose4 fil- 
tration was monitored by absorbance of the effluent at  490 nm. Acid 
hydrolysis was carried out with 1M HzSO4 a t  90°C for 2 h. Excess sulfuric 
acid was removed by precipitation as barium sulfate. The filtrate was 
passed through an ion-exchange column10 to remove the remaining salts, 
and then the filtrate was evaporated to dryness. Partial hydrolysis was 
performed with 0.5M HzS04 at  70°C for 4 h. Analysis of the carbohy- 
drates by methylation was performed according to the method of Hak- 
omori (3). This procedure was performed twice, to give permethylate 
showing no hydroxyl absorption in the IR spectrum. Paper partition 
chromatography” of the sugar moiety was performed using butanol- 
pyridine-water (6:4:3) and aniline hydrogen phthalate detection. U1- 
tracentrifugationI2 was performed on an analytical ultracentrifuge with 


~~ ~ 


The 1R spectra were obtained with a KOKEN DS-301 spectrometer. The ‘H- 
and I3C-NMR spectra were recorded with a JEOL PS-100 (100 MHz) and a JEOL 
FX-100 (25 MHz) spectrometer, respectively. Chemical shifts were recorded in 6 
units relative to the internal standards 3-(trimethylsilyl)- I-propanesulfonic acid 
sodium salt or tetramethylsilane. Optical rotations were obtained on a JASCO 
DIP-4. 


Sepharose 6B; Pharmacia Fine Chemicals, Uppsala. Sweden. 
DE 32; Whatman Ltd., England. 


.5 Visking tube; Union Carbide, Co. 
Nakarai Chemical Co., Ltd., Kyoto, Japan. 


7 Type 111 from papaya; Sigma Chemical Co. 
8 Indomethacin. 


Pharmacia Fine Chemicals, Uppsala, Sweden. 
lo Amberlite MR-3; Kohm and Hass Co., Ltd. 
11 Toyo Filter Paper No 50; Toyo Roshi, Co., Tokyo. 
l2 Spinco Model E; Beckman Instrument Inc. 
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a schlieren optical system in a single sector a t  20°C and 56,000 rpm. 
Gas chromatography (GC)I3 of the trimethylsilylated sugar from the 


hydrolysate was performed on a column of silicone SE  52 ( 3  mm X 2 m) 
on Chromosorb W AWDMCS (60-80 mesh) a t  160°C with a nitrogen flow 
rate of 45 mL/min. Quantitative analysis of the acetyl content was de- 
termined by GC using a column of styrene divinylbenzene polymer (3 mm 
X 2 m)14 a t  158'C with a nitrogen flow rate of 55 mL/min, using propionic 
acid as an internal standard (4). GC analysis of the methanolysate was 
performed on a column of 1% neopentyl glycol succinate polyester (3 mm 
X 2 m) on Chromosorb W AWDMCS (60-80 mesh) a t  147"C, with a ni- 
trogen flow rate of 40 mL/min, and on a column of 5% 1,4-butanediol 
succinate (3 mm X 2 m) on Chromosorb WI5 (60-80 mesh) at  18OoC, with 
a nitrogen flow rate of 60 mL/min. 


The molecular weight estimation was determined on an agarose gel 
column (1.5 X 51.5 cm) using 0.1 M NaCl a t  a flow rate of 26 mL/h. A 
series of dextrans (10,20,40,70, and T-50O9) were used as a standard. The 
molecular weight was estimated from a linear correlation between the 
logarithm of the molecular weight of the polysaccharides and the ratio 
of their elution volume to the void volume from the column. The viscos- 
ities of As mannans 1 and 2 in an aqueous solution were determined by 
a capillary viscometer'6 at  26°C. The intrinsic viscosity (7) was obtained 
by the extrapolation to zero concentration of the straight line obtained 
by plotting qs,/C uersus concentration of each sample, where C is the 
concentration. qpp is calculated by q3, = ( t l p l / t o p o )  - 1, where t l  is the 
time of efflux of the solution, p1 is its density, t o  is the time of efflux of 
the solvent, and po is its density. 


Assay Method for  Carrageenin-Induced Edema-Male Wistar 
albino rats weighing 120-150 g were used. Edema was induced by the 
injection of 0.1 mL of 15 (w/v) carrageenin dissolved in saline beneath 
the plantar aponeuroses of the hind paws. One to twelve hours before the 
injection of carrageenin, drugs were administered intraperitoneally or 
per 0s. The swelling (in percent) of the rat hind paws was measured by 
a volume differential meterL7. 


Preparation of Crude Material-The fresh leaves of A.  saponariaLR 
were harvested in September 1980 from the greenhouse of the herbal 
garden of Kyushu University. Fresh leaves were cut in half in a parallel 
manner, and colorless gelatinous pulp was separated carefully by scraping 
from the green cortical layer containing yellow phenolics. The homoge- 
nized pulp (3  kg) was centrifuged a t  10,000 rpm for 30 min. The super- 
natant was membrane5 dialyzed against distilled water for 48 h, and 
nondialysate was lyophilized to afford a colorless soft material (6 g). 


Isolation and Purification of As Mannans 1 and 2-Crude material 
(yield, 0.012% from the fresh leaves) isolated from the pulp harvested in 
September 1980 was dissolved in 0.3 M NaCl and was subjected to column 
fractionation (4.8 X 20.5 cm, agarose gel) using the same solution as a 
solvent a t  a flow rate of 28 mL/h. The fraction (elution volume, 110-250 
mL) containing carbohydrate was pooled, dialyzed, and lyophilized to 
give a colorless soft material (yield, 50.0%). This material (0.1 g) dissolved 
in 0.02 M NH4HC03 (5 mL) was subjected to column fractionation (1.5 
X 44 cm, DEAE-cellulose4) using the same solution as a solvent a t  a flow 
rate of 25 mLh ,  and the fraction (elution volume, ,40-75 mL) was pooled, 
dialyzed, and lyophilized to give As mannan 1 (yield, 35% from the crude 
material). In a similar manner, the crude material (yield, 0.05% from the 
lresh leavesl isolated from the pulp harvested in December 1980 was 
treated to give As mannan 2 (yield, 16% from the crude material). 


Chemical and Physical Properties of As Mannans 1 and 2-Since 
As mannan 1 in 1% solution and As mannan 2 in 0.5% solution in 0.1 M 
NaCl gave single peaks having S~,I,,., = 1.25 S and 1.17 S, respectively, 
each appears to be homogeneous. 


As Mannan l-[a]$ -40.5' (c = 0.7, HzO); 'H-NMR [3-(trimeth- 
ylsily1)-1-propanesulfonic acid sodium salt, D201: 6 2.13 (m, CHBCOO), 
4.76 (br s, anomeric proton of the nonreducing carbon atom), 4.17, and 
5.50 ppm (CH:$OOCH-); W - N M R  [3-(trimethylsilyl)-l-propane- 
sulfonic acid sodium salt, 0.1 M NaCI]: 6 176.4 (CH&OO) and 22.9 ppm 
(CH&OO), with other signals listed in Table I. IR (KBr)u,,,: 1730 and 
1250 cm-]. This compound is very slightly soluble in water. 


Hydrolysis of As Mannan 1-A sample of As mannan 1 (10 mg) was 
hydrolyzed to give D-mannoSe as the only sugar moiety by paper and gas 
(as a trimethylsilyl ether) chromatographic analyses. Rf  values: glucose 
0.31; galactose 0.25; mannose 0.34; and hydrolysate 0.34. GC retention 


l3 Gas chromatograph GC-1BM; Shimadzu Seisakusho Ltd., Japan. 
l 4  Chromosorh 102; Johns-Manville. 
I s  Shimalitc W; Shimadzu Seisakusho Ltd., Japan. 
l6 Ubbelohde instrument. 
l7 IJgo B a d e  CI).. Ltd., Italy. 
lR A voucher specimen is available for inspection at the Herbal Garden of Kyushu 


Vniversity, Fukuoka. Japan. 


times (in minutes): mannose 10.1 and 15.1; glucose 14.4 and 22.1; galactose 
10.7, 12.6, and 15.7; the hydrolysate 10.1 and 15.1. 


As Mannan 2-[0(]g t70.0' (c = 0.8, H20); 'H-NMR [3-(trimeth- 
ylsily1)-1-propanesulfonic acid sodium salt, D20]: 6 2.13 (m, CH3COO) 
and 5.00 ppm (br s, anomeric proton of the nonreducing carbon atom). 
13C-NMR [3-(trimethylsilyl)-l-propanesulfonic acid sodium salt, 0.1 M 
NaCl): 6 176.1 (CH3COO) and 22.8 ppm (CH3COO), with other signals 
listed in Table I. IR (KBr) urnax: 1730 and 1245 cm-I. This compound is 
soluble in water. 


Hydrolysis of As Mannan 2-A sample of As mannan 2 (15 mg) was 
hydrolyzed to give D-mannose as the major sugar component and a minor 
amount of D-glucose by paper and gas (as a trimethylsilyl ether) chro- 
matographic analyses. Rf values: mannose 0.37; glucose 0.31; galactose 
0.26; the hydrolysate 0.31 and 0.36. GC retention times (in minutes): 
mannose 10.1 and 15.1; glucose 14.4 and 22.1; galactose 10.7,12.6, and 
15.7; the hydrolysate 10.1, 14.8, and 22.4. Mannose and glucose were 
detected using GC in a ratio of 95:5. 


Analysis of As Mannan 1 by Methylation-A sample of As mannan 
1 (20 mg) was methylated according to Hakomori's method (3). The 
product was chromatographed on a silica gel column using chloroform- 
methanol (20:l) to give material which showed no hydroxyl absorption 
in the IR spectrum; proton signals due to a methoxyl group (6 3.3-3.8 
ppm) and anbmeric proton signals (6 4.61 ppm) were observed in the 
'H-NMR spectrum. The permethylate (5 mg) was subjected to metha- 
nolysis with 4% hydrogen chloride in methanol (1 mL) in a sealed tube 
a t  90°C for 2 h. After the removal of the solvent, the methanolysate 
(dissolved in ethyl acetate) was chromatographed on a silica gel column 
using ethyl acetate and ethyl acetate-methanol as solvents to give ma- 
terial which showed one spot on TLC [ethyl acetate-methanol (25:1)]. 
The methanolysate was subjected to GC analysis on columns of 1% neo- 
pentyl glycol succinate (a )  and 5% l,&butanediol succinate ( b ) .  The 
following retention times were obtained: ( a )  methyl mannopyranosides 
of 2,3,4,6-tetramethyl-O-, 3,4,6-trimethyl-O-, 2,4,6-trimethyl-0-, 
2,3,6-trimethyl-O-, and 2,3,4-trimethyl-O- derivatives: 1.8,2.8,3.3,4.3, 
and 2.7 min and the methanolysate: 1.8 and 4.3 min. ( b )  methyl manno- 
pyranosides of 2,3,4,6-tetramet.hyl-O-, 3,4,6-trimethyl-O-, 2,4,6-tri- 
methyl-0-, 2,3,6-trimethyl-O-, and 2,3,4-trimethyl-O- derivatives: 4.1, 
8.6,10.1,12.3, and 8.5 min and the methanolysate: 4.1 and 12.3 min. 


Analysis of As Mannan 2 by Methylation-A sample of As mannan 
2 (8 mg) was methylated according to Hakomori's method (3). In the same 
manner as for As mannan 1, the product was treated to give the metha- 
nolysate which showed a single spot on TLC [ethyl acetate-methanol 
(25:1)]. The methanolysate was subjected to GC analysis to give the fol- 
lowing retention times on columns of 1% neopentyl glycol succinate ( a )  
and 5% 1,4-butanediol succinate ( b ) :  ( a )  methyl mannopyranosides of 
3,4,6-t,rimethyl-O-, 2,4,6-trimethyl-O-, 2,3,6-trimethyl-O-, and 2,3,4- 
trimethyl-0- derivatives: 3.4, 4.3, 5.6, and 3.4 min, methyl glucopyra- 
nosides of 3,4,6-trimethyl-O-, 2,4,6-trimethyl-O-, 2,3,6-trimethyl-O-, and 
2,3,4-trimethyl-O- derivatives: 3.4,5.4,5.2, and 4.1 min, and the metha- 
nolysate 5.6 min. ( b )  methyl mannopyranosides of 2,3,4,6-tetramethyl-O-, 
3,4,6-trimethyl-O-, 2,4,6-trimethyl-O-, 2,3,6-trimethyl-O-, 2,3,4-tri- 
methyl-0-, 4,6-dimethyl-O-, 3,6-dimethyl-O-, and 3,4-dimethyl-O- de- 
rivatives: 4.9, 10.3, 12.0, 15.3, 12.0, 22.4, 20.5, and 20.2 min, methyl gly- 
copyranosides of 4,6-dimethyl-O-, 3,6-dimethyl-O-, and 3,4-dimethyl- 
0-derivatives: 28.5, 29.3, and 25.7 min, and the methanolysate: 15.3 and 
29.1 min. 


Determination of t he  Molecular Weights of As Mannans 1 a n d  
2-The molecular weights were estimated on a column of agarose gel 
using a series of dextrans as a standard. The molecular weights of As 
mannans 1 and 2 were determined to be 15,000 and 66,000, respec- 
tively. 


Determination of the Viscosities of As Mannans 1 and 2-The 
viscosit,ies were obtained with a capillary viscometer16. The intrinsic 
viscosities of As mannans 1 and 2 was determined to be 15.6 and 2.5 dL/g, 
respectively. 


Alkaline Hydrolysis of As Mannans 1 and  2-Each sample of As 
mannan 1 (5 mg) or 2 (5 mg) was hydrolyzed with 4% NaOH for 30 min, 
and the mixture was dialyzed against distilled water followed by lyoph- 
ilization to give material which showed no absorption in the IR spectrum 
due to acetyl groups. Deacetyl As mannan 1: 'H-NMR [3-(trimethylsi- 
ly1)-1-propanesulfonic acid sodium salt, 1 M NaOD]: 6 4.55 ppm (br s); 
deacetyl As mannan 2: 'H-NMR [3-(trimethylsilyl)-l-propanesulfonic 
acid sodium salt, 1 M NaOD]: 6 4.81 ppm (br s). 


Part ia l  Hydrolysis of As Mannan 1-On acid hydrolysis with 0.5M 
H2S04 a t  70'C for 4 h, As mannan 1 (38 mg) yielded the oligosaccharides. 
The products were fractionated on a cellulose column using acetone- 
water. On elution with acetone-water (lO:l), (6:1), and (3:1), mannose 
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Table I-13C-NMR Spectral Assignments 


As Mannan 1 
l,4-B-Mana Deacetylb 


As Mannan 2 
1,4-a-ManC Deacetvld 


Ivory Nut 
Mannane Native DI f 


c-1 102.7s 103.0 100.1 101.3 101.7 102.1; 101.9 
70.9: 71.1 c - 2  72.6 73.5 72.1 73.0 72.7 


c - 3  
c -4  
c - 5  
C-6 


74.1 
79.1 
77.6 
63.3 


74.7 
78.6 
78.6 
63.4 


72.7 
76.1 
74.0 
63.2 
67.3h 


73.4 
77.5 
74.9 
63.6 
68.6h 


73.5 70.2 
78.8 74.8; 74.5 
78.8 71.8; 69.3 
62.1 64.1; 61.3 


~ ~ ~ ~ ~ ~ ~ 


(I Concentration: 30 m /mL of 0.1 M NaCl at 28°C. Concentration: 30 mg/mL of 0.1 M NaOD at 28°C. Concentration: 50 mg/mL of 0.1 M NaCl at 28°C. Concentration: 
10 mg/mL of 0.1 M Na6D at 28'C. From Ref. 5. f From Ref. 7: see text for chemical name. g Chemical shift (6) was recorded at 25.5 MHz using tetramethylsilane as 
the internal standard. Not assigned. 


(4.3 mg), mannobiose (4.5 mg), and mannotriose (2.5 mg) were obtained. 
Mannobiose: [a]g -6.4' (c = 0.66, HzO); 'H-NMR(tetramethylsilane, 
DzO): b 3.4-4.2 (m, 8, CHOH), 4.70 (s, 1, C1 a-H),  4.88 (d, J = 0.7 Hz, C1 
a-H), and 5.15 ppm (d, J = 1.0 Hz, C10-H); 13C-NMR(tetramethylsilane, 


C3, CS, C?, Cx, Cs,), 79.5 (C4), 96.4 (CI), and 102.8 ppm (C10. The C-H 
coupling constants of the nonreducing anomeric carbon (JC(10-H) and 
of the reducing anomeric carbon (Jc(I)-H) were 163 and 172 Hz, re- 
spectively (nuclear Overhauser effect). 


DzO): 6 63.7,63.1 (Ce, CG,), 69.3 (C4,), 71.6,72.8,73.2,73.6,77.4,79.0 (C2, 


RESULTS AND DISCUSSION 


To characterize the active component(s) in the crude material, 25 
mg/kg ip of the crude material, treated by the following procedures, was 
administered to rats prior to the induction of edema by carrageenin. On 
heating a t  l0O'C for 10 min or 1 h, crude material (150 mg) dissolved in 
distilled water (50 mL) did not show any change in the inhibitory activity, 
and on treatment of crude material (100 mg) with artificial gastric juice 
(40 mL, pH 1.2) a t  37'C for 13 h, the same result was obtained. By al- 
lowing crude material (100 mg) to stand in l% NH40H (20 mL) a t  room 
temperature for 13 h, followed by dialysis and lyophilization, the inhib- 
itory activity of the material recovered (11 mg) appeared to be markedly 
elevated. On enzymatic hydrolysis of the crude material (160 mg) with 
protease7 (5 mg) in 10 mM phosphate buffer (40 mL, pH 6.2) a t  37°C for 
57 h, followed by the precipitation of protease with trichloroacetic acid, 
filtration, dialysis, and lyophilization, the inhibitory activity of the ma- 
terial recovered (51 mg) appeared to be enhanced. From the above ex- 
periments it is concluded that the active substance(s) in the crude ma- 
terial is not an enzyme or protein. Furthermore, these results suggest that 
the inhibitory activity in the crude material may be due to a neutral 
polymer stable to heat, acid, and alkali. Neutral polysaccharides, As 
mannans 1 and 2, were isolated from the leaves harvested in September 
and December 1980, respectively, by gel filtration on agarose and 
DEAE-cellulose columns. 


As Mannan 1-On acid hydrolysis D-mannose was the only sugar 
moiety detected by paper and gas chromatographic analyses. However, 
the IR spectrum gave a peak indicative of an 0-acetyl substituent, and 
the 'H- and I3C-NMR spectral signals supported the presence of 0-acetyl 
groups. The acetyl content was determined to be 18% by GC, and a molar 
ratio (1.2:l) of D-mannose to 0-acetyl groups was confirmed by 'H-NMR 
spectroscopy. On analysis by methylation the permethylate provided only 
l,4-linked D-mannose residues on the GC spectrum. This indicated a 
linear structure made up of 1,4-linked D-mannopyranose. Table I indi- 
cated the downfield shifted signal due to 1,4-linkages a t  102.7 and 79.1 
ppm assigned to C-1 and C-4, respectively. On comparison of the 13C- 
NMR spectral data with those of ivory nut mannan [1,4-linked 
p-D-mannan (5)], the assignment of the carbon resonances of As mannan 


1 was reasonably accomplished. Accordingly, a linear chain structure 
having a repeating unit of 1,4-linked D-mannopyranose was proposed 
as As mannan 1. This conclusion was further confirmed by the partial 
hydrolysis. On treatment with 0.5M HzS04 for 4 h a t  7OoC, As mannan 
1 provided a mannobiose whose configuration was determined to be 4- 
0-P-D-mannopyranosyl-D-mannose based on the optical rotation value 
and the JC(l)-H coupling constants of the nonreducing anomeric carbon 
(163 Hz) and the reducing anomeric carbon (172 Hz) (6). As mannan 1 
gave a [ a ] ~  -40.5", suggesting that all mannopyranose residues were 
P,D-linked. The direct bonded C-H coupling constant of the anomeric 
carbon (Jc(~)-H) may be useful for determining the configuration of the 
anomeric carbons in mannose-containing polysaccharides. However, it 
is evident that  the wide diversity of '3C-NMR spectra from mannose- 
containing polysaccharides is caused by differences in chain structure 
of the polysaccharides, and each peak width in the coupling between C-1 
and H in the anomeric carbons in As mannan 1 are too broad. 'H-NMR 
spectra have been used extensively for the characterization of anomeric 
protons of nonreducing carbon atoms in polysaccharides. I t  has been 
found that chemical shifts due to anomeric protons with an equatorial 
configuration appear further downfield (6 5.02-5.92 ppm) than those with 
an axial configuration (6 4.55-4.93 ppm) although deviation was observed 
depending on substituents, the aglycone, or the measurement condition. 
The anomeric proton signal a t  6 4.76 was assigned as an axial proton, and 
the configuration of As mannan 1 was determined to be P-linked. Further 
evidence about the configuration of the glycosidation bonds was obtained 
from 'H-NMR spectral data of the permethylate, indicating that the 
anomeric proton of the nonreducing carbon atom appeared at  6 4.61 ppm, 
and from the JC(l)-H coupling constant (163 Hz) of the nonreducing 
carbon atom in the mannobiose, indicating a repeating unit. The location 
of the 0-acetyl substituents was suggested to be a t  C-6, by the I3C-NMR 
spectral data, when comparing the chemical shift of C-6 with those of 
deacetyl As mannan 1 or ivory nut mannan. The signals at  6 4.17 ppm are 
assigned to the C-6 proton attached to the acetyl group, using comparison 
with signals of deacetyl As mannan 1 or D-mannopyranose pentaacetate 
on the 'H-NMR spectra. 


As Mannan 2-On acid hydrolysis, As mannan 2 gave D-mannose 
(major) and D-glucose (minor) components by paper and gas chromato- 
graphic analyses. The IR spectrum showed absorption indicative of an 
0-acetyl substituent, and the lH- and '3C-NMR spectral signals sup- 
ported the presence of 0-acetyl groups. The acetyl content was deter- 
mined to be 10% by GC, and a molar ratio of (2.4:l) of D-mannose to acetyl 
groups was confirmed by 'H-NMR spectroscopy. On analysis by meth- 
ylation the permethylate provided a 1,4-linked D-mannose residue 
(major) and a 1,4 and 1,2-linked glucose residue (minor) on GC. Further 
evidence for a 1,4-linkage of D-mannopyranose was shown by 13CC-NMR. 
Table I shows that the downfield shifted signal due to the 1,4-linkage was 
found a t  6 100.1 and 76.1 ppm, assignable to C-1 and C-4, respectively. 


Table  11-Effect of Intraperitoneally Administered Crude  Material, As mannan 1, and  Indomethacin on Carrageenin-Induced Edema 


Drug 
(Dose) 


Postadministration Swelling, %" 
I h  2 h  3 h  4 h  5 h  


Crude material 16.2 f 4.6 23.0 f 5.3 17.6 f 5.3 30.0 f 13.1 43.4 f 8.2 
(50 mg/kg) 


(2.5 mg/kg) 


(50 mg/kg) 


Indomethacin 18.3 f 6.8 20.8 f 1.0 32.6 f 5.5 


As mannan 1 22.3 f 6.7 19.1 f 6.7 20.3 f 9.4 


Control 24.8 f 7.0 43.5 f 10.1 63.1 f 14.0 


37.7 f 2.2 53.4 f 6.6 


37.1 f 6.8 48.9 f 12.8 


62.9 f 16.6 72.4 f 11.6 
(Saline) 


0 The values are means f SD from five rats. 
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Table 111-Effect of Orally Administered Crude Material  and  Indomethacin on Carrageenin-Induced Edema 


Postadministration Swelling, %' 
l h  2 h  3 h  4 h  5 h  


Crude material 
(400 mg/kg) 


Indomethacin 


10.3 f 3.8 


1.7 f 2.4b 


32.3 f 12.4 


5.2 f 5.0b 


51.9 f 19.1 


9.5 f 12.8' 


53.7 f 18.1 


17.3 * 16.3 7.9 f 9.3' 


42.6 f 19.3 


(20 mg/kg) 
Control 14.1 f 10.0 34.1 f 7.1 41.4 f 9.8 46.9 f 4.8 33.4 f 9.5 


(saline) 
n The values are means f SD from five rats; the drugs were administered per 0s. * Statistically significantly different from the control at p < 0.05. Statistically significantly 


dilf'erent from the control at p < 0.01. 


Table IV-Effect of Crude Material  and Bromelain Administered Orally 2,4,6, and  12 h Before Induction of Edema by Carrageenin 
Injection 


Time 
of 


Drug 
(Dose) 


_. 


Admin- 
istration 


Postinjection Swelling, 
l h  2 h  3 h  4 h  5 h  


51.5 f 8.0 Crude material 2 h  11.5 f 1.9 39.3 f 12.0 40.5 f 15.1 55.7 f 16.5 
(100 mg/kg) 


Bromelain 
(100 mg/kg) 


Control 
(saline) 


Crude material 
(100 mg/kg) 


Bromelain 
(100 mg/kg) 


Control 
(saline) 


Crude material 
(100 mg/kg) 


Bromelain 
(100 mg/kg) 


Control 
(saline) 


Crude material 
(100 mg/kg) 


Bromelain 
(100 mg/kg) 


Control 
(saline) 


4 h  


6 h  


12h  


13.3 f 1.3 29.9 f 10.7 33.2 f 14.1 46.5 f 15.5 41.8 f 13.5 


18.8 f 8.3 40.4 f 10.7 37.6 f 6.7 47.0 f 3.9 49.7 f 5.6 


14.1 f 5.4 56.8 f 6.8 61.7 f 7.0 62.6 f 6.7 60.4 f 5.4 


56.9 f 6.7 13.1 f 6.1 45.8 f 14.7 51.9 f 11.4 57.3 f 7.1 


60.6 f 11.7 61.7 f 8.1 12.8 f 6.1 54.6 f 13.4 58.6 f 12.7 


25.5 f 3.7 42.4 f 8.8 43.6 f 9.6 58.4 f 8.9 59.1 f 7.3 


17.9 f 9.9 34.1 f 15.7 37.4 f 14.5 63.9 f 4.6 61.5 f 5.3 


64.6 f 8.9 25.8 f 9.0 48.5 f 11.7 49.8 f 12.3 64.7 f 12.5 


17.9 f 9.1 23.4 f 7.3 35.8 & 15.6 48.4 f 17.1 49.9 f 17.3 


22.7 f 6.4 29.7 f 9.1 38.6 f 12.1 47.2 f 9.6 41.0 f 7.5 


16.9 f 5.5 28.0 f 5.6 36.3 f 7.8 48.1 f 6.7 48.2 f 5.9 


a The values are means f SD from five rats. 


On comparison of the 13C-NMR spectral data with those of 1,4- and 
1,2-linked a-D-mannan having an acetyl group a t  C-6 [native D1 (7)], 
carbon resonances of As mannan 2 were assigned. As mannan 2 gave a 
[ a ] ~  + 70°, suggesting mannopyranose residues were n,D-linked. On 
comparison of the 'H-NMR spectra with those of As mannan 1, the 
anomeric proton signal of the nonreducing carbon atom a t  S 5.00 ppm 
was assigned to be an equatorial proton, and the configuration of As 
mannan 2 was determined to be a-linked. The location of the acetyl group 
was ambiguous, because of a low content of acetyl groups in As mannan 
2. Thus, a branched structure (I) was proposed for As mannan 2. 


-4)-a-D-man py-(l-4)-D-glu py. -(1-4- 
I I (I) 


Ac D-man - py * 41-21 


Inhibition of Carrageenin-Induced Edema-A potent inhibitory 
effect of the neutral polysaccharide. As mannan 1, for carrageenin-in- 
duced edema by the intraperitoneal route was found (Table It). With oral 
administration, however, both crude material and bromelain failed to 
induce any response in test animals at  the dose used, while indomethacin 
gave apparent inhibition (Table 111). No inhibitory activity of crude 
material or hromelain was found, even at  a dose of 100 mghg, when given 
per 0s 2,4,6, or 12 h before induction of edema (Table IV). This may be 
due to poor absorption of As mannan when given orally. 
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Abstract 0 Three analogues of leucine enkephalin, in which the terminal 
tyrosine-I residue has been replaced by conformationally restrained aromatic 
amino acids, have been synthesized by classical solution methods. Their opiate 
agonist potencies on electrically stimulated guinea pig ileum and mouse vas 
deferens preparations were determined and compared with morphine, Met 
enkephalin, and Leu enkephalin. None of these analogues had analgesic 
properties when evaluated on the above tissue preparations or when evaluated 
by the hot-plate test in mice after subcutaneous and intracerebroventricular 
administration. 


Keyphrases 0 Leucine enkephalin-eonformationally restrained analogues, 
synthesis, analgesic activity 0 Analgesics-evaluation of conformationally 
restrained leucine enkephalin derivatives, synthesis 


A milestone in neurochemical research during the last 
decade has been the elucidation of the role of enkephalins as 
natural endogenous ligands for the opiate receptor (1,2). Since 
this discovery, the synthesis of a multitiude of structural an- 
alogues of leucine and methionine enkephalins (Ig and Ih, 
respectively) have been reported (recent review, 3), some of 
which are more potent analgesics and/or possess greater in 
uiuo stability than the natural opiate ligands. These synthetic 
analogues have resulted from modifications of the parent 
molecules, such as shortening or lengthening of the penta- 
peptide chain (4,5), substitution of individual amino acids by 
other amino acids (5-1 I ) ,  and chemical modification of indi- 
vidual amino acids ( 1  2- 14). 


Preferred conformations of enkephalin molecules at anal- 
gesic receptors have been suggested, based on data from con- 
formational studies involving both spectroscopic measurements 
and structure-activity considerations (1 5-33). These studies 
have attempted to relate the structure of the terminal tyrosine 
residue in the enkephalin molecule to the tyramine moiety 
present in the morphine molecule. Since morphine is a con- 
formationally rigid molecule, this implies that the conforma- 
tionally “loose” tyrosine residue in the enkephalin may interact 
at opiate receptors in  a specific conformation which is related, 
stereochemically, to the rigid tyramine moiety present in the 
morphine molecule. 


As part of a study designed to evaluate the importance of 
the tyrosine conformation in the enkephalins on analgesic 
activity and receptor recognition, we have initiated a prelim- 
inary investigation into the synthesis of Leu enkephalinJde- 
rivatives in which the terminal tyrosine unit has been replaced 
by a variety of conformationally restrained aromatic amino 
acids and in which the terminal leucine-5 residue has been 
esterified to aid passage into the central nervous system. The 
investigations described in this report are restricted to the 
preparation of Leu enkephalin analogues containing a 
nonhydroxylated aromatic amino acid in place of the tyrosine-1 
residue in order to initially determine the feasibility of pre- 
paring pentapeptides such as Ile-Ve, with a bulky terminal 


amino acid unit, uia classical solution methods, before em- 
barking on the preparation of the synthetically more difficult 
aromatic hydroxy derivatives IIf-Vf, which were regarded as 
the ultimate target compounds. 


We now report the synthesis of the Leu enkephalin ana- 
logues IIe-1Ve and their evaluation as analgesic agents on 
isolated guinea pig ileum myenteric plexus muscle, mouse vas 
deferens tissue, and by the hot-plate test in mice after subcu- 
taneous and intracerebroventricular administration. 


R3 A n N H R 2  \ R3 \ 


I I1 


I11 
IV 


V 
a R’ = COOH, R’ = R3 = H. 
b R’,R* = CO-NHCO-, R 3  = H. 


d R1 = CONHGlyGlyL-PheL-LeuOCH,, 


e R’ = CONHGlyGlyL-PheL-LeuOCH,, R’ = R3 = H. 
f R’ = CONHGlyGlyL-PheL-LeuOCH,, R’ = H, R3 = OH. 
g R’ = CONHGlyGlyL-PheL-LeuOH, R’ = H, R3 = OH. 
h R’ = CONHGlyGlyL-PheL-MetOH, R’ = H, R3 = OH. 


c R’ = COOH, R’ = CO-MH’Ph, R3 = H. 


R’ = CO--OCH2Ph, R3 = H. 


H1NGlyGlyL-PheL-LeuOCH3 
VI 


EXPERIMENTAL 


Melting points were determined on a hot-stage microscope’ and are un- 
corrected. Microanalyses were performed by the Micro-analytical Laboratory. 
Department of Chemistry, University of Manchester, analytical results o b  
tained for all compounds were within f0.470 of the theoretical value unless 
otherwise stated. ‘H-NMR spectra were recorded on a spectrometer* and arc 
quoted in ppm on the 6 scale. I’C-NMR spectra were recorded on a spec- 
trometer’. IR spectra were recorded as KCI disks, nujol mulls, or liquid films 


I Reichcrt. 


3 Model WP 8 0  Bruker. 
Model HR 220 or SC 300, Varian Instruments. 
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on a spectr~photometer~. Mass spectra were determined on a spectrometers 
operating at a probe temperature of 25OOC. TLC separations were carried 
out on 0.25-mm silica gel6. 2-Aminoindan-2-carboxylic acid (34) and (i) 
2-aminotetralin-2-carboxylic acid (35) were prepared by literature procedures. 
Amino acids and peptides with free amino functions were visualized by 
spraying with I % ninhydrin in ethanol. N-Protected amino acids and peptides 
were visualized with 5% potassium dichromate in concentrated H2S04; other 
compounds were visualized in iodine vapor. Hydrogenations were carried out 
on a hydrogenator7 operating at atmospheric pressure and room tempera- 
ture. 


Ion-exchange chromatographic separations of N-deprotected pentapptides 
were carried out on carboxymethylcellulose8, prewashed with 0.5 M sulfuric 
acid followed by 0.2 M ammonium acetate buffer adjusted to pH 5.1 with 0.88 
M ammonium hydroxide or glacial acetic acid and measured using a pH 
meter9 fitted with a combined electrodei0. Ion-exchange columns were run 
under slight pressure using a peristaltic pump set for an effluent output of 100 
mL/h. Column effluents were monitored by UV spectrophotometry at 280 
nm using a spectrophotometer" fitted with a 10-mm path length flow-through 
cell. Columns were eluted with 0.005-0.5 M gradient ammonium acetate 
buffer solutions at pH 5.1, and fractions were collected on an automatic 
fraction collector. 


Amino acid analyses of peptides were performed on an amino acid ana- 
lyzeri2 using ninhydrin as visualizer. The peptides were hydrolyzed in 6 M 
HCI at 1 10°C for 24 h in a sealed, evacuated tube. 


Synthesis of e1~do-2-Aminobenzonorbornen-2-carboxylic Acid (1Va)- 
Spiro[benzonorbornen-2,5'-hydan1oin](IVb)-A solution of ammonium 
carbonate (28.6 g, 0. I8 mol) in 50% aqueous ethanol (200 mL) was added to 
benzonorbornen-2-one (36) (1 1 . I  g, 0.07 mol) in 50% aqueous ethanol (40 
mL). The mixture was warmed to 5OoC and a solution of potassium cyanide 
(4.6 g, 0.072 mol) in water (40 mL) was added in small portions over a I-h 
period. The mixture was stirred at 58-6OoC for 5 h. The ethanol was removed 
under reduced pressure, and the aqueous residue was extracted with ethyl 
acetate (3 X 200 mL). The combined organic extracts were dried, filtered, 
and evaporated to dryness, and the residue was triturated with ether to afford 
white crystals of IVb mp 225-229OC. The aqueous layer was acidified to pH 
2 with concentrated sulfuric acid to afford an additional product for a total 
of 12.07 g 76%). This compound had identical spectrometric properties (IR, 
NMR) to an authentic sample recently prepared uia a Strecker synthesis 
(48). 


endo-2-Aminobenzonorbornen-2-carboxylic Acid (IVa)-A mixture of 
spiro[benzonorbornen-2,5'-hydanto1n] (IVb) (6.63 g, 0.029 mol), barium 
hydroxide [Ba(OH)r8HzO, 17.6 g, 0.056 moll, and water (100 mL) was 
heated under reflux, in an atmosphere of nitrogen, for 70 hand then filtered 
while hot. The collected solid was washed with an equal volume of water, and 
the combined filtrate and washings were saturated with carbon dioxide, heated 
to boiling point, and refiltered. The filtrate (on cooling) afforded white crystals 
of IVb (140 mg, 2% recovery). The mother liquors were evaporated to -50 
mL to afford white crystals of IVa (4.69 g, 79%), mp 227.0-229.5OC [lit. (48) 
mp 227.5-229.5OCI. The hydrochloride salt was prepared from a portion of 
the product and had mp228-231°C (dec.). I3C-NMR (CH30H): 173.8 (s, 
C02H), 149.5 and 141.8 (2 X s, C-4a and C-8a), 129.5, 128.0, 125.2, and 
123. I (4 X d, Arc),  65.1 (s, C-2), 53.9 (d, C-4), 5 1  . I  (d, C-I), 44.9 (t, C-9), 
and 39.8 (t, C-3); m/z 203 (M+).  


Preparation of N-Benzyloxycarbonyl Amino Acids-As a general method, 
the appropriate amino acid (0.01 1 mol) suspended in 2 M NaOH solution (100 
mL) was heated on a steam bath to dissolve the amino acid and then cooled 
in an ice bath to 0-5OC, which caused the sodium salt of the amino acid to 
precipitate. Carbobenzyloxy chloride (2.1 1 g, 0.012 mol) was added in a 
dropwise manner to the cooled, stirred mixture over 40 min. The ice bath was 
then removed, and the mixture was stirred at room temperature for 30 h. The 
mixture was cooled to 0-5OC, and a further 2.1 1 g (0.012 mol) of carboben- 
zyloxy chloride added in a dropwise manner. After 60 h the mixture was 
carefully adjusted to pH 1 with 5 M HCI and extracted with ether (2 X 100 
mL). The combined organic extracts were dried, filtered, and evaporated to 
dryness, and the residue was crystallized from ether-petroleum ether (bp 
30-40°C) to afford the appropriate N-benzyloxycarbonyl amino acid. 


2-Benzyloxycarbamidoindan-2-carboxylic acid (1lc)-This compound 
was prepared asdescribed above from IIa in 32%yield, mp46 5-53.0°C. IR 


' 


4 Model 237; Perkin-Elmer. 
5 A.E.I. model M59. 
6 Polygram silica gel UV254. 
7 Gallenkampf. 


10 Pve Ilnicam 4n1. 


Whatrnan CMC 52. 
Model PW 9418: Pye Unicam. 
. , - - . . . . . . . 


' 1  Cecil CE 202. 
12 Model 123; Beckrnann SPINCO. 


(Nujol): 1748, 1663, 1545, and 1532 cm-'; 'H-NMR (DMSO-&): 6 3.48 
(m, 4, C-1 and C-3 H), 5.04 (s, 2, benzyloxy CH2), 7.05-7.45 (m, 9, ArH), 
7.88 (s, 1, exchangeable with D20, NH), and 9.1 Oppm (br s, 1, exchangeable 
with D20, COOH); m/z 31 1 (M+). 


Anal.-Calc. for C I ~ H I ~ N O ~ :  C, 69.5; H, 5.5; N, 4.5. Found: C, 69.9; H, 
5.8; N, 4.2. 
2-Benzyioxycarbamidotetralin-2-carboxylic Acid (Ilk)-Compound 


I l k  was prepared as described above from ITIa in 19% yield, mp 131.0- 
137.5OC. IR (KCI): 1772,1728,1688,1680,1580,and 1526cm-I; IH-NMR 
(CDC13): 6 2.24 (m, 2, C-3 H), 2.80 (m, 2, C-4 H), 3.18 (m. 2, C-1 H), 5.05 
(s, 2, benzyloxy CHz), 5.30 (br s, 1, exchangeable with D20, NH), 6.90-7.50 
(m, 9, ArH), and 10.32 (br s, 1, exchangeable with D20, COOH); m/z 325 


Anal. -Calc. for C19H I 9N04: C, 70.2; H, 5.8; N, 4.3. Found: C, 70.1, H, 
5.9, N, 4.0. 
endo-2-Benzyloxycarbamidobenzonorbornene-2-carboxylic Acid ( I  Vc) 


-This compound was prepared as described above from IVa in 27% yield, 
mp90-93OC. IR (KCI): 1742,1686,1641,1600,and 1582cmTi; IH-NMR 
(CDCI,): 6 I .28 (d of d, 1 ,  J = 3 and 12 Hz, C-3 endo-H), 1.91 and 2.26 (2 
X d, AB, J = 9 Hz, C-9 H), 2.95 (d of d, 1, J = 4 and 12 Hz, C-3 exo-H), 3.37 
(m, 1, C-4 H), 3.84 (m, 1, C-1 H), 4.80 (br s, 1, exchangeable with D20, NH), 
5.00 (d, 2, J = 4 Hz, benzyloxy CH2), 6.95-7.50 (m, 9, ArH), and 11.05 ppm 
(s, I ,  exchangeable with D20, COOH). 


Anal.-Calc. for C~oHzsN05: C, 7 1.2; H, 5.6; N ,  4.2. Found: C, 7 1.6; H, 
5.8; N, 4.0. 


Preparation of N-Protected Pentapeptides-As a general method, a solution 
of the appropriate N-benzyloxycarbonyl amino acid (1.9 mmol), glycylgly- 
cyl-L-phenylalanyl-L-leucine methyl ester (VI) (37) (1.9 mmol), and trieth- 
ylamine (2.2 mmol) in CH2C12 (50 mL) was cooled in an ice bath, and 1- 
hydroxybenzotriazole (3.9 mol) in CHlCl2 ( 1  0 mL) was added in a dropwise 
manner. The mixture was stirred for 5 min before adding N,N'-dicyclohex- 
ylcarbodiimide (2.1 mol) in CH2C12 (20 mL) in one portion. The ice bath was 
removed, the reaction was stirred at  room temperature for 56 h, the precipi- 
tated dicyclohexylurea was removed by filtration, and the filtrate was evap- 
orated to a volume of 10 mL and then refiltered. The resulting filtrate was 
evaporated to dryness, dissolved in ethyl acetate (50 mL) and washed with 
1 M HCI (50 mL), saturated NaHCO3 solution (50 mL), and finally water 
(50 mL). The organic layer was then dried, filtered, and evaporated to dryness. 
The resulting gummy residue was triturated with ether to afford the appro- 
priate N-protected pentapeptide as a buff-colored, amorphous solid. 


I[ (2 - Benzyloxycarbamido) -2- indanyl]carbonyl)glycylglycyl-L-phe- 
nylalanyl-L-leucine Methyl Ester (]Id)-Compound IId was prepared as 
above from Ilc in 61% yield, mp 134-138OC. TLC (silica, ethyl acetate- 
methanol, 40:60): Ry0.60; IR (KCI): 1726, 1675, 1665, 1650, 1595, 1532, 
and 1520cm-'; 'H-NMR (CDCI,): 60.81 [d, 6,leucine6-(CH3)2], 1.51 (m, 
2, leucine P-CHz), 1.78 (m, 1, leucine T-CH), 3.07 (d of d, 4, indane I -  and 
3-H), 3.09 (m, 2, phenylalanine P-CH2). 3.55 and 3.57 (2 X s, 3,  conforma- 
tional forms of leucine OCH3), 3.72 (m, 2, one of glycine a-CHz's), 3.92 (m, 
2, one of glycine a-CHz's), 4.49 (m, 1, leucine a-CH), 4.71 (m, 1, phenylal- 
anine a-CH), 4.99 (d, 2, CbH50CH*-O), 6.28 (d, 1, exchangeable with D20, 
NH), 7.03 (t. 2, exchangeable with D20,2 X NH), 7.08-7.35 (m, 14, ArH), 
and 7.66 ppm (m. 2, exchangeable with D20, 2 X NH). 


Anal.-Calc. for C38H&& C, 65.2; H, 6.2; N, 10.0. Found: C, 65.3; 
H, 6.2; N, 10.0. 


[(2-Benzyloxycarbamido)-2-tetralyl]carbonyl) glycylglycyl-t-phenyl- 
alanyl-L-leucine Methyl Ester (I1ld)-This compound was prepared as above 
from I l k  in 91% yield, mp 86-90°C. TLC (silica, chloroform-methanol- 
aceticacid, 120905): Rf0.62; IR (KCI): 1740, 1725, 1704, 1690, 1675,1660, 
1564, and 1530 cm-'; 'H-NMR (CDC13): 6 0.87 [d, 6, leucine 6-CH3)2], 1.55 
(m, 2, leucine P-CH2), 2.22 (m, 1, leucine 7-CH), 2.41 (in, 2, tetralin 3-H), 
2.60-3.80 (m, 4, tetralin 1- and 4-H), 3.32 (m, 2, phenylalanine B-CHz), 3.52 
and 3.54 (2 X s, 3, leucine OCH,'s), 3.80 (m, 2, one of glycine a-CH2's), 3.91 
(m, 2, one of glycine a-CH2's), 4.54 (m, 1, leucine a-CH), 4.73 (m, I ,  phe- 
nylalanine a-CH), 5.02 (d, 2, benzyloxy CHz), 6.78-7.70 (m, 14, ArH), 6.83 
(d, 1, exchangeable with D20, NH), 7.16 (t, 2, exchangeable with DzO, 2 X 
NH), 7.78 (m, 1, exchangeable with D20, NH), and 7.89 ppm (m, 1, ex- 
changeable with DzO, NH). 


Anal.-Calc. for C39H47N~08: C, 65.6; H, 6.6; N,  9.8. Found: C, 65.2; H, 
6.7;N, 10.1. 


{ [ (endo-2-Benzyloxycarbamido) -2- benzonorbornenyl] carbony1)gly- 
cylglycyl-L-phenylalanyl-t-leucine Methyl Ester (1Vd)-Compound IVd 
was prepared as above from IVc in 43% yield, mp l18-12l0C. TLC (silica. 
chloroform-methanol-acetic acid, 120:90:5): Rf 0.72; IR (KCI): 1740,1705, 
1690,1660,1632,1565,1545,and 1520cm-I; IH-NMR (CDCI,): 60.84 [d, 
6, leucine 6-(CH3)2], 1.30 (m, 1, benzonorbornenyl C-3 exo-H), 1.53 (m, 2, 
leucine P-CHz), 1.94 (m, 1, leucine y-CH), 1.98 (m, 2, benzonorbornenyl C-9 
H), 2.64 (m, 1, benzonorbornenyl C-3 endo-H), 3.09 (m, 2, phenylalanine 


(M+). 
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P-CH2). 3.62 (s, 3, leucine OCH3). 3.63 (m, 2, benzonorbornenyl C-l and 
C-4 H),  3.72 (m, 2, one of glycine a-CH2’s). 3.94 (m, 2, one of glycine 
a -CHis) ,  4.52 (m, I ,  leucine a-CH),4.69 (m, I ,  phenylalanine a-CH),  5.17 
(d. 2, beniyloxy CH2). 6.38 (m, 1, exchangeable with D20, NH), 6.70-7.55 
(m, 16, ArH and 2 exchangeable X NH), 7.60 (m, I ,  exchangeable with DzO. 
NH), and 7.70 ppm (m, I .  exchangeable with D20, NH).  


Anal.-Calc. for CaH47N~08:  C. 66.2; H, 6.5, N, 9.2. Found: C, 65.8; H, 
6.6; N, 8.9. 


Synthesis of Unprotected Pentapeptides-As a general method, the ap- 
propriate N-protected pentapeptide ( I 6  nmol) was dissolved in absolute 
ethanol (100 mL), 5% palladium-on-charcoal catalyst (0.5 g) was added, and 
the mixture was hydrogenated with stirring at room temperature and atmo- 
spheric pressure for 20 h. The catalyst was then removed by filtration, the 
filtrate evaporated to dryness, and the residue dissolved in ethyl acetate (50 
mL). The organic solution was extracted with 1 M HCI (2 X 50 mL), followed 
by water ( I  X 30 mL). The combined aqueous extracts were basified to pH 
9 with solid sodium bicarbonate and back-extracted with ethyl acetate (2  X 
50 mL). Thecombined ethyl acetateextracts were dried, filtered, and e v a p  
orated to dryness. and the residue was purified on a carboxymethylcellulose 
column, eluting with ammonium acetate buffer, as previously described, to 
afford the appropriate N-deprotected pentapeptide in buffer solution. The 
water and buffer salts were removed by freeze-drying, redissolving the residue 
in water (200 mL), and redrying on a freeze-drying apparatusI3 at 10-1-10-2 
tom. 


[( 2-Aminoindanyl)carbonyl)glycylglycyl -L-  phenylalanyl - L -  leucine 
Merhyl Esrer (1le)- This compound was prepared as above from Ild in 17% 
yield, mp 93-95°C. TLC (silica, chloroform-methanol-acetic acid, 120:905): 
R j  0.69; IR (KCI): I740,I686,I672,1650,1580,I562,I545, and 1525 cm-l; 
‘H-NMR (CDCI,): 6 0.85 and 0.93 [t and d, 6, leucine b-(CH&], 1.60 (m, 
2, leucine j3-CH2). 2.12 (m, I ,  leucine y-CH), 2.82 (d ofd,  4, indane I -  and 
3-H), 3.08, (m, 2, phenylalanine o-CH2). 3.65 and 3.70 (2 X s, 3,  leucine 
OCH3). 3.81 (s, 2, exchangeable with D2O. NH2). 3.95 (d of d, 2, one of 
glycine a-CHl’s), 4.06 (d of d, 2. one of glycine a-CH2.s). 4.48 (m, I .  leucine 
a-CH).  4.92 (1, I ,  phenylalanine a-CH),  7.00-7.31 (m, 9, ArH), 7.26 (d. I ,  
exchangeable with D20, NH),  7.49 (d, 1, exchangeable with D2O. NH), 7.63 
(m, I ,  exchangeable with D20, NH), and 8.45 ppm (m, I ,  exchangeable with 
D20, NH); amino acid analysis (after acidic hydrolysis): 2d 0.95, Gly 1.97, 
Phe 1 .OO, and Lcu 1.01. 


Anal.-Calc. for C ~ O H ~ ~ N ~ O ~ . H ~ O :  C, 61.7; H, 7.1; N, 12.0. Found: C, 
61.7; H, 6.8; N, 11.6. 


[(2-Aminotetralyl)carbonyl] glycylglycyl -I.- phenylalanyl - L -  leucine 
Methyl Ester (1lle)-Compound Ille was prepared as above from I l l d  in 
I 1% yield, mp 165-1 7 O O C .  TLC (silica, chloroform-methanol-acetic acid, 
120:90:5): NjO.61; IR (KCI): 1740, 1690, 1678, 1655, 1550,and 1522cm-I; 
‘H-NMR (CDCI3): 6 0.92 [m, 6, leucine 6-(CH3)2]. 1.39 (m, 2, leucine 
/3-CH2), 1.58 (m, 2, tetralin 3-H), 1.82 (br s, 2, exchangeable with D20, NHz), 
I .92 (m, I ,  leucine y-CH), 3.01 (m,  4, tetralin I -  and 4-H), 3.38 (m, 2, phe- 
nylalanine P-CH2). 3.70 and 3.72 (2 X s, 3, leucine OCHj) ,  3.98 (m. 2, one 
of glycine a-CH2.s). 4.05 (m. 2, one of glycine a-CH2’s). 4.46 (m, I ,  leucine 
a-CH). 4.82 (m, I ,  phenylalanine a-CH), 6.88 (m. I ,  exchangeable with D20, 
NH),  6.90--7.45 (m, 9, ArH), 7.54 (m, I .  exchangeable with D20, NH),  7.64 
(m,  I ,  exchangeable with D20, NH),  and 8.64 ppm (m, 1, exchangeable with 
D2O. NH); amino acid analysis (after acidic hydrolysis): 3d 0.92, Gly 2.02, 
Phe I .OO. and Leu I .  12. 


Anal.---Calc. for C ~ I H ~ I N ~ O ~ - H ~ O :  C, 62.3; H, 7.2; N, 11.7. Found: C. 
62.8; H, 6.7; N, 11.2. 


[ (endo-2-Aminobenzonorbornenyl)carbonyl] glyrylglycyl -I.- phenyl- 
alanyl-IAeucine Merhyl Ester (IVe)-This compound was prepared as above 
from IVd in  31% yield, mp 1 1 3 - 1  1 6 O C .  TLC (silica, chloroform-methanol- 
acetic acid, I20:90:5): RjO.78; 1R (KCI): 1742, 1703, 1688, 1657, 1560, 1545, 
and 1520cm-I; ‘H-NMR (CDCI3): 6 0.85 [m. 6, leucine 6-(CH3)2]. 1.32 (m. 
2, leucine j3-CH2). I .52 (d of d, I ,  benzonorbornene C-3 endo-H), I .60 (m, 
I ,  leucine y-CH),  1.70 (m, 2, benzonorbornene C-9 H), 1.92 (m, 2, benzo- 
norbornene C-3 exo-H), 2.47 (m. 2, benzonorbornene I -  and 4-H), 3.08 (m. 
2, phenylalanincP-CH2), 3.34 (br s, 2, exchangeable with D20, NH2). 3.65 
(m. 3, leucine OCH3). 3.90 (m, 2, one of glycine a-CHz’s), 4.04 (m, 2, one 
of glycine a - C H i s ) ,  4.52 (m. I .  leucine a-CH),  4.76 (m, I ,  phenylalanine 
a -CHI ,  6.80-7.56 (m, 9, ArH), 7.02 (m, I ,  exchangeable with D20, NH),  
7.63 (m, I .  exchangeable with DzO. NH), 7.77 (m, I ,  exchangeable with D20, 
NH) ,  and 8.70 ppm (m, I ,  exchangeable with DzO, NH); amino acid analysis 
(after acidic hydrolysis): 4d 0.91, Gly 2.4, Phe 1 .OO, and Leu 1 .Ol, 


Anal.-Calc. for C ~ ~ H ~ ~ N S O ~ - H ~ O :  C, 63.1; H, 7.1; N, 11.5. Found: C, 
62.9; H, 7.4; N, I I .5. 


Pharmacology- Compounds were evaluated for analgesic properties in  
albino mice (Tuck, TFW strain) by the following procedures. In oitro testing 


Model EF03; Edwards. 


-NH 
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IVb 


IVa 
Scheme I 


was carried out by measuring the inhibition of electronically stimulated 
contractions of the guinea pig ileum myenteric plexus muscle using the method 
of Kosterlitz and Watt (38) and by measuring the inhibition of mouse vas 
deferens tissue after stimulation with twin rectilinear pulses 10 ms apart (39). 
In oiuo evaluation was c a r r i d  out using the mouse hot-plate test (40). 


RESULTS 


Chemistry-The amino acids Ila and I l ia  were prepared by literature 
methods (34,35). Synthetic routes to 1Va and Va were designed based on the 
stereochemistry of the products that have been obtained from Strecker and 
Bucherer reactions on norbornane-2-one and related compounds (41 -47). 
Reaction of benzonorbornen-2-one with ammonium carbonate and KCN 
afforded exclusively the expected spirohydantoin, IVb, which could be hy- 
drolyzed with barium hydroxide to the endo-amino acid, IVa (Scheme I). The 
unequivocal structural assignment of IVa was determined from data obtained 
from IH- and 13C-NMR spin-spin coupling data and from two-dimensional 
’H-NMR studies, both of which are reported by us elsewhere (48). Attempted 
synthesis of Va from benzonorbornen-2-one uia a modified Strecker synthesis 
resulted in formation of only the endo-amino acid 1Va (48). 


The amino acids Ila, Ilia, and IVa were each N-protected with carbo- 
benzoxy chloride in base and coupled with tetrapeptide V I  (37) using the 
N,N’-dicyclohexylcarbodiimide-l-hydroxybenztriazole method. Hydroge- 
nolysis of the protected pentapeptides Ild, Illd, and IVd and purification of 
the resulting deprotected products by gradient buffer elution from carboxy- 
methylcellulose at pH 5.1 afforded the pentapeptide methyl esters Ile, Ille. 
and IVe. 


Pharmacology-Compound I le  exhibited only weak analgesic properties 
when evaluated on electrically stimulated guinea pig ileum, showing an ID50 
of 3.8 p n  (ID50 values for morphine, Met enkephalin, and Leu enkephalin 
on the same preparation are 90.5, 86.8, and 450 n M ,  respectively), whereas 
compounds Ille and IVe were inactive. None of the pentapeptides were active 
analgesics in the mouse vas deferens preparation or in the hot-plate test in mice 
after subcutaneous and intracerebroventricular injection. 


CONCLUSIONS 


This study has developed synthetic routes, based on classical solution 
techniques, which can be used to prepare Leu enkephalin derivatives in which 
the terminal tyrosine-I residue has been replaced by a variety of conforma- 
tionally restrained amino acid moieties, as  represcnted in structures Ile, Ille, 
and IVe. None of these pentapeptides possess any significant analgesic activity, 
both in oirro and in oioo, which is consistent with the observation that en- 
kephalins lacking an aromatic para-hydroxy group in the tyrosine- 1 moiety 
are inactive as analgesics (4. 7). The synthetic procedures developed in this 
study should be of value in the preparation of Leu enkephalin derivatives in- 
corporating aromatic hydroxylated derivatives of Ila, Ilia, and IVa in place 
of the tyrosine-I moiety. 
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Abstract A simple, sensitive, and specific gas chromatographic method for 
the quantitation of 4-methylpyrazole in plasma and urine is described. Samples 
containing Cmethylpyrazole, with 3-methylpyrazole as the internal standard, 
are extracted into ether and the concentrated ethereal extracts are chroma- 
tographed on a Carbowax 2OM column using nitrogen-selective detection. 
Standard curves are linear and reproducible over the range of 25- loo0 ng/mL 
for plasma and 0.5 -S pg/mL for urine. Recovery of 4-methylpyrazole is 
complete from plasma and urine. and the overall between-day coefficient of 
variation is within 6.0%. No interference is observed from the extractive 
constituents of plasma and urine. The assay method is suitable for an exam- 
ination of 4-methylpyrazole disposition in  animals and humans. 


Keyphrases 0 4-Methylpyrazole-analysis in urine and plasma, gas chro- 
matography with nitrogen-selective detection 0 Gas chromatography- 
analysis of 4-methylpyrazole in plasma and urine, nitrogen-selective dctec- 
tion. 


Pyrazole and several of its derivatives have been shown to 
be inhibitors of the alcohol dehydrogenase enzyme system (1) .  
Because of its apparent low systemic toxicity, 4-methylpyra- 
zole (I)  is of particular interest. This compound inhibits the 
in oitro metabolism of alcohols in various animal species (1 -3), 
and it reduces the rate of ethanol elimination in animals (4,5) 
and humans (6-8). Several studies have also indicated its ef- 
fectiveness in reducing the rate of metabolism of methanol (9, 
10) and ethylene glycol (1 I ,  12). As a result, 4-methylpyrazole 
may be a promising alternative to ethanol in treatment of 
poisoning with alcohols whose toxicity is associated with me- 
tabolites formed oia alcohol dehydrogenase. There have been 
relatively few studies, however, where plasma concentrations 
of the compound have been determined (9, 10, 13, 14). 


The methods currently available for the determination of 
I in biological fluids are quite limited. Rydberg and Buijten 
( I  5) described potential gas chromatographic (GC) conditions 
for I which simply involved injecting aqueous solutions of the 
compound into the column and identifying the chromato- 
graphic peak by mass spectrometry. Furthermore, a flame- 
ionization detector (FID) was employed. With FID, we found 
that the broad solvent front severely limits the lower measur- 
able concentrations. The GC-YS method ( 1  6 )  of determining 
I in plasma, although specific, is time consuming and lacking 
in sensitivity. To examine the disposition of I in animals there 
is need for a simple, sensitive, and reproducible analytical 
method for plasma and urine. The present report describes 
such an assay method, utilizing GC and nitrogen-selective 
detection, for 4-methylpyrazole ( I )  using 3-methylpyrazole 
(11) as an internal standard. 


EXPERIMENTAL 


Chemicak--Methylpyrazole' and 3-methylpyrazole', the internal standard, 
were used as supplied. All organic solvents were HPLC grade2. Sodium car- 
bonate, sodium chloride, and hydrochloric acid were reagent grade). 


I Aldrich Chemical Co.. Milwaukee, Win. 
Burdick and Jackson. Muskegon. Mich. 
Fisher Scientific Co..  Fair Lawn. N.J.  


c"3p)N 6"' I 


c' H H 


I 
Gas Chromatography-Samples were analyzed using a gas chromatograph4 


equipped with a nitrogen-phosphorus detector. A 122.0 cm X 2 mm i.d. glass 
column packed with 5%Carbowax 2OM + 2% KOH on 80-100 mesh Chro- 
mosorb G (HP)s was used. Hydrogen and air flow rates were 3 and 50 
mL/min, respectivcly. Helium was used as a carrier gas at a flow rate of 30 
ml./min. The collector voltage was adjusted for adequate sensitivity. The 
column oven was operated isothermally at I35OC, injection port and detector 
temperatures were 25OOC and 300°C. respectively. 


Stock Solutions-A stock solution of I was prepared by dissolving 20 mg 
in 100 mL of methanol. Working standards were prepared by serial dilution 
of the stock solution with methanol to encompass the appropriate concentration 
ranges for plasma and urine. Concentrations of thestandards weresuch that 
50 pL added to 1 mL of bior.)gical fluid would produce the desired concen- 
tration. Solutions of the internal standard were prepared in methanol a t  a 
concentration of 4 pg/mL for plasma and 20 pg/mL for urine. All solutions 
were stored in the refrigerator (0-4OC). 


Extraction of Plasma--One milliliter of plasma (containing I )  was trans- 
ferred into a glass culture tube with a polytef-lined screw cap. Fifty microliters 
(200 ng) of the internal standard solution, 1 g of NaCI, and 0.5 m L  of 2 M 
HCI were added. After addition of 6 mL of ether, the tube was shaken gently 
for 5 min in a mechanical shaker, centrifuged at 3000 rpm (IOOOXg) for 5 
min, and the upper organic layer was withdrawn and discarded. Five hundred 
microliters of 1 M sodium carbonate was added to the aqueous phase, mixed, 
and extracted as above with 6 mL of ether. After centrifugation, the clear ether 
layer was transferred into a I3  X 100-mm disposable glass culture tube con- 
taining 3 0 p L  of n-butyl alcohol. A boiling chip wasadded to the tube which 
w a s p l a d  in a water bath (45OC). The tube was removed from the water bath 
after most of the ether had evaporated. I f  necessary, the extract can be con- 
centrated further by leaving the tube in the watcr bath for a fcw minutes after 
thc boiling has ceased. Three microliters of the concentrated ethereal extract 
was injected into thecolumn. The peak height ratioof I LO thc intcrnal standard 
was calculatcd and the concentration of I was dctcrmined wi th  rcfercnce to 
:I stJndard curve. 


Extraction of Urine-To 1 .O mL of urine in  a glass culture tube (with a 
screw cap) were added 50 pI. ( I  pg) of internal standard solution, 1 g of NaCI, 
and 6 mL of ether. The tube was shaken gently for 5 min in a mechanical 
shaker and centrifuged for 5 min. The clear organic layer was transferred into 
a 13 X 100-mm glass culture tube containing 30 pl .  of n-butyl alcohol and 
treated as described above for the extraction of plasma. 


Hydrolytic Treatment of Uriw-+A I .O-mL sample of urine was placed into 
a glass culture tube, 0.5 ml. of 2 M HCI was added, and the contents were 
mixed. The tube was capped tightly and placed in an oven at I 15°C. After 
I h the tube was removed from the oven and cooled. One gram of sodium 
chloride, 50 p L  (I pg) of internal standard solution, and 0.5 mL of I M sodium 
carbonate were added. After addition of 6 ml. of ether, the sample was carried 
through the procedure outlined above. 


Standard Curves- Duplicate standards were prepared by transferring 50 
pL of the working standardsof I and 1 .O mL of blank plasma or urine to glass 
culture tubes to give final concentrations in thc ranges of 25 1000 ng/mL and 
0.5-5 pg/mL for plasma and urine, respectively. After addition of 50 pL of 
internal standard solution. the samples were treated as  described above. 
Standard curves were prepared by plotting peak height ratios of I to the in- 
ternal standard uersus concentrations of I .  


Extraction Efficiency (Analytical Recovery)-Analytical recoveries of I 


Model 5710A; Hewlett-Packard, Palto Alto. Calif. 
5 Supelco Inc.. Hellefonte. Pa. 
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MINUTES 
Figure I-Chromaiograms of eihereal exiracis of human plasma. Key: (A) 
olasma blank; (B) plasma spiked wiih 200 ng each of 3-meihylpyrazole ( I )  
and 4-meihylpyrazole (2)  lalrenuaiion: 1 X 32). 


and the internal standard from plasma and urine were determined by com- 
paring, respectively, the peak heights of I and internal standard obtained from 
the extracted spiked plasma and urine samples to those obtained from direct 
injection of methanolic standards containing equivalent amounts of the 
compounds. Recoveries of I were also calculated by comparing the peak height 
ratios of I to the internal standard in the extracted standards to those in the 
methanolic standards. Three different concentrations of I were used. 


RESULTS AND DISCUSSION 


A number of different solvents were used for the extraction of I and I I  from 
plasma and urine. Hexane and n-pentane did not extract either compound. 
Chlorinated solvents were not suitable for the nitrogen-phosphorus detector. 
Ethyl acetate gave good extraction of I. but the plasma extracts were not clean 
and, furthermore, ethyl acetate has a high boiling point. Ether gave the best 
extraction of I and 11; both compounds were completely recovered with a single 
ether extraction. However, to obtain cleaner extracts an acid-wash step was 
used for the plasma samples. 


Bjorkhem ei al. (16) also used ether for extraction of I from plasma. 
However, recovery and reproducibility data were not presented. The ethereal 
extract was concentrated to -50-pL under nitrogen. This method of con- 
centrating the ethereal extract would require constant attention since, if the 
solvent was allowed to evaporate to dryness, almost complete (>90%) loss of 
I would occur. In  our procedure we added 30 p L  of n-butyl alcohol to the 
ethereal extract, and the ether was allowed to boil-off in a water bath (45’C). 
The main advantage of this technique is that the tubes can be left unattended 
in the water bath without the risk of losing the compound. When ether is 
evaporated. the cornpound is retained in n-butyl alcohol. However, nitrogen 
cannot be used to aid solvent evaporation as this will cause the tube to dry and 
result in almost complete loss of both I and the internal standard (11). 


Although I extracts well in the pH range of 4.5-1 1.5, at  higher pH values 


Table I-Within-Day and Between-Day Reproducibility of the Plasma 
Assay 


Amount Within-Day Between-Day 
Added. n d m L  Found, nn/mL CV. 9i Found, n d m L  CV, % -. -. -. 


40 41.1 f0.45 1.1 40.8 f0.77 1.9 
I60 158.5 f 2.6 1.6 158.7 f 4.8 3.0 
800 805.1 f 14.4 1.8 790.5 f 24.3 3.0 


“ M c a n f S D ; n = S .  


a small interfering peak was present in the extracts ofdog plasma but not in 
the extracts of human plasma. In the present procedure, plasma was extracted 
at  pH 6-7, which was achieved by adding 1 M sodium carbonate to the acid- 
ified plasma. 


Typical chromatograms obtained from the ethereal extracts of human blank 
plasma and plasma spiked with 200 ng each of I and I I  are shown in Fig. 1. 
The column used gave sharp and symmetrical peaks for both compounds. The 
internal standard (11) eluted close to I, but was well resolved. Under the 
conditions employed, thc retention times for 1 and I I  were 10 and 8 min. re- 
spectively. Extracts of both dog and human blank plasma showed a small and 
broad peak at 24 min at  high sensitivity (attenuation < I  X 64). By carefully 
spacing the sample injections this peak can be eluted in the region between 
the solvent front and sample peaks. 


Analytical recoveries (mean f SD) of I and internal standard using peak 
height comparison were 102.6 f 2.6, and 101.6 f 1.9% respectively. Peak 
heights from the extracted standards were consistently greater than those from 
the methanolic standards. This would result from the smaller volume of the 
concentrated extracts in the extracted standards compared with the volume 
(0.1 mL) of the methanolic standards. This discrepancy could be obviated if 
the sample extracts could be evaporated to dryness and reconstituted to the 


B 


7 1 r r 1 , r  


0 4 8 1 2  


MINUTES 
Figure 2-Chroma~ograms of eihereal exiracts of dog plasma before (A) and 
16 h afier (B) a 10-mdkg io dose of 4-me~hylpyrazole. The peak corresponds 
lo a concentration of 640 ng/mL (attenuaiion: I X 64). 


Journal of Pharmaceutical Sclences I 691 
Vol. 73. No. 5, May 1984 







Table 11-Within-Day and Between-Day Reproducibility of the Urine 
Assav a 


Within-Day Between-Day 
Added, &mL Found, pg/mL CV, % Found, pg/mL CV, % 


~~ 


1.6 1.62 f 0.03 1.8 1.62 f 0.066 4.0 
2.7 2.75 f 0.04 1.5 2.78 f 0.1 14 4.1 
3.9 4.15 f 0.14 3.4 4.18 f 0.194 4.6 


* Mean f S D ; n  = 4. 


same volume as the methanolic standards. Peak height ratio, however, would 
not be affected by volume difference. Since the extraction efficiencies of I and 
of the internal standard were independent of each other and the internal 
standard was completely recovered, recovery of 1 calculated from peak height 
ratio measurement would provide a more meaningful value. Using peak height 
ratio measurement, mean (fSD) recoveries of 1 (six samples) at 100,500, 
and 10oO ng/mL were 99.0 f 1.0, 98.5 f 1.8, and 99.0 f 1.596, respec- 
tively. 


Standard curves were linear and reproducible over the concentration range 
of 25-1000 ng/mL. Linear regression statistics for five standard curves pre- 
pared on different days over a period of 2 weeks produced a slope of 0.0044 
(&O.OoOl), an intercept of -0.024 (10.032), and a mean coefficient of de- 
termination ( r 2 )  of 0.999. 


Assay reproducibility was determined by repeated analysis of plasma 
samples containing I .  Three different concentrations other than those used 
in the preparation of the standard curves were used. The mean concentrations, 
standard deviations, and coefficients of variation for within-day and be- 
tween-day analysis arc presented in Table I. These data indicate excellent 
assay reproducibility, which is further supported by the reproducible nature 
of the standard curves as shown above. 


Plasma spiked with 1 ( 1  pg/mL) was stored in the refrigerator (0-4OC). 
and I-mL aliquot5 were analyzed once a week for 6 weeks. Recoveries of 1 were 
similar over the 6-week period indicating good stability of I in plasma. 


Recovery of I from urine was similar to that from plasma. Standard curves 
were linear and reproducible over the concentration range of 0.5 to 5 pg/mL 
with r2 >0.999. No interference was observed from the extractive constituents 
of blank urine. Both within-day and between-day assay reproducibility was 
excellent (Table 11). The procedure can be used for concentrations down to 
0.1 pg/mL with good reproducibility (coefficient of variation, 4.5%). 


The lower sensitivity limit of the GC-MS method (16) was only -100 
ng/mL when 2 mL of plasma was used. Our GC method is simple, rapid, able 
toquantitate I down to 25 ng/mL with good precision (coefficient of variation, 


6.0%), and requires only 1 mL of plasma. This is advantageous, since with 
greater assay sensitivity plasma concentrations can be monitored for a longer 
period of time and a smaller dose can be used. The versatile nature of the 
present method makes it particularly suitable for pharmacokinetic studies 
of I .  


To further evaluate the usefulness of the assay procedure, a 14.5-kg dog 
was given a IO-mg/kg iv dose of I, and blood and urine samples were obtained. 
Figure 2 shows the chromatograms of ethereal extracts of dog plasma before 
and after the administration of 1. After hydrolytic treatment of urine samples, 
the total recovery of 1 was 2.3% over a period of 96 h. Disposition studies in 
the dog are currently in  progress. 
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Abstract The biological fate of ['4C]normacromerine. a dimethoxylated 
phenethylamine derivative with putative hallucinogenic properties, was 
evaluated in male Sprague-Dawley rats at 100 mg/kg po. Urine was the 
primary elimination route accounting for 50% of administered carbon-14 after 
24 h. Of this urine radioactivity, normacromerine comprised 30% at 8 h de- 
creasing to nondetectable levels at 24 h. Carbon-I4 in feces represented <lO% 
of the administered dose at 24 h, and 14C02 expiration was not detected. 
Studies of normacromerine fate in comparison with previously studied 
phenethylamines may enhance evaluation of hallucinogenic potential of 
normacromerine. 


Keyphrases 0 Normacromerine-biological fate in the rat, hallucinogenic 
potential 0 Biological fate-[14C]normacromerine, rat, hallucinogenic po- 
tential 0 Hallucinogens-normacromerine, biological fate in the rat 


Normacromerine (N-methyl-3,4-dimethoxy-P-hydroxy. 
phenethylamine), the major alkaloid in extracts of the Dona 
Ana cactus [Coryphantha macromeris (Engelm.) Br. and R.], 


has been implicated as the chemical responsible for halluci- 
nogenic effects experienced by humans ingesting the cactus 
(1,2). The potency of the Dona Ana cactus has been estimated 
to be one-fifth that of the peyote cactus [Lophophora willi- 
amsii (Lem.) Coult.] which contains mescaline, another 
natural hallucinogen (2, 3). 


Laboratory studies of the behavioral effects of norma- 
cromerine in rats have provided both positive (4) and negative 
( 5 )  results in support of the hallucinogenic properties of the 
drug. Absent from these studies has been a thorough evaluation 
of the mammalian disposition of normacromerine after in- 
gestion. Studies of biological fate of the compound are un- 
available in the literature. 


Patterns of absorption, distribution, metabolism, and ex- 
cretion of chemicals determine their extent and duration of 
action within biological systems (6). Such studies of norma- 
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compound into lipoidal phases. This process is likely to occur in the intestine 
as demonstrated both in vitro and in uiuo. Since absorption of the compound 
occurs from regions of the GI tract which have pH values >6, it is suggested 
that ion pair formation with naturally abundant cations such as sodium plays 
a significant role in  the absorption of proxicromil. 


An alternative explanation for the GI absorption is that there is a differcnce 
between bulk and surface pH. The data of Lei et al. (15) suggest the real 
surface pH might be lower than that expected from bulk pH. To overcome 
surface pH effects in the intestinal perfusion experiments, we have equilibrated 
the gut for 10 min by perfusion of buffer at the appropriate pH at I mL/min. 
Under these conditions. surface pH and bulk pH should have tended toward 
an equilibrium (16), the true pH of which would be very close to that of the 
measured eluant buffer (see Table I ) .  The linear rate of absorption at each 
pH indicated in Fig. 7 also demonstrdtcs that an equilibrium has been 
achieved. since a decreasing rate of absorption would be expected at the lower 
pH values as the surface pH gradually increased. The significance of a surface 
pH of 6.5 in explaining absorption of acidic compounds is also of much greater 
relevance for compounds such as n-butyric acid (pK, 4.9) (16) than proxi- 
cromil (pK, 1.93). 


The ion pair behavior described here is in marked contrast to the normally 
held concept (17). Proxicromil possesses intrinsic lipophilicity and requires 
only charge neutralization to partition into lipoidal phases. Endogenous ions 
such as sodium and potassium readily form such neutral lipophilic ion pair 
complexes. This can be contrasted to the facilitation of partitioning of a 
nonlipophilic drug by the incorporation of a lipophilic counterion, the concept 
of which has led Jonkman and Hunt (17) to consider ion pair absorption as 
more fiction than fact. 
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Abstract 0 Complexation of ferrous cytochrome P450 by metabolic inter- 
mediates formed during NADPH-catalyzed metabolism of compounds 
structurally related to orphenadrine was studied. This so-called metabolic 
intermediate complexation was determined in rat liver microsomes, obtained 
from phenobarbital-pretreated rats. at 455 nrn using 33 pM of the orphena- 
drine derivatives. Using secondary amine derivatives with various N-alkyl 
substituents, a parabolic relationship between the logarithm of percentage 
of cytochrome P450 complexation and hydrophobic fragmental constant was 
observed. Thederivative with a bulky tertiary butyl group, however, was devoid 
of metabolic intermediate-complexing activity. This indicates that steric 
factors besides lipid solubility may govern the complexing activity: also sub- 
stitution at the phenyl groupaffects metabolic intermediate complex forma- 
tion. 


Keyphreses 0 Cytochrome P~~~-complexation with metabolic intermediates, 
orphenadrine analogues 0 Orphenadrine-analogues. metabolic intermediate 
Complexation with cytochrome P450 0 Complexation-metabolic interme- 
diate. orphenadrine analogues with cytochrome PA50 


Several types of nitrogenous compounds have been shown 
to undergo cytochrome P450-catalyzed metabolic conversions 
leading to metabolic intermediates that complex with cyto- 


chrome P450 ( 1-3). This complexed cytochrome P450 is inac- 
tive. Metabolic intermediate complex formation may therefore 
inhibit metabolic reactions (4). Among the nitrogenous com- 
pounds which elicit this complex formation, there are several 
classes of therapeutically important drugs. 


Amphetamine derivatives form a metabolic intermediate 
complex with hepatic microsomal cytochrome P450 in oirro, 
but not in oioo (4,5). With regard to amphetamine analogues, 
relationships between molecular structure and in uitro com- 
plexation have been described (4.6). Recently, metabolic in- 
termediate complex formation produced by macrolide anti- 
biotics have gained much interest (7, 8). With a series of 
rnacrolide antibiotics, structural features which are important 
for the formation of metabolic intermediate complexes have 
been determined (9). However, with regard to compounds 
related to proadifen (like propoxyphene, desipramine, and 
orphenadrine) which produce such complexation both in oirro 
and in oioo (10, 1 I ) ,  little is known about the relationship be- 
tween molecular structure and the ability to evoke complexes 
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Table I-Complexation with Cytochrome P ~ W  


Substituents" Cytochrome P450 
Compound RI R2 R3 R4 R5 Complexedb, % 


I 
I I  


I l l  
IV (Diphenhydramine) 
V (Tofenacine) 


V I  (Orphenadrine) 
VII (Pytamine) 


V l l l  
IX 
X .~ 


X I  
XI1 


X l l l  
X I V  


X V I  (Proadifen)e 
X V  (N-OH Tofenacine) 


H 
H 
Me 
Me 
Me 
Me 
Me 
Et 
n-Pr 
i-Pr 
i-Pr 
i-Pr 


1-Bu 
Me 


n-Bu 


H H H H 
H Me H H 
H H H H 
Me H H H 
H Me H H 
Me Me H H 
Me Et H Et 
H H H H 
H H H H 
H H H H 
H Me H H 
H H Me H 
H H H H 
H H H H 
OH Me H H 


0.8 


1.8 
10.0 
14.0 
8.8 


9.4 
16.7 
10.4 
6.4 


21.0 


50.0d 
8.5 


- c  


- 


- 


- 


Key: Me, methyl: El. ethyl. Bu. butyl; i ,  iso-: n ,  normal; 1. tertiary. Determined using 2.5 pM cytochrome P450 and 33 p M  of the compounds. No1 detectable. Based on 
previous data. ' Refers to the formula: 


QCO 


(1 , 4). However, because of metabolic intermediate complex 
formation, peculiar kinetics (1 2) and adverse drug interactions 
may arise (4). On the other hand selective inhibition of cyto- 
chrome P450 subforms provides an interesting tool to manip- 
ulate these subforms. In this manner, formation of toxic me- 
tabolites might be reduced. 


'In the present study, therefore, we investigated the rela- 
tionship between molecular structure and metabolic inter- 
mediate complex formation of several orphenadrine deriva- 
tives. In this way both structural features important in the 
formation of complexes as well as insight into the mechanism 
of complexation with this class of compounds were estab- 
lished. 


EXPERIMENTAL SECTION 


Chemicals-Orphenadrine and its derivatives were gifts'; NADPH was 
purchased2. All other chemicals and solvents used were of analytical-grade 
purity. 


Preparation of Microsomes and Pretreatment of Animals-Liver micro- 
somes were prepared from Wistar rats weighing 250-280 g, as described 
previously ( 13). The rats used were pretreated with phenobarbital, dissolved 
in saline, inasmuch as metabolic intermediate complex formation is specificaJly 
enhanced after induction with phenobarbital (4). The phenobarbital-pre- 
treatment consisted of three daily injections of 80 mg/kg ip. On the fourth 
day the rats were killed by decapitation. 


I Gist-Brocades N.V.. Delft, The Netherlands. 
1 Boehringer/Mannheim GmbH, Mannheim, F.R.G. 


Spectral Measurements- All spectrophotometric observations were per- 
formed with the microsomal fraction (2 mg of protein/mL) suspended in SO 
mM phosphate buffer (pH 7.4) containing 0.1 mM EDTA. The spectral de- 
terminations were performed with UV-visual spectr~photometer~ at  37% 


Metabolic intermediate complex formation was measured with the mi- 
crosomal suspension containing substrate as indicated and 4.2 mM MgC12. 
The reaction, started with 400 pM NADPH. was followed by dual-wavelength 
spectrometry (455 nm uersus 490 nm) unless stated otherwise in the text. To 
quantitate the percentage of cytochrome P450 complexed, a molar extinction 
coefficient (e) of 65 mM-' cm-I was used (14. 15). The c is merely a pro- 
portionality constant and not of decisive importance in this study. However, 
use of e provides quantitation of the sequestered amount of cytochrome 


Protein concentration (16) and cytochrome P450 (17) were determined 
p450. 


according to standard procedures. 


RESULTS 


Scanning spectrometry (430-500 nm) with the spectrophotometer in the 
split-beam mode ( 1  1 )  was used to establish whether the compounds studied 
at  33 p M  (Table I )  exhibited a Soret absorption maximum at  455 nm due to 
metabolic intermediate complex formation. Inasmuch as this was the case4, 
employment of dual wavelength (455-490 nm) spcctrometry is valid to study 
this complex formation in uifro. 


Substrate concentration dependency has been observed both for rate and 
extent of metabolic intermediate complex formation (1 I ,  18). We therefore 
compared the extent of cjtochrome P450 complexation with each derivative 
(hA455.490 ",,,) at  three substrate concentrations. Maximal complexation was 
achieved at  33 pM for each compound (Fig. 1). Moreover, using a concen- 


3 Model DW2; Aminco 
Unpublished results. 
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Figure 1 -Concentration dependency ofextent of 
metabolic intermediate complexation (AA455- 
490 ,,,,,) produced by various compounds (see 
Table I}. For each compound, three concentra- 
tions were tested. Incubation has been performed 
for 650 s. unless stated otherwise in the figure. 
Key: I.} 10 pM; (0 )  33 pM; (aJ 300 pM. 
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Figure 2-Time course of metabolic intermediate complex formation. indicated by AA455.490 ,,,,, (see Table f). Experimental conditions as described in the 
Experimental Section. 


tration of 33 pM, maximal absorption at  455 nm was accomplished within 
an incubation timeof 650sand remained stable thereafter. Theonlyexception, 
111, shows maximal absorption in 50 s, which decreased thereafter. Maximal 
complexation was used for further evaluation. 


Within the series of compounds tested (Table I). the time course of devel- 
opment of absorption at 455 nm differed. Figure 2A shows that complexation 
produced by the tertiary amine structures (1V and Vi) have a prominent initial 
lag phase. Compounds X and XI, containing an isopropyl substituent, display 
a biphasic increase in 455 nm absorption (Fig. 2B). With the secondary 
amines, in which an n-alkyl substituent is present on the nitrogen atom, (e.g.. 
V and XIII), neither a lag phase nor biphasic kinetics occur (Fig. 2C). 


Using a concentration of 33 pM,  the percentage of cytochrome P450 com- 
plexed was established for each compound (Table I). Evaluation of data of 
Table I reveals a possible parabolic dependence of metabolic intermediate 
complexation on lipophilicity. The latter was expressed by the fragmental 
constant Oof the-NHRmoie tyof  1,111,VIII. IX,X,andX111(19) (Fig. 
3) .  As shown in Table I, XIV, with a bulky tertiary butyl group, does not 
produce metabolic intcrmediate complexation. Substitutions on the aromatic 
part of the molecules give large variations in complex formation. Comparison 
of I1 with I ,  V with 111, and XI with X shows that the effect of substitution 
at R, depends on the substituent a t  RI. Moreover, XII. with a methyl sub- 
stituent a t  Re and an isopropyl group at  R1, did not form a metabolic inter- 
mediate complex (Fig. 4). 


DlSCUSSlON 


The optimum concentration for metabolic intermediate complexation has 
often been found to be 33 pM, irrespective of whether hepatic microsomes 
were obtained from untreated or phenobarbital-pretreated rats ( I ) .  The same 
optimum concentration was established not only with differept microsomal 
preparations, but also with different compounds (1, 1 I ) .  Accordingly, the 
present data also suggest that 33 p M  can be used for comparative purposes 
(Fig. I). Theconcentrationdependency, explained by substrate inhibition ( 1  I), 
hinders use of K,,, values. Biphasic kinetics observed with X and XI (Fig. 2B) 
suggest that different forms of cytochrome P450 are involved in metabolic 
intermediate complex formation. The lag time observed with tertiary amines 
(Fig. 2A) is probably explained by initial N-demethylation, which has to occur 
before the complexing species can be formed ( 1  1 ) .  Because of the different 
time courses of metabolic intermediate complexation, we did not use the initial 
rate but rather the extent of such complexation. 


A trend toward a parabolic relationship between percentage of cytochrome 


P450 complexed and lipophilicity was observed. The possible bilinear rela- 
tionship describes transport of the substrate and, in addition, may also reflect 
a hydrophobic interaction (20). Dependency on the hydrophobic fragmental 
constant may reflect the fact that the active sites of cytochrorne P450 are  lo- 
cated in a hydrophobic pocket, submerged in the membrane (21). Transport 
between hydrophilic and hydrophobic phases as  a rate-limiting step has also 
been suggested for N-oxidation of amphetamine derivatives (6). Compound 
X. which contains an isopropyl group, deviates (Fig. 3). This may indicate 
that steric factors besides lipid solubility may govern metabolic intermedi- 
ate-complexing activity a s  well. This notion is substantiated by the fact that 
XIV, which has a bulky tertiary butyl group, is devoid of such complexing 
activity. Similar dependencies arise from literature reports, in which N-de- 
alkylation of secondary amines have been described (22.23). This suggests 
that the distinct correlation, which has been found between the rate of N- 
demethylation and metabolic intermediate complex formation (1 1, 24) can 
be extended to Ndealkylation and metabolic intermediate complexation. The 
differences in complex formation with secondary amines may therefore reflect 
N-dealkylation. This would correlate well with the suggestion that the actual 


151  
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n! 
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- 1 . q  - Q 9  a3 a9 
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- 0 3  
Figure 3-Plot of the logarithm of percentage of cytochrome P450 complexed 
(obtained from Table I] against the SUM of the hydrophobic fragmental 
constant of the substituted aminefunction (see text) for several compounds 
which vary in their amine function. 
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I l l  m n  
Figure 4-Effect of substitution in the aromatic part of the substrates on 
metabolic intermediate-complexing activity. indicated as percentage of cy- 
tochrome P45Q complexed (obtained from Table 1). 


ligand responsible for such complex formation is an N oxidized primary amine, 
probably a nitroso compound or a nitroxide radical (1 I). Presumably the main 
mechanism leading to the ultimate metabolic intermediate ligand is N-oxi- 
dation of the secondary amines, since N-hydroxytofenacine (XV) leads to a 
large extent to complex formation. N-Oxidation of the N-hydroxy-N-alk- 
ylamine may lead to an unstable N-hydroxy-N-alkylamine N-oxide, which 
after rearrangement is readily N-dealkylated. The N-dealkylated N-hy- 
droxylamine is rather unstable and may give the nitroxide radical. Direct 
N-oxidation of the primary amine does not have an important contribution 
to metabolic intermediate complex formation inasmuch as I and I I  do not 
produce a metabolic intermediate complex to any large degree. 


Interpretations of data become more difficult if the effect of substitution 
at the aromatic portion of the molecule comes into play (Fig. 4). Substitution 
on one phenyl group greatly affects complexation. Moreover, the substituent 
on the amine function influences the effect of substitution on the aromatic 
part in an unpredictable manner. Clearly more compounds are needed to 
unravel the effect on metabolic intermediate complexation if substitution 
occurs in different parts of the molecule simultaneously. 


I n  conclusion, evaluation of the relationship between structure and bio- 
logical activity may bc helpful in development of compounds which will show 
the desired pharmacological effect without metabolic intermediate com- 
plexation. One may also design compounds with prominent complexing activity 
with specific cytochrome P450 subforms, which may be used for pharmaco- 
logical or toxicological purposes. 
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Hypolipidemic Activity of 
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Abstract 0 3 - N - (  l’,X’-Naphtha1imido)propionic acid was synthesized and 
shown to cffcctivcly lower both serum cholesterol and triglyceride levels in 
rills iind mice. I n  hyperlipidemic mice, serum lipid levels were lowered sig- 


dcprcssed by drug trcatmcnt. Significant reduction of liver lipids as well as 
thc lipid content of thc lipoprotein fractions wereobserved. The agent possessed 
ii  safe therapeutic index whcn used as a hypolipidemic agent. 


N-Substituted cyclic imides have been shown to be potent 
hypolipidernic agents in rodents at the low dose of 20 mg/kg/d. 
Substitutions of four carbon atoms or an oxygen atom for one 


of the carbons provided the most active agent of the phthali- 
mide, saccharin, and the l’,E’-naphthalirnide series (1) .  These 
agents effectively lowered both serum cholesterol and tri- 
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Table 11-Within-Day and Between-Day Reproducibility of the Urine 
Assav a 


Within-Day Between-Day 
Added, &mL Found, pg/mL CV, % Found, pg/mL CV, % 


~~ 


1.6 1.62 f 0.03 1.8 1.62 f 0.066 4.0 
2.7 2.75 f 0.04 1.5 2.78 f 0.1 14 4.1 
3.9 4.15 f 0.14 3.4 4.18 f 0.194 4.6 


* Mean f S D ; n  = 4. 


same volume as the methanolic standards. Peak height ratio, however, would 
not be affected by volume difference. Since the extraction efficiencies of I and 
of the internal standard were independent of each other and the internal 
standard was completely recovered, recovery of 1 calculated from peak height 
ratio measurement would provide a more meaningful value. Using peak height 
ratio measurement, mean (fSD) recoveries of 1 (six samples) at 100,500, 
and 10oO ng/mL were 99.0 f 1.0, 98.5 f 1.8, and 99.0 f 1.596, respec- 
tively. 


Standard curves were linear and reproducible over the concentration range 
of 25-1000 ng/mL. Linear regression statistics for five standard curves pre- 
pared on different days over a period of 2 weeks produced a slope of 0.0044 
(&O.OoOl), an intercept of -0.024 (10.032), and a mean coefficient of de- 
termination ( r 2 )  of 0.999. 


Assay reproducibility was determined by repeated analysis of plasma 
samples containing I .  Three different concentrations other than those used 
in the preparation of the standard curves were used. The mean concentrations, 
standard deviations, and coefficients of variation for within-day and be- 
tween-day analysis arc presented in Table I. These data indicate excellent 
assay reproducibility, which is further supported by the reproducible nature 
of the standard curves as shown above. 


Plasma spiked with 1 ( 1  pg/mL) was stored in the refrigerator (0-4OC). 
and I-mL aliquot5 were analyzed once a week for 6 weeks. Recoveries of 1 were 
similar over the 6-week period indicating good stability of I in plasma. 


Recovery of I from urine was similar to that from plasma. Standard curves 
were linear and reproducible over the concentration range of 0.5 to 5 pg/mL 
with r2 >0.999. No interference was observed from the extractive constituents 
of blank urine. Both within-day and between-day assay reproducibility was 
excellent (Table 11). The procedure can be used for concentrations down to 
0.1 pg/mL with good reproducibility (coefficient of variation, 4.5%). 


The lower sensitivity limit of the GC-MS method (16) was only -100 
ng/mL when 2 mL of plasma was used. Our GC method is simple, rapid, able 
toquantitate I down to 25 ng/mL with good precision (coefficient of variation, 


6.0%), and requires only 1 mL of plasma. This is advantageous, since with 
greater assay sensitivity plasma concentrations can be monitored for a longer 
period of time and a smaller dose can be used. The versatile nature of the 
present method makes it particularly suitable for pharmacokinetic studies 
of I .  


To further evaluate the usefulness of the assay procedure, a 14.5-kg dog 
was given a IO-mg/kg iv dose of I, and blood and urine samples were obtained. 
Figure 2 shows the chromatograms of ethereal extracts of dog plasma before 
and after the administration of 1. After hydrolytic treatment of urine samples, 
the total recovery of 1 was 2.3% over a period of 96 h. Disposition studies in 
the dog are currently in  progress. 
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Abstract The biological fate of ['4C]normacromerine. a dimethoxylated 
phenethylamine derivative with putative hallucinogenic properties, was 
evaluated in male Sprague-Dawley rats at 100 mg/kg po. Urine was the 
primary elimination route accounting for 50% of administered carbon-14 after 
24 h. Of this urine radioactivity, normacromerine comprised 30% at 8 h de- 
creasing to nondetectable levels at 24 h. Carbon-I4 in feces represented <lO% 
of the administered dose at 24 h, and 14C02 expiration was not detected. 
Studies of normacromerine fate in comparison with previously studied 
phenethylamines may enhance evaluation of hallucinogenic potential of 
normacromerine. 


Keyphrases 0 Normacromerine-biological fate in the rat, hallucinogenic 
potential 0 Biological fate-[14C]normacromerine, rat, hallucinogenic po- 
tential 0 Hallucinogens-normacromerine, biological fate in the rat 


Normacromerine (N-methyl-3,4-dimethoxy-P-hydroxy. 
phenethylamine), the major alkaloid in extracts of the Dona 
Ana cactus [Coryphantha macromeris (Engelm.) Br. and R.], 


has been implicated as the chemical responsible for halluci- 
nogenic effects experienced by humans ingesting the cactus 
(1,2). The potency of the Dona Ana cactus has been estimated 
to be one-fifth that of the peyote cactus [Lophophora willi- 
amsii (Lem.) Coult.] which contains mescaline, another 
natural hallucinogen (2, 3). 


Laboratory studies of the behavioral effects of norma- 
cromerine in rats have provided both positive (4) and negative 
( 5 )  results in support of the hallucinogenic properties of the 
drug. Absent from these studies has been a thorough evaluation 
of the mammalian disposition of normacromerine after in- 
gestion. Studies of biological fate of the compound are un- 
available in the literature. 


Patterns of absorption, distribution, metabolism, and ex- 
cretion of chemicals determine their extent and duration of 
action within biological systems (6). Such studies of norma- 
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Table I-Fate of Carbon-14 8, 16, and 24 h after Exposure to [‘%I_ 
Normacromerine. 100 m d k g  PO 


Table 11-Percentage of Urinary Carbon-14 Analyzed as Normacromerine 
8,16, and 24 h after Exposure to (‘C]Normacromerine, 100 mg/kg po 


Percent of Administered Carbon-14‘ 
Time, h Urine Feces 


8 (n = 6) 
I6 (n = 4) 
24 ( n  = 4) 


41 .O f 2.6 
8.3 f 1.85 
1.4 f 0.23 


0 
8.0 f 3 
1.8 f 0.32 


Total carbon-I4 recovered (urine + feces + carcass t carbon dioxide) was 80 f 3% 
of the administered dose. Each sample analysis was performed in duplicate. Values are 
the mean of the sample average fSE; n is the number of animals evaluated. 


cromerine may therefore provide a foundation for more en- 
lightened evaluation of its hallucinogenic activity. Our initial 
objective in the evaluation of normacromerine was to char- 
acterize its previously unknown fate in a mammalian system, 
thereby establishing a framework for future metabolite 
studies. 


EXPERIMENTAL 


[‘%]Normncromerine-[~4C]Normacromerine (1 wCi/mmol, labeled in 
the t!3 position) and nonlabeled normacromerine were synthesized in uiuo from 
Coryphanrha macromeris var. runyonii, as described by Keller (7, 8). Ra- 
diopurity (>99%) was evaluated using silica gel G F  254 TLC plates’ developed 
in  benzene-chloroform-methanol-58% ammonium hydroxide (8:6:5: 1). All 
normacromerine analyses were performed using this chromatographic 
system. 


Animal Exposures-Male Sprague-Dawley rats (300-400 g) were fasted 
16-18 h prior to exposure; however, water was provided ad libifurn. Each 
animal received 100 mg/kg of [‘4C]normacromerine hydrochloride (in water) 
by oral gavage. This replicated dosage levels used in previous behavioral studies 
(5). After dosing. the animals were placed into metabolism chambers2 for 
collection of expired COz, urine, and feces. Chamber air was drawn by vacuum 
(1 L/min) through 1 N KOH to collect the I4CO2. One milliliter of KOH was 
sampled periodically throughout the initial 8-h postexposure. Each sample 
was placed into 15 ml of scintillation cocktail3 for I40radioassay using a liquid 
scintillation counter4. Urine and feces were collected and analyzed at  8, 16, 
and 24 h postexposure. At each time period collected urine was sampled into 
scintillation cocktail for total 14C-radioassay and the remainder frozen until 
normacromerine analysis. Feces were collected. freeze-dried, ground to a fine 
powder, and combusted in a sample oxidizer5 for total 14C-radioassay. At 8 
and 24 h, carcasses were also analyzed for total carbon-14. Following ho- 
mogenization (1:l with HzO), samples of the carcass were combusted and 
radioassayed to provide a complete carbon- 14 animal mass balance (carbon 
dioxide + urine + feces + carcass). 


Urine Analysis-[ 14C]Kormacromerine was extracted (75% efficiency) 
from alkalinized urine with toluene. The toluene extract was then concentrated 
under nitrogen in  a 4OoC water bath6. [‘4C]Normacromerine concentrates 
were spotted on TLC plates and developed by the standard solvent system. 
Co-chromatography with nonradioactive normacromerine standards allowed 
identification and isolation of [14C]normacromerine. Silica gel spots con- 
taining [14C]normacromerine were transferred (>90% recovery) into 15 mL 
of scintillation cocktail for subsequent radioassay. 


RESULTS AND DISCUSSION 


The 24-h carbon-I4 elimination pattern is given in Table 1. Urine was the 
major elimination route; feces accounted for minor excretion of the radiolabel. 
Elimination as ‘‘C02 was not detected. Total carbon-14 recovery (urine + 
feces + carbon dioxide + carcass) was 80 f 3% of the administered dose. This 
less than optimum recovery reflects an inability to accurately assay the total 
carbon-I4 remaining in the animal at 8 and 24 h postexposure. Levels ( < I 0 0  
cpm/g of tissue) at two to three times the background radioactivity were 
measured in triplicate 500-mg tissue samples for each of 10 animals. The 
significant dilution of carbon-I4 remaining in the animal (354 f 72 dpm/g 
of tissue) was an unavoidable limitation due to the low normacromerine spe- 
cific activity available from the in uiuo synthesis. 


’ Fisher Scientific Co.. Pittsburgh, Pa. 
Crown Scientific Glass Co.. Orland Park, 111. 
Packard Instruments Co., Downers Grove, I l l .  
Model LS-230 Liquid Scintillation System: Beckman, Fullerton, Calif. 
Model 8306 Tri Carb Sample Oxidizer; Packard. Downers Grove, 111. 
Organomation Associates, Inc.. Northborough, Mass. 


Time, h Percent Normacromerinea 


8 ( n  = 4) 30.0 f 3.8 
2.8 f 1.5 


not detected 
16 (n = 4) 
24 (n = 4) 


Values are the mean of sample average fSE; n is the number of animals evaluated. 
Each sample was analyzed in duplicate. 


Since urine served as the primary elimination route, urine samples were 
further characterized to quantify [14C]normacromerine. Table I1 indicates 
significant in uiuo mammalian biotransformation of normacrornerine. Thirty 
percent of urine radioactivity at 8 h was normacromerine, decreasing to 070 
by 24 h. The remainder was accountable as  water-soluble I4C-labeled me- 
tabolites. 


Our study in rats described normacromerine elimination primarily in urine, 
minimally in feces, and none as COz. Urine and feces analyses indicated 
norrnacromerine was significantly absorbed and metabolized to water-soluble 
metabolites. 


Normacromerine is an 0-methylated analogue of the endogenous neuro- 
transmitter epinephrine and its singly 0-methylated derivative, metanephrine. 
In fact, the biosynthesis of normacromerine in Coryphanrha macrorneris in- 
volves these catecholamines as precursors (7, 8). Consequently, the mam- 
malian fate of normacromerine could be similar to the mammalian bio- 
transformation of epinephrine and metanephrine. Previous studies of intra- 
venously administered 13H]epinephrine and [14C]metanephrine in rats (9) 
demonstrated a similar biological fate as observed in these normacromerine 
studies. Urine was the significant elimination route (65-7Wo of administered 
dose after 48 h) and feces a secondary route ( I  5 and 0.3% for epinephrine and 
metanephrine, respectively). Carbon dioxide was not analyzed. Since [I4C]- 
normacromerine was radiolabeled at the side-chain f l  position, loss of this 
carbon as I4CO2 was not expected (10) and was not observed in our study. 
Cumulative carbon-14 recovery in urine and feces at 48 and 24 h postexposure 
was similar for metanephrine (65-68%) and normacromerine (61%), re- 
spectively. Free epinephrine and metanephrine accounted for <10%of urine 
radioactivity a t  48 h. In comparison, no normacromerine was detected at  24 
h postexposure. This may reflect enhanced oxidation of normacromerine by 
liver monoamine oxidases following the oral route of exposure (10). Metab- 
olites of epinephrine and metanephrine in urine were products of monoamine 
oxidase reactions (3-methoxy-4-hydroxymandelic acid and 3-methoxy-4- 
hydroxy phenylglycol). 


In r;ifro studies of methoxylated fl-hydroxyphenethylamines, such as nor- 
macromerine, indicate significant interactions with mammalian monoamine 
oxidases ( 1  1-13). Therefore, the structural similarities between norma- 
cromerine, epinephrine, and metanephrine, as well as similar elimination 
patterns in the rat, suggest that normacromerine elimination products may 
be similar to monoamine oxidase products of its catecholamine analogues. 
The synthesis of these novel normacromerine metabolites and their in uiuo 
identification, underway in our laboratory, are necessary for complete eval- 
uation of normacromerine fate in the rat. 


Understanding of normacromerine disposition will not only enhance eval- 
uation of its hallucinogenic potential, but will provide further insight into 
comparative metabolism of xenobiotics by plant and animal systems. 


REFERENCES 


( 1 )  W. J. Keller, Clin. Toxicol.. 16,233 (1980). 
(2) M. J. Superweed, “Herbal Highs,” Stone Kingdom Syndicate, San 


(3) W. J. Keller, J. Pharm. Sci., 68, 85 (1979). 
(4) W. M. Bourn, W. J. Keller, and J. F. Bonfiglio, LijeSci., 23, 1175 


( 1  978). 
(5) W. H. Vogel, B. D. Evans, E. M. Bonnem, J. F. Fischer, and J. L. 


McLaughlin, Psychopharmacologia, 30, 145 (1973). 
(6) B. N. LaDu, H. G. Mandel, and E. L. Way, “Fundamentals of Drug 


Metabolism and Disposition,” Williams and Wilkins, Baltimore, Md., 1971, 


Francisco, Calif., 1972, p. 5. 


pp. 1-181. 
(7) W. J. Keller, Lloydia, 41, 37 (1978). 
(8) W. J. Keller, Phytochemisfry. 20,2165 (1981). 
(9) I. J. Kopin, J. Axelrod. and E. Gordon, J .  Eiol. Chem., 236, 2109 


(I961 ). 
(10) H. Blaschko, Pharmacol. Reo.. 4,415 (1952). 
( 1  1) G. G. Ferguson and W. J. Keller, J. Pharm. Sci., 64, 1431 (1975). 
(12) W. J. Keller and G. G.  Ferguson, J .  Pharm. Sci., 65, 1539 (1976). 
(13) W. J. Keller and G.  G. Ferguson, J .  Pharm. Sci., 66, 1048 (1977). 


Journal of Pharmaceutical Sclences I 693 
Vol. 73, No. 5, May 1984 












Navel Absorption: Transdermal  
-LA Bioavailability of Testosterone 
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Figure I-Uterine motility tracing in a pregnant rhesus monkey (third 
trimester) treated with a transdermal delivery system containing 
(15S)-le5-methyl prostaglandin Fzo methyl ester. Note thegradual in- 
crease in the f reyucwy and amplitude of uterine contractions after the 
ddiuery system was applied. 


more application for the administration of therapeutic 
agents (4). A prostaglandin analogue has been shown to be 
hypotensive when administered transdermally (5). These 
systems may prove to be especially useful for the admin- 
istration of prostaglandins for menses induction. The most 
commonly investigated route of administration for this 
indication is vaginal (6,7). One disadvantage to the vaginal 
route of prostaglandin administration for menses induc- 
tion is the fact that uterine bleeding is induced as a con- 
sequence of the therapy. The time of onset and the amount 
of uterine bleeding vary among patients. This creates a 
variable environment for the absorption of prostaglandin 
from the vagina, and can interfere with drug absorption 
(7). A transdermal controlled-release delivery system could 
alleviate these problems. 
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T o  the Editor: 


The navel (umbilicus) has for many years been widely 
used as the site for transdermal administration of a num- 
ber of Chinese drugs, e .g . ,  Mentha aruensis L.1, (1). No 
bioavailability data are yet available to justify the use of 
the navel as the site for drug administration. 


Recently, a number of systemically active drugs, such 
as nitroglycerin and scopolamine, have been actively in- 
vestigated and found to penetrate the skin tissues at a rate 
sufficient to achieve the therapeutic blood levels required 
for systemic effects (2-7). 


We evaluated the transdermal bioavailability of tes- 
tosterone through the skin tissues a t  the navel area2 and 
compared the data with that  obtained from the transder- 
ma1 administration on the forearm area (dorsal surface) 
using four rhesus monkeys as the model animal. [l4CC]- 
Testosterone [5 pCi (25 pg)], in 100 p L  of acetone, was 
applied on a skin area (controlled a t  0.2 cm2 by a metal 
templet) for 5 d. The solvent was quickly evaporated, and 
the site of drug administration was then covered with a 
piece of plastic adhesive which remained intact throughout 
the study. Blood samples (2  mL) were collected in hepar- 
inized tubes at  30-min intervals for the first 6 h after ad- 
ministration and then every 24 h up to  9 d. Urine samples 
were collected daily. The systemic bioavailability and 
pharmacokinetic profile of [ 14C]testosterone after topical 
administration on the navel and forearm skins were then 
compared using intravenous data as the reference. 


The data generated (Fig. 1) suggest that administration 
uia the navel yields a relatively faster absorption and also 
greater systemic bioavailability of [ l4C] testosterone than 
administration uia the forearm. Both routes of percuta- 
neous absorption give well-defined first-order elimination 
kinetics, which is very much in parallel to  that of intrave- 
nous administration. I t  is interesting to note that the sys- 
temic bioavailability of‘ [14C] testosterone by navel ab- 
sorption is relatively close to the level obtained by the in- 
travenous administration of an equivalent dose and is 
substantially greater than the level achieved by forearm 
administration. Calculated from Eq. 1, navel absorption 
of [ I4C] testosterone has achieved a relative bioavailability 
of 79.9%, as compared with 49.9% by forearm administra- 
tion. 


Chemical analysis indicated that it contains menthone. menthol. pinene. and 
methyl acetate. 


Navel area denotes the surface of the navel (Figure 329 in ‘‘Structure and 
Function in Man.” 2nd ed., by S. W. Jaroh and C. A. Francone. Saunders. Phila- 
delphia, Pa.. 1970). 
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Figure I-Semilogarithmic relationship between the mean values 
(*SE) of.plasma concentration (% of applied testosterone dose) and 
the time after various routes of administration ( ~ f  5 pci (25 pg) [l4c]- 
testosterone in four rhesus monkeys. Keys: (0) intravenous, drug in 2 
mL saline solution; (0) navel, drug in 100 p L  acetone; (A) forearm, drug 
in 100 p L  acetone. 


where Jo9C,dt is the 9-day cumulative area under the 
plasma drug level versus time curve per unit dose applied 
(AUCIDo) (8). And, the subscripts i and p denote, re- 
spectively, the administration of [ 14C[testosterone uia 
intravenous and percutaneous routes. 


The relative bioavailability of [ ‘‘C]testosterone by navel 
and forearm absorption may also be compared using uri- 
nary recovery data. The results (Fig. 2) indicate that during 
a 5-day drug administration period a total of 57.3,45.2, and 
33.2% of the [14C]testosterone dose administered had been 
recovered in urinary excretion, respectively, from intra- 
venous, navel, and forearm administrations. Using the 
intravenous urinary recovery data (57.3%) as the reference 
for comparison, it is estimated that a relative bioavail- 
ability of 78.970 was achieved after navel administration 
and of 57.9% by forearm administration. The results are 
in good agreement with the plasma data reported (79.9 and 
49.9%, respectively). Both plasma profiles and urinary 
recovery data demonstrate that navel absorption produces 
a greater transdermal bioavailability of [“Cltestosterone 
than forearm administration (79.9 and 78.970 uersus 49.9 
and 57.9%). 


Additional studies were also conducted in four other 
rhesus monkeys with 24-h topical administration of 
[ 14C]testosterone. Results (Table I) again confirmed the 
earlier observations that navel administration yields a 
higher systemic bioavailability than forearm administra- 


DAYS POSTADMI NlSTRATlON 


Figure i--Comparisun of the time course of the cumulative urinary 
recovery of radioactive testosterone and metabolites [mean value (in 
76 of applied dose) fSE] following various routes of administration of 
5 pCi (25 pg) [14C]testosterone in /our rhesus monkeys. Keys: (0) in- 
travenous, drug in 2 mL saline solution; (0) navel, drug in 100 p L  ace- 
tone; and (A) forearm, drug in 1 0 0  p L  acetone. 


tion (37.64 f 3.62% versus 22.51 f 1.72%). 
The results lead us to  conclude that a greater transder- 


ma1 bioavailability of testosterone can be achieved by 
topical administration of drug via the navel route. This 
observation also paved the foundation for studying the 
feasibility of using the navel area as the site for long-term 
(e .g . ,  longer than 1 month) transdermal administration of 
testosterone via a controlled-release drug delivery device 
(9). 


Table I-Comparison of the Fraction of Applied Dose Recovered 
in Urine after Transdermal Administration of 
[’4C]Testosterone 


Fraction of Applied Dose 
Skin site Monkeys Recovered in Urine, Percenth 


:13.55 
42.78 
44.64 


Navel 


# 230 
#231 29.57 


# 158 


#251 26.51 


Mean f SE 3773 (f3.62) 
Forearm # 46 18.42 


21.40 
# 230 23.71 


Mean f SE ?EZi ( i1 .52)  
~ 


“ 5 pCi (25 p g )  of testosterone were dissolved in acetone and then ap  lied 
drop-by-drop, on either navel or forearm (0.2 cm’). After 24 h application. tge re: 
sidual drug was washed off for rorrecting the total dose administered. * Calculated 
from: Oh applied dose = (Total radioactivity in the urine collected for 5 dV(5 pCi 
- Residual radioactivity on the skin) X lD0”h. 
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Variability in the Determination of Fraction 
Metabolized in a Triangular Metabolic 
Problem and Its Resolution with Stable 
Isotope Methodology 


Keyphrases 0 Cinromide-anticonvulsant, fraction metabolized 
Isotope methodology-administration of labeled metabolites Trian- 
gular metabolic pathway-fraction metabolized-cinromide, rhesus 
monkey 


To the Editor: 
A particular case of precursor-product relationship 


arises when one metabolite (metabolite 11) of a parent drug 
is formed from two precursors, the parent drug as well as 
one of its proximal metabolites (metabolite I). The reso- 
lution of this metabolic problem is complicated by the fact 
that the fraction of parent drug metabolized directly to 
metabolite I1 can only be obtained indirectly from the 
following difference: 


fm(P -+ M I I ,  direct) = fm(P - MII ,  total) - fm(P - 
MI) X f m ( M I  - M I I )  0%. 1) 


where f m  represents fraction metabolized, P refers to 
parent drug, and M I  and M I 1  refer to metabolites I and 11, 
respectively. The classical approach to the determination 
of the fractions metabolized (Eq. 1) using blood data re- 
quires three separate studies: administration of parent 
drug, metabolite I, and metabolite I1 to the same subject 
at  different times. This approach involves several as- 
sumptions of constancy of metabolite clearances among 
the three studies. As a result, estimates of the various 
fractions of Eq. 1 are subject to significant error. This type 
of metabolic problem arose during the elucidation of the 
pharmacokinetic profile of cinromide (3-bromo-hr-ethyl- 


cinnamamide)(P), a new antiepileptic drug. This drug is 
metabolized by N-deethylation to 3-bromocinnamamide 
(I)  and by amide hydrolysis to 3-bromocinnamic acid (11). 
However, I is also metabolized to I1 by amide hydrolysis. 
The resolution of this metabolic scheme prior to the effi- 
cacy evaluation of cinromide in the primate model (1,2) 
was of particular significance because I was found to have 
anticonvulsant properties (3,4) and I1 reached steady-state 
levels 10-20-fold higher than those of the parent drug (2). 
In an earlier study where the classical approach (admin- 
istration of cinromide, I ,  and I1 separately) was used in a 
group of six rhesus monkeys, several unrealistic findings 
were obtained (5). The fraction of dose of cinromide me- 
tabolized directly to I1 ranged from 5 to 100% (mean f SD 
= 48 f 32%). Also, the sum of the two fractions (fm(P - 
I )  + fm(P - 11, direct)) ranged from 64 to 140% and was 
larger than 100% in three of six monkeys. This large vari- 
ability was attributed to the intrasubject variability in 
clearances of I and I1 among the three studies. To test this 
hypothesis, a new approach using stable isotope method- 
ology was devised. This approach involved the simulta- 
neous administration of cinromide, and different stable 
isotope-labeled variants of I and 11, in which case the 
clearances of I and I1 were obtained while these metabo- 
lites were formed in situ. 


Five chaired normal male rhesus monkeys (chronically 
catheterized) were used in this study. Dideuterated I ( I d z )  
and monodeuterated I1 (11-dl) were administered along 
with the unlabeled parent drug (do). These were synthe- 
sized using the methods described for the corresponding 
unlabeled species (6-8). The deuterium labels were placed 
on the a, ,8 ethylene carbons of I-dz, and the 0 carbon of 
11-dl to minimize any possible isotope effect. Any secon- 
dary kinetic deuterium isotope effect on deethylation and 
amide hydrolysis or on epoxide formation and ring opening 
of the ethylene carbons would generally not be significant 
(9). Single intravenous doses of cinromide-do (75 mg) and 
1 1 4 1  (80 mg) were administered consecutively to each 
monkey. I-& (70 mg) was administered intravenously 2 
h later such that the concentrations of 1 1 4 2  would not be 
too far apart from those of 11-do and II-dl and could be 
analyzed at  the same time. Solutions of cinromide-do, 1 4 2 ,  
and 1 1 4 1  were prepared in 60% polyethylene glycol 400 
to concentrations of 25,25, and 10 mg/mL, respectively. 
Blood samples (2 mL) were taken at  0.2,0.5,0.75,1,1.5,2, 
2.25,2.5,3,4,5,6,8,10,12, and 16 h after administration 
of 1 1 4 1 .  EDTA was used as an anticoagulant in each blood 
sample. After the administration of cinromide-do, I-d* and 
1 1 4 1 ,  six species were monitored in each blood sample: the 
three administered species as well as 1 4 0  and 1 1 4 0  formed 
from cinromide (do) and 1 1 4 2  formed from 1 4 2 .  Aliquots 
of 0.2 mL of each sample were used to analyze cinromide 
by HPLC (10). Aliquots of 0.5 to 0.8 mL of blood were used 
to analyze I and I1 by direct probe insertion chemical 
ionization mass spectrometry. Compounds I and I1 were 
separated by successive extractions at  different pH. Blood 
samples were extracted with benzene under neutral con- 
ditions to extract I; the aqueous phases were acidified and 
extracted with benzene to recover I1 and benzene extracts 
containing I were washed with 0.1 M NaOH. Benzene ex- 
tracts containing I1 were shaken with 0.1 M NaOH, then 
reacidified and extracted back into benzene. Chlorinated 
analogues of I and I1 were used as internal standards for 
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Prednisolone Levels in Plasma and Leukemia Cells During 
Therapy of Chronic Lymphocytic Leukemia 
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Abstract  The capacity of chronic lymphocytic leukemia cells to con- 
centrate prednisolone has been evaluated in uiuo and in uitro employing 
a radioimmunoassay for prednisolone. No evidence to suggest that leu- 
kemia cells are capable of selectively concentrating glucocorticoid was 
found. The relative uptake of glucocorticoid by leukemia cells was found 
to be greater in uitro than in uiuo. This may be attributable to differences 
in steroid bioavailability to cells. Substantially lower levels than previ- 
ously reported of free prednisolone were found in plasma of patients re- 
ceiving oral treatment with prednisolone. This may result from the failure 
in previous studies to remove derivatives of prednisolone and other ste- 
roids prior to assay for hormones. 


Keyphrases Prednisolone-levels in plasma and leukemia cells during 
therapy of chronic lymphocytic leukemia, glucocorticoid Lymphocytic 
leukemia-prednisolone levels in plasma and leukemia cells during 
therapy, chronic, glucocorticoid Glucocorticoids-prednisolone levels 
in plasma and leukemia cells during therapy of chronic lymphocytic 
leukemia 


Glucocorticoid hormones, usually in combination with 
other chemotherapeutic agents, are used extensively for 
treatment of human leukemias and lymphomas. Clinical 
trials have clearly shown the efficacy of including gluco- 
corticoid in treatment schedules, although the therapeutic 
mode of action of these steroids is still poorly understood 
(1). In the main, therapeutic effects have been attributed 
to the direct cytolethal and/or cytostatic action of the 
steroid on malignant cells, although glucocorticoids also 
have a wide variety of other effects on cells and tissues 
throughout the body (1). 


In previous studies with a large series of human lym- 
phoid cell lines (2-6) and freshly isolated leukemia cells 
from patients with chronic lymphocytic and hairy-cell 
leukemia (7), it was found that human lymphoid cells are 
remarkably resistant to the cytolethal and cytostatic ef- 
fects of glucocorticoids in uitro despite the presence of 
substantial levels of cytoplasmic glucocorticoid receptors 
and evidence of uptake and binding of glucocorticoid by 
target cells. In nearly every case lymphoid cells required 
exposure to suprapharmacological concentration ( 
M) of steroid for prolonged periods (>48-72 h) before 
significant cytolethal or cytostatic responses resulted. 
Since in therapeutic practice glucocorticoids are admin- 
istered as repeated daily doses of low concentrations of 
steroid M), it seems unlikely that leukemia cells 
in uiuo are ever exposed to the glucocorticoid concentra- 
tions required to induce cytolethal responses in uitro. 
However, virtually nothing is known about target cell 
concentrations of glucocorticoids in leukemia patients 
during therapy and whether or not leukemia cells are ca- 
pable of concentrating glucocorticoid to an extent that in 
uitro conditions may be simulated. 


The results of such an investigation in which the con- 
centrations of free prednisolone in plasma and leukemia 
cells of a small series of patients with chronic lymphocytic 


leukemia was measured at  various time intervals after 
administration of a single oral therapeutic dose of pred- 
nisolone are reported herein. The results are compared 
with the in uitro uptake of prednisolone by freshly isolated 
leukemia cells. A radioimmunoassay (RIA) developed 
specifically to measure prednisolone levels also indicates 
that previous estimates of free prednisolone in plasma 
during therapy may be grossly inaccurate. 


EXPERIMENTAL 


Material~-[~H]Prednisolone (25-50 Ci/mmol)' was purified by TLC 
before use. The xylene-based scintillation fluid contained p-bis-245- 
phenyloxazole)2 (0.02% w/v), 2,5-diphenyloxa~ole~ (0.3% w/v), and 
isooctylphenoxypolyethoxyethanol3 (25% v/v). Organic solvents4 of an- 
alytical grade were used as supplied. Pharmaceutical [3H]prednisolone 
(5 pCi/80 mg)5 was prepared commercially and used as supplied. 


Patients-Ethical restrictions required the complete study to be 
undertaken with 11 patients with hematologically confirmed chronic 
lymphocytic leukemia. Six patients (subjects 1-6) were used for the in 
viuo study and five patients (subjects 7-11) were used for the in uitro 
study. 


In Vivo Study-Subjects 1-4 were given a single oral dose (45 mg/m2) 
of prednisolone. In two other patients (subjects 5 and 6) the oral dose of 
steroid also included 5 pCi of [3H]prednisolone. Blood samples (20-25 
mL) were removed from the cubital vein a t  intervals up to 24 h. Leukemic 
lymphocytes were separated from other peripheral blood cells in a density 
gradient6 (8). Plasma was drawn off without agitating the cell layer and 
stored a t  -2OOC until assayed. Leukemia ceUs were washed twice in tissue 
culture medium7 containing 10% heat-inactivated fetal calf serums, then 
counted before being stored as a pellet a t  -2OOC. Normally cells were 
frozen within 1 hr of sample collection. 


In Vitro Study-Leukemic lymphocytes were separated from the 
peripheral blood of five previously untreated patients (subjects 7-11) 
on the density gradient and washed twice with sterile tissue culture me- 
dium containing 10% heat-inactivated fetal calf serum. Approximately 
25 X lo6 viable eells were incubated a t  37OC with a saturating concen- 
tration of [3H]prednisolone (7.22 f 0.062 X 10-8 M) in 2 mL of growth 
medium. Cells were incubated for 1,30,60, and 120 min after which they 
were immediately centrifuged a t  300Xg for 1 min a t  4°C. The pellet was 
washed with 3 x 2-ml aliquots of ice-cold medium and recovered by 
centrifugation (300Xg for 1 min). The whole washing procedure took -15 
min to complete. After the third wash the pellet was resuspended in 2 mL 
of fresh medium, and 2 X 0.5-mL aliquots, each containing 6.25 X lo6 
viable cells, were added to 8 mL of scintillation fluid and assayed for ra- 
dioactivity in a liquid scintillation counter9 (efficiency -50%). The re- 
maining fraction was centrifuged, and a 0.5-mL aliquot was removed to  
determine the radioactivity of the supernatant. The latter was subtracted 
from the former to determine the activity in 6.25 X 106 viable cells. The 
intracellular concentration was calculated by assuming an average cell 
volume of 4.22 X L (cell diameter 7.5 nm). 


Radioirnmunoassay for Prednisolone-Antiserum to prednisolone 
21-hemisuccinate conjugated to bovine serum albumin (9) was raised in 


~ ~ _ _ _ _  ~~ 


1 Amersham International, Amersham, Bucks, England. 
2 Nuclear Enterprises Ltd., Edinburgh, Scotland. 
3 Si ma London Chemical Co., Poole, Dorset, England. 
4 B.$.H. Ltd.; Poole, Dorset, England. 
5 Upjohn Ltd., Crawley, Sussex, England. 
6 Ficoll. Pharmacia Fine Chemicals AB, Uppsala, Sweden; Triosil, Nyegaard .. 


& Co., Oslo, Norway. 
7 RPMI 1640, Flow Laboratories, Irvine, Ayrshire, Scotland. 
8 Gibco Co., Paisley, Scotland. 
9 Nuclear Chicago Isocap 300-G.D. Searle, High Wycornbe, Bucks, England. 
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Table I-Plasma and Intracellular Concentrations of Prednisolone in  Chronic Lymphocytic Leukemia Patients Following a Single 
Oral Dose of Prednisolone 


Su biect 
Prednisolone Concentration, M 


I h  3 h  6 h  9 h  12h  24 h 


1 Plasma 7.94 x 10-9 3.33 x 10-7 1.53 x 10-7 1.11 x lo-' ND ND 
Intracellular" 0.66 x 10-9 0.90 X 0.81 X Q.53 x 10-8 ND ND 


2 Plasma 4.83 x 10-7 5.05 x 10-7 2.69 X 1.75 x 10-7 9.16 X 1.42 X 
Intracellular" 1.05 x 2.26 X 1.18 X ND 2.50 x 10-9 ND 


3 Plasma 7.67 x 10-7 5.04 x 10-7 2.21 x 10-7 1.65 x 10-7 ND ND 
Intracellular" 1.83 X 1.08 x lo-@ 5.46 x 10-9 3.88 x 10-9 ND ND 


4 Plasma 7.53 x 10-7 3.83 x 10-7 2.06 x 10-7 1.34 x 10-7 ND ND 
Intracellular" 1.06 X lo-& 1.15 x 10-8 7.30 x 10-9 3.90 x 10-9 ND ND 


~~ ~ ~~ 


Determined assuming average cell volume 4.22 X L (cell diameter 7 nm) * N D  = not determined. 


Table 11-Total and Free Prednisolone Concentrations in Plasma of Chronic Lymphocytic Leukemia Patients Receiving a Single Oral  
Dose of Radioactive Prednisolone, 5 pCi 


Subiect 
Prednisolone Concentration, M 


l h  3 h  6 h  9 h  1 2 h  24 h 


5 Total Steroid" 3.90 X 3.30 X 2.30 X 10W 1.8 X 1.40 X 6.40 X 
Free Steroid 8.40 X ND 1.87 X 1.09 X 3.67 X 1.14 X lo-" 


6 Total Steroid" 3.90 X 2.50 X lo-! 1.80 X 1C6 1.40 X 1.00 X 2.50 X 
Free Steroidh 7.73 x 10-7 5.1 X lo-' 2.18 X 1.03 X 6.89 X lo-? 8.30 X 


0 Free prednisolone plus metabolites as  determined by measuring total radioactivity. Unmetabolized prednisolone assayed by column chromatography. NC = 
not determined. 


New Zealand White rabbits according to the method of Exley et al. (10). 
To plasma or cellular extracts (each cell pellet was resuspended, made 
up to 5 mL with water, and homogenized) was added -26,000 dpm of 
[3H]prednisolone to monitor recovery. These were extracted with di- 
chloromethane, and the extracts were evaporated under a steady stream 
of nitrogen. The residue was reconstituted in 1 mL of benzene-ethanol 
(955) and loaded on a hydroxypropylated cross-linked dextran chro- 
matography columnlo (10 X 0.8 cm) equilibrated in the above solvent 
system. The column was flushed with 55 mL of the eluant (benzene- 
ethanol, 955). The fraction that contained hydrocortisone was discarded. 
The column was further eluted with 30 mL of eluant, and the fraction was 
collected. This fraction contained virtually all (>99%) of the labeled 
prednisolone loaded to monitor recovery; there were no breakdown 
products. Aliquots (0.1 or 0.25 mL) of eluate were evaporated in triplicate 
for radioimmunoassay. The reference standard tubes containing 0,17.3, 
34.7,69.4, 138.3, and 277.7 fmol of prednisolone were balanced with 0.1 
or 0.25 ml of blank column eluate, and the organic phase was evaporated 
in a vacuum oven at  30°C. Phosphate buffer (0.1 mL, 0.01 M, pH 7.4) 
containing -10,OOO dpm of [3H]prednisolone was added to each tube, and 
the tubes were thoroughly mixed. Antiserum solution (0.1 ml, diluted to 
1:4000 with O.l%gelatin and 0.01% menthiolate in phosphate buffer) was 
added to each tube, the contents mixed and incubated a t  4°C for a min- 
imum of 3 h. Dextran-coated charcoal solution (0.5 mL, 0.025% dextran 
and 0.25% charcoal in phosphate buffer) was added to each tube, and the 
solution was agitated and allowed to incubate for a further 10 min a t  4°C. 
The tubes were centrifuged a t  IOOOxg for 10 min at  4OC, the supernatant 
was decanted into a scintillation vial containing 8 mL of scintillation fluid, 
and the radioactivity was determined. A standard curve was constructed 
from reference standards and the results for test samples were read di- 
rectly. The results were corrected for losses and expressed finally as molar 
concentrations. The intra- and interassay coefficients of variation were 
(4 and 870, respectively. 


RESULTS 


In Vivo Study-Figure 1 shows the mean plasma concentration of free 
(unmetabolized) prednisolone during the 24-h following a single oral dose 
of the glucocorticoid. A rapid rise in plasma concentration of free steroid 
occurred during the first 1-3 h followed by a rapid but progressively de- 
clining rate of fall in steroid level until barely detectable levels were 
reached by 24 h. Table I shows concurrent plasma and intracellular leu- 
kemia cell concentrations of free prednisolone during the 24-h period after 
an oral dose of nonradioactive steroid. As apparent from the results, there 
is nothing to suggest that leukemia cells are capable of selectively con- 
centrating prednisolone. In Table 11, total (unmetabolized and metabo- 
lized) and free (unmetabolized) concentrations of prednisolone in plasma 
of leukemia patients receiving radioactive steroid are shown. I t  is evident 


10 Sephadex LH-20-Pharmacia Fine Chemicals AB, Uppsala, Sweden. 


that prednisolone is rapidly metabolized i n  tliuo, and 1 h after adminis- 
tration <25% of the total prednisolone remaining in plasma constitutes 
unmetabolized steroid. 
In Vitro Study-The intracellular concentration of prednisolone in 


leukemia cells as a function of time in the presence of constant extra- 
cellular steroid levels is shown in Table 111. During the first hour pro- 
gressive uptake of steroid occurred, but by 2 h the level had declined. In 
other experiments with cultured human lymphoid cell lines it was found 
that a similar rise and fall in intracellular steroid levels occurred over the 
same time interval (2). In no instance did intracellular concentrations 
of prednisolone reach or exceed extracellular levels. 


DISCUSSION 


These studies represent the first attempt to measure plasma and target 
cell concentrations of steroid concurrently in leukemia patients receiving 
therapeutic doses of glucocorticoid. The comparative i n  uiuo and in  uitro 
capacity of leukemia cells to concentrate glucocorticoid in the presence 
of known extracellular steroid levels has also been studied. I t  is evident 
that  chronic lymphocytic leukemia cells do not possess the capacity for 
selectively concentrating glucocorticoids i n  uiuo or in uitro, and steroid 
levels previously shown i n  uitro (5,7) to be necessary for inducing cyto- 
lethal or cytostatic responses were not achieved in the plasma of leukemia 
patients receiving therapeutic doses of prednisolone. 


The possible reasons for the apparent discrepancy between i n  uitro 
and in  uiuo glucocorticoid sensitivity of human lymphoid cells have been 


Figure 1-Mean concentration of free prednisolone in  plasma of 
chronic lymphocytic leukemia patients at  various time interuals after 
a single oral dose o f  prednisolone. 
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Table 111-Intracellular and Extracellular Concentrations of Prednisolone in Cultured Chronic Lymphocytic Leukemia Cells 


Extracellular Intracellular Concentration, Ma 
Subject Concentration, M 1 min 30 min 60 min 90 min 


7 8.1 X 1.42 X 2.72 X 3.02 X 2.72 X 
8 7.0 x lo+ 1.27 X 1.54 X 10-8 1.53 X 1.46 X 10-8 


10 7.2 X 1.52 X 4.06 X 3.83 x 3.83 X 
11 7.0 X lo-* 1.82 x 10-8 3.37 x 10-8 4.36 X 4.06 X 


9 6.8 x 1.92 x 10-8 3.44 x lo-* 3.42 X 3.10 x 10-8 


Mean f S D  7.22 f 0.26 X 1.59 f 0.08 X 3.03 f 0.92 x 3.23 f 1.52 X 3.03 f 1.07 X 


a Determined assuming average cell volume 4.22 X L (cell diameter = 7.5 nm) 


Table  IV-Comparative Mean Plasma Concentration (pg/lOo 
mL) a of Prednisolone Following Oral  Steroid Administration 


Colburn DiSanto 
Sampling and and 


Time, Ruller DeSante Sullivan Present 
h ( 1 l ) b  (12)h e t a l .  (13)h StudyC 


0 0 0 0 0 
1.0 76.1 70.0 115.0 87.5 
3.0 56.2 80.7 84.0 65.6 
6.0 31.8 49.4 43.5 45.6 


12.0 7.1 15.3 10.0 27.5 
24.0 0 2.1 1.8 9.3 


(I Calculated as equivalent to a 50-mg oral dose of glucocorticoid. 
tabolized) steroid. L. Total (unmetabolized and metabolized) steroid. 


discussed in detail elsewhere (1). They cannot be attributed simply to 
differences in cytoplasmic receptor expression or the failure of target cells 
to take up and bind steroid (2-4,7). If the therapeutic responses to glu- 
cocorticoids are mediated through direct cytolethal and/or cytostatic 
actions, it is evident the mechanisms involved i n  uitro and i n  uiuo differ 
fundamentally since glucocorticoid concentrations required to induce 
these effects are of different orders of magnitude. Alternatively, in uiuo 
responses to glucocorticoids may be mediated a t  least in part by indirect 
means by virtue of some synergistic action when used in combination with 
other chemotherapeutic agents or through some more generalized tissue 
or cellular response. Further studies to explore these possibilities are 
urgently required. 


I t  is also evident from the findings reported here that the intracellular 
concentration of prednisolone in circulating leukemic lymphocytes was 
always <4% of that in concurrently removed (extracellular) plasma 
samples. By contrast, the relative intracellular concentration of steroid 
achieved i n  uitro was 4-15 times greater than that in uiuo although in no 
instance did this reach or exceed extracellular concentrations. The rel- 
atively lower uptake of steroid i n  uiuo may be accounted for by differences 
in availability of the glucocorticoid to target cells for a variety of reasons. 
First, although corticosteroid-binding globulin (transcortin) in plasma 
has a much lower affinity for prednisolone than hydrocortisone, free 
prednisolone will be sequestered to some extent i n  uiuo by this steroid- 
binding protein. Since in uitro incubations were performed in medium 
containing heat-inactivated serum no transcortin was present to impede 
the uptake of steroid. In other experiments it has been found that cells 
incubated in medium containing non-heat-inactivated serum (thereby 
containing intact transcortin) show comparatively lower levels of steroid 
uptake. Second, prednisolone would be sequestered to some extent i n  
uiuo by adipose tissue with the production of a depot effect and reduced 
levels of circulating steroid. Third, in contrast to i n  uitro conditions, these 
results show that glucocorticoids are rapidly metabolized in uiuo to 
produce water-soluble derivatives (sulfates and glucuronides), thus re- 
ducing the level of free steroid available for uptake by target cells. Finally, 
leukemic lymphocytes i n  uiuo normally compete with other cells and 
tissues for unbound steroid in contrast to i n  u i t ro  situations where leu- 
kemia cells have unrestricted access to the steroid. 


Free (unme- 


In contrast to other workers (11-13), substantially lower concentrations 
of free prednisolone have been found in plasma following oral adminis- 
tration of the steroid. However, it is apparent from examination of results 
that  the total (unmetabolized and metabolized) prednisolone levels in 
this study are roughly equivalent to what others have regarded as free 
(unmetabolized) glucocorticoid (Table IV). This study has shown that 
prednisolone is rapidly metabolized in uiuo, and 1 h after oral adminis- 
tration <25% of prednisolone in plasma remains as free (unmetabolized) 
steroid. I t  must be assumed, therefore, that any discrepancies in findings 
between this and other studies are the result of differences in methods 
employed for assaying steroid levels. In the radioimmunoassay described 
here samples are purified by chromatography prior to assay to eliminate 
other cross-reacting steroids. Other workers have failed to remove such 
metabolites, and it would appear that most previous estimates of plasma 
concentrations of prednisolone during therapy are grossly inaccurate. 
Further studies are required to establish the true pharmacokinetics of 
prednisolone during steroid therapy. 
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I l l  m n  
Figure 4-Effect of substitution in the aromatic part of the substrates on 
metabolic intermediate-complexing activity. indicated as percentage of cy- 
tochrome P45Q complexed (obtained from Table 1). 


ligand responsible for such complex formation is an N oxidized primary amine, 
probably a nitroso compound or a nitroxide radical (1 I). Presumably the main 
mechanism leading to the ultimate metabolic intermediate ligand is N-oxi- 
dation of the secondary amines, since N-hydroxytofenacine (XV) leads to a 
large extent to complex formation. N-Oxidation of the N-hydroxy-N-alk- 
ylamine may lead to an unstable N-hydroxy-N-alkylamine N-oxide, which 
after rearrangement is readily N-dealkylated. The N-dealkylated N-hy- 
droxylamine is rather unstable and may give the nitroxide radical. Direct 
N-oxidation of the primary amine does not have an important contribution 
to metabolic intermediate complex formation inasmuch as I and I I  do not 
produce a metabolic intermediate complex to any large degree. 


Interpretations of data become more difficult if the effect of substitution 
at the aromatic portion of the molecule comes into play (Fig. 4). Substitution 
on one phenyl group greatly affects complexation. Moreover, the substituent 
on the amine function influences the effect of substitution on the aromatic 
part in an unpredictable manner. Clearly more compounds are needed to 
unravel the effect on metabolic intermediate complexation if substitution 
occurs in different parts of the molecule simultaneously. 


I n  conclusion, evaluation of the relationship between structure and bio- 
logical activity may bc helpful in development of compounds which will show 
the desired pharmacological effect without metabolic intermediate com- 
plexation. One may also design compounds with prominent complexing activity 
with specific cytochrome P450 subforms, which may be used for pharmaco- 
logical or toxicological purposes. 
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Abstract 0 3 - N - (  l’,X’-Naphtha1imido)propionic acid was synthesized and 
shown to cffcctivcly lower both serum cholesterol and triglyceride levels in 
rills iind mice. I n  hyperlipidemic mice, serum lipid levels were lowered sig- 


dcprcssed by drug trcatmcnt. Significant reduction of liver lipids as well as 
thc lipid content of thc lipoprotein fractions wereobserved. The agent possessed 
ii  safe therapeutic index whcn used as a hypolipidemic agent. 


N-Substituted cyclic imides have been shown to be potent 
hypolipidernic agents in rodents at the low dose of 20 mg/kg/d. 
Substitutions of four carbon atoms or an oxygen atom for one 


of the carbons provided the most active agent of the phthali- 
mide, saccharin, and the l’,E’-naphthalirnide series (1) .  These 
agents effectively lowered both serum cholesterol and tri- 
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Table I-Effects of fN-(lf,8‘-Naphthalimido)propionic Acid on Serum Cholesterol and Triglyceride Levels of Male CFI Mice and Male Holtzman Rats 


Rats Mice 


Dose, Serum Cholesterol Triglyceride Dose, Serum Cholesterol Triglyceride 
Serum Serum 


Compound mg/kg/d Day9 Day 14 Day 14 mg/kg/d Day9 Day 16 Day 14 


3-N-( 1‘,8’-Naphthalimido)propionic Acid 


Control ( I %  carboxymethylcellulose) 


10 8 1 3 ~ 6 ~  6 5 + l b  6 9 f 4 b  10 91 f 7  7 8 4 ~ 5 ~  8 8 k 6  
20 7 8 f 7 b  5 7 + ~ 5 ~  6 6 ~ k 6 ~  20 9 2 6 6  6 8 3 ~ 6 ~  5 8 f 5 b  


40 87f8 6 4 f 5 b  7 0 f 4 b  
60 81 f 6 ‘  7 4 f l b  7 2 f 6 :  


100 i 5 c  100 f 6d 100 f 6e  1 0 0 i 9 f  1 0 0 f 7 e  100f8 


Expressed as percent of control (mean f SD); n = 6 .  b p  5 0.001. I I8 mg%. I22 mg%. 137 mg%. f 73 mg%. 6 78 mg%. * I10 mg%. 


Table 11-Effect of fN-(l‘,8‘-Naphthalimido)propionic Acid on Weights of Major Organs from Male Holtzman Rats after Dosing Intraperitoneally 
~~ 


Control (1% Carboxymethylcellulose) 3 4 ”  I ’,8’-Naphthalimido)propionic Acid 
Organ Organ Weight. g Percent of Body Weight Organ Weight, g Percent of Body Weight 


Liver 
Lung 
Heart 
Stomach 
Kidney 
Spleen 
Brain 
Large intestine 
Small intestine 


Percent increase in animal 
weiehts during exmriment 


15.2 
2.1 
1.5 
3.0 
3.1 
1 . 1  
1.6 
4.8 


10.3 


3.46 
0.48 
0.34 
0.68 
0.7 I 
0.25 
0.36 
I .09 
2.35 


31 


16.2 
2.5 
I .2 
2.3 
2.5 
I .o 
1.9 
3.6 


10.43 


3.99 
0.63 
0.29 
0.58 
0.6 1 
0.25 
0.47 
0.89 
2.58 


33 


For 14 d at 20 mg/kg/d; n = 6. 


glyceride levels. They were active in both normal and hyper- 
lipidemic mice. In the latter case, the agents lowered blood 
lipids to maintain normal ranges of cholesterol and triglycer- 
ides. The LDso values of the drugs appeared to be high, i.e., 
>2 g/kg, indicating a safe therapeutic index. No other dele- 
terious side effects were noted, and the effects on lipid me- 
tabolism were totally reversible. The cyclic imides have been 
observed to reduce regulatory enzymes of lipid synthesis and 
to accelerate lipid excretion uia the bile. The agents signifi- 
cantly lowered cholesterol and triglyceride content of the li- 
poprotein fractions of blood in rats. The N-propionic acid 
substitution of the cyclic ring provided one of the more active 
derivatives of the phthalimide (2) and saccharin (3) series in 
the hypolipidemic screen. Preliminary testing indicated the 
same findings for the propionic acid derivative of 1’,8’- 
naphthalimide. Thus, an in-depth study of the metabolic ef- 
fects of 3-N-( 1’,8’-naphtha1imido)propionic acid was under- 
taken in rodents, and those results are reported. 


EXPERIMENTAL SECTION 


Source of Compoun&-3-N-( 1’.8’-Naphthalimido)propionic acid was 
prepared as follows. 1’,8’-Naphthalic anhydride (19.8 g, 0.1 mol) and 8.9 g 
(0.1 mol) of B-alanine were refluxed in 300 mL of dimethylformamide for 
I .25 h. The resulting solution was cooled. and the solvent was removed in uucuo 
to yield a pink solid residue which was a single spot by TLC analysis. The solid 
wits washed with ethanol to remove the pink color, yielding 24 g (89%) of an 
off-white solid, mp 225-243’C. Recrystallization of an analytical sample from 
cthyl acetate gave 3-N-( 1’,8’-naphthalimido)propionic acid, mp 23 1 -233OC. 
‘ I f - N  M R  (MezSO-ds): 6 7.62-8.47 (m, 6, ArH), 4.26 (t,2. N-CHz), and 
2.60 ppm ( I ,  2,CHz--C=O). 


And-Calc. for C l~Hl lN04 :  C, 66.91; H, 4.12. Found: C, 66.96; H, 
4.1 I .  


Antihyperlipidemic Screens in Normal Rodents-3-N-( 1’,8’-Naphthali- 
iiiido)propionic acid was suspended in 1 %  aqueous carboxymethylcellulose, 
homogcnized. and administered to male CFI mice (-25 g) intraperitoneally 
for 16 d or male Holtzman rats (-350 g) orally by an intubation needle for 
14 d. Serum cholesterol (4) and triglqcerides’ were determined as described 
prcviously (2). 


Testing in Atherogenic Mice-Male CFI mice (-25 g) were placed on a 
commercial diet2 to produce a hyperlipidemic state. After the cholesterol and 
triglyeeride levels were elevated, the mice were administered the test drug at 
20 mg/kg/d ip for an additional 14-d period, and serum cholesterol (4) and 
triglyceride’ levels were determined (2). 


Toxicity Studies-Pcriodic animal weights were obtained during the ex- 
periments and expressed as a percentage of the weight of the animal on day 
0 (2). The acute toxicity (LDsovalue) (5) was determined in male CFI mice 
(-25 g) by administering the test drug intraperitoneally from 100 mg to 2 
g/kg as a single dose. The number of deaths werc recorded over a 7-d period 
for cdch group. 


Enzymatic Studies-In v i m  enzymatic studies were determined using 10% 
homogcnates of male CFI mouse liver with 2.5- 10 pmol of test drug. In oiuo 
cnzjmatic studies were determined with 10% homogenates of liver from male 
CFI mice obtained after administering the agent for 16 d at a dose ranging 
from 10 to 60 mg/kg/d ip. The enzyme activities were determined by previ- 
ously described techniques: acetyl CoA sqnthetase (6); ATP-dependent citrate 
lyase (7); mitochondria1 citrate exchange (8, 9); cholesterol side-chain oxi- 
dation ( 10); 3-hydroxy-3-rnethylglutaryl CoA reductase (HMG CoA re- 
ductase) ( I I ,  12); acetyl CoA carboxylasc activity ( I  3); fatty acid synthetase 
( 14); sn-glycerol-3-phosphate acyl transferase ( 15); and phosphatidate 
phobphohydrolase (16). Details of the enzymatic assays have been published 
previously (2). 


Liver, Small Intestine, and Fecal Lipid Extraction-In male CFI mice that 
hiid been administered test drugs for I5 d, the liver. small intestine, and fecal 
materials (24-h collection) were removed, extracted (17, 18) and analyzed 
for cholesterol (4). triglyceridesl, neutral lipids ( I  9). and phospholipids 
(20). 


I-’H)Cholesterol Distribution in Rats-Male Holtzman rats (-350 g) were 
administered test agents for 14 d orally. On day 13, 10 IC i  of [3Hlcholesterol 
was administerted intraperitoneally in mice and orally in rats by a previously 
described procedure (2) .  


Cholesterol Absorption Study-Male tloltzman rats (-400 g) were treated 
with test drugs at 20 mg/kg/d orally for 14 d. [I,2-3H]Cholesterol (40.7 
mCi/mmol) ( 1  0 pCi) was administered orally I8 h before surgery. After the 
rats wcrc anesthetized and the bile ducts were canulated by a method described 
previously (2). the bile was collected over the next 6 h and analyzed for tritium 
conicnt (21). 


Plasma Lipoprotein Fractions---Male Holtzman rats (-400 g) were ad- 
ministered test drugs at 20 mg/kg/d for 14 d. Blood was collected from the 
;ibdominal aorta, and lipoprotein fractions were obtained by the methods of 
tlavel and co-workers (22, 23). Each fraction was analyzed for cholesterol 
(4). iriglyceridcs’, neutral lipids ( I  9). phospholipids (20), and protein levels 
(24). 


I tlycel Triglyceride Teat Kit:  Fisher Scientific Co. B u s ~ l  Atherogenic Test Diet: US. Biochemical Corp. 
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Table 111-In Vitro Effects of 3-N-(1',8'-Naphthalimido)propionic Acid on Male CF, Mouse Liver Enzyme Activities a 


Mitochondrial Citrate Acetyl CoA Citrate HMG CoA Cholesterol Side-Chain 
Drug, pmol Exchange Synthetase Lyase Reductase Oxidation 


Control ( I %  carboxymethylcellulose) 100 f 106 100 f 7= 100 f 9d 100 f 7c 
Treated 


2.5 21 f 9 j  8 2 f 6  73 f 31 93 f 4 
5.0 - 8 3 f 7  69 f 71 83 f 6k  


10.0 - 86 f 6 77 f 41 79 f 6 j  


100 f 8f 


68 f 9J 
- 
- 


Acyl CoA-Cholesterol Acyl Acetyl CoA Fatty Acid sn-Glycerol-3-phosphate Acyl Phosphatidate 
Drug, pmol Transferase Carboxylase Synthetase Transferase Phosphohydrolase 


Control ( I %  carboxy- 


Treated 
methylcellulose) 100 f 9s 100 f 6 h  100 f 7' 100 f 8' 


2.5 98 f 6 58 f 6 j  1 0 0 f 5  41 f 7 J  
5.0 135 f 9J 51 f 3J 100 f 6 50 f 6J 


10.0 I34 f 121 46 f 4J 98 f 7 24 i 4J 


100 f 7'" 


55 f 3J 
45 f 6J 
42 f 7J 


Mitochondrial Oxidative Phosphorylation 
a-Ketoglutarate Succinate 


State 4 State 3 State 4 State 3 


Control ( I %  carboxymethylcellulose) 100 f 6" 100 f 7O 100 f 5a 100 f 69 
Treated 67 f 5J 50 f 3J 81 f 6 J  65 4J 


Expressed as percent control (mean f SD); n = 6. 30.8% exchange of mitochondria1 citrate. C 28.5 rng of acetyl CoA formed/g of wet tissue/20 min. 30.5 mg citrate hydrolyzed g 


min. 32.010dpm/g of wet tissue/30 min. I 37.656dpm g ofwet tissue/20 min. J p  5 0.001. ! p  5 0.010. ' 537,hOdpm/gof wet tissue/20 min. 16.7 pg inorganic phosphate/g 
of wet tissue/l5 min. " 3.51 pL of oxygen consumed/h/mg of tissue. 0 5.21 pL of oxygen consumed/h/mg of tissue. P 5.92 pL of oxygen consumed/h/mg of tissue. q 11.31 p L  
of oxygen consurned/h/mg of tissue. 


of wet tissue/20 min. 384.900 dpm of cholesterol formed/ of wet tissue/60 min. f6080 d m of COz formed g of wet tissue/l8 h. C 4804 dpm/rng of microsomal protein/ 4 0 


RESULTS 


3-N-( I',8'-Naphthalimido)propionic acid clearly demonstrated potent 
hypolipidemic activity in rodents. In  rats, at 20 mg/kg/d orally, serum cho- 
lesterol levels were reduced 43% and serum triglyceride levels were reduced 
34% (Table I ) .  I n  mice, at 20 mg/kg/d ip, serum cholesterol levels were re- 
duced maximally at 40 mg/kg/d by 36%, whereas serum triglyceride levels 
were reduced 42% at 20 mg/kg/d. In  hyperlipidemic mice, serum cholesterol 
lcvels were elevated 183% (354 mg%) above normal control values ( I  25 mg%). 
After treatment with 34'4 1',8'-naphthalimido)propionic acid for 14 d, serum 
cholesterol was elevated 23% above the control values, which were reduced 
l6W0 of the diet-induced cholesterol levels. The serum triglyceride levels in 
the hyperlipidemic mice were elevated 168% (367 mg/dL) above the control 
value (137 mg/dL). Drug treatment resultzd i n  values 13% lower than the 
control. The drug had no effects on the consumption of food on a daily basis 
in the rats. Furthermore, the weight increase of the whole animal as well as 
the individual weights of the major organs were not affected by drug treatment 
for 2 weeks (Table 11). 


Examination of the in oirro effects of 3-N-( 1',8'-naphthaEmido)propion- 
ic acid on the activities of enzymes required for de nwo synthesis of cholesterol 
and triglycerides of mice showed that mitochondria1 citrate exchange was 
markedly inhibited by drug treatment by 7990 at 2.5 pmol (Table I l l ) .  Citrate 
lyase. acetyl CoA synthetase, and HMG CoA reductase activities were in- 
hibited marginally (20-30%). 


Enzymes involved in the clearance of free cholesterol from the liver varied 
in the response to drug treatment. Cholesterol side-chain oxidation was in- 
hibited at 2.5 pmol. and acyl CoA cholesterol acyl transferase activity was 
cnhanced at 5 and 10 pmol(-35%). Activities of regulatory enzymes involved 
in fatty acid and triglyceride syntheses were significantly inhibited. Acetyl 
CoA carboxylase. sn-glycerol-3-phosphate acyl transferase, and phosphatidate 
phosphohydrolase activities were suppressed significantly, with the highest 


concentration (IOpmol) affording the maximum inhibition. Fatty acid syn- 
thetase activity was not affected by drug treatment. 


Evaluation of some of the same enzymes after in oioo administration of 
3-N-( I ',8'-naphthalimido)propionic acid demonstrated that citrate lyase was 
inhibited maximally at 20 mg/kg/d by 22% (Table I V ) .  Acetyl CoA syn- 
thctasc activity was suppressed 14% at 20 and 40 mg/kg/d. HMG CoA re- 
ductase activity was not altered by in uioo drug administration. 7-a-Hy- 
droxylase, the regulatory enzyme for the conversion of cholesterol to bile acids, 
was significantly inhibited by drug administration, with 60 mg/kg producing 
the maximum effect (52% reduction). Acetyl CoA carboxylase activity was 
suppressed maximally 45% at 20 mg/kg/d. sn-Glycerol-3-phosphate acyl 
transferase activity was likewise inhibited maximally at 20 mg/kg/d by 51%. 
Phosphatidate phosphohydrolase activity was inhibited 3 I %  at 20 mg/kg/d 
and 48% at 40 mg/kg/d. Fatty acid synthetase activity was marginally in- 
hibited 19-20% at 20 and 40 mg/kg/d. 


Lipid analysis of the liver of mice treated for 16 d with 3-N-(1'.8'- 
naphtha1imido)propionic acid intraperitoneally showed that the number of 
milligrams per milliliter of total lipid was reduced 47 and 52% at 20 and 40 
mg/kg/d. respectively (Table V).  Cholcsterol levels were reduced 20-3070. 
Triglyceride levels were markedly reduced (92-97410). whereas neutral lipid 
levels were reduced 72 and 84% at the same doses. At the dosage of 60 mg/ 
kg/d. total lipid, cholesterol. triglyceridcs. and neutral lipids returned to more 
normal levels. The phospholipid levels were reduced at 10 mg/kg/d by 34%. 
but were significantly elevated at 20 and 40 mg/kg/d. Fecal samples obtained 
on day 16 demonstrated a marked increase in total lipid excreted as wcll as 
increases in cholesterol and neutral lipid levels; however, triglyceride and 
phospholipid levels were not elevated in  the fecal samples. 


Distribution studies in rats with [3H]cholcsterol showed that cholesterol 
absorption from the GI tract over a 24-h period was reduced 7%; however, 
excretion in the bile was accelerated 26% (Table VI) .  The milligram percent 
of cholesterol was elevated 38%. and the bile flow rate over 6 h was accelerated 


Table IV--ln Vivo Effects of 3-N-(1',8'-Naphthalimido)propionic Acid on Male CFl Mouse Liver Enzyme Activities a 


Enzyme 
Control Enzyme Activity, %of Control 


(1% Carboxymethylcellulose) 10 mg/kg/d 20 mg/kg/d 40 mg/kg/d 60 mg/kg/d 


Citrate lyase 
Acetyl CoA synthetase 
HMG CoA reductase 
7-a-H ydroxylase 
Acetyl CoA carboxylase 
Fatty acid synthetase 
sn-Glycerol-3-phosphate acyl transferase 
Phosphatjdate phosphohydrolase 


100f8 
1 0 0 f 7  
1 0 0 f 6  
100 f 2 
100 f 5 
100 f 6 
100 f 8 
100f 5 


After dosing for 16 d; expressed as percent of control (mean f SD), n = 6. p 5 0.0001. 


79 f 76 
91 f 6  86 f 7 
95 f 5 1 1 0 f 7  
65 f l ; t b  
85 f 5 
83 f 6< 
54 f 5 6  
87 f 8 


c p  5 0.005. 


78 f 3h 


55 f 136 
55 f 46 
81 f S6  
49 f 46 
69 f lb  


83 f 8 I04 f 9 
86 f 66 92 f 8 


1 1 2 f 8  1 1 0 f 6  
49 f 46 48 f 56 
73 f 6h  110f5 
80 f 76 95 f 5 
51 f 46 67 f 7b 
52 f 6b  70 f 86 
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Table V-Effects of 3-N-(1‘,8’-Naphthalimido)propionic Acid on Lipid Distribution of M o w  Liver and Feces 


Lipid 
Extracted, mg Cholesterol Neutral Lipids Trialwerides PhosDholiDids Protein 


Liver 
Control 100 f 9 100 f 76 l 7 m  f 4c 
Trcated 


97 f 8 96 f 8 33 f 38 
53 f 78 70 f 68 28 f 28 
48 f 48 71 f 6 8  16 f 38 


60 mg/kg 67 f 68 84 f 7 23 i 38 


10 mg/kg 
20 mg/kg 
40 mg/kg 


100 f Sd 


23 f 48 
8 f 28 
3 i 28 


10 f 28 


100 f 8c 100 f 4/ 


66 f 78 
131 f 78 
127 f 88 
108 f 8 


101 f 4 
98 f 2 
95 f 2 


107 f 3 
Feces 


Control 100 f 6 100 f 7h m f 8 i  100 f 61 100 f 6“ 
Treated 


10 me/kg 145 f 78 145 f 98 197 f 98 100 f 5 95 f 7 
20 m d k g  138 f 68 I32 f 38 133 f 71 91 f 6  95 f 6 
40 m d k g  150 f 88 163 f 78 153 f 78 91 f 6  84 f 58 
60 mg/kg 145 f 78 I39 f 58 161 i 68 102 f 6 97 f 78 


At 20 mg kg/d. expressed as percent of control (mean f SD). 12.24 mg of cholcstcrol/g of tissue. 28.35 mg of neutral li id/g of tissue. d 4.77 mg of triglycerides/g of tissue. 
4.39 mg of pkospholi id/g of tissue. f 4.5 mg of protein/g of tissue. p I 0.001. 7.8 I mg of cholesterol/g of tissue. ‘ 7.18 mg oPneutral lipid/g of tissue. j I .06 rng of triglycerides/g 


of tissue. 2.02 mg ofphospholipid/g of tissue. 


Table VI-Effects of 3-N-(1’,8’-Naphtbalimido)propionic Acid on Lipid Distribution in Rat Liver, Small Intestine, Bile, and Feces a 


Lipid, mg Cholesterol Neutral Lipid Triglycerides Phospholipids Protein 


Control 1 0 0 f 6  1 0 0 f 7  1 0 0 f 7  100 f 8 100 f 5 100 f 6 
Treated 78 f Sb 83 f 6 c  74 i 5 6  28 f 3b I07 f 7 9 9 i 6  


Control l 0 0 f 5  1 0 0 f 6  1 0 0 1 8  100 f 9 100 f 10 - 
Treated 45 f 5 6  82 i Sb 97 f 9 I06 f 8 120 f 8c - 


Treated - I38 f 12b 135 f 9b 72 f 5 127 f 7b - 


Treated 95 7 128 f 8 127 f 8b 90 f 4 123 f 5 b  - 


Liver 


Small Intestine 


Bile 
Control - 100f 10 1 0 0 f 9  100 f I f  1 0 0 f 8  - 


Control l 0 0 f 9  l O O f  I f  1 0 0 f 9  100 f 8 1 0 0 f 9  - 
Feces 


After 14-d administration at  20 mg/kg/d; expressed as percent of control (mean f SD), n = 6.  6 p  5 0.001. c p  5 0.010. 


IS% (Table VII). Phospholipid content of the bile was also elevated 27% 
compared with the control. The [3H]cholesterol content in the small intestine, 
large intestine, chyme, and feces was elevated three, two, five, and two times, 
respectively, after drug treatment. The urine excretion of [3H]cholesterol was 
lowered in  treated animals. and higher levels of [3H]cholesterol were found 
i n  major organs, e.g., brain, heart, lung, liver, and stomach (Table VIII). 
Adrenal weights for the treated mice were identical to the control weights, 
indicating that the drug did not cause hypertrophy of the adrenal cortex as 
a compensatory mechanism of reduced serum cholesterol levels (Table 
VI I I ) .  


Rat lipoprotein fractions (Table IX)  were analyzed, and drug treatment 
reduced cholesterol and neutral lipid in the chylomicron, low-. and high-density 
lipprotein fractions of rats. Neutral lipids and triglyceride levels were reduced 
in thc  vcry low-density fractions. Phospholipid levels were reduced in the 
low-density lipoproteins, but elevated significantly in the high-density lipo- 
protein fraction. Protein content was essentially unchanged in all of the lipo- 
protein fractions of the rats. The calculation of the percentage of each lipid 
or protein concentration of the total lipoprotein particle (Table X )  demon- 
strated slightly different distributions of the lipids. The cholesterol content 
was reduced i n  the chylomicron, the low-, and high-density lipoprotein frac- 
tions, but not in the very low-density fraction. The cholesterol reduction by 
drug was most dramatic in the low-density fraction. The cholesterol ratio of 
high-density/low-density lipoprotein fractions for the control was 0.394 and 
for the treated group was 0.449. Thus, drug treatmcnt raises the value of this 
ratio. Triglyceride content was lowered significantly in the chylomicrons and 


Table VII-Effects of 3-N-(1‘,8f-Naphthalimido)propionic Acid on Rat 
Bile a 


Bile Choles- 
Excretion Total terol Phospholipid 


Rate, [3H]Cholesterol, Conc., Conc., 
Drug mL/6 h dpm/h mg% mg/mL 


Control 1 0 0 f 8 6  1 0 0 ~ k 8 ~  1 0 0 f 7 d  1 0 0 f 3  
Treated I18 f 8c I26 f 9/ I38 f 12f I27 f 7f 


After dosing at 20 mglkgjd for 14 d; expressed as percent of control (mean f SD). 
11 1 m g l .  c p  5 0.010. f p  5 n = 6. 93 p L  of bile elutedlmin. 6279 dpm/mL. 


0.001. 


very low-density lipoprotein fractions. Alterations of the low- and high-density 
lipoprotein fractions probably are not important, since triglyceride content 
is low in these fractions. Neutral lipids were lowered by drug administration 
in all four lipoprotein fractions; however, the magnitude of reduction was not 
as great as  for cholcsterol and triglycerides. Phospholipids were lowered in  
the low-density fraction but raised in the other three fractions. Protein content 
was elevated in all four fractions, probably due to the lipid lost from the li- 
poprotein fraction after drug treatment. 


Data in Tables I-IX are expressed as  percentage of control f SD. The 
probable significant level @) between each test group and the control group 
was determined by the Student’s 1 test. 


DISCUSSION 


3 4 4  1’,8’-Naphthalimido)propionic acid was shown to be a potent hypo- 
lipidemic agent both by oral and intraperitoneal administration in normal and 
hyperlipidemic rodents. The suppression of serum lipids appeared to be related 
to the in uifro and in vivo inhibition of de nouo cholesterol and triglyceride 
Table VIII-Effects of 3-N-(lf,8’-Naphtbalimido)propionic Acid after 14 
d of Dosing on [l%C]Cholesterol Distribution in Holtzman Rats 24 h after 
Administration 


3-N-( 1’,8’-Naphthalimido)- 
Control propionic Acid 


Total Organ, Total Organ, 
Organ’ dpm Recovery, ’3% dpm Recovery, % 


Brain 8,382 0.13 1 1,609 0. I97 
Heart 7,344 0.1 I4  10.717 0.182 
Lunn 22.052 0.342 47.488 0.804 
iii & 46378 0.723 70;986 1.202 
Spleen 13,770 0.214 37.900 0.642 
Kidnev 18.920 0.294 23.1 14 0.392 
Stomach 9;270 0.144 21;552 0.365 
Small intestine 174,705 2.71 1 539,857 9. I45 
Large intestine 33,413 0.518 56,376 0.955 


2.775 Chyme 33,605 0.521 
Feces 193.230 2.998 340.704 5.771 


163,836 


a n  = 6. 
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Table IX-Effects of 3-N-(1',8'-Naphthalimido)propionic Acid on Rat Serum Lipoprotein Fractions' 


C hylomicrons Very Low-Density Lipoprotein 
Cholesterol Neutral Lipid Triglyceride Phospholipid Protein Cholesterol Neutral Lipid Triglyceride Phospholipid Protein 


Control lOOf9: 100f8C 1 0 0 f 6 d  l 0 0 f  loe 100f7f 1 0 0 f 8 r  1 0 0 f 9 h  1 0 0 f 7 '  l 0 0 f 7 1  100f8k 
Treated 58 f 5 66 f 6' 47 f 5' 90 9 90 i 8 92 f 8 5 8 f 6 '  4 6 f 3 '  1 0 1 f 9  96 f 7 


Cholesterol Neutral Lipid Triglyceride Phospholipid Protein Cholesterol Neutral Lipid Triglyceride Phospholipid Protein 
Low-Density Lipoprotein High-Density Lipoprotein 


- _  . .  _ _  . .  
Control l00f9 ;"  1 0 0 f 7 "  100f8° lOOf7; 100f84 100f8' 1 0 0 f 9 s  1 0 0 f 4 '  1 0 0 f 6 "  100f8' 
Treated 45 f 5 4 9 f 4 '  3 6 f 4 '  5 4 f 6  91 f 7  6 6 f 8 '  76f7' 4 8 f 4 '  185f10 '  9 3 f 7  


" After administration of 20 mg/kg/d ip for 14 d; ex ressed as percent of control (mean f SD), n = 6. 337 pg/mL. 67 pg/mL. 420 pg/mL 149 pg/mL. f I84 pg/mL. 
I: 190pg/mL. h98pg/mL'221 pg/mL.I26pg/mL. P 50pg/mL.'p ~ 0 . 0 0 1 . m 2 1 0 p g / m L . n  IOpg/mL.045pg/mL.p41 pg/ml..q l22pg/inL.'S44pg/mL.f620rg/mL. 
I 27 pg/mL. 


Table X-Effects of 3-N-(1',8'-Naphthalimido)propionic Acid on the Percent Composition of Each Lipid and Protein Fraction of the Total Lipoprotein 
Particle 


I53 pg/mL. " 657 pg/mL. 


Cholesterol Triglycerides Phospholipids Proteins Total, pg/mL 


Control 
Treatcd 


Control 
Treated 


Control 
Treated 


30.92 
28.22 


39.01 
49.86 


50.24 
38.73 


Chylomicrons 
38.53 13.67 
28.5 I 19.39 


Very Low-Density Lipoproteins 
45.38 5.34 
29.06 7.41 


Low-Density Lipoproteins 
10.77 9.81 
6.64 9.07 


16.88 
23.88 


10.27 
13.68 


29.19 
45.49 


I090 
69 I 


487 
351 


418 
244 


High-Density Lipoproteins 
Control 39.39 1.96 11.08 47.57 1581 
Treated 28.35 I .03 22.35 48.26 I266 


syntheses in the liver. 3-N-( 1',8'-Naphthalimido)propionicacid lowered the 
cytoplasmic level of acetyl CoA oia mitochondria1 citrate exchange, citrate 
lyase, and acetyl CoA synthetase inhibition. Acetyl CoA is a key intermediate 
precursor required for both cholesterol and triglyceride syntheses. Reduction 
of its level should lower serum levels of both lipids. The regulatory enzyme 
of cholesterol synthesis. HMG CoA reductase activity, was not inhibited by 
the drug; although clofibrate inhibits this enzyme (25), phthalimide (2) and 
saccharin (3) have been shown to have no effect on its activity. 3-N-(I',8'- 
Naphtha1imido)propionic acid did suppress the activity of the regulatory 
enzymes for fatty acid synthesis (acetyl CoA synthetase) and the regulatory 
enzymes for triglyceride synthesis (sn-glycerol-3-phosphate acyl transferase 
and phosphatidate phosphohydrolase). These enzyme activities were also 
reduced by saccharin and phthalimide derivatives (2, 3). Furthermore, the 
magnitude of the reduction is of a level to account for the reduction of serum 
triglyceride levels. 


The intcrference with liver cholesterol synthesis by 3-N-( 1'3'-naphthali- 
mido)propionic acid was not significant enough to explain the lowering of 
serum cholesterol levels. Thus, the distribution and excretion of cholesterol 
;Ifter drug treatment was evaluated. First, the drug did not accelerate cho- 
lesterol conversion to bile acid; in fact. the regulatory enzyme for this con- 
version. 7-a-hydroxylase, was inhibited by drug treatment in oiuo. Side-chain 
degradation of cholesterol also was not increased, as  measured in cirro. Second. 
I'H]cholesterol excretion was accelerated in the bile and feces, indicating that 
1 he drug was accelerating clearance of cholesterol from the blood uia biliary 
cxcretion. High contents of labeled material could be observed in  the small 
intcstine and large intestine, as well as the chyme and fecal material, 
suggesting that the extrahepdtic circulation of cholesterol was reduced by the 
drug. Cholesterol absorption from the intestine after oral administration was 
rcduccd 7%. Higher levels of [3H]cholesterol were observed in some of the 
niiijor organs; however, when the lipid content of the liver and small intestine 
was cxamined, there was a decrease in  cholesterol, triglycerides, and neutral 
lipids. Phospholipid content was elevated in both the liver and bile. Clolibrate 
trciitmcnt results in an increase in phospholipid content in the liver and serum 
(26). Fecal lipid levels reflect the increase in bile cholesterol and neutral lipid 
Icvcls. which were elevated compared with the control values. 


Thc lipid content of the blood lipoprotein fractions was lowered. Chylo- 
microns, which normally contain large concentrations of triglycerides, showed 
lower levels of cholesterol, neutral lipid, and triglyceride. Low-density lipo- 
proteins, which normally contain a high concentration of cholesterol had 
mrkcdly reduced cholesterol, neutral lipids, triglycerides. and phospholipid 
lcvcls after drug treatment. Low-density lipoproteins are responsible for lipid 
deposition in atherosclerotic plaque in  blood vessels. Reducing lipid levels in 
this lipoprotein fraction should also show reduction in the quantity of lipids 


bcing deposited in these plaques. Although i t  is difficult to extrapolate data 
from lipoprotein studies in rats to lipoprotein levels in humans, since the l i -  
poprotein fractions are different. these studies demonstrate that 3-N-( I'Y- 
naphtha1imido)propionic acid modubated the lipid levels in the lipoprotein 
fraction and that 3-N-( 1'3'-naphtha1imido)propionic acid shows promise as 
a potential hypolipidemic agent. 
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Abstract 0 A sensitive and simplified high-performance liquid chromato- 
graphic procedure was developed for the simultaneous quantification of me- 
toprolol and a-hydroxymetoprolol in  human serum, as well as cerebrospinal 
fluid and urine. Following protein precipitation with trichloroacetic acid, the 
sample was alkalinized with 1 M NaOH and extracted with dichloromethane. 
The mobile phase consisted of acetonitrile-water (5050) containing 0.005 
M I-heptanesulfonic acid in O.OOI%aceticacid. Using pronetalol as an internal 
standard, compounds were quantitated using fluorescence detection at  230 
nni  with a 300-nm emission filter and 0.02 ALFS. Extraction recovery is 
-80% for both compounds. The lower limits of detection are 5 ng/mL and 
4 ng/mL for metoprolol and a-hydroxymetoprolol, respectively. 


Keyphrases 0 Metoprolol-HPLC, a-hydroxyrnetoprolol, human scrum, 
urine, and cerebrospinal fluid 0 a-Hydroxymetoprolol-HPLC. metoprolol, 
human serum, urine, and cerebrospinal fluid 


Metoprolol, a selective 0-1-receptor blocker with an active 
hydroxy metabolite, is widely used in the treatment of several 
cardiovascular and neurological disorders ( I  -3). Many pa- 
tients treated with standard oral doses of @-blockers experience 
either adverse toxic effects or receive no therapeutic benefit 
(4). Evaluation of the serum concentration profile of me- 
toprolol may enable optimization of therapy for some patients. 
Several recent reports suggest that many of the pharmaco- 
logical actions of metoprolol are paralleled by serum concen- 
trations of metoprolol and/or a-hydroxymetoprolol ( 5 ,  6). 
Although a-hydroxymetoprolol may have relatively weak 
8-adrenergic blocking potency, its contribution to the other 
pharmacological actions of metoprolol remain to be deter- 
mined (1 ,2 ,7) .  It is known that a-hydroxymetoprolol accu- 
mulates in the serum of patients with certain disease states, 
such as renal failure (7). 


The current assay methods for the analysis of metoprolol 
include GC-MS (8), GC-EC detection (9), as well as high- 
pcrformance liquid chromatography (HPLC) (10, 1 I ) .  Most 
were designed primarily for quantification of only the parent 
drug. The assay procedure reported here is sensitive and spe- 
cific for both metoprolol and the active hydroxy metabolite. 
Additionally, this procedure is useful for quantification of both 
compounds from serum and cerebrospinal fluid (CSF). 


EXPERIMENTAL SECTION 


Reagents-All chemicals and reagents were analytical grade unless oth- 
erwise indicated. Metoprolol tartrate', a-hydroxymetoprolo12, and pronetalo13 
wcrc all received as powders; stock solutions were prepared in methanol. Di- 
chloromethane. acetonitrile4. 30% trichloroacetic acid solution, sodium hy- 
droxide5, and sodium- I -heptanesulfonateb wcre used as received. 


The HP1.C system consisted of a delivery system', universal injector data 
module7. and a variable-wavelength fluorescence detector*. Separation was 
conducted on a reverse-phase C I S  column, 3.9 mm X 30 cm9. The mobile phase 
consisted of 25 mL of 0.005 M sodium-I-heptancsulfonatc in I .O% acetic acid 
diluted to I L with distilled deionized water (solvent A). The same amount 
of heptanesulfonic acid solution (25 mL) was diluted to I L with acetonitrile 
(solvent B). The mobile phase was a mixture of solvents A and B ( S 0 : S O ) .  A 
flow rate of 2 mL/min was maintaincd. The cffluent was monitored at an 
excitation wavelength of 230 nm with a 300-nm U V  interfercncc filter, to set 
the emission wavclength. with an attenuation of 0.02. 


Extraction Procedure-To I mL of serum (in a glass tube) was added 10 
pL of a 3.0-pglmL solution of the internal standard (pronetalol) and 200pl 
of 30% trichloroacetic acid solution. This mixture was vortexed and then 
ccntrifugedI0 at SO00 rpm for 10 min. The clear supernatant (750 pL) was 
transferred and 375 pL of I M NaOH and 4.0 mL of dichloromcthane wcre 
added. The mixture was vortexed for 30 s, then centrifuged for 10 min at SO00 
rpm. The uppcr aqueous phase was aspirated and discarded; the lowcr organic 
phase was transferred, evaporated to dryness under a stream of nitrogen at 
3OOC. and rcconstituted in 100 p L  of thc mobile phase. The extraction pro- 
ccdure for ur inc  and (CSF) is exactly the same as described for serum. 


Recovery Studies-Human serum and methanol samples were each spiked 
wi th  two different concentrations of metoprolol and a-hydroxymctoprolol. 
The methanol samples wereevaporated under a stream of nitrogen at 3OOC. 
with internal standard added just prior to injection. The serum samples were 
extracted as describcd, with the exception that internal standard was again 
;iddrd prior to injection. Percent recovery was determined by comparison of 
peak height ratios bctwcen extracted samples and mcthanol samples. Five 
replicate determinations were made at  each concentration. Similar studies 
wcre conducted using blank urine and CSF. To determinc the within-day 
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Abstract 0 A diffusion model for stratum corneum-limited percutaneous 
absorption based on the interaction of the diffusate with the stratum corneum 
was derived. Two types of interactions were proposed, ion-dipole and lipid- 
lipid, based on current knowledge of the stratum corneum and on irreversible 
thermodynamic arguments. The resulting f lux  equations predict a linear de- 
pendence of flux on the dipole moment and In X of the diffusates, where X 
is the mole fraction solubility. These flux equations were tested on 21 different 
diffusates whose human percutaneous absorption rates in oiuo had been pre- 
vjously determined. A solubility method was used to classify the interaction 
pathway for each diffusate. Correlation of the maximum absorption rate for 
the lipid and polar pathways give correlation coefficients of 0.946 and 0.998, 
respectively. I t  is believed that these studies provide a starting point for the 
ultimate goal of percutaneous absorption research: to be able to bypass in uiuo 
and in oitro studies and to predict absorption solely on the basis of the physi- 
cochemical properties of the diffusates. 


Keyphrases 0 Absorption, percutaneous-maximum in oiuo penetration rates, 
humans, physicochemical predictive model 0 Penetration rates- -maximum, 
in uiuo percutaneous absorption in humans, physicochemical predictive model 
0 Diffusion model-physicochemical, predictive. stratum corneum-limited 
percutaneous absorption, maximum in oioo penetration rates in humans 


The ultimate goal of percutaneous penetration research is 
to predict the permeability of structurally unrelated com- 
pounds from physical properties, thereby eliminating the need 
for studies in humans or animals (1). Stoughton et af. (2) ex- 
amined a series of nicotinic acid esters and correlated ab- 
sorption with the oil-water partition coefficient of the mole- 
cules. Similar studies were carried out by Katz and Shaikh (3),  
Durrheim et af. (4), and Roberts et af. ( 5 )  for a series of cor- 
ticosteroids, alcohols, and phenols, respectively. Lien and Tong 
( 6 )  attempted to use multiple regression analysis to correlate 
absorption with steric factors, molar refraction, Taft's polar 
substituent constant, and molecular weight. In  all of these 
studies, the correlation had to be limited to a series of closely 
related compounds. The goal of this study is to develop a model 
that can be used to predict human percutaneous absorption 
of any molecule from only its physicochemical properties. 


THEORETICAL 


Diffusion - I n  1855, Fick (7)  formulated a set of diffusion equations by 
direct analogy wi th  the equationsof heat conduction, which havecome tobe 
known as Fick's First and Sccond Laws. respectively: 


J = -D grad C 


6C/dt  = D div grad C 


(Eq. 1) 


(Eq. 2) 
where J is the flux in mol/cm2/s, D is the diffusion coefficient in cmz/s, and 
Cis  the molar concentration of the diffusate. Equations 1 and 2 only describe 
ideal diffusion. I n  most real systems, the driving force for diffusion is the 
gradient of the chemical potential, p, and not the gradient of the concentration. 
Thus, the most general forms of the diffusion equations are (8): 


J = - (C.u/N) grad p 


K / d t  = div [ (C.u/N) grad p ]  


(Eq. 3) 


( 4 . 4 )  
where u is the mobility and N is Avogadro's number. Because Eqs. 2 and 4 


are not invariant with respect to time inversion, one characteristic of diffusion 
so described is that it is an irreversible process in which chemical equilibrium 
is approached in such a way that free energy is minimized and entropy is 
maximized. Classical thermodynamics deals mainly with closed systems at 
equilibrium; irreversible thermodynamics copes with open systems that are 
not at equilibrium. 


Irreversible Thermodynamics -This discipline is almost exclusively con- 
cerned with the analysis of entropy production, entropy flow, and the possible 
coupling of entropy production between different processes. In Fig. I ,  a model 
irreversible system applied to percutaneous absorption is shown. System I is 
composed of the stratum corneum, which is generally considered the rate- 
limiting skin barrier for passive diffusion. System I I  contains system I and 
the applied drug, the rest of the organism, and its excretory products. In this 
model, system I is open to exchange mass with system 11. The global system 
containing I and I 1  is isolated. 


For a continuous open system, such as  system I,  in which the only change 
in entropy is due to exchange of matter by diffusion. entropy is a function of 
the spatial coordinates. I f  s denotes entropy per unit volume for system I, then 
(9 ) :  


as/& = -div CP + o 0% 5 )  


where CP is the flow of entropy due to the interactions of system I with system 
I 1  and u is the entropy production per unit volume and time due to changes 
within system I .  One of the fundamental postulates of irreversible thermo- 
dynamics is that: 


0 > 0  (Eq. 6 )  
for irreversible processes like diffusion. 


o is given by (9): 
For a multicomponent system of y elements with no temperature gradients, 
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Figure 1 -A  model thermodynamic system for  percutaneous absorption. 
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where F is the force/mass acting on the component y ;  p is the free energy/ 
mass for the component y; pr is the density of component y; uy is the diffusion 
velocity of component y; A is the affinity of chemical reaction; u is the rate 
of chemical reaction/unit volume; and i is the index for spacial coordinates. 
If consideration is limited to a two-component system in which a diffusing 
chemical (y = 2) moves in the x direction through a stratum corneum (y = 
1) stationary with respect to the coordinate system, then u becomes: 


where A2 is the diffusion velocity with respect to the velocity of the center of 
gravity. The first term represents the diffusion contribution to u, the second, 
the chemical reaction. 


When: 


A-u < 0, i.e., an endothermic reaction (Eq. 9) 


A-u > 0, i .e.,  an exothermic reaction 


where A is the affinity of the reaction (9) and v is the rate of the reaction 
unit volume. The chemical potential, pz ,  can be written as: 


pz = pz‘ + RT-In y2’Cz (Es. 


pz  = RT-In y2C2 (Eq. 


(Eq. 


where: 


RT-In 7 2  = p2O + R T h  yz0 


Using Eq. 12, we can rewrite Eq. 8 as: 


d = Ud + (Tf + Ui + ux (Eq. 14) 


where: 


a d  = -(pzAdT)RT grad In C Z  (Eq. 15) 


ur = (pzAzFz)/T (Eq. 16) 


ax = A.v/T (Eq. 18) 


ui = -(p2AdT)RT grad In 7 2  (Eq. 17) 


Equation 14 expresses the fact that the local entropy production rate within 
system I can be attributed to at least four additive factors. The first factor is 
due to ideal diffusion as described by Fick‘s Law, while the third factor ac- 
counts for the interaction of the diffusate within the stratum corneum. These 
terms will be the subject of further discussion in the next section. 


With regard to the urand the ux terms, it is possible that under some cir- 
cumstances they might be important in understanding in uiuo percutaneous 
absorption. Since there is a sizable electric potential across the stratum cor- 
neum of --30 mV (lo), certain highly polar diffusates might be affected by 
this force field; uf is the predicted manifestation of this effect. Such an effect 
would not be expected in uitro since the skin potential disappears when the 
animal dies. At this time, it is not clear how large or significant this effect 
might be. However, it was noted by Anjo et al. (1 1) that while the correlation 
between in uiuo and in uitro penetration is good, any individual component 
may deviate significantly. With regard to ux, if a substance reacts within the 
stratum comeurn, ux will be altered. There are many enzymes in the stratum 
corneum which might facilitate this process. This would affect ui and ud since 
the character of the diffusing substance would be changed. 


The total entropy production rate, o, must be positive in every macroscopic 
region of system 1. This local formulation of the second law is the fundamental 
postulate of irreversible thermodynamics. This does not mean, however, that 
each individual term in Eq. 14 must be positive. Since the concentration 
gradient for passive diffusion is always negative, a d  must always be positive. 
The other two terms that are of most interest are ui and uX, For ui, the gradient 
of the activity coefficient could be positive or negative; the same is true for 
ux. Therefore, the type of gradient and the kind of chemical reaction can in- 
fluence whether these terms increase or decrease the total entropy production 
rate. 


Physicocbemical Predictive Model-Equation 1 has been used to confirm 
the passive diffusion properties of the stratum corneum (12). It implies, 
however, that the activity coefficient of the diffusate in the stratum corneum 
is unity. This is not likely. Higuchi (1 3) has written Eq. 1 in a form equivalent 
to: 


J = - (D/y )  grad a (Eq. 19) 
where y and a are the activity coefficient and the activity, respectively, in the 


stratum corneum. Although Eq. 18 formally appears more correct than Eq. 
1, it is difficult to experimentally distinguish D from D/y .  This equation also 
assumes that grad y is zero, i .e.,  it is not a function of the space coordi- 
nates. 


To account for the contribution of activity gradients in our model, Eq. 3 
will be used as the description of diffusion in which the driving force is the 
gradient of the chemical potential, p. The stationary component (stratum 
corneum) will be denoted by the subscript 1 in this model; the diffusate, by 
the subscript 2. Since Eq. 12 can be written as: 


pz = R T h  CZ + R T h  y z  


Jz = Jzi - J21 


Jzi = - (C2udN)RT grad In C Z  


Jzl = (C2udN)RT grad In y2 


(Eq. 20) 


(Eq. 21) 


(Eq. 22) 


(Eq. 23) 


Eq. 3 can be written as: 


where: 


and N is Avogadro’s number. 
Equation 21 is the fundamental equation in our model. It says that the flux 


of a diffusate through the stratum corneum is dependent on two terms. The 
first term, Jzi, is a restatement of Fick’s Law for ideal diffusion since Eq. 22 
is identical to Eq. 1 where: 


D = uzRT/N (Eq. 24) 


The second term, Jzl, depends on the interaction between the stratum corneum 
and the diffusing molecules. This interaction is expressed in the y z  factor. If 
biological gradients exist in the stratum corneum with respect to keratin hy- 
dration of the fixed amino acid ions and with respect to lipid composition, y2 
would be expected to be a function of the spacial coordinate in the direction 
of diffusion, chosen here to be x. 


Polar Gradients-Consider first the interaction of the fixed ions of the 
amino acids in the stratum corneum keratin with polar diffusants: In y2 can 
be expressed as (14): 


In Y Z  = ( A / R T ) ( ~ I I  + w22 - 2 ~ 2 1 )  (Eq. 2 5 )  


where A is constant, w11 and w22 are the cohesive energies of the stratum 
corneum and the diffusate, respectively, and w21 is the interaction energy of 
the stratum corneum and the diffusate. 


The simplest interpretation of w11 and wzz is in terms of the solubility pa- 
rameters 61 and 62 (1 5 )  where 61 = (wI1)L/z and 62 = ( ~ 2 2 ) I / ~ .  For the lipoidal 
barrier model, in the absence of a gradient, the closer 6 2  matches 61, the faster 
the diffusate permeates through the membrane (16). The gradient of w21 
accounts for a deviation from this ideality. The interpretation of 61 for the 
ion-dipole interaction could be made in terms of cross-linkings of keratin by 
disulfide and t-(y-glutamy1)lysine bonds (1 7). 


If constant cohesive energies are assumed, then Eq. 23 can be written as: 


J21 = - t 2 1  grad w21 (Eq. 26) 


where 1521 = 2CzuzA/N. For the percutaneous absorption, the positive x 
coordinate direction will be chosen as increasing from the skin surface into 
the deeper layers of the skin. 


Water gradients in fixed-charge systems of proteins have been proposed 
by Ling (18, 19) as a mechanism for the selective permeability of nonelec- 
trolytes into the cells. Such multilayer gradients can exist when fixed negative 
charges alternate with positive charges in a checkerboard-like arrangement 
of the right dimension (19). More recently, Flagg-Newton and Loewenstein 
(20) have argued that the directional “permselectivity” channels that they 
found between asymmetric cell junctions of two different cell types could on!) 
result from an interaction of the permeating species with the channel. The 
effects of the interaction of the stratum corneum with a diffusate in terms of 
irreversible thermodynamics have been discussed. For a continuous system, 
the total entropy production per unit volume per unit time is given by Eq. 14. 
The importance of activity gradients can be seen from Eq. 17. 


From skin resistance data, a linear hydration gradient of the stratum cor- 
neum keratin with respect to depth has been shown to exist, the innermost layer 
being the most hydrated (21). Water adsorption occurs at the polarized amino 
acid fixed ions of the polypeptide chain in keratin, which are then surrounded 
by a maximum of four water molecules (22). A linear increase of the dielectric 
isotherm up to 8% water suggests that there is a well-defined contribution for 
each newly added water molecule to the total polarization. For increasing 
positive values of x, such a reduction of the effective charge of the zith ion due 
to increasing hydration with depth can be expressed as Zixe = Zie( 1 - x/b) ,  
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Figure 2-Determination of the maximum solubility for cholesterol in the 
n-heptane-ethanol cosoluent system. Key: (m) molal solubility; (X,) mole 
fraction ethanol. m,,, occurs at X ,  = 0.575. 


where b is the thickness of the stratum corneum. Therefore, replacing Zie by 
Zi,e in the ion-dipole interaction energy expression (23) gives: 


w21 = E (Zle cos 0 p z / r i 2 ) ( I / D s  - (x/b)/DJ (Eq. 27) 
1 


for x 5 b, where Zie is the charge on the ions in the stratum corneum a dis- 
tance ri from the diffusate of dipole moment p2, D ,  is the aqueous dielectric 
saturation value (24,25). and b is the asymptotic value of ri when the dielectric 
constant equals that of liquid water. Equation 26 can now be written as: 


J 2 1  = 4 2  (Eq. 28) 


where: 


Ap = L ~ I  23 (Z,e cos @/(D,b-ri2) 


J2 = Jz' - A s 2  


(Eq. 29) 
I 


Using Eq. 28, Eq. 21 can be written for ion-dipole interactions as: 


(Q. 30) 


For the polar diffusing species in our study, it will be shown that a plot of 52 
uersus p2 is linear. 


Lipid Gradients-Recent freeze-fracture electron microscopic studies by 
Elias et al. (26) have shown that within the stratum corneum there is a gra- 
dient of lipid coalescence from the innermost layer to the surface. Odland 
bodies (membranecoating granules), which are extruded into the intercellular 
spaces of the stratum granulosum, aggregate in the lower reaches of the 
stratum corneum. However, in the middle and upper reaches, all mem- 
brane-associated particles are absent. Studies with essential fatty acid-deficient 
mice (27) have shown that when these particles fail to coalesce into normal 
neutral lipid-rich sheets in  the upper stratum corneum, a defective barrier 
results. Recent studies in humans stress the importance of these lipids as a 
major determinant of percutaneous absorption (28). Onken and Moyer made 
similar observations many years ago (29). 


At this time, the exact profileof the lipid gradient is not known. However, 
it is likely that it will have exponential character for the following reasons. 
For phospholipid membranes, like the Odland bodies. the bimolecular leaflet 
is thermodynamically the most stable configuration (30,3 I ) .  Such membranes 
do not coalesce under normal conditions; according to Lucy (32), coalescence 
will only occur when two adjoining membranes both take on micellar char- 


m- 
a 


Figure 3-Absorption patterns for proposed dipole and lipid pathway. Key: 
(J,) maximum percutaneous absorption rate (%/h) (46); (m) molal solubility 
in the n-heptane-ethanol cosoluent. X, = 0.575: (- - -) proposed polar 
pathway for A dijfuusates; (-) proposed lipid pathway for 0 di/lusates. 


acter. In the micellar configuration, coalescence can occur when adjacent 
micelles mutually interdigitate. 


Certain agents cause micellar configurations id membranes, including the 
biologically significant lysolecithin (33). In the stratum corneum, lysolecithin 
is released when the phospholipase A eniymes decompose phospholipids (34). 
This byprcduct of enzyme metabolism is an excellent detergent (35). which, 
because of its wedge shape, easily forms micelles (32). Studies have shown 
that treatment of whole cells with lysolecithin causes membrane fusion and 
disintegration (33). The action of phospholipase A on red blood cells (36) and 
rat liver cells (37) in uitro is the same as its action on lipid extracts, except 
higher concentrations of the enzyme are required for extracts (37). Evidently, 
surface phospholipids are more available to the enzyme. Whole cells, therefore, 
have a higher effective enzyme/phospholipid molar ratio. For the release of 
lysolecithin in the stratum corneum from the Odland bodies, this means that 
enzyme kinetics is most likely carried out in the linear Michaelis-Menten 
region. Since the release of lysolecithin would be expected to be the rate- 
limiting step in initiating coalescence of the Odland bodies, coalescence would 
be expected to have an exponential time dependence. The gradient would also 
be expected to have an exponential dependence, since the stratum corneum 
squames are shed at a uniform rate from the innermost layer to the surface 
(38, 39). 


For diffusates with lipid-like character, interaction with the lipid stratum 
corneum gradient would be expected to occur through dispersion or van der 
Waals forces (40). Using Hildebrand's thermodynamic interpretation of such 
interactions in terms of solubility parameters (40), Khalil and Martin (41) 
have argued that permeation is optimal when the solubility parameter of the 
diffusate, 6 2 ,  is as  close to the solubility parameter of the lipid barrier, 6 , .  
Therefore, In y 2  i n  Eq. 25 would be expressed as (14): 


-In 7 2  = ( A / R T ) ( a I  - 6 2 ) 2  (Eq. 31) 


where 61 and 62 are the solubility parameters of the barrier and the diffusate. 
respectively. Therefore: 


grad In y2 = -(2A/RT)(bl - 6 2 )  grad (61 - 6 2 )  (Eq. 32) 


From our discussion above, if the lipid gradient has the general exponential 
character: 


61 - 6 2  = E-cxp (&?"id) 


grad In y 2  = 2gnp(A/RT)(61 - 6 2 ) 2  


(Eq. 33) 


then: 


(Eq. 34) 
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Figure 4-Lng-finear plot of absorption patterns for proposed dipole and 
lipid pathway. Key: (Jm) maximum percutaneous absorption rate (%jh) (46); 
(m) molal solubility in the n-heptane-ethanol cosolvent, X, = 0.575; (A) 
proposed polar pathway diffuusates; (0) proposed lipid pathway dijfu- 
sates. 


But from regular solution theory (13): 


(A/RT)(GI - 6 ~ ) ~  = In Xzl - In X2 0%. 35) 
where Xzi and X2 are the ideal and the measured solubilities of the diffusates. 
Therefore, Eq. 21 can be expressed as: 


J2 = Jzi - Anp(1n X*i - In X2) (Eq. 36) 


where Anp = 2C2u2RTgnp/N2 and the ideal solubility, X$,  can be determined 
from (1 8): 


In X2' = ( A H f / R T ) [ ( T m  - T)/TmI (Eq. 37) 
where AH* is the molar heat of fusion of the diffusate and T ,  is the melting 
point in degrees Kelvin. Equation 36 is the lipid-lipid interactional diffusion 
equation that is analogous to Eq. 30 for the polar gradient. This equation can 
also be expressed as: 


Resolution of Diffusional Pathways-In the stratum corneum, both lipid 
and protein interactional pathways have been hypothesized by Higuchi (1 3) 
and Scheuplein (42). The nonideal portion of Eq. 21 (Eq. 23) has, therefore, 
been expressed in a form which reflects such pathways. Equation 30 is based 
on an ion-dipole interaction, Eq. 36, on van der Waals interaction. To ex- 
perimentally identify those solutes that might interact with the stratum cor- 
neum lipids by van der Waals forces during diffusion, a plot of flux versus the 
molal solubility of the diffusate in a cosolvent system in which the polarity 
could be varied over a wide range was proposed. Since the cholesteroljphos- 
pholipid ( C j P )  molar ratio increases 1700-fold from the basal layer to the 
stratum corneum (43) due to the near complete catabolism of the phospho- 
lipids, cholesterol was hypothesized to be the major lipid which interacts with 
the diffusing solutes. The proposed composition of the cosolvent, therefore, 
was chosen to be that in which cholesterol has a maximum solubility. At this 
composition, wl1 = w22, i.e. the difference in solubility parameters of the 
solvent and the lipid approaches zero (44,45). 


EXPERIMENTAL 


Solutes-The following solutes were used as provided by the manufacturer: 
acetylsalicylic acid', androstenedione' , benzoic acid', caffeine', corticoste- 
rone', cortisone', dehydroepiandrosterone', estradiol', hydrocortisone', hy- 
drocortisone acetate], nicotinamide', p-aminobenzoic acid', progesterone', 
testosterone', testosterone acetate', testosterone propionate', salicylic acid', 
thiourea', urea', 17-hydroxyproge~terone~, deoxycorticosterone2, and cho- 
lesterol'. 


Solubility &termination-All solubility determinations were carried out 


I Sigma Chemical Co., St. Louis, Mo. * Research Plus Steroid Laboratory, Bayonne, N.Y. 
3 Fisher Scientific, Fair Lawn, N.J. 


1.1 


Figure 5-Absorption pattern for proposed dipole pathway. Key: (J,) 
maximum percutaneous absorption rate (%/h) (46); (m) molal solubility in 
the n-heptane-ethanol cosolvent. X, = 0.575; (8) positive azimuthal angle 
in the counterclockwise direction from m = 0.16; (A) diffusate outward along 
the spiral: thiourea, urea, nicotinamide, p-aminobenzoic acid, cafleine, and 
benzoic acid. 


in cosolvent mixtures of absolute ethanol4 and n-heptane3, which were miscible 
in all proportions. To-obtain a saturated solution, 5 mL of solvent was added 
to a 7-mL liquid scintillation vial5 containing an excess amount of solute and 
a 6-mm glass bead. The bead ensured good mixing of the solute and the solvent 
when the vials were placed on a linear reciprocating agitatofi. A temperature 
of 27OC was maintained during agitation by placing a plastic heating pad' 
underneath the vial holders. Dissolution studies showed that agitation at 180 
cpm for 48 h was sufficient to ensure that a saturated solution was formed for 
the most insoluble solute-solvent combinations: that of caffeine or thiourea 
in n-heptane. These agitation conditions, therefore, were used for all 
solutes. 


After agitation, the vials were centrifugd in a clinical centrifuge* at 4000 
rpm for 5 min. During this centrifugation, a hair dryer9 was used to maintain 
the temperature of the vials >27OC. The vials were then allowed to equilibrate 
at 25OC in a water bath for 24 h before solubility determinations of the satu- 
rated supernatant were carried out gravimetrically in aluminum foil plan- 
chetsI0 


RESULTS 


Diffusional Pathways-The molal solubility of cholesterol in an n-hep- 
tane-ethanol cosolvent system is shown in Fig. 2. These data show that the 
maximum solubility occurs at an ethanol mole fraction (X,) of 0.575. Since 
cholesterol was chosen as our model stratum corneum interactional lipid, all 
subsequent solubility determinations were carried out at X ,  = 0.575. Such 
data were used, first, to discriminate the lipid and polar pathways. 


In Fig. 3, the molal solubilities of the solutes that were studied are plotted 
as the azimuthal coordinate in a polar coordinate system. The maximum 
percutaneous absorption rates, J,, for these solutes determined by Feldmann 
and Maibach (I.  46) are plotted as the radial coordinate on a logarithmic scale. 
Two distinct trends for these data are depicted by the dotted and solid lines. 
The dotted line describes a curve that spirals out from the origin in the positive 
azimuthal direction (counterclockwise) from the initial ray, tn = 0.19. The 
solid line, on the other hand, describes a curve that spirals out from the initial 
ray, m = 0, in the negative azimuthal direction. In the strictest sense, these 
logarithmic curves are not true spirals. However, it will be shown presently 
that each curve, plotted with respect to a rectilinear radial coordinate, can 


Publicker Industries, Linfield, Pa. 
Kimble, Toledo, Ohio. 


* Eberbach, Ann Arbor, Mich. ' Walker Co., Middleboro, Mass. 
Model CL, IEC, Needham Heights, Mass. 
Osler Corp., Milwaukee, Wis. 


lo A. H. Thomas, Philadelphia, Pa. 
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Figure 6-Regression of dipole moment versus absorption rate. Key: (Jn) 
maximum percutaneous absorption rate (%/h)(46); (B)  benzoic acid dipole 
moment (47); C) caffeine dipole moment (51); (P)  p-aminobenzoic acid dipole 
moment (48); ( N )  nicotinamide dipole moment (52); (U) urea dipole moment 
(49); (T) thiourea dipole moment (50). 


be represented by a modified Archimedean spiral” and that each spiral is 
consistent with one of the propoxd mechanisms. Figure 4 shows how a similar 
pathway designation on a log-linear plot would be much more difficult toas- 
certain for the solid triangles. These points are  the same as the triangles on 
the counterclockwise spiral in Fig. 3. 


Polar Mechanism-In Fig. 5. J ,  for the diffusates along the dotted line 
of Fig. 3 are plotted on a rectilinear scale. The diffusates lie on a path described 
by a modified Archimedean spiral: 


J ,  = J ,  + a.8 (Eq. 39) 


where the initial ray is defined by: 


J ,  = 1.1; m = 0.16 (Eq. 40) 


0 is the angular molal increment in the positive azimuthal direction from the 
initial ray, and the slope a is given by: 


a = 8.3 m. 41) 


This spiral is defined as a modified Archimedean spiral since some of the 
diffusates lie on the initial ray before 0 evolves. Thus, for 8 = 0, thiourea, urea, 
nicotinamide, and p-aminobenzoic acid (from theorigin outward) lie on the 
initial ray. For increasing values of 0 (counterclockwise direction), the radial 
component of each diffusing species is located on the spiral by adding a times 
0 to J,. Caffeine and then benzoic acid lie on the spiral as 0 increases. 


Figure 6 shows a plot of J ,  versus pz. the dipole moment of the diffusates 
(47-52) in Fig. 4. The first four points agree with the linear relationship 


I I  Archimedes described in his book On Spirals a plane spiral as the locus of points 
described by the polar coordinate equation p = 08, where 0 angular (azimuthal) 
coordinate and p = radial coordinate. Such a spiral could be formed, mechanically, in 
the following way. Imagine a machine that could move a pen along a straight line at a 
uniform rate. I f  the pen were placed at the center of a rotating turntable and pulled 
outward along this line, the curve that would be traced out on the turntable would be an  
Archimedean spiral. The line would be called the initial line; the center, the origin. The 
modified Archimedean spiral we defined spirals out from somc point along the initial 
line rather than from the origin. 


Figure 7-Absorption pattern for proposed lipid pathway. Key: (J,) maxi- 
mum percutaneous absorption rate (%/h) 46); (m) molal solubility in the 


m = 0.03; (e) di//usates outward along the spiral: hydrocortisone, cortisone. 
hydrocortisone acetate. estradiol. corticosterone, 17-hydroxyprogesterone. 
androstenedione. deoxycorticosterone. progesterone. acetylsalicylic acid, 
testosterone. dehydroepiandrosrerone. salicylic acid. 


predicted by the polar pathway of Eq. 30. The linear regression equation for 
J ,  versus 112 is: 


n-heptane-ethanol cosolvent. X, = 0.575; ( 5 ) negative azimuthal angle from 


J ,  = 4.25 - I . I  8-p2 


with a linear regression coefficient of -0.998. It is also evident from Fig. 6 
that there is a limit beyond which further increases in the dipole moment, p2, 
cannot continue to cause a linear reduction in J,. This, evidently. is the sit- 
uation with urea and thiourea. 


Nonpolar Mechanism-The data along the solid line spiral are plotted in 
Fig. 7 on a rectilinear radial scale. This modified Archimedean spiral c a n  be 
described by: 


(Eq. 42) 


J , =  J , + a $  (Eq. 43) 


where the initial ray is defined as: 


Ji = 2.7; m = 0.3, (Eq. 44) 


is the angular molal increment in the negative azimuthal direction from the 
initial ray, and the slope a is given by: 


a = 1.22 0% 45) 


Along the initial ray of this spiral, from the origin outward. are hydrocortisone, 
cortisone, hydrocortisone acetate, estradioi corticosterone, and 17-hy- 
droxyprogesterone. For increasing values of 0 (clockwise direction), andro- 
stcnedione, deoxycorticosterone, progesterone. acetylsalicylic acid, testos- 
terone, dehydroepiandrosterone. and salicylic acid are found on the spiral. 
In Fig. 8, J, versus -In X i s  plotted assuming that the nonpolar mechanism 
of Eq. 36 would describe this spiral, since all of the diffusates arc steroids 
except for salicylic acid. The linear regression equation for this plot is: 


J ,  = 0.73 + (9.3 X IO-*).ln XZ (Eq. 46) 


with a linear regression coefficient of -0.945 


DISCUSSION 


The existence of gradients in the stratum corneum were suspected over I7 
years ago. Kligman (53) argued that even though the stratum corneum ap- 
pears to be a homogeneous structure from its innermost layer to its outer 
surface, there must be a stratification of the keratinization process within the 
structure, at least at the chemical level. Believing that biochemical and bic- 
physical events of this magnitude could take place so abruptly, in Kligman’s 
opinion, is tantamount to believing in a biological miracle. It has been only 
recently, however, that experimental evidence for such gradients has been 


Journal of Pharmaceutical Sciences I 465 
Vol. 73, No. 4, April 1984 







0 1 1 3 4 5 8 1 


I n  X 


Figure 8-Regression of In X versus absorption rate. Key: (X) mole fraction 
solubility; (Jm) maximum absorption rate (%/h.) (46); (S)  salicylic acid: (d)  
dehydroepiandrosterone; (T) testosterone; (a) acetylsalicylic acid; (P) pro- 
gesterone; (0) deoxycorticosterone; ( A )  androstenedione; (E)  estradiol, ( p )  
17-hydroxyprogesterone; (c) corticosterone; (h) hydrocortisone acetate; ( H )  
hydrocortisone; (C) cortisone. 


confirmed. Elias et al. (26) have demonstrated a lipid gradient of coalescence 
and Tagami et a/ .  (21, 54), a hydration gradient of the stratum corneum 
keratin. Based on reasonable physical assumptions concerning the mathe- 
matical form of these gradients, a physical model predicting the dependence 
of solute transport through the stratum corneum on the dipole moment, ~ 2 ,  
and the logarithm of the mole fraction solubility, In X2, have been derived. 


To test this model, a solubility method, using a polar coordinate plot, has 
been developed to separate those diffusates that would be most affected by 
the lipophilicity of the stratum corneum from those that woltld be more af- 
fected by its ionic components. However, it is not clear what the “effective” 
lipophilicity of the stratum corneum might be. Most likely it is different be- 
tween different animal species, This may be the reason why human penetration 
data often differ from animal data, even after corrections are made for the 
stratum corneum thickness (55). 


Classically, the oil-water partition coefficient has been used as a measure 
of lipophilicity. The relationship of octanol-water partition coefficients to 
biological activity has proven to be of value in predicting quantitative struc- 
ture-activity relationships (56). However, application of this approach to 
percutaneous absorption has not been completely successful; we believe, be- 
cause lipophilicity differs from tissue to tissue depending on the relative 
composition of neutral to polar lipids. One reason diffusion in nervous tissue 
is slower than in liver tissue is because the cholesterol/phospholipid molar ratio 
of neNe cell plasma membranes is much higher than in liver cells. Mammalian 
cells appear to control membrane permeability by varying the relative amounts 
of cholesterol and phospholipids in their membranes (57, 58). 


For these reasons, useof I-octanol which has a solubility parameter of 10.3 
and the 1 -0ctanol-water partition coefficient may not accurately represent 
the lipophilicity of the stratum corneum. In these studies, an n-heptane-eth- 
anol cosolvent system that spans a solubility parameter range from 7.5 to 13 
was used. Since cholesterol is one of the dominant neutral lipids in the stratum 
corneum ( 5 9 ) ,  the cosolvent composition (or solubility parameter) a t  which 
cholesterol had an optimum was chosen to represent the lipophilicity of the 
stratum corneum, other lipids such as ceramide not being readily available 
in sufficient quantities. In this sense, then, these studies should be viewed only 
as a first attempt to evaluate stratum corneum lipophilicity. Conceptually a 
distribution function, X(S) ,  could be determined for each compound by de- 
termining its mole fraction solubility, X ,  over a range of solvent polarities. 
Chertkoff and Martin (44) and others have shown that X ( 6 )  will have a 
maximum value when 6 for the solute equals 6 for the cosolvent. Experimental 
data for these bell-shaped distribution functions could then be fitted by non- 
linear regression to a mathematical function so that for each solute X,(&) for 
any 6i could be generated. For a given 6i, In X j  for all of the diffusates in the 


van der Waal group could then be determined. The linear regression coefficient 
ri for the regression over j of In X uersus the percutaneous absorption rate 
for the j th  drug, J,, would then be possible. 6i could then be varied to optimize 
ri. The value of 6,6,, which corresponds to the largest value of ri might then 
be designated the “effective” lipophilicity for percutaneous absorption. If such 
studies should come to pass, it is possible that separate 6,, values for humans 
and animals could be determined, thus providing a quantitative parameter 
for human-animal correlations. 


The penetration data of Feldmann and Maibach ( I ,  46) was used because 
these data represent the most complete set of human in viuo studies ever at- 
tempted using a common methodology and have provided the human in uiuo 
comparison for most animal models (60-63). Maximum absorption rates were 
chosen because they are the only unique characteristics of these absorption 
curves, since half-lives or absorption constants could not be determined due 
to the sampling intervals. 


A classification based on modified Archimedean spiral pattern formation 
was used to determine which regression expression should be used. To date, 
21 different diffusates have been studied. Nineteen of these solutes correlate 
with one of the two mechanisms developed in the Theoretical section. The 
permeability of two solutes, testosterone acetate and testosterone propionate, 
cannot be explained on the basis of either mechanism. Parenthetically, these 
solutes were not predicted to correlate with either mechanism, i.e., they did 
not fall on either the polar or nonpolar spirals. On the other hand, it was ex- 
tremely gratifying that the percutaneous absorption of diffusates of such 
differing structure could be explained in terms of two physical properties. 


Since the net flux in Eq. 21 is a function of the ideal flux and the interaction 
flux, the good correlation between the net flux and p2 or In X2 may indicate 
that the ideal fluxes of the different solutes within the stratum corneum are 
of the same order of magnitude. This would differ from diffusion in liquids, 
where the mobility is a function of the reciprocal of the frictional resistance, 
which is in turn a function of the viscosity of the media and the size of the 
molecule (64). In the stratum corneum, specific physical interactions may 
control diffusion. 


Finally, this physicochemical model does not attempt to explain percuta- 
neous absorption in terms of different structural components of the epidermis. 
Michaels et al. (65) have described one such model in which the stratum 
corneum is conceived of as proteinaceous bricks held together by interstitial 
lipid mortar. For the model developed here, only the properties of the physical 
components are accounted for, because it is extremely difficult to unambig- 
uously discriminate structural pathways. On the other hand, the parameters 
that have been chosen are  open to future verification. If on further testing, 
deviations from the predicted model expressions are found, an analysis can 
be carried out to determine whether the form of the gradient or the polarity 
of the solvent system that has been chosen to represent the stratum corneum 
can explain this deviation. In some situations, neither approach may suffice 
because the stratum corneum may not be rate limiting. In summary, the 
physicochemical model presented here is only meant to represent the current 
state of knowledge; it may need modifications in the future based on new ev- 
idence. It is hoped, however, that it provides a measurable framework for the 
future testing of its validity. 
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Variability in the Determination of Fraction 
Metabolized in a Triangular Metabolic 
Problem and Its Resolution with Stable 
Isotope Methodology 


Keyphrases 0 Cinromide-anticonvulsant, fraction metabolized 
Isotope methodology-administration of labeled metabolites Trian- 
gular metabolic pathway-fraction metabolized-cinromide, rhesus 
monkey 


To the Editor: 
A particular case of precursor-product relationship 


arises when one metabolite (metabolite 11) of a parent drug 
is formed from two precursors, the parent drug as well as 
one of its proximal metabolites (metabolite I). The reso- 
lution of this metabolic problem is complicated by the fact 
that the fraction of parent drug metabolized directly to 
metabolite I1 can only be obtained indirectly from the 
following difference: 


fm(P -+ M I I ,  direct) = fm(P - MII ,  total) - fm(P - 
MI) X f m ( M I  - M I I )  0%. 1) 


where f m  represents fraction metabolized, P refers to 
parent drug, and M I  and M I 1  refer to metabolites I and 11, 
respectively. The classical approach to the determination 
of the fractions metabolized (Eq. 1) using blood data re- 
quires three separate studies: administration of parent 
drug, metabolite I, and metabolite I1 to the same subject 
at  different times. This approach involves several as- 
sumptions of constancy of metabolite clearances among 
the three studies. As a result, estimates of the various 
fractions of Eq. 1 are subject to significant error. This type 
of metabolic problem arose during the elucidation of the 
pharmacokinetic profile of cinromide (3-bromo-hr-ethyl- 


cinnamamide)(P), a new antiepileptic drug. This drug is 
metabolized by N-deethylation to 3-bromocinnamamide 
(I)  and by amide hydrolysis to 3-bromocinnamic acid (11). 
However, I is also metabolized to I1 by amide hydrolysis. 
The resolution of this metabolic scheme prior to the effi- 
cacy evaluation of cinromide in the primate model (1,2) 
was of particular significance because I was found to have 
anticonvulsant properties (3,4) and I1 reached steady-state 
levels 10-20-fold higher than those of the parent drug (2). 
In an earlier study where the classical approach (admin- 
istration of cinromide, I ,  and I1 separately) was used in a 
group of six rhesus monkeys, several unrealistic findings 
were obtained (5). The fraction of dose of cinromide me- 
tabolized directly to I1 ranged from 5 to 100% (mean f SD 
= 48 f 32%). Also, the sum of the two fractions (fm(P - 
I )  + fm(P - 11, direct)) ranged from 64 to 140% and was 
larger than 100% in three of six monkeys. This large vari- 
ability was attributed to the intrasubject variability in 
clearances of I and I1 among the three studies. To test this 
hypothesis, a new approach using stable isotope method- 
ology was devised. This approach involved the simulta- 
neous administration of cinromide, and different stable 
isotope-labeled variants of I and 11, in which case the 
clearances of I and I1 were obtained while these metabo- 
lites were formed in situ. 


Five chaired normal male rhesus monkeys (chronically 
catheterized) were used in this study. Dideuterated I ( I d z )  
and monodeuterated I1 (11-dl) were administered along 
with the unlabeled parent drug (do). These were synthe- 
sized using the methods described for the corresponding 
unlabeled species (6-8). The deuterium labels were placed 
on the a, ,8 ethylene carbons of I-dz, and the 0 carbon of 
11-dl to minimize any possible isotope effect. Any secon- 
dary kinetic deuterium isotope effect on deethylation and 
amide hydrolysis or on epoxide formation and ring opening 
of the ethylene carbons would generally not be significant 
(9). Single intravenous doses of cinromide-do (75 mg) and 
1 1 4 1  (80 mg) were administered consecutively to each 
monkey. I-& (70 mg) was administered intravenously 2 
h later such that the concentrations of 1 1 4 2  would not be 
too far apart from those of 11-do and II-dl and could be 
analyzed at  the same time. Solutions of cinromide-do, 1 4 2 ,  
and 1 1 4 1  were prepared in 60% polyethylene glycol 400 
to concentrations of 25,25, and 10 mg/mL, respectively. 
Blood samples (2 mL) were taken at  0.2,0.5,0.75,1,1.5,2, 
2.25,2.5,3,4,5,6,8,10,12, and 16 h after administration 
of 1 1 4 1 .  EDTA was used as an anticoagulant in each blood 
sample. After the administration of cinromide-do, I-d* and 
1 1 4 1 ,  six species were monitored in each blood sample: the 
three administered species as well as 1 4 0  and 1 1 4 0  formed 
from cinromide (do) and 1 1 4 2  formed from 1 4 2 .  Aliquots 
of 0.2 mL of each sample were used to analyze cinromide 
by HPLC (10). Aliquots of 0.5 to 0.8 mL of blood were used 
to analyze I and I1 by direct probe insertion chemical 
ionization mass spectrometry. Compounds I and I1 were 
separated by successive extractions at  different pH. Blood 
samples were extracted with benzene under neutral con- 
ditions to extract I; the aqueous phases were acidified and 
extracted with benzene to recover I1 and benzene extracts 
containing I were washed with 0.1 M NaOH. Benzene ex- 
tracts containing I1 were shaken with 0.1 M NaOH, then 
reacidified and extracted back into benzene. Chlorinated 
analogues of I and I1 were used as internal standards for 
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Table I-Fraction Metabolized for the Various Pathways of the System Cinromide 3-Bromocinnamamide (I) 4-3-Bromocinnamic Acid 
(11) 


Cinromide - 11, Cinromide - 11, 
Method Monkey Total Cinromide - I I - I1 Direct Cinromide (I t 11. 


Stable isotope (1 study) 203 0.48 
514A 0.49 
712A 0.37 


79321 0.79 
79325 0.52 


0.29 0.23 0.41 0.70 
0.45 0.34 0.34 0.79 
0.39 0.34 0.24 0.63 
0.40 0.58 0.52 0.92 
0.40 0.23 0.43 0.83 


Mean 0.53 0.39 0.34 0.39 0.77 
SD 0.16 0.06 0.14 0.10 0.11 


Classical (3 studies) Mean 0.73 0.53 0.53 0.48 1.01 
SD 0.35 0.24 0.21 0.32 0.34 


Table 11-Assumptions of Constancy Involved in Solving a Triangular Metabolite System Using the Classical Approach 


Studies 
1 2 3 


Species administered Parent Drug MI MI1 
neries formed MI. MI1 MI1 s, __.__ . _ _  


Assumptions ClMI (Study 1) = ClMI (Study 2) 
ClMII (Study 1) = ClMII (Study 3) 


CllMI - MI11 (Study 1)  = CllMI - MI11 (Study 2) 


ClMII (Study 2) = ClMII (Study 3) 


the assays. The MS (VG-7070)' was interfaced with a data 
system (VG-2035Fh3)' and operated in the selected ion 
monitoring mode. Methane was used as reagent gas for 
chemical ionization. The source temperature was 190OC. 
The protonated molecular ions of internal standard, do, 
dl, and d2 were monitored (m/z 182,226,227, and 230 for 
the analysis of I; 183,227,228, and 231 for the analysis of 
11). To avoid the interference of 8*Br-do and 79Br-d2, the 
ion of 81Br-d2 was monitored in each dideuterated me- 
tabolite. The natural abundance of carbon-13 in each 
species was taken into consideration in calculating con- 
centrations. 


The kinetic analysis of the data was aimed a t  the de- 
termination of the various fractions metabolized required 
in Eq. 1 and was based on area calculations (11). The 
fraction metabolized2 was calculated by the following 
equation: 


where (AUCmet)p represents the area under the metabolite 
concentration curve after a dose of the precursor, CLmet 
is the elimination clearance of the metabolite, and mol. wt. 
represents the molecular weight. The area under the blood 
concentration-time curve for each compound was mea- 
sured by the trapezoidal rule with extrapolation to infinity 
using the last several points of each curve. On the average, 
the area obtained without extrapolation accounted for 83% 
of the total area. Clearance was calculated from dose-area 
ratio. In this study, both metabolites had low extraction 
ratios and, therefore, are not subject to hepatic sequential 
single pass metabolism (13). 


The average clearances of cinromide, I-d2 and 1141 
were 8.04 f 3.32,0.91 f 0.29, and 0.77 f 0.3 L/h, respec- 
tively. Table I lists individual values of the fraction me- 
tabolized uia the various pathways of the cinromide- 


VG-Analytical, Altrincham, Cheshire. U.K. 
2 In light of the experimental design (intravenous administration of parent dru 


and metabolites), this fraction refers tcr the fractinn of total body clearances as ,el! 
as the fraction of dose of parent drug (12). 


metabolite I-metabolite I1 system. The fraction of dose of 
cinromide metabolized to I1 by all routes (directly and 
indirectly) was 53 f 16%. The fraction of dose of cinromide 
metabolized to I was 39 f 6%, while the fraction of dose of 
I metabolized to I1 was 34 f 14%. The fraction of dose of 
cinromide metabolized directly to I1 calculated according 
to Eq. 1 was 39 f 10%. Thus, as primary metabolites of 
cinromide, I and I1 together account for 77 f 11% of a dose. 
The corresponding fractions metabolized obtained in a 
previous study by the classical approach are also given in 
Table I. Although the values obtained in the present study 
were generally smaller, comparison of the values obtained 
by both methods showed no statistically significant dif- 
ference for any of the pathways (Mann-Whitney test). 
However, the variability in the various fractions metabo- 
lized determined in the present study was much smaller. 
There were significant decreases in variance in the fraction 
of cinromide metabolized to I, in the fraction of cinromide 
metabolized to I1 directly, and in the sum of these two 
fractions (variance ratio test, p <0.05). The superiority of 
the stable isotope method is also supported by the fact that 
no unrealistic value, (larger than 100%) was obtained for 
the sum of the two fractions of cinromide metabolized to 
I and I1 (directly). The reduction in the coefficient of 
variation of the fraction cinromide - I(45% to 15%) is of 
particular interest. In the previous study, it was found that 
the half life of I was significantly longer after a dose of 
cinromide (5.8 f 1.2 h) than after administration of I(4.4 
f 0.8 h) which suggested that the clearance of I measured 
when it is administered would be an overestimate of its 
clearance when formed in situ. In such a case, the stable 
isotope approach offers unique advantages since it allows 
an estimate of the clearance of the metabolite formed in 
situ. 


The findings of the present study can be put in broader 
perspective if an analysis of the limitations inherent to the 
classical approach is considered. This approach requires 
three studies (1, 2, and 3) in which three species (cinro- 
mide, I, and 11) are administered separately (Table 11). To 
solve Eq. 1, four assumptions of constancy of clearance are 
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required. Three clearances operating in study 1 are esti- 
mated in studies 2 and 3. Study 2 estimates the elimination 
clearance of I while study 3 estimates the elimination 
clearance of 11. Studies 2 and 3 together estimate the for- 
mation clearance of I1 from I. Also, the elimination clear- 
ance of I1 operating in study 2 is measured in study 3. In- 
trasubject variability in any of these clearances leads to 
unrealistic values for the fraction of parent drug metabo- 
lized directly to metabolite 11. This variability can be 
minimized by the simultaneous administration of me- 
tabolite(s) and precursor(s). This is possible with the use 
of stable isotope methodology. 
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Natural Product Chemistry-A Mechanistic and  Biosynthetic 
Approach to Secondary Metabolism. By KURI‘ B. G .  TORSSELL. 
John Wiley & Sons, Inc., One Wiley Drive, Somerset, NJ08873. 1983. 
401 pp. 16 X 23 cm. Price $54.95. 
This book presents an overview of the current known and postulated 


biosynthetic pathways of the secondary metabolites, those natural 
products whose precursors are the common cr-amino acids, sugars, and 
low-molecular weight carboxylic acids of the Krebs cycle. Although the 
physiological functions of many of these natural products have not yet 
been established, some have been found to play important roles in the 
regulation of animal and insect social behavior and development, and 
plant protection mechanisms. 


The contents of this volume are organized into eight chapters, each of 
which is subdivided into various topics. An overview of the natural 
products field and the importance of these metabolites are presented in 
the first chapter. The remaining chapters present the biosynthetic 
pathways for seven different classes of natural products in addition to 
a brief introduction about the general chemistry, nomenclature, and 
background of each class. In the second chapter on carbohydrates, pho- 
tosynthesis, the Krebs o r  citric acid cycle, monosaccharides, and poly- 
.saccharides are among the topics discussed. The hiosynthesis of shikimic 
acid; i t s  conversion to aromatic amino acids, such as tryptophan, tyrosine, 
and phenylalanine; biological hydroxylation mechanisms, and the hio- 
synthesis of aromatic carboxylic acids, coumarins, quinones, and lignins 
are included in the third chapter. Chapter 4 details the biosyntheses of 
compounds (such as saturated and unsaturated fatty acids and the aro- 
matic anthraquinones, flavonoids, and tropolones) that originate from 
the polyketide pathway by condensation of acetyl CoA. The mevalonic 
acid pathway to the terpenes, squalene, steroids, and carotenes is the 
subject of the fifth chapter. In the sixth chapter, the biosyntheses of 
amino acids, peptides. and proteins are presented. The alkaloids derived 
from the amino acids ornithine, lysine, tyrosine, and tryptophan, from 


anthranilic acid, and from the amination of terpenes are found in the 
seventh chapter. In the last chapter, the N-heterocyclic aromatic com- 
pounds, including pyrimidines, purines, pteridines, pyrroles, porphyrins, 
and corrin ring-containing compounds, are discussed. FAch chapter also 
includes historical and biological information about some of the metah- 
olites. The inclusion of this material appreciably enhances reader interest. 
A set of biosynthetic mechanistic problems and a bibliography are pre- 
sented a t  the end of each chapter. Answers to the problems and author 
and subject indices are included a t  the end of the volume. 


On the basis of the table of contents, this work appears to be an in- 
formative and valuable text on natural product biosynthesis which em- 
phasizes the biosynthetic pathways in an organic mechanistic approach. 
This book is recommended by the publishers as a text for undergraduates 
and graduate students and a reference work for researchers in the field. 
However, many mechanistic discussions are vague and not very clear. The 
internal organization of paragraphs is poor. For example, the section on 
the NIH shift is very confusing for a reader not familiar with this topic. 
This lack of clarity is found in many other areas of this book. The absence 
of numbered structures forces the reader to search each figure or reaction 
sequence for a particular compound that is being discussed in the text. 
The absence of carbon atom numbering on some of the structures is not 
helpful. In conclusion, only those scientists well-versed in hiosynthetic 
pathways will find this an easily readable text. The literature cited is very 
current, and the notable accomplishments of workers in the area of 
metabolic biosynthetic pathways have been included. The mechanistic 
approach to biosynthetic processes used by the author is a valuable and 
informative one. 
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Abstract  A high-performance liquid chromatographic (HPLC) 
method has been developed for the assay of neornycin in petrolatum- 
based ophthalmic and topical ointments and in veterinary formulations. 
Neomycin assay interferences from drugs, such as bacitracin and poly- 
myxin Band inactive components, e.g. wax, were eliminated by a meth- 
anol wash and/or a partitioning method. The extracted neomycin was 
derivatized with 2,4-dinitrofluorobenzene followed by normal-phase 
HPLC with detection a t  254 nm. The average recovery of neomycin from 
spiked samples was -100% with a relative standard deviation of <1%. 


Keyphrases 0 Neomycin-high-performance liquid chromatography 
petrolatum-based ointments, veterinary formulations Ointments- 
petrolatum-based, high-performance liquid chromatographic assay for 
neomycin, veterinary formulations 0 Formulations, veterinary-high- 
performance liquid chromatographic assay for neomycin, petrolatum- 
based ointments 


Neomycin has been formulated into many topical and 
ophthalmic ointments and veterinary products because 
of its broad spectrum of antimicrobial activity. The oint- 
ments are generally petrolatum based; some contain other 
antibiotics, such as bacitracin and polymyxin B, or ste- 
roidal anti-inflammatory agents, such as hydrocortisone 
acetate or methylprednisolone acetate. 


The antimicrobial potency ratio of neomycins B and C 
varies with the species of microorganism, presence of di- 
valent cations in the diffusion media, and culture condi- 
tions used in the microbiological assay (I). Thus, accept- 
able precision of the microbiological assay can only be re- 
alized if the composition of the unknown preparation is 
similar to that of the standard preparation. The agar dif- 
fusion cylinder cup assay method for neomycin in oint- 
ments (2) is often troublesome, giving low recovery with 
a relative standard deviation larger than desired. 


The GC assay method for neomycin in ointments re- 
quires prior silylation of the samples, uses a column tem- 
perature of -300°C (3), and is plagued with low recoveries, 
short column life, instability of derivatized samples, and 
tedious sample preparation. The high-performance liquid 
chromatographic (HPLC) method presented here is ac- 
curate, precise, and reliable. 


EXPERIMENTAL 


Apparatus-A modular liquid chromatograph equipped with a 
254-nm UV monitor', a high-pressure pumpz, and a 40-pL automatic 
sample injector3 was used. A normal-phase LiChrosorb coIumn4, 4.6-mm 
i.d. X 25 cm, was used to separate neomycins B and C. Peak area was 
determined using an electronic integrator5. 


Model 1203 I I V  monitor 111; Laboratory Data Control. Hiviera Beach, Fla. 
Model M19-60066-022 high-pressure mini-pump; Laboratory Data Control. 
Model 7108 WISP; Waters Associates, Milford, Mass. 
SI-100, LiChrosorb Silica 5-pm particle size, Brownlee Labs, Santa Clara, 


Chromatopac-EIA; Shimadzu Seisakusha, Ltd., Kyoto, Japan. 
Calif'. 


Reagents-All the solvents used were distilled-in-glass and UV grade6. 
The 2,4-dinitrofluorobenzene7 and anhydrous sodium borate8 used were 
analytical reagent grade. 


For the mobile phase, tetrahydrof'uran-chloroform-water-glacial acetic 
acid (392:598:8:2) was used. The derivatization reagent was freshly 
prepared by diluting 4 mL of 2,4-dinitrofluorobenzene with 200 mL of 
methanol to give an -0.15 M solution. The 0.02 M borate buffer solution 
(pH 9.0) was prepared from anhydrous sodium borate and water. The 
mobile phase was pumped through the column at a flow rate of -1.0 
mL/min. 


Reference Standard Solution-Neomycin sulfate reference standard 
USP (Issue K) was dried (3 h, 6OoC, <5 mm Hg) and then allowed to cool 
in a desiccator. A 2.0-g sample was rapidly and accurately weighed, placed 
in a 1000-mL volumetric flask, dissolved, and diluted to volume with the 
borate buffer. Aliquots of the neomycin sulfate reference standard so- 
lution were placed in tightly capped serum bottles and kept a t  -20OC 
until used. 


For the determination of neomycin in ointments, 25.0 mL of thawed 
neomycin stock reference solution was transferred into a 100-mL volu- 
metric flask, 60 mI, of 20% methanol was added, and the solution was 
diluted to volume with the borate buffer. For the determination of neo- 
mycin in veterinary products, the 100-mL volumetric flask containing 
25 mL of the thawed reference standard solution was diluted to volume 
with the borate buffer only. A 10-mL quantity of the diluted neomycin 
reference standard solution thus prepared was transferred into a 250-mL 
volumetric flask for derivatization. 


Sample Preparation-Ointments Containing Racitracin and 
Polymyxin B-Approximately 5 g of pooled and well-mixed ointment 
was accurately weighed into a 50-mL round-bot,tom centrifuge tube fol- 
lowed by 3 mL of methanol. The sample was heated in a 55°C water bath 
for 5 min with vortexing twice for 20 s, followed by centrifugation a t  2000 
X g for 2 min. The supernatant was removed by aspiration. The methanol 
wash was repeated twice. 


Thirty milliliters of chloroform was then added, and the sample was 
placed in a 55OC water bath to melt the ointment, vortexing for 15 s. Ten 
milliliters of 20% methanol was added, vigorously shaken for 20 min on 
a reciprocating plat,form shaker, and the sample was centrifuged at  1000 
X g for -3 min. The upper aqueous layer was transferred to a 50-mL 
volumetric flask using a Pasteur pipet with care taken not to withdraw 
the emulsion interface layer. The methanol-water extraction step was 
repeated twice using 10 mL of 20% methanol, shaking the centrifuge tube 
for 10 min each time. The aqueous layer was pooled in a 50-mL volumetric 
flask, and the sample was diluted to volume with the borate buffer. A 
10-mL portion of the diluted sample was accurately transferred into a 
250-mL volumetric flask for derivatization. 


Oin tnients Containing Steroids-Approximately 5 g of the ointment 
was accurately weighted into a 50-mL round-bottom centrifuge tube. The 
procedure described above for ointments containing bacitracin and 
polymyxin B was followed. omitting the initial methanolic wash. 


Veterinary Formulations-Two types of veterinary formulations, 
a soluble dry powder containing sucrose and a solution containing salts, 
preservatives, and a stabilizer (reducing agent), were examined. A sample 
containing -50 mg of neomycin sulfate was accurately transferred into 
a 100-mL volumetric flask and diluted to volume with the borate buffer. 
The sample was mixed and centrifuged if required. A 10-mL quantity 
of the sample was quantitatively transferred into a 200-mL volumetric 
flask for derivatization. 


tr Burdick and Jackson Labs, Muskegon, Mich. 
Aldrich Chemical, Milwaukee, Mis. 
Mallinckrodt, St .  Louis, Mo. 
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Table I-Recovery of Neomycin From a Topical Ointment 
Containing Hydrocortisone Acetate 


Table  11-Analysis of Neomycin in  Ophthalmic and Topical 
Ointments Containing Hydrocortisone Acetatea 


Drug Neomycin Sulfate, mg/g 
Level, % Added Recovered Recovery, % 


75 20.62 20.50 99.4 
90 24.85 24.64 99.2 


100 27.63 27.53 99.6 
110 30.19 30.08 99.6 
125 34.33 34.04 99.2 


Mean 99.4 
RSD 0.2 
r 0.9999 


Derivatization-A 15-mL quantity of the derivatization reagent was 
added to the 250-mL volumetric flask containing standard solution or 
sample, and the opening of the flask was covered with aluminum foil. The 
flask was then placed in a 100°C silicone oil bath for 45 min to form di- 
nitrobenzene-neomycin. The amount of 2,4-dinitrofluorobenzene present 
was more than a 30-fold excess (4). The flask was then cooled, and mobile 
phase was added until the lower, yellow, organic phase reached the 
250-mL mark. The top (aqueous) layer was removed by aspiration, and 
the yellow organic phase was chromatographed using the conditions 
described above. The derivatized neomycin is stable for over 1 week a t  
room temperature when stored in the dark. 


Calculations-The concentrations of neomycins B and C and the 
bioequivalent potency (5) were calculated by using the following equa- 
tions: 


Neomycin B (pg/g)  = Bsmp/Bstd X Wstd/Wsmp X F1 X F2 
(Es. 1) 


Bioequivalent Potency (pg/g)  = (Neomycin B) X 1/2(Neomycin C) 
(Eq. 3) 


where Bstd and Bsmp are the peak areas of neomycin B in the reference 
standard and sample, respectively; Csmp is the peak area of neomycin C 
in samples; Wstd and Wsmp are the weight of the reference standard 
powder and samples, respectively; F1 is the dilution factor; and F2 is the 
assigned potency of the neomycin sulfate reference standard USP (765 
pg/mg for Issue K). 


RESULTS AND DISCUSSION 


Derivatization-Recently, Helboe and Kryger noted formation of 
insoluble lumps on derivatization (6) which were eliminated when neo- 
mycin was derivatized a t  a lower temperature [6OoC instead of 100°C as 
used by Tsuji et al. (4)]. To examine the problem, two lots each of the 
2,4-dinitrofluorobenzene reagent obtained from two suppliers7z9 were 
employed using the method of Tsuji et al. (4). Only one of the four lots 
of the reagent examined formed yellowish deposits which adhered to the 
wall of the flask. When derivatized a t  60°C the peak areas of neomycins 
B and C were 94% and 45% of those derivatized a t  100°C, respectively. 
Incomplete derivatization of neomycin in 60°C samples was evident from 
numerous peaks which eluted near the solvent front. Thus, the formation 
of insoluble lumps on derivatization may be due to impurities occasionally 
present in some lots of the derivatization reagent. The use of lower der- 
ivatization temperature may result in a serious underderivatization of 
neomycin. 


The use of methanol in the partitioning extraction of neomycin occa- 
sionally increased the efficiency of derivatization, resulting in increased 
peak area. This potential difficulty was eliminated by inclusion of 
methanol in the reference standard solution prior to derivatization. 


Extraction-Differential centrifugation with chloroform to dissolve 
excipients and to precipitate neomycin, as developed lor the GC assay 
(3), was examined, Precipitated neomycin was dissolved in the borate 
buffer prior to derivatization. Centrifugation over an extended time (2000 
x g for 30 min) failed to increase recovery of neomycin from spiked pla- 
cebo above 98% and 93-95970 for ophthalmic and topical ointments, re- 
spectively. Various solvents were added to chloroform to lower its specific 
gravity in an effort to facilitate precipitation of neomycin; no improve- 
ment in the recovery was noted. 


Eastman Organic Chemicals, Rochester, N.Y. 


Neomycin Base, mg/g 
Microbiological 


Lot HPLC GC Assay 


Ophthalmic Ointment 
A 3.86 3.79 3.73 
B 3.86 3.74 3.69 
C 4.14 3.81 4.04 
D 3.87 3.70 3.57 
E 3.97 3.70 3.80 


F 3.95 . .  3.79 
G 3.87 3.80 3.54 
H 3.77 3.60 3.59 
I 3.89 3.52 3.92 
J 3.88 3.52 4.04 


Topical Ointment 


a All lots from The  Upjohn Co. 


It was noted that the recovery of neomycin from ophthalmic ointments 
was always higher than that from topical ointments. Topical ointments 
differ from ophthalmic ointments by inclusion of microcrystalline wax. 
It is possible that neomycin sulfate is encapsulated by the microcrys- 
talline wax during the manufacturing process. This wax dissolves poorly 
in chloroform; heat and extended sonication are needed, and the resulting 
suspension is still turbid. A sample of neomycin was spiked in melted wax 
and dispersed by vortexing. The sample was then assayed by use of the 
differential centrifugation met.hod. The recovery was 9270, suggesting 
the wax encapsulation or adsorption hypothesis. Efforts to remove the 
wax interference by extended heat,ing and sonication failed to improve 
the recovery of neomycin. 


Aqueous Extraction-Partitioning neomycin for extraction in a 
methanolic water-chloroform system was then examined. A 20% 
methanolic water solution was necessary to reduce emulsion formation 
a t  the water-chloroform interface. 


Ointments Containing Steroids-Recovery of neomycin from both 
ophthalmic and topical ointments by the partitioning extraction method 
was examined. Neomycin was spiked in a steroid-containing ointment 
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Figure 1-Typical chromatogram of neomycin in a topical ointment 
containing hydrocortisone acetate. Key: ( I )  neomycin C; (2) neomycin 
R; (3) hydrocortisone acetate. 
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Figure 2-Chromatogram of placebo of topical ointment containing 
hydrocortisone acetate, indicating no interfering peaks. 


base at  75-125% of the target. An example of the neomycin recovery study 
using a topical ointment containing hydrocortisone acetate is shown in 
Table I. The recovery of neomycin averaged 99.4% with a relative stan- 
dard deviation of 0.2%. The correlation coefficient ( r )  for the recovery 
study was 0.9999. Similar recoveries and precision were obtained for 
ophthalmic and topical ointments containing various steroids. Thus, the 
partitioning method for extraction of neomycin from ointment completely 
eliminated the interference of microcrystalline wax. Steroids, e .g . ,  hy- 
drocortisone acetate, cortisone acetate, fluorometholone, methylpred- 
nisolone, and prednisolone acetate, showed no interference in the HPLC 
analysis of neomycin in ointments. 


Precision of the HPLC method was also examined. Seven individually 
weighed and extracted samples were examined using the partitioning 
method. The relative standard deviation of the assay was 0.5%; similar 
precision was obtained for ophthalmic and topical ointments containing 
steroids. The HPLC method was then used to assay the ointments, and 
the values were compared with those of the GC and the microbiological 
assays. Table I1 shows an example of such comparison made using both 
ophthalmic and topical ointments containing hydrocortisone acetate. 
In general, the values obtained by the HPLC method were the closest to 
the target and higher than those of the GC or the microbiological meth- 
ods. However, the difference between HPLC, GC, and microbiological 


Table 111-Recovery of Neomycin from Topical Ointments 
Containing Bacitracin and Polymyxin B 


Day 1 Day 2 
Neomycin Neomycin 


Drug Sulfate, Sulfate, 
Level, - mg/g Recovery, mg/g Recovery, 
90 Added Recovered 9O Added Recovered % 


75 22.45 22.67 101.0 22.47 22.26 99.0 
90 27.19 27.24 100.2 26.98 27.12 100.5 


loo 29.91 2 9 . ~ 1  99.0 30.10 29.64 98.5 
110 32.77 32.28 98.5 33.04 32.64 98.8 
125 37.57 37.22 99.1 37.46 37.46 100.0 


Mean 
RSD 
r 


99.6% 
1.0% 
0.9996 


99.4% 
0.9% 
0.9990 


Table IV-Assay of Neomycin in Topical Ointments Containing 
Bacitracin and Polymyxin Ba 


Lot 
Neomycin, mg/gb 


HPLC GC 


H 
I 
J 
K 


4.03 
4.25 
4.26 
4.29 
4.33 
4.26 
4.25 
4.24 
4.27 
4.34 
4.25 


3.75 
3.88 
3.80 
3.88 
3.76 
3.82 
3.84 
3.80 
3.74 
3.90 
3.91 


L 4.34 3.81 
Mean 4.26 3.82 


All lots from The Upjohn Co. * Manufacturing target: 4.2 mg/g. 


Table V-Assay for Neomycin in a Veterinary Formulations 


Neomycin, mg/mL 
Microbiological 


Lot HPLC Assay 


A 
B 
C 


142.7 


142.3 
142.8 


149 
152 
148 


D 146.5 155 
E 136.5 137 
F 136.0 136 


All lots from The Upjohn Co. Manufacturing target: 142.8 mg/mL. 


methods was not statistically significant. Typical chromatograms of the 
HPLC assay for neomycin in a topical ointment containing hydrocorti- 
sone acetate and its placebo are shown in Figs. 1 and 2. 


Ointments Containing Racitracin and Polymyxin R-Bacitracin and 
polymyxin B are polypeptide antibiotics, and primary amines present 
in the molecules compete effectively with neomycin for 2,4-dinitrofluo- 
robenzene. Efforts to compensate for the competition by increasing the 
amounts of the derivatization reagent were unsuccessful. The recovery 
of neomycin in the presence of bacitracin and polymyxin B was -92%;. 


Since bacitracin is readily soluble in methanol, and polymyxin B to 
a lesser extent, methanol was added to the ointment to remove the in- 
terference. (Neomycin sulfate is practically insoluble in methanol.) 
Samples of topical ointment placebo containing bacitracin and polymyxin 
B were spiked with neomycin a t  75-125% of the manufacturing target. 
The results of the spiked recovery study are presented in Table 111; the 
recovery of neomycin averaged 99.5% with a relative standard deviation 
of 1.0%, demonstrating complete removal of the interference. 


Precision of the HPLC method for neomycin was examined by ana- 
lyzing seven individually weighed and extracted ointment samples; the 
relative standard deviation of the assay was 0.86%. Twelve lots of topical 
ointments containing bacitracin and polymyxin B were then assayed 
(Table IV). Although there was significant difference in the assay values 
between the HPLC and GC methods, the HPLC data were extremely 
close to the manufacturing target for the product. The HPLC results 
averaged 101.4% of the target while the GC results averaged only 91%. 
Thus, the HPLC method was judged to give accurate results. 


Veterinary Formulations-The veterinary formulations examined 
were all soluble in the borate buffer. Therefore, neomycin in the formu- 
lation was quantitated by simply derivatizing a dilute borate buffer 
mixture. The recovery of neomycin was -100% with a relative standard 
deviation of <I%. Six lots of a liquid veterinary formulation were assayed 
for neomycin by HPLC, and the results were compared with those ob- 
tained by the microbiological assay method. As shown in Table V, no 
statistically significant difference existed between the HPLC and the 
microbiological assay results. 


A petition to amend an antibiotic application for the use of the HPLC 
method as an alternative assay of neomycin in ointment products has 
been submitted to Food and Drug Administration for approval. 
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Abstract  0 The effect of pregnancy on the anticoagulant action of 
heparin was determined by comparing the slope of the relationship be- 
tween the natural logarithm of the activated partial thromboplastin time 
(APTT) and heparin concentration (the heparin slope) in the plasma of 
pregnant and nonpregnant female inbred Lewis rats. Also determined 
were the prothrombin time, hematocrit, and the activities of coagulation 
factors 11, VII, VIII, X, XI, and XII. The heparin slope was significantly 
decreased in pregnant rats a t  the 20th day of gestation but not in rats a t  
the 10th day of gestation, indicative of a decreased anticoagulant action 
of heparin in late pregnancy. The hematocrit and prothrombin time were 
decreased, and the baseline APTT ( 1  e , the APTT without added hep- 
arin) as well as the activities of factors 11, VII, and X were increased in 
pregnant rats a t  the 20th day of gestation. Both pregnant and nonpreg- 
nant animals showed a significant negative correlation between pro- 
thrombin time and factor I1 activity and a significant positive correlation 
between the activities of factors I1 and X. The effects of pregnancy in rats 
on heparin slope, prothrombin time, hematocrit, and factors VII, VIII, 
X, and XI1 are qualitatively the same as those in pregnant women in the 
third trimester. The increases i n  factor I1 activity and baseline APTT 
found in the rats were not observed in humans. Pregnant rats, like 
pregnant women, are relatively resistant to the anticoagulant action of 
heparin. 


Keyphrases Heparin-anticoagulant action, effect of pregnancy, rats 
0 Anticoagulants-heparin, effect of pregnancy on the anticoagulant 
action, rats Pregnancy-effect on the anticoagulant action of heparin 
in rats 


Rats and humans exhibit grossly similar characteristics 
with respect to the pharmacokinetics and pharmacodyn- 
amics of heparin: both species eliminate heparin by dose- 
dependent kinetics that are not of the Michaelis-Menten 
type and both show an essentially linear relationship be- 
tween an index of the anticoagulant response, the loga- 
rithm of the activated partial thromboplastin time of 
plasma (APTT), and the concentration of heparin added 
to plasma (1). Human pregnancy is associated with a state 
of progressive blood hypercoagulability due, in part, to 
increased concentrations or activities of certain compo- 
nents of the coagulation system (2). The heparin dose re- 
quirements for treatment or prevention of thromboembolic 
disorders are increased in human pregnancy (3-6). Recent 
studies in this laboratory have shown this to be due, at  least 
in part, to a decreased anticoagulant effect of heparin (7). 
Changes in the distribution (7) and clearance (3) of heparin 
may also occur, but this is presently uncertain. 


A previous investigation of blood coagulation charac- 
teristics and response to heparin in rats (8) has revealed 


a number of important differences relative to humans, 
despite the gross similarity in the pharmacokinetics and 
pharmacodynamics of heparin in the two species (1). To 
further explore the relative characteristics of the two 
species with respect to heparin, we have determined the 
effect of pregnancy on the anticoagulant action of heparin 
and on a number of related physiological variables in 
rats. 


EXPERIMENTAL 


Groups of two female inbred Lewis rats1, 200-250 g, were placed in 
plastic cages with sawdust bedding taken from cages previously occupied 
by adult male rats. They had free access to food2 and water a t  all times. 
After 2 d an adult male Sprague-Dawley rat was placed in each cage with 
the two females for an overnight period. The male rat was removed in the 
morning, and that day was designated as the first day of gestation. The 
female rats were then housed in groups of four per cage for the duration 
of the study; nonimpregnated females from the same colony were kept 
similarly. This procedure was repeated on three occasions. For the first 
study, groups of eight pregnant and eight control rats each were tested 
on the 10th and 20th days of gestation; for the second study, nine preg- 
nant and nine control rats were tested on the 20th day of gestation; for 
the third study, seven pregnant and seven control rats were tested on the 
20th day of gestation. 


Blood samples were obtained from the abdominal aorta while the an- 
imals were under light ether anesthesia. The hematocrit was first de- 
termined from a small sample of blood (<0.1 mL) taken from the tail vein. 
Sufficient acid citrate anticoagulant (9) was then added to a 5-mL plastic 
syringe such as to yield a 6:1 plasma-citrate solution volume ratio when 
4.5 mL of blood was drawn from the abdominal aorta into the syringe. 
The citrated blood was transferred to plastic tubes which were centri- 
fuged to separate the plasma as previously described (8). The plasma 
samples were stored a t  -80°C for no longer than 3 d. Plasma from two 
of the control rats (10th day) in the first study contained small clots on 
thawing. T o  prevent this in subsequent experiments, the plasma-citrate 
solution volume ratio was changed from 6:l to 5:l in the second and third 
studies. All animals in the pregnant groups were dissected after blood 
sampling to confirm pregnancy. 


The APTT was determined with a coagulation timer3 after a 15-min 
plasma incubation time (unless stated otherwise), using automated 
APTT4 as the principal reagent. Heparin of beef lung origin5 was added 
to the plasma to yield concentrations of 0.1-0.7 U/mL in six steps; an 
equivalent volume of heparin-free solvent was added for baseline APTT 
determination. Details of these procedures have been described previ- 


Charles River Farms, Wilmington, Mass. 
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General Diagnostics, Morris Plains, N.J. 
The Upjohn Co., Kalamazoo, Mich., (lot no. 955FW). 


* Charles River Formula RMH 1000, Syracuse, N.Y. 
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Abstract 0 The viscosity of xanthan gum solutions in the low shear region 
was investigated with the aid of a Couette instrument. All solutions were highly 
pseudoplastic. Solutions containing 0.3-0.5% of the gum exhibited a highly 
ordered phase at  very low shear. Viscosity, the degree of pseudoplasticity, and 
the value of the transition from soft gel to pseudoplastic behavior were directly 
related to gum concentration. The effect of the addition of a salt on viscosity 
depended on the xanthan gum concentration. The viscosity of a 0.3% xanthan 
gum solution was practically unaffected by the salts. Higher gum concen- 
trations exhibited a viscosity increase when salt was present. Concentrations 
<0.3% exhibited a viscosity decrease in the presence of a salt. All viscosity 
effects seemed to reach limiting values at -lov3 to 3.3 X N salt. N o  
major differences were observed between sodium chloride, calcium chloride, 
and sodium citrate in their influence on xanthan gum viscosity. 


Keyphrases 0 Viscosity-xanthan gum in aqueous solutions, low shear rates, 
effect of added salts Xanthan gum-aqueous solutions, viscosity at low 
shear rates, effect of added salts 0 Shear rate-low range, viscosity of xanthan 
gum in aqueous solutions, effect of added salts 


Xanthan gum, an extracellular polysaccharide of the bac- 
terium Xanthamonas campestris which was originally isolated 
and characterized by Jeanes and coworkers (l),  has a wide 
variety of uses in the pharmaceutical, cosmetic, oil, and food 
industries. The polymer is an efficient thickening agent whose 
aqueous solutions are shear thinning (2,3). 


Examination of the molecular structure of xanthan gum 
offers insight into the basis for much of the physicochemical 
behavior of the substance in solution. Xanthan gum is struc- 
turally very complex. As proposed by Jansson and coworkers 
(4), the backbone of the molecule is a cellulose chain composed 
of [p( 1 -+4)-D-glUCOSe]. Every second residue of the chain has 
a p( 1’3) substituted trisaccharide side chain of the [p-D- 
mannopyranosyl - ( 1 -+4)-a-~-glucopyranosyl-( 1 +2)-p-D- 
mannopyranoside-6-O-acetate] variety. Further, pyruvic acid 
substitution on the terminal mannose residue of the side chain 
(to the degree of 25-50%) has been reported and probably 
plays a key role in the molecular properties of xanthan gum 
in solution ( 5 ) .  The proposed structure of xanthan gum also 
suggests that the substituted trisaccharide side chains may lie 
close to the cellulose backbone at room temperature in some 
ordered, rod-like conformation held together loosely by short 
range van der Waals forces (6). At elevated temperatures, 
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SHEAR RATE, s-l 
Figure 1-Shear stress versus shear rate for  three aqueous xanthan gum 
solutions with a scan time of 4 min. Key: (A) 0.133%: (B) 0.3%: (C) 0.5%. 


however, it has been shown, via NMR relaxation procedures 
and optical methods such as circular dichroism and optical 
rotation, that there is a temperature-induced rearrangement 
within the molecular structure of the gum (7). It has been 
suggested that “chain melting” occurs, and the ordered, rod- 
like helix may become more flexible at  elevated temperatures, 
with the trisaccharide side chains extending outward from the 
cellulose backbone. This structural change may be responsible 
for a sudden drop in viscosity of a 1% aqueous xanthan gum 
solution at  elevated temperature (7). 


The addition of salt to a water solution of purified xanthan 
gum raises the temperature at which structural rearrangement 
takes place, as shown by optical rotation and viscosity mea- 
surements (8).  Calcium chloride was effective in much lower 
concentrations than sodium chloride, suggesting that stabili- 
zation of the helical, rod-like confirmation was due to reduction 
in charge repulsion between the backbone and the side chains 
(8). The response of xanthan gum to variations of ionic 
strength is unlike that of most other polyelectrolytes. Nor- 
mally, polyelectrolytes exhibit an expanded structure under 
conditions of low ionic strength as the result of neighboring 
group electrostatic charge repulsion. The addition of a salt 
results in a screening of the neighboring group repulsive forces 
and causes the molecule to collapse into a compact coil. Studies 
of the effects of salts on xanthan gum viscosity have produced 
somewhat contradictory results. In one case, the viscosity of 
a dilute xanthan gum solution was increased in the presence 
of sodium chloride (3). Another report shows a moderate de- 
crease in viscosity under similar conditions (9), although the 
extent of viscosity reduction was not as pronounced as for 
typical polyelectrolytes. Symes (1 0) showed that the effect of 
0.1 M KC1 on xanthan gum solution viscosity depended on the 
gum concentration. At gum concentrations <0.25%, viscosity 
of aqueous solutions without added salt were higher than those 
containing potassium chloride. The reverse was true for solu- 
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Figure 2-Shear srress versus shear rate for  a 0.5% aqueous xanthan gum 
solution. Scan time for  a complete cycle was 8 min. Numbers indicate the 
order of execution of the shearing cycles, and arrows indicate the direction 
of shear rate change. 
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SHEAR RATE, s-' 
Figure 3-Shear stress versus shear rate for  a 0.5% aqueous xanthan gum 
solution. Scan time for the complete cycle was 2 h. Arrows indicate the di- 
rection of shear rate change. 


tions containing >0.25% xanthan gum. The relative stability 
of viscosity of xanthan gum solutions to ionic strength, tem- 
perature, and pH variation ( 1  1 )  has been ascribed to the rod- 
like shape of the molecule and the importance of hydrogen 
bonding in intermolecular interaction (1 2). 


In considering the application of xanthan gum as a sus- 
pending agent and emulsion stabilizer, viscosity characteristics 
in the very low shear region are of great importance. The only 
previous investigation in which very low shear viscosity was 
studied (2,3) utilized a purified xanthan gum preparation. In 
the present study, a new instrument based on the Couette 
principle and capable of measurements at very low shear was 
utilized to investigate the rheological behavior of solutions 
prepared from commercial food-grade xanthan gum. The in- 
fluence of several salts on solutions containing various xanthan 
gum concentrations was also studied. 


EXPERIMENTAL 


Xanthan gum' was utilized as  received. All salts and preservatives were 
reagent or USP grade. Deionized water was used in the preparation of solu- 
tions. 


Xanthan gum solutions (2%) containing 0.1% methylparaben and 0.03% 
propylparaben served as a stock preparation of the gum. Desired electrolyte 
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Figure 4-Logarithm of apparent viscosity as a function of the logarithm 
of shear rate for xanthan gum solutions. Key: (A )  0.133%; (B)  0.3%; (C) 
0.5%. 


' KELTROL; Kelco, Div. Merck and Co., Inc., San Diego. Calif. 


Figure 5-Power low constant, n, as a function qfxanrhan gum concentration 
in aqueous solution. 


concentrations were obtained by dilution of 0.1 N stock solutions containing 
the parabens. Dilutions were made with deionized water containing methyl- 
and propylpdrabens. The diluted solutions were mixed using a low-torque 
mixer until they were homogeneous. Several samples were taken at various 
locations in the solution and examined rheologically to assure homogeneity 
of the mixed solutions. It was found that a 2-min mixing time, even at  the 
highest concentration of xanthan gum used, was sufficient to ensure solution 
homogeneity. 


Rheological measurements were made with a commercial instrument2 that 
utilizes the Couette principle, with an air bearing to maintain the position of 
an inner cylinder while the outer cylinder rotates. The torque on the inner 
cylinder is measured. Both shear rate and shear stress are determined with 
high precision and plotted automatically as a flow curve (shear stress versus 
shear rate) while the properties of the samplc are  explored. Sensitivity and 
scaling factors are adjustable to cover a wide range of shear rates and material 
characteristics. Sample properties can be measured by increasing shear rate, 
decreasing shear rate, or cycling back and forth, and the time period during 
which these measurements are made may be selected from within a wide 
range. 


RESULTS AND DISCUSSION 


Flow curves for aqueous solutions containing three xanthan gum concen- 
trations are presented in Fig. 1. To obtain these curves the instrument was set 
so that scanning of the shear rates covered (0-30 S-I) took 4 min. The curve 
for 0.133% xanthan gum solution exhibited continuous curvature with no 
evidence of a yield point or discontinuity. The pseudoplastic behavior of the 
solution is evident. At 0.3% xanthan gum the flow curve rises steeply at first, 
reaches a peak, drops sharply, and then rises smoothly again. The abrupt 
change in slope signals a different type of behavior than that observed at lower 
concentrations. At shear values beyond the discontinuity. the 0.3% solution 
exhibits typical pseudop!astic behavior. Shear stress values for the 0.5% 
xanthan gum solution fall above that of the 0.3% solution, indicating that the 
apparent viscosity is higher at all values ofshear rate. However. the flow curves 
for the 0.3 and 0.5% solutions are qualitatively similar. 


The effect of changing the direction of shear rate change and of a second 
shearing cycle on the flow curve of a 0.5% xanthan gum solution are shown 
in Fig. 2. A complete shear cycle consists of having the shear rate increase from 
zero to a preset value (in this case, 3 s-I) and then decrease again to zero. 
Arrows in  Fig. 2 indicate whether a curve was generated from left to right 
(increasing shear rate) or right to left (decreasing shear rate). The instrument 
was programmed so that each complete cycle was executed during 8 min. A 
I-min rest period separated the onset of the second shearing cycle (cycle 2 in 
Fig. 2) from completion of the initial cycle (cycle I ) .  The initial scan (cycle 
1 going from 0 to 3 s-I) was not retraced by the return curve (cycle I from 
3 to 0 s-l).  Also, when the sample was sheared a second time (cycle 2) only 
the return curve coincided with that from the first shearing cycle. The curve 
generated by increasing the shear rate during cycle 2 fell between that of the 
initial trace in the same direction and the return curves, although closer to 
the latter. The behavior of 0.3% xanthan gum solutions was similar to that 
of the 0.5% solution, but the difference in magnitude between the various 
curves was smaller. 


Several conclusions may be drawn from the data in Fig. 2 and similar data 
for 0.3% solutions: 


Initial disturbance of a sample encounters high resistance. This is 
shown by the high slope found in the flow curve when shear is first applied. 


A transition in behavior is found when the shear rate is increased 
to slightly higher values (but the shear rate at which this transition occurs is 
still quite small). 


1. 


2. 
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Figure 6-Effect of various salts on the apparent viscosity of 0.5% solutions 
ofxanthangum at a shear rate of3.0 s-I. Key: (0) calcium chloride: (A) 
sodium chloride; (0) sodium citrate. 


3. Viscosity in the low shear region is dependent on the recent history 
of the sample. In  other words, some thixotropy is evident. 


Figure 3 shows results for a single shearing cycle of a 0.5% xanthan gum 
solution in which the low shear rates were scanned at a rate equal to 1 /15 that 
used in the previous experiments. Comparison of the curve in Fig. 3 arising 
from increasing the shear rate with that of the corresponding curve for cycle 
1 in Fig. 2 shows that although there are some differences in magnitude in the 
very low shear rate area, the same general pattern is found. After a sharp in- 
crease in shear stress, the curve in Fig. 3 peaks, drops, and then follows the 
pattern of a psuedoplastic material as the shear rate rises. The return curve 
(3 to 0 S - I )  in Fig. 3 does not coincide with the initial tracing. In fact it is 
identical to the return curves obtained at the faster scan rate (Fig. 2). 


Using the same scan rate as for the work in Fig. 3, the discontinuity in the 
flow curve of a 0.4% xanthan gum solution was still quite marked. With a 0.3% 
solution it was not so sharp, but still discernable. Reducing the rate of change 
of the shear rate increased the extent to which the structural architecture could 
adjust in response to changing shear conditions. Although the difference in 
magnitude between the two curves that comprise a complete shear cycle was 
reduced at  the slower scan rate, the existence of a structural change at very 
low shear was still evident. 


The viscosity behavior of xanthan gum solutions must be described in terms 
of intermolecular networks formed by the extremely long, rigid, highly 
asymmetric polymer molecules (10). At concentrations of 0.3-0.5% (in 
aqueous solution), network formation results in a system that may be described 
as a "soft gel" which persists as long as the system is not disturbed. At ex- 
tremely low shear stress, particles of gel are the unit of flow, and the resistance 


A A  


0 0 


A 


A A  


0 0 


A 


Z 1.4 A s 1. 0 


0 
k 
g 1.2 
a 
Ec, 


A 


0 


0 0  


t 
1.0- 


10-4 1 0 - ~  lo-' 
SALT NORMALITY 


Figure I-Enect ofvarious salts on the gel transition point of 0.5% solutions 
of xanthan gum. Key: (0) calcium chloride; (A) sodium chloride: (0) sodium 
citrate. 


Table I-Effect of Salts on the Apparent Viscosity of Xanthan Gum 
Solutions at a Shear Rate of 3.0 s-' 


Xanthan Gum Apparent Viscosity, mPa-s 
Concentration, No Added M M M 10-3 M M 


% w/v Salt NaCl NaCl NaCl CaC12 CaC12 


80 83 76 0.133 186 
0.2 340 265 210 220 - 
0.3 414 460 430 450 415 410 
0.4 580 670 670 740 - - 
0.5 620 630 940 1080 1160 1120 


- - 
- 


to deformation is very high. After the transition point, structure within the 
gel particles is affected. Partial breakdown of intermolecular linkages and 
spatial rearrangement of the polymer molecules accounts for the pseudplastic 
behavior at shear rates higher than that at which the transition occurs. From 
the breaks in the consistency curves, the transition shear stress was estimated 
to be 1 .I Pa for the 0.5% solution, 0.9 Pa for the 0.4% solution, and 0.4 Pa for 
the 0.3% solution. 


At xanthan gum concentrations >0.5%, gel strength would be expected to 
increase. A yield value was reported for a 1% xanthan gum solution, but not 
for lower concentrations (2,3). At concentrations < -0.3%, measurements 
in our laboratory failed to show a definite gel-like region and then a transition 
to a less-ordered state. 


Apparent viscosity (shear stress/shear rate) was calculated for the xanthan 
gum solutions from first cycle flow curves using fresh solutions. Flow curves 
in which the maximum shear rate scanned was 3.0 s-l were used to calculate 
apparent viscosity for shear rates ranging from 0.3 to 3.0 s-l. All values cal- 
culated were for shear rates higher than those at which the transition from 
a gel state took place. Apparent viscosity for shear rates from 3.0 to 30 s-l 
were obtained from flow curves for which the maximum shear rate setting was 
30 s-1. The logarithm of apparent viscosity is plotted as a function of the 
logarithm of shear rate in Fig. 4. These plots are linear for the0.3 and 0.5% 
xanthan gum solutions; the 0.1 33% solution also exhibits a linear relationship 
except for the lowest shear rate values. The curves in Fig. 4, which follow the 
same general pattern as plots shown previously for other xanthan gum con- 
centrations (2), indicate that the power law equation is applicable: 


1 = KD(n-1) 


where is apparent viscosity, D is shear rate, K is the viscosity at 1 s-l, and 
n is a constant that indicates the degree of pseudoplasticity. The minimum 
possible value of n,  corresponding to the highest degree of pseudoplasticity, 
is zero (13). Values of n, calculated from the linear portion of log viscosity-log 
shear rate relations, are plotted as a function of xanthan gum concentration 
in Fig. 5 .  From Figs. 4 and 5 ,  it is evident that an increase in xanthan gum 
concentration results in an increase in both viscosity and the degree of pseu- 
doplasticity. 


The addition of various salts to a 0.5% xanthan gum solution brought about 
an increase in apparent viscosity. Results for one shear rate, 3.0 s-I, are shown 
in Fig. 6. Similar relationships were found by making comparisons at other 
shear rate values. The increase in viscosity reached a limiting value with in- 
creasing salt concentration, which was about the same for the three salts 
studied. Furthermore, the three salts appeared to be nearly equally effective. 
A concentration of N CaC12 or NaCl brought viscosity to the plateau 
level. Sodium citrate required a concentration of 3.3 X loe3 N to reach the 
same viscosity. 


These salts also increased the magnitude of the shear stress at which the 
low shear transition from a gel state took place (Fig. 7). Transition points were 
estimated from the low shear range flow curves obtained under the same 
conditions as those shown in Fig. 3. The error in reading the transition points 
from the graphs was -0.1 Pa. The addition of a salt increases the magnitude 
of shear stress at which the transition from a gel occurs, and, as with the effect 
on viscosity, the transition shear stress reaches a limiting value with increasing 
salt concentration. All salts appear to be equally effective, reaching maximal 
shear stress at  a concentration of 


Although the most extensive salt studies were performed on 0.5% xanthan 
gum solutions, some data were obtained with lower gum concentrations (Table 
I). The dependence of apparent viscosity on salt concentration varied with 
the xanthan gum concentrations. In a 0.5% xanthan gum solution, the addition 
of a salt nearly doubled the viscosity. The viscosity of a 0.4% xanthan gum 
solution was also increased by salt, but to a smaller extent. The viscosity of 
a 0.3% xanthan gum solution was hardly affected by salt, while solutions 
containing 50.2% of the gum showed a decrease in viscosity. The decrease 
in viscosity was more pronounced at the lower xanthan gum concentration 
(0.1 33%). Sodium chloride and calcium chloride seemed to have equal effect 
on viscosity at all xanthan gum concentrations, suggesting that reduction of 


N .  
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intramolecular charge repulsion is not a primary factor in these salt effects 
on viscosity. However, interpretation of these results is complicated by the 
fact that xanthan gum, as supplied by thc manufacturer, a n t a i m  some cellular 
material and ions. Typically, monovalent cations, (principally sodium and 
potassium) amount to 3-6% (w/w) of the finished produd.  Divalent cations, 
principally calcium and magnesium, make up 4.15-0.35% by weight of the 
commercial polymer3. For the samc reason, i t  is difficult to compare results 
of this study with many previous reports for which purified gum was uti- 
lized. 


The utility of xanthan gum as a stabilizer of aqueous suspensions and other 
disperse systems is due, in  part, to the pseudoplastic nature of gum solutions. 
At high shear the viscosity is quite low. permitting shaking, pouring, and 
pumping without high resistance. On the other hand, the high viscosity aug- 
mented by existence of a gel-like state at very low shear accounts for the high 
resistance to particle sedimentation. Viscosity, the degrec of pseudoplasticity, 
and the value of the transition from gel-like to pseudoplastic behavior are 
dependent on xanthan gum concentration. The effect of addition of a salt on 
viscosity of xanthan gum solutions is complex. A 0.3% xanthan gum solution 
exhibits negligible viscosity changes when a salt is added. Higher concentra- 
tions of xanthan gurn show increased viscosity. and lower xanthan gurn con- 
centrations undergo a reduction in viscosity. All of these effects seem to reach 
limiting values at -lo-’ iV to 3.3 X IW3 N salt concentration. Based on the 
small number of salts studied. viscosity changes appear to be independent of 
the salt. However, certain ions in particular pH ranges exhibit more specific 
effects on viscosity ( I  I ) .  


3 J .  Baird. Kclco Division of Merck and Co.. Inc.. personal communication 
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Abstract 0 A number of analogues of 3-dimethylamino-2-dimethylami- 
nomethyl-I -(4-methoxyphenyl)- I-propanone dihydrochloride (Ila) and re- 
lated compounds which showed activity against P388 lymphocytic leukemia 
were prepared, and of the I6 analogucs, three met the criterion for activity 
in this screen. The toxicit) of Ila was examined in rats and either a single dose 
of 25 mg/kg or ninc daily doses of 12.5 mg/kg administered by the intra- 
peritoneal route produced marked irritation and damage to the tissue with 
which it came into contact. Compound Ila did not show significant activity 
against eight other tumor systems. 


Keyphrases 0 Mannich bases-derived from acetophenones, antileukemic 
activity in  the P388 screen, toxicological assessment in rats 0 Antileukemic 
agents-potential, Mannich bases derived from acetophenones, P388 screen, 
toxicological assessment in rats 0 3-Dimethylamino-2-dimethylami- 
nomethyl- 1 -(4-methoxyphenyl)- 1 -propanone dihydrochloride-synthesis, 
antileukemic activity in the P388 screen, toxicological assessment in rats 


A number of Mannich bases have been synthesized and 
evaluated against murine P388 lymphocytic leukcmia (1 -3). 
Under certain conditions, Mannich bases undergo elimination 
leading to the formation of the corresponding a,&unsaturated 
ketones (4, 5), which have a marked affinity for nucleophiles 


(6,7). This property may account for certain of the biological 
properties of Mannich bases (8 ,9) .  


Series I was rcccntly evaluated against P388 leukemia in 
mice and shown to be inactive (10). However, if  a second di- 
methylaminomethyl group is inserted into the molecule, as in 
Ila, the deamination product would retain a dimethylami- 
nomethyl function attached to the olefinic carbon atom a to 
the carbonyl group. Since, on occasions, the pH of tumor cells 
has been claimed to be more acidic than normal cells ( 1 1-1 3), 
deamination of IIa could give rise, possibly preferentially in 
malignant tissue, to a compound bearing a protonatcd nitrogen 
atom. Hence nucleophilic attack by cellular macromolecules 
would be enhanced since the intermediate formed as a result 
of Michael addition would be stabilized by two electron- 
withdrawing functions, namely the carbonyl group and the 
positively charged nitrogen atom. 


A representative compound, IIa, was synthesized and shown 
to increase the median survival time in mice with P388 lym- 
phocytic leukemia by 28 and 24% at dose levels of 25 and 12.5 
mg/kg, respectively. A comparison of the bioactivities of I Ib-f 
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Abstract 0 As a class, octahydrophenanthrene lactones, podolactones, and 
related podocarpic acid derivatives have been reported to possess a wide variety 
of biological activities, including antileukemic activity, inhibition of plant cell 
growth, and hormonal and anti-inflammatory properties. In the present study, 
a series of synthetic intermediates derived from podocarpic acid have been 
prepared and evaluated with respect to their ability to inhibit human epider- 
moid carcinoma of the nasopharynx in uitro. The significant cytotoxicity 
demonstrated by methyl 6a-bromo-7-0~0-0-methylpodocarpate (50% inhi- 
bition of cells a t  8.85 X M) was markedly higher than that of the other 
derivatives examined. Further evaluation against LI 210 and P388 lymphoid 
leukemias in mice failed to demonstrate significant antitumor activity. 


Keyphrases 0 Podocarpic acid derivatives-synthesis, antitumor activity, 
in uitro human epidermoid carcinoma (nasopharynx) screen, LI 210 and P388 
screens in mice 0 Antineoplastic agents-potential, podocarpic acid deriva- 
tives, synthesis, in oitro human epidermoid carcinoma (nasopharynx) screen, 
LIZ10 and P388 screens in  mice 


Octahydrophenanthrene lactones (I) and related podocarpic 
acid derivatives (11) have been reported to possess hormonal 
and anti-inflammatory properties ( 1). Other similar podol- 
actones have been shown to inhibit the expansion and division 
of plant cells (111) (2-4) and to have antileukemic activity (IV) 
( 5 ) .  In view of their documented biological properties i t  ap- 
peared worthwhile to test a series of synthetic intermediates 
derived from podocarpic acid for antitumor activity. This re- 
port describes the preparation of these derivatives and the 
results obtained in biological tests against tumors. 


OR ox 


($ 0 


R= H 
R = C H j  
R= CH 2CH 3 


n 


11 al X=Y=CH3,  Z - H  
I I b l  X = Y - C H 3 ,  l-Br 
I I c ,  X - C H 3 ,  Y l 2 - H  
I I d ,  X = C H Z C H ~ I  Y-CH31 2-H 


IV 


RESULTS AND DISCUSSION 


Preparation of all derivatives shown in Scheme I proceeded via methyl 
0-methyl-7-ketopodocarpate (VI),  which was synthesized from podocarpic 
acid by methylation with dimethyl sulfate and subsequent oxidation using the 
approach described by Bible and Grove ( I )  in the synthesis of bromoketone 
(IIb). 


Compound VII was prepared from VI by reduction of the 7-keto group to 
the corresponding alcohol with sodium borohydride. The resulting epimeric 
alcohol mixture (the 7a-hydroxyl derivative would be expected to be present 
in greater abundance) was efficiently dehydrated by p-toluenesulfonic acid 
in  refluxing dihydropyran. The synthesis of epoxide VIll  was completed by 
treatment of VII with m-chloroperbenzoic acid in ether. The a-configuration 
of the epoxide in VIlI is inferred from X-ray crystallographic studies (6) of 
Ilb and related 6~-br0mo-7-ox0-diterpen0ids (7). These studies indicate 
significant intramolecular steric hindrance in that region of the molecule re- 
sulting from 1.3-diaxial interactions of the angular methyl group at C-I0 and 
the axial carbmethoxy group at C-4. Both of these groups reside on the /3 face 
of the molecule and would mediate an a-approach of the peracid. 


Bromoketone IIb was prepared by an adapted procedure derived from the 
work of Bible and Grove ( I ) .  Compounds IX and X were prepared from 
bromoketone I lb  by treatment with N-phenylbenzamidine and 1.5-diazabi- 
cyclo[5.4.0]undec-5-ene (DBU), respectively, utilizing procedures reported 
previously (8,9). 


The activity of the freshly prepared synthetic intermediates (Scheme I )  
against human epidermoid carcinoma of the nasopharynx is shown in Table 
I. The in vitro activity of bromoketone 1Ib in the 9KB test system was mark- 
edly higher than that of VII-X. Since the cytotoxicity demonstrated by IIb 
was sufficient for confirmation as an active compound at  the National Cancer 
Institute, these compounds were tested in the LE and PS tumor systems (Table 
11). All derivatives were inactive in both the L1210 and PS tumor systems. 


EXPERIMENTAL' 


Methyl 0-Methyl-7-ketopodorpate (V1)-To crude podocarpic acid (V, 
500 g) was added ice (500 g), methanol (500 mL), and sodium hydroxide (240 
g). This mixture was stirred for 2 h until a dark-brown color persisted, indic- 
ative of the formation of the phenoxy anion. The solution was cooled to l5OC 
and dimethyl sulfate (425 mL, 566.5 g, 4.5 mol) was added dropwise, with 
stirring, over a period of 1.5 h. The reaction was completed, as evidenced by 
solidification of the solution. A light-brown solid was obtained by filtration 
after the addition of 1 L of water. This solid was stirred with I L of water and 
removed by filtration. Recrystalliiration from acetone yielded 460.1 g of methyl 
0-methylpodocarpate as white crystals, mp 127.0-128.5°C [lit. (10) mp 
128OCI. IR(KBr): 1725,1500, and 1450cm-I; IH-NMR (CDCI3): 6 1.10 


M H 3 ) .  6.71 (m, 2, ArH), and 7.72 ppm (d, I , J  = 7.5 Hz, ArH). 
Methyl 0-methylpodocarpate (100 g, 0.331 mol) was dissolved in I L of 


acetic acid. Chromium trioxide (94 g, 0.93 mol) was dissolved in an 800-mL 
acetic acid-200-mL water solution, which was then added to the ester solution 
at  room temperature with stirring. After allowing the mixture to stand over- 
night at room temperature, it was poured into 6 L of saturated aqueous sodium 
chloride solution. After allowing this solution to stand overnight, the precip 
itate was removed by filtration and washed with water to yield 74 g (71%) of 
ketone VI as yellow crystals, mp 121-123°C [lit. mp 121-123OC (1 I )  and 
122-124OC (I)]. IR (KBr): 1725 and 1600cm-I; 'H-NMR (CDCl3): 60.98 


O-CH3), 6.66 (m, 2, ArH), and 7.83 ppm (d, 1, J = 8 Hz, ArH). 
Compound VII-Methyl 0-methyl-7-ketopodocarpate (VI, 10 g, 3 1.6 


mmol) was dissolved in tetrahydrofuran ( I 4  mL) and 95% ethanol (20 mL). 
After dissolving sodium borohydride (2 g) in water (8 mL) and 95% ethanol 
(3 mL), this solution was added slowly to the ketoester solution. The resulting 
solution was stirred for 24 h at  room temperature, after which the precipitate 


(s, 3, C<H3), 1.32 (s, 3, C X H I ) ,  3.70 (s, 3, &CH3), 3.80 (s, 3, 


(s, 3, C-CH3). 1.20 (s, 3, C-CHj), 3.68 (s, 3, &CH3), 3.86 (s, 3, 


tra were obtained using a Perkin-Elmer Model 137 G or a Perkin-Elmer 
M:: ;Espectrophotometer. NMR were obtained on a Jeolco Minimar or a Varian 
EM-390 spectrometer using CDCI, as the solvent; tetramcthylsilane was used as an in- 
ternal standard. Mass spectra were obtained using a Perkin-Elmer model 270 mass 
spectrometer. GC was performed using a Hewlett-Packard Model 402 aschromatograph 
with a hydrogen flame detector. A glass column packed with 3% SE-38 on 1 W 1 2 0  mesh 
GCQ at a column temperature a1 2 7 0 T  with a nitrogen flow rate of 35 mL/min was 
used for all GC analyses unless otherwise stated. Melting points were obtained on a 
Fisher-Jones apparatus and are uncorrected. Elemental analyses were performed by 
Galbraith Laboratories, Inc., Knoxville, Tenn. 
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was removed by filtration. Evaporation of the solution in uucuo gave a pink 
syrup. The syrup was dissolved in  ether (25 mL), followed by addition of 5% 
aqueous sodium chloride solution (10 mL). The aqueous layer was extracted 
several times with 50-mL portions of ether. The ether extracts were combined, 
washed twice with 5% aqueous sodium chloride (20 mL), dried over anhydrous 
magnesium sulfate, and evaporated in uacuo. Crystallization from ether so- 
lution gave 8.8 g (88%) of the alcohol methyl O-methyl-7-hydroxypodocarpate 
as  white crystals, mp 100-106°C. IR (KBr): 3500, 1715, 1610, and 1575 
cm-l; 'H-NMR (CDCI,): 60.88 (s, 3, C-CH,), 1.32 (s, 3, C-CH,), 3.70 
(s, 3, O-CH,) ,  3.82 (s, 3 ,0- -CH3) ,  4.51 (m. I ,  CHOH), and 6.83 ppm (m. 
3, ArH). MS: m/z 318 (M+); Calcd. for ClgH2604: m/z 318 (M+). 


And-Calc. for C19H2604: C, 71.76; H, 8.24. Found: C, 71.88; H, 
8.35. 


The aforementioned alcohol (8 g, 25.2 mmol), dihydropyran ( 5  mL), and 
0.5 g ofp-toluenesulfonic acid were heated at  reflux for 8 h. The mixture was 
extracted with 200 mL of ether. The organic phase was washed with water, 
5% aqueous sodium carbonate, and then water, and dried over anhydrous 
magnesium sulfate. Evaporation in uacuo yielded a yellow syrup, which was 
chromatographed (dry silica gel, 50: I ) .  Elution with petroleum ether-meth- 
ylene chloride gave excess dihydropyran in the early fractions and the un- 
saturated ester VII as a solid in the later fractions (monitored by GC). 
Compound VII was recrystallized from CCI4-hexane (slow evaporation) to 
give light-brown crystals (6.4 g, 85%), mp 84-85OC. IR(KBr): 2950, 1720, 
and 1600 cm-l; 'H-NMR (CDCI3): 6 0.86 (s, 3, C-CH3). 1.35 (s, 3,  
C-CH3). 3.75 (s, 3, O-CH,), 3.88 (s. 3, &CH3), 6.51 (s, 2, vinylic). and 
6.90 ppm (m, 3, ArH). 


Anal.-Calc. for ClgH1403: C. 75.96; H, 8.07. Found: C, 75.82; H, 
8.14. 


Epoxide VIII-Toa solution of the unsaturated ester V I I  ( 5  g, 16.6 mmol) 
in 100 mL of dry ether was added slowly a solution of 3 g of m-chloroper- 
benzoic acid in 15 mL of dry ether with stirring. The solution was stirred for 


VI 


1. NeH4,  EtOH, H2O 
2. dihydropyran 


p t o l u e n s u l f o n i c  Acid I m 3  


q@ C02CH3 


m-chloroparbenzoic Acid VI I 
e t h e r  1 
CO2CH3 


VIII 


6 h and then was allowed to stand overnight. After the addition of 10'70 
NaHCO3 (I5 mL), the mixture was extracted with ether. The organic phase 
was washed (HzO), dried (MgSOd), and the solvent Has removed to give a 
light-yellow syrup, which solidified on standing. Recrystallization from 
chloroform yielded 4.6 g (87%) of white crystals of VIII ,  mp I58-IS9OC. 
IR(KBr): 2950, 1725. and 1500 cm-l; IH-NMR (CDCI3): b 1.12 (s, 3, 


and 6.88 ppm (m, 3, ArH). 
Anal.-Calc. for C19H2404: C, 72.13; H, 7.65. Found: C, 72.16; H. 


7.72. 
Methyl O-Methyl-6-a-bromo-7-ketopodocarpate (1lb)-To ester VI (46 


g, 0.2226 mol) was added 550 mL of carbon tetrachloride. After heating to 
dissolve the ketone, 28 g (0. I57 mol) of N-bromosuccinimide was added, and 
the solution was allowed to stand (catalyzed by sunlight) for 96 h with occa- 
sional stirring. Thesolution was filtered andevaporated in uucuo. The residue 
(mp 123- 124OC) was recrystallized five times from aqueous methanol to give 


Table I-Activity of  Podocarpic Acid Derivatives Against Human 
Epidermoid Carcinoma of the Nasopharynx In  Vitro * 


C-CH,). 1.28 ( s ,  3, C--CH3), 3.69 ( s ,  3, M H 3 ) ,  3.78 ( s ,  3, ( t C H s ) ,  


Compound SlopcC 


Ilb 


VII 
VlIl  
IX 
X 


3. I 
3.4 
4.0 
7.9 


23.0 
100.0 
21.0 


-1.14 
-1.59 
-1.62 
-0.51 
-0.95 
-0.21 
-0.90 


Cell culture astar with a vehicle ofdimethylformdmidc Exprested i n  micrograms 
The change of response from each per milliliter that inhibited 50% of the control dose 


one-log change of dose 
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Table 11-Activity of Podocarpic Acid Derivatives Against LIZ10 
Lymphoid Leukemia 


Weight 
Host Difference.* Dose, 


Compound Miceo P mg/kg TIC"  


Ilb R D t  I -0.8 
-0.2 


0.5 


-0.2 
0.9 


V I I  RDFl 0.7 
0.7 


-0.3 
CDFl -0.5 


- 1 . 8 1  
- 1 . 1  


Vlll BDFl -0.2 
0.0 


-0. I 
IX RDFI 1.1 


-0.3 
-0.3 


X BDFl' -0.4 
-0.4 
-0.4 
-0.2 
-0. I 


CDI-ld -0.8 


400 101 
200 101 
I00 97 
200 1 I 2  
I00 I00 
50 103 


400 87 
200 90 
I00 90 
400 103 
200 I06 
I00 I04 
400 101 
200 I00 
I00 I03 
400 87 


I00 92 
400 90 


200 89 


200 88 
100 97 
50 I00 
25 I00 


~ ~~ ~~~ ~ ~~~ ~ ~~ 


Intraperiloneal injections with saline with Twecn KO as a vehicle unless otherwise 
Averagc weight change of test group minus average wcight change of control 


Ratio of the mean survival time of the test animals to the control animals. 
indicatd. 
animals. 


P3XX lyniphocytic leukemia screen. Tested using another screen. 


49 g (81%) of bromoketonc Ilb as a white crystalline solid, mp 142 144°C 
[ l i t .  mp 142-144.5"C (I). 141 142°C (12). 135-137°C (13).and 123-126OC 
(14)]. IR (KBr): 2950. 1725. 1684, and 1604 cm-I; IH-NMK (CDC13): d 
0.85 (s, 3. ~I,,-cH,) [lit. (7, 13) 0.851. 1.54 (s. 3. c.,-cH,) [lit. (7, 13)  1.531. 
3.70 (s. 3. K H , ,  ester), 3.84 (s, 3. OCH3, ether). 5.80 (d, 1.J = 7 cps. CBrH) 
[lit. (7, 13) J = 7 cps]. 6.85 (m,  2. ArH), and 7.80 ppm (d, I ,  J = 9 cps, 
Artl ) .  


Biological Procedures All biological tests were performed at the Cancer 
Chemotherapy National Service Center, Bethesda, Md. The general proce- 


dure. protocols. and data interpretation used at the National Cancer Institute 
have been published previously ( 1  5, 16). 


REFERENCFS 


( I )  R.  H. Bible and M. Grove (to G.  D. Searlc and Co.) US. Pat. No. 
2,753.357, July 3. 1956; Chem. Ahsrr.. 51, 1869d (1957). 


(2) M. N. Galbraith, D. H. S. Horn, J .  M. Sasx,and D. Adamson, Chem. 
(bmmun., 1970,170. 


(3) J .  M. Sassc. M. N. Galbraith, I). H. S. Horn, and D. A. Adamson, 
in  "Plant Growth Substances. 1970," D. J .  Carr, Ed., Springer Verlag. 1972, 
p. 430. 


(4) M. N. Galbraith, D. H. S. Horn, and J. M. Sasse, Chem. Commun., 
1971,1362. 


(5 )  R. F. Bryan and P. M. Smith, J .  C'hem. Soc. (Perkin II), 1975, 


(6) G.  R. Clark and T. N. Waters. J .  Chem. Sol.. (C)  1970,887. 
(7) J. F. Cutfield. T. N.  Waters, and G.  R. Clark, J .  C'hem. Soc. (Perkin 


( 8 )  E. J .  Parish and D. H.  Miles, J .  Org. C'hzm.. 38,3800 (1973). 
( 9 )  E. J. Parish and D. H.  Miles. J .  Org. Chem., 38, I223 (1973). 


148. 


I I ) ,  1974, 150. 


(10) I .  R. Sherwood and W. t .  Short. J. ('hem. Soc. 1938, 1010. 
( I  I )  E. Wcnkcrt, A. Fuchs, and J. D. McChesney.J. Org. Cheni., 30,2931 


(12) A. K. Bose, M. S. Manhas, and R. C. Carnbie,J. Org. Chem., 30, SO1 


( I  3 )  A. E. Iickei. A. C. Kieke. and D. M. S. Wheeler, J .  Org. Cheni.. 32, 


(14) E. Wenkert, er ol., Can. 1. Chem.. 41, 1924 (1963). 
( I  5) R. I. Gercn, N. H. Grccnberg, M. M. MacDonald, A. M. Schumacker 


and B. J .  Abbott. Cancer Chemorher. Rep., Part 3,3(2). I (1972). 
(16) "Screening Date Summary Interpretation and Outline of Current 


Screen," Drug Evaluation Branch Instruction Rooklet 14, Division of Cancer 
Treatment, National Cancer Institute. Bethesda. 1978. 


(1965). 


(1965). 


1647 (1967). 


ACKNOWLEDGEMENTS 


We thank the graduate school and the Biologicdl and Physical Sciences 
Institute for partial financial support. We express our sincerc appreciation 
to Dr. Ian K.  Walker, Department of Scientific and Industrial Research, 
Wellington, New Zealand, for generous supplies of podocarpic acid. 


Isocratic Liquid Chromatographic Method for the 
Determination of Amoxapine and its Metabolites 


SCOTT M. JOHNSON, GLORIA NYGARD, and S. K. WAHBA KHALILX 
Received October I ,  198.2: from The Pharmatokineric Drug Analysis I.ahorarory. Pharmaceutical Science Depr.. College of Pharmacy, North Dakota 
Slate Unitvrsity. and Veterans Adsiinistration Medical Center, Fargo. ND 58105. Accepted for publication March 23. 1983. 


~ ~~~ 


Abstract 0 An isocratic reversephase liquid chromatographic method for 
the determination of amoxapincand its major metabolites in human plasma 
utilizing UV detection is described. Plasmasamples were extracted with ethyl 
acetate after pH adjustement.The reconstituted extracts were injected onto 
a cyanopropylsilane calume and eluted with a mobile phase consisting of 65% 
acetonitrile and 35% sodium buffer 0.03 M and p ~ l  6 ,  The m i n i m u m  
detectable l i m i t  was n b / m ~  offlasma, Possible interferences from other 
drugs which might be administered concurrently were studied. The repro- 


Amoxapinel, 2 -  chloro-1 1 -( I-piperazinyl)dibenz[hfl- 
[ 1,4]oxazepine, a relatively new antidepressant of the diben- 
zoxazepine class, has been shown to be a potent antidepressant 
( I  -3 ) .  The relationship between tricyclic antidepressant 


ducibility and precision of the method are demonstrated by the analysis of 
samples containing 25-600 ng/ml. of plasma. The method is being applied 
successfully in our laboratory for the analysis of plasma from patients receiving 
amoxapine. 


Keyphrases 0 Amoxapine-isocratic HPLC method. determination of me- 
tabolites 0 Metabolites-isocratic HPLC method, determination of amox- 
spine 


plasma concentrations and therapeutic response has been 
studied extensively, with inconclusive results (4, 5). The side 
effects of tricyclic antidepressants have also been correlated 
to plasma concentrations with mixed results ( 6 ) .  Since the 
major metabolic pathway of amoxapine ishydroxylation (7), 
monitoring therapeutic levels of the parent drug and its active I Lederle 1.aboratories. Pearl River. N.Y. 
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Abstract 0 A sensitive and simplified high-performance liquid chromato- 
graphic procedure was developed for the simultaneous quantification of me- 
toprolol and a-hydroxymetoprolol in  human serum, as well as cerebrospinal 
fluid and urine. Following protein precipitation with trichloroacetic acid, the 
sample was alkalinized with 1 M NaOH and extracted with dichloromethane. 
The mobile phase consisted of acetonitrile-water (5050) containing 0.005 
M I-heptanesulfonic acid in O.OOI%aceticacid. Using pronetalol as an internal 
standard, compounds were quantitated using fluorescence detection at  230 
nni  with a 300-nm emission filter and 0.02 ALFS. Extraction recovery is 
-80% for both compounds. The lower limits of detection are 5 ng/mL and 
4 ng/mL for metoprolol and a-hydroxymetoprolol, respectively. 


Keyphrases 0 Metoprolol-HPLC, a-hydroxyrnetoprolol, human scrum, 
urine, and cerebrospinal fluid 0 a-Hydroxymetoprolol-HPLC. metoprolol, 
human serum, urine, and cerebrospinal fluid 


Metoprolol, a selective 0-1-receptor blocker with an active 
hydroxy metabolite, is widely used in the treatment of several 
cardiovascular and neurological disorders ( I  -3). Many pa- 
tients treated with standard oral doses of @-blockers experience 
either adverse toxic effects or receive no therapeutic benefit 
(4). Evaluation of the serum concentration profile of me- 
toprolol may enable optimization of therapy for some patients. 
Several recent reports suggest that many of the pharmaco- 
logical actions of metoprolol are paralleled by serum concen- 
trations of metoprolol and/or a-hydroxymetoprolol ( 5 ,  6). 
Although a-hydroxymetoprolol may have relatively weak 
8-adrenergic blocking potency, its contribution to the other 
pharmacological actions of metoprolol remain to be deter- 
mined (1 ,2 ,7) .  It is known that a-hydroxymetoprolol accu- 
mulates in the serum of patients with certain disease states, 
such as renal failure (7). 


The current assay methods for the analysis of metoprolol 
include GC-MS (8), GC-EC detection (9), as well as high- 
pcrformance liquid chromatography (HPLC) (10, 1 I ) .  Most 
were designed primarily for quantification of only the parent 
drug. The assay procedure reported here is sensitive and spe- 
cific for both metoprolol and the active hydroxy metabolite. 
Additionally, this procedure is useful for quantification of both 
compounds from serum and cerebrospinal fluid (CSF). 


EXPERIMENTAL SECTION 


Reagents-All chemicals and reagents were analytical grade unless oth- 
erwise indicated. Metoprolol tartrate', a-hydroxymetoprolo12, and pronetalo13 
wcrc all received as powders; stock solutions were prepared in methanol. Di- 
chloromethane. acetonitrile4. 30% trichloroacetic acid solution, sodium hy- 
droxide5, and sodium- I -heptanesulfonateb wcre used as received. 


The HP1.C system consisted of a delivery system', universal injector data 
module7. and a variable-wavelength fluorescence detector*. Separation was 
conducted on a reverse-phase C I S  column, 3.9 mm X 30 cm9. The mobile phase 
consisted of 25 mL of 0.005 M sodium-I-heptancsulfonatc in I .O% acetic acid 
diluted to I L with distilled deionized water (solvent A). The same amount 
of heptanesulfonic acid solution (25 mL) was diluted to I L with acetonitrile 
(solvent B). The mobile phase was a mixture of solvents A and B ( S 0 : S O ) .  A 
flow rate of 2 mL/min was maintaincd. The cffluent was monitored at an 
excitation wavelength of 230 nm with a 300-nm U V  interfercncc filter, to set 
the emission wavclength. with an attenuation of 0.02. 


Extraction Procedure-To I mL of serum (in a glass tube) was added 10 
pL of a 3.0-pglmL solution of the internal standard (pronetalol) and 200pl 
of 30% trichloroacetic acid solution. This mixture was vortexed and then 
ccntrifugedI0 at SO00 rpm for 10 min. The clear supernatant (750 pL) was 
transferred and 375 pL of I M NaOH and 4.0 mL of dichloromcthane wcre 
added. The mixture was vortexed for 30 s, then centrifuged for 10 min at SO00 
rpm. The uppcr aqueous phase was aspirated and discarded; the lowcr organic 
phase was transferred, evaporated to dryness under a stream of nitrogen at 
3OOC. and rcconstituted in 100 p L  of thc mobile phase. The extraction pro- 
ccdure for ur inc  and (CSF) is exactly the same as described for serum. 


Recovery Studies-Human serum and methanol samples were each spiked 
wi th  two different concentrations of metoprolol and a-hydroxymctoprolol. 
The methanol samples wereevaporated under a stream of nitrogen at 3OOC. 
with internal standard added just prior to injection. The serum samples were 
extracted as describcd, with the exception that internal standard was again 
;iddrd prior to injection. Percent recovery was determined by comparison of 
peak height ratios bctwcen extracted samples and mcthanol samples. Five 
replicate determinations were made at  each concentration. Similar studies 
wcre conducted using blank urine and CSF. To determinc the within-day 


I Ciba Pharmaceutical Co..  Summit. N .J .  
2 i inszle Subsidiary. Molndal. Sweden. 
3 imperial Chemical Industries, Hurdbficld Indust. Estafe, Macclcslield. Chcshire. 


4 Burdick and Jackson 1,aboratorica. Mubkegon. Mich.  
U.K. 


Fishcr Scientific Co.. Fair I:awn. N . J .  
Eastman Kodak Co.. Rwhestcr. N.Y.  ' Wafers Associates. Milford. Mass. * Model IS970: Schocffcl Instruments. Wc~twood, U.J. 
pBondapak Cis: Waters Arsociates. Milford, Mass. 
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Figure 1 -Chromatogram obtained after extracting 1.0 mL of blank serum. 
Key: (111) internal standard. 


variation, a serum sample with known amounts of metoprolol and a-hydrox- 
ymetoprolol was assayed five times. To assess the between-day variation, 
another serum sample with known amounts was assayed six times over a period 
of 10 d. 


Human Study-A patient diagnosed as having essential tremor was treated 
for I week with a regimen of 75 mg of metoprolol b i d .  On the day 7, blood 
samples were collected at various times after the morning dose. The serum 
was stored at -3OOC prior to analysis. 


Stability Study-To determine the effects of temperature on the stability 
of metoprolol and a-hydroxymetoprolol, I .@mL aliquots of spiked serum were 
incubated at -3OOC. 5OC. 25OC. and 37OC. Samples were assayed periodically 
over 30 d. 


RESULTS 


Chromatography-Figure I illustrates the chromatogram obtained after 
extracting 1.0 mL of blank serum as described. There were noadditional peaks 
eluting that interfered with the determination of metoprolol or a-hydroxy- 


Ill 


- 
4 8 12 
MINUTES 


Figure 2-Chromatogram obtained after extracting I .O mL ojspiked serum. 
Key: ( I )  a-hydroxymetoprolol; (11) metoprolol; ( I l l )  internal standard. 


Table I-Slope of Interce t Values * Derived from Concentration and 
Peak-Height Ratio Relat!onship for Metoprolol and a-Hydroxymetoprolol 
in Various Biological Fluids 


Biological Metropolol a-Hydroxymetoprolol 


Serum 0.0025 0.073 0.0024 0.161 


Urine 0.004 0.0 146 0.003 0.004 


CS F 0.005 0.005 + 0.005 0.005 


Fluid Slope Intercept Slope Intercept 


+ 0.0006 + 0.054 + 0.0002 + 0.013 


+ 0.0002 + 0.0006 + 0.0004 + 0.0004 


+ 0.0003 0.0004 + 0.0005 + 0.0002 
All correlation coefficients >0.99. 


Table 11-Recovery of Metoprolol and a-Hydroxymetoprolol from Human 
Serum 


Drug conc., Mean 
n d m L  Recovery, % CV, % 


79.0 9.7 
78.2 7.9 
80.0 9.1 
80.0 1.9 


~ ~~~ 


= n  = 5 .  


metoprolol. A serum samplespiked with 44.4 ng/mLof metoprolol and 35.2 
ng/mL of a-hydroxymetoprolol was extracted, and the resulting chromato- 
graph is shown in Fig. 2. The retention times of metoprolol, a-hydroxymc- 
toprolol, and the internal standard were 9.3,5.9, and 12.0 min, respectively. 
A typical chromatogram of serum obtained from a patient receiving me- 
toprolol is shown in Fig. 3. 


Calibration curves, were prepared daily by plotting peak height ratios (drug 
or metabolite/internal standard) uersus concentrations of spiked serum 
samples. These plots were linear over a 5-600-ng/mL concentration range. 
The mean fSD slope value and intercept values are given in Table 1. The lower 
limits of detection for metoprolol and the a-hydroxy metabolite were 4.9 and 
3.8 ng/mL, respectively. Linearity was also demonstrated for metoprolol and 
a-hydroxymetoprolol when extracted from CSF and urine in the 15-150- 
ng/mL concentration range (Table I). Chromatograms of samples extracted 
from urine and CSF showed no additional peaks that interfere with quanti- 
fication of the drug, metabolite. or internal standard (Fig. 4). 


- 
MINUTES 


Figure 3-Chromatogram of extracted serum from a patient receiving me- 
toprolol. Key: ( I )  a-hydroxymetoprolol: (11) metoprolol; (llll internal 
standard. 
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Figure 4-Chromatograms of extracted CSF (A )  and urine (B) containing 
a-hydroxymetoprolol ( I ) .  metoprolol (11). and internol standard (111). 


Recovery Experiments-The results of the recovery experiments are il- 
lustrated in Table I I  for both high and low concentrations. The overall recovery 
of metoprolol and a-hydroxymetoprolol ranged from 78.2 to 8OWo in serum, 
urine. and CSF over a 10-fold concentration range. Both metoprolol and 
a-hydroxymetoprolol also demonstrated similar within-day and between-day 
variations. as illustrated in Table 111. Thecocfficient ofvariation ranged from 
5.4 to 6.0% for within-day variation experiments, while the between-day 
studies ranged from 8.6 to 9.3%. 


Human Serum Concentration Analysis-Figure 5 illustrates a serum con- 
centration versus time profile for metoprolol and a-hydroxymetoprolol in the 
tremor patient following a 75-mg oral dose of metoprolol. After 2 h, peak 
concentrations were seen for the drug and its metabolite, 53.8 ng/mL and 88.1 
ng/mL. respectively. After 7 h, both metoprolol and a-hydroxymetabolite 
decreased monocxponentially to 13. I and 50.5 ng/mL, respectively. 


Stability Study-To assess proper handling and storage conditions for 


leeL 


t 
2t 
I:, I , -- 
a i 2 3 4 5 e 7  
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Figure 5-Serum concentration versus time profiles /or metoprolol (u) and 
a-hydroxymetoprolol(0) afier a 75-mg oral dose o/metoprolol. 


Table 111-Within-Day and Between-Day Variation in the Determination 
of Metoprolol and a-Hydroxymetoprolol in Human Sewm 


Mean, ng/mL cv. % 


Within-day,' 
Metoprolol 
a - H  ydroxy metoprolol 


Between-day * 
Metoprolol 
a-Hvdroxvmetomolol 


191.8 5.9 
148.0 5.4 


181.9 9.2 
147.1 8.6 


' n  - 5 .  n = 6.  


mctoprolol and a-hydroxymetoprolol, ihe effect of temperature on the deg- 
radation rate was monitored. Over the 30-d test period, the samples frozen 
a1 -3OOC remained stable. At 37OC. 25OC. and S°C there was degradation 
within 14 d. 


DISCUSSION 


The metoprolol assay described in  this report is specific, selective, and re- 
producible. Both drug and active metabolite can be specifically and repro- 
ducibly quantitated in urine, serum, and CSF in concentrations that are 
achievcd by standard doses of metoprolol. 


The procedure reported here is a modification of other previously reported 
metoprolol assays (10, I I ) .  Modifications in the extraction processcircumvents 
the need to distill reagents daily. These modifications also reduce background 
interference peaks in  blood samples and prevent emulsification of reagents 
during the extraction. Modification in the mobile phase enables excellent 
scparation of the drug, metabolite, and internal standard within a 15-min time 
period. 


This procedure quantitates drug and metabolite concentrations from urine 
and CSF using the same experimental procedure used for serum. This pro- 
cedure has been tested in patients concomitantly taking several medications. 
Drugs such as  thiazide, benzodiazepines. digoxin, and thyroid hormone pro- 
duced no interference; however, other @-blockers such as alprenolol, atenolol. 
naldolol, propranolol, sotalol, and timolol did interfere. In summary, this 
method provides a simplified and clinically comprehensive procedure for the 
analysis of metoprolol and a-hydroxymetoprolol. 
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required. Three clearances operating in study 1 are esti- 
mated in studies 2 and 3. Study 2 estimates the elimination 
clearance of I while study 3 estimates the elimination 
clearance of 11. Studies 2 and 3 together estimate the for- 
mation clearance of I1 from I. Also, the elimination clear- 
ance of I1 operating in study 2 is measured in study 3. In- 
trasubject variability in any of these clearances leads to 
unrealistic values for the fraction of parent drug metabo- 
lized directly to metabolite 11. This variability can be 
minimized by the simultaneous administration of me- 
tabolite(s) and precursor(s). This is possible with the use 
of stable isotope methodology. 
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Natural Product Chemistry-A Mechanistic and  Biosynthetic 
Approach to Secondary Metabolism. By KURI‘ B. G .  TORSSELL. 
John Wiley & Sons, Inc., One Wiley Drive, Somerset, NJ08873. 1983. 
401 pp. 16 X 23 cm. Price $54.95. 
This book presents an overview of the current known and postulated 


biosynthetic pathways of the secondary metabolites, those natural 
products whose precursors are the common cr-amino acids, sugars, and 
low-molecular weight carboxylic acids of the Krebs cycle. Although the 
physiological functions of many of these natural products have not yet 
been established, some have been found to play important roles in the 
regulation of animal and insect social behavior and development, and 
plant protection mechanisms. 


The contents of this volume are organized into eight chapters, each of 
which is subdivided into various topics. An overview of the natural 
products field and the importance of these metabolites are presented in 
the first chapter. The remaining chapters present the biosynthetic 
pathways for seven different classes of natural products in addition to 
a brief introduction about the general chemistry, nomenclature, and 
background of each class. In the second chapter on carbohydrates, pho- 
tosynthesis, the Krebs o r  citric acid cycle, monosaccharides, and poly- 
.saccharides are among the topics discussed. The hiosynthesis of shikimic 
acid; i t s  conversion to aromatic amino acids, such as tryptophan, tyrosine, 
and phenylalanine; biological hydroxylation mechanisms, and the hio- 
synthesis of aromatic carboxylic acids, coumarins, quinones, and lignins 
are included in the third chapter. Chapter 4 details the biosyntheses of 
compounds (such as saturated and unsaturated fatty acids and the aro- 
matic anthraquinones, flavonoids, and tropolones) that originate from 
the polyketide pathway by condensation of acetyl CoA. The mevalonic 
acid pathway to the terpenes, squalene, steroids, and carotenes is the 
subject of the fifth chapter. In the sixth chapter, the biosyntheses of 
amino acids, peptides. and proteins are presented. The alkaloids derived 
from the amino acids ornithine, lysine, tyrosine, and tryptophan, from 


anthranilic acid, and from the amination of terpenes are found in the 
seventh chapter. In the last chapter, the N-heterocyclic aromatic com- 
pounds, including pyrimidines, purines, pteridines, pyrroles, porphyrins, 
and corrin ring-containing compounds, are discussed. FAch chapter also 
includes historical and biological information about some of the metah- 
olites. The inclusion of this material appreciably enhances reader interest. 
A set of biosynthetic mechanistic problems and a bibliography are pre- 
sented a t  the end of each chapter. Answers to the problems and author 
and subject indices are included a t  the end of the volume. 


On the basis of the table of contents, this work appears to be an in- 
formative and valuable text on natural product biosynthesis which em- 
phasizes the biosynthetic pathways in an organic mechanistic approach. 
This book is recommended by the publishers as a text for undergraduates 
and graduate students and a reference work for researchers in the field. 
However, many mechanistic discussions are vague and not very clear. The 
internal organization of paragraphs is poor. For example, the section on 
the NIH shift is very confusing for a reader not familiar with this topic. 
This lack of clarity is found in many other areas of this book. The absence 
of numbered structures forces the reader to search each figure or reaction 
sequence for a particular compound that is being discussed in the text. 
The absence of carbon atom numbering on some of the structures is not 
helpful. In conclusion, only those scientists well-versed in hiosynthetic 
pathways will find this an easily readable text. The literature cited is very 
current, and the notable accomplishments of workers in the area of 
metabolic biosynthetic pathways have been included. The mechanistic 
approach to biosynthetic processes used by the author is a valuable and 
informative one. 
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Pharmacokinetics of Heparin VII: Effect of 
Pregnancy on the Relationship Between Concentration and 
Anticoagulant Action of Heparin in Rats 
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Abstract  0 The effect of pregnancy on the anticoagulant action of 
heparin was determined by comparing the slope of the relationship be- 
tween the natural logarithm of the activated partial thromboplastin time 
(APTT) and heparin concentration (the heparin slope) in the plasma of 
pregnant and nonpregnant female inbred Lewis rats. Also determined 
were the prothrombin time, hematocrit, and the activities of coagulation 
factors 11, VII, VIII, X, XI, and XII. The heparin slope was significantly 
decreased in pregnant rats a t  the 20th day of gestation but not in rats a t  
the 10th day of gestation, indicative of a decreased anticoagulant action 
of heparin in late pregnancy. The hematocrit and prothrombin time were 
decreased, and the baseline APTT ( 1  e , the APTT without added hep- 
arin) as well as the activities of factors 11, VII, and X were increased in 
pregnant rats a t  the 20th day of gestation. Both pregnant and nonpreg- 
nant animals showed a significant negative correlation between pro- 
thrombin time and factor I1 activity and a significant positive correlation 
between the activities of factors I1 and X. The effects of pregnancy in rats 
on heparin slope, prothrombin time, hematocrit, and factors VII, VIII, 
X, and XI1 are qualitatively the same as those in pregnant women in the 
third trimester. The increases i n  factor I1 activity and baseline APTT 
found in the rats were not observed in humans. Pregnant rats, like 
pregnant women, are relatively resistant to the anticoagulant action of 
heparin. 


Keyphrases Heparin-anticoagulant action, effect of pregnancy, rats 
0 Anticoagulants-heparin, effect of pregnancy on the anticoagulant 
action, rats Pregnancy-effect on the anticoagulant action of heparin 
in rats 


Rats and humans exhibit grossly similar characteristics 
with respect to the pharmacokinetics and pharmacodyn- 
amics of heparin: both species eliminate heparin by dose- 
dependent kinetics that are not of the Michaelis-Menten 
type and both show an essentially linear relationship be- 
tween an index of the anticoagulant response, the loga- 
rithm of the activated partial thromboplastin time of 
plasma (APTT), and the concentration of heparin added 
to plasma (1). Human pregnancy is associated with a state 
of progressive blood hypercoagulability due, in part, to 
increased concentrations or activities of certain compo- 
nents of the coagulation system (2). The heparin dose re- 
quirements for treatment or prevention of thromboembolic 
disorders are increased in human pregnancy (3-6). Recent 
studies in this laboratory have shown this to be due, at  least 
in part, to a decreased anticoagulant effect of heparin (7). 
Changes in the distribution (7) and clearance (3) of heparin 
may also occur, but this is presently uncertain. 


A previous investigation of blood coagulation charac- 
teristics and response to heparin in rats (8) has revealed 


a number of important differences relative to humans, 
despite the gross similarity in the pharmacokinetics and 
pharmacodynamics of heparin in the two species (1). To 
further explore the relative characteristics of the two 
species with respect to heparin, we have determined the 
effect of pregnancy on the anticoagulant action of heparin 
and on a number of related physiological variables in 
rats. 


EXPERIMENTAL 


Groups of two female inbred Lewis rats1, 200-250 g, were placed in 
plastic cages with sawdust bedding taken from cages previously occupied 
by adult male rats. They had free access to food2 and water a t  all times. 
After 2 d an adult male Sprague-Dawley rat was placed in each cage with 
the two females for an overnight period. The male rat was removed in the 
morning, and that day was designated as the first day of gestation. The 
female rats were then housed in groups of four per cage for the duration 
of the study; nonimpregnated females from the same colony were kept 
similarly. This procedure was repeated on three occasions. For the first 
study, groups of eight pregnant and eight control rats each were tested 
on the 10th and 20th days of gestation; for the second study, nine preg- 
nant and nine control rats were tested on the 20th day of gestation; for 
the third study, seven pregnant and seven control rats were tested on the 
20th day of gestation. 


Blood samples were obtained from the abdominal aorta while the an- 
imals were under light ether anesthesia. The hematocrit was first de- 
termined from a small sample of blood (<0.1 mL) taken from the tail vein. 
Sufficient acid citrate anticoagulant (9) was then added to a 5-mL plastic 
syringe such as to yield a 6:1 plasma-citrate solution volume ratio when 
4.5 mL of blood was drawn from the abdominal aorta into the syringe. 
The citrated blood was transferred to plastic tubes which were centri- 
fuged to separate the plasma as previously described (8). The plasma 
samples were stored a t  -80°C for no longer than 3 d. Plasma from two 
of the control rats (10th day) in the first study contained small clots on 
thawing. T o  prevent this in subsequent experiments, the plasma-citrate 
solution volume ratio was changed from 6:l to 5:l in the second and third 
studies. All animals in the pregnant groups were dissected after blood 
sampling to confirm pregnancy. 


The APTT was determined with a coagulation timer3 after a 15-min 
plasma incubation time (unless stated otherwise), using automated 
APTT4 as the principal reagent. Heparin of beef lung origin5 was added 
to the plasma to yield concentrations of 0.1-0.7 U/mL in six steps; an 
equivalent volume of heparin-free solvent was added for baseline APTT 
determination. Details of these procedures have been described previ- 
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Fibrometer, Baltimore Biological Laboratories, Cockeysville, Md. 
General Diagnostics, Morris Plains, N.J. 
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Table I-Effect of Pregnancy on Baseline APTT, In Vitro Anticoagulant Action of Heparin,  Prothrombin Time, Hematocrit, and Body 
Weight of Rats  (First  Study) 


Baseline Slopeb, Interceptb, Prothrombin Hematocrit, Body Weight, 
Study Groupa APTT, s mL/U S Time, s % g 


10th Day of gestation 


20th Dav of eestation 


Control 
Pregnant 
. ~ ~~ 


Contrbl 
Pregnant 


15.1 f 1.0 2.72 f 0.50 12.9 f 1.3 21.0 f 1.2 43.5 f 2.2 254 f 16 
17.4 f 2.0 2.06 f 0.53 15.9 f 1.8c 20.9 f 0.8 41.5 f 0.gc 275 f 12c 


16.7 f 1.2 2.29 f 0.25 15.1 f 0.7 18.5 f 1.4 45.0 i 1.1 243 f 9 
25.6 f 2.8c 1.32 f 0.32" 24.6 f 2.1c 16.0 f 0.8" 36.1 f 2.8c 366 i 26c 


0 Lewis inbred rats, eight per group. Results are expressed as mean f SD. * Slope and intercept of the least squares regression line of In APTT versus concentration 
of heparin added to plasma. APTT was measured after a 15-min incubation of the plasma-APTT reagent mixture. C Significantly different from the appropriate control 
group, p < 0.01. 


Table 11-Effect of Pregnancy on Baseline APTT, In Vitro 
Anticoagulant Action of Heparin, Prothrombin Time, 
Coagulation Factors  Activity, Hematocrit, and Body Weight of 
Rats  (Second Study) a 


Variable Control Rats Pregnant Ratsb 


Baseline APTT, s 20.1 f 4.5 26.2 f 3.5' 
Slope, mL/UC 2.45 f 0.36 1.70 f 0.08' 
Intercept, s r  17.9 f 6.3 23.6 i= 3.3f 
Prothrombin time, s 19.0 f 0.6 16.3 f 0.3e 
Factor 11, Bd 100 f 8 133 f 8' 
Factor VII, %d 100 f 19 203 f 13' 
Factor VIII, %d 100 f 59 140 f 69 
Factor X, Yod 100 f 9 135 f 13e 


Factor XII, %d 100 f 33 85 f 21 
Hematocrit, To 45.7 f 0.9 38.8 f 1.4' 


Factor XI, %d 100 f 36 121 f 34 


Body weight, g 254 f 19 337 f 12' 


(I Lewis inbred rats, nine per group. Results are expressed as mean f SD. * At 
the 20th day of gestation. See footnote b in Table I. Determined by assay pro- 
cedure for human coagulation factors; mean of control group taken as 100% e Sig- 
nificantly different from the control group, p < 0.01. / Significantly different from 
the control group, p < 0.05. 


ously (1,8). Prothrombin time was determined as described previously 
(10). The activity of coagulation factors was determined by one-stage 
clotting assays using commercially available plasma deficient in the ap- 
propriate coagulation factor6 as substrate, either act in-activated ce- 
phaloplastin reagent6 or activated thromboplastin reagentfi, and the 
coagulation timer. The assay procedures were essentially as specified by 
the manufacturer. 


The slope of the essentially linear portion of the relationship between 
In APTT and heparin concentration (Fig. 1) and the intercept a t  zero 
heparin concentration were determined by linear regression analysis after 
transforming the APTT values to their natural logarithmic values. APTT 
values for the plasma samples without added heparin were not used in 
the regression analysis because these values were consistently higher than 
the extrapolated values based on the regression line for the other data 
(8). Results of the first study were analyzed statistically by two-way 
analysis of variance. If significant ( p  < 0.05) differences were found, the 
Student-Newman-Keuls test was used to determine, by multiple com- 
parisons, which groups were different from one another. Differences 
between groups in the second and third studies were determined by un- 
paired t tests. Associations among variables were assessed by correlation 
analysis. 


RESULTS 


There was an essentially linear relationship between In APTT and 
heparin concentration up to 0.7 U/mL ( r2  > 0.96) in plasma of both 
pregnant and nonpregnant rats, except that the APTT a t  zero heparin 
concentration was consistently higher than the extrapolated value (Fig. 
1). Consequently, the intercept a t  zero heparin concentration of the 
least-squares regression line was always less than the actual baseline 
APTT. 


The results of the first study are summarized in Table I. Pregnant rats 
at the 10th day of gestation had a lower hematocrit than the nonpregnant 
controls, but did not differ significantly from the controls with respect 
to baseline APTT and heparin slope. At the 20th day of gestation, the 


American Dade, Miami, Pla 


b_aseline APTT was significantly greater than and the slope was signifi- 
cantly lower than the corresponding control values. The prothrombin 
time and the hematocrit were decreased in late pregnancy. 


The changes in baseline APTT, heparin slope, prothrombin time, and 
hematocrit in late pregnancy observed in the first study were confirmed 
in the second study which was performed -6 months later. In addition, 
the activity of a number of coagulation factors was determined in the 
second study. This revealed a significant increase in the activities of 
factors 11, VII, and X in late pregnancy (Table 11). 


A number of statistically significant correlations were found between 
pairs of some of the variables measured in this investigation (Table 111). 
Of these, only the negative correlation between prothrombin time and 
factor I1 activity and between the activities of factors I1 and X are com- 
mon to both the control and pregnant rats a t  the 20th day of gesta- 
tion. 


The APTT of rat plasma undergoes considerable change during in- 
cubation for activation of the intrinsic coagulation pathway (8). The 
APTT decreases rapidly in the first few minutes and then, unlike the 
APTT of human plasma under our experimental conditions ( l l ) ,  slowly 
increases (8). To minimize the effect of potential differences between 
pregnant and control rats with respect to the rate of this apparent i n  vitro 
degradation of some component(s) of the clotting process, a third study 
was performed in which the plasma incubation time was reduced from 
15 to 3 min. The results of that study, summarized in Table IV, also show 
an increase in the baseline APTT and a decrease in heparin slope a t  the 
20th gestational day, in agreement with the results of the first and second 
studies. 
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HEPARIN C O N C E N T R A T I O N ,  U/mL 
Figure 1-Relationship between activated partial thromboplastin time 
(APTT) and heparin concentration inplasma of a pregnant rat (*) at 
the 20th day of gestation and Q nonpregnant female control rat (0). 
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Table 111-Correlations Among Variables in Control and  Pregnant Rats  of the Second Study a 


Correlates 


Control Rats 
Correlation Statistical 
Coefficient Significance ( p )  


Pregnant Ratsb 
Correlation Statistical 
Coefficient Significance ( p )  


Prothrombin time-baseline APTT 
Prothrombin time-hematocrit 
Prothrombin time-factor I1 
Prothrombin time-factor VII 
Prothrombin time-factor X 
Hematocrit-factor X 
Hematocrit-factor VII 
Factor 11-factor VII 
Factor 11-factor X 
Factor VII-factor X 
Factor XII-factor X 
Baseline APTT-factor I1 
Baseline APTT-factor X 
Bodv weiaht-factor XI 


0.76 
0.85 


-0.68 
-0.87 
-0.80 
-0.73 
-0.87 


0.69 
0.70 
0.7 1 
0.26 


-0.38 
-0.53 


0.06 


<0.05 
<0.01 
<0.05 
<0.01 
<0.05 
<0.05 
<0.01 
<0.05 
<0.05 
<0.05 
N.S. 
N.S. 
N.S. 
N.S. 


0.63 
0.05 


-0.76 
-0.14 
-0.62 


0.21 
-0.37 


0.35 
0.76 
0.15 


-0.69 
-0.85 
-0.79 
-0.72 


<0.1 
N.S.‘ 


<0.05 
N.S. 


<o. 1 
N.S. 
N.S. 
N.S. 


<0.05 
N.S. 


<0.05 
<0.01 
(0.05 
<0.05 


Based on data summarized in Table 11. * At the 20th day of gestation. N.S. = not significant. 


Table IV-Effect of Pregnancy on Baseline APTT and  In Vitro 
Anticoagulant Action of Heparin Determined After a 3-min 
Incubation of the Plasma-APTT Reagent Mixture (Third Study) a 


Control Pregnant 
Rats Ratsb 


Baseline APTT, s 12.9 f 2.6 p < 0.05 16.0 f 0.8 
Slope, mL/U 1.24 f 0.12 p < 0.001 0.95 f 0.09 
Interceot. s 12.8 f 2.2 D < 0.01 15.4 f 0.7 


~ ~ 


Results are mean f S D ,  n = 7. * At the 20th day of gestation. 


DISCUSSION 


This investigation has shown that rats, like humans, become relatively 
resistant to the anticoagulant effect of heparin in late pregnancy. The 
decrease of prothrombin time and hematocrit and the increase in the 
activities of clotting factors 11, VII, and X in pregnant rats a t  the 20th 
day of gestation also occur in human pregnancy (7). One notable differ- 
ence between rats and humans is that the baseline APTT increases in 
pregnant rats, but remains in the normal range during the third trimester 
of human pregnancy. The coagulation factor determinations in the second 
study were made to explore the possible reasons for this species differ- 
ence. 


The prothrombin time test is affected by alterations in the activity of 
clotting factors in the extrinsic coagulation pathway (factor VII) and in 
the common coagulation pathway (factors 11, V, X, XIII, and fibrinogen). 
A deficiency in any of these components of the coagulation system or the 
presence of endogenous inhibitods) would be reflected by an increase 
in prothrombin time. In fact, the pregnant rats had a decreased pro- 
thrombin time and, consistent with this alteration, an increase in the 
activity of factors 11, VII, and X. The decreased prothrombin time 
suggests that pregnancy is not associated with a deficiency of the com- 
ponents of the common coagulation pathway. 


The APTT is affected by alterations in the activity of coagulation 
factors in the intrinsic coagulation pathway (factors VIII, IX, XI, XII, 
high molecular weight kininogen, and prekallikrein) and, like the pro- 
thrombin time, by factors in the common coagulation pathway. In view 
of the decreased prothrombin time, the increased baseline APTT in 
pregnancy is not likely to be due to a deficiency in any of the factors in 
the common coagulation pathway. Prolongation of the baseline APTT 
in pregnancy by an endogenous inhibitor was ruled out (12) because this 
prolongation was reversed on mixing equal volumes of plasma from 
pregnant and nonpregnant rats. This reversal, together with the other 
evidence, points to a deficiency of one or more components of the intrinsic 
coagulation pathway. Of these, factors VIII, XI, and XI1 were determined 
directly and were found not to be deficient. Factor IX activity was not 
measured, but since the other vitamin K-dependent factors (11, VII, and 
X) were actually above normal, it is probable that factor IX activity is 
not deficient. Thus, it appears that  the increased baseline A P l T  in 
pregnant rats may be due to a deficiency of high molecular weight kini- 
nogen and/or prekallikrein, or to a deficiency of as yet unidentified fac- 
tor(s) (13). 


One more possibility was considered, namely that the prolonged 


baseline APTT in pregnant rats may have been due to more rapid in uitro 
degradation of one or several components of the coagulation system. That 
possibility is virtually excluded by the results of the third study, in which 
APTT was determined after 3 min rather than 15 min of plasma incu- 
bation for contact activation. The difference between pregnant and 
nonpregnant rats with respect to baseline APTT remained when the 
samples were incubated for only 3 min, although the absolute APTT 
values were different, as observed previously (8). 


In summary, rats demonstrate many of the effects of pregnancy ob- 
served in humans with respect to blood coagulation: resistance to the 
anticoagulant effect of heparin relative to the response in nonpregnant 
individuals, increased activity of certain clotting factors, and decreased 
prothrombin time. However, there are also subtle differences, as reflected 
by the increased baseline APTT in pregnant rats which apparently does 
not occur in humans (7). The gestational age of the pregnant women (7) 
ranged from 33 to 41 weeks (mean, 36.8 weeks), and the correlation be- 
tween their baseline APTT and gestational age was not statistically sig- 
nificant (r = 0.63, n = 7,p > 0.1). The rats were in their 20th day of ges- 
tation, i.e., 1 d before parturition. Thus, their relative duration of ges- 
tation was similar. 
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intramolecular charge repulsion is not a primary factor in these salt effects 
on viscosity. However, interpretation of these results is complicated by the 
fact that xanthan gum, as supplied by thc manufacturer, a n t a i m  some cellular 
material and ions. Typically, monovalent cations, (principally sodium and 
potassium) amount to 3-6% (w/w) of the finished produd.  Divalent cations, 
principally calcium and magnesium, make up 4.15-0.35% by weight of the 
commercial polymer3. For the samc reason, i t  is difficult to compare results 
of this study with many previous reports for which purified gum was uti- 
lized. 


The utility of xanthan gum as a stabilizer of aqueous suspensions and other 
disperse systems is due, in  part, to the pseudoplastic nature of gum solutions. 
At high shear the viscosity is quite low. permitting shaking, pouring, and 
pumping without high resistance. On the other hand, the high viscosity aug- 
mented by existence of a gel-like state at very low shear accounts for the high 
resistance to particle sedimentation. Viscosity, the degrec of pseudoplasticity, 
and the value of the transition from gel-like to pseudoplastic behavior are 
dependent on xanthan gum concentration. The effect of addition of a salt on 
viscosity of xanthan gum solutions is complex. A 0.3% xanthan gum solution 
exhibits negligible viscosity changes when a salt is added. Higher concentra- 
tions of xanthan gurn show increased viscosity. and lower xanthan gurn con- 
centrations undergo a reduction in viscosity. All of these effects seem to reach 
limiting values at -lo-’ iV to 3.3 X IW3 N salt concentration. Based on the 
small number of salts studied. viscosity changes appear to be independent of 
the salt. However, certain ions in particular pH ranges exhibit more specific 
effects on viscosity ( I  I ) .  


3 J .  Baird. Kclco Division of Merck and Co.. Inc.. personal communication 
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Abstract 0 A number of analogues of 3-dimethylamino-2-dimethylami- 
nomethyl-I -(4-methoxyphenyl)- I-propanone dihydrochloride (Ila) and re- 
lated compounds which showed activity against P388 lymphocytic leukemia 
were prepared, and of the I6 analogucs, three met the criterion for activity 
in this screen. The toxicit) of Ila was examined in rats and either a single dose 
of 25 mg/kg or ninc daily doses of 12.5 mg/kg administered by the intra- 
peritoneal route produced marked irritation and damage to the tissue with 
which it came into contact. Compound Ila did not show significant activity 
against eight other tumor systems. 


Keyphrases 0 Mannich bases-derived from acetophenones, antileukemic 
activity in  the P388 screen, toxicological assessment in rats 0 Antileukemic 
agents-potential, Mannich bases derived from acetophenones, P388 screen, 
toxicological assessment in rats 0 3-Dimethylamino-2-dimethylami- 
nomethyl- 1 -(4-methoxyphenyl)- 1 -propanone dihydrochloride-synthesis, 
antileukemic activity in the P388 screen, toxicological assessment in rats 


A number of Mannich bases have been synthesized and 
evaluated against murine P388 lymphocytic leukcmia (1 -3). 
Under certain conditions, Mannich bases undergo elimination 
leading to the formation of the corresponding a,&unsaturated 
ketones (4, 5), which have a marked affinity for nucleophiles 


(6,7). This property may account for certain of the biological 
properties of Mannich bases (8 ,9) .  


Series I was rcccntly evaluated against P388 leukemia in 
mice and shown to be inactive (10). However, if  a second di- 
methylaminomethyl group is inserted into the molecule, as in 
Ila, the deamination product would retain a dimethylami- 
nomethyl function attached to the olefinic carbon atom a to 
the carbonyl group. Since, on occasions, the pH of tumor cells 
has been claimed to be more acidic than normal cells ( 1 1-1 3), 
deamination of IIa could give rise, possibly preferentially in 
malignant tissue, to a compound bearing a protonatcd nitrogen 
atom. Hence nucleophilic attack by cellular macromolecules 
would be enhanced since the intermediate formed as a result 
of Michael addition would be stabilized by two electron- 
withdrawing functions, namely the carbonyl group and the 
positively charged nitrogen atom. 


A representative compound, IIa, was synthesized and shown 
to increase the median survival time in mice with P388 lym- 
phocytic leukemia by 28 and 24% at dose levels of 25 and 12.5 
mg/kg, respectively. A comparison of the bioactivities of I Ib-f 
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with la-e was made in order to explore the generality of this 
molecular modification on antileukemic activity. It was found 
that IIb-f increased the median survival time by 36, 38, 17, 
16, and 8%, respectively, and this gradation in biological ac- 
tivity followed, in general, the values of the Hammett CT con- 
stants of -0.27, -0.17, 0.00, 0.23, and 0.60 for the nuclear 
substituents of IIb-f, respectively (10). The stabilities of 
representative compounds in I and I1 which possessed extremes 
of Hammet u values (Ia,e and IIb,f) were examined under 
simulated physiological conditions (phosphate buffer, pH 7.4, 
at 37OC). While I was stable for at least 1.5 h, IIb and f broke 
down to the corresponding olefinic ketones at rates which 
seemed to suggest that elimination was favored by electron- 
withdrawing substituents on the aromatic ring. It was con- 
sidered possible that an optimal rate of breakdown was asso- 
ciated with anticancer activity, i .e.,  if decomposition was too 
rapid (as in the case of IIf), then the a,P-unsaturated ketone 
generated was sequestered prior to interaction with leukemia 
cells, whereas if it was too slow or even refractory to deami- 
nation (as suggested by the data for I), there would be insuf- 
ficient a,o-unsaturated ketone present for presumed nucleo- 
philic attack. 


The aims of the present investigation were twofold. First, 
since the promising lead compounds IIa-c possessed nuclear 
methoxyl and methyl groups with Hammett u values of 
--0.2, it was proposed to synthesize 111, which principally 
contained these groups and in which the Hammett u value for 
the substituents on the aromatic ring for IIIa-f were +O.  12, 
-0.15, -0.03, -0.37, -0.07, and -0.24, respectively. Thus, 
the rate of release of the a,&unsaturated ketone would be 
expected to vary, and the validity of the rate of breakdown of 
111 with antileukemic activity could be explored further. 
However, the rate of release of the conjugated styryl ketones 
in uiuo could also be influenced by the pKa of the basic group 
and, hence, the preparation of IV was envisaged. The pKa 
values for dimethylamine, pyrrolidine, piperidine, morpholine, 
and trimethylamine are 10.77, 11.27, 11.22, 8.70, and 9.80, 
respectively (14), and thus the rate of decomposition predicted 
is IVd > 1Ve > IVa > IVb,c. Since the dibasic compounds in 
I1 were, in general, more active uersus P388 lymphocytic 
leukemia than I, a comparison of the antineoplastic activities 
of 111 and IV with the monobasic derivatives V and VI was 
deemed profitable to shed more light on the generality of this 
observation. Second, IIa has been designated a Selected Agent 
Compound by the National Cancer Institute, and it seemed 
of importance, therefore, to explore the toxicity of IIa in order 
to further evaluate its potential as a candidate anticancer 
drug. 


R l ~ ] - C H z C H 2 N ( C H &  - HBr 
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RESULTS AND DISCUSSION 


Compounds IIa, IIIa-c, e, f, and IVb-d were prepared by treating aceto- 
phenone or a substituted acetophenone with an excess of formaldehyde and 
amine and converting the products into the corresponding dihydrohalide salts. 
Utilization of this general procedure in attempting to prepare IIld gave rise 
to the nuclear bis(aminomethy1) product, VII (Scheme I). To obtain exclu- 
sively side chain aminomethylation, the nuclear hydroxyl group of p-hy- 
droxyacetophenone was protected by a tetrahydropyranyl function ( 1  S), and 
TLC of the product of a Mannich reaction with this ketone showed a mixture 
of diamines was formed in which both protected and free hydroxyl groups were 
present. The mixture was then treated with hydrogen bromide to give the 
desired product IIId (Scheme I). 


The mass spectrum of this compound was of interest insofar as the base peak 
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Scheme I 
differed from four related compounds Ilb and d-f, although common frag- 
mentation pathways were found in all fivecompounds (Table I; Scheme 11). 
The peak due to the dimethyl(methylene)ammonium ion (f, ni/z 58) is the 
base peak except for Illd, in which case it is the acylium ion (g) m/z 121. 
Stabilization of the positive charge in the acylium ion by the powerful elec- 
tron-releasing mesomeric effect of the hydroxyl group (up+ = -0.85) (16) 
could account for this phenomenon (Scheme Il l ) .  It is of intercst to note that 
a major ion in the fragmentation pattern of I lb  is m/z 135, due to the related 
p-methoxy aeylium ion. Other observations of interest from Scheme I1  are 
as follows. 


1. The radical ion of the free diamine (a) which could be formed is absent 
in all five cases. On the other hand, each spectrum shows peaks of equal in- 
tensity a t  m/z 80 and 82 due to [HBr]+ and also at  m/z 79 and 81 due to 
Br+. 


2. The peak due to the radical ion of I-aryl-2-dimethylaminomethyl-2- 
propen-l-one (b), which could arise from loss of dimethylamine from a. is also 
absent. This pathway, however, cannot be ruled out since the data obtained 
suggest that ion b is formed, but is of low intensity because of its fragmentation 
to give c, m/z 84. 


3. The c a r h a t i o n  (d) may account for the peak having the highest 
mass-charge ratio in each case. Hornolytic fission of the bond y to the carbonyl 
function in d gives the radical ion of the acrylophenone (e). 


Compound IVa was prepared by Mannich condensation of Ic with pyrro- 
lidine and formaldehyde, and quaternization of the free base of Ild and Ic with 
methyl bromide gave IVe and Vld, respectively. The remaining compounds 
in series V and VI were prepared essentially by the method of Maxwell (17). 
The physicaldataof Ilaand Ill-Vllandtheefficacyofmostof thecompounds 
against P388 lymphocytic leukemia are given in Table 11. 


Compounds Illb, d, and f, like the active diamines IIb and c, have nuclear 
substituents with an average Hammett (T value of -0.25, and both l l lb  and 
f are active against P388 lymphocytic leukemia while llld possesses marginal 
activity. It is conceivable that facile 0-glucuronidation minimizes the anti- 
leukemic efficacy of IIId. The remaining three compounds Illa, c, and e, with 
an average nuclear Hammett value of 0.02, were inactive. There was slightly 
higher activity in the case of IIIa, d, and e (average T/C% = 1 15) than with 
their monobasic counterparts Va-c (average T/C% = 105). No correlation 
between the predicted case of breakdown in series IV with anticancer activity 
was apparent, and compounds Vla, b, and d were inactive. However, two 
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Table I-m/z (Relative Intensity) Values of the Principal Ions Observed in 
the 70-eV Mass Spectra of the l-Aryl-3-dimethylamino-2- 
dimethylaminomethyl-I-propanone Dihydrobromides IIb, d-f, and IIId 


Com- 
pound m/z (Relative Intensity) of Principal Ions 


Table 11-Physical Data on the Mannich Bases IIa and 111-VII and 
Activity Against P388 Lympbocytic Leukemia in Mice 


IIb 206(18), 202(6), 162(35), 135(78), 107(1 I ) ,  92(18), 84(12), 
82(28), 81(11), 80(28), 79(1 l ) ,  77(24), 58(lOO), 45(16), 


IIf 246($j, i44(6), 240(3), 202(9), 200(14), 117(4), 175(27), 
173(42), 149(2), 147(11), 145(16), 109(10), 84(9), 82(21), 
81(8). 80(22). 79(8). 75(6). 74(8). 58(1001.45(15). 44(27) 


i t id  192( i i j ;  188(4j; 148(4i), iii(ioOj,.93(22),'84(8j, 82(21 j, ' 


8 1 (8), 80(21), 79(8), 65(23), 58(93), 45(24), 44(44) 


compounds (IVa and d) increased the median survival time in mice with P388 
lymphocytic leukemia by -20%. It was hoped that VII would give rise to the 
ortho quinone VIII in uiuo (Scheme I),  but the lack of both antineoplastic 
activity and marked murine toxicity suggested that this pathway did not 
materialize. The screening results observed in this study reveal a continuation 
of a trend observed earlier (10) that, in general, higher anticancer activity is 
found among dibasic derivatives of substituted acetophenones than with the 
corresponding monobasic analogues. 


The second phase of this investigation was to examine the disposition of Ila. 
As mentioned earlier, significant antineoplastic activity was found a t  dose 
levels of 12.5 and 25 mg/kg. During the first trial with IIa, a single 12.5-mg/kg 
ip injection was administered to rats. Three test and one control rats were killed 
2,4,6,8,  10, and 15 d postinjection. During the second trial, three rats were 
given a single 25-mg/kg injection of IIa. The rats were closely observed, and 
one rat was killed 5, and two others a t  30, and 48 h postinjection, Following 
this, a single 12.5-mg/kg injection of 1Ia was repeated in three animals. One 
of the test rats and one control were killed 24,48, and 84 after the injection. 
In the final trial, it was proposed to give nine daily injections of IIa (12.5 
mg/kg) to nine rats and to examine the animals 3 ,8 ,  and 15 after the ninth 
injection. 


The results obtained were as follows. On both occasions a single 12.5-mg/kg 
injection of IIa produced no gross or microscopic lesions in the rats. After the 
single 25-mg/kg injection of Ira, the rats appeared very depressed, were re- 
luctant to move and were "hunched over." One rat (no. 1) was killed 5 h after 
injection. Twenty-four hours after injection, the remaining rats (nos. 2 and 
3) were depressed and reluctant to move. Porphyrin stained the forelimbs, 
faces, and heads; the hair coats were rough and spiky. The abdomen of one 
animal was tense and contracted. 


At necropsy, all three rats were observed to have hydroperitoneum. The 
proximal intestine was flaccid, dilated, and fluid filled. The contents of the 
distal jejunum, ileum, and large intestine were very dry. Numerous white 
opaque areas of coagulation necrosis and saponification were scattered 
throughout the abdominal fat and the fat associated with the spermatic cords 
in rats 2 and 3. The cecal wall of rat I was edematous and contained a perfo- 
rated ulcer at the distal end. Microscopic examination revealed interlobular 
pancreatic edema and edema of the colonic muscularis. Rat 2 was killed 30 
h after the injection. Opaque areas present in the pancreas represented acute 
necrosis of the peripheral lobules. The subserosal longitudinal muscle of the 
stomach, small intestine, and colon had also undergone acute necrosis. The 
myonecrosis ranged from focal to diffuse; in places it extended through the 
circular muscle into the submucosa and was accompanied by hemorrhage. 
The walls of the seminal vesicles and coagulating glands were similarly af- 
fected, with the necrosis extended through the entire wall in areas. Rat 3 was 
killed 48 h after injection. A fibrinous peritonitis was present with fibrinous 
adhesions joining the liver to the diaphragm and the pancreas to the stomach, 
and fibrin coated the seminal vesicles, coagulating glands, and the mesentery. 
Petechial hemorrhages were visible on the serosa of the cecum, colon, and 
rectum. The histopathological lesions were similar to those of rat 2. The ne- 
crosis and hemorrhage in the wall of the stomach and intestine were more 
diffuse and often extended into the lamina propria. Small ulcers were present 
in the squamous portion of the stomach. 


Table I11 indicates the changes in  weight resulting from the multiple-in- 
jection trial of the animals surviving this treatment regimen; a marked weight 


Scheme I I I  
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Elemental analyses for C, H, and N were conducted for all compounds. Unless 
otherwise noted, all values were within f0.4% of the theoretical values. Ratios of the 
survival time of the treated (T) to control (C) animals expressed as a percentage. Com- 
pounds were initially screened at 200, 100, and 50 mg/kg; if mortalities occurred at these 
doses, they were reduced to nonlethal levels. A compound should increase the median 
survival time by at least 20% to be considered active. The dose in mg/kg is in parentheses. 


Numbers of survivors 5 d after commencement of the dosage schedule of nine daily 
doses, except for Illb-f. IVb, IVe (50-mg/kg dose), and VII in which cases five daily 
doses were administered. Calc. for C, 40.79; found, 39.96. Calc. for C, 48.23; found 
47.77.fCalc. for C, 45.30; found 44.88. g Lit. (18) mp 197.O-l97SoC. Lit. (19) mp 
189.5-190SoC. ' Lit. (20) mp 238°C. 


loss was observed after completing the injection schedule, although 15 d after 
the last injection, some weight gain was noted (rats 5 and 6). 


Four animals (nos. 4 and 7-9) died before the termination of the multi- 
ple-injection trial. Porphyrin staining of the faces was marked in all the rats. 
Necropsy revealed mild hydroperitoneum, a dilated fluid-filled proximal small 
intestine, and a large intestine filled with dry ingesta. Rat 7 was killed after 
it had received its second 12.5-mg/kg injection of Ira. The animal was very 
quiet, reluctant to move, had a tense contracted abdomen and a spiky coat. 
Histopathological examination revealed acute degeneration and necrosis of 
the subcapsular muscle fibers of the seminal vesicles with infiltration by 
granulocytes. The bladder wall was edematous, and the subserosal myofibers 
had undergone acute necrosis. The intestinal serosal mesothelium was hy- 
pertrophied. 


A second rat (no. 8) died after it had received its second injection. In ad- 
dition to those necropsy findings previously mentioned, all serosal blood vessels 
were very congested. Areas of necrosis were scattered throughout the ab- 
dominal fat and the fat associated with the reproductive organs. Numerous 
small ulcers extended into the submucosa of the squamous stomach. 
Throughout the intestine and bladder there was necrosis of subserosal muscle. 
Fibers were eosinophilic and shrunken. Nuclei were absent, pycnotic, and 
karyorrhectic. Peripheral pancreatic acini had undergone acute necrosis, and 
granulocytes had infiltrated the affected areas. 


A third test rat (no. 9) died after receiving its fifth injection of IIa. He- 
maturia had been reported on the previous day. In addition to heavy porphyrin 
staining of the face and forepaws, blood stained the fur around the prepuce. 
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Table 111-Weight Changes of Male Wistar Rats after Intraperitoneal Injection of I1a and Saline for Nine Consecutive Days 


Weight Difference Weight, g Weight Difference 
Between Days Day Day Day BetweenDay I 


Rato Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9 1 and 9, g 12 17 24 Day of Examination, g 


1 350 340 330 325 320 305 290 300 295 -55 295 
2 348 328 315 328 325 305 295 290 295 -53 285 
3 360 345 340 315 310 300 310 295 305 -55 
4 580 368 355 340 340 355 335 330 325 
5 334 315 320 305 292 275 270 270 270 
6 380 370 365 360 355 330 320 300 315 
I 350 330 
8 3s4 33s d 
9 342 335 325 305 290 


Control 1 358 352 355 355 355 350 335 350 355 
Control2 330 340 345 340 335 330 335 335 335 


-55 
-64 
-65 


- 3  
t 5  


3f5 


360 
340 


-55 
-63 
-55 


335 + I  
315 - 5  


+ 2  
+I0 


Control3 355 340 330 315 320 335 340 345 340 -15 375 +20 


Rats 1-9 were injccted with Ila at 12.5 mg/kg, while controls 1-3 were injectcd with 0.9% NaCl (salinc). Rat 4 died on Day 14. Rat 7 was killed after receiving a second 
injection. Rat 8 died after receiving a second injection. Rat 9 d i d  after a fifth injection. 


The fluid contained in the stomach, duodenum, and jejunum was blood stained. 
There were areas of hemorrhage and necrosis in the pancreas, circular hem- 
orrhages in the cecal mucosa, and blood in the urinary bladder. Histopatho- 
logical examination revealed an acute diffuse peritonitis, characterized by 
the presence of fibrin and granulocytes on the intestinal scrosa and in the 
connective tissue and fat associated with the seminal vesicles, coagulating 
glands, and the right spermatic cord. The duodenal serosa was coated with 
granulocytes, which extended through the edematous muscularis in some areas 
to the submucosa. Acute myonecrosis was noted in the duodenal wall. Similar 
lesions were scattered throughout the wall of the intestine and bladder. An 
ulcerative cystitis consisted of areas of mucosal necrosis, granulocyte infil- 
tration into an edematous submucosa, and necrosis of single mucosal cells 
which sloughed into a blood-filled lumen. 


The fourth animal (no. 4) died 5 d aftcr the ninth injection of IIa. The an- 
imal was autolyzed; however. a large area of necrosis bounded by hemorrhage 
was noticed in the right inguinal subcutis and body wall. 


Two test animals (nos. 1 and 2) and one control (no. 1) were killed 3 d after 
the ninth injection. One of the test animals was lame in the right hind limb. 
In both test animals, fibrous adhesions joined large areas of the subcutaneous 
tissue and body wall in the right inguinal region. In  each rat, an area of ne- 
crosis, 1-1.5 cm in diameter, in the body wall was bounded by a distinct red 
line; grossly, the viscera appeared normal. The coagulation necrosis extended 
through the body wall to the peritoneum. Many of the necrotic muscle fibers 
were calcified. Granulation tissue has replaced much of the necrotic tissue, 
and muscle fibers bordering the areas of necrosis showed signs of regeneration 
with very long, plump nuclei and multinucleate areas. The necrotic subcuta- 
neous fat had been replaced with granulation tissue. In the intestine and 
bladder, areas of the serosa and outermost muscularis had been replaced by 
regenerating muscle fibers, fibroblasts, and capillaries. The orientation of the 
regenerating fibers was irregular. Areas of mesenteric fat necrosis had been 
replaced by granulation tissue and lymphocytes. 


One rat (no. 3) was killed 8 dafter  the last injection. This rat was also lame 
in the right hind limb. During necropsy, a large area of necrosis was found 
in the subcutis of the right inguinal area. A severe chronic peritonitis was 
prcsent; all intestine loops were tightly adhered to each other, the bladder, 
seminal vesicles. and sublumbar musculature. The intestines were dilated and 
contained fluid. Normal fecal pellets were present in the rectum. Areas of the 
intestinal wall werc thickened; however, the intestine was patent although the 
lumen was greatly reduced. A mass 1.5 cm in diameter occupied a position 
in thedorsal body wall midway between the right kidney and the bladder. The 
mass had a fibrous wall, was filled with clear fluid, and involved the right ureter 
and sublumbar muscles. The right ureter proximal to the mass was dilated 
with clear fluid. There was hydronephrosis of an enlarged right kidney. The 
right seminal vesicle was shrunken; atrophy of the right testis was seen during 
microscopic examination. Few spermatogonia were present in the seminal 
tubules; however, spermatozoa were prcsent in the cpididymal tubules. The 
walls of the intestines, seminal vesicles, and coagulating glands were thickened 
with a layer of granulation tissue. Areas of abdominal fat necrasis had been 
walled off with fibrous tissue; many of these areas had calcified. Fibrous tissue 
thickened the pancreatic capsule and extended between acini. Gastric ulcers 
extended into the muscularis mucosa. Beneath the ulcers, the muscularis and 
submucosa were infiltrated by fibroblasts, angioblasts, and numerous eosin- 
ophils. The medulla of the right kidney was compressed, and there was peri- 
vascular and cortical edema. 


The thick fibrous wall of the fluid-filled mass extended into the adipose 
tissue and the muscles of the dorsal abdominal wall. It surrounded blood 
vessels, nerves, and sublumbar lymph nodes. Areas of mineralizing necrotic 


muscle. were present in the mass; lymphocytes and multinucleate giant cells 
were prominently associated with these areas. Thrombosed blood vessels and 
areas of fat necrosis were also trapped in the mass. The central cavity appeared 
to be lined by fibroblasts. 


The last two test animals (nos. 5 and 6) were sacrificed I 5  d after the ninth 
injection. Hematuria had been reported in one of these animals after the eighth 
and ninth injections. Diarrhea was reported at the same time for theother rat. 
An ulcer 1 cm long was present in one animal in the skin fold between the right 
stifle and right inguinal area. Further examination revealed ulceration, ne- 
crosis, and replacement with granulation tissue that extended through the 
dermis and subcutis and into the body wall. Fibrous adhesions between ab- 
dominal viscera were extensive in both rats; adhesions trapped the right testes. 
epididymes, and spermatic cords in the scrota1 sacs. The right testis from one 
rat was extremely small and lacked spermatogonia. The seminal vesicles and 
bladder were adhered together. Areas of necrotic seminal vesicle had under- 
gone mineralization. Epididymal fibrosis was prominent in the rat no. 6; no 
spermatozoa were present in the cpididymal or seminal tubules. Large num- 
bers of abnormal cells, including multinucleate giant cells, were present in 
the seminal tubules. Sertoli cells were very prominent. 


One may summarize these disposition studies by noting that when the rats 
received a single 25-mg/kg injection of Ila, it appeared that any portion of 
the abdominal viscera coming into contact with the substance underwent 
necrosis. Adynamic ileus, produced by peritonitis and pain, resulted in a large 
volume of fluid pooling in the anterior intestine and probably caused severe 
electrolyte imbalance. Acute gastric ulceration was probably also a mani- 
festation of the stress produced by abdominal pain. Although a single dose 
of 12.5 mg/kg produced no gross or light microscopic lesions, nine daily doses 
a t  the same level resulted in severe myonecrosis and peritonitis. Throughout 
the series of injections, the rats exhibited behavioral manifestations of stress 
and pain and lost a significant amount of weight. After cessation of injections 
there was tissue healing; however, the permanent damage produced would 
interfere with intestinal, reproductive, and (in one instance) renal function. 
It must be concluded that the compound, at a single 25-mg/kgdoseor a series 
of 1 Z.S-mg/kg doses, is very irritating and severely damages any tissue with 
which it comes into contact. 


Finally, the screening of the Selected Agent Compound IIa versus a number 
of tumors (21) was undertaken (Table IV). In tumor systems 3-8 inclusive, 
IIa was inactive and although some reduction in tumor weight was found in 
the colon and lung xenografts, it was insufficient to meet the criteria for ac- 
tivity. 


EXPERIMENTAL 


Melting points are uncorrected. Elemental analyses were undertaken lo- 
cally', and organic extracts were dried with anhydrous magnesium sulfate. 
TLC was carried out using sheets of silica gel with fluorescent indicator2 and 
a solvent mixture of toluene-methanol (9:l). Mass spectra3 were run at  70  
eV, and the 60-MHz N M R  spectra4 were determined in deuterochloroform 
or deuterium oxide using internal standards of tetramethylsilane and sodium 
2,2-dimethyl-2-silapntane-5-sulfonate, respectively. 


Syntheses of Compounds-I -Aryl-3-dimethylamino-2-dimethylamino- 


1 Mr. R. E. T d ,  Department of Chcmistry, College of Arts and Science. University 


3 VG Micromass MM16F mass spectrometer with 2025 dam system. 


of Saskatchewan, Saskatoon. 
Eastman-Kodak Co. 


Varian T-60 spectrometer. 
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Table IV-Evaluation of Ira Against Various Tumors in Mice 


Treatment Maximum 
Tumor Schedule T/C%" Toxicitv6 


CX- 1 Colon Four daily injections 38(25) 0/6(100), 3/ 
xenograft 6(50), 6/6(25) 


LX-1 Lung One injection every 4 d; 64(50) 0/6( loo), 6/ 
xenograft total of three injections 6(50) 


MX-I Breast Oneinjection every 4 d; lOl(12.5) 0/6(100), 5/  
xenograft total of four injections 6(50), 6/6(25) 


CD8Fl One injection 103(7.8 1) 1/10( 1 2 3 ,  
Mammary 3/10(62.5), 
tumor 10/ lO(3 I .25) 


Colon 38 One injection every 7 d; 102(25) 0/1 O( loo), 


B16 Nine daily injections 102(25) 0/10(50), 10/ 
Melanocarcin- lO(25) 
oma 


L 1210 Nine daily injections 1 lO(25) 1/6(50), 6/ 
Lymphoid 6(25) 
leukemia 


Lewis lung Nine daily injections 105(12.5) 1/10(50), lo/ 
carcinoma 1 O(25) 


P388 Nine daily injections 128(25) 0/6(100), 2/ 
Lymphocytic 6(50), 6/6(25) 
leukemia 


total of two injections 1/10(50), 
10/ lO(25) 


a Figures for tumors 1-5 are the weight differences of the treated animals compared 
with controls expressed as a percentage. A value of <20 for the first four tumors indicates 
activity; values of <42 in the case of the colon 38 tumor are considered active. The figures 
for tumors 6-9 are the ratios of the median survival time of treated animals compared 
with controls expressed as a percentage. A compound should increase the survival time 
by 25,2.5,40, and 20%, respectively, to be considered active. Doses in mg/kg are in pa- 
rentheses. 


methyl-1 -propanone Dihydrohalides ([la, I l l a - c , e~ -A mixture of the 
substituted acetophenone (0.05 mol), aqueous solutions of formaldehyde (37% 
w/v, 0.15 mol) and dimethylamine (25% w/v, 0.15 mol), and ethanol (25 mL) 
was heated under reflux for 3 h (Ha, IIIa,e), 24 h (lllb,f), or 30 h (IIIc). The 
solvent was removed in uacuo, and the mixture was extracted with ether (3 
X 20 mL). The combined ethereal extracts were washed with water, dried, 
and then the solvent was removed under reduced pressure to give the Mannich 
base, which was dissolved in acetone and treated with either hydrogen chloride 
or hydrogen bromide. The colorless solid which precipitated was removed by 
filtration, dried, and recrystallized from methanol to give the desired Mannich 
base salts. 


3-Dimethylamino-2-dimethylaminomethyl-I- (4-hydroxyphenyl) -1 - 
propanone Dihydrobromide (Il1d)-A mixture of 4-hydroxyacetophenone 
(13.6 g, 0.1 mol), 2,3-dihydro-4H-pyran (10.4 g, 0.12 mol), an acidic ion- 
exchange resin5 (1.5 g), and benzene (1 25 mL) was stirred vigorously at  room 
temperature for 24 h. The reaction was monitored by following the disap- 
pearance of 4-hydroxyacetophenone (Rf 0.65) using TLC. After removal of 
the resin by filtration, the mixture was passed through a column of silica gel 
(60-200 mesh, benzene). The resultant yellow solution was washed with 
aqueous sodium hydroxide solution (10% w/v, 3 X 20 mL) and then with water 
(4 X 20 mL). After drying, the benzene was removed in uacuo to give a yellow 
solid, which was recrystallized from n-hexane to give 4-(2-tetrahydropyran- 
yloxy)-acetophenone ( I  5.6 g, 71%) as yellow crystals, mp 84-86OC [lit. (22) 
mp 89.5-91.0°C]; Rf0.82; IH-NMR (CDC13): 6 7.82 (d, 2, ArH at Czand 
c6), 7.00 (d, 2, ArH at C3 and CS) ,  5.45 (t, 1, tetrahydropyranyl H at Cz), 
3.68 (m, 2, tetrahydropyranyl H at CS), 2.54 (s, 3, CH,), and 2.20-1.40 ppm 
(m. 6, tetrahydropyranyl H at C3, C4, and C5). 


A mixture of 4-(2-tetrahydropyranyloxy)-acetophenone (2.2 g, 0.01 mol), 
an aqueous solution of formaldehyde (37% w/v, 2.4 mL, 0.03 mol), dimeth- 
ylamine (25% w/v ,  4.5 mL, 0.025 mol), and ethanol (10 mL) was heated at  
reflux for 30 h. The ethanol was removed in uacuo, the mixture was extracted 
with ether (2 X 10 mL), and the combined organic extracts were washed with 
water (3 X 5 mL) and dried. After filtration, an additional quantity of an- 
hydrous ether (10 mL) was added, and the solution was treated with hydrogen 
bromide to give a light-yellow solid, which was recrystallized from methanolic 
hydrogen bromide (1% W/V) and then from methanol to give IIId (1.4 g) as 
a bright-yellow solid. 'H-NMR (DzO): 6 8.04 (d, 2, ArH at C2 and CS), 7.04 
(d. 2, ArH at C3 and CS), 4.04-3.20 [m. 5, C2H(CH2)2], and 2.95 ppm [s, 
12, 2N(CH3)2]. The yield is based on the use of 4-(2-tetra- 
hydropyrany1oxy)-acetophenone as the starting material. 


3-Dimethylamino-1 -phenyl-2- ( 1  -pyrrolidinylmethyl) -1 -propanone 
Dihydrobromide (1Va)-A mixture of 3-dimethylamino- I-phenyl-l-pro- 


At day 5; doses are in parentheses. 


panone hydrochloride (5.35 g, 0.025 mol) (17), an aqueous solution of 
formaldehyde (37% w/v, 24 mL, 0.03 mol), pyrrolidine (2.5 mL, 0.03 mol), 
and ethanol (35 mL) was heated at  reflux for 3 h. The solvent was removed 
in uacuo, and water (40 mL) followed by excess aqueous sodium hydroxide 
(40% w/v) were added to the crude mixture; the aqueous phase was then ex- 
tracted with ether (50 mL). The organic extract was dried, and removal of 
the ether gave an oil, which was dissolved in acetone and treated with hydrogen 
bromide. The resultant crude dihydrobromide salt was recrystallized from 
ethanol to give IVa as colorless prisms (4.3 g). The yield was based on the use 
of 3-dimethylamino- 1 -phenyl- 1-propanone hydrochloride as starting mate- 
rial. 
3-Amino-2-aminomethyl-I-phenyl-1-propanone Bihydrobromides 


(IVb-d)-These compounds were prepared using the general procedure de- 
scribed for the synthesis of Ira, IIIa-c, e, and f vide supra. In the synthesis 
of IVb-d, the time of heating at reflux in ethanol was 24, 3, and 24 h, re- 
spectively. 


3-Dimethylamino-2-dimethy laminomethyl-1 -phenyl-I -propanone Di- 
methobromide (IVe)-3-Dimethylamino-2-dimethylaminomethyl-l-phe~ 
nyl- 1 -propanone dihydrochloride was prepared as colorless crystals, mp 
163-164°C [lit. (23) mp 164-165"Clin 20% yield by a reported procedure 
(lo), except that hydrogen chloride was passed through a solution of the free 
base in acetone and not hydrogen bromide. An aqueous solution of the diamine 
dihydrochloride (5.8 g, 0.02 mol) was cooled to 5°C and rendered basic to 
litmus with triethylamine. The mixture was stirred with ice-cooling for 15 min 
and extracted with ether (3 X 15 mL). The combined organic extracts were 
washed with water (3 X 10 mL) and dried, and then the solvent was'removed 
under reduced pressure to give a pale-yellow oil, which was dissolved in dry 
acetone and treated with excess methyl bromide. The solid was removed by 
filtration, washed with dry acetone, dried, and recrystallized from acetone- 
methanol to give IVe as a colorless solid (5.4 g). 


3-Dimethylamino-l -aryl-1 -propanone Hydrobromides (V)-The sub- 
stituted 1-propanone hydrochlorides were prepared by a literature method 
(17) and then converted into the hydrobromide salts by a reported procedure 
(10). The crude hydrobromides were recrystallized from acetone-methanol 
(Va and c) or methanol (Vb). The percentage yields listed in Table I1 are based 
on syntheses from the appropriate substituted acetophenone and not from the 
crude hydrochloride. 


3-Amino-I-phenyl-l -propanone Hydrobromides ( Vla-c)-The appro- 
priate 1 -propanone hydrochlorides were prepared essentially by a literature 
method (1 7) using the required amine hydrochloride in place of dimethylamine 
hydrochloride. The times of heating the reactants at reflux were 2 h (VIa and 
c) and 3 h (VIb). The hydrobromides were obtained from the hydrochloride 
salts by a literature method (1 0) and purified by recrystallization from ace- 
tone-methanol. The percentage yields in Table I1 are based on the quantity 
of acetophenone used. 


3-Dimethylamino-l -phenyl-I -propanone Methobromide (V1d)-Aqueous 
sodium carbonate solution (10% w/v) was added to an aqueous solution of 
crude 3-dimethylamino-1-phenyl-1-propanone hydrochloride (17) (4.27 g, 
0.02 mol) in water until basic to litmus, and the mixture was extracted with 
chloroform (4 X 15 mL). After the combined organic extracts were washed 
with water (3 X 5 mL) and dried, the chloroform was removed in uacuo to give 
a pale-yellow oil, which was dissolved in anhydrous ether (1 5 mL) and treated 
with methyl bromide (1.6 mL, 2.77 g, 0.029 mol). The solution was cooled 
to -4°C for 3 h, and the precipitate was removed by filtration, washed with 
dry ether, dried, and recrystallized from methanol-acetone (4:l) to give VId 
as colorless crystals. The yield recorded in Table I1 was based on the quantity 
of acetophenone used. 


3,5-Bis(dimethylaminethyl)-4-hydroxyacetophenone Dihydrobromide 
(VI1)-A mixture of p-hydroxyacetophenone (6.8 g, 0.05 mol), an aqueous 
solution of formaldehyde (37% w/v, 8.9 mL, 0.1 1 mol), dimethylamine (5.0 
g, 0.1 1 mol), and ethanol (50 mL) was heated at reflux for 20 h. After removal 
of the ethanol and water in uacuo, the resultant viscous oil was dissolved in 
acetone and treated with hydrogen bromide. The precipitate was removed by 
filtration, washed with acetone, dried, and recrystallized from methanol to 
give VII as colorless prisms (8.8 8). IH-NMR (D20): 6 8.00 (s, 2, ArH at C2 
and c6),4.45 (s,4, 2 X CHzN), 2.98 [s, 12, 2 X N(CH3)2],and 2.62 ppm(s, 


Biological Evaluations-Screening of Compounds-The antineoplastic 
evaluation of the compounds described herein was undertaken by the National 
Cancer Institute, Bethesda, Maryland, using their protocols (24). The com- 
pounds listed in Table I1 were injected by the intraperitoneal route into male 
or female Swiss, B~DzFL,  or C D ~ F I  mice. The derivatives were dissolved in 
saline prior to injection, except for IVe and VId which were administered in 
hydroxypropyl cellulose; VIb was injected in both saline and saline containing 
polysorbate 806. Compounds IVc and VI had been previously assessed by the 


3,COCH3). 


Amberlyst H-15; Rohm and Haas, Philadelphia, Pa. 
~ 


Tween 80; Atlas Chemical Industries. 
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National Cancer Institute, although not against P388 lymphocytic leu- 
kemia. 


The data in Table IV was generated as follows. Compound Ila was dissolved 
in saline and administered to mice hosting tumors 1-3 by the subcutaneous 
route and intraperitoneally in the remaining cases. The xenografts (tumors 
1-3) were inoculated into NU/NU athymic Swiss mice by subcutaneous in- 
jection. The activity recordcd is the mean tumor weight change between day 
0 and the final evaluation days which were 15, 1 I ,  and 11 d, respectively. The 
CD8Fl mammary and colon 38 tumors in  CD8FI and B ~ C ~ F I  mice, respec- 
tively, were evaluated after 34 and 20 d. The activity noted for the CD8Fl 
mammary tumor was the median tumor weight change, and for the colon 38 
tumor, the median tumor weight was estimated from the diameter of the 
tumor. The 816 melanocarcinoma was injected intraperitoneally into B L C ~ F I  
mice and evaluated on day 60. Both L1210 and P388 leukemias were injected 
by the intraperitoneal route into CDzFl mice and evaluated on day 30. The 
Lewis lung carcinoma was injected intravenously into B ~ C ~ F I  mice and 
evaluated on day 60. The activity of the last four tumors is expressed as  the 
effect on median survival time. The toxicity of Ila uersus the nine tumors listed 
in Table IV was evaluated on days 15. 11 ,  1 1 ,  34.20, 5, 5 ,  5, and 5, respec- 
tively. 


Disposition Studies with Ila-Doscd male Wistar rats, weighing 220-250 
g (first trial), 285-300 g (second trial), and 240-250 g (third trial) were in- 
jected with Ila dissolved in sterile saline (0.9% w/v) by the intraperitoneal 
route, while control animals received sterile saline (0.9% w/v). All animals 
were necropsied after sacrifice, and the following tissues were fixed in 10% 
buffered formalin: lung, heart, thymus, trachea, thyroid, liver. spleen, pan- 
creas, kidney, adrenal, stomach, duodenum, jejunum, ileum, cecum, colon, 
rectum, lymph nodes, bladder, and reproductive organs. Tissues were processed 
routinely, sectioned at  5 pm, and stained with hematoxylin and eosin. 
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Abstract 0 The tackiness of coating solutions containing high concentrations 
of polymers was determined using a parallel plate technique. Kinematics of 


in practice, display “delayed elastic effects” and require far larger impulses 
than nontacky materials. 


the film-splitting process was also investigated using a high-speed movie 
camera. ~h~ results showed that the impulse required to sp l i t  a liquid film of Keyphrases 0 Film-coating solutions-tablets, tack behavior, viscosity, 
highly solution in to a dilute so- concentrated polymer solutions 0 Viscosity--film-coating solvents for tablets, 
jution is related not to viscosity, but lo the internal structures of the system, tack behavior, concentrated polymer solutions 0 Polymers-concentrated 
Evidence has been found that the materials that are considered to be tacky solutions, viscosity. tack behavior, film-coating of tablets 


The technique of film-coating solid dosage forms has grown 
at an accelerating rate, employing a wide variety of materials 
and coating systems (1-3) .  One of the factors affecting the 
tablet-coating process is the tackiness of the coating formu- 
lations. The concentration of the film formers used in these 
coating formulations depends on the molecular weight, grade, 


and chemical structure of the polymers (4). Generally, the 
concentration of a polymer used in a film-coating formulation 
ranges from 2 to 10% ( 5 ) .  During the drying phase of the 
coating process, evaporation of the solvent occurs. Conse- 
quently, the concentration of the polymer increases, giving rise 
to increasing tackiness until the deposited film is esscntially 
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Table 11-Activity of Podocarpic Acid Derivatives Against LIZ10 
Lymphoid Leukemia 


Weight 
Host Difference.* Dose, 


Compound Miceo P mg/kg TIC"  


Ilb R D t  I -0.8 
-0.2 


0.5 


-0.2 
0.9 


V I I  RDFl 0.7 
0.7 


-0.3 
CDFl -0.5 


- 1 . 8 1  
- 1 . 1  


Vlll BDFl -0.2 
0.0 


-0. I 
IX RDFI 1.1 


-0.3 
-0.3 


X BDFl' -0.4 
-0.4 
-0.4 
-0.2 
-0. I 


CDI-ld -0.8 


400 101 
200 101 
I00 97 
200 1 I 2  
I00 I00 
50 103 


400 87 
200 90 
I00 90 
400 103 
200 I06 
I00 I04 
400 101 
200 I00 
I00 I03 
400 87 


I00 92 
400 90 


200 89 


200 88 
100 97 
50 I00 
25 I00 


~ ~~ ~~~ ~ ~~~ ~ ~~ 


Intraperiloneal injections with saline with Twecn KO as a vehicle unless otherwise 
Averagc weight change of test group minus average wcight change of control 


Ratio of the mean survival time of the test animals to the control animals. 
indicatd. 
animals. 


P3XX lyniphocytic leukemia screen. Tested using another screen. 


49 g (81%) of bromoketonc Ilb as a white crystalline solid, mp 142 144°C 
[ l i t .  mp 142-144.5"C (I). 141 142°C (12). 135-137°C (13).and 123-126OC 
(14)]. IR (KBr): 2950. 1725. 1684, and 1604 cm-I; IH-NMK (CDC13): d 
0.85 (s, 3. ~I,,-cH,) [lit. (7, 13) 0.851. 1.54 (s. 3. c.,-cH,) [lit. (7, 13)  1.531. 
3.70 (s. 3. K H , ,  ester), 3.84 (s, 3. OCH3, ether). 5.80 (d, 1.J = 7 cps. CBrH) 
[lit. (7, 13) J = 7 cps]. 6.85 (m,  2. ArH), and 7.80 ppm (d, I ,  J = 9 cps, 
Artl ) .  


Biological Procedures All biological tests were performed at the Cancer 
Chemotherapy National Service Center, Bethesda, Md. The general proce- 


dure. protocols. and data interpretation used at the National Cancer Institute 
have been published previously ( 1  5, 16). 
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Abstract 0 An isocratic reversephase liquid chromatographic method for 
the determination of amoxapincand its major metabolites in human plasma 
utilizing UV detection is described. Plasmasamples were extracted with ethyl 
acetate after pH adjustement.The reconstituted extracts were injected onto 
a cyanopropylsilane calume and eluted with a mobile phase consisting of 65% 
acetonitrile and 35% sodium buffer 0.03 M and p ~ l  6 ,  The m i n i m u m  
detectable l i m i t  was n b / m ~  offlasma, Possible interferences from other 
drugs which might be administered concurrently were studied. The repro- 


Amoxapinel, 2 -  chloro-1 1 -( I-piperazinyl)dibenz[hfl- 
[ 1,4]oxazepine, a relatively new antidepressant of the diben- 
zoxazepine class, has been shown to be a potent antidepressant 
( I  -3 ) .  The relationship between tricyclic antidepressant 


ducibility and precision of the method are demonstrated by the analysis of 
samples containing 25-600 ng/ml. of plasma. The method is being applied 
successfully in our laboratory for the analysis of plasma from patients receiving 
amoxapine. 


Keyphrases 0 Amoxapine-isocratic HPLC method. determination of me- 
tabolites 0 Metabolites-isocratic HPLC method, determination of amox- 
spine 


plasma concentrations and therapeutic response has been 
studied extensively, with inconclusive results (4, 5). The side 
effects of tricyclic antidepressants have also been correlated 
to plasma concentrations with mixed results ( 6 ) .  Since the 
major metabolic pathway of amoxapine ishydroxylation (7), 
monitoring therapeutic levels of the parent drug and its active I Lederle 1.aboratories. Pearl River. N.Y. 
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Table I-Precision and Accuracy of the Determination of Amoxapine and Its Metabolites in Human Plasma 
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Figure I --Efleci of percent acetonitrile. p H .  and molarity of the mobile phase 
on the capacity factor (K) of I .  11. and Ill. Key: (A )  effect ofpercent aceto- 
nitrile at pH 6.0 and 0.03 M:  (B) effect o fpH at 0.03 M and 65% acetonitrile: 
(C) effect of molarity of buffer at p H  6.0 and 65% aceionitrile. 


hydroxylated metabolites is important for studying the kinetics 
and correlating the plasma concentrations with therapeutic 
response and side effects. 


Methodology to determine amoxapine and its metabolites 
in serum has been limited to GC using derivatization and 
electron-capture detection (8 ,9 ) .  However, recently a high- 
performance liquid chromatographic (HPLC) method ( 1  0) 
was developed using an ODS reverse-phase column and an 
elaborate three-step extraction procedure. The structurally 
related compound loxapine (N-methylamoxapine) has been 


analyzed by GC using derivatization and electron-capture 
detection (8 ,9) ,  nitrogen-phosphorus detection (1 I ) ,  or MS 


This paper describes the separation and quantitation of 
amoxapine and its 7- and 8-hydroxylated mtabolites from 
human plasma using HPLC with a reverse-phase cyanopro- 
pylsilane column and UV detection. The method has the ad- 
vantages of involving only one extraction step and no deriva- 
tization. The method is sensitive and applicable to the direct 
determination of plasma levels in the presence of one or more 


(9, 11). 
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Table 11-Drugs Tested for Possible Interference 


Retention 
Compound time, min 


Diazepam 1.25 
Trazodone I .43 
Lidocaine 1.43 
8-Hydroxyloxapine 2.42 
7-Hydroxyloxapine 2.83 
8-Methoxyloxapine 3.09 
Loxapine 3.23 
Fluphenazine 3.20 
Procaine 4.02 
Perphenazine 4.65 
8-Hydroxyamoxapine (11 I )  4.65 


N- Acetylprocainamide 6.22 
Amoxapine ( I )  6.6 1 
Procainamide 7.27 
10-Hydroxyamitriptyline 8.27 
Quinidine 8.38 
Trimipramine ( IV)  8.42 
Thiothixene 8.72 
10-Hydroxynortriptylinc 9.17 
p-Chlorodisopyramidc 9.82 


Doxepin 10.44 
Chlorprothixene 10.74 
Trifluoperazine 11.35 
Amitri tyline 11.39 
Demet f y ldoxepin I 1.65 
Clomipramine 1 1.97 
Protriptylinc 12.15 
lmipramine 12.33 
Nortriptyline 12.35 
Maprotiline 12.36 
Desipramine 12.66 
Chlorpromazine 13.09 
Thioridazine 14.96 


7-Hydroxyamoxapine (11) 5.57 
Haloperidol 5.59 


Disopyramide 10.08 


of several drugs which might be prescribed concurrently. The 
applicability of the method has been demonstrated by the 
analysis of plasma from patients receiving amoxapine. 


EXPERIMENTAL 


Instrumentation--A high-performance liquid chromatograph2 was equipped 
wi th  a cyanopropylsilane column3, 250 mm X 4.6 mm i.d. The deaerated 
mobile phase was pumped through the column at 3.0 mL/min ( I  3- 15 mPa). 
The column compartment was maintained at 45OC, with UV monitoring at 
250 nm. 


Chemicals and Reagents - Sodium hydroxide, acetic acid, and sodium ac- 
etate were reagent grade. HPLC-grade ethyl acetate, acetonitrile, and 
methanol were used. Amoxapine ( I ) l ,  7-hydroxyamoxapine (II)l, 8-hy- 
droxyamoxapine ( I l l ) ' ,  and trimipramine hydrochloride (IV)4 were supplied 
by the manufacturers. 


Solutions-Sodium acetate solution, 0.03 M, was prepared in deionized 
distilled water. and the pH was adjusted to 6 by the gradual addition of acetic 
acid. The mobile phase consisted of 65% acetonitrile and 35% buffer. 


Separate solutions of the drug, each metabolite. and the internal standard 
were made containing 5 mg/lO m L  of methanol. A dilution to a working 
concentration (5 ng/pL for each) was made in methanol for the drug-me- 
tabolite group (1 .11 ,  and 111). The internal standard stock solution ( I V )  was 
diluted with ethyl acetate to a concentration of 20 ng/mL. 


Sample Preparation-To 1.0 mL of heparinized plasma in a 15-mL 
screw-capped centrifuge tube was added an aliquot (5-1 20 pL) of the drug 
and metabolite working solution containing 25-600 ng, 0.5 mL of 0.1 M 
NaOli ,  and 10 m L  of extraction solution. The tubes were vortexed for 10 s 
and centrifuged for 5 min at 900Xg. A 9-mL volume of the organic phase was 
transferred to special concentration tubesS and evaporated to dryness at 5OoC 
under a gentle stream of nitrogen. 


Separation and Quantitation-The residue was dissolved in  100 pL of 


* Model I0848 chromatograph with variable-wavelength UV detector and autoin- 
jector; Hewlett-Packard Co., hvondale. Pa. 


Zorbax-Ch; D u p n t  Co., Wilmington, Del. 
lves 1.aboratorics. Inc.. New York. N.Y. 
Concentratuks: Laboratory Research Co. .  Los Angcles. Calif. 


1 


A 


II 
I 


B 


Figure 2-Typical chromatograms of ethyl acetate extracts of 1.0 mL of 
plasma. The extracts were reconstituted with 100 pL of methanol, injection 
oolume 30 pL, absorbance at 250 nm. Key: (A)  drug free; (B) patient receiving 
I orally, concentrations of compounds expressed as ng/mL of plasma are I 
= 72, I1 = <lo. and 111 = 227. 


methanol and transferred to a polypropylcnc microvia16 before injection of 
30 pL into the chromatograph. A standard curve was constructed utilizing 
a minimum of four replicate plasma extractions simulating concentrations 
of drug and metabolites from 25 to 600 ng/mL. The chromatograms were 
recorded at a chart speed of 5 mm/min. The peak heights were measured, and 
the ratios (drug/internal standard and metabolite/internal standard) were 
calculated and plotted oersus concentration expressed as nanograms per 
milliliter of plasma. 


Patient Samples-Heparinized plasma samples from patients receiving 
oral amoxapine were extracted in  duplicate using the same procedure. The 
amounts of drug and metabolites in  patient samples were calculated by 
comparison with a standard curve prepared daily. Possible interferences from 
normal plasma constituents, as well as other drugs and metabolites, were also 
studied. 


RESULTS AND DISCUSSION 


Amoxapine can be extracted readily from basified plasma using a solvent 
mixture (hexane containing 0.5% diethylamine) reported for the extraction 
of several tricyclic antidepressants and their metabolites ( 1  2). The active 
hydroxylated metabolites of amoxapine cannot, however, be extracted with 
that system and, therefore, the polar solvent ethyl acetate was selected. 


The use of a cyanopropylsilane column in a reverse-phase mode with a 
mobile phase of acetonitrile-0.03 M acetate buffer at pH 6 (65:35, v/v) 
produced excellent separation of the drug from its metabolites and the internal 
standard. The separation depends on the pH and molarity of the buffer as well 
as  the percentage of acetonitrile in the mobile phase. The mobile phase com- 
position selected for this assay was based on the capacity factor (K) data 
plotted in  Fig. I .  Detection at 250 nm was optimum for the drug, its metab- 
olites, and the internal standard. Monitoring at 254 nm resulted inonly a slight 
loss of sensitivity. 


The ratios of peak heights of the drug and metabolites to the peak height 
of the internal standard were calculated. Linear regression analysis of the data 
on two separatedays (Table I )  indicated linearity and reproducibility in the 
range of 25-600 ng/mL of plasma. Extension of the standard curve beyond 
600 ng/mL exhibited nonlinearity. A normal therapeutic range has not been 
established for amoxapine or its metabolites, but the linear portion of the 
standard curve encompasses the plasma concentrations which are expected 
based on normal dosages of amoxapine. Absolute recovery of the drug and 
its 7- and 8-hydroxy metabolites from plasma were 63,69, and 68%, respec- 
tively, of the theoretical amounts. These values correlate well with data 
published recently (10). This low recovery may be responsible for the variation 
in the amount found at low concentrations (Table I).  The minimum detectable 
limits of the assay are 6.5.9.4, and 8.5 ng/mL of plasma for I ,  11, and 111. 


Micro-volume sample flask; P. Wcidmann & Co..  Romanshorn. Switzerland. 
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No interference with the drug or its metabolites from normal plasma con- 
stitutes was observed (Fig. 2A). The retention timesof several drugs that might 
be prescribed simultaneously with amoxapine were determined (Table 11). 
Little interference would be expected under the experimental conditions. 


The method has been applied to the analysis of many samples obtained from 
patients receiving amoxapine orally. The drug and its 8-hydroxy metabolite 
are present in relatively high concentrations (Fig. 28). However, the 7-hydroxy 
metabolite is found in low concentration. This may be due to its short half-life 
(8). 


Major advantages of the method arc the small sample volume required, the 
simplicity and high recovery using a single extraction step with no derivati- 
zation, and the use of an isocratic mobile phase. The sensitivity is sufficient 
for routine analysis of patient samples and for pharmacokinetic studies. 
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Abstract 0 The bioavailability of isosorbide dinitrate from formulations 
containing 5. 10, and 20 mg in tablets and 10 mg i n  solution for oral use and 
5 mg in tablets for sublingual use, has been compared. When adjusted for dose. 
the peak mean plasma drug concentrations after oral administration were 
similar (e.g., 9.2 ng/mL after a 10-mg tablet) and about one-half that obtained 
after sublingual administration. Drug concentrations declined monoexpo- 
nentially with mean half-lives ranging from 25-36 min. The relative bio- 
availability of isosorbide dinitrate from the oral formulations was not signif- 
icantly different (p > 0.05) over the dose range studied, whereas the relativc 
bioavailability after sublingual administration was about twice as great (p 
< 0.01 ) as thaL after oral administration. The plasma drug concentration-time 
profile after administering the 5-mg sublingual tablet was similar to that 
obtained after administering orally a solution containing 10 mg, indicating 
that the latter should bc as clinically effective as the former. 


Keyphrases 0 lsosorbidc dinitratc-rate and extcnt of bioavailabihty from 
various oral formulations cornparcd, oral and sublingual formulations com- 
pared. humans 0 Bioavailability-isosorbide dinitrate, oral and sublingual 
formulations compared. human 0 Vasodilators-isosorbidc dinitratc. oral 
and sublingual formulations compared, humans 


lsosorbide dinitrate is an anti-anginal organic nitrate va- 
sodilator that is in extensive clinical use. Following the de- 
velopment of suitably sensitive GC assays (1 -3) for the mea- 
surement of isosorbide dinitrate in plasma, there have been 
several reports of the plasma levels of isosorbide dinitrate after 
the administration of different formulations of the drug (4-9). 
Sustained-release formulations have proven to be of particular 
interest. However, none of these reports have compared the 
relative bioavailability of isosorbide dinitrate from increasing 


doses of standard oral formulations. Such studies are described 
in this paper. 


EXPERIMENTAL 


Drug Administration-Two studies were conducted: the first cornparcd a 
5-mg sublingual tablet formulation with a 10-mg oral solution and 10- and 
20-mg standard oral tablet formulations of isosorbide dinitrate’. The second 
study compared a 5-mg standard oral tablet formulation’ with its 10-mg 
counterpart investigated in  the first study. I n  each study, separate groups of 
12 male volunteers each were involved, and the experimcntal conditions were 
the same. All subjects (18-40 years old and 58--85 kg) gave their written 
consent. Within 7 d before and after either study, each subject was given a 
complete physical examination including routine laboratory screening tests. 
During the study, the subjects remained under medical supervision. No adverse 
rcactions, apart from headache (4 subjects). were rcportcd by any subject. 
The studies were approved by the Institutional Review Board. Each of the oral 
dosage formulations was administered with I00 mL of watcr according to a 
complete crossover repeated Latin-square design with an interval of 1 week 
between doses. The sublingual formulation was retained under the tongue until 
it completely disintegrated; the subjects were instructed to avoid swallowing 
during this period. For at least 12 h predosing and for 4 h postdose the subjects 
fasted, and activity and subsequent diet were standardizcd. 


At predose and after dosing, blood samples were collected into heparinized 
tubes by venipuncture, immediately cooled, and centrifuged. The resultant 
plasma was removed and stored at -2OOC under conditions in which the drug 
was stable throughout the assay period. 


Drug A w y -  lsosorbide dinitrate in plasma was measured by an electron 


’ Formulations (Risordan) were provided by Theraplix. Paris. France. The respective 
batch numbers were 416.430.6659.6665.6747 for Risordan 5 mg (sublingual). 5 mg 
(oral). 10 mg (tablet). 20 rng and 10 mg (solution), respectively. 
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Abstract 0 The relative bioavailability of hydrocortisone was determined from 
(our different 20-mg tablet formulations and one suspension in 15 healthy male 
volunteers; results were compared with in virro dissolution rates. Plasma levels 
of hydrocortisone were determined by a liquid chromatography method de- 
veloped in this laboratory. Dissolution of the tablet formulations. using the 
official USP test. varied from 7.8 to 93.8% in 30 min. Similar plasma profiles 
were obtained from all tablet products, and there were no differences among 
tablets in the cumulative percentage of drug absorbed. There were no clear 
trends in any pharmacokinetic parameter values among the tablet dosages, 
;ind the four products were considered bioequivalent. The suspension dosage 
licldcd significantly higher plasma levels compared with some of the tablet 
I'orinulations during the initial 30-min postdose, significantly higher cumu- 
htivc absorption at 0.5 and I .O h cornpared with one tablet formulation, and 
significantly higher k ,  and c',,,, and shorter imax values. compared with some 
of the tablets. 


Keyphrases 0 H ydrocortisone-bioavailability, commercial 20-mg tablets. 
dissolution 0 Bioavailability -hydrocortisone, commercial 20-mg tablets, 
diszolution 0 Dissolution- bioavailability of hydrocortisone, commercial 
20-nig tablets 


Hydrocortisone was designated by the U.S. Food and Drug 
Administration as a drug whose different brands and dosage 
forms should be examined for bioequivalence (1) .  Previous 
studies in this laboratory have described optimum conditions 
for hydrocortisone pharmacokinetic studies (2, 3). Circulating 
hydrocortisone levels have been shown to be linearly related 
to dose size of oral suspensions (4) and also of intravenous 


\ 


I I I I I I I 
0 2 4 6 6 1 0 1 2  


Time, h 
Figure 1 - Mrun plasnia l e w l s  ofhydrocoriisone in 15 healthy male colun- 
tcrr.~ jidlowitig single 20-mg suspension and iahler doses. Key: (0) suspensivn 
A. 1@/  iuhlei H; ( @ I  table! c': (A) tablet I ) ;  I A J  iablet E .  


hydrocortisone doses that give rise to plasma levels that are 
within the range observed with conventional oral doses ( 5 ) .  


This study was designed to examine the relative in uiuo 
bioavailability and pharmacokinetics of hydrocortisone from 
commercial 20-mg tablets that have divergent in uitro disso- 
lution characteristics, and to compare these with an oral sus- 
pension. 


EXPERIMENTAL SECTION 


Products -The suspension' (treatment A) and the four tabletZ formulations 
(treatments B. E) were purchased commercially. 


Materials-. Chemical standard hydrocortisone3 and internal standard 
AJ-prcgncn-l 7a.2Ofi.21 -triol-3,1 I-dionc3 were analytical grade. All other 
zolvcnts and chemicals were reagent grade and were used as supplied. Plasma 
for construction of standard curves was obtained from healthy volunteers 
bctueen 7 a.m. and 9 a.m. subsequent to administration of 2 mg of dexa- 
rncthasone at 1 I p m .  the previous day. 


In Vitro Dissolution--The in oiiro dissolution rates of the tablets were 
dctcrmined in 900 mL of distilled water at 37OC using the USP rotating paddle 
method at 50 rpm (6). 


Fifteen male volunteers, 22-39 years old, underwent complete 
physical examinations, including urine and blood analyses, after giving in- 
formed consent. Vital signs and laboratory values for all subjects were normal. 
The subjects weighed 67-84 kg. and their heights ranged from 165 to 186 
cm. 


Protocol-Subjects were instructed to take no drugs for at least I week 
before. and no drugs other than the required doses of dexamethasone and 
hydrocortisone during the study. N o  caffeine-containing beverages were 
pcrmitted for 1 d before or during the plasma sampling period following each 
dosc of hydrocortisone. Each hydrocortisone dosc was administered after an 
overnight fast. and no food was permitted until 4 h postdose. 


Thc I5 subjects were randomly assigned to one of five groups, each con- 
sisting of three subjects. The five dosages (one suspension and four tablets) 
were administered to the groups according to a 5 X 5 crossover design. Dose 
hire wiis 20 nig. and all dosages were separated by a 14-d interval. 


At I I p.m. on the day before hydrocortisone administration, subjects re- 
ceived 20 m L  (2 mg) of dexamethasone elixir4 orally together with 180 mL 
of water. Dexanicthasone suppresses plasma levels of endogenous hydrocor- 
tisone (2). Hydrocortisone was administered the next morning at 8 a.m. The 
suspension was given in  20 mL of orange juice with additional water to 180 
nil.. Tablcts were given with 180 mL of water and were swallowed whole. 
I leparinixd blood samples (-8 mL) were taken from a forearm vein at 0.10, 
20. 30.45 min. I ,  I .5. 2,3,4,5,6,8.  and I2 h postdose. Plasma was stored at 
-2OOC unt i l  assayed. 


Analytical Procedure--The H PLC-UV assay used to measure hydrocor- 
tisone in plasma was described previously (3,4). The assay is linearly sensitive 
to plasma hydrocortisone concentrations between 5 and 700 ng/mL. The re- 
producibility of the assay is within 4% at the higher concentrationsand within 
8% at the lower concentrations. Suppressed hydrocortisone concentrations 
obtained immediately prior to drug administration were subtracted from all 
measured postdose levels. 


Subjects 


I ( A )  Cortcf intramuscular suspension. 50 mg/mL. Lot No. 0 2 7 F P  The Upjohn 
Co.  


(B )  Corlef. 20 mg. Lot No. 446GT; The Upjohn Co. (C) Hydrocortisone. 20 mg, 
1-01 ho. 9C483: McKcsson Laboratories. ( D )  Hydrocortonc. 20 mg, Lot No. D1048: 
Mcrck Shar .ind Dohme. (E) Hydrocortisone. 20 mg. Lot No. 33993: Richlyn. 


3 Sigma Ehkrnical co . .  St. Louis, MO. 
Decadron Elixir. Lot A 3240: Merck Sharp and Dohmc. 
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'I ahle I-Percentage of Druz Dissolved from Tablets in 30 min in Distilled 
Water at 37°C Using the USP Rotating Paddle Method at 50 rpm' 


Tablet 
Percentage Dissolved 


in 30 minh 


B 93.8 f 1.9 
C 40.2 f 7.4 
D 68.7 f 7.9 
E 7.8 f 1 . 1  


Sce Rcf. 6. Medn f SI).  n = 12. 


Pharmacokinetic and Statistical Analyses-Individual plasma hydrocor- 
tiwnc profiles were interpreted in terms of Eq. 1 (7): 


where C is the conccntration of exogenous hydrocortisone in plasma at time 
I .  / o  is the lag time between drug administration and appearance of exogenous 
drug in plasma, F is the fraction of the dose ( D )  that is absorbed, V is the 
apparent distribution volumc of hydrocortisone in the body, and k, and k,i 
arc first-order rate constants for drug appearance in and elimination from 
pliisnia, respectively. Cumulative drug absorption profiles were constructed 
rroin individual data sets by the method of Wagner and Nelson (8). Model- 
independent estimates of areas under plasma drug concentration curves from 
iero to infinite timc (AUC) were calculated by the trapezoidal rule, with end 
corrcciion where necessary (9). Concentrations of hydrocortisone in plasma 
;II each sampling timc and all pharmacokinetic values were compared with 
trciitinents by analysis of variance for crossover design (10). Differences be- 
tnccn individual treatments were examined using Tukey's test ( I  I ) .  


R ESlJ LTS 


In Vitro Dissolution The mean percentage dissolution of the four tablet 
forinulations is given in Table I. Tablet B dissolved rapidly, dissolution of this 
product being virtually complete in 30 rnin. Dissolution of tablets C and D 
n';ix somcwhat slower than tablet B, while tablet E dissolved even more slowly, 
o\cr 90% of this product being still intact at 30 min. 


In Vivo Bioavailability--The mean plasma levels of exogenous hydrocor- 


tixonc from the suspension and tablet dosages are given, together with standard 
deviations. in  Table I I .  The mean plasma profiles are summarized on a 
wiiilogarithmic scale in Fig. I .  The results of pharmacokinetic analysis are 
given in Table 111.  


following the suspension dose, plasma hydrocortisone levels reached a mean 
peak conccntration of 31 1 ng/mL at 0.5 h. Absorption was somewhat slower 
following the tablet dosages and mean peak levels ranging from 225 to 285 
ng/ml. were obtained at 1.0-1.5 h postdose. After peak levels had been 
achieved. plasma levels from all dosages declined monoexponentially to reach 
iiiean values of I .5-3.5 ng/mL at  I2 h following the tablet doses. and baseline 
values following the suspension dose. The suspension dose tended to yield 
higher plasma hydrocortisone levels compared with the tablets during the 
initial 30-min postdose period. However there were only minor differences 
in plasma levels between all dosage forms at times subsequent to this. 


Thc mean cumulative percentage of doses absorbed during 4 h postdose 
iirc summarized in Fig. 2 (8). Ninety percent of systemically available drug 
with absorbed by I h following the suspension dose and by 2-3 h from the 
tiiblets. The suspension gave rise to significantly higher cumulative absorption 
compared with tablet E at 0.5 and 1 h, but there were no other significant 
trciitment effects a t  any other sampling time. 


There was considerable variation in  some pharmacokinetic parameter 
valucs. both within and between treatments (Table 111). For example, the mean 
v;iluc of ka ranged from 0.9 f 0.4 (SD) to 7.2 f 5.4 h-' for treatments E and 
A. respectively, with other treatments yielding intermediate values, but sig- 
nificant differences (p < 0.05) were observed only between the suspension 
dose and three of the tablet doses. Interpretation of the k, values is difficult 
;is they are influenced by the computer-generated values of 10, which had to 
be arbitrarily fixed while fitting data from treatment E in  order to obtain 
satisfactory convergence. An additional complication is that hydrocortisone 
has bccn shown to obey two-compartment kinetics following intravenous 
;idniinistmtion ( 5 ) .  so that the numerical value of k ,  after oral doses is si- 
multaneously influenced by both distribution and absorption phenomena. The 
viirious treatments did not significantly influence the hydrocortisone elimi- 
nation rate. 


Faster absorption of hydrocortisone from the suspension compared with 
tablets is reflected in high C,,, and low rma, values from treatment A com- 
pared with some of the tablet dosages. The higher C,,, from treatment D 
compared with treatment E was the only significant difference among tablets 
for thc parameters C,,, and rmax. Tablet E gave rise to somewhat slower 


Table Il-Mean Plasma Hydrocortisone Levels following Single 20-mg Doses of Treatment A (Suspension) and Treatments B-E (Tablets) 


Plasma Hydrocortisone, ng/mL 
Treatment 10 min 20 min 30 min 45 min 1 h 1.5 h 2 h 3 h 4 h  5 h  6 h  8 h  1 2 h  


A 
Mean 164 29 I 297 28 I 260 216 173 113 63.6 41.2 23.2 8.4 - O  


s r )  118 77 57 52 45 42 36 37 24.5 20.3 12.8 7.7 - 0  


H 
M c;i n 27.3 I03 I70 219 219 221 210 159 114 67.7 41.9 18.7 3.5 
SD 28.5 68 86 76 68 53 53 70 58 43.6 28.6 15.9 5.8 


c 
Mean 20.8 96 I82 244 250 221 207 144 93 57 354  12.2 1.5 
s r )  25. I 88 I I3 90 68 37 37 57 40 30 19.0 8.8 5.0 


Mean 78 165 22 I 248 259 233 199 132 83.2 49.6 28.7 10.5 1.5 
s r )  115 123 99 67 61 48 49 49 39.0 28.0 17.0 9.4 2.9 


I> 


1.' 
Uean 8.1 60 I32 204 223 230 21 I 148 91 56.0 34.7 15.9 3.2 
s r) 14.1 46 86 I06 102 71 54 40 36 30.5 18.6 12.9 6.4 


a Conccntration not different from predose, baseline value. 


Table Ill-Hydrocortisone Pharmacokinetic Parameter Values (f l SO) 


Treatmen t 
Parameter A B C D E Significanced H S D ~  


A > BCE 3.4 
r 0.17 
- 0.32 
__ 0.15 


k , ,  ( h - ' )  7.2 f 5.4 2.0 f 1.2 2.5 f 2.1 3.9 f 5.6 0.9 f 0.4 
0.66 f 0.22 kci  ( h - ' )  0.53 f 0.20 0.50 f 0. I3 0.62 f 0.37 


1.2 f 0.4 
111 ( h )  


- 0.54 f 0.10 
1.3 f 0.3 I .4 f 0.3 


0.07 f 0.08 


311 f 4 1  252 f 40 267 f 46 285 f 62 225 f 43 A > B E , D > E  49 
0.7 f 0.2 


1.5 f 0.4 
0.19 f 0.24 


I .3 f 0.5 
I1/2.cl ( h )  0.21 f 0.15 0.13 f 0 . 1 3  0.01 f O.Od 


410 f 118 445 f I20 425 f 103 450 f 87 520 f 128 E > A C  110 


1.2 f 0.5 I .O f 0.6 1.4 f 0.6 BCE > A 0.41 
- 168 


I .4 f 0.7 
897 f 204 


0.98 f 0.03 0.99 f 0.01 0.92 f 0.06 
13.5 f 6.1 


1iii;,x ( h )  
- 


A,UC (ng.h/mL) 800 f 168 91 I f 234 821 f 287 858 f 224 
r' p 0.98 f 0.02 0.96 f 0.05 
SS (ng/mL)2 X lo-' * 2.64 f 2.41 5.82 f 3.92 3.17 f 1.63 3.46 f 2.50 


The value of 10 was fixed while fitting treatment E l ama 
h i , )  to 1.q. I to obtain convergence. Observed maximum concentration of hydrocortisone in plasma. /Time of CmaX. 8 Coefficient of determination. r2  = (Zobs2 - Zdev2)/%devz. 
tib1;iinc.d by fitting individual data to Eq. 1 .  * Deviation sums of squares. 


" SIgnlllcdnt level = 95%. Honestly Significant Difference detectable at p < 0.05 (10). No significant differences. 
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Figure 2-Mean cumulative percentage of available hydrocortisone dose 
nhsorbcd by 4 h postdose. Key: (O,! suspension A; (8) tablet 5; (Oj tablet C; 
(A) tnhlet D; (A) tablet E .  


iibsorption compared with both the suspension and Tablet D. but the pa- 
rameter FD/V,  which is equivalent to the AUC normalized for variations in 
k,,.  was significantly higher from treatment E compared with treatments A 
and C. 


The high coefficients of determination for treatments A-D, and also similar 
deviation sums of squares for these treatments, indicate that individual plasma 
data sets were adequately described by Eq. 1. Plasma profiles tended to be 
somewhat more variable from tablet E, and this is reflected in the lower 
coefficient of determination and greater deviation sums of squares for this 
tablet formulation. Numerical values for pharmacokinetic values in this study 
are generally similar to those reported earlier (4,5). 


The HSD values in Table 111 indicate the difference berween parameter 
villues that this study was capable of detecting at the 95% confidence level (10). 
Comparison of the HSD and parameter values indicates that the study was 
capable of detecting a 25% difference between treatments at the 95% confi- 
dence level for all pharmacokinetic parameters except fmx.  where a 29% 
difference could be detected, and k, and 10. for which the study was relatively 
insensitive. 


DISCUSSION 


Previous studies in this laboratory have suggested that hydrocortisone is 
-50-60% available to the systemiccirculation following 10-20-mg tablet or 


- 


- 


suspension doses (4,5). The results of the present study show that incomplete 
absorption of hydrocortisone is probably due to intrinsic absorption effects, 
first-pass hepatic clearance, or both. The similar plasma profiles obtained 
among tablet dosages, despite a 12-fold range in  their dissolution rates, and 
also similar overall absorption efficiency from the tablet and suspension for- 
mulations suggest that dissolution does not play a dominant role in oral hy- 
drocortisone absorption. Our observations with hydrocortisone are similar 
to those reported earlier for prednisolone and prednisone (12. 13). In those 
studies. similar plasma profiles for prednisolone were obtained from oral tablet 
formulations with widely divergent dissolution characteristics in  water. 


Apart from the discrepancies between products C and E in the value of 
FD/V, and between products D and E in the value of C,,,, the four tablet 
products examined here can be considered bioequivalent. However, two of 
the products (C and E) did not meet the official dissolution requirements for 
hydrocortisone tablets, i .e.,  70% dissolution in 30 min (6). Since completion 
of the in vitro dissolution studies, these products have been reformulated to 
meet the official requirements5. 


In  conclusion, the four hydrocortisone tablet products studied here were 
bioequivalent. We conclude that other hydrocortisone products meeting the 
official dissolution test requirement will also be bioequivalent. 
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Host Factors  in Human Carcinogenesis. (IARC Scientific Publi- 
cations, No. 30.) Edited by H. BARTSCH, B. ARMSTRONG, and 
W. DAVIS. International Agency for Research on Cancer, Health and 
Biomedical Information Programme, World Health Organization, 
Geneva 27, Switzerland. 1982.581 pp. 17 X 24 cm. Price $50.00 (Sw. 
Fr. 100). 
Current research on carcinogenesis from many laboratories is beginning 


to elucidate several facets of the complex cascade and progression of 
events that lead from the initiation of the biochemical lesions to the de- 
velopment of metastatic potential. Along with this progress in the areas 
of biochemistry and the molecular biology of cancer, other laboratories 
are reporting both human epidemiological and animal model studies 
which indicate that conditions within the individual at  risk may influence 
the development of cancer and thereby susceptibility. A knowledge of 
the interactions between these “host factors” which influence suscepti- 
bility and the various stages of carcinogenesis will allow for the devel- 
opment of strategies to aid in the prevention of cancer. 


The main goal of this book is to update the knowledge concerning the 
mechanisms by which various factors inherent in the host may alter the 
initiation and developmental progression of events leading to cancer. T o  
meet this goal, the editors have drawn together investigators from the 
most promising research areas concerning host susceptibility to carci- 
nogenesis. 


The volume represents a compilation of papers presented a t  an in- 
ternational symposium and suffers from uneven presentation, as is often 
the case of such volumes. However, it does make the material presented 
available to a larger audience. The individual contributions take the 
format of either short reviews of the literature or reviews of the research 
efforts of a particular labratory and presentations of specific research 
reports. Several of the latter lack sufficient introductory material to 
determine the significance of the studies in the overall field. This problem 
is somewhat overcome by the inclusion of a rapporteur’s report sum- 
marizing and placing in perspective the individual presentations within 
each section. Most areas of the subject are given adequate coverage, with 
the exception of diet and nutrition. Only two reports are concerned with 
this topic (although it is mentioned in several others), which is rapidly 
being shown to be an important host factor in chemical carcinogenesis 
and which is generally under the control of the individual. It is hoped that 
this volume will inspire further studies to develop the mechanisms by 
which factors inherent within the host alter cancer susceptibility. 


Overall, this volume makes a successful attempt to combine the di- 
vergent research interests concerned with the role of various host factors 
in altering susceptibility, and I can recommend it for those who are in- 
terested in developing more knowledge in this area. It will be useful for 
those considering this topic for the first time and even those whose in- 
dividual research interest in host factors do not. allow them to maintain 
current knowledge of the many areas of research concerned with this 
topic. 


Reviewed by Johnnie R. Hayes 
Department of Pharmacology and 


Medical College of Virginia 
Virginia Commonwealth University 
Richmond, V A  23298 


Toxicology 


Techniques of Solubilization of Drugs. (Drugs and t h e  Pharma- 
ceutical Sciences Series, Vol 12.) Edited by SAMUEL H. YAL- 
KOWSKY. Marcel Dekker, 270 Madison Avenue, New York NY 10016. 
1981. 224 pp. 15 X 23 cm. Price $34.50 (20% higher outside the 
US.). 
Techniques of Solubilization of  Drugs is a very useful handbook for 


researchers involved in drug development. The problem and necessity 
of proper solubilization of drugs are nicely discussed in the two chapters 
by the editor, S. Yalkowsky. Of the other four chapters, the one on solu- 
bilimtion in surfactant systems by A. T. Florence deserves particular 
attention, as the author gives a rather complete overview of the subject. 
In the chapter on the solid-state manipulation, probably more attention 
should be given to the very important polymeric carriers and solid dis- 
persions in matrices. The chapter on the use of complex formation for 
drug solubilization appears to use old literature data, and it seems that 
either the approach does not have much use or the field was not thor- 


oughly searched for this review. The chapter on drug derivatization points 
out the importance and, in many ways, how to solve the problem of sol- 
ubility by chemical means, such as prodrugs, but the examples seem to 
concentrate primarily on the potential usefulness of some amino acid 
esters. There are some misquotes from the literature. 


Overall, the book is a very useful one and it defines the highly multi- 
disciplinary field of effecting drug solubility by a variety of manipula- 
tions. 


Reviewed by Nicholas Bodor 
Department of Medicinal Chemistry 
College of Pharmacy 
J .  Hillis Miller Health Center 
University of Florida 
Gainesville, FL 32610 


Diuretics: Chemistry, Pharmacology, and Medicine. Edited by 
EDWARD J. CRAGOE, Jr. Wiley-Interscience, 605 Third Avenue New 
York, NY 10016.1983.694 pp. 15 X 23 cm. Price $80.00. 
Diuretics: Chemistry, Pharmacology, and Medicine is the second 


volume in the “Chemistry and Pharmacology of Drugs” series. The series 
is edited by Daniel Lednicer, and this volume is edited by Edward J. 
Cragoe, Jr. The book has the following two goals: updating the field of 
diuretic research since the last comprehensive review was written by 
George deStevens in 1963 and laying the groundwork for the next era in 
diuretic research. It succeeds admirably on both counts by giving a bal- 
anced account of physiological principles, structure-activity relationships, 
mechanistic considerations, clinical data, and biochemical perspec- 
tives. 


The book begins with a chapter on kidney physiology by Edward H. 
Blaine. Although not an exhaustive treatment, it is appropriate to the 
beginning of the book and serves as a useful digest of information with 
a good list of references. Nine subsequent chapters, describing the medical 
chemistry of diuretics, are divided according to chemical structure. Some 
decisions regarding chemical c l a s  were clearly difficult (4-anilino-3- 
pyridinosulfonamides are found under six-membered heterocycleti rather 
than under sulfonamides), but any confusion is readily cleared up  by 
consulting the index. The emphasis in these chapters is on structure- 
activity relationships: molecules have been dissected and the effect of 
substitution a t  each chemically accessible atom has been tabulated. 


The chapter on sulfonamide diuretics by Richard C. Allen is a com- 
prehensive and thorough treatment of the subject (153 pages). It is richly 
illustrated with figures and tables, and documents with over 700 refer- 
ences the 20 years of development in this area since the deStevens review. 
The chapters on (ary1oxy)acetic acids and 2-aminomethylphenols have 
already appeared in large part in a 1978 ACS monograph, “Diuretic 
Agents,” also edited by Dr. Cragoe. To their credit, the authors (Edward 
J. Cragoe and Robert L. Smith) have updated the tables on older chemical 
series with additional entries and have included new compounds that 
have appeared in the literature between 1978 and 1982. The next six 
chapters-covering pyrazine diuretics, three- and five-membered het- 
erocyclic diuretics, tri- and tetracyclic heterocycles, six-membered mo- 
nocyclic heterocycles, bicyclic heterocycles, and the inevitable “oth- 
ers”-were all written by Dr. Cragoe and maintain a standard of clarity 
and conciseness throughout. 


The book concludes with a chapter on hormonal regulators of the 
kidney (R. L. Smith), which this reviewer found to be a lucid and scholarly 
synthesis of a large amount of diverse information (600 references). This 
chapter succeeds in bringing together the myriad effects and complex 
interrelationships among antidiuretic hormone, the renin- 
angiotensin-aldosterone system, the kallikrein-kinin system, and the 
prostaglandins, as well as considering the poaaible role of the hypothetical 
natriuretic hormone. 


Throughout the book, tables have been effectively used to clarify 
structure-activity relationships, and the chapters have a logical organi- 
zation, which is reinforced with a detailed outline at the beginning of each 
chapter. Inexplicably, the figures and tables are printed with a quality 
that varies from sharp to almost smudged. Although not a serious flaw, 
this reviewer found it an unfortunate distraction in a book that is oth- 
erwise crisply reproduced. Also distracting is the use of various scoring 
systems (rather than actual data) to present diuretic activity in several 
chapters. Although the format in which data were presented was clearly 
out of the authors’ control in most cases, these scoring systems never- 
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High-Performance Liquid Chromatographic Assay for 
Sodium Levothyroxine in Tablet Formulations: Content 
Uniformity Applications 
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Abstract 0 Sodium levothyroxine was quantitated in 25-300 pghablet 
formulations. The procedure consisted of pulverization of a suitable 
sample, extraction into acetonitrile-water (40:60, v/v) containing 0.05% 
o-phosphoric acid, and injection onto a bonded-phase cyanopropyl col- 
umn; the effluent was monitored by UV detection a t  225 nm. Spiked 
placebo recovery studies demonstrated the linearity of the method over 
the range of 80-120% of the label claim. Stability studies indicated that 
no degradation products or excipients interfered with the quantitation 
of the intact drug. Data demonstrating the accuracy and precision of this 
assay are presented, and the method was applied to the measurement 
of single-tablet content uniformity. 


Keyphrases 0 Sodium levothyroxine-assay in tablet formulations, 
content uniformity, high-performance liquid chromatography Content 
uniformity-single-tablet, sodium levothyroxine, high-performance 
liquid chromatography 0 Thyroid hormones-single-tahlet content 
uniformity, high-performance liquid chromatography, sodium levothy- 
roxine 


High-performance liquid chromatography (HPLC), an 
increasingly popular procedure for the quantitation of a 
variety of medicinally important compounds, is particu- 
larly useful for the quantitation of drugs whose active 
components are present in extremely low concentrations, 
labile, and/or possess great biological activity. The syn- 
thetic thyroid hormones levothyroxine and liothyronine 
are good examples, typically present at  levels of 3-300 
Fghablet. Historically, analyses of these hormones have 
been complex, often nonspecific (based on iodine content), 
required tedious sample preparation, and frequently re- 
quired large samples (1). 


Recently, a number of GC methods have been described 
for the quantitation of thyroid hormones in serum and 
tablet dosage forms (2-9). However, none of these proce- 
dures are capable of determining the stability of the active 
drug in the presence of its degradation products. In this 
report, an HPLC assay is described for sodium levothy- 
roxine, which possesses sufficient sensitivity for single- 
tablet content uniformity studies. The sample preparation 
procedure is simple, and the method is capable of accu- 
rately determining the amount of active drug in the pres- 
ence of degradation products. 


BACKGROUND 


The USP XX monograph for the analysis of sodium levothyroxine is 
based on the estimation of iodine content (1). This method is neither 
specific nor stability indicating, because it is unable to distinguish be- 
tween active drug and iodine-containing decomposition products. 
Moreover, this method is quite insensitive, requiring 3 mg of sodium le- 
vothyroxine per assay. This assay requires 120 tablets of the 25-pg dosage 
form and, therefore, is not applicable to the determination of single-tablet 
content uniformity. 


A survey of the literature indicated a number of analytical methodol- 
ogies for the analysis of sodium levothyroxine (1-9); however, most were 
either nonspecific or insufficiently sensitive. Recently, two HPLC pro- 
cedures for the determination of synthetic thyroid hormones in tablets 


were published, both using reverse-phase C-18 columns (8, 9). These 
procedures, while suitably accurate and precise, were not demonstrated 
to be stability indicating. We found that the quantitation of sodium le- 
vothyroxine by these methods was complicated by interferences observed 
in aged samples. 


EXPERIMENTAL 


Materials-Levothyroxine and liothyronine reference standards were 
obtained from the U S .  Pharmacopeial Convention. 3,5-Diiodo-~-thy- 
ronine was obtained commercially'. All chemicals were reagent or spec- 
trophotometric grade. 


Instrumentation-A modular chromatograph was used consisting 
of a constant-flow pump2, a fixed-loop injector?, a variable-wavelength 
UV detector operating a t  225 nm4, and a strip-chart recorder5. A suitable 
data system, equipped with a data interface printedplotter was also 
used6. A bonded-phase cyanopropyl column7 was used with a mobile 
phase of acetonitrile-water-phosphoric acid (4060:0.05, v/v/v) a t  a flow 
rate of 1-2 mL/rnin. The mobile phase was deaerated prior to use. 


Procedure-The average weight of 20 tablets was determined. The 
tablets were then ground to a fine powder, and a sample weight equivalent 
to -100 wg of sodium levothyroxine was transferred to a 16 X 125-mm 
culture tube (equipped with a polytef-lined cap). Two glass beads were 
added to serve as an internal ball mill. Mobile solvent (10.0 mL) was then 
added to the tube, and the solution was vigorously mixed for 5 min using 
a vortex mixer. The solution was then centrifuged; the clear supernatant 
was used for the assay. 


Content uniformity was established using single tablets with the ad- 
dition of 10.0 mL of mobile solvent, as stated above, for the 25-150-wg 
dosage forms and 20.0 mL of mobile solvent for the 175-300-pg dosage 
forms. Sodium levothyroxine concentrations were determined by direct 
comparison with a standard solution. The standard solution was prepared 
using levothyroxine sodium reference standard USP, the concentration 
of which was corrected for the sodium content. 


Spiked Placebo Recovery Procedure-Placebo material was pre- 
pared containing all of the excipients found in the 25-300-pg tablet for- 
mulations. Aliquots from solutions of mobile solvent containing 80,100, 
and 120% of the theoretical formulated amount of sodium levothyroxine 
were added to the placebo material, and the resultant solutions were 
carried through the sample preparation procedure. The recoveries for 
sodium levothyroxine were 99-100% (Table I). 


The precision of the assay was determined during the spiked placebo 
recovery study. Relative standard deviations of f0 .5  and f0.12% were 
determined for the 25- and 300-pg formulations, respectively. Replicate 
analyses (n = 6) of the 25- and 300-pg tablets, each from a single com- 
posite, demonstrated sample-to-sample relative standard deviations of 
f0.96 and f0.35%, respectively. 


Stability-Indicating Properties-The stability-indicating properties 
of the method were established by subjecting sodium levothyroxine bulk 
material, as well as the finished tablets, to extreme stress conditions 
designed to produce degradation products similar, or identical to, those 
which might he expected to occur under various storage conditions. 


Single-Tablet Content Uniformity-The HPLC method was also 
applied to a single-tablet content uniformity assay. The only modification 
necessary for this purpose was an increase in the sample volume required 
for the larger dosages. 


1 Sigma Chemical Co., St. Louis, Mo. 


4 L.D.C. Spectromonitor 111. 


6 Sigma 10, Perkin-Elmer Co. 
7 Zorbax-CN, DuPont Co., Wilmington, Del. 


Model llOA, Beckman Instruments, Inc. 
Model 7125, Rheodyne. 


Omniscribe Recorder. 
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Table I-Spiked Placebo Recovery Studies for Sodium 
Levothyroxine Tablets 


Formulated Formulated 


(Nominal), % Recovered, % Recovery, % 
Dosage, Amount Added Amount 


25 80 79.5 99.3 
80 79.9 99.9 
80 79.4 99.3 


Mean f RSD 
300 


100 
100 
100 
120 
120 


99.7 99.7 
99.8 99.8 
99.6 99.6 


121.3 101.1 
119.8 99.9 


120 120.0 100.0 
99.8 f 0.50 


80 
80 
80 


100 
100 
100 
120 
120 
120 


Mean f RSD 


80.2 100.2 
79.8 99.8 
80.6 100.7 


100.1 100.1 
99.3 99.3 
99.9 99.9 


120.0 100.0 
119.9 99.9 
120.3 100.2 


100.0 f 0.12 


RESULTS AND DISCUSSION 


A literature method was chosen as a starting point for the development 
of a stability-indicating assay for sodium levothyroxine in tablets (8). This 
method used a C-18 column with a mobile phase of methanol-water 
(5050, v/v) containing 0.1% phosphoric acid. The method demonstrated 
excellent resolution between the diiodothyronine, triiodothyroxine, 
isotriiodothyronine, and levothyroxine peaks. However, under oxida- 
tive-degradation conditions, the method failed to resolve an unidentified 
impurity from the levothyroxine peak. Using several other reverse-phase 
columns, it was not possible to obtain results satisfactory for a stabil- 
ity-indicating method. A bonded phase cyanopropyl column was then 
investigated, as the nitrile group is of medium polarity and would be 
expected to afford a highly selective mode of separation. A mobile phase 
of acetonitrile-water (40:60, v/v) containing 0.05% phosphoric acid 
demonstrated excellent resolution between diiodothyronine, triio- 
dothyroxine, isotriiodothyronine, levothyroxine, and other related 
compounds (Fig. 1). Significantly, the previously noted oxidative-deg- 
radation product, which was only partially resolved from the levothy- 
roxine peak, did not interfere in this system. 


I t  was observed that altering the acetonitrile concentration of the 
mobile solvent had little effect on the retention time of levothyroxine, 
whereas varying the phosphate ion concentration of the mobile solvent 
changed the retention time dramatically. This indicated that the sepa- 
ration mechanism was a form of ion suppression. In agreement with this 
was the observation that the retention time of levothyroxine decreased 
with increasing phosphate ion concentration. 
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Figure 1-Chromatogram of sodium leoothyroxine and related com- 
pounds obtained on a bonded-phase cyanopropyl column using a mobile 
solvent of acetonitrile-water-phosphoric acid (40:60:0.05, u/u/u). 


Table 11-Assay of Sodium Levothyroxine Tablets by the HPLC 
Method a 


Percent of 
Dosage, Composite Tablet Labeled 


Sample pg Age Assay Strength 


1 


I 
8 
9 


10 
11 
12 
13 
14 


25 20months 
25 4 months 
50 Initial 
50 Initial 


100 Initial 
100 Initial 
125 Initial 
150 Initial . 
150 Initial 
200 Initial 
200 Initial 
200 Initial 
300 Initial 
300 Initial 


~ ~ -~ 


23.3 93.2 
24.2 96.9 
50.3 101 
50.3 101 


105.0 105 
102.0 102 
135 108 
152.0 101 
156.0 104 
206 103 
206 103 
213 
316 
316 


107 
105 
105 


All values were obtained for separate lots of sodium levothyroxine tablets. 


Samples for assay were prepared by taking the tablet weight equivalent 
of 100 pg of sodium levothyroxine and extracting it into 10 mL of mobile 
solvent (Table 11). The extract was then injected into the HPLC system, 
along with levothyroxine reference standard USP, a t  a concentration of 
-10 pg/mL using a 100-pL injection loop (Fig. 2). The standard curve 
was constructed from eight concentration levels of standard solution. The 
plot of peak area versus the concentration of levothyroxine was linear 
over the range of 1-13 pg/mL (100-1300 nghnjection) as confirmed by 
a correlation coefficient of 0.999. 


A spiked placebo recovery study was performed for sodium levothy- 
roxine tablets a t  80,100, and 120% of the theoretical formulated amounts 
for both the 25- and 300-pg tablets. The results (Table I) demonstrate 
a mean recovery for sodium levothyroxine of 99.8% and 100% for the 25- 
and 300-pg tablets, respectively. Their respective relative standard de- 
viations were f0.50 and f0.12%. 


2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 
MINUTES 


B 


- 


2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 


MINUTES 
Figure %--Typical chromatograms of sample (A) and standard (B) 
preparations of sodium leuothyroxine. See  text  for details. 
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Table 111-Degradation of Sodium Levothyroxine Raw Material  
and Finished Tablets Under Various Conditions a 


Table V--300-pg Sodium Levothyroxine Tablet  Content 
Uniformity versus Composite Assay Results 


Degradation Amount 
Conditions Reagents Time, h Recovered, % 


Content Uniformity Assay 
Amount Found. 


Tablet Tablet Wt., mg pg/Tablet 
Raw Material 


Thermal 80°C 168 
Hydrolytic 0.1 M NaOH 87.5 


0.1 M HCI 44 


100.8 
90.6 
92.8 
37.5 


98.9 


101.4 


1 
2 
3 


87.68 
88.44 
89.21 
89.07 
87.49 


303.27 
299.55 
302.25 
305.48 Oxidative tert- butyl 1 


bydroperoxide 
Photochemical UV light 144 


4 
5 
6 
7 
8 


306.48 
303.00 
305.08 
311.51 
292.96 


87.42 
89.27 
90.55 
86.60 


(shortwave) 
UV light 48 


(longwave) 9 
10 88.96 301.37 


Mean f RSD 303.10 f 1.60 


Composite Assaya 


Sample Dosage Strength, pg pg/Tablet 
Amount Found, 


Intact Tablets 
Photochemical UV lieht 168 91.9 


50.0 
(longwave) 


Thermal 8OoC in air 168 


a There were no HPLC interferences for any assay. 


Table IV-25-pg Sodium Levothyroxine Tablet  Content 
Uniformity versus Composite Assay Results 


1 
2 
3 


Mean f RSD 


300 299.57 -.. 


300 
300 


~ . .  ~. 


302.35 
302.54 
301.49 f 0.55 Content Uniformity Assay 


Tablet Tablet Wt., mg pg/Tablet 
Amount Found, All composite samples were unaged. 


1 86.09 
86.75 
87.63 
88.43 
86.80 
87.30 


23.20 
24.43 
24.25 
25.27 
24.26 


The assay was also used for a study of single-tablet content uniformity. 
The results of this study are presented in Tables IV and V for 25- and 
300-pg tablets, respectively. These data demonstrat,e a good correlation 
with the tablet composite assay results also presented in the Tables. The 
only modification made to the assay was the use of a 20.0-mL aliquot of 
the mobile solvent for the 175-300-pg tablets to adjust the concentration 
to a suitable level. 


The HPLC assay method for the determination of sodium levothy- 
roxine in tablets has been demonstrated to be accurate, precise, and 
stability indicating. The method is simple, specific, and rugged, and is 
applicable to single-tablet content uniformity determination. 


2 
3 
4 
5 
6 
7 


24.22 
23.52 
23.81 


87.12 
87.29 
88.35 


8 
9 24.15 


23.63 
24.07 f 2.41 


10 
Mean f RSD 


85.46 


Composite Assay” 


Sample Dosage Strength, pg pg/Tablet 
Amount Found, 


REFERENCES 
1 25 23.88 
2 25 23.90 
3 25 23.97 


Mean f RSD 


(i All composite samples were unaged. 


The degradation studies performed for sodium levothyroxine using 
the proposed method indicated that under oxidative, photochemical, 
hydrolytic, and thermal conditions, no degradation products were pro- 
duced which interfered with the sodium levothyroxine peak. In these 
studies, there was little degradation of sodium levothyroxine via UV light 
(both short- and longwave) or via the thermal conditions utilized (Table 
111). However, oxidative degradation studies indicated that sodium le- 
vothyroxine may be subject to oxidative degradation by this means. So- 
dium levothyroxine was also moderately degraded under hydrolytic 
conditions (Table 111). 


Tablet recovery uersus extraction time (1-10 min) indicated a rapid 
leaching of sodium levothyroxine from the tablet matrix. From these data 
a mean leaching time of 5 min was established for routine use. 


23.92 f 0.20 
(1) “The United States Pharmacopeia,” 20th rev., US. Pharmacopeial 


(2) E. P. Lankmayr, B. Maichin, G. Knapp, and F. Nachtmann, J .  


(3) F. Nachtmann, G. Knapp, and H. Spitzy, J .  Chromatogr., 149,693 


(4) B. Petersen, R. Hanson, R. Giese, and B. L. Karger, J.  Chromatogr., 


Convention, Rockville, Md., 1975, pp. 282, 286. 


Chrornatogr., 224,239 (1981). 


(1978). 


126,503 (1976). 
(5) G.  Skellern, M. Mahmoudian, and B. Knight, J .  Chromatogr., 179. 


213 (1979). 
(6) M. Hearn, W. Hancock, and C .  Bishop, J .  Chromatogr., 157,337 


(7) D. Smith and J. Graham, J .  Assoc. Off. Anal. Chem., 62, 818 


(8) R. S. Rapaka, P. W. Knight, and V. K. Prasad, J .  Pharm. Sci., 70, 


(1978). 


(1979). 


131 (1981). 
~~ ~ I ~~ 


(9) D. J. Smith, M. Biesemeyer, and C. Yacin, J .  Chromatogr. Sci., 
19,17 (1981). 
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National Cancer Institute, although not against P388 lymphocytic leu- 
kemia. 


The data in Table IV was generated as follows. Compound Ila was dissolved 
in saline and administered to mice hosting tumors 1-3 by the subcutaneous 
route and intraperitoneally in the remaining cases. The xenografts (tumors 
1-3) were inoculated into NU/NU athymic Swiss mice by subcutaneous in- 
jection. The activity recordcd is the mean tumor weight change between day 
0 and the final evaluation days which were 15, 1 I ,  and 11 d, respectively. The 
CD8Fl mammary and colon 38 tumors in  CD8FI and B ~ C ~ F I  mice, respec- 
tively, were evaluated after 34 and 20 d. The activity noted for the CD8Fl 
mammary tumor was the median tumor weight change, and for the colon 38 
tumor, the median tumor weight was estimated from the diameter of the 
tumor. The 816 melanocarcinoma was injected intraperitoneally into B L C ~ F I  
mice and evaluated on day 60. Both L1210 and P388 leukemias were injected 
by the intraperitoneal route into CDzFl mice and evaluated on day 30. The 
Lewis lung carcinoma was injected intravenously into B ~ C ~ F I  mice and 
evaluated on day 60. The activity of the last four tumors is expressed as  the 
effect on median survival time. The toxicity of Ila uersus the nine tumors listed 
in Table IV was evaluated on days 15. 11 ,  1 1 ,  34.20, 5, 5 ,  5, and 5, respec- 
tively. 


Disposition Studies with Ila-Doscd male Wistar rats, weighing 220-250 
g (first trial), 285-300 g (second trial), and 240-250 g (third trial) were in- 
jected with Ila dissolved in sterile saline (0.9% w/v) by the intraperitoneal 
route, while control animals received sterile saline (0.9% w/v). All animals 
were necropsied after sacrifice, and the following tissues were fixed in 10% 
buffered formalin: lung, heart, thymus, trachea, thyroid, liver. spleen, pan- 
creas, kidney, adrenal, stomach, duodenum, jejunum, ileum, cecum, colon, 
rectum, lymph nodes, bladder, and reproductive organs. Tissues were processed 
routinely, sectioned at  5 pm, and stained with hematoxylin and eosin. 
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Abstract 0 The tackiness of coating solutions containing high concentrations 
of polymers was determined using a parallel plate technique. Kinematics of 


in practice, display “delayed elastic effects” and require far larger impulses 
than nontacky materials. 


the film-splitting process was also investigated using a high-speed movie 
camera. ~h~ results showed that the impulse required to sp l i t  a liquid film of Keyphrases 0 Film-coating solutions-tablets, tack behavior, viscosity, 
highly solution in to a dilute so- concentrated polymer solutions 0 Viscosity--film-coating solvents for tablets, 
jution is related not to viscosity, but lo the internal structures of the system, tack behavior, concentrated polymer solutions 0 Polymers-concentrated 
Evidence has been found that the materials that are considered to be tacky solutions, viscosity. tack behavior, film-coating of tablets 


The technique of film-coating solid dosage forms has grown 
at an accelerating rate, employing a wide variety of materials 
and coating systems (1-3) .  One of the factors affecting the 
tablet-coating process is the tackiness of the coating formu- 
lations. The concentration of the film formers used in these 
coating formulations depends on the molecular weight, grade, 


and chemical structure of the polymers (4). Generally, the 
concentration of a polymer used in a film-coating formulation 
ranges from 2 to 10% ( 5 ) .  During the drying phase of the 
coating process, evaporation of the solvent occurs. Conse- 
quently, the concentration of the polymer increases, giving rise 
to increasing tackiness until the deposited film is esscntially 
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Figure 1-liquid flow between parallel plates. 


free of solvent (6). The tackiness of various coating solutions 
containing relatively low concentrations of polymers has been 
measured using a parallel-plate technique (7). The present 
study quantifies the tackiness of coating solutions containing 
high concentrations of polymers, i .e. ,  high-viscosity solu- 
tions. 


BACKGROUND 


In a previous communication (7),  it was suggested that the relationship 
between tackiness and viscosity of coating solutions is nonlinear, and the 
following modified Stefan equation was proposed: 


whereft (tack) is the impulse per unit area required to separate two planes, 
initially in contact, through an intervening liquid; 7 is the viscosity (in poises) 
of the liquid; r is the radius (in centimeters) of the plates; hl and h2 are the 
initial and final thickness (in centimeters) of the liquid film; and k’ is the in- 
strumental factor. 


The above relationship was found to be satisfactory, provided that the rate 
of separation of plates joined with a liquid of given viscosity was below a certain 
limit. The upper limit of the speed of separation beyond which the experi- 


rnb 


Figure 2-Schematic diagram of tack measuring assembly in conjunction 
with a high-speed movie camera. Key: (a) load cell 500- or 5000-g capacity; 
(b) crosshead bar: (c) stainless steel probe r = 0.5642 cm: (d) stainless steel 
ring: (e) circular space; Ifl glass plate: (g) pin; (hi high-speed movie camera; 
(i) knob for moving stage; (j) telemicroscope. 


TIME,s 


Figure 3-Stress-time oscillograms at various rates of separation for 30% 
(w/w) aqueous solution of povidone. Key: (a) 8.33 X cmfs; (b) 1.66 X 


cmfs: (d) 8.33 X cmls; (e) 1.66 X 10-1 
cm/s. 


mental tack values obtained are lower than those predicted by EQ. 1 decreases 
with increase in the viscosity of a solution. An earlier study (8) on the tackiness 
of inks suggested that a rapid film separation does not occur by liquid flow, 
but is the result of a viscoelastic response of the liquid, which may react as a 
solid towards rapidly applied stress. This theory was later supported by another 
study performed on the kinematics of liquid film separation (9). Other studies 
(10, 11) acknowledged the existence of limits beyond which obedience to: 


cm/s; (c) 3.33 X 


by Stefan may not be expected, but the authors rejected the basic tenets of 
the viscoelastic theory in their explanation of film splitting at high rates of 
separation. These authors suggested that at high rates of separation, the flow 
conditions consistant with the above equation are upset by theonset of cavi- 
tation, which sets upper limits to the force of separation. On this basis the 
limiting force should be independent of the liquid and the initial distance be- 
tween the plates. This is contrary to the results obtained experimentally. In 
the present study, an attempt is made to clarify the aforementioned dis- 
crepancies. 


Consider two flat circular plates of radius R arranged parallel to each other 


T 1 M E . I  


Figure 4-Stress-time oscillograms at various rates of separation for 60% 
(w/w) aqueous solution of povidone. Key: (a) 3.33 X lo-’ cmfs; (b) 8.33 X 


cm/s: (c) 1.66 X cmfs: (e) 8.33 X 10-2cmfs; 
# 1.66 X 10-lcm/s. 


cmfs; (d) 3.33 X 
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Table I-Tack Values of 30 and 60% (w/w) Aqueous Solutions of Povidone 
and Lecithin at Various Rates of Separation’ 
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Figure 5-Stress-time oscillograms at carious rates of separation for lecithin. 
key: (a) 3.33 X lo-’ cm/s; (b) 8.33 X IO-’cm/s; (c) 1.66 X cm/s: (dj 
3.33 X 


and initially in contact through an interlaycr of liquid of thickness ho (Fig. 
I ) .  When the plates are separatcd, the liquid from the periphery moves toward 
the center of the plates. This centripetal flow of the liquid is directly caused 
by the pressure difference between the peripheral and the central portion of 
the liquid layer ( I  2) .  


When the distance ho between the plates increases by dho in dt seconds, 
the volume of an imaginary cylinder of a radius r between the platcs, increase$ 
by nr2dhG This volume increax is equal to the volume of liquid that must flow 
from the periphery into the above cylindrical space within the same time in- 
terval. The viscous force acting on the above volume of liquid of viscosity q 
is given by q.d2u/dh2.2r.rdr.dh. Here u is the linear viscosity of flow at the 
point (r,h). Therefore, the force F needed to separate the plates must be equal 
to the above viscous force. If the volume of liquid flowing at time dt into the 
cylindrical space *r2dho is less than the latter, thcn the force F needed to 
separate the platcs will be a fraction of the theoretical value. 


With the incrcase in the concentration of a polymer in solution due to 
evaporation of the solvent during the coating process, a transition from low- 
vixosity solution to high-viscosity solution, followed by highly viscous solutions 
(semisolids) occurs. until a solid state is reached. In other words, the fluidity 
of the solution decreases with the increasc in the concentration of the polymer. 
Therefore. it may be difficult for highly concentrated solutions of polymers 
to flow into thecylindrical space between the parallel plates according to the 
conditions described earlier. Furthermore, i t  is also likely that no flow occurs 
at all in  the case of semisolids. Therefore, for highly concentrated solutions, 
the film separation process may be different from the one described above for 
the tack equation. Based on these considerations, experiments were designed 
to study simultaneously the kinematics and dynamics of the film separation 
process. 


cmls; (e) 8.33 X cmfs; fl 1.66 X lo-’  cm/s 


EXPERIMENTAL 


Materiak-Polymers used in this study were hydroxypropyl methylccllulw 
(5 cps)’, hydroxypropyl cellulose2, and pvidone.  Solutions of polymers were 
prepared in distilled water. Lecithin4. a Newtonian liquid, and white petro- 
la tum~~,  a semisolid gel, were also used. 


Preparation of Solutions-The solutions of hydroxypropyl methylcellulose 
( 5  cps) and hydroxypropyl cellulose were prepared by first dispersing the 
polymers in distilled water at 7OoC and SOOC, respectively. and then cooling 
the dispersions with ice-cold water to 25OC to obtain clear solutions. The so- 
lutions of povidone were prepared by simply dissolving the polymer in  water 


1 Methocel “l? Premium (LISP). The I h w  Chemical Co. .  Midland. Mich 
Klucel L F; Hercules, Wilmington. Del. 
Polyvinyl yrrolidone Platdone K 29-32;GAF Corp.. Linden, S.J. 
Lecithin Technical: Anachemia Chemicals Ltd.. MontrCal, Canada. 
Ointment base No. 6; Penrcco. Butler. Pa. 


f t .  g/cm/s 
Aqueous Solution of Povidone 


Rate of Scparation. 30% ( w / w )  600100 (w/w) Lecithin 
cmfs (q = 0.93’poise) (Pseudopiastic) ( q  = 62 poises) 


~ 


3.33 x 10-3 9.02 x 105 3.88 x 105 
8.33 x lo-’ 2.30 x 104 9.45 x 105 3.87 x 105 
1.66 X 2.40 x 104 8.40 x 105 3.86 x 105 
3.33 x 10-2 2.45 x 104 7.65 x 105 3.75 x 105 
8.33 X 2.35 x 104 5 . 3 2  x 105 2.65 x 105 
1.66 X lo-’ 2.42 x 104 6.28 x 105 1.8: x 105 


“h i  = 0 .00108cm.  


at 70°C. All solutions were allowed to stand at  2 5 T  until free of air bub- 
bles. 


Measurement of Viscosity-All measurements were made on a rotational 
cup-and-bob viscometcr6 in conjunction with a strip-chart recorder’. The 
temperature of solutions was held constant a t  25°C. The cup-and-bob ge- 
ometry was varied according to the viscosity of the sample. 


Tack Measurement Assembly -Tack measurements were made using a 
tensile testing machinen. A schcmatic diagram of the tack measurement as- 
sembly has been described in our previous report (7) .  


Assembly for Kinematic Study-Figure 2 illustrates the setup of a 16-mm 
high-spccd motion picture cameraY in conjunction with the tack measuring 
assembly. The movie camera is capable of taking 4000 framesfs. A mechanical 
switching device simultaneously starts the movie camera and the upward 
movement of the crosshead bar (b)  of the tensile tester. 


Measurement of Film Thickness and Tad-The method for measuring the 
thickness of the liquid film has been described in our previous report (7). After 
adjustment of the thickness of the test liquid, the crosshead bar was allowed 
to move upward at a specified speed. The film separation events were rccorded 
on a storage-type oscilloscopeio, where the separation force ( F )  wasdisplayed 
as a function of time. All measurements were made at 25OC. and a minimum 
of six measurements were taken for every test solution at each separation rate. 
The experimental tack values were within a margin of error of f6%. 


RESIJLIS AND DlSCUSSIOlV 


Tack Behavior of Solutions Containing High Concentrations of Polymers 
(High-Viscosity Liquids) -Rheograms of 30 and 60% (w/w) aqueous solutions 
of povidone revealed the former to be Newtonian, whereas the latter is pseu- 
doplastic in nature. The stress-time oscillograms obtained at  various rates 
of separation of these solutions are shown in Figs. 3 and 4, respectively. and 
show that as  the time of separation decreases, the peak force of separation 
incrcases. This response by the above liquids is similar to the one reported for 
the solutions containing relatively low concentration of various polymers (7). 
The oscillograms for the 60010 solution of povidonc at rates of separation 58.33 
X lo-’ cm/s, are similar in shape to those for the 30% povidone solution at 
all rates of separation studied in this investigation. However, the oscillograms 
obtained for the 60% polymer solution vary in shape when the rates of sepa- 
ration are >8.33 X cm/s. This change in  shape of the oscillograms at 
higher rates of separation was also observed in the case of lecithin. a high- 
viscosity Newtonian liquid. In this case, the upper limit of the rate of separation 
beyond which the oscillograms &gin to vary in shape is 1.66 X 1 0 - 2  cm/s (Fig. 
5 ) .  


The tack values of the above solutions are given in Table I .  The tack was 
calculated by dividing the area under the curves of the stress-time oscillograms 
by the s u r k e  area of thc probe. Table I shows that for a 30010 (w/w) aqueous 
solution of povidone. tack is independent of the rate of separation. This is in 
agreement with Eq. I .  However, the tackiness of the 60% polymer solution 
dccrcased with an incrcase in separation rates at >8.33 X cm/s. This 
decrease in tack values cannot be attributed solely to the pseudoplastic nature 
of the above solution, since the tackiness of lecithin, a Newtonian liquid, also 
decreased at rates of separation > I  .66 X 


The above results suggest that there is an upper limit to the rate of sepa- 
ration beyond which the shapes of the oscillograms begin to vary, regardless 


cm/s (Table I ) .  


Rotovisco; Brinkmann Instruments. Inc.. Westbury. N.Y.  ’ lloneywell Electronik 194 Recorder; Honeywell Ltd.. Montrfal. Quibcc. 
Canada. ” lntrron Tensilc Tester Model 1122; lnslron Canada. Burlington. Ontario. 
Canada. 


Hycarn. Model p K2OS4E; Kifer Industrial Park, Santa Clara, Calif. 
10 Model 5 1  13 with SBI2N time base and two SA26 dual differential amplifiers; 


Tektronix Inc.. Beaverton, Ore. 
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Figure 6-Types of liquid flow patterns duringfilm separation. 


of the flow behavior of the liquid. However, there is one noticeable difference 
between the shape of the oscillogram of lecithin and that of the 60% povidone 
solution obtained at  a rate of separation of 1.66 X 10-I cm/s. The slope of 
the ascending portion of the oscillogram (Fig. 5f) of lecithin is constant, 
whereas that for povidone solution (Fig. 4f) decreases gradually. The reason 
for this difference can be explained by simultaneously studying the kinematics 
and dynamics of the film-splitting process. 


Kinematics of Film Splitting-The high-speed motion picture of the film 
separation process revealed four main patterns of liquid film splitting. The 
schematic diagrams of the film-splitting patterns as  observed by projecting 
the high-speed movie are illustrated in Fig. 6. 


Type /-Figure 6a--d represents the various stages of type I film-splitting 
pattern. The shapes of the oscillograms obtained for this pattern of film 
splitting are similar to those presented in Fig. 3. The first portion, i.e., from 
to to 1 1  of the ascillogram (Fig. 3a), displays an increase in force which reaches 
a maximum. This is due to upward movement of the probe, which produces 
an increasing tension in the liquid until it begins to flow toward the center of 
the probe in order to relieve its strain (see Fig. 6b). The force required to 
maintain the centripetal flow is represented by the portion 1 1  to 1 2  of the os- 
cillogram (Fig. 3a). This portion shows a gradual decrease in force from peak 
to zero. At 12, the diameter of the base of the liquid column as seen from the 
bottom of the glass plate is at its minimum. Any further increase in the gap 
between the probe and the plate does not lead to further centripetal movement 
of the liquid, but rather to a necking-down of the column which eventually 
splits (see Fig. 6d). In cases such as above, the experimental ft is equal to that 
calculated using Eq. 1. Therefore, this pattern of liquid film splitting is in 
accordance with the theoretical consideration. 


Type If-The various stages followed by the type I I  pattern of liquid film 
splitting are shown sequentially in Fig. 6e-g. The corresponding oscillogram 
is presented in Fig. 4c. The increase in force exhibited by the ascillogram from 
to to 1 1  is due to the increase in strain in the liquid before it begins to flow. The 
initial velocity of centripetal flow of the liquid is slower than the corresponding 
vertical movement of the probe. During this period a rapid decrease in force 
occurs. This is represented by the oscillogram (Fig. 4c) from t l  to r 2 .  From 
1 2  to 1 3 .  the velocity of the centripetal flow of the liquid increases. but does not 
keep pace with the rate of increase in the gap between the probe and the plate. 
During this time interval, the force gradually decreases to zero. At 13,  the 
diameter of the base of the liquid column is larger than that shown in Fig. 6f. 
The final separation takes place by necking-down of the hourglass column 
(Fig. 6s). The above observations clearly show that the centripetal flow of the 
liquid is not achieved within the time of creation of the cylindrical space be- 
tween the probe and the plate. This means that the conditions described for 
the tack equation are not met. Therefore. in this type of film separation pattern, 
the value of experimentalft is less than that predicted by Eq. I .  


Type ///-The oscillogram (Fig. 4d) corresponds to the film separation 
sequence shown in Figs. 6h-j. As soon as the tension in the liquid reaches its 
maximum, i.e., at t i  in Fig. 4d, the liquid begins to move centripetally but in 
irregular fashion. This type of movement leads to “channeling” of the liquid 


1lYE.. 


Figure I-Stress-time oscillogram at rate of separation of 8.33 X lo-? cm 
for a 70% ( H ~ w )  aqueous solution of povidone; hl = 0.00216 cm. 


and produces a rapid decrease in force as shown by the portion 1 1  to r 2  of ti 
oscillogram. The liquid in channel form continues to move toward the a)  
of the plate. This results in a gradually decreasing force as depicted by t 
portion 12 to 1 3  of the trace. The column arising out of the channeled liqu 
is not cylindrical (Fig. 69. The channel formation of the liquid (Fig. 6j) e 
be seen even after film splitting. As in type 11, the value of the experimeni 
ft is lower than the predicted value. 


Type fV-The oscillogram (Fig. 4f) corresponds to the film-splitting ge- 
quence shown in Figs. 6k-m. When the strain in the liquid is increased, a rapid 
linear increase in force from 10 to t I is recorded. From 1 1  to r 2 ,  an increase in  


force continues but with decreasing slope. Since no centripetal flow occurs 
from 10 to 12. the decreasing slope of the increasing stress from t I to 12 couild 
be attributed to the orientation of polymer molCcules toward the direction of 
flow, thereby reducing the internal resistance of the material until the f l o w  
begins (12). With the further increase in the gap between the probeand t h e  
plate, the liquid moves toward several points instead of moving toward dhe 
center of the plate. This eventually leads to the formation of several filamemts 
(Fig. 6m). During this time, the separation forcedecreases, first rapidly and 
then gradually until it reaches zero, at 1 3 .  


The increase in force with decreasing slope as shown by the portion t i  to 
12 of the oscillogram for povidone (Fig. 4f) was also observed in the case of 
3Wo (w/w) aqueous solution of hydroxypropyl methylcellulose ( 5  cps) and 
3056 (w/w) aqueous solution of hydroxypropyl cellulose. However, in thecase 
of lecithin, the ascending portion of the oscillogram (Fig. 5 )  showed a linear 
increase in force at all rates of separation. 


The results of this simultaneous kinematic and dynamic study of the film 
separation process suggest that the separation force reaches a maximum before 
the centripetal flow of the liquid takes place. The rate of increase in force 
during this time, remains constant if the resistance is purely viscous. A decrease 
in the rate of increase in force occurs in the case of highly concentrated polymer 
solutions and is probably due to the rearrangement of the internal structure 
of the system. The portion of the oscillogram representing maximum to zero 
separation force is dependent on the centripetal flow of the liquid during film 
separation. The shape of this region of the willogram changes with the change 
in pattern of the centripetal flow, which in turn is dependent on the viscosity 
of the liquid and the rate of film separation. 


Tack Behavior of Highly Concentrated Polymer sdutions (SemisolidstThe 
stress-time oscillogram for a 7Wo (w/w) aqueous solution of povidone ob- 
tained at  a rate of separation of 8.33 X cm/s is shown in Fig. 7. The film 
separation process indicated that no centripetal movement of the liquid occurs 
and that film splitting proceeds by simple stretching and thinning-down of 
the filaments. Therefore, the film-separation process is different from that 
described for low- and high-viscosity solutions. 


The stress-time oscillogram obtained is to a certain extent close to the 
stress-strain curve exhibited by the ductile response of plastics a t  high rates 
of separation (13). It can be divided into three regions. The first region rep- 
resented by the portion 10 to 1 1  of the oscillogram (Fig. 7) is predominently 
due to the elastic forces of the liquid. In this region, the force first rises pro- 
portionally to the elongation and then rises less rapidly until it reaches “yield 
point” a t  11. In the second region following the “yield point,’’ the specimen 
offers a pull resistance which is constant over a long period of time: 11-11. Since 
no centripetal flow takes place during this time, the force is mainly due to the 
resistance to elongation of the filament beyond the elastic limit. This second 
region of the curve has been suggested to be due to the “delayed elastic de- 
formation”effects (14). In the third region, 12-13,  “necking” and eventually 
splitting of the filaments occur. In Fig. 7, theft, 9.80 X 104 g/cm/s for 
thinning and final rupture of the filament is only 20% of the total 4.81 X los 
g/cm/s required for the separation of the film. The bulk of theft, 3.83 X lo5 
g/cm/s is devoted to the process of film elongation. 
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Tack experiments performed with petrolatum, a highly viscous semisolid 
did not show the region of “delayed elastic effects.” This resulted in a rather 
short duration for filament elongation; hence theft was relatively small. 


The above observations suggest that the response of the concentrated 
polymer solutions (semisolids) to applied pull stress is a combination of viscous 
and elastic forces. The “delayed elastic effects” observed are the result of 
configurational elasticity, which is a process associated with orientation, 
alignment, and elongation by the uncurling of large chain molecules. There- 
fore, thef t  required for the elongation of the filament will not only depend 
)n the viscosity of the liquid, but also on the internal structure of the 
ystem. 


Earlier investigators (10- 12) suggested that tackiness is related to the ge- 
metry of the system and the rheological characteristics of the liquid. 
herefore, according to this definition, lecithin, petrolatum, and even water 
a d d  with high concentration of finely divided solids will be considered tacky, 
nce these liquids or dispersions do offer resistance to flow. In actual practice. 
e above materials, unlike povidone solution, are not known to be tacky even 
ough impulse for liquid film separation is required in both cases. Based on 
ese observations, it can be concluded that a tacky material is one that dis- 
ays “delayed elastic effects,” and because of these effects it requires a long 


Wriod of time for filament elongation. This provides a rather large impulse 
fw a given force of separation. 


Tack Effects in Tablet Coating-Coating solutions, when applied to the 
tablets during the coating process, are dilute solutions of polymers of low- 
viscosity grade. Separation of tablets stuck together by a freshly applied 
coating solution will occur by viscous flow. Therefore, the) required will be 
equal for solutions of similar viscosity. As the solvent evaporates during the 
diying phase of the coating process, the solution will reach a semisolid statc. 
At this point, resistance to filament elongation will depend on the molecular 
structure of the polymer. 


Tablet coating solutions usually contain opacifier, plasticizers, and colorants 
to modify the physical characteristics and improve the film-forming properties 
of the polymers. The effect of these additives on the tack behavior of coating 
solutions is under investigation. 
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Abstract 11) The phase behavior of the lidocaine-prilocaine binary system has 
been studied by X-ray diffraction, differential thermal analysis, hot-stage 
microscopy, and IR spectrometry. No intermediate compounds or solid 
solubilities havc been detected. The eutectic composition is close to I : l ,  and 
thc cutcctic temperature is 18 f I “C. Aqueous solubility studies show that 
the lidocaine heat of solubility from the eutectic mixture is different from that 
of the pure drug, whereas i t  is the same for prilocaine. Investigations ofvarious 
lidocaine-prilocaine ratios indicate that the two local anesthetics decrease 
the solubility of each other. The total solubility. however, is affected only to 
a minor extent. 


Keyphrases Lidocainc-binary system with prilocaine, phase diagram and 
aqueous solubility 0 Prilocaine-binary system with lidocaine, phase diagram 
and aqueous solubility 0 Solubility-phase diagram of the lidocaine-prilo- 
ciiinc binary system in water 0 Phase diagram-lidocaine--prilocainc binary 
syztem, aqueous solubility 


Solid-solid interactions are of great interest in the devel- 
opmcnt of pharmaceutical preparations. Dissolution rates, and 
thus bioavailability, of poorly soluble drugs can be enhanced 
by their fusion with water-soluble carriers such as urea or 
polyethylene glycol, which form solid solutions with drugs (1,  
2 ) .  Eutectic mixtures may even be used to prevent freeze-thaw 
coagulation of suspensions (3) .  In  powder technology, on the 
other hand, a eutectic interaction between substances may be 
considered as an incompatibility, making it necessary to use 


some auxiliary substance to inhibit adhesion of the powders 
(4). The physical state in which the drugs are present in such 
fused mixtures is debatable. The dispersion of phenylbutazone 
in  urea represents a “plug compound” (5). Such solid disper- 
sions are known to age (6 ,7) .  


Studies on eutectic combinations of two drugs are rare (8). 
Recently, lidocaine and prilocaine have been reported to form 
a eutectic mixture (9). Since this mixture is liquid at room 
temperature, it has been possible to formulate an effective local 
anesthetic preparation for topical application. The purpose of 
this investigation is to characterize the lidocaine-prilocaine 
system from a physical point of view and to study its aqueous 
solubility. 


EXPERIMENTAL 


Materials-Lidocaine’ and prilocaine’ were used as obtained. To prepare 
the eutectic mixture (EMLA), 49.6% lidocaine and 50.4% prilocaine by weight 
were mixed and heated gently until liquefaction occurred. 


X-Ray Diffraction-An X-ray powder diffraction camera2 with a 50-mm 
diameter and strictly monochromatized CuKa, radiation was used. A small 
amount of the powder was spread out on the glue side of ordinary tape. The 
tape was attached to a thin metal plate, 30 mm in diameter, with an 8-mm 
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No interference with the drug or its metabolites from normal plasma con- 
stitutes was observed (Fig. 2A). The retention timesof several drugs that might 
be prescribed simultaneously with amoxapine were determined (Table 11). 
Little interference would be expected under the experimental conditions. 


The method has been applied to the analysis of many samples obtained from 
patients receiving amoxapine orally. The drug and its 8-hydroxy metabolite 
are present in relatively high concentrations (Fig. 28). However, the 7-hydroxy 
metabolite is found in low concentration. This may be due to its short half-life 
(8). 


Major advantages of the method arc the small sample volume required, the 
simplicity and high recovery using a single extraction step with no derivati- 
zation, and the use of an isocratic mobile phase. The sensitivity is sufficient 
for routine analysis of patient samples and for pharmacokinetic studies. 
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Abstract 0 The bioavailability of isosorbide dinitrate from formulations 
containing 5. 10, and 20 mg in tablets and 10 mg i n  solution for oral use and 
5 mg in tablets for sublingual use, has been compared. When adjusted for dose. 
the peak mean plasma drug concentrations after oral administration were 
similar (e.g., 9.2 ng/mL after a 10-mg tablet) and about one-half that obtained 
after sublingual administration. Drug concentrations declined monoexpo- 
nentially with mean half-lives ranging from 25-36 min. The relative bio- 
availability of isosorbide dinitrate from the oral formulations was not signif- 
icantly different (p > 0.05) over the dose range studied, whereas the relativc 
bioavailability after sublingual administration was about twice as great (p 
< 0.01 ) as thaL after oral administration. The plasma drug concentration-time 
profile after administering the 5-mg sublingual tablet was similar to that 
obtained after administering orally a solution containing 10 mg, indicating 
that the latter should bc as clinically effective as the former. 


Keyphrases 0 lsosorbidc dinitratc-rate and extcnt of bioavailabihty from 
various oral formulations cornparcd, oral and sublingual formulations com- 
pared. humans 0 Bioavailability-isosorbide dinitrate, oral and sublingual 
formulations compared. human 0 Vasodilators-isosorbidc dinitratc. oral 
and sublingual formulations compared, humans 


lsosorbide dinitrate is an anti-anginal organic nitrate va- 
sodilator that is in extensive clinical use. Following the de- 
velopment of suitably sensitive GC assays (1 -3) for the mea- 
surement of isosorbide dinitrate in plasma, there have been 
several reports of the plasma levels of isosorbide dinitrate after 
the administration of different formulations of the drug (4-9). 
Sustained-release formulations have proven to be of particular 
interest. However, none of these reports have compared the 
relative bioavailability of isosorbide dinitrate from increasing 


doses of standard oral formulations. Such studies are described 
in this paper. 


EXPERIMENTAL 


Drug Administration-Two studies were conducted: the first cornparcd a 
5-mg sublingual tablet formulation with a 10-mg oral solution and 10- and 
20-mg standard oral tablet formulations of isosorbide dinitrate’. The second 
study compared a 5-mg standard oral tablet formulation’ with its 10-mg 
counterpart investigated in  the first study. I n  each study, separate groups of 
12 male volunteers each were involved, and the experimcntal conditions were 
the same. All subjects (18-40 years old and 58--85 kg) gave their written 
consent. Within 7 d before and after either study, each subject was given a 
complete physical examination including routine laboratory screening tests. 
During the study, the subjects remained under medical supervision. No adverse 
rcactions, apart from headache (4 subjects). were rcportcd by any subject. 
The studies were approved by the Institutional Review Board. Each of the oral 
dosage formulations was administered with I00 mL of watcr according to a 
complete crossover repeated Latin-square design with an interval of 1 week 
between doses. The sublingual formulation was retained under the tongue until 
it completely disintegrated; the subjects were instructed to avoid swallowing 
during this period. For at least 12 h predosing and for 4 h postdose the subjects 
fasted, and activity and subsequent diet were standardizcd. 


At predose and after dosing, blood samples were collected into heparinized 
tubes by venipuncture, immediately cooled, and centrifuged. The resultant 
plasma was removed and stored at -2OOC under conditions in which the drug 
was stable throughout the assay period. 


Drug A w y -  lsosorbide dinitrate in plasma was measured by an electron 


’ Formulations (Risordan) were provided by Theraplix. Paris. France. The respective 
batch numbers were 416.430.6659.6665.6747 for Risordan 5 mg (sublingual). 5 mg 
(oral). 10 mg (tablet). 20 rng and 10 mg (solution), respectively. 
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Table I-Mean Plasma Drug Concentrations after 
Administration of Oral and Sublingual Formulations of 
Isosorbide Dinitrate 


Oral Sublingual 
Time, 10-mg 10-mg 20-mg 5 mg 
Min Solution Tablet  Tablet  Tablet  


10 8.2 f 6.6 3.2 f 3.3 3.2 f 4.0 7.7 f 6.7 
20 9.4 f 3.9 7.6 f 3.7 14.0f 11.6 8.6 f 4.4 
30 9.2 f 3.4 9.2 f 2.9 17.5 f 10.6 7.6 f 2.8 
40 7.3 f 2.6 9.1 f 2.6 16.9 f 7.7 6.4 f 2.7 
50 5.6 f 1.9 7.1 f 2.7 13.6 f 4.7 4.2 f 1.7 
60 4.3 f 1.6 5.3 f 2.1 12.0 f 4.2 3.2 f 1.0 
75 2.7 f 1.1 3.6 f 1.9 9.2 f 3.6 2.0 f 0.7 
90 1.7 f 0.7 2.4 f 1.8 7.2 f 3.5 1.5 f 0.9 


120 0.8 f 0 . 5  1.2 f 1.1 3.9 f 1.9 0.7 f 0.5 
150 ND * ND 2.2 f 1.2 ND * 


a Nanograms per milliliter f SU. ND = not detected (<0.5 ng/mL). 


Table 11-Mean Plasma Drug Concentrations a after 
Administration of Two Oral Formulations of Isosorbide 
Dinitrate 


Time, 5-mg 10-mg 
Min Tabletb Tablet  


10 
20 
30 
40 
50 
60 
75 
90 


120 
150 


1.8 f 1.7 
10.4 f 6.3 
11.2 f 4.5 
10.3 f 5.5 
7.8 f 3.2 
6.5 f 3.0 
4.5 f 2.2 
3.0 f 1.4 
1.5 f 0.9 
0.7 f 0.7 


5.7 f 3.7 
12.6 f 3.5 
10.9 f 2.9 
9.0 f 3.7 
6.6 f 2.3 
5.1 f 2.4 
3.4 f 1.1 
2.2 f 0.7 
1.2 f 0.4 


NDc 
~~ ~ ~ ~~ 


a Nanograms per milliliter f SD. Two tableta (10 mg) administered. ND = 
not detected (<0.5 ng/mL). 


capture GC assay (3)  with glyceryl trinitrate as the internal standard. Plasma 
isosorbide dinitrate levels were calculated by reference to standard curves 
constructed by adding known amounts of the drug to control human plasma. 
During this procedure and the subsequent assay, isosorbide dinitrate was 
completely stable a t  4 O  or 20OC. The recovery of isosorbide dinitrate from 
plasma over the concentration range 1-15 ng/mL was 91 f 10% SD. The 
precision of the method for the measurement of isosorbide dinitrate in plasma 
( n  = 5) was 18,9, and I I %  a t  I ,  5, and r0 ng/mL, respectively. 


Data Processing-Apparent half-lives for the decline of plasma drug 
concentrations were calculated by least-squares regression analysis of log 
concentration against time from measurements during the terminal linear 
phase of the plasma drug concentration-time curves. As isosorbidc dinitrate 
kinetics appear to follow a "flip-flop" model ( lo),  these half-lives relate to 
drug absorption, not to elimination. Areas under the plasma concentration- 
time curves, scaled to equal doses, were calculated by the trapezoidal rule or 
by using spline functions, and adjusted to infinite time. Whether the infinite 
time adjustment was carried out at a concentration of -2 ng/mL (where assay 
precision was -5 10%) or at a lower concentration (where assay precision was 
poorer), the difference in the resultant calculated mean areas was <-3% 
(mean I .4% range 0.3--3.3%). 


Areas, peak plasma concentrations and their times of occurrence, and ap- 
parent "absorption" half-lives were subjected to an ANOVA for crossover 
designs ( I  I ) .  Formulation means were compared with the reference mean by 
Dunnett's test ( I  2, 13) and compared pairwise by the Newman-Keuls pro- 
cedure (14. IS). The total variance was separated into that due to subjects, 
day of administration. formulations, and residual. 


RESULTS AND DISCUSSION 


Plasma Drug Concentrations-Mean concentrations of isosorbide dinitrate 
in plasma after administration of the various formulations are shown in Tables 
I and 11. Drug levels were detected in the plasma of at least eight subjects at 
the first sampling time after administration of the tablet formulations and 
in all subjects after administration of the solution. Drug was not detected (<0.5 
ng/mL) in at least five subjects at 150 min after administration of all for- 
mulations except the 20-mg dose. Drug was even undetected in the plasma 
of some subjects a t  120 min after administration. Mean plasma drug levels 
obtained after equivalent oral doses as a solution and as a tablet were generally 
similar, but as expected, peak mean levels were reached sooner after admin- 
istration of the solution. 


Inspection of the data shows that the peak mean plasma drug levels obtained 
after administration of 5-, lo-, and 20-mg tablet formulations were linearly 
related to dose. 


The mean plasma drug levels obtained after administration of the 10-mg 
tablet to two separate groups of subjects in different studies were remarkably 
similar (cf Tables I and 11). 


Mean plasma drug levels obtained after the 5-mg sublingual dose were 
similar to those after a 10-mg oral dose and in the same range as previously 
reported (4.9. 16). 


With respect to the type of isosorbide dinitrate formulation administered, 
the plasma drug levels shown in Tables I and II are similar to those reported 
in  the literature (4-7). 


Bioavailability Parameters-Peak plasma levels of isosorbide dinitrate and 
the times of occurrence are shown in Table 111. Although the peak levels of 
the 10-mg tablet and 10-mg solution were similar, the times at which they were 
reached were significantly different. With due allowance for dose, mean peak 
levels from the 20-, lo-, and 5-mg tablets (the latter given as 2 X 5 mg) were 
similar as were their times of occurrence. The former result suggests that over 
this dose range, at least, a similar proportion of isosorbide dinitrate was 
probably absorbed unchanged into the peripheral circulation. It should be 
noted that an oral dose of ['4C]isosorbide dinitrate was almost completely 
absorbed with respect to radioactivity (17). whereas the systemic availability 
of isosorbide dinitrate orally is -25% ( I  8) due to considerable first-pass me- 
tabolism in  the liver and perhaps even during absorption from the GI tract. 
I t  has also been  reported that a similar proportion of isosorbidedinitrate was 
absorbed from a 20-mg sustained-release form~~lation over the 20-100-mg 
dose range in healthy subjects (19), and from an apparently standard for- 
mulation over the 15-120-mg dose range in patients (20). 


Although relatively greater with respect to the administered dose, the mean 
peak level of isosorbide dinitrate following a sublingual dose was reached 
hardly any sooner than from a 10-mg solution. This result, and the similarity 
between the respective plasma drug concentration-time curves, implies that 
a dose of 10 mg of isosorbide dinitrate as an oral solution should produce about 
the same onset and duration of clinical effect as a 5-mg sublingual dose. 


Measured areas under the plasma drug concentration-time curves are 
shown in Table 111. The mean AUC ratios, when adjusted for dose/body 
weight, after administration of 5-, lo-, and 20-mg tablet formulations were 


Table 111-Mean (f SD) Bioavailability Parameters of Isosorbide Dinitrate for the Various Formulations a 


Parameter 


Oral Sublingual 
5-mg 10-mg 20-mg 10-mg 5-mg 


Tabletb Tablet  Tablet Solution Tablet 


Peak concentration (14.0 f 6.1) 10.6 f 2.3 22.4 f 9.9cfg 11.7 f 6.2d 10.9 f 5.3 
in individuals (ng/ 


centration (min) (22.5 f 8.7) 


(668 f 152) 


(28.2 f 5.2) 


(14.0 f 2.8) 
mL) 


Time of peak con- (34.2 f 13.8) 35.0 f 9.0e 39.1 f 13.1c 24.4 f 9.0 21.7 f ll.ldf 


Area (ng min/ml) (711 f 229) 600 f 185 1370 f 36lCJ8 583 f 158 497 f 168h 


Half-life (min) (30.2 f 5.5) 26.9 f 9.4 36.3 f 8.2'.fR 25.3 f 9.4 28.7 f 7.4 


0 Data in parentheses have been obtained from a different group of subjects. This formulation (given as 2 X 5 mg) was compared statistically (p > 0.05) with the 10-mg 
tablet only. Si nificnntly different ( p  < 0.01) from 10-mg solution (Dunnett's test). Significantly different ( p  < 0.01) from 20-mg tablet (Newman-Keuls pairwise 
comparison). 8ignjficantly different ( p  < 0.05) from 10-mg solution (Dunnett's test). f Si nificantly different (JJ < 0.01) from 10-mg tablet (Newman-Keuls pairwise 
comparison). Significantly different ( p  < 0.01 or <0.05) from 5-mg sublingual tablet (&wman-Keuls pairwise comparison). Significant differences wcur (c,d,f) 
with this parameter when data were adjusted for doaeroody weight. 
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similar to that after a 10-mg solution indicating that there were nodosage form 
or dose level effects on the extent of bioavailability of isosorbide dinitrate over 
the 5-20 mg dose range (i.e., a similar relative fraction of the dose of isosorbide 
dinitrate reached the peripheral circulation unchanged after administration 
of each formulation). The mean adjusted AUC after administration of the 
sublingual 5-mg dose was significantly different from those after the oral tablet 
formulations, as might be expected. Indeed, previous studies have shown that 
the extent of bioavailability of isosorbide dinitrate from a sublingual formu- 
lation was at least twice that from the same formulation given orally (4), since 
some but not all of a sublingual dose avoids first-pass elimination. A large 
proportion of a sublingual dose is usually swallowed ( 1  8). 


The conventional 95% confidence limits (2 I ,  22) of mean areas expressed 
as  a percent of the mean from the 10-mg solution formulation taken as a ref- 
crcnce were -19 to +29%, -6 to +SO%, and +32 to +109% from the 10-mg 
oral tablet, 20-mg oral tablet, and 5-mg sublingual tablet, respectively. These 
limits were - 1 I to +24% for the 5-mg oral tablet when the 10-mg oral tablet 
was taken as the reference (Table I l l ) .  These confidence limits are fairly 
narrow even though plasma concentrations of isosorbide dinitrate can vary 
by several-fold between subjects, and the group of subjects studied was not 
particularly large. 


Drug Half-Life-Isosorbide dinitrate kinetics appear to follow a “flip-flop” 
model (10. 18) and, therefore, the monoexponential decline of the concen- 
trations in  plasma can be regarded as rcflecting the rate of drug absorp- 
tion. 


Among the orally administered formulations, the drug absorption half-life 
was shortest after the 10-mg solution dose, but only the drug half-life observed 
after the 20-rng tablet was significantly longer 0, < 0.01) than that after the 
10-mg solution. A shorter half-life after the sublingual dose would not be 
expected because the 5-mg tablet was retained in the mouth during disinte- 
gration before a notable proportion was swallowed. The half-lives measured 
in  these studies are in close agreement with those reported in  the literature 
(4,9, 10. IS). 
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Abstract 0 Some coated aspirin tablet formulations were evaluated by relating 
thcir properties to disintegrating force development patterns. The treatment 
of disintegrating force-time curves was effected using the Weibull distribution 
as proposed for dissolution. Such parameters as the maximum disintegrating 
force developed, the time needed to reach 63.2% maximum disintegrating force 
(Td) the shape parameter, the lag time, and the input value were used for 
evaluating the formulas examined. It was concluded that the input values, the 
inkgrating force development rate at time Td, can be employed as a new for- 
mulation parameter since, when correlated with the crushing strength, it allows 
an overall evaluation of the formula examined. 


Keyphrases 0 Disintegrating force-new formulation parameter, Weibull 
distribution, coated aspirin tablets 0 Formulations-disintegrating force as 
a new parameter, Weibull distribution, coated aspirin tablets Weibull 
distribution-disintegrating force as a new formulation parameter, coated 
aspirin tablets 


In a previous paper ( l ) ,  the disintegrating force of tablets 
was defined as the force developed inside a tablet depending 
on the liquid-solid contact. It was shown that curves obtained 


by plotting disintegrating force versus liquid contact time had 
patterns following saturation kinetics dependent on the liquid 
penetration into voids. Since compact structure (defined by 
voids distribution and interparticle bonding) and disintegra- 
tion-dissolution performance are strictly related, the investi- 
gations of the disintegration behavior of a tablet should provide 
a means for the evaluation of the structure obtained. 


It  is well known that disintegration time as measured by 
official apparatuses does not satisfactorily describe the dis- 
integration properties of tablets, as demonstrated by the 
methods proposed to evaluate disintegration (2-5). Because 
disintegrating force-time curves could be related to the 
structure of tablets ( 6 ) ,  these deserved a deeper investigation 
in view of their employment not only for studying the bio- 
availability-related properties of tablets, but also to assess the 
structure-technological parameter relationships. 


The aim of the present work was to employ the disinte- 
grating force parameters for studying coated aspirin tablet 
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Properties of Carbonate-Containing Aluminum Hydroxide 
Produced by Precipitation at Constant pH 
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Abstract 0 Carbonate-containing aluminum hydroxide was precipitated at  
constant pH at intervals of 0.5 pH units from pH 6 to 10 by pumping 0.5 M 
AICI, into the reaction vessel at a constant rate of 2 mL/min and infusing 2 
M NazCO, at  a rate necessary to maintain the desired pH. The pH of pre- 
cipitation affected both the particle size and the composition of the precipitate. 
The particle size of the precipitate decreased as the pH of precipitation was 
increased from 6 to 10. The precipitates formed between pH 7.5 and 9.5 
contained crystalline sodium aluminum hydroxycarbonate (dawsonite) in 
addition to amorphous carbonate-containing aluminum hydroxide. 


Keyphrases 0 pH-precipitation, carbonatecontaining aluminum hydroxide 
0 Aluminum hydroxide-carbonate containing, production by precipitation 
at  constant pH 


Many processes for the preparation of aluminum hydroxide 
have been reported (1 ). Examples of these processes include 
( a )  slowly cooling a concentrated sodium aluminate solution 
(2,3); ( b )  bubbling C 0 2  through a concentrated sodium alu- 
minate solution (4-6); (c) hydrolysis of aluminum alcoholates 
(7, 8) or amalgamated aluminum foil (8); and ( d )  neutral- 
ization of an aluminum salt solution with a base (9-1 1). Alu- 
minum hydroxide for pharmaceutical use is often prepared by 
the neutralization of an aluminum salt solution with a base. 
Some of the important variables associated with this method 
include temperature, pH, agitation, method of addition, 
reactants, reactant concentration, and addition rate (6, 12- 
18). 


Three methods have been utilized for neutralizing an alu- 
minum salt with a base. The first method involves the addition 
of the aluminum salt to the base (1 5, 17-20) and is limited to 
batch processes. The high pH of the base is decreased by the 
addition of the aluminum salt until a specific pH end point is 
reached. The second method is the opposite of the first, i.e., 
base is added to the aluminum salt solution (1 2- 14, 16- 18, 
21 -23). The second method is also a batch process, as base is 
added until a specific pH end point is reached. In the third 
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Figure I --Schematic of the apparatus used for constant p H  precipitation 
of carbonate-containing aluminum hydroxide. 


method, an aluminum salt solution and a base are simulta- 
neously mixed (8, 17,24). This method can be either a batch 
or a continuous process. 


Although far less common than other methods, the method 
of simultaneous mixing of reactants permits the precise control 
of pH. Since the solubility of aluminum hydroxide is very 
sensitive to pH, fixing this variable during the precipitation 
reaction should have a strong influence on the properties of the 
precipitate. 


The objective of the present study was to examine aluminum 
hydroxide precipitates prepared under the constraint of con- 
stant pH. Precipitation reactions were carried out over the pH 
range of 6 to 10 with an automated apparatus which controls 
the pH within f0.03 pH units of the desired value. Since 
carbonate-containing aluminum hydroxide is of considerable 
pharmaceutical importance (1 5 ) ,  sodium carbonate was used 
as the base that was treated with aluminum chloride. After the 
precipitates were prepared, their physical and chemical 
properties were examined. 


EXPERIMENTAL SECTION 


Experimental laboratory gels were precipitated at 25OC from pH 6 to 10 
a t  intervals of 0.5 pH units. The apparatus employed for the constant pH 
precipitations is shown in Fig. I .  The reaction vessel was a jacketed plymethyl 
methacrylate' beaker (10.2 cm i.d., 16.1 cm depth) with a capacity of 1.3 L. 
The vessel was fitted with four equally spaced plymethyl methacrylate baffles 
to provide efficient mixing. 


The 0.5 M AICI3 and 2.0 M Na2C03 solutions were injected into the re- 
action medium through submerged polytef tubes (0.1 mm i.d.). The aluminum 
chloride solution was pumped continuously into the reaction vessel a t  a con- 
stant rate of 2 mL/min. The sodium carbonate solution was infused into the 
system a s  needed to maintain the pH within 0.03 pH units of the predeter- 
mined value. The pH was constantly monitored and automatically controlled 
through the use of a titratorZ linked between the pH meter and the sodium 
carbonate injection pump. The titrator was interfaced to the sodium carbonate 
pump with an opto-coupler chip. 


A precipitation reaction was initiated by first placing 250 mL of 0.75 M 
NaHC03 into the reaction vessel. Since the pH was-8.0, either 0.5 M AlCl3 
or 2.0 M NazCO3 was infused until the desired pH was reached. When alu- 
minum chloride was used, precipitation occurred during this period of pH 
adjustment, but the amount of precipitate formed was always insignificant 
when compared with the total amount of precipitate. Due to the large volume 
change occurring during the precipitation reaction (250 to 1300 mL), it was 
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Figure 2-Schematic of the development of crystalline aluminum hy- 
droxide. 


' Plexiglas. 
PHM 62. TTT 60; Radiometer. Copenhagen, Denmark. 
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necessary to vary the stirring rate from 600 to 1200 rpm as needed. A marine 
propeller (diameter, 6.4 cm) was used to provide uniform mixing. 


On completion of the precipitation reaction. the precipitate was washed 
by centrifugation with deionized water until the chloride content of the su- 
pernatant, as determined by a silver nitrate test, was <6.2 X lo-' M. The 
washing step was always completed within 24 h of the termination of the 
precipitation reaction. The final suspension concentration was adjusted to fall 
within the range of 2-8% (w/w) equivalent A1203. 


The equivalent aluminum oxide content was determined by chelatometric 
titration (25). IR analysis-' was performed on air-dried samples as potassium 
bromide pellets (0.75 mg/300 mg of KBr). Carbonate was determined by a 
gmomctric dispiacement technique (26.27) with the Chittick apparatus4. The 


~ 


Model 180; Perkin-Elmer Corp.. Norwalk, Conn. 
Sargent Welch. Skokie. 111. 


Figure 3-IR specrra of precipirales formed 
or various pH,. 


sodium ion content was measured by atomic absorption spectrometry5. Thc 
ability of magnesium cation to replace sodium cation in the pH S.5 precipitate 
was determined by washing 600 mL of the precipitate with 600 mL of 1 M 
MgC12. The solids were washed four times with 1 M MgCl2 by centrifugation 
and were then further washed with deionized water until the chloride content 
of thc supernatant, as determined by a silver nitrate test, was (6.2 X lo-' 
M. The point of zero charge (PZC) was determined for each sample by a 
continuous ti tration procedure (28). 


To provide a qualitative measurement of particle size, the following sedi- 
mentation experiment was carried out. One hundred milliliters of sample was 
iidjusted to the following conditions: 1% (w/v) equivalent A120,; ionic 
strength, 0.4; and pH = PZC. The sedimentation height in  a sealed, undis- 
turbed 100-mL graduated cylinder was monitored for 48 h. Two parameters 
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Figure &-Effect of pHp on the sodium-aluminum molar ratio. 


wcrc used to summarize the sedimentation data: V48, the sediment volume 
of the flocculated material at the end of the sedimentation period; and 750, 
the time required for the sediment volume to reach (100 + V48)/2. The values 
of both parameters are inversely related to particle size. 


An additional qualitative measurement of particle size was the rate of acid 
neutralization as measured by pH-stat titration at pH 3.0 and 2 5 T  (29). The 
limc rcquired to neutralize 5W0of the sample, 150. was used tocharacterize 
the rate of acid neutrali7ation. A smaller value for 150 was assumed to infer 
;I ktrger effcctivc surface area and. hence, a smaller particle size. Particle size 
W;IS dircctly measured for samples Precipitated at pH 7.0 and 9.5 with a 
pitrticle counter6 and a fiber optic Doppler anemometer’ (30), respec- 
tivcly. 


RESULTS AND DISCUSSION 


Chemical Structure-In a carbonate-containing system, X-ray and IR 
itnalyscs have shown that aluminum hydroxide typically forms as an amor- 
phous precipitate consisting of small, two-dimensional crystallites (primary 
p;trticlcs) which vary widely in size ( 1 5 ,  31. 32). The crystallites have been 
identified as precursors of the various crystalline forms of aluminum hy- 
droxide. such as gibbsite (32-34). Theedges of the planar crystallites (Fig. 
2) serve as sites for specific adsorption of carbonate, which likely takes place 
immediately after the crystallites have formed ( I  5 .28,3 I ,  35). 


The IR spectra of the precipitates formed at a pH of precipitation (pH,) 
of 6.0.6.5, and 7.0 (Fig. 3. Table I )  are typical of amorphous aluminum hy- 
droxide containing specifically adsorbed carbonate ( 1  5,3 I ) and indicate the 
presence of only an amorphous component. The precipitates formed between 
pli, 7.5 and 9.5 exhibit a number of absorption bands in addition to the car- 
bonate-containing aluminum hydroxide bands (Fig. 3). The new absorption 
bands correspond with the mineral dawsonite, a crystalline sodium aluminum 
hydroxycarbonate [NaAI(OH)2CO,] (Table I). The IR analysis indicates 
t1i;tt the precipitate formed at pH, 8.5 contained the largest fraction of daw- 
sonitc. This was confirmed by chemical analysis. The theoretical sodium- 
aluminum molar ratio for dawsonite is 1 and is typically near 0 for carbon- 
;ttc-containing aluminum hydroxide. The theoretical carbonate-aluminum 
inoliir ratio of dawsonitc is I ,  whereas the maximum carbonate-aluminum 
molar ratio of carbonate-containing aluminum hydroxide has been reported 
to be 0.5 ( 1  5). The maximum sodium-aluminum molar ratio (Fig. 4) and the 
maximum carbonate-aluminum molar ratio (Fig. 5 )  occurred at pH, 8.5 and 
are attributed to dawsonite formation. Caution is required when interpreting 
thc chemical analysis data since the sodium and carbonate ionsdo not reside 
exclusively in  the dawsonite crystal lattice. Carbonate may be specifically 
;idsorbed to the amorphous aluminum hydroxide component, and sodium can 
be bound in substantial quantities as  a double-layer ion. 


To more accurately determine the dawsonite content of the precipitate 
formed at pH, 8 .5 ,  a portion of the precipitate was washed with I M MgCl2 
so that a magnesium-sodium cation exchange reaction might take place. Since 
thc sodium in the dawsonite crystal lattice is not exchangeable, any nonex- 
changeable sodium is assumed to be associated with dawsonite. The sc- 
diurn- aluminum molar ratio in carbonate-containing aluminum hydroxide- 
dawsonite systems can range from 0 in the absence of dawsonite to 1 in the 
absence of carbonate-containing aluminum hydroxide. The sodium-aluminum 
molar ratio of the precipitate a t  pH, 8.5 decreased from 0.50 to 0.42 after 


6 Model TA II; Coulter Electronics, Inc.. Hialeah. Fla. ’ SlRA Institute. Ltd.. Kent. England. 
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Figure 5-Effect of p H p  on the carbonate-aluminum molar ratio. 


magnesium exchange. The nonexchangeable sodium content indicates that 
dawsonitc accounts for -421 of the precipitate formed at  pH, 8.5. 


The dawsonite content of the precipitate dropped sharply when the pH, 
was above or below 8.5 (Figs. 3-5). For example, only trace levels ofdawsonite 
wcrc seen in the IR spectra at pH, 10, and no indication of dawsonite was seen 
in  thc IR spectrum of precipitates a t  or below pH, 7.0. Apparently, the re- 
quirements for the nucleation of dawsonite were best met at pH, 8,5. 


Particle Size-The rate of acid neutralization and sedimentation mea- 
surements can only be used to provide a qualitative measurement of particle 
si7c. However, since it was readily apparent from visual observation that the 
particlc size was very sensitive to the pH,. acid reactivity and sedimentation 
data were vicwed as adequate for determining particle size trends as a function 
of pH, None of the three parameters was able to reflect the change in particle 
size over the entire pH, range because of the substantial variation in particle 
size of the precipitates and the limitations of each technique. The rate of acid 
ncutralization (Fig. 6) indicates a decrease in  particle size from pH, 6.0 to 
7.5. whereas both sedimentation parameters. 750 (Fig. 7) and V48 (Fig. t i ) ,  
indicate a decrease in particle size from pH, 7.0 to 10.0. However, when the 
150. 750. and V48 values are analyzed together, it is clear that thc particle size 
dccrcases as  the pH, increases from 6 to 10. 


Particle counter and fiber optic Doppler anemometer measurements were 
obtained for precipitates formed at pH, 7.0 and 9.5 to confirm the conclusions 
drawn from the rate ofacid neutralization and sedimentation studies. Particle 
size variation wasquite large, so that measurements were made only for those 
samples precipitated at pH, 7.0 and 9.5. The results indicated mean particle 
diamctcrs of 12.0 and 0.20 pm at  pH, 7.0 and 9.5, respectively. Thus, over 
the pH, range of 6.0 to 10.0, there is at least a 50-fold decrease in particlc 
size. 


Mechanism of Particle Size Variation-Although dawsonite was formed 
in significant quantities near pH, 8.5, amorphous aluminum hydroxide formed 
thc major component in all precipitates. Those precipitates formed at  pH, 
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Figure 6-Eflect of the pH of precipitation on the time required to neutralize 
50% of the theoretical acid (150) at p H  3 and 25°C. 
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Table I-IR AbsorDtion Bands of PreciDitates Formed a t  Various DH. 


Wave Number, cm-l. and Assignment 
Molecular 


P H ~  0 - H  Stretching Harmonic H2O C03*-  Stretching 


GibbsiteO 3617 3520 3440 
Dawsoniteh 
Aluminum hydroxy- 3440 


6.0 3440 
6.5 3460 


carbonate gelC 


3390 3380 
3285 


1630 
1730 I570 1403 1100 


I640 1500 1435 I090 


I625 1505 1435 I090 
1630 1505 1435 1095 
I630 1510 1435 I090 


~. 


7.0 
7 .5  
8.0 
8.5 
9.0 
9.5 


10.0 


3460 
3430 
3430 
3430 
3430 
3440 
3440 


3290 
3290 1815 
3290 1815 
3290 1818 


I560 
1560 
1560 
1560 


1415 1093 
1410 1093 
1400 1093 
1400 1093 


3290 I560 1400 1092 
I560 1403 1090 


6.0,6.5, 7.0, and 10.0 were found to be essentially free of dawsonitc. Thus, 
the inverse relationship observed between pH, and particle size is primarily 
related to the particle size variation of the amorphous component. 


The lack of specific diffraction bands in the X-ray diffraction patterns of 
precipitates containing amorphous aluminum hydroxide establishes that there 
is no long-range atomic order in these systems (1 5.31,32.40). The IR spectra 
(Fig. 3). which are much more sensitive to the presence of ordering, show broad 
hydroxyl-stretching bands centered at -3440 cm-I, which indicate the ab- 
scnce or specific proton environments. Thus, the observed large particles of 
amorphous carbonate-containing aluminum hydroxide (much larger than 
u n i t  cell dimensions) must be composed of substantially smaller crystallites 
with dimcnsions not much larger than that o f a  unit cell, i.e.. primary parti- 
cles. 


Thc effect of the pH on the primary particle size is described by the von 
Weimarn law (41): 


1 / d  = k(S/So) (Eq. 1 )  


whcrc d is the diameter of the primary particle, k is a constant. S is the con- 
centration of monomeric aluminum, and SO is the solubility, i.e., the con- 
centration of monomeric aluminum in equilibrium with infinitely large alu- 
minum hydroxide particles, e.g., highly crystalline gibbsite. The variable S 
is related to the concentration and infusion rate of the aluminum chloride 
solution. Since a 0.5 M AICI, solution was infused into the reaction vessel at 
a rate of 2 mL/min for all precipitations, S is constant for all precipitates. The 
solubility of aluminum hydroxide (Fig. 9) is strongly influenced by pH (40, 
42-43), and therefore, SO varies considerably with pH,. Since a 0.5 M AICI, 
solution is infused into the reaction vessel, S/So is always > > I .  Therefore, 
precipitation is expected at all pH, conditions. 


The solubility of aluminum hydroxide is lowest at pH 5.5 to 6.0 and in- 
creases sharply as the pH is increased to 10. The ratio, S/So, is largest between 


pH 5.5 and 6.0 and decreases as  the pH, is increased. Therefore, the von 
Wcimarn law predicts that the primary particle size is smallest near pH, 6.0 
and increases markedly as pH, 10 is approached. 


The von Weimarn law describes the size of the primary particles but does 
not provide any information about the subsequent formation of coagulates. 
Ilowever, based on the preceding conclusions concerning the primary crys- 
tallite size. DLVO theory may be used to predict the size of the coagulates. 
DLVO theory states that interparticle forces are a function of particle size 
(44, 45). I n  the case of electric double-layer repulsion between spherical 
particles of radius r ,  the following equation relates potential energy, V, to the 
separation distance. x, between two particles: 


v = qbo2[r2/(2r + ~ ) ] e - ~ *  (Eq. 2) 


where c is the dielectric constant, 40 is the surface electrical potential, and 
K-' is the Debye length. Clearly, the repulsive potential energy is increased 
for particles of larger radius. For largc separation between particles, the po- 
tcntial energy is proportional to the square of the radius of the particles, so 
that the potential energy increases sharply as the particle size increases. The 
van dcr Waals attractive force, however, shows the same dependence on 
particle size. thereby compensating for the effect of particle size on the re- 
pulsive force (46). 


Although particle si7e does not affect coagulation, the magnitude of the 
hurfacc potential has a considerable effect which is independent of the van 
der Waals force. According to Eq. 2, the coulombic interaction energy varies 
with the square of the surface potential. For variable charge surfaces such as 
carbonale-containing aluminum hydroxide, $0 is approximately proportional 
10 PZC - pH (28,47). Figure 10 shows that the difference between the PZC 
and the pH, increases as the pH, increases. The surface potential is therefore 
quite small for the precipirate formed at pH, 6, but the surface potential be- 
comes increasingly negative as the pH, increases. Thus, the effect of surface 
potential on electric double-layer repulsion indicatcs that the probability of 
coagulation decreases as the pH, increases from 6 to 10. - 


20 - 
- 


16 - 
- 


12 - c 


8 -  b 
8 -  


- 
4 -  


- 


t 
f 
I 


I 1 1 1 1 
6 7 8 9 0 


Figure 8-Effect ofpH,, on the sediment colume after 48 h (V48). 
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Wave Number, cm-I, and Assignment 
cos2- 


OH. 0-H Bending Bending Miscellaneous" 


GibbsiteO 1025 965 910 800 740 667 585 5 6 0  515 476 450 420 
Dawsonite* 958 942 865 850 730 690 550 515 490 
Aluminum hydroxy- 8 50 600 


carbonate gelc 
6.0 
6.5 
7.0 
715 
8.0 
8.5 
9.0 


955 935 
955 935 
953 935 
952 935 


848 
850 
850 


580 
565 
565 


843 720 675 550 485 
843 727 673 550 482 
843 728 680 546 485 
842 723 670 546 480 


9.5 95 1 843 545 
10.0 950 843 540 


0 References 36-38. Reference 39. Reference 31. Including AI-0 vibrations and C0j2- and 0-H bending modes. 


Once a coagulate has formed, its continued existence depends on its cohesive 
strength. which is a function of primary particle size. If only spherical particles 
are considered and the van der Waals attractive force is assumed to be the only 
interparticle force, then the following equation describes the relationship 
between coagulate cohesive strength, u, the coagulate void volume fraction, 
4, and the diameter of the primary particle, d 


(Eq. 3) 


where A is a constant and a is the shortest interparticle separation distance 
(44). Equation 3 indicates that as 4, a, and d decrease (each decreases as the 
particle size decreases), the coagulate cohesive strength increases. The in- 
terparticle separation distance, a, is expected to be smaller for smaller particles 
due to a diminished absolute surface roughness. The coagulate void volume 
fraction, 4, decreases as the particle size, d ,  decreases due to packing con- 
siderations. Consequently, smaller primary particles are more likely to form 
survivable coagulates which are not easily destroyed when exposed to 
shear. 


On consideration of the preceding factors. it is reasonable to conclude that 
the coagulate number (defined as the number of primary particles per coag- 
ulate) is largest for precipitates formed at pH, 6 and considerably smaller for 
precipitates formed at pH, 10. I t  is not certain, based solely on theoretical 
grounds, that there exists a sufficiently large variation in  coagulate number 
to account for the greater than 50-fold variation in particle size observed by 
particle counter and fiber optic Doppler anemometry. However, the electric 
double-layer and coagulate cohesive strength considerations are of sufficient 
magnitude to account for the observed decrease i n  particle size as the pH, is 
increased from 6 to 10. 


2 


4 3l \ 


An excellent indication of the magnitude of the variation in coagulate 
number is provided by the pH-stat titrigrams for the precipitates formed at  
pH, 6.0, 6.5, and 7.0 (Fig. 1 I ) .  The titrigrams represent the cumulative 
amount of acid neutralized at pH 3 as a function of time. A very dramatic 
displacement of the titrigrams toward shorter reaction times is observed as 
the pH, increases. If thevon Wcimarn law (Eq. 1)  hascorrectly predicted that 
the primary parricle size increases with increasing pH, (which would tend 
to increase thc t50) .  then the observed increase in the rate of acid neutralization 
of the precipitate formed at pH, 7.0 indicates a substantially lower coagulate 
number than the precipitate formed at pH, 6.0. 


Although speculative, the arrangement of primary particles within the 
secondary particles (coagulatcs) in carbonate-containing aluminum hydroxide 
might be comparable with the coagulate structures postulated for other ma- 
terials composed of two-dimensional crystallites. The coagulate structure 
indicated in Fig. I2 has been proposed for carbon black (48). The edge-teedge 
alignment of crystallites within the coagulates is in accord with the effects 
of van der Waals forces (49). The rectangular blocks represent the particles 
shown in  Fig. 2 viewed from the edge. The results of this study suggest that 
such models might also describe the carbonate-containing aluminum hy- 
droxide system. 


Application to Commercial Precipitation of Carbonate-Containing Alumi- 
num Hydroxide-The physical and chemical properties of carbonate-con- 
taining aluminum hydroxide are critically dependent on the pH, The property 
most sensitive to pH, is particle size. The effect of pH, on particle size is be- 
lieved to be a result of variations in primary particle size as predicted by the 
von Weimarn law and the effects of double-layer repulsion and van der Waals 
attraction on coagulate formation (secondary particles). In addition to particle 
size effects, a crystalline phase identified as dawsonite, NaAI(OH)2CO3, was 
observed to form along with amorphous carbonate-containing aluminum 
hydroxide when the pH, was between 7.5 and 9.5. 


For most commercial aluminum hydroxide production, batch processes are 
utilized and, therefore, either lack pH control altogether or provide for very 
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Figure 9-Eflect of pH on the solubility (SO) of aluminum hydroxide 
(401. IPZC) and pH,.  


Figure 10-Effect of pH, on the dgference between the point of zero charge 
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Figure 12-Cross-sectional schematic for a coagulate (secondary particle) 
composed ojplanar primary crystallites (primary parricles.) 


little control during the precipitation process. The product, therefore, is highly 
plydisperse and variable in composition. Consequently, considerable variation 
and uncertainty exist in the physical and chemical properties of carbonate- 
containing aluminum hydroxide precipitated by a batch process. 


Certain properties may be desirable for specific applications of carbon- 
ate-containing aluminum hydroxide. The understanding gained from this 
study on the effect of the pH, on the particle size and composition of the 
precipitate can be applied to aid in the design of precipitation processes which 
yield carbonate-containing aluminum hydroxides with desired properties. For 
example, a high surface area (small particle size) may be desired when alu- 
minum hydroxide is used as an adsorbent. Thus, precipitation a t  a high pH 
is desired, as the smallest particle size was produced at  pH, 10. 


In other situations, a low-viscosity suspension with a high solids content 
may be desired. To  produce this property, a large particle size is necessary, 
and a pH, of 6.0 is desirable. The precipitate a t  pH, 6.0 formed a free-flowing 
suspension until a concentration of 18-20510 (w/w) equivalent A1203 was 
reached, whereas theprecipitate formed at  pH, 10 underwent gelation at only 
2-3s  (w/w) equivalent AlzO,. This behavior is readily recognized as a particle 
size effect since smaller particles arc able to form a more extensive network 
or array (50). 


It may also be desirable to produce carbonatecontaining aluminum hy- 
droxide which is free of sodium. The results of this study show that the pre- 
cipitates formed between pH, 7.5 and 9.5 contained appreciable amountsof 
dawsonite and, therefore, have a significant sodium content. The sodium in 
dawsonite cannot be removed through either washing or cation exchange since 
sodium is part of the crystal structure. Thus, batch precipitations which sweep 
through the pH, range of 9.5 to  7.5 will produce precipitates which contain 
sodium as a permanent component. 
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Hypolipidemic Activity of Tetrakis-p-( trimethylamine- 
boranecarboxy1ato)-bis( trimet h ylamine-carboxyborane)- 
dicopper(I1) in Rodents and Its Effect on Lipid 
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Abstract 0 A binuclear copper(l1) complex was shown to have potent hypo- 
lipidemic activity in rats and mice at low doses, i.e., 2.5-10 mg/kg/d. The 
agent moderately lowered liver ATP-dependent citratc lyase, acetyl CoA 
synthetase, and phosphatidate phosphohydrolasc activities in uivo. The ap- 
petite of the animal was reduced by drug treatment, and orally administered 
cholesterol absorption from the intestine was markedly lowered. Higher lipid 
levels were found in the chyme and the feces, indicating accelerated excretion 
of lipids by thc drug, probably uia the biliary route. Organs, e.g., livcr and 
small intestine, as well as serum lipoprotein levels, demonstrated lower lipid 
content after drug administration. Thus, this chemical class of agents may 
have potential as a hypolipidemic agent in humans. 


Keyphrases 0 Binuclear copper( I I )  complex-antihyperlipidcmic activity 
in rodents, effect on lipid metabolism 0 Antihyperlipidemic agents-binuclear 
copper(I1) complex, activity in rodents, effect on lipid metabolism 0 Cho- 
lesterol-antihyperlipidernic effect of binuclear copper( 11) complex 


Recently, a series of amine-cyanoboranes and amine-car- 
boxyboranes were observed to be hypolipidemic in mice be- 
tween 5 and 20 mg/kg ip ( I ) .  From in uitro studies of these 
series, the ability to lower serum cholesterol appeared to cor- 
relate positively with the inhibition of the liver regulatory 
enzyme 6-hydroxy-6-methyl glutaryl CoA (HMG CoA re- 
ductase) reductase activity, and the reduction of serum tri- 
glyceride was correlated with inhibition of fatty acid synthetase 
activity (1). Subsequently, a binuclear copper(I1) complex 
derived from trimethylamine-carboxyborane, uiz., tetrakis- 
p- (trimethylamine - boranecarboxylato) -bis( trimethylamine- 
carboxyborane)dicopper( 11) was synthesized, and its effects 
on lipid metabolism is reported. 


EXPERIMENTAL SECTION 


Preparation of Tetrakis-p-(trimethylamine-boranecarboxylato~bis(tri- 
methylamine-carboxyborane)dicopper(II)-Cupric chloride was purchased 
commercially'. Trirnethylamine-carboxyborane was prepared as described 
previously (2). Trimcthylamine-carboxyborane (1.8703 g, 15.9 mmol) was 
dissolved in I M NaOH ( I 6  mL) and water (20 mL). Dropwise addition of 
23 mL of a solution of CuC12.2H20 (1.36 g. 8 mmol) in water (40 mL) pro- 
duced a dark green solution which was allowed to stand overnight. Subsequent 
filtration through a fine-fritted funnel removed a greenish-brown sludge and 
left a dark-green filtrate, which was allowed to evaporate in the atmosphere. 
After 6 d, the solution evaporated, leaving many small green crystals in a clear 
liquor. These crystals were filtered and washed with chloroform (4OOC); no 
( C H ~ ) J N . B H ~ C O O H  crystals were evident. The green crystals were then 
splashed with a minimal amount of cold water to ensure removal of any trace 
of sodium chloride and dried in uacuo. The yield was 0.49 g (23%), mp 165OC 
(dcc.); IR: U B H ,  2350, Y C ~  1665 cm-I. 


Anal.-cak. for C24H6&jCU2N&*: c ,  34.95; H, 8.31; N,  10.19. Found: 
C,  35.00, H, 8.49; N, 10.15. The structure was determined by single-crystal 
X-ray analysis (3). 


Antihvwrlioidemic Screens in Normal Rodents-Compounds to be tested 
were sus&nd;d in 1% aqueous carboxymethylcellulose and administered to 
male C F I  mice (-25 g) intraperitoneally for 16 d or male Holtzman rats 
(-350 g) orally by an intubation needle for 14 d. On days 9 and 14 or 16, blood 
was obtained by tail vein bleeding, and the serum was separated by centrifu- 
gation for 3 min. The serum cholesterol levels were determined by a modifi- 
cation of the Liebermann-Burchard reaction (4). Serum triglyceride levels 
were determined with a commercial kit2 for a different group of animals bled 
on day I4 or 16. 


Testing in Induced Hyperlipidemic Mice-Male CFI mice (-25 g) were 


Allied Chemicals, Morristown, N.J. 
* Fisher, Hycel Triglyceride Test Kit. 
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Host Factors  in Human Carcinogenesis. (IARC Scientific Publi- 
cations, No. 30.) Edited by H. BARTSCH, B. ARMSTRONG, and 
W. DAVIS. International Agency for Research on Cancer, Health and 
Biomedical Information Programme, World Health Organization, 
Geneva 27, Switzerland. 1982.581 pp. 17 X 24 cm. Price $50.00 (Sw. 
Fr. 100). 
Current research on carcinogenesis from many laboratories is beginning 


to elucidate several facets of the complex cascade and progression of 
events that lead from the initiation of the biochemical lesions to the de- 
velopment of metastatic potential. Along with this progress in the areas 
of biochemistry and the molecular biology of cancer, other laboratories 
are reporting both human epidemiological and animal model studies 
which indicate that conditions within the individual at  risk may influence 
the development of cancer and thereby susceptibility. A knowledge of 
the interactions between these “host factors” which influence suscepti- 
bility and the various stages of carcinogenesis will allow for the devel- 
opment of strategies to aid in the prevention of cancer. 


The main goal of this book is to update the knowledge concerning the 
mechanisms by which various factors inherent in the host may alter the 
initiation and developmental progression of events leading to cancer. T o  
meet this goal, the editors have drawn together investigators from the 
most promising research areas concerning host susceptibility to carci- 
nogenesis. 


The volume represents a compilation of papers presented a t  an in- 
ternational symposium and suffers from uneven presentation, as is often 
the case of such volumes. However, it does make the material presented 
available to a larger audience. The individual contributions take the 
format of either short reviews of the literature or reviews of the research 
efforts of a particular labratory and presentations of specific research 
reports. Several of the latter lack sufficient introductory material to 
determine the significance of the studies in the overall field. This problem 
is somewhat overcome by the inclusion of a rapporteur’s report sum- 
marizing and placing in perspective the individual presentations within 
each section. Most areas of the subject are given adequate coverage, with 
the exception of diet and nutrition. Only two reports are concerned with 
this topic (although it is mentioned in several others), which is rapidly 
being shown to be an important host factor in chemical carcinogenesis 
and which is generally under the control of the individual. It is hoped that 
this volume will inspire further studies to develop the mechanisms by 
which factors inherent within the host alter cancer susceptibility. 


Overall, this volume makes a successful attempt to combine the di- 
vergent research interests concerned with the role of various host factors 
in altering susceptibility, and I can recommend it for those who are in- 
terested in developing more knowledge in this area. It will be useful for 
those considering this topic for the first time and even those whose in- 
dividual research interest in host factors do not. allow them to maintain 
current knowledge of the many areas of research concerned with this 
topic. 


Reviewed by Johnnie R. Hayes 
Department of Pharmacology and 


Medical College of Virginia 
Virginia Commonwealth University 
Richmond, V A  23298 


Toxicology 


Techniques of Solubilization of Drugs. (Drugs and t h e  Pharma- 
ceutical Sciences Series, Vol 12.) Edited by SAMUEL H. YAL- 
KOWSKY. Marcel Dekker, 270 Madison Avenue, New York NY 10016. 
1981. 224 pp. 15 X 23 cm. Price $34.50 (20% higher outside the 
US.). 
Techniques of Solubilization of  Drugs is a very useful handbook for 


researchers involved in drug development. The problem and necessity 
of proper solubilization of drugs are nicely discussed in the two chapters 
by the editor, S. Yalkowsky. Of the other four chapters, the one on solu- 
bilimtion in surfactant systems by A. T. Florence deserves particular 
attention, as the author gives a rather complete overview of the subject. 
In the chapter on the solid-state manipulation, probably more attention 
should be given to the very important polymeric carriers and solid dis- 
persions in matrices. The chapter on the use of complex formation for 
drug solubilization appears to use old literature data, and it seems that 
either the approach does not have much use or the field was not thor- 


oughly searched for this review. The chapter on drug derivatization points 
out the importance and, in many ways, how to solve the problem of sol- 
ubility by chemical means, such as prodrugs, but the examples seem to 
concentrate primarily on the potential usefulness of some amino acid 
esters. There are some misquotes from the literature. 


Overall, the book is a very useful one and it defines the highly multi- 
disciplinary field of effecting drug solubility by a variety of manipula- 
tions. 


Reviewed by Nicholas Bodor 
Department of Medicinal Chemistry 
College of Pharmacy 
J .  Hillis Miller Health Center 
University of Florida 
Gainesville, FL 32610 


Diuretics: Chemistry, Pharmacology, and Medicine. Edited by 
EDWARD J. CRAGOE, Jr. Wiley-Interscience, 605 Third Avenue New 
York, NY 10016.1983.694 pp. 15 X 23 cm. Price $80.00. 
Diuretics: Chemistry, Pharmacology, and Medicine is the second 


volume in the “Chemistry and Pharmacology of Drugs” series. The series 
is edited by Daniel Lednicer, and this volume is edited by Edward J. 
Cragoe, Jr. The book has the following two goals: updating the field of 
diuretic research since the last comprehensive review was written by 
George deStevens in 1963 and laying the groundwork for the next era in 
diuretic research. It succeeds admirably on both counts by giving a bal- 
anced account of physiological principles, structure-activity relationships, 
mechanistic considerations, clinical data, and biochemical perspec- 
tives. 


The book begins with a chapter on kidney physiology by Edward H. 
Blaine. Although not an exhaustive treatment, it is appropriate to the 
beginning of the book and serves as a useful digest of information with 
a good list of references. Nine subsequent chapters, describing the medical 
chemistry of diuretics, are divided according to chemical structure. Some 
decisions regarding chemical c l a s  were clearly difficult (4-anilino-3- 
pyridinosulfonamides are found under six-membered heterocycleti rather 
than under sulfonamides), but any confusion is readily cleared up  by 
consulting the index. The emphasis in these chapters is on structure- 
activity relationships: molecules have been dissected and the effect of 
substitution a t  each chemically accessible atom has been tabulated. 


The chapter on sulfonamide diuretics by Richard C. Allen is a com- 
prehensive and thorough treatment of the subject (153 pages). It is richly 
illustrated with figures and tables, and documents with over 700 refer- 
ences the 20 years of development in this area since the deStevens review. 
The chapters on (ary1oxy)acetic acids and 2-aminomethylphenols have 
already appeared in large part in a 1978 ACS monograph, “Diuretic 
Agents,” also edited by Dr. Cragoe. To their credit, the authors (Edward 
J. Cragoe and Robert L. Smith) have updated the tables on older chemical 
series with additional entries and have included new compounds that 
have appeared in the literature between 1978 and 1982. The next six 
chapters-covering pyrazine diuretics, three- and five-membered het- 
erocyclic diuretics, tri- and tetracyclic heterocycles, six-membered mo- 
nocyclic heterocycles, bicyclic heterocycles, and the inevitable “oth- 
ers”-were all written by Dr. Cragoe and maintain a standard of clarity 
and conciseness throughout. 


The book concludes with a chapter on hormonal regulators of the 
kidney (R. L. Smith), which this reviewer found to be a lucid and scholarly 
synthesis of a large amount of diverse information (600 references). This 
chapter succeeds in bringing together the myriad effects and complex 
interrelationships among antidiuretic hormone, the renin- 
angiotensin-aldosterone system, the kallikrein-kinin system, and the 
prostaglandins, as well as considering the poaaible role of the hypothetical 
natriuretic hormone. 


Throughout the book, tables have been effectively used to clarify 
structure-activity relationships, and the chapters have a logical organi- 
zation, which is reinforced with a detailed outline at the beginning of each 
chapter. Inexplicably, the figures and tables are printed with a quality 
that varies from sharp to almost smudged. Although not a serious flaw, 
this reviewer found it an unfortunate distraction in a book that is oth- 
erwise crisply reproduced. Also distracting is the use of various scoring 
systems (rather than actual data) to present diuretic activity in several 
chapters. Although the format in which data were presented was clearly 
out of the authors’ control in most cases, these scoring systems never- 
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Abstract 0 A precipitate encountered in solutions of calcium gluceptate 
was identified as hydrated calcium gluceptate. Precipitation was asso- 
ciated with a change from a very soluble amorphous anhydrous form to 
a sparingly soluble crystalline hydrate, the presence of seed crystals in- 
ducing crystallization, and unsuitable proportions of the (1- and P-epimers 
of calcium gluceptate. Various commercial samples and the corresponding 
precipitates were examined by elemental analysis, thermal analysis, X-ray 
diffraction, IR spectroscopy, and GC-MS. The proportion of the a- and 
P-epimers in commercial samples was quantitated by GC. In this method, 
an aqueous solution of calcium gluceptate was converted into a mixture 
of glucoheptonic acids and their corresponding lactones by passage 
through a cation-exchange resin. The solution was freeze-dried, the 
acid-lactone mixture converted to the y-lactones using concentrated 
hydrochloric acid, and the resulting material trimethylsilylated with 
trimethylsilylimidazole. Stability studies of solutions prepared from 
calcium gluceptate obtained from various commercial sources indicate 
that above -50% a-epimer, stability decreased with an increase in the 
relative proportion of the a-epimer. Material romplying with USP 
specifications (pure a-epimer) is the least stable in solution. I t  is sug- 
gested that calcium gluceptate containing approximately equal propor- 
tions of the a- and 0-epimers be introduced in the USP monograph to- 
gether with a method for estimating the proportions of the epimers. 


Keyphrases 0 Calcium gluceptate-precipitation in aqueous solutions, 
identification of a- and /3-epimers, quantitation by GC Epimers- 
calcium gluceptate, quantitation by GC, role in precipitation in aqueous 
solutions 0 Precipitation-calcium gluceptate in aqueous solutions, role 
of epimers, quantitation by GC 


Calcium gluceptate used in the treatment of calcium 
deficiency (l), is described (2) as the calcium salt of D- 
glycero-D-gulo-heptonic acid (I), which is the a-epimer 
of glucoheptonic acid. However, the commercially available 
calcium gluceptate is often a mixture of the a- and 0- 
[calcium D-glycero-D-do-heptonate, (II)] epimers. These 
two forms differ only in their configuration at  the second 
carbon atom ((2-2). 


H-'C-OH 


H-T-OH 


'CHZOH 
I 


Ca 


2 


'COO--- 
I 
I 


H-~C-OH 
I 
I 
I 
I 


OH-*C-H 


OH-'C-H 


H-'C-OH 


H-'C-OH 


'CHiOH- 
I1 


Ca 


Calcium gluceptate is highly soluble in water, and so-. 
lutions containing 85% solids have been prepared which 
have not crystallized on prolonged standing1. However, 
since 1976 solutions of calcium gluceptate have shown a 
tendency to precipitate on storage2 (3). According to 
- ~ ~~ 


1 Product information of calcium gluceptate, Pfanstiehl Laboratories, Wauke- 


2 Dr. A. G. Holstein, Pfanstiehl Laboratories, Waukegan, Ill., personal com- 
gan, Ill. 


munication. 


Muller et al. (3), the precipitate can exist in two forms (A 
and B). They believed that the presence of seed crystals 
of form A was responsible for the precipitation, and that 
heating calcium gluceptate powder to 115-1'20°C de- 
stroyed the form A seed crystals, thus preventing nucle- 
ation and growth. However, this method offered no abso- 
lute guarantee of stability, whereas heating solutions of 
calcium gluceptate to a minimum temperature of 80°C for 
30 min destroyed the form A seed crystals and offered 
complete protection against later crystallization. Holstein2 
indicates that the preparation of calcium gluceptate in the 
amorphous form has been impossible in recent years. He 
attributes precipitation to the presence of seed crystals or 
some other factor which initiates crystallization and 
suggests that the product is stable if prepared hot or au- 
toclaved after packaging. 


Preliminary stability studies indicated that the time for 
precipitation to commence depended on the commercial 
source of calcium gluceptate (4). Various commercial 
samples and the precipitate from solutions of these sam- 
ples are examined in greater detail in this paper. 


EXPERIMENTAL 


Materials-Four samples of calcium gluceptate (source A3, B4, C5, 
and D6) were obtained. Potassium chloride7 was ground and dried a t  
105'C for 2 h. a-D-Glucoheptonic acid y-lactone (III)8, sulfonic cation- 
exchange resing, hydrochloric acidlo, methanol1', sucrose12, tri- 
methylsilylimidazole in pyridine13, and TrisI4 were used as received. 


Characterization of Calcium Gluceptate and the Precipitate- 
Calcium gluceptate samples from commercial sources A, B, C ,  and D were 
dried under vacuum at 60°C for 16 h. For differential scanning calori- 
metric studies, calcium gluceptate was used as received. The precipitate 
obtained from solutions prepared with calcium gluceptate from sources 
A, B, and C was dried under vacuum a t  room temperature to constant 
weight unless otherwise stated. 


Elemental Analysis-The percentage of carbon and hydrogen in 
calcium gluceptate (source C) and the precipitate [from the solution of 
calcium gluceptate (source C)] was determined by a commercial testing 
laboratory15. Calcium was estimated complexometrically with EDTA 
(ethylenediaminetetraacetic acid) using a modification of the USP 
method (5). Theoretically, calcium gluceptate consists of 34.3% carbon, 
5.34% hydrogen, and 8.17% calcium. The commercial sample from source 
C gave 33.4% carbon, 5.48% hydrogen, and 8.12% calcium; the precipitate 
gave values of 32.6, 5.67, and 7.88%, respectively. 


Thermal Analysis-Thermal analyses were performed using a dif- 


Lot R 3679 BA, Givaudan; supplied by Stanley Drug Products, North Van- 


4 Lot R 1432 TJ, Italsintex; supplied by Stanley Drug Products, North Van- 


Lot 12953-D, USP grade (pure a-epimer); Pfanstiehl Laboratories, Waukegan, 


Lot 7311, (Y- and /%mixture; Pfanstiehl Laboratories, Waukegan, Ill. 
Analytical reagent; BDH Chemicals, Vancouver, British Columbia, Canada. 


Amberlite IR-120 H; Mallinckrodt, Paris, Ky. 


couver, British Columbia, Canada. 


couver, British Columbia, Canada. 


Ill. 


8 Aldrich Chemical Co., Milwaukee, Wis. 


lo ACS grade; Allied Chemical, Pointe Claire, Quebec, Canada. 
l1 ACS grade; Caledon Laboratories, Georgetown, Ontario, Canada. 
l2 Analytical reagent; BDH Chemicals, Vancouver, British Columbia, Canada. 
l3 TRI-SIL 2; Pierce Chemical Co., Rockford, Ill. 
l4 Parr Instrument Co., Moline, Ill .  
l5 Canadian Microanalytical Service, Vancouver, British Columbia, Canada. 
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ferential scanning calorimeter16 (DSC) equipped for effluent gas analysis. 
After grinding with a glass pestle and mortar, 1- to 5-mg samples were 
weighed on an e l e~ t roba lance~~  directly into aluminum volatile sample 
pans. Scans were made a t  various rates using closed pans and pans with 
a 0.1- to 0.2-mm pinhole. 


Heat of Solution-About 500 mg of the sample was accurately weighed 
into the sample cell of a solution calorimeterla. After equilibration, the 
cell was lowered into 100 g of water contained in a fully silvered double- 
walled glass vessel and rotated at  a constant speed of -450 rpm. The 
dissolution of calcium gluceptate samples was almost instantaneous. 
Throughout the reaction, the temperature was monitored with a 
thermistor bridge system and recorded on a strip-chart recorder. 


The change in enthalpy LW, at the mean reaction temperature (ex- 
pressed in J/g) id9: 


A H = - -  (Tf - Tile 


where T f  is the final temperature, Ti is the initial temperature, m is the 
weight of the sample, and e is the energy equivalent of the calorimeter 
and its contentsIg determined using Tris (505.89 J per degree). The cal- 
orimeter was standardized using potassium chloride-water (1:400) which 
gave a mean value for the heat of solution a t  25OC of 231.9 f 0.8 J/g, 
compared with reported values (6,7) of 234.8 and 231.0 J/g, respectively. 
The heat of solution of the precipitate could not be determined because 
of its low aqueous solubility. 


Surface Area-About 200 mg of each sample was accurately weighed 
into the sample cell of a surface area analyzerz0. Krypton was used as the 
adsorbate, and helium was the carrier gas. The specific surface area was 
determined by the multipoint BET method (Brunauer, Emmett, and 
Teller) (8) using three different concentrations'of adsorbate (0.030,0.072, 
and 0.104 mol % krypton in helium). The desorption signals were cali- 
brated with pure nitrogen injected into the flow stream. 


X-ray Diffraction-Approximately 300 mg of the ground sample was 
exposed to Ni-filtered CuKa radiation (40 kV, 15 mA) in a wide-angle 
X-ray diffractometerzl over a range of 20 from 10' to 60'. 


Infrared Spectra-One milligram of the sample was dissolved in 40 
mL of chloroform, and the solution was scannedz2 in the 3800- to 625- 
cm-l range. IR spectra were also obtained using compressed disks con- 
taining 200 mg of potassium bromide and 5 mg of sample. 


Equilibrium Solubility of the Precipitate-An excess of the sample 
was added to 50 mL of water, and the mixture was agitated in a water- 
bath23 maintained a t  30°C. Aliquots were taken periodically, filtered, 
and analyzed for calcium gluceptate by a modification of the USP assay 
method (5). 


Stability of Calcium Gluceptate Solutions-Solutions of calcium 
gluceptate in water (26.7% w / v ) ~ ~  were prepared from each commercial 
sample. Aliquots of each solution were treated as follows: (a) heated in 
a ~ a t e r - b a t h ' ~  a t  85'C for 30 min, ( b )  autoclavedz5 a t  121°C for 20 min, 
( c )  filtered through a 0.22-pm membrane filterz6, and ( d )  left untreated 
(control). Solutions were also prepared using calcium gluceptate which 
had been heated a t  12OOC for 12 h and cooled in a desiccator. 


Estimation of the Proportions of a- and  8-Epimers in Calcium 
Gluceptate and the Precipitate-A gas ~ h r o m a t o g r a p h ~ ~  (GC) 
equipped with a flame-ionization detector and data terminalzs was used. 
A 1.8-m X 4-mm glass column packed with 3% phenyl-cyanopropyl 
methyl siliconez9 on a diatomaceous earth support (OV-225 on Chro- 
mosorb W) was employed with a carrier gas (helium) flow rate of 30 
mL/min. The injector and the detector temperatures were 250°C. The 
column was maintained at  200'C for 10 min and then was temperature 
programmed from 200°C to 215'C at  5'C/min. It was maintained a t  the 
upper temperature until elution of the last peak. 


m 


16 DSC-1B; Perkin-Elmer, Norwalk, Conn. 
l7  Gram; Cahn Instrument Co., Paramount, Calif. 
18 Model 1451; Parr Instrument Co., Moline, Ill. 
19 Instrument manual for solution calorimeter, Model 1451; Pa r  Instrument Co., 


2o Quantasorb; Quantachrome Corp., Syosset, N.Y. 
:'l Philips Electronic Instruments, Mount Vernon, N.Y. 
22 Unicam SP 1000; Philips Electronics Instruments, Mount Vernon, N.Y. 
23 Magni Whirl; Blue M Electric Co., Blue Island, Ill. 
24 This corresponds to the concentration of calcium gluceptate in a commercial 


formulation marketed by Stanley Drug Products, North Vancouver, British Co- 


Moline, Ill. 


. I  
lumbia, Canada. 


25 General Purpose; American Sterilizer Co., Erie, Pa. 
26 Type GS; Millipore Corp., Bedford, Mass. 
97 Model 5830 A; Hewlett-Packard, Avondale, Pa. 
28 Model 18850 A; Hewlett-Packard, Avondale, Pa. 
2g Western Chromatography Supplies, New Westminster, British Columbia, 


Canada. 


Table  I-Heats of Solution and Surface Energy of Calcium 
Gluceptate 


Calcium Heat of Specific Surface 
Gluceptate Solutiono, Surface Area, Energy, 


Source J /F! m2/g J/m2 


B 16.9 0.619 27.3 
A 20.4 0.421 48.5 
D 33.0 0.145 228 
C 45.3 0.156 290 


At 32OC; average of two determinatims. 


Sample Preparation-About 1 g of calcium gluceptate (preliminary 
studies with source D material) was weighed and dissolved in 20 mL of 
water. This solution was passed through a column of formic acid-washed 
cation-exchange resin. The eluate was analyzed for calcium in an atomic 
absorption spectrophotometer"". The calcium levels were found to be <5 
ppm, confirming the efficiency of the ion-exchange process. This solution 
was freeze-dried3] to a constant weight. About 70 mg of this dried material 
was accurately weighed, dissolved in sufficient methanol to give 100 mL, 
and 150,200, and 250 pL of the solution were transferred to I-mL vials32. 
The methanol was evaporated under reduced pressure33, 50 pL of con- 
centrated hydrochloric acid was added to each vial, and the vials were 
vortex mixed". The hydrochloric acid was evaporated under reduced 
pressure; the addition and evaporation of hydrochloric acid was repeated 
3 additional times. 


About 60 mg of sucrose (internal standard) was accurately weighed and 
dissolved in pyridine, and the volume made up to 100 mL. To each vial 
100 pL of the sucrose solution and 200 pL of trimethylsilylimidazole (to 
form the trimethylsilyl derivative) was added, the solution was vortex 
mixed, and 5 pL was injected into the GC. The precipitate was subjected 
to the same treatment. 


Gas Chromatography-Mass Spectrometry-A mass s ~ e c t r o m e t e r ~ ~  
interfaced to a GC was used to characterize source A drug and the pre- 
cipitate from a solution from source A. The method of sample preparation 
and the GC conditions were the same as above. A beam energy of 70 eV 
was employed, and the separator temperature was 25OOC. The injection 
volume was 5 pL. 


RESULTS AND DISCUSSION 


DSC thermograms of the different samples of calcium gluceptate 
showed no exothermic or endothermic peaks between 25 and 18O0C, in- 
dicating that the samples were anhydrous as received and did not undergo 
any phase transitions in this temperature range. However, the precipitate 
(from solutions of calcium gluceptate from sources A, B, and C) gave a 
single endothermic peak at  -110'C in a closed sample pan with a pinhole, 
which allows water to evaporate. A weight loss was found on weighing the 
closed pan with a pinhole before and after the endothermic peak, and a 
peak was obtained on the effluent gas analyzer following the endothermic 
peak. When the precipitate was dried under vacuum a t  76OC for 2 hand  
then subjected to DSC, the endothermic peak was not present. This in- 
dicates that the precipitate is a hydrate, but the weight loss was found 
to be highly variable. 


The heats of solution and the surface energies (Table I) differ for each 
sample, but the values do not correlate with the stabilities of the corre- 
sponding solutions (Table 11). 


X-ray diffraction patterns of the calcium gluceptate samples were 
typical of amorphous materials. There were no characteristic diffraction 
peaks, contrary to the information received from Holstein2 that pro- 
duction of the amorphous form has been impossible in recent years. The 
dried precipitate diffracted X-rays, showing its crystalline nature, and 
the diffraction patterns of the precipitates from different sources were 
very similar. When the precipitate was dried under vacuum at 80'C for 
46 h, there were minor changes in the diffraction pattern (Table 111). The 
results indicate that the crystal lattice of the hydrate does not collapse 
to an amorphous form when the water of hydration is removed. 


The IR spectra of chloroform solutions of the four samples of calcium 
gluceptate and the three samples of the dried precipitates were identical. 


~~ ~~ ~~~~~ ~~ 


Model AA-5; Varian Techtron, Melbourne, Victoria, Australia. 
31 Freeze-Drying Unit; Vitris Co., Gardiner, N.Y. 
32 Reacti-Vial; Pierce Chemical Co., Rockford. Ill. 
33 Vac Torr S 35; Precision Scientific Company, Chicago, 111. 
34 Vortex-Genie; Scientific Industries, Springfield, Mass. 
35 MAT 111; Varian Mat GmBH, West Germany. The mass spectrometer was 


coupled to a computer, Model 620/L, Varian Data Machines, Palo Alto, Calif. 
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Table 11-Relationship Between the Proportions of the a- and 
8-Epimers and  the Stability of Calcium Gluceptate in Solution 


Epimers 
in Calcium 


Calcium Gluceptate, PreciDitation EDimers in 


H-C-OH 


H*--OH 0 
I 


H-C-OH H-C-OH 


I H-C-OH H-C-OH 
I 


' I  - H i 0  I - H i 0  
I & - H  = OH-C-H OH-C-H 


I +Ha0 I + H 1 0  I 
Gluceptate 9i Begins, Pr t ipi ta te ,  %4 


Source 7 d 
H-C-OH H ~ O H  


H-C-OH 
I 
I 


H-C-OH 
I 
I 


H-C-OH 
I 


CH,OH CH,OH CHzOH 
1,4-lactone of a-D-glucoheptonic 1,5-lactone o f  
a-D-glucoheptonic acid a-n-glucoheptonic 
acid (7-lactone acid (&-lactone of 
of  Q-D-glucoheptonic a-D-glucoheptonic 
acid) acid) 
Scheme I-Lactonization of a-D-glucoheptonic acid. 


only minor changes in the diffraction pattern rather than a return to the 
diffuse pattern of the original amorphous form. 


Attempts to determine the equilibrium solubility of each sample of 
calcium gluceptate were unsuccessful. Sources A, B, and D appeared to 
be infinitely soluble in water with >200% w/v going into solution. The 
accompanying increase in viscosity hindered dispersion and dissolution 
of additional solid. Concentrated solutions of source C were extremely 
unstable, becoming turbid and precipitating within minutes of dissolu- 
tion. The precipitate (from the solution of source A) was found to have 
a solubility of 2.5% wlv in water. 


Development of GC Method-Preliminary attempts to perform the 
GC analysis of calcium gluceptate were unsuccessful presumably due to 
the nonvolatile nature of this material. Hence, an aqueous solution of 
calcium gluceptate was first passed through a cation-exchange resin, 
freeze-dried, trimethylsilylated, and subjected to GC. This resulted in 
four peaks, presumably due to a-D-glucoheptonic acid, P-D-glucoheptonic 
acid, and the corresponding lactones, which result from lactonization of 
aldonic acids in solution (9). The formation of both the l,4-lactone and 
1,5-lactone is possible. The lactonization reactions of a-D-glucoheptonic 
acid are presented in Scheme I; P-D-glucoheptonic acid can undergo 
similar reactions. 


In the presence of hydrochloric acid, aldonic acids are converted into 
their corresponding y-lactones (1,4-lactones) (10). The number of sub- 
stances eluted in the GC analysis was, therefore, reduced by treating the 
freeze-dried eluate from the ion-exchange column with hydrochloric acid. 
Treatment with hydrochloric acid also avoided possible complications 
due to the formation of 1,5-lactones (9,lO). 


Identification of Calcium Gluceptate and the Precipitate-GC 
analysis of the treated calcium gluceptate (sources A, B, and D) indicated 
it to be a mixture of two compounds with retention times of 7.7 and 9.2 
min (Fig. 1). GC-MS revealed that the compounds eluting as peaks 1 and 
2 had similar mass spectral patterns as follows: 


1. A molecular ion peak (M+) recorded a t  mlz 568 in agreement with 
that calculated for the fully trimethylsilylated derivative of the lactone 
of glucoheptonic acid (11). 


2. The ion M-15 (loss of one methyl group) was a t  m/z 553. 
3. The ion M-43 was a t  m/z 525. 
4. The ion M-105 was a t  mlz 463 due to the loss of methyl and tri- 


methylsilanol groups. 
The reference material 111, when subjected to GC-MS analysis under the 
same conditions, had the same retention time and fragmentation pattern 
as the compound appearing as peak 2 in Fig. 1. Hence the identity of this 
compound as the trimethylsilyl derivative of 111 was confirmed. 


The compounds eluting as peaks 1 and 2 (Fig. 1) have different re- 
tention times, but show mass spectral patterns with identical mlz values 
a t  the upper region of the spectrum. Hence, the chemical structures of 
the two compounds which gave rise to these peaks must be very similar. 
Since the identity of one of these compounds (peak 2) was established, 
peak 1 was ascribed to the trimethylsilyl derivative of P-D-glucoheptonic 
acid y-lactone. 


The precipitate, when subjected to the same treatment, was also found 
to be a mixture of two compounds with retention times of 7.7 and 9.2 min. 
Analysis by GC-MS showed that the mass fragmentation pattern of the 
compound eluting a t  7.7 min was the same for both the treated calcium 
gluceptate and the treated precipitate. Similarly, the compounds ap- 
pearing a t  9.2 min also exhibited identical mass fragmentation pat- 
terns. 


C 100 0 <1 100 0 
B 72.4 27.6 2 84.6 15.4 
A 71.8 28.2 8 79.9 20.1 
D 51.8 48.2 -Stable- 


- 


The spectra of the potassium bromide disks of the samples were much 
less well defined than those of the chloroform solutions. The precipitate 
dried under vacuum a t  room temperature had a more clearly defined 
spectral pattern than the original sample, with an increase in the number 
of bands in the 1125- to 1000-cm-' region, but after drying under vacuum 
a t  80°C for 46 h the spectrum of the precipitate lost its sharpness and 
appeared like that of the original calcium gluceptate. This is in contrast 
with the X-ray results, where the more rigorous drying conditions caused 


Table  111-X-ray Powder Diffraction Pat terns  of the Precipitate 
Obtained from the Solution of Calcium Gluceptate (Source C) 


Dried Precipitate 
Vacuum a t  


Room Temperature" Vacuum a t  80°Cb 
Interplanar Relative Interplanar Relative 


Spacing, Intensity, Spacing, Intensity, 
A % A % 


7.49 
6.60 
6.19 


10 
9 


10 


7.76 
7.49 
6.65 
6.19 


9 
23 
21 
13 
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22 
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. ~. 
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13 
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4.57 


34 
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4.31 
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4.13 
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3.85 


38 
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6 


22 
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2.98 
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3.05 
2.96 
2.92 
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2.70 
2.64 


11 
19 
5 


11 
31 


2.70 
2.64 
2.49 


22 
8 


14 
28 


2.49 
2.43 
2.38 


2.43 
14 
15 
8 


5 


2.38 
2.32 
2.25 
2.20 


12 
16 
12 
9 


~ ~~ 


2.33 
2.26 


2.18 
2.14 12 


2.12 
2.07 
2.03 
1.97 


5 
8 


10 
6 


2.07 
2.03 


9 
7 


1.95 7 


To constant weight. * For 46 h. 
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Figure 1-Chromatogram of calcium gluceptate (source 0) prepared 
for  GC analysis. Key, (1) 8-D-glucoheptonic acid y-lactone; (2) 
a-D-glucoheptonic acid y-lactone; (3) sucrose (internal standard). 


A linear relationship was established between the area ratio of peak 
2 (trimethylsilyl derivative of 111)-peak 3 (trimethylsilyl derivative of 
sucrose) and the weight ratio of 111-sucrose (correlation coefficient 0,9989, 
slope 0.5174, intercept -0.0437). It was not possible to establish a similar 
relationship for b-D-glucoheptonic acid y-lactone since this is not com- 
mercially available. Since b-D-glucoheptonic acid y-lactone and I11 are 
epimers, the response factors were taken as being identical. 


Elemental analysis, IR spectral (chloroform solutions), and GC-MS 
studies showed that calcium gluceptate and the precipitate were chem- 
ically similar. Since the DSC studies indicated that the precipitate was 
a hydrate, it was concluded that the precipitate was hydrated calcium 
gluceptate. 


Stability of Solutions of Calcium Gluceptate-Calcium gluceptate 
consisting of the pure a-epimer (source C) has the lowest stability in 
solution, whereas the a-P mixture (source D) has the highest stability 
in solution (Table IV). Filtration increases the time before precipitation 
occurs, and autoclaved solutions showed no precipitation during 24 
months of storage (Table IV). It is thought that precipitation could be 
due to one or more of the following factors: 


1. A change from a very soluble amorphous anhydrous form to a 
sparingly soluble crystalline hydrate. 


2. Unsuitable proportions of the a- and P-epimers. The problem 
of precipitation started only in 1976; prior to this time, solutions were 
apparently stable (3). It seems probable that in that year, a change oc- 
curred in the manufacturing procedure for calcium gluceptate which led 
to a change in the relative proportions of the a- and 8-epimers. 


3. The presenge of seed crystals in the solution. Impurities or crystals 
of the required solute can act as nucleating agents or seed crystals (het- 
erogeneous nucleation), inducing crystal growth at much lower degrees 
of supersaturation than for spontaneous (homogenous) nucleation. 


Recrystallization of a Stable Form-X-ray studies showed that all 
the samples of calcium gluceptate were amorphous, whereas the pre- 
cipitates were crystalline. Thermal analyses indicated that the initial 
materials were anhydrous, but the precipitates were hydrated. Hence, 


Table IV-Stability of Calcium Gluceptate (26.7% w/v) in 
Aqueous Solution Stored at Room Temperature 


Time for Precipitation, d 
Treatment Source A Source B Source C Source D 


- C Control" 2 8 <I  
Solution heated at 13 7 <1 - 


Solution autoclaved at  - 


Filtered 210 240 2 
Solid heated* at 3 3 <1 - 


8 5 O C  X 30 min 


121OC X 20 min 


12OOC X 12 h 


- - - 


- 


0 Solutionrpared by dissolving solid in water at room temperature; frequently 
contaminate with microbial growth. Causes cararneli7ation. c - no precipitation 
(during 24 Months of storage). 


precipitation is due to the recrystallization of a stable hydrate from a 
solution made using an amorphous anhydrous form. This change pro- 
duces a dramatic decrease in solubility from an infinitely soluble material 
to a precipitate with a water solubility of -2.5% w/v. 


Proportions of the a- and &Epimers in Calcium Gluceptate and 
the Precipitate-There is a marked variation in the proportions of the 
a- and 8-epimers in the different samples of calcium gluceptate, and there 
is a relationship between the stability in solution and the proportion of 
a- and 0-epimers (Table 11). Solutions prepared with source C (100% 
a-epimer) precipitated from solution within a day, whereas solutions 
prepared with source D (51.8% a-epimer) showed no precipitation during 
24 months of storage. 


The proportions of the a- and 6-epimers in the precipitates obtained 
from solutions of calcium gluceptate were determined (Table 11). There 
was an increase in the proportion of the a-epimer when compared with 
the original material. Since the precipitate is hydrated calcium gluceptate, 
it would appear that the hydrate of the P-epimer has a higher solubility 
in water than the hydrate of the a-epimer. Thus, the relative proportion 
of the a-epimer in the precipitate would increase. 


Heating solutions of calcium gluceptate does not produce any change 
in the proportions of the a- and @-epimers. This became evident by de- 
termining the proportions of the a- and P-epimers before and after au- 
toclaving solutions of calcium gluceptate. 


Presence of Seed Crystals Inducing Crystallization-It has been 
shown that membrane filtration increases the time before precipitation 
occurs (Table IV), possibly by excluding the majority of seed crystals. 
The stability of the autoclaved solutions suggests that seed crystals are 
destroyed by heating at  121%. This is above the DSC temperature of 
llO°C, at which the crystalline precipitate dehydrates, which suggests 
that the seed crystals are hydrated calcium gluceptate. Our results in- 
dicate that all three causes of instability postulated earlier are involved 
in precipitation, but the most important factor affecting the stability of 
nonautoclaved solutions is the relative proportion of the a- and P-epimers 
in the commercial material. 


Some Comments About the USP Specifications of Calcium Glu- 
ceptate-Only the a-epimer of calcium gluceptate is official in the USP 
(2), but the stability results in Table IV indicate that the pure a-epimer 
(source C) is the least stable in aqueous solution, with precipitation oc- 
curring within a day. Moreover, the pharmacopeia offers no method of 
identification of the a-epimer. The USP identification test states that 
the IR spectrum of the sample under investigation must exhibit maxima 
only at the same wavelength as a similar preparation of USP Reference 
Standard (2). It has been found that the IR spectra of calcium gluceptate 
obtained from different sources (i.e., containing different proportions 
of the a- and P-epimers) are superimposable. Thus, IR spectroscopy is 
incapable of distinguishing between the a- and P-epimers of calcium 
gluceptate. 


The USP assay method consists of the complexometric estimation of 
calcium with EDTA and cannot distinguish between the a- and P-ep- 
imers. The rationale behind the choice of the pure a-epimer form of 
calcium gluceptate in the USP monograph is not known. It is apparent 
that in order to be stable in aqueous solution, calcium gluceptate must 
contain approximately equal proportions of the a- and P-epimers (as in 
the source D material). Hence, it is suggested that the USP should con- 
sider an a-8 mixture, and the monograph should include a method for 
estimating the proportion of epimers in the mixture. 


In our studies, based on the close structural similarity of the a- and 
/3-epimers, the response factors of the two epimers were taken as being 
identical. For an absolute calculation of the proportions of the a- and 
/3-epimers, it would be necessary to have pure reference standards for both 
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I11 and 0-D-glucoheptonic acid y-lactone. A t  present, only 111 is com- 
mercially available. 
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Abstract Methods were developed for the determination of octanoic 
acid and N-acetyl-DL-tryptophan, which are used as stabilizers in the 
human blood-derived therapeutic products normal serum albumin and 
plasma protein fraction. The method for octanoic acid uses GC; quanti- 
tation is achieved using heptanoic acid as the internal standard. The 
method for N-acetyl-DL-tryptophan is based on UV spectrophotometry 
of the acid-soluble fraction remaining after precipitation of the protein 
(€280 for N-acetyl-DL-tryptophan, 5250). The coefficient of variation for 
replicate determinations of octanoic acid averaged 3.9% (range 2.1-5.576); 
that of N-acetyl-DL-tryptophan averaged 1.9% (range 0.5-4.0%). Use of 
these methods for the analysis of 138 lots of commercial products for 
octanoic acid and 159 lots for N-acetyl-DL-tryptophan showed that the 
stabilizer contents of 132 and 158 of these lots, respectively, were within 
20% of the value indicated on the product label. 


Keyphrases 0 N-Acetyl-DL-tryptophan-quantitative determination 
of stabilizers, octanoic acid, human albumin products 0 Octanoic 
acid-quantitative determination of stabilizers, N-acetyl-DL-tryptophan, 
human albumin products 0 Human albumin products-quantitation 
of stabilizers, octanoic acid and N-acetyl-DL-tryptophan 


~ 


The major therapeutic human albumin products manu- 
factured for intravenous use in the United States are 
normal serum albumin (prepared as a 5% or 25% protein 
solution) and plasma protein fraction (prepared as a 5% 
protein solution). These products are heated at  60°C for 
10 h (1) to inactivate hepatitis viruses (2); to minimize 
changes in the protein during the heating procedure, sta- 
bilizers are added (3-5). The stabilizers permitted by 
federal regulations are the sodium salt of N-acetyl-DL- 
tryptophan (0.16 mmol) or a combination of sodium salts 
of N-acetyl-DL-tryptophan and octanoic acid (0.08 mmol 
of each) per gram of protein (1); in practice, only the 
combination is used. Both octanoic acid and N-acetyl- 
DL-tryptophan bind to human albumin (6). The strength 


of binding varies with the length of the carbon chain of the 
fatty acids (7,8) and the steric configuration of tryptophan 
(9). Depending on the experimental conditions, lowering 
the concentration of either stabilizer can affect the thermal 
stability of albumin (5,10,11). 


Numerous biological effects of octanoic acid have been 
reported, including inhibition of platelet aggregation (12, 
13), hypoglycemia (14,151, narcotic action in several ani- 
mal species (16,17), and suppression of liver clearance of 
long-chain fatty acids (18). The ability of the sera of certain 
individuals to agglutinate all human erythrocytes when 
octanoic acid is present has been described by several in- 
vestigators (19). Although no untoward responses were 
elicited by administering octanoic acid-stabilized albumin 
to a recipient with such fatty acid-dependent (“capry- 
late-dependent”) antibodies (20), some patients who had 
undergone anaphylactoid reactions to albumin products 
exhibited positive skin reactions to octanoic acid-treated 
albumin (21). In contrast, no adverse reactions have been 
reported for N-acetyl-DL-tryptophan. When given intra- 
venously to human recipients, both the D- and the L-form 
are poorly utilized and rapidly excreted (22). 


The present study was undertaken to develop precise 
and accurate methods for the quantitative determination 
of these stabilizers in concentrated protein solutions. The 
methods developed were then used to assess the stabilizer 
content of commercially manufactured normal serum al- 
bumin and plasma protein fraction1. 


1 All lots of these products were submitted to the Bureau of Biologics before 
release for marketing; therefore, a sufficient number of samples could be analyzed 
to assure that the values obtained were representative of products in commercial 
distribution. 
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Tack experiments performed with petrolatum, a highly viscous semisolid 
did not show the region of “delayed elastic effects.” This resulted in a rather 
short duration for filament elongation; hence theft was relatively small. 


The above observations suggest that the response of the concentrated 
polymer solutions (semisolids) to applied pull stress is a combination of viscous 
and elastic forces. The “delayed elastic effects” observed are the result of 
configurational elasticity, which is a process associated with orientation, 
alignment, and elongation by the uncurling of large chain molecules. There- 
fore, thef t  required for the elongation of the filament will not only depend 
)n the viscosity of the liquid, but also on the internal structure of the 
ystem. 


Earlier investigators (10- 12) suggested that tackiness is related to the ge- 
metry of the system and the rheological characteristics of the liquid. 
herefore, according to this definition, lecithin, petrolatum, and even water 
a d d  with high concentration of finely divided solids will be considered tacky, 
nce these liquids or dispersions do offer resistance to flow. In actual practice. 
e above materials, unlike povidone solution, are not known to be tacky even 
ough impulse for liquid film separation is required in both cases. Based on 
ese observations, it can be concluded that a tacky material is one that dis- 
ays “delayed elastic effects,” and because of these effects it requires a long 


Wriod of time for filament elongation. This provides a rather large impulse 
fw a given force of separation. 


Tack Effects in Tablet Coating-Coating solutions, when applied to the 
tablets during the coating process, are dilute solutions of polymers of low- 
viscosity grade. Separation of tablets stuck together by a freshly applied 
coating solution will occur by viscous flow. Therefore, the) required will be 
equal for solutions of similar viscosity. As the solvent evaporates during the 
diying phase of the coating process, the solution will reach a semisolid statc. 
At this point, resistance to filament elongation will depend on the molecular 
structure of the polymer. 


Tablet coating solutions usually contain opacifier, plasticizers, and colorants 
to modify the physical characteristics and improve the film-forming properties 
of the polymers. The effect of these additives on the tack behavior of coating 
solutions is under investigation. 
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Abstract 11) The phase behavior of the lidocaine-prilocaine binary system has 
been studied by X-ray diffraction, differential thermal analysis, hot-stage 
microscopy, and IR spectrometry. No intermediate compounds or solid 
solubilities havc been detected. The eutectic composition is close to I : l ,  and 
thc cutcctic temperature is 18 f I “C. Aqueous solubility studies show that 
the lidocaine heat of solubility from the eutectic mixture is different from that 
of the pure drug, whereas i t  is the same for prilocaine. Investigations ofvarious 
lidocaine-prilocaine ratios indicate that the two local anesthetics decrease 
the solubility of each other. The total solubility. however, is affected only to 
a minor extent. 


Keyphrases Lidocainc-binary system with prilocaine, phase diagram and 
aqueous solubility 0 Prilocaine-binary system with lidocaine, phase diagram 
and aqueous solubility 0 Solubility-phase diagram of the lidocaine-prilo- 
ciiinc binary system in water 0 Phase diagram-lidocaine--prilocainc binary 
syztem, aqueous solubility 


Solid-solid interactions are of great interest in the devel- 
opmcnt of pharmaceutical preparations. Dissolution rates, and 
thus bioavailability, of poorly soluble drugs can be enhanced 
by their fusion with water-soluble carriers such as urea or 
polyethylene glycol, which form solid solutions with drugs (1,  
2 ) .  Eutectic mixtures may even be used to prevent freeze-thaw 
coagulation of suspensions (3) .  In  powder technology, on the 
other hand, a eutectic interaction between substances may be 
considered as an incompatibility, making it necessary to use 


some auxiliary substance to inhibit adhesion of the powders 
(4). The physical state in which the drugs are present in such 
fused mixtures is debatable. The dispersion of phenylbutazone 
in  urea represents a “plug compound” (5). Such solid disper- 
sions are known to age (6 ,7) .  


Studies on eutectic combinations of two drugs are rare (8). 
Recently, lidocaine and prilocaine have been reported to form 
a eutectic mixture (9). Since this mixture is liquid at room 
temperature, it has been possible to formulate an effective local 
anesthetic preparation for topical application. The purpose of 
this investigation is to characterize the lidocaine-prilocaine 
system from a physical point of view and to study its aqueous 
solubility. 


EXPERIMENTAL 


Materials-Lidocaine’ and prilocaine’ were used as obtained. To prepare 
the eutectic mixture (EMLA), 49.6% lidocaine and 50.4% prilocaine by weight 
were mixed and heated gently until liquefaction occurred. 


X-Ray Diffraction-An X-ray powder diffraction camera2 with a 50-mm 
diameter and strictly monochromatized CuKa, radiation was used. A small 
amount of the powder was spread out on the glue side of ordinary tape. The 
tape was attached to a thin metal plate, 30 mm in diameter, with an 8-mm 
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Figure 1 -Phase diagram of the nonequilibraied lidocaine-prilocaine sysiem 
determined by hot -stage microscopy. 


central hole. This hole was covered with the tape and sample, and the X-ray 
was passed through; the exposure time was -45 min. To obtain very accurate 
diffraction data, an internal standard of potassium chloride was added to the 
specimens. 


One exposure was performed at 4-5OC. The composition was I :1  and the 
mixture was kept a t  4-5OC for 10 d after having reacted at room temperature 
to form a viscous homogeneous mass. The material was spread out on extra- 
thin foil3 covered with a thin layer of high-vacuum grease to avoid the influence 
of water. The sample holder was very rapidly transferred from the storing room 
to the camera. In this case, the internal standard was elemental silicon. No 
X-ray diffraction lines were registered from the grease-covered foil. 


Differential Thermal Analysis (DTA)-A low-temperature instrument that 
covers the interval of 100-600 K (10) was used. Six different samplescan be 
run simultaneously. 


A rather unusual strategy was used to reach equilibrium, since a long time 
period was involved (several days). Different amounts of the components were 
weighed and mixed at room temperature in individual glass cups. After a few 
days, 20-mg portions were transferred to the DTA sample holders. These were 
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Figure 2-Some typical examples of the DTA registrations of -20 mg lid- 
ocaine plus prilocaine on hearing showing ihe endothermic peaks. Prilocaine 
concentration (mot%): ( I )  85; ( / I )  90: (Ill). 95: ( IV)  100. 
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Figure 3-Phase diagram of the equilibrated lidocaine-prilocaine sys em 
determined by hot-stage microscopy (0). long-lime storage in a thermo la1 
at 19°C. Key: (0) solid but no obsenjed liquid phase; (8) liquid phase clearly 
observed over solid; (A) DTA. 
stored at  4-5OC for different periods of time. The temperature was chosen 
to avoid ice formation. Just before a specific registration was to take place, 
the whole DTA measuring head was alsocooled to 4-5OC. The filled sample 
holders were then rapidly moved from refrigeration to the instrument, which 
was evacuated and further cooled to --20°C before the heating program 
(3OC/min) was started in dry air at atmospheric pressure. 


The accuracy of the temperature reading is estimated to be f 1 O C  according 
to the calibrating procedure performed with standard samples4. The time to 
obtain equilibrium was found to be longer in  the lidocaine-rich part of the 
system than in  the prilocaine-rich part. 


Hotstage Microscopy-Nonequilibrium Conditions- Weighed amounts 
of lidocaine and prilocaine in various ratios were mixed thoroughly and heated 
until melting occurred. The melts were cast on watch glasses and allowed to 
congeal a t  5OC. The solidified mixtures were crushed and then homogenized 
with a mortar and pestle. 


A binocular microscope with a hot stage and a control unit was used5. Phase 
transitions of the specimens were observed between crossed polars, both vis- 
ually and by using a photoelectric sensor to record the changes in light 
transmission. 


A proper amount of specimen was placed on a cooled slide. The specimen 
was observed from 5OC, with a heating rate of I0C/min. The temperature 
at which thecrystals just started to melt, or when using the photoelectricxnsor 
the recorded curve started to change, was taken as the eutectic temperature. 
The temperature a t  which the whole field became dark was considered the 
melting point. 


Equilibrium Conditions-To determine the liquidus curves of the lido- 
caine-prilocaine system and to supplement the results gained by the dynamic 
thermoanalytical methods, a number of equilibration experiments were un- 
dertaken. For these experiments, similar to those performed on ternary 
transition-metal oxide systems ( I  I ,  12), a simple microscope hot-stage device 
comprised of a copper reaction cell (@ = 5 cm, height = 2 cm) and two I-mm 
transparent quartz glass plates were used. The sample was held on the bottom 
plate. which was in direct contact with a copper block supporting the reaction 
cell, tempered by means of a circulating-water thermostat. Continuous ob- 
servation of the sample with the help of a stereo microscope (40X) was made 
through the upper silica plate, and the temperature (5-75OC) of thesample 
was checked by a chromel-alumel thermocouple hxed in the copper block close 
to the sample. The melting temperatures of pure lidocaine, prilocaine, and 
ice (67OC. 37OC. and 0°C. respectively) served as calibration points in the 
temperature determinations. The gas-tight reaction cell was also provided 
with a gas inlet and outlet and a simple manipulator. 


A typical run on this hot-stage was performed in the following way. A 
weighed mixture of lidocaine and prilocaine (in total -5 mg) was kept at an 
appropriate temperature for enough time (-1 d) toget a homogeneous melt 
with a remaining solid phase centered in the droplet. The temperature during 
this primary stage must be low enough to preserve both kinds of crystals ob- 
served: thin platelets (lidocaine) and needles (prilocaine). When the coarse- 
grained original mixture finally was transformed into a more homogeneous 
crystalline mass of lidocaine or prilmine, the temperature was raised in  steps 
until very little solid phase was left in the melt droplet. During this second 


f 


NBS-ICTA. Standard Reference Material 758 
5 Mettler FP52 + FPS. 
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stage, lasting 1-2 d, checks for equilibrium attainment between solid and liquid 
were made by observing the growth-dissolution response of the crystals to 
small temperature changes. Finally, the highest temperature for a solid-liquid 
cquilibrium, i.e., the melting point, for the mixture was noted as that tem- 
perature a t  which the smallest solid residue to be observed in the microscope 
persisted and showed response to temperature changes. 


For some mixtures the primary crystals were grown after the melting point 
determination by slow cooling and separated for subsequent X-ray analysis 
from the mother liquor by absorbing the liquor on a piece of porous filter paper. 
This was brought in contact with the melt by means of the manipulator. Albeit 
he equilibration experiments were performed in a dynamic atmosphere 
argon, -I0 mL/min) and lasted for long periods, no changes in size and color 
f the melt droplets were observed, thus indicating that evaporation losses were 
egl igible. 


IR Studies-The IR spectra of lidocaine, prilocaine, and EMLA were re- 
xded using an 1R spectrophotometefi. The EMLA samples were prepared 
. -6OC, and the resulting crystals were spread on potassium bromide disks. 
MLA was studied both in crystalline form at low temperatures and in liquid 
irm at room temperature. The spectrum of each sample was recorded 3-4 
mes in succession while its physical condition was observed. 
Solubility Determination--The solubilities in I mM NaOH were deter- 


lined for lidocaine, prilocaine, and EMLA at 25OC. 32OC. 37OC, and 45OC. 
4ther combinations of lidocaine and prilocaine were studied in distilled water. 
quilibrated mixtures of the local anesthetics and water were filtered through 
ass wool and 0.1-pm plycarbonate filters'. The concentrations in the filtrate 


Mere determined by UV spectrophotometry* at 230 nm. The filtrate was an- 
alyzed at fixed time intervals until a constant concentration was obtained. 


I n  thecaseof EMLAand theother combinationsof lidocaineand prilocaine, 
HPLC was used to analyze the two concentrations separately. For the HPLC 
method, a 20-pL loop injection valve and a column (200 mm X 3.0 id.) packed 
with Lichrosorb RP-8 (IO-lm particles) were connected to an 8-pL flow cell 
ir. a spectroph~tometer~. The column was eluted at ambient temperature with 
a methanol-phosphate buffer (70:30 v/v, pH 8.0. I = 0.05) a t  a rate of I 
mL/min. The eluant was monitored at 246 mm with a recorder setting of 0.05 
AUFS. Before injection, the samples were diluted with eluant to a concen- 
tration of 120 to 140pg/mL of lidocaine and prilocaine. The peak hcights were 
compared with those of standards chromatographed under similar conditions. 
Doubling the excess of a mixture did not affect the individual solubilities. 


RESULTS AND DISCUSSION 


Phase Diagram-The phase diagram for the lidocaine-prilocaine system 
obtained by hot-stage microscopy is shown in Fig. 1. In the extreme regions, 
<25% on both sides, visual observations were necessary to estimate the initial 
melting temperature. while the photoelectric sensor could be used in between. 
The results obtained with the two methods were in agrecment. In the regions 
of the higher concentrations of lidocaine and prilocaine, respectively, the di- 
agram indicates the existencc of solid solutions. 


To investigate this further, 4- 15% on both sides were analyzed by X-ray 
diffraction. A solid solubility may be observed as a shift in  the line positions 
according to changes of the unit cell dimensions if  the second component is 
located in  thc interstitial spaccs of thecrystal lattice of the first component. 
Different amounts of the starting materials were observed, and no interstitial 
solid solubility between the components could be detected. This may not ex- 
clude the existence of noncrystalline solid solutions in which the one component 
replaces molecules from the crystal lattice of the other component. The for- 
mation of substitutional solid solutions is favored if the molccular sizes of the 
two substances are similar. 


Another complication in the phase diagram is the shape of the melting point 
curve in the 40-6070 prilocaine range. Instead of coming to a distinctive eu- 
tectic point, the curve only approaches, without touching, the line representing 
the eutectic temperaturc. This and the relatively poor reproducibility of the 
curve on the lidocaine side, may be due to interactions between lidocaine and 
prilocaine and/or to a very slow process to obtain equilibrium between the 
melted and solid phases. The latter may also explain the discrepancy between 
the phase diagram and the X-ray diffraction data about the existence of solid 
solutions. 


Comparing the IR spectrum of crystalline EMLA with those of the single 
components. no significant difference was detected, which indicates that no 
chemical interaction takes place between lidocaine and prilocaine. When 
EMLA melts, the absorbance of some bands are changed in the manner ex- 
pccted in the solid to fluid transition. The characteristic X-ray diffraction lines 
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obtained at  low temperature showed that EMLA contained nothing but the 
two single components. By slowly raising the temperature to room level, all 
lines completely disappeared and only an amorphous liquid remained. 


Since both 1R spectrometry and X-ray diffraction indicated that no 
chemical interaction existed betwecn lidocaine and prilocaine, the effects of 
prolonged equilibration times were investigated. As can be seen from Fig. 2, 
in the region of high prilocaine content, DTA of nonequilibrated samples only 
showed a single peak. After equilibrationof the samples for 3 weeks at  S°C, 
another peak corresponding to the eutectic melting point appeared. I t  was also 
observed that when crystals from a lidocaine-prilocainc mixture (55:45) stored 
for a long time at 5OC were analyzcd after being washed with cold water and 
dried, only lidocaine was found. The analysis was made by IR spectrometry 
and by melting point determination. This, plus the results from the DTA and 
X-ray diffraction studies, strongly suggests that no solid solutions exist on 
either side of the phase diagram. These regions seem to be due to the formation 
of a metastable product during the fusion process. Thus, in an equilibrated 
system, the eutectic consists of a mixture of the pure components, not a mixture 
of two solid solutions. 


To  locate more accurately the eutectic point, a set of lidocaine-prilocaine 
samples (-5 g) were kept for several weeks at temperatures below the liquidus. 
Results of the 19'C runs are shown in  Fig. 3. 


Hot-stage microscopy was also performed under cquilibrium conditions. 
From these results, giving the liquidus curves, and the DTA information, 
mainly giving the eutectic temperature, we arrived at a tentative tempera- 
ture-composition diagram (Fig. 3) very similar to that constructed on thc basis 
of the nonequilibrium experiments (Fig. I ) .  The main differences are in the 
extreme regions and next to the eutectic composition. 


Solubilities-Both lidocaine and prilocaine decrease the surface tcnsion 
of water very little and do not form micclles ( I  3). However, to determine the 
extent of interaction between the two local anesthetics in aqueous solution, 
cquilibrium solubility experiments were conducted. As can be seen from Fig. 
4, the temperature dependence is smaller for pure lidocaine [ A H  = -7.6 f 
0.69 (12) kJ/mol, f SE ( d n ]  than for pure prilocaine [ A H  = -17.5 f 0.58 
(13) kJ/mol]. The lidocaine solubilities are in agreement with those reported 
previously (14). A H  = -8.9 kJ/mol. The total solubility of lidocaine and 
prilocaine when equilibrating water with EMLA has a A H  value of -18.2 
f 0.80 (10) kJ/mol. 


Analyzing the water for lidocaine and prilocaine separately showed that 
lidocaine, in this case. had a slightly higher heat of solubility than prilocaine, 
-21.5 f I .25(lO)and-15.8f0.78(10)  kJ/mol,respectively.Thedifferent 
A H  value of lidocaine in  the presencc of prilocaine and the lower individual 
solubilities of the combined substances demonstrate that solute-solute-solvent 
interactions take place in the aqucous solution. These interactions are also 
seen when the solubilities are determined from different mixtures of the two 
local anesthetics (Fig. 5). I n  one series of experiments. solidified melts of 
lidocaine and prilocaine were studied. Enough mixturc to assure saturation 
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Figure 5-Solubilities of lidocaine (0). prilocaine (A), and lidocaine plus 
prilocaine (0) f rom mixtures of ihe two local anesthetics at 2S"C. Filled 
symbols represent experiments where the component with <SO mol% was 
initially dissolaed in the water. 


with both components was used. After an initial increase due to a change in 
prilocaine solubility. the total solubility of the local anesthetics is affected very 
little compared with the solubilities of the individual substances when the 
molar ratio of the mixture is changed. 


To obtain solutions saturated by only one of the substances, the substance 
with <SO mol% was dissolved in  water before the other was added in excess. 
I t  was possible to make solutions where the prilocaine concentration did not 
reach its saturation level (Fig. 5). Due to the low Saturation concentration and 
the relatively high molar ratio needed, this could not be achieved for lidocaine. 
In this case, the already dissolved lidocaine started to precipitate on the ad- 
dition of prilocaine. The values for systems saturated with both substances 
simultaneously, i .e.,  the first series of experiments, represent the highest ob- 


es. Concentrations lower than the solubility of prilocaine 
at <30 mol% in Fig. 5 do not influence the lidocaine solubility differently. Only 
the total amount of local anesthetics is changed. I t  can be noted that the total 
concentration of the local anesthetics only varies within 30% of the maximum 
concentration (that of pure prilocaine), in the range of 2-100 mol% prilocaine 
in  the mixture. 


Depending on the influence of additives, especially of salts, on the structure 
of water or their ability to compete with solvent water molecules, additives 
will affect the solubility of a solute. To quantify the effect of salts, the empirical 
Setschenov equation is convenient to use ( 1  5): 


In (So /S )  = k,C 


where S and SO are the solub es with and without additive, respectively. 
The Setschcnov coefficient. k,, measures the sensitivity of the activity coef- 
ficient of the solute towards the additivc. The concentration of additive, C, 
is expressed in moles per liter. 


To illustrate the aqueous interactions between lidocaine and prilocaine 
further, the data were plotted according to the equation (Fig. 6). Data from 
both series of solubility experiments coincided. The Setschenov equation could 
be applied to prilocaine up to a lidocaine concentration of 0.01 3 M, with a k, 
value of 0.68 obtained by linear regression through the origin. This corresponds 
to the linear part of Fig. 5 at  >SO mol% prilocaine. As lidocaine approaches 
its highest value of saturation, In (So/S) increases toward infinity. For lidc- 
caine. k,  = 0.09; however, a second linear part with a slope of 1.88 seems to 
exist. The two linear parts correspond to those of lidocaine in Fig. 5 .  Since the 
intersection points in Fig. 5 a t  a prilocaine conccntration of -0.01 3 M do not 
coincide, an intermediate sensitivity of lidocaine to prilocaine might exist. This 
may also be the case for prilocaine. However, the experimental results do not 
permit any further evaluation of the intermediate regions using the simple 
Setschenov equation. As with prilocaine, In (So /S )  of lidocaine approaches 
infinity when the prilocaine concentration getscloser to the maximum satu- 
ration concentration. Other empirical expressions can be used to take this into 
account. 


From a pharmaceutical point of view, the maximum aqueous total solubility 
of the local anesthetics is of interest. In nearly the entire range of lidocaine- 
prilocaine ratios studied. this solubility is 270% of that of pure prilocaine. 
Thus, the different pharmacological profiles of the two local anesthetics are 
more important than the aqueous solubility in selecting a suitable ratio for 
a pharmaceutical preparation. However, the cutectic mixture has the major 
advantage of being liquid at room temperature. For a preparation such as an 


c x 10: m 


Figure 4-Setschenoo plots for lidocuine (0) and prilocaine (A) in solutir, 
of the other component. Key: (a)  solubility ojlidocaine. 1.66 X M; 1 
solubility of prilocuine, 3.47 X M. 


oil-in-water cream for topical use, i t  is possible to emulsify the eutectic mixture 
directly without first dissolving the drugs in an inert oil. 


CONCLUSION 


The lidocaine-prilocaine binary system is a simple eutectic containing no 
intermediate compounds. The eutectic composition is close to I : I ,  and the 
eutectic temperature is 18 f 1°C. No solid solubility could be detected. 


The temperature dependence of the individual solubilities of lidocaine and 
prilocaine from the eutectic mixture compared with that of the pure substances 
was higher for lidocaine and the same for prilocaine. For both substances, the 
individual solubilities from the mixture are lower than those obtained using 
the single components in the temperature range studied. This was also found 
for mixtures other than the eutectic. Complex aqucous interactions take place 
between lidocaine and prilowine. These interactions depend on the initial ratio 
of the two drugs. 
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similar to that after a 10-mg solution indicating that there were nodosage form 
or dose level effects on the extent of bioavailability of isosorbide dinitrate over 
the 5-20 mg dose range (i.e., a similar relative fraction of the dose of isosorbide 
dinitrate reached the peripheral circulation unchanged after administration 
of each formulation). The mean adjusted AUC after administration of the 
sublingual 5-mg dose was significantly different from those after the oral tablet 
formulations, as might be expected. Indeed, previous studies have shown that 
the extent of bioavailability of isosorbide dinitrate from a sublingual formu- 
lation was at least twice that from the same formulation given orally (4), since 
some but not all of a sublingual dose avoids first-pass elimination. A large 
proportion of a sublingual dose is usually swallowed ( 1  8). 


The conventional 95% confidence limits (2 I ,  22) of mean areas expressed 
as  a percent of the mean from the 10-mg solution formulation taken as a ref- 
crcnce were -19 to +29%, -6 to +SO%, and +32 to +109% from the 10-mg 
oral tablet, 20-mg oral tablet, and 5-mg sublingual tablet, respectively. These 
limits were - 1 I to +24% for the 5-mg oral tablet when the 10-mg oral tablet 
was taken as the reference (Table I l l ) .  These confidence limits are fairly 
narrow even though plasma concentrations of isosorbide dinitrate can vary 
by several-fold between subjects, and the group of subjects studied was not 
particularly large. 


Drug Half-Life-Isosorbide dinitrate kinetics appear to follow a “flip-flop” 
model (10. 18) and, therefore, the monoexponential decline of the concen- 
trations in  plasma can be regarded as rcflecting the rate of drug absorp- 
tion. 


Among the orally administered formulations, the drug absorption half-life 
was shortest after the 10-mg solution dose, but only the drug half-life observed 
after the 20-rng tablet was significantly longer 0, < 0.01) than that after the 
10-mg solution. A shorter half-life after the sublingual dose would not be 
expected because the 5-mg tablet was retained in the mouth during disinte- 
gration before a notable proportion was swallowed. The half-lives measured 
in  these studies are in close agreement with those reported in  the literature 
(4,9, 10. IS). 
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Abstract 0 Some coated aspirin tablet formulations were evaluated by relating 
thcir properties to disintegrating force development patterns. The treatment 
of disintegrating force-time curves was effected using the Weibull distribution 
as proposed for dissolution. Such parameters as the maximum disintegrating 
force developed, the time needed to reach 63.2% maximum disintegrating force 
(Td) the shape parameter, the lag time, and the input value were used for 
evaluating the formulas examined. It was concluded that the input values, the 
inkgrating force development rate at time Td, can be employed as a new for- 
mulation parameter since, when correlated with the crushing strength, it allows 
an overall evaluation of the formula examined. 


Keyphrases 0 Disintegrating force-new formulation parameter, Weibull 
distribution, coated aspirin tablets 0 Formulations-disintegrating force as 
a new parameter, Weibull distribution, coated aspirin tablets Weibull 
distribution-disintegrating force as a new formulation parameter, coated 
aspirin tablets 


In a previous paper ( l ) ,  the disintegrating force of tablets 
was defined as the force developed inside a tablet depending 
on the liquid-solid contact. It was shown that curves obtained 


by plotting disintegrating force versus liquid contact time had 
patterns following saturation kinetics dependent on the liquid 
penetration into voids. Since compact structure (defined by 
voids distribution and interparticle bonding) and disintegra- 
tion-dissolution performance are strictly related, the investi- 
gations of the disintegration behavior of a tablet should provide 
a means for the evaluation of the structure obtained. 


It  is well known that disintegration time as measured by 
official apparatuses does not satisfactorily describe the dis- 
integration properties of tablets, as demonstrated by the 
methods proposed to evaluate disintegration (2-5). Because 
disintegrating force-time curves could be related to the 
structure of tablets ( 6 ) ,  these deserved a deeper investigation 
in view of their employment not only for studying the bio- 
availability-related properties of tablets, but also to assess the 
structure-technological parameter relationships. 


The aim of the present work was to employ the disinte- 
grating force parameters for studying coated aspirin tablet 
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for different tablet formulations. The variation 
coefficients, calculated on maximum disintegrating 
force oalues, were dependent on the formula and 
compression force level. Letters indicate compres- 
sion force level from [he lowest to the highest val- 
ues. Respective variation coefficients for a-e were: 
(A)  20.0.3.2,4.5.5.2.5.5; (B)  1 .9 .5 .4 ,4 .4.4.0,  9.0; 
(c) 2.0,5.3,7.a. 21.0.1s.o; (0) 1.2,2.7. 4 .4 , j .o .  4.2; 
(E)  2.2, 4.7.4.3, 7.5,4.6; (F)  8.7.5.5, a.9, 9.0~7.0; G 
(G)  6.6, 8.2, 12.5. 17.1. 20.0. 
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formulations for the purpose of giving a new tool for a rational 
tablet formulation. The choice of coated aspirin as base ma- 
terial was justified by the results previously obtained when 
studying the influence of the disintegrating agent on the tab- 


EXPERIMENTAL 


Mixtures of coated aspirin as reported in Table I were prepared under 
controlled conditions with a compression apparatus'. The tablets were com- 


lets' mechanical and release characteristics (7 ) .  I Turbula T2.A. 
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Table I-Composition of the Coated Aspirin Mixtures (g/Tablet) 


iMycrocrystalline Modified Cation-Exchange Sodium Carboxy- 
Mixtureo Coated Aspirinb CornstarchC Cel I u losed Crospovidone‘ Starch1 Resing methylcellulose * 


.- - - - A 0.5 I5 0.075 - 
B 0.515 0.025 0.050 


D 0.515 - 0.075 
C 


E 0.515 - 0.060 - - 0.01 5 .- 


F 
G 0.515 - 0.060 


- - - 
- - 0.515 -. 0.075 


0.515 -_ 0.060 0.01 5 


_. - __ 


_- - 


- 0.01 5 - - 


All mixtures contained 2% ( w / w )  talc. F.U. grade. Bayer Italy. Milan. F.L. V I l l  Ed. 5rade. Elcema G 250; Eigenmann-Veronclli, Milan. Polyplasdone XL: GAF Italy. 
Milan. fSTA-RX 1500: Eigenmann-Veronelli. Mi lan.  R Amberlite I R P  XX;  C. t rba .  Milan. Nymcel ZSB 16; Nyma. Holland. 


pressed at five different force levels and checked 24 h after compression for 
porosity, crushing strength, disintegration time (USP XX), and disintegrating 
force development using the apparatus previously described ( 1  ). The results 
are the mean of a t  least six determinations. 


RESULTS AND DISCWSIOIV 


The disintegrating force-time curves obtained for different formulations 
are given in Fig. I .  Some show a sigmoidal pattern (e .g . ,  mixture B), some are 
simple first-order exponential ( e .g . ,  mixture E), and some present a steeper 
initial slope followed by a flattened “tail” in the final part ( e .g . ,  mixtureG). 
The analogy existing between these curves and dissolution curves from tablets 
suggested linearizing them in the way proposed (8) for dissolution, using the 
Weibull distribution rearranged into the form: 


log [-In ( I  - F / F m ) ]  = b log ( t  - t o )  - log a (Eq. 1 )  


where F is the disintegrating force developed at time t and F- is the maximurn 
disintegrating force. 


A plot of [-In (1 - F / F , ) ]  fiersus t on log-log paper will give a straight 
line defined by the slope b, the ordinate intercept a ,  and the lag time t o .  The 
slope b characterizes the shape of the curve and is dependent on whether a 
sigmoidal, a simple first-order exponential. or an initially steeper exponential 
curve is considered. The parameter a can be replaced by the more informative 
disintegrating force time 7 d  defined by: 


a = ( 7 d ) b  (Eq. 2) 


where ~d represents the time needed to obtain 63.2% of maximum disinte- 
grating force, taken from the end of lag time to. 
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The evaluation of Weibull distribution parameters was performed by means 
of a program run on a computer2. Linear regression analysis, performed on 
the Weibull distribution rearranged into the form of Eq. I ,  allowed the eval- 
uation of b and a parameters. Experimental data were then fitted with a 
least-squares technique on the original F ( t )  form of Weibull distribution. 
Numerical values of to ,  b, and a were estimated from the best f i t  of the ex- 
perimental data. Uncertainty of a and 6 values was < I %  (p = 0.95). 


The results obtained for various mixtures examined are given in Table 11. 
The maximum disintegrating force expresses the ability of the disintegrator, 
when contacting water, to push apart the bound particles. For the mixtures 
examined, the higher values of disintegrating force were obtained for E, F, 
and D, whereas smaller values were measured for C. The maximum disinte- 
grating force increases as compression force increases, until an almost constant 
value is reached. This confirms that the swelling or repulsion energy of 
disintegrators can best work when particles arc closer to one another (9). For 
mixture G ,  the disintegrating force-increasing pattern is not so evident. The 
disintegrating force development time (expressed by 7d)  always increases as 
compression force increases, and porosity decreases asshown in Fig. 2. Mix- 
tures G and C have Td values markedly higher than the remaining mixtures 
a t  the same levels of compression force or porosity. 


The comparison between maximum disintegrating force ( F m )  and disin- 
tegration time shows that a high value of maximum disintegrating force does 
not always correspond to a fast disintegration. For example, although mixtures 
G and A show comparable maximum disintegrating force values (at the 
highest compression force levels), their disintegration times are markedly 
different. I n  this case, Td seems to be the decisive factor. In other cases, the 
opposite situation is seen. The comparison between A (third compression force 
level) and G (fifth compression force level) mixtures shows that comparable 
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Figure 3-Lag-log plot of disintegration time versus input oalues. The linear 
regression equation is log y = -0.60764og x + 1.3925 (r = 0.968). Key: (0) 
A; (0) B; (0) C‘; ( 0 )  D; (0 )  E: (A) I;; (0 )  G. 
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Table 11-Disintegration Time and Disintegrating Force Parameters of Different Tablets 


Compression 
Force, 


Mixture hN 


Disintegration 
Time, 


S 


Disintegrating Shape 
Force ( F , ) ,  Parameter 


N 7d. s ( b )  


A 


B 


C 


G 


43 
79 


I54 
186 
280 


56 
93 


145 
I96 
25 1 


53 
72 


135 
164 
287 


50 
102 
135 
I93 
274 
66 
89 


I30 
I70 
242 
44 
92 


I44 
188 
252 


62 
104 
127 


18 
18 
19 
18 
19 
18 
16 
17 
20 
25 


146 
256 
964 


1223 
1695 


20 
27 
32 
41 
53 
9 


10 
I2 
16 
24 
12 
21 
34 
49 
66 
72 


I43 
237 


14 


31 
34 
34 
26 
33 
40 
42 
43 


4 
5 
5 
6 
5 


37 
51 
56 
58 
52 
34 
42 
47 
53 
50 
34 
44 
53 
50 


i n  


48 
28 
32 
32 


3 I .3 
2 1 .0 
6 
7 
8 
8 
8 


I 1  
14 
20 
70 


140 
610 
840 
990 


9 
18 
21 
29 
42 


5 
5 
8 


1 1  
13 
9 


16 
24 
33 
48 


110 
185 
380 


I .0 
0.7 
0.7 
1.3 
I .2 
1 . 1  
I .o 
1 . 1  
0.6 
0.7 
1 .o 
I .3 
I .2 
1 . 1  
I .2 
I .4 
1.2 
I .5 
0.9 
0.9 
0.8 
1 . 1  
1 . 1  
I .o 
1 .o 
I .0 
0.9 
1 . 1  
0.5 
0.7 
0.6 


177 359 32 450 0.7 
223 505 27 630 0.8 


7 d  values correspond to disintegration time values 50% of the other due to 
differences in disintegrating force values. The above examples clearly indicate 
that disintegration time depends on both parameters. As previously indicated 
(6). the joint consideration of F ,  and Td allows an evaluation of the kinetic 
aspect of the disintegrating force dcvclopment, which, as recently outlined 
( I  0). seems to be the factor governing the disintegration process. The derivative 


l 0 l c  


. 
i 


10 -3: 
m1 lo2 10 


Cornproeelon force. hN 


Figure 4--Log-log plot of input oalues versus compression force. Key: (OJ  
A; (0) B; (0) c; (0 )  D; (0 )  E; (A, F; (0)  G. 


of the Weibull equation at time 1 = 1 0  t 7d. termed “input,” was calculated 
and employed for the quantitative evaluation of disintegration kinetics. 


The good correlation found between input and disintegration time, as ex- 
pressed in Fig. 3, indicates that i t  is the disintegrating force development rate 
that determines the disintegration of the compact. Input depends on corn- 
pression force (Fig. 4). and a complete characterization of the compact can 


l o l E  


50 100 10 


Cruehlng ntrongth. N 


figure 5-Log-log plot of input versus crushing strength. Key: (0) A; ( 0 )  
B; (0) C; (0 )  D; (0 )  E; (A) F: (0 )  G. 
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be obtained by plotting crushing strength wrsus input values (Fig. 5). The 
graphs allow a visual determination of mixtures for which the crushing 
strength can be increased without significantly reducing the input value. 
Mixtures A, E, and B, for which an increase in crushing strength docs not 
correspond to a marked decrease in input values, are easy to handle. For 
mixtures C and G, the increase of cruahing strength corresponds to a con- 
comitant marked reduction of input values, as evidenced by curve slopes. 
Mixtures F and D show a limiting value of crushing strength above which a 
little increase causes a large decrease of the input value. 


The shape parameter h (Eq. I )  seems to be linked to the disintegration 
process in the following way: 


I .  An S-shaped disintegrating forccdevelopment curve ( 6  > I )  indicates 
the presence of an initial obstacle to water penetration linked to the surface 
conditions of the tablet. 


2. A steeper initial slope in the disintegrating force development curve ( h  
< I )  can indicate the presence of an obstacle to water penetration arising inside 
the tablet. 


3 .  An exponential disintegrating force development curve (6 = I )  indicates 
a regular fluid penetration. 


The situation relative to 6 < 1 is more critical, since rcsistence to fluid 
penetration arising inside the tablet may lead to considerable delay in disin- 
tegration, whereas for 6 > I ,  the small values of time lag found in the cases 
cxamined indicate that the tablet surface conditions do not influence disin- 
tegration time too much. 


For the mixtures examined, h values depend on compression force and re- 
flect thc changes in compacr structure. Mixture G shows h values constantly 
< I ,  thus enabling the presumption that disintegrator gelatini~ation enhances 
the resistance to fluid penetration. Mixtures D. F. B, and E show 6 values of 
- I ,  thus indicaring a regular disintegrating force development. Mixtures A 
and C show the opposite behavior. For the former, 6 values decrease as com- 
pression force increases. This is consistent with the product compression be- 
havior. i.e., starch granules deformed by compression readily absorb water 
forming a viscosity-increasing gel3. For the latter, the poor absorption is likely 
to be influenced by porosity conditions, thus enhancing the initial hindrance 
to Rater penetration. The results obtained indicate that, of the various mixtures 
examined, A. B, and E show the best overall performanecs. 


CONCLUSIONS 


The measurement of disintegrating force provides a deeper insight into the 
tablet structure obtained by processing ;I given formula. Whereas a “static” 


3 C. Fuhrer, pcnonal communication 


structure evaluation can be obtaincd through porosity, pore size distribution, 
etc.. disintegrating force measurements allow a “dynamic” evaluation of the 
structure itself, linked to the disintegration process and consequent active 
ingredient liberation. The input value, i.e., the disintegrating force develop- 
ment rate at lime ! = 10 + Td. can be employed as a new parameter for tablet 
formulation. It is very sensitive to formulation and tablet structure changes 
and, if correlated with the crushing strength, allows an overall evaluation of 
the formula examined. The measure of the shape parameter 6 is a good re- 
flection of the conditions of the compact and completes the structural infor- 
mation on tablet structure. On the basis of the results obtained. it seems jus- 
tified to propose the measure of the disintegrating force as a very useful and 
decisive means for formulation evaluation. 
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Abstract 0 The pharmacokinetics of ibuprofen were studied in four ne- 
phrectomiied and three normal dogs after administration of 214.3- 227.6 mg 
iv of ibuprofen. Blood samples werc collected at various time intervals for up 
to 10 h and serum conccntrations of ibuprofen were assayed by an HPLC 
method. The elimination of serum ibuprofen followed first-order kinetics, with 
mean half-lives of 2.5 1 f 1. I0 and 2.8 1 0.72 h in normal and nephrectom- 
ized dogs, respectively. Mean serum clearance of ibuprofen in nephrcctomized 
dogs. 31 .O f 5.2 mL/h/kg, was higher than that in normal dogs, 12.2 f 8.6 


ml./h/kg, (p < 0.02). The difference may be attributed to the greater volume 
of distribution for ibuprofen in  nephrectomiied dogs, 125.2 f 39.0 (88.8- 
160.4) mL/kg as  compared with 53.4 f 57.8 (26.0- 119.9) mL/kg in the 
normal group (p < 0.2). 


Keyphrases 0 Ibuprofen-disposition in nephrectomizcd dogs, pharmaco- 
kinetics 0 Disposition- -ibuprofen, nephrectomi7ed dogs, pharmacokinetics 
0 Pharmacokinetics- disposition of ibuprofen In nephrectomized dogs 


Ibuprofen, (f)-2-(p-isobutylphenyl)propionic acid ( I ) ,  is 
a nonsteroidal anti-inflammatory agent indicated primarily 
for rheumatic diseases ( 1 ) .  The pharmacokinctics of I have 
been studied in normal volunteers. The drug is readily absorbed 
orally, and plasma peak levels are reached within 2 h of ad- 
ministration. The elimination of I from plasma is first order 


with apparent half-lives of 1.4-2.5 h (2-6). Similar half-lives 
a re  observed in arthritic patients, suggestive of no tissue ac- 
cumulation of 1 in rheumatic patients (2). Patients with chronic 
circulatory insufficiency exhibit pharmacokinetic parameter 
values cornparablc with those of healthy subjects (7 ) .  


The metabolism of I has been studied in humans and several 
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Host Factors  in Human Carcinogenesis. (IARC Scientific Publi- 
cations, No. 30.) Edited by H. BARTSCH, B. ARMSTRONG, and 
W. DAVIS. International Agency for Research on Cancer, Health and 
Biomedical Information Programme, World Health Organization, 
Geneva 27, Switzerland. 1982.581 pp. 17 X 24 cm. Price $50.00 (Sw. 
Fr. 100). 
Current research on carcinogenesis from many laboratories is beginning 


to elucidate several facets of the complex cascade and progression of 
events that lead from the initiation of the biochemical lesions to the de- 
velopment of metastatic potential. Along with this progress in the areas 
of biochemistry and the molecular biology of cancer, other laboratories 
are reporting both human epidemiological and animal model studies 
which indicate that conditions within the individual at  risk may influence 
the development of cancer and thereby susceptibility. A knowledge of 
the interactions between these “host factors” which influence suscepti- 
bility and the various stages of carcinogenesis will allow for the devel- 
opment of strategies to aid in the prevention of cancer. 


The main goal of this book is to update the knowledge concerning the 
mechanisms by which various factors inherent in the host may alter the 
initiation and developmental progression of events leading to cancer. T o  
meet this goal, the editors have drawn together investigators from the 
most promising research areas concerning host susceptibility to carci- 
nogenesis. 


The volume represents a compilation of papers presented a t  an in- 
ternational symposium and suffers from uneven presentation, as is often 
the case of such volumes. However, it does make the material presented 
available to a larger audience. The individual contributions take the 
format of either short reviews of the literature or reviews of the research 
efforts of a particular labratory and presentations of specific research 
reports. Several of the latter lack sufficient introductory material to 
determine the significance of the studies in the overall field. This problem 
is somewhat overcome by the inclusion of a rapporteur’s report sum- 
marizing and placing in perspective the individual presentations within 
each section. Most areas of the subject are given adequate coverage, with 
the exception of diet and nutrition. Only two reports are concerned with 
this topic (although it is mentioned in several others), which is rapidly 
being shown to be an important host factor in chemical carcinogenesis 
and which is generally under the control of the individual. It is hoped that 
this volume will inspire further studies to develop the mechanisms by 
which factors inherent within the host alter cancer susceptibility. 


Overall, this volume makes a successful attempt to combine the di- 
vergent research interests concerned with the role of various host factors 
in altering susceptibility, and I can recommend it for those who are in- 
terested in developing more knowledge in this area. It will be useful for 
those considering this topic for the first time and even those whose in- 
dividual research interest in host factors do not. allow them to maintain 
current knowledge of the many areas of research concerned with this 
topic. 


Reviewed by Johnnie R. Hayes 
Department of Pharmacology and 


Medical College of Virginia 
Virginia Commonwealth University 
Richmond, V A  23298 


Toxicology 


Techniques of Solubilization of Drugs. (Drugs and t h e  Pharma- 
ceutical Sciences Series, Vol 12.) Edited by SAMUEL H. YAL- 
KOWSKY. Marcel Dekker, 270 Madison Avenue, New York NY 10016. 
1981. 224 pp. 15 X 23 cm. Price $34.50 (20% higher outside the 
US.). 
Techniques of Solubilization of  Drugs is a very useful handbook for 


researchers involved in drug development. The problem and necessity 
of proper solubilization of drugs are nicely discussed in the two chapters 
by the editor, S. Yalkowsky. Of the other four chapters, the one on solu- 
bilimtion in surfactant systems by A. T. Florence deserves particular 
attention, as the author gives a rather complete overview of the subject. 
In the chapter on the solid-state manipulation, probably more attention 
should be given to the very important polymeric carriers and solid dis- 
persions in matrices. The chapter on the use of complex formation for 
drug solubilization appears to use old literature data, and it seems that 
either the approach does not have much use or the field was not thor- 


oughly searched for this review. The chapter on drug derivatization points 
out the importance and, in many ways, how to solve the problem of sol- 
ubility by chemical means, such as prodrugs, but the examples seem to 
concentrate primarily on the potential usefulness of some amino acid 
esters. There are some misquotes from the literature. 


Overall, the book is a very useful one and it defines the highly multi- 
disciplinary field of effecting drug solubility by a variety of manipula- 
tions. 


Reviewed by Nicholas Bodor 
Department of Medicinal Chemistry 
College of Pharmacy 
J .  Hillis Miller Health Center 
University of Florida 
Gainesville, FL 32610 


Diuretics: Chemistry, Pharmacology, and Medicine. Edited by 
EDWARD J. CRAGOE, Jr. Wiley-Interscience, 605 Third Avenue New 
York, NY 10016.1983.694 pp. 15 X 23 cm. Price $80.00. 
Diuretics: Chemistry, Pharmacology, and Medicine is the second 


volume in the “Chemistry and Pharmacology of Drugs” series. The series 
is edited by Daniel Lednicer, and this volume is edited by Edward J. 
Cragoe, Jr. The book has the following two goals: updating the field of 
diuretic research since the last comprehensive review was written by 
George deStevens in 1963 and laying the groundwork for the next era in 
diuretic research. It succeeds admirably on both counts by giving a bal- 
anced account of physiological principles, structure-activity relationships, 
mechanistic considerations, clinical data, and biochemical perspec- 
tives. 


The book begins with a chapter on kidney physiology by Edward H. 
Blaine. Although not an exhaustive treatment, it is appropriate to the 
beginning of the book and serves as a useful digest of information with 
a good list of references. Nine subsequent chapters, describing the medical 
chemistry of diuretics, are divided according to chemical structure. Some 
decisions regarding chemical c l a s  were clearly difficult (4-anilino-3- 
pyridinosulfonamides are found under six-membered heterocycleti rather 
than under sulfonamides), but any confusion is readily cleared up  by 
consulting the index. The emphasis in these chapters is on structure- 
activity relationships: molecules have been dissected and the effect of 
substitution a t  each chemically accessible atom has been tabulated. 


The chapter on sulfonamide diuretics by Richard C. Allen is a com- 
prehensive and thorough treatment of the subject (153 pages). It is richly 
illustrated with figures and tables, and documents with over 700 refer- 
ences the 20 years of development in this area since the deStevens review. 
The chapters on (ary1oxy)acetic acids and 2-aminomethylphenols have 
already appeared in large part in a 1978 ACS monograph, “Diuretic 
Agents,” also edited by Dr. Cragoe. To their credit, the authors (Edward 
J. Cragoe and Robert L. Smith) have updated the tables on older chemical 
series with additional entries and have included new compounds that 
have appeared in the literature between 1978 and 1982. The next six 
chapters-covering pyrazine diuretics, three- and five-membered het- 
erocyclic diuretics, tri- and tetracyclic heterocycles, six-membered mo- 
nocyclic heterocycles, bicyclic heterocycles, and the inevitable “oth- 
ers”-were all written by Dr. Cragoe and maintain a standard of clarity 
and conciseness throughout. 


The book concludes with a chapter on hormonal regulators of the 
kidney (R. L. Smith), which this reviewer found to be a lucid and scholarly 
synthesis of a large amount of diverse information (600 references). This 
chapter succeeds in bringing together the myriad effects and complex 
interrelationships among antidiuretic hormone, the renin- 
angiotensin-aldosterone system, the kallikrein-kinin system, and the 
prostaglandins, as well as considering the poaaible role of the hypothetical 
natriuretic hormone. 


Throughout the book, tables have been effectively used to clarify 
structure-activity relationships, and the chapters have a logical organi- 
zation, which is reinforced with a detailed outline at the beginning of each 
chapter. Inexplicably, the figures and tables are printed with a quality 
that varies from sharp to almost smudged. Although not a serious flaw, 
this reviewer found it an unfortunate distraction in a book that is oth- 
erwise crisply reproduced. Also distracting is the use of various scoring 
systems (rather than actual data) to present diuretic activity in several 
chapters. Although the format in which data were presented was clearly 
out of the authors’ control in most cases, these scoring systems never- 
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I11 and 0-D-glucoheptonic acid y-lactone. A t  present, only 111 is com- 
mercially available. 
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Abstract Methods were developed for the determination of octanoic 
acid and N-acetyl-DL-tryptophan, which are used as stabilizers in the 
human blood-derived therapeutic products normal serum albumin and 
plasma protein fraction. The method for octanoic acid uses GC; quanti- 
tation is achieved using heptanoic acid as the internal standard. The 
method for N-acetyl-DL-tryptophan is based on UV spectrophotometry 
of the acid-soluble fraction remaining after precipitation of the protein 
(€280 for N-acetyl-DL-tryptophan, 5250). The coefficient of variation for 
replicate determinations of octanoic acid averaged 3.9% (range 2.1-5.576); 
that of N-acetyl-DL-tryptophan averaged 1.9% (range 0.5-4.0%). Use of 
these methods for the analysis of 138 lots of commercial products for 
octanoic acid and 159 lots for N-acetyl-DL-tryptophan showed that the 
stabilizer contents of 132 and 158 of these lots, respectively, were within 
20% of the value indicated on the product label. 


Keyphrases 0 N-Acetyl-DL-tryptophan-quantitative determination 
of stabilizers, octanoic acid, human albumin products 0 Octanoic 
acid-quantitative determination of stabilizers, N-acetyl-DL-tryptophan, 
human albumin products 0 Human albumin products-quantitation 
of stabilizers, octanoic acid and N-acetyl-DL-tryptophan 


~ 


The major therapeutic human albumin products manu- 
factured for intravenous use in the United States are 
normal serum albumin (prepared as a 5% or 25% protein 
solution) and plasma protein fraction (prepared as a 5% 
protein solution). These products are heated at  60°C for 
10 h (1) to inactivate hepatitis viruses (2); to minimize 
changes in the protein during the heating procedure, sta- 
bilizers are added (3-5). The stabilizers permitted by 
federal regulations are the sodium salt of N-acetyl-DL- 
tryptophan (0.16 mmol) or a combination of sodium salts 
of N-acetyl-DL-tryptophan and octanoic acid (0.08 mmol 
of each) per gram of protein (1); in practice, only the 
combination is used. Both octanoic acid and N-acetyl- 
DL-tryptophan bind to human albumin (6). The strength 


of binding varies with the length of the carbon chain of the 
fatty acids (7,8) and the steric configuration of tryptophan 
(9). Depending on the experimental conditions, lowering 
the concentration of either stabilizer can affect the thermal 
stability of albumin (5,10,11). 


Numerous biological effects of octanoic acid have been 
reported, including inhibition of platelet aggregation (12, 
13), hypoglycemia (14,151, narcotic action in several ani- 
mal species (16,17), and suppression of liver clearance of 
long-chain fatty acids (18). The ability of the sera of certain 
individuals to agglutinate all human erythrocytes when 
octanoic acid is present has been described by several in- 
vestigators (19). Although no untoward responses were 
elicited by administering octanoic acid-stabilized albumin 
to a recipient with such fatty acid-dependent (“capry- 
late-dependent”) antibodies (20), some patients who had 
undergone anaphylactoid reactions to albumin products 
exhibited positive skin reactions to octanoic acid-treated 
albumin (21). In contrast, no adverse reactions have been 
reported for N-acetyl-DL-tryptophan. When given intra- 
venously to human recipients, both the D- and the L-form 
are poorly utilized and rapidly excreted (22). 


The present study was undertaken to develop precise 
and accurate methods for the quantitative determination 
of these stabilizers in concentrated protein solutions. The 
methods developed were then used to assess the stabilizer 
content of commercially manufactured normal serum al- 
bumin and plasma protein fraction1. 


1 All lots of these products were submitted to the Bureau of Biologics before 
release for marketing; therefore, a sufficient number of samples could be analyzed 
to assure that the values obtained were representative of products in commercial 
distribution. 
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EXPERIMENTAL 


Materials-The column packing used for gas chromatography (GC) 
was SO/lOO Chromosorb W AW coated with 10% SP-10002. Octanoic acid 
(>99.5% pure)3, heptanoic acid (96% pure)3, isoamyl acetate3, perchloric 
acid (60?70)~, chloroform4, N-acetyl-DL-tryptophan5, and (l-14C]octanoic 
acid (sodium salt, 1.628 X 10" Bq/mol)6 were obtained commercially and 
used without further purification. The human albumin solutions analyzed 
were normal serum albumin and plasma protein fraction prepared by 14 
different manufacturers (designated A-N)7. The primary stabilizer-free 
albumin used was human fraction V powder prepared by manufacturer 
K. Other stabilizer-free albumin powders employed are described in the 
pertinent table. All albumin powders were held a t  -2O'C until use. 


Gas Chromatographic Conditions-A chromatograph8 equipped 
with a flame-ionization detector, an integratorg, and an automatic sam- 
plerI0 was used. A 1.22- or 1.83-m coiled-glass column (2-mm i.d.) was 
packed as indicated above and initially conditioned a t  225°C by carrier 
gas (nitrogen) flow for 24 h. The operating conditions for the 1.22-m 
column were as follows: injection port temperature, 225°C; column, 
160°C; detector, 300°C; nitrogen carrier gas flow rate 22 mL/min; detector 
pressures were hydrogen, 193 kPa (28 psig) and compressed air, 207 kPa 
(30 psig); automatic sampler pressure was compressed air, 552 kPa (80 
psig); the volume of sample injected was 4 . 5  pL. For the 1.83-m column, 
the conditions were the same except that  the column temperature was 
190°C and the nitrogen carrier gas flow rate was 35 mL/min. The reten- 
tion times for heptanoic acid (the internal standard) and octanoic acid 
were, respectively, -3.0 and -4.6 min for the 1.22-m column and -3.5 
and -5.0 min for the 1.83-m column. 


Assay Procedure fo r  Octanoic Acid-The method described by 
Kupferberg (23) for the determination of valproic acid in plasma was 
used. Protein solution (0.5 mL, 5%), 30 pL of internal standard solution 
(heptanoic acid, 11.52 mg/mL in chloroform), and 0.1 mL of 1.5 M per- 
chloric acid were stirred vigorously with a vortex mixer for 1 min in a 
glass-stoppered 13-mL centrifuge tube. Chloroform (4 mL) was added, 
and the mixture was again stirred with a vortex mixer for a few minutes. 
The tubes were then centrifuged a t  2800 rpm, and the aqueous layer was 
removed by aspiration. The chloroform layer was removed with a pipet 
(carefully so as not to remove any of the interphase, which contained 
mostly albumin) and transferred to a new centrifuge tube which con- 
tained 100 pL of isoamyl acetate. The chloroform was then removed a t  
30°C under reduced pressure". The remaining isoamyl acetate solution 
was analyzed directly (GC). When 20 or 25% alburninl2 preparations were 
analyzed, 0.125- and 0.1-mL portions, respectively, were used and 0.9% 
NaCl was added to bring the volume to 0.5 mL. 


A five-point standard curve for octanoic acid was prepared for each 
analysis by placing 10,20,30,40, or 50 pL of octanoic acid standard so- 
lution (11.56 mg/mL in chloroform) plus 30 pL of the heptanoic acid in- 
ternal standard solution, 4 mL of chloroform, and 1OOpL of isoamyl ac- 
etate in glass-stoppered centrifuge tubes and evaporating as described 
above. This simplified procedure for preparing the standard curve was 
found to yield results identical to those obtained when stabilizer-free 
albumin was added and the entire extraction procedure (including 
acidification with perchloric acid) was performed or when perchloric acid 
was added in the absence of albumin. The octanoic acid standard solution 
could be kept a t  room temperature for as long as 2 months. 


A typical GC profile of heptanoic and octanoic acids is shown in Fig. 
1. With the equipment used in the present the area of each peak 
was integrated and printed automatically. Therefore, the ratio between 
the areas of the octanoic acid and heptanoic acid peaks was calculated 
for each sample and each point on the standard curve. The latter was 
obtained by plotting the area ratio against the amount of standard oc- 
tanoic acid added (Fig. 2A, upper line), and the octanoic acid contents 
of the albumin samples were determined from their peak area ratios. 
However, a reliable standard curve can be constructed from the peak 
height ratios (Fig. 2A, lower line) and the octanoic acid contents of the 
samples determined accordingly. 


0 
Z 
+ 
0 
0 


a 


~~~ 


Supelco, Bellefonte, Pa. 
3 Aldrich Chemical Co., Milwaukee, Wis. 


J. T. Baker Chemical Co., Phillipsburg, N.J. 
California Foundation for Biochemical Research, Los Angeles, Calif. 
New England Nuclear, Boston, Mass. 
Received by the Bureau of Biologics, FDA, before June, 1980. * Model 5830A; Hewlett-Packard, Avondale, Pa. 
Model 18850A; Hewlett-Packard, Avondale, Pa. 


lo Model 7671A; Hewlett-Packard, Avondale, Pa. 
l1 Evapomix; Buchler Instruments, Fort Lee, N.J. 
12 Normal serum albumin may also be prepared as a 20% protein solution (1). At 


present, this product is manufactured only for export. 


1 I 1 
0 6 


MINUTES 
Figure 1-Typical chromatogram obtained by GC analysis of a com- 
mercial human albumin. A 1.22-m column was used. I n  this experiment 
the retention times of the heptanoic acid internal standard and the 
octanoic acid from the albumin sample were 3.05 and 4.61 min, respec- 
tively. 


Assay Procedure for  N-Acetyl-DL-tryptophan-N-Acetyl-DL- 
tryptophan was quantitated spectrophotometrically by precipitating the 
protein with perchloric acid and subsequently measuring the UV ab- 
sorbance of the acid-soluble fraction. Virtually all of this absorbance was 
shown to be due to the N-acetyl-DL-tryptophan in the products analyzed 
(see below). In this procedure 0.1 mL of 5% protein solution, 0.1 mL of 
0.9% NaCI, and 1.8 mL of 0.3 M perchloric acid were mixed and held for 
10 min a t  room temperature before centrifuging at 2800 rpm for 10 min. 
The supernatant was decanted, and the absorbance was measured a t  280 
nm with a spectr~photometerl~. When 20 or 25% albumin12 solutions were 
analyzed, they were diluted to 5% protein before beginning the assay. 


The molar absorption coefficient of N-acetyl-DL-tryptophan a t  280 
nm was determined by spectrophotometric analysis of solutions prepared 
from the compound dried to constant weight in a vacuum oven (maximum 
temperature 60°C). The dried compound was also analyzed for nitrogen 
by a semimicro-Kjeldahl procedure (expected 11.375%, found 11.33%). 
An 8-mM N-acetyl-DL-tryptophan stock solution was then prepared by 
dissolving the dried compound in 1 M NaOH and diluting with water 
(final concentration 0.01 M NaOH). The absorbance of this solution after 
further 100-fold dilution with water corresponded to a molar absorption 
coefficient of 5250. This figure was not altered by making the final dilu- 
tion with 0.27 M perchloric acid. It agreed closely with the 6279 value of 
5300 reported by McMenamy and Oncley (9). 


As initially performed, the analysis involved a standard curve which 
was prepared by mixing 20,40,60,80, or 100 pL of the 8-mM N-acetyl- 
DL-tryptophan stock solution (stable for a t  least 6 months when refrig- 
erated and protected from light), 0.1 mL of 5% stabilizer-free albumin, 


13 Model 250; Gilford Instrument Laboratories, Oberlin, Ohio. 
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Table I-Assessment of Precision of Octanoic Acid 
Determination by GC a 


Lot No. * Mean f SD, mMc C V d  


1 3.57 k 0.15 4.2 


0 a 


0 a 
0 


1 1 1 1 I J 
0.2 0.4 0.6 0.8 1.0 1.2 0 


OCTANOIC ACID, rng 


Figure 2-Effect of experimental variants on the determination of 
octanoic acid. (A) Ordinate shows peak area (0) or peak height (A) 
ratios; abscissa, milligrams of octanoic acid in the sample. A 1.22-m 
column ulas used. (B) Ordinate showspeak area ratios; abscissa, milli- 
grams of octanoic acid in the sample. Portions of the same isoamyl ac- 
etate layers were chromatographed on 1.22-m (0) and 1.83-m (A) col- 
umns. 


sufficient 0.9% NaCl to bring the volume to 0.2 mL, and\l.8 mL of 0.3 M 
perchloric acid, and measuring the absorbance of the supernatant (after 
centrifugation) at  280 nm. I t  was found subsequently that an identical 
linear standard curve was obtained when 0.9% NaCl wa$ used in place 
of the stabilizer-free albumin solution and, later, that the standard curve 
was so reproducible that the determination could be based on the molar 
absorption coefficient alone (see Appendix for calculations). Therefore, 
for routine analyses, no standard curve is used. When the same samples 
were analyzed with and without the use of a standard curve, the values 
for N-acetyl-DL-tryptophan content agreed within 2%. 


RESULTS AND DISCUSSION 


Octanoic Acid Analysis-Deuelopment and Validation of the 
Method-Before analysis, a 0.5-mL sample of 5% normal serum albumin 
was mixed with sodium [I-14C]octanoate (3700 Bq). Counts obtained after 
acidification and extraction showed that >97% of the radioactivity was 
extracted into the chloroform layer. Because radiolabeled heptanoic acid 
was not available, recovery experiments were performed by mixing 
measured quantities of unlabeled heptanoic acid with stabilizer-free al- 
bumin or saline solutions and then adding a fixed amount of octanoic acid 
either before or after the acidification and extraction. The mean recovery 
of heptanoic acid was >97%. Subsequently, a series of samples were 
subjected to replicate analyses in which 2,4,6, or 8 mL of chloroform was 
used for the extraction step. The volume of chloroform used had no dis- 
cernible effect on the value obtained for octanoic acid, indicating that 
any of these volumes can be used. For routine analyses, however, 4 mL 


2 
3 
4 
5 


3.57 k 0.078 
7.64 f 0.31 
3.50 f 0.089 
3.55 f 0.073 


2.2 
4.1 
2.5 
2.1 


6 20.4 f 1.12 5.5 
7 20.4 i 0.75 3.7 
8 
9 


~. 


20.0 f 0.55 
20.7 f 0.98 


-. . 


2.8 
4.7 


10 20.5 f 0.83 4.0 
11 20.9 f 0.76 3.6 


a A 1.22-m column was used. * Lots 1-5 were 5% normal serum albumin from 
manufacturer G, lots 6 1 1  were 25% normal serum albumin from manufacturer N. 


Standard deviation for five separate determinations; 0.08 mmol/g protein corre- 
sponds to concentrations of 4 mM and 20 mM in 5% and 25% protein solutions, 
reapectively. 


of chloroform was always employed. Similarly, the 1.22- and the 1.83-m 
columns gave identical results over a wide range of octanoic acid con- 
centrations (Fig. 2B). Because of the greater ease in packing, the shorter 
column was routinely used. 


To verify the accuracy of the analysis, the octanoic acid standard and 
the heptanoic acid internal standard were chromatographed individually. 
A t  the loads used in the present study, each showed only a single peak 
in addition to those produced by the solvent system. The octanoic acid 
standard solution was then titrated by the method of Marvel and Rands 
(24)14: nominal concentration 80 mM, by titration 78.7 mM. A solution 
of nominal concentration 80 mM was then prepared by dissolving sodium 
octanoate15 in water. It was analyzed for sodium by flame photometry 
and for octanoic acid by the GC method described above: concentration 
by flame photometry 78.5 mM, by GC 79.3 mM, mean deviation 1.0%. 


To assess the precision of the method, five lots of 5% normal serum 
albumin and six lots of 25% normal serum albumin were each subjected 
to five replicate analyses for octanoic acid. The coefficient of variation 
for replicate determinations ranged from 2.1 to 5.5% and averaged 3.9% 
(Table I). 


Recovery was estimated by Bdding a series of incremental quantities 
of octanoic acid to replicate samples of normal serum albumin such that 
the largest amount approximately doubled the octanoic acid concen- 
tration. Analysis of these samples indicated that the recovery of added 
octanoic acid was 95.5 f 4.2% (SD). 


Analysis of Commercial Products-The octanoic acid concentrations 
of 138 lots of product were determined; of these, only six deviated >20% 
from the concentration given on the product label (Table 11). Three of 
these lots were produced by manufacturer M, who used both venous 
plasma and placentas as source material. Preparation of albumin from 
placentas utilized octanoic acid in the purification procedure (25) as well 
as for stabilization and may account for the higher levels found in these 
samples. (Placentas are no longer used for the manufacture of albumin 
and globulin products in the United States.) One of the lots from man- 
ufacturer G had an octanoic acid concentration almost twice that of the 
others (Tables I and 11), suggesting inadvertent repetition of stabilizer 
addition during manufacture. There is no obvious explanation for the 
low octanoic acid concentration in two lots froin manufacturer K. 


Comparison with Other Methods-Several methods for the deter- 
mination of fatty acids involve extraction and subsequent titration in a 
two-phase (aqueous/nonpolar) system (24,26,27). Although these do not 
require preliminary evaporation of the solvent, the titration step does 
not readily lend itself to automation. Several other methods involve GC 
analysis after preparation of the methyl ester derivatives of the extracted 
fatty acids (28-30). One of these methods was specifically designed for 
the determination of octanoic acid and utilized sodium [1-l4CJoctanoate 
as an internal standard to correct for losses during the procedure (29). 
The GC step in this analysis, like that described by Burnett et al. (30), 
was performed on a 1.83-m column; the packings employed were 80/lOO 
mesh Gas-Chrom P coated with 15% diethylene glycol succinate (29) and 
100/120 mesh Chromosorb W AW coated with 10% SP-2330 (30), re- 
spectively. 


The method described in the present study requires neither derivati- 
zation of the odanoic acid nor the use of a radiolabeled tracer and utilizes 


Coefficient of variation = SD x 1Wmean. 


l4 The titration was performed as described except that 2% Triton X-100 (Rohm 


15 Nutritional Biochemical Corp., Cleveland, Ohio. 
and Haas, Philadelphia, Pa.) was used in place of 270 Dreft. 
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Table 11-Octanoic Acid Concentration in Commercial Albumin 
Products 


Table IV-Assessment of Precision of N-Acetyl-DL-tryptophan 
Determination by UV Spectrophotometry * 


Lots >20% 
No. of Beyond 


Manu- Lots Labeled 
facturer Producta Analyzed Mean f S D h  ValueC 


Manu- 
facturer Product Mean f SD, mMC c V d  


A PPF 4.65 f 0.046 1.0 
25% 22.8 f 0.47 2.1 


A 


B 


PPF 
25% 
5% 


25% 
25% 
5% 


PPF 


5 
5 
8 
6 
3 
6 


10 


3.93 f 0.08 0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Id 
0 
0 
0 


B 5% 
-~ 


3.65 f 0. I1 3.0 
20.1 f 0.32 1.6 
4.06 f 0.11 2.7 


19.68 f 1.90 
3.48 f 0.22 


18.33 f 0.72 4.08 f 0.11 2.7 
19.9 f 0.34 1.7 
20.7 f 0.41 2.0 
4.36 f 0.058 1.3 
4.30 f 0.079 1.8 
21.3 f 0.40 1.9 
3.99 f 0.076 1.9 


C 
D 


19.40 f 1.04 
3.54 f 0.12 
4.00 f 0.24 E PPF 


5?40 25% 
5% 


PPF 
25% 


5 
6 


19.44 f 1.72 
3.98 f 0.18 
4.09 f 0.12 


19.86 f 2.18 


- ." 
25% 


G 5% 
E 


6 
6 25% 


F 25% 
H 25% 
I 25% 
J 25% 
K 25% 


22.9 f 0.19 0.8 
20.7 f 0.29 1.4 
19.0 f 0.19 1.0 


F 
G 


25% 
5% 


25% 
25% 
25% 
25% 
5% 


25% 
5% 


25% 
5% 


19.85 f 1.65 
4.68 f 2.32 


17.78 f 1.19 21.0 f 0.84 4.0 
20.0 f 0.60 3.0 H 


I 
J 


20.15 f 1.92 
18.48 f 0.73 
18.57 f 1.04 


. .  


18.1 f 0.33 1.8 
4.12 f 0.069 1.7 
19.0 f 0.53 2.8 
3.99 f 0.067 1.7 


L 5% 
25% 


M 5% 


5 
4 K 


L 


M 


N 


3.27 % 0.35 
18.56 f 1.43 
3.74 f 0.19 


18.59 f 1.35 


5 
5 
6 
6 


J 25% 20.1 f 0.11 0.5 
N 25% 20.1 f 0.47 2.3 


a The standard curve procedure was used (see text). * PPF = plasma protein 
fraction; numbers refer to normal serum albumin with the nominal rotein con- 


of variation = SD X 100/mean. 


Table V-N-Acetyl-DL-tryptophan Concentration in 
Commercial Albumin Products 


centration indicated. Mean f SD for five separate determinations. B Coefficient 


4.62 f 0.43 2 
25% 
25% 


6 
9 


22.75 f 1.53 
20.93 f 1.23 


1 
0 


PPF = plasma protein fraction (human); numbers refer to normal serum al- 
bumin (human) with the nominal protein concentration indicated. * Mean f SD 
expressed as mM. c The labeled values for the octanoic acid concentrations of 
plasma protein fraction and of 5% and 25% normal serum albumin are 4,4 ,  and 20 
mM, respectively. d This lot contained approximately twice the labeled value of 
octanoic acid; omission of this lot gave a value of 3.90 f 0.19 (mean f SD).  


-~ ~~ 


Lots >20% 
No. of Beyond 


Manu- Lots Labeled 
facturer Producta Analyzed Mean f SDh ValueC 


Table 111-UV Absorbance of Acid-Soluble Fraction from 
Stabilizer-Free Albumin 


A 


B 


6 
6 
7 
5 


Albumina 
Absorbance 


Manufacturer a t  280 nm 
PPF 
25% 
5% 


4.59 f 0.05 
22.18 f 1.13 
3.50 f 0.10 


0 
1 
0 
0 Human fraction V K 0.048 


Human fraction V D 0.024 
Human placental I 0.025 
Human fraction V in-house 0.017 
Bovine crystalline Oh 0.014 
Human purified (from in-house) in-house 0.014 
Human purified (from normal in-house 0.010 


serum albumin) 


25% 
25% 
5% 


19.00 f 1.06 
20.37 f 0.06 C 


D 
3 0 


0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


6 
7 
5 


-4.05 I0.16 
4.06 f 0.32 


20.06 f 1.02 
PPF 
25% 
5% E 10 4.35 f 0.25 


PPF 
25% 
25% 


10 
6 
8 
5 
5 


4.39 f 0.12 
20.27 f 1.31 
19.90 f 0.75 F 


G 


H 


a Human albumin fraction V manufactured in-house was prepared from the 
plasma of two donors by cold ethanol fractionation (31). Purified albumins were 
prepared by ion exchange chromatography (32) of in-house human albumin fraction 
V and commercial normal serum albumin, respectively. Distributed by Sigma 
Chemical Co., St. Louis, Mo. 


5% 
25% 
25% 


4.09 f 0.07 
21.53 f 1.25 
19.56 f 1.44 
20.59 f 0.77 
20.38 f 0.70 
4.00 f 0.20 


20.18 f 1.51 
4.21 f 0.09 


6 
I 
J 
K 


25% 
25% 
5% 


25% a shorter (and thus more easily handled) 1.22-m column. Identical results 
were obtained when the 1.22- and 1.83-m columns (both packed with 
SO/lOO mesh Chromosorb W AW coated with 101 SP-1000) were used 
to analyze human albumin products for octanoic acid. Moreover, a pre- 
vious survey of such products involved GC on a 1.83-m column (100/120 
mesh Supelcoport2 coated with 5% diethylene glycol succinate) and 
yielded results similar to those presented above16. 


N-Acetyl-DL-tryptophan Analysis-Development and Validation 
of Method-Several different protein precipitants, including isopropyl 
alcohol, trichloroacetic acid, and perchloric acid, were examined. The 
latter was ultimately chosen because it afforded essentially complete 
precipitation, consistent analytical results, and good recovery of N- 
acetyl-DL-tryptophan. No further improvement was achieved hy carrying 
out the precipitation a t  4°C; therefore, all operations in the analysis were 
performed at  room temperature. Unlike the GC procedure, in which the 
retention time provides an internal identity criterion for octanoic acid, 
the spectrophotometric method for N-acetyl-DL-tryptophan includes 
no qualitative test. The underlying assumption is that  virtually all the 


L 


M 


N 


5% 5 
6 
6 
7 


17 


25% 
5% 


25% 
25% 


19.43 f 0.63 
3.76 f 0.32 


17.60 f 1.70 
19.20 f 0.76 


~~ ~~ 


4 PPF = plasma protein fraction (human); numbers refer to normal serum al- 
bumin (human) with the nominal protein concentration indicated. Mean f SD 
expressed mM. c The labeled values for N-acetyl-DL-tryptophan content of plasma 
protein fraction and of 5% and 25% normal serum albumin are 4,4,  and 20 mM, 
respectively. 


UV absorbance of the acid-soluble fraction is due to N-acetyl-DL-tryp- 
tophan. T o  demonstrate the validity of this assumption a series of sta- 
bilizer-free albumin powders were used to prepare 5% protein solutions, 
which were then analyzed as described above. The absorbances found 
(Table 111) corresponded to 0.95-4.6% of tha t  obtained when 4 mM N- 
a~etyl-DL-tryptophan'~ was treated in a similar manner, implying that 
at least 95-99% of the absorbance measured under the conditions of the 
method can be ascribed to  the compound. 


I 7  A stabilizer/protein ratio of 0.08 mmol/g corresponds to stabilizer concentra- 
tions of 4,16, and 20 mM in 5,20, and 25% protein solutions, respectively 


16 M. A. Gross and J. S. Finlayson, unpublished results. A preliminary sampling 
of 230 lots of NSA produced by 11 manufacturers and released before April 1979 
indicated that 212 had octanoic acid concentrations within 20% of the labeled 
value. 
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The method precision was evaluated by performing five replicate 
analyses on each of 23 lots of product, including at  least one lot from every 
manufacturer. The coefficient of variation for replicate determinations 
averaged 1.9% (range 0.5-4.0%) and did not differ among 5% normal 
serum albumin, 25% normal serum albumin, and plasma protein fraction 
(Table IV). Recovery was assessed by adding increments of N-acetyl- 
DL-tryptophan to replicate samples of normal serum albumin such that 
the largest increment more than doubled the concentration of this sta- 
bilizer. Analyses of these samples showed that the recovery of added 
N-acetyl-DL-tryptophan was 95.7 * 2.0% (SD) .  


Analysis of Commercial Products-The N-acetyl-DL-tryptophan 
concentrations of 159 lots of product were determined. Only one of these 
deviated more than 20% from the value indicated on the label, and the 
mean concentration of most manufacturers’ products was within 10% of 
the label value (Table V). 


Applications of Octanoic Acid and N-Acetyl-DL-tryptophan 
Analyses-The procedures developed in the present study should be 
useful in the quality control of commercial albumin products. In addition, 
they may have other applications. For example, in a preliminary study, 
use of these methods showed that when solutions containing 4 mM N- 
acetyl-DL-tryptophan and 4 mM octanoic acid were heated for 10 h a t  
60°C, the concentrations of both stabilizers remained constant. This 
result was not altered by the presence or absence of albumin or by varying 
the pH between 4.9 and 8.6, indicating that within this range of conditions 
the stabilizers themselves are stable. In a separate investigation it was 
found that, as assessed by the present methods, stabilizer-free albumin 
monomer could be prepared by chromatography on agarose18 columns 
a t  pH 8.0, whereas dialysis proved incapable of rendering normal serum 
albumin free of stabilizerls. Finally, because a t  least 96% of the protein 
in normal serum albumin is albumin (I), measurement of the total ab- 
sorbance (280 nm) of a sample of normal serum albumin and concomitant 
determination of its N-acetyl-DL-tryptophan content may offer a rapid 
method for estimating the protein concentrationz0. 


APPENDIX: CALCULATION OF CONCENTRATIONS 
AND RATIOS 


Octanoic Acid Concentration (mM)I7: 
(a) In 5% normal serum albumin or plasma protein fraction 


= octanoic acid (mg) in 0.5-mL assay sample X 2 X 1000/mol. wt. of 
octanoic acid 
= octanoic acid (mg) in 0.5-mL assay sample X 13.87 


= octanoic acid (mg) in 0.125-mL assay sample X 13.87 X 4 
= octanoic acid (mg) in 0.125-mL assay sample X 55.48 


(c) In 25% normal serum albumin 
= octanoic acid (mg) in 0.1-mL assay sample X 13.87 X 5 
= octanoic acid (mg) in 0.1-mL assay sample X 69.35 


Octanoic Acid/Protein Ratio (mmol/g of protein): 
In all products = octanoic acid (mg) in assay sample X 0.2774 
N-Acetyl-DL-tryptophan Concentration (mM): 


(b) In 20% normal serum albumin 


(a) In 5% normal serum albumin or plasma protein fraction 
= A280 of acid-soluble fraction X 2/0.1 X 5.25 
= A280 of acid-soluble fraction X 3.81 


(b) In 20% normal serum albumin 
= A280 of acid-soluble fraction X 15.24 


(c) In 25% normal serum albumin 
= A280 of acid-soluble fraction X 19.05 


= A280 of acid-soluble fraction X 0.0762 
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Abstract 0 A three-way crossover study was conducted with 24 healthy male 
volunteers to determine the relative bioavailability of four different 100-rng 
phenobarbital tablets compared with a reference elixir. Each subject received 
two of the tablets and the elixir at 30-d intervals. Blood samples were collected 
daily for 19 d after each dose. Plasma phenobarbital concentrations achieved 
with the five dosage forms differed by <2O?k within 2-3 h after dosing. The 
extent of absorption for all dosage forms, as  determined from area under the 
plasma concentration-time profiles, were within 10% of each other. The peak 
plasma concentration was the greatest and the time to peak concentration was 
the shortest for the elixir. One of the tablets exhibited a time to peak con- 
centration of 8.6 h, which was  significantly longer than any of the other dosage 
forms. The time to peak concentration correlated with the percent of drug 
dissolved in 60 min, as  determined in 0.1 M HCI, using the USP XX paddle 
method at 50 rpm. 


Keypbrases 0 Phenobarbital-relative bioavailability, tablets and elixir, 
pharmacokinetics in humans 0 Bioavailability-relative, phenobarbital 
tablets and elixir, pharmacokinetics in humans 0 Pharmacokinetics-phe- 
nobarbital tablets and elixir in  humans, relative bioavailability 


Phenobarbital, used as a sedative-hypnotic and as an anti- 
convulsant, has an aqueous solubility of only 1 mg/mL, and 
differences have been reported in the dissolution rates of dif- 
ferent polymorphic forms of the drug (1). Because of its clinical 
indications and physicochemical properties, it is important to 
establish the bioavailability of dosage forms of phenobarbital. 
A recent brief clinical report indicated significantly different 
plasma phenobarbital concentrations in patients who were 
receiving 32-mg tablets from two manufacturers (2). However, 
a bioavailability study of a 30-mg tablet indicated better ab- 
sorption from the tablet than from an intramuscular dose, 
which was only 80% absorbed (3). In another study (4) the 
absolute bioavailability of 60-mg tablets was determined, and 
the extent of absorption averaged 95%. In the most extensive 
study to date, five healthy subjects were given seven 100-mg 
tablets from different manufacturers ( 5 ) .  A noncrossover 


1 2  3 4 5 6 7 B 9 10 


HOURS 


Figure I-Mean phenobarbitalplasma concentrations during the initial 10 
h a/lerdosing(n = 12). Key:group I-product I (0);product 2 (0);product 
3 (A);group 11-product I (.);product 4 (.);product 5 (A). 


design was employed, and blood samples were obtained for 
only 64 h, although half-lives ranged from 41-220 h. Further, 
the doses were administered every 6 d, and no correction for 
residual drug from preceding doses was noted in the report. 
The time of maximum plasma concentration was the only 
parameter that exhibited statistically significant differences 
among the test products. There did not appear to be any cor- 
relation between the blood level-time profiles and the results 
of in uitro dissolution testing. 


The present study employed 24 healthy subjects, four dif- 
ferent 100-mg tablet dosage forms, and a reference elixir. 
Blood samples were obtained for 19 d following dose admin- 
istration. Attempts were made to relate parameters obtained 
in uiuo to those seen using an in v i m  dissolution system. 


EXPERIMENTAL 


Dosage Forms-Four tablet products, containing between 97.2 and I 0 0  
mg of phenobarbital, were obtained from four manufacturers’. The products 
were selected from the numerous available sources on the basis of preliminary 
dissolution testing. An elixir2 containing 100 mg of phenobarbital/25 mL was 
employed as  a reference dosage form. Calculations were based on the labeled 
drug content of each of the five dosage forms. 


Clinical Protocol-Twenty four male subjects (23-30 years, 53-100 kg) 
were randomly divided into two groups of 12. All subjects underwent urinalysis 
and hematological and blood chemistry’ determinations, as well as a physical 
examination and an ECG. to ensure they were in good health. All subjects 
provided written informed consent. The subjects had not taken any known 
enzyme inducers for at least 3 months, any medication for 14 d, or any alcohol 
for 7 d prior to the start of the study. 


Using a crossover design, group I received a 100-mg dose of the elixir 
(product 1) and two of the test tablets (products 2 and 3). The subjects in group 
I1 also received the elixir and the other two tablets (products 4 and 5). The 
three. dosings were each separated by a 30-d period. The doses were admin- 
istered after an overnight fast, along with 240 rnL of water. No food or liquid 


=: 2.6 
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n 
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DAYS 
Figure 2-Mean phenobarbital plasma concentrations 1-19 d after dosing 
(n = 12). Key:group I-product I (0);product 2 (0);product 3 (A);group 
11-product I (.);product 4 (.);product 5 (A). 


I Parke-Davis, Lot WC187, 100mg. Exp. 1 83 (product 2); Lannett. Lot 19806. 100 
mg. Exp. 5 82 (product 3); Wycth, Lot 17/2455, 100 mg. Exp. 1/82 (product 4); 
West-Ward! Lot 42342,97.2 mg, Exp. 12/82 (product 5) .  


Parke-Davis, Lot YJ200.20 mg/5 mL, Exp. 7/84 (product I ) .  ’ SMA 18/90. 
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Table I-Plasma Concentrations @g/mL) at  Each Sampling Time a 


Product 
Group No. 0.5 I h  2 h  3 h  4 h  6 h  lOh 24h  48h 72h  120h 192h 288h 384h 456h 


I 1 


2 


3 


Percent 
Differenceb 


I1 1 


4 


5 


Percent 


2.86 2-66 2.49 2.50 2.53 2.46 
(17) 


(92) 


(72) 


0.63 


1.07 


78.0 


(35) 


(22) 


(29) 


1.79 


2.35 


28.1 


(24) 
2.03 


2.45 


18.8 


(17) 


(22) 


(20) 
2.1 1 


2.5 1 


16.6 


(19) 


(19) 


2.43 2.15 1.87 1.63 1.26 0.88 0.52 0.32 0.23 
(19) (19) (19) (20) (21) (25) (24) (30) (35) 
2.37 2.06 1.86 1.66 1.28 0.91 0.55 0.35 0.24 
(17) (22) (19) (26) (29) (27) (30) (34) (38) 
2.44 2.14 1.89 1.63 1.27 0.85 0.54 0.33 0.24 
(19) (22) (20) (23) (25) (27) (30) (40) (41) 
2.9 4.2 1.6 1.8 1.6 6.6 5.5 8.6 4.2 


3 4R 226 2.05 1.72 1.35 0.96 0.61 0.40 0.28 
{ioj {iij (2ij (24) (26) (43) (61) (72) (80) 
2.21 1.95 1.80 1.61 1.23 0.84 0.55 0.38 0.29 
(23) (25) (20) (21) (22) (30) (46) (57) (60) 
2 4 2  2.19 1.88 1.68 1.27 0.89 0.53 0.35 0.27 
i 16 )  (IS) (15) (17) (24) (28) (37) (48) (56) 
10.9 13.7 12.2 6.4 8.9 12.5 13.1 12.5 6.9 


Differenceb 


- lowest)/(highest{. 
* Each value (pg mL) represents the mean of the 12 subjects. The relative standard deviations are given in parentheses (SD X 100/mean). Percent difference = (100) (highest 


other than water was permitted for 4 h following dosing. A standard meal4 
was provided 4 and 8 h after dosing. Ten-milliliter blood samples were obtained 
via a catheter or venipuncture just prior to the dose and 0.5, 1,3,4,6,10 h and 
1,2,3,5,8,12,16, and 19 d after each dose using heparin as the anticoagulant. 
The blood samples were immediately centrifuged, and the plasma was stored 
frozen until the time of assay. 


Plasma Assay-Plasma phenobarbital concentrations were determined 
using a slightly modified HPLC procedure previously employed in a study 
of ethotoin (6). A 1-pg/mL aqueous solution of phenytoin was used as the 
internal standard. The ether extraction of the plasma was adjusted to pH 11.2, 
and the chromatographic conditions were essentially as previously reported. 
The only modifications involved the reconstitution of the dried extract with 
100 pL of mobile phase, the use of a 15-pL injection volume, and a mobile 
phase of 40% acetonitrile in 0.1 M sodium phosphate buffer (pH 7). Quanti- 
tation was accomplished with standard curves of peak height ratio (pheno- 
barbitallphenytoin) uersus phenobarbital concentration, prepared with p l e d  
human plasma. The assay was linear over a concentration range of at least 
0.25-3.0 pg/mL. The retention times for phenobarbital and phenytoin were 
1.7 and 2.4 min, respectively. No interfering peaks were noted in blank plasma 
extracts. Duplicate determinations differed by <6% at the lowest standard 
concentration and by <3% at the highest value. 


Data Analysis-The time of maximum plasma concentration (tmax) and 
maximum plasma concentration (Cmax) were determined by inspection of 
individual subject data. The elimination rate constant (k) for each dose was 
determined by least-squares fitting of the postabsorption concentration-time 
data. The area under the plasma concentration-time curve (AUC) from 0 
to 456 h was calculated using the trapezoidal method, while the AUCo-, was 
calculated by addition of the AUC(456 h-m) to the AuC(0-456 h). The 
AUC(456 h-m) was determined by dividing the 456-h plasma concentration 
by k. 


The statistical analysis was first performed separately on data from groups 
I and 11. Analysis of variance was used to evaluate statistically significant 
differences (p < 0.05) at each sampling time, as well as values for t,,,, C,,,, 
and AUC. In cases where significant differences occurred, the Newman-Keuls 
aposterion' test was used to evaluate which subjects, treatment sequence, or 
dosage forms were different. To make comparisons of all four tablet formu- 
lations across both groups, a one-way analysis of variance and the New- 
man-Keuls a posteriori test were used to evaluate C,,,, tmax, and relative 
AUC(o-..) for each tablet, adjusted for half-life differences. This latter value 
was determined as the product of the individual observed AUC(o-,) and k, 
divided by the product of AUC(o_,) and k for the elixir dose in each subject, 
to adjust for intrasubject differences in k. A power analysis (7) was used to 
evaluate the potential for statistical errors based on a = 0.05 and @ = 0.2. 
Because of an analytical failure, the data for one subject in group I1 (product 
4) were lost. All concentrations and other parameters were estimated using 
a statistical method (8) based on the performance of the other two dosage 
forms in this subject and the data obtained for the other subjects within this 
group. 
b Vitro Dissolution-The dissolution of six tablets of each of the four tablet 


dosage forms was determined using the USP XX paddle method at  50 rpm. 
Deionized water and 0.1 M HCI at  37°C were employed as the dissolution 
media, using a volume of 1000 mL. Samples of the media were periodically 
withdrawn over a 90-min period. 


RESULTS AND DISCUSSION 
Although all subjects were instructed to avoid other drugs during the 3- 


month study, it was anticipated that some subjects might require minor 
medication. Thirteen of the subjects took at least one dose of some additional 
drug, with the majority of these being either acetaminophen for headache or 
antihistamines for rhinitis. Acetaminophen was previously shown not to in- 
terfere in the assay, and the basic antihistamines were not extracted during 
the assay. Further, inspection of time zero chromatograms and individual 
plasma concentration-time data did not reveal any effects of the other med- 
ications on the phenobarbital plasma concentration-time profiles. 


Plasma Concentrations at Each Sampling Time-The mean plasma con- 
centrations at  each sampling time for both groups are summarized in Table 
I. The mean plasma concentrations at each sampling time from 0 to 10 h and 
from 24 to 456 h are illustrated in Figs. 1 and 2, respectively. Statistically 
significant differences among products in each study group are summarized 
in Table 11. The rapidly absorbed elixir (product 1) resulted in the highest 
plasma phenobarbital concentrations for the first 6 h in group I and the highest 
concentrations at all but the 456-h time in group 11. The actual difference 
among the products was <20% after the 2- and 1-h samples for the groups I 
and I1 studies, respectively. The intersubject variability, as reflected by the 
relative standard deviations, was much less for the elixir during the first hour, 
which is consistent with a rapidly absorbed dosage form. 


The analysis of variance indicated that significant differences among the 
productsoccurredat0.5, 1.0,2.0,3.0,and4.0hingroupIandat0.5and 1.0 
h in group 11. In group I the Newman-Keuls a posteriori test (Table 11) 
showed product 2 to have significantly lower concentrations than the elixir 
during the first 4 h. Product 2 was also significantly lower than product 3 in 
that group at 1,3, and 4 h. Product 3 was significantly lower in concentration 
than the elixir at 0.5, 1, and 2 h. At the remainder of the sampling times 
product 2 had the lowest concentration at sampling times up to 48 h and 
slightly higher concentrations at the remainder of the sampling times. 


In group I1 the Newman-Keuls a posteriori test indicated a significant 
difference among all the products at the 0.5-h sampling time, with product 
5 having the lowest concentration and the elixir having the highest concen- 
tration. At 1 h the ranking of the products was identical to the ranking at 0.5 
h, but the only significant difference was between the elixir and the two tablets. 
From 2 to 456 h no significant difference was observed among the three 
products. 


Peak Concentration, Time of Peak Concentration, k, and AUC Values- 


Table 11-Newman-Keuls a Posteriori Test for Significant Product 
Differences 


Product Ranking (Lowest to Highest)O 
Observation Group I Group I1 


Concentration 
0.5 h 
l h  
2 h  
3 h  
4 h  


Cmax 


2 3 1  
2 3 i  
Z J T  
2 3 T  
2 3 1  
2 3 1  
T * *  


5 4 1  
5 S T  
3 - - 7 T  
m 
4 5  1 
4 5 1  
- 1  


~~ 


4 Content of each meal available on request. 
a Dosage forms underlined by a common line show no significant differences (p > 


0.05). 


406 I Journal of Pharmaceutical Sciences 
Vol. 73, No. 4, April 1984 







1 1 


2 


3 


Percent Difference* 
I1 1 


4 


5 


Percent Difference* 


3.01 
(16) 
2.44 
(16) 
2.70 
(23) 
18.9 
3.15 
(17) 
2.57 
(22) 
2.69 
(14) 
18.4 


1 .o 
(82) 
8.6 
(68) 
2.6 


88.4 
I .o 


(75) 
3.2 


(79) 
4.2 
(59) 
76.2 


(51) 


17.54 


17.66 


17.46 
(24) 
1.1 


19.17 
(34) 
17.27 
(26) 
17.75 
(22) 
9.9 


(21) 


(24) 


0.00529 


0.00522 


0.005 10 


3.6 
0.00500 


0.00452 


0.00478 


9.6 


(15) 


(15) 


(15)  


(22) 


(31) 


(23) 


19.49 
(23) 
19.73 
(26) 
19.80 
(26) 
1.6 


22.16 
(46) 
20.70 
(35) 
20.53 
(29) 
7.4 


Each value reprcscnts the mean of the 12 subjects. The relative standard deviations are given in  parentheses. Percent difference = (100)(highest - lowest)/(highest). 


Table I I I  summarizes the mean values for the peak plasma concentration, time 
of peak concentration, AuC(0-456 h). AUC(o.=), and the terminal elimination 
rate constant. The statistical analysis of differences among these values are 
given in Table 11. 


In group I the mean peak concentration (C,,,) ranged from 3.01 pg/mL 
(product 1) to 2.44 pg/mL (product 2). This difference of 18.9% was signif- 
icant (p < 0.001), and each product was significantly different from the other 
two products. The differences in CmaX i n  group II  was 18.4% with a range of 
2.57 pg/mL (product 4) to 3.15 pg/mL (product 1). This difference was also 
significant (p < O.Ol) ,  with the elixir showing a higher concentration than 
the two tablets, which were not significantly different from each other. 


The timeof peak concentration (fmax) for theelixir (product 1) was 1 h in 
both groups. In group I, product 2 had a significantly longer t,,. of 8.6 h 
compared with the elixir and product 3, which did not differ from each other. 
The significantly lower peak concentration and longer time to reach peak 
concentration for product 2 are indicative of a slower rate of absorption for 
this tablet. In group 11, the elixir peaked sooner than the two tablets. 


In group 1 the AUC(0-456h) ranged from 17.46 (product 3) to 17.66 
pgd/mL (product 2). This I . I %  difference was not significant. Extrapolation 
of the AUC to infinity resulted in AUC values ranging from 19.49 (product 
I )  to 19.80 pgd/mL (product 3). Although extrapolation changed the ranking 
of the products, the I .6% difference was not significant. The AUC values for 
the group I1 products were very similar to those in group I, with a range in 
AUC(0.456 h) from 17.27 (product 4) to 19.17 p g d / m L  (product I ) .  The 
AUC(o--) ranged from 20.53 (product 5) to 22.16 p g d / m L  (product 1). No 
significant differences in these values were noted (p > 0.05). 


Sequence and Subject Differences-Significant differences among ad- 
ministration sequences (phases) were observed for several of the parameters. 
Generally, the ranking of the phases showed increases in plasma concentra- 
tions, with phase I < phase I I  < phase 111. These differences were not signif- 
icant (p > 0.05) for group I I .  Further, for group I the differences between 
phase 1 and phase I l l  data were only-IWo for C,,, AUC, and k values. The 
slightly higher phenobarbital plasma concentrations obtained during phase 
I l l  indicated that one dose per month did not result in any enzyme induction. 
Further, there was no progressive change in the apparent first-order elimi- 
nation rate constant (k). Others have similarly found no apparent autoin- 
duction of phenobarbital metabolism (4,9). A decrease in the apparent volume 
of distribution over the 3-month testing period cannot be ruled out as a po- 


Table IV-Summary of Statistical Analysis Across Groups 


Mean Values 
Product Product Product Product 


Parameter 2 3 4 5 p Value 


tmax (h) 8.60 2.60 3.20 4.20 <0.001 
cmax (Ccg/mL) 2.44 2.70 2.57 2.69 0.532 
Relativeo 1.01 0.98 0.88 0.95 0.515 


AUC(o--) 
Newman-Keuls Ranking 


Parameter Product Ranking (Lowest to Highest) 


I,, 
Cmax 
Relative AIICm - I  


3 4 5  
2 7 7 ;  
4532 


0 Scc text for calculation. Products underlined by a common line show no significant 
difference (p > 0.05). 


tential explanation for the slightly elevated plasma concentrationsduring phase 
111. 


Significant subject differences were noted for all the parameters except the 
0.5-h concentration and t,, in group I, and all but the 0 5 ,  1.0-. 3.0-, 4.0- 
and 10.0-h concentrations and I,,, in group 11. Among the subjects, the C,,, 
values ranged from 2.06 to 3.90 pg/mL and the mean AUC(o-..) ranged from 
12.72 to 40.30pgd/mL. Mean terminal elimination rate constants for the 
subjects ranged from 0.0025 to 0.0064 h-l, with an overall mean elimination 
rate constant for all dose administrations of 0.0050 h-l. 


Power Analysis-A power analysis (7) was also conducted utilizing an a 
level of 0.05 and a 0 level of 0.2. In group I, 12 subjects were sufficient todetect 
a 20% difference in products as being significant for the majority of the pa- 
rameters. In those instances where > I  2 subjects were necessary, the actual 
difference in the products was greater than the percent difference required 
for significance to be detected. The statistical power for group I1 was not as 
great as in group I. However, it was sufficient to detect a 20% difference among 
the products in  terms of 8 of the 15  sampling times, the C,,,, and AUC 
values. 


Comparisons Across Groups I and 11-Table IV summarizes the one-way 
analysis of variance for comparison of products 2-5 in terms of C,,,, tmx. 
and relative AUC(o_-). This table also includes the Newman-Keuls analysis 
of these parameters. The time of peak concentration ranged from 2.6 (product 
3) to 8.6 h (product 2). Product 2 showed a significantly longer time to reach 
peak than the other three tablet products, which were not significantly dif- 
ferent from each other. The peak plasma concentrations, which ranged from 
2.44 to 2.70 pg/mL for the four tablet products, were not significantly dif- 
ferent (p > 0.05). The relative AUC(o_,) ranged from 88 to 100% for the four 
tablets relative to the elixir. This difference among products was not significant 
(p > 0.05). 


In Vivo-In Vitro Relationships-Using the USP XIX basket method at 
50 rpm, with pH 1.2 simulated gastric fluid as the dissolution media, Sylvestri 
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Figure J--Dissolution of four phenobarbital tablets in 0.1 M HCI using the 
USP X X  paddle method at 50 rpm. Each value represents the mean of six 
determinations. Key: product 2 (0) ;product  3 (A);producr 4 (.);product 
5 (A). 
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Figure 4-In vitro-in vivo correlation for four phenobarbital tablets. Each 
t,,, value represents the mean of 12 subjects and each in vitro value is  the 
mean of six determinations. Key: product 2 (0): product 3 (A);product 4 
(.);product 5 (A). 


and Ueda ( 5 )  did not observe any correlation between the dissolution properties 
and the in vivo performance of seven different 100-mg phenobarbital tablets. 
Two of the products were different lots of products 2 and 4 employed in the 
present study. The results of the present study are shown in Fig. 3 for disso- 
lution in 0.1 MHCI. Product 2 dissolved much slower than the other three 
tablets. The results were similar using deionized water, except for product 3 
which dissolved slightly more slowly than product 5 in water. Since significant 
differences were noted among the products in terms of tmax, which reflects 
the rate of drug absorption, attempts were made to correlate the dissolution 
in acid with the mean values of r,,, for the four tablets. Figure 4 illustrates 
the good relationship ( r  = -0.995) found between fmax and the percent of drug 
dissolved at 60 min. Whether the previously reported ( 5 )  lack of in vitro-in 
viuo correlation was due to differences between the two studies in the in vivo 
study design, in the in vitro methodology, and/or in the test tablets cannot 
be determined from the available data. In the present study there were no 
significant differences among the four tablets in terms of AUC, and the C,,, 
values differed by <lo%. Thus, it was not unexpected that the observed dif- 
ferences in dissolution rates could not be related to these in uivo parame- 
ters. 


Clinical Implications-Since there were no significant differences in either 
C,,, or AUC values, it can be concluded that the extent of absorption of 


phenobarbital was similar for the elixir and the four tablet products. However, 
there were significant differences among the tablet products in terms of rate 
of absorption, with product 2 showing the longest t,,,. Because of the long 
half-life for phenobarbital in humans, differences in the rate of absorption 
should not have much effect on the steady-state phenobarbital plasma con- 
centrations when the drug is employed on a chronic basis as an anticonvulsant. 
Projections of steady-state concentrations using a one-compartment model 
with first-order absorption suggest only minor differences in maximum and 
minimum plasma concentrations, comparing two dosage forms with an 
elimination half-life of 130 h and with absorption rate constants differing 
10-fold. However if the drug is employed on an acute basis as a hypnotic, it 
is possible the onset of action could be delayed with product 2. In such an in- 
stance a patient could potentially ingest additional doses in an attempt to 
achieve the desired effect. Depending on the number of doses taken, there 
exists the possibility of excessive ingestion of the more slowly absorbed product 
resulting in undesirable side effects or toxicity. Thus, on the basis of rate of 
absorption, the four tablet products cannot be considered bioequivalent. 
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be obtained by plotting crushing strength wrsus input values (Fig. 5). The 
graphs allow a visual determination of mixtures for which the crushing 
strength can be increased without significantly reducing the input value. 
Mixtures A, E, and B, for which an increase in crushing strength docs not 
correspond to a marked decrease in input values, are easy to handle. For 
mixtures C and G, the increase of cruahing strength corresponds to a con- 
comitant marked reduction of input values, as evidenced by curve slopes. 
Mixtures F and D show a limiting value of crushing strength above which a 
little increase causes a large decrease of the input value. 


The shape parameter h (Eq. I )  seems to be linked to the disintegration 
process in the following way: 


I .  An S-shaped disintegrating forccdevelopment curve ( 6  > I )  indicates 
the presence of an initial obstacle to water penetration linked to the surface 
conditions of the tablet. 


2. A steeper initial slope in the disintegrating force development curve ( h  
< I )  can indicate the presence of an obstacle to water penetration arising inside 
the tablet. 


3 .  An exponential disintegrating force development curve (6 = I )  indicates 
a regular fluid penetration. 


The situation relative to 6 < 1 is more critical, since rcsistence to fluid 
penetration arising inside the tablet may lead to considerable delay in disin- 
tegration, whereas for 6 > I ,  the small values of time lag found in the cases 
cxamined indicate that the tablet surface conditions do not influence disin- 
tegration time too much. 


For the mixtures examined, h values depend on compression force and re- 
flect thc changes in compacr structure. Mixture G shows h values constantly 
< I ,  thus enabling the presumption that disintegrator gelatini~ation enhances 
the resistance to fluid penetration. Mixtures D. F. B, and E show 6 values of 
- I ,  thus indicaring a regular disintegrating force development. Mixtures A 
and C show the opposite behavior. For the former, 6 values decrease as com- 
pression force increases. This is consistent with the product compression be- 
havior. i.e., starch granules deformed by compression readily absorb water 
forming a viscosity-increasing gel3. For the latter, the poor absorption is likely 
to be influenced by porosity conditions, thus enhancing the initial hindrance 
to Rater penetration. The results obtained indicate that, of the various mixtures 
examined, A. B, and E show the best overall performanecs. 


CONCLUSIONS 


The measurement of disintegrating force provides a deeper insight into the 
tablet structure obtained by processing ;I given formula. Whereas a “static” 


3 C. Fuhrer, pcnonal communication 


structure evaluation can be obtaincd through porosity, pore size distribution, 
etc.. disintegrating force measurements allow a “dynamic” evaluation of the 
structure itself, linked to the disintegration process and consequent active 
ingredient liberation. The input value, i.e., the disintegrating force develop- 
ment rate at lime ! = 10 + Td. can be employed as a new parameter for tablet 
formulation. It is very sensitive to formulation and tablet structure changes 
and, if correlated with the crushing strength, allows an overall evaluation of 
the formula examined. The measure of the shape parameter 6 is a good re- 
flection of the conditions of the compact and completes the structural infor- 
mation on tablet structure. On the basis of the results obtained. it seems jus- 
tified to propose the measure of the disintegrating force as a very useful and 
decisive means for formulation evaluation. 
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Abstract 0 The pharmacokinetics of ibuprofen were studied in four ne- 
phrectomiied and three normal dogs after administration of 214.3- 227.6 mg 
iv of ibuprofen. Blood samples werc collected at various time intervals for up 
to 10 h and serum conccntrations of ibuprofen were assayed by an HPLC 
method. The elimination of serum ibuprofen followed first-order kinetics, with 
mean half-lives of 2.5 1 f 1. I0 and 2.8 1 0.72 h in normal and nephrectom- 
ized dogs, respectively. Mean serum clearance of ibuprofen in nephrcctomized 
dogs. 31 .O f 5.2 mL/h/kg, was higher than that in normal dogs, 12.2 f 8.6 


ml./h/kg, (p < 0.02). The difference may be attributed to the greater volume 
of distribution for ibuprofen in  nephrectomiied dogs, 125.2 f 39.0 (88.8- 
160.4) mL/kg as  compared with 53.4 f 57.8 (26.0- 119.9) mL/kg in the 
normal group (p < 0.2). 


Keyphrases 0 Ibuprofen-disposition in nephrectomizcd dogs, pharmaco- 
kinetics 0 Disposition- -ibuprofen, nephrectomi7ed dogs, pharmacokinetics 
0 Pharmacokinetics- disposition of ibuprofen In nephrectomized dogs 


Ibuprofen, (f)-2-(p-isobutylphenyl)propionic acid ( I ) ,  is 
a nonsteroidal anti-inflammatory agent indicated primarily 
for rheumatic diseases ( 1 ) .  The pharmacokinctics of I have 
been studied in normal volunteers. The drug is readily absorbed 
orally, and plasma peak levels are reached within 2 h of ad- 
ministration. The elimination of I from plasma is first order 


with apparent half-lives of 1.4-2.5 h (2-6). Similar half-lives 
a re  observed in arthritic patients, suggestive of no tissue ac- 
cumulation of 1 in rheumatic patients (2). Patients with chronic 
circulatory insufficiency exhibit pharmacokinetic parameter 
values cornparablc with those of healthy subjects (7 ) .  


The metabolism of I has been studied in humans and several 
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Table I -kcr iot ion of Normal and Neohrectomized Dons 


Physiological Dose. 
Dog Sex Weight, kg statusa mg iv 


I M 20.0 
2 M 18.6 
3 F 20.5 
4 M 16.0 
5 M 16.8 
6 M 20.6 
7 M 17.4 


N 213.5 ~~~ ~ 


ri 227.6 
ri 223.0 
SN 214.3 
SN 2 16.0 
SK 2 16.0 
SK 2 14.3 


Key: (N) normal; (SN) surgically nephrectomiied 


animal species, including rats, baboons, and dogs (8 ,9 ) .  Two 
major metabolites, the hydroxylated and the carboxylated 
derivatives of I, were identified in the plasma of the rat, ba- 
boon, and human, but not in dog plasma (9, 10). Both me- 
tabolites were found in the urine of all four species (9). A11 
species, except the baboon, excreted >50% of the single oral 
dose in the urine. Of particular interest is the observation in 
dogs that 46% of the ibuprofen dose appeared in the urine as 
conjugated and unconjugated metabolites, while no metabo- 
lites were detected in plasma, indicating a slow formation but 
rapid excretion of the metabolites (9). In humans, urinary 
excretion of I was complete within 24 h following a single oral 
200-mg dose ( 1  I ) .  In dogs, measurcmcnts of total radioactivity 
in urine and feces accounted for 60%of dose eliminated in 24 
h, 80- 100% in 3-5 d. The ratio of excreted ibuprofen in urine 
and feces was on the order of 2:l (10, 11). In  addition, biliary 
excretion in dogs within 3 h of administration accounted for 
25% of a single intravenous dose (9, 10). Ibuprofen ( I )  is highly 
bound (-99%) to serum albumin in humans and experimental 
animals (9). Because of the extensive protein binding, I is 
characterized by a small volume of distribution, 0.12-0.13 
L/kg and 0.1 8 L/kg in humans ( 1  2, 13) and in normal dogs 
(14), respectively. Half-lives of 1 ranged from 3 to 3.81 h (14, 
15), serum clearance was -0.5 mL/kg/min ( 1  4) in normal 
dogs. 


The pharmacokinetics of 1 in  subjects with renal insuffi- 
a 


I 


b C 


I 


II 


li 
d 


Figure 1 
(b/ dog serum blank: (0 spiked saniple; (dl dog serum saniple. 


Typical chromarograms ($1 and 11. Key: (a)  srandard solurion. 


Table Il-Pbarmacokinetic Parameters of I in hormal Dogs Administered 
a Single Intravenous Dose 


P. 1 I /2,OS C'Lr. Vdp. 
Dog h-I h mL/h/kg mL/kg 


I 0. I84 3.16 22. I 119.9 
2 0.336 2.06 8.7 26.0 
3 0.408 I .10 5.9 14.5 


Mean 0.309 2.51 12.2 53.4 
S D  0.1 14 1.10 8.6 57.8 


ciency has not yet bcen reported. Brogard ef al. (16) recently 
investigated the pharmacokinetics of benoxaprofen, an ana- 
logue of l with a normal half-life of 28 h, and reported a pro- 
longed half-life of up lo 69 h in patients with end-stage renal 
failure. Dosage reduction of benoxaprofen in patients with 
renal impairment was thus recommended. It is not clear 
whether I is similarly affected in  the renal disease state. 


Pharmacokinetic information of I in renal failure is of 
clinical importance, since a majority of patients with rheumatic 
arthritis are often the elderly who may bc renally insufficient. 
This study was undertaken to investigate the effect of renal 
failure in pharmacokinetics of I using a nephrectomizcd dog 
model. 


CH, 


CH,CCOONa 
I 
I 
6 
I 


I 


EXPERIMENTAL 


Materials Ibuprofen(1) was supplied as free acid). Sodium clofibrate2 
(11) was used as an internal standard for the assay of 1. HPLC-grade metha- 
nol) and acetonitrile3 were glass-distilled and filtered before use. 


Seven beagle dogs, 6 male and 1 female (weighing 16.0-20.6 kg), were used 
in the study. Spccific dog data are shown in Table 1. Four dogs were bilaterally 
nephrectomi7ed, while three normal dogs served as the control. All dogs were 
catheterized at  the radial and jugular veins to facilitate drug administration 
and blood collection. respectively. 


Drug Administration and Sampling Schddule-Doses of 1 were administered 
as 5-mL aliquots of a 50% ethanolic solution in normal saline cia the cathe- 
terized radial vein of  the forearm. Blood samples. 3 - 5  mL each, were drawn 
from a cannula in the jugular vein a t 0  (blank). 30.45.60.90, 120, 180.240, 
300, 360,420,480, 540, and 600 min following the intravenous administration. 
Samples were allowed to clot in the evacuated tubes, and S C ~ J  were collected 
and stored at -2O'C until assayed. 


Assay- Serum samples of appropriate si7c. to which 2 pg of I I  was added, 
were acidificd with 400 p L  of I M HCI followed by extraction with 8 mL of 
ether. The ether extract was separated aftcr centrifugation and evaporated 
todryness under a nitrogen stream. The residue was reconstituted in 200pL 
of methanol and subjcctcd to HPLC analysis. 


A chromatograph4 equipped with a 100-pL sample loop5, a variable- 
wavelength C V  detectorh, and a microparticulate rcvcrse-phase octyl column7 
(250 mm X 4.6 mm i.d.) was used for the HP1.C analysis. The system was 
operated at ambient temperature with acetonitrile-water as the mobile phase 
(50:50. v/v. ptl 2.5 as adjusted with phosphoric acidn). The flow rate was 


' U-18.573. Lot No. R-51316; kindly supplicd by The Upjohn Co..  Kalam700. 
Mich. 


ICI. ( h a t  Britain. 
Omnisolv iolventa;  MCB Mfg. Chemicals Inc.. Ciibbstown. N.J. 
Consta Metric I I ;  Laborator D ~ t d  Control. Riviera Beach. Fla. 


Spectro Monitor 111; Laboratory D a t ~  Control, Kisicra Heach. I-la. 


ACS reagent; MCB Mfg. <'hemical\ Inc., (iibbstown, N . I .  


5 ~ d e ~  SVJ; (ilenco Scientific "ni.. Ilouston. ~ c x .  


' Spherisorb; Custom 1.C Inc.. Houston. Tcx. 
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Table 111-Phnrn~acokinetic Parameters of I in Nephrectomized Dogs 
Administered a Sinele Intravenous Dose 


8. t I l 2 .6 ,  CLT, Vd,q, 
Dog h-I h mL/h/kg mL/kg 


4 0.336 1.89 34.5 94.3 
5 0.217 3.20 34.7 160.4 
6 0.266 2.61 23.6 88.8 
7 0.197 3.52 31.0 157.5 


Mean 0.262 2.81 31.0 125.2 
SD 0.075 0.72 5.2 39.0 


maintained at  2.0 mL/min, and the effluent was measured at 225 nm for 
absorbance. 


Protein Binding Study-Protein binding of I was determined by the equi- 
librium dialysis method. Serum samples were spiked with known amounts of 
I to yield concentrations of 5, 10, and 20 pg/mL and incubated at 37OC for 
16 h. The spiked samples were dialyzed against isotonic phosphate-saline 
buffer, consisting of 154 mM NaCI, 0.44 mM KHzP04, and 2.20 mM 
K2HP04 (pH 7.4) at  37OC for 6 h. After the equilibrium dialysis, the con- 
centrations of I in the serum and the dialysate were measured by the HPLC 
assay. Dialysate samples were concentrated by Iyophilization to raise the 
concentrations above the detection limit of the assay procedure. 


Data Treatment-Serum concentration-time data were fitted to a two- 
compartment model using the NONLIN program (17). A series of phar- 
macokinetic parameters were obtained, of which /3, the overall elimination 
rate constant, was further used for area calculation. The area under the con- 
centration-time curve (AUC) was calculated by AUCe. .  = AUCo-r + 
Cf//3, where C, is the last measured serum concentration and AUCO-~ is the 
area covering the time interval 0 to t ,  which was calculated by the trapezoidal 
method. Half-life ( r 1 / 2 . p ) .  total clearance (CLT), and volume of distribution 
( V d p )  were subsequently calculated as: t l l ~ ~  = 0.693//3, CLT = Dose/ 
AUCo-,, and Vdp = C L T / / ~ .  The significance of difference in mean pa- 
rameter values between normal and nephrectomized groups, including t 1/2,8. 
CLT, and Vdp, were tested by a nonpaired Student’s I test. 


RESULTS AND DISCUSSION 


The HPLC procedures described herein provided adequate sensitivity and 
good reproducibility for the analysis of I. Figure 1 depicts typical chromato- 
grams, in which I and I1  exhibited retention times of 7.0 and 4.0 min, re- 


0 


10’ 
0 200 400 600 


TIME, MIN 


Figure 2- Time profile of serum concentrations of I in normal dogs. Key: 
(0) dog I ;  (0) dog 2; ( A )  dog 3. 


Table IV-Unbound Fractions of I in theSera of Dogs and Humans 


Percent Unbound to Serum Protein 
Conc. of 1, Dog Human 


pg/mL Nephrectomized” Normal* UremicC NormalC 


5 7.2 
10 7.5 
20 5.6 


Mean 6.8 
SD I .o 


0.9 1 I .O f 2.8 4.5 f 0.3 
I .5 10.9 f 2.4 5.5 f 0.1 
1.4 10.0 f 2.3 4.6 f 1.3 
I .3 10.6 4.9 
0.3 4.4 1.3 


Dog I. Dog 3 r n  = 3 


spectively. Baseline resolution was achieved without interference of endoge- 
nous substances from the blank dog serum. The typical calibration curve, 
constructed at  a concentration range of 0.5-10 pg/mL. yielded a linearity 
of y = 0.31 Ix - 0.045, r z  = 0.999. The mean coefficient of variation was 3.7 
f 1.4% (n = 5). indicating a satisfactory reproducibility of the assay proce- 
dure. 


Serum concentration profiles for I are shown in  Figs. 2 and 3 for normal 
and nephrectomized dogs, respectively. First-order elimination of I was ap- 
parent in all dogs following the single-dose intravenous drug administration. 
The pharmacokinetic parameters of I in normal and nephrectomized dogs are 
reported in Tables I1 and 111. respectively. The mean half-life was 2.5 I f 1 .I0 
h for the normal group and 2.6 1 f 0.72 h for the nephrectomized group; the 
difference was not significant (p > 0.6). The total clearanceof I in nephrec- 
tomimd dogs ranged from 23.6 to 34.5 mL/h/kg (mean, 31.0 f 5.2 mL/ 
h/kg), and that in normal dogsaveraged 12.2 f 8.6 mL/h/kg (range, 5.9-22.1 
mL/h/kg). Nephrectomi7ed dogs exhibited significantly higher total clearance 
than normal dogs (p < 0.02). The volume of distribution in nephrectomized 
dogs, 125.2 f 39.0 mL/kg, was slightly greater than that in normal dogs, 53.4 
f 57.8 mL/kg; the difference was marginally significant (p < 0.2). Wide 
within-group variations were observed for total clearance and volume of dis- 
tribution in dogs. indicating intersubject variability in the disposition of 1. 


Half-lives of I in normal dogs, 2.5 If I .  10 h, as obtained in this study. were 
comparable with those reported by Kearns and Wilson, 3.81 h (14). and by 
Fujise, 3 h (15). The total clearance (12.2 f 8.6 mL/h/kg) and the volume 
of distribution (53.4 f 57.8 mL/kg), however, were smaller than the eorre- 
sponding literaturevalues, 30.1 rnL/h/kgand 180mL/kg( l4) .  ltshould be 


200 “k 


TIME,  MIN 


Figure 3-Time profile of serum concentrations of I in nephrectomized dogs. 
Key: (0) dog 4; ( A )  dog 5: (0)  dog 6: ( a )  dog 7. 
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noted that the parameter values reported by Kearns and Wilson were derived 
from a one-dog study. 


No literature information regarding the pharmacokinetics of I in ne- 
phrectomized dogs is available. In this study, serum concentrations of I in 
nephrectomized dogs were lower than the corresponding concentrations in 
the normal ones. This observation suggests a greater volume of distribution 
for the nephrectomized dogs, which could be attributable to a reduced protein 
binding of I in the nephrectomized state. Reduced binding of highly bound 
organic acid to uremic plasma protein has been demonstrated for phenytoin, 
resulting in an increased volume of distribution (18). A similar mechanism 
may be suggested for 1, which is also an organic acid with extensive protein 
binding (9). The reduction in binding of 1 to serum protein on nephrectomy 
is shown in Table IV for two dogs, one normal and the other nephrectornized. 
The protein binding was independent of concentration in the range of 5-20 
pg/mL. The percentage of I unbound to serum protein in the nephrectornized 
dog, 6.8 f 1 .O%, was significantly greater than that in the normal dog, 1.3 f 
0.3% (p < 0.001). In a separate binding study of I in uremic patients (19), the 
fraction of free I in uremic plasma was also found to be higher than that in 
normal plasma (Table IV). The dogs used for this investigation were ne- 
phrectomized 3 d prior to the study and presumably were approaching the 
chronic uremic state. 


Nephrectomy did not significantly alter the half-life of 1 in dogs; however, 
increases in both the volume of distribution and total clearance were apparent. 
Sincc <8W of the dose is excreted intact in the urine (9.20). the lack of effect 
of nephrectomy on thc half-life of I was anticipated. Nephrectomy induced 
increases in the total clearance and volume of distribution. The increased 
volume of distribution could result from a decreased protein binding of I in 
the nephrectomized state (Table IV), leaving more free drug available for 
distribution into the body tissue. The increase in total clearance is secondary 
to the increase in volume of distribution. 


The effects of renal failure on the disposition of I in dogs and those of be- 
noxaprofen in humans (16) are disparate. In  dogs, the half-life of I remained 
unchanged, whereas the volume of distribution and total clearance increased. 
In humans the half-life of benoxaprofen was significantly prolonged with no 
distinct changes in other pharmacokinetic parameters. The disparity cautions 
against the extrapolation of conclusions from one drug analogue to another 
and from animal model to human subject. 
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Dynamic Method for Estimating the Extent of 
Plasma Protein Binding in a Dialysis 
Experiment 


Keyphrases 0 Plasma protein binding-dialysis, experimental time 0 Dial- 
ysis-plasma protein binding, experimental time 


To the Editor: 
I n  a protein binding experiment one has a choice between 


two initial conditions: to place the drug in the plasma or in the 
buffer. Recent analyses (1,2) of a linear system with a constant 
extent of plasma protein have revealed that it takes less time 
for the buffer drug concentration to reach a given limit of the 
equilibrium value when the drug is initially placed in the 
plasma rather than the buffer. This conclusion is also valid for 
a nonlinear system in which the number of binding sites is finite 
(3). 


Despite the advantage of placing the drug initially in the 
plasma, a long experimental time may still be needed if per- 
meation of the drug through the dialysis membrane is slow. 


This may cause some difficulties particularly in maintaining 
a constant volume in both compartments. In this report, a 
simple strategy is proposed to shorten the experimental time. 
The strategy requires two experiments: one with the drug 
initially placed in the buffer and the other with the drug ini- 
tially placed in the plasma. The equilibrium value is derived 
from buffer drug concentrations measured at any given time 
during these two experiments. Experimental error notwith- 
standing, the estimate is exact provided the extent of protein 
binding is constant over the concentration range studied. The 
errors in applying the proposed method to a nonlinear situation 
are also considered. This is demonstrated by applying the 
method to a set of data simulated according to a model with 
saturable protein binding. 


I n  the following discussion, we consider a dialysis experi- 
ment using a membrane with a mass transfer coefficient, M. 
The mass transfer coefficient is the product of the membrane 
permeability and thesurface area. It has a dimension of volume 
per unit time. The volumes of the buffer in compartment 1 and 
the plasma in compartment 2 are V I  and V,, respectively. It 
is assumed that there is no material loss from the solution 
system and that there are no volume changes in either com- 
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theless make it difficult to compare da ta  across chemical classes without 
excessive page flipping. 


This book tries to offer something for the medicinal chemist, the  renal 
pharmacologist and physiologist, and the physician. With its interdis- 
ciplinary approach it can be highly recommended to  all three, bu t  par- 
ticularly to the medicinal chemist because of its emphasis on structure- 
activity relationships and possible future directions for diuretic re- 
search. 


Keviruvd by Gregory M. Shutske 
Department of (‘hemica1 Research 
Hoechst-Roussel Pharmaceuticals, Inc  
Sompruille, NJ 08876 


Polyether  Antibiotics, Volume 2: N a t u r a l l y  O c c u r r i n g  Acid Iono- 
phores. Edited by JOHN W. WESLEY. Marcel Dekker, 270 Madison 
Avenue, New York, NY 10016. 1983.415 pp. 15 X 23 cm. Price $65.00 
(20% higher outside the IJ.S. and Canada). 
This  work is the second of a two-volume set  on polyether antibiotics. 


As the title indicates, it concentrates on the chemical aspects in this field 
whereas the microbiology, biosynthesis, pharmacology, and veterinary 
applications were covered in the first volume. The  editor has chosen an 
excellent array of contributing authors, each of whom has done important 
original work in this field. The  resulting volume therefore has the added 
advantage of being authoritative as  well as  informative. 


The  first chapter by Yoshito Kishi is an excellent review of the  total 
synthesis of many of the polyethers which not only includes the author’s 
own contributions, but  also a critical view of  other major contributors 
to this field. This is followed by a review of known chemical modifications 
of this class of antibiotics, which focuses attention on the lack of progress 
in this aspect of polyether chemistry in light of the high level of under- 
standing brought to bear by X-ray crystallography. The  remainder of  this 
book covers the major contributions made to polyether chemistry by 
physical chemistry including X-ray crystallography, mass spectrometry. 
and ’H- and I3C-NMR. The authors of each of these sections used similar 
formats with illustrations, figures, and stereoviews. Each also tried to 
highlight the strengths and limitations of these various techniques. 


The  general tone of this book is to give the reader a n  overview and a n  
exposition with a n  eye on future research. As such, this volume as  well 
as the previous one, should prove useful as  both a primer for the  novice 
researcher and as  a review and reference source for the  established in- 
vestigator. As the reviewer of Volume I noted in this journal, the  subject 
index of Volume I1 is also somewhat inadequate and may prove a hin- 
drance for those less familiar with this field. This book generally includes 
work up to 1980-only one author ( Y .  Kishi) attempted to  update  his 
chapter to cover work done in 1981. 


In conclusion. this volume gives an excellent coverage of the subject 
matter it sets out to review. It has been well edited, is authoritative, and 
generally error free. It will surely he of great value to anyone interested 
in these fascinating antibiotics. 


RPuiPwed bx Manuel Debono 
L i l l y  Kesenrch Laboratories 
MiCrObiOlO$ica/ a n d  Fermentation 


Products Division 
Indianapolis, I N  46.W 


Applied Statistics: A Handbook of Techniques, 5th Ed. By 1,OTHAR 
SACHS (translated by ZENON KEY NAROWYCH). Springer-Verlag 
New York, Inc., 175 Fifth Avenue, New York, NY 10010. 1983.706 pp. 
16 X 24 cm. 
This book was written “. . . both as  an introductory and follow-up text 


. . . and as  a reference book with a collertion of formulas and tables, nrr- 
merous cross-references, and rxtensive bibliography.” Satisfying such 
divergent purposes in one book is difficult, and the author does not en-  
tirely succeed. Although written a t  an introductory level, I found the  
organization of the material too confusing and the  coverage too encom- 
passing for an introductory text. 


T h e  book extensively covers the  techniques relevant to most da ta  
analysis problems addressed in introductory texts in applied statistics. 
Chapter 0 covers arithmetic operations. Chapter 1 covers a wide variety 
of techniques relating to one variable. Chapter 2 suggests the diversity 
of specialized statistical problems and techniques arising in medicine and 
engineering and directs the reader to the relevant literature. Chapters 
3-.7 cover the comparison of two or more samples, correlation and re- 
gression, the  analysis of contingency tables, and  analysis of variance. In 
each case, most of the relevant parametric and nonparametric techniques 
are  presented. Keeping with the  introductory level of the  book, general 
linear and categorical models are  not discussed. 


For a handbook, the inclusion of material could be better delineated. 
You might find a relatively unknown technique such as  the  minimum 
discrimination information statistic for analyzing multiway contingency 
tables or the Thorndike nomogram for evaluating Poisson probabilities. 
However, you will fail to find techniques for analyzing covariance studies, 
repeated measure studies, or studies with missing data. Hut, if the  tech- 
nique is there, its stepwise execution is lucidly illustrated. Assumptions 
are stated in practical terms and cross-referenced to techniques for testing 
their validity. The  original and related references are always given. S ta -  
tistical tables are readily accessihle due to their plarement in the text and 
convenient page referencing. 


This easy use is one of the joys of this bnok. Another is the pleasure of 
perusing the book. To quote the author, ‘ T h e  numerous cross-references 
appearing throughout the text point out various interconnections. A 
serendipitous experience is possible.” I concur. 


Revierued by Mark A. Johnson 
The (Jpjohn Company 
K a h n a z o o .  M I  4.9001 


Structure-Act ivi ty  Correlat ion as a Predict ive Tool in  Toxicology: 
F u n d a m e n t a l s  Methods, a n d  Applications. Edited by LEON 
GOLDREKG. Hemisphere Publishing Corp., 19 W. 44th St., New 
York, NY 10036. 330 pp. 16 X 23 cm. Price $49.50. 
This book is a reasonably current review of the  application of quant i -  


tative structure-activity relationships (QSAR) to problems in toxicology. 
Although the work is the  result of a symposium which was held in Feb- 
ruary 1981, it is remarkably well-written and not a t  all like the usual 
symposia proceedings. T h e  hook is divided into four sections that, for 
the most part, are well-organized and show little evidence of overlap or 
duplication. 


I he first section covers biological activities and describes moderately 
well the prohlems that  toxicologists have in defining and measuring the  
hiological effects of toxic substances. Of particular interest are the  ex- 
amples in Chapter 2 on inhibition of chemical carcinogenisis by various 
factors which modify procarcinogen activation. T h e  survey o f  literature 
and computer-accessible data  bases f o r  obtaining information on both 
toxicological responses and physical and chemical properties of toxicants 
is particularly helpful. 


The  second section contains a somewhat sketchy but suggestive survey 
of biochemical mechanisms underlying the  toxic action of chemicals 
(Chapter 4) and an excellent historical overview of the physical and  
chemical parameters that  have been correlated to  hiological activities 
(Chapter 5). 


T h e  third section, “Correlative Methods,” contains the  heart of the  
material present.ed in this book. An excellent review (Chapter 6) of 
multiple regression (Hansch) analysis by Y. C. Martin clearly states the  
fundamental assumptions that  are  frequently not  met by the novice. 
Criteria for the arceptable quality of the biological data, for the selection 
of appropriate physiochemical parameters, and for the intellegent use 
of regression,analysis methods are all succinctly stated. Chapter 7 ,  by P. 
C. Jurs ,  contains a reasonably intelligible introduction to  the use of 
pattern-recognition techniques for QSAII; however, the novice unfamiliar 
with the statistical basis for this method may find the discussion some- 
what confusing. Finally, Chapter 8 conkiins a discussion of the application 
of’ quantum chemical methods t.o predicting the relative carcinogenicity 
of a series of polycvclic aromatic hydrocart)ons. 


T h e  remainder of the hook consists of examples of applications of 
QSAR methods to toxicological problems. Although the quality of those 
application reviews varies considerably, each topic is covered with suf- 
ficient depth such that these reviews should serve as  a useful guide to the 
recent literature. Chapters 10 (Computer-Assisted Prediction of LMe- 
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Synthesis of Deuterium-Labeled Fluphenazine 


H. UMESHA SHETTY, EDWARD M. HAWES", and KAMAL K. MIDHA 
Received July 26,1982, from the College of Pharmacy, University of Saskatchewan, Saskatoon, Saskatchewan, Canada S7N 
OWO. Accepted for publication December 3,1982. 


Abstract The propylpiperazine side chain of fluphenazine has been 
labeled with two, four, and six deuterium atoms by lithium aluminum 
deuteride reduction of the appropriate ester or imide. The y-carbon of 
the propyl group was labeled with two deuterium atoms by reduction of 
10- (2-methoxycarbonylethyl) -2-trifluoromethyl-10H-phenothiazine, 
while four deuterium atoms were incorporated into the piperazine ring 
by reduction of 10-[3-(3,5-dioxo-1-piperazinyl)propyl]-2-trifluoro- 
methyl-1OH-phenothiazine. The latter reduction gave the &-labeled 
N-deshydroxyethyl metabolite of fluphenazine. 


Keyphrases o Fluphenazine-synthesis of deuterium-labeled ana- 
logues, propylpiperazine side chain Synthesis-deuterium-labeled 
fluphenazine, propylpiperazine side chain 


The quantitation of phenothiazine drugs in the plasma 
of patients under treatment is difficult due to low plasma 
concentrations, drug instability, and adsorptive losses. In 
the case of the piperazine-type phenothiazines, such as 
fluphenazine (I), the low doses used compound these 


a:n I CF3 


CH,CH,C~,-N~N-CH,CH,OH 
W 


I 
problems. In patients receiving normal therapeutic doses 
of the fatty acid ester depot formulations (fluphenazine 
decanoate or enanthate) intramuscularly, the plasma 
steady-state levels have been found to be in the low 
nanogram/milliliter range (1, 2) by radioimmunoassay 
(RIA). However, such biological methods of analysis have 
doubtful specificity and need to be certified by sensitive 
chemical methods. Thus, to verify the RIA method de- 
veloped in these laboratories (3), which is capable of 
quantitating 0.25 ng of fluphenazine/mL of plasma using 
200-pL plasma aliquots, we wanted to develop a GC-MS 
procedure. Such methods potentially have sensitivity 
comparable to RIA and, in general, can be performed using 
small plasma samples. 


A stable isotope analogue of fluphenazine was needed 
as a reliable internal standard to obtain the required sen- 
sitivity of the GC-MS spectrometric procedure. Also, 
further stable isotopes of fluphenazine were required for 
administration to animals or humans by one or two routes 
so as to allow reliable pharmacokinetics, including absolute 
and relative bioavailability data, to be obtained, with the 
analysis of plasma concentrations by GC-MS using a se- 
lected ifon monitoring technique. This would enable the 
definitive pharmacokinetics of fluphenazine to be deter- 
mined using fewer administrations and far fewer individ- 
uals than would otherwise be possible. 


This paper describes the synthesis of fluphenazine with 
two, four, and six deuterium atoms in the propylpiperazine 
side chain. This labeling site was chosen since it is generally 
not metabolically lost and allows variation in the number 
of deuterium atoms added. 


RESULTS AND DISCUSSION 


The syntheses of the piperazine-type phenothiazines, prochlorperazine 
(4) and trifluoperazine (5), labeled in the propylpiperazine side chain with 
two, four, and six deuterium atoms have been previously reported from 
these laboratories. Two deuterium atoms were incorporated in the propyl 
chain by reduction of a carbonyl group a to the piperazine ring. In a 
similar fashion weinitially attempted to synthesize fluphenazine-dz by 
lithium aluminum deuteride reduction of the side-chain amide (111), 
obtained from the previously reported 2-trifluoromethyl-10H-phe- 
nothiazine-10-propionyl chloride (11) (5). Since only starting material 
was isolated from this reaction, and as lithium aluminum hydride is 
known to react with alcohol groups, it was decided to protect the alcohol 
group with 2-methoxyethoxymethyl (MEM) chloride. However, the 
protected alcohol (IV) on lithium aluminum hydride reduction gave none 
of the desired material, but instead 2-trifluoromethyl-1OH-phenothiazine 
(V) and 10-(3-hydroxypropyl)-2-tri~uoromethyl-10H-phenothiazine 
(VIIa) (Scheme I). Similar reverse Michael reactions have been observed 
on attempted lithium aluminum hydride reduction of substituents in the 
N-10 side chain of phenothiazines: 2-chloro-10(2-cyanoethyl)-10H- 
phenothiazine yielded 2-chlorophenothiazine (6), while trace amounts 
of V and VIIa were also obtained in the reduction of the intermed- 
iate l0-[3-(4-methyl-l-piperazinyl)-3-oxopropyl]-2-trifluoromethyl- 
10H-phenothiazine used in the synthesis of trifluoperazine-dz1. 


The synthesis of fluphenazine-d* was successfully carried out as out- 
lined in Scheme I1 (VI-VIIb-VIIIb-Ia). The key reduction step used 
to incorporate deuterium, involving the conversion of 10-(2-methoxy- 


a:xl CF, - 
I 


CH2CHPCCl 
II 
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II 


0 
111 


H 
V 


Scheme I 


1 H. U. Shetty, E. M. Hawes, and K. K. Midha, unpublished observations, sub- 
sequent to the publication of Ref. 5. 
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&H,CH,COOCH, ~H,CH,CR,OH 
VI VIIa: R = H 


VIIb: R = D 


i 


CF3 
- Qf)Q 


I 
CH,CHzCR,X 


/ 
// VIIIa: R = H, X = Br 


IXa: R = H  / VIIIb: R = D, X = Br 
/ VIIIc: R = H, X = C1 IXb: R =  D I 


I 
I 


I 


XIa: R = H 
XIb: R = D 


XQ: R = H  
X b :  R = D  


R' 
Ia: R = D, R '  = H 
Ib: R = H, R'  = D 
Ic: R = R '  = D 


Scheme 11-Synthesis of fluphenazine-dz, -d4, and -de. 


carbonylethyl)-2-trifluoromethyl- l0H-phenothiazine (VI) (7) to 2-tri- 
fluoromethyl-10H-phenothiazine-10-propanol (VIIa) with lithium 
aluminum hydride has not been previously reported, although another 
route to this alcohol product is referred to in the patent literature (8). The 
final two steps, subsequent to the incorporation of deuterium, proceeded 
smoothly with the involvement of the newly reported bromopropyl 
compound (VIIIa), synthesized by bromination of the alcohol with tri- 
phenylphosphine and N-bromosuccinimide (9), rather than the chloro- 
propyl analogue (VIIIc) invariably used in phenothiazine syntheses of 
this type. 


For the previously reported syntheses of the &labeled methylpip- 
erazine-type phenothiazines, prochlorperazine (4) and trifluoperazine 
(5), the key intermediate involved was l-methyl[3,3,5,5-2H4]piperazine, 
synthesized by lithium aluminum deuteride reduction of l-methyl- 
3,5-piperazinedione. To synthesize labeled 2-hydroxyethylpiperazine- 
substituted phenothiazines in a similar fashion, suitable previously re- 
ported diketopiperazines appeared to be 1-(2-hydroxyethy1)-3,5-pip- 
erazinedione (XII) (10) and 1-(2-hydroxyethyl)-2,3-piperazinedione 
(XIII) (11). The former was obtained as a crude oil, which failed to distill 
under high vacuum, despite the report to the contrary (10); all subsequent 
attempts at purification failed to yield a sample of XI1 in a state suitable 


XII XI11 


for the eventual synthesis of deuterium-labeled material for use as an 
internal standard and/or human administration. The 2,3-dione (XIII) 
was obtained in a pure form, but subsequent lithium aluminum hydride 
reduction gave none of the desired 1-(2-hydroxyethyl)piperazine even 
though none of the starting material (XIII) was recovered on GC of the 
reaction residue. This is hardly surprising in view of the report that under 
similar reaction conditions, the parent compound (piperazine-2,3-dione) 
was reduced quantitatively with ring opening to 1,2-diaminoethane 
(12). 


The route utilized to synthesize fluphenazine-d4 (Scheme 11: VIIIc- 
+IXa+Xa+XIa-.Ib) involves a novel route to piperazine-type 
phenothiazines. The piperazine ring was built stepwise onto the propyl 
side chain by amination of l0-(3-chloropropyl)-2-trifluoromethyl- 
10H-phenothiazine (VIIIc) (13) with methyl iminodiacetate, followed 
by alkaline hydrolysis and subsequent urea fusion. The imide ( X a )  so 
formed was subsequently reduced with lithium aluminum deuteride to 
afford the labeled N-desalkyl metabolite of fluphenazine and triflu- 
operazine (XIa). Finally, alkylation gave greater yields with 2-bro- 
moethanol than using ethylene oxide as reagent, to afford the desired 
fluphenazine-dr (Ib). For each of the six steps involved in this synthesis, 
including the initial alkylation of 2-trifluoromethylphenothiazine with 
l-bromo-3-chloropropane, yields were at least 70%. The synthesis of 
fluphenazine-ds was carried out in a similar fashion (VIIIb- 
-.IXb+Xb+XIb-.Ic) starting with the 10-(3-bromopropy1)-2-tri- 
fluoromethyl-10H-phenothiazine-dz (VIIIb) discussed above. 


The isotopic purity of the labeled purified products was determined 
by electron-impact mass spectrometry. The ratio for the molecular ions 
~ H o / ~ H ,  was determined to be 8.11,3.49, and 0.01%, for the di-(n = 2) 
(Ia), tetra+ = 4) (Ib), and hexa-(n = 6) (Ic) deuterated fluphenazine, 
respectively. This purity of fluphenazine-ds is sufficient for its use as a 
reliable internal standard in GC-MS analyses and pharmacokinetic 
studies. However, in the case of fluphenazine-dz and -dq appropriate 
contribution from isotopes will be required, which can be easily carried 
out by the use of computerized data systems. These studies will be re- 
ported elsewhere. 


EXPERIMENTAL2 


10- [3-(4-Hydroxyethyl-l-piperazinyl)-3-oxopropyl] -2-trifluoro- 
methyl-10H-phenothiazine (111)-To a solution of 2-hydroxyethyl- 
piperazine (0.325 g, 2.5 mmol) in 10 mL of dry acetone, cooled to -50% 
in a dry-ice bath, was added dropwise over 30 min a solution of 2-triflu- 
oromethyl-10H-phenothiazine-10-propionyl chloride (11) (5) (0.715 g, 
2.0 mmol) in 10 mL of dry acetone. The reaction mixture was stirred for 
1 h, during which time the mixture was allowed to attain room temper- 
ature. The residue left after evaporation of the solvent was dissolved in 
methanol (10 mL), triturated with 1 M NaOH (10 mL), and the resulting 
suspension was heated on a water bath. The methanol was evaporated 
off and the resultant mixture was extracted with chloroform (3 X 20 mL). 
The chloroform extracts were combined, dried over magnesium sulfate, 
and evaporated under reduced pressure to afford a pale yellow liquid, 
which solidified on standing. Recrystallization from benzene-hexane 
resulted in 0.76 g (84%) of fine white needles, mp lll-112"C; 'H-NMR 
(CDCl3): 6 2.02-2.88 (m, 10, piperazine methylene and CH2-piperazine), 
3.00-3.85 (m, 5, CHzCO and CHzOH), 4.22 (t, 2, J = 7 Hz, CH2-pheno- 
thiazine), and 6.6-7.4 ppm (m, 7, aromatic); MS: mlz 451 (M+, loo%), 
420(48), 320(24), 280(52), 266(30), 248(20), and 127(10). 


Anal.-Calc. for CzzH2dF3N302S: C, 58.52; H, 5.36; N, 9.31. Found: C, 
58.75; H, 5.31; N, 9.27. 


lo-[ 3-(4-Methoxyethoxymethoxyethyl- l-piperazinyl)-3-0~0- 
propyl]-2-trifluoromethyl- l0H-phenothiazine (1V)-A mixture of 
111 (0.451 g, 1 mmol), P-methoxyethoxymethyl chloride (0.249 g, 2 mmol), 
and triethylamine (0.202 g, 2 mmol) in dry acetonitrile (5 mL) was heated 
at  reflux for 12 h. The solvent was removed, and the residue was parti- 
tioned between ether and water. The ether layer was washed with satu- 
rated brine solution and dried over anhydrous magnesium sulfate. Re- 


* Melting points were determined with a Gallenkamp melting point apparatus 
and are uncorrected. All TLC were performed using Eastman Chromatogram 
Sheets, type 13254 (silica gel with fluorescent indicator); spots were observed under 
shortwave UV light. NMR spectra were determined on a Varian T-60 instrument 
with tetramethylsilane as internal reference. Low-resolution electron-impact mass 
spectra were routinely recorded on a VG Micromass MM16F instrument a t  70 eV 
equipped with a VG 2025 data s stem. Microanalyses for samples dried over 
phosphorus pentoxide a t  60°C un&r reduced pressure were performed by Mr. R. 
E. Teed, Department of Chemistry and Chemical Engineering, University of Sas- 
katchewan. Lithium aluminum deuteride (>99% deuterium) was obtained from 
Merck Sharp and Dohme, Dorval, Quebec, and all other chemicals from Aldrich 
Chemical Co., Montreal, Quebec. 
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moval of the ether afforded an oil, which was passed through an alumina 
column (ether). Evaporation of the ether gave 0.51 g (95%) of the desired 
product as a colorless oil; 'H-NMR (CDCh): 6 2.22-3.00 (m, 10, piperazine 
methylene and CHz-piperazine), 3.20-3.87 (m, 1B, CHzCO and CHzO- 
CH~OCH~CHZOCH~),  4.31 (t, 2, J = 7 Hz, CHz-phenothiazine), and 
6.7-7.4 ppm (m, 7, aromatic); MS: m/z 539 (M+; 66%), 464(12), 420(100), 
407(15), 320(37), 280(62), 266(38), 246(28), 127(35), and 99(24). 


Anal.-Calc. for C Z ~ H ~ Z F ~ N ~ O ~ S :  C, 57.86; H, 5.97; N, 7.78. Found C, 
57.57; H, 5.97; N, 7.66. 


Reduction of IV  with Lithium Aluminum Hydride-To a sus- 
pension of lithium aluminum hydride (0.019 g, 0.5 mmol) in dry tetra- 
hydrofuran (2 mL) was added dropwise a solution of IV (0.270 g, 0.5 
mmol) in dry tetrahydrofuran (2 mL). After heating at  reflux for 3 h with 
stirring, moist ether (10 mL) and water (0.5 mL) were successively added 
dropwise with stirring to the cooled reaction mixture. The precipitated 
inorganic material was filtered off, washed with ether, and the combined 
ether extracts were dried over anhydrous magnesium sulfate. Evaporation 
of the ether afforded a residue which on TLC (benzene-ethyl acetate 91) 
showed two spots corresponding to authentic samples of 2-trifluoro- 
methyl-10H-phenothiazine (V) (R f  0.81) and 10-(3-hydroxypropyl)-2- 
trifluoromethyl-10H-phenothiazine (VIIa) (R f  0.46). These authentic 
samples (V and VIIa) gave identical GC retention times and electron- 
impact MS as the only two significant peaks resulting from GC-MS of 
the crude reaction mixture. 
10-(3-Hydroxypropy1)-2-trifluoromethy1-10H-phenothiazine 


(VIIa)-A solution of 1.765 g (5 mmol) of 10-(2-methoxycarbonyl- 
ethyl)-2-trifluoromethyl-lOH-phenothiazine (VI), bp 162-164"C/0.04 
mm Hg [lit. (7) bp 172-175"C/55 p] prepared as previously reported (7), 
in 10 mL of dry ether was added dropwise over 30 min to a magnetically 
stirred suspension under dry nitrogen of lithium aluminum hydride (0.190 
g, 5 mmol) in 10 mL of dry ether a t  0°C. After stirring for an additional 
hour a t  room temperature, the reaction mixture was heated at  reflux for 
30 min. Moist ether (10 mL) and 10% HCI (10 mL) were then successively 
added dropwise with stirring to the reaction mixture maintained at  0°C. 
The ether layer was separated, and the aqueous layer was washed with 
10 mL of ether. The combined ether layers were dried (magnesium sul- 
fate), evaporated, and the oily residue was passed through a neutral 
alumina column (ether). Evaporation of the solvent gave 1.531 g (94%) 
of a pale yellow oil which solidified on standing. An analytical sample was 
obtained by recrystallization from benzene-hexane, as pale yellow scales, 
mp 61-62°C; 'H-NMR (CDC13): 6 1.62-2.30 (m, 3, propyl central meth- 
ylene and OH), 3.76 (t, 2, J = 6 Hz, CHzO), 4.06 (t, 2, J = 7 Hz, CHz- 
phenothiazine), and 6.78-7.48 ppm (m, 7, aromatic); MS: m/z 325 (M+, 
82%), 280(61), 266(100), and 248(24). 


Anal.-Calc. for C I ~ H ~ ~ F ~ N O S :  C, 59.06; H, 4.34; N, 4.31. Found: C, 
58.88; H, 4.34; N, 4.32. 


lo-( 3-Hydroxy[ 3,3-2H~]pr~pyl)-2-trifluoromethyl- l0H-pheno- 
thiazine (VI1b)-This compound was prepared (95% yield) by the 
lithium aluminum deuteride reduction of VI using the method described 
for VIIa, mp 6 M l " C  and not depressed when mixed with VIIa; 'H-NMR 


7 Hz, CHz-phenothiazine), and 6.65-7.42 ppm (m, 7, aromatic); MS: m/z 
327 (M+, 85%), 280(68), 266(100), and 248(25). 
l0-(3-Bromopropyl)-2-trifluoromethyl- l0H-phenothiazine 


(VII1a)-To a stirred solution of 0.651 g (2 mmol) of VIIa and 0.787 g 
(3 mmol) of triphenylphosphine in 5 mL of dry acetonitrile was added 
dropwise over 15 min a solution of 0.534 g (3 mmol) of N-bromosuccini- 
mide in 5 mL of dry acetonitrile. The mixture was then stirred a t  room 
temperature for 1 h, the solvent was removed under reduced pressure, 
and the residue was partitioned between benzene and water. The organic 
phase was washed several times with water and dried over anhydrous 
magnesium sulfate. The residue left after removal of the solvent was di- 
gested with hexane (20 mL), cooled, and the precipitated triphenyl- 
phosphine oxide was removed by filtration and washed with n-hexane. 
The filtrate was passed through an alumina column, and on removal of 
solvent, the product was obtained as a white amorphous solid. Recrys- 
tallization from methanol afforded 0.670 g (86%) of white needles, mp 
70-71°C; 'H-NMR (CDCl3): 6 2.32 (q,2, J = 6 Hz, propyl central meth- 
ylene), 3.56 (t, 2, J = 6 Hz, CHZBr), 4.17 (t, 2, J = 7 Hz, CHz-phenothi- 
azine), and 6.78-7.47 ppm (m, 7, aromatic); MS: m/z 389 (M+, 38%), 
387(38), 280(83), 266(100), and 248(45). 


Anal.-Calc. for C ~ G H ~ ~ B ~ F ~ N ~ S :  C, 49.49; H, 3.37; N, 3.61. Found: C, 
49.72; H, 3.34; N, 3.61. 


10-(3-Bromo[ 3,3-2H~]propyl)-2-trifluoromethyl- 10H-pheno- 
thiazine (VII1b)-This compound was prepared (9Wo yield) from VIIb 
by the method described for VIIIa, mp as for VIIIa; 'H-NMR (CDC13): 
S 2.27 (t, 2, J = 7 Hz, CHzCDz), 4.10 (t, 2, J = 7 Hz, CHz-phenothiazine), 


(CDC13): 6 1.72 (s, 1, OH), 2.02 (t, 2, J = 7 Hz, CHzCDz), 4.04 (t, 2, J = 


and 6.70-7.38 ppm (m, 7, aromatic); MS: m/z 391 (M+, 73%), 389(73), 
280(94), 266(100), and 248(32). 


lo-[ [3-[4-(2-Hydro~yethyl)-l-piperazinyl]-[3,3-~H~]propyl]]- 
2-trifluoromethyl-lOH-phenothiazine Dihydrochloride (1a)-A 
mixture of VIIIb (0.781 g, 2 mmol) and 2-hydroxyethylpiperazine (0.521 
g, 4 mmol) in methyl ethyl ketone was heated at  reflux for 4 h. The solvent 
was removed under reduced pressure, and the residue was stirred with 
10% HCI (20 mL). The acidic solution was washed with ether (3 X 10 mL), 
and the combined ether wash was extracted with 10% HCl(5 mL). The 
combined acid fractions were basified with sodium carbonate and ex- 
tracted with ether (4 X 10 mL). The ether extracts were combined, 
washed with water, dried over anhydrous sodium sulfate, filtered, and 
evaporated to dryness in uacuo. The resulting pale yellow oil was dis- 
solved in dry ether (10 mL), treated with ethereal HCl, and the solid 
which separated +as recrystallized from absolute ethanol to afford 0.975 
g (95%) of fluphenazine-dz dihydrochloride (Ia), mp 235-237°C [lit. (8) 
unlabeled mp 235-237OCI. Mixed melting points with authentic non- 
deuterated samples (I), obtained commercially3 or synthetically by am- 
ination of VIIIa, were not depressed; TLC: Rf (acetone-ammonia, 1001) 
0.63; 'H-NMR (free base, CDC13): 6 1.91 (t, 2, J = 7 Hz, CHzCDz), 
2.2b2.87 (m, 10, piperazine methylene and CH2-piperazine), 3.36 (s,1, 
OH), 3.60 (t, 2, J = 5 Hz, CHzO), 3.95 (t, 2, J = 7 Hz, CHz-phenothiazine), 
and 6.69-7.46 ppm (m, 7, aromatic); MS: m/z 439 (M+, 24%), 408(27), 
280(100), 266(21), 248(20), 173(10), 145(39), 115(28), 100(21), 98(14), and 
72(34). 


lo-[ 3 4  N,N-Dimethoxycarbonylmethyl)aminopropyl]-2-tri- 
fluoromethyl-10H-phenothiazine (1Xa)-A mixture of 6.87 g (20 
mmol) of l0-(3-chloropropyl)-2-trifluoromethyl-lOH-phenothiazine 
(VIIIc), mp 69-70°C [lit. (14) mp 70-7loC] prepared in 70% yield by 
adaptation of the procedure used for the 2-chlorophenothiazine analogue 
(13), 8.058 g (50 mmol) of iminodiacetic acid dimethyl ester (15), and 3.0 
g (20 mmol) of sodium iodide was heated a t  reflw in 50 mL of methyl 
ethyl ketone for 24 h. The solvent was evaporated to leave an oily residue, 
which was dissolved in 15% HCl. The acid was washed with ether (2 X 
20 mL) and then neutralized with sodium carbonate. The oil that sepa- 
rated was extracted into ether (3 X 30 mL), and the combined ether ex- 
tracts were washed with water (2 X 10 mL), dried over anhydrous mag- 
nesium sulfate, and evaporated to  leave an oily residue. Vacuum distil- 
lation gave 6.8 g (73%) of the desired product as a viscous yellow oil, bp 
208-210°/0.5 mmHg; 'H-NMR (CDC13): 6 1.88 (q,2, J = 6 Hz, propyl 
central methylene), 2.82 (t, 2, J = 6 Hz, CHZ-side chain N), 3.45 (s,4, 
CHzCO), 3.6 (s, 6,OCH3), 3.99 (t, 2, J = 7 Hz, CHz-phenothiazine), and 
6.6-7.38 ppm (m, 7, aromatic); MS: m/z 468 (M+, 12%), 307(13), 266(18), 
248(23), 174(30), and 116(100). 


Anal.-Calc. for C ~ Z H ~ ~ F ~ N Z O ~ S :  C, 56.39; H, 4.94; N, 5.98. Found: C, 
56.29; H, 5.06; N, 5.98. 


lo-[ 34 N,N-Dimethoxycarbonylmethyl)amino[3,3-2H~]propyl]- 
2-trifluoromethyl-1OH-phenothiazine (IX b)-This was prepared 
(93% yield) from VIIIb by the method decribed for IXa. The product was 
purified by silica gel chromatography (ether); IH-NMR (CDC13): 6 1.84 


J = 7 Hz, CHz-phenothiazine), and 6.61-7.34 ppm (m, 7, aromatic); M S  
m/z 470 (M+., 20%), 307(13), 266(18), 248(14), 176(14), and 118(100). 


lo-[ 3-(3,5-Dioxo-l-piperazinyl)propyl]-2-trifluoromethyl- 
l0H-phenothiazine (Xa)-Ester IXa (4.685 g, 10 mmol) was hydrolyzed 
by treatment with aqueous methanol (50 mL of methanol and 50 mL of 
water) containing sodium hydroxide (1.60 g, 40 rnmol), heated under 
reflux on a steam bath for 1 h. The cooled solution was diluted with water 
(50 mL), and the pH was adjusted to 3.0. The precipitated product was 
filtered, washed with water, and dried to afford 4.14 g (94%) of the acid 
intermediate, mp 128-129OC. The finely powdered acid (4.4 g, 10 mmol) 
and urea (0.66 g, 11 mmol) were mixed, heated to 175°C on an oil bath, 
and held at  this temperature for 2 h with stirring. The mixture was cooled, 
and the solidified product was dissolved in boiling ethanol, treated with 
activated charcoal, and filtered. On cooling 3.0 g (71%) of the desired 
product (Xu) crystallized as pale yellow needles, mp 151-152°C; 'H- 
NMR (DMSO-ds): 6 1.84 (q,2, J = 7 Hz, propyl central methylene), 3.28 
(9, 6, piperazinedione methylene and CHZ-piperazinedione), 3.98 (t, 2, 
J = 7 Hz, CHz-phenothiazine), 6.65-7.40 (m, 7, aromatic), and 10.9 ppm 
(s,1, NH); MS: m/z 421 (M+., loo%), 306(23), 280(39), 266(78), 248(42), 
155(46), 127(63), 99(18), 83(25), and 71(42). 


Anal.-Calc. for C ~ O H ~ ~ F ~ N ~ O ~ S :  C, 57.00; H, 4.30; N, 9.97. Found: C, 
57.16; H, 4.37; N. 9.88. 
10-[3-(3,5-Dioxo-l-piperazinyl)[3,3-*H~]propyl] -2-trifluoro- 


methyl-IOH-phenothiazine (Xb)-This was prepared (68% yield) from 


(t, 2 , J  = 7 Hz, CHZCD~), 3.46 ( ~ , 4 ,  CHzCO), 3.61 (~,6,0CH3),  4.0 (t, 2, 


3 A gift from Squibb Canada Inc., Montreal, Quebec. 
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ester IXb by the method described for X a ,  mp as for X a ;  'H-NMR 
(DMSO-d~): 6 1.80 (t, 2, J = 7 Hz, CHzCDz), 3.24 (s,4, piperazinedione 
methylene), 3.98 (t, 2, J = 7 Hz, CHz-phenothiazine), 6.78-7.48 (m, 7, 
aromatic), and 10.9 ppm (s, 1, NH); MS: m/z 423 (M+, loo%), 308(24), 
2sO(46), 266(82), 248(46), 157(80), 129(69), 101(22), 85(25), and 
73(26). 


lo-[ [ 3 4  1-[3,3,5,5-2H~]Piperazinyl)propyl]]-2-trifluoromethyl- 
l0H-phenothiazine Dimaleate (XIa)-A solution of 1.264 g (3 mmol) 
of X a  in 10 mL of dry tetrahydrofuran was added dropwise over 30 min 
to a stirred suspension of 0.504 g (12 mmol) of lithium aluminum deu- 
teride in 10 mL of dry tetrahydrofuran a t  0°C under nitrogen. After 2 h 
under reflux, 10 mL of moist ether and 2 mL of water were successively 
slowly added dropwise with stirring at  OOC. The precipitated inorganic 
material was filtered off and extracted with ether in a Soxhlet apparatus. 
The combined ether solution was dried over anhydrous sodium sulfate, 
filtered, and evaporated to dryness. The yellow oily residue was dissolved 
in acetone (10 mL) and treated with maleic acid (0.812 g, 7 mmol) in ac- 
etone (5 mL). The dimaleate salt was filtered and recrystallized from 
ethanol to afford 1.4 g (74%) of XIa, mp 152-154OC. Mixed melting points 
with the authentic nondeuterated samples, obtained by the same route 
with lithium aluminum hydride or from a commercial sourced, were not 
depressed; TLC: Rl (benzene-methanol, 8:2) 0.5; 'H-NMR (free base, 
CDC13): 6 1.40 (s, 1, NH), 1.91 (q, 2, J = 7 Hz, propyl central methylene), 
2.35 (m, 6, CH2-piperazine and piperazine-2,6-methylene), 3.95 (t, 2, J 
= 7 Hz, CHZ-phenothiazine), and 6.62-7.4 ppm (m, 7, aromatic); MS: m/z 
397 (M+., 25%), 266(10), 248(10), 131(22), 103(84), 72(14), and 
58( 100). 


lo-[ [ 3-( 1-[ 3,3,5,5-2H4]Piperazinyl)[ 3,3-2Hz]propyl]]-2-tri- 
fluoromethyl-l0H-phenothiazine Dimaleate (XIb)-N-Deshy- 
droxyethylfluphenazine-ds (XIb) was prepared (73% yield) by the lithium 
aluminum deuteride reduction of Xb using the method described above 
for XIa, mp and TLC as for XIa; 'H-NMR (free base, CDC13): 6 1.48 (s, 
1, NH), 1.92 (t, 2, J = 7 Hz, propyl CH~CDZ), 2.35 (s, 4, piperazine-2,6- 
methylene), 3.95 (t, 2, J = 7 Hz, CH2-phenothiazine), and 6.67-7.34 ppm 
(m, 7, aromatic); MS: m/z 399 (M+., 23%), 266(10), 248(11), 133(25), 
105(75), 74(16), and SO(lO0). 
lO-[[3-[4-(2-Hydroxyethyl)-1-[3,3,5,5-2H~]piperazinyl]prop- 


y1]]-2-trifluoromethyl-lOH-phenothiazine Dihydrochloride 
(1b)-A mixture of XIa (0.397 g of free base, 1 mmol), 2-bromoethanol 
(0.125 g, 1 mmol) and potassium carbonate (0.138 g, 1 mmol) in dry 
methyl ethyl ketone (10 mL) was refluxed under dry nitrogen for 10 h. 
The solvent was removed under reduced pressure, and the residue was 
stirred with ether (10 mL). The ether layer was washed with water (2 X 
5 mL) and dried over anhydrous sodium sulfate. The dried extract was 
then added to a short column of alumina, which was eluted with ether. 
The oily residue left after removal of the ether was dissolved in 2 mL of 
dry ether and treated with ethereal HCI. The precipitated dihydrochlo- 
ride salt was recrystallized from absolute ethanol-ether to afford 0.365 
g (71%) of fluphenazine-d4 dihydrochloride (Ib) as fine white needles, 
mp 232-234°C. A mixed melting point with an authentic3 nondeuterated 
sample was not depressed; TLC: as for la; 'H-NMR (free base, CDC13): 


4 A gift from Smith, Kline and French Laboratories, Philadelphia, Pa. 


6 1.88 (q,2, J = 7 Hz, propyl central methylene), 2.20-2.83 (m, 9, propyl 
CH2-piperazine, piperazine-2,6-methylene, ethyl CH2-piperazine, and 
OH), 3.53 (t, 2, J = 5 Hz, CH20), 3.90 (t, 2, J = 7 Hz, CHz-phenothiazine), 
and 6.68-7.35 ppm (m, 7, aromatic); MS: m/z 441 (M+., 17%), 410(18), 
280(100), 266(14), 248(18), 161(13), 147(31), 117(22), 103(11), 102(10), 
and 72(25). 


10-[[3-[4-(2-Hydroxyethyl)-l- [3,3,5,5-2H4]piperazinyl]-[3,3- 
2H~]propyl]]-2-trifluoromethyl-10H-phenothiazine Dihydro- 
chloride (Ic)-Fluphenazine-dc (Ic) was prepared (74% yield) from XIb 
by the method described above for Ib; mp and TLC as for Ib; 'H-NMR 
(free base, CDC13): d 1.86 (t, 2, J = 7 Hz, propyl CH~CDZ), 2.11-2.70 (m 
6, piperazine-2,6-methylene and CH2-piperazine), 3.53 (t, 2, J = 5 Hz, 
CH20), 3.90 (t, 2, J = 7 Hz, CH2-phenothiazine), and 6.64-7.28 ppm (m, 
7, aromatic); MS: m/z 443 (M+; 27%), 412(28), 2sO(lOo), 266(25), 248(21), 
163(16), 149(43), 119(30), 104(13), 103(13), 102(17), and 74(37). 
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Abstract 0 Di-( [3,3,3-2H3]propyl)acetic acid, a hexadeutcrated analogue 
of valproic acid, was synthesized and its pharmacokinetic properties compared 
with valproic acid. Concentrations of valproic acid and [2H]valproic acid in  
serum and saliva were determined by GC-MS using selected-ion monitoring. 
Saliva drug levels were measured with good precision down to 0.1 pg/mL. 
Kinetic equivalence of valproic acid and [2H]valproic acid was demonstrated 
in a single-dose study in a human volunteer. An isotope effect was observed 
for w-oxidation, but the difference in  metabolism was not sufficient to make 
[2H]valproic acid biologically nonequivalent. The application of [2H]valproic 
acid to determine the kinetics of valproic acid under steady-state concentra- 
tions was evaluated in the same volunteer. The kinetic data obtained with 
[2H]valproic acid was cqnsistent with previously reported values for valproic 
acid including kinetic differences observed between single-dose and steady- 
state experiments. Saliva levels of valproic acid were found to give a good 
correlation ( r  = 0.953) with total serum valproic acid under multiple-dose 
conditions. A concentration dependence was found for the ratio of saliva 
valproic acid to free valproic acid in serum. low ratios being observed at high 
serum concentrations of valproic acid. 


Keyphrnses 0 Valproic acid-hexadcuterated analogue, gas chromatogra- 
phy-mass spectrometry, pharmacokinetics single- and multiple-dose regimes 
0 Pharmacokinetics-valproic acid, hexadeuterated, analogue, single- and 
multiple-dose regimens, gas chromatography-mass spectrometry 


Valproic acid (I), an anticonvulsant drug that is effective 
in the treatment of absence seizures, is also used to treat pri- 
mary and generalized tonic-clonic seizures (1,2). The phar- 
macokinetics of valproic acid have been studied extensively 
in patients who also receive other antiepileptic drugs (3-6). 
As a consequence, little is known about the basic elimination 
kinetics of valproic acid during multiple dosing with valproic 
acid alone. Only a few studies have reported multiple-dose 
kinetics of valproic acid given as a single agent to normal vol- 
unteers (7-9). 


CR j-CHz-CH,, 


CR,-CHZ--CH, 
,CH-COOH 


I R = H  
I1 R = ' H  


One method of determining changes in the kinetic param- 
eters of a drug in patients on multiple-dose therapy is the use 
of a pulse-dose of a stable-isotope-labeled drug (10, 1 I ) .  Ap- 
plication of this method to antiepileptic drug studies allows the 
elimination kinetics of the drug to be determined without 
discontinuing therapy and risking the exacerbation of seizures. 
The labeled-drug elimination phase can be followed for 3-4 
half-lives during subsequent uninterrupted multiple dosing of 
unlabeled drug. This technique has been used by Von Unruh 
et al. (6) to study the elimination kinetics of valproic acid 
under steady-state conditions in patients on combined an- 
tiepileptic drug therapy using di-([2,3-2H2]propyl)acetic 
acid. 


The purpose of this study was to synthesize a deuterium 


analogue of valproic acid, namely, di-( [3,3,3-2H3]-propyl)- 
acetic acid (11) and to undertake a preliminary evaluation of 
its pharmacokinetics. The location of the deuterium atoms only 
on the terminal carbons of the propyl chains of I1 was thought 
to be ideal since w-oxidation of valproic acid is a minor meta- 
bolic pathway (3). 


To demonstrate the applicability of labeled valproic acid for 
determining the steady-state kinetics of valproic acid without 
interruption of drug administration, the pharmacokinetics of 
I1 were compared with I under both single- and multiple-dose 
situations in a healthy human volunteer. To achieve this, a 
selective and sensitive assay for I1 acid using GC-MS was 
required. The application of this technique to the measurement 
of salivary levels of valproic acid and [2H]valproic acid was 
also investigated. 


EXPERIMENTAL 


Chemicals and Reagents-Valprok acid' and l-brom0[3,3,3-~H3]propane~ 
were obtained commercially. Octanoic acid) and diethyl malonate4 were 
redistilled before use. Ethyl acetate5, hexane5, and methanol' were distilled- 
in-glass grade. All other chemicals were analytical grade. 


Synthesis of Di~3,3,1fH~lpropyl)acetic Acid (II tDiethyl  malonate (2.88 
g, 0.01 8 mol) was added dropwise to a solution of sodium ethoxide (0.44 g of 
sodium in 11.0 mL of absolute ethanol). The mixture was heated at reflux for 
20 min, cooled. and then I-brom0[3.3,3-~H~]propane (2.5 g, 0 02 mol) was 
introduced in a dropwise manner. The mixture was stirred at reflux for 2 h. 
For the second alkylation Step, the same amounts, of sodium ethoxide solution 
and L-brom0[3,3,3-~H3]propane as  used previously were added, and the re- 
action mixture was heated at reflux for an additional 3 h. 


Sodium hydroxide solution ( 5 . 5  g in 16 mL of water) was added to the re- 
action mixture containing diethyl [ZH~]dipropylmalonate and the mixture 
was refluxed for 8 h. After removing the ethanol by distillation at atmospheric 
pressure, the solution was diluted and cooled in an ice-water bath. A solution 
of 9 M sulfuric acid was added in  a dropwise manner until the pH of the re- 
sulting solution fell to 2.5 (monitored with a pH mete+). A white precipitate 
of [2H]dipropylmalonic acid was collected by filtration, washed with water, 
and dried in vacuo for 6 h (mp' 156-158OC). The [2H)dipropylmalonic acid 
was heated at 190-200°C until evolution of carbon dioxide had ceased. The 
residue was distilled in uacuo to give 1.39 g of (*H]valproic acid (50% yield 
based on diethyl malonate), bp 7 I -72OC. 0.5 m m  Hg [lit. ( 1  2) bp 221 OC, 760 
mm Hg for valproic acid]. 'H-NMR8 (CDCI,) rclative to tetramethylsilane: 
6 1.1-1.9(m,8),2.2-2.5(m, l ) , and  10.5-11.5ppm(brs, I ,COOH).The  
deuterium label was >97% as determined by GC-MS analysis of the tert- 
butyldimethylsilyl ester of the product as compared with derivatized unlabeled 
valproic acid. 


Gas Chromatography-Mass Spec t romet ry  The instrument used for the 
ion-monitoring assay was a gas chromatograph9 interfaced to a mass spec- 


' K and K Fine Chemicals, ICN Pharmaceuticals. Plainview, N.Y. * Purity 98 atom %D Merck Sbar and Dohmc Canada Ltd. 
Nutritional Biochemical Cor &eveland, Ohio. ' British Drug House Ltd, Poopc: U.K. 
Caledone. Georgetown, Canada. 
Model 220 pH meter; Fisher Scientific. Fair Lawn, N.J. ' Thomas Hoover A paratus; Arthur H .  Thomas Co.. Philadelphia, Pa. * Spectrum recorddwith an XL-100 spectrometer; Varian Associates, Palo Alto, 


Calif. 
Model 5700A; Hewlett-Packard. Avondalc, Pa 
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Figure 1 --Electron-impact mass spectra of the tert-buiyldimeihylsilyl 
esters of (a) [2H]oalproic acid and (b) valproic acid. 


trometer1° via a variable-slit separator and connected to an on-line data sys- 
tern”. The 1.8-rn X 2-mm i.d. glass column was packed with 3% Dexsil 300 
on 100-120 mesh SupeIcoportj2. Injection into the system was accomplished 
with an automatic sampler’). Operating conditions were: injection port 
temperature, 250OC; inlet line temperature, 250°C; column temperature, 
135OC; and helium (carrier gas) flow rate of 25 mL/min. The mass spec- 
trometer was operated with an electron-ionization energy of 80 eV, trap 
current of 300 FA, and ion source pressure of 5.0 X Torr. 
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Figure 2-Selected-ion chromatograms of an extracted saliva sample. Key: 
(m/z 207) /2H]valproic acid; (m/z 201) valproic (1.90 min) and octanoic (3.55 
min) acids. 


lo Model MAT-I 11; Varian Associates. 
I ’  Model 620L Computer; Varian Assoclates 


Supelc~. Jnc., Bellefonte, Pa. 
l 3  Model 761A; Hewlett-Packard. 


Table I-Calibration Curve Data of the tert-Butyldimethylsilyl Ester of 
(ZH]Valproic Acid in Biological Samples 


Concentration, Mean Peak Area Ratiou Linear Regression 
Pg/mL (RSD) Parametersb 


Saliva - 
0.10 0.20 (6.67%) 
0.25 
0.50 
I .oo 
1.50 
3.00 
6.00 


10 
20 
40 
60 
80 


100 


0.045 (3.77%j 
0.085 (0.79%) 
0. I86 (1.89%) 


a0 = -0.008 


at = 0.185 
0.238 (0.92%) 
0.546 (1.02%) 
1.108 (1.45%) 


r2 = 0.9986 


Serum 
0.350 (1.75%) 
0.705 (2.68%) 


a0 = -0.0349 


2.130 (0.57%j 
2.880 (0.31%) 


. ~ .. 


r2 = 0.9981 


n = 4. Peak area ratio is the ratio of m/z 207 of hexadeuterated valproic acid ester 
to m/z 201 of octanoic acid ester. r2 is the coefficient of determination. a1 is the slope, 
and a0 is the intercept. Equation for the line is y = alx + a0 where y is the peak area ratio 
mean and x is drug concefitration. 


Single-Dose Study-A healthy male volunteer, 41 years of age (weight, 
63.64 kg), who had nqt taken any drugs during the month prior to the exper- 
iment, participated in both the single- and multiple-dose studies. A single oral 
dose was prepared by dissdlving 372 mg of valproic acid (I) and 182 mg of 
[2H]valproic acid (11) in 100 mL of water, and the pH of the resulting solution 
was adjusted to 7.4 using I M NaOH. The oral dose was taken in the morning 
after an overnight fast; food was not allowed until 3 h after dosing. Blood 
samples (5 mL) were taken at 0,0.5, 1, 1.5,2,2.5,3,4,5,6,7,8, 12,24, and 
48 h, using an indwelling catheter (flushed with heparin solution) for the first 
4 h and thereafter b venipuncture. Serum was prepared immediately after 
blood sampling. S a d a  samples (2-5 mL) were obtained coincident to blood 
sample collections via expectoration into clean scintillation vials. Urine was 
collected at the following times: 0, 1,2,3,4,5,6,7,8-12, 12-24, and 24-48 
h after dosing. The serum, saliva, and urine samples were kept at -20OC until 
they were analyzed. 


Multiple-Dose Study-A 600-mg oral dose of valproic acid syrupI4 (50 
mg/mL) was given tcl the volunteer, who participated in both dosing studies, 
at 8 pm. on day 1. The same dose of valproic acid was administered twice a 
day 12  h apart for the next 3 d. On day 5 (84 h after the initial dose) 600 mg 
of [2H]valproic acid dissolved in 100 mL of water (pH 7.4) was substituted 
for the valproic acid As the eighth dose. This dose was taken at the usual time 
in the morning after an overnight fast (all morning doses were following an 


TME (hr) 


Figure 3-Time course ofvalproic acid (I) and [2H]valproic acid (11) in saliva 
and serum following a single oral dose of 372 mgof Iplus 182 mg of 11. Key: 
(A) serum total I ;  (B) serum total 11: (C) serum free I; (D) serum free 11; (E)  
saliva I: (F)  saliva 11. 


l4 Depakene; Abbott Laboratories Ltd., Mantreal, Canada 
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KE, CLb, 
AUC. h mlr 103 Biophase tl/2,h h-' L/h/kg Vd (area) mgh/L 


Table 11-Pharmacokinetic Parameters for Valproic Acid (I) and [2HJ- 
Valproic Acid (11) Under Single-Dose and Steady-State Conditions in a 
Healthy Male Volunteer' 


Single-Dose Conditions (372 mg of I and 182 mg of 11) 


miz  102 Serum 
Total I 18.6 0.0372 0.0070 0.188 841.3 I L 
Total I I  18.7 0.0371 0.0075 0.202 379.1 
Free I 16.8 0.0413 0.20 4.84 29.27 
Free I1  18.3 0.0378 0.17 4.50 16.83 tlU7 


Saliva CH3- CH-UZ- CH-CO y 7  


L O -  
I 17.4 0.0398 1.1 27.6 5.23 
I 1  15.4 0.0451 0.88 19.5 3.25 


Steady-State Conditions (Multiple Doses of I, 600 mg of 11.) 


Total I I '  14.3 0.0485 0.010 0.206 900 
Total ( I  t I l )d  13.5 0.0513 0.01 I 0.214 872 
Free 11 13.2 0.0525 0.12 2.29 79.48 
Free (1 t 11) 14.8 0.0468 0.13 2.78 72.52 


11 16.5 0.0420 0.88 20.9 10.66 
( I  + 11) 13.1 0.0529 1 . 1  20.8 8.86 


111 


Serum 


rnlz 120 


Saliva 


0 Weight = 63.64 kg. b Oral bioavailabilit is assumed to be unity. Parameters for 
I I  are calculated from I = 0-m. Parameters &r ( I  + 11) are calculated from steady-state 
I and I I  concentrations summed during the dosing interval of 12 h following the doseof 
I I .  I 
overnight fast). Thereafter, valproic acid syrup (600 mg) was administered 
every I 2  h for a further period of 3 d. 


During the multiple-dose study, blood samples (5 mL) were withdrawn 
periodically (usually a t  the trough levels) prior to the administration of the 
labeled valproic acid. Following the [2H]valproic acid dose, blood samples 
were taken at various times. Serum was prepared from each sample, and the 
pH was measured immediately using a pH mete@. Serum samples were stored 
at -2OOC until analyzed. 


Saliva samples (2-5 mL) were obtained with and without stimulation with 
sucrose. For the correlation study of saliva and serum drug levels, unstimulated 
saliva samples were collected 5 min before each blood sampling time and a 
stimulated saliva sample was obtained 5 min following the blood sample col- 
lection. Saliva samples were also obtained at times not coincident with blood 
sampling times. The pH of the saliva sample was determined immediately 
following collection using a pH meter6. Saliva samples were stored at  -2OT 
until analyzed. 


Serum and Saliva Standards-The valproic acid assay used has been de- 
scribed previously in detail (1 3). Serum standards of labeled and unlabeled 
valproic acid were prepared by the addition of 0.1 mL of appropriate stock 
solutions in methanol into 5-mL volumetric flasks. Drug-free serum was added 
to the 5-ml. mark to provide [ZH]valproic acid concentrations of 10, 20,40, 
60.80, and 100 pg/mL and valproic acid concentrations of 20,40,60,80, 100, 
and 120 pg/mL. 


Saliva standards were prepared similarly. but with [2H]valproic acid con- 
centrations of 0.1.0.25.0.5. 1.0, 1.5.3.0, and 6.0 pg/mL and valproic acid 
concentrations of 0.25.0.5, I .O, 1.5, 3.0, and 6.0 pg/mL. 


Extraction and Derivatization-Serum standard or sample (50 pL) was 
pipctted into a 1 .O-mL conical reaction vial". Internal standard (200 p L  of 
a solution of 10 mg/L octanoic acid in 1 M HCI) was added, followed by 200 
pL of solvent (10% ethyl acetate in  n-hexane). and the mixture was vortex 
mixed for 60 s. After centrifuging at lOOOXg for 20 min, 150 pL of the solvent 
layer was transferred to a second vial and 7 p L  of tert-butyldimethylchlo- 
rosilane reagent16 was added. The mixture was vortex mixed for 30 sand then 
centrifuged for 5 min. A 5-pL aliquot of the organic layer was injected into 
the GC-MS system. 


For saliva drug analysis, 200-pL saliva samples were treated in a manner 
similar to the serum samples, except that the internal standard concentration 
was 6.5 mg/L in 1 M HCI. 


Selected-Ion Monitoring-Labeled and unlabeled valproic acids were 
quantitated in serum and saliva by selected-ion monitoring with the GC-MS 
system operated in the El-mode. The very intense ions m/z 201 from the 
tert-butyldimethylsilyl derivatives of valproic acid and octanoic acid and the 
corresponding m/z 207 from the derivative of [2H]valproic acid were moni- 
tored continuously. The retention times for the tert-butyldimethylsilyl de- 


I . . . . ~ . . . . l . . . . I . . . . , . . . . . l . . . . l . . . . l .  
0 10 20 30 40 


TIME (min ) 
Figwe 4-Mass chromatograms of metabolites isolated from a urine sample 
following a single oral dose containing both valproic acid and [2H]valproic 
acid. The m/z 100 ion fragment peaks at 24 and 29 min are from lhe lactones 
of 4-hydroxyvalproic acid (111) and 5-hydroxyvalproic acid (IV), respectively. 
Corresponding peaks at  m/z 103 and m/z 102 are  the tri- and di- deuter- 
ated-analogues of the lactones. The lactones a re  formed during the acid 
extraction of the urine. Isomer separation is observed for the 4-hydroxy- 
valproic acid lactone (m/z 100. m/z 103peaks); m/z 114 and m/z 12Opeaks 
are  3-heptanone (V) and 3-/2H]heptanone. respectively. The heptanone arises 
from acidic decarboxylation of 3-ketovalproic acid during the extraction. 


rivatives of valproic acid (or [2H]valproic acid) and octanoic acid on the Dexsil 
300 column were 2.0 and 3.6 min, respectively. 


Calibration curves for valproic acid and [*H]valproic acid were prepared 
by plotting the ion area ratios of drug to internal standard against the known 
drug concentrations. For valproic acid, the m/z 201 area ratios were used while 
the m/z 207 to m/z 201 area ratios were used for [zH]valproic acid. 


P l a s m  Protein Binding Studidies-Free drug levels in  serum were determined 
by equilibrium dialysis. The procedure has been described in a previous study 
(13). The serum and buffer samples from the two compartments were analyzed 
by GC-MS for free levels of valproic acid and [2H]valproic acid. The ex- 
traction and derivatization procedures used were the same as  for total drug 
quantitation in serum. The concentrations of free drug were determined using 
standard curves ( 1  -10 pg/mL) prepared from buffer solutions to which val- 
proic acid or [*H]valproic acid had been added. 


Pharmacokinetic Analysis-The elimination rate constants (KE) of both 
valproic acid and [2H]valproic acid were determined by least-squares re- 
gression analysis of the terminal log-lincar part of the decay curves. The kinetic 
parameters, elimination half-life (t1/2), area under the curve (AUC), total 
body clearance (CL), and apparent volume of distribution (Vd) were calcu- 
lated by standard methods ( 1  4). 


RESULTS AND DISCUSSION 


Syntl~si.-[~H]Valproic acid (11) was obtained via malonic ester synthesis 
according to the method of Adams and Kamm (15). The deuterated product 
had a high isotopic purity, as shown by comparison of the mass spectra of the 


I5 Reacti-vial with teflon-lined cap; Pierce Chemical Co.. Rockford, 111. 
I mmol of rerr-butyldimethylchlorosilane and 2.5 mmol of imidazole dissolved in 


I m L  of dimelhylformamide; Applied Science Lab. Inc., State College, Pa. 
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Figure 5-(A) Time course of serum total /2H]valproic acid given as a substitute dose (600 mg) during multiple dosing with valproic acid. (B) Time course 
of serum total valproic acid + /2H]valproic acid beginning 12 h prior to and continuing for 60 h after the /2H]valproic acid dose. Key: ( t )  time of dose 
of /2H]valproic acid; (t) times when valproic acid (600 mg) was given. 


tert-butyldimethylsilyl derivatives of [2H]valproic acid and valproic acid (Fig. 
1 ). 


Assay-In this study it was imperative to develop a specific and sensitive 
assay to measure both valproic acid and [2H]valproic acid in serum and saliva. 
Quantitation was accomplished by monitoring the highly intense [M-57]+ 
ions of the tert-butyldimethylsilyl derivatives (Fig. 1 ). The advantages of using 
the fert-butyldimethylsilyl derivatives compared with the trimethylsilyl and 
methyl esters of valproic acid have been discussed previously (1 3). The assay 
procedure used has resulted in clean mass chromatograms. Figure 2 shows 
a typical selected-ion chromatogram from a saliva sample. The recoveries of 


Table Ill-Relationship of Saliva Concentrations of Valproic Acid and 
1*H]Valproie Acid and Serum Total or Serum Free Drug Levels in the 
Single- and Multiole-Dose Studies 


[2H]Valproic 
Parametersa Valproic Acid Acid 


Single-Dose Conditions 
Mean ratio, saliva/total serum 0.007 


SD 0.001 
r 0.926 


Mean ratio, saliva/free serum 0.196 
SD 0.027 


0.009 
0.001 
0.901 
0.200 
0.033 


r 0.863 0.850 
Steady-State Conditions 


SD 0.002 0.002 
r 0.953 0.956 


Mean ratio, saliva/total ser,um 0.009 0.01 1 


Mean ratio, saliva/free serum 0.112 
SD 0.02 1 
r 0.939 


0.138 
0.03 1 
0.916 


Steady-state concentrations were measured during the first three dosing intervals 
following labeled-drug administration (n = 17); single-dose concentrations cover a period 
of 24 h ( n  = 10). 


['H]valproic acid from spiked serum and saliva samples were found to be 
100%. The calibration curves constructed for valproic acid and [2H]valproic 
acid in serum and saliva were linear within the concentration ranges used and 
gave high correlation coefficients. Table I shows typical standard curves for 
[ZH]valproic acid in serum and saliva. Calibration curves for valproic acid 
in serum and saliva were similar to that of a previous study (1 3). The relative 
standard deviations were generally <5%, attesting to the reproducibility of 
the assay. 


Pharmacokinetics of the Single- and Multiple-Dose Studies-Stable-iso- 
tope-labeled drugs have been used in different areas of pharmacokinetics in- 
cluding steady-state kinetics (10, 1 I ) ,  bioavailability studies (16), drug in- 
teraction studies (6), and drug metabolism studies (17). A stable-isotope- 
labeled drug which shows a significant biological isotope effect is not appro- 
priate for use in a pharmacokinetic study. To examine the suitability of 
[2H]valproic acid for pharmacokinetic studies, (i.e., lack of significant isotope 
effects), a single oral dose consisting of a 2:) molar ratio of valproic acid to 
[2H]valproic acid was administered to a healthy human subject. The con- 
centration-time curves of valproic acid and [2H]valproic acid for both serum 
and saliva describe the same constant 2:l ratio of areas (Table 11) as in the 
dose. The parallelism between the elimination phases of serum total valproic 
acid and serum total [2H]valproic acid (Fig. 3) strongly demonstrated that 
there was no significant isotope effect on the elimination kinetics of valproic 
acid after incorporation of six deuterium atoms onto the terminal carbon atoms 
of the propyl chains. 


Additional evidence for the absence of a major isotope effect came from 
the analysis of urinary metabolites, where the major metabolites [valproic 
acid glucuronide, 3-ketovalproic acid, and 4-hydroxyvalproic acid (3)] showed 
the consistent 2:1 molar ratio of unlabeled to labeled metabolite (Fig. 4). An 
isotope effect was observed for the formation of the minor metabolite, 5- 
hydroxyvalproic acid. Because of the small proportion of 5-hydroxyvalproic 
acid relative to the other metabolites, a decrease in the formation of 5-hy- 
dr~xy[~Hs]valproic acid does not markedly affect the elimination kinetics 
of [*H]valproic acid. 


The serum concentration-time curves of both valproic acid and (2H]valproic 
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acid after a single oral dose were biphasic, similar to those described by Gugler 
et al. (7) and as previously reported by Abbott et al. ( 1  3). Peak levels of val- 
proic acid and [2H]valproic acid were observed at  0.5 h in serum and saliva. 


Following the dose of [2H]valproic acid at steady state, absorption of this 
deuterated analogue was rapid with peak serum levels appearing within 2-3 
h (Fig. 5). Biphasic elimination was not evident for either valproic acid in the 
12-h dosing intervals or for [*H]valproic acid as obscrvcd over 72 h. A11 decay 
curves appeared to be monoexponential. 


Table I1 summarizes the pharmacokinetic data derived from the singledose 
and steady-state experiments. The single-dose serum elimination half-life 
values observed for valproic acid and [2H]valproic acid are practically identical 
and are comparable with thc 15.9 f 2.6 h value reported by Gugler et al. (7). 
Under multiple-dose conditions, the similar half-life values observed for serum 
total [2H]valproic acid (14.3 h) and serum total valproic acid plus [2H]valproic 
acid (13.5 h) was further evidcnce that (2H]valproic acid is assimilated by 
the body in a manner identical to the unlabcled valproic acid. As an additional 
test, the serum total half-life values of valproic acid and valproic acid plus 
[?H]valproic acid were compared over three consecutive days beginning the 
day prior to thedeutcrated dose. Nosignificant change in half-life values was 
observed. Identical kinetic behavior of the two valproic acid species under 
multiple-dose conditions is also evident from the AUC data; the serum total 
AUCo..- for [2H]valproic acid (900 mg.h/L) is cssentially identical to the 
valproic acid plus [2H]valproic acid AUC,1-,2 (872 mgh/L)  as  is expected 
from application of the principle of superposition where AUC0.- after first 
dose is equivalent to AUC,1-,2 at steady state (14). 


The elimination half-life of serum total [2H]valproic acid of 14.3 h in this 
individual under multiple-dose conditions was shorter than the half-life ob- 
served in the single-dose study. The apparent volumc of distribution of 
[*H]valproic acid at steady state was not differcnt from the single-dose value. 
However, thc total body clearance of [2H]valproic acid increased by 33% over 
the single-dose value. The observed increasc in total body clearance may better 
reflect the change in valproic acid elimination kinetics from single- to multi- 
ple-dose conditions, since it is a parameter that is model independent (18). 
The change in total body clearance is not likely due to a reduction in the 
amount of drug absorbed, since the oral bioavailability is nearly 100% (19, 
20). There is the possibility that the 33% increase in  total body clearance is 
due to either an enzyme-inducing effect of valproic acid or a change in binding 
of valproic acid to serum proteins or both. 


On the enzyme-inducing property of valproic acid, several investigators 
(21, 22) have reported that the half-life of antipyrine and ~ g l u c a r i c  acid 
urinary excretion in patients treated with sodium valproate were not different 
from those in drug-free controls. There has been one study (23) that reported 
that valproic acid increased D-glucaric acid urinary excretion significantly 
but not serum y-glutamyltranspeptidase activity in epileptic children. 


Valproic acid is cleared by metabolism and has a low extraction ratio (19); 
its rate of metabolism is proportional to the free serum concentrations. Total 
body clearance (CLT) is a function of the free fraction of valproic acid ( / u )  
and the intrinsic clearance (CL'jnl) through the expression: 


CLT = C'L',"t * fu 


whcrcfu is the ratio of free drug to the total drug in serum and CL'inl is the 
inherent activity of the liver to metabolize unbound valproic acid (free 
clcarancc of valproic acid). In theory, a decrease in  plasma protein binding 
(increase infu) should increase total body clearance and decrease total serum 
concentrations of valproic acid or [2H]valproic acid, but should have no effect 
on the free serum concentration of valproic acid or [ZH]valproic acid (18, 
24). 


In  the present study total body clcarance increased at steady state compared 
with the single-dose study (Table I I ) ,  while the average free fraction in serum 
( fu) increased from 0.05 ( f O . O 1  SD) under singie-dose conditions to 0.09 
( fO.O1 SD) at steady-state serum total valproic acid plus [211]valproic acid 
concentrations of 50--100 pg/mL. Unless the liver enzyme activity was af- 
fected, one would not expect CLfrcc (CL'lnl) to change between single-dose 
and steady-state conditions. The clearance of the free drug, however, was seen 
to decrease (e.g., single dose for [2H]vdlproic acid = 0.1 7 L/h/kg; steady state 
for [2H]valproic acid = 0.12 L/h/kg; see Table 11) under steady-state con- 
ditions, suggcsting possible inhibition of metabolism of valproic acid or sat- 
uration of drug-metabolizing enzymes in  this subject. Similar decreases in 
clearancc of the free drug (CLrrcc) at steady state were observed by Bowdle 
P I  al. (8) for a group of normal volunteers on a multiple-dose schedule with 
valproic acid. 


Saliva Valproic Acid Measurement---The saliva levcls of valproic acid and 
[2H]valproic acid were measured to determine if a significant correlation exists 
between serum total or serum free drug concentrations and saliva drug con- 
centrations. The GC-MS method uscd here for measuring saliva valproic acid 
levels is highly sensitive and proved more than adequate to obtain precise data 
for the saliva concentrations in pharmacokinetic studies. 


ml 


i t t 
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Figure 6- Concentration-time curlies ofoalproic acid ( I )  and [ 2H/aalproic 
acid (11) in serum and saliva following a 600-mg dose of I1 during the mul- 
tiple-dose study. Key: (A) serum total II;  (.I serum free ( I  + II); (+) saliva 
( I  + 11); I* )  salica 11; ( t )  time of dose of 11; (1) times when I(600 mg) was 
gioen. 


Sucrose-stimulated saliva samplcs had consistently lower pH (5.85 f 0.48, 
n = 25) than unstimulated saliva samples (6.98 f 0.29. n = 25) at  similar 
sampling times. The greater variation in  stimulated saliva pH may explain 
the greater fluctuations observed in the stimulated saliva drug concentrations 
compared with unstimulated saliva drug concentrations. Sucrose-stimulated 
saliva valproate levels during the multiple-dose study were higher (mean = 
0.684 mg/L) than unstimulated saliva valproic acid levels (mean = 0.609 
mg/L), and the difference was significant (pairwise t test, p = 0.013, n = 
22). 


The time course of unstimulated saliva valproic acid and [2H]valproic acid 
concentrations at steady state are presented in Fig. 6 together with that of 
serum total [2H]valproic acid concentrations and serum free valproic acid 
plus [2H]valproic acid concentrations. Table Ill summarizes the relationship 
of drug levels found in saliva and serum. 


The mean saliva to serum drug ratios are comparable with values obtained 
by Gugler et al. (7, 25). Thecorrelation between saliva and serum total drug 
levels was fairly high (Table 111) and is, in part, due to the precision of the assay 
( I  3). The low correlation values (0. I 1-0.64) reported in  previous studies (9, 
26, 27) may be due in part to the G C  assays used in  measuring saliva levels 
< I  pg/mL (7, 27). Another factor is the pooled human data analyzed in these 
studies, since interindividual variability is greater than intraindividual vari- 
ability (7, 20). 


The saliva levels of valproic acid were 20% of the serum free valproic acid 
concentration under single-dose conditions. Under a multiple-dose regimen, 
saliva valproate decreased to -12% of the free serum drug concentrations 
(Table 111). The increase in the serum free fraction under thc multiple-dose 
conditions accounts for the observed decrease in the saliva to free serum val- 
proate ratio. 
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Pharmacokinetics of Nicorandil, a New Coronary 
Vasodilator, in Dogs 
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Abstract 0 The kinetic disposition of nicorandil, N-[2-(nitroxy)ethyl]-3- 
pyridinecarboxamide (I), and its main metabolic product, N-[2-(hydroxy)- 
ethyl]-3-pyridinecarboxamide (11). was studied after administering intrave- 
nous and oral doses (2.5 mg/kg) of nicorandil to the same beagle dogs. The 
plasma concentrations were measured using a high-performance liquid 
chromatographic method. The pharmacokinetic data derived from intravenous 
administration of nicorandil were: f j p ,  0.73 f 0.1 1 h; Vd,,,,, 0.67 f 0.04 
L/kg; and total plasma clearance, 13.50 f 1.05 mL/min/kg. After oral ad- 
ministration, nicorandil was rapidly absorbed (t,,,, 0.58 f 0.1 1 h). The oral 
bioavailability was calculated as 0.72 f 0.07. The metabolic formation of the 
corresponding alcohol after intravenous and oral administration of the parent 
compound appeared to occur quite efficiently, and its elimination half-life 
(3.09 f 0.25 and 3.69 f 0.88 h after intravenous and oral administration of 
nicorandil, respectively) was longer than that of the parent compound. Since 
the dose employed in this study was much higher than the expected therapeutic 
doses, whether such a good bioavailability after a lower dose of the drug would 
be obtained in humans remains unanswered. 


Keyphrases 0 Nicorandil-metabolism in dogs, pharmacokinetics, detection 
in plasma by HPLC 0 Vasodilators, coronary-nicorandil, metabolism in 
dogs, pharmacokinetics. detection in  plasma by HPLC 0 Bioavailability- 
nicorandil in dogs, oral and intravenous administration, pharmacokinetics, 
detection in plasma by HPLC 


Nicorandil’ (N-[2-(nitroxy)ethyl]-3-pyridinecarboxamide, 
I) a new coronary vasodilator has been shown to produce a 
potent coronary vasodilating effect, virtually without affecting 


I The generic name was published in the Supplement to WHO Chronicle, 34(9), 18 
(1980). Lot R9EQ9. synthesized at the Organic Chemistry Research Laboratory, Chugai 
Pharmaceutical Co., Ltd., Tokyo, Japan, was used throughout. 


cardiac contraction, heart rate, or myocardial oxygen con- 
sumption in anesthetized dogs (1-3). The pharmacological 
profile appears to be somewhat similar to that of nitroglycerin 
(2-4). However, except for one study where the metabolic 
disposition of nicorandil was qualitatively examined in rats (9, 
the pharmacokinetics and bioavailability of this drug have not 
been investigated. The lack of a sensitive and specific method 
for measurement of nicorandil in the blood has precluded any 
quantitative pharmacokinetic analysis. 


In this study we describe a high-performance liquid chro- 
matographic (HPLC) method for determining nicorandil 
levels in canine plasma. Using this method, we attempted to 
study the kinetic disposition of nicorandil (I) administered 
intravenously and orally on two separate occasions in the same 
dogs. Some pharmacokinetic variables of N-[2-(hydroxy)- 
ethyl]-3-pyridinecarboxamide (II),  a primary metabolite of 
nicorandil, were also estimated. 


I X = O N O z , n = 2  


III X = ONO,, n = 3 


EXPERIMENTAL 


I1 X = OH, n = 2 


Materials and Procedures-Six adult beagle dogs weighing 8.2-9.9 kg were 
used for the study. They were fasted overnight; water was supplied ad libitum. 
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noted that the parameter values reported by Kearns and Wilson were derived 
from a one-dog study. 


No literature information regarding the pharmacokinetics of I in ne- 
phrectomized dogs is available. In this study, serum concentrations of I in 
nephrectomized dogs were lower than the corresponding concentrations in 
the normal ones. This observation suggests a greater volume of distribution 
for the nephrectomized dogs, which could be attributable to a reduced protein 
binding of I in the nephrectomized state. Reduced binding of highly bound 
organic acid to uremic plasma protein has been demonstrated for phenytoin, 
resulting in an increased volume of distribution (18). A similar mechanism 
may be suggested for 1, which is also an organic acid with extensive protein 
binding (9). The reduction in binding of 1 to serum protein on nephrectomy 
is shown in Table IV for two dogs, one normal and the other nephrectornized. 
The protein binding was independent of concentration in the range of 5-20 
pg/mL. The percentage of I unbound to serum protein in the nephrectornized 
dog, 6.8 f 1 .O%, was significantly greater than that in the normal dog, 1.3 f 
0.3% (p < 0.001). In a separate binding study of I in uremic patients (19), the 
fraction of free I in uremic plasma was also found to be higher than that in 
normal plasma (Table IV). The dogs used for this investigation were ne- 
phrectomized 3 d prior to the study and presumably were approaching the 
chronic uremic state. 


Nephrectomy did not significantly alter the half-life of 1 in dogs; however, 
increases in both the volume of distribution and total clearance were apparent. 
Sincc <8W of the dose is excreted intact in the urine (9.20). the lack of effect 
of nephrectomy on thc half-life of I was anticipated. Nephrectomy induced 
increases in the total clearance and volume of distribution. The increased 
volume of distribution could result from a decreased protein binding of I in 
the nephrectomized state (Table IV), leaving more free drug available for 
distribution into the body tissue. The increase in total clearance is secondary 
to the increase in volume of distribution. 


The effects of renal failure on the disposition of I in dogs and those of be- 
noxaprofen in humans (16) are disparate. In  dogs, the half-life of I remained 
unchanged, whereas the volume of distribution and total clearance increased. 
In humans the half-life of benoxaprofen was significantly prolonged with no 
distinct changes in other pharmacokinetic parameters. The disparity cautions 
against the extrapolation of conclusions from one drug analogue to another 
and from animal model to human subject. 


REFERENCES 


( I )  T .  G. Kantor, Ann. Infern. Med. ,  91,877 (1979). 


COMMUNICA TIONS 


(2) P. S. Collier, P. F. D’Arcy, D. W. G. Harron, and N. Morrow, Br. J .  


(3) D. G. Kaiser and R. S. Martin, J .  Pharm. Sci., 67,627 (1978). 
(4) D. G. Kaiser and G. J. Vengiessen, J .  Pharm. Sci., 63,219 (1974). 
(5) K. A. DeSante and R. E. Monovich, “Technical Report, Clinical 


(6) K. S. Alberts and S. W. Brown, “Technical Report, Clinical Service 


(7) W. Tkaczewski, H. Adamska-Dyniewska, H. Gelo, A. Gebauer, and 


(8) S. S. Adam, E. E. Cliff, B. Lesel, and J. S. Nicholson, J .  Pharm. Sci., 


(9) R. F. N. Mills, S. S. Adam, E. E. Cliff, W. Dickinson, and J. S. 


(10) S. S. Adam, R. G. Bough, E. E. Cliff, B. Lesel, and R. F. N. Mills. 


(11) E.F.DaviesandG.S.Avey,Drugs,4,416(1971). 
(12) K. A. DeSante and R. E. Monovich, “Technical Report, Clinical 


Service No. 033,” The Upjohn Co., Kalamazoo, Mich., 1975. 
(13) E. Corzi and R. J .  Townsend. “Technical Report, Medical Bio- 


availability Unit,” The Upjohn Co., Kalamazoo, Mich., 1981. 
(14) G. L. Kearns and J .  T. Wilson, J .  Chromatogr., 226,183 (1981). 
(1 5) H. Fujise, Jpn. J .  Vet. Sci., 39,67 I (1 977). 
(16) J. M. Brogard, F. Comte, M. Madon, B. Audhuy, and M. 0. Spach, 


(17) C. M. Metzler, G. L. Elfring, and A. J. McEwen, Biometrics., 30,562 


(18) 1. Odar-Cederlof and 0. Borga, Eur J .  Clin. Pharmacol., 7, 31 


(19) H. 0. Senekjian, C. S. Lee, T. H. Kuo, D. S-L. Au, and R. Krotha- 


(20) C. J. W. Brooks and M. T. Gilbert, J .  Chromatogr., 99, 541 


Clin. Pharmacol.. 5,528 (1978). 


Service No. 063,” The Upjohn Co., Kalamazoo, Mich., 1979. 


No. 034,” The Upjohn Co., Kalamazoo. Mich., 1980. 


B. Gajemska, Pol. Tyg. Lek.. 35,627 (1980). 


56, I686 ( 1967). 


Nicholson, Xenobiotica, 3,589 (1973). 


Toxicol. Appl. Pharmacol., 15, 310 (1969). 


Curr. Ther. Res.. 30, 161 (1981). 


(1974). 


(1974). 


palli, Eur. J .  Rheumarol. Inflamm., 6, 155 (1983). 


(1974). 


ACKOWLEDGMENTS 


Presented in part at the 129th APhA Annual Meeting, Las Vegas, Nevada, 
April 1982. The authors gratefully acknowledge the assistance of the Word 
Processing Center of the University of Houston in preparing the manu- 
script. 


Dynamic Method for Estimating the Extent of 
Plasma Protein Binding in a Dialysis 
Experiment 


Keyphrases 0 Plasma protein binding-dialysis, experimental time 0 Dial- 
ysis-plasma protein binding, experimental time 


To the Editor: 
I n  a protein binding experiment one has a choice between 


two initial conditions: to place the drug in the plasma or in the 
buffer. Recent analyses (1,2) of a linear system with a constant 
extent of plasma protein have revealed that it takes less time 
for the buffer drug concentration to reach a given limit of the 
equilibrium value when the drug is initially placed in the 
plasma rather than the buffer. This conclusion is also valid for 
a nonlinear system in which the number of binding sites is finite 
(3). 


Despite the advantage of placing the drug initially in the 
plasma, a long experimental time may still be needed if per- 
meation of the drug through the dialysis membrane is slow. 


This may cause some difficulties particularly in maintaining 
a constant volume in both compartments. In this report, a 
simple strategy is proposed to shorten the experimental time. 
The strategy requires two experiments: one with the drug 
initially placed in the buffer and the other with the drug ini- 
tially placed in the plasma. The equilibrium value is derived 
from buffer drug concentrations measured at any given time 
during these two experiments. Experimental error notwith- 
standing, the estimate is exact provided the extent of protein 
binding is constant over the concentration range studied. The 
errors in applying the proposed method to a nonlinear situation 
are also considered. This is demonstrated by applying the 
method to a set of data simulated according to a model with 
saturable protein binding. 


I n  the following discussion, we consider a dialysis experi- 
ment using a membrane with a mass transfer coefficient, M. 
The mass transfer coefficient is the product of the membrane 
permeability and thesurface area. It has a dimension of volume 
per unit time. The volumes of the buffer in compartment 1 and 
the plasma in compartment 2 are V I  and V,, respectively. It 
is assumed that there is no material loss from the solution 
system and that there are no volume changes in either com- 
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partment. Furthermore, it is assumed that the free and bound 
drug are in  equilibrium at all times and the binding is linear 
such that the free fraction of the drug in  the plasma is a con- 
stant, a. 


The proposed approach consists of two experiments: ( a )  a 
given amount of drug, Ao, is initially added to the plasma 
compartment; ( b )  the same amount is added to the buffer 
compartment. When the drug is initially added to the plasma, 
the total plasma drug concentration is Ao/V2, and the buffer 
drug concentration is zero at time zero. The buffer drug con- 
centration at any time, t ,  is given as: 


Cp(t) = c E [ l  - e - ( l / Y 1 + a i Y 2 ) M f ]  (Eq. 1) 
where subscript P is used to indicate that drug is initially added 
to the plasma. CE is the buffer concentration at equilibrium 
and is given as: 


differential equations governing this system are given 
below: 


v2[1 + ( K +  B ' K / v 2 ] d C I = M ( C I - C 2 )  C2)* dt (Eq.7) 


where CI and C2 are free drug concentrations in compartments 
1 and 2, respectively. These equations are numerically solved 
(4) to generate C p  and CB at t = 0.693 and 1.386 for different 
initial concentrations. The equilibrium value is then estimated 
from Cp and CB using Eq. 4. The percent error of this estimate 
is defined as the absolute value of the difference between the 
estimation by Eq. 4 and the theoretical value divided by the 
theoretical value and multiplied by 100. The theoretical 
equilibrium concentration for a given initial amount of drug 
A0 is: 


When drug is initially added to the buffer, its concentration 
is CO = Ao/V1 and the plasma concentration is zero at t = 0. 
The drug concentration in the buffer at any time t is given 
as: 


CB(t) = CE + (co - CE)e-('/'l+a/YZ)M' (Eq. 3) 


where subscript B is used to indicate that all the drug is initially 
placed in the buffer and CE is defined by Eq. 2 .  


If both CB and C p  are measured at time t (>O), one can 
calculate the expected equilibrium concentration by the fol- 
lowing expression: 


Equation 4 is derived by simply combining Eqs. 1 and 3. 
When the amounts of drug used for these two experiments 


are not identical, Eq. 4 can still be used with proper correction, 
because of the linearity of the system. For example, if the initial 
amount placed in the plasma is A'o instead of Ao, and the 
measured buffer concentration at time t is C'p(t), the corre- 
sponding buffer concentration Cp(t) for an initial amount A0 
in the plasma is: 


The adjusted concentration Cp(t) can then be used in Eq. 4 to 
obtain the equilibrium concentration. Thus, Eq. 4 is a useful 
expression for calculating the equilibrium concentration in  
protein binding experiments when the free fraction remains 
constant over the drug concentration range studied. The basic 
assumptions of mass conservation and no volume shift within 
the time frame of the experiment should be independently 
verified before the application of this expression. 


In the following discussion, we will consider the application 
of this method to situations of nonlinear binding. As an ex- 
ample, we consider a dialysis experiment with unit  volume of 
plasma and buffer. The mass transfer coefficient of the dialysis 
membrane is 1 volume unit/unit time. There is protein in  
compartment 2 only. The amount of binding sites, B,  in com- 
partment 2 is 100. The dissociation constant, K ,  is 0.01. The 


The error is graphically presented as a function of initial 
amount in Fig. 1. The errors are very small when the initial 
amount is small. The error starts to increase precipitously when 
the initial amount exceeds 90. The error peaks between 100 
and 110 and eventually drops back to zero when the initial 
amount becomes very large. The data also indicate a significant 
decrease in error as the experiment is prolonged. 


In addition to the errors in the equilibrium concentrations 
obtained using Eq. 4, the errors obtained by assuming that the 
buffer concentrations Cp(t) (drug initially added to plasma) 
are estimates of the equilibrium concentrations are also pre- 
sented in Fig. I .  It can be seen that a better estimate of CE is 
obtained by Cp(t) alone rather than by application of Eq. 4 in 
a region (initial amount 100- 140) where nonlinear kinetics 
is expected to prevail. The example serves to point the dangers 
of the indiscriminate use of Eq. 4 in the nonlinear region. 


The errors which result at both low and high initial amounts 
(relative to B = 100) can be appreciated by reference to Eq. 
1 .  Since a, the free fraction in plasma, will vary from -K/B 


Error ('YO) 
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Figure 1-Errors of estimating the equilibrium calue by Cp and Eq. 4 at 
indicated sampling time plotted as a funcrion of the initial amounts. 
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(K << B )  at low initial amounts to 1 at high initial amounts, 
the exponent in Eq. 1 (the reciprocal of the time constant) will 
vary from M/V to M/2Y in those cases where V1 = V,. For the 
example considered, where the volumes are unity, the re- 
spective time constants are 1 and 0.05, and the respective 
half-lives are 0.693 and 0.693/2. At low initial amounts, Cp 
is 4 . 5  CE and 0.75 CE at the times 0.693 and 0.693 X 2, re- 
spectively. The corresponding errors as previously defined 
would be 50 and 25%. At high initial amounts, C p  is 4 . 7 5  CE 
and 0.9375 CE ( 1  - 0.54) CE at the times 0.693 and 0.693 X 
2, respectively. The corresponding errors are 25 and 6.25%. 


A criterion for deciding whether Eq. 4 is applicable is easily 
established by using the equation with a few concentrations 
paired in time from the two experiments. Since the equilibrium 
concentration is time independent, the values calculated by 
concentrations obtained at different times should be in 
agreement within experimental error. Having established 
linearity, the free fraction CY can be evaluated using Eq. 2. 


Nonlinear kinetics should be suspected when a lack of 
consistency in the estimated equilibrium concentrations is 
manifested. In  principle, the estimated equilibrium values 
calculated using Eq. 4 converge to the true equilibrium value 
when evaluated with concentrations obtained at later times 
(note how relative error changes as function of time in the 
nonlinear region in Fig. I ) .  Under such circumstances, Eq. 4 
should not be employed. 


( I )  S. p i e  and T. W. Guentert, J. Phorm. Sci . ,  71, 127 (1982). 
(2 )  P. J .  McNamara and J .  B. Bogardus, J.  Pharm. Sci., 71, 1066 
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Influence of Protein Binding on the 
Accumulation and Dcplction of Drug from the 
Skin 


Keyphrases 0 Protein binding--accumulation and depletion of drug from 
skin 


To the Editor: 


Recently the drug scopolamine has been shown to exhibit 
a nonlinear sorption isotherm with skin ( I ) .  The binding was 
deduced to be associated with the proteinaceous phase since 
the sorption isotherm was not significantly changed by removal 
of lipids ( I ) .  For drugs that bind in a saturable fashion to skin, 
the binding can have dramatic effects on the transport process 
as manifested by an increase in the diffusional lag time with 
a decrease in the upstream concentration (2). To elucidate the 
effect of reversible binding, describable by the law of mass 
action, on the accumulation and depletion of drug from the 
skin, a simple model will be considered. A fixed volume of skin 
will be considered to be well-stirred such that within the skin 


there are no gradients of free drug normal to the surface. The 
clearance per unit surface area of free drug from this volume 
is equivalent to the permeability of the drug through the skin. 
Sink conditions are assumed to exist, and the product of the 
free concentration and clearance represents the mass rate input 
into the body. Analysis of the simple model rather than the 
transport model characterized by a nonlinear diffusion equa- 
tion suffices to bring forth the influence of the saturable, re- 
versible binding on the accumulation and depletion of drug in 
the skin. 


The dynamics of the accumulation and depletion of drug 
will individually be investigated as a function of the steady- 
state concentration in the skin. The dynamics will then be 
compared between the two modes at given steady-state con- 
centrations. During the accumulation mode, steady-state 
concentrations will be envisioned to be established by constant 
fluxes applied to the skin. Upon removal of the input, the 
steady-state concentrations become the initial concentrations 
for the depletion mode. The use of the nonlinear binding to 
achieved prolonged delivery to the body in the depletion mode 
and methods to shorten accumulation rates relative to deple- 
tion rates are then discussed. 


The nonlinear system will exhibit linear behavior when the 
binding isotherm is in the linear region or the fraction of bound 
drug becomes very small. Thus, a linear system serves as an 
extrapolative extreme for the nonlinear system. In the linear 
system the accumulation of drug within the skin is given by the 
following equation: 


C = Css( 1 - e - k c l r )  (Eq. 1) 
J -  A cs, = /1. 
L L  


where C is the concentration in the skin during accumulation, 
C,, is the steady-state concentration, J is the flux applied to 
the skin, A is the area to which the flux is applied, k,l is the 
elimination rate constant from the skin, CL is the clearance 
from the skin, and t is time. The depletion of drug from the skin 
once steady state has been achieved and the input removed is 
given by: 


C = Csse-kclr (Eq. 2) 
where C is the concentration during depletion. In Eq. 2 t is 
relative to the time depletion commences. The accumulation 
and depletion curves are symmetrical around C = 0.5 Cs,. The 
symmetry of the curves is maintained regardless of the mag- 
nitude of the elimination rate constant. The time to reach 50% 
of the steady-state concentration in the accumulation mode 
and the time to fall to 50% of the steady-state concentration 
in the depletion mode are equal. The equality becomes ap- 
parent when the equations are rearranged to express time ex- 
plicitly as a function of the ratio of the concentration at time 
t to the steady-state concentration. Equations 3 and 4 corre- 
spond to Eqs. 1 and 2, respectively. 


and 


(Eq. 4) C,, 
f = ( 1  / k e , )  In - c 


Thus, from either Eq. 3 or 4, the time at  which C / C , ,  = 0.5 
(hereafter called t s o ) ,  is ( I  / k c , )  In 2. 
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theless make it difficult to compare da ta  across chemical classes without 
excessive page flipping. 


This book tries to offer something for the medicinal chemist, the  renal 
pharmacologist and physiologist, and the physician. With its interdis- 
ciplinary approach it can be highly recommended to  all three, bu t  par- 
ticularly to the medicinal chemist because of its emphasis on structure- 
activity relationships and possible future directions for diuretic re- 
search. 


Keviruvd by Gregory M. Shutske 
Department of (‘hemica1 Research 
Hoechst-Roussel Pharmaceuticals, Inc  
Sompruille, NJ 08876 


Polyether  Antibiotics, Volume 2: N a t u r a l l y  O c c u r r i n g  Acid Iono- 
phores. Edited by JOHN W. WESLEY. Marcel Dekker, 270 Madison 
Avenue, New York, NY 10016. 1983.415 pp. 15 X 23 cm. Price $65.00 
(20% higher outside the IJ.S. and Canada). 
This  work is the second of a two-volume set  on polyether antibiotics. 


As the title indicates, it concentrates on the chemical aspects in this field 
whereas the microbiology, biosynthesis, pharmacology, and veterinary 
applications were covered in the first volume. The  editor has chosen an 
excellent array of contributing authors, each of whom has done important 
original work in this field. The  resulting volume therefore has the added 
advantage of being authoritative as  well as  informative. 


The  first chapter by Yoshito Kishi is an excellent review of the  total 
synthesis of many of the polyethers which not only includes the author’s 
own contributions, but  also a critical view of  other major contributors 
to this field. This is followed by a review of known chemical modifications 
of this class of antibiotics, which focuses attention on the lack of progress 
in this aspect of polyether chemistry in light of the high level of under- 
standing brought to bear by X-ray crystallography. The  remainder of  this 
book covers the major contributions made to polyether chemistry by 
physical chemistry including X-ray crystallography, mass spectrometry. 
and ’H- and I3C-NMR. The authors of each of these sections used similar 
formats with illustrations, figures, and stereoviews. Each also tried to 
highlight the strengths and limitations of these various techniques. 


The  general tone of this book is to give the reader a n  overview and a n  
exposition with a n  eye on future research. As such, this volume as  well 
as the previous one, should prove useful as  both a primer for the  novice 
researcher and as  a review and reference source for the  established in- 
vestigator. As the reviewer of Volume I noted in this journal, the  subject 
index of Volume I1 is also somewhat inadequate and may prove a hin- 
drance for those less familiar with this field. This book generally includes 
work up to 1980-only one author ( Y .  Kishi) attempted to  update  his 
chapter to cover work done in 1981. 


In conclusion. this volume gives an excellent coverage of the subject 
matter it sets out to review. It has been well edited, is authoritative, and 
generally error free. It will surely he of great value to anyone interested 
in these fascinating antibiotics. 


RPuiPwed bx Manuel Debono 
L i l l y  Kesenrch Laboratories 
MiCrObiOlO$ica/ a n d  Fermentation 


Products Division 
Indianapolis, I N  46.W 


Applied Statistics: A Handbook of Techniques, 5th Ed. By 1,OTHAR 
SACHS (translated by ZENON KEY NAROWYCH). Springer-Verlag 
New York, Inc., 175 Fifth Avenue, New York, NY 10010. 1983.706 pp. 
16 X 24 cm. 
This book was written “. . . both as  an introductory and follow-up text 


. . . and as  a reference book with a collertion of formulas and tables, nrr- 
merous cross-references, and rxtensive bibliography.” Satisfying such 
divergent purposes in one book is difficult, and the author does not en-  
tirely succeed. Although written a t  an introductory level, I found the  
organization of the material too confusing and the  coverage too encom- 
passing for an introductory text. 


T h e  book extensively covers the  techniques relevant to most da ta  
analysis problems addressed in introductory texts in applied statistics. 
Chapter 0 covers arithmetic operations. Chapter 1 covers a wide variety 
of techniques relating to one variable. Chapter 2 suggests the diversity 
of specialized statistical problems and techniques arising in medicine and 
engineering and directs the reader to the relevant literature. Chapters 
3-.7 cover the comparison of two or more samples, correlation and re- 
gression, the  analysis of contingency tables, and  analysis of variance. In 
each case, most of the relevant parametric and nonparametric techniques 
are  presented. Keeping with the  introductory level of the  book, general 
linear and categorical models are  not discussed. 


For a handbook, the inclusion of material could be better delineated. 
You might find a relatively unknown technique such as  the  minimum 
discrimination information statistic for analyzing multiway contingency 
tables or the Thorndike nomogram for evaluating Poisson probabilities. 
However, you will fail to find techniques for analyzing covariance studies, 
repeated measure studies, or studies with missing data. Hut, if the  tech- 
nique is there, its stepwise execution is lucidly illustrated. Assumptions 
are stated in practical terms and cross-referenced to techniques for testing 
their validity. The  original and related references are always given. S ta -  
tistical tables are readily accessihle due to their plarement in the text and 
convenient page referencing. 


This easy use is one of the joys of this bnok. Another is the pleasure of 
perusing the book. To quote the author, ‘ T h e  numerous cross-references 
appearing throughout the text point out various interconnections. A 
serendipitous experience is possible.” I concur. 


Revierued by Mark A. Johnson 
The (Jpjohn Company 
K a h n a z o o .  M I  4.9001 


Structure-Act ivi ty  Correlat ion as a Predict ive Tool in  Toxicology: 
F u n d a m e n t a l s  Methods, a n d  Applications. Edited by LEON 
GOLDREKG. Hemisphere Publishing Corp., 19 W. 44th St., New 
York, NY 10036. 330 pp. 16 X 23 cm. Price $49.50. 
This book is a reasonably current review of the  application of quant i -  


tative structure-activity relationships (QSAR) to problems in toxicology. 
Although the work is the  result of a symposium which was held in Feb- 
ruary 1981, it is remarkably well-written and not a t  all like the usual 
symposia proceedings. T h e  hook is divided into four sections that, for 
the most part, are well-organized and show little evidence of overlap or 
duplication. 


I he first section covers biological activities and describes moderately 
well the prohlems that  toxicologists have in defining and measuring the  
hiological effects of toxic substances. Of particular interest are the  ex- 
amples in Chapter 2 on inhibition of chemical carcinogenisis by various 
factors which modify procarcinogen activation. T h e  survey o f  literature 
and computer-accessible data  bases f o r  obtaining information on both 
toxicological responses and physical and chemical properties of toxicants 
is particularly helpful. 


The  second section contains a somewhat sketchy but suggestive survey 
of biochemical mechanisms underlying the  toxic action of chemicals 
(Chapter 4) and an excellent historical overview of the physical and  
chemical parameters that  have been correlated to  hiological activities 
(Chapter 5). 


T h e  third section, “Correlative Methods,” contains the  heart of the  
material present.ed in this book. An excellent review (Chapter 6) of 
multiple regression (Hansch) analysis by Y. C. Martin clearly states the  
fundamental assumptions that  are  frequently not  met by the novice. 
Criteria for the arceptable quality of the biological data, for the selection 
of appropriate physiochemical parameters, and for the intellegent use 
of regression,analysis methods are all succinctly stated. Chapter 7 ,  by P. 
C. Jurs ,  contains a reasonably intelligible introduction to  the use of 
pattern-recognition techniques for QSAII; however, the novice unfamiliar 
with the statistical basis for this method may find the discussion some- 
what confusing. Finally, Chapter 8 conkiins a discussion of the application 
of’ quantum chemical methods t.o predicting the relative carcinogenicity 
of a series of polycvclic aromatic hydrocart)ons. 


T h e  remainder of the hook consists of examples of applications of 
QSAR methods to toxicological problems. Although the quality of those 
application reviews varies considerably, each topic is covered with suf- 
ficient depth such that these reviews should serve as  a useful guide to the 
recent literature. Chapters 10 (Computer-Assisted Prediction of LMe- 
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Abstract 0 In an attempt to resolve the conflicts relevant to intravenous 
fat emulsion compatibility two amino acids, L-valine and L-histidine 
monohydrochloride monohydrate, were chosen as intravenous additives, 
and these substances were investigated as to whether they could induce 
significant changes in the physicochemical properties of an intravenous 
soybean oil emulsion. The stability of the fat emulsion was evaluated in 
terms of gross visual observation, particle size distribution, surface ten- 
sion, pH, and the zeta potential. It was found that (a) no significant dif- 
ference was produced on the particle size distribution up to 7 d after 
admixing, (6) the mean diameter of oil globules was 4.21-0.24 pm, and 
(c) the fat emulsion was sufficiently stable, with a zeta potential ranging 
between -30 and -60 mV. The relationship of the isoelectric point (PI) 
of the amino acids and the pH of the buffer solutions was determined to 
be one of the most important factors in the stability of the fat emul- 
sion. 


Keyphrases Fat emulsions-stability, effect of L-valine and L-histi- 
dine monohydrochloride monohydrate additions, buffers Stability- 
long-term, fat emulsions admixed with L-valine and L-histidine mono- 
hydrochloride monohydrate and buffers Amino acids-L-valine, L- 
histidine monohydrochloride monohydrate, effect on fat emulsions, 
long-term stability of admixtures 


Intravenous hyperalimentation has been developed for 
patients who cannot take food orally following surgery (1). 
Total parenteral nutrition regimens (2) by the intravenous 
route are important clinically for many renally impaired 
and/or burn patients. 


Admixtures of fat emulsions with dextrose (3), amino 
acids (4), and electrolytes (5) are prepared and used for 
patients as needed. However, it is difficult and complex (6) 
to mix the fat emulsion with other additives a t  the time of 
use. Furthermore, it is necessary to use a large volume of 
the fat emulsion, (7) as it is continuously administered to 
the patients intravenously over a long period. If the long- 
term stability and safety of fat emulsion-parenteral ad- 
ditive mixtures can be corroborated, a more suitable 
product would result. 


The evaluation of emulsion stability using a stepwise 
progression of procedures was reported by Ho and Higuchi 
(8). Frank (9) studied the stability of intravenous soybean 
oil emulsions by gross visual and microscopic examina- 
tions. Black and Popovich (10) investigated the effects of 
such common intravenous additives as physiological 
electrolytes, amino acid solutions, and/or dextrose on the 
particle size distribution of the emulsion. These studies, 
however, failed to characterize the long-term emulsion 
stability in the presence of the various additives. 


In this study, two amino acids were chosen as intrave- 
nous additives and were investigated to determine whether 
or not additives could induce significant changes in the 
physicochemical properties of an intravenous soybean oil 
emulsion. The stability of the fat emulsion was evaluated 
in terms of gross visual observation (111, particle size and 


distribution of oil droplets measured with a scanning 
electron microscope (12) and an electronic counter (13), 
surface tension (14), pH ( 1 3 ,  and the zeta potential at the 
oil-water interface (16). In addition, the effect of the iso- 
electric point (PI) (17) of the two amino acids and the pH 
of the buffer solution on emulsion stability were investi- 
gated. The study was instituted in an attempt to resolve 
the conflicts relevant to intravenous fat emulsion com- 
patibility. 


EXPERIMENTAL 


Preparation of Intravenous Fat Emulsions-The fat emulsion was 
composed of 100 g of soybean oil (oil phase), 12 g of egg phospholipid (18) 
(emulsifier), and 25 g of glycerol (to adjust the pH to isotonic) in sufficient 
distilled water to make 1000 mL. The fatty acid composition of the egg 
phosphotidyl choline was palmitic acid (28.6%), palrnitoleic acid (3.5%), 
stearic acid (10.6%), oleic acid (37.2%), linoleic acid (11.6%), polyvalent 
unsaturated fatty acids (6.8%), and other acids (1.7%). 


The emulsifier was dissolved in the oil phase, kept a t  80°C in a tank, 
and water preheated to 80°C was added to the solution. The emulsions 
prepared always contained 10% (w/v) of the oil phase. The agitator used 
was a mixer'; the temperature of the mixture was maintained at  80°C for 
30 min after starting agitation in the tank. The impeller speed was kept 
a t  11,200 rpm. The resulting coarse emulsion was quickly introduced into 
the homogenizer2 (19) from the mixer and was vigorously stirred again 
at 4500 psi. Figure 1 illustrates the change of the mean diameter of the 
oil droplets with shear applications for the emulsions prepared, as mea- 
sured with an electronic counter3 (13). The number of shear applications 
had a large influence on the mean diameter of oil droplets in the emulsion: 
after eight shear applications, the mean diameter was reduced to -0.20 
pm. The homogenized emulsion was introduced into a glass vessel and 
was sterilized by heating in a free flame a t  121°C for 30 min. 


Admixture of t h e  Amino Acids with the Fat Emulsion-In a pre- 
vious experiment (20), 11 amino acids were selected as intravenous fat 
emulsion additives. The fat emulsion was admixed with equal parts of 
a 1% (w/v) amino acid solution. Each of the emulsion combinations was 
stored a t  70°C for 24 h. The height of the separated oil phase appearing 
in the upper part of emulsion was observed visually at a constant time 
interval. Table I gives the height of the separated oil phase after admixing 
with 1% (w/v) amino acid solution. Significant changes in the separated 
oil phase were found for both the 12- and 24-h readings when L-histidine 
monohydrochloride monohydrate was admixed with the fat emulsion. 


In the present experiments, L-histidine monohydrochloride mono- 
hydrate and L-valine were selected as the amino acid additives, because 
L-histidine monohydrochloride monohydrate has a high isoelectric point 
(7.64) and L-valine has a low value (5.96). Each amino acid was diluted 
with each of three solutions, acetate buffer (pH 4.0), phosphate buffer 
(pH '7.0), and borate buffer (pH 9.0). The amino acid concentration was 
kept a t  a constant value of 1% (w/v). The intravenous soybean oil emul- 
sion was admixed with an equal volume of 1% (w/v) amino acid solution, 
and the mixture was stored at  20°C for 14 d. Fat emulsion admixed with 
an equal volume of distilled water was used as the control. 


Evaluation of Emulsion Stability-The emulsion stability was 


Type IM; Tokushukika Co., Ltd., Osaka, Japan. 
2 Type 15M-8TA; Gaulin Co.. Ltd., Mass. 
3 Coulter nanosizer; Coulter Electronics Inc., Hialeah, Fla 
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Table I-Height of the Separated Oil Phase of the Fat Emulsion 
after Adding the Amino Acid Solution. 


Table  11-Flocculation Depth of t he  Fat Emulsion Stored at 
20'C After Adding Various Solutions 


Height of Oil Phase, % b  


Amino Acid 10 h 1 2 h  24 h 


+ L-Ar inine mono- - - 


Glycine - - - 
L-Histidine monohydrochloride 0.67 2.00 2.67 


L-Isoleucme - - - 
L-Leucine - - - 
L-Lysine monohydrochloride - - - 
L-Methionine - - - 
L-Phen ylalanine - - - 
L-Threonine - - - 


L-Tryptophan - - - 
L-Valine - - - 


Concentration of amino acid, 1% (w/v); temperature, 70T; amino acid solu- 
tion-fat emulsion, 1:l (v/v). * - stable; + unstable. 


evaluated by gross visual observation of creaming, particle size distri- 
bution, surface tension, pH, and/or zeta potential measurement. These 
methods have already proven useful in previous work (21). All bottles 
of the intravenous soybean oil emulsion were refrigerated a t  4'C until 
used. 


Gross visual analysis was used to observe separation and creaming of 
the emulsion after admixing. This analysis utilized five 50-mL glass tubes 
to display each of the emulsion combinations over the 14-d period. As- 
sessment a t  predetermined times was qualitative. 


The particle size distribution of the emulsions was determined with 
a scanning electron microscope. A specific fixation technique of the 
emulsions with malachite green was developed by modifying a previous 
method (22). Briefly, pieces of filter paper4 were immersed in the emul- 
sion and rapidly removed. The oil droplets adsorbed on the filter paper 
were fixed by immersion for 24 h a t  4'C in 1% (w/v) glutaraldehyde- 
malachite green in a buffer solution (NaH2P04-NaHPO4, pH 7.4). After 
fixation the oil droplets were briefly washed with the buffer solution and 
allowed to react for 8 h with cold 1% (w/v) osmium tetroxide buffered with 
phosphate. All samples were subsequently dehydrated in a graded series 
of ethyl alcohol-water solutions. After critical point drying with liquid 
carbon dioxide, the fixed oil droplets were mounted on a sample stage 
with double-sided adhesive tape, vacuum coated with gold, and viewed 
in the scanning electron microscope5. An electronic counter was also used 
for the determination of the mean diameter of the soybean oil emulsion. 
The sizing data obtained with the electronic counter were confirmed to 
be in agreement with those obtained by electron microscopic techniques 
within an error of 5%. 


The surface tensions of the fat emulsions were measured with a Dii- 
Nouy tensiometer6. The hydrogen ion concentration of the sample 
emulsions was determined using a pH meter7. The mean electrophoretic 
mobility of the oil droplets was obtained with a laser systemR which 
measures the average particle mobility in an emulsion; the zeta potential 
was calculated with these data. All measurements were performed a t  a 
thermostatically controlled temperature of 20 f 0.1'C. 


f y drochloride 


monohydrate 


0.35- 
a 
d 1 0.30 - 
r 
0 0.25 - P 


I . . . . . . . ,  
0 2 4 6 8 
NUMBER OF SHEAR APPLICATIONS 


Figure 1-Changes in the mean diameter of oil droplets in the fat 
emulsion by application of shear via an homogenizer, as measured by 
an electronic counter. 


Type 2: Whatman Ltd.. England. 


Shimadzu Seisakusyo Co., Kyoto. Japan. 
Model PT-5D; Toyo Kagaku Sangyo Co.. Tokyo, Japan. 


5 Model JSM-TBOO; JEOL Ltd., Tokyo, Japan. 


* Laser Zee, model 500; Pen Kem Inc.. New York. 
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Acetate Phosphate Borate 
Bufferb Bufferb Bufferb 


Solution pH 4.0 pH 7.0 pH 9.0 


1% (v/v) L-Valine + + - 
1% (v/v) L-Histidine 1.9 1.5 - 


Reference - 


tion-fat emulsion. 1:l (v/v). 
emulsion. 


monohydrochloride 
monohydrate 


2.9 0.5 
a Stored temperature, 2 0 T ;  data taken 14 days after admixing; adding soh- 


- stable; + large oil droplets appeared on the fat 


RESULTS 
Evaluation of Emulsion Stabil i ty in Terms of Separation and 


Creaming-Table I1 gives the heights of the separated fat emulsions 
stored a t  20 f 0.1"C after adding various solutions. In the case where the 
fat emulsion was admixed with equal parts of phosphate (pH 7.0) or bo- 
rate (pH 9.0) buffer, separated oil phase was generated in the upper part 
of fat emulsion. When the fat emulsion was admixed with the borate 
buffer solution containing 1% (w/v) L-valine, no significant change was 
detected in the emulsion up  to 14 d. However, some large oil droplets 
appeared on the surface of the fat emulsion when diluted with either 
acetate or phosphate buffer containing 1% (w/v) L-valine. On the other 
hand, the emulsion stability remained unchanged when the fat emulaion 
was diluted with the borate solution containing 1% (w/v) L-histidine 
monohydrochloride monohydrate. Accordingly, the fat emulsion would 
be comparatively stable if the admixed solution containing 1% (w/v) 
amino acid is diluted beforehand with basic buffer solution. 


Evaluation of Emulsion Stabil i ty by the Part ic le  Size Dietribu- 
tion-Figure 2 shows electron micrographs of oil droplets immediately 
and 7 d after adding the 1% (w/v) amino acid solutions to the fat emul- 
sions. The amino acid was dissolved in distilled water, and the volume 
fraction of the fat emulsion to the amino acid solution was 1:l. The 
electron microscope characterized the fat emulsion as a dispersion of oil 
globules whose sizes were mostly distributed in a narrow range <1.0 
Pn. 


Particle size distribution curves calculated using the micrographs in 
Fig. 2 are shown in Fig. 3. For the three samples, the distribution curves 
and peak heights were similar. A sharp size distribution with a peak a t  
4 . 1 3  pm was observed. The mean diameter and standard deviation of 
oil globules were 0.23 pm and 0.11, respectively. The mean diameters as 
measured by the electronic counter are listed in Table 111. No significant 
difference in the size distribution curves were found between those ob- 
tained by the electron microscope and the electronic counter. 


Although particle size distributions were not significantly different 
from each other immediately and 7 d after admixing, a slight change re- 
flected a diminished number of smaller globules (<0.1 pm) relative to 
the number of large globules (>0.3 pm). This pattern of net globule 
growth was due to coalescence and is indicative of emulsion insta- 
bility. 


Evaluation of Emulsion Stability in  Terms of Surface Ten- 
eion-Figure 4 shows the changes of surface tension of the fat emulsions 
with storage time after admixing with 1% (w/v) amino acid solutions. In 
the m e  of I.-valine, the surface tensions of the fat emulsions diluted with 
acetate and phosphate buffer solutions decreased markedly at  the early 


I 


1 wn A B C 


Figure 2-Scanning electron micrographs of particles in the fat 
emulsion. The mixture was diluted with distilled water; the amino acid 
solution-fat emulsion ratio was 1:l (u/v). Key: (.4) L-ualine; (B) reference 
solution; fC) L-histidine monohydrochloride monohydrate. 


92 1 Journal of Pharmaceutical Sciences 
Vol. 73, No. 1. January 1984 







El 
U 
U us h 


I n I; 
PARTICLE DIAMETER, pm 


Figure 3-Particle size distribution in the fat emulsion immediately 
(0) and 7 d (e) after adding a 1 % (wlu) solution of amino acid in dis- 
tilled water. The  amino acid-fat emulsion ratio U J ~ S  1:1 (u/u); the pre- 
pared final f a t  emulsion was stored at 2OOC. Key: (A) L-ualine; (B) ref- 
erence solution; (C) L-histidine monohydrochloride monohydrate. 


stage of storage, and then leveled off after 4 d. However, the surface 
tension of the fat emulsion in borate buffer solution decreased slowly with 
increase in storage time. 


In the case of L-histidine monohydrochloride monohydrate, the surface 
tension of the fat emulsion diluted with acetate buffer solution lowered 
suddenly to 33 dynlcm after admixing. However, the surface tension of 
the fat emulsion containing L-histidine monohydrochloride monohydrate 
had the same tendency to decrease in both phosphate and borate buffer 
solutions. 


A decrease of surface tension of an emulsion may be interpreted as 
showing that a certain number of large oil globules appear and move to 
the surface layer of the emulsion. Accordingly, the fat emulsions would 
be comparatively stable if the admixed solution containing 1% (w/v) 
amino acid is previously diluted with the basic buffer solution. 


Evaluation of Emulsion Stability in Terms of pH-The effects of 
adding 1% (w/v) amino acid solutions on the pH of the fat emulsions are 
shown in Fig. 5. Addition of a 1% (w/v) solution of 1.-valine or L-histidine 
monohydrochloride monohydrate did not appreciably alter the pH of the 
fat emulsion in any of the buffer solutions. However, amino acid solutions 
immediately altered the pH of the fat emulsion when distilled water was 
used instead of the buffer solution. Thus, one should avoid the use of 
distilled water alone as a diluent when a fat emulsion is admixed with 
solutions of L-valine or L-histidine monohydrochloride monohydrate. 


Evaluation of Emulsion Stability in Terms of Zeta Potential-Zeta 
potential is a controlling parameter in determining the stability of an 
emulsion. Figure 6 shows the change with time of the zeta potential of 
oil droplets in the fat emulsion containing 1% (w/v) amino acid. At the 
initial stage of admixing, the zeta potential ranged between -30 and -60 
mV. Thus, the fat emulsion is likely to be sufficiently stable even though 
the amino acid is admixed because the strong electrostatic repulsion 
prevents two oil droplets from coalescing. 


The zeta potential readings revealed that the addition of the amino 
acid solution altered the zeta potential of oil droplets within 1 d. However, 
after this initial change, the zeta potential remained constant throughout 
the 14-d observation period. This indicates that the amino acids changed 
the electrical properties of the oil-water interface very quickly a t  the early 
stage of admixing, and the zeta potential of the interface later shifted 
slightly as the storage time was increased. 


DISCUSSION 
When the fat emulsion admixed with 1% (wlv) L-histidine monohy- 


drochloride monohydrate was stored a t  7OoC over a 24-h period, there 
was a significant change in the height of the separated oil phase. However, 


Table 111-Mean Diameter of Droplets in the Fat Emulsiona 


Solution 


Mean Diameter, pm 
Scanning Electron 


Microscope Electronic Counter 
DayO Day7 DayO Day7 


L-Valine 0.213 0.242 0.215 0.238 
L-Histidine 0.211 0.230 0.213 0.235 


monohydrochloride 
monohydrate 


Reference 0.214 0.227 0.212 0.224 


a Mixture was diluted with distilled water; amino acid solution-fat emulsion, 
1:1 (v/v); fat emulsion was stored a t  20°C. 
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Figure 4-Effect o f  adding 1 % (wlu) solutions of L-ualine (A), the 
reference (B), and L-histidine monohydrochloride monohydrate (C) on 
the  surface tension of the  fat emulsion. T h e  amino acid solution-fat 
emulsion ratio was 1:l (u/u); the prepared final fat emulsion was stored 
at 2OOC. Key: (0) borate buffer, p H  9.0; (A) phosphate buffer, pH 7.0; 
(0) acetate buffer, p H  4.0. 
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Figure 5-Effect of adding 1% (wlu) solutions of L-valine (A),  the 
reference (B), and L-histidine monohydrochloride monohydrate (C) on 
the pH of the fat emulsion. The  amino acid solution-fat emulsion ratio 
was 1:l (u/u); the prepared final fat  emulsion was stored at 2OOC. Key: 
(0) borate buffer, p H  9.0; (A) phosphate buffer,  p H  7.0; (0) acetate 
buffer, p H  4.0; (@) distilled water. 
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Figure 6-Change with time of the zeta potential of oil droplets in the 
fat emulsion containing 1 % (wlu) L-ualine (A) orL-histidine monohy- 
drochloride monohydrate (B). T h e  amino acid solution-fat emulsion 
ratio was 1:l (u lu ) ;  the prepared final fat emulsion was stored at 2OOC. 
Key: (0) borate buffer, p H  9.0; (A) phosphate buffer, pH 7.0; (0) acetate 
buffer, p H  4.0. 


if the fat emulsion was stored a t  2OoC, the separated oil phase appeared 
gradually -10 d after admixing. Hence, the rate of separation of the oil 
phase in the fat emulsion was considered to be very slow if the fat emul- 
sion was stored at  room temperature after being mixed with the 1% (w/v) 
amino acid solution. 


The particle size distribution of the fat emulsion containing 1% (wlv) 
amino acid shifted only slightly to a larger size after a 7-d period. Ac- 
cordingly, one may assume that coalescence or creaming of oil droplets 
rarely occurs in the fat emulsion. 


The surface tension of the fat emulsion admixed with 1% (w/v) amino 
acid solution decreased markedly a t  the early stage of storage. Hence, 
it was considered that a certain number of large oil globules appeared and 
were concentrated in the surface layer of the fat emulsion. 


No significant pH change was found when the fat emulsion was diluted 
with buffer solution instead of distilled water. Thus, buffered amino acid 
solutions only slightly affected the pH of the fat  emulsion. 
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Figure 7-Schematic representation of electrolytic dissociation of 
phospholipid and amino acid molecules adsorbed at the oil-water in- 
terface in acidic solution. 


At the initial stage of storage after admixing with 1% (w/v) amino acid 
solution, the absolute value of the zeta potential of the fat emulsion in- 
creased, and this increase was more frequently observed with the basic 
buffer solution than with the acidic buffer solutions. Therefore, it may 
be considered that amino acid in a basic buffer solution produced a strong 
electrostatic repulsion force a t  the surface of the oil droplets. These 
evaluations of emulsion stability concluded that the fat emulsion may 
be sufficiently stable even 14 d after adding 1% (w/v) amino acid if stored 
a t  4OC. 


Amino acids in aqueous solution exist generally as dipolar ions: 


H 
I 


H,~--C--COO- 
I 


\ 


\ 
\ 


Figure 8-Schematic representation of electrolytic dissociation of 
phospholipid and amino acid molecules adsorbed a t  the oil-water in- 
terface in basic solution. 


Since the pK, value of the imidazole nitrogen is lower than that of the 
ammonium group, a proton on the imidazole nitrogen in weakly basic 
solution is removed; when hydroxyl ions are added, a proton on the am- 
monium group is removed. L-Histidine monohydrochloride monohydrate 
in pH 9.0 buffer solution is in the form of anion since the isoelectric point 
(PI) of L-histidine monohydrochloride monohydrate is 7.59. That  is. 
negatively charged oil droplets and L-histidine monohydrochloride 
monohydrate molecules repel each other in this buffer solution. Thus, 
the fat emulsion is considered to be stable in basic solution. Accordingly, 
i t  will be necessary to take into account the effects of the isoelectric point 
of the amino acid and the hydrogen ion concentration of buffer solutions 
on the emulsion stability of intravenous fat emulsions. 


R 
As the isoelectric point of L-valine is 5.96, it exists in acetate buffer so- 
lution (CH&OOH-CH3COONa, pH 4.0) as a positively charged ion. That 
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Abstract 0 The kinetic disposition of nicorandil, N-[2-(nitroxy)ethyl]-3- 
pyridinecarboxamide (I), and its main metabolic product, N-[2-(hydroxy)- 
ethyl]-3-pyridinecarboxamide (11). was studied after administering intrave- 
nous and oral doses (2.5 mg/kg) of nicorandil to the same beagle dogs. The 
plasma concentrations were measured using a high-performance liquid 
chromatographic method. The pharmacokinetic data derived from intravenous 
administration of nicorandil were: f j p ,  0.73 f 0.1 1 h; Vd,,,,, 0.67 f 0.04 
L/kg; and total plasma clearance, 13.50 f 1.05 mL/min/kg. After oral ad- 
ministration, nicorandil was rapidly absorbed (t,,,, 0.58 f 0.1 1 h). The oral 
bioavailability was calculated as 0.72 f 0.07. The metabolic formation of the 
corresponding alcohol after intravenous and oral administration of the parent 
compound appeared to occur quite efficiently, and its elimination half-life 
(3.09 f 0.25 and 3.69 f 0.88 h after intravenous and oral administration of 
nicorandil, respectively) was longer than that of the parent compound. Since 
the dose employed in this study was much higher than the expected therapeutic 
doses, whether such a good bioavailability after a lower dose of the drug would 
be obtained in humans remains unanswered. 


Keyphrases 0 Nicorandil-metabolism in dogs, pharmacokinetics, detection 
in plasma by HPLC 0 Vasodilators, coronary-nicorandil, metabolism in 
dogs, pharmacokinetics. detection in  plasma by HPLC 0 Bioavailability- 
nicorandil in dogs, oral and intravenous administration, pharmacokinetics, 
detection in plasma by HPLC 


Nicorandil’ (N-[2-(nitroxy)ethyl]-3-pyridinecarboxamide, 
I) a new coronary vasodilator has been shown to produce a 
potent coronary vasodilating effect, virtually without affecting 


I The generic name was published in the Supplement to WHO Chronicle, 34(9), 18 
(1980). Lot R9EQ9. synthesized at the Organic Chemistry Research Laboratory, Chugai 
Pharmaceutical Co., Ltd., Tokyo, Japan, was used throughout. 


cardiac contraction, heart rate, or myocardial oxygen con- 
sumption in anesthetized dogs (1-3). The pharmacological 
profile appears to be somewhat similar to that of nitroglycerin 
(2-4). However, except for one study where the metabolic 
disposition of nicorandil was qualitatively examined in rats (9, 
the pharmacokinetics and bioavailability of this drug have not 
been investigated. The lack of a sensitive and specific method 
for measurement of nicorandil in the blood has precluded any 
quantitative pharmacokinetic analysis. 


In this study we describe a high-performance liquid chro- 
matographic (HPLC) method for determining nicorandil 
levels in canine plasma. Using this method, we attempted to 
study the kinetic disposition of nicorandil (I) administered 
intravenously and orally on two separate occasions in the same 
dogs. Some pharmacokinetic variables of N-[2-(hydroxy)- 
ethyl]-3-pyridinecarboxamide (II),  a primary metabolite of 
nicorandil, were also estimated. 


I X = O N O z , n = 2  


III X = ONO,, n = 3 


EXPERIMENTAL 


I1 X = OH, n = 2 


Materials and Procedures-Six adult beagle dogs weighing 8.2-9.9 kg were 
used for the study. They were fasted overnight; water was supplied ad libitum. 


494 f Journal of Pharmaceutical Sciences 
Vol. 73, No. 4, April 1984 


0022-3549f8410400-0494$0 1.001 0 
@ 1984, American Pharmaceutical Association 







- I 1 
10 5 0 lb 5 0 


retention time (min) 
Figure 1-Chromatograms of 10-pL canine plasma extracts. Key: (A) blank 
plaxma spiked with I .O pg/mL of I l l  (internal standard); (B) plasma spiked 
with I pg/mL of nicorandil and each of its analogues. 


The dogs were examined during a 7-d acclimation period prior to the experi- 
ment, and showed no apparent hepatic or renal dysfunction. No anesthetic 
was administered during the experiments. 


Thedogs received 2.5 mg/kg of nicorandil ( I )  intravenously and orally on 
two occasions, separated by a 2-week wash-out period. The study was carried 
out in a randomized crossover fashion: three dogs received the intravenous 
dose first, while the oral dose was administered to the remaining three; the 
group given the intravenous dose in the first experiment was given the oral 
dose in the second and vice versa. Nicorandil was dissolved at  a concentration 
of 10.0 mg/mL in 0.9% NaCl for intravenous injection (infused into the an- 
tebrachial vein over 30 s) or in distilled water for oral administration. The 
solutions were prepared just prior to administration. Oral dosing was ac- 
complished with the aid of a rubber catheter (6.5 mm i.d., 9.5 mm 0.d.) which 
was inserted -40 cm through the mouth into the esophagus. 


Blood samples (5 mL) for drug assay were withdrawn into heparinized 
syringes from the antebrachial vein opposite to where nicorandil was intra- 
venously administered prior to and at  I ,  2,4. 10, 15.20.30, and 45 rnin and 
I ,  1.5,2,3,4,5,6,7,8,9,  and 12 h after administration by either route. Im- 
mediately after blood collection, the plasma was separated and stored at  
-2OOC until assayed, 
Assay Metbod-The nitrate Il l2  was used as  the internal standard. Two 


milliliters of the plasma was transferred to a 15-mL stoppered conical-tip glass 
tube to which 1 mL of distilled water, 1 mL of internal standard solution ( I  
mL of distilled water contained 2.5 pg of internal standard HI), two drops 
of I M NaOH, and 6.5 mL of ethyl acetate were added. The mixture was 
vigorously shaken in a mechanical shaker for 10 min. The upper ethyl acetate 
layer was removed after centrifugation at 3 X 10 rpm for 10 min, and the 
extraction procedure was repeated. The ethyl acetate layers were combined, 
transferred to a 30-mL pear-shaped glass flask, and evaporated to dryness. 
Immediately after evaporation, 0.5 mL of distilled water was added to dissolve 
the residue. 


Ten-microliter samples were injected into an HPLC system-’ with a 30-cm 
X 4-mm i.d. stainless steel column4. The flow rate of the solvent, 25% methyl 
alcohol and 7%ethyl alcohol in distilled water, was 1.1 mL/min; the operating 
tempcraturc was 25 f 2OC. Successive eluates were checked by means of a 
UV absorption detector (254 nm with 0.01 AUFS) and recorded on a chart 


Chugai Pharmaceutical Co., Ltd., Tokyo, Japan. ’ The HPLC system consisted of a model U6K injector, a model 6000A high-pressure 
pump, and a model 440 absorbance detector. all from Waters Associates, Milford, 
Mass. 


p Bondapak CIB; Water Associates. Milford. Mass. 
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Figure 2-Calibration curves for nicorandil and alcohol I 1  in canine plasma. 
A four-point standard curve was prepared by plotting the ratio of the peak 
height ofeach compound to that ofthe internal standard. as mean f SEM. 
Linear regression analysis of calibration curve data indicated no signi/icant 
deviation from linearity for both compounds: y = 0 . 4 7 6 8 ~  + 0.0031, r = 
0.9997 for nicorandil(0); y = 0 . 2 2 2 5 ~  + 0.0006. r = 0.9970 for alcohol I I  
(0). In addition, intercept values did not significantly differ from zero. 


recorder a t  a rate of 0.5 cm/min. Under these conditions, the retention times 
were 6.0, 3.5, and 8.0 min for I ,  11, and 111, respectively (Fig. I ) .  


Standard curves for nicorandil ( I )  and alcohol 11 i n  canine plasma were 
prepared as follows. One milliliter of a solution containing the equal amounts 
of both compounds in distilled water and 1 mL of a solution of 111 (2.5 pg) 
were added to the control canine plasma (2.0 mL) to give duplicate standards. 
An equal volume of distilled water was added to the control plasma (blank). 
The prepared standard plasma samples were treated in  the same manner as 
the test samples. 


The calibration curves (Fig. 2) were linear, passing through the origin, a t  
concentrations ranging from 0.025 to 4.0 pg/mL for I and from 0.2 to 4.0 
pg/mL for 11. The coefficients of a linear regression analysis of the calibration 
values were found to be 0.9997 for 1 and 0.9970 for 11. The reproducibility 
of the analysis, as determined by quadruplicate assays of plasma with known 
concentrations of both compounds. was examined on different days over a 
3-week period. The coefficients of variation found at  concentrations of 0.5 
and 2.0 pg/mL were 5.7 and 2.7% for I and 4.2 and 2.0% for 11, respectively. 
Within-day assays gave the following coefficient of variation values for both 
compounds: 3.3 and 1.8% at  concentrations of 0.5 and 2.0 pg/mL for I,  re- 
spectively, and 9.7 and 3.8% at concentrations of 0.5 and 2.0 pg/mL for 11, 
respectively. The recovery rate for nicorandil was 92.0 f 4.1 (mean f S D ) ,  
91.3f2.7,99.5f3.5,and98.0f3.6%atconcentrationsof0.5, 1.0,2.0,and 
4.0 pg/mL of canine plasma (from 10 determinations at each concentration); 
the value for I 1  was quite low, yielding 13.2 f 2.6, 12.6 f 2.3, 14.3 f 1.6, and 
14.6 f 1.9%, respectively, at the same concentrations as for 1. The sensitivity 
limits were 4 . 0 2 5  pg/mL for 1 and 4 . 2  pg/mL for II. 


The stability of the test compounds in frozen plasma was also examined. 
Standard solutionscontaining 1.2, and 4 pg of 1, II, and 111, respectively, were 
added to 2.0-mL aliquots of canine plasma, and the mixtures were stored at  
-2OOC; the respective compounds were assayed on days I8 and 40 of storage. 
The mean fSD recovery rates on day 18 relative to the same standard solu- 
tions freshly prepared were 101.5 i 3.7% for I ,  94.8 f 2.6% for 11, and 96.0 
f 3.5% for 111; the respective values for the three compounds on day 40 were 
95.0 f 4.5,94.0 f 3.7, and 94.7 f 3.5%. These compounds are  considered to 
be stable in plasma kept a t  -2OOC for a period of 240 d. 


Concentrations of I and I I  reported in this study were the values measured 
within 20 d after the blood collection. Duplicate analyses were done on all 
samples with the average values reported. 


Pbarmacokinetic and Statistical Calculations-Model-independent 
pharmacokinetic parameters were estimated throughout the study. The ter- 
minal elimination rate constant of nicorandil ( K )  and its metabolite (Kmet) 
was calculated from the least-squares regression slope of the terminal log- 
linear phase of the phase concentration-time data. The elimination half-life 
( 1 1 1 2 )  wascalculated as t l p  or r 1 p r n c t  = 0.693/K or Kmet. 


The area under the curve against time (AUC) for nicorandil was estimated 
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Table I-Pharmacokinetic Parameters of Nicorandil Following a Z.S-mg/kg iv Dose of Nicorandil 


1 
2 
3 
4 
5 
6 


Mean 
SEM 


8.8 
8.2 
9.1 
9.3 
9.2 
9.9 . .. 


9.1 
f0 .2  


0.56 
1.54 
0.93 


1.23 
0.45 
0.74 


0.67 
0.67 
0.73 


1.29 0.54 0.59 
0.89 0.78 0.82 
1 .ox 0.64 0.56 . .. 


1.05 
f0. 14 


... . 


0.73 
10.1 I 


... . 


0.67 
f0.04 


12.37 
17.76 
12.93 
14.00 
14.01 
9.94 
13.50 
f 1.05 


3.37 
2.35 
3.22 
2.98 
2.97 
4.19 
3.18 


10.25 


Table 11-Pbarmacokinetic Parameters of Nicorandil Following a 2.5-mgfkg Oral Dose of Nicorandil 


F F' F ' / F ~  


1 0.86 0.81 
2 0.69 1 .oo 
3 0.60 1.16 
4 0.80 0.86 
5 
6 


... . 


1.01 0.69 
0.80 0.87 


Mean 0.79 0.90 
SEM f0.06 f0.07 


1.9 
0.9 
0.7 
0.8 
2.1 
1.6 
1.3 


f0.2 


0.75 2.23 0.66 0.69 1.05 
0.50 1.69 0.72 0.56 0.78 
0.50 1.92 0.60 0.68 1.13 
0.50 1.54 0.52 0.65 1.25 
0.25 2.94 0.99 0.65 0.66 
1 .oo 3.65 0.87 0.75 0.86 
0.58 2.33 0.72 0.66 0.95 


fO.ll f0.33 f0.07 f0.03 f0.09 
- ~~ ~~ ~~ 


a Each number of animals is the same as that given in Table I. The mean f SEM value is 1.01 f 0.09 when dog 5 is excluded. 


according to AUC," = AUC; + Ci/K. The AUC; was calculated using the 
trapezoidal method, where T is the time of the last measured plasma con- 
centration of nicorandil ( C a .  The apparent volume of distribution (Vd,,,,) 
of nicorandil was obtained from the equation, Vd = intravenous dose/(in- 
travenous AUC,"-K). The apparent total body clearance (CL,,,) of nicorandil 
was calculated from CLtol = intravenous dose/intravenous AUC,". 


The absolute bioavailability of nicorandil (F) after oral administration was 
determined from F = oral AUC;/intravenous AUC,", where the oral AUC," 
is defined as AUC; + CF/K. The maximal plasma nicorandil concentration 
(Cmax) after oral administration and the time to peak concentration (tmax) 
were read from the concentration-time data of each animal. 


We also predicted the theoretical value for oral bioavailability (F') of ni- 
corandil using the following equation (6): F' = l - intravenous dose/(intra- 


50 


= 
E 
\ 


5 - .& 
0 1.01 c 


0 
0 
C 


0 
c 
0 


Q 


C 
0) 
0 c 
0 u 
Q 


u) 
Q 
Q 


c 
.- 
r 


.- 
c 


2 0.v 


E 
- 


0.0 h 


0 1 2 3 4 5 


Time (hr) 
Figure 3-Average concentration-time proJile of nicorandil in plasma after 
intravenous (@) or oral (0) administration of a 2.5-mgfkg dose of nicorandil 
to six dogs, mean * SEM. 


venous AUC,".X.Q), where Q is the liver blood flow of 41.0 mL/min/kg in 
the dog (7) and X is the blood-plasma concentration ratio of nicorandil in the 
dog, which is known to be close to unity (1.01 f 0.05, n = This F' value 
was compared with the calculated value (F) for each dog. 


Such pharmacokinetic variables as Vd,,,, and CL,,, were normalized for 
the body weight of the animal and expressed as liters per kilogram and milli- 
liters per minute per kilogram, respectively. All average data are given as the 
mean i SEM. All the pharmacokinetic and statistical calculations were done 
with a computer6. Statistical comparison of the data obtained using the two 
different routes of drug administration was made by a paired Student's t test, 
with a significance level of p < 0.05. 


RESULTS 


Semilogarithmic plots of nicorandil plasma concentrations against time 
after intravenous and oral administrations of the same dose of nicorandil(2.5 
mg/kg) are shown in Fig. 3. Pharmacokinetic parameters of nicorandil related 
to intravenous and oral dosing are summarized in Tables I and 11, respec- 
tively. 


Following intravenous administration, the elimination phase had a t l p  of 
0.73 f 0.1 1 h. No nicorandil could be detected in the plasma 5 h after dosage 
with this HPLC method. The AUC," values ranged from 2.35 to 4.19 
p.g.h/mL. The weight-normalized volume of distribution (Vdarea) and total 
body (plasma) clearance (CLtot) was 0.67 f 0.04 L/kg and 13.50 f 1.05 
mL/min/kg, respectively. 


After oral administration, nicorandil in plasma was detected within 10 min 
of dosing and reached peak concentrations between 0.25 and 1.0 h (tmax, Table 
11). The mean peak plasma concentration (CmaX) was 1.3 f 0.2 pg/mL at 
-0.58 h. After 6 h, no drug could be detected in the plasma with the HPLC 
method used. The interindividual variation in oral AUC," (-2.4-fold) was 
larger than that of intravenous AUC," (= 1 .I-fold) for the six dogs. The mean 
AUC," was statistically different (p < 0.02) for the two different routes of 
nicorandil administration. The mean bioavailability (F), calculated from oral 
AUG/intravenous AUC;, was 0.72 (Table 11). The value (F') predicted the 
equation (6) was fairly consistent with that of F in all but one dog (no. 5 ) .  This 
dog showed the greatest Cm,, (2.1 pg/mL) with the shortest rmax (0.25 h), 
which may seemingly diminish the hepatic first-pass effect for orally ad- 
ministered nicorandil. Except for this dog, the ratio of F'/F ranged from 0.78 
to 1.25 (mean = 1.01; Table 11). 


Semilogarithmic plots of plasma concentration-time data of alcohol 11 
following intravenous and oral administration of nicorandil are shown in Fig. 
4. The mean value for the oral AUC," (13.0 f 1.7 pgh/mL) was identical with 
that for the intravenous AUC," (13.5 f 0.1 pg.h/mL). The mean terminal 
half-life of the metabolite (Table 111) was much longer than that of the parent 
drug (Tables I and 11). 


H. Kamiyama, Chugai Pharmaceutical Co., Ltd., Tokyo, Japan, unpublished 


MI00 Ace Mark IV; SORD Computer Systems. Inc., Tokyo. Japan. 
data. 
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Figure 4-Average concentration-time profile of atcohol II in plasma after 
intravenous (.I or oral (0 )  adminisirofion of a 2.5-mglkg dose of nicorandil 
to six dogs. mean f SEM 


DISCUSSION 


The elimination half-life observed for nicorandil in this study appears to 
be longer than the respective values of conventional coronary vasodilators such 
as glyceryl trinitrate (nitroglycerin), ismorbide dinitrate, and pentaerythritol 
trinitrate, which are on the order of minutes in animals (including dogs) and 
humans (8-10). Previous workers (9) noted a plasma half-life for unchanged 
ismorbide dinitrate of -7 min in dogs, while others (10) observed a plasma 
half-life for nitroglycerin of 4.4 min in normal volunteers. A preliminary 
clinical study ( I  I )  showed that the mean elimination half-lifeobserved in 10 
patients with heart disease after a single 20-mg oral administration of nico- 
randil was -52 min (-0.87 h). 


It is noteworthy that the fraction available in the systemic circulation (F) 
for nicorandil. a mononitrate compound, was -70% with a long elimination 
half-life (0.90 f 0.07 h) after oral administration to dogs (Table 11). This 
seems to be in marked contrast to the di- and trinitrate compounds in various 
animal species, including dogs (8,9,12). Studies conducted in  animals (8,9, 
13- 16) and humans ( 1  7) have suggested that the di- and trinitrates are rapidly 
and extensively degraded in the liver. On the other hand, isosorbide-5-mo- 
nonitrate, a major metabolite of isosorbide dinitrate in dogs (9, 12) and hu- 
mans (18-20), has recently becn reported to be completely bioavailable after 
a single oral dose of 20 mg (21); the elimination half-life of isosorbide-5- 
mononitrate is -8 times that of isosorbide dinitrate (20,22). 


We are tempted to speculate that the mononitrate forms of coronary va- 
sodilators (e.g., nicorandil) are resistant to metabolic breakdown and will 
attain higher plasma concentrations, resulting in greater bioavailability after 
oral administration. As our bioavailability data on nicorandil were obtained 
from only one species, however, it must be interpreted with caution. There 
are several other agents whose systemic availability is not proportional to the 
dose administered. For example, single-oral-dose studies using propranolol 
(23) have shown that as large doses of the drug are ingested, the hepatic ex- 
traction becomes saturated, allowing more of the drug to reach the systemic 
circulation. Since the oral dose of nicorandil administered to the dogs was 
-3.3- to 10-fold greater than that recently tested (5-15 mg/d TID) in patients 
with angina pectoris (24), whether a similar bioavailability after a lower dose 
of nicorandil would have been obtained remains unanswered; a dose-ranging 
pharmacokinetic study would be required. It is likely that the degradation rate 
of nicorandil may vary from species to spccies, and that the bioavailability 
data from an animal spccies can not directly be. translated into human 
terms. 


Concerning the formation of the main metabolic product of nicorandil, the 
alcohol I I ,  the low recovery of this metabolite from canine plasma using this 


Table 111-Apparent Pharmacokinetic Parameters of Alcohol II Following 
a 2.5-mdkg iv  or Oral Dose of Nicorandil 


Intravenous Study Oral Stud 
Krnet, h-’ I I 12rnct. h Krnet. h-’ t h Dog 


I 0.18 3.76 0.26 2.68 
2 0.28 2.50 0.23 3.05 
3 0.20 3.43 0.34 2.05 
4 0.22 3.15 0.10 6.93 
5 0.3 1 2.18 0.36 1.94 
6 0.20 3.50 0.14 4.90 


Mean 0.23 3.09 0.24 3.60 
SEM f0.02 f0.25 f0.04 f0.80 


HPLC method hampers discussion on its quantitative disposition. Bearing 
this limitation in mind, however, the formation of this metabolite appears to 
occur quite efficiently in dogs after both intravenous and oral administrations 
of the parent compound (Fig. 4). The metabolite has a longer half-life (Table 
111) compared with the parent compound (Tables 1 and I I ) ,  and plasma con- 
centrations were maintained at higher levels for a longer period of time fol- 
lowing intravenous or oral administration of nicorandil (Fig. 4). One may 
question if the metabolite would affect the disposition of the parent compound, 
thereby modifying the cardiovascular effects of nicorandil. However, previous 
workers ( I ,  3 .5 )  have demonstrated that alcohol I I  is pharmacologically in- 
active and has no influence on the cardiovascular effects of nicorandil. Nev- 
ertheless, whether the alcohol can distort the disposition of nicorandil remains 
totally unknown. 


I n  summary, nicorandil has a longer elimination half-life, and its oral bio- 
availability appears considerably greater than conventional nitrate compounds. 
However, before nicorandil becomes a therapeutic agent for the treatment 
of angina pectoris, its disposition and metabolic fate in the human body must 
be elucidated. Undoubtedly, this requires a more sensitive and specific assay 
method. Thus, the results reported herein using this HPLC method, which 
is sensitive enough to detect nicorandil only in the plasma of dogs administered 
a relatively large dose of nicorandil, should be viewed as a basis for further 
studies. 
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Abstract 0 Piperacillin amide ( IV)  was successfully identified as the pre- 
dominant impurity in commercial lots of piperacillin monohydrate (111). The 
impurity was isolated via a preparative liquid chromatographic scheme uti- 
lizing Florisil as the adsorbent and a mobile phase of water-acetonitrile (496, 
v/v). The isolated component had nearly the same reverse-phase HPLC 
properties as piperacillin and was chemically and thermally unstable. This 
labile impurity was spectroscopically identified by field desorption (FD), fast 
atom bombardment (FAB) with collision activation decomposition (CAD), 
and desorption chemical ionization (DCl) mass spectrometries, and NMR 
and IR spectrometries. Identity was confirmed on comparison of the chro- 
matographic and spectrometric data of the impurity with an independently 
synthesized sample of piperacillin amide. 


Keyphrssg 0 Piperacillin amide-impurity in piperacillin, isolation, identi- 
fication using soft-ionization mass spectra, high-field NMR,  and IR spec- 
trometry 0 Piperacillin-isolation of an amide impurity by column chro- 
matography, identification using soft-ionization mass spectra, high-field 
NMR, and IR spectrometry, antibiotic activity 


Piperacillin’ is a third generation semisynthetic penicillin 
antibiotic with a broad spectrum of antimicrobial activity 
against both Gram-positive and Gram-negative organisms ( 1). 
As shown in Scheme I, piperacillin (111) is produced from the 
reaction of ampicillin (I) with 4-ethyl-2,3-dioxo- 1 -piper- 
azinecarbonyl chloride (11). Five low-level components, each 
50.6% w/w, were observed in the final piperacillin product. 
Two of these components were related to the starting materials: 
ampicillin and 1 -ethyl-2,3-piperazinedione (2). Two compo- 
nents were expected process impurities: the P-lactam hydrol- 
ysis product of piperacillin (3)  and the condensation product 
of piperacillin with ampicillin (2). The isolation and identifi- 
cation of the fifth component is the subject of this paper. This 


component, referred to as the “unknown piperacillin impurity,” 
constituted the major impurity in commercial lots of pipera- 
cillin, 0.2-0.4% w/w2. This impurity proved to be difficult to 
isolate chromatographically and to characterize spectrome- 
trically. 


Two main factors which complicated the development of 
a reverse-phase HPLC method for isolating the unknown pi- 
peracillin impurity from piperacillin in quantities large enough 
for spectrometric analysis are: 


1. the difficulty in resolving the major impurity from pi- 
peracillin because the impurity eluted as a shoulder on the high 
retention time side of piperacillin; 


2. the chemical instability of the unknown material in 
normal HPLC reverse-phase solvents, uiz., methanol and 
aqueous media, at other than neutral pH for extended periods. 
For these reasons, a unique preparative column chromato- 
graphic method using an isocratic normal phase was developed 
which was successful in resolving the unknown piperacillin 
impurity from piperacillin. 


Identification of the isolated impurity was not routine, since 
it was highly polar and chemically and thermally unstable. The 
unknown impurity was characterized by mass spectqometry 
using soft-ionization conditions, i.e., field desorption (FD) (4, 
5 ) ,  fast atom bombardment (FAB) (6, 7), and desorption 
chemical ionization (DCI) (8,9).  High-field NMR and Fou- 
rier transform IR spectrometries were also used to elucidate 
the structure of the unknown piperacillin impurity. The 
spectrometric data suggested that the unknown was pipera- 
cillin amide (IV). This hypothesis was confirmed by compar- 


0 0  


111) 
Scheme I 


1111) 


~~ ~~~~~ - ~ ~ ~~ ~~~~ ~~ ~- ~ 


1 Marketed by Lederle Laboratories in the US. as Pipracil and in Europe as Pi- Penticillin (Toyama Chemicals Co., Ltd. brand of piperacillin marketed in Japan) 
pril. also contains piperacillin amide, but the quantity is negligible. 
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(K << B )  at low initial amounts to 1 at high initial amounts, 
the exponent in Eq. 1 (the reciprocal of the time constant) will 
vary from M/V to M/2Y in those cases where V1 = V,. For the 
example considered, where the volumes are unity, the re- 
spective time constants are 1 and 0.05, and the respective 
half-lives are 0.693 and 0.693/2. At low initial amounts, Cp 
is 4 . 5  CE and 0.75 CE at the times 0.693 and 0.693 X 2, re- 
spectively. The corresponding errors as previously defined 
would be 50 and 25%. At high initial amounts, C p  is 4 . 7 5  CE 
and 0.9375 CE ( 1  - 0.54) CE at the times 0.693 and 0.693 X 
2, respectively. The corresponding errors are 25 and 6.25%. 


A criterion for deciding whether Eq. 4 is applicable is easily 
established by using the equation with a few concentrations 
paired in time from the two experiments. Since the equilibrium 
concentration is time independent, the values calculated by 
concentrations obtained at different times should be in 
agreement within experimental error. Having established 
linearity, the free fraction CY can be evaluated using Eq. 2. 


Nonlinear kinetics should be suspected when a lack of 
consistency in the estimated equilibrium concentrations is 
manifested. In  principle, the estimated equilibrium values 
calculated using Eq. 4 converge to the true equilibrium value 
when evaluated with concentrations obtained at later times 
(note how relative error changes as function of time in the 
nonlinear region in Fig. I ) .  Under such circumstances, Eq. 4 
should not be employed. 
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Influence of Protein Binding on the 
Accumulation and Dcplction of Drug from the 
Skin 


Keyphrases 0 Protein binding--accumulation and depletion of drug from 
skin 


To the Editor: 


Recently the drug scopolamine has been shown to exhibit 
a nonlinear sorption isotherm with skin ( I ) .  The binding was 
deduced to be associated with the proteinaceous phase since 
the sorption isotherm was not significantly changed by removal 
of lipids ( I ) .  For drugs that bind in a saturable fashion to skin, 
the binding can have dramatic effects on the transport process 
as manifested by an increase in the diffusional lag time with 
a decrease in the upstream concentration (2). To elucidate the 
effect of reversible binding, describable by the law of mass 
action, on the accumulation and depletion of drug from the 
skin, a simple model will be considered. A fixed volume of skin 
will be considered to be well-stirred such that within the skin 


there are no gradients of free drug normal to the surface. The 
clearance per unit surface area of free drug from this volume 
is equivalent to the permeability of the drug through the skin. 
Sink conditions are assumed to exist, and the product of the 
free concentration and clearance represents the mass rate input 
into the body. Analysis of the simple model rather than the 
transport model characterized by a nonlinear diffusion equa- 
tion suffices to bring forth the influence of the saturable, re- 
versible binding on the accumulation and depletion of drug in 
the skin. 


The dynamics of the accumulation and depletion of drug 
will individually be investigated as a function of the steady- 
state concentration in the skin. The dynamics will then be 
compared between the two modes at given steady-state con- 
centrations. During the accumulation mode, steady-state 
concentrations will be envisioned to be established by constant 
fluxes applied to the skin. Upon removal of the input, the 
steady-state concentrations become the initial concentrations 
for the depletion mode. The use of the nonlinear binding to 
achieved prolonged delivery to the body in the depletion mode 
and methods to shorten accumulation rates relative to deple- 
tion rates are then discussed. 


The nonlinear system will exhibit linear behavior when the 
binding isotherm is in the linear region or the fraction of bound 
drug becomes very small. Thus, a linear system serves as an 
extrapolative extreme for the nonlinear system. In the linear 
system the accumulation of drug within the skin is given by the 
following equation: 


C = Css( 1 - e - k c l r )  (Eq. 1) 
J -  A cs, = /1. 
L L  


where C is the concentration in the skin during accumulation, 
C,, is the steady-state concentration, J is the flux applied to 
the skin, A is the area to which the flux is applied, k,l is the 
elimination rate constant from the skin, CL is the clearance 
from the skin, and t is time. The depletion of drug from the skin 
once steady state has been achieved and the input removed is 
given by: 


C = Csse-kclr (Eq. 2) 
where C is the concentration during depletion. In Eq. 2 t is 
relative to the time depletion commences. The accumulation 
and depletion curves are symmetrical around C = 0.5 Cs,. The 
symmetry of the curves is maintained regardless of the mag- 
nitude of the elimination rate constant. The time to reach 50% 
of the steady-state concentration in the accumulation mode 
and the time to fall to 50% of the steady-state concentration 
in the depletion mode are equal. The equality becomes ap- 
parent when the equations are rearranged to express time ex- 
plicitly as a function of the ratio of the concentration at time 
t to the steady-state concentration. Equations 3 and 4 corre- 
spond to Eqs. 1 and 2, respectively. 


and 


(Eq. 4) C,, 
f = ( 1  / k e , )  In - c 


Thus, from either Eq. 3 or 4, the time at  which C / C , ,  = 0.5 
(hereafter called t s o ) ,  is ( I  / k c , )  In 2. 
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Figure 1-tso for accumulation and depletion, and tosfor ac- 
cumularion. versus, the steady-state concentration or normalized 
/ l u x  (ke/ = I .  B = 100, K = I ) .  


0 01 01 1 10 100 1000 10000 


Steady Slate Concentration 


The equations representing the accumulation and depletion 
in  the nonlinear system have been solved in closed form ( 3 ) .  
The nonlinear differential equations for both modes are inte- 
grable and yield implicit solutions of the concentration as a 
function of time. The equation for the accumulation mode 
is: 


[ BK + I ]  In 
1 


1 - C/C,, (K + Cs.d2 
C .-- K + C +  B 


In- ____ - kclt (Eq. 5 )  
BK + 


( K  + CSs)* K K + C,, K +  C 
~~ 


where C is the concentration of free drug in the skin at time 
t ,  C,, is the steady-state concentration, K is the dissociation 
constant of the drug protein complex, B is the equivalent 
concentration of binding sites, and kc, is the elimination rate 
cons tan t . 


The equation for the depletion mode is: 


C,, B K + C +  B(C - C s s )  = kell - + I  In-+--In---- (: ) C K K +  C,, ( K +  C,,)(K + C) 
(Eq. 6) 


The t50 of the steady-state concentration in both the accu- 
mulation and depletion modes was evaluated as a function of 
the steady-state concentration for a nonlinear system where 
B = 100, K = 1 ,  and k,l = 1. The steady-state concentration 
can be achieved through a constant mass delivery to a defined 
area of skin. The results of the analysis are presented in Fig. 
1 .  Since the elimination rate constant from the skin is unity, 
the abscissa for Fig. 1 can be viewed as the flux per unit 
thickness of skin. Considering the abscissa to represent a 
flux-like term will be particularly useful when discussing the 
accumulation mode. 


Examination of Fig. 1 reveals that t 5 O  for the accumulation 
mode is always greater than that for the depletion mode except 
at the extremes in steady-state concentration. At either ex- 
treme (high- or low-steady-state concentration) t50 for both 
the accumulation and depletion modes converge, and the 
common values become independent of the steady-state con- 
centration. At  low-steady-state concentrations the binding 
remains in the linear region throughout the accumulation to 
and depletion from these upper bounds (steady-state concen- 
trations). At high steady-state concentrations the bound 


3 '  
1OOooO 


fraction becomes small relative to these steady-state concen- 
trations and the system assumes a linear character. When the 
free concentrations are in the nonlinear region of protein 
binding for a significant period of time in either mode relative 
to the time used to characterize the system, e.g. ,  t 5 0 ,  an as- 
symmetry will be manifested in these times. 


The independence of 150 from the steady-state concentra- 
tion, exhibited at the extremes in Fig. 1 ,  is a manifestation of 
linearity. Note that the time in  either Eq. 3 or 4 is a function 
of C/C,,. In contrast the nonlinear equations (Eqs. 5 and 6) 
cannot be rearranged to eliminate an explicit dependence of 
150 on Css. 


The larger value of t50 at the low concentration, linear limit 
compared with the high concentration, linear limit is a mani- 
festation of an apparent volume increase due to the protein 
binding. Since the clearance from a fixed area of skin is con- 
stant, t50 will increase as the volume increases. The apparent 
volume of distribution at the low concentration linear limit 
relative to the volume at the high concentration linear limit is 
( I  + B/K). Thus, the apparent 100-fold expansion in volume 
at the low concentration, linear limit becomes reflected in a 
corresponding increase in 150 at this limit relative to the high 
concentration, linear limit. 


In  the nonlinear region between the linear extremes, t50 
increases monotonically as the steady-state concentration 
decreases for both the accumulation and depletion modes. The 
lower the initial concentration, the longer the free concentra- 
tions will remain above 50% of the initial concentration 
(steady-state concentration) i n  the depletion mode. The de- 
pletion of the drug in the skin as measured by the decline in the 
free concentrations is buffered by the drug-protein interaction. 
The buffering effect is greater with low concentrations, since 
under these conditions a larger fraction of the drug will be 
bound. 


Since the steady-state free concentration is proportional to 
the flux, low initial concentrations can be achieved with low 
fluxes. To achieve the same mass rate input into the body at 
steady state, and the same amount of free drug in the skin at 
the initiation of the depletion mode, a reduction in  the flux 
must be compensated for by an increase in the area. Thus, after 
removal of the input to the skin, the mass rate input to the body 
declines from a common value but more slowly with the lower 
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initial concentration. The extra mass required to prolong de- 
livery to the body is provided for by the larger amount of bound 
drug in the skin in cases where low initial concentrations and 
appropriately adjusted areas are used to obtain the same initial 
amount of free drug. 


On the other hand, t50 for the accumulation mode is always 
greater than or equal to that for the depletion mode. Thus, in 
achieving prolongation to the body by reducing the steady-state 
concentration a price is paid in terms of an increase in t50 for 
accumulation. The protraction in time required to reach steady 
state with the reduced flux can be circumvented by first de- 
livering drug to the skin at a high flux for a short duration. 
After application of the pulse to promote the rapid attainment 
of the desired free concentration, the mass delivery rate to the 
body can easily be maintained. For the simple model, the 
system will be in steady-state instantly if the second flux 
(maintenance flux) is initiated at  a concentration that is its 
steady-state concentration. 


The effect of a pulse, which has a flux 10-fold higher than 
the maintenance flux, can be elucidated by comparing 105, the 
time to reach 5% of the steady-state value for the pulse, with 
t50 for the maintenance flux. Since the higher flux establishes 
a proportionally higher steady state concentration, 50% of the 
steady-state concentration generated with a given flux and 5% 
of the steady-state concentration generated with a flux 10-fold 
higher are the same concentration. The curve representing the 
relationship between the to5 values and the steady-state con- 
centration is presented in Fig. 1. In  comparing the difference 
between t 5 0  and to5 in Fig. 1, the comparison should be made 
with to5 values at steady-state concentrations 1 0-fold higher 
than those for corresponding tSo values. The difference in- 
creases as the steady-state concentration decreases, reaching 
the maximum value at the low flux, linear limit. Both to5 and 
150 will become independent of the flux at the limit. The large 
apparent volume of distribution at this limit causes a magni- 
fication of the time constant, t 5 0 ,  t 0 5 ,  and the time differ- 
ences. 


A comparison of the to5  values for accumulation with the 
t50 values for depletion, where the flux is 10-fold higher for the 
former compared with the latter values, indicates the effect 
of the pulse on the dynamics of accumulation relative to de- 
pletion. The to5 values are generally less than the I50 values for 
depletion. The pulse reduces the accumulation time such that 
it is now less than the depletion time; without the pulse the 
accumulation time is always greater than or equal to the de- 
pletion time. Thus, with the use of a pulse followed by a re- 
duced flux, the rapid attainment of steady state, low free 
concentrations, and prolonged delivery to the body after re- 
moval of the input are all achievable. 


In principle there is maximum flux on the upper limit of the 
flux which the skin can accept, hereafter called the maximum 
flux. The maximum flux is achieved when the penetrant is at 
unit thermodynamic activity on the skin surface. Conceivably 
there are circumstances under which the maximum flux should 
be employed; for instance, if the minimum area of coverage 
and/or the most rapid termination is desired. The bend (region 
of nonlinearity) in the free concentration cersus time curve for 
the simple nonlinear model occurs at concentrations in the 
vicinity of dissociation constant and is independent of the initial 
concentration (4). Therefore, a larger fraction of the drug can 
be removed from the skin in a given period of time the larger 
the initial concentration. In a linear system, the same fraction 
would be removed in a given period of time regardless of the 
initial concentration. 


Using the maximum flux to achieve the highest steady-state 
concentration in the skin fixes the accumulation time  SO. The 
use of a two-pulse sequence where the flux of the first pulse 
exceeds the maximum flux is not possible. Although the ac- 
cumulation time could be shortened by applying the maximum 
flux to a larger area of skin for a defined period and then re- 
ducing the flux, considerations of minimum coverage and/or 
rapid termination would be compromised. 


In conclusion, transdermal input should be designed with 
a consideration of the influence of protein binding on the 
transport process. Because of the protein binding, the accu- 
mulation and depletion times, defined on the basis of the times 
to reach or decline to a given fraction of the steady-state con- 
centration, respectively, are not independent of the steady-state 
concentration. Thus, the dynamics will vary for cases where 
different fluxes and corresponding changes in  area are used 
to obtain the same total mass input rate. In addition, protein 
binding creates an inherent assymmetry in the dynamics of the 
accumulation and depletion modes. 
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theless make it difficult to compare da ta  across chemical classes without 
excessive page flipping. 


This book tries to offer something for the medicinal chemist, the  renal 
pharmacologist and physiologist, and the physician. With its interdis- 
ciplinary approach it can be highly recommended to  all three, bu t  par- 
ticularly to the medicinal chemist because of its emphasis on structure- 
activity relationships and possible future directions for diuretic re- 
search. 


Keviruvd by Gregory M. Shutske 
Department of (‘hemica1 Research 
Hoechst-Roussel Pharmaceuticals, Inc  
Sompruille, NJ 08876 


Polyether  Antibiotics, Volume 2: N a t u r a l l y  O c c u r r i n g  Acid Iono- 
phores. Edited by JOHN W. WESLEY. Marcel Dekker, 270 Madison 
Avenue, New York, NY 10016. 1983.415 pp. 15 X 23 cm. Price $65.00 
(20% higher outside the IJ.S. and Canada). 
This  work is the second of a two-volume set  on polyether antibiotics. 


As the title indicates, it concentrates on the chemical aspects in this field 
whereas the microbiology, biosynthesis, pharmacology, and veterinary 
applications were covered in the first volume. The  editor has chosen an 
excellent array of contributing authors, each of whom has done important 
original work in this field. The  resulting volume therefore has the added 
advantage of being authoritative as  well as  informative. 


The  first chapter by Yoshito Kishi is an excellent review of the  total 
synthesis of many of the polyethers which not only includes the author’s 
own contributions, but  also a critical view of  other major contributors 
to this field. This is followed by a review of known chemical modifications 
of this class of antibiotics, which focuses attention on the lack of progress 
in this aspect of polyether chemistry in light of the high level of under- 
standing brought to bear by X-ray crystallography. The  remainder of  this 
book covers the major contributions made to polyether chemistry by 
physical chemistry including X-ray crystallography, mass spectrometry. 
and ’H- and I3C-NMR. The authors of each of these sections used similar 
formats with illustrations, figures, and stereoviews. Each also tried to 
highlight the strengths and limitations of these various techniques. 


The  general tone of this book is to give the reader a n  overview and a n  
exposition with a n  eye on future research. As such, this volume as  well 
as the previous one, should prove useful as  both a primer for the  novice 
researcher and as  a review and reference source for the  established in- 
vestigator. As the reviewer of Volume I noted in this journal, the  subject 
index of Volume I1 is also somewhat inadequate and may prove a hin- 
drance for those less familiar with this field. This book generally includes 
work up to 1980-only one author ( Y .  Kishi) attempted to  update  his 
chapter to cover work done in 1981. 


In conclusion. this volume gives an excellent coverage of the subject 
matter it sets out to review. It has been well edited, is authoritative, and 
generally error free. It will surely he of great value to anyone interested 
in these fascinating antibiotics. 


RPuiPwed bx Manuel Debono 
L i l l y  Kesenrch Laboratories 
MiCrObiOlO$ica/ a n d  Fermentation 


Products Division 
Indianapolis, I N  46.W 


Applied Statistics: A Handbook of Techniques, 5th Ed. By 1,OTHAR 
SACHS (translated by ZENON KEY NAROWYCH). Springer-Verlag 
New York, Inc., 175 Fifth Avenue, New York, NY 10010. 1983.706 pp. 
16 X 24 cm. 
This book was written “. . . both as  an introductory and follow-up text 


. . . and as  a reference book with a collertion of formulas and tables, nrr- 
merous cross-references, and rxtensive bibliography.” Satisfying such 
divergent purposes in one book is difficult, and the author does not en-  
tirely succeed. Although written a t  an introductory level, I found the  
organization of the material too confusing and the  coverage too encom- 
passing for an introductory text. 


T h e  book extensively covers the  techniques relevant to most da ta  
analysis problems addressed in introductory texts in applied statistics. 
Chapter 0 covers arithmetic operations. Chapter 1 covers a wide variety 
of techniques relating to one variable. Chapter 2 suggests the diversity 
of specialized statistical problems and techniques arising in medicine and 
engineering and directs the reader to the relevant literature. Chapters 
3-.7 cover the comparison of two or more samples, correlation and re- 
gression, the  analysis of contingency tables, and  analysis of variance. In 
each case, most of the relevant parametric and nonparametric techniques 
are  presented. Keeping with the  introductory level of the  book, general 
linear and categorical models are  not discussed. 


For a handbook, the inclusion of material could be better delineated. 
You might find a relatively unknown technique such as  the  minimum 
discrimination information statistic for analyzing multiway contingency 
tables or the Thorndike nomogram for evaluating Poisson probabilities. 
However, you will fail to find techniques for analyzing covariance studies, 
repeated measure studies, or studies with missing data. Hut, if the  tech- 
nique is there, its stepwise execution is lucidly illustrated. Assumptions 
are stated in practical terms and cross-referenced to techniques for testing 
their validity. The  original and related references are always given. S ta -  
tistical tables are readily accessihle due to their plarement in the text and 
convenient page referencing. 


This easy use is one of the joys of this bnok. Another is the pleasure of 
perusing the book. To quote the author, ‘ T h e  numerous cross-references 
appearing throughout the text point out various interconnections. A 
serendipitous experience is possible.” I concur. 


Revierued by Mark A. Johnson 
The (Jpjohn Company 
K a h n a z o o .  M I  4.9001 


Structure-Act ivi ty  Correlat ion as a Predict ive Tool in  Toxicology: 
F u n d a m e n t a l s  Methods, a n d  Applications. Edited by LEON 
GOLDREKG. Hemisphere Publishing Corp., 19 W. 44th St., New 
York, NY 10036. 330 pp. 16 X 23 cm. Price $49.50. 
This book is a reasonably current review of the  application of quant i -  


tative structure-activity relationships (QSAR) to problems in toxicology. 
Although the work is the  result of a symposium which was held in Feb- 
ruary 1981, it is remarkably well-written and not a t  all like the usual 
symposia proceedings. T h e  hook is divided into four sections that, for 
the most part, are well-organized and show little evidence of overlap or 
duplication. 


I he first section covers biological activities and describes moderately 
well the prohlems that  toxicologists have in defining and measuring the  
hiological effects of toxic substances. Of particular interest are the  ex- 
amples in Chapter 2 on inhibition of chemical carcinogenisis by various 
factors which modify procarcinogen activation. T h e  survey o f  literature 
and computer-accessible data  bases f o r  obtaining information on both 
toxicological responses and physical and chemical properties of toxicants 
is particularly helpful. 


The  second section contains a somewhat sketchy but suggestive survey 
of biochemical mechanisms underlying the  toxic action of chemicals 
(Chapter 4) and an excellent historical overview of the physical and  
chemical parameters that  have been correlated to  hiological activities 
(Chapter 5). 


T h e  third section, “Correlative Methods,” contains the  heart of the  
material present.ed in this book. An excellent review (Chapter 6) of 
multiple regression (Hansch) analysis by Y. C. Martin clearly states the  
fundamental assumptions that  are  frequently not  met by the novice. 
Criteria for the arceptable quality of the biological data, for the selection 
of appropriate physiochemical parameters, and for the intellegent use 
of regression,analysis methods are all succinctly stated. Chapter 7 ,  by P. 
C. Jurs ,  contains a reasonably intelligible introduction to  the use of 
pattern-recognition techniques for QSAII; however, the novice unfamiliar 
with the statistical basis for this method may find the discussion some- 
what confusing. Finally, Chapter 8 conkiins a discussion of the application 
of’ quantum chemical methods t.o predicting the relative carcinogenicity 
of a series of polycvclic aromatic hydrocart)ons. 


T h e  remainder of the hook consists of examples of applications of 
QSAR methods to toxicological problems. Although the quality of those 
application reviews varies considerably, each topic is covered with suf- 
ficient depth such that these reviews should serve as  a useful guide to the 
recent literature. Chapters 10 (Computer-Assisted Prediction of LMe- 
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tabolism), 14 (Quantitative Structure-Mutagenicity Relationships), 18 
(Molecular Basis for the Structure-Carcinogenicity Relationships of 
Polynuclear Aromatic Hydrocarbons), and 20 (Concept of the Integrated 
Approach)-the last a description of the EPA GENE-TOX program- 
provide some especially interesting applications to toxicological re- 
search. 


QSAR methods should become increasingly important in toxicology, 
since the toxicologist is confronted with the problem of assessing the 
safety of millions of chemical entities which may cause injury or death 
to living organisms by only a reasonably small number of distinct toxic 
mechanisms. For example, genetic effects of toxic chemicals can be as- 
sessed by a half-dozen or 50 distinct classes of bioassays for different types 
of genetic damage. As the mechanisms underlying various types of toxic 
responses become better understood, QSAR methods will become more 
useful as a screening tool for predicting the adverse effects of new 
chemical entities. This book can serve as a useful introduction to the 
literature on QSAR for the practicing toxicologist and other scientists 
concerned with safety assessment of drugs and chemicals. The novice will 
find Chapters 5 and 6 particularly useful as an introduction to the field. 
Chemists who routinely use SAR approaches in research will find this 
work lees helpful, since the problems of defining toxicological endpoints 
are not treated with the same standards of quality as the chapters on SAR 
methods. Nevertheless, this book is a valuable review. 


Reviewed by William B. Porter 
Center for Health Sciences 
School of Pharmacy 
University of Wisconsin-Madison 
Madison, WI 53706 


New Calcium Antagonists: Recent Developments and Prospects. 
Edited by A. FLECKENSTEIN, K. K4SHIMOT0, M. HERH- 
MANN, A. SCHWAKTZ, and I,. SEIPEL. Gustav Fischer Verlag, 
D-7000 Stuttgart 72, Postfach 720143, West Germany. 1983.236 pp. 
15 X 23 cm. Price DM 36. 
This book represents the proceedings of a workshop on the calcium 


channel blocker diltiazem, held in May 1982 in honor of Professor A. 
Fleckenstein (the “father of calcium antagonists”) on the occasion of his 
65th birthday. Twenty-four international experts and their coworkers 
contributed chapters dealing almost exclusively with the authors’ per- 
sonal experimental findings. Of the 24 chapters in the book, only two are 
of a review nature. However, all the chapters provide recent and fasci- 
nating data on calcium antagonists. Although the focus of the workshop 
is on diltiazem, many other calcium antagonists are discussed throughout 
the book. 


Eleven chapters are devoted to clinical experience with diltiazem and 
other calcium antagonists in the treatment of angina pectoris, coronary 
artery stenosis, coronary atherosclerosis, hypertension, and cardiac ar- 
rhythmias. The concensus from these chapters, is that  the calcium an- 
tagonists are most valuable in treating all of these cardiovascular dis- 
eases. 


Thirteen chapters deal with various aspects of the basic pharmacology 
of diltiazem and other calcium antagonists. Of these, nine chapters are 
concerned with the basic and applied pharmacology of calcium antago- 
nists on the cardiovascular system. Among them, a notable chapter dis- 
cussing the value of calcium antagonists in the prevention of arterial 
calcinosis provides tantalizing information and paves the way forafuture 
preventive clinical uses of this group of drugs. One chapter briefly 
suggests a therapeutic use for calcium antagonists in cerebrovascular 
disease, and another chapter details the molecular aspects (and pitfalls) 
of the binding properties of calcium antagonists to their presumptive 
membrane receptors and the relation of these receptors to the calcium 
channels which are blocked by these drugs. A review of the cellular 
mechanisms by which calcium antagonists preserve the integrity of 
myocardial cells and intracellular structures provides insightful reading. 
One chapter outlines the evidence for an interaction of calcium antago- 
nists with presynaptic and postsynaptic a-adrenoreceptors, and serves 
to remind the reader of the complexity of the mechanism(s) of action of 
the calcium antagonists. Another reminder is provided in a chapter 
dealing with inhibition of adrenergic transmission by calcium antagonists 
at the vascular neuromuscular junction. 


Despite the excellent scientific information provided in this hook, a 
number of negative attributes are worth mentioning. The reader is re- 
peatedly distracted by typographical errors which abound in virtually 
all chapters. Even the title on the front cover suffered from lack of proper 
proofreading. Furthermore, some chapters appear to have been tran- 
scribed from taped presentations, since incomplete sentences, verbless 
phrases, improper paragraph breakdown, and other miscellaneous 
grammatical oddities abound. A few chapters do not include a bibliog- 
raphy, and only one chapter was updated prior to publication. Finally, 
the absence of an index is unnerving, as is the absence of summaries or 
conclusions in a few chapters and English language summaries for two 
German language chapters. 


In general, the book is most valuable to cardiovascular physiologists, 
pharmacologists, and clinicians who are involved in research aspects of 
calcium antagonists. It complements a half-dozen hooks on the same 
subject which appeared in the 1980’s. 


Reviewed by Ralf G. Rahwan 
College of Pharmacy 
The Ohio State University 
Columbus, OH 43210 
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Lumen Perfusion of the Human Rectum In  Situ: A 
Method to Study Mechanisms for Rectal Drug Transport in 
Humans 


W. M. BOTTGERX, A. J. M. SCHOONEN, J. VISSER, and 
D. K. F. MEIJER 
Received September 25,1981, from the Department of Pharmacology and Pharmacotherapeutics, Subfaculty of Pharmacy, State Unioersity 
of Groningen, 9713 A W Groningen, The Netherlands. Accepted for publication November 12,1982. 


Abstract A lumen perfusion system was developed to study rectal 
transport mechanisms in humans. With this technique i t  is possible to 
perfuse a well-defined area of the rectum wall under single-pass and re- 
circulation conditions. Sodium benzoate was used as a test drug. After 
absorption, sodium benzoate is conjugated with glycine to give hippuric 
acid which is rapidly eliminated ( t  112 = 0.5 h). Due to the short half-life 
i t  is possible to reach a steady-state concentration within 2.5 h of perfu- 
sion. Plasma concentrations of hippuric acid were determined by HPLC. 
The absorption influx of sodium benzoate per unit area (@in) could be 
calculated using the steady-state concentration of hippuric acid during 
rectal perfusion, the separately measured total body clearance after in- 
travenous injection, and a designated absorption surface of the rectum. 
I t  was shown that with this technique reproducible @in values within one 
subject could be obtained. Four volunteers were perfused with four dif- 
ferent solutions of sodium benzoate, and it was found that @in was pro- 
portional to the four concentrations used. In the case of recirculation 
perfusion (two volunteers), it was found that the amount of the perfusate 
lost equalled the amount absorbed into the general circulation. Therefore, 
the possibility of major drug accumulation in the rectal lumen or mucosa 
could be excluded. The perfusion technique elaborated in the present 
study can be used to investigate the mechanism of rectal absorption in 
humans as well as the factors that  may influence t.his process. 


Keyphrases 0 Perfusion-lumen of the rectum, in situ technique in 
humans, sodium benzoate Drug transport, rectal-lumen perfusion, 
in situ technique in humans, sodium benzoate 0 Sodium benzoate-in 
situ lumen perfusion of the rectum, humans 


Drug absorption from the rectum is assumed to occur 
by mechanisms similar to those operating in other parts 
of the GI tract (1). Numerous studies have been done on 
drug absorption mechanisms in uitro as well as in uiuo. 
Probably the most important mechanism of absorption is 
passive diffusion (2-5), but other mechanisms like con- 
vective, active, and ion-paired transport cannot be ex- 
cluded (6, 7). Results from in uitro or in uiuo rectal ab- 
sorption studies in rats or rabbits are not always in agree- 
ment with the results from rectal absorption studies in 
humans (1,8). Apart from anatomical species differences, 
an important factor in this respect may be the rectal for- 
mulations used, e.g., suppositories and enemas. 


Moolenaar and Schoonen (9) have investigated the 
rectal administration of various drugs with attention to the 
influence of physicochemical properties of drugs on the 
release from dosage forms in uitro and the absorption 
process in uiuo. From these studies it was concluded that 
factors which markedly influence the delivery in uitro (e.g. ,  
composition of suppository bases) have relatively little 
influence on the absorption in uiuo. It was also shown that 
in case of poorly water-soluble drugs, the rectal absorption 
rate is determined by the release surface of the dosage form 
rather than the concentration of the drug. Finally, 
employing liquefied dosage forms they found a varying 
influence of pH of the administered solution on absorption 
rate. 


When introducing a suppository or a rectal enema, 
however, neither the covered surface in the rectum nor 
changing conditions at the absorption site (i .e. ,  the rectal 
lumen) can be defined. Therefore, it was necessary to de- 
velop a technique that enabled these kinds of measure- 
ments. Devroede and Phillips (10) studied rectal absorp- 
tion rates by perfusing a limited part of the rectal lumen, 
which involved separating the rectal lumen from the lumen 
of the colon by means of a distendable balloon fixed to the 
end of the perfusion apparatus. Bechaard (11) used an 
open perfusion technique with inner and outer tubes at  a 
fixed distance from each other, and then instilled the 
perfusion solution until an equilibrium in the rate of inflow 
and outflow was reached and at this time measured the 
absorption. The rate and extent of absorption was deter- 
mined either by the disappearance of the substance from 
the perfusion medium (10) or the appearance of the sub- 
stance in the systemic circulation (11). A major problem 
encountered in these experiments was that a significant 
loss of perfusate through the colon could not be excluded, 
and therefore, the rectal absorption per se could not be 
accurately measured. 


Other studies on rectal absorption in the human have 
been done with a dialyzing tube attached to a solid cathe- 
ter, which was installed for 1 h in the rectum (12,13). The 
initial and final drug concentrations of the rectally applied 
solution were measured to ascertain the amount absorbed. 
Although with these methods it was, in principle, possible 
to study rectal absorption as a function of the concentra- 
tion in the perfusate, the technique did not allow quanti- 
tative measurement of the absorption process in a well- 
defined part of the rectum. 


Therefore, a human rectal perfusion apparatus was 
developed enabling perfusion of a well-defined area of the 
rectal mucosa under single-pass and recirculation condi- 
tions. In the case of single-pass experiments, the apparatus 
delivers a solution with a constant rate creating a constant 
concentration of the substance under study within the 
lumen of the rectum. The absorption process can be 
measured as an influx per unit area of the rectal wall. In 
the case of the recirculation experiments, concentration 
in the perfusion fluid decreases. Since the total circulating 
volume can be estimated, the amount eliminated from the 
perfusate can be determined and compared with the total 
amount absorbed by the rectal wall. 


Sodium benozate was used as the test drug because of 
its low toxicity, good water solubility (1:1.8), and conve- 
nient pharmacokinetic properties. It has been shown that 
after rectal administration, absorption of sodium benzoate 
is fast and complete (14). Benzoic acid is very rapidly 
conjugated with glycine in the liver to give hippuric acid. 
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Table I-Recovery of Hippuric Acid from Human Plasma 


Concentration Concentration 
Added, Determinedo, Recovery, 
PdmL pg/mL cv, % % 


0.75 0.74 f 0.10 13.5 98.7 
1.50 1.39 f 0.17 12.2 92.6 
3.00 2.99 f 0.33 11.0 99.6 
6.00 6.01 f 0.30 5.0 100.2 


12.00 11.76 f 0.46 3.9 98.0 
18.00 17.68 f 0.77 4.4 98.2 
24.00 23.62 f 0.85 3.6 98.4 


'MeanfSD,n - 7 .  


Hippuric acid is excreted in urine almost quantitatively 
with a biological half-life of -30 min. It was also shown that 
benzoic acid absorption can be estimated by measuring 
plasma concentrations of hippuric acid, provided that the 
benzoic acid level does not exceed -0.4 mg/mL (15). When 
this concentration is exceeded, the hepatic glycine pool 
may become exhausted and, in addition to hippuric acid, 
unchanged benzoic acid will accumulate in the plasma. In 
the present study benzoic acid levels in plasma remained 
below detectable amounts. 


EXPERIMENTAL 


Solution Preparation-The perfusion solutions employed contained 
116,155,232, and 310 mmol of sodium benzoate', respectively. A sodium 
benzoate solution of 155 mmol is isotonic with blood plasma. The other 
solutions were not corrected for osmolarity to exclude possible effects 
of additives. 


A 0.02 M buffer solution (pH 7.2) was prepared by dissolving 5.024 g 
of disodium hydrogen phosphate 12-hydrate2 and 0.824 g of sodium 
dihydrogen phosphate 1-hydrate3 in 1000 mL of distilled water. An in- 
ternal standard solution was prepared by dissolving 0.50 g of 4-methoxy- 
phenylacetic acid4 in 1000 mL of methanol5. A standard solution of 
benzoic acid was prepared by dissolving 0.177 g of sodium benzoate in 
100 mL of distilled water. A standard solution of hippuric acid was pre- 
pared by dissolving 0.168 g of sodium hippurates in 100 mL of distilled 
water. 


Chromatographic Conditions-A high-performance liquid chro- 
matograph7 was equipped with an automated sampling injectors and a 
spectrophotometric variable-wavelength detector set at 254 nm. Samples 
were analyzed on a 4.6-mm X 25-cm reverse-phase columnQ fitted with 
a 2.1-mm X 10-cm precolumnlO. The mobile phase was a solvent system 
of methanol in 0.02 M NazHPO&JaH2P04 buffer (1518, pH 7.21, and 
the flow rate was 2 mL/min at  a pressure of 1700 psi. 


Assay of Plasma Samples-To 1.0 mL of plasma in a 10-mL glaas- 
stoppered tube, 3.0 mL of the internal standard solution was added. After 
shaking for some minutes, the tube was centrifuged for 5 min at 4000 rpm, 
and 25 pL of the supernatant liquid was injected into the HPLC. The 
retention times were 3.0,3.8, and 5.5 min for benzoic, hippuric, and 4- 
methoxyphenylacetic acids, respectively. 


The ratio of the peak height of the sample component to that of the 
internal standard was used to calculate concentrations of benzoic acid 
and hippuric acid, based on calibration curves prepared from spiked 
plasma samples (Table I). With 1.0-mL plasma samples this method is 
accurate to concentrations as low as 1.5 pg/mL for benzoic acid and 0.75 
pg/mL for hippuric acid. The recovery from plasma was determined for 
seven different concentrations of hippuric acid and was found to be es- 
sentially complete. 


Kinetic Studies-Because of the short half-life of benzoic acid it was 
possible to reach a steady-state blood concentration within the perfusion 


1 Brocacef E 211, Maarsen, Netherlands. 
Merck 6579, Darmstadt, West Germany. 
Merck6346, Darmstadt, West Germany. ' Aldrich M 1920-1, Beerse, Belgium. 


6 Merck 6009, Darmstadt, West Germany. 
6 Sigma, Chemical Co., St. Louis, Mo. 


a Wisp; Waters Associates, Milford, Mass. 


lo Vydac 201 SC; Chrompack, Middelburg, Netherlands. 


Waters Associates model 440, Milford, Mass. 


Lichroaorb 10 RP 18; Chrompack, Middelburg, Netherlands. 
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Figure 1-Perfusion apparatus with filled dialysis bag. 


period of 2.5 h. At steady-state concentration (C,) the amount of hippuric 
acid eliminated per unit of time should be equal to the amount absorbed. 
Since the perfused surface of the rectum can be estimated with the 
method described, it was possible to calculate the absorption rate per unit 
area (*in) as follows: 


Qin = 88 cL X 0.68 pg of benzoic acid/min - cm2 (Eq. 1) Area 
in which the factor 0.68 accounts for the molar ratio of benzoic acid to 
hippuric acid, C, is the mean steady-state plasma concentration calcu- 
lated from the last four data points of the plasma curve (pg/mL), CL is 
the total body plasma clearance (mL/min), and the perfuaed rectal area 
is calculated from the length and the volume of the filled dialysis mem- 
brane (cm2). 


The total body clearance of hippuric acid was determined for each 
volunteer participating in the perfusion experirnenta. Sodium hippurate 
(660 mg in 10 mL of distilled water) was injected in the cubiti medialis 
vein. Blood samples (8.0 mL) were taken from the other arm 1,2,3,4,5, 
6,8,10,12,15,20,25,30,40,50,60,75,90,105,120, and 150 min postin- 
jection. The blood samples were heparinized and centrifuged. The plasma 
thus obtained was immediately frozen until analyzed. 


From the hippuric acid plasma disappearance curve, the pharmacok- 
inetic parameters were calculated by a nonlinear curve-fitting program 
(16). Control experiments, in which hippuric acid clearance was deter- 
mined several times within a few months, showed a good reproducibility 
with variations not deviating more than 5% from the mean value. To in- 
vestigate whether the total body clearance of hippuric acid was dose 
dependent, a lower dose (250 mg of sodium hippurate in 10 mL of distilled 
water) was administered in addition to the high dose to three volun- 
teers. 


Perfusion Technique and Procedure-The apparatus consisted 
of an outer tube with a funnel-shaped end and an inner tube ending in 
a sphere with holes. Both tubes could be adjusted with respect to each 
other, so that the distance between sphere and funnel could be changed 
from 1 to 12 cm. A dialysis bag" (diameter 2.9 cm) was tightened over 
the funnel and sphere (Fig. 1). 


The perfusion solution, warmed in a water bath to 37OC, was pumped 
by a peristaltic pump12 through the outer tube into the dialysis bag and 
drained away through the holes of the inner tube (Fig. 2). In the case of 
single-pass studies, the perfusate was collected via an overflow vessel and 
a calibrated tube with a tap. By closing the tap, the flow rate of the ef- 
fluent fluid can be estimated and compared with the infusion rate (10 
mL/min). The difference in height between the outlet of the perfusion 
apparatus and the outlet of the overflow vessel was maintained at  110 


Thomas technological service, 3787 D50, Mw, Cutoff 12,000, Philadelphia, 
Pa. 


l2 Gilson minipuls 2; Meyvis and Co., Bergen op Zoom, Netherlands. 
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Sodium benzoate 
37 OC 


Figure 2-Experimental setup for rectal absorption measurement in 
vivo. Key: (a) perfusion apparatus, (p) peristaltic pump, (0) overflow 
vessel, (b) buret, (pH) pH-electrode, (Rc) recorder. Arrows indicate the 
direction of flow. 


cm such that the inner pressure of the dialysis bag was constant. Due to 
the positive pressure in the system, the dialysis bag regained its maximal 
volume. A pH electrode was placed in the overflow vessel to record the 
pH of the perfusate during perfusion. 


In the case of recirculation, a constant volume of perfusate was circu- 
lated by connecting the tube of the overflow vessel with the inlet tube of 
the perfusion apparatus. Before starting an experiment all the air was 
expelled by filling the whole system with perfusion solution. After 
emptying the dialysis bag, the apparatus was introduced into the rectum 
by placing the funnel on the inner side of the anus (Fig. 2). The perfused 
area of the rectum wall was in close contact with the surface of the dialysis 
bag. 


The volunteers fasted overnight and throughout the perfusion ex- 
periment. Consequently, the endogenous hippuric acid level was almost 
zero before starting the infusion of sodium benzoate, confirming the re- 
sults of Moolenaar et al. (14). One hour before the actual start of a per- 
fusion, the rectum was cleaned by a phosphate buffer enema. The results 
of the experiment were rejected if the dialysis bag appeared to be con- 
taminated with feces at the end of the perfusion. 


The subject was seated on a specially designed chair so that the per- 
fusion tube with connections did not cause inconvenience. After intro- 
ducing the apparatus and filling it with the warm solution of sodium 
benzoate, the rectum was constantly perfused for 2.0-2.5 h under recir- 
culation or single-pass conditions. Blood samples of 8.0 mL were taken 
every 15 min from a forearm vein and the plasma analyzed for hippuric 
acid and benzoic acid. Four volunteers were perfused for 2.5 h under 
single-pass conditions with four different concentrations of sodium 
benzoate on four different days. The time between the experiments was 
at least 14 d. From the established steady-state concentration, the @in 
was calculated as described. 


Two volunteers were perfused under recirculation conditions with a 
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Figure 3-Experimental setup for membrane-release measurement 
in vitro. Key: (a) perfusion apparatus; (R) reservoir; (p) peristaltic 
pump; (b) buret; (0) overflow vessel; (Sp) spectrophotometer; (Rc) re- 
corder; (pH) pH-electrode; (k)  collection vessel. Arrows indicate the 
direction of flow along the dialysis membrane (+) and through the di- 
alysis membrane (3). 


Table 11-Pharmacokinetic Parameters of Hippuric Acid after 
Intravenous Administration of Two Different Doses of Sodium 
Hippurate to Three Healthy Volunteers * 


Subject 
Parameter A A B B C C 


Dose(freeacid),mg 588 222 588 222 588 222 
AUC,pg.min/mL 1701 734 1828 657 1700 626 
CL, mL/min 346 302 322 338 346 355 


a Pharmacokinetic analysis wm performed according to a two-compartment 
system with elimination from the central compartment. 


155-mmol sodium benzoate solution. After 2 h the apparatus was taken 
out of the rectum, but blood sampling was continued for at least 1 h to 
determine the postperfusion elimination of hippuric acid. From the 
plasma concentration-time curve the area under the curve (AUC) was 
calculated using the trapezoidal rule. Using the AUC and clearance value, 
the total amount of absorbed sodium benzoate could be determined and 
compared with the amount that disappeared from the perfusate. 


Determination of the Release from the Dialysis Bag In Vitr-To 
exclude the possibility that passage of sodium benzoate through the di- 
alysis membrane would be rate limiting, the release of sodium benzoate 
from the dialysis bag was studied in vitro with the apparatus shown in 
Fig. 3. From a reservoir, nonbuffered water (pH 7.2) warmed to 37OC 
flowed into the outer tube and, via the inner tube, along the membrane, 
through a flow cell in the spectrophotometer, and was finally collected 
via overflow vessel and buret into a collection vessel. A pH-electrode was 
placed in the overflow vessel to detect any change in the pH of the solu- 
tion coming out of the inner tube. The difference in height between the 
reservoir and the overflow vessel determined the water flow rate, which 
was measured by the buret. 


The perfusion apparatus, with dialysis bag was hung inversely in the 
inner tube. The distance between the membrane and tube wall was such 
that a laminar water flow along the dialysis membrane occurred. The flow 
rate along the membrane (150-175 mL/min) ensured that measurements 
were performed under sink conditions, i.e., that the concentration ( C )  
in the water layer was almost zero compared with the concentration inside 
the membrane, CO. The pressure inside the dialysis membrane was similar 
to that in the in vivo studies, since the distance between the inlet and 
outlet tubes of the perfusion apparatus was also maintained at 110 cm. 
In the case of in uitro recirculation experiments a pH electrode was also 
placed into the circulation system to detect any change of pH in the 
perfusate analogous to the in vivo situation. 


The dialysis bag was filled with a solution of sodium benzoate and 
perfused until there was a steady-state release. Release per unit area was 
calculated as follows: 


+.out = * pg/min . cm2 
Area 


(Eq. 2) 


where C,,, is the measured concentration of the solution coming out of 
the inner tube at  steady state (pg/mL), F is the flow rate (mL/min), and 
Area = the membrane surface (cm2). 


Four different concentrations of sodium benzoate (72.5,145,218, and 
290 mmol) were perfused as a single pass, and the release rate per unit 
of surface area was determined. To establish whether the membrane 
release characteristics change during perfusion in situ, control experi- 
ments were performed in which release from the dialysis bag was deter- 
mined before and after use in a human rectal perfusion experiment. The 
presence of the bag in the human rectum for 2.5 h appeared not to change 
the in vitro release characteristics. 


RESULTS AND DISCUSSION 


Perfusion Under Single-Pass Conditions-Before starting the 
perfusion experiments it was determined whether dose-dependent ki- 
netics in the elimination of hippuric acid could occur in the concentration 
range used for the perfusion studies. The clearance value can either be 
calculated according to the model-independent technique (CL = Dose/ 
AUC, where AUC is the area under the plasma concentration versus time 
curve and dose is the amount of drug in the body) or by CL = V&, where 
v d  is the volume of distribution and p is the overall elimination rate 
constant. In the case of dose-dependent kinetics, a lower clearance value 
should be detected at  the higher concentrations. The clearance will also 
change with any changes in v d ,  when p remains constant. Table I1 shows 
the results of two different intravenous doses of sodium hippurate to three 
volunteers. No difference in CL was found, indicating that dose-depen- 
dent kinetics does not occur. 
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Figure &Plasma concentration-time curues of perfusions with a 
155-mmol sodium benzoate solution performed on two different occa- 
sions in one human subject. 


Figure 4 shows plasma concentration versus time curves following 
perfusions with 155 mmol on two different occasions in one subject. The 
calculated +in values (pg/min cm2) of the perfusion experiments, per- 
formed on two different occasions with four different concentrations of 
sodium benzoate, were, respectively, 19 and 16 for 116 mmol, 24 and 31 
for 155 mmol, 58 and 59 for 232 mmol, 93 and 110 for 310 mmol of sodium 
benzoate. The identical curves and the established @in values indicate 
a good reproducibility of the perfusion method. 


Figure 5 shows the plots of the established values of single-pass 
perfusion experiments with four different concentrations of sodium 
benzoate in four volunteers. The perfused length of the rectum was 7.0 
cm. The plots show a linear relationship between @in and sodium ben- 
zoate concentration. This pattern indicates a passive transport process, 
probably in the form of benzoic acid. However, paracellular or carrier 
transport in the form of sodium benzoate, operating under saturating 
conditions, can not be excluded at this stage. Further studies have been 
initiated to study the influence of pH on the absorption rate of this 
compound. 


It is important that the perfused length of the rectum remains constant 
in these studies. Although @in is determined per square centimeter, it 
is still unknown whether there is any difference in absorption between 
different parts of the rectum. Furthermore, there has to be a severe re- 
striction in food intake the day before the experiment; otherwise, en- 
dogenous hippuric acid levels will be too high (2.0-8.0 pg/mL) and will 
influence steady-state concentration verifiability. 


Figure 6 shows the in uitro transport across the membrane under sink 
conditions. For the sodium benzoate concentrations used in the present 
study, the transport across the membrane (per square centimeter) in 
uitro was found to be at least two times higher than the absorption rate 
(per square centimeter) observed in uivo. The amount transported was 
found to be proportional to the surface area of the membrane. Therefore, 
it is concluded that under the chosen conditions transport through the 
dialysis membrane is not rate limiting, so that the measured influx reflects 
the absorption capacity per unit area of the rectal membrane. This con- 
clusion is supported by the high variation in @,, values between indi- 
viduals, the good reproducibility of values within one individual, and the 
fact that membrane release does not change during the time of perfu- 
sion. 


Perfusion Under Recirculation Conditions-Figure 7 shows a 
typical example of a perfusion curve following a recirculation experiment. 
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Figure 5-Absorption rate (@i J versus sodium benzoate concentration 
after rectal perfusion with four different doses of sodium benzoate in 
four volunteers. Each symbol represents a single uolunteer. 
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Figure 7-Typical plasma concentration-time curve following a re- 
circulation perfusion in one human subject. 


After the apparatus was taken out of the rectum, the plasma concentra- 
tion of hippuric acid decreased very quickly. The slope of the terminal 
log concentration-time points (&phase) was calculated and used to es- 
tablish the AUCt,,. In the case of recirculation experiments, it is es- 
sential that the endogenous hippuric acid level is very low, because oth- 
erwise the calculated AUC is not in accordance with the amount really 
absorbed. 


Table I11 represents the results of three recirculation experiments in 
two subjects (D and E). The total amount of absorbed benzoic acid 
,equalled the measured amount of sodium benzoate eliminated from the 
perfusate. Thus, the loss of sodium benzoate within the lumen of the 
rectum or accumulation of sodium benzoate in the mucosa can be ex- 
cluded. 


In addition, it is interesting to note that in each experiment the pH of 
the perfusion solution rose during the time of perfusion at  least one 
pH-unit, from 7.1 to 8.1. Assuming that sodium benzoate is absorbed in 
the uncharged form as benzoic acid, hydrogen ions have to be provided 
in the rectal wall or rectal lumen, because more benzoic acid disappeared 
from the perfusion solution than could be present at pH 7.1. With loss 
of benzoic acid, the sodium ion concentration increases, which combined 
with the hydroxyl ions from water cause the increase in pH. However, 
in our studies no relationship between the amount of sodium benzoate 
eliminated from the perfusion solution and the enhancement of the pH 
during perfusion was found. Therefore, it is concluded that the human 
rectum wall probably is able to secrete a fluid that adjusts the pH of the 
perfusion solution to a physiological pH. Crommelin et al. (17) found a 
similar phenomenon with perfusion experiments in rats. Future inves- 
tigations should give a more quantitative picture of this process. 


The rectal lumen perfusion technique described provides a repro- 
ducible method for quantitative absorption studies in humans. With 
sodium benzoate as the test drug, absorption could be measured as an 
influx per unit area of the rectal wall (@in = pg/min-cm2). In uitro release 
studies indicate that the passage across the dialysis membrane of the 
perfusion apparatus is not rate limiting in the absorption process in uiuo. 
With recirculation perfusion experiments it could be shown that the 


Table 111-Results of Recirculation Perfusion Experiments 
using 155-mmol Sodium Benzoate Solution in Two Subjects 


Amount of Sodium Benzoate, mg 
Eliminated DH of the 


from the Perfusate 
Subject Perfusate Absorbed Start End 


D 422 420 7.0 8.0 


E 260 259 7.1 8.1 
E 218 226 7.2 8.3 
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amount of sodium benzoate which disappeared from the perfusion so- 
lution equaled the amount of benzoic acid absorbed. With the single-pass 
perfusion experiments, a linear relationship between concentration of 
sodium benzoate and the rectal absorption was found, which may indicate 
passive diffusion possibly as benzoic acid. 
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Abstract 0 A specific and sensitive high-performance liquid chroma- 
tographic method for the analysis of norfloxacin in human plasma and 
urine is described. Norfloxacin was extracted from the sample matrix 
using dichloromethane under neutral conditions, followed by back ex- 
traction into dilute phosphoric acid for chromatographic analysis on a 
reverse-phase column with a mobile phase consisting of methanol, 
phosphate buffer, and ion-pairing reagent (pH 3.0) a t  a flow rate of 2.0 
mL/min. The ability of this method to distinguish intact norfloxacin from 
its metabolites was demonstrated. The method is linear, quantitative, 
and reproducible for both plasma analysis (0.05-2.5 jig/mL) and uri- 
nalysis (1.0-500 pg/rnL) using peak area ratios (norfloxacin-internal 
standard) for quantitation. The stability of norfloxacin and its metabo- 
lites in dilute phosphoric acid was studied. To assess the presence of 
norfloxacin conjugates in the urine of dosed individuals, the effects of 
urine hydrolysis on drug quantitation were examined. Urine and plasma 
levels of norfloxacin at  selected time points following the administration 
of single drug doses are presented. 


Keyphrases 0 Norfloxacin-quantitation, antibacterial agent, human 
plasma and urine, ion-pair reverse-phase, high-performance liquid 
chromatography 0 High-performance liquid chromatography-nor- 
floxacin, human plasma and urine, ion pairing Antibacterial 
agents-quantitation of norfloxacin, human plasma and urine, ion-pair 
reverse-phase high-performance liquid chromatography 


Norfloxacin (1-ethyl-6-fluoro- 1,4-dihydro-4-oxo-7- 
(l-piperazinyl)-3-quinolinecarboxylic acid) (I) is a new 
quinolinecarboxylic acid antibiotic which exhibits a broad 
spectrum of antibacterial activity. In uitro studies have 
demonstrated its efficacy towards most Gram-positive and 
Gram-negative bacteria, including nalidixic acid-resistant 
pathogens (1,2). 


The development of a rapid, sensitive, and specific assay 
for norfloxacin quantitation was critical for the measure- 
ment of drug levels in clinical specimens. Although a 
high-performance liquid chromatographic (HPLC) 
method specific for norfloxacin has been described (3), this 


method proved unsuitable for use in clinical studies since 
it offers inadequate sensitivity and requires extensive 
sample preparation. The use of nonspecific microbiological 
methods1 (4) in pharmacokinetic and bioavailability 
studies is also precluded due to the antibacterial nature 
of several norfloxacin metabolites (111-VIII) (3). 


This report describes a reverse-phase ion-pair HPLC 
method developed for the quantitation of norfloxacin in 
plasma and urine, using pipemidic acid (11) as the internal 
standard. The assay was applied to the measurement of 
norfloxacin in the plasma and urine of human volunteers 
given increasing bolus doses of the drug. 


EXPERIMENTAL 


Reagents and Materials-All solvents2 were distilled-in-glass and 
liquid chromatography grade, and purified water3 was used throughout. 
All chemicals were ACS grade and used without further purification. 
Norfloxacin and its metabolites were used as received4. Pipemidic acid 
was extracted from 250-mg tablets5. 


Apparatus-The isocratic HPLC system consisted of a constant-flow 
pump6, an auto~ampler~,  and variable-wavelength detectors; the assay 
for norfloxacin in plasma utilized a fluorescence detector8 (excitation, 
X = 280 nm; emission, X = 445 nm; slits, 8 nm), while the urine assay used 
a UV absorbance detectorg set at  280 nm. Data were recorded and reduced 


1 Dr. J. A. Bland, Merck Sharp & Dohme Research Laboratories, Rahway, N.J., 


2 Burdick & Jackson Laboratories, Muskegon, Mich. 
3 Milli-Q System; Millipore Corp., Bedford, Mass. ‘ Kyorin Pharmaceutical Co.. Ltd., Japan. 
5 Dolcol tabs from Dainippon Pharmaceutical Co., Japan. 
6 Model 6000A solvent delivery system; Waters Associates, Milford, Mass. 


* 650s fluorescence detector equipped with 150B Xenon power supply; Per- 


9 Schoeffel SF770 UV-spectroflow monitor; Kratos Analytical Instruments, 


personal communication. 


WISP 710A autosampler; Waters Associates, Milford, Mass. 


kin-Elmer, Norwalk, Conn. 


Westwood. N.J. 
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Abstract 0 Piperacillin amide ( IV)  was successfully identified as the pre- 
dominant impurity in commercial lots of piperacillin monohydrate (111). The 
impurity was isolated via a preparative liquid chromatographic scheme uti- 
lizing Florisil as the adsorbent and a mobile phase of water-acetonitrile (496, 
v/v). The isolated component had nearly the same reverse-phase HPLC 
properties as piperacillin and was chemically and thermally unstable. This 
labile impurity was spectroscopically identified by field desorption (FD), fast 
atom bombardment (FAB) with collision activation decomposition (CAD), 
and desorption chemical ionization (DCl) mass spectrometries, and NMR 
and IR spectrometries. Identity was confirmed on comparison of the chro- 
matographic and spectrometric data of the impurity with an independently 
synthesized sample of piperacillin amide. 


Keyphrssg 0 Piperacillin amide-impurity in piperacillin, isolation, identi- 
fication using soft-ionization mass spectra, high-field NMR,  and IR spec- 
trometry 0 Piperacillin-isolation of an amide impurity by column chro- 
matography, identification using soft-ionization mass spectra, high-field 
NMR, and IR spectrometry, antibiotic activity 


Piperacillin’ is a third generation semisynthetic penicillin 
antibiotic with a broad spectrum of antimicrobial activity 
against both Gram-positive and Gram-negative organisms ( 1). 
As shown in Scheme I, piperacillin (111) is produced from the 
reaction of ampicillin (I) with 4-ethyl-2,3-dioxo- 1 -piper- 
azinecarbonyl chloride (11). Five low-level components, each 
50.6% w/w, were observed in the final piperacillin product. 
Two of these components were related to the starting materials: 
ampicillin and 1 -ethyl-2,3-piperazinedione (2). Two compo- 
nents were expected process impurities: the P-lactam hydrol- 
ysis product of piperacillin (3)  and the condensation product 
of piperacillin with ampicillin (2). The isolation and identifi- 
cation of the fifth component is the subject of this paper. This 


component, referred to as the “unknown piperacillin impurity,” 
constituted the major impurity in commercial lots of pipera- 
cillin, 0.2-0.4% w/w2. This impurity proved to be difficult to 
isolate chromatographically and to characterize spectrome- 
trically. 


Two main factors which complicated the development of 
a reverse-phase HPLC method for isolating the unknown pi- 
peracillin impurity from piperacillin in quantities large enough 
for spectrometric analysis are: 


1. the difficulty in resolving the major impurity from pi- 
peracillin because the impurity eluted as a shoulder on the high 
retention time side of piperacillin; 


2. the chemical instability of the unknown material in 
normal HPLC reverse-phase solvents, uiz., methanol and 
aqueous media, at other than neutral pH for extended periods. 
For these reasons, a unique preparative column chromato- 
graphic method using an isocratic normal phase was developed 
which was successful in resolving the unknown piperacillin 
impurity from piperacillin. 


Identification of the isolated impurity was not routine, since 
it was highly polar and chemically and thermally unstable. The 
unknown impurity was characterized by mass spectqometry 
using soft-ionization conditions, i.e., field desorption (FD) (4, 
5 ) ,  fast atom bombardment (FAB) (6, 7), and desorption 
chemical ionization (DCI) (8,9).  High-field NMR and Fou- 
rier transform IR spectrometries were also used to elucidate 
the structure of the unknown piperacillin impurity. The 
spectrometric data suggested that the unknown was pipera- 
cillin amide (IV). This hypothesis was confirmed by compar- 


0 0  


111) 
Scheme I 


1111) 


~~ ~~~~~ - ~ ~ ~~ ~~~~ ~~ ~- ~ 


1 Marketed by Lederle Laboratories in the US. as Pipracil and in Europe as Pi- Penticillin (Toyama Chemicals Co., Ltd. brand of piperacillin marketed in Japan) 
pril. also contains piperacillin amide, but the quantity is negligible. 


490 I Journal of Pharmaceutical Sciences 
Vol. 73,  No. 4, April 1984 


0022-35491 84 0400-0498$0 1.001 0 
@ 1984, American Pharmaceutical Association 







ison of the chromatographic and spectrometric data with that 
of an authentic piperacillin amide sample prepared in an un- 
ambiguous organic synthesis. These results demonstrate that 
the combination of soft-ionization mass spectral techniques, 
high-field NMR, and IR are exceptionally effective for iden- 
tifying small amounts of nonvolatile components. 


I IV) 


EXPERIMENTAL 
Chromatography-A column chromatographic procedure was followed 


for isolating the unknown piperacillin impurity. The chromatographic column 
was 80 X 5.2 cm and was packed with I kg of Florisi13. 60-100 mesh. Twenty 
grams of bulk piperacillin monohydrate were dissolved in 200 mL of aceto- 
nitrile and loaded on to the column. The elution solvent consisted of aceto- 
nitrile-water (96:4, v/v) with a flow rate of 35 mL/min. The detector was a 
UV spectrophotometefl fitted with ivariable-volume flow cell set to monitor 
at 220 nm. This system operated at ambient temperature. The elution volume 
of the piperacillin impurity was 2100-4000 mL. This experiment was repeated 
three times before discarding the column packing. The eluant containing the 
impurity from three runs was combined, distilled in oacuo, and freeze-dried 
to produce 84 mg of white solid. 


Analytical reverse-phase HPLC5 with UV detection6 at  220 nm was used 
for the analysis of bulk piperacillin and the isolated impurity components. A 
250 X 4.6-mm column packed with silica gel chemically bonded with octa- 
decylchl~rosilane~ was maintained at 35OC. The mobile phase consisted of 
niethanol-water-0.2 M NazHPOd (45:34:10. v/v/v) adjusted to pH 6.5 with 
0.33 M phosphoric acid. The injection volume of samples was 20 FL, made 
up in the mobile phase. 


Although dimethyl sulfoxide (Me2S.O) is the solvent of choice for the un- 
known piperacillin impurity, methanol was used even though the impurity 
underwent a chemical transformation when dissolved in the latter solvent for 
an extended period ( > I  d) at room temperature. At elevated temperatures 
the reaction rate is enhanced considcrably. However, by limiting the contact 
time to <30 min, this problem was circumvented. 


Spectrometry-- FD mass spectra were obtained with a double-focusing 
high-performance mass spectrometer*. The FD emitter consisted of a IO-km 
tungsten wire with microneedles of pyrolytic carbon grown to a length of -30 
km. The FD emitter was coated with a MezSO solution of the unknown pip- 
eracillin impurity sample. On application of the emitter current, very weak 
signals were observed due to a high sodium ion content contaminating the 
sample and emitter. The original sample was washed in the following fashion 
to remove inorganic salts. Approximately 20 mg of the trapped piperacillin 
impurity was partially dissolved in 5 mL of acetonitrile. On addition of 5 mL 
of distilled water a white precipitate formed, which was collected on a filter 
and washed with I mL of distilled water. The filtrate was then dried in vacuo 
and analyzed in  the FD mode. The sodium signal of the washed sample was 
reduced considerably, and relatively intense FD signals were produced by the 
sample. Low-resolution FD data were acquired at a resolution of 1000. 


Exact mass measurements in  the FD mode were made at a resolution of 
6000 in the following fashion. A reference peak in the electron-impact (El) 
mode (PFK9 fragment: C13F19, m/z 516.9697) was sequentially peak matched 
against the molecular ion of the unknown piperacillin impurity in the FD mode. 
The experimental mass difference between the FD and El modes was mea- 
sured with a known reference compound peak in both the field ionization (FI) 
and El modes [tris(pentafluoroethyI)-s-triazine9: C9FlsN3, m/z 434.98531. 
Using this mass difference, the exact mass of the unknown was corrected. 


FAB spectra were obtained with a double-focusing high-performance mass 
spectrometer8 and with a triple-stage quadrupole mass spectrometerlo. Col- 


Floridin Co.. Pittsburgh, Pa. 
Model DL; Beckman Instruments. Fullerton. Calif. 
Model M6000A IIPLC Pump; Waters Associates. Milford. Mass. 
Model SF 770 Spcctroflow Monitor; Schoeffel Instrument Corp.. Westwood, 


h.J. ’ Partisil 10/25 ODS; Whatman, Inc.. Clifton, N.J. * Model MS-50 Krdtos Instrument Corp.. Manchester. England. 
PCR Research Chemicals. Inc.. Gaincsville. Ha. 


lo  Model TSQ; Finnigan Corp.. Sunnyvale. Calif. 


Ic 
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Figure I-HPLCchromatograms with retention times (min). Key: (A) bulk 
piperacillin; (E)  bulk piperacillin spiked with unknown piperacillin impuriiy; 
(C) bulk piperacillin spiked with synthetic piperacillin amide; (D) bulk pi-  
peracillin spiked with unknown piperacillin impuriiy and synthetic pipera- 
cillin amide; (El unknown piperacillin impurity; (F) synthetic piperarillin 
amide; (13) unknown piperacillin impurity spiked with syniheiic piperacillin 
amide. 


lision-activation decomposition (CAD) of selected FAB ions was performed 
on the latter instrument (10). The fast atom reagent gas was xenon, and the 
collision gas was argon. The samples for FAB ionization were either mixed 
directly with glycerol or dissolved in MezSO and then mixed with glycerol. 
FAB spectra of the unknown piperacillin impurity were obtained in both the 
positive- and negative-ionization modes. FAB/CAD spectra in  the positive- 
ionization mode were obtained on the protonated molecular ion and the sodium 
adduct molecular ion of the unknown piperacillin impurity and synthetic pi- 
peracillin amide (neat and spiked with sodium chloride). 


Desorption chemical ioniiration (DCI) was performed on a quadrupole mass 
spectrometer” in  the positive- and negative-ionization modes with methane 
and ammonia as the reagent gases. The sample was rubbed onto the surface 
of one end of a gold wire, -I cm long, and the other end was inserted into the 
tip of the direct insertion probe. This gold wire effectively extended the probe 
length so that the sample was inserted directly in the ion plasma region of the 
source. The thermal energy of the ion plasma and rapid heating of the probe 
gently desorbed the sample from the gold wire surface generating ions of di- 
agnostic interest in the negative-ion mode. The DCI mass spectral data re- 
ported in this paper correspond to the first signal in the reconstructed total 
ion current profile. as the samples were rapidly hcated. 


The IH- and ‘IC-NMR spectra were obtained on a high-field N M R  
spectrometer’* operating in the pulsed Fourier transform mode at  250.1 3 and 
62.89 MHz, respectively. The samples were dissolved in MezSO-ds, and the 
spectra were referenced to tetramethylsilane. The IR spectra were recorded 
in 100 scans on a Fourier transform IR systemI3 using samples pressed into 
potassium bromide pellets. 


Reparation of P i p c i l l i n  Amid-To a solution of isobutyl chloroformate 
(13.6 g, 100 mmol) in chloroform (100 mL) at -3OOC under argon was added 
a cold solution ofpiperacillin monohydrate (53.5 g, 100 mmol) in  a mixture 


Model 4021T and lncos Model 2000 Data System; Finnigan Corp.. Sunnyvale. 
Calif. 


l 2  Model WM-250: Brucker Instruments Inc.. Billerica. Mass 
I ]  Model 7199; Nicolet Instrument Corp.. Madison Wis. 
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of chloroform (500 mL) and triethylamine (10.1 g, 100 mmol, 14 mL) over 
a 40-min period. The mixture was stirred an additional I .5 h at OOC. Ammonia 
was bubbled through the mixture (a white precipitate formed immediately) 
in  a steady stream for 25 min. The thick white suspension was diluted with 
1 L of chloroform and then filtered. The white filter cake was washed with 
chloroform (2 X 200 mL) and dried in uacuo to afford 49 g of crude pipera- 
cillin amide, which contained a considerable amount of ammonium chlo- 
ride. 


The aforementioned crude product (30 g) was suspended in  150 mL of 
distilled water and stirred vigorously for 2 h. The white solid was filtered, 
washed with acetone (2 X 50 mL) and anhydrous ether (2 X 100 mL), and 
dried in uacuo to afford 24 g of piperacillin amide (78% yield), mp 217-22OoC 
decI4. 


6.17. Foundis: C, 52.97; H,  5.27; N, 16.12; S, 6.17. KFI6 = 0.66% (which 
equals 0.2H20). 


Spectral Data-All the spectral data listed below were identical for both 
the unknown piperacillin impurity and the synthetic piperacillin amide unless 
noted otherwise. FD-MS m/z (%) for the piperacillin impurity: 555 ,  539,517, 
516, 375, 374, 373, 143, 142, and 141; for piperacillin amide: 516(18), 
375(18), 359(18), 274(12), 160(8), 159(14), 158(12), 144(20), 143(100), 
and 142(100). +FAB-MS m/z for the piperacillin impurity and amide spiked 
with sodiumchloride: 539, 519, 518, 517,397,359,333, 241, 159, and 143. 
-FAB-MS m/z for the piperacillin impurity: 517, 516, 515, and 373. 
+FAB/CAD(517)-MS m/z (%): 359(13). 274(12), 186(20), 175(3.5), 
174(4), 159(100), 143(82), 132(4), 115(5), and 114(6). +FAB/ 
CAD(539)-MS m/z (%): 475(1 I ) ,  397(100), 181(2), and 165(20). +DCI- 
MSm/z (%): 375(15), 159(60),and 143(100). -DCI-MSm/z (%);516(22), 
374(100), 341(35), 331(35), 330(45), 233(85), 175(77), 174(62), 173(50), 
and 155(35). IH-NMR (MezSO-ds): 6 1.18 (t, NCHzCH3, J = 7.5 Hz), 1.39 
(s, CH3). 1.53 (s, CH3), 3.32 (9, NCHzCH3, J = 5.0 Hz), 3.56 (m, CHz), 
3.90(m,CH2),4.l0(s,CHa),5.36(d,CHt,,J = 3.5 Hz),5.46 (dd,CHc),5.72 
(d ,CHd,J  = 7.0 Hz),7.2-7.5 (m.5 ArH;s,NH,i,),7.58 (s,NH,,,,),9.35 
(d, NH,, J = 7.0 Hz), and 9.84 ppm (d, NHh, J = 7.5 Hz). I3C-NMR 
(MezSO-ds): 6 11.9 (4. C-20), 26.5 (4. C-22), 30.0 (4. C-23), 40.3 (t, C-19), 


(d, C-5). 70.6 (d, C-2), 126.5 (d, C-3'and C-5'), 127.8 (d, C-4'), 128.3 (d, 
C-2'and '2-6'). 137.8 (s, C-1'). 151.8 (s, C-12), 155.3 (s, C-l8) ,  159.4 (s, 
C-17). 168.8 (s, C-7). 169.3 (s, C-9). and 173.4 ppm (s, C-21). 


Ana/.-calc. for Cz3HzsN606S.0.2Hzo: C, 53.13; H, 5.49; N, 16.16; S, 


41.6 (t, C-IS), 42.8 (t. C-14). 56.5 (d,C-6), 57.7 (d, C-lo), 63.9 ( s ,  C-3), 66.7 


Figure 2-Molecular ion region of thefield desorp- 
tion mass spectrum of the unknown piperacillin im- 
purity with emitter current at I6 (A)  and 18 mA 
(B) .  


RESULTS AND DISCUSSION 


Florisil was chosen as the adsorbent because it almost irreversibly adsorbs 
acidic materials (1 I) .  Since this material should adsorb piperacillin acid irre- 
versibly, it should be possible to elute the more chemically neutral piperacillin 
impurity selectively. The resolution of the two components on Florisil was 
accomplished using an elution solvent mixture containing an unusually high 
water concentration in acetonitrile, i.e., water-acetonitrile (4:96, v/v). The 
high water content of the elution solvent did not degrade the Florisil adsorption 
properties for these very polar materials. Only very low levels of piperacillin 
were detected in the trapped piperacillin impurity sample using the analytical 
reverse-phase HPLC conditions described in the Experimental section. 


l4 Melting points were determined on a Melt-Temp Melting Point Apparatus. 
I s  Micro analytical elemental analyses were performed on a Model 240 Elemental 


l6 Karl Fisher analyses were performed on a Methohm Herisau-K.F. Automate E547 
Analyzer; Perkin-Elmer Corp.. Norwalk, Conn. 


and Dosmat E535. 


Bulk piperacillin (monohydrate) and the trapped unknown piperacillin 
impurity component, when analyzed under the analytical HPLC conditions. 
produced the chromatograms illustrated in Fig. l a  and e, respectively. The 
components eluting at 4.57 and 7.55 min correspond to piperacillin and the 
unknown piperacillin impurity, respectively. 


Similarly, the analytical HPLC chromatograms of the synthetic piperacillin 
amide and piperacillin spiked with the synthetic piperacillin amide are illus- 
trated in Fig. I f  and c, respectively. In addition, experiments were performed 
in which piperacillin was spiked with the unknown piperacillin impurity (Fig. 
I b) or both the unknown impurity and the synthetic piperacillin amide (Fig. 
Id). In all cases, the retention times of the synthetic piperacillin amide and 
the unknown piperacillin impurity either individually or in the spiking ex- 
periments were identical, i.e., within the experimental errors associated with 
the reproducibility of the HPLC experiment. 


The mass spectral properties exhibited by the piperacillin impurity, even 
under soft-ionization conditions, included (a) the difficulty in generating 
intense molecular and fragment ions of long enough duration for accurate 
measurement and ( b )  the lability of the chemical bond between the piperazine 
moiety and the rest of the piperacillin molecule. These mass spectral properties 
of the piperacillin impurity were similar to those of piperacillin. 


The FD mass spectra of the washed piperacillin impurity are illustrated 
in Fig. 2 as a function of increasing emitter current. At 16 mA (Fig. 2a) an 
intense ion cluster a t  m/z 516 appears, to which is added at  18 mA (Fig. 2b) 
an intense ion cluster a t  m/z 539 and a weak peak at  m/z 5 5 5 .  The ion cluster 
a t  m/z 539 and the weak peak at  m/z 555 correspond to the sodium and po- 
tassium adducts of the molecular ion, respectively, of the unknown piperacillin 
impurity. This confirms that m/z 516 is M+'and not [M + HI+. 


The molecular ion of the unknown piperacillin impurity was peak-matched 
in theFDmodeand hadanexact massof 516.1882.Thisvalueiswithin 9.1 
millimass units of C ~ 3 H ~ 8 N 6 0 6 S  (516.1791), the corresponding elemental 
formula of piperacillin amide. 


The FD mass spectrum of the synthetic piperacillin amide produced a rel- 
atively intense molecular ion as well as  a number of fragment ions consistent 
with its structure. N o  sodium or potassium adduct molecular ions were ob- 
served due to the absence of the cations. 


The molecular weight of 516 for the unknown piperacillin impurity as well 
as its identity as piperacillin amide were confirmed by positive and negative 
FAB ionization and DCI mass spectrometries. The FAB ionization mass 
spectra of the unknown piperacillin impurity contained the quasimolecular 
ions [M + HI+, [M + Na]+, and [M - HI- at  m/z 517, 539, and 515, re- 
spectively. Weak fragment ions were produced as well and often were difficult 
to distinguish from the glycerol background spectrum. The identity of the 
impurity with that of piperacillin amide was confirmed on comparison of the 
nearly identical ions and intensities produced in the FAB/CAD spectra from 
the m/z 517 and 539 ions for the two materials. 


Similarly, the positive and negative DCI spectra of the unknown piperacillin 
impurity and the synthetic piperacillin amide were identical. The positive DCI 
spectrum obtained no molecular ion and resembled the spectrum produced 
under electron-impact conditions. The negative DCI spectrum contained a 
molecular ion, M-., and diagnostic ions characteristic of the molecule. 


The IH-NMR spectrum of the unknown piperacillin impurity is nearly 
identical to that of piperacillin except for additional absorption observed in 
the aromatic proton region, which correspond to two additional protons. These 
two uncoupled nonequivalent protons correspond to the cis and trans amide 
protons of piperacillin amide. Synthetic piperacillin amide gave a N M R  
spectrum identical with that of the unknown impurity with the exception of 
the vans amide proton chemical shift, 7.58 ppm in piperacillin amide versus 
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7.72 ppm in the unknown piperacillin impurity. These differences in chemical 
shift, attributed to differences in concentration between the two samples, were 
verified in a NMR spiking experiment of synthetic piperacillin amide into the 
piperacillin impurity. Chemical shiftsof amide protons undergo large varia- 
tions when the hydrogen bonding interactions are modified by concentration, 
pH, temperature, and solvent changes. 


The "C-NMR spectrum of the unknown piperacillin impurity is identical 
(within experimental error) to that of piperacillin; hence, piperacillin and the 
unknown impurity have identical carbon backbone structures. The I3C-NMR 
chemical shifts and intensities of the synthetic piperacillin amide were identical 
to that of the unknown impurity. 


The 1R spectrum of the unknown piperacillin impurity and that of the 
synthetic piperacillin amide were identical (Fig. 3). The characteristic ab- 
sorption band assigned to the carbonyl stretching mode of the@-lactam ring 
is a t  1780 cm-'. 


The unknown piperacillin impurity is structurally very similar to pipera- 
cillin, uiz., the p-lactam group is intact (IR) and the major NMR absorptions 
of piperacillin and the piperacillin impurity are nearly identical, with the ex- 
ception of two proton resonances at 7.72 and -7.3 ppm. The MS data indicate 
that the unknown structure has a molecular weight of 516. one mass unit less 
than piperacillin. and based on this even mass has an elemental composition 
of an even number of nitrogen atoms. The unknown piperacillin impurity has 
been shown, based on the comparison of liquid chromatographic and MS, 
NMR, and IR spectrometric data, to be identical with bonafide piperacillin 
amide. The origin of the piperacillin amide is unknown. 


Piperacillin amide was tested for biological activity in an in uitro spectrum 
assay against 27 bacteria. It lacked antimicrobial activity. 
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tabolism), 14 (Quantitative Structure-Mutagenicity Relationships), 18 
(Molecular Basis for the Structure-Carcinogenicity Relationships of 
Polynuclear Aromatic Hydrocarbons), and 20 (Concept of the Integrated 
Approach)-the last a description of the EPA GENE-TOX program- 
provide some especially interesting applications to toxicological re- 
search. 


QSAR methods should become increasingly important in toxicology, 
since the toxicologist is confronted with the problem of assessing the 
safety of millions of chemical entities which may cause injury or death 
to living organisms by only a reasonably small number of distinct toxic 
mechanisms. For example, genetic effects of toxic chemicals can be as- 
sessed by a half-dozen or 50 distinct classes of bioassays for different types 
of genetic damage. As the mechanisms underlying various types of toxic 
responses become better understood, QSAR methods will become more 
useful as a screening tool for predicting the adverse effects of new 
chemical entities. This book can serve as a useful introduction to the 
literature on QSAR for the practicing toxicologist and other scientists 
concerned with safety assessment of drugs and chemicals. The novice will 
find Chapters 5 and 6 particularly useful as an introduction to the field. 
Chemists who routinely use SAR approaches in research will find this 
work lees helpful, since the problems of defining toxicological endpoints 
are not treated with the same standards of quality as the chapters on SAR 
methods. Nevertheless, this book is a valuable review. 


Reviewed by William B. Porter 
Center for Health Sciences 
School of Pharmacy 
University of Wisconsin-Madison 
Madison, WI 53706 


New Calcium Antagonists: Recent Developments and Prospects. 
Edited by A. FLECKENSTEIN, K. K4SHIMOT0, M. HERH- 
MANN, A. SCHWAKTZ, and I,. SEIPEL. Gustav Fischer Verlag, 
D-7000 Stuttgart 72, Postfach 720143, West Germany. 1983.236 pp. 
15 X 23 cm. Price DM 36. 
This book represents the proceedings of a workshop on the calcium 


channel blocker diltiazem, held in May 1982 in honor of Professor A. 
Fleckenstein (the “father of calcium antagonists”) on the occasion of his 
65th birthday. Twenty-four international experts and their coworkers 
contributed chapters dealing almost exclusively with the authors’ per- 
sonal experimental findings. Of the 24 chapters in the book, only two are 
of a review nature. However, all the chapters provide recent and fasci- 
nating data on calcium antagonists. Although the focus of the workshop 
is on diltiazem, many other calcium antagonists are discussed throughout 
the book. 


Eleven chapters are devoted to clinical experience with diltiazem and 
other calcium antagonists in the treatment of angina pectoris, coronary 
artery stenosis, coronary atherosclerosis, hypertension, and cardiac ar- 
rhythmias. The concensus from these chapters, is that  the calcium an- 
tagonists are most valuable in treating all of these cardiovascular dis- 
eases. 


Thirteen chapters deal with various aspects of the basic pharmacology 
of diltiazem and other calcium antagonists. Of these, nine chapters are 
concerned with the basic and applied pharmacology of calcium antago- 
nists on the cardiovascular system. Among them, a notable chapter dis- 
cussing the value of calcium antagonists in the prevention of arterial 
calcinosis provides tantalizing information and paves the way forafuture 
preventive clinical uses of this group of drugs. One chapter briefly 
suggests a therapeutic use for calcium antagonists in cerebrovascular 
disease, and another chapter details the molecular aspects (and pitfalls) 
of the binding properties of calcium antagonists to their presumptive 
membrane receptors and the relation of these receptors to the calcium 
channels which are blocked by these drugs. A review of the cellular 
mechanisms by which calcium antagonists preserve the integrity of 
myocardial cells and intracellular structures provides insightful reading. 
One chapter outlines the evidence for an interaction of calcium antago- 
nists with presynaptic and postsynaptic a-adrenoreceptors, and serves 
to remind the reader of the complexity of the mechanism(s) of action of 
the calcium antagonists. Another reminder is provided in a chapter 
dealing with inhibition of adrenergic transmission by calcium antagonists 
at the vascular neuromuscular junction. 


Despite the excellent scientific information provided in this hook, a 
number of negative attributes are worth mentioning. The reader is re- 
peatedly distracted by typographical errors which abound in virtually 
all chapters. Even the title on the front cover suffered from lack of proper 
proofreading. Furthermore, some chapters appear to have been tran- 
scribed from taped presentations, since incomplete sentences, verbless 
phrases, improper paragraph breakdown, and other miscellaneous 
grammatical oddities abound. A few chapters do not include a bibliog- 
raphy, and only one chapter was updated prior to publication. Finally, 
the absence of an index is unnerving, as is the absence of summaries or 
conclusions in a few chapters and English language summaries for two 
German language chapters. 


In general, the book is most valuable to cardiovascular physiologists, 
pharmacologists, and clinicians who are involved in research aspects of 
calcium antagonists. It complements a half-dozen hooks on the same 
subject which appeared in the 1980’s. 


Reviewed by Ralf G. Rahwan 
College of Pharmacy 
The Ohio State University 
Columbus, OH 43210 
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amount of sodium benzoate which disappeared from the perfusion so- 
lution equaled the amount of benzoic acid absorbed. With the single-pass 
perfusion experiments, a linear relationship between concentration of 
sodium benzoate and the rectal absorption was found, which may indicate 
passive diffusion possibly as benzoic acid. 
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Quantitation of Norfloxacin, a New Antibacterial 
Agent in Human Plasma and Urine by Ion-Pair 
Reverse - P hase Chromatography 
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Abstract 0 A specific and sensitive high-performance liquid chroma- 
tographic method for the analysis of norfloxacin in human plasma and 
urine is described. Norfloxacin was extracted from the sample matrix 
using dichloromethane under neutral conditions, followed by back ex- 
traction into dilute phosphoric acid for chromatographic analysis on a 
reverse-phase column with a mobile phase consisting of methanol, 
phosphate buffer, and ion-pairing reagent (pH 3.0) a t  a flow rate of 2.0 
mL/min. The ability of this method to distinguish intact norfloxacin from 
its metabolites was demonstrated. The method is linear, quantitative, 
and reproducible for both plasma analysis (0.05-2.5 jig/mL) and uri- 
nalysis (1.0-500 pg/rnL) using peak area ratios (norfloxacin-internal 
standard) for quantitation. The stability of norfloxacin and its metabo- 
lites in dilute phosphoric acid was studied. To assess the presence of 
norfloxacin conjugates in the urine of dosed individuals, the effects of 
urine hydrolysis on drug quantitation were examined. Urine and plasma 
levels of norfloxacin at  selected time points following the administration 
of single drug doses are presented. 


Keyphrases 0 Norfloxacin-quantitation, antibacterial agent, human 
plasma and urine, ion-pair reverse-phase, high-performance liquid 
chromatography 0 High-performance liquid chromatography-nor- 
floxacin, human plasma and urine, ion pairing Antibacterial 
agents-quantitation of norfloxacin, human plasma and urine, ion-pair 
reverse-phase high-performance liquid chromatography 


Norfloxacin (1-ethyl-6-fluoro- 1,4-dihydro-4-oxo-7- 
(l-piperazinyl)-3-quinolinecarboxylic acid) (I) is a new 
quinolinecarboxylic acid antibiotic which exhibits a broad 
spectrum of antibacterial activity. In uitro studies have 
demonstrated its efficacy towards most Gram-positive and 
Gram-negative bacteria, including nalidixic acid-resistant 
pathogens (1,2). 


The development of a rapid, sensitive, and specific assay 
for norfloxacin quantitation was critical for the measure- 
ment of drug levels in clinical specimens. Although a 
high-performance liquid chromatographic (HPLC) 
method specific for norfloxacin has been described (3), this 


method proved unsuitable for use in clinical studies since 
it offers inadequate sensitivity and requires extensive 
sample preparation. The use of nonspecific microbiological 
methods1 (4) in pharmacokinetic and bioavailability 
studies is also precluded due to the antibacterial nature 
of several norfloxacin metabolites (111-VIII) (3). 


This report describes a reverse-phase ion-pair HPLC 
method developed for the quantitation of norfloxacin in 
plasma and urine, using pipemidic acid (11) as the internal 
standard. The assay was applied to the measurement of 
norfloxacin in the plasma and urine of human volunteers 
given increasing bolus doses of the drug. 


EXPERIMENTAL 


Reagents and Materials-All solvents2 were distilled-in-glass and 
liquid chromatography grade, and purified water3 was used throughout. 
All chemicals were ACS grade and used without further purification. 
Norfloxacin and its metabolites were used as received4. Pipemidic acid 
was extracted from 250-mg tablets5. 


Apparatus-The isocratic HPLC system consisted of a constant-flow 
pump6, an auto~ampler~,  and variable-wavelength detectors; the assay 
for norfloxacin in plasma utilized a fluorescence detector8 (excitation, 
X = 280 nm; emission, X = 445 nm; slits, 8 nm), while the urine assay used 
a UV absorbance detectorg set at  280 nm. Data were recorded and reduced 


1 Dr. J. A. Bland, Merck Sharp & Dohme Research Laboratories, Rahway, N.J., 


2 Burdick & Jackson Laboratories, Muskegon, Mich. 
3 Milli-Q System; Millipore Corp., Bedford, Mass. ‘ Kyorin Pharmaceutical Co.. Ltd., Japan. 
5 Dolcol tabs from Dainippon Pharmaceutical Co., Japan. 
6 Model 6000A solvent delivery system; Waters Associates, Milford, Mass. 


* 650s fluorescence detector equipped with 150B Xenon power supply; Per- 


9 Schoeffel SF770 UV-spectroflow monitor; Kratos Analytical Instruments, 


personal communication. 


WISP 710A autosampler; Waters Associates, Milford, Mass. 


kin-Elmer, Norwalk, Conn. 


Westwood. N.J. 
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Figure 1-Representative chromatograms; flow rate = 2.0 mL/min, chart speed = 0.5 cm/min. Key: (A) control plasma; (B) plasma spiked with 
0.50 pg/mL of norfloxacin (1) and internal standard (21; (C) control urine; (0) urine spiked with 5.0 pg/mL of norfloxacin (1 )  and internal standard 
(2). 


by a computing integratorlo set for peak area calculations at a chart speed 
of 0.5 cm/min and attenuation of 16 mV full scale. 


Chromatographic Conditions-A 30-cm X 4-mm i.d. reverse-phase 
stainless steel columnll was used for all assays. The mobile phase con- 
sisted of 300 mL of methanol and 700 mL of water, to which was added 
1.74 g of monobasic potassium phosphate and 20 mg of ion-pairing re- 
agent12. Prior to filtration through a 0.45-pm filter, the pH of the mobile 
phase was adjusted to a final value of pH 3.0 with -1 mL of 85% phos- 
phoric acid. All HPLC analyses were carried out at ambient temperature, 
using a 2-mL/min flow rate and a 30-pL sample injection volume. 


Solution Preparation-Norfloxacin spiking solutions for use in the 
plasma assay were prepared by diluting a lOO-pg/mL aqueous stock so- 
lution with water at 25.0,10.0,5.0,2.5,1.0, and 0.5 pg/mL. Similarly, for 
the urine assay a 5.0-mg/mL stock solution of norfloxacin in 0.05 M 
NaOH was diluted as necessary with water to obtain 5.0-, 2.5-, 1.0-mg/mL, 
500-, 250-, loo-, 50-, and 10-pg/mL spiking solutions. All norfloxacin 
solutions were stored at 4OC. 


The internal standard stock solution was prepared by dissolving pi- 
pemidic acid in 0.1 M NaOH and diluting with water to 100 pg/mL for 
the urine assay and to  25 pg/mL for the plasma assay. The acid was ob- 
tained by crushing a 250-mg tablet to a fine powder, dissolving the powder 
in 75 mL of 0.1 M NaOH, filtering through a 0.45-pm filter, and diluting 
the filtrate with water. Alternatively, the acid could also be continuously 
extracted from a crushed tablet with dichloromethane using a soxhlet 
apparatus. The solvent was removed from the extract in U ~ C U O  leaving 
a residue of pure pipemidic acid. The internal standard solutions were 
stored at 4°C. 


Stock solutions (500 pg/mL) of norfloxacin metabolites M1, M2, M3, 
M41, M42, and M5 were prepared in dichloromethane using sonication 
and vortexed as needed to effect dissolution. These solutions were stored 
at  -15°C. Aliquots of the stock solutions were diluted to 50 pg/mL with 
methanol for HPLC analysis. 


Assay Procedure-Immediately following vigorous vortexing (or 
sonication), 100-1000 pL of plasma or urine was added to 100 pL of in- 
ternal standard solution in a 40-mL centrifuge tube. This solution was 
then neutralized by adding 1.0 mL of 0.5 M phosphate buffer, pH 7.5. The 
resulting urine mixtures were extracted once, while the plasma mixtures 
were extracted twice with dichloromethane as follows. After addition of 
10 mL of dichloromethane, each sample was vortexed 10 s, centrifuged13 
at 1000 rpm for 5 min, and the heavier organic layer was transferred to 
a second 40-mL centrifuge tube. Plasma samples were reextracted with 
10 mL of dichloromethane, and this second extract was pooled with the 
first. The dichloromethane extracts were back-extracted into 0.085% 
phosphoric acid by adding 1.0 mL of the dilute acid to the organic extract 
and vortexing this mixture 10 s, followed by centrifugation at 1000 rpm 
for 5 min. Approximately 400 pL of the resulting acidic extracts were 
transferred into autosampler vials equipped with microvolume in- 
serts. 


lo Model SP4100; Spectra Physics, Sank Clara, Calif. 
11 pBondapak C18; Waters Associates, Milford, Mass. 
l2 Plasma assay: I-hexanesulfonic acid, sodium salt; urine assay: 1-octanesulfonic 


I3 Model Centra 7; International Equipment Co., Needham Heights, Mass. 
acid, sodium salt. 


Preparation of the Standard Curve-Calibration standards were 
prepared by adding 100 pL of an appropriate spiking solution to 900 pL 
of urine or plasma and assaying as described above. The plasma assay 
used six calibration levels of norfloxacin for its standard curve (2.5,1.0, 
0.50,0.25, and 0.10 pg/mL and 50 ng/mL), while the urine assay used eight 
calibrations (500,250,100,50,25,10,5.0, and 1.0 pg/mL). Concentrations 
of norfloxacin were calculated from calibration curves constructed by 
plotting the peak area ratio of norfloxacin to the internal standard versus 
the spiked concentration of norfloxacin. A freshly prepared set of cali- 
bration spikes was run daily, along with control blank extracts prepared 
both with and without the internal standard. 


Urine Hydrolysis-To a 2.5-mL urine sample was added an equal 
volume of 2 M NaOH (hydrolysis pH 11.9) or 1 M HCl (hydrolysis pH 
0.6-0.7). The mixture was vortexed briefly, and a 1.0-mL aliquot was 
removed immediately ( t  = 0 min), neutralized, and extracted according 
to the normal assay procedure. The remainder of the mixture was stop- 
pered and placed in a constant temperature bath at  60OC. Additional 
1.0-mL aliquots were removed, immediately neutralized, and assayed 
at t = 10,20, and 30 min. Acid-hydrolyzed aliquots were neutralized by 
adding 0.5 mL of 2 M NaOH, while base-hydrolyzed aliquots were treated 
with 0.5 mL of 1 M HCl. The final pH of these mixtures after the addition 
of phosphate buffer (according to assay procedure) was in the range of 


Clinical Samples-The assay method was applied to both plasma and 
urine samples obtained from a clinical study in which five single doses 
of norfloxacin were orally administered to healthy male volunteers. All 
samples were stored at -2OOC until the day of assay. 


PH 6.8-7.0. 


RESULTS AND DISCUSSION 


A sensitive and specific HPLC method was developed utilizing the 
natural UV absorbing and fluorescing properties of norfloxacin. Using 
the chromatographic conditions described for this assay, norfloxacin (I) 
was completely resolved from each of its metabolites (111-VIII) and the 
internal standard (II), as is evident from the retention time data sum- 


Table I-Chromatographic Properties of Norfloxacin, 
Pipemidic Acid, and Metabolites Under Urine and Plasma HPLC 
Assay Conditions 


Retention Time, min 
Plasma HPLC Urine HPLC 


ComDound Conditions Conditions 


Pipemidic acid (internal 3.3 
standard) 


M2 4.0 
Norfloxacin 
M5 
M3 
M1 
M41 


5.1 
12.9 
19.0 
-0 


a - 


3.6 


4.4 
5.6 


11.9 
17.8 
21.3 
30.9 


- a 42.6 M4; 


(1 No fluorescence at 50 jtg/mL. 
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Table 111-Norfloxacin Calibration Curve Replicate Analysis 
fo r  the Plasma Assay 


C,H, 


I [ Norfloxacin] : R = -NANH 


I11 [ M l  J : R = -NANH 


W 


3 0 


IV [M2] : R = -NH(CHz)zNH, 
0 


I I  
V [M3]: R =-NH(CHz),NHCCH, 


0 
A II 


VI [ M4 1 ] : R = -NuN-CCH3 


VII [M42 J : R=-N -CHO 3 
VIII [M5] : R = -NH2 


marized in Table I. Representative chromatograms of control urine and 
plasma and urine and plasma spiked with norfloxacin and internal 
standard shown in Fig. 1. The chromatograms obtained by injection of 
drug-free urine or plasma show no interfering peaks at  the retention times 
of norfloxacin and the internal standard. Sample preparation for HPLC 
analysis involved initial extraction of the drug from an aliquot of urine 
or plasma into dichloromethane, followed by back-extraction into 0.085% 
phosphoric acid. 


Norfloxacin and metabolites M2, M3, and M5 were found to be stable 
for at  least 24 h a t  ambient temperature in the final acidic extraction 
medium. However, M1 slowly reacted under these conditions to form a 
new product which was detected only after 15 h as a fluorescing species 


Table &-Representative Standard Curve Data 


n: Standards, pg/mL y: Area Ratio (norfloxacin/internal std.) 


Plasma Assaya 
0.00 0.00 
0.05 
0.10 
0.25 
0.50 
1.00 
2.50 


0.00 
1.0 


0.086 
0.203 
0.538 
1.17 
2.60 
6.21 


Urine Assay 
0.00 
0.091 


5.0 0.467 
10.0 
25.0 
50.0 


100 
250 


1.19 
2.90 ~~~ 


6.16 
12.45 
32.83 


500 63.65 


a Least-mean-squares analysis: slope = 2.51, y-intercept = 0.03; correlation 
coefficient = 0.9996. Least-mean-squares analysis: slope = 0.128; )-intercept = 
-0.103; correlation coefficient = 0.99986. 


Plasma Concentration, 
CCdmL C V ( n  = 6) 


0.050 
0.10 
0.25 
0.50 
1.00 
2.50 


2.6% 
6.5% 
1.3% ~. 


4.3% 
4.6% 
2.2% 


eluting -2 min before norfloxacin. Similarly, M41 decomposed ( t l l z  = 
23 h) in the dilute acid. In this case, however, no fluorescing products were 
observed for up to 27 h at  ambient temperature. When dissolved in 0.085% 
phosphoric acid, M42 formed two fluorescing products. Both species were 
detected within 30 min of sample preparation. Their concentrations in- 
creased with time and reached maximum levels at  24-27 h. While one of 
these products (A) coeluted with M42, the retention time of the second 
degradation product (B) was coincident with that of norfloxacin. Since 
the amount of norfloxacin excreted in urine was 50 times that of M42 (3) 
and -20% of M42 was converted to product B after 24 h in dilute acid at  
room temperature, the maximum norfloxacin quantitation error resulting 
from the appearance of this degradation product was only 0.4%. The M42 
metabolite, as with the other metabolites and norfloxacin, attained a 
maximum excretion rate within 2.5-5 h. Later urinary excretion rates 
of the metabolites showed similar time-dependent variations to nor- 
floxacin (3). Finally, when M42 was dissolved in 0.3 M NaOH, product 
B was again formed, along with two new products (C and D). No peak 
coeluting with M42 was detected at  any time. As in acid, the concentration 
of product B increased with time, while the concentrations of C and D 
decreased during the same period. The identities of these degradation 
products were not pursued. 


M 


The urine of subjects receiving nalidixic acid (IX) has been shown to 
contain conjugate derivatives of IX which were readily cleaved by hy- 
drolysis (5). Because of the structural similarities between norfloxacin 
and nalidixic acid, the presence of analogous conjugates in the urine of 
norfloxacin-dosed individuals was assessed using conditions comparable 
with those described for the hydrolysis of nalidixic acid conjugates. It was 
found that even after 30 min of acid or base hydrolysis a t  60°C, the ap- 
parent concentration of norfloxacin was unchanged. This suggests that 
norfloxacin conjugates are not formed in clinical urine specimens. 


A structurally similar compound, pipemidic acid (II), was used as the 
internal standard, since it was found to exhibit favorable UV-absorbing, 
fluorescence extraction, and chromatographic properties. Using peak area 
ratios (norfloxacin-internal standard), the detector response was found 
to be linear in the 0.05-2.50-pg/mL range for plasma (fluorescence de- 
tection) and in the 1.0-500-pg/mL range of urine (UV absorbance). The 
mean recoveries of norfloxacin were 85.6 f 16.7% in the plasma assay 
(double extraction), and 42.4 f 6.0% in the urine assay (single extraction). 
The mean recoveries of the internal standard were 42.4 f 6.0% for plasma 
and 21.7 f 1.8% for urine. The recovery values are based on unextracted 


Table IV-Norfloxacin Calibration Curve Replicate Analysis 
fo r  the Urine Assay 


Urine Concentration, 
d m L  CV (n = 6) 


1.0 
5.0 


10.0 
25.0 
50.0 


100.0 
250.0 
500.0 


11.8 
9.7 
2.0 
2.0 
2.0 
1.5 
2.7 
3.9 
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Table V-Norfloxacin in Plasma and Urine Following Single Oral  Doses to a n  Individual 


Plasma Concentration, pg/mL 
Collection Time, h 


Dose. mg 0 0.5 1.0 1.5 2.0 3.0 4.0 6.0 8.0 12.0 
~ 


200 0 0.63 1.22 0.81 0.60 0.28 0.47 0.33 0.21 0.14 
400 0 0.51 1.42 1.21 0.91 0.74 0.52 0.42 0.28 0.22 
800 0 2.91 3.22 2.43 2.20 1.88 1.31 0.83 0.73 0.41 
1200 0 3.48 5.69 4.77 5.10 1.60 2.20 1.49 1.19 0.85 
1600 0 0.73 2.73 4.61 5.15 4.61 3.54 2.26 1.63 1.13 


Urine Concentration" FgIrnL 
Collection Interval, h 


Dose, mg 0-1 1-2 2-3 3-4 4-6 6-8 8-12 12-24 24-48 


200 


400 


800 


1200 


1600 


245 
117.9) 
271 
(14.4) 
339 
135.6) 
1125 


155 
(16.1) 
69 


44 
(11.0) 
41 


34 
(2.1) 


37 
(7.4) 


42 
(8.8) 


13 
(5.7) 
32 


3 
(2.0) 


16 
(12.4) 
4 
(3.0) 
5 
(5.5) 
18 
(22.5) 


129 
(9.8) 


102 
(11.6) 


109 
(10.0) 
243 
(21.6) 
76 
(44.8) 
583 
(43.1) 


6 
(1.1) 
40 
(31.6) 
41 
(20.1) 
70 
(39.9) 


(35.9) 
95 
(58.9) 
1902 


(16.8) 
111 
(24.0) 
653 


(14.4) 
120 -' 
(30.6) 


208 ~' 


(37.0) 
i50 ' 


(21.5) 
697 
(82.9) 


474 
(56.4) 
524 
(74.4) 


163 
(32.8) 
134 
(56.3) 


(37.1) 
432 
(34.6) 


(144.6) 
1414 
(60.8) 


(13.7) 
505 
(72.2) 


is1 
(67.6) 


10 
(30.4) 


Values in parentheses indicate total milligrams excreted 


standards. Representative standard curve data are shown in Table 11. 
Reproducibility of this method was validated by the construction of 
calibration curves over the appropriate concentration ranges for plasma 
and urine analysis. The coefficients of variation so obtained are sum- 
marized in Tables 111 and IV. The day-to-day reproducibility of this 
method was demonstrated by assaying replicate aliquots of a spiked 
plasma sample. Thus, the interassay coefficient of variation was 8.7% (n  
= 8) for a 0.50-pg/mL plasma standard. 


The assay method described in this report was used to quantitate 
norfloxacin levels in plasma and urine specimens from human subjects 
participating in an increasing-dose study of the drug. Representative data 
obtained for one of the volunteers is presented in Table V. 
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tition coefficient, P. The kinetic models (1,2) which treat 
this problem in terms of rate constants, can be a useful 
approximation for steady-state transport across a series 
of unstirred layers of the lipid-water interfaces. However, 
this kinetic model predicted a large degree of asymmetry 
(1) in the biological response curve with respect to P, and 
this asymmetry in transport is not satisfying from a fun- 
damental physical viewpoint. Furthermore, the kinetic 
treatment neglects differences in diffusion between the 
lipid and aqueous phases. To understand the role of dif- 
fusion in transport across biological tissue of alternating 
physical properties, it is useful to apply classical diffusion 
theory to oil-water multilaminates. 


Like the kinetic and equilibrium models, the diffusion 
model developed in this paper predicts a peak in the 
transport with respect to the partition coefficient for a 
multilaminated membrane. For a plot of the logarithm of 


Abstract  0 A diffusion model for transport through multilaminates is 
studied as a possible way to predict the optimal biological response of a 
set of congeners with respect to the oil-water partition coefficient, P. The 
model predicts the bilinear form typical of biological response data and, 
unlike the earlier kinetic model, also relates the results to physical pro- 
cesses, predicts the structure with the optimal response in terms of dif- 
fusion constants, and shows such an optimum prior to steady state for 
an infinite dose. Diffusion through an oil-water multilaminate causes 
extraordinary separation of permeating species based on partition 
coefficient and diffusion constant for times shorter than the lag time. 


Keyphrases Multilaminates-oil-water, diffusion model, optimal 
biological response with respect to partition coefficient 0 Partition 
coefficient-oil-water multilaminates, diffusion model, optimal biological 
response 0 Optimal biological response-diffusion model, oil-water 
multilaminates, partition coefficient 


In an earlier paper (l), we reviewed the kinetic (2) and 
equilibrium (3) models for predicting the optimal biolog- 
ical response of a set of congeners with respect to the par- 
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Abstract 0 The metabolism of the 8-aminoquinoline antimalarial drug, pri- 
maquine (I) was studied using rats. The drug was administered intravenously, 
intraperitoneally, and orally, and blood samples were collected at various time 
intervals. Primaquine was metabolized by oxidative deamination to give 8- 
(3-carboxy-l-methylpropylamino)-6-methoxyquinoline (111). The plasma 
levels of both primaquine and its metabolite were determined by HPLC. The 
tissue distributions of radioactive primaquine after intravenous, intraperito- 
neal, and oral administrations were also determined. Significant concentrations 
of radioactivity were found in the lungs, adrenal glands, and liver. In addition, 
a significant portion of the dose was found to be excreted in the feces within 
24 h after administration of the drug by either of the three routes. 


Keyphrases 0 Primaquine-excretion, distribution, and metabolism in rats 
0 8-(3-Carboxy-l-methylpropylamino)-6-methoxyquinoline-primaquine 
metabolite, excretion and distribution in rats 0 Metabolism-primaquine 
in rats, excretion and distribution 


Primaquine (I), an 8-amino-6-methoxyquinoline derivative 
used for the treatment of malaria, is active against the exoer- 
ythrocytic forms of Plasmodium vivax and Plasmodium ovale 
and against the gametocytes of Plasmodium fakiparum, thus 
inhibiting sporogony ( 1 ) .  Primaquine has a low chemothera- 
peutic index, therefore greatly limiting its prophylactic and 
therapeutic applications. It is known to induce hemolytic le- 
sions in patients suffering from a deficiency in glucose 6- 
phosphate dehydrogenase, a genetic condition most common 
among inhabitants of regions in which malaria is endemic. 


Although earlier workers suggested that one or more me- 
tabolites of primaquine may be responsible for its toxicity 
and/or antimalarial activity, very little has actually been ac- 
complished in identifying the metabolite(s) of primaquine. 
Studies with other 8-aminoquinolines such as pamaquine and 
pentaquine have indicated that these drugs are metabolized 
very rapidly (2-6); it was speculated that primaquine might 
undergo a similar fate. Based on earlier work with pentaquine 
(6) and pamaquine (7), it was proposed that primaquine un- 
derwent metabolic degradation by 0-demethylation of the 
6-methoxy group followed by hydroxylation at  the 5-position 
and oxidation to give a 5,6-quinone derivative. It was further 
speculated that this product was capable of oxidation-reduc- 
tion activity and, therefore, may account for the hemolytic 
activity of primaquine (8). None of these proposed metabolites 
have actually been characterized from humans or animals; 
however, 6-methoxy-8-aminoquinoline (11) was identified as 
a metabolite of primaquine in the urine of humans (9). 


We have recently reported the identification of 8-(3-car- 
boxy- 1 -methylpropylamino)-6-methoxyquinoline (111) as the 


1: R = --CH(CH3)CHzCHzCH,NH, 
11: R = H 


111: R -CH(CH3)CH2CHzCOzH 


major metabolite of primaquine in rat plasma after intravenous 
injection (10); this is also the major metabolite in several 
species of fungi (1 1). We report herein further studies on the 
metabolism and distribution of primaquine after intravenous, 
intraperitoneal, and oral administrations. 


EXPERIMENTAL 


Source of Compounds-Commercially available primaquine diphosphate 
(I) was used as received'. 12,4-t4C]Primaquine diphosphatez had a specific 
activity of 1.55 mCi/mmol. 8-(3-Carboxy-l-methylpropylamino)-6-meth- 
oxyquinoline (111) was prepared by microbial transformation of primaquine 
as previously described (1 1). 


Determination of Plasma Levels of Primaquine and Its Metabolite-Male 
Wistar rats (200-300 g) were anesthetized with sodium pentobarbital (30 
mg/kg ip). Primaquine diphosphate was administered either intravenously 
(10 or 20 mg/kg), intraperitoneally (20 mg/kg), or orally (20 mg/kg) as an 
aqueous solution in distilled water (40 mg/mL). Multiple blood samples were 
collected from the intraorbital sinus vein in two 50-pL heparanized capillary 
tubes at 1,3, 15,30 min, and 1,3,6, 12, and 24 h after dosing. 


After centrifugation in a hematocrit centrifuge for 2 min, the plasma was 
analyzed using an HPLC procedure shown to be specific for I11 and prima- 
quine (10). HPLC analyses utilized a CIS reverse-phase column3 (10 pm) with 
a mobile phase consisting of 6.6 g of K2HP04, 8.4 g of KHzP04, 2.4 L of 
methanol, 1.6 L of water, and 4 g of N,N-dimethyloctylamine (flow rate = 
1 mL/min) (10). The sample size consisted of 20 p L  of plasma, and detection 
was accomplished using a dual-wavelength UV detector (254 and 280 nm). 
For pharmacokinetic studies, the carboxylic acid metabolite (111) was injected 
at a dosage of 12 mg/kg iv, the molar equivalent to the primaquine diphos- 
phate dosage of 20 mg/kg. Blood samples were collected from the intraorbital 
sinus vein at 1,3, 15,30 min, and 1,3,6, 12, and 24 h postadministration. After 
centrifugation, the plasma samples (20 pL) were analyzed directly by 
HPLC. 


Tissue Distribution of [2,4-1q]Primaquine Diphosphate-Fifty-four male 
Wistar rats (200-300 g) were anesthetized with sodium pentobarbital (30 
mg/kg of body weight ip). An aqueous solution consisting of a 9:l mixture 
of primaquine diphosphate and [14C]primaquine diphosphate was adminis- 
tered intravenously (10 mg/kg), intraperitoneally (20 mg/kg), and orally (20 


4 "I 


HOURS 
Figure 1-Plasma concentration of primaquine diphosphate afer  intravenous 
(0), intraperitoneal (A), and oral (0 )  administrations of primaquine di- 
phosphate. Each value represents the average of two animals. 


I Aldrich Chemical Co., Milwaukee, Wis. * New England Nuclear, Boston, Mass. 
3 p-Bondapak; Waters Associates, Milford, Mass. 
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Table I-Area Under the Plasma Concentration versus Time Curve (AUC) 
for Primaquine Diphosphate after a 20-mg/kg Dose 


Table 11-Area Umder the Plasma Concentration versus Time Curves for 
&(3-Carboxy-l-methylpropylamim~6-methoxyquinoline (111) 


Amount 
AUCa, Absorbed h ,  


Route Subject pg/ m 1,-h % 


Conversion 
Drug Dose, AUC", to Metabolite*, 
Given mg/kg Subject pg/mL-h % 


Intravenous A 9.1 1 
B 3.94 
C 7.98 
D 4.14 


Mean f SD 6.29 f 2.6 
Oral E 3.51 56 


F 0.55 8 
G 0.77 12 


Mean f SD 1.61 f 1.64 25 f 26 


a AUC for primaquine diphosphate. Percent absorption as determined from the AUC 
when primaquine diphosphate was administered orally compared with the AUC when 
it was administered intravenously. 


mg/kg). The rats were sacrificed 'at 1, 3, 15. 30 min, and I ,  3 ,6 ,  12, and 24 
h after administration; two rats were used for the determination of each time 
point for each route of administration. A blood sample was collected by cardiac 
puncture and the following organs and tissues were removed: lungs, kidneys, 
adrenal glands, heart, liver. spleen, pancreas, brain, abdominal muscle, ab- 
dominal fat. small intestine, large intestine, testes, and stomach. After the 
total wet weight of each organ was determined, a portion (100-200 mg) was 
taken for combustion. The tissue samples were burned in a sample oxidize+ 
and the [14C]carbon dioxide was trapped with a carbon dioxide absorber5. 
The trapped [t4C]carbon dioxide was diluted in an organic scintillation 
cocktail6, and the radioactivity of each sample was measured in a liquid 
scintillation counter'. Radioactivity in the various tissues was expressed as  


12 


I I  


ia 


9 


8 


7 


6 


r' 
2 5  x 


4 


3 


2 


I 


HOURS 
Figure 2.- Plasma concentrations of 8-'3-carboxy-l -methylpropylamino)- 
6-niethoxyquinoline (111) afier intravenous (0). intraperitoneal (A)- and oral 
(0) administrations of primaquine diphosphate. Each value represents the 
acerage of two animals. 


~ 


Packard Tri-Carb Sample Oxidizer Model 306; Packard Instrument Co.. Downers 


Carbosorb; Packard Instrument Co.. Downers Grove, I l l .  
Perrna-Fluor V; Packard Instrument Co.. Downers Grove, 111. 


Grove. 111. 


' Packard Tri-Carb Liquid Scintillation Spectrometer Model 3255; Packard Instru- 
ment Co.. Downers Grove, 111. 


Primaquine 
diphosphate 


20 iv H 
I 
J 
K 


Mean f SD 


diphosphate 


Mean f SD 


diphosphate 


Mean f SD 


diphosphate 


Mean f SD 


acid 


Mean f SD 


Primaquine 


Primaquine 


Primaquine 


Carboxylic 


10 iv L 
M 
N 


20 ip 0 
P 
Q 


2opo R 


T 


12'iv U 
V w 


166 
14.7 
28.5 
22.6 
57.9 f 72 
20.2 
25.6 
21.3 
22.4 f 2.9 
56.4 


106.3 
192.9 
118.5 f 69.1 


7.08 
7.55 


17.95 
10.8 f 6.1 


216 
298 
270 
261 f 42 


~ ~~ 


63.6 
5.63 


10.9 
8.67 


22 f 28 
15.5 
19.6 
16.3 
17.1 f 2.2 
21.6 
40.7 
73.9 
45 f 26 
2.71 
2.89 
6.88 
4.2 f 2.4 


Area under the plasma concentration uersus time curve for nletabolite I l l .  Percent 
conversion as determined from the curve area of 111 when primaquine diphosphate was 
administered and curve area when 111 was administered directly (iv). Molar qu iva len t  
to 20 mg/kg of primaquine diphasphate. 


the relative concentration (12), defined as (counts of radioactivity in an 
organ/total radioactivity dose) X (weight of animal/weight of organ). 


Determination of Radioactivity in Plasma After Administration of [*WF 
Primaquine Diph~sphate-['~C] Primaquine diphosphate (1.55 mCi/mmol) 
was injected intravenously into a single rat at a dose of 10 mg/kg. After 3 h, 
a blood sample was collected by cardiac puncture. and the rat was sacrificed. 
The blood was centrifuged, and a portion of the plasma (20 pL) was injected 
into the HPLC. A total of 16 fractions ( I  mL each) were collected, and each 
fraction was diluted with 15 mL of scintillation cocktail8. The radioactivity 
of each fraction was measured using a liquid scintlllation counter7. To  de- 
termine the total radioactivity, a 20-pL portion of the plasma was also diluted 
with 1 m L  of the HPLC mobile phase and 15 mL of scintillation cocktail, and 
the radioactivity was measured. 


RESULTS AND DISCUSSION 


Primaquine diphosphate was administered intravenously, intraperitodcally, 
and orally to male rats, blood was collected at  various time intervals, and the 
plasma was analyzed by HPLC for primaquine ( I )  and its metabolite (111). 
After intravenous injection of primaquine diphosphate, the drug disappeared 
very rapidly from the blood (rII2 - I min). Within 1 min after admin,istration 
of the dose, the plasma concentration was only 1-5% of the value one would 
expect if there werc zn even distribution of the drug in the blood (Fig. 1). This 
extremely rapid fall in plasma concentration was also observed using I4C- 
labeled primaquine, where at I min after intravenous administration, the 
relative concentration in blood was 0.22 and in the lung a value of 4.90 was 
observed. These observations were consistent with the observations of other 
workers (13, 14) using structurally related drugs, who found that if a given 
drug contained a basic aliphatic amino group (pK, > 8.5) that was joined to 
a lipophilic aromatic ring system, the drug would rapidly ( t t / 2  < 3 min) ac- 
cumulate in the lung tissue. Prirnaquine also contains an aliphatic amine side 
chain (pK, = 10.39) with a very lipophilic aromatic ring system, which 
probably accounted for its rapid disappearancc from plasma and accumulation 
in the lung tissue. 


After intravenous administration of primaquine diphosphate (20 mg/kg), 
an initial rapid drop in plasma concentration of primaquine was observed, 
followed by a considerably slower fall in the plasma level (rip = 2.24 f 0.62 
h). When the animals were dosed at a lower level (10 mg/kg), essentially the 
same half-life wasobserved (1112 = 1.88 f 0.35 h). After intraperitoneal ad- 
ministration of primaquine diphosphate, the plasma levels of primaquine 
reached a maximum -30 min (Fig. 1 )  after administration of the dose, then 
began to fall a t  about the same rate that was observed for the intraveneous 
dose. Following oral administration of primaquine diphosphate (20 mg/kg), 
the plasma level of primaquine (Fig. 1) never rose above 1 .O pg/mL. From 


Insta-gel; Packard Instrument Co.. Downers Grove, 111. 
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Table 111-Relative Concentration of Radioactivity in Tissues after Intravenous Administration of ['4C]Primaquine Diphosphate ' 
Tissue 1 min 3 min I5 min 30 min I h  3 h  6 h  1 2 h  24h AUC 


Lungs 4.90 4.97 4.88 2.69 2.33 1.39 0.28 0.15 0.06 12.12 


Spleen 0.88 1.10 2.01 0.96 1.01 0.34 0.17 0.58 0.12 9.77 


Adrenal glands 2.39 8.27 3.8 1 2.15 3.96 I .35 0.87 2.58 0.35 40.23 
Liver 1.02 1.55 3.47 I .08 1.92 0.99 0.47 0.20 0.16 11.13 


Small intestineb 0.50 0.50 0.77 0.68 1 .oo 4.68 11.23 1.69 0.33 50.88 
Large intestineb 0.28 0.24 0.26 0.15 0.25 0.09 8.06 7.00 2.07 112.37 
Kidney 1.95 3.56 2.56 0.76 0.78 0.57 0.37 0.42 0.37 11.37 
Heart 2.43 2.35 1 .ox 0.40 0.58 0.24 0.17 0.12 0.08 4.36 ~ ~~ . ~ .. .~ . .  . ~- ~ ~~ . . . -. . 


Stomach 0.1 1 0.05 0.84 0.55 I .22 0.78 0.18 0.86 0.05 I 2.73 
Blood 0.22 0.19 0.27 0.12 0.28 0.21 0.19 0.08 0.06 2.94 
Pancreas 0.77 1.26 0.42 0.56 0.56 0.15 0.12 0.16 0.06 3.88 
Abdominal muscle 0.35 0.56 0.62 0.46 0.3 1 0.08 0.08 0.19 0.05 3.34 
Abdominal fat 0.30 0.24 0.29 0.21 0.14 0.18 0.15 0.09 0.05 2.59 
Brain 
Testes 


0.13 0.27 0.22 .09 0.24 0.13 0.03 0.05 0.03 1.51 
0.06 0.12 0.16 0.07 0.16 0.17 0.15 0.12 0.06 2.82 


Values represent the average obtained from two animals (dosage, 10 mg/kg) per data point. Contents. 


Table IV-Relative Concentration of Radioactivity in Tissues after Intraperitoneal Administration of [14C]Prirnaquine Diphosphate a 


Tissue 1 min 3 min I 5  min 30 min l h  3 h  6 h  1 2 h  24h AUC 


Lungs 2.21 1.89 5.45 4.08 4.24 3.80 0.53 0.75 0.07 27.37 
AdrFnal glands 1.i6 1.93 5.70 3.19 5.48 2.03 0.74 0.29 0.31 21.77 
Liver 3.07 3.38 5.73 1.94 3.06 1.26 0.65 0.24 0.12 15.24 
Spleen 3.52 1.30 1.47 1.92 3.45 1 S O  0.29 0.14 0.10 12.49 
Sinall intestineb 2.22 2.20 0.75 1.07 1.13 1.65 17.25 0.90 0.23 93.51 
Large intestineb 2.43 1 .oo 0.3 1 0.29 0.37 0.22 7.71 1.35 1.56 57.55 
Kidney b.58 1.48 I .90 1.54 1.43 1.12 0.45 0.25 0.14 10.89 
Heart 0.59 0.38 0.44 0.61 0.59 0.48 0.2 1 0.14 0.06 4.88 
Stomach 0.28 0.36 0.18 I .04 0.76 1.59 0.8 1 0.04 0.02 9.53 
Blood 0.22 0.10 0.18 0.18 0.33 0.34 0.36 0.08 0.05 4.03 
Pancreas 2.75 2.77 0.72 2.18 1.27 0.69 0.22 0.18 0.06 7.63 
Abdominal muscle 3.42 0.29 1.61 0.32 0.3 I 0.34 0.18 0.04 0.04 3.22 
Abdominal fat 2.61 0.56 0.30 0.48 0.37 0.3 1 0.27 0.13 0.08 4.46 
Brain 0.06 0.05 0.04 0.05 0.1 1 0.10 0.05 0.04 0.02 1.13 
Testes 0.20 0.05 0.20 0.07 0.14 0.15 0.15 0.13 0.02 2.60 


Values represent the average obtained from two animals (dosage, 20 mg/kg) per data point. Contents. 


Table V-RelRtive Concentration of Radioactivity in Tissues after Oral Administration of [14C]Primaquine Diphosphate a 


Tissue 1 min 3 min 15 min 30 min I h  3 h  6 h  1 2 h  24h AUC 


Lungs 0.46 


Liver 0.03 
Spleen 0.06 
Small intestineb 0.04 
Large intestine6 0.04 
Kidney 0.03 
Heart 0.06 
Stomachb 0.57 
Blood 0.02 
Pancreas 0.47 
Abdominal muscle 0.14 
Abdominal fat 0.19 
Brain 0.03 
Testes 0.04 


Adrenal glands 0.1 1 
0.16 
0.32 
0.04 
0.19 
0.03 
0.02 
0.04 
0.05 


1 1.98 
0.03 
0.1 1 
0.04 
0.08 
0.02 
0.0 I 


0.40 0.5 1 
1.32 0.50 
0.14 0.7 1 
0.09 0.29 
0.06 0.1 1 
0.02 0.04 
0.14 0.20 .~ 


0.16 0.i2 
41.30 53.17 
0.02 0.04 
0.05 0.33 
0.1 3 0.10 
0.07 0.05 
0.02 0.03 
0.03 0.04 


0.24 
0.37 
0.73 
0.14 
1.35 
0.03 
0.15 
0.09 


19.14 
0.04 
0.13 
0.09 
0.06 
0.02 
0.02 


1.20 0.19 
0.98 0.54 
1.15 0.43 
0.51 0.08 


13.44 4.87 
0.48 0.84 
0.55 0.16 
0.21 0.06 . ~~ . .  


13.71 8.40 
0.08 0.04 
0.26 0.08 
0.10 0.07 
0.18 0.03 
0.05 0.02 
0.06 0.03 


0.23 
0.98 
0.39 
0.16 
0.87 
2.15 
0.17 
0.07 
2.48 
0.05 
0.08 
0.06 
0.09 
0.05 
0.09 


a Values represent the average obtained from two animals (dosage, 20 mg/kg) per data point. Contents. 


a comparison of the area under the primaquine concentration uemus time 
curves of the oral and intravenous routes of administration (Table I), it was 
found that only 25% (range 8-56%) of the primaquine diphosphate was 
available to the central compartment. 


Following intravenous or intraperitoneal administration of primaquine 
diphosphate (20 mg/kg), the plasma level of the carboxylic acid metabolite 
(111) was found to increase very rapidly, and after I h the concentration of 
metabolite Ill was far greater than that of primaquine (Fig. 2). When a pure 
sample of 111 was given at  a dose equivalent on a molar basis to 20 mg/kg of 
primaquine diphosphate, the initial concentration of I l l  was much greater 
(Fig. 3) than had been observed for primaquine. Therefore, it would appear 
that once the basic amino group is metabolically removed from the side chain 
of primaquine, the metabolite no longer has a high affinity for the lung and 
other tissues. In addition, the half-life of 111 ( t l p  = 4.38 f 0.26 h) was found 
to be twice as long as that of primaquine itself. The very high plasma con- 
centration of the metabolite compared with primaquine (Figs. 1 and 2) could 
be a result of the much lower tissue affinity and longer half-life of the me- 
tabolite compared with that of the parent drug. 


0.04 
0.41 
0.06 
0.03 
0.08 
0.30 
0.07 
0.03 
0.04 
0.03 
0.03 
0.06 
0.10 
0.02 
0.02 


6.772 
17.15 
9.90 
3.582 


65.571 
26.190 
4.344 
1.81 


149.20 
1.08 
2.23 
1.651 
2.12 
0.83 
1.26 


Following intravenous administration of primaquine diphosphate (20 
mg/kg, Table 11) it was found that 22% (range 5.63-63.6%) of the dose was 
converted to the metabolite (111). When the dose was reduced by half, es- 
sentially the same extent of conversion was observed (mean 17.1%; range 
15.5-19.6%). When the primaquine diphosphate was administered intra- 
peritoneally, the percent conversion to the metabolite was slightly higher 
(mean 45%, range 21.6-73.9%); however, the difference was not statistically 
significant a t  the 95% level. 


Following oral administration of primaquine diphosphate (20 mg/kg, Table 
11), it was found that the percent of metabolite Il l  that ultimately reached 
the plasma (mean 4.2%, range 2.71-6.88%) was significantly lower than that 
seen in the other routes of administration. Since only 25% of the primaquine 
that was administered orally actually reached the plasma, it would also be 
anticipated that the amount of the metabolite formed would be corre- 
spondingly lower if the primaquine was poorly absorbed or if the primaquine 
was being excreted in the bile following a first pass through the liver. 


From a comparison of the HPLC analyses of the plasma of primaquine- 
treated animals and plasma blanks, only metabolite 111 and primaquine were 
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Figure 3-Plasma concentration of 8-(3-carhoxy- I -methylpropylamino)- 
6-methoxyquinoline (111) after an intravenous injection of 111. Each value 
represents the average of three animals. Metabolite 111 showed a half-life 
of4.38 f 0.26 h. 


detected. To determine if other metabolites might have gone undetected i n  
the plasma, a rat was administered [14C]primaquine diphosphate (10 mg/kg 
iv; 1.55 mCi/mmol). The rat was sacrificed 3 h after administration of the 
labeled primaquine, and a blood sample was taken by cardiac puncture. A 
portion of the plasma was injected into the HPLC, and I-mL fractions were 
collected. Each of the fractions was diluted with scintillation cocktail and the 
radioactivity was measured. I t  was found that 59% of the total radioactivity 
in the plasma could be accounted for in fractions containing the carboxylic 
acid metabolite ( I l l )  and 5% as unchanged primaquine. 


An investigation of the tissue distribution of primaquine in rats was un- 
dertaken using I4C-labeled primaquinediphosphate. While this work was in 
progress, Holbrook el al .  reported on the tissue distribution of labeled pri- 
maquine in rats using [6-O-methyl-3H]primaquine ( I  5). I n  that report, the 
distribution of primaquine was measured in seven rat tissues (lung, liver, 
kidney, spleen. heart. brain. and blood) at 15-180 min after intraperitoneal 
administration ( I  5). We report herein the distribution of primaquine in 15 
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Figure 4-Relatice concentration of radioactivity in the lung (0) and liver 
( A )  after intracenous ( -) and intraperitoneal (---) administrations of 
/14C]primaquine diphosphate. Each value represents the average of two 
animals. 


HOlRS 


Figure 5-Relatice concentration of radioacticily in the adrenal gland (0) 
and heart (A) after intracenous (-) and intraperitoneal (---) administrations 
of /I4C/primaquine diphosphate. Each value represents the aoerage of two 
animals. 


tissues at nine intervals from 1 min to 24 h after intravenous, intraperitoneal, 
and oral administration using ring-labelcd [I4C]primaquine rather than the 
methyl-labeled [3H]primaquine previously used. Although there appears to 
be wide distribution of primaquine throughout the body tissues, it is apparent 
that the radioactivity is concentrated in  certain tissues, as determined by 
relative concentration (12).  


At I min after intravenous administration of ['4C]pr~maquine diphosphate, 
the lungs contained the highest concentration of radioactivity (relative con- 
centration = 4.90; Table 111). Radioactivity was also concentrated in the heart, 
adrenal glands. kidneys, and liver. The adrenal glands and lungs contained 
the highest concentrations of radioactivity until 3 h after injection, when the 
contents of the small intestine showed the highest concentration of radioac- 
tivity. The contents of both the small and large intestines continued to contain 
the highest relative amount of radioactivity at 6. 12, and 24 h after injection. 
It appears, therefore, that there is extensive recirculation of radiolabeled 
material through the intestinal system after intravenous injection. 


Following intraperitoneal administration of labeled primaquine, a number 
of tissues showed a selective concentration of the radioactivity (Table IV). 
Significant uptake was observcd for the lung (Fig. 4), liver (Fig. 4). adrenal 
(Fig. 5 ) .  and spleen (Fig. 6 )  tissues. Large quantities of the radioactivity were 
also found in the contents of the large and small intestines in the later time 
periods following the intraperitoncal dosage (Fig. 7). Although the time course 
of the intraperitoneal and intravenous routes were different, there were no 
significant differences in the tissue distribution. 


Following oral administration of labeled primaquine, a significantly dif- 
ferent distribution of the radioactivity was observed (Table V). The areas 
undcr the curves (AUC) for the lung, adrenal. spleen, kidney, heart, blood, 
and pancreas tissues were found to be only 22  f 4% (range 19-29%) of the 
dose-adjusted AUC values obtained after intravenous administration. How- 
ever, the AUC for the liver was found to be 45% of that obtained after intra- 
venous administration. These findings suggest that a major portion of the 
primaquine reaches the liver; howcver, metabolism and excretion into the bile 
prevents the major portion of the dose from reaching the plasma and other 
tissues. 
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Figure 6 
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. -Relotice concentration of radioucticity in kidney (0 )  and spleen 


(A) after intracenous /-) and intraperitoneal (---I administrations of 
[14C/primaquine diphosphate. Each oalue represents the acerage of two 
animals. 
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Figure 7-Relative concentration of radioactivity in the contents of the small 
intestine (0) and large intestine (A) afer intravenous (-) and intraperitoneal 
(---) administrations of [L4C]primaquine diphosphate. Each value represents 
the average oftwo animals. 


Consistent with these findings was the observation that a significant portion 
of the radioactivity was found in the feces following intravenous or intra- 
peritoneal administrations (Table VI). Since the percentages of the dose found 
in the feces after intravenous, intraperitoneal, and oral administrations are 
all nearly the same, it would appear that primaquine is fairly well absorbed 
when given orally, but that only a small portion (25% by HPLC analysis) of 
the primaquine actually reaches the plasma because of first-pass metabolism 
and enterohepatic circulation. 


CONCLUSIONS 


The results of these studies show that primaquine was rapidly metabolized 
after intravenous and intraperitoneal injection and a major metabolite (mean 
28%. range 5.6-74%) was found to be the carboxylic acid product (111) re- 
sulting from oxidative deamination. At 3 h after administration of the dose, 
this metabolite accounted for almost 60% of the total radioactivity in rat 
plasma, as shown by HPLC fractionation of radioactive blood samples. These 
findings were consistent with those of Holbrook et al. (IS), which indicated 
that the majority of the radioactivity in the blood samplq was not extractable 
into heptane under alkaline conditions. 


A significant finding of the current distribution studies was that a large 
portion of the carbon-I4 was found in  the intestinal tract and feces following 
intravenous or intraperitoneal administration. Of the label excreted during 
the first 24 h following intravenous or intraperitoneal administration, ap- 
proximately one-third was found in the feces, which would suggest that en- 
terohepatic circulation may be involved in the distribution and metabolism 
of primaquine. 


When primaquine was given orally, only 25% (range 5-56%) of the dose 


Table VI-Percentage of Radioactive Dose Excreted in Urine and Feces 
after Intravenous, Intraperitoneal, and Oral Administrations of [I4C3 
Primaquine Diphosphate a 


Route of Radioactive Dose Recovered, % 
Administration Urine (0-24 h) Feces (0-24 h) 


Intravenous 26% 18% 
Intraperitoneal 37% 14% 
Oral 11% (17%p 16% (20%) 


Each value represents the average from two animals. Values reported by Ryer et 
al. (16). 


ultimately reached the plasma, while 18% of the dose was excreted in the feces 
during the first 24 h. These observations would suggest that first-pass me- 
tabolism and enterohepatic circulation may be involved in the systemic 
availability of primaquine following oral dosing. When labeled primaquine 
was administered intravenously, the major portion of the dose was found in 
highly perfused tissues such as the lungs, adrenal glands, liver, spleen, and 
heart, while little remained in the plasma. This rapid uptake by lung tissue 
has also been reported for similar aromatic compounds containing a very basic 
aliphatic amino group (13, 14). 


When the labeled primaquine was administered orally, the tissue distri- 
bution was found to be significantly different because of enterohepatic re- 
circulation and first-pass metabolism. Following oral administration, the 
amount of label reaching most tissues was reduced to 22% of that obtained 
after intravenous administration. However, the amount reaching the liver 
remained fairly high following oral administration, which was significant 
considering that primaquine is normally administered orally to suppress the 
malaria organisms residing in the liver. 
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EDlTORlAL 


“Coming of Age” for Device Technology 


Medically related hoaxes and quackery have been with us for many, 
many years. The American Medical Association’s principal activity 
during the late 19th century and early 20th century was to expose and 
debunk such phoney remedies and their fraudulent promoters. Sub- 
sequently, after the predecessor to the present-day U S .  Food and 
Drug Administration was established in 1906, that federal agency 
assumed national leadership for monitoring the promotion of devices 
and gadgets claimed to have therapeutic properties or diagnostic 
value. Other groups-including the American Pharmaceutical As- 
sociation in particular-provided strong support to these efforts, as 
well as conducting their own educational programs and professional 
projects. 


Copper bracelets for arthritis sufferers probably have been the most 
common and well-known hoax, but there have been hundreds and 
perhaps even thousands of others. The FDA had a museum-a so- 
called “Chamber of Horrors”-in which its collection of the more 
unusual and ingenious such items had been exhibited. The agency 
made wide use of that exhibit in conjunction with its educational 
campaigns to warn the general public about the uselessness-and, 
in  some cases, even the potential hazard-of such devices. 


Those of us educated in the sciences, and especially in the medical 
and pharmaceutical sciences, recognize the lack of any plausible 
scientific basis for expecting these devices to have any curative value. 
But to the average lay person, who is at best only casually schooled 
in the sciences, the claims appear to be within the realm of possibility. 
And when one is desperate for a cure-due to the absence of other 
proven remedies, coupled with pain or a fatal prognosis-that person 
is quite receptive to the pitch of a medical charlatan. 


For years, the FDA has so relentlessly pursued this activity, so 
dramatically exposed the devices as fraudulent, so widely publicized 
their worthlessness, and so vigorously prosecuted those people who 
promoted them, that one might reasodably question whether the 
agency has been able to adequately retain its objectivity in the matter. 
In other words, if some seemingly exotic device or treatment came 
along that did indeed do what was claimed for it, would the FDA be 
able to recognize its worth, and publicly acknowledge its usefulness? 
The krebiozen and laetrile episodes were fueled by just such doubts 
on the part of the public and some of the medical community. 


Well, in our view, any such question can now be put to rest. 
We recently saw the April issue of the FDA Consumer-which is 


the Agency’s magazine for lay readers. 
The lead article was entitled “Sealing Teeth to Prevent Cavities.” 


And rather than expose the procedure as a hoax, or even as a well- 
intended but worthless effort by dentists to protect against the ravages 
of caries, the article gave a ringing endorsement to the procedure! The 
FDA staff writer explained in easy-to-understand language the sus- 
ceptibility of tooth fissures to dental decay, the theory behind the 
sealants, how they are applied, their relative safety, and the clinical 
test results recorded for them. The general message of the article can 
best be conveyed by the writer’s own abstract-summary: “A group 
of experts recently agreed that sealants can be effectice in protecting 
teeth ofyoungsters, particularly those teeth that are pitted and haue 
fissures.” The article itself stated that “the occurrence of pi t  and 
fissure cavities was reduced by approximately 95 percent at the end 
of one year and at least 50 percent at the end offiveyears.” 


Then, later on in that same April issue of FDA Consumer, was an 
article discussing a heat-generating device that has been promoted 


as a treatment of cancer. Our initial reaction was: “Old ha?! FDA has 
been debunking such devices, and hounding their promotersfor as 
long as we can remember!” 


But, again, this was another case of “man bites dog!” 
The FDA staff author described how a new medical device that 


uses controlled microwave energy to treat certain kinds of cancer has 
won FDA approval for marketing. The microwave energy produces 
hyperthermia and is now approved specifically for treatment of four 
types of malignant tumors: melanoma, squamous carcinoma, ade- 
nocarcinoma, and sarcoma. 


The article points out that hyperthermia has certain limitations 
and is a palliative treatment rather than a true cure. But just to sup- 
press and halt the growth of a malignant cancer is a great achievement 
with respect to this terrible disease. Also described are the clinical 
test results (with full to partial regression of 83 percent of tumors in 
one major study), the theoretical basis of the device’s principle of 
activity, the technique employed in utilizing the device, the specialists 
who will initially employ the device and where it will be available, and 
the technique that manufacturers will use in testing and standardizing 
the machines they produce without needing to use human subjects 
in  the testing process. 


This FDA author’s own abstract-summary also conveys very well 
the general message of the article: “A recently approved device oflers 
a new way to treat four types of cancer. In a process called hyper- 
thermia, cancer cells are destroyed by microwave-type heat.” 


And less than a week earlier, we had read that, effective March 30, 
FDA had granted approval for the general marketing of nuclear 
magnetic resonance (NMR) imaging equipment for medical diag- 
nostic purposes. NMR is expected to be very useful for in viuo path- 
ological analyses as well as more effective three-dimensional visual- 
ization than can be achieved by currently available CAT scanning. 
Other exotic diagnostic applications are anticipated in the near future, 
and there is a good possibility that certain therapeutic or treatment 
applications will be approved eventually. 


All of this is welcome news in the overall health care picture. New 
drug discoveries will continue to be important. but there is a growing 
recognition that pharmaceuticals alone are not sufficient to provide 
the most efficient and effective treatment for many diseases. 


What we are seeing is the emerging era of applied technology. 
Although, as in the case of drugs, we have long enjoyed some benefits 
of device technology, they have been very limited and elementary 
when compared to the new gadgetry, electronics, and computer sys- 
tems now becoming available. 


And even in the pharmaceutical field, the present research and 
development emphasis is shifting more and more toward sophisticated 
drug delivery systems and away from exclusive interest in new drug 
entities. Again, this is applied technology. 


In conclusion, what we are witnessing is truly a medical revolution. 
A field that just a few years ago had been full of phoniness and 
quackery has now been transformed by modern technology into one 
of hope and promise. For all of us who are involved, or even just wit- 
nessing these events, these indeed are exciting times! 


-EDWARD G. FELDMANN 
American Pharmaceutical Association 


Washington, DC 20037 
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Having a Voice in APhA Scientific Policy 


There is a familiar story that most of us have heard in one 
variation or another. Essentially, it is that people fall into one or 
another of three groups: (a )  the great majority, who are doing well 
if they know what has occurred; ( b )  the relatively few, who are 
aware of what is presently happening; and (c) the very, very few, 
who are able to foresee where things are headed and what is likely 
to happen. 


This classification has great relevance to policy establishment 
within the American Pharmaceutical Association. All too many 
APhA members-as in the case of most professional or scientific 
societies-learn belatedly of some position the organization has 
adopted. At  that point their reaction is either “why wasn’t I 
told?” or “when was this done?” or “how did that happen?” or 
“why didn’t the leadership inform or consult the member- 
ship?” 


No one wants to admit that he or she might have been “asleep 
at the switch,” and that he or she has only one’s own self to blame 
for being ignorant on the status of the subject. 


At one time or another, we probably have all had this experi- 
ence and the same reaction to it. Our point in discussing it in this 
column is simply to be sure that all our readers are aware that 
they can avoid this situation-at least as far as APhA policy 
positions that will be established by the Association’s House of 
Delegates during the 1984 Annual Meeting this coming May. 


Right now, the 1983-1984 Policy Committee reports, including 
the recommendations of the Policy Committees, are being re- 
leased and publicized through APhA publications and uia news 
releases to the pharmacy professional and trade press. 


At this stage, the recommendations are only in a proposed 
status. They are open for review, debate, and consideration until 
early May when Reference Committee open hearings will be held 
to listen to verbal testimony and to review written comments that 
have been submitted. The Reference Committees will then make 
their recommendations to the House of Delegates for final action 
and poljcy establishment-but, again, only after further oppor- 
tunity for debate on the issues within the full House of Dele- 
gates. 


So, between now and early May, there is ample time for indi- 
vidual members to express their views and to offer their input 
before those proposals are acted upon. Consequently, everyone 
has plenty of opportunity to be numbered among the usually 
select few, who are in the category of knowing not only where 
we’ve been, and where we are, but even where we are going. 


In addition to presenting this reminder, we would like to clarify 
another point. That is, the fact that APhA policy issues cover the 
full spectrum of concerns that are of interest to the membership. 
Four separate Policy Committees (and four similarly oriented 
Reference Committees) are appointed each year and are assigned 
topics considered most appropriate to their individual designa- 
tions-which are, respectively, Educational Affairs, Professional 
Affairs, Public Affairs, and Scientific Affairs. 


Hence, there is a committee specifically established to study, 
review, and recommend policy positions on scientific issues. 


In recent years, the Association has formally adopted official 
policy positions emerging from its Policy Committee on Scientific 
Affairs on such diverse subjects as: (1) the pharmacist’s role in 
postmarketing surveillance for approved drugs, (2) the utilization 
of institutional review boards (IRBs) for expediting new drug 
approval, (3) federal regulation of salt in processed foods, (4) the 
use of animals in drug research, (5) carcinogenicity testing, (6) 
needed drugs of limited commercial value (orphan drugs), (7 )  
vaccine liability programs, (8) drug product therapeutic equiv- 
alence, (9) food labeling, (10) therapeutic orphans, and (11) the 
medicinal use of marijuana. 


When many of these issues were originally debated and the 
policies established, there was relatively little public interest in 
those matters. At most, public awareness was just beginning to 
stir. Rut then, when the issue “caught fire” in the public eye and 
in the national political arena, APhA was ready with a well re- 
searched, thoughtfully considered, and clearly articulated policy 
position. 


Two typical examples were the use of animals in research and 
the development of orphan drugs; both of these issues developed 
into hotly debated topics within the US. Congress over the past 
2 years, and the Association was ideally positioned to influence 
the direction of legislation because of its already adopted policy 
statements. 


Currently, APhA members have an opportunity to react to 
recommendations regarding four subjects, as just proposed by 
the 1983-1984 Policy Committee on Scientific Affairs. These are 
relative to: (1) abbreviated new drug applications (ANDAs) for 
post-1962 drugs, (2) a national center for human organ acquisi- 
tion, (3) the freedom of scientific information, and (4) the 
availability of potassium iodide for nuclear accidents. 


Moreover, many of the subjects that have been considered by 
the other three APhA Policy Committees have scientific-related 
aspects which make them of interest to pharmaceutical scien- 
tists. 


Therefore, it behooves every member to take the time and ef- 
fort to study these issues and their corresponding policy pro- 
posals. Having done so, any views-either pro or con-ought to 
be conveyed to the pertinent Reference Committee, either by 
letter or a t  the open hearing in May. 


Obviously, everyone’s wishes cannot be satisfied, particularly 
when different members will express diametrically opposite 
views. However, every voice will be heard and every opinion will 
be taken into consideration in formulating the ultimate policy 
statement. 


And, in a democratic organization-as in a national democ- 
racy-that is what we can expect, and all that we can expect. 


--EDWARD G. FEJ~DMANPI’ 
American Pharmaceutical Association 


Washington, IX! 20037 
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Table V-Norfloxacin in Plasma and Urine Following Single Oral  Doses to a n  Individual 


Plasma Concentration, pg/mL 
Collection Time, h 


Dose. mg 0 0.5 1.0 1.5 2.0 3.0 4.0 6.0 8.0 12.0 
~ 


200 0 0.63 1.22 0.81 0.60 0.28 0.47 0.33 0.21 0.14 
400 0 0.51 1.42 1.21 0.91 0.74 0.52 0.42 0.28 0.22 
800 0 2.91 3.22 2.43 2.20 1.88 1.31 0.83 0.73 0.41 
1200 0 3.48 5.69 4.77 5.10 1.60 2.20 1.49 1.19 0.85 
1600 0 0.73 2.73 4.61 5.15 4.61 3.54 2.26 1.63 1.13 


Urine Concentration" FgIrnL 
Collection Interval, h 


Dose, mg 0-1 1-2 2-3 3-4 4-6 6-8 8-12 12-24 24-48 


200 


400 


800 


1200 


1600 


245 
117.9) 
271 
(14.4) 
339 
135.6) 
1125 


155 
(16.1) 
69 


44 
(11.0) 
41 


34 
(2.1) 


37 
(7.4) 


42 
(8.8) 


13 
(5.7) 
32 


3 
(2.0) 


16 
(12.4) 
4 
(3.0) 
5 
(5.5) 
18 
(22.5) 


129 
(9.8) 


102 
(11.6) 


109 
(10.0) 
243 
(21.6) 
76 
(44.8) 
583 
(43.1) 


6 
(1.1) 
40 
(31.6) 
41 
(20.1) 
70 
(39.9) 


(35.9) 
95 
(58.9) 
1902 


(16.8) 
111 
(24.0) 
653 


(14.4) 
120 -' 
(30.6) 


208 ~' 


(37.0) 
i50 ' 


(21.5) 
697 
(82.9) 


474 
(56.4) 
524 
(74.4) 


163 
(32.8) 
134 
(56.3) 


(37.1) 
432 
(34.6) 


(144.6) 
1414 
(60.8) 


(13.7) 
505 
(72.2) 


is1 
(67.6) 


10 
(30.4) 


Values in parentheses indicate total milligrams excreted 


standards. Representative standard curve data are shown in Table 11. 
Reproducibility of this method was validated by the construction of 
calibration curves over the appropriate concentration ranges for plasma 
and urine analysis. The coefficients of variation so obtained are sum- 
marized in Tables 111 and IV. The day-to-day reproducibility of this 
method was demonstrated by assaying replicate aliquots of a spiked 
plasma sample. Thus, the interassay coefficient of variation was 8.7% (n  
= 8) for a 0.50-pg/mL plasma standard. 


The assay method described in this report was used to quantitate 
norfloxacin levels in plasma and urine specimens from human subjects 
participating in an increasing-dose study of the drug. Representative data 
obtained for one of the volunteers is presented in Table V. 
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tition coefficient, P. The kinetic models (1,2) which treat 
this problem in terms of rate constants, can be a useful 
approximation for steady-state transport across a series 
of unstirred layers of the lipid-water interfaces. However, 
this kinetic model predicted a large degree of asymmetry 
(1) in the biological response curve with respect to P, and 
this asymmetry in transport is not satisfying from a fun- 
damental physical viewpoint. Furthermore, the kinetic 
treatment neglects differences in diffusion between the 
lipid and aqueous phases. To understand the role of dif- 
fusion in transport across biological tissue of alternating 
physical properties, it is useful to apply classical diffusion 
theory to oil-water multilaminates. 


Like the kinetic and equilibrium models, the diffusion 
model developed in this paper predicts a peak in the 
transport with respect to the partition coefficient for a 
multilaminated membrane. For a plot of the logarithm of 


Abstract  0 A diffusion model for transport through multilaminates is 
studied as a possible way to predict the optimal biological response of a 
set of congeners with respect to the oil-water partition coefficient, P. The 
model predicts the bilinear form typical of biological response data and, 
unlike the earlier kinetic model, also relates the results to physical pro- 
cesses, predicts the structure with the optimal response in terms of dif- 
fusion constants, and shows such an optimum prior to steady state for 
an infinite dose. Diffusion through an oil-water multilaminate causes 
extraordinary separation of permeating species based on partition 
coefficient and diffusion constant for times shorter than the lag time. 


Keyphrases Multilaminates-oil-water, diffusion model, optimal 
biological response with respect to partition coefficient 0 Partition 
coefficient-oil-water multilaminates, diffusion model, optimal biological 
response 0 Optimal biological response-diffusion model, oil-water 
multilaminates, partition coefficient 


In an earlier paper (l), we reviewed the kinetic (2) and 
equilibrium (3) models for predicting the optimal biolog- 
ical response of a set of congeners with respect to the par- 
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the concentration in the receptor compartment [log C H ( ~ ) ]  
uers'sus log P, the diffusion model permits one to relate P,, 
(the partition coefficient which yields an optimal biological 
response) to the square root of the ratio of the diffusion 
constants in the water and oil phases. The initial and final 
slopes of such plots are equal to the number of oil laminates 
and water laminates, respectively. That  is, non-steady- 
state permeation through multilaminates can produce an 
extraordinary separation of solutes with differing partition 
coefficients or diffusion constants. While this large eepa- 
ration factor is fascinating, it is atypical of biological re- 
sponse curves. To  make the model more realistic, shunt 
pathways need to  be introduced into the diffusion 
model. 


Unlike the kinetic and equilibrium models, the diffusion 
model predicts a peak in the biological response with re- 
spect to P for both infinite and finite reservoirs (doses); the 
kinetic and equilibrium models predict an optimal bio- 
logical response as a result of the depletion of the finite 
source (2). Provided water solubility is not the limiting 
factor, an infinite source reservoir may be used for bio- 
logical response studies to determine whether equilibrium 
or nonequilibrium conditions prevail. 


This paper presents the model for diffusion through 
multilaminates and relevant details of the finite difference 
method used to solve the equations. The theoretical 
transport curves obtained from this solution are also dis- 
cussed. These results are then compared with the asymp- 
totic solutions for times shorter than the lag time. [The 
details of the derivation of these asymptotic solutions and 
application to  membrane separations are discussed else- 
where (4)]. The finite dose case is presented, and the time 
scale for diffusion is discussed. 


THEORETICAL 


An alternating series of n oil and (n - 1) water slabs (Fig. 1) separates 
a well-stirred water source compartment of initial solute concentration 
Co and a well-stirred water receptor compartment; the first oil membrane 
borders the source compartment. The variable to be solved for is C R ( ~ ) ,  
the concentration in the receptor compartment a t  time t ,  which is less 
than the characteristic time to reach equilibrium. This characteristic time 
is chosen to be the lag time for an identical membrane system with an 
infinite receptor compartment. The diffusing solute has an oil-water 
partition coefficient (P) and diffusion coefficients D ,  and D, in the oil 
and water phases, respectively. I t  is assumed that each barrier is uniform, 
and that solute equilibration at  the interfaces is rapid compared with 
diffusion. 


Within the ith membrane phase, the solute concentration, Cj, obeys 
Fick's law: 


(Eq. 1) 


where Dj equals D,, or I), depending on the composition of that phase. 
At the interface, the following boundary conditions are satisfied: 


and C,+, = d, a t  the interface, where u equals P or  P-' when the com- 
position of the ith phase is water or oil. respectively. The initial conditions 
are: 


C l ( x  = 0, t = 0) = PC, (water) (Eq. 3) 


and 


C,(x > 0, t = 0) = 0 ( i  = 1,2, .  . .2n - I) ,  


where x = 0 denotes the interface of the soJrce compartment and the first 
oil barrier. For these calculations the receptor compartment volume, VR, 
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Figure 1-The model for permeation through an oil-muter multilam- 
inate of2n - 1 membranes. 


was chosen to be 1 mL, the interfacial area to be 1 cm2, and the source 
compartment volume, V,, to be infinite or 1 mL. At  the membrane-re- 
ceptor interface, the boundary conditions are: 


(Eq. 4) 


and PCR = C&,-,.The superscript b denotes the bth side of the 2n - 1 
membrane. Analogous boundary conditions exist a t  the source-mem- 
brane interface for the finite source compartment case. 


The method of finite differences (5) was used to solve Eq. 1 for ( ~ ~ ( 1 ) .  
T o  obtain a stable numerical solution, the spatial and time increments, 
bx and b t ,  respectively, are selected subject to the condition ( 5 ) :  


(Eq. 5) 


The important parameter to relate C l l ( t )  to the biological response is 
Cow, the initial source concentration necessary to give 50% binding, AW, 
a t  the receptor site at time t and partition coefficient P. Let there be a 
fixed, small volume fraction of lipophilic receptor binding sites in the 
receptor compartment; receptor binding is assumed to be rapid and, 
therefore, may be treated as an equilibrium process. C O ' ~  may be ex- 
pressed as (1): 


where Q ( t )  = c ~ ( t ) / C o  and UP* is the equilibrium constant for binding 
a t  the receptor sites. Since the details of the binding process are not 
known, it is appropriate to solve for Q ( t ) ,  which gives the main depen- 
dence of Cora on P for a given time. Note that throughout this paper Q(t )  


Some of the parameters used in this model deserve comment. Although 
the volume ratio (oil-water) o f21  used in these calculations is not realistic 
for biological systems, calculations using a volume ratio of 1:lO showed 
no difference in any of the features discussed. It is not clear whether a 
constant total multilaminate thickness or a constant single membrane 
layer thickness as n varies is more appropriate for the modeling of bio- 
logical response. There is no qualitative difference in the results of the 
two approaches, but t ~ ,  the characteristic time for equilibration, for the 
latter is n2  times t l ,  for the former. 


= C R ( t ) .  


DISCUSSION 


Diffusion Model Solution and Biological Response-To correlate 
the solution to the diffusion equation with biological response data, one 
needs to examine log C R ( ~ )  Ljersus log P plots (Figs. 2 and 3). The bilinear 
function typical of biological response data (6) is in evidence for n 2 
2. 


Even in the infinite source case shown (Figs. 2 and 3), the diffusion 
model predicts hilinear curves prior to establishing steady state. This is 
in contrast with the kinetic and equilibrium models, where this peaked 
function is due to the depletion of a finite dose reservoir. Since in the 
infinite source case the equilibrium model does not predict an optimal 
biological response, and the diffusion model does, an infinite dose bio- 
logical experiment can be used to determine whether equilibrium or 
nonequilibrium processes prevail. 


The shape of these bilinear curves is simply related to physical pa- 
rameters in the diffusion model. The value of log P a t  which the peak in 
log C l t ( t )  occurs (Pmax) varies with the relative diffusion rate through 
each type of barrier (Fig. 2) .  In particular, it can be shown (4) that Pmax 
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Figure 2-Log CR(t) versus logP for Do = 7 X (a), 7 X (b), 
and 7 X 10-7 (c) cmZ/s, where D, is 7 X 10-6 cmZ/s. Note that the shift 
of the peak is proportional to @,/Do) 1/2, t = 1786, 7142, and 76,000 s, 
respectively, and n = 3. 


is proportional to (Dw/Do)l/z. Provided the source is infinite, a knowledge 
of the solute diffusion constants in the two phases is sufficient to predict 
that structure of a homologous series which will give the optimal biological 
response. Since in biological systems Do < D,, the position of the peak 
must always be a t  log P >O. 


While the position of the peak depends on the diffusion constants in 
the two phases, the initial and final slopes (Fig. 3) of a log CR(t) versus 
log P plot are n (the number of oil laminates) and 1 - n (the negative of 
the number of water laminates), respectively. For 0.1 < P < 10, CR(t) is 
relatively insensitive to n. With increasing time, the peak becomes 
broader as does the range which is insensitive to n. Outside this range, 
however, there is exponential separation by the number of harriers based 
on partition coefficient; that  is, CR(t) is proportional to Pn and P(l-") 
for highly water- and oil-soluble solutes, respectively. 


To relate these bilinear curves to a biological response, one recalls that  
biological response phenomena involve binding to lipophilic receptors, 
and therefore, the initial source concentration to give 50% binding is in- 
versely proportional to CR(t)pn and not simply to CR(t) (Eq. 6). For a 
plot of log CR(t)pe uersus P, a peak exists only when n 1 3. The initial 
and final slopes of such plots are ( n  t a)  and ( a  + 1 - n ) ,  respectively. 
P,,, for a biological response is then approximately [ (D,/Do)1/2 + a].  


The slopes of these log CR(t)Pa versus log P curves may be used to 
devise criteria for distinguishing which model best fits the data. T o  de- 
velop this criterion, a, which represents a difference in lipophilicity be- 
tween the binding sites on the protein and the lipid phase, is approxi- 
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Figure &Log CR(t) versus log P for n = 2 (A), 3 (B), and 4 (C). The  
initial and final slopes are n and -(n - I), respectively; t = 7142 sand 
D, = 7 X 10-6cm2/s. 


Table &-Initial and Final Slopes for Models of Biological 
Response 


Initial Slope Final Slope 
Model P << 1 P >> 1 


Diffusion n + a  a + l - n  
Kinetic n + a  a - 1  
Equilibrium a 0 - 1  


mated by one. Since D J D ,  > 100, the optimal biological response occurs 
a t  a value of P > 10. At  short times the initial slope predicted by both the 
diffusion and kinetic models is 1 2 ,  whereas the initial slope predicted 
by the equilibrium model is 1 (1) (Table I). In marked contrast to the 
kinetic model, the final slope derived from diffusion theory need not be 
close to zero and, in fact, only equals 0 when n = 2 (Table I). Although 
measurement of the final slope is experimentally difficult, it is another 
method of distinguishing between the applicability of the diffusion model 
and other models. Note that for a exactly equal to one, only the diffusion 
model predicts an optimal biological response. 


While limited water solubility causes the final slopes of a biological 
response curve to be difficult to measure experimentally, the initial slope 
may be reasonably well determined. In an earlier paper, Kubinyi (6) fit 
a variety of biological data to the bilinear form: 


bPx 
(1 + pP)Y 


where x and y are adjustable parameters. Most of these data have initial 
slopes, x 5 1. This result suggests that the equilibrium model is the best 
choice of operative process even though these data cannot he fit by the 
single adjustable parameter required in the equilibrium model. However, 
the initial slopes for the nonequilibrium model are time dependent and, 
a t  long times, may be closer to one. 


Certain biological response data are probably governed by nonequi- 
librium transport phenomena, yet the data show x 5 1. The proposed 
diffusion model may be inadequate due to neglect of certain physical 
processes. In particular, the inclusion of polar shunts through lipid 
membranes would shorten the equilibrium time for highly water-soluble 
permeating species. Consequently, the P << 1 regime might be best de- 
scribed by equilibrium or steady state, while the P >> 1 region would be 
governed by non-steady-state phenomena. In this case, the initial slope 
of a log Pec~( t )  versus P plot would be near unity. Inclusion of these 
shunts in the model creates a problem which is not easily solved and in- 
volves many adjustable parameters. 


In summary, the advantages of the multilaminate diffusion model of 
biological response as compared to the kinetic model are ( a )  relating the 
results to physical processes, (b)  the observation of a peak for an infinite 
dose in contrast to the other models, (c)  the presence of a peak in 
log paCR(t) versus log P, and ( d )  the existence of a simple asymptotic 
solution. However, as Hwang et al. (7) and Yalkowsky and Flynn (8) have 
shown for intestinal and vaginal absorption, a multilaminate model may 
not be appropriate for tissues in general, since aqueous pores may be 
present in the tissue. 


Comparison with the Asymptotic Solutions for Short Times- 
Using a simple approximation, one can derive the asymptotic solutions 
for short times and P very different from unity (4). To understand the 
extreme separation predicted by this theory, it is useful to compare the 
finite-difference results with the asymptotic solutions. 


-3 "1 A E 6 


I t  
4.0 4.5 5.0 4.0 4.5 5.0 


Log t Log t 
Figure 4-Log C&) versus log t for P = lo4  (A) and P = (B) for 
n = I (a), 2 (b),  3 (c), and 4 (d). Note that the plots are linear with slopes 
of n - I and n for P = lo4 and respectively. 
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Figure 5-Log CR(t) versus log Do for several P. For P << I ,  the plots 
are linear with a slope of 3 since n = 3. For larger P, log Cn(t) is in- 
creasingly independent of D,,; t = 71,390 s. 


At  short times ( t  < t ~ )  it may be shown that P << P,,,: 


and for P >> 
(Eq. 8) 


(Eq. 9) 


where t~ is the lag time (9) and I,, and I ,  are the thickness of A single oil 
and water membrane, respectively. To demonstrate the validity of these 
equations, one examines the values of C&) obtained by the finite-dif- 
ference method. If t < ti, and P << 1, log CH(t) should he a linear function 
of log P, -log D,, -log t ,  log I,, and 1 ,  with a slope equal to the number 
of water barriers. Figure 4 is a plot of log C H ( ~ )  versus log t for several n.  
In Figs. 5 and 6 we plotted log Cri ( t )  oersus log Do and log D,, respec- 
of water barriers. Figure 4 is a plot of log CI<(t)  versus log t for several n. 
In Figs. 5 and 6 we plotted log CR(t )  uersu,s log I)<> and log D,, respec- 
tively, for various P; the separation of solutes at  different diffusion con- 
stants is enormous. The predicted linear dependence and slopes stated 
in Eqs. 8 and 9 are all verified in these three figures. More important for 
the understanding of optimal biological response, log CR(t )  should be 
a linear function of log P in the small and large P limits. 


Permeation from a Finite Source-The effect of a finite source as 
a function of time is shown in Fig. 7 .  A t  short times, the curve is identical 
to the infinite source case. As t hecomes longer the curve broadens and 
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Figure 6-Log CR(t) versus log D,: for several I'. For P >> I ,  the plots 
are iinrar with a slopr of 2 since n = 3. For smaller P, log CH(t) is in- 
creasingly independent of D,; t = 71,.7.W s. 
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Figure 7- Log CR(t) versus log / ' f o r  t = 1,786 X 10" (A). 7,829 X l o4  
(B),  and 4.0 X 106 8 ,  with a finitr source reseruoir, V, = 1 mL, n = 3. Note 
the shift of the peak and the flattening of the curve with increasing 
time. 


the peak shifts in the negative log P direction; a t  infinite time (the 
equilibrium case) the initial slope of a log C R ( ~ )  versus log P plot is zero, 
and the final slope is -1. According to the oil-water diffusion model, the 
peak in log C R ( t )  with respect to log P can occur a t  values of P < 1 only 
if there is a finite dose. Thus, with an infinite source, P,,, < 1 should not 
occur unless water solubility is limiting. With a finite reservoir, such a 
peak position may result from either equilibrium or nonequilibrium 
processes. 


Time Scale for Diffusion--It is useful to study the solution to Eq. 
1 for the given initial and boundary condition in two limits: the long-time 
or equilibrium limit and the short-time nonequilibrium limit. A char- 
acteristic time which serves as an upper hound to the validity of the so- 
lution for short times needs to be defined; the diffusional lag time, t ~ . ,  is 
a lower limit to this characteristic time. For a large number of membrane 
pairs, n2 >> 1, t I. is given by (9): 


where 1 is the total thickness of the composite of slabs, and V,,  and V ,  
are the volume fractions of oil and water, respectively. For in vitro ex- 
periments involving individual cells, t~ for distances equal to cell diam- 
eters is of the order of seconds, and the equilibrium model should be 
utilized in the interpretation of such biological response data. On the 
other hand, for in citro or  in vivo experiments involving diffusion through 
tissue, t~ for 1 > 10 pm can range from the order of hours to months for 
P very different from unity; consequently, the nonequilibrium model 
might be applicable for many experiments. 
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Figure 8-Log C H ( t )  versus t jor P =  for n = I (A ) ,  2 (El), and 3 (C) 
membranes. The log time fprrpendicular linc,) is shoum as an estimate 
of the timr of convergence of the cururs for differrnl n. 
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The existence of aqueous shunts in the oil phase may shorten t~ 
drastically. To examine the validity of t~ as a characteristic time, one plots 
c R ( t )  against t for several values of n for an infinite source (Fig. 8). At 
long times, C R ( t )  asymptotically approaches the equilibrium solution, 
which for an infinite source is: 


lim C R ( ~ )  = CO (Eq. 11) 


As shown in Fig. 8, the lag time, t L ,  is a reasonable estimate of the time 
of convergence of the curves for different n. 


REFERENCES 


t - m  


(1) E. R. Cooper, B. Berner, and R. Bruce, J.  Pharm. Sci., 70, 57 
(1981). 


(2) J. T. Penniston, L. Beckett, D. L. Bentley, and C. Hansch, Mol. 


(3) T. Higuchi and S. S. Davis,J. Pharm. Sci., 59,1376 (1970). 
(4) B. Berner and E. R. Cooper, J .  Memb. Sci., 14,139 (1983). 
(5) J. Crank, “The Mathematics of Diffusion,” Oxford University 


(6) H. Kubinyi, J. Med. Chem., 20,625 (1977). 
(7) S. Hwang, E. Owada, T. Yotsuyanagi, L. Suhardja, N. F. H. Ho, 


(8) S. H. Yalkowsky and G. L. Flynn, J .  Pharm. Sci., 62, 210 


(9) R. M. Barrer, in “Diffusion in Polymers,” J. Crank and G. S. Park, 


Pharmacol., 5,333 (1969). 


Press, London, 1975. 


G. L. Flynn, and W. I. Higuchi, J .  Pharm. Sci., 65,1576 (1976). 


(1973). 


Eds., Academic, New York, N.Y., 1968. 


Synthesis and Anticonvulsant Properties of Some 
2-Aminoethanesulfonic Acid (Taurine) Derivatives 


LARS ANDERSEN *, LARS-OLAV SUNDMAN *x, INGE-BRITT LINDEN *, 
PIRJO KONTRO*, and SIMO S .  OJA* 
Received March 1,1982, from the *Research Laboratories of Medica Pharmaceutical Company, Ltd., Box 325, SF-00101 Helsinki 10, and 
f Department of Biomedical Sciences, University of Tampere, Box 607, SF-33101 Tampere 10, Finland. 
September 2,1982. 


Accepted for publication 


Abstract 0 A series of 2-acylaminoethanesulfonamides were synthesized 
by treating the corresponding sulfonyl chlorides with ammonia, a pri- 
mary, or a secondary amine. A few compounds displayed marked anti- 
convulsant activity in mice when tested for their potency in the maximal 
electroshock seizure test. The piperidino, benzamido, phthalimido, and 
phenylsuccinylimido derivatives were active, whereas the succinylimido, 
saccharinylimido, and norbornendicarboxylimido compounds showed 
no activity. The interference with the sodium-independent taurine 
binding to mouse brain synaptic membranes was assessed to elucidate 
the possible mode of anticonvulsant action. 


Keyphrases Anticonvulsant agents-potential, 2-aminoethanesul- 
fonic acid (taurine) derivatives, synthesis Synthesis-2-aminoethan- 
esulfonic acid (taurine) derivatives, anticonvulsant activity in mice 
Taurine-synthesis of derivatives, anticonvulsant activity in mice 


Taurine, 2-aminoethanesulfonic acid, is abundant in 
excitable mammalian tissues such as the brain, sensory 
organs, heart, and other muscles (1). In these tissues tau- 
rine has recently been considered an essential effector in 
the regulation of neuronal communication, possibly as an 
inhibitory synaptic transmitter, neuromodulator, or sta- 
bilizer of excitable membranes (2,3).  Taurine effectittely 
prevents seizures when administered intracerebroventri- 
cularly to an animal model, but clinical trials with epileptic 
patients using oral or intravenous administration have 
been only partially successful (4). 


Taurine is quite polar, and its penetration from plasma 
into brain tissue is apparently hampered by its hydrophilic 
properties (5). We have attempted to prepare more lipo- 
philic derivatives of taurine which would still possess an 
inhibitory action at  central synapses. Lipophilization of 
taurine was effected by both acylation and conversion of 
the sulfonic acid group to various amides. In this way the 
shape of the molecule and the intramolecular electron 
distribution, both of which may be essential for the tau- 
rine-like inhibitory action (6), were expected to be un- 
changed. It is also significant that sulfonamides are gen- 
erally atoxic. 


RESULTS AND DISCUSSION 


The compounds studied are of the general structures A and B (see 
Table I for R1 and Rz designations). 


R I C H Z C H ~ S O ~ N H ~  RICH&HzSOzR? 
A B 


Although several earlier reports (7-10) have described similar com- 
pounds, these studies evaluated the compounds for antibacterial and 
antimalarial activity. They were either inactive or only slightly active in 
this respect. 


Compounds 11, IVa-g, V, and VIIIa-b inhibited maximal electroshock 
(MES)-induced convulsions in mice (Table 11). The most potent com- 
pounds were 11, IVc, IVd, IVe, IVg, and V, which had ED50 values 1100 
mg/kg. I t  was found that the sodium-independent binding of [3H]taurine 
to isolated synaptic membranes was inhibited by 111, IVa, V, and VIc. In 
general, no parallelism was observed between anticonvulsant action and 
inhibition of taurine binding. Only V may act by interfering with the 
attachment of taurine to its membrane binding sites. 


The acyltaurinamides and N-substituted acyltaurinamides were 
synthesized from the corresponding sulfonyl chlorides and ammonia, a 
primary, or a secondary amine as described previously (7-9,ll). These 
compounds are colorless, crystalline substances with a somewhat bitter 
taste. They are insoluble or slightly soluble in water, but soluble in polar 
organic solvents. 


EXPERIMENTAL’ 


N-[2-[ (Methylamino)sulfonyl]ethyl]benzamide (IVb), N-[2-[ (Ethyl- 
amino)sulfonyl]ethyl]benzamide (IVc), N-[2 - [  (Dimethylamino)- 
sulfonyl]ethyl]benzamide (IVd), N-[2-[ [( 1-Methylethy1)amino- 
]sulfonyl]ethyl]benzamide (IVe), N-[2-[(Butylamino)suIfonyl]- 
ethyllbenzamide (IVf), and  N - [ 2 - [ [ (  1,l-Dimethylethyl)amino]- 
sulfonyl]ethyl]benzamide (1Vg)-These compounds were prepared 
as described below for IVg. T o  tert-butylamine (10.92 g, 0.150 mol) was 
added with cooling and stirring (ice-bath) the substituted sulfonyl 
chloride (7.66 g, 0.031 mol) over a 25-min period. After 20 min stirring 
additional tert-butylamine (3.64 g, 0.05 mol) was added, and the stirring 
was continued a t  room temperature. Water (75 mL) was added, and the 
excess amine was removed with a stream of air. The precipitate was re- 


~ 


1 Melting points were determined in open capillary tubes and are uncorrected. 
Elemental analyses were performed by Janssen Pharmaceutica NV, Analytical 
Department, Beerse, Belgium. NMR data were recorded on a JEOL FX-60 spec- 
trophotometer. 
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Abstract 0 The binding and thermodynamic parameters of the two binding 
forms of 2-(4’-hydroxyphenylazo)benzoic acid to bovine serum albumin were 
estimated. The number of the binding sites of the azo form was 3.2 and that 
of the hydrazone form was 0.7. The binding of the hydrazone form was af- 
fected only by enthalpy changes, in contrast to that of the azo form which was 
affected by both enthalpy and entropy changes. To estimate the complex 
microenvironments of 2-(4’-hydroxyphenylazo)benzoic acid molecules on 
bovine serum albumin, the solvent effects were studied. The 2-carboxyl group 
of 2-(4’-hydroxyphenylam)benzoic acid participates in the azo-hydrazone 
tautomerism. The 2-carboxylate ion forms an ion pair with triethylamine in 
ethylene dichloride, chloroform, and benzene, resulting in the appearance of 
the hydrazone form. The hydrazone formation in  the system of 2-(4’-hy- 
droxypheny1azo)benzoic acid-triethylamine (1 : 1) in chloroform was affected 
only by enthalpy changes, in the same manner as in the system of 2-(4’-hy- 
droxypheny1azo)benzoic acid-bovine serum albumin. We speculate the 
presence of the two kinds of ion pairs on the basis of the changes of the azo- 
hydrazone tautomerism in chloroform, and that the azo form takes the contact 
ion pair and the hydrazone form takes the solvent-separated ion pair. A new 
possible model for the interaction of the azo and hydrazone forms and bovine 
serum albumin is proposed. 


Keyphrases 0 Microenvironments-2-(4’-hydroxyphenylazo)benzoic acid 
bound to bovine serum albumin, solvent effects, characterization 0 2-(4’- 
Hydroxypheny1azo)benzoic acid-binding to bovine Serum albumin, solvent 
effects, characterization of microenvironments 0 Protein binding-mi- 
croenvironments of 2-(4‘-hydroxypheny1azo)benzoic acid bound to bovine 
serum albumin, solvent effects 


In a previous paper ( I ) ,  it was shown that 2-(4’-hydroxy- 
phenylazo) benzoic acid binds to two different classes of 
binding sites on bovine serum albumin. This binding can be 
distinguished spectrally since it involves the preferential 
binding of either the azo or hydrazone forms of this molecule 
to these sites. 2-(4’-Hydroxypheny1azo)benzoic acid has 
therefore become a useful probe when studying drug affinities 
and competitive binding of drugs at the two classes of binding 
sites (2). 


To investigate the circumstances of the two classes of 
binding sites, the thermodynamic parameters of the 820 and 
the hydrazone forms bound to bovine serum albumin in pH 
7.40 phosphate buffer were sought. It was found that the 
binding of the hydrazone form was affected by the contribution 
of enthalpy changes only (AH’) ,  in contrast with that of the 
azo form which was affected by both enthalpy ( A H ’ )  and 
entropy (AS’) changes. 


We attempted to simulate the situation leading to the hy- 
drazone stabilization in the binding sites by measuring the 
changes of the azo-hydrazone tautomerism in various solvents 
with different dielectric constants. Baxter (3)  observed the 
spectral change of 2-(4’-hydroxypheny1azo)benzoic acid in 
some organic solvents containing small amounts of the aqueous 
solution or in the cationic detergent. His observation has been 
taken to suggest the importance of the hydrophobic environ- 
ments in development of the hydrazone form. However, this 
interpretation obscures the explanation of the thermodynamic 
parameters mentioned above. This paper reveals the partici- 


pation of the 2-carboxyl group of 2-(4’-hydroxypheny1azo)- 
benzoic acid, rather than of the dielectric constant of the sol- 
vent, to the azo-hydrazone tautomerism and discusses a new 
possible model for the interaction of the azo and hydrazone 
forms in two classes of binding sites on bovine serum al- 
bumin. 


EXPERIMENTAL 


Materials-Bovine serum albumin (fraction V’) was used without further 
purification. 2-(4’-Hydroxyphenylazo)benzoic acid was recrystallized. 
Methanol, ethanol, and isopropyl alcohol were dried with molecular sieves 
and distilled. ferr-Butyl alcohol, benzene, chloroform, and ethylene dichloride 
were refluxed over calcium hydride and distilled. Dimethyl sulfoxide and di- 
methylformamide were dried with molecular sieves, followed by distillation 
under nitrogen and reduced pressure. n-Butyl alcohol and isobutyl alcohol 
were redistilled. Triethylamine dried with calcium hydride was distilled under 
nitrogen and reduced pressure. 


Apparatus-The visible2, UV2. and IR spectra3 were obtained by spec- 
trophotometers. Conductivity measurements4 were made at  25OC (cell con- 
stant, 1 mho/cm). 


Binding Constants of the Azo and Hydrazone Forms-Five milliliters of 
the solution containing 2-(4’-hydroxyphenylazo)benzoic acid (0.2 X I 0-4 
M-4.0 X M) and 0.3% bovine serum albumin was dialyzed against 15  
mL of the buffer solution, (0.067 M phosphate buffer, pH 7.40) for 20 h at  
2OoC or 37OC. After equilibration, the concentration of the total bound 2- 
(4’-hydroxypheny1azo)benzoic acid was determined by analyzing the free 
concentration in 15 mL of buffer solution. The analysis of the concentration 
of the azo and hydrazone forms has been described previously ( I ) .  The binding 
of the azo form, the hydrazone form, and total 2-(4‘-hydroxypheny1azo)- 
benzoic acid was drawn in Scatchard plots; the binding constants were ob- 
tained from the slopes of these plots. 


Equilibrium Comtanb of Am-Hydrazone Tautomerism-2-(4’-Hydroxy- 
pheny1azo)benzoic acid and triethylamine were mixed at  the same concen- 
tration (0.5 X M) in the solvent, and the absorption spectra were mea- 
sured at  OOC, IOOC, 2OoC, and 3OOC. The equilibrium constant (K) of the 
azo-hydrazone tautomerism is obtained by the Concentration ratio (4): 


where Ah. A., Eh, and Ea are the absorbances of the hydrazone form at  480 
nm, that of the azo form at 350 nm, the molar extinction coefficient of the 
hydrazone form, and that of the azo form, respectively. The decrease of the 
concentration of the azo form, AA,/Ear equals the increase of that of the 
hydrazone form, h A h / b h .  Therefore: 


AAaIEa = h’fh/Eh (Eq. 2) 


Ea/Eh = A A a / m h  (Eq. 3) 


As ii./Eh was 0.5 by Eq. 3 in this experiment, K was obtained by substituting 
this value and Ah/Aa at  each temperature into Eq. I .  


pK. of the 2-Carboxyl Group by Conductivity Measurements-The con- 
ductivity water was obtained by passing water through ion-exchange resin, 
followed by distillation (relative conductivity < I  X mho/cm). As the 
first step, 1 X M 2-(4’-hydroxyphenylazo)benzoic acid solution was 
prepared under nitrogen, and the equivalent conductances (AI(c)) at the acid 


I Armour Co. 
Hitachi 557 spectrophotometer. 
JASCO IRA-I spcctrophotometer. 
Model CA-2A; Toa Denpa Kogyo Co. Ltd 
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Figure 1-scatchard plots of the binding of the azo form (0). hydrazone form (A), and total (a) 2-(4'-hydroxyphenylazo)benzoic acid to 0.3% bovine serum 
albumin at 20°C (a) and 37°C (b). R represents the molar ratio of the bouhd form to bovine serum albumin; Df is the concentration of the free form. 


concentrations (C) of 0.9 X 1.05 X 1.2 X 1.35 X lov4, and 
1.5 X M were measured twice. As the seco d step, the limiting conduc- 
tance of 2-(4'-hydroxyphenylazo)benzoic acid (11) was obtained as follows. 
A solution of the sodium salt of 2-(4'-hydroxyphenylazo)benzoic acid ( 5  X 


M) was prepared by dissolving the acid in 0.005 M NaOH (f = 0.98), 
and the equivalent conductances of the sodium salt of 2-(4'-hydroxypheny- 
1azo)benzoic acid (AI-N,) were measured twice for each concentration using 
the diluted solution (0.2 X 10-3-5 X M). The limiting conductance of 
the sodium salt of the acid (s,_p~,) was graphically estimated by plotting 
h1-p~~ against the square root of the concentration of the sodiu salt of 2- 
(4'-hydroxyphenylazo)benzoic acid and was found to be 70.3. h was then 


'\ 


'/ I \ -  \ H  


I 


I I I \ J  , 
300 400 500 600 


Wavelength, nm 


Figure 2-Absorption spectra of 2-(4'-hydroxyphenylazo)benzoic acid (0.5 
X M} in various solvents. The ordinate is arbitrary; the broken iine 
represents 350 nm: the solid lines to the right ofthe diagram are the baselines 
for each solvent, Key for  solvents (dielectric constant): (A) chloroform (4.8 
at 20°C); (B) ethylene dichloride (9.1 at 20'C); (C) benzene (2.3 at 20°C): (D) 
tert-butyl alcohol (10.9 at 30°C); (E) n-butyl alcohol ( I  7 .1  at 25°C): (F) 
isopropyl alcohol (18.3 at 25°C); (C) isobutyl alcohol (17.7 at 25°C); (H)  
ethanol (24.3 at 25°C); (I) methanol (32.6 at 25°C); (J) dimethyl sulfoxide 
(48.9 at 20°C). 


calculated as 370.3, taking the limiting conductance of Nat and that of Hf 
as 50 and 350, respectively ( 5 ) .  


The degree of ionization (a) is equal to (A*(c))/(&), and the ionization 
constant (KO) can be obtained by the following Ostwald's equation, taking 
C as the concentration of 2-(4'-hydroxypheny1azo)benzoic acid: 


ff2 * c Ka = - 
1 - a  


The pK, value of the 2-carboxyl group of 2-(4'-hydroxypheny1azo)benzoic 
acid was estimated to be 3.66 at 25OC by averaging the values obtained from 
the aforementioned five concentrations. 


RESULTS AND DISCUSSION 


Thermodynamics of the Azo and Hydrazone Forms-Figure 1 shows the 
Scatchard plots of the binding of the azo form, the hydrazone form, and total 
2-(4'-hydroxypheny1azo)benzoic acid with bovine serum albumin at  20°C 
and 37OC. In this concentration range, the plots of both the azo and hydrazone 
forms showed straight lines and were extrapolated to 3.2 and 0.7 on the x-axis, 
respectively, which corresponds to the number of the binding sites. On the other 
hand, the binding of total 2-(4'-hydroxypheny1azo)benzoic acid showed a 
curvature; this binding curve satisfactorily corresponded to the line obtained 
by the graphical summation of the plots of the azo and hydrazone forms ac- 
cording to the method described by Rosenthal(6). 


The thermodynamic parameters are shown in Table I. The binding of both 
forms shows an exothermic reaction, as has been reported for many protein 
bindings. However, the negative value of free energy changes (AGO) of the 
hydrazone form was derived from the contribution of A H o  only, in contrast 
with the concentration of both A H o  and AS" in that of the azo form. There- 
fore, the binding of the hydrazone form is entropically unstable, but ener- 
getically stable. On the other hand, the binding of the azo form is stable both 
entropically and energetically. These facts show that two different microen- 
vironments of 2-(4'-hydroxyphenylazo)benzoic acid molecules produced two 
binding forms, the azo and the hydrazone. 


Solvent Effects of the Azo-Hydrazone Tautomerism-To consider the 
situation leading to the hydrazone stabilization, the solvent effects of the 
am-hydrazone tautomerism were investigated. Figure 2 shows the absorption 
spectra of 2-(4'-hydroxypheny1azo)benzoic acid in various solvents. In 


Table I-Thermodynamic Parameters for Azo and Hydrazone Forms 
Bound to Bovine Serum Albumin at  pH 7.40 


AGO, AH",  AS", 
Form Temp. log K a  kcal/M kcal/M eu 


Azo 2OoC 4.01 -5.37 -3.02 7.88 
37OC 3.87 -5.49 -3.02 1.96 


Hydrazone 2OoC 4.47 -6.30 -7.99 -5.97 
37°C 4.11 -5.87 -7.99 -6.97 


a Binding constant. 
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Figure 3-Concentration dependence of the absorption spectra of 2-(4'-hydroxyphenylazo)benzoic acid utilizing A,,, (a\ and the expedient concentration 
ratio of hydrazone to azo forms (b). Key: (A) chloroform; (B) ethylene dichloride; (C) benzene; (D) tert-butyl alcohol; (E)  n-butyl alcohol; (F) isopropyl alcohol; 
(G) isobutyl alcohol; ( H )  dimethyl suljoxide; ( I )  methanol and ethanol. 


methanol, ethanol, isopropyl alcohol, n-butyl alcohol, and isobutyl alcohol, 
Amax was observed at -350 nm with the shoulder or broad peak at -500 nm; 
in fert-butyl alcohol A,,, was at 365 nm without a shoulder. 


According to the calculation by means of Hockel molecular orbital by 
Moriguchi (7). A - T* transition of the azo and the hydrazone forms of 4- 
hydroxyazobenzene shows A,,, at 350 and 458 nrn, respectively. Terada el 
al. (8) reported that the absorption spectra with A,, at -350 nm and at -480 
nm in the aqueous solutions of 2-(4'-hydroxyphenylazo)benzoic acid under 
the different conditions are the azo and hydrazone forms on the basis of the 
resonance Raman spectra. We considered the A,,, values at -350 nm and 


the broad peak at -500 nm observed in the solvents as the azo and hydrazone 
forms, respectively. 


In the solvents with low dielectric constants (ethylene dichloride, chloro- 
form, and benzene), A,,, was observed at 374,380, and 370 nm. shifting to 
a longer wavelength than in alcoholic solvents with higher dielectric constants. 
As a general rule. the absorption spectrum due to the T - A* transition shifts 
to the shorter wavelength in the solvent with the lower polarity. To determine 
which of the absorption spectra in  the solvents with low dielectric constants 
are assigned to the azo and hqdrazone forms respectively. the IR spectra were 
measured. In the IR spectra of 2-(4'-hydroxyphenylazo)benzoic acid in eth- 
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Figure 4-Absorption spectra of 2-(4'-hydroxyphenylazo)benzoic acid in solvents with (----I or without (--I 0.1 M triethylamine. Key: (A)  methanol; ( B )  
ethanol; (C) isopropyl alcohol; (similar change observed with n-butyl and isobutyl alcohols); ( D )  dimethyljormamide (similar change obseroed with dimethyl 
suljoxide); (E)  chloroform (similar change obserced with ethylene dichloride and benzene). 
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Table 11-Direct Conductivity Measurements of 2-(&-Hydroxyphenylazo)- 
benzoic Acid-Triethylamine (1 X 10-3M0.1 M) at 25°C 


0.1 M 2-(4’-Hydroxyphenylazo)benzoic 
Triethylamine, Acid-Triethylamine 


Solvent pmho/cma System, pmho/cm 


~~ ~ u -  
3 4 5 6 7 8 9 


p~ of water(0.5%) added 


Figure 5-Effects of the p H  of water added to dimethylformamide on hy- 
drazone formation. The ordinate was obtained as the ratio of the absorbance 
at 510 nm to that at  350 nm. 


ylene dichloride and chloroform, there was an absorption maximum at 3670 
cm-l due to VOH of the 4’-hydroxy group monomer, but no appearance of a 
peak at -1660 cm-l due to VC+ of the conjugated ketone group. Therefore, 
2-(4’-hydroxyphenylazo)benzoic acid takes the azo form in ethylene dichloride 
and chloroform. As the solvent effects of the absorption spectra of 4-hy- 
droxyazobenzene obeyed the ordinary rule in this experiment, it seems that 
the 2-carboxyl group in the 2-(4’-hydroxyphenylazo)benzoic acid molecule 
takes part in the unusual spectral shift to the longer wavelength in the solvents 
with lower dielectric constants. 


So, to investigate the intra- or intermolecular interaction, the effects of the 
concentration of 2-(4’-hydroxyphenylazo)benzoic acid on the absorption 
spectra were examined. As shown in Fig. 3a A,,, shifted to the longer wave- 
length with the increase of the concentrations of 2-(4’-hydroxypheny1azo)- 
benzoic acid in isobutyl, isopropyl, n-butyl, and tert-butyl alcohols, indicating 
the presence of the intermolecular interaction (9), while no shift was observed 
in chloroform, ethylene dichloride, benzene, dimethyl sulfoxide, ethanol, and 
methanol. 


It seems that dimethyl sulfoxide, ethanol, and methanol with relatively high 
dielectric constants can solvate the hydroxy moiety of the 2-carboxyl group 
easily. On the other hand, chloroform, ethylene dichloride, and benzene could 
not solvate the hydroxy moiety of the 2-carboxyl group easily. Therefore, it 
is suggested that in these solvents the intramolecular interaction stabilizes 
the azo form (I). Figure 3b shows the concentration dependence of the ratio 
of the maximum absorbance at -500 nm to that at -350 nm, which expe- 
diently corresponds to the concentration ratio of the hydrazone form to the 
azo form. The increase of the intermolecular interaction in isobutyl, isopropyl, 
n-butyl, and tert-butyl alcohols with the increase of the concentration of 2- 
(4’-hydroxyphenylazo)benzoic acid resulted in the decrease in the hydrazone 
form. This may indicate the stabilization of the azo form due to the dimeri- 
zation of the 2-carboxyl group. 


1 
Solvent Effects on the 2-Carboxylate Ion-As mentioned above, the for- 


mation of the hydrazone form in various solvents cannot be estimated only 
from the dielectric constants of the solvents, but depends on their solvation 
to 2-(4’-hydroxypheny1azo)benzoic acid molecules and the intra- or inter- 
molecular interaction of the 2-carboxyl group. 


As the 2-carboxyl group dissociates in the pH 7.40 phosphate buffer used 
in the study of the binding of 2-(4’-hydroxyphenylazo)benzoic acid with bovine 
serum albumin, the participation of the 2-carboxylate ion in the azo-hydrazone 
tautomerism in various solvents was investigated. Figure 4 shows the ab- 
sorption spectra at the addition of 0.1 M triethylamine to 2-(4’-hydroxy- 


Dimethyl sulfoxide 1.26 17.6 
Methanol 49.76 123.5 
Ethanol 8.0b 24.7 
Isopropyl alcohol <1 2.3 
tert-Butyl alcohol <1 < I  
Ethylene dichloride < I  <1 
Chloroform <1 <1 
Benzene < I  < I  


(I Triethylarnine only was added to the solvent. b This indicates the ionization of tri- 
ethylarnine. 


pheny1azo)benzoic acid in some solvents. In the IR spectra, the addition of 
triethylamine to 2-(4’-hydroxyphenylazo)benzoic acid in all the solvents 
caused the disappearance of the peak at -1700 cm-’ due to the carboxyl group 
and the appearance of the peak at -1600 cm-’ due to the carboxylate ion, 
indicating the dissociation of the 2-carboxyl group. The absorption spectra 
in methanol showed the spectrum similar to that in the alkaline aqueous so- 
lution assigned to the azo form (lo), and in ethanol the spectral change was 
not observed. In dimethylformamide, with a high dielectric constant, the 
hydrazone form predominated. On the other hand, in chloroform, with a low 
dielectric constant, the same change was observed as in dimethylformamide. 
However, the addition of 0.1 M triethylamine to 4-hydroxyazobenzene did 
not cause the spectral change in any solvent. 


Moreover, to estimate the participation of the 2-carboxylate ion in the 
formation of the hydrazone form, aqueous solutions a t  four pH values were 
all added to dimethylformamide at a concentration of 0.5% (Fig. 5). According 
to the principle of the specific sorting of solvents, a component with a stronger 
solvating power in the mixtures of solvents selectively solvates the solute. So, 
in the dimethylformamide-water mixtures, water solvates the 2-carboxyl 
group. Therefore, the pH of a small quantity of water may significantly affect 
the ionization of the 2-carboxyl group. With pH >3.66 (the pKa value obtained 
by conductivity measurements), the ratio of the hydrazone form increased. 
These facts show that the ionization of the 2-carboxyl group resulted in the 
accelerated formation of the hydrazone form. 


Next, conductivity measurements were carried out on the system of 1 X 
M 2-(4’-hydroxyphenylazo)benzoic acid-0.1 M triethylamine in some 


solvents (Table 11). In the 2-(4’-hydroxyphenylazo)benzoic acid-triethylamine 
system, the conductivity was not observed in tert-butyl alcohol, ethylene di- 
chloride, chloroform, and benzene. This observation indicates that 2-car- 
boxylate ion exists as an ion pair with a triethylammonium ionexclusively in 
these solvents. In the other solvents, the free ions and ion pair are in equilib- 
rium. Therefore, the predominant appearance of the hydrazone form in such 
solvents as ethylene dichloride, chloroform, and benzene after the addition 
of triethylamine (Fig. 4) is attributed to the formation of ion pairs. 


Table I11 shows the thermodynamic parameters for hydrazone formation 
in the system of 2-(4’-hydroxyphenylazo)benzoic acid-amines (1:l) in chlo- 
roform. When the temperature was lowered, the hydrazone form increased. 
Only AH” contributed to the hydrazone formation (-4130 cal-M-’ in tri- 
ethylamhe and -5880 ca1-M-l in diethylamine), in the same manner as in 
the system of 2-(4’-hydroxyphenylazo)benzoic acid-bovine serum albumin 
(Table I). The same result was obtained in ethylene dichloride and benzene. 
It seems that this change of the azo-hydrazone tautomerism depending on 
temperature reflects the presence of two species of ion pairs. One ion pair takes 
the azo form and the other the hydrazone form. Hogen-Esch and Smid (1 I )  
presented evidence for two kinds of ion pairs for 9-fluorenyl-alkali metal, uiz., 
the contact ion pair and the solvent-separated ion pair, which were distin- 


Table 111-Thermodynamic Parameters for Hydrazone Formation in 
Chloroform 


Temp., AGO, AH”, AS”,  
Amine “C K a  cal/M cal/M eu 


~~ 


Triethylamine 0 0.356 560 -4130 -17.2 
10 0.270 737 -4130 -17.2 
20 0.232 852 -4130 -17.0 
30 0.164 1087 -4130 -17.2 


Diethylamine 0 0.197 883 -5880 -24.8 
10 0.135 1123 -5880 -24.8 
20 0.102 1326 -5880 -24.6 
30 0.078 1530 -5880 -24.5 


0 Equilibrium constants of azo-hydrazone tautomerisrn. 
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Figure Q--Effects of n-butylamine ( ), diethylamine (---), piperidine (---), and triethylamine (---) on the absorption spectra o/2-(4‘-hydroxyphenylazo)benzoic 
acid (0.5 X M). Piperidine induced the same chanze as diethylamine. The solid line represents no addition of amines. Key: (A) ethanol; ( B )  chloroform; 
(C) isopropyl alcohol; (0) dimethyl sulfoxide. 


guishable by the absorption spectra. The relative amounts of these two kinds 
of ion pairs were found to be the sensitive functions for the solvating power, 
temperature of the medium, and for the types of anion and cation. In the Same 
solvent, an ion pair of any ion with a counterion with a larger molecular volume 
is likely to take the form of the solvent-separated ion pair ( 1  2). According to 
Grunwald’s description ( 1  3). the distance between a cation and an anion is 
-3 A for a contact ion pair and -6 8, for a solvent-separated ion pair. 


Investigation was carried out on the effects of some amines, which disso- 
ciated the 2-carboxyl group of 2-(4’-hydroxyphenylazo)benzoic acid in 
methanol, ethanol, isopropyl alcohol, dimethyl sulfoxide, benzene, ethylene 
dichloride. and chloroform, but are considered to have different steric hin- 
drances in forming ion pairs. Figure 6 shows the absorption spectra of 2-(4’- 
hydroxypheny1azo)benzoic acid with four amines. Among the solvents in- 
vestigated. triethylamine, with a larger molecular volume, induced the hy- 
drazone formation more strongly than the other amines only in ethylene di- 
chloride, chloroform, and benzene. 


Solvent-separated ion pairs become stable when the temperature is lowered 
due to the large gain of solvation enthalpy ( I  I ) .  Therefore, thc hydrazone 
formation in chloroform (Table Ill) is attributed to the solvent-scparated ion 
pairs. At the same temperature, as diethylamine more easily introduces the 
contact ion pairs than triethylaminc because of a small steric hindrance, the 
hydrazone formation decreases (Table 111). From these considerations. the 
origin of the hydrazone formation is speculated to be the formation of the 
solvent-separated ion pairs, in which the 2-carboxylate ion may takc an cn- 
ergetically stable form due to the intramolecular hydrogen bond (Scheme 
1).  


It seems that the accelerated formation of the hydrazone form was not 
observed (Fig. 4) in  methanol and ethanol, because of the easy solvation of 
2-carboxylate ion. These facts imply that 2-(4’-hydroxyphcnylazo)benzoic 


azo 


acid molecules do not take the hydrazone form in the solvents in which the 
contact ion pairs can be formed or the free ions can solvate easily. 


On the othcr hand, that the hydrazone form predominated in  dimethyl 
sulfoxide or dimethylformamide (Fig. 4) in  spite of the high dielectric con- 
stants of these solvents can be interpreted by the solvating power of these 
solvents. Because these solvents are powerful solvating agents to a cation, but 
not to an anion (14). no contact ion pairs may be formed. The fact that no 
difference was observed among the four amines in their effects in  dimethyl 
sulfoxide (Fig. 6) may prove the predominant presence of the solvent-separated 
ion pairs. 


Thomas and Merlin (15) inferred from their resonance Raman spectro- 
scopic study that hydrazone formation on protein binding is stabilized by the 
intermolecular hydrogen bond between the -NH- group of the hydrazone 
form and the earboxylate of a suitable amino acid residue in the binding sites. 
Unlike that of Thomas and Merlin, another possible model can be proposed 
for the 2-(4’-hydroxyphenylazo)benzoic acid-bovine serum albumin inter- 
action. The 2-carboxyl group of the 2-(4’-hydroxyphenylazo)bcnzoic acid 
dissociated at  pH 7.40 may be attracted by a long-range electrostatic force 
due to the arginine or lysine residues in the proposed binding sites (16) of 
Brown’s model (17). At the binding sites of thc azo form, 2-(4’-hydroxy- 
phenyla7.o)benzoic acid may be able to form contact ion pairs with the basic 
amino acid residues. On the other hand, at the binding sites of the hydrazone 
form, the microenvironment of 2-(4’-hydroxyphenylazo)benzoic acid mole- 
cules may structurally restrict the proximity of thc 2-carboxylate ion to the 
amino acid residues, resulting in no formation of the contact ion pairs. Con- 
sequently, the distance between the 2-carboxylate ion and the basic amiio 
acid residue may be similar to that between the two counterions of the sol- 
vent-separated ion pair, uiz . ,  6 A. This speculation may be corroborated by 
the fact that the binding capacity of bovine serum albumin to the hydrazone 


hydrazone 


A 


contact ion pair solvent-separated ion pair 
Scheme I 
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form is smaller than that to the azo form (Fig. I ) ;  i.e., the number OF the 
binding sites of the former is 0.7, although that of the latter is 3.2. Moreover, 
as was shown previously ( I  8), the circular dichroism spectra of the azo form 
induced by bovine serum albumin was larger than that of the hydrazone form. 
Taking into consideration this result and the theory of Takenaka et al. (19) 
that the contact ion pair formation between unchiral benzoic acid derivatives 
and chiral amines introduces the larger circular dichroism, the azo form may 
be present as the contact ion pairs in the 2-(4’-hydroxyphenylazo)benmic 
acid-bovine serum albumin interaction. 
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Abstract 0 A comparison of X-ray powder diffraction patterns, IR spectra, 
and crystal structures of structurally related compounds belonging to the 
butyrophenone family has been undertaken to obtain information about the 
elements of chemical structure which predispose a substance to exhibit 
polymorphism. Five butyrophenones, differing by the nature of only one 
substituent, were selected. After crystallization from I5 solvents, it appears 
that two compounds of the group exhibit more than one crystalline form. An 
explanation of the absence of polymorphism in the other compounds of the 
group is proposed and discussed. 


Keyphrases 0 Polymorphism-disubstituted butyrophenones, comparison 
of IR spectra, X-ray diffraction patterns, and crystal structures 0 Haloper- 
idol-polymorphism, comparison of IR spectra, X-ray diffraction patterns, 
and crystal structures 0 Moperone-polymorphism, comparison of IR 
spectra, X-ray diffraction patterns, and crystal structures 0 Bromperidol- 
polymorphism, comparison of IR spectra, X-ray diffraction patterns, and 
crystal structures 


Many papers have been published in the past 10 years about 
drug polymorphism, generally describing the way of obtaining 
the polymorphs of a given substance ( 1  -3); their IR spectra 
(2,4,5), thermal behaviors (6 -8 ) ,  and X-ray diffraction pat- 
terns (3,8,9); their dissolution and solubility profiles (2,8, 10, 
1 1 ) ;  and more rarely their in ljiuo rates of release (12-15). 
Studies of polymorphism are thus often empirical. Few studies 
attempted to determine what structural characteristics 
predispose an organic compound to exhibit polymorphism; in 
a paper concerning the polymorphism of sulfamides, Yang and 
Guillory (1 6) investigated that problem. 


This work was undertaken to study the polymorphism of 
closely related compounds belonging to the butyrophenone 
family; to compare their IR spectra, X-ray diffraction patterns, 


and crystal structures; and to correlate, if possible, the fre- 
quency of polymorphism occurrence and chemical structure. 
The substances were chosen because of their therapeutic im- 
portance, structural simplicity, and crystalline nature ( 17- 
21). 


F18 1L 


HALOPERIDOL: R = CI 
BROMPERIDOL: R = Br 


I : R = F  
I I :  R = H 


MOPERONE: R = CH3 


EXPERIMENTAL 


Materials-Five butyrophenones Here selected for study: haloperidol’, 
bromperido12, 4-[4-hydroxy-4-(4-fluorophenyl)- 1 -piperidinyl]-l-(4-fluore 
phenyl)- 1 -butanone3 ( I ) ,  moperone4, and 4-( hydroxy-4-phenyl- I -piperi- 
dinyl)-l -(4-fluorophenyl)-l-butanone5 (11). The difference between these 
substances lies only in  the nature of the substituent at the 26 position. 


’ Haloperidol: 
fluoropheny1)- I -butanone. 


Bromperidol: 4-[4-(4-bromophcnyl)-4-hydroxy- I -pipcridinyl]- I-(-4-fluoro- 
phenyl)- I-butanone. 


I: 4:[4-(4-fluorophenyl)-4-hydroxy-1 -piperidinyl]- I-(4-fluorophenyl)-l-bu~anone 
(no generic name). 


Moperone: 4’-fluoro-4(4-hydroxy-4-ptolylpi ridino)butyrophenone. 
name). I I :  4-(4-hydroxy-4-phenyI-I-pipcridinyl~-l-(4-~orophenyl)-l-butanone (no generic 


4- (4-(4-chlorophcnyl)-4-hydroxy- I -piperidinyl]- 1 -(4- 
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Abstract 0 A clastic binding hypothesis for opiate-receptor interactions, in 
which the key step in eliciting the opiate response is an electron transfer from 
the opiate nitrogen to the receptor, is analyzed from a chemical point of view 
and is found to be chemically feasible. An extended form of this hypothesis 
is proposed in order to accommodate recent observations about the N-de- 
methylation of morphines in the brain. An in vitro model system for studying 
the electron-transfer reactions of morphines is proposed, and the initial ex- 
periments i n  this system are reported. 


Keyphrases 0 Clastic binding hypothesis-electron-transfer mechanism, 
opiate receptor interactions, in v i m  model system Opiate-receptor inter- 
actions-electron-transfer mechanism, extended clastic binding hypothesis, 
in virro model system t~ Electron transfer-mechanism, extended clastic 
binding hypothesis, opiate-receptor interactions, in uitro model system 


Belleau et al. (1,2) presented experimental evidence that 
the directionality of the lone electron pair on nitrogen (N lone 
pair) of morphine-type opiates is directly related to their opiate 
activity. On this basis Belleau and Morgan (3) proposed the 
clastic binding hypothesis for opiate-receptor interactions. 
According to this hypothesis, morphine-type opiates achieve 
productive binding with the opiate receptor uia a clastic 
binding process that includes a stereospecific electron transfer 
from the lone electron pair of opiates to some electrophilic site 
at the receptor. Such clastic binding is tantamount to injecting 
electrons at the receptor level. The electron transfer from ni- 
trogen to the receptor was proposed to lead to the oxidation of 
the N-methyl substituent. Such oxidation may lead to a sub- 
sequent N-demethylation. Contrary to the N-demethylation 
hypothesis of Beckett et al. (4) in which the N-demethylation 
is an extrinsic preliminary step in the mechanism of opiate 
action, in the clastic binding the N-demethylation process 
participates in conjunction with the opiate receptor in eliciting 
the opiate response. According to Belleau and Morgan “the 
opiate receptor complex would possess an intrinsic and specific 
oxidative N-demethylase activity.” 


The aforementioned concept obviously requires that the 
location of the sites of N-demethylation within the CNS is 
proximal to or coincident with that of the opiate receptors. This 
was indeed found to be the case by Fishman et al. (5-7) .  They 
have demonstrated that the N-demethylation of morphine in 
rat brain is localized in sites with high opiate-receptor content. 
Moreover, the N-demethylation in the brain was found to 
proceed only when pharmacological concentrations of the 
substrate were present: the fact which indicated the biological 
significance of the reaction. This brain dealkylase was found 
to be different from that responsible for the same transfor- 
mation in the liver (6). The brain demethylation of morphine 
was decreased by tolerance and by opiate antagonists such as 
naloxone, which itself was not dealkylated in the brain (7). 
These results provided strong support for the concept that 
N-dealkylation of narcotics in their CNS target sites is inti- 
mately involved in the expression of their action. 


The N-dealkylation reaction occurring in the enzymatic 
process described above may follow the same mechanistic path 
as the same reaction occurring in the “test-tube” with the 
“regular” chemical reagents, or it may follow a different path. 
We were interested in exploring the former possibility. Spe- 
cifically, we wanted to find out if the currently available 
chemical data on electron transfers from the N lone pair of 
morphines or model compounds, such as tertiary aliphatic 
amines, to electron acceptors are compatible with the hy- 
pothesis of Belleau and Morgan (3) and the findings of Fish- 
man et al. (5-7). 


THEORETICAL 


Electron-Transfer Reactions and N-Dealkylations of Morphines-A pos- 
sible mechanism by which the electron transfer from the N lone pair of the 
tertiary aliphatic amines to various electron acceptors leads to the N-deal- 
kylation is presented in Scheme 1. This mechanism has been found to be valid 


0022-3549/84/0600-0715$01.00/0 
@ 1984, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 715 
Vol. 73, No. 6, June 1984 







Step 1: 


Step 2: 


Step 3: 


Step 4:  


-e- 
R~N-CH,R - R~L-CH~R 


R~N-CH-R* R,~=CH-R 


* Hi0 I 


-Ht RIN -CH 2 R - R N-CH-R 
t. 


R 


R,N=CH-R-R2NH + H-=O 
Schenle I-Possible mechanism of the oxidative N -dealkylation of tertiary 
aliphatic anlines. 


for the electrochemical (anodic) oxidations and dealkylations of tertiary ah- 
phatic amines ( 8 , 9 )  as well as for their reactions with various chemical agents, 
such as chlorine dioxide, N-bromosuccinimide, manganese dioxide, and ozone 
(10). Such a mechanism has been recently proposed also for the mitochondria1 
monoamine oxidase-catalyzed amine oxidation ( I  I ). 


The first step of the mechanism shown in Scheme I is a one-electron transfer 
from the nitrogen of a tertiary amine to a suitable (redox-matched) electron 
acceptor (not shown). This slow step was found to be rate determining in the 
chemical and elcctrochcmical reactions (8 - 10). The radical cation produced 
in the first step undergoes a loss of proton from an a-position yielding, after 
the rearrangement of electrons, an a-amino radical; this is shown in  the second 
step. The a-amino radical species undergoes a one-electron transfer from 
nitrogen to give an immonium species, as  shown in  the third step. The im- 
monium ion is readily hydrolyzed into a secondary (N-dealkylated) amine 
and an aldehyde. as shown in  the fourth step. 


The mechanism presented in Scheme I may be proposed tooperate in the 
c w s  whcn the N-dcmethylation of morphine occurs in the brain, namely when 
the concentration of morphine is at its pharmacological level ( 5 ) .  From this 
mechanism, however, it is not obvious why the N-demethylation does not occur 
at concentrations of morphine lower than the pharmacological concentration 
( 5 ) .  The latter observation may be accommodated, however, by the following 
hypothesis. The electron transfer from the N lone pair of the morphine ni- 
trogen to the electron acceptor (E)  at the receptor may result in the formation 
of a stable caged radical-anion-radical-cation (RARC’) pair (Scheme 11) 
between morphine and a hypothetical electron acceptor at the receptor. No 
bonds are made or broken in this process2. 


The formation of a RXRC (charge-transfer) complex may be the most 
frequently occurring mode by which the morphine nitrogen interacts with the 
electron acceptor at the receptor. This mode of interaction, however, would 
not elicit the biological response according to the clastic binding hypothesis, 
since the electron transferred from the N lone pair is not free to be injected 
into the receptor. but is confined within the RARC cage. The formation of 
the RARC complex may be responsiblc for the a f f in i ty  of nitrogen to the 
”amine-binding site” of the receptor (14). which would contribute to the 
overall affinity of morphine to the receptor, while the injection of the electron 
from the morphine nitrogen to the receptor would be responsible for the in- 
trinsic activity (efficacy) ( I  5 )  of morphine. 


Only as a rare event would the electron from the N lone pair be injected to 
the receptor and. thus, be lost from nitrogen. The latter species would become 
a free radical cation which then could further react, as shown in  Scheme 1, 
to ultimately lead to N-dealkylation. Thus, according to this concept, the 
pharmacological concentration of morphine would be some critical concen- 
tration at which these rare events of the injecting the N lone pair electrons 
to the receptor cumulate and become “visible.” A necessary condition for 


Morphine Electron RARC Pair 
Acceptor at 
the Receptor 


Scheme I1 


I We are suggesting the term RARC pair for the caged radical-anion-radical-cation 
pair in accordance with the nomenclature introduced by Meyersec al. ( I  2) who named 
the caged radical-anion-radical pair RARP. * The RARC pair is a n  outer-sphere electron-transfer complex ( I  3).  I n  the latter 
complexes no bonds are made or broken during the course of the reaction ( I  3). The irn- 
mediate effect o f the  outer-sphere electron transfer is the change in  the charge on the 
reactants ( I  3). I n  the example shown in Scheme I 1  the electron donor (nitrogen) which 
w2s neutral became positive. and the electron acceptor (E) which was neutral became 
negative. These complexes arc also called charge-transfer complexes. 


-e - 
RIN-cHIR Electron Transfer from’ 


Nitrogen, Slow 


I 


R , ~ - C H ~ R  
Trotonated” Starting Material 


Loss of \ -HI 


R ~ N - C I ~ R  


Proton froma- 
Position 


I + H  
t 


R~N-cH~--H 


“Recovered” 
Starting Material 


Scheme I11 


inducing analgesia would be the injection of the N lone pair electrons to the 
receptor, and the N-dealkylation would normally accompany this reaction. 


From the chemical point of view, houever, one would predict that the in- 
jection of the N lone pair electron to the receptor does not necessarily have 
to be accompanied by N-dealkylation, since the nitrogen radical cation may 
react by a pathway different than that shown in Scheme 1. Two such possible 
pathways are shown in Scheme 111. According to this Scheme the nitrogen 
radical cation. formed by the loss of one electron from the N lone pair, may 
give either “protonated” or “recovered” starting material. The upper arrow 
in Scheme I l l  shows that the nitrogen radical cation may pick upa hydrogen 
atom from the receptor (probably in  a random fashion), giving material that 
is the same as the protonated starting material, but is obviously not obtained 
by protonation of the starting material. (Hence the word protonated in Scheme 
I l l  is in quotations.) The louer arrow in Scheme 111 shows a pathway where 
the nitrogen radical cation loses an a-proton (the same as the step 2 in Scheme 
I )  and the resulting a-amino radical picks up a hydrogen atom from the re- 
ceptor, giving material that is the Same as the starting material. but is not the 
recovered starting material since the a-hydrogen was exchanged. (Hence the 
word recovered in Scheme 111 is in quotations.) This pathway has been ob- 
served to occur during photooxidations of tertiary amines). 


I f  the morphine radical cation at the receptor follows the pathway(s) shown 
in Scheme 111. even as a rare event, it is conceivable that the abstraction of 
H. from the receptor would be random and, thus, may cause damage of the 
receptor site normally involved in the N-demethylation, as well as to the 
electron acceptor at the receptor. The damage of the receptor may become 
permanent and irreversible in the c a m  of prolonged use or abuse of morphines. 
The extent of the damage to the electron-acceptor site does not have to be the 
same as that to the N-dealkylation site. The opiate response still may be 
achieved if the latter site is damaged. The observed decrease of the brain 
N-demethylation of morphine by tolerance ( 7 )  may be caused by the damage 
of the N-dealkylation sites. 


I n  summary, our view of the clastic binding process is the following. The 
attraction of morphine to its amine-binding site a t  the receptor is proposed 
to be achieved uia formation of a RARC (charge-transfer) complex (Scheme 
11). an event which is not accompanied by the opiate response. Only occa- 
sionally a true electron transfer, i .e.,  the electron injection. to the receptor 
occurs, leading to the opiate response. Normally, this electron injection is 
accompanied by Ndemethylation (Scheme I) ,  but it does not have to be, since 
other chemically feasible pathways are available, leading to “recovered” or 
“protonated” morphine, for example (Scheme 111). These pathways may 
normally operate for various N-alkyl opiates which may not be dealkylated 
in the brain and, in the case of tolerance. when the N-demethylation is de- 
creased. 


Chemical considerations presented above in conjunction with the phar- 
macological observations on the N-demethylation of morphine in the brain 
suggest that the extended version of the clastic binding hypothesis is feasible 
both chemically and pharmacologically. Therefore, a detailed study of the 
electron-transfer reactions of morphines seems worthwhile. 


Study of Electron-Transfer Reactions of Morphines in an In Vitro Model 
System-Despite a very extensive research in the field of opiate receptors, 
relatively little is known about these receptors because they are quite labile 


3 Private communication by Prof. Fred D. Lewis, to whom thanks are expressed. 


716 1 Journal of Pharmaceutical Sciences 
Vol. 73, No. 6, June 1984 







and easily denatured (16). The true nature of these receptors has not as yet 
being elucidated; after years of careful research by independent investigators, 
there still exists appreciable controversy over whether the receptor is a protein, 
a lipid, or both (16, 17) .  


The question if the protein or the protein part of the opiate receptor can 
function as an electron-transfer protein. as required by the clastic binding 
hypothesis, cannot be answered at this time since so little is known about the 
opiate receptor. I f  the opiate receptor protein can indeed function as an 
electron-transfer protein, one may visualize it, in general terms, as shown in 
Scheme IV ( 18): 


Source of Electron - 
Way In - Trap - Way Out - Sink 


Scheme IV 


Scheme IV represents a directed electron transfer from a source of electron, 
morphine in this case, to the electron-transfer protein, in this case the opiate 
receptor (the enclosed block). In this model, the electron-transfer protein has 
the capability of controlling the electron transfer by a mechanism which 
“gates” either the “entering” or “leaving” channel. The movement of an 
electron through the protein may be realized, as suggested previously ( 1  8). 
oia a localized hop mechanism and electron tunnelling. 


We shall concentration only on the “way in” channel of the opiate receptor 
protein (Scheme IV),  since the clastic binding hypothesis deals thus far only 
with this part of the opiate receptor. It is our desire to model this “way in” 
channel in such a way as to fulfill the chemical requirements of the proposed 
cxtcnded form of the clastic binding hypothesis, and then to study the chem- 
istry of the elcctron transfer from morphines in such a model. 


The “way in” channel in Scheme IV is actually the point of injection of the 
morphine N lone pair to the receptor. and it already has bcen discussed as “the 
electron acceptor at the receptor” (E) (Scheme I I ;  see previous section). The 
chemical requirement for E was that morphine nitrogen can form a persistent 
RARC or charge-transfer complex with E (Scheme 11). which only rarely 
leads to the actual loss of the N lone pair electron to the electron acceptor. i.e., 
to the ful l  electron transfer (Schemes I and I l l ) .  


We decided to explore a possibility that perhalomethanes ((2x4, X = CI 
or Br) may represent such models, since we were familiar with their excep- 
tionally good electron-accepting ability (12, 19). In this,paper we explore the 
behavior of carbon tetrachloride (CC14) in its reactions with amines in general 
and with a series of morphines. Work with CCIIBr, which is a better electron 
acceptor than CC14, is in  progress. 


The reaction of amincs with CC14 has been studied extensively (20-30). 
I t  is a well-established fact that amines-primary, secondary, and tertiary 
aliphatic, as well as aromatic-form charge-transfer complexes with CC14 
(20, 25-27,30). For example, amines such as triethylamine, di-n-propylamine, 
and tri-n-propylamine have bcen found spcctrometrically to form 1:1 
charge-transfer complexes with halomethanes (25). The Kr value for then- 
butylamine-CC14 complex of 0.032 M - ’  indicates a weak bond between the 
two species, as expected in a charge-transfer complex (27). Since these 
charge-transfcr complexes are outer-sphere electron-transfer complexes in  
which no bonds are made or broken, their persistency shows as a lack of the 
actual chemical reaction. 


When the N lone pair electron is fully transferred to CC14, a series of 
chemical reactions are initiated which ultimately lead to amine hydrochloride 
and other products (Scheme V). Such reactions in the case of morphines must 
be very slow if  CC14 is to be used as a model for the electron acceptor at the 
opiate receptor, since the actual loss (injection) of the N lone pair electron 
to the receptor is proposed to be a rare event. Since the ultimate product of 
the reaction of an amine with CCl4 is the amine hydrochloride, as shown in 
Scheme V and amply demonstrated in other examples (20-29). the speed and 
the extent of this reaction can be determined by measuring, respectively, the 
rate of appearance and the amount of amine hydrochloride, orjust the halide 
ion. 


The literature data on the rates of the reactionsof amines with CC14 could 
not be extrapolated with confidence to the case of morphines, since they are 
somewhat contradictory. Thus, reports exist stating that amine hydrochloride 
precipitates were formed rather rapidly after dissolving the amines in CC14 
(25, 27) and also that the formation of such precipitates is extremely slow (21). 
Thesc discrepancies may be due to the uncontrolled presence of catalysts, such 
as U V  light, oxygen, Cut ,  Cu2+, Fez+, brass, and even traces of metal im- 
purities from a stirring bar, all of which have been found to influence the re- 
action rate. However, the influence of these catalysts is not clear in all the 
CBSCS. Thus, one report states that the reaction is prevented if light or other 
catalysts arc excluded (26). but another report describes that the reaction 
proceeds in dark without a catalyst (28). 


Step 1:  ( n - B ~ ) ~ N j - n - B u  + CCl, -+ 
+. 


[(n-Bu)]N-n-Bu &,I 
Charge Transfer (RARC) Complex 


+. 
(n-Bu),N-n-Bu + CCl, 


Step 3 1 
c1- + aCC13 


H 
+. I 


Step 4: (n-Bu),N CHICHICHa + .CCls 


H 
-7- 


Abstraction of a -H’ 


H 
+ I 


I I  


1 
( ~ - B U ) ~ N = C - C ! ~ H ~ C H ~  + HCCL 


H H  


1- 
(n- Bu ) I  N - C + = C - C H I C H  + ( n - B ~ ) ~ ? q - B u  


I 1  


Step 6 CI-(frorn Step 3) 1 H H  
Observed Product 


H 
I 


(n-Bu),P-n-Bu C1- 


Amine Hydrochloride 
Observed Product 


Scheme V-Chemical reactions leading 10 ihe amine hydrochloride 
(based on Rej. 28). 


Therefore, since there were no satisfactory literature data that we could 
extrapolate to the case of morphines, we undertook the study of the reactions 
of morphine, oxymorphone, and naloxone with CC14. 


EXPERIMENTAL 


Melting points were determined on a capillary melting-point apparatus‘ 
and were not corrected. The NMR spectra were taken on a 90-MHz spec- 
trometer5, and the IR spectra were recorded on a spectrophotometer6. TLC 
was done on aluminum sheets prccoated with 0.2 mm of silica gel’; the eluant 
was chloroform-methanol-concentrated ammonium hydroxide ( 132: 12:0.9 
by volume). The spots were observed in a UV chamber at  the wavelength of 
254 nm. The carbon tetrachloride used was an ACS-analyzed reagentn, con- 
taining only 0.5 ppm of chloride ion and 0.02 ppm of heavy metals. Oxymor- 
phone hydrochlorideg, naloxone hydrochlorideg, and morphinelo were from 
outside sources. 


Conversion of Naloxone Hydrochloride to Naloxone-A solution of nal- 


‘ Thomas-Hoover. 


’ Silica gel 60, F ~ J , ;  EM Reagents. 


l o  Scripps Clinic and Research Foundation. 


Perkin-Elmer R 32. 
Beckman 1R-I0 and Pcrkin-Elmer 297 spectrophotometcrs 


MCB. 
E N D 0  Laboratories. 
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Table I-Reaction of Selected Morohines and Other Amines with Carbon Tetrachloride 


Amine Reaction Time. h Isolated Product(s) Yield, % Reference 


Trace of amine hydrochloride was presumably formed" this work 
- this work 


Naloxone 3 


Ox ymorphone 30 Trace of amine hydrochloride was presumably formed" trace of CI- was observed this work 


Piperidine 24 


trace of CI- was observed 
- Morphine 20 


Triethylamine 72 Amine hydrochloride 2.2 21 
2-Diethylaminoethanol 72 Amine hydrochloride 24.4 21 


22 
72 Amine hvdrochloride 2.6 22 


- - 


See Experirnenta/. 


oxone hydrochloride (0.70 g, 0.0019 mol) in ethanol and water was poured 
into an aqueous solution of borax" (sodium tetraborate, Na2B407.10H20; 
certified ACS). The resulting solution was extracted three times with chlo- 
roform (ACS quality, distilled). The combined chloroform extracts were 
washed with borax and water, dried (anhydrous magnesium sulfate), and 
evaporated leaving naloxone as  0.56 g of a white solid (90% yield), mp 
(chloroform-petroleum ether) 177-178SoC, (ethyl acetate) 177-178.5OC 
[lit. (31) mp (ethyl acetate) 177-178OC. 184OCI. The crude as  well as the 
recrystallized material was TLC pure, R/ 0.65. 


Treatment of Naloxone with Carbon Tetrachloride-Naloxone (0.35 g. 1.1 
X lo-) mol) was mixed with carbon tetrachloride (30 mL. -300 times molar 
excess over naloxone) and the mixture was refluxed to achieve dissolution. 
After the dissolution was complete, the reflux was continued for 1.5 h under 
the laboratory fluorescent lights. Air was not excluded, as the reflux was 
performed in  a reflux apparatus equipped with a CaC12 drying tube on top 
of the reflux condenser. The solution was then stirred at room temperature 
for the 1.5-h period. After that time, the solvent was evaporated on a rotary 
evaporator, and the white solid residue was dried in a vacuum oven, giving 0.34 
g of the material (97% recovery). 


The IR spectrum of this material was essentially identical with that of the 
starting material. The C=O stretch was at  I728 cm-l (nujol) as in the starting 
material, and no peak was observed at 17 13 cm-I. which corresponds to the 
C 4  stretch of naloxone hydrochloride (nujol). The NMR spectrum (CDCI,) 
of the recovered material was essentially identical with that of the starting 
material. TLC showed only one spot a t  Rf 0.65, corresponding to naloxone 
(the eluant would convert any naloxone hydrochloride to naloxone), indicating 
that no oxidative-degradation products were present. 


A test for the presence of trace amounts of naloxone hydrochloride was 
performed as follows. The recovered material was dissolved in  ether (ACS 
quality, distilled). The ethereal solution was washed three times with distilled 
water, the combined aqueous layers were acidified with 6 M HNOj,  and an 
aqueous solution of AgNO3 was added. At first no cloudiness appeared, and 
only after -5 min of standing a barely visible cloudiness developed, but no 
visible precipitate was formed. The theoretical yield of AgCl is 0.1 54 g. We 
have found that the AgCl test described above gave an immediate precipitate 
when applied to only a few milligrams of oxymorphone hydrochloride. This 
AgCl test gave us >99% accuracy when applied to the determination of 
chloride ion in a small (0.4 X 1 0-3 mol) sample of pure thymoxyethyl dieth- 
ylamine hydrochloride (theoretical yield of AgCI, 0.058 g). 


The ether which was used for the extraction, when treated as above (washed 
with water, the aqueous layer acidified with 6 M HNO3, and aqueous AgNO3 
added), gave a completely clear solution which remained clear even after 
prolonged standing, thus indicating the absence of chloride ion as determined 
by the AgCl test. An experiment (blank) was also performed, in which 50 mL 
of CC14 was refluxed under laboratory lights for 13 h and stirred at  room 
temperature in the dark for 17 h, and then worked up in the identical manner 
as the sample containing naloxone. No trace of chloride ion was observed in 
the AgCl test. 


Conversion of Oxymorphone Hydrochloride to Oxymorphone-oxymor- 
phone hydrochloride (0.86 g, 0.025 mol) dissolved in water was converted into 
oxymorphone in the same fashion as the naloxone hydrochloride conversion 
into naloxone, yielding 0.48 g of oxymorphone (62%). mp (chloroform-pe- 
troleum ether) 249-250°C (dec.) [lit. (31) mp. (boiling ethanol, ethyl acetate, 
or benzene) 248-249OC (dec.)]. The crude as  well as the recrystallized ma- 
terial were TLC pure, Rf0.55. 


Treatment of Oxymorpbone with Carbon Tetrachloride-Oxymorphone 
(0.14 g, 0.47 X 10-3 mol) was treated with carbon tetrachloride (50 mL; 
- 1  100 molar excess Over oxymorphone) in the same manner as naloxone (oide 
supra). except that the reaction time was 10 times longer in the oxymorphone 
case. Thus, oxymorphone and C C 4  were refluxed for I5 h under the laboratory 
fluorescent lights and stirred at  room temperature for 15 h in the dark. The 
same work-up as for naloxone provided a white fine solid, which represented 


essentially quantitatively recovered starting material. The 1R and NMR 
spectra of this material did not reveal the presence of oxymorphone hydro- 
chloride and were identical to the corresponding spectra of the starting ma- 
terial. The AgCl test did not provide a visible precipitate. but the cloudiness 
observed was much more pronounced than in the case of the naloxone reaction; 
the theoretical yield of AgCl is 0.068 g. TLC showed the presence of only one 
spot, Rf 0.55, corresponding to oxymorphone, which indicated that no other 
compounds, such as degradation or oxidation products, were present. 


Treatment of Morphine with Carbon Tetrachloride-Morphine (0.0965 
g, 0.318 X lO-)mol), mp 248-250°C (dec.) [lit. (31) mp for the monohydrate 
254-256OC (dec.)], was treated with carbon tetrachloride (55 mL; -1800 
molar excess over morphine) under reflux and laboratory fluorescent lights 
for 5 hand at  r w m  temperature in the dark for I5 h. Again, as in the previous 
experiments, air was not excluded. After the above period, the solvent was 
removed by evaporation and the residual white solid was dried in a vacuum 
oven, The IR of this solid was identical. peak by peak, to the IR of the starting 
material. 


This solid was suspended in water in a separatory funnel and shaken with 
ether, and the precipitate was removed by filtration. The white solid thus 
obtained showed only one spot on TLC (R/ 0.16) at the same place as mor- 
phine, thus indicating that no oxidative-degradation products were present. 
The aqueous and ether layers were separated. No material was recovered from 
the ether layer. The aqueous layer was acidified with 6 M HN03,  and an 
aqueous solution of AgNO3 was added. No precipitate or cloudiness was ob- 
served even after several hours. Only when the solution was looked at against 
a black background was a slight bluish-gray opaqueness, characteristic of 
AgCI, observed. After 10 d, a trace of precipitate (AgCI) was observed on the 
bottom of the flask. 


RESULTS AND DISCUSSION 


Morphine, oxymorphone, and naloxone, as freshly prepared free bases, were 
treated with CC14 open to air, under the laboratory fluorescent lights, and 
under reflux. A new polytef-coated stirring bar was used each time to avoid 
metal contamination, which is possible with used stirring bars. The carbon 
tetrachloride used was of analyzed-reagent quality and contained only 0.02 
ppm of heavy metals. We used the above morphines, with an unprotected 
phenol moiety, so that the free phenol group could act as a built-in inhibitor 
(19) for free radicals: this narrowed the number of possible products. The 
extent of the reaction was followed by measuring the amount of chloride ion, 
which is formed by the decomposition of CC14- (step 3 in Scheme V). The 
recovered morphines were inspected by N M d  and 1R to see if there were any 
CCIJ-adducts in the phenol ring, since the latter ring would act as scavenger 
for the CCls radicals formed simultaneously with the chloride ion (step 3). 


We have found that the morphines studied react extremely slowly with CC14 
(Table 1 and Experimental Secrion). For example, oxymorphone after 30 h 
of treatment with CCI4 was completely recovered, with no spectrometric ev- 
idence of CCI3- or other adducts, and only traces of chloride ion were de- 
tected. 


Table 1 illustrates, for comparison, the literature results for some other 
amines of interest: triethylamine, as an example of tertiary amine; 2-diethy- 
laminoethano1;as an example of a hydroxy amine in which, like in oxymor- 
phone and naloxone, the hydroxyl group is in a close proximity to the amino 
group; and piperidine, a cyclic amine which is found as part of all the mor- 
phines. While the results for triethylamine and piperidine show slow reactions 
similar to our results for the morphines, the reaction of 2-diethylaminoethanol 
seems to be much faster. This point deserves further investigation. Further 
studies and evaluations of CCI4 as  an in cirro model for an electron acceptor 
a t  the receptor are in progress. 
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Abstract 0 Ab initio (4-31G) molecular orbital calculations wcre performed 
on model systems to investigate the proton-transfer version of the clastic 
binding hypothesis for opiate-reccptor interactions. Ammonia was chosen 
as the model for the nitrogen-containing portion of theopiate molecule, while 
ammonia and water were chosen as  models for the proton acceptor at the re- 
ccptor. The equilibrium position of a proton situated between the two mole- 
cules is found to be determined primarily by the orientation of the proton-donor 
molecule with some influence also from the other molecule. Misalignments 
o f  the lone pairs can significantly alter equilibrium populations when the 
proton affinities of the two molecules are similar. 


Keyphrases 0 Clastic binding hypothesis-proton-transfer mechanism, op- 
iate-receptor interactions. ah initio molecular orbital calculations 0 Op- 
iate-receptor interactions-proton-transfer mechanism, clastic binding hy-  
pothesis, ab initio molecular orbital calculations 0 Proton transfer-mech- 
anism. clastic binding hypothesis, opiate-receptor interactions, ab initio 
molecular orbital calculations 


Belleau et al. (1,2) have presented concrete evidence that 
the relative spatial orientation of the lone electron pair on ni- 
trogen (N lone pair) or morphine-type opiates is crucial for 


their opiate activity. On this basis they proposed the clastic 
binding hypothesis for opiate-receptor interactions (3) .  Ac- 
cording to this hypothesis, morphine-type opiates achieve 
productive binding with the opiate receptor through a clastic 
binding process involving a stereospecific electron transfer 
from the nitrogen lone electron pair of the opiate to some 
electrophilic site at the opiate receptor. This hypothesis was 
recently analyzed from a chemical point of view and was found 
to be chemically feasible (4). An extended form of this hy- 
pothesis was proposed (4) to accommodate recent observations 
by Fishman et al. concerning the N-dernethylation of mor- 
phines in the brain (5-7). 


Belleau and co-worker (2) later proposed another version 
of the clastic binding hypothesis according to which the N lone 
pair of opiates is involved in a stereospecific proton transfer 
to the receptor leading to strong analgesia. For optimal anal- 
gesia, a morphine should have the N lone pair oriented properly 
for a facile proton transfer. This version of the clastic binding 


0022-3549/84/0600-07 1980 1.001 0 
@ 1984, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences 1 719 
Vol. 73. No. 6. June 1984 












A publlcatlon of the 
Amerlcan Pharmaceutical Associatlm- 
the Natlonal Professlonal Soclety 
of Pharmaclsts 


JOURNAL OF 
PHARMACEUTICAL 


SCIENCES @ 
Volume 73, 1984 


JPMSAE73(1-12) 1-1910 (1984) 
ISSN 0022-3549 


Sue A. Kruger 
Production Editor 


Sharon G. Boots 
Editor 


Edward G. Feldmann 
Contributing Editor 


Margaret M. Madeleine Samuel W. Goldstein 
Assistant Production Editor Contributing Editor 


Karen A. Blakney 
Copy Editor 


Patricia A. Evich 
Editorial Secretary 


Editorial Advisory Board 


Jordan L. Cohen 
Kenneth A. Connors 
Louis Diamond 
Ho-Leung Fung 
Milo Gibaldi 
Everett N .  Hiestand 


W. Homer Lawrence 
Ian W. Mathison 
Carl M. Metzler 
Robert E. Notari 
Paul L. Schiff, Jr. 
Jane E. Shaw 


Published monthly under the supervision of the Board of Trustees 












The existence of aqueous shunts in the oil phase may shorten t~ 
drastically. To examine the validity of t~ as a characteristic time, one plots 
c R ( t )  against t for several values of n for an infinite source (Fig. 8). At 
long times, C R ( t )  asymptotically approaches the equilibrium solution, 
which for an infinite source is: 


lim C R ( ~ )  = CO (Eq. 11) 


As shown in Fig. 8, the lag time, t L ,  is a reasonable estimate of the time 
of convergence of the curves for different n. 
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Abstract 0 A series of 2-acylaminoethanesulfonamides were synthesized 
by treating the corresponding sulfonyl chlorides with ammonia, a pri- 
mary, or a secondary amine. A few compounds displayed marked anti- 
convulsant activity in mice when tested for their potency in the maximal 
electroshock seizure test. The piperidino, benzamido, phthalimido, and 
phenylsuccinylimido derivatives were active, whereas the succinylimido, 
saccharinylimido, and norbornendicarboxylimido compounds showed 
no activity. The interference with the sodium-independent taurine 
binding to mouse brain synaptic membranes was assessed to elucidate 
the possible mode of anticonvulsant action. 


Keyphrases Anticonvulsant agents-potential, 2-aminoethanesul- 
fonic acid (taurine) derivatives, synthesis Synthesis-2-aminoethan- 
esulfonic acid (taurine) derivatives, anticonvulsant activity in mice 
Taurine-synthesis of derivatives, anticonvulsant activity in mice 


Taurine, 2-aminoethanesulfonic acid, is abundant in 
excitable mammalian tissues such as the brain, sensory 
organs, heart, and other muscles (1). In these tissues tau- 
rine has recently been considered an essential effector in 
the regulation of neuronal communication, possibly as an 
inhibitory synaptic transmitter, neuromodulator, or sta- 
bilizer of excitable membranes (2,3).  Taurine effectittely 
prevents seizures when administered intracerebroventri- 
cularly to an animal model, but clinical trials with epileptic 
patients using oral or intravenous administration have 
been only partially successful (4). 


Taurine is quite polar, and its penetration from plasma 
into brain tissue is apparently hampered by its hydrophilic 
properties (5). We have attempted to prepare more lipo- 
philic derivatives of taurine which would still possess an 
inhibitory action at  central synapses. Lipophilization of 
taurine was effected by both acylation and conversion of 
the sulfonic acid group to various amides. In this way the 
shape of the molecule and the intramolecular electron 
distribution, both of which may be essential for the tau- 
rine-like inhibitory action (6), were expected to be un- 
changed. It is also significant that sulfonamides are gen- 
erally atoxic. 


RESULTS AND DISCUSSION 


The compounds studied are of the general structures A and B (see 
Table I for R1 and Rz designations). 


R I C H Z C H ~ S O ~ N H ~  RICH&HzSOzR? 
A B 


Although several earlier reports (7-10) have described similar com- 
pounds, these studies evaluated the compounds for antibacterial and 
antimalarial activity. They were either inactive or only slightly active in 
this respect. 


Compounds 11, IVa-g, V, and VIIIa-b inhibited maximal electroshock 
(MES)-induced convulsions in mice (Table 11). The most potent com- 
pounds were 11, IVc, IVd, IVe, IVg, and V, which had ED50 values 1100 
mg/kg. I t  was found that the sodium-independent binding of [3H]taurine 
to isolated synaptic membranes was inhibited by 111, IVa, V, and VIc. In 
general, no parallelism was observed between anticonvulsant action and 
inhibition of taurine binding. Only V may act by interfering with the 
attachment of taurine to its membrane binding sites. 


The acyltaurinamides and N-substituted acyltaurinamides were 
synthesized from the corresponding sulfonyl chlorides and ammonia, a 
primary, or a secondary amine as described previously (7-9,ll). These 
compounds are colorless, crystalline substances with a somewhat bitter 
taste. They are insoluble or slightly soluble in water, but soluble in polar 
organic solvents. 


EXPERIMENTAL’ 


N-[2-[ (Methylamino)sulfonyl]ethyl]benzamide (IVb), N-[2-[ (Ethyl- 
amino)sulfonyl]ethyl]benzamide (IVc), N-[2 - [  (Dimethylamino)- 
sulfonyl]ethyl]benzamide (IVd), N-[2-[ [( 1-Methylethy1)amino- 
]sulfonyl]ethyl]benzamide (IVe), N-[2-[(Butylamino)suIfonyl]- 
ethyllbenzamide (IVf), and  N - [ 2 - [ [ (  1,l-Dimethylethyl)amino]- 
sulfonyl]ethyl]benzamide (1Vg)-These compounds were prepared 
as described below for IVg. T o  tert-butylamine (10.92 g, 0.150 mol) was 
added with cooling and stirring (ice-bath) the substituted sulfonyl 
chloride (7.66 g, 0.031 mol) over a 25-min period. After 20 min stirring 
additional tert-butylamine (3.64 g, 0.05 mol) was added, and the stirring 
was continued a t  room temperature. Water (75 mL) was added, and the 
excess amine was removed with a stream of air. The precipitate was re- 


~ 


1 Melting points were determined in open capillary tubes and are uncorrected. 
Elemental analyses were performed by Janssen Pharmaceutica NV, Analytical 
Department, Beerse, Belgium. NMR data were recorded on a JEOL FX-60 spec- 
trophotometer. 
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Table I-Taurinesulfonamide Derivatives of RlCH2CHtSOzRz 


Compound R I  
Recrystallization Melting Analysis % 


H.L Solvent Point, "C Formula Calc. Found 


I 


11 


111 


IVa 


IVb 


IVC 


IVd 


IVe 


IVf 


IVg 


V 


VIa 


VIb 


VIC 


VIIa 


VIIb 


VIIC 


VIIIa 


VIIIb 


VIIIC 


IX 


Xa 


Xb 


-NH, HCI 


- N z  nci 


-NH-(-J 


-NH, 


-NHCH, 


-NHCH,CH, 


- N(CH,), 


-NHCH(CH,), 


-NH(CH,),CH, 


- NHC(CH,), 


-NHCH, 


- NH, 


-NHCH, 


- NH(CH,),CH, 


-NH, 


-NHCH(CH,), 


- N H,c Hy-(-J - 


-NH, 


- N HC H(C Ha4 


-NHC(CH,), 


-NH, 


-NH2 


- N HC H(C H,)~ 


90% ethanol 


Ethanol-HCI 


Ethanol-HC1 


95% ethanol 


Water 


33% ethanol 


33% ethanol 


33% ethanol 


50% methanol 


75% methanol 


95% ethanol 


Acetone 


Acetonitrile 


Cyclohexane- 
ethylacetate 
(1:l) 


Water 


95% ethanol 


95% ethanol 


95% ethanol 


~ W C  methanol 


95% ethanol 


Ethanol- 
dimethylform- 
amide 


Acetonitrile 


Acetonitrile 


133-136" 


222-224 


254-256' 


168-171d 


1 16-1 1 7 


112-1 14 


113-115 


111-113 


93-95 


91-94 


142-144 


195-197 


179- 182 


12-77 


189-191 


101-102 


110-112 


157-159 


68-73 


113-116 


242-245 


206-209 


13 1- 134 


c 49.57 
H 5.82 
N 11.56 
C 51.54 
H 6.29 
N 10.93 
C 51.54 
H 6.29 
N 10.93 c 53.31 
H 6.71 
N 10.36 
C 54.91 
H 7.09 
N 9.85 
C 54.91 
H 7.09 
N 9.85 
C 49.25 
H 4.51 
N 10.44 
C 37.24 
H 3.47 
N 9.65 
c 39.47 
H 3.97 
N 9.20 
C 45.0i 
H 5.24 
N 8.09 c 34.95 
H 4.89 
N 13.58 c 43.54 
H 6.50 
N 11.28 
C 52.69 
H 5.44 
N 9.45 
C 51.05 
H 5.00 
N 9.52 


c 55.54 
H 6.21 
N 8.64 


C 56.79 
H 6.55 
N 8.28 


C 55.26 
H 3.97 
N 9.21 


C 48.88 
H 5.22 
N 10.36 
C 53.83 
H 6.45 
N 8.97 


49.28 
5.74 


10.96 
51.45 
6.32 


11.00 
51.72 
6.35 


11.11 
53.15 
6.69 


10.43 
54.98 
7.10 
9.97 


54.77 
7.03 
9.93 


49.32 
4.40 


10.44 
37.12 
3.48 
9.68 


39.43 
4.01 
9.22 


44.86 
5.07 
7.92 


34.75 
4.88 


13.60 
43.46 
6.54 


11.28 
52.78 
5.48 
9.48 


50.50 
4.91 
9.66 


54.95 
6.09 
8.55 


56.62 
6.57 
8.46 


55.06 
3.90 
9.21 


48.89 
5.21 


10.21 
53.93 
6.52 
8.88 


~ -~ ~~ ~~ 


a Lit. (8) mp 130-134°C. *Lit .  (12) mp 202-206'C. Lit. (12) mp 250-252°C. Lit (8) mp 169.5-170.5"C. 


moved by filtration, washed with water, and recrystallized from the ap- 
propriate solvent (Table 1). 


1,3-Dihydro-N-methyl- 1,3-dioxo-2H-isoindoleethanesulfon- 
amide (V)--To methylene chloride (30 mL) were added the previously 
described sulfonyl chloride (2.74 g, 0.01 mol) (8) and methylamine hy- 
drochloride (1.36 g, 0.02 mol). Then, 7 mL of 6 M KzC03 was added with 


continuous stirring and cooling (-1OOC) over a 10-min period. Water (25 
mL) was added, and the organic phase was washed with water and dried 
over magnesium sulfate. The solvent was evaporated, and the product 
was recrystallized from the appropriate solvent (Table I). 
3-Oxo-1,2-benzisothiaole-2(3H)-ethanesulfonamide 1,l-Dioxide 


(VIa), N-Methyl-3-oxo-1,2-benzisothiazole-2(3H)-ethanesulfon- 
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Table 11-Anticonvulsant Activities (EDSO) of 
Taurinesulfonamide Derivatives i n  the  Maximal Electroshock 
Test i n  Mice and  the  Effects on Sodium-Independent Taurine 
Binding in Mouse Brain Membrane Fractions 


Compound EDnn. m d k e  iD Taurine Bindine“ 


I 
I1 
111 
IVa 
IVb 
IVC 
IVd 
IVe 
IVf 
y g  


irIa 
VIb 
VIC 
VIIa 
VIIb 
VIIC 
VIIIa 
VIIIb 
VIIIC 


>300 102 f 7 (5) 
69 113 f 6 (4) 


>300 74 f 10 (4) 
209 80 f 10 (5) 
150 126+ 10 (5) 
84 1 4 0 f  12 (4) 
75 109 f 10 (5) 
77 121 f 11 (5) 


150 
82 


105 
>300 
>300 
>300 
>300 
>300 
>300 


209 
244 


>300 


ii5f 11 i4j 
1 3 6 f  10 (5) 
67 f 4 (10) 
9 8 5  9 (5) 


1 0 2 f  9 (5) 
75 f 10 (4) 


101 f 13 (4) 
84 f 5 (3) 


IX >300 
Xa >300 
Xb >300 


(I The binding of 0.1 pM I3H taurine to membrane fractions isolated from mouse 
whole brain in the presence 01 the compounds tested (concentration in the incu- 
bation medium: 1.0 mM except 111 and VIc, 0.5 mM, and IVg, 0.1 mM) is given as 
percentage of that in the control incubations without effectors (2.22 f 0.32 nmol/kg 
fresh weight of synaptic membranes, n = 40, mean f SEM). The number of ex- 
periments is in parentheses. 


amide 1,l-Dioxide (VIb), and N-Butyl-3-oxo-1,2-benzisothiazole- 
2(3H)-ethanesulfonamide 1,l-Dioxide (VIc)-Sodium 1,2-henziso- 
thiazol-3(2H)-one 1,l-dioxide (the sodium salt of saccharin) (205.2 g, 
1 mol) and 1,2-dichloroethane (792 g, 8 mol) in dimethyl sulfoxide (1 L) 
were heated at  105°C for 6 h. The mixture was poured into water, and 
from the organic phase was isolated 153 g of the corresponding N-2-  
chloroethyl derivative, mp 63-66°C. This material was heated a t  120°C 
for 2 h with thiourea (30.4 g, 0.4 rnol). Dimethylformamide (20 mL) was 
added to the melt, and the mixture was allowed to cool. The material was 
slurried with acetone, filtered, and the resulting product washed with 
ethanol to give 38.9 g of the thiuronium hydrochloride, mp 210°C (dec.). 
This salt (83.2 g, 0.259 mol) was dissolved in warm water (1.9 L), and the 
mixture was filtered to remove the undissolved material (5.2 g). The so- 
lution was cooled to 5”C, and a stream of chlorine gas was bubbled 
through the solution over a 6-h period with cooling and stirring. The 
precipitate was isolated and recrystallized from toluene to give 56.2 g of 
3-oxo-1,2-benzisothiazole-2(3H)-ethanesulfonyl chloride 1,l-dioxide. 


Preparation of Vla-The aforementioned substituted sulfonyl chlo- 
ride (9.66 g, 0.031 moll was dissolved in methylene chloride (120 mL). 
With cooling and stirring, gaseous ammonia was introduced over a 15-min 
period. The solvent was removed by distillation, and the residue was 
slurried with water and then filtered. Recrystallization from acetone gave 
2.09 g of VIa. 


Preparation of Vlb-The aforementioned substituted sulfonyl chlo- 
ride (9.0 g, 0.029 mol) was dissolved in methylene chloride (100 mL), and 
methylamine (3.2 g, 0.19 mol) in isopropyl alcohol (16 mL) was added. 
After 3 min the mixture was poured into 200 mL of 0.3 M HCI, and after 
thorough mixing the organic layer was separated, dried, and the solvent 
evaporated. Several recrystallizations from acetonitrile gave 2.64 g of 
VIb. 


Preparation of Vlc-The aforementioned substituted sulfonyl chloride 
(9.3 g, 0.033 mol) was dissolved in methylene chloride (120 mL). n-Bu- 
tylamine (2.44 g, 0.033 mol) in Na2C03 solution (30 mL, 1.4 M) was added, 
the mixture was stirred for 6 min, and then water (50 mL) was added. The 
organic layer was separated and washed twice with water, dried over 
magnesium sulfate, and the solvent evaporated. The material was slurried 
with petroleum ether, filtered, and then recrystallized several times from 
a cyclohexane-ethyl acetate mixture (1:l) to give 0.95 g of VIc. 
2,5-Dioxo-l-pyrrolidineethanesulfonamide (VIIa), N-( 1-Meth- 


ylethyl)-2,5-dioxo-l-pyrrolidineethanesulfonamide (VIIb), and 
2,5-Dioxo -N- (phenylmethyl) -1 - pyrrolidineethanesulfonamide 
(VI1c)-A mixture of 2-aminoethanesulfonic acid (taurine) 46.5 g, 0.37 
rnol), potassium acetate (49.0 g, 0.5 mol), succinic anhydride (50 g, 0.5 
mol), and glacial acetic acid (300 mL) were heated at  reflux for 2 h, with 


stirring. Acetic anhydride (25 mL) was added, and the heating was con- 
tinued. The mixture was cooled overnight, and then the product was 
removed by filtration and washed with ethanol to give 54 g of the potas- 
sium salt of the succinylamide, which was used without purification. 


A mixture of the aforementioned potassium salt (80 g, 0.41 rnol), 
phosphorus pentachloride (115.8 g, 0.56 mol), and methylene chloride 
(689 mL) was stirred at  15-20°C for 5 h, and was then allowed to stand 
at  room temperature for 48 h. The mixture was poured into ice-water (500 
mL), and the organic layer was separated, washed with water, and dried 
over magnesium sulfate. The solvent was removed under reduced pres- 
sure, the residue was slurried with ether (150 mL), and the product was 
removed by filtration. Recrystallization from toluene gave 40 g of the 
sulfonyl chloride, mp 133-134°C. 


Preparation of Vlla-The aforementioned sulfonyl chloride (11.25 
g, 0.05 moll was added with stirring and cooling (5-1OoC) to a mixture 
of 15 mL of 6 M K&03,15 mL of,concentrated ammonium hydroxide, 
and methylene chloride (100 mL). The crystalline material was removed 
by filtration and washed with two 10-mL portions of cold water. Re- 
crystallization gave 6 g of VIIa, mp 189-191°C. N-(1-Methylethyl)- 
2,5-dioxo-l-pyrrolidineethanesulfonamide (VIIb) and 2,5-dioxo-N- 
(phenylmethy1)-1-pyrrolidineethanesulfonamide (VIIc) were prepared 
in an analogous manner using isopropyl- and benzylamines, respec- 
tively. 
2,5-Dioxo-3-phenyl-l-pyrrolidineethanesulfonamide (VIIIa),  


N-( l-Methylethyl)-2,5-dioxo-3-phenyl- 1 -pyrrol idineethane-  
sulfonamide (VIIIb), a n d  N-(l,l-Dimethylethyl)-2,5-dioxo-3- 
phenyl-1-pyrrolidineethanesulfonamide (VI1Ic)-2-Phenylsuc- 
cinylimidoethanesulfonyl chloride was synthesized using the method 
described for phthalimidoethanesulfonyl chloride (7). Chloroethyl- 
phenylsuccinimide (87.3 g, 0.367 moll gave the corresponding phenyl- 
succinylimidoethanethiuronium chloride in a yield of 56 g, mp 205-216% 
This material (49.4 g, 0.157 moll afforded 39.4 g, of phenylsuccinylimi- 
doethanesulfonyf chloride, mp 146-148OC, after recrystallization from 
toluene. Treatment of the aforementioned sulfonyl chloride with con- 
centrated ammonium hydroxide gave VIIIa, while treatment with iso- 
propylamine or tert -butylamine gave VIIIb or VIIlc, respectively. 


In a similar fashion 1,3-dioxo-1H-benz[de]isoquinoline-2(3H)- 
ethanesulfonamide (IX) was prepared from the corresponding sulfonyl 
chloride (mp 164-165”C), and also 1,3,3a,4,7,7a-hexahydro-1,3-dioxo- 
4,7-rnethano-2H-isoindole-2-ethanesulfonamide (Xa) and 1,3,3a,4,7,7a- 
hexahydro-N-( 1 -methylethyl) -1,3-dioxo-4,7-methano-2H-isoin- 
dole-2-ethanesulfonaide (Xb) were prepared from the sulfonyl chloride, 
mp 158-160’C. 


Anticonvulsant activity-All compounds were tested for anticon- 
wlsant activity using the maximal electroshock seizure (MES) test which 
was carried out on mice subjected for 0.2 s to a current of 50 mA (60 Hz) 
delivered through corneal electrodes (13). The effect of the compounds 
on the sodium-independent binding of 13HH)taurine (0.1 mol/L, specific 
activity 0.33 PBq/mol) was measured in 0.05 M Tris buffer, pH 7.1, a t  
5°C (incubation time: 1 min) (14). 
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form is smaller than that to the azo form (Fig. I ) ;  i.e., the number OF the 
binding sites of the former is 0.7, although that of the latter is 3.2. Moreover, 
as was shown previously ( I  8), the circular dichroism spectra of the azo form 
induced by bovine serum albumin was larger than that of the hydrazone form. 
Taking into consideration this result and the theory of Takenaka et al. (19) 
that the contact ion pair formation between unchiral benzoic acid derivatives 
and chiral amines introduces the larger circular dichroism, the azo form may 
be present as the contact ion pairs in the 2-(4’-hydroxyphenylazo)benmic 
acid-bovine serum albumin interaction. 
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Abstract 0 A comparison of X-ray powder diffraction patterns, IR spectra, 
and crystal structures of structurally related compounds belonging to the 
butyrophenone family has been undertaken to obtain information about the 
elements of chemical structure which predispose a substance to exhibit 
polymorphism. Five butyrophenones, differing by the nature of only one 
substituent, were selected. After crystallization from I5 solvents, it appears 
that two compounds of the group exhibit more than one crystalline form. An 
explanation of the absence of polymorphism in the other compounds of the 
group is proposed and discussed. 


Keyphrases 0 Polymorphism-disubstituted butyrophenones, comparison 
of IR spectra, X-ray diffraction patterns, and crystal structures 0 Haloper- 
idol-polymorphism, comparison of IR spectra, X-ray diffraction patterns, 
and crystal structures 0 Moperone-polymorphism, comparison of IR 
spectra, X-ray diffraction patterns, and crystal structures 0 Bromperidol- 
polymorphism, comparison of IR spectra, X-ray diffraction patterns, and 
crystal structures 


Many papers have been published in the past 10 years about 
drug polymorphism, generally describing the way of obtaining 
the polymorphs of a given substance ( 1  -3); their IR spectra 
(2,4,5), thermal behaviors (6 -8 ) ,  and X-ray diffraction pat- 
terns (3,8,9); their dissolution and solubility profiles (2,8, 10, 
1 1 ) ;  and more rarely their in ljiuo rates of release (12-15). 
Studies of polymorphism are thus often empirical. Few studies 
attempted to determine what structural characteristics 
predispose an organic compound to exhibit polymorphism; in 
a paper concerning the polymorphism of sulfamides, Yang and 
Guillory (1 6) investigated that problem. 


This work was undertaken to study the polymorphism of 
closely related compounds belonging to the butyrophenone 
family; to compare their IR spectra, X-ray diffraction patterns, 


and crystal structures; and to correlate, if possible, the fre- 
quency of polymorphism occurrence and chemical structure. 
The substances were chosen because of their therapeutic im- 
portance, structural simplicity, and crystalline nature ( 17- 
21). 


F18 1L 


HALOPERIDOL: R = CI 
BROMPERIDOL: R = Br 


I : R = F  
I I :  R = H 


MOPERONE: R = CH3 


EXPERIMENTAL 


Materials-Five butyrophenones Here selected for study: haloperidol’, 
bromperido12, 4-[4-hydroxy-4-(4-fluorophenyl)- 1 -piperidinyl]-l-(4-fluore 
phenyl)- 1 -butanone3 ( I ) ,  moperone4, and 4-( hydroxy-4-phenyl- I -piperi- 
dinyl)-l -(4-fluorophenyl)-l-butanone5 (11). The difference between these 
substances lies only in  the nature of the substituent at the 26 position. 


’ Haloperidol: 
fluoropheny1)- I -butanone. 


Bromperidol: 4-[4-(4-bromophcnyl)-4-hydroxy- I -pipcridinyl]- I-(-4-fluoro- 
phenyl)- I-butanone. 


I: 4:[4-(4-fluorophenyl)-4-hydroxy-1 -piperidinyl]- I-(4-fluorophenyl)-l-bu~anone 
(no generic name). 


Moperone: 4’-fluoro-4(4-hydroxy-4-ptolylpi ridino)butyrophenone. 
name). I I :  4-(4-hydroxy-4-phenyI-I-pipcridinyl~-l-(4-~orophenyl)-l-butanone (no generic 


4- (4-(4-chlorophcnyl)-4-hydroxy- I -piperidinyl]- 1 -(4- 
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Table I-X-ray Powder Diffraction Data of Moperone 


Fnrm 
- 
dt 


8.75 


5.08 
4.80 


5.33 


4.70 
4.5 I 
4.32 
4.20 


22 
90 
14 
34 
46 
14 
21 
20 


8.98 24 9.78 
6.67 I I  6.78 
5.30 66 5.19 
5.04 14 5.34 
4.75 25 5.14 


4.38 22 4.88 
4.32 20 4.14 


4.63 22 4.98 


14 
13 
39 
53 


41 
48 


i n  
40 


4.05 27 4.00 l o 0  4.66 45 
3.98 100 3.49 1 8  4.55 21 
3.66 I2 
3.60 10 


4.34 26 
4.12 100 


3.46 16 4.04 18 
3.12 1 1  
3.08 10 


.- 


3.66 14 
3.60 35 
3.42 I I  
3.37 11 
3.25 30 


Thermal Analysis--Thermal behavior was studied on a differential scanning 
calorimeter6 (DSC) at a heating rate of 4"C/min. Temperatures of fusion 
were measured at the onset point of each peak. A thermogravimetric analyzer' 
(TGA) was used for distinguishing between polymorphs and solvates and for 
determining the stoichiometry of the solvates. 


Infrared Spectrometry" ---IR spectra were recorded in potassium bromidey 
pellets (0.5 % w/w) and in n-hexane or carbon tetrachloride solutionlo ( I  
mg/ml.). 


X-ray Diffraction"-X-ray powder diffraction patterns were recorded 
using a powder camera. The incident beam was CuKa with A = 1.5406 A. 
The interplanar spacing (d values) were obtained by direct measurement on 
the films, and the corresponding intensities were estimated using a dcnsi- 
tometer'*. 


Crystallizations-Crystallizations of the five selected compounds were 
performed in  analytical-gradeI3 acetone, benzene, I-butanol, carbon tetra- 
chloride, chloroform, cyclohexane, dichloromethane. ether. dimethyl sulfoxidc, 
ethanol, n-heptane, n-hexane. isopropyl alcohol, methanol, and petroleum 
ether either by slow evaporation at room temperature or by slow cooling of 
hot saturated solutions. 


RESULTS AND DISCUSSION 


Three polymorphic forms of moperone, including a monohydrated form, 
were observed and characterized. At -7OOC. the hydrated form undergoes 
dehydration. which generatcs polymorph 111. This form melts at 96°C; it is 
vcry unstable and cannot be isolated. Forms 1 and II are stable. Form 11 
undergoes a solid-solid transition to form I at I 10°C; form I melts at I24OC. 
X-ray powder diffraction patterns (Table I )  and IR spectra in potassium 
bromide pellets (Table 11)  exhibit significative differences between the three 
forms. In  the spectrum of form I I ,  only one -OH stretching vibration band 
appears at 3180 cm-l. The 1R spectrum of form I presents two -OH 
stretching vibration bands: a large one at 3100 em-' and a narrow and very 
strong one at 3560cm-I. Comparison with spectra obtained in carbon tetra- 
chloride solution allows assignment of the 3560 cm-' band to the vibration 
of weakly bonded --OH group; the 3 I80 and 3 1,000 cm-l bands correspond 
to hydrogen-bonded hydroxyl groups (22). 


Two polymorphs of I I were obtained by recrystallization. They are easily 
identified by DSC (Fig. I ) :  form I I  meltsat 112°C (AHfubion = 3 5  kJ/mol) 
and form I melts at 140°C (AHr,,,,, = 43 kJ/mol). The data from X-ray 
diffraction patterns show great differences between the two forms (Table 111).  
The I R  spectra i n  potassium bromide pellets also have obvious differences, 
especially in  the region of the -OH, -CH, and CO stretching vibrations 
(Table IV).Thc bandofths--0tlstrctchingappearsasat 3180cm-I in the 
two spectra, but it is broader for form 11. As the -OH stretching frequency 
of II i n  carbon tetrachloride solution is observed at 3620 cm-I, it can be 


DSC model I B; Perkin-Elmer. 
TGA model 951; Du Pont. 
Model 580 IR spcctrophotometer; Perkin-Elmer. 
IR quality potassium bromide; Merck. Darmstadt. West Germany. 


l o  Spectroscopic quality solvents; Merck. Darmstadt. West Germany. 
Philips PW 1720 diffraction equipment with a model XDC 700 Guinier-lllgg 


I 2  Homemade densitometer. 
I 3  Merck, Darmstadt. West Germany. 


camera.  


C 


m 
60 80 100 120 140 160 tcmp.I*C) 


Figure 1-Thermogram of a mixture of two polymorphs of 11. Key: (A) 
melting of form II:  (B) recrystallization of form I from the melt; (C) melting 
of form I .  


concludcd that the two polymorphs are hydrogen bondcd. The stability of form 
I 1  is poor. 


Despite repeated crystalliiations from 15 solvents at room temperature and 
in  a water bath, wc find no evidence of polymorphism in haloperidol, brom- 
peridol, and 1. All crystallization batchs give the same X-ray powder dif- 
fraction patterns. the same DSC thcrniograms, and !he same spectra (Table 
V). Temperatures and heats of fusion of haloperidol, bromperidol, and I arc, 
respectively, 150°C and 48 kJ/mol, 158°C and 5 I kJ/mol, 123°C and 34 
kJ/mol. Thus, it appears that the three dihalosubstituted compounds do not 
exhibit polymorphism. whereas moperone and I I  occur as two or more poly- 
morphs or pseudopolymorphs. 


To obtain a better understanding of the phenomenon of polymorphism and 
to confirm the influence of the substituent on the Occurrence of polymorphism 
in this family, the crystal structure of each polymorph must be investigated. 
Instability of moperone form I I  and I I  form I 1  produces poor quality mono- 
crystals and did not allow determination of their crystal structures. Never- 
theless, considering the crystal structure of polymorph 1 and using the data 
of the I R  spectra of form I I  of both compounds, the solid structures of mop- 
crone form I 1  and I 1  form I1 can be approached. 


The main differences between the crystal structures of haloperidol. brom- 
peridol. I, and moperone forms I and I 1  lie in the nature and strength of the 
intermolecular hydrogen bonds and in intermolecular van der Waals contacts. 
Crystal structures show that haloperidol. bromperidol, and I are isomorphs 
(2-4). Their molecules arc bonded together by a strong intermolecular 
O( 19)-N(I) h drogen bond. The length ofthat bond is, respectively, 2.84, 
2.86, and 2.84 1 (Table VI). The energy of the hydroxyl group stretching 
vibrations in the IR spectra is in good agreement with these data. The inter- 
molecular van der Waals contacts are the same in the three substances. Di- 
pole-dipole F( 18)-C( 15) interactions and R(26)-R(26) contacts hold the 
molecules end to end (Table V I I ) .  


Molecules of I I  form I arc also held together by a O( 19)-N( 1) bond, but 
in this case the bond is longer (2.94 A) (Table VI).  The position of the 4 H  
stretching vibration band at 3180 cm-l indicates a bond weaker than in  the 
first group of substanccs. An F( In)<(  19) van der Waals contact stabilizcs 
the crystal lattice (Table VII) .  


The crystal structure of I 1  form I1 was not rcsolvcd. Meanwhile, considering 
the crystallographic data of form I, the enlargement of the vOH band and the 
lowering ( 1  5 cm-I) of the v C 0  band in form I I  (Table IV) can be attributed 
to the existence of a O( l9)--O( 1 1 )  bond. Hydrogen bonding is thus different 
between the two forms. 


Mopcrone form I presents a very peculiar crystal structure: its asymmetric 
unit is made up by two independent molecules, A and B (Table VI). Molecules 
of type A are held together by a short O( 10)-N( I )  hydrogen bond. The two 
absorption bands at 3100 and 3560 cm-l can now be explained (Table 11): 
the first arises from the strong O( I9)-N( 1 ) hydrogen bond, and the second 
can be attributed to the stretching of a hydroxyl group included in a cyclic 
dimeric structure. The narrowness of the band at 3560 cm-l supports this 
interpretation. The van der Waals contacts between molecules A and B con- 
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Table 11-IR Spectra of Moperone: Observed Frequencies (cm-l) and Their Assignments 


Form 
I I1 Hydrated Assignments 


3560 (strong, narrow) 


3350 


3100 
3080,3060,3030 
2960,2930,2980 
282Okh). 2790 


3350 


3180 


3080,3060,3030 
2960,2930,2980 
2840.2790 


3350 
3230 


3080,3060,3030 
2970,2950,2930,2900 
2830,2790 


1685' '. 1685. 1685 
1600,1510,1472 1600,1510,1475 1600,1510,1475 
1370, 1345, 1315, 1300, 1275 1370, 1345, 1320,1300,1275 1370,1350,1320,1300 
1235 (sh) 1235 1235 (sh) 
1155 (sh) 1155 1160 
840 835 835 
820 845 825 


u OH 
u OH (water) 
2u co 
u OH (moperone) 
u OH 
v OH 
u CH (aromatic) 
v CH (nonnitrogen-bonded methylenic CH) 
u CH (Bohlman's bands)" 
u co 
aromatic ring 
6 CH (methylenic CH bending) 
u CF 
6 CH (in-plane aromatic CH bending) 
y CH (out-of-plane fluorophenyl CH bending) 
y CH (out-of-plane benzyl CH bending) 


See Ref. 23. 


tribute to the building of the crystal lattice. The main intermolecular contacts 
are F( I8)--C(2) and F(18A-C26)B. Knowing the crystal structure of mo- 
perone form I and the IR spectra of moperone form 11, it is possible to infer 
the existence of only one type of hydrogen bond, O( 19)-N( l) ,  in moperone 
form I1 (Tables I I  and VI). 
Table 111-X-ray Powder Diffraction Data of I1 


7.70 
1.45 
7.17 
6.78 
5.85 
5.74 
5.45 
4.74 
4.63 
4.56 
4.25 
4.14 
4.0 1 
3.94 
3.88 
3.85 
3.19 
3.59 
3.42 


22 
18 
35 
23 
16 
18 


100 
23 
44 
42 
40 
63 
11 
11 
48 
45 
11 
10 
5 5  


6.26 
5.06 
4.82 
4.76 
4.66 
4.49 
4.31 
4.25 
4.17 
4.04 
3.34 
2.96 
2.18 


11 
16 
19 
22 
49 
59 


100 
65 
38 
54 
14 
19 
21 


3.14 32 
2.92 18 


Table IV-IR Spectra of 11 Observed Frequencies (cm-') and Their 
Assignments 


Form 
I I1 Assignments 


3350 
3180 
3080,3050,3020 


2980,2960,2950,2930, 
2920,2900 


2920,2800,2770 


1685 
1600,1505, 1490, 1470, 


1365,1340,1310 


1230 (sh) 
1155 


830 


765 


1460, 1445, 1410 


3330 
3 180 (larger) 
3080.3060. 


2960, 2950, 


2890.2870, 
2920 


2850 
1670 
1600,1505, 


1375,1340 


1230 
1155 


830 


760,705 


1445, 1410 


2u co 
v OH 
u CH (aromatic CH) 


u CH (nonnitrogen-bonded 


v CH (Bohlman's bands)" 


u co 
aromatic ring 


6 CH (methylenic CH 
bending) 


u CF 
6 CH (in-plane aromatic CH 


bending) 
y CH (out-of- lane 


fluorophenyPCH bending) 
y CH (out-of- lane phenyl 


CH bending? 


methylenic CH) 


I Comparison of the crystallographic data of haloperidol, bromperidol, I, 
moperone form I, and I1 form I shows differences of molecular conformation 
in the crystal lattices (17-21). The side chain of the three dihalosubstituted 
compounds is in a TTGT conformation, while it is in a TTTT conformation 
in moperone form I and I1 form I. The latter is the most frequent among the 
five isoenergetic confirmations showed by PCILO calculations (25). The pi- 
peridine ring is in the usual chair form encountered in the butyrophenones, 
the hydroxyl group is axial, and the phenyl ring equatorial. The torsion angle 
along the C(4)-C(20) bond takes a relatively constant value, except in 
molecule B of moperone form I (17-21). 


The three dihalosubstituted substances (haloperidol, bromperidol, and I) 
are thus isomorphs. Their crystals are monoclinic, with a P21/C spatial 
grouping and four molecules per unit cell. The molecules are packed into 
parallel layers, which are built up by the intermolecular van der Waals contacts 
between the R-26 substituents of two molecules put end to end and by di- 
pole-dipole F(18)-C( 15) contacts. The layers are linked together by the 
strong O( 19)-N( 1) hydrogen bond, and they generate areas of high halogen 
concentration. From these observations, it is apparent that electrostatic forces, 
caused by the presence of the halogens and acting at  the extremities of each 
molecule, play a significant role in the building of the crystal structure. In the 
process of crystal growth, a molecule reaching the surface of a crystal is in- 
fluenced predominantly by the halogens of the molecule extremities located 
on the faces of the growing crystal. Bernstein et a/.  (26-28), working on di- 
halosubstituted substances, have made the same observations. The van der 
Waals contacts and the hydrogen bonds give a great stability to the crystal 
building. The observed crystal packing therefore depicts the highest proba- 
bilities of occurrence, which elucidate the absence of polymorphism of halo- 
peridol, bromperidol, and I. 


Moperone and I1 exhibit polymorphism. Moreover, they present a very 
different crystalline structure from the other three substances. In I1 form I1 
and molecule B of moperone form I, peculiar hydrogen bonds appear: 
O( 19)-O( 1 1 )  and O( 19)-C(22). The absence of halogen in the R-26 po- 
sition leads to more disordered crystal structures, and the linear packing of 
haloperidol, bromperidol, and I disappears. During the crystallization, the 


Table V-IR Spectra of Haloperidol, Bromperidol, and I: Observed 
Frequencies (cm-l) and Their Assignments 


Haloperidol Bromperidol I Assignments 


3350 
3130 
2960,2930 


2850,2830 
1685 
1600,1510, 


1375,1365, 


1225 
1160 


1470,1410 


1300 


1090 
830 


3350 
3130 
2970,2960 


2850,2830 
1685 
1600, 1510, 


1365, 1365, 


1225 
I160 


1070 


830 


1480,1410 


1300 


3350 
3120 
2960,2950 


2840,2820 
1685 
1600,1510, 


1365,1300 


1240 
1160 


1480, 1410 


830 (sh) 


2u co 
u OH 
u CH (nonnitrogen-bonded 


u CH (Bohlman's bands)' 
u co 
aromatic ring 


b CH (methylenic CH 
bending) 


u C F  
6 CH (in-plane aromatic 


CH bending) 
u CBr 
u CCI 
y CH (out-of-plane 


aromatic bending) 


methylenic CH) 


~~ 


a See Ref. 23. 
~ 


See Ref. 23. 
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Table VI-Nature and Strength of tbe Hvdroeen Bonds 


Moperone 
Fnrm 1 I 1  - -. . . . - 


Bromperidol Haloperidol I Form I Form I I b  Molecule A Molecule B Form I l b  


O( l9)-N( I )  O( l9)-N( I )  O( l9)-N( I )  O( l9)-N( 1) O( lo)+( I 1) O( I9)-N( 1) O( 19)-C(22) O( 10)-N( 1) 
2.86 2.84 2.84 2.94 - 2.85 3.37 - 


Type 
Length, A. 
vO-H, cm-I 3130 3130 3120 3180 3180 3100 3560 3180 
SHd,  kcal/mol 7.40 7.40 7.55 6.64 8.56 7.85 0.9 1 6.64 


SD on bond lengths: 0.01 A. 6 Crystal structure not resolved. From Refs. 17-21. d Values calculated from Ref. 24. 


Table VII-van der Waals Contacts Observed in the Crystal Structures. 


Moperone, 
Form I 11, Form I Bromperidol Haloperidol I 


F( I 8 ) - C (  15) F( 18)-C( 15)  F(18)-C(15) - 


Br( 26)-Br(26) C1(26)--C1(26) F(26)-F(26) - 
3.1 1 3.07 3.10 


Type 
Length, A 
Sum of van der Waals radii, A 3.20 3.20 3.20 


3.60 3.52 4.24 
Type 
Length, A 
Sum of van der Waals radii. A 3.90 3.60 2.70 
Type - - - F( 18)-C( 19) F( 18)A-C(2)B 
Length, A 3.28 3.38 


- - - - F( 18)A--C(26)B 
Length. A 


Sum of van der Waals radii, A 3.35 3.35 
Type 


Sum of van der Waals radii, A 
3.17 
3.35 


From Refs. 17-21. S D  on bond lengths: 0.01 A. Reported in this table for information and comparison, although the distance between fluorine atoms is longer than the sum 
of their van der Waals radii. 


molecules have a greater freedom and several crystal structures are possible; 
this explains why mopcrone and 11 exhibit more than one crystalline form. 
In  this limited group of butyrophenones, it can be concluded that the sub- 
stituent at the 26 position predominantly influences the Occurrence or absence 
of polymorphism. 
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Abstract 0 Ab initio (4-31G) molecular orbital calculations wcre performed 
on model systems to investigate the proton-transfer version of the clastic 
binding hypothesis for opiate-reccptor interactions. Ammonia was chosen 
as the model for the nitrogen-containing portion of theopiate molecule, while 
ammonia and water were chosen as  models for the proton acceptor at the re- 
ccptor. The equilibrium position of a proton situated between the two mole- 
cules is found to be determined primarily by the orientation of the proton-donor 
molecule with some influence also from the other molecule. Misalignments 
o f  the lone pairs can significantly alter equilibrium populations when the 
proton affinities of the two molecules are similar. 


Keyphrases 0 Clastic binding hypothesis-proton-transfer mechanism, op- 
iate-receptor interactions. ah initio molecular orbital calculations 0 Op- 
iate-receptor interactions-proton-transfer mechanism, clastic binding hy-  
pothesis, ab initio molecular orbital calculations 0 Proton transfer-mech- 
anism. clastic binding hypothesis, opiate-receptor interactions, ab initio 
molecular orbital calculations 


Belleau et al. (1,2) have presented concrete evidence that 
the relative spatial orientation of the lone electron pair on ni- 
trogen (N lone pair) or morphine-type opiates is crucial for 


their opiate activity. On this basis they proposed the clastic 
binding hypothesis for opiate-receptor interactions (3) .  Ac- 
cording to this hypothesis, morphine-type opiates achieve 
productive binding with the opiate receptor through a clastic 
binding process involving a stereospecific electron transfer 
from the nitrogen lone electron pair of the opiate to some 
electrophilic site at the opiate receptor. This hypothesis was 
recently analyzed from a chemical point of view and was found 
to be chemically feasible (4). An extended form of this hy- 
pothesis was proposed (4) to accommodate recent observations 
by Fishman et al. concerning the N-dernethylation of mor- 
phines in the brain (5-7). 


Belleau and co-worker (2) later proposed another version 
of the clastic binding hypothesis according to which the N lone 
pair of opiates is involved in a stereospecific proton transfer 
to the receptor leading to strong analgesia. For optimal anal- 
gesia, a morphine should have the N lone pair oriented properly 
for a facile proton transfer. This version of the clastic binding 
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Figure I -Schematic representation of the proton transfer between a protonated morphine-type opiate (only nitrogen is shown) and an acceptor base (B) 
of the opiate receptor (shaded area) (adapted from Ref 2) .  


hypothesis shall be referred to as the proton-transfer version, 
as opposed to the electron-transfer version which was discussed 
in the previous paper (4). 


We believe that the clastic binding hypothesis shows promise 
of explaining the mechanism of opiate-receptor interactions 
and, therefore, deserves further examination. The objective 
of this paper is to provide new insights into this hypothesis. This 
paper deals with the proton-transfer version of this hypothesis, 
while the previous paper (4) corlcerns the electron-transfer 
version. (An extensive discussion of the proton-transfer version 
of the clastic binding hypothesis can be found in Ref. 2.) We 
summarize here some crucial points with emphasis on those 
which we are going to investigate (oide infra). 


BACl&ROUND 


Belleau and coworkers (2) visualized the proton transfer between a mor- 
phine-type opiate and the opiate receptor as shown in Fig. 1. The potency of 
an analgesic. according to these authors, depends on the position of the equi- 
librium of the proton, which is affected by the basicity of nitrogen of mor- 
phines. To account for the observed influence of the directionality of the N 
lone pair of morphine-type compounds on their opiate activity, it was proposed 
that: 


I .  Only the orientation of the N lone pair which allows a facile, i.e.. ener- 
getically favorable, proton transfer is favorable for induction of analgesia. 
There are other orientations of the N lone pair from which the proton transfer 
is energetically unfavorable. 


2. The position of equilibrium of the proton will depend on the N lone pair 
orientation (in addition to basicity of nitrogen). 


We decided to investigate the above two statements in a quantitative manner 
using ab initio quantum chemical methods. These methods are suitable for 
this type of study since the relative orientations of species to ,k studied (amine, 
proton, and the base at  the receptor) may be precisely specified and easily 
varied. S C F  calculations were carried out with the 4-31G basis set since this 
procedure furnishes proton-transfer energy barriers in excellent agreement 
with much more sophisticated theoretical treatments using large basis sets 
and configuration interactions (8-1 I ) .  


To perform ab initio calculations it was necessary to model the large 
morphine molecules by smaller representative systems. Ammonia was chosen 
as the simplest model of the amine-type nitrogen-containing portion of a bi- 
ologically active morphine-type opiate. Two different models were chosen to 
represent the base at the opiate receptor, the nature of which has not as yet 
been elucidated. We examine the possibility that such a base contains nitrogen 
or oxygen, as is frequently the case for bases encountered in biological systems 
( I  2). The first model is the nitrogen base ammonia which contains a single 
lone electron pair (Fig. 2). Water was used as the simplest model of an oxygen 
base and contains two lone pairs (Fig. 3). These two models for the base pro- 
vide a wide range of basicity, which is expected to include the pK of the re- 
ceptor within it. 


EXPERIMENTAL 


All molecular orbital calculations were performed using the ab initio 
Gaussian-70 system of programs (13). The 4-31G basis set (14) was used 
within the restricted Hartree-Fock formalism. 


Before we present our calculations on the simple model systems (Figs. 2 
and 3) it is important to define clearly all the parameters of these models in 
conjunction with the acthal case of a morphine undergoing a proton transfer 
at the opiate receptor (Fig. 4). Both the morphine molecule and the hypo- 
thetical base at the receptor have been shown to be sterically fixed at  the re- 
ceptor: morphine by virtue of the noncovalent "lock-and-key" fit ( 1  5 )  and the 
base at the receptor by virtue of a covalent bond (Fig. 4). The example of a 
morphine shown in Fig. 4 is oxymorphone, a potent opiate agonist. The ex- 
ample of a base B at the receptor shown in Fig. 4 is a neutral base having one 
lone electron pair. The N lone pairs of oxymorphone and the base B are shown 
to be in a less than perfect alignment along the N. . .B internuclear axis, which 


is a more likely case than perfect alignment, since morphines may not be the 
ideal substrates for the opiate-receptor cavity [etorphine, for example, may 
be a better candidate ( I  6)]. 


The N. . .B distance R is unknown. In our calculations on the model systems 
this distance varied from 2.75 to 3.15 A, which is a typical range between 
proton donors and acceptors encountered in  biologically important hydro- 
gen-bonded systems ( I  2). The N. .  .B distance R shown in  Fig. 4 is likely to 
be longer than the equilibrium N. . .B distance (in the absence of steric con- 
straints), due to the postulated less-than-perfect f i t  between morphine and 
the receptor. In Figs. 2--4, r refers to the distance between the protondonating 
nitrogen atom and the central proton in its equilibrium position. This pa- 
rameter, r ,  will depend to some extent on the internitrogen distance R,  as will 
be demonstrated below. 


Tostudy thedependenceof the propertiesof the proton transfer on thedi- 
rectionality of the lone pairs, the NH3 and base molecules (NH3 or OHz) were 
twisted, as  illustrated in Figs. 2 and 3. LYI  and a2 are angles describing the 
rotation of the nitrogen proton donor add the proton-acceptor B, respectively, 
from their optimal orientation. Both conrotatory and disrotatory rnisalign- 
ments were studied. For each configuration (defined by R, aI, and a2), the 
equilibrium position of the central proton was located. Scheme I conveniently 
summarizes the relevant features of the energetics of the proton-transfer 
process. The left well corresponds to the NH. .  .B state and the right well to 
N. . .HB. Between the two is an energy barrier E t  over which the proton must 
pass. A high value of Et  may prevent proton transfer. AE refers to the energy 
difference between the states (N+H. . 'B) and (N. .  .H+B). and its value will 
determine the equilibrium population of the proton between the two states 
(assuming equilibrium is achieved). 


RESULTS 


(H3N.. .H . .  .NH# System-We begin our discussion with the system in 
which a proton may be transferred between two ammonia molecules, one of 
which models the morphine base and the other represents the base at the opiate 
receptor (Fig. 2). We shall refer to this model as the (H3N.. . H . .  +iI43)+ 
system. 


A study of the energetics of proton transfer in the (H3N. .H.. ,NH3)+ 
system has recently been published by Scheiner ( I  7). We summarize briefly 
here some conclusions of the latter work which are relevant to the objectives 
of this study. Calculated potential energy curves of the type shown in Scheme 
I are illustrated in Fig. 5. For internitrogen distances R <2.5 A, the potential 
may be seen to contain a single centrally located minimum. At this distance, 
the preferred position of the proton is midway between the two nitrogens. 
However, for larger values of R,  the potential acquires a symmetric double- 
well character. The two equivalent energy minima each correspond to a con- 
figuration in which thecentral proton is associated with oneammonia molecule 
or the other. The magnitudes of the energy barriers to proton transfer increase 
rather quickly as R is increased. In all configurations, for values of R ranging 
from 2.45 to 3. I 5  A, the hydogen bond is linear. 


I f  one assumes that there is a meaningful parallel between the model system 
(H3N.. .H.. .NH,)+ and the morphine-receptor complex shown in Fig. 4, 
an important feature emerges: there may be a significant energy barrier for 
the proton transfer between the morphine and the receptor which may be 
enlarged or reduced by increasing or decreasing, respectively, the distance 
H. This feature could provide a simple regulatory mechanism in case the re- 


figure 2-Model representing a proton transfer from the protonated nitrogen 
o /a  morphine-type opiate (NH3 on the le/l) and a base B at the receptor (NH3 
on the right). Both NH3 units belong to the C3vpoint group with r (NH)  = 
1.008 A, %(HNH) = 109.3". The equilibrium position of the central proton 
is dejined by the N-H distance r and the angle % between the N-H and 
N .  . .N axes. Angles a I and a2 describe the rotations of the proton-donating 
amine and proton-accepting base, respectively, from their optimal orienta- 
tions, a1 = a2 = 0". Dotted lines represent the C-3 rotation axis of each 
molecule. 
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,?' h 
Figure 3-Analogous to Fig. 2, except that the proton-accepting base at the 
receptor is modeled by OH2 with r(0H) = 0.95 A. 8(HOH) = 111.3". The 
corresponding dotted line indicates rhe C-2 symmetry axis of OH2. 


ceptor has a point of flexibility (dashed line on the boundaryof the receptor 
in Fig. 4). 


Belleau'sclaim that onlycertain orientationsof the N lone pair in the system 
shown in Fig. 1 allow a facile (i.e.,  energetically favorable) proton transfer 
is supported to some extent by the study of the energetics in the 
(H3N. . .H. . .NH3)+ system in terms of al and a2 for a range of R values ( 1  7). 
Thus, Scheiner has found that for each R studied (2.73.2.95, and 3.15 A) the 
activation barriers of the systems having a # 0, i.e., the N lone pair(s) mis- 
aligned relative to their optimal orientation, are larger than those of the sys- 
tems in  which the N lone pair(s) are optimally oriented, i.e., a = 0. The 
magnitude of the energy barrier depends on the type of misalignment between 
the two N lone pairs, and is largest for disrotatory misalignments (e.g., 42.0 
kcal/mol for a1 = -40', a 2  = 40'. and R = 3.1 5 A).  Misalignments of 20' 
produce barrier increases in the range of 1-2 kcal/mol, while much more 
drastic increases are observed for greater misalignments of the N lone 
pairs. 


I n  this paper we focus oh the influence of the relative spatial orientation 
of the N lone pairs on the equilibrium position of the central proton and the 
relative equilibrium populations of the (HlNH.. .NH3)+ and 
(H3N. ..HNH,)+ states. 


Table I contains a summary of the equilibrium position of the central proton 
in the (H3NH.. .NH3)+ state for a range of intermolecular configurations 
specified by R,  al, and a2. We note that the equilibrium NH distance r re- 
mains virtually the same, -I A ( I  .002- 1.087). for all a values and R values 
studied. As R increases the proton is slightly Closer to the NH3, the proton 
donor, which is expected since the influence of the other NH3, the proton 
acceptor (ammonia on right in Fig. 2). becomes weaker as the distance R in- 
creases. The only exception to this trend is found in the last entry of Table I,  
namely for the largest misalignment studied (a1 = 40' and a2 = -40°), in 
which the distance r actually increases very slightly with the increased R .  With 
changing a values the proton is rotated at approximately constant r so that 
it partially follows the N lone pair of the NH3, the proton donor. This is seen, 
for example, in entries 4 and 5 of Table 1. which show that when the NH3 
proton donor is rotated by 20' and 40'. the proton is rotated off the N. . .N 
axis by 11.9' and 30.3', respectively, for R = 2.75 A. I f  we consider the N 
lone pair as  lying along the C-3 symmetry axis of NH3, a may be thought of 
as a measure of the "directionality" of the lone pair. [However, this corre- 
spondence is only true near the nucleus, as  the N lone pair may undergo 
"bending" toward the proton as illustrated in  similar examples ( I  8, 19).] 


The calculated values of 8 are a compromise between the left NH3 which 
attempts to pull the proton along the lone pair direction ( a ~ )  and the right NH3 
which pulls the proton toward the N.. .N axis (0'). The difference between 
nl and 8, listed in  Table I, provides a measure of the strength of the latter 
attraction. As the distance R increases, 0 becomescloser to a13 i.e., the proion 
follows the N lone pair of the proton-donating NH3 more closely, since the 
influence of the proton-accepting ammonia diminishes for greater R.  The only 
exception, again, is the case of the largest misalignment, presented in entry 
9. I n  conclusion, the equilibrium position of the proton depends primarilyon 
the direction of the donor lone pair and to a lesser extent on the relative position 
of the acceptor lone pair. The equilibrium N. . .H distance, r,  generally remains 
within a narrow range, -1.05 A.  


As mentioned above, the clastic binding hypothesis requires a proton 
transfer from the nitrogen of the morphine to the base in order to initiate 
analgesia. The calculated energetics are able to provide information about 
ihe rate of this proton transfer oia the barrier to transfer E'. In addition, it 


17\ 
i 
I bE . 1 


NH...B . N...HB 
Scheme I 


Figure 4-Schematic representation of a proton transfer from the nitrogen 
o f a  morphine-type opiate (oxymorphone) to a hypothetical base B at the 
opiate receptor. The latter is shown as a shaded area whose shape should not 
be taken literally. The broken boundary of the receptor indicates a point oj 
possible receptor flexibility and leads to uncertainty in distance R. The lone 
pairs of oxymorphone and the base B are shown to be in a less-than-perfect 
alignment along the N . .B internuclear axis for reasons discussed in the 
texi. 


would be useful to know something about the relative populations of the 
NH...Band N...HBstatesasit isonlythelatterthat leads toanalgesia. In- 
formation of this type is available from the difference in energy between these 
two states, corresponding to AE in Scheme I. At thermodynamic equilibrium 
the ratio of relative populations is given by: 


where AGO refers to the difference in Gibbs free energy between the two states. 
By equating our calculated values of AE to AG' we make the following as- 
sumptions: ( a )  the difference in  entropy between the two states IS negligible 
and ( b )  the zero-point vibrational energies of the two states are about the same. 
The lack of any major changes in bonding structure, with the exception of the 
proton motion, would lead one to expect these assumptions to be reason- 
able. 


For the angularly undistorted system (a1 * az = 0'). the symmetry of the 
potential energy curve leads to a value of AE = 0 and therefore to K = 1. The 
same is true for both conrotatory and disrotatory distortions where a1 = f a 2 .  
I n  all of these cases, we would expect equal populations of NH...B and 
N. ..HB. However, when one molecule is rotated and the other is not, the 
symmetry is destroyed and AE # 0. The calculated values of AE in cases 
where the proton-donor molecule is rotated by a and the acceptor molecule 
is left undistorted are provided in Table 11. Along with these calculated energy 
differences are included the associated equilibrium constants K. For distortions 
of only 20°, the AE values are quite small and K is thus nearly equal to I .  
However, for greater distortions of 40', the energy differences are greater 
than I kcal/mol and K is of the order of 0.1. We thus see that for such dis- 
tortions, the population of state NH..  .B IS an order of magnitude greater than 
that of N. .  .HB. I n  other words, the equilibrium of the two states is shifted 
toward that configuration in  which the proton is associated with the lone pair 
with the misalignment. 
(HJN.. .H.. .OH# System-The second system we studied is 


(H3N.. .H.. ,OH2)+ in which the morphine base is represented by H3N and 
the proton acceptor at the receptor is modeled by H2O (Fig. 3). The latter base 
has two lone electron pairs, thus providing an electronically different envi- 
ronment than that of the aforementioned NH3 system. In addition, H 2 0  has 
a different basicity than NH3. 


A study of the energetics of proton transfer in the (H3N.. .H.. .OH2)+ 
system as a function of R,  a], and a2 has recently been published (10,20). 
The results of these studies are qualitatively parallel to that of the 
(H3N.. .H.. .NH3)+ system, except that the asymmetry of the former system 
leads to two activation barriers. one for the proton transfer from NH4+ to H20 
(E 'NH-o)  and one for the proton transfer from H30+ to NH3 ( E ~ o H - - N ) .  
The latter barrier is smaller than the former. The values of activation barriers 
for proton transfers from NH4+ to H2O vary from 29. I kcal/mol for the o p  
timally aligned system (a1 = a2 = 0') to 52.2 kcal/mol for the system with 
the greatest misalignment studied (a1 = 40' and a2 = -40'). The corre- 
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Table I-huilibrium Position of Proton as Function of u in the (HIN.. .H.. .NH# Svstem for R Values of 2.75.2.95. and 3.15 A 


R = 2.75 8, R = 2.95 A R = 3.15 A 
Entry al a2 1. A 0 ,  " a1 - 0 "  r ,  A 0,  " - 0 ,  " r A  0, " a1 - 0 , "  


I 0 0 1.087 0 0 
2 0 20 1.076 3.0 -3.0 
3 0 40 1.059 5.6 -5.6 
4 20 0 1.068 11.9 8. I 
5 40 0 1.028 30.3 9.7 
6 20 20 1.069 14.7 5.3 
7 40 40 1.036 33.4 6.6 
8 20 -20 1.055 10.0 10.0 
9 40 - 40 1.002 35.3 4.7 


~~~~~~~ 


1.062 0 0 
1.057 2.2 -2.2 
1.046 4.1 -4.1 
1.051 13.5 6.5 
I .024 32.2 7.8 
1.051 15.6 4.4 
1.030 34.5 5.5 
I .04l 12.2 7.8 
1.007 35.3 4.7 


1.048 0 0 
1.045 I .7 -1.7 
1.037 3. I -3.1 
1.039 14.8 5.2 
1.02 I 33.8 6.2 
1.041 16.4 3.6 
1.025 35.5 4.5 
1.033 13.9 6.1 
1.010 35.8 4.2 


Table 11--Energy Differences end Relative Populations' for 
(H3N.. .H.. .NH3)+ 


R = 2.75 A R = 2.95 A R = 3.15 A 
a AE, kcal/mol K AEq kcal/mol K AE, kcal/mol K 


~~~~~~~~~~ ~ 


20" -0.126 1.23 -0.107 1.19 -0.032 1.052 
40° 1.192 0.145 1.161 0.152 1.321 0.119 


a For r = 27' C. 


sponding values for the barriers for proton transfer from H3O+ to NH3 are 
much smaller: 2.7 and 16.9 kcal/mol. 


The comparison between the values for the energy barriers for the proton 
transfer from NH4+ to H 2 0  and to NH3 reveals that the latter are much 
smaller than the former. This difference is undoubtedly due chiefly to the 
difference in the electronegativities of nitrogen and oxygen atoms (10, 20). 
The activation barriers for the proton transfer in the (H3N.. .H.. .OH2)+ 
system depend on the misalignments between the proton donor and acceptor 
in a manner very similar to that observed for the (H3N.. .H.. .NH# system 
( I  0.20). 


We report here the effect of the relative spatial orientation of the lone 
electron pairs in the (H3N.. .H. . .OH2)+ system on the equilibrium position 
of the proton (Table I l l ) .  The analysis of data presented in Table 111 reveals 
a picture analogous to that of the (H3N.. .H.. .NH3)+ system. The r distance, 
again, is essentially constant and is -I A ( I  .OOO-I ,046 A). This distance again 
dccreases slightly with increased R, except for the case of the largest mis- 
alignment (entry 9 of Table I l l ) ,  in which r increases slightly. 8 Follows a1 
again (cf entries 4 and 5 )  and to a smaller extent a2 (cf entries 2 and 3). The 
a1 - 0 difference here is as large as 7.3". 


DISCUSSION 
While it would be presumptuous to generalize our data on the 


(H3N...H...NH3)+ and (H3N...H,..OH2)+ systems and claim that they 
are directly applicable to the situations where the proton is being transferred 
between the morphine-type opiates and the opiate receptor, we believe that 
our findings should be considered qualitatively when picturing morphine- 
receptor interactions in conjunction with the clastic binding hypothesis of 
Belleau. The previously published calculations of the energetics of proton 
transfer in  the (H3N.. .H.. .NH3)+ and (H3N.. .H.. .OH2)+ systems as a 
function of the distance and the relative spatial orientation of the species be- 
tween which the proton is being transferred (10, I 7,20) support the claim by 
Belleau and co-workers (2) that the ease of proton transfer depends on the 
directionality of the N lone pair (2). 


We have presented calculations which show that the equilibrium position 
of the proton depends on both the N lone pair direction and the orientation 
of the proton-acceptor molecule. We have shown in both model systems- 
(H3N.. .H.  ' .UH3)+ and (H3N.. .H.. .OHz)+-that the proton "follows" 
the N lone pair of the proton donor, and to a lesser extent that of the acceptor. 


The result is that if  the "directionality" of the N lone pair is changed by a 
certain angle a!, the proton will change its position by an angle@, which may 
differ from a1 by up to 10' in our model systems. The distance r between the 
proton and the proton-donating NH3 stays pretty much constant a t  -I A. 
However, the equilibrium populations of the proton on the two molecules may 
depend significantly on the N lone pair directions. This dependence is maxi- 
mized in a system such as  (H3N.. .H.. .NH3)+, where the proton-donor and 
-acceptor molecules have identical proton affinities. When the proton affinities 
are significantly different there is little dependence on angular characteristics 
for the following reasons. Even in the angularly undistorted case, AE is quite 
different from 0. I n  the case of (H3N.. .H.. .OHz)+, this quantity is about 
38 kcal/mol. The equilibrium population of N. . .HO relative to NH..  .O is 
negligible Angular distortions of the two groups may increase or 
decrease AE by only a small amount relative to the original 38 kcal/mol. For 
example, a reduction of AE by 2 kcal/mol would only change K from 
to an increase of 100-fold, but still a negligible amount of N. .  .HO. 
Therefore, for the angular orientations of the lone pairs to have a major effect 
on the relative populations of the two states, it would be necessary for the 
morphine and receptor base to have very similar proton affinities. 


With regard to the accuracy of the particular quantum chemical method 
used here, we do not expect our results to be changed in any major way by use 
of larger basis sets or inclusion of electron correlation. While the specific 
r ( N H )  distances in Tables I and I I I  may be somewhat altered, our finding 
of very small changes in this distance with variations of the hydrogen-bond 
configuration is expected to bc verified. The energetics calculated with the 
4-3 IG basis set at the Hartre-Fock level are also expected to be little changed 
with more sophisticated procedures, as has been demonstrated previously 


We may use our results to draw some inferences about the effects of mod- 
ifications of the relative orientation of the morphine and receptor in Fig. 4. 
A rotation of the morphine molecule as  a whole, with the nitrogen atom as  
a stationary "pivot" would correspond to twisting of the proton-donor molecule 
(a!) in Figs. 2 and 3. a2,Rotation of the proton acceptor, would be effected 
by a translatory motion of the entire morphine molecule to bring the nitrogen 
atom more out of line with the base lone pair. Our results provide evidence 
that small rotations of these types, i.e., 520°, would not significantly alter 
the populations of the "untransferred" state NH. .  .B and the "transferred" 
state N. ..HB. On the other hand, a large rotation was shown above to lead 
to a preferential population of the proton on the group with the misaligned 
lone pair. We therefore infer that a rotation of the morphine about its nitrogen 
atom (al) will inhibit transfer of its proton to the base. This transfer would, 
however, be enhanced by a translation of the morphine off the base lone pair 
direction (a2). 


The reader is cautioned that these conclusions are based only on equilibrium 
populations. Equilibrium might not be achieved in these systems. Secondly, 
while the equilibrium population of the N. .  .HB state might be increased by 
the second motion described above, the angular distortion also produces an 
enlargement of the energy barrier to proton transfer which would act to inhibit 


(8-1 I ,  17,20). 


Table Ill-Eqdibrium Position of Proton as Function of a in the (H3N. . .H. . .OH# System for R Values of 2.75,2.95, end 3.15 A 
R = 2.75 A R = 2.95 A R = 3 . 1 5 A  


Entry a1 a2 r ,  A 0, O aI  - 8 0  r ,  A 0,  " ai - 0 ,  " r A  0." a1 - 0 , "  
1 0 0 1.046 0 .  0 1.039 0 0 1.033 0 0 


4 20 0 1.037 14.2 5.8 1.032 15.3 4.7 1.027 16.2 3.8 
5 40 0 1.017 33.3 6.7 1.017 34.5 5.5 1.016 35.6 4.4 
6 20 20 I .039 16.1 3.9 1.033 16.7 3.3 I .028 17.4 2.6 
7 40 40 1.025 35.1 4.9 1.022 36.0 4.0 1.020 36.8 3.2 
8 20 - 20 1.030 12.7 7.3 1.026 14.2 5.8 1.023 15.5 4.5 
9 40 -40 1 .Ooo 36.1 3.9 I .005 36.3 3.7 1.008 36.8 3.2 


2 0 20 I .042 2.3 -2.3 I .037 1.7 -1.7 1.031 I .3 -1.3 
3 0 40 1.032 4.6 -4.6 I .030 3.4 -3.4 1.026 2.6 -2.6 
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Figure 5-Energetics of proton transfer in the 
(H3N. . .H . .  .NH3)+ system for various internitrogen 
distances R. Energies are all shown relative to that of the 
fully optimized structure (R = 2.73 A. r = 1.087 A. E = 
- I  12.6132 a.u.1. 
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this transfer. Finally, the changes i n  relative populations would be greatly 
reduced if the basicities of the morphine and receptor are different. It remains, 
of course, to elucidate the biological details, such as  how the opiate response 
is elicited by the proton transfer and how the equilibrium population of the 
proton mediates the opiate activity. 
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Having a Voice in APhA Scientific Policy 


There is a familiar story that most of us have heard in one 
variation or another. Essentially, it is that people fall into one or 
another of three groups: (a )  the great majority, who are doing well 
if they know what has occurred; ( b )  the relatively few, who are 
aware of what is presently happening; and (c) the very, very few, 
who are able to foresee where things are headed and what is likely 
to happen. 


This classification has great relevance to policy establishment 
within the American Pharmaceutical Association. All too many 
APhA members-as in the case of most professional or scientific 
societies-learn belatedly of some position the organization has 
adopted. At  that point their reaction is either “why wasn’t I 
told?” or “when was this done?” or “how did that happen?” or 
“why didn’t the leadership inform or consult the member- 
ship?” 


No one wants to admit that he or she might have been “asleep 
at the switch,” and that he or she has only one’s own self to blame 
for being ignorant on the status of the subject. 


At one time or another, we probably have all had this experi- 
ence and the same reaction to it. Our point in discussing it in this 
column is simply to be sure that all our readers are aware that 
they can avoid this situation-at least as far as APhA policy 
positions that will be established by the Association’s House of 
Delegates during the 1984 Annual Meeting this coming May. 


Right now, the 1983-1984 Policy Committee reports, including 
the recommendations of the Policy Committees, are being re- 
leased and publicized through APhA publications and uia news 
releases to the pharmacy professional and trade press. 


At this stage, the recommendations are only in a proposed 
status. They are open for review, debate, and consideration until 
early May when Reference Committee open hearings will be held 
to listen to verbal testimony and to review written comments that 
have been submitted. The Reference Committees will then make 
their recommendations to the House of Delegates for final action 
and poljcy establishment-but, again, only after further oppor- 
tunity for debate on the issues within the full House of Dele- 
gates. 


So, between now and early May, there is ample time for indi- 
vidual members to express their views and to offer their input 
before those proposals are acted upon. Consequently, everyone 
has plenty of opportunity to be numbered among the usually 
select few, who are in the category of knowing not only where 
we’ve been, and where we are, but even where we are going. 


In addition to presenting this reminder, we would like to clarify 
another point. That is, the fact that APhA policy issues cover the 
full spectrum of concerns that are of interest to the membership. 
Four separate Policy Committees (and four similarly oriented 
Reference Committees) are appointed each year and are assigned 
topics considered most appropriate to their individual designa- 
tions-which are, respectively, Educational Affairs, Professional 
Affairs, Public Affairs, and Scientific Affairs. 


Hence, there is a committee specifically established to study, 
review, and recommend policy positions on scientific issues. 


In recent years, the Association has formally adopted official 
policy positions emerging from its Policy Committee on Scientific 
Affairs on such diverse subjects as: (1) the pharmacist’s role in 
postmarketing surveillance for approved drugs, (2) the utilization 
of institutional review boards (IRBs) for expediting new drug 
approval, (3) federal regulation of salt in processed foods, (4) the 
use of animals in drug research, (5) carcinogenicity testing, (6) 
needed drugs of limited commercial value (orphan drugs), (7 )  
vaccine liability programs, (8) drug product therapeutic equiv- 
alence, (9) food labeling, (10) therapeutic orphans, and (11) the 
medicinal use of marijuana. 


When many of these issues were originally debated and the 
policies established, there was relatively little public interest in 
those matters. At most, public awareness was just beginning to 
stir. Rut then, when the issue “caught fire” in the public eye and 
in the national political arena, APhA was ready with a well re- 
searched, thoughtfully considered, and clearly articulated policy 
position. 


Two typical examples were the use of animals in research and 
the development of orphan drugs; both of these issues developed 
into hotly debated topics within the US. Congress over the past 
2 years, and the Association was ideally positioned to influence 
the direction of legislation because of its already adopted policy 
statements. 


Currently, APhA members have an opportunity to react to 
recommendations regarding four subjects, as just proposed by 
the 1983-1984 Policy Committee on Scientific Affairs. These are 
relative to: (1) abbreviated new drug applications (ANDAs) for 
post-1962 drugs, (2) a national center for human organ acquisi- 
tion, (3) the freedom of scientific information, and (4) the 
availability of potassium iodide for nuclear accidents. 


Moreover, many of the subjects that have been considered by 
the other three APhA Policy Committees have scientific-related 
aspects which make them of interest to pharmaceutical scien- 
tists. 


Therefore, it behooves every member to take the time and ef- 
fort to study these issues and their corresponding policy pro- 
posals. Having done so, any views-either pro or con-ought to 
be conveyed to the pertinent Reference Committee, either by 
letter or a t  the open hearing in May. 


Obviously, everyone’s wishes cannot be satisfied, particularly 
when different members will express diametrically opposite 
views. However, every voice will be heard and every opinion will 
be taken into consideration in formulating the ultimate policy 
statement. 


And, in a democratic organization-as in a national democ- 
racy-that is what we can expect, and all that we can expect. 


--EDWARD G. FEJ~DMANPI’ 
American Pharmaceutical Association 


Washington, IX! 20037 
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Abstract 4-Hydroxy-3-methoxymandelic acid and 3,4-dihydroxy- 
mandelic acid were found to be potent adjuvants for the rectal absorption 
of water-soluble compounds in rats. Both adjuvants enhanced the ab- 
sorption of two cephamycin antibiotics, cefmetazole and cefoxitin. 
Maximum plasma levels of the antibiotics were obtained within 30 min 
after rectal administration. The bioavailability of both antibiotics ap- 
peared to depend on the concentration of the adjuvant in the microenema, 
the dosage form used in these experiments. Instead of a microbial assay, 
a new chemical method involving high-performance liquid chromatog- 
raphy with an ion-pairing technique was developed for analyzing the 
cephamycin antibiotic plasma levels. 


Keyphrases 0 Epinephrine metabolites-4-hydroxy-3-methoxyman- 
delic acid, 3,4-dihydroxymandelic acid, adjuvants, rectal absorption of 
cefmetazole and cefoxitin, rats Cefmetazole-rectal absorption in rats, 
use of epinephrine metabolites as adjuvants, high-performance liquid 
chromatographic assay in plasma 0 Cefoxitin-rectal absorption in rats, 
use of epinephrine metabolites as adjuvants, high-performance liquid 
chromatographic assay in plasma 


Cefmetazole and cefoxitin, cephamycin antibiotics 
which are effective against Gram-positive and Gram- 
negative bacteria, are differentiated from cephalosporins 
by a methoxy group at  the 7-position of the isoxazole ring. 
Both antibiotic agents are currently administered by in- 
travenous or intramuscular injection. 


In a number of situations, rectal administration of these 
drugs would be advantageous, especially to reduce the 
muscle damage caused by repeated injections. Previous 
work (1-5) demonstrated that salicylates and several 
structurally related compounds (e.g. ,  sodium 5-methox- 
ysalicylate) markedly enhanced the rectal absorption of 
many types of drugs, particularly those that are soluble in 
water, including cefmetazole. Also, a relatively high con- 
centration (50 mg/mL) of salicylate did not appear to cause 
damage to the rectal mucosal membrane (3). 


This paper describes the effect of two metabolites of 
epinephrine, 4-hydroxy-3-methoxymandelic acid (I) and 
3,4-dihydroxymandelic acid (111, on the rectal absorption 
of sodium cefoxitin and sodium cefmetazole in rats. The 
rectal absorption of phenolsulfonphthalein, used as a 
model water-soluble compound, was also studied. 


Often, microbial assays such as that reported by Simon 
and Yin (6 )  have been used to measure plasma concen- 
trations of antibiotics such as cefmetazole and cefoxitin. 
Buhs et al. (7) have reported a high-performance liquid 
chromatographic (HPLC) assay of cefoxitin using a strong 
anion-exchange resin. In this paper, we describe HPLC 
assays (using reverse-phase columns) for cefmetazole and 
cefoxitin that were developed to avoid the interference of 
additives administered with the antibiotics. 


EXPERIMENTAL 
Materials-A pump' equipped with an injector*, a reverse-phase 


columng, and a UV detecto+ (2,M nm), all operated at room temperature, 
was used for analysis of cefoxitin and cefmetazole. The compounds used 
included sodium cefoxitins, sodium cefmetazole6, 4-hydroxy-3- 
methoxymandelic acid7, 3,4-dihydroxymandelic acid7, acetonitrile", citric 
acid$, sodium citrateg, tetrabutylammonium bromideY, and phenolsul- 
fonph thaleing. 


Sample Preparation-Plasma aliquots of 1.0 mL were mixed with 
0.1 mI, of 0.01 M phosphoric acid and 0.6 mL of acetonitrile in 15-mL test 
tubes for 20- 30 s and then centrifuged at  -2ooO rpm lor 5 min. The su- 
pernatants were poured into 4-mL glass vials and evaporated to dryness 
under a nitrogen stream using evaporating manifolds'". The residues were 
dissolved in 0.1 mL of water just before analysis and stirred vigorously 
using a vortex mixer. Sample aliquots of 20 PI. were then chromato- 
graphed. Blank plasma samples spiked with drug concentrations of up 
to 3.0 pg/mL were a l s o  analyzed to establish a calibration curve. 


Chromatographic Conditions-Two different reverse-phase col- 
umns were used, and appropriate conditions were developed for each. 
A mobile phase consisting of 8 volumes of 0.005 M citrate buffer, pH 5.0, 
containing 0.002 M tetrabutylammonium bromide (ion-pairing agent) 
and 2 volumes of acetonitrile was used for the Ultrasphere ODS columng. 
A mixture consisting of 77.5% (v/v) 0.025 M citrate buffer, pH 5.0, con- 
taining 0.005 M tetrabutylammonium bromide and 22.570 (v/v) aceto- 
nitrile was used as the mobile phase for the OD-MP, RP-18 column?. The 
flow rate of the mobile phase was 1.0 mL/min. The column effluent was 
monitored by UV absorption a t  254 nm, and peak height measurements 
were used for quantitation. The column was maintained a t  room tem- 
perature. 


Animals-Sprague-Ilawley male rats, 225-250 g, were fasted for 16 
h prior to the experiment to avoid residual feces in the rectum which could 
reduce drug absorption. The rats were anesthetized with pentobarbital 
(60 mg/kg), and the rats' btdy temperatures were maintained a t  38°C 
using a temperature-controlled platform. 
In Vivo Absorption Study-The drugs and adjuvants were admin- 


istered rectally as a 0.3- o r  0.6-mL microenema using 0.01 M phosphate 
buffer a t  pH 4.5 as the vehicle. Following administration of the drug so- 
lution to the rat, the anus was ligated with a thread to avoid leakage of 
the solution. Blood samples were withdrawn from the jugular vein a t  
regular intervals into syringes pretreated with 3% sodium citrate (as 
anticoagulant) and centrifuged a t  3000 rpm for 10 min. 


Assay fo r  Phenolsulfonphthalein in Plasma-Plasma samples of 
0.3 mL were diluted with 0.3 mL of 0.1 M NaOH solution and measured 
with a spectrophotometer at  540 nm. As a blank, 0.3 mL of plasma was 
collected before administration of the phenolsulfonphthalein microe- 
nema. 


RESULTS AND DISCUSSION 
Drug Analysis--Due to the high polarity of cefoxitin and cefmetazole, 


I Model 1 IOA. Altex. 
Model 7010,'Rheodyne. 
Ultrasphere ODS, 5 pm, 4.6 1.d. X 15-cm length; OD-MI'. RP-18.5 wm, 4.6 i.d. 


X 15-cm length; Altex. ' Model 153, Altex. 
Merck, Hahway, N.J. 
Sankyo Co., Tokyo, Japan. 
Sigma Chemical Co.. St. I.ouis, Mo. 
Fisher Chemical Co., St. I,ouis, Mo. 


9 Aldrich Chemical Co., Milwaukee, Wis. 
lo Silli-Vap Evaporator; Pierce Chemical Co. .  Iiockford. 111. 
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Figure 1-Relationship between the capacity factor (k’) of cefmetazole 
and concentration of acetonitrile in the mobile phase. Chromatographic 
conditions: Ultrasphere O D s  (4.6-mm X 15-cm) column with a mobile 
phase of 0.005 M citrate buffer (pH 5.0)-acetonitrile at a flow rate of 
1 ml lmin and detection at 254 nm. 


an aqueous or highly polar mobile phase with a high resolution reverse- 
phase column was used for the analysis. Reverse-phase chromatography 
using a mixture of buffer and acetonitrile as the mobile phase was the first 
analytical method attempted for the determination of cefmetazole and 
cefoxitin. With this method, the relationship between the percent con- 
centration of acetonitrile in the mobile phase versus the capacity factor 
(log k’) proved to be linear (Fig. 1). Optimum conditions for this method 
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Figure 2-Ion-pair reverse-phase chromatographic separation of cef- 
metazole (0) and cefoxitin (0) as a function of pH. Chromatographic 
conditions: Ultrasphere O D s  (4.6-mm X 15cm)  column with a mobile 
phase of 0.002 M tetrabutylammonium bromide in 0.005 M citrate 
buffer-acetonitrile (8:2). 
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Figure 3-Chromatogram of cefmetazole in plasma using an Ultras- 
phere O D s  (4.6-mm X 15-cm) column with a mobile phase of 0.002 M 
tetrabutylammonium bromide in 0.005 M nitrate buffer (pH 5.0)-ace- 
tonitrile (8:2). The arrow indicates the cefmetazole peak, and the 
number of AUFS is 0.01. 


were obtained when the acetonitrile concentration was between 8 and 
10% and the capacity factor was the only factor hnder consideration. It 
was critical that the retention time in each mobile phase be the same; 
however, using this method, some of the other plasma components in- 
terfered with the cefmetazole peak. Therefore, an ion-pairing agent 
(tetrabutylammonium bromide) was added to the mobile phase to en- 
hance the retention of the drug. 


Theoretically in reverse-phase ion-pairing chromatography, maximum 
k’ values are obtained at  intermediate pH levels, where the sample 
compounds are completely ionized and ion-pair formation is a t  a maxi- 
mum. Since the pK, values of cefoxitin and cefmetazole are 2.50 and 2.34, 
respectively, as the pH of the mobile phase increases, the k’ values of these 
drugs should also increase if they are retained as ion-pair complexes. 
However, in our experiments, cefmetazole and cefoxitin appeared to be 
retained to a greater extent as the pH of the mobile phase decreased. The 
effect of pH on the separation of the components using tetrabutylam- 
monium bromide as the source of the counter ion is shown in Fig. 2. One 
possible explanation for the results obtained may be that ion pairs were 
formed between the drugs and tetrabutylammonium bromide which 
increased the retention time possibly by modifying the properties of the 
stationary phase. 


Figure 3 shows a typical chromatogram for the assay of cefmetazole 
in plasma using an Ultrasphere ODS column. Cefoxitin has a slightly 
longer retention time, as shown in Fig. 2. Adjuvants such as 4-hydroxy- 
3-methoxymandelic acid or 3,4-dihydroxymandelic acid present in the 
plasma samples did not interfere with the drug assay procedure. 


110 I Journal of Pharmaceutical Sciences 
Vol. 73, No. 1, January 1984 







1 


-I 


cn 
E 
a 
d 


.. 


5 
4 


ON a 
L z 


0 


z 
w 
-I 


w 
0 


Figure 4-Plasma cefmetazole levels in rats after intravenous injection 
of 6 mgfkg (0) and after rectal administration of a microenema con- 
taining 30 mgfml fkg  and I0 mg of sodium chloride (8); 30 mgfmlfkg, 
10 mg of sodium chloridelml, and 30 mg of Ilm1,fkg (0); or 30 mgf 
rnL fkg, 10 mg of sodium chloridelmL, and 30 mg of IlfmLlkg (A). 


Linear calibration curves for cefoxitin and cefmetazole in water and 
plasma were obtained with concentrations ranging from 0.1 to 3.0 pgfmL. 
The reproducibility was indicated by coefficients of variation of 3.2% for 
cefmetazole and 1.5% for cefoxitin or five replicate analyses of 1.0-pg/mL 
samples. The recoveries of cefoxitin and cefmetazole, which were tested 
using plasma blanks containing the standard solution, were 91 and WO, 
respectively. The limit for accurate quantitation appeared to be as low 
as 0.1 pgfmL for both compounds. When using columns from different 
manufacturers, minor modifications were necessary for good separation. 
Using OD-MP, RP-18, for example, the mobile phase described in the 
Experimental section was developed in order to get a separation com- 
parable to the one shown in Fig. 3 with an Ultrasphere ODS column. 


Table I-Relative Bioavailability of Cefmetazole (30 mg/kg) or 
Cefoxitin (30 mg/kg) af ter  Rectal Administration in the 
Presence or Absence of Adjuvant 


Adjuvant, Relative Bioavailability" 
mrfkr Cefmetazole Cefoxitin 


4-Hydroxy-3-methoxymandelic acid 
0 1.0 1 .o 


15 3.8 f 1.3 2.6 f 0.9 ~. 


30 
SO 
56 


100 


6.8 f 2.5 
10.4 f 2.8 
13.7 f 3.4 


5.7 f 1.4 
9.3 f 2.7 


15.6 f 4.3 
15.8 f 3.1 17.5 f 3.8 


3,4-I)ihydroxymandelic acid 
0 1.0 1.0 


1 5 3.7 f 0.8 2.9 f 1.1 
30 7.1 f 2.1 4.8 f 0.8 
50 11.1 f 2.3 7.4 f 2.1 
7 5 16.4 f 4.2 14.2 f 3.9 


100 18.2 4.8 19.3 f 4.4 


Relative hioavailability = ([AUCIR r,rcsencc adjuvant) X (DOSew,thout adjuvant) 
/(IAUC]I< withnu: edpvenl)  x (1)OSein presence of adjuvant). 
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Figure 5-Plasma cefoxitin levels in rats after intravenous injection 
of 6 mgfml fkg  (0) and after rectal administration of a microenema 
containing 30 mgfml fkg  and 10 mg of sodium chloride (8); 30 mg/ 
mLfkg, 10 mg of sodium chloride, and 30 mg of I fmLfkg (0); or 30 
mgfmlfkg, 10 mg of sodium chloride, and 30 rng of IlfmLfkg (A). 


Effects of Adjuvants-In a recent paper (5) describing the effects 
of several adjuvants on the rectal absorption of theophylline, lidocaine, 
cefmetazole, and levodopa, it was suggested that compounds which were 
effective in enhancing rectal absorption contained both hydroxy and 
carboxy functional groups. In these cases the groups were attached to a 
phenyl ring. To further elucidate the structural requirements for effective 
adjuvants, the present study involves two metabolites of epinephrine, 
4-hydroxy-3-methoxymandelic acid (I) and 3,4-dihydroxymandelic acid 
(II), in which the carboxyl groups are not attached to a phenyl ring. 


As seen in Figs. 4 and 5, respectively, these adjuvants improved the 
rectal absorption of cefmetazole and cefoxitin. Their action appeared 
to parallel that  of 5-methoxysalicylate and other adjuvants described 
previously (5), in which relatively rapid absorption with high plasma 
levels was attained. Maximum plasma levels of cefmetazole appeared 
within 30 min after rectal administration with I or 11. Higher plasma 
cefoxitin or cefmetazole levels were obtained after rectal administra- 
tion Of a microenema containing an adjuvant compared with the rectal 
administration of cefoxitin or cefmetazole alone (Figs. 4 and 5). As 
summarized in Table I, the relative bioavailabilities of cefrnetazole and 
cefoxitin in the presence of adjuvants were significantly improved as de- 
termined from the typical relationship: ((AUCIH in presence of adjuvant) X 


The influence of adjuvant concentration is also illustrated in Table 
I. When the concentration of the adjuvant and drug in the microenema 
were cut in half by administering the same total amounts in double the 
solution volume, the cefmetazole plasma level decreased (Fig. 6). 
Therefore, the concentration of adjuvant and drug in the microenema 
appear to be important with regard to the efficacy of adjuvant-enhanced 
absorption. 


Phenolsulfonphthalein has been used as an indicator to measure the 
change of perfusate volume in an in situ perfusion method since it is not 
readily absorbed (8). In this study, phenolsulfonphthalein was used as 
a typical water-soluble compound, i.e., poorly absorbed from the rectum. 
In the absence of an adjuvant in the microenema, no phenolsulfon- 
phthalein appeared in the plasma after rectal administration. However, 


(Dosewithout adjuvant)f([AUCI~ without adjuvant) x (Dosewith adjuvant). 
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Figure 6-Plasma cefmetazole levels in rats after rectal administration 
of a microenema containing 30 mglmLlkg, 10 mg of sodium chloride, and 
30 mg of IfrnLlkg (0) or 30 mg12 mLlkg, 10 mg o f  sodium chloride, and 
30 mg of I12 mLlkg (0). Statistical significance: p < 0.001 0 versus 0 
except for 1.5 h. 


as shown in Fig. 7, absorption of phenolsulfonphthalein from the rectum 
was significantly enhanced in the presence of I or 11. Bioavailability of 
phenolsulfonphthalein after rectal administration compared with in- 
travenous injection was 32.4 f 9.5% in the presence of 30 mg of I and 26.8 
f 5.7% in the presence of 30 mg of 11. 


The complete mechanism for the enhancement of rectal drug ab- 
sorption in the presence of I and I1 has not been elucidated. It was re- 
ported earlier (1) that the enhancing action of salicylate was suppressed 
by the presence of the divalent ions of calcium and magnesium. Salicylate 
is known to complex with divalent metal ions, and i t  has been suggested 
that such interactions are responsible for a t  least some of the pharma- 
cological and biochemical effects of salicylate (9). The presence of 10 
mg/mL of calcium chloride in microenemas containing 30 mglkg of ce- 
foxitin or cefmetazole and 30 mglkg of either I or 11, reduced the peak 
plasma drug levels by -50% compared with the absence of calcium 
chloride; i.e., the presence of calcium chloride reduced the peak plasma 
levels of cefmetazole and cefoxitin from 9 pg1mL to 4 pg1mL in the 
presence of I and from 9 pg/mL to 5 pg1mL in the presence of 11. Thus, 
it appears that the effects of I and I1 are similar to that of salicylate and 
that the adjuvants may require some complexation with divalent metal 
ions. 
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Figure 7-Plasma phenolsulfonphthalein levels in rats after intrave- 
nous injection of 10 mglkg and after rectal administration o f  a mi- 
croenema containing 20 rnglmLlkg, 10 mg of sodium chloride, and 30 
mg of IlmLlkg (0) or 20 mglmLlkg, 10 mg of sodium chloride, and 30 
mg of IIlmLlkg (A). 
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Abstract 0 Two rapid, sensitive, and specific gas chromatographic (GC) 
methods for the quantitative determination of quazepam (I), 7-chloro-5-(2- 
fluorophenyl- 1,3-dihydro- 1 -(2,2,2-trifluoroethyl)- 2H - 1,4-benzodiaze- 
pine-Zthione, and its major active plasma metabolites, the 2-0x0 compound 
(11) and the dealkylated 0x0 compound (111), have been developed; the first 
measures I and I1 and the second measures 111. The compounds are extracted 
from plasma with toluene and quantitated by electron-capture detection using 
the internal standard method. The methods are capable of quantitating plasma 
levels of I and I1 as low as 0.75 ng/mL and plasma levels of 111 as low as 1.5 
ng/mL. Correlation coefficients of standard curves were >0.9995 for all 
compounds. Precision of the methods was measured at  two different con- 
centrations for each compound; the CV values were 3-6% for all three com- 
pounds. The recovery of all compounds was >80%, and the ratio of recovery 
of each cornpound to that of its internal standard did not vary at different 
concentrations, indicating appropriate internal standards have been selected 
for the methods. Quazepam metabolites, other benzodiazepines, and drugs 
which are potential comedication do not interfere with either method. The 
methods were shown to be suitable for investigating the bioavailability and 
pharmacokinetics of quazepam at therapeutic doses. 


Keypbrases 0 Quazepam-gas chromatography two major metabolites, 
human plasma 0 Gas chromatography-quazepam and two major metabo- 
lites in human plasma 0 Metabolites-quazepam, human plasma, gas 
chromatography 


Quazepam, 7-chloro-5-(2-fluorophenyl)-l,3-dihydro- 1- 
(2,2,2-trifluoroethyl)-2H- 1 ,4-benzodiazepine-2-thione, a novel 
benzodiazepine which has been reported to have good sedative 
and hypnotic activity (1,2), is extensively metabolized in hu- 
mans. Two major active metabolites have been identified in 
plasma (Scheme I), the 2-0x0 compound I1 [7-chloro-5- 
(2-fluorophenyl) -1,3-dihydro-l-(2,2,2-trifluoroethy1)-2H- 1,4- 
benzodiazepin-2-oneI and 111 [7-chloro-5-(2-fluoro- 
phenyl)-1,3-dihydro-2H- 1,4-benzodiazepin-2-one] (2). To 
fully evaluate the bioavailability and pharmacokinetics of 
quazepam, two sensitive and specific gas chromatographic 
(GC)  assays have been developed to measure the unchanged 
drug and the two major metabolites in plasma; one method 
measures I and 11, and the other measures 111. 


Polarographic (3) and GC methods (4-6) have been pub- 
lished for 111. However, these methods either lack sensitivity 
or involve derivatization. The methods described in this report 
require simple extraction procedures, no derivatization, and 
are more sensitive than previously reported chromatographic 
assays. 


R 
I 


EXPERIMENTAL 


Chemicals and Reagents-Quazepam’ (I), II’, 7,9-dibromo-l,3-dihydro- 
5-phenyl-ZH-l,4-benzodiazepin-2-one (IV)’ (the internal standard for the 
assay of III), 1112, and diazepam2 (the internal standard for the assay for I 
and 11) were used. A stock solution of I and I1 (0.75 mg/mL) was prepared 
by accurately weighing 75 mg each of I and I1 into a 100-mL volumetric flask 
and dissolving them in toluene. The standard solution of the two compounds 
(1.5 pg/mL) was prepared by diluting 0.20 mL of the stock solution to 100 
mL with toluene. A stock solution of I11 (1 mg/mL) was prepared by weighing 
accurately 10 mg of I11 into a 10-mL volumetric flask and dissolving the 
compound in toluene. The standard solution of 111 (1.5 pg/mL) was prepared 
by diluting 0.M mL of the stock solution to 100 mL with toluene. 


Both standard solutions of the internal standards (diazepam and IV) were 
prepared by accurately weighing 10 mg of each compound, dissolving it in 10 
mL with toluene, and diluting 1 mL of the resulting stock solution to 100 mL 
of toluene. Toluene3 and cyclohexane3 were glass distilled. 


Chromatographic Conditions for the Assay of I and &-The chromatograph4 
was equipped with a 63Ni pulse-modulated electron-capture detector, an au- 
tomatic injector5, and a data system for measuring peak heights and calcu- 
lating concentrations6. The coiled glass column (1  -83 m X 2 mm i.d.) was si- 
lanized’ and then packed with 3% OV-25 on 80-100 mesh Supelcoporta. The 
temperatures of the column, injector, and detector were maintained at 22OoC, 
28OoC, and 35OoC, respectively. Ultra-high purity nitrogen was used as the 
carrier gas with a flow rate of 28 mL/min. 


BLANK 
PLASWA 


STANDARD 
PLASMA SAMPLE 
AFTER DQSINO 


Figure 1-Typical gas chromatograms of blank plasma, a standard con- 
centration of I2 ng/mL of quazepam and II plasma,.and human plasma 
withdrawn at 1.5 h after an oral dose of I5 mg of quazepam. Chromatography 
was on OV-25 at 220°C with electron-capture detection. Key: (A)  II: (8) 
quazepam; (C) diazepam. 


I: X = S, R = -CHZCF3 
11: X = 0, R = -CH*CF, 


111: X = 0, R = H 


~~ 


Synthesized at Schering Corporation. 
*Gifts from Hoffmann-La Roche, Nutley, N.J. 
3 Burdick and Jackson, Muskegon, Mich. 


Model 3700; Varian Associates, Palo Alto, Calif. 
Model 8000; Varian Associates, Palo Alto, Calif. 
HP 3353A Data System; Hewlett Packard, Co., Paramus, N.J. 
Silyl-8; Pierce Chemical Co., Rockford, Il l .  
Supelco, Inc., Bellefonte, Pa. 
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Table I-Standard Curves for Quazepam and Its Two Plasma Metabolites 


Amount Added Amount Found Linear 
to Plasma, in Plasma, Regression 


ng/mL ng/mLa Equation 


0.75 
I S O  
3.00 
6.00 


12.00 
24.00 
48.00 
96.00 


0.75 
1 s o  
3.00 
6.00 


12.00 
24.00 
48.00 
96.00 


1 s o  
3.00 
6.00 


12.00 
24.00 
48.00 
96.00 


Quazepam 
0.88 1 
I .636 
3.461 
6.365 


12.667 
25.533 
50.636 


100.123 
Compound 11 


0.853 
1.389 
3.074 
5.537 


12.373 
23.895 
45.600 
94.542 


y = 1.043(0.003)x + 0.193(0.093) 
r2 = 0.9999 


y = 0.979(0.007)~ - O.OOl(0.265) 
r2 = 0.9996 


Cornpound 111 
1.531 
3.008 
6.095 v = 1.004(0.004~~ 


12.737 
23.829 
48.602 
96.455 


‘ + 0.109(b.14oj 
r2 = 0.9999 


a Value are the average of duplicate determinations. 


Sample Preparation for the Assay of I and 11-Aliquots (0.5 mL) of plasma 
samples were pipetted in a glass centrifuge tube, mixed with 6 pL of the 10- 
pg/mL solution of diazepam, and extracted with 0.5 mL of toluene. Following 
centrifugation9 at 1500 rpm, 1 .O pL of the toluene extract was injected into 
the gas chromatograph. 


Chromatographic Conditions for the Assay of 111-The chromatograph4 
was equipped with a 63Ni pulse-modulated electron-capture detector, an au- 
tomatic injectors, and a data system for measuring peak heights and calcu- 
lating concentrations6. The coiled glass column (1.83 m X 2 mm i.d.) was si- 
lanized’ and then packed with 3% SP-2250 DB on 100-120 mesh Supelco- 
port8. The temperature of the column, injector, and detector were maintained 
at 235’C, 25OoC, and 350°C, respectively. Ultra-high purity nitrogen was 
used as the carrier gas with a flow rate of 43 mL/min. 


Sample Preparation for the Assay of 111-Aliquots (0.25 mL) of plasma 
samples were prepared in a glass centrifuge tube and extracted twice with 0.25 
mL of cyclohexane. The cyclohexane layer was discarded; 0.2 mL of the ex- 
tracted plasma was transferred to a centrifuge tube and mixed with 0.25 mL 
of toluene and 6 pL of the 10-pg/mL toluene solution of IV. Following cen- 
trifugation at 1500 rpm for 5 min, 3 pL of the toluene extract was injected 
into the gas chromatograph. 


Table 11-Accuracy and Precision of the Assays for Quazepam and Its Two 
Metabolites 


Plasma Mean 
Concentration, Concentration CV. 


Compound ng/mLa Found, ng/mL % 


Quazepam 1.5 1.50 2.94 
12.0 12.27 5.80 


Compound I I  I .5 1.51 6.25 
12.0 11.65 5.34 


Compound 111 3.0 2.97 6.19 
24.0 23.86 2.54 


Five replicate determinations were performed for each compound at each plasma 
concentration. 


Size 2 Model K Centrifuge; InternaLional Equipment Co., Needham Heights, 
Mass. 


Table 111-Retention Times of Quazepm Metabolites, Benzodiazepines, 
and Otber Drugs on the GC Columns Used in the Assays 


Retention Time, min 
3% 3% SP- 


OV-25’ 2250 DBb 


Quazepam 
Compound I 1  
Compound 111 
Compound IV 
Diaze am 
3-HyJoxy derivative of 111 
3-Hydroxy derivative of I1 
Flurazepam 
Halazepam 
N-Demethyldia7.pam 
Oxazepam 
Nitrazepam 
Chiorpromazine 
Perphenazine 
Chlorimipramined 
Chlorpheniramine 


6.8 
3.5 


13.2 
NPC 


8.7 
4.4 
6.0 


18.2 
3.4 


14.0 
5.4 


NP 
6.4 
4.0 


NP 
NP 


2.0 
1.9 
5.9 


10.3 
4.3 
2.6 
8.4 


10.8 
2.0 
7.4 
7.6 


19.7 
3.4 
2.5 


NP 
NP 


0 Used for the assay of I and 11. * Used for the assay of 111. c N o  peak observed for 
the compound. 3-Chloro-10,l ldihydro- N~-dimethyl-5H-dibenz[6,P]azepine-5- 
prQpanamine. 


Standard Curves, Reproducibility, and Recovery Studies-A standard curve 
was prepared for each compound by adding aliquots of each stock solution 
to a series of control human plasma samples. A set of standard plasma con- 
centrations were made for each of these compounds ranging from 0.75 to 96 
ng/mL for I and I1  and from 1.5 to 96 ng/mt  for 111. The samples were car- 
ried through the respective assay procedures, and the concentration values 
obtained from the data system were plotted against the actual concentra- 
tions. 


To demonstrate the precision and accuracy of 1-11 assay, 10 plasma samples 
were spiked with I and 11, five samples at 1.5 ng/mL and five samples at I2 
ng/mL. Similarly five plasma samples were spiked with 111 at 3 ng/mL and 
five samples at  24 ng/mL. Then, the plasma samples were carried through 
the respective assay procedures, and the means, standard deviations, and 
coefficients of variation calculated. 


For determination of recoveries from plasma, the peak heights of extracted 
standards of each compound at 3 and 48 ng/mL were compared with thosc 
of the respective unextracted standards. The unextracted standards were made 


B L A W  
P L A S M A  


STANDARD 
PLASMA S A U P L E  
AFTER DOSINQ 


A 


Ji z 


Figure 2-Typical gas chromatogranis of blank plasma, a standard con- 
centration of 24 nglmt of 111 in human plasma. and human plasma with- 
drawn 48 h after an oral dose of 15 mg of quazepam. Chromatography was 
on SP-2250 DB at 235°C with electron-capture detection. Key: (A) I l l :  (B) 
I v. 
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Table IV-Recoveries of I, 11,111, and the Internal Standards From Plasma * 


Assay for I and I1 
Amount Added Recovery, I Ratio of Recovery 


to Plasma, Compound Quazepam/ Commund I1 
ng/mL Quazepam 11 Diazepam Diazepam' Diazepam 


3 
48 


96.5 f 7.9 94.7 f 3.4 99.3 f 3.6 0.898 f 0.04 0.954 f 0.01 
88.8 f 8.3 99.2 f 8.5 102.0 f 8.6 0.869 f 0.05 0.971 f 0.05 


Amount Added 
to Plasma n d m L  


Assay for 111 
Recoverv. % 


Compound 111 
Compound 


IV Ratio of Recoverv 


3 
48 


78.3 f 1.1 
84.0 f 5.0 


85.8 f 5.1 
93.5 f 3.2 


0.91 5 f 0.05 
0.898 f 0.04 


a Values are the mean of five determinations fSD. 


by adding the compounds to toluene which had been previously extracted with 
an equal volume of plasma. 


RESULTS AND DISCUSSION 


As shown in Fig. 1, I, 11, and the internal standard (diazepam) were well 
separated from one another on the OV-25 stationary phase. The respective 
retention times of I, 11, and diazepam were 6.8,3.5, and 8.7 min. 


Compound 111 could not be analyzed under the conditions used for I and 
11 due to poor sensitivity and excessive tailing of its peaks on OV-25 and similar 
stationary phases. It was found that 111 could be analyzed on SP-2250 DB, 
a stationary phase deactivated for bases. This packing gave excellent sym- 
metrical peak shapes (Fig. 2) and much higher sensitivity. Compound I11 and 
the internal standard IV had retention times of 5.9 and 10.3 min, respectively, 
on the SP-2250 DB column. 


Table I shows that the standard curves were linear for quazepam and both 
metabolites (rZ > 0.9995) throughout the entire range investigated. The 


30.8- 


3.0- 


0.3- 


0 60 120 180 240 


T I M E  Chr> 
Figure 3-Mean plasma concentration-time curves of quazepam ( H), I1 ( X ) .  
and I l l  (A) following administration of a 15-mg quazepam tablet to I2  
subjects. 


smallest concentration of each compound used in the standard curves, 0.75 
ng/mL for I and I1 and 1.5 ng/mL for 111, exhibited acceptable chromato- 
graphic peaks which were clearly within the linear range of the GC response. 
Therefore, the assays are sensitive enough to detect and quantitate concen- 
trations of 0.75 ng/mL for I and I1 and 1.5 ng/mL for 111. 


The results of replicate analyses indicate that the methods have a high de- 
gree of accuracy, since the mean concentration values determined were very 
close to known concentrations. The coefficient of variation was 3-6% for the 
three compounds at each concentration, indicating the assays are very precise 
(Table 11). 


To determine the specificity of the methods, possible interferences from 
two other quazepam metabolites, the 3-hydroxy derivative of 11, and the 3- 
hydroxy derivative of 111 (7), other benzodiazepines, and drugs that might 
be used as comedication were checked by chromatographing solutions of pure 
standards. None of these compounds (with the exception of halazepam, which 
was not completely resolved from 11) had a retention time similar to those 
compounds being analyzed in either system (Table Ill). Thus, the assays are 
specific for quazepam and its two metabolites, I1 and 111, in the presence of 
these compounds. Furthermore, the assays should be specific for quazepam 
and its metabolites in the presence of compounds which do not contain a nitro 
or halogen moiety, since these compounds do not respond to electron-capture 
detection. 


Both assays are rapid, since, unlike the extraction procedures in previous 
assays of Ill and benzodiazepines similar to 1 and I1 (3-6,8-12), no buffering 
of the plasma is needed to extract all the compounds with recoveries >80% 
(Table IV). However, in theassay of 111, it is necessary to first wash the plasma 
with cyclohexane to selectively remove an unidentified plasma constituent 
which gives a chromatographic peak that interferes with the peak of Ill. 


In addition to good recoveries, the data in Table IV show that the ratio of 
recoveries of I, 11, and Ill to the respective internal standards were very similar 
at each concentration examined, indicating that appropriate internal standards 
have been selected for the methods. 


The application of these methods is shown in the mean plasma level-time 
profile of quazepam and its two metabolites in 12 subjects following admin- 
istration of a 15-mg quazepam tablet (Fig. 3). Clearly, the described methods 
are suitable for investigating the bioavailability and pharmacokinetics of 
quazepam at therapeutic doses. 


In  summary, rapid, sensitive, specific, and reproducible methods for qua- 
zepam and its two metabolites have been developed. The methods are capable 
of quantitating plasma levels of I and 11 as low as 0.75 ng/mL and plasma 
levels of 111 as low as 1.5 ng/mL. Pharmacokinetic studies which have been 
conducted utilizing these methods will be reported elsewhere. 
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Abstract The possibility that the fluorescence probe, 1-anilino-8-naphth- 
alenesulfonate (I) ,  might be used for predicting the interindividual differences 
in  the plasma protein binding of acidic drugs was examined. The interindi- 
vidual differences in the free fraction of I (f~) were found not to be due to 
corresponding differences in plasma albumin concentration, but to those 
differences in binding constant. The binding constant of I to the plasma of 18 
individual rats ranged from 1.75 X 106 M-' to 2.3 X lo7 M-I. The free. 
fraction of I had a highly significant statistical correlation with plasma con- 
centration of free fatty acids, but had nosignificant correlation with the infinite 
fluorescence of I or the degree of the polariiation of 1. Each free fraction of 
five acidic drugs (warfarin, phenylbutazone, salicylic acid, indomethacin, and 
sulfaphcnazole) was correlated with fI with high statistical significance. 
Therefore, the simple and convenient method using I may predict the inter- 
individual differences in  the plasma protein binding of acidic drugs in rats. 


Keyphrases 0 1 -Anilino-8-naphthaIenesulfonate-fluorescence probe, pre- 
diction of inter individual differences in plasma protein binding, acidic drugs, 
rats 0 Fluorescence probe- 1 -anilino-8-naphthalenesulfonate. prediction 
of interindividual differences in plasma protein binding, acidic drugs, rats 0 
Binding, plasma protein- 1-anilino-8-naphthalencsulfonate, prediction of 
interindividual differences, acidic drugs, rats 


Serum (or plasma) protein binding can have pronounced 
effects on the pharmacodynamic and toxicological actions of 
drugs, as well as on their elimination kinetics. This effect is 
particularly striking with respect to the elimination of the 
extensively serum protein-bound drugs such as anticoagulants 
(warfarin, dicoumarol) by rats and humans, since there are 
pronounced interindividual differences in the free fraction of 
these drugs ( 1 ,  2). Minor interindividual changes in the degree 
of binding of such highly protein-bound drugs can produce 
significant changcs in the amount of unbound drug. Differ- 
ences in the structure of albumin or in the plasma concentra- 
tion of endogenous inhibitory agents were suggested to be al- 
ternative reasons for such pronounced interindividual differ- 
ences in the free fraction of these drugs ( 1 ) ;  however, the de- 
tails are, as yet, unresolved. Based on these facts, Levy and 
Yacobi (3) suggested that in v i m  plasma protein binding tests 
with blood samples prior to drug administration might be 
useful for predicting quantitatively unusual distribution, 
elimination, and pharmacological effect characteristics of 
certain highly plasma protein-bound drugs. 


It was previously reported that there are pronounced in- 
terindividual differences in binding of the anionic fluorescence 
probe 1 -anilino-8-naphthalenesulfonate ( I )  to rat plasma (4). 
Free fatty acids were found to be one of the endogenous in- 
hibitors, and there was a highly significant correlation between 
the free fractions of 1 and phenylbutazone (4). 


In the present study, we investigated further the correlation 
between the free fraction of I and those of various acidic drugs 
extensively bound to plasma protein, and suggested the pos- 
sibility that I might be used clinically for predicting the in- 
terindividual differences in the plasma protein binding of acidic 
drugs. Furthermore, we tried to examine whether or not dif- 
ferences in the structure of albumin are associated with dif- 
ferences in the free fraction of I. 


EXPERIMENTAL 


Materials-The following analytical-grade materials were used: I -mi- 
lino-8-naphthalenesulfonate ( I )  as the sodium salt', warfarin2, indom~thdcin~, 
~ulfaphenazole~. sodium salicylates, sodium laurate6, sodium palmitate6, 
sodium stearat&, sodium oleate6, and rat serum albumin (fraction V)7. The 
rat serum albumin was defattcd by the method of Chen ( 5 ) .  


Plasma Preparation--Adult male Wistar rats, weighing 290-340 g, were 
used. Approximately 10 min after heparinizing, blood was collectcd from 
the carotid artery under light ether anesthesia. and the plasma was obtained 
by centrifugation (3000 rpm for 10 min). Prepared plasma (2.5 mL) was used 
on the same day for measuring the bindings of drugs, and the remaining 
plasma (2 mL) was divided into the three aliquots, which were stored at 
-4OOC and used within 1 week for the measurements of the concentrations 
of albumin, free fatty acids, and total bilirubin. 


Equilibrium Dialysis-The 2-mL fresh plasma sample was diluted to 25% 
by the addition of 6 mL of Tris-HCI buffer (50 mM, pH 7.4). The bindings 
of four acidic drugs (sulfaphenazole, salicylic acid, indomcthacin, and phe- 
nylbutazone) to the dilute plasma were measured by equilibrium dialysis 
(25OC). The details of the equilibrium dialysis techniques were described 
previously (4, 6). 
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Abstract 0 The detection of general-base catalysis in the presence of pre- 
dominating specific-base catalysis in aqueous buffer solutions is examined 
for various relationships between koa1 and k O o ~ ,  the bimolecular rate con- 
stants for general-base and hydroxide-ion attack. The three experimental 
variables that affect the detection of buffer-base catalysis are the type of 
buffer, conjugate-acid concentration, and ionic strength. Various buffers used 
in pharmaceutical kinetic studies are considered, and it is concluded that 
buffers with high K ,  values favor detection. Additionally, high conjugate-acid 
concentrations and ionic strengths appear to optimize the detection of gen- 
eral-base catalysis. 


Keyphrases 0 Catalysis, general base-detection in the presence of spe- 
cific-base catalysis, theoretical basis, effect of buffer composition, acid con- 
centration, and ionic strength 0 Hydroxide catalysis-detection of coexisting 
general-base catalysis, theoretical basis, effect of buffer composition. acid 
concentration, and ionic strength 


Aqueous stability studies often attempt to quantitate the 
dependence of an observed first-order rate constant on the 
concentrations of potential reactants such as hydroxide ions, 
hydronium ions, and buffer components (1). Failure toaccu- 
rately define the rate expression or the reaction pathway can 
preclude the establishment of a reaction mechanism and limit 
the accuracy of stability predictions. 


The quantitative assessment of buffer catalysis in the 
presence of predominating hydroxide- or hydronium-ion attack 
is difficult. The reasons are twofold. First, the pH region of 
greatest instability is also the region where the efficiency of 
specific catalysts ( i . e . ,  hydroxide or hydronium ions) over- 
shadows that of the buffer catalysts. If one attempts to make 
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Figure 1-Fraction of observed generahase catalysis. FSb, as a function of 
the Brlinstedcoefficient for a typical bufler (phosphate. pK. (25°C) = 7.21. 
p = q = 2). Curves A. B. and C were generated using Eq. 6 and I H B ]  = 0.01. 
0. I .  and 1.0, respectively. Ionic atmosphere effects were not included. 


use of these faster rates to establish the reaction pathways, then 
buffer catalysis would probably be overlooked. Subsequent 
stability predictions would then underestimate the long-term 
rate of drug loss in buffer solutions in the pH region where 
buffer catalysis can compete with specific catalysis. The second 
reason is that in the presence of relatively high ionic strength 
and buffer concentrations, which are needed to quantitatively 
determine buffer catalysis in the presence of predominating 
specific-ion catalysis, secondary-type ionic atmosphere effects 
can occur even at constant ionic strength. These effects cause 
small pH changes, which tend to obscure buffer catalysis. 


The purpose of this study is to examine the effect of the 
design of stability studies on the detection of catalysis. A simple 
rate law was used involving general-base and a related spe- 
cific-hydroxide degradation pathway. Equations were derived 
which quantitate the effect of the experimental design on the 
ability to measure buffer catalysis. Recommendations for 
detecting buffer-base catalysis in the presence of predomi- 
nating hydroxide-ion attack are made, and potential problems 
are examined. 


THEORETICAL 


Rate Law-When drug degradation is accclcrated by general- and spe- 
cific-base catalysis, the observed first-order rate constant for drug loss, kob. 
may be defined: 


where kooH is the bimolccukdr rate constant for specific-base attack at ionic 
strength zero, kocal is the bimolecular rate constant for general-base attack, 
[OH] and [B] are specific- and general-base concentrations. Yd is the activity 
coefficient of the drug, YOH and YB are the specific- and general-base activity 
coefficients, and yt and y~ are the transition-state activity coefficients for 
the specific- and general-base pathways (2). Specific-base attack can involve 
either nucleophilic hydroxide addition or rate-limiting hydroxide-ion proton 
abstraction. 


General-base catalysis is kinetically indistinguishable from specific-hy- 
droxide and general-acid catalyses (3.4). which may be defined as: 


where K .  and K ,  are the dissociation constants of the buffcr and water, and 
[HB] and Y H B  represent the concentration and activity coefficient of the 
conjugate acid of the base. Division of kob(gb) by koh  (F4. I )  yields the fraction 
due to the general-base pathway, Fgb: 


The Bronsted relationship may be given by: 


log ( k h )  = log GB + 2 ( p L  + log p h )  (Eq. 4) 


where k is the bimolecular rate constant for the reaction pathway ( k O o ~  or 
koal), GB is a constant, @ is the BrBnsted Coefficient, pK, is the negative 
logarithm of thedissociation constant for the conjugate acid (and i s  equal to 
pK, + log aHZO for hydroxide attack),p is the number of nonequivalent dis- 
sociable protons on the conjugate acid base. and q is the number of sites on 
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the general base able to accept a proton (3). I n  practice the Bronsted corre- 
lation line may or may not include kooH; frequently. specific hydroxide-ion 
catalysis exhibits negative deviation (3. 4). Assuming that kooH is on the 
Bronsted line made u p  of ko,, values allows Eq. 4 to be used to define kout 
as: 


and substitution of Eq. 5 into Eq. 3 yields: 


This approach was used to develop the present theory. Where kooH values 
show negative deviation, general-base catalysis will be more readily observed 
than indicated by this treatment. 


DISCUSSION 


In  Eq. 6, the fraction of general-base attack, Fgb. is dependent on the 
Bronsted coefficient, the activity coefficients for conjugate acid and transition 
states, the conjugate acid concentration, and the identity of the buffer ( i . e . ,  
its K , .  9 .  andp). Initially, for simplicity. it will be assumed that (yt,/TtYHB) 
= I .  


Specific-base attack predominates as the Bronsted coefficient approaches 
1. In Fig. I ,  Fgb is shown as a function of the Bronsted coefficient for a typical 
general base, dibasic phosphate [p = 9 = 2, pK, (25'C) = 7.21 ( S ) ] ,  and 
conjugate acid concentrations equal to 0.01.0.1, and 1 .O M. The value of Fgb 
decreases sharply when the Bronsted coefficient is between 0.6 and 0.8. A b 
value of 1 .O is the limitingcase, which implies that proton transfer is complete 
i n  the transition state (3). Equation 6 then becomes: 


Here, except for different p values, all general bases are capable of the same 
Fgb at equal conjugate acid concentrations. Additionally, Eq. 7 shows that 
for a buffer with p = 2, a conjugate acid concentration greater than 9 M is 
required for 25% buffer-base attack. Clearly this is not experimentally realistic. 
In conirast, if  kooH exhibits negative deviation from the Bronsted plot, buffer 
catalysis may be observed in this limiting case (@ = 1 .O). For instance, the 
log kooH value for the conversion of ancitabine to the antileukemic drug cy- 
tarabine (Scheme I) was observed to deviate from the Bronsted plot (@ z 1.0) 


In  this case Eq. 6 simplifies to: 
by -log 55. 


The prodrug conversion constant in a buffer containing 0.250 M sodium bi- 
carbonate and 0.025 M disodiurn carbonate (JJ = 1 )  was observed to be -24% 
general-base catalysis (Table I), whereas Eq. 8 predicts 20%. 


The value of the Briinsted coefficient will determine whether experimental 
design is critical in detecting buffer-base attack. The two most important 
design features are the choice of buffer and concentration of the conjugate 
acid. 


The ability of a buffer to act as a general base is related to the pK, of its 
conjugate acid. The larger the pK,, the better the general base. Therefore. 
one might expect that general-base attack would be most apparent with an 
efficient general base such as dibasiccarbonate or tribasic phosphate. How- 
ever, the presence of predominating hydroxide attack, i .e.,  a BrBnsted coef- 
ficient of 0.8-1 .O, in the high pH range required for the existence of these bases 
negates the possibility of observing general-base attack. In Fig. 2 the relative 


amount of general-base attack is shown as a function of the pK, of the buffer 
system at three conjugate acid concentrations. Figure 2, generated from Eq. 
6 by assumingp = q = 1 and 0 = 0.8. shows that at a conjugate acid concen- 
tration of 0.1 M. general-base catalysis by buffers of pK, 2 7 cannot be de- 
tected. I f  the conjugate acid concentration is below 0.01 M, it is likely that 
general-base catalysis will not be detected at @ = 0.8 regardless of the buffer 
used. In general the lower the pK,, the more useful the buffer in observing 
general-base catalysis. By viewing the x-axis in Fig. 2 as a pH scale, the pH 
region of competitive general-base catalysis can be seen. At lower pH, hy- 
droxide catalysis becomes less effective and, thus, general-base catalysis can 
become significant. 


Figure 3 shows the relationship between Fgb and the conjugate acid con- 
centrations for a series of common buffers at @ = 0.8. As the conjugate-acid 
concentration increases, F g b  increases. Thus, doubling the concentration of 
the general base while maintaining constant conjugate acid concentration will 
not increase the relative amount of general-base attack. This is due to the fact 
that such an increase in general-base concentration will also increase the 
hydroxide-ion concentration. 


The kinetics of ancitabine conversion to cytarabine provide an example of 
the effect of changing conjugate-acid concentrations on FBb. The Bronsted 
slope for this reaction is approximately one; however, the hydroxide rate 
constant deviated negatively from the Bronsted plot, allowing general-base 
catalysis to be observed. The value of kob is described by Eq. 1 where koH 
= kooHyoHyd/y+. The fraction of general-base catalysis. Fgb, was determined 
by estimating koH from high pH studies and using the following relation- 
ship: 


Fgb = ( k o b  - ko~[OHI) /kob  (Eq. 9) 


where [OH] was calculated from measured pH. These values were also a p  
proximated using Eq. 8, which allows negative hydroxide rate constant de- 
viation from the Bronsted plot. The agreement between the results (Table I) 
tends to support the experimental approximations (@ 
-log 5 5 )  and theoretical considerations (Eq. 6) that were used to derive Eq. 
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Figure 2-Fraction of observed general-base catalysis, Fgb. as a function of 
the pK, of a series of buffer systems. Curves were generated using E9. 6;  p 
and q were assigned unity and curves A. B. and C correspond lo [ H B ]  = 0.01, 
0.1, and I .O, respectively. Ionic atmosphere effects were ignored. 
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Table I-Observed First-Order Rate Constants and Fraction of Ceneral- 
Base Catalysis For Ancitabine Prodrug Conversion in Carbonate Buffers a t  
60°C and g = 1.0. 


Phosphate 
Glycine 
Formate 


Acetate 


Phosphate 


Tris 


Glycine 
Carbonate 


Phosphate 


0.200 0.025 8.46 I 3.0 0.20 0.17 


B- ’2.12 
e= 2.35 
B- 3.75 


B- 4.76 


B= 7.21 


e 8.08 


B- 9.78 
8- 10.33 


8. 11.67 


. ~. 
0.250 0.02s 8.38 11.4 0.24 0.20 
0.300 0.025 8.32 10.1 0.2s 0.23 
0.400 0.025 8 .25  9.39 0.3 I 0.29 
0.800 0.025 8.13 9.84 0.50 0.44 


Ionic strength adjusted wi th  sodium chloride. Calculated from ko,j(hOoC. p = 
I )  = 2.0 X lo5 h-’ M-’ and the k o k  va!m using Eq. 9.  Calculated from liq. 8 


8. I t  is intcresting to note that in  all of the carbonate buffers used. thecon- 
Centration of the catalytic buffer base (C03*-) was kept constant while the 
conjugate acid and pH changed (see Table I ) .  


The popular techniquc of increasing the total buffer concentration while 
maintaining a constant pH and base-to-acid ratio may or may not allow de- 
tection of general-base catalysis. Supposc the Rriinsted coefficient is 0.8, and 
one is attcmpting to detect base attack using Tris buffers. I f  constant pH is 
maintained while the total buffer concentration is increased 10-fold, the 
conjugatc-acid concentration might increase from 0.01 to 0. I M. The per- 
centage increase in the relative amount of observed general-basecatalysis will 
be only 670 (Fig. 3).  Therefore. general-base catalysis would be overlooked. 
Thc same technique applied to the monobasic/dibasic phosphate system would 
result in  a IS% increase in  kobs .  while the formate/formic acid buffer would 
result in an -30% increase in kobs. 


I f  one objective in a serics of stability studies is to determine buffer-base 
catalysis. then the approach should be to employ buffers with pK, values as 
low as possible using conjugate-acid concentrations as high as is experimentally 
feasible. Experimental designs which seek to otherwise optimize either the 
general-base or total buffer concentrations are misdirected. 


Activity cocfficicnts are used in Eq. I to describe ionic atmosphere effects. 
Direct extrakinetic measurements of activity coefficients are rare in  the 
pharmaceutical literature. Instead, approximations based on the empirical 
effect of ionic strength on the logarithm of the activity coefficient of an ion 
are commonly used (6).  Although there are problems associated with these 
approximations, particularly (as will be discussed later) in solutions of mod- 
erately high ionic strength. they conveniently allow the charge of the ion to 
affect the reaction rate but not its specific chemical identity. By employing 
ionic strength approximations, salt effects on the two reaction pathways can 
be evaluated for various combinations of charged and uncharged substrates 
and buffcr components. 


As can be seen in Eq. 6, ionic atmosphere effects will influence the relative 
amount of general-base attack (FBI,) to the extent that Y + , / y t y H B  is affected. 
Under the ionic strcngrh assumption. ionic atmosphcre effects will depend 
on thc charges of the various ions. Since the transition-state charges are equal 
to the sum of the charges on the reactants (7). the charges on the specific-base 
(Zt) and general-base (Zt,) transition states arc given by: 


ztf = %d - 1 


zt, = ZCj + %B 


(Eq. 10) 


(Eq. 11)  


wherc zd and Z g  are the charges on the drug and general base and ZOH = 
- I .  For a buffer system in which the general base is a monovalent anion and 
the conjugate acid is neutral (e.g., acetate-acetic acid), Y + , / ~ + Y H B  z I be- 
cause Zy = 2, and y ~ ”  2 I .  Thc valuc of Yt,/y+’)’llB is also -I if the sub- 
strate is a monovalent cation. regardless of the charge type of the buffer sys- 
tem. This is because yt, P 7 1 1 ~  and yt  z 1. In  these two situations Fgb is u n -  
affected by ionic strength. However. for other combinations of neutral and 
charged substrates and buffers, the effect of ionic strength can be approxi- 
mated by using the Guntelberg equation: 


log yi = -ZfAJ;j(1 + 6) (Es. 12) 


in which i denotes a central ion. %, is the charge on i ,  A is a function of tem- 
perature and solution dielectric constant, and p is the ionic strength (6). 


Table I I  summarizes the approximated values of YY/YHBY+ for monovalent 
or neutral substrates and various buffer systems. For neutral or anionic drugs, 
the effect of increasing ionic strength is to increase Fgb if the conjugate buffcr 
acid is anionic and to decrease fgb i f  the conjugate acid is a cation. 


Ionic strength is often maintained constant in pharmaceutical kinetic studies 
(6). Charged drugs arc subject to significant primary and secondary kinetic 
salt effects which should be quantitated at various fixed ionic strengths or 
should be normalized by conducting all studies at a constant ionic strength. 
Uncharged drugs can also be subject to secondary-type salt effects in buffered 
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Figure 3-Fraction of observed general-base catalysis. Fgb. as a junction of 
the conjugate-buffer acid concentration for a series of buffers used in 
pharmaceutical stability studies. Curves were generated using Eq. 6; p K ,  
(25°C) values were taken from the literature (5). Ionic atmosphere effects 
were ignored. 


solutions, and the logarithm of their activity coefficients may display a linear 
dependence on ionic strength (8). 


The condition of constant ionic strength sets mathematical limits on the 
maximum concentration of any given buffer and. thus, sets limits on the 
maximum Fgb value. The maximum concentrations occur in solutions with 
no added neutral salts. For instance, for a buffer with dibasic and monobasic 
components such as carbonate or phosphate, the maximum conjugate acid 
concentration, [HB],,,, for a fixed ionic strength of p is given by: 


[HBlmaa = P - 3[BImin (Eq. 13)  


where [B],,,in is the minimum concentration of the general base and Eq. 13 
was derived using the definition of ionic strength. 


To maintain first-order conditions, the attacking species concentrations 
must be sufficiently higher than the initial substrate concentration to prevent 
significant loss of buffer catalysts or hydroxide ions. A 5% loss of the attacking 
species is well within first-order conditions (9). Thus, the minimum general- 
base concentration should be 20 times that of the initial substrate concen- 
tration. Equation 13 can then be written: 


where [DO] is the initial drug concentration and is usually selectcd on the basis 
of stability-indicating assay detection limits. Since [HB],., can be used in 
Q. 6 to calculate the maximum Fgb for any given buffer system, a high con- 
stant ionic strength chosen by the experimenter will allow for a high maximum 
F g b  value. 


CONCLUSIONS 


The detection of buffer-base catalysis in the presence of predominating 
specific-base catalysis is directly influenced by the choice of buffer, conjugate 
acid concentration, and ionic strength. Two characteristics favor one buffer 
over another: lower pK, and, to a lesser extent, the charge types of the buffer 
base and acid. Despite the fact that buffers with high pK, values are  more 
efficient general bases, they are unable to compete with hydroxide ions in the 
pH range where they exist. As can be seen in Fig. 2, it is possible to observe 
significant buffer-base catalysis in relatively low pK, buffers. 


The ionic charges of the buffer components affect Fgb in two ways. First, 
the maximum conjugate-acid concentration is dependent on the buffer charges, 
as  can be seen in  the following equation: 


which is a generalized form of Eq. 14 and was derived from the definitions 
of ionic strength and first-order conditions. Second, the buffer component 
charges affect the activity coefficient ratio yt*/YtYHB. 


The maximum conjugate-acid concentration allows observation of the 
maximum Fgb for any given buffer, and kinetic studies should be conducted 
near this maximum in order to obtain accurate estimates of k°Cpt. Maximum 
conjugate-acid concentrations are generally ionic strength limited. The higher 
the ionic strength, the larger the allowable maximum conjugate-acid con- 
centration and, thus, the larger the relative amount of buffer-base catalysis. 







Table 11-Values lor x in the Approximate Equation, (Y~/Y+YHB)  = IOxlAfi/(’+A)I, for Monovalent and Neutral Drug in Buffers 


Values for x 
Buffer Charges 


Base Acid Examples (pK,) 
Drug Charges 


Neutral Anion Cation 


Monovalent anion 
Divalent anion 
Trivalent anion 
Monovalcnt anion 
Neutral 


Neutral Acetate (4.76) 
Monovalent anion Carbonate (10.33) 
Divalent anion Phosphate ( I  2.67) 
Zwitterion Glycine (9.78) 
Monovalent cation Tris (8.08) 


0 
-2 
-4 


0 
2 


0 0 
-4 0 
-8 0 


0 0 
4 0 


But, choosing relatively high ionic strength has drawbacks. I n  particular the 
ionic atmosphere assumptions used in deriving Eq. 6 tend to fail. I n  solutions 
of high ionic strength, the logarithm of an activity coefficient of an ion is not 
only affected by the ionic strength of the solution, but also by the chemical 
identities and concentrations of all ions of charges opposite to that of the 
central ion. This relationship has been empirically described by: 


where yi is the activity Coefficient of an ion i, Zi is the charge on i. A is a 
function of the temperature and solution dielectric constant, C, is the con- 
centration of thejth ion of charge oppositc to that of ion i, and /$, is the specific 
ionic interaction Coefficient for ions i and j (7. 10). 


The magnitude of the extra-ionic strength salt effects depends on the con- 
centrations of ions and the values of the specific ionic interaction coefficients. 
One of the major effects of specific ionic interactions in buffer solutions is to 
cause pH changes at constant ionic strengths. The pH of a buffer solution, 
such as sodium hydrogen phosphate, sodium dihydrogen phosphate, and so- 
dium chloride, is given by the following equation: 


PH = PK, + log [Bl/[HBl + 1% ( Y B / Y H B )  (Eq. 17)  


and substitution of Eq. 16 for log ( Y B / Y H B )  yields: 


where “a+] is the molar concentration of sodium ion and A&a is the dif- 
ference between the specific interaction coefficient for sodium ion and dibasic 
and monobasic phosphate ions. For example, the percent change in the hy- 
droxide-ion activity based on measured pH in phosphate buffers at 6OOC. 
whcrcin the base-acid concentration ratio was kept constant and the ionic 
strength was kept constant a t  1.0, was as much as 80%. The problem of 
quantitating buffer-base attack in the presence of predominating hydroxide 
attack is compounded if the hydroxide-ion activity is changing due to specific 
ionic interactions. 


One method of correcting the observed first-order rate constant for the type 
of secondary ionic atmospherc effect described above has been used in anci- 
tabine hydrolysis studies. I t  is a general method for cationic substrates that 
only partly eliminates ionic atmosphere effects at constant ionic strength. It 


does not correct kob for specific ionic interactions.bctween the substrate and 
anions. The approach is to calculate thc activity coefficient ratio of the buffer 
base-acid from experimentally measured pH using: 


(ye/Yiis) = K,[HBI/[BlIO-p” ( ~ s .  19) 


Division of k& as defined in Eq. 1 by Eq. 19 eliminates all activity coefficients 
except that of the substrate. I n  the case of ancitabine, it was shown by kinetic 
measurements in buffers of various ionic strengths that the activity coefficient 
of the substrate could be approximated by Eq. 12. Similar experimental ap- 
proaches to the problem of ionic atmosphere effects in solutions of high ionic 
strength may be necessary to detect buffer catalysis in the presence of pre- 
dominant specific-acid attack. 
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Abstract T h e  metabolism of furaltadone was examined by an in uitro 
hepatic study in cows and goats and an in uiuo study in goats using 
I"C-labeled and unlabeled drug. The half-life of furaltadone was 13 min 
in the homogenates of caprine and bovine liver and 35 min in the in uiuo 
study of the goat. Less than '29" of the parent drug was present in the urine 
of animals dosed either intravenously or intramammarily. No furaltadone 
was detected in the milk after 24 h. Overall, the parent compound was 
rapidly absorbed, distributed, and widely degraded in the lactacting goat. 
?'he compound, labeled at  the 2-forrnyl carbon of  the furan ring, had a 
radioactivity recovery of 81% in the feces and urine. Of the total radio- 
activity, 99.4% infused into the udder had been absorbed after 72 h. 
Tissue distributions of radioactivity in decreasing order of abundance 
were: kidney, udder, liver, duodenum, muscular tissue, adipose tissue, 
and bile. 


Keyphrases Furaltadone-in uitro and in uiuo metabolism, fate in 
cattle and goats, pharmacokinetics 0 Metabolism-furaltadone, in uitro 
and in uiuo, fate in cattle and goats, pharrnacokinetics 0 Pharmacoki- 
netics--fureltadone, in uitro and in viuo metabolism, fate in cattle and 
goats 


The nitrofuran furaltadone, (f)-5-(morpholi- 
nomethyl)-3-[ (5-nitrofurfurylidene)a~nino]-2-oxazolidinone 
(I), had been commonly administered intramammarily to 
lactating and dry cows for treatment against the micrococci 
in mastitis (1, 2). In 1973, Cohen et al. (3) reported that 
this nitrofuran had a strong carcinogenic response, and 
soon after, this compound was withdrawn from the market 
because of a lack of information on residues of the com- 
pound in animals. Paul et al. (4) demonstrated the pres- 
ence of furaltadone in the bile of the chicken and dog and 
in the urine, but not the feces, of the rat. No furaltadone 
was found in animal tissues after oral administration, with 
sensitivity to 1 ppm. Other investigators were unable to 
detect the parent drug in milk 48 h after treatment using 
methods with detection limits at  10 ppb (5) and 5 ppm (6). 
Although these studies showed that furaltadone is biode- 
gradable in mammals, an evaluation of its metabolsim and 


excretion in livestock and of residues in the blood, milk, 
and tissues has never been reported. 


In the present study, the hepatic metabolism of fural- 
tadone in goats and cattle are evaluated. Data from a 
pharmacokinetic study in lactating goats, as a model for 
the cow, are also presented. The distribution and metabolic 
fate of furaltadone, labeled at  the 2-formyl carbon of the 
furan ring, and unlabeled drug administered intramam- 
marily are compared. 


EXPERIMENTAL 


Materials--Unlabeled furaltadone was obtained from Norwich 
Pharmaceutical Co., Norwich, N.Y. [I4C]Furaltadone (0.1% gCi/mg) was 
synthesized in our laboratory1. The chemical purity of the compound was 
determined by T1,C in acetonexhloroform (31, v/v) on a plate2. The spot 
corresponding to furaltadone in reference to a standard was cut from the 
plate and counted by liquid scintillation counting (LSC). Purity was 
>990/. Nonradioactive luraltadone was synthesized by the same pre- 
parative procedure. This product was compared with the commercial 
standard using melting point; elemental analysis; IR, UV, IH-NMH, 
':'C-NMR, and MS spectrometry to support the identity of the [lTC)- 
furaltadone. 
In Vitro Metabolism-Fresh goat and cattle livers of known weights 


(-6 g) were homogenized:' in 0.05 M sodium phosphate buffer, pH 7.4. 
The 125-mg/mL homogenate was centrifuged4 at  5°C and 4.500 X g (7000 
rpm) for 10 min and then a t  14,000 X g (12,500 rpm) for 30 min using a 


I 


I Personal communications from Norwich Pharmaceutical GI., Norwich, 
N.Y. 


SAF; Gelman, Ann Arbor. Mich. 
Potter-Elvehjern Homogenizer. 


4 Ti40 8-in. rotor, Model 1,265, Class D; Beckmnnn. Fullerton, Calif. 
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Figure 1-Comparison of the metabolism of furaltadone in cattle and 
a goat. Key: (--) bovine liver, I4C-labeled; (- - -) bovine liver, unlabeled; 
f - . - )  caprine liver, unlabeled. 


fixed-angle rotor. The pellet containing the nuclei and mitochondria was 
discarded and the supernatant was saved. 


In vitro experiments were carried out by adding the following ingre- 
dients in sequence into test tubes immersed in ice: 


1. One milliliter of 14C-labeled or unlabeled furaltadone (-2 pmol) 
and magnesium chloride (25 pmol) in water, 


2. One milliliter of a tissue blank. For the control without furalta- 
done, magnesium chloride (25 pmol) in water was added. 


3. Cofactor buffer mixture consisting of 0.65 pmol of NADP 
monosodium5, 10.0 pmol of glucose-6-phosphate disodium5, and 50.0 
pmol of nicotinamide5 dissolved in 3 mL of 0.5 M sodium phosphate 
buffer, pH 7.4. 


4. Two milliliters of enzymes, containing microsomes equivalent 
to 250 mg of liver added while the tube was in the incubation bath. The 
resulting mixture in each test tube was incubated aerobically at  37'C with 
magnetic stirring in a water bath6. Samples in duplicate were removed 
from the water bath at  0,5,10,20,30,40, and 90 min. The control con- 
taining no nitrofuran was incubated for 90 min. 


In Vivo Metabolism with Unlabeled Furaltadone-Two lactating 
goats, acclimatized in individual metabolism cages, were fitted with 
catheters' the evening before dosing, and control samples of urine and 
blood (10 mL) from the jugular vein were collected. A balanced diet 
consisting of alfalfa hay and water was provided ad libitum and a 12% 
concentrates was given in limited amounts. The animals were milked once 
a day. 


SOLVENT- 
FRONT 


METABOLITE A- 
FURALTADONE- 


IN VlVO STANDARD I N  VlTRO 


SAMPLE CONTROL SAMPLE CONTROC 


T 
METABOLITE 6- 
METABOLITE C- 


METABOLITE D- 


METABOLITE E- 
ORIGIN- 0 0 0 


0 
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Figure 2-Comparison of extracts of  in vivo and in vitro metabolites 
of  furaltadone by TLC in acetone-methanol-glacial acetic acid (50: 
50.1). 


Calbiochern San Die o Calif. 
Landa MCW WB-20%, West Germany. 
16 FR Bardex Folev. Murrav Hill. N.d. 
Illinois Calf 12. Ill. 


Table  I--In Vivo Metabolites of Furaltadone by TLC in Two 
Discrete Systems 


- 


Rf Values 
Acetone- 


Appearance Methanol- 
Under UV Acetone-Acetic Acetic Acid 


Compound Light Acid (1OO:l) (5050:l) 


Metabolite A Bright yellow 0.47 0.75 


Furaltadone Dark quenched 0.50 0.66 
Metabolite B Purple fluorescent 0.19 0.55 
Metabolite C Blue fluorescent 0.06 0.46 
Metabolite D Bri h t  yellow 0.00 0.42 


Metabolite E Dark quenched 0.00 0.05 


fluorescent 


dorescent  


Intravenous Dosing-Furaltadone dissolved in acidified water just 
before dosing was injected into the jugular vein utilizing an intravenous 
catheterg at a dose of 10 mg/kg of body weight immediately after the 
morning milking. Blood and urine samples were collected at 15,30,45, 
60,75,90,105,120,135,150,180, and 210 min. 


Intramammary Dosing-The two goats were administered furaltadone 
equivalent to 37.5 mg/kg of body weight. The nitrofuran was suspended 
in pure peanut oillo using an ultrasonicatorll. Blood and urine samples 
were collected a t  0.5,1,2,3,4,6, 8,10,12,14, 16, 19 and 23 h. 
In Vivo Metabolism with L4C-Labeled Furaltadone-A 31-kg 


milking goat was accommodated and fed under similar conditions as the 
goats in the unlabeled study. One day prior to treatment, control samples 
of feces, urine, milk, and blood were collected. The goat was dosed with 
777 mg (82.6 pCi) of [Wlfuraltadone dispersed in an equal amount of 
pure peanut oil into the udders immediately after the morning milking. 
The goat was milked twice a day. Blood and urine were collected a t  0.5, 
1,2,3,4,6,8,10,14,24,30,36,48,54,60, and 72 h. The goat was milked 
every 12 h after infusion for a total of 72 h. Feces were collected every 6 
h for the first 12 h and every 12 h for the remainder of the experiment. 
Aliquots of urine were frozen at -4OOC for later analysis. The goat was 
slaughtered 72 h after treatment. Selected tissue samples and organs were 
collected and frozen for subsequent analysis. 


Analytical Methods-The in uitro incubation mixtures were analyzed 
for furaltadone by direct UV measurement12 at 360 nm as well as by 
HPLC. An incubated control served as the background. No metabolite 
was detectable by HPLC at the concentrations used. All the in vivo 
samples were quantitated in duplicate on a reverse-phase column13 by 
HPLC14 (7) a t  360 nm. 


INTRAVENOUS 


0.1-1 


0 2 4 6 8 
HOURS POSTTREATMENT 


Figure 3-Concentration of furaltadone in plasma in two intravenously 
dosedgoats: K, = 1.17h-I; t 1 / 2  = 0.59h; r = 0.996. 


16-Gauge, %in. Radiopaque Teflon Intravenous Placement; Sandy, Utah. 
l o  Planters, Div. of Standard Brands, New York, N.Y. 
I '  Branson Sonic Power Co., Danbury, Conn. 
l2 Cary Model 11M UV Spectrophotorneter, Pasadena, Calif. 


p-Bondapak Cl.g, Waters Associates, Milford, Mass. 
l4 Tracor, Austin, Tex. 
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Table  11-Radioactivity Distribution in a Goat Dosed 
Intramamrnarily with [14C]Furaltadone 
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Figure 4-Amount of furaltadone remaining to be absorbed at various 
times following its intramammary administration t o  two goats: K, = 
0.53h-I; t l IP  = 1.31 h. 


The in uiuo radioactive urine samples were analyzed by TLC. Quan- 
titation was as described for the chemical purity evaluation. Control urine 
served as the background. 


Total Radioactivity Quantitation-Fecal pellets were blended with 
water (1:8, w/v) in a bIenderl5. An aliquot of slurry, in triplicate, equiv- 
alent to -50 mg of feces and 1.5 mI, of ~ o l u h i l i z e r ~ ~  was heated a t  52OC 
for 90 min, cooled, and 0.5 ml, of hydrogen peroxide added for decolor- 
ization. Hadioactivity was determined by LSCI7 after the addition of 10 
mL of a fluorlH and 0.8 mL of 1 M HCI. Whole blood (0.2 mL) was swirled 
with 0.5 mL of sol~bilizer'~-ethano1(1:2) at 60'C. After cooling, 0.5 mL 
of hydrogen peroxide was added. Whole milk was similarly treated with 
the elimination of the hydrogen peroxide step. Both milk and blood 
samples, each in triplicate, were mixed with 10 rnL of the fluor and 0.5 
mL of 0.5 M HCI and counted by I S C  after dark adaptation. Radioac- 
tivity in the urine was determined by counting of a mixture containing 
0.2 mL of urine, 0.2 mI, o f  water, and 10 mL of fluor. These determina- 
tions were carried out at  each time period. The  level of radioactivity in 
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Figure 5-Auerage rate of urinary excretion o f  furaltadone (X) and 
metabolites following intravenous administration to two goats. Values 
for metabolites A (m) and E (0) are as furaltadone equiualent. 


~ 


Waring, Hartford, Conn. 
I R  Protosol; New England Nuclear, Boston, Mass. 
l 7  Tricarb Model 3320; Packard, Downers Grove. 111. 


Aquasol; New England Nuclear, Boston. Mass. 


Recovery After 72 h, 
Source 70 of dose 


Blood 
Milk 
Feces 
Urine 
Kidney 
Liver 


Total 


0.093 
0.76 


25.1 1 
56.01 
0.13 
0.51 


82.61 


0 I h e :  82.57 pCb'776.97 mg of furaltadone. 


the bile was quantitated by counting 0.2 ml, of hile with 10 mL of fluor. 
Tissues, cut in small pieces, were quick-frozen and ground to a powder. 
An equivalent of 1(X) mg of tissue powder was mixed with 0.4 mL of water 
and 2 ml, of ~ o l u b i l i z e r ~ ~ ~ a n d  warmed a t  52OC until dissolved. The total 
radioactivity was quantitated by LSC after the addition of 10 ml, of the 
fluor and 0.8 mL of 1 M HCI and dark adaptation. Each tissue sample 
was counted in quadruplicate. The  internal standard method with 
[14C]toluene was employed for all samples. Counting efficiencies were 
6 r 4 6 1  for urine, 49-64% for feces, 71--X'L% for blotd, 8.1-88% for milk, 
and 73-85% for tissues. 


Determina t ion  of Round a n d  Free Radioactivity in  t h e  
Tissues--The powdered adipose tissue was extracted directly with 
chloroform (1:7, w/v). The fluor'" was added to 1- and 2-mL aliquots of 
chloroform extractv from I X .  The  liver, kidney, udder, duodenum, and 
muscular tissue powders were h(iniogenized with water (15 ,  w/v) and 
extracted with dichloromethane --isopropyl alcohol-water (75:25:'7). Each 
tissue extraction was duplicated and suhsequently counted as three 
phases: organic, aqueous, and a residue pellet. The tissue, expressed in 
gram-equivalent of protein, was determined hy a modified t.'olin-l,owry 
assay 18). 


Metabolites--A homogenate mixture incubated for 3 h a t  37°C was 
extracted hy chloroform and by dichloromet hane-isopropyl alcoh(i1- 
water (75:2.5:2). Urine from the in oivo experiment was extracted hy the 
same solvents. Furaltadone and i t s  metabolites were separated by TLC 
on silica gel GI9 and developed in discrete systems of acetone-metha- 
nol-glacial acetic acid (50:50:1) and acetone--acetic acid (100:l). 


RESULTS AND DISCUSSIONS 


The  first-order disappearance of furaltadone and [ 14C]furaltadone in 
supernatants obtained from cattle and goat livers is illustrated in Fig. 
1. The half-life of furaltadone disappearance was 13 min during the first 
40 min of incubation. Three meta1x)lites (A, H, and D) of furaltadone were 
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Figure  6---Arnount of furaltadone (- -j and metabolites remaining to 
hr. excreted at various times following intramarnmary administration 
to twogoats. Values for metabolites A (--) and E (-.-) areas furalla- 
done equivalent. Ke.y: (--) ['4C]furaltadone. 
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Figure 7-hdioactive materials found in the urine and blood of a goat 
intrarnammarily infused with [14Clfuraltadone. K e y  (+) urine; (0) 
h h d .  


isolated from the liver supernatant using TLC. The metabolites obtained 
from cattle and goats were similar. The metabolites obtained from the 
liver supernatant preparations were compared with those in the urine 
of animals dosed intravenously with furaltadone (Fig. 2 and Table I). 
Urine from furaltadone-treated animals contained two metabolites (C  
and E) not isolated from the in uitro liver preparations. 


The metabolites of furaltadone and furaltadone isolated from liver 
supernatants failed to account for all the radioactivity present. An in- 
cubation mixture was fortified with 3.95 pg/mI, of (14C]furaltadone. 
Following incubation the mixture contained 0.98 pg/mL. The postincu- 
bation supernatant was deproteinized and filt.ered. The filter cake con- 
tained 24.7% of the total radioactivity, the filtrate 72.6%. The presence 
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Figure 8-Radioactive materials found in the feces and milk of a goat 
intrornarnmarily dosed with [I4C]furaltadone. Key: (+) feces; (0)  
milk. 
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Figure 9-Distribution of bound and free radioactivity in selected 
caprine tissues. Key: (0) before extraction; (H) aqueous phase; (m) 
organic phase; fa) residue. 


of carbon-14 in the filter cake indicated that nonextractahle radioactivity 
from [14C]furaltadone was present. The bound material probably ac- 
counted for the persistence of the furaltadone in bovine and caprine liver 
during the 40-90-min incubation period, illustrated in Fig. 1. When the 
filtrate was extracted with dichloromethane-isopropyl alcohol-water 
the ratio of radioactivity in the organic extract to the aqueous filtrate was 
1:1, which implied that polar metabolites were present. Similarly, in the 
in  uivo study, chloroform and dichloromethane-isopropyl alcohol-water 
each extracted 13% of the radioactivity in urine. 


An in viuo absorption, distribution, and elimination study was carried 
out with unlabeled furaltadone in two milking goats. The linear disap- 
pearance of furaltadone from plasma on a semilogarithmic plot of con- 
centration uersus time (Fig. 3 )  indicated that the data could be described 
by a one-compartment open kinetic model. The estimated half-life of 
furaltadone disappearance in goats was 35.4 min; this was comparable 
with 33 min in the rat and 37 min in the dog (9). At time zero, the plasma 
concentration was 14 m&. If the plasma occupied 5?k of the body weight, 
the calculated concentration in plasma would have been 200 m g L  based 
on a dose of 10 mg/kg of body weight. This discrepancy between the ob- 
served and calculated concentrations of furaltadone in plasma indicated 
that furaltadone was rapidly distributed to and sequestered at an ex- 
tracellular or intracellular site. Similar findings in rats were reported hy 
Buzard and Conklin (9). 


The amount of furaltadone remaining to be absorbed was calculated 
by the method reported previously by Wagner and Nelson (10). The 
calculated amount absorbed at  each time period was plotted against time 
following drug administration (Fig. 4). The value of K used for calculation 
was the K ,  determined in the intravenous study (1.17 h-'). The half-life 
of absorption was determined from the linear segment of the curve and 
used for calculation of the absorption rate constant (10). A comparison 
of the doses administered and the calculated amounts of drug absorbed 
during a 14-h postdose period following intramammary drug infusion 
indicated that an average of 112.3% of the administered dose was ah- 
sorbed. Although the calculated amount absorbed exceeded 100% and 
was therefore somewhat in error, the magnitude of the value indicated 
that furaltadone was almost totally absorbed from the udder. Further 
support for the almost complete ahsorption from the udder comes from 
results obtained following the intramammary infusion of IIT]furalta- 
done, where 99.4% of the infused dose was absorbed. 







An examination of the rate of excretion of furaltadone and its metah- 
olites in urine following intravenous administration (Fig. 5) indicated 
that the metabolites were excreted faster than the parent nitroluran. Less 
than WO of the furaltadone administered was recovered as such following 
intravenous and intramammary administration (Fig. 6). 


The two metabolites that were quantitated accounted for <3%0, ex- 
pressed as furaltadone equivalent of'the total administered dose. Similar 
recovery of furaltadone was observed following intramammary ('.'CJ- 
furaltadone administration to a lactating goat. The 5% recovered as u n -  
changed drug and two metabolites is minor compared with the 56% ra- 
dioactivity in the urine. Hence, the remainder of the radioactivity must 
he attributed to the presence of metabolites. 


Of the 82.6% radioactivity accounted for in the ['"C]furaltadone study, 
81% was present in the feces and urine (Table 11). Within 48 h after ad- 
ministration, 990% of the radioactivity had heen excreted in the urine, (Fig. 
7), 95% in the feces, and only 0.0670 of the radioactive dose was detectable 
in the milk (Fig. 8). Furaltadone was rapidly absorbed from the udder, 
as less than half the radioactivity was detected in the milk from the 12-h 
to the 24-h milkings. This was also supported in the unlabeled study by 
the absence of detectable furaltadone in milk 24 h after intramammary 
dosing. 


Radioactive materials were present in decreasing levels of radioactivity 
in these tissues: kidney, udder, liver, duodenum, muscularis, and adipose 
tissues (Fig. 9). Of the total radioactivity administered, 1.16 ppm (ex- 
pressed as furaltadone equivalent) was present per gram of fat, 2.1 ppm 
per gram of muscle, and 0.5 ppm per milliliter of bile. In the adipose tis- 
sue, no radioactivity was extractable with chloroform, which implied the 
absence of free furaltadone. In the organic solvent extract of the muscle, 
the equivalent of 0.19 ppm of the original radioactivity was recovered. 
The remainder of the radioactivity was bound to the tissue residue or was 
in the aqueous phase. Since furaltadone is lipophilic, and if the parent 
compound migrated to the tissues in its unchanged form, more radioac- 
tivity would he expected in the fatty tissues than in the lean meat. La- 
hcling of normal body constituents as a result of metabolic degradation 
of furaltadone may explain why more radioactivity was present in the 
aqueous phase of the muscular tissue. The normal sites of absorption, 
metabolism, and excretion of furaltadone contained a relatively high 
amount of radioactivity. However, most of the radioactivity was retained 
in the aqueous and residue pellet of the udder, liver, and kidney tissue. 
In the duodenum, on the other hand, more radioactivity was present in 
the organic extract. 


Hadioactivity was found in the udder after 72 h, but since the majority 
of  the activity was present in the unextractable residue and in the aqueous 
phase, it was presumed that furaltadone as such had disappeared from 
the udder. Of the total radioactivity. 99.4% infused into the udder had 
been absorbed. From the results obtained, it would appear that the ah- 
sorption, distribution, and biotransformation of furaltadone in the goat 
is rapid and extensive. 
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Abstract 0 A high-performance liquid chromatographic procedure was 
developed for the analysis of calcium pantothenate in nutritional sup- 
plements. The method involves a simple extraction using phosphate 
buffer and sonication. Chromatographic separation is obtained using an 
aminopropyl-loaded silica gel column in the reverse-phase mode. A UV 
detector set at  210 nm was used to monitor the effluent. Quantitative 
recoveries were obtained, and precision of the method is discussed. The 
method is applicable to multivitamin tablets, calcium pantothenate raw 
material, and yeast grown in the presence of high levels of calcium pan- 
tothenate. The results of the method are compared with results obtained 
from the USP microbiological method of analysis. It was concluded that 
the procedure is rapid, accurate, easily automated, and practical for 
routine quality control use. 


Keyphrases Pantothenic acid-multivitamin preparations, HPLC 
0 Vitamins-pantothenic acid determination by HPLC 0 High-per- 
formance liquid chromatography-pantothenic acid determination in 
multivitamins 


Pantothenic acid is an important nutrient in the human 
diet and is a constituent of CoA, which is essential to the 
metabolism of both protein and fats. Since pantothenic 
acid can easily be destroyed by the prolonged heating often 
encountered in food and tablet processing, the more stable 
calcium salt is usually used in various fortified products. 


Most chemical methods of analysis (1-4) require 
cleavage of the pantothenic acid molecule, reaction with 
a suitable derivatizing agent, and subsequent spectro- 
photometric measurement. The disadvantages associated 
with this approach include interferences from sugars and 
common pharmaceutical vehicles (4) as well as ascorbic 
acid and riboflavin. Considerable sample manipulation is 
required to remove these interferences, thus making the 
procedure very time consuming. 


The traditional quality control procedure is the official 
microbiological assay (MBA) method (5).  This method 
requires sample solution inoculation with Lactobacillus 
plantarum, incubation for 16-24 h, photometric mea- 
surement of the resulting turbidity, and interpolation of 
results using a standard growth response curve. This 
method suffers several disadvantages: it requires 24 h be- 
fore data can be obtained and extensive manipulation by 
well experienced analysts to achieve reliable results. In 
addition, trace pantothenic acid contamination can easily 
cause erratic results since very small (<ppm) amounts are 
typically analyzed. 


This report describes a high-performance liquid chro- 
matographic (HPLC) procedure for the quantitative de- 
termination of pantothenic acid in multivitamin and 
multimineral tablets and raw materials. 


EXPERIMENTAL 


Apparatus-The HPLC system consisted of two solvent pumpsl, an 
autoinjector2, an integrating recorderJ, and a UV ahsorhance detector4 
set a t  210 nm. An aminopropyl-bonded silica gel column5 was used and 
regulated a t  25°C by a constant-temperature bath6. A high-output son- 
ication device7 was used to aid sample dissolution. The mobile phase was 
deaerated using a sonication water baths and a vacuum pumps. All 
samples were filtered using a 0.45-pm filter unit1('. 


Chemicals and Reagents-The solvents used were distilled in glass". 
Potassium phosphate was HPLC grade" and calcium pantothenate was 
obtained as a USP reference standardI3. Commercial vitamin prepara- 
tions were obtained from local pharmacies and distributors. 


Mobile Phase-A mixture of 0.005 M monobasic potassium phosphate 
(pH 4.5)-acetonitrile (13:87 v/v) was deaerated by sonication with vac- 
uum and run a t  a flow rate of 2.0 mL/min using pump A. Pump R con- 
tained a mixture of water-acetonitrile (90:lO) used as a final column 
washing step initiated after completion of an automated set of anal- 
yses. 


Stondard Preparation-An appropriate amount of calcium pan- 
tothenate reference standard was weighed and dissolved in 0.005 M po- 
tassium phosphate (pH 4.5) to obtain a concentration of 0.25 mg/mL. 


Sample Preparation-A suitable number of  weighed tablets were 
placed in a 200-mL volumetric flask. The final calcium pantothenate 
concentration was -250 pg/mL. Approximately 100 mL of O.OO5 M po- 
tassium phosphate solution (pH 4.5) was added, and the contents were 
sonicated a t  75 W for 2 min. Thickly coated tablets required pulverization 
prior to sonication. The sample flask was diluted to volume with phos- 
phate buffer after cooling to room temperature; a portion of the sample 
solution was filtered through a 0.45-pm filter unit, and 10 pL of the fil- 
trate was injected into the liquid chromatograph. 


Fortified yeasts, vitamin premixes, and raw material were treated in 
the same manner after appropriate sample amounts were selected. 


RESULTS AND DISCUSSION 


Pantothenic acid exhibits UV absorption between 200 and 225 nm, but 
no absorption in the 254-280-nm range, which is typically used for most 
HPLC analyses. Proper derivatization could provide a strong chromo- 
phore; however, this time-consuming step is impractical for the routine 
analyses of large numbers of samples. Analyses using I J V  detection <220 
nm introduce problems caused by background UV absorption of mobile 
phase solvents and dissolved oxygen interference with a stable baseline 
(6). Solvents used for the mobile phase deaerated by sonication under 
vacuum were successful in this type of analysis. A problem associated with 
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Figure 1-Chromatogram of a multivitamin-multimineral tablet ex- 
tract. Key: (A) niacinarnide, (B) vitamin &, (C) vitamin &, (D) vitamin 
E l ,  (E) unknoum, (F)  unknown, (G) pantothenic acid, (H) unknown. 


using the phosphate-acetonitrile solvent system is the potential for 
phosphate precipitation in the HPLC column. Considerable precipitation 
was encountered when the phosphate level was >0.15 M or the amount 
of acetonitrile was >95% in the mobile phase. A water-acetonitrile (9010 
v/v) column wash was very effective for maintaining column life. Over 
500 routine samples were injected in duplicate using an automated system 
within a 3-month period with no appreciable loss in column performance. 
This is probably the result of using a small injection volume and per- 
forming the column washing step after every set of automated anal- 
yses. 


Typical chromatographic separations of pantothenic acid in a mul- 
tivitamin-multimineral tablet and in a B-complex tablet are shown in 
Figs. 1 and 2, respectively. The sample peak corresponding to the re- 
tention time of the pantothenic acid reference standard was recycled 
through the column four times with no further separation taking place. 
This technique is useful to determine the presence of any coeluting 
substances. The identity of the peak as pantothenic acid was confirmed 
by collecting the peak fractions from several sample injections, removing 
the acetonitrile portion of the mobile phase, and analyzing the peak 
material using the microbiological assay method. 


A linearity study (ratio of concentration to peak area) showed complete 
linearity within the concentration range selected, 0.050-0.50 mg/mL, and 
a correlation coefficient of 0.998. Accuracy of the procedure was deter- 
mined by spiking a placebo formulation and various samples with known 
concentrations of standard, while precision was determined by analyzing 
eight identical samples on different days. Recoveries of 96.4,96.9,96.8, 
and 100.1% and relative standard deviations (RSD)  of 1.5,2.2,1.6, and 
0.79% were obtained for multivitamin tablets, fortified yeast, vitamin 
premix, and raw material, respectively. A comparison of results from the 
HPLC method described and the USP microbiological method using the 
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Figure 2-Chromatogram of a high potency E complex tablet extract. 
Key: (A) niacinamide, (B) vitamin Be, (C) vitamin Bz, (0) vitamin R1, 
fE)  unknown, (F) pantothenic acid. 


same sample is shown in Table I. Low levels of calcium pantothenate (<3 
mghablet) were more precisely analyzed by the HPLC procedure (1.42% 
RSD) than the USP microbiological method (4.59% RSD). This may be 
related to the increase in sample size in the HPLC preparation and less 
sample manipulation than required in the microbiological assay 
method. 


The HPLC method described can accurately and precisely determine 
calcium pantothenate or pantothenic acid in nutritional products. The 
procedure is rapid (-30 min for sample extraction and chromatography), 
easily automated with the use of an autoinjector, practical for routine 


Table  I-Comparison of Pantothenic Acid Results From t h e  
U S P  Microbiological Assay and  the High-Performance Liquid 
Chromatographic Assay 


Amount Foundb, mghablet, f S D  


Producto mghablet Chromatographic Assay Assay 
Label Amount, High-Performance Liquid Microbiological 


A 3.0 3.65 f 0.075 3.73 f 0.176 
B 3.4 3.81 f 0.099 3.88 f 0.178 
C 2.0 2.87 f 0.041 2.66 f 0.188 
D 40.0 46.78 f 0.823 47.0 f 2.85 
E 64.0 
F 70.0 
G 80.0 


68.17 f 2.077 
67.96 f 1.990 
86.69 f 1.830 


67.84 f 2.76 
66.47 f 3.66 
87.41 f 4.01 


Multivitamin-multimineral tablets: A, Vita Lea Chewable; B, Neo-Jr.; C, Vita 
Lea B-Complex tablets: D, Shaklee B-Complex; E, B-Guard; F, Generic B; G, stress 
formula B-Complex tablet, Hi Bee. * Average of five determinations. 
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quality control use, and the results compare favorably with the current 
official procedure. 
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Detection Limits for a GC Determination of Methanol and 
Methylene Chloride Residues on Film-Coated Tablets 
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Abstract A GC assay was developed that quantitates methanol and 
methylene chloride a t  the lowest detectable levels for this mode of 
analysis. A statistical limit of detection was determined for both methanol 
and methylene chloride. This method is sensitive and reliable for de- 
tecting possible residues of these solvents an film-coated tablets. 


Keyphrases o Methanol-determination of detection limits for a GC 
method, methylene chloride, residues on film-coated tablets Methylene 
chloride-determination of detection limits for a GC method, methanol, 
residues on film-coated tablets Detection limits-determination, GC 
method for methanol and methylene chloride residues on film-coated 
tablets 0 Film-coated tablets-determination of detection limits for a 
GC method, methanol and methylene chloride residues 


Organic solvents are frequently used to dissolve film- 
coating materials such as methylcellulose and ethylcellu- 
lose to facilitate application onto compressed tablets. 
These tablets are subsequently air dried for varying peri- 
ods of time until constant tablet weight is achieved. The 
assumption was made that drying removes all the organic 
solvents from the finished product. However, there are a 
scarcity of data documenting the actual organic solvent 
levels that may be found in the coated tablet. 


Pat t  and Hartmann (1) studied the effect of tablet core 
porosity, spraying techniques, drying condition, and 
evaporation qualities of the solvents used during the 
film-coating process. The residual levels of organic solvents 
in the tablet cores and film coats were determined by a GC 
method. In the present study, a similar GC system was 
used to determine the levels of methanol and methylene 
chloride in tablets a t  various times during the film-coating 
process. These levels were monitored during a 24-h period 
of air drying after the film coating was complete. The an- 
alytical data were then evaluated by a method similar to  
Hubaux and Vos (2) to determine a statistically based limit 
of detection for this method. This technique is similar to  
the statistical methods defined by Parsons (3) and Currie 
(4). 


EXPERIMENTAL 


Materials-A GC’ equipped with a flame-ioni~ation detector was used 
with a 1.8-m X 3-mm coiled-glass column containing 80-100 mesh porous 


~ ~~~ 


H~wlet~-Packard Model 58:30A 


Accepted for publication November 22,198’2. 


Table  I-Residual Methanol and  Methylene Chloride During 
a n d  After Film Coating 


Concentration, ppm per tableta 
Methylene 


Sample Methanol Chloride 


Uncoated tablet (control) 0 0 
5-min coating process 173 5 2 
10-min coating process 312 74 
15-min coating process 252 66 
Immediately after coating 242 55 
5-min heat drying 143 37 
15-min air drying 118 31 


24-h air drying __  
3O-min air drying 115 30h 


- h 


- No detectable levels. a Average tablet weight is 760 mg. 


polymer packing2. Reagents included isopropyl alcohol (AR), chloroform, 
methanol, and methylene chloride; all reagents were glass disti1led:l. 


Tablet  Coating-A solution of ethylcellulose and methylcellulose in 
methanol and methylene chloride was sprayed4 onto the compressed 
tablets in a heated, rotating coating pan5. Uniform coating was achieved 
when a coating of -3% of the tablet weight was deposited. 


Analytical Procedure--Standard stock solutions of methanol and 
methylene chloride a t  concentrations of 24 and 40 ppm were prepared 
in chloroform, and dilutions were injected onto the GC a t  the lowest at-  
tenuation (where the baseline noise did not exceed 2 mm). The volume 
of injection of these dilutions was 2.5 wL. Quantitation of the peaks was 
done with isopropyl alcohol as the internal standard. At an oven tem- 
perature of 160°C and a gas flow rate of 60 mL/min, the methanol eluted 
a t  -1-2 min, the methylene chloride at  3-4.5 min, and the isopropyl al- 
cohol a t  4-5 min. The limit of detectability, as determined by the in- 
strument a t  a slope sensitivity of 1 and an attenuation of 8, was -6 ppm 
for methanol and 10 ppm for methylene chloride. A calibration curve was 
prepared by injecting a series of six dilutions which varied fourfold in 
concentration. The range for methanol was 6-24 ppm, and for methylene 
chloride the range was 10-40 ppm. 


A series of six spiked placebos a t  concentrations of 0-24 ppm for 
methanol and 0-40 ppm for methylene chloride were prepared to de- 
termine the linearity and recovery over the range of interest. A placebo 
was defined as a tablet manufactured with no organic solvents in the 
film-coating formulation. 


Coating Studies-Once the lower limit was approximated and a range 
of linearity established, an experiment was designed to detect methanol 
and methylene chloride o n  tablets during the film-coating process. The 
film-coating formulation consisted of the following ingredients: hy- 


~~ 


2 I’oropak R acking; Waters Associates. Milford. Mass. 
ClawdistilEd solvents; Rurdick and Jackson, Muskegon. Mich 
Spray gun apparatus; 1)evilbiss. Toledo. Ohio. 
Erweka AR 400  coating pan. 
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Use of the Fluorescence Probe 1 -Aniline- 
8-naphthalenesulfonate in Predicting Interindividual 
Differences in the Plasma Protein Binding of Acidic 
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Abstract The possibility that the fluorescence probe, 1-anilino-8-naphth- 
alenesulfonate (I) ,  might be used for predicting the interindividual differences 
in  the plasma protein binding of acidic drugs was examined. The interindi- 
vidual differences in the free fraction of I (f~) were found not to be due to 
corresponding differences in plasma albumin concentration, but to those 
differences in binding constant. The binding constant of I to the plasma of 18 
individual rats ranged from 1.75 X 106 M-' to 2.3 X lo7 M-I. The free. 
fraction of I had a highly significant statistical correlation with plasma con- 
centration of free fatty acids, but had nosignificant correlation with the infinite 
fluorescence of I or the degree of the polariiation of 1. Each free fraction of 
five acidic drugs (warfarin, phenylbutazone, salicylic acid, indomethacin, and 
sulfaphcnazole) was correlated with fI with high statistical significance. 
Therefore, the simple and convenient method using I may predict the inter- 
individual differences in  the plasma protein binding of acidic drugs in rats. 


Keyphrases 0 1 -Anilino-8-naphthaIenesulfonate-fluorescence probe, pre- 
diction of inter individual differences in plasma protein binding, acidic drugs, 
rats 0 Fluorescence probe- 1 -anilino-8-naphthalenesulfonate. prediction 
of interindividual differences in plasma protein binding, acidic drugs, rats 0 
Binding, plasma protein- 1-anilino-8-naphthalencsulfonate, prediction of 
interindividual differences, acidic drugs, rats 


Serum (or plasma) protein binding can have pronounced 
effects on the pharmacodynamic and toxicological actions of 
drugs, as well as on their elimination kinetics. This effect is 
particularly striking with respect to the elimination of the 
extensively serum protein-bound drugs such as anticoagulants 
(warfarin, dicoumarol) by rats and humans, since there are 
pronounced interindividual differences in the free fraction of 
these drugs ( 1 ,  2). Minor interindividual changes in the degree 
of binding of such highly protein-bound drugs can produce 
significant changcs in the amount of unbound drug. Differ- 
ences in the structure of albumin or in the plasma concentra- 
tion of endogenous inhibitory agents were suggested to be al- 
ternative reasons for such pronounced interindividual differ- 
ences in the free fraction of these drugs ( 1 ) ;  however, the de- 
tails are, as yet, unresolved. Based on these facts, Levy and 
Yacobi (3) suggested that in v i m  plasma protein binding tests 
with blood samples prior to drug administration might be 
useful for predicting quantitatively unusual distribution, 
elimination, and pharmacological effect characteristics of 
certain highly plasma protein-bound drugs. 


It was previously reported that there are pronounced in- 
terindividual differences in binding of the anionic fluorescence 
probe 1 -anilino-8-naphthalenesulfonate ( I )  to rat plasma (4). 
Free fatty acids were found to be one of the endogenous in- 
hibitors, and there was a highly significant correlation between 
the free fractions of 1 and phenylbutazone (4). 


In the present study, we investigated further the correlation 
between the free fraction of I and those of various acidic drugs 
extensively bound to plasma protein, and suggested the pos- 
sibility that I might be used clinically for predicting the in- 
terindividual differences in the plasma protein binding of acidic 
drugs. Furthermore, we tried to examine whether or not dif- 
ferences in the structure of albumin are associated with dif- 
ferences in the free fraction of I. 


EXPERIMENTAL 


Materials-The following analytical-grade materials were used: I -mi- 
lino-8-naphthalenesulfonate ( I )  as the sodium salt', warfarin2, indom~thdcin~, 
~ulfaphenazole~. sodium salicylates, sodium laurate6, sodium palmitate6, 
sodium stearat&, sodium oleate6, and rat serum albumin (fraction V)7. The 
rat serum albumin was defattcd by the method of Chen ( 5 ) .  


Plasma Preparation--Adult male Wistar rats, weighing 290-340 g, were 
used. Approximately 10 min after heparinizing, blood was collectcd from 
the carotid artery under light ether anesthesia. and the plasma was obtained 
by centrifugation (3000 rpm for 10 min). Prepared plasma (2.5 mL) was used 
on the same day for measuring the bindings of drugs, and the remaining 
plasma (2 mL) was divided into the three aliquots, which were stored at 
-4OOC and used within 1 week for the measurements of the concentrations 
of albumin, free fatty acids, and total bilirubin. 


Equilibrium Dialysis-The 2-mL fresh plasma sample was diluted to 25% 
by the addition of 6 mL of Tris-HCI buffer (50 mM, pH 7.4). The bindings 
of four acidic drugs (sulfaphenazole, salicylic acid, indomcthacin, and phe- 
nylbutazone) to the dilute plasma were measured by equilibrium dialysis 
(25OC). The details of the equilibrium dialysis techniques were described 
previously (4, 6). 


I Tokyo Chemical Industries, Co., Tokyo, Japan. * Ei7ai Co., Tokyo. Japan. 
Merck Ban u Co , Tokyo, Japan. ' Dainippon Liyaku Co., Tokyo. Japan. 
Koso Chemical Co.. Tokyo, Japan. 
Tokyo Kasei Industries, Co., Tokyo, Japan. ' Sigma Chemical Co.. SI. Louis, Mo. 
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Figure I-Relationship between the free fraction of I and the binding constant (a) and albumin concentration (b) in the plasma of individual rats. Rat plasma 
diluted to 0.2% was used for the determination off i  at a I chcentration of 1 phi using the fluorescence method as described in the text. Correlation coefficient 
/or the binding constant = -0.858. p < 0.001. Correlation coefficient for the albumin concentration = -0.072 (not significant). Key: (@) rats 1-18: (0) rats 
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Figure 2-Relaiionship between f, and the infinite fluorescence of I (a) and the degree of polarization (b) in the plasma of individual rats. (See text for details.) 
Correlation coefficient for infinite fluorescence = -0.368 (not significant). using rats 1-32: correlation coefficient for degree of polarization = 0.258 (not 
significant). using rats 8-18. 


Flmreseenee MePsurement-Fluorometric measurements* were performed A reverse titration of 0.3% plasma with I was then carried out to obtain the 
in the same buffer as above at  room temperature (19-23OC). The bindings binding parameters. Details of this titration procedure have been described 
of I and warfarin to plasma were measured by the fluorescence method. previously (4.6). The bound fraction of I (XI) was given by: 


Binding of I.-The excitation and emission wavelengths were 400 and 480 
nm. respectively. Titration of 1 UM of 1 with Dlasma was used to determine XI = Fobs/Fbound (Eq. 1) 
the infinite fluorescence when this concentration of I was completely bound. 
The infinite fluorescence thus obtai&-j shows the fluorescence quantum yield 
of bound 1 and may reflect the changes in the environment at the binding site. 


where Fob. is the observed fluorescence and Fbound is the infinite fluorescence 
when a given concentration of I is completely bound. The free fraction of I 
(/I) was then calculated by: 


* Hitachi MPF-4 fluorescence spectrometer. 
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of free fatty acids was set at 100 U. Fluorescence intensities (IeB ordinate) were converted t o  free fractions of I (right ordinate). Key: (0)  oleic acid: (m) lauric 
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To study the conformational changes in the structure of plasma proteins, 
the polarization of the fluorescence of I bound to plasma proteins (mainly 
albumin) was measured using excitation and emission wavelengths of 380 and 
480 nm, respectively. The degree of polarization, P, was calculated as: 


P = (Fpr  - hFper)/(Fpr - hFper) (h. 3, 


parallel and perpendicular to the exciting light, respectively, and h is a cor- 
rection factor which accounts for the selective transmission of the mono- 


chromatic light and the selective reflection of the sample tubes. Two film-type 
polarizers were used for the polarization measurements. 


Warfarin Binding-The binding of warfarin to plasma was also measured 
by the fluorescence method previously adopted by Chakrabarti et al. (7,8). 
The excitation and emission wavelengths were 320 and j90 nrn, respectively. 
The bound fraction of warfarin ( X I I )  was calculated as: 


where F,, and F,, refer to the intensity of the fluorescence light polarized XII = (Fobs - Ffroc)/(Fbound - F f r d  (Es. 4) 


where Fob is the observed fluorescence corrected for the protein blank, FfC= 
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Table I-Correlation Coefficients Between Free Fattv Acid Concentration and the Free Fractions of Various Acidic Drum in Rat Plasma 


Drug n 


Correlation 
Coefficient" 


(4  
Free Fatty Acid Level 


Mean, mM Range, mM 


1 -Anilino-8-naphthalenesulfonate (I) 32 0.609*b 1.35 0.43-3.78 
Warfarin (11) 21 0.609** 1.14 0.62-1.80 
Phenylbutazone (111) 25 0.761*c 1.14 0.62-3.78 


0.62-3.78 Salicylate (IV) 30 0.661*c 1.39 
Sulfaphenazole (V) 30 0.551** 1.39 0.62-3.78 


(0.687)*d 
Indomethacin (VI) 15 0.536*** 1.72 0.62-3.78 


a Key for statistical significance: (*) p < 0.001; (**)p < 0.01; (***) p < 0.05. Previously reported in Ref. 4. Experimental data are shown in Fig. 3. Among the 30 rats studied, 
one (rat 28) showed an abnormal free fraction (0.773), as indicated by an asterisk in Fig. 6. The correlation coefficient in parentheses was calculated excluding this abnormal datum 
point. 


is the fluorescence of warfarin in the buffer at a given concentration, and &,,""d 
is the fluorescence in the presence of a large excess of plasma proteins. The 
X11 value was obtained using 10 p M  warfarin and 2% plasma, which corre- 
sponded to -10 pM albumin. 


Analytical Method-In the equilibrium dialysis experiments, the deter- 
mination of drug at the buffer side was carried out spectrofluorometrically6 
or spectroph~tometrically~. 


Indomethacin-The concentration was directly measured spectrophoto- 
metrically (XI = 370 nm, Xz = 320 nm). The blankvalue which came from 
the membrane-permeable components was subtracted. 


Phenylbutazone-After addition of 0.5 mL of 1 M HCI to 0.5 mL of 
sample, the mixture was extracted with 4 mL of n-heptane, and the 2.5-mL 
organic layer was reextracted with 2 mL of 4% sodium carbdnate. The sodium 
carbonate layer was measured spectrophotometrically (XI = 330 nm, = 
270 nm). 


Salicylic Acid-After addition of 0.5 mL of 1 M HCI to 0.5 mL of sample, 
the mixture was extracted with 6 mL of dichloroethane, and the 4-mL organic 
layer was reextracted with 4 mL of 4% sodium carbonate. The drug concen- 
tration of the aqueous layer was measured spectrofluorometrically (Lx = 300 
nm, L,,, = 410 nm) using a 390-nm cut-off filter at  the emission side. 


Sulfaphenazole-The concentration was determined colorimetrically (XI 
= 650 nm, Xz = 550 nm) according to the method of Tsuda and Matsunaga 
(9). The determinations of free fatty acids'O, total bilirubin" (conjugated plus 
unconjugated), and albumin12 in the plasma were performed using kits. 
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Figure 5-Simulation of inhibition of the binding of I to rat albumin based 
on the assumption of simple competition. The solid lines were calculated with 
Eq. 5, using TA = 1 phf, P = I p M ,  n = 1. KA = 2.2 X 10' A 4 - I .  and KB: 
(a) 0.3 X lo6 M-I ,  (b) I X lo6 h4-I. (c) 3 X lo6 M-', (d) 10 X lo6 M-',  
and (e) 30 X i06 M-I.  (See text for details.) Data for oleic (0) andpalmitic 
(A) acids from Fig. 4 are shown for comparison. 


Hitachi 356 dual-type spectrophotometer. 
I0 Nefatest; Wako Pure Chemical Industries Co., Tokyo, Japan. 
I i  Bil Set "Daiichi"; Daiichi Pure Chemical Co., Tokyo, Japan. 
12 Diagnotesta-A; Daiichi Pure Chemical Co., Tokyo, Japan. 


RESULTS AND DISCUSSION 
Interindividual Differences in the Plasma Binding of I-It was previously 


reported that the free fraction of I ( f r )  showed pronounced interindividual 
differences ranging from 0.126 to 0.777 (4). To determine whether these in- 
terindividual differences were due to differences in the binding constant or 
to those in albumin concentration, the correlations between fr and these two 
factors were examined. Using plasma of 18 rats, binding kinetics with changing 
concentration of I were examined. Although the binding constant for the 
high-affinity site shows some interindividual differences (ranging from 1.75 
X 106 M-I to 2.3 X lo7 M-I), the number of binding sites on albumin gives 
values =I .  As shown in Fig. la, there is a highly statistically significant 
negative correlation betweenfi and the binding constant for the high-affinity 
site ( r  = -0.858, p < 0.001); no significant correlation betweenfi and the 
albumin concentration was seen (Fig. lb). Figure 2 shows the correlation 
betweenfi and the infinite fluorescence of I and the degree of polarization, 
both of which have been used as indices of the conformational changes of 
plasma albumin (7,10,11). No significant correlation was observed in either 
case. Consequently, the conformational changes of albumin might not be 
associated with the interindividual differences infi. On the other hand, it was 
previously found that there was a significant positive correlation between f l  
and free fatty acid concentration in plasma, which was considered to be one 
of the endogenous displacing agents (4). However, the correlation coefficient 
was not so high ( r  = 0.609) that the interindividual differences could be ex- 
plained only by free fatty acids (4). 


Correlation Between the Free Fractions of Various Acidic Drugs and the 
Free Fatty Acid Concentration-Correlations between the free fatty acid 
concentrations in rat plasma and the free fractions of five acidic drugs (war- 
farin, phenylbutazone, salicylic acid, sulfaphenazole, and indomethacin) were 
investigated. Results in the case of phenylbutazone and salicylic acid are shown 
in Fig. 3; the correlation coefficients obtained are listed in Table I. Statistically 
significant positive correlations were observed between the free fatty acid 
concentration and the free fractions of all the drugs. 


Plasma albumin is generally thought to play a major role in the binding of 
acidic drugs to plasma. To evaluate the extent of the potency of various free 
fatty acids to inhibit the binding of I to albumin, the titrations of the mixture 
of I (1 pM) and defatted rat albumin (1 pM) with various free fatty acids were 
carried out (Fig. 4). If it is assumed that the quantum yield of bound I (infinite 
fluorescence) is not altered by the binding of free fatty acid to albumin, the 
decrease in the fluorescence would represent the decrease in the concentration 
of bound I (see Eq. 1). The free fraction of I in the absence of free fatty acids 
under this condition was calculated to be 0.14 using Eq. 1. This value was 
essentially the same as the smallest free fraction of I (0.126) among those 
obtained using rat plasma. 


Table 11-Matrix of the. Correlation Coefficients Between the Free 
Fractions of Six Acidic brugs a 


~~ 


I 0.944*b 0.896*C 0.701*b 0.548**b 0.808*b 


I1 0.91 I *  0.641* 0.422"s 0.797* 


111 0.732* 0.721* 0.830* 


IV 0.405*** 0.605** 


V 0.8 1 O* 


(0.7 15*)d 


(0.561 **)d  


(0.655*)d 


(0.638*)d 


(0.775*)d 


a Key for statistical significance: (*) p < 0.001; (**) 4 < 0.01; (***) p < 0.05; (ns) 
not significant (p > 0.05). I ,  Experimental data are shown in Fig. 6. Previously reported 
in Ref. 4. d The explanation for the values in parentheses is given in Table I, footnote 
d .  
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Figure 6-Relationship between fr and the free fractions of salicylate (a), sul/aphenazole (b), indomethacin (c). and warfarin (d) in the plasma of individual 
rats. Least-sauares fits of the data yielded the solid lines. The experimental conditions are the same as described in Fig 3, and the correlation coefficients - -  
were summarized in Table 11. 


Among the four free fatty acids studied, stearic acid is a weak inhibitor, 
while oleic acid and palmitic acid are relatively strong inhibitors. The latter 
acids have a similar pattern of inhibition, in which the fluorescence decrease 
is slow up to a free fatty acid/albumin ratio of 2 and faster thereafter. If simple 
competition by two ligands (I and free fatty acid in this case) for equal and 
independing binding sites is assumed, the following equation holds (1 2): 


where T A  and TB are the total concentrations of I and the competitor (free 
fatty acid), respectively, P is the albumin concentration, r A  is the number of 
I molecules bound per mole of albumin, n is the number of binding sites. and 
K A  and KB are the binding Canstants of I and competitor, respectively. In the 
oresent case, Darameters used in this calculation are T A  = 1 FM, P = 1 FM, 
h = I .  K A  = 2.2 x 107 M-1 (4). 


Since the fluorescence intensity (F) of I is proportional to r A ,  F can be 
calculated as a function of T B  using Eq. 5 ,  when K B  is given. Figure 5 shows 
the simulation curves thus calculated. The simulation curve at any K g  value 
never reproduces the anomalous patterns obtained in the titration with oleic 
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and palmitic acids. Therefore, the slow fluorescence decrease up to the free 
fatty acid/albumin ratio of -2 and the faster decrease after that could not 
be explained by the simple competition. Santons and Spector (1 3,14) inves- 
tigated the effects of free fatty acids on the binding of I to human or bovine 
serum albumin. They found that the fluorescence of I was enhanced when 5 2  
mol of palmitate were added to 1 mol of human albumin, but larger amounts 
of palmitate produced a reduction in the fluorescence of I; with bovine and 
rabbit albumins, palmitate in all concentrations only reduced the fluorescence 
of I. The present result with rat albumin is similar to those with bovine and 
rabbit albumin. 


Correlation Between the Free Fraction of I and those of Various Acidic 
Drugs-Figure 6 shows the correlation betweenf1 and the free fractions of 
various acidic drugs. There are highly statistically significant positive corre- 
lations in all cases. Warfarin and phenylbutazone were especially well cor- 
related with I, r L 0.9. Such high correlations are reasonable when considering 
that warfarin and phenylbutazone reportedly competitively inhibit the binding 
of I to bovine serum albumin (1 5). The correlation coefficients between the 
free fractions of all drugs are listed in Table 11; there is a statistically significant 
positive correlation between the free fraction of any pair of drugs. 


This finding suggests that we can probably estimate the degree of plasma 
binding of such acidic drugs by knowing that of I. However, it must be kept 
in mind that the free fractions of various drugs obtained in the present study 
using dilute plasma samples do not necessarily represent the in vivo free 
fraction. To be able to employ this method using I as a clinical test, therefore, 
it would be necessary to determine the plasma bindings of various drugs using 
undiluted human plasma and examine the correlations between the free 
fractions of these drugs and that of I. However, the fluorescence method using 
I, which we have presented herein, has the advantages that it takes a short time 
(5-10 min) and needs a very small amount of plasma (<0.1 mL) to measure 
the free fraction of I. 


Note added in proof: Heparin was used to prepare rat plasma in this study. 
The effect of heparin injection on plasma protein binding of I was subsequently 
studied and was reported (16). 
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Abstract 0 The interaction of doxorubicin with nuclei isolated from rat liver 
and kidney was studied by fluorospectrometry. The nuclei had at least two 
different types of binding sites for the drug. Both Mg2+ and Ca2+ competi- 
tively inhibited the binding of doxorubicin to the nuclei, which showed a re- 
markable temperature dependency. No significant difference was observed 
between the numbers of binding sites (n = 6.70 X mol/mol of DNA for 
liver; 6.41 X lo-* mol/mol of DNA for kidney) or the affinity constants (K. 
= 4.85 X lo5 M-’ for liver; 5.41 X lo5 M-l for kidney) under quasi-physio- 
logical conditions. These results obtained from in vitro binding experiments 
support previous suggestions that the differences in the in uivo distribution 
of doxorubicin among tissues are not due to differences in the nuclear binding 
of the drug. The amount of nuclei per gram of tissue is the primary determi- 
nant of the characteristic tissue distribution of doxorubicin. 


Keyphrases Doxorubicin-interaction with nuclei isolated from rat liver 
and kidney, binding, distribution 0 Binding-interaction of doxorubicin with 
nuclei isolated from rat liver and kidney, distribution 0 Nuclei, liver and 
kidney-interaction with doxorubicin, rats, binding, distribution 0 Distri- 
bution-interaction of doxorubicin with nuclei isolated from rat liver and 
kidney, binding 


Doxorubicin, an anthracycline antibiotic, has cytotoxic and 
antineoplastic activities and inhibits both enzymatic RNA and 
DNA synthesis by intercalating with DNA (1). The tissue 
distribution of doxorubicin has been studied extensively in 
humans and laboratory animals, but the mechanism of its 
distribution in such tissues as liver, kidney, and muscle has not 


been elucidated (2-6). The tissue distribution of this drug is 
generally thought to be related to the affinity for the tissue 
binder, the concentration of binder, and the permeability across 
the plasma membrane. 


The interaction of doxorubicin and other derivatives with 
DNA or chromatins isolated from tumor cells, calf thymus, 
and cultured lung cells has been studied by several methods 
(7-10). Although the binding of the drug to native DNA has 
been extensively studied, little information has been obtained 
on its intercalation with nuclei isolated from normal tissues. 
Moreover, it has been suggested that doxorubicin also interacts 
strongly with the negatively charged phospholipid, cardiolipin 
(1 1). In addition, it was revealed that tumor cells may have a 
carrier-mediated influx system and an active efflux mechanism 
(1 2). Previously, a good correlation between the in vim tis- 
sue-to-plasma partition coefficients for doxorubicin in several 
tissues and the amounts of nuclei per gram of tissue in rats and 
rabbits was demonstrated, suggesting that there is little or no 
difference in the nuclear binding of the drug among tissues 
(13). 


The purpose of this study was to determine the in vitro 
binding characteristics of doxorubicin with isolated nuclei from 
rat liver and kidney in an attempt to elucidate the mechanisms 
by which the in vivo tissue distribution of the drug occurs. 
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Abstract 0 Conversion rates of the prodrug ancitabine to the antileukemic 
cytarabine have been measured in oioo (rabbits) and in oifro (in the presence 
of rabbit blood and human red blood cells, blood, and plasma) using HPLC 
analyses for the prodrug. drug, and its inactive metabolite. I-b-D-arabi- 
nosyluracil. These observed pH-dependent in oitro rate constants were con- 
sistent with those for chemical hydrolysis determined from controls using Tris 
buffers. Hydrolysis of ancitabine to cytarabine is chemically, not enzymati- 
cally, mediated. The blood concentration-time course for administered 
compound was described by a two-compartment open model following a rapid 
intravenous injection of prodrug, drug, or metabolite in each of three rabbits. 
The inoiuo conversion rate constant ( k , )  following a rapid intravenous prodrug 
injection was estimated by simultaneous nonlinear regression of ancitabine 
and cytarabine blood concentration-time courses using equations for two- 
compartment prodrug and drug with all possible models describing potential 
conversion sites. The best fit was obtained for the case allowing simultaneous 
conversion of the prodrug in both central and peripheral compartments to the 
drug in the central compartment with a common value for k,. The resulting 
k, value (0.09 h-I, three rabbits) is similar to that for chemical hydrolysis 
(0.07 h-I) at 38.8OC. Reasons why this agreement is regarded as  fortuitous 
are discussed. 


KeyphrnsPs 0 Ancitabine-bioconversion to cytarabine, mechanism, in o i ~ o  
and in uitro pharmacokinetics 0 Prodrug modeling-pharmacokinetics of 
ancitabine bioconversion to cytarabine in  oioo and in oifro, mechanism 0 
Pharmacokinetics-prodrug modeling, ancitabine bioconversion to cytarabine 
in oioo and in uifro, mechanism 


Ancitabine ( I )  has shown promise as a prodrug of the an- 
tileukemic agent, cytarabine (11) in Phase 1 (1,2) and limited 
Phase 2 ( 2 )  clinical trials in the treatment of human neoplasms 
which resp6nd to treatment with 11. It is resistant to cytidine 
deaminase which rapidly inactivates I I (3-5) to I -0-D-arabi- 
nosyluracil(111) (Scheme I ) .  In  theory, the advantage of this 
prodrug would be to extend the biological duration of cytar- 
abine through rate-limiting conversion (6). However, the ac- 
ceptability of I is limited by acute vascular instability and 
parotid pain which have occurred at therapeutic doses (2). 


The bioconversion mechanism of I was reported to be 
chemically rather than enzymatically mediated ( 7 , 8 ) .  How- 
ever, these studies report some striking dissimilarities in ob- 
served reversal rates. Wang et al. (7) reported 50% conversion 
of I to I 1  within 6 h in mouse plasma while Ho (8)  reported 
45-93%, 40-55%, and 43% conversion within 1 h in human, 
dog, and mouse plasma. Thus, the first-order rates for hy- 


I 


FI 


Hocv 
II 


Scheme I 


0% 


I11 


drolysis of 1 based on the data reported by Ho were -5-20 
times faster than that based on data of Wang et al. (7). Despite 
this, both reports concluded that prodrug reversal was chern- 
ically mediated based on the observation that preboiling the 
plasma resulted in little or no decrease in  hydrolysis rates. 


An in uitro first-order hydrolysis rate constant derived from 
the data of Ho was employed in  a physiological pharmacoki- 
netic model (9). The first-order hydrolysis rate constant value 
of 0.3 h-l, which may be calculated from data presented by 
Ho in Fig. 6 (8)  for in  uitro hydrolysis in human plasma, did 
not describe the human blood concentration-time course for 
I and I1  as well as did the value0.6 h-l. This was taken as ev- 
idence that in uiuo hydrolysis is somewhat faster than that seen 
in uitro (9). 


The goals of the present study were: ( a )  to compare the 
conversion rates of I in  blood and plasma with those predicted 
from aqueous hydrolysis kinetics, ( b )  to estimate the value of 
the in  uiuo conversion constant using classical pharmacokinetic 
modeling, and (c) to compare the observed and predicted 
conversion rates with those previously reported. 


EXPERlMENTAL 


Analytical Methods -A  previously reported U V  differential assay was used 
to measure the conversion of I to I 1  in aqueous Tris buffers (10). Biological 
samples were assayed using reverse-phase HPLC. A fixed-wavelength U V  
detector and 20-pL sample injcctor loop were used in  conjunction with a 3-cm 
precolumn and 15-cm analytical column'. Sodium heptanesulfonate was used 
as an ion-pairing agent, and p-hydroxybenzoic acid was the internal stan- 
dard. 


Cells were separated from plasma by centrifugation2. Plasma proteins were 
precipitated with 40 p L  of 2Wo trichloroacctic acid/0.25 mL of plasma. The 
precipitate was removed by centrifugation, and thesupernatant was filtered 
using a microfilter with a 0.2-pm cellulosc filter membrane3. The filtered 
samples were assayed using one of three mobile phases at a flow rate of I .2 
mL/min. System A was 0.01 M acetic acid, 0.001 M sodium acetate, 0.005 
M sodium heptanesulfonate, and 6% v / v  methanol; the detcction wavelength 
was 254 nm. Systcm B was the same except that sodium acetate was 0.01 M. 
System C was identical to B except that 1 %  v / v  methanol was used, and the 
detection wavelength was 280 nm. 


The HPLC columns were preequilibrated with mobile phase for 12-24 h .  
Calibration curves were prepared daily from biological fluids spiked with 
known concentrations of I ,  11. 111. and the internal standard. Two linear plots 
of peak height ratios uersu.7 the known concentrations were prepared for each 
compound in therangesof 10-6-10-4and 10-4-5 X 


In  Vitro Kinetic Studies-Tris buffers were prepared by weighing the free 
base and hydrochloride salt into double-distillcd deionized water to give so- 
lutions of the following molar concentrations (base/acid): 0.01 6/0.084, 
0.061 /0.0388. and 0.08S/O.Ol56. Sodium chloride was added to adjust the 
ionic strength to 0.1 5.  which is the approximate value for plasma ( I  I ) .  Re- 
action solutions were maintained in closed water-jacketed beakers at 38OC. 
which is between the normal bcdy temperaturc of humans (37OC) and rabbits 
(38.8OC) (12). Reactions were initiated by introducing an aliquot of a stock 


I Model 332 Beckman Gradient Liquid Chromatograph wi th  Model I53  Analytical 
Detector and Altcx Ultras here octyl 5-pm column ( I  5 cm X 4.6 mm id.): Beckman 
Instruments, ~nc.. Irvine, &if..  * Eppendorf Centrifuge. Model 541 2; Brinkman Instruments, Westbury. N.Y.  


M .  


Microfilter (MF-I); Bioanalytical Systcms. West Lafayctte. Ind. 
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Table I-Concentrations of I, 11, and 111 in Blood Resulting from an 
Intravenous Bolus Dose of 1 (3.8 X mol/kg) in Rabbits a 


Table 11-Concentrations of 11 in Blood as a Function of Time from an 
Intravenous Bolus Dose in Rabbits 


Time, Concentration, lo5 M 
Kabbit h 1 I I  I l l  


I 0.06 117.33 (3.43)h - 
0.36 36.15 I .05 0.52 
0.57 23.66 1.13 1.02 
0.99 5.12 0.86 I .34 
I .so 
2.27 
2.78 


2.26 0.67 1.41 
I .07 0.45 I .01 
0.84 0.58 I .37 


3.17 I .03 0.47 I .so 
4.23 0.69 0.38 1.67 
5.15 
6.00 
6.93 


0.6 1 0.26 1.07 
0.38 0.24 I .07 
0.34 0.24 1.09 


2 0.05 159.75 (3.72)b - 
0.23 63.17 1.76 - 
0.39 
0.73 
0.92 
1.49 
2.00 
3.40 
4.30 
5.20 
6.10 


3 0.08 
0.27 
0.62 
I .oo 
I .49 
2.00 
3.42 
4.13 
5.02 


6.57 
5.85 


42.54 
22.43 
17.12 
5.54 


1.11  


0.6 1 


116.26 
40.13 
15.75 
7.1 I 
1.95 
0.99 
0.46 


0.36 


0.22 


- 


0.80 


- 


- 


- 


1.64 - 
I .4n - 
I .52 0.65 
I .23 1.15 
0.74 I .20 
0.58 I .68 
0.37 I .35 
0.25 1.31 
0.12 0.78 


(2.54) - 
1.74 - 
I .47 0.66 
I .56 0.93 
1.26 1.20 
1.06 1.16 
0.90 I .32 
0.88 2.46 
0.72 2.07 
0.70 I .69 
0.70 1.32 


Concentrations are in M and dose is mol/kg because these units, unlike mass per 
volume or body weight, are  meaningful in considering prodrug - drug stoichiometry. 


Data pints were not used i n  estimating k ,  as explained in the Resulrs. 


solution of I to give a reaction concentration of 8 X M. Samples were 
removed as a function of time and quenched with 0. I M IiCI. The reaction 
pH was measured before and after each kinetic r u n .  


Blood was obtained from heparinized rabbits4 ljia venipuncture of the 
marginal ear vein. Human venous blood was obtained from healthy volunteers 
and was heparinized. lleparin solutions were freshly prepared from the sodium 
salt because commercially available heparin injection USP contains methyl- 
and ethylparabens as preservatives; the parabens were observed to degrade 
to the internal standard, p-hydroxybenzoic acid. Blood which was not im- 
mediately used was refrigerated. 


Biological fluids were prepared from heparinized whole human blood which 
was diluted to 10, 20. and 37% v / v  i n  isotonic phosphate buffer. Human 
plasma and red blood cells were obtained from heparinized blood by centrif- 
ugation. Plasma was similarly dilutcd in isotonic phosphate buffer to 10,20, 
or 37% v/v.  while cells were diluted in  isotonic saline to 5, 10, and 18% v / v .  
Although dcamination of I I  has not been reported in human plasma, all 
dilutions of biological fluids were spiked with the deaminase inhibitor te- 
trahydrouridine to a final concentration of I X loe4 M as a precaution. Rabbit 
plasma and heparinizcd whole blood were diluted to 67% v/v with isotonic 
saline. One reaction ratc. measured in tetrahydrouridinc-spiked rabbit blood 
and in  unspiked diluted rabbit blood, showed no apparent change. 


These dilutions were maintained at  38OC in water-jacketed beakers, which 
were stirred and closed. Reactions were initiated by addition of a solution of 
I to a final concentration of -I X M. Aliquots were withdrawn a t  ap- 
propriate time intervals. Samples of whole blood and resuspended cells were 
immediately chilled on ice to quench the reaction, whereas plasma was 
quenched with trichloroacctic acid. Samples were prepared and assayed using 
the aforementioned HPLC procedures. The pH values of the solutions were 
determined at  frequent intervals. 


In Vivo Kinetic Studies-Kabbits4 were weighed and placed in a restraining 
cage5. Animals were heparinizcd (1000 U/kg of body weight) with freshly 
prepared heparin in sterile normal saline. A catheter attached to a sampling 
portb filled with 0.3 mL of 0. I %  (w/v) heparin in  normal saline was inserted 


New Zealand White male rabbits; King's Wheel Rabbitry, Mount Vernon, Ohio. 
Plar-l.abs. I.dnsing. Mich. 
Angiocath 22-gauge. I in.. and PRN Adapter: thc Dereret Co., Sandy. Ctah. 


Rabbit l a  Rabbit 2b Rabbit 3 c  
Time, Conc., Time, Conc., Time, Conc., 


h 105 M h 105 M h lo5 M 


0.06 5.96 0.06 33.88 
0.25 3.74 0.10 30.59 
0.5 I 2.10 0.23 17.85 
1.06 0.99 0.63 10.24 


2.60 0.4 I 1.16 6.9 I 
3.65 0.29 I .4n 5.39 
4.50 0.23 1.90 4.1 I 
5.40 0.19 2.25 3.33 


2.48 3.37 


I .55 0.82 0.85 8.84 


2.88 3.41 
3.35 1.68 
4.20 1.12 
5.00 0.72 


~ 


0.39 3.85 
0.60 2.69 
I .08 I .80 
2.00 1.05 
3.12 0.57 
4.36 0.34 
5.20 0.21 


Dose = 3.39 X mol/kg. * Dose = 2.06 X lO-'rnol/kg. Dose = 3.80 X 
mol/kg. 


into a peripheral ear artery. A sample of blood (3-5 mL) was withdrawn via 
the catheter after first removing and discarding the heparin solution and five 
volumes of blood totalling 1.5 mL. This preinjection blood sample was assayed 
as a blank and also used to prepare the standard curves with known amounts 
of internal standard and 1, II, and/or 111. After the blank was withdrawn, 0.5 
mL of 0.1% heparin was placed into the port. 


For each experiment, solutions of I,  11, or 111 in sterile normal saline were 
injected via the peripheral vein in the ear opposite to that of the arterial 
catheter. Samples of 0.5 mL were taken at  appropriate intervals via the arterial 
catheter using the procedure outlined above for the preinjection blood samples. 
The samples were placed in microcentrifuge tubes' containing 20 p L  of the 
internal standard solution (0.25 mg/mL) and 5 p L  of 0.2 M tetrahydrouridine 
and kept on ice until sample preparation was initiated. 


Three animals were used, each of which was given an intravenous bolus dose 
of 1. 11, and I l l  (Tables I, 11, and 111) with sufficient time between experiments 
to prevent residual blood levels from the previous study. Samples were assayed 
as described above for I ,  II. and 111. 


RESULTS 


Analytical Methods-The chromatographic characteristics of I, 11, and 
111 i n  the HPLC systems are summarized in Table IV.  Mobile phases were 
varied for each compound to optimize their distance from background inter- 
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Figure I -First-order plots for in vitro conversion of I in Tris bufler (pH 7.0). 
diluted human blood (20% v/v). and plasma (20% v/v)  at 38°C. 


' Micro test tubes. I .S-mL polyethylene: Brinkman Instruments. Westbury. N . Y  
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Table 111-Concentratiom of 111 in Blood as a Function of Time from an 
Intravenous Bolus L h e  in Rabbits 


Rabbit l o  Rabbit 2b Rabbit 3c 
Time, Conc., Time, Conc.. Time, Conc., 


h 104 M h 104 M h 104 M 


0.04 2.64 0.05 3.76 0.07 3.01 
0.59 I .05 0.24 2.3 I 0.40 1.32 
I .03 0.77 0.58 I .66 0.80 I .06 
1.58 0.57 1 .00 I .47 1.50 0.75 
2.01 0.49 I .80 1.25 2.00 0.66 
3.15 0.34 3.10 1 .OO 3.20 0.59 
4.02 0.24 4.00 0.85 4.40 0.57 
5.30 0.15 5.00 0.70 5.60 0.47 
6.02 0.10 


O D o s c =  1.02X 1 0 - 4 m o l / k g . b D ~ e =  1.38X 10-4mol/kg.CDose= l . O 2 X l O - '  
mol/kg. 


ference, and two wavelengths (254 and 280 nm) were used to increase sensi- 
tivity. The detection ranges are given in Table IV .  The lower limit of I l l  was 
somewhat higher than for I or I I  because of background interference near the 
solvent front where I l l  eluted (see capacity factors, Table IV).  


During sample preparation, the treatment of plasma with trichloroacetic 
acid, in  addition to precipitating plasma proteins. effectively quenched the 
conversion of I to I I  because I is relatively acid stable (10). This was confirmed 
by quantitativc recovery of I from spiked plasma. Trichloroacetic acid was 
not added directly to blood samples because the resultant cell lysis caused 
unacceptable background. Instead. blood samples were kept on ice until plasma 
was separated by centrifugation. To test the effectiveness of the ice-bath 
quench, synthetic mixtures of I and I I  were spiked into fresh rabbit blood in  
concentrations similar to those observed for the first three samples of the in- 
travenous prodrug studies (Table I )  and were maintained i n  an ice bath for 
periods of time which simulated actual experimental conditions. Controls 
containing equivalent concentrations of I i n  blood and in  Tris buffer (pH 7.4 
at 38OC) were similarly stored. All samples were then prepared and assayed 
as described under Experimenral. The mixture ( 1  . I  X 
M I I )  representing the first time p in t ,  which was stored for the longest period 
of I h, allowed <2% conversion of I to I I .  However, this produccd a peak height 
for I I  which was 70% of those observed for the controls. Therefore, the initial 
assays for I I  (labeled as footnote bin Table I) were not used. For the remaining 
mixtures and storage periods, the peak heights for I I  in the controls were < I  5% 
of that observed in the samples. The rest of the data for II in Table I were 
therefore used without correction. 


In  Vilro Conversion Kinetics-. Mass balance was confirmed by the sum 
of the time-dependent concentrations of I and 11; I l l  was not detected in any 
of the reactions. Good first-order plots were obtained for reactions in  Tris 
buffers and diluted whole blood according to: 


M I. 2.5 X 


In [ I ]  = In [lo] - k o h l  (Eq. 1) 


where 11) and [lo] are the concentrations of I at time I and zero and k o b  is the 
apparent first-order conversion rate constant (Fig. I). 


First-order plots using plasma data showed significant negative deviation 
(Fig. I ) .  This was due to an increase in pH with time, thus increasing the 
hydroxide-ion activity ( O O H )  which is the dominant catalytic species in  
aqueous solutions (10). To show that the rate in plasma was consistent with 
that for chemical hydrolysis. aOt1 was calculated from measured pH and in- 
corporated into: 


The resulting valuc for the bimolecular rate constant, kotl. agreed with that 
observed in aqueous solutions (10). 


Pharmacokinetics of II and Ill-The blood concentrationsof I I  (Table I I )  


Table IV-HP1,C Analyses for I,  11, and 111 in Biological Fluids 


Com- h~.". HPLC Capacity Detcction 
pound nm System Factors Ranges. 104 M c y ,  


I 264 A 6.8 I .O-30.0 4.0 
B 7.3 0.01 9- 19.0 2.0 


II 280 A 9.7 I .O -30.0 6.4 
C 13.7 0.01 0-4.0 3.9 


I l l  260 C 4.3 0.050-4.0 6.1 


0 U V  wavelength of  maximum absorptivity in 0.1 M HCI. Coefficient of varialion 
ak height ratios from five analyses of  rabbit blood samplcs containing 10 is based on 


Ncg/ml. of K c o m p o u n d  


, 0 5 b +  


I L 1 


2 


'"'h 3 l  


0 1 2 3 4 5 6 7 


Hours 


Figure 2-Time courses for  concenrralions of I (A). 11 (B), and 111 (0 )  fol- 
lowing administration of 3.8 X 10-4-mol/kg io doses of I to rabbits I ,  2, and 
3. Curues are based on NONLIN (13)Jts using Eqs. 5 6 .  and 7 for 1.11, and 
111. as described in Scheme 111. 


and 111 (Table 111) arising from rapid intravenous doses (D) of I I  and 111 were 
fitted using NONLIN ( I  3) and Eq. 3: 


which describes the time-dependent central compartment concentration (CI) 
according to a two-compartment open model (Scheme 11) where A l  and A2 
are the amounts of drug in the central and peripheral compartments and: 


The estimated parameters are given in Table V. 
Prodrug Pharmacokinetics--Attempts were made to describe the blood 


concentrations of I and I I  arising from doses of I (Table I) using four different 
models. The elimination ( k  10) and distribution (k12 and k2l) parameters of 
I I  were fixed at the values obtained from the NONLIN estimates using Eq. 
3 following an intravenous dose of I I .  The elimination and distribution pa- 
rameters of l ( k c ,  k'lo,  k'l2, k'21. and l"~) were adjusted by NONLIN. The 
four models differed in their routes for prodrug conversion. The simplest model 


A2 


A1 - D- 
Scheme I1 
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111, 


1 


Scheme 111 


allowed conversion from 11 to 111 only. In the other models conversion was set 
at 1 1  - 111 and I12 - 111 (seescheme Ill); 11 - l 1 1 , 1 2  - 1 1 1 ,  and I 2  - 112; 
or 1 1  - 111 and I2  - 112. NONLlN fits limitingconversion to 1 1  - 1 1 1  with 
or without 12  - 112 consistently underestimated the concentration of 11, while 
those using all three routes ( 1 1  - 111. 12 - 111 ,  and 12 - 112) significantly 
underestimated data for the terminal phase of 1 1 .  However, Eqs. 5-7, based 
on Scheme 111. yielded excellent fits to the blood concentration data for I and 
good fits for I 1  (Fig. 2): 


- a ’ ) ( k c  + k’21 + k’12 - a’)] e-.’,} (Eq. 6) 
’ - a’)(a - a’)@ - a’) 


where a’ and B’ refer to I and are defined as: 


where T is absolute temperature. The accuracy of Eq. 9 is generally good (10). 
The average deviation between calculated and observed rate constants in  
aqueous solutions is <20%. The line in Fig. 3 represents the calculated pH-rate 
profile for chemical conversion at 38OC, p = 0.15. using Eq. 9. Agreement 
with thc observed constants from studies in  Tris buffers (Fig. 3) substantiates 
the accuracy of the predictive equation. 


Each bimolecular rate constant from the three human plasma dilutions was 
multiplied by uotI for the median pH valuc of the run. The logarithm of these 
pseudo first-order constants, together with the k o b  values obtained in diluted 
human blood, red blood cells, and rabbit blood are shown in Fig. 3 as a function 
of pH. These data agree with those for chemical conversion. The slight positive 
deviations were independent of the concentration of biological fluid and solids 
in the dilutions. Therefore, it is concluded that the mechanism of prodrug 
conversion in  human and rabbit blood is chemical hydrolysis. 


The results of this study were compared with those in  the literature by ap- 
proximating first-order conversion rate constants from reported data 
using: 


k,,,  = In (Fr)/l, (Eq. 10) 


where F ,  is the reported fraction of [lo] remaining at the end of the incubation 
period, i,. This assumes first-order kinetics and constant pH and mass balance 
based on [ I ]  and [ I l l .  Based on this study, the first and last assumptions are 
probably valid. The logarithms of the calculated k s p p  values are plotted in Fig. 
3 a t  the reported pH. The data of Wang ei a/ .  (7) agree with the results ob- 
tained in this study, as do the Tris buffer studies of Ho (8). However the k,,, 
values calculated from the biological fluid data of Ho show a large positive 
deviation. 


An unequivocal explanation of the large positive deviation is not possible. 
However it is likely that chemical conversion continued after the incubation 
period, which would result i n  erroneously high rate constants. Ho employed 
ethanol to quench the reactions. The rate constants for conversion at room 
temperature in cleaned plasma (the supcrnatant of plasma treated wi th  eth- 


and a and P are defined in Eq. 4. Allowing unequal k ,  values for conversion 
of I 2  - 111 and 11 - 111 did not improve these fits. 


Thecommon method for calculatingf, the fraction of I 1  that is metabolized 
to Ill,  is to determine the area under the concentration-time curve for 111 
following an intravenous dose of I! (14). Since the duration of I11 was long 
relative to I and I1 and the research goalsdid not require an accurate assess- 
ment off, the terminal data for Ill were obtained only after intravenous doses 
of Ill.  The observed concentration-time course for I l l .  following an intrave- 
nous dose of I ,  was then described by reiteratingfvalues in: 


which is based on Scheme I l l  wherein a” and j3” refer to 111 as evaluated in 
Eq. 3.  All pharmacokinetic values were those previously obtained, while the 
value forfwas manually adjusted between its limits, 0 -<f 5 1. The best fits 
(Fig. 2 ) .  assessed by visual inspection, were obtained asfapproached 1 (Table 
V). 


DISCUSSION 
In  Vitro Conversion-The pH-rate profile for the hydrolytic conversion 


of I in the temperature range of 19-8OoC, at  ionic strengths ( p )  of 0.01 -1.5 
and pH values from 1 to 12 can be constructed by plotting the logarithm of 
the apparent first-order rate constant (kapp) calculated from Eq. 9 oersus 
pH: 


krpp (in h-l) = 1.74 X lor7 aOH 


+ 1.12 X loll exp{-IOI21/T] (Eq.9) T 


anol) were determined for comparison. These rate constants, shown in Fig. 
3, are similar to those based on data reported by Ho. but much larger than 
those predicted for hydrolysis at 3 8 O C .  The methods ofquenching used in this 
paper (acidification or chilling) were shown to be 100 and 98% effective, re- 
spectively. 


In Vivo Conversion-The kinetics of simultaneous hydrolysis and distri- 
bution in an isobutyl alcohol-aqueous acid two-phase transfer cell behave like 
the two-compartment open model shown in Scheme I 1  ( I  5 ) .  The time-de- 


Table V-Pharmrcokinetic Parameters of I,  11, and 111 


Rabbit 
Compound 1 2 3 


0.066(0.005) 
0.619(0.042) 
0.259(0.025) 
2.785(0.148) 
0.288(0.027) 
0.86 


1.063(0.2 12) 
0.633(0.122j 
1.433(0.167) 
0.420(0.058) 
0.60 
0.06‘ 


I .675(0.361) 
I .635(0.219) 
0.780‘ (0.1 10) 
O.29Oc (0.050) 
0.23 
1 .o 


0.09 I (0.0 17) 
0.402(0.070) 
0.42 l(0. I 13)  
1.938(0.142) 
0.301 (0.03 I )  
0.63 


3.551(1.427) 
2.096io.297 j 
2.025(0.620) 
0.343(0.12!) 
0.69 
0.08‘ 


4.074(0.157) 
I .500(0.045) 
0.74610.027) 
0.17s(o.o07j 
0.13 
0.9 


O.lOS(0.008) 
0.497(0.05 I ) 
0. I37(0.028) 
2.356(0.189) 
0.35 l(0.054) 
0.95 


I .459(0.7 19) 
1.434(0.261) 
1.243(0.601) 
0.41 3(0.2 18) 
0.5 I 
0.12‘ 


2.619(0.547) 
0.492(0.124) 
0.823(0.167) 
0. I 23i0.02sj 
0.10 
0.9 


“ From simultaneous NOlCLlN fits of concentration time courses for [ I ]  and I l l ]  
arising from an intravenous bolusdoseof I (Table I ) .  From NONLlN f i t  of [ I l l  time 
course followin an intravenous bolus dose of I I  (Table 1 1 ) .  Based on dose-iidjusted 
( 3 . 8  X mof//kg) ALC values for drug after inrravenous administration of prodrug 
(AUC@) and drug (AUCd) where c, the fraction of prodrug converted to drug. is 
$AbC@)/(AUCd) and values (in I0(mol.h/kg) arc: (4. I /64), (J.?/SS),and (9.0/74). 


From NONLlN f i t  of [Ill] limecoursearising from a n  intravenous bolusdoseof I l l  
(Table I l l )  except for/, which was estimated as described in the Hrsulrs. Value of 
NONLlN estimate after adjustment to accommodarc [ I l l 1  rime courx  arising from 
;in intravenous bolusdoseof I .  Reported value is uithin the 9Z%confidence inrcrv:iI of 
the original NONLlN estimate. 
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Figure 3-the pH-rate profile for the conuersion of I in rabbits (0) and in 
vitro. The line represents chemical conversion in  aqueous solution at 38°C. 
p = 0.15, calculated by Eq. 9. The in vitro rate constants are: (0) Tris buflers. 
diluted human red blood cells. blood. and plasma; (A) diluted rabbit blood; 
(m) human plasma treated with ethanol; calculated by applying Eq. 10 to 
the data of (0) Wang et al. (7) and (0)  Ho (8); (A) applied roo physiological 
pharmacokinetic model by Himmelstein and Gross (9). 


pendent concentrations in the aqueous phase were described by Eq. 3, which 
employed the first-order rate constants for distribution (k lz  and k21) and 
hydrolysis (klo) .  Hydrolysis rate constants (kh) measured independently in 
aqueous acid controls agreed with the k l o  values, which were dependent on 
acid concentration but independent of stirring rate, which increased k 1 2  and 
k21. Thus, the hydrolysis rate constant can be calculated from the biexpo- 
nential aqueous phase data using Q. 3 without any knowledge of the volumes 
in the transfer cell. The application of an in uitro hydrolysis rate constant to 
an in oioo classical pharmacokinetic model would require the achievement 
of a constant homogeneous apparent volume of distribution in  a manner 
kinetically analogous to the transfer-cell experiments. Thus, i f  a chemically 
reversing prodrug were uniformly distributed in a fixed aqueous volume (such 
as extracellular fluid) with little tissue or plasma protein binding, one would 
expect its in oitro conversion constant to agree with the mechanistically related 
in uioo pharmacokinetic microconstant. A priori, ancitabine ( I )  appeared to 
possess the pharmacodynamic properties required to demonstrate such a 
correlation. It  does not readily enter cells or deposit into fat (16-18) and its 
in oioo conversion is chemical hydrolysis. 


It was not possible to achieve this result with data from rabbits. Although 
the in oiuo conversion constants (k , )  agree with those for chemical hydrolysis 
(Fig. 3). the model of best fit required conversion of both 1 1  and 12 to 111. A 
physiological interpretation of the resulting model (Scheme 111) is not possible. 
The average model-independent Vd value for I (calculated from CL/@ is 2.9 
L/kg, which is larger than that for I I  (1.4 L/kg) and much greater than the 
total body water (0.7 L/kg) for rabbits (19). Thus, one (or more) of the re- 
quirements for a meaningful correlation is absent, and the observed agreement 
between the in oioo and in oitro hydrolysis rate constants must be regarded 
as fortuitous. 


In Fig. 3, the rate constant successfully used by Himmelstein and Gross 
(9) shows a large positive deviation from the rate constants for chemical, in 
oitro (blood), and in oiuo (rabbit) conversion. An increased value for the in 
oioo rate constant over the initial in vitro estimate based on the results of Ho 
caused the authors to conclude that hydrolysis occurs somewhat faster in oiuo. 
Anqther explanation for the successful prediction of conccntration-time 
profiles of I and I I  in humans using high k ,  estimates in  the physiologically 


based model might be that the distribution volume for I was underestimated. 
Since. the apparent first-order rate constant is always multiplied by the volume 
of the specific rissue to obtain a corresponding clearance value, an underes- 
timate in thc total volume of distribution would require an overestimate in 
the conversion constant in order to describe the data. The volume of distri- 
bution for I .  which was unknown in humans, was assigned a value equal to that 
for I I .  The average Vd for I i n  rabbits is twice the value for I I .  Thiscould ex- 
plain the successful fit obtained with the high hydrolysis rate constant i f  the 
same trend holds in humans. Thus, the conclusion that in uiuo hydrolysis is 
somewhat faster than hydrolysis in oitro was speculative. No conformatory 
evidence of facilitated in oioo conversion was found in the present study. While 
both the physiologically based model and the classical model described the 
in oiuo data. neither was based on physiological actuality. 


The hypothesis that prolonged duration of I is due to the slow hydrolytic 
conversion of I to I I ,  as proposed by Ho (8) and supported by Himmelstein 
and Gross (9), is corroborated by the present study. The terminal half-life of 
I I  from an intravenous doseof I (Fig. 2, average 10.5 1 5 h) is three times that 
observed following an intravenous dose of 11. 
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and palmitic acids. Therefore, the slow fluorescence decrease up to the free 
fatty acid/albumin ratio of -2 and the faster decrease after that could not 
be explained by the simple competition. Santons and Spector (1 3,14) inves- 
tigated the effects of free fatty acids on the binding of I to human or bovine 
serum albumin. They found that the fluorescence of I was enhanced when 5 2  
mol of palmitate were added to 1 mol of human albumin, but larger amounts 
of palmitate produced a reduction in the fluorescence of I; with bovine and 
rabbit albumins, palmitate in all concentrations only reduced the fluorescence 
of I. The present result with rat albumin is similar to those with bovine and 
rabbit albumin. 


Correlation Between the Free Fraction of I and those of Various Acidic 
Drugs-Figure 6 shows the correlation betweenf1 and the free fractions of 
various acidic drugs. There are highly statistically significant positive corre- 
lations in all cases. Warfarin and phenylbutazone were especially well cor- 
related with I, r L 0.9. Such high correlations are reasonable when considering 
that warfarin and phenylbutazone reportedly competitively inhibit the binding 
of I to bovine serum albumin (1 5). The correlation coefficients between the 
free fractions of all drugs are listed in Table 11; there is a statistically significant 
positive correlation between the free fraction of any pair of drugs. 


This finding suggests that we can probably estimate the degree of plasma 
binding of such acidic drugs by knowing that of I. However, it must be kept 
in mind that the free fractions of various drugs obtained in the present study 
using dilute plasma samples do not necessarily represent the in vivo free 
fraction. To be able to employ this method using I as a clinical test, therefore, 
it would be necessary to determine the plasma bindings of various drugs using 
undiluted human plasma and examine the correlations between the free 
fractions of these drugs and that of I. However, the fluorescence method using 
I, which we have presented herein, has the advantages that it takes a short time 
(5-10 min) and needs a very small amount of plasma (<0.1 mL) to measure 
the free fraction of I. 


Note added in proof: Heparin was used to prepare rat plasma in this study. 
The effect of heparin injection on plasma protein binding of I was subsequently 
studied and was reported (16). 
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Abstract 0 The interaction of doxorubicin with nuclei isolated from rat liver 
and kidney was studied by fluorospectrometry. The nuclei had at least two 
different types of binding sites for the drug. Both Mg2+ and Ca2+ competi- 
tively inhibited the binding of doxorubicin to the nuclei, which showed a re- 
markable temperature dependency. No significant difference was observed 
between the numbers of binding sites (n = 6.70 X mol/mol of DNA for 
liver; 6.41 X lo-* mol/mol of DNA for kidney) or the affinity constants (K. 
= 4.85 X lo5 M-’ for liver; 5.41 X lo5 M-l for kidney) under quasi-physio- 
logical conditions. These results obtained from in vitro binding experiments 
support previous suggestions that the differences in the in uivo distribution 
of doxorubicin among tissues are not due to differences in the nuclear binding 
of the drug. The amount of nuclei per gram of tissue is the primary determi- 
nant of the characteristic tissue distribution of doxorubicin. 


Keyphrases Doxorubicin-interaction with nuclei isolated from rat liver 
and kidney, binding, distribution 0 Binding-interaction of doxorubicin with 
nuclei isolated from rat liver and kidney, distribution 0 Nuclei, liver and 
kidney-interaction with doxorubicin, rats, binding, distribution 0 Distri- 
bution-interaction of doxorubicin with nuclei isolated from rat liver and 
kidney, binding 


Doxorubicin, an anthracycline antibiotic, has cytotoxic and 
antineoplastic activities and inhibits both enzymatic RNA and 
DNA synthesis by intercalating with DNA (1). The tissue 
distribution of doxorubicin has been studied extensively in 
humans and laboratory animals, but the mechanism of its 
distribution in such tissues as liver, kidney, and muscle has not 


been elucidated (2-6). The tissue distribution of this drug is 
generally thought to be related to the affinity for the tissue 
binder, the concentration of binder, and the permeability across 
the plasma membrane. 


The interaction of doxorubicin and other derivatives with 
DNA or chromatins isolated from tumor cells, calf thymus, 
and cultured lung cells has been studied by several methods 
(7-10). Although the binding of the drug to native DNA has 
been extensively studied, little information has been obtained 
on its intercalation with nuclei isolated from normal tissues. 
Moreover, it has been suggested that doxorubicin also interacts 
strongly with the negatively charged phospholipid, cardiolipin 
(1 1). In addition, it was revealed that tumor cells may have a 
carrier-mediated influx system and an active efflux mechanism 
(1 2). Previously, a good correlation between the in vim tis- 
sue-to-plasma partition coefficients for doxorubicin in several 
tissues and the amounts of nuclei per gram of tissue in rats and 
rabbits was demonstrated, suggesting that there is little or no 
difference in the nuclear binding of the drug among tissues 
(13). 


The purpose of this study was to determine the in vitro 
binding characteristics of doxorubicin with isolated nuclei from 
rat liver and kidney in an attempt to elucidate the mechanisms 
by which the in vivo tissue distribution of the drug occurs. 
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Concentration of nuclei, M 
Figure 1-Effect of nuclear binding on the fluorescence intensity of doxo- 
rubicin. The concentration of nuclei is expressed in terms of a nucleotide. A 
nucleotide molecular weight of 330.9 was used to determine DNA concen- 
tration (as nucleotide) as the sodium salt. 


EXPERIMENTAL 


Materials--Doxorubicin hydrochloride' was stored in the dark in a desic- 
catorat4°C.Solutionsofthedrug(2 X 10-6-5 X 10-4M) in405mMsucrose 
were freshly prepared immediately before use. Calf thymus DNAZ and yeast 
RNA2 (type XI )  were used as standards for the determination of DNA and 
RNA concentrations in  the tissue and nuclei. Micrococcal nuclease3 was used 
for the preparation of chromatin. All other reagents were commercial products 
of analytical grade. 


Preparation of Nuclei and Chromatin-Male Wistar rats4, weighing 
250-270 g, were used as liver and kidney donors. Nuclei and chromatin were 
prepared essentially according to the procedure of Sugano et al. (14). except 
that I mM magnesium chloride was added to the isolation buffer to prevent 
the aggregation of nuclei. No detergent was added to the buffer. The resulting 
nuclear pellet was suspended in buffer (pH 7.4) containing 340 mM sucrose, 
60 mM potassium chloride. 15 mM Tris, 15 mM 2-mercaptoethanol. I mM 
calcium chloride, 1 mM magnesium chloride, and 0. I mM a-toluenesulfonyl 
fluoride. The integrity of isolated nuclei was examined microscopically after 
staining with 1.0% orcein-45% acetic acid solution. The yield of nuclei was 
20-30"o. 


Binding Experiments--The binding studies of doxorubicin to nuclei were 


0 0.5 1 .o 1.5 
Concentration of doxorubicin, M 


Figure 2- Representative calibration curves for the binding ojdoxorubicin 
to nuclei isolated from rat liver. Key: (0) without nuclei; (a) with nuclei. 
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Figure 3-Scatchard plot of data for the binding of doxorubicin to nuclei 
isolated f rom the rat liver. The binding study was performed at 37°C in 
quasi-physiological buffer. The concentration of nuclei was 4.0 X 10-5-4.6 
X M a s  DNA. The line was calculated for the high-afflnity binding site 
by the SALS method using a digital computer (see text). Key: (0. 0 .  0) 
observed values f rom three independenr experimenis. 


performed by spectrofluorometric titration in a fluorospectrometer'. Aliquots 
(2-1OpL) of freshly prepared doxorubicin stock solution (2  X 10-6-5 X 
M), up to a 150-pL total sample volume, were added to the cuvette filled with 
3 mL of nuclei (2 X 10-5-5 X lo-' M as DNA) in a quasi-physiological buffer 
(pH 7.0) solution containing 135 mM sucrose (which was added to inhibit 
the swelling of nuclei), 20 mM Tris, 50 mM sodium chloride, 100 mM po- 
tassium chloride, 1 mM magnesium chloride, and l mh4 calcium chloride (1 5 ,  
16). The solution was stirred with a glass rod after each addition, and the 
fluorescence was measured at 590 nm (excitation at  500 nm) at  10 min (at 
37OC) or 30 min (at 7OC) after the addition of the drug. The fluorescence 
intensity of doxorubicin decreased with increasing amount of nuclei added 
(Fig. I ) ,  as reported for the interaction of anthracycline antibiotics with DNA 
and chromatins (7). and the fluorescence intensity (I) of the drug binding to 
the nuclei can be expressed by: 


I = q&f + qbcb (Es. 1) 


r u 


z 
V 
\ 


V 
n - 


0 4 8 x10-2 
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Figure 4-Scatchard plot /or the effect of temperature on the binding of 
doxorubicin to isolated liver nuclei. The concentration of nuclei was 2.2 X 
lo-' M as DNA. Lines were fitted by the SALS method using a digital 
computer. Key: (0) observed calues at 7°C: (- - -) calculated line at 37°C from 
Fig. 3 for comparison. 
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Table I-Characterization of Nuclei Isolated from Rat Liver and Kidnev 


Liver Kidney 
Ratio of Ratio of 
Nuclei/ Nuclei/ 


Homogenate Nuclei" Homogenate Homogenate Nuclei" Homogenate 


RNAb/DNAc 7.36 0.289 0.039 3.04 0.132 0.043 
Proteind DNAC 108 .o 2.95 0.027 68.0 1.93 0.028 
Yield (%{ 25.8 21.6 


a Obtained from four independent experiments. RNA was extracted by the method of Schneider (17) and determined by the orcinol method (19). DNA was extracted in 
the same manner as described for RNA and determined by the method of Burton (18). d Protein was determined according to Lowry et al. (20) with bovine serum albumin (Fraction 
V) as the standard. 


where qf and q b  are the quantum yields of free and bound doxorubicin and 
Cf and cb are the concentrations of free and bound drug, respectively. The 
total concentration (C,) of doxorubicin is given by: 


ct = C f +  cb (Eq. 2) 


The procedure for estimating the quantum yield of drug bound to nuclei is 
presented in the Appendix. Representative calibration curves, determined 
for each experiment, are shown in Fig. 2. 


The apparent binding constants were calculated by means of the following 
equation using Cf and c b  obtained from Eqs. 1 and 2: 


(CbfCN)/Cf = nKa - Ka(Cb/CN) (Eq. 3) 


where CN is the concentration of nuclei as DNA, n is the number of binding 
sites, and Ka is the affinity constant. To check the degradation of doxorubicin 
during the binding experiments, the amount of drug in the nuclear suspension 
before and after incubation was determined by TLC scanning, as reported 
previously (1 3). 


Analytical Methods-The concentration of nuclei was expressed as that 
of nucleotide. The molecular weight of 330.9 (the average molecular weight 
for a nucleotide) was used to determine DNA concentration as the sodium 
salt. DNA in the tissue and isolated nuclei was extracted according to the 
procedure of Schneider (17) and determined colorimetrically by the method 
of Burton (18). RNA was extracted in the same manner as described for DNA 
and was determined by the orcinol method (1 9). Protein was determined ac- 
cording to the procedure of Lowry et al. (20) with bovine serum albumid as 
the standard. 
Data Analysis-The data were analyzed by a least-squares method using 


a digital computer7. The SALS program (21) was used for the calibration 
curves and the calculation of the binding parameters of the Scatchard 
plots. 


RESULTS 


Characterization of Isolated Nuclei-From microscopic observations of 
nuclei prepared from the liver and kidney, both preparations were confirmed 
to be unaffected by the isolation procedure, and only slight cytoplasmic con- 
tamination was observed. The RNA/DNA and protein/DNA ratios of tissue 
homogenate and isolated nuclei were compared (Table I). Since no significant 
metabolism of doxorubicin was observed during the period of the spectro- 
photometric study, contamination of nuclei with microsomal and/or cyto- 
plasmic enzymes appeared to be negligible. 


Scatchard Analysis of Doxorubicin Binding to Liver Nuclei-A Scatchard 
plot of doxorubicin binding to liver nuclei based on three independent exper- 
iments is shown in Fig. 3; reproducibility was good. The curvature of the plot 
suggests the existence of at least two classes of binding sites. The binding 
parameters for the high-affinity sites obtained in the lower drug concentration 
range (9 X 10-8-4 X M) by the least-squares method were Ka = 4.85 
X lo5 M-I and n = 6.70 X mol/mol of DNA. However, it was difficult 
to calculate meaningful binding parameters for the low-affinity sites, since 
the high inner filter effect of doxorubicin made it difficult to use higher drug 
concentrations in the binding experiments. The number of high-affinity 
binding sites is comparable to the value of 8 X lo-* for the binding of dau- 
nomycin to chromatin prepared from Ehrlich ascites tumor cells, as reported 
by Sabeur et af. (7). However, the affinity constant obtained for nuclei showed 
a large difference from their value (5 X 106 M-') (2), which might be due 
to differences in both temperature and buffer composition. 


Effect of Temperature-Figure 4 shows Scatchard plots of the temperature 
dependency of doxorubicin binding to nuclei. The calculated binding constant 
a t  7OC was Ka = 2.76 X lo6 M-I, and the number of binding sites was n = 
5.97 X mol/mol of DNA. This number of binding sites is similar to that 


Fraction V. Sigma Chemical Co., St. Louis, Mo. ' HITAC M:ZOOH; Hitachi, Tokyo, Japan. 


observed at  37'C (6.70 X but there appeared to be a remarkable 
temperature dependency of the affinity constant, K,. The calculated enthalpy 
change was -10 kcal/mol. 


Effect of Magnesium and Calcium Ions-To examine the effect of divalent 
metal ions on doxorubicin binding to liver nuclei, the binding was studied in 
the absence of 1 mM Mg2+ or Ca2+ in the buffer. The Scatchard plots of 
doxorubicin binding to liver nuclei are shown in Fig. 5a for Mg2' and in Fig. 
5b for Ca2+. Both divalent metal ions decreased the affinity constant, but did 
not change the number of binding sites. The affinity constant and the number 
of binding sites, calculated by the least-squares method, for the high-affinity 
binding sites in divalent metal ion-free buffer were Ka = 8.39 X lo5 M-I and 
n = 6.03 X mol/mol of DNA, respectively, without MgZ+, and Ka = 6.67 
X lo5 M-' and n = 6.44 X 10-2mol/mol of DNA, respectively, without Cazf. 
No remarkable decrease in K, was observed at two- or threefold higher con- 
centrations of these divalent ions. 


Effect of pH-Since different intracellular pH values (pH 6.8-7.4) among 
various tissues have been reported (22), the effect of the buffer pH on doxo- 
rubicin binding to liver nuclei was studied over the pH range of 6.4-8.0. As 
shown in Fig. 6, a small difference appears to exist, but this may not be sig- 
nificant. 


Comparison of Doxorubicin Binding to Nuclei and Chromatin Isolated from 
Liver-Figure 7 shows the Scatchard plots of drug binding to nuclei and 
chromatin prepared from the liver nuclei. The affinity constant for chromatin 
in 10 mM Tris buffer at  37OC (pH 7.0) was 2.65 X lo6 M-*, and the number 
of binding sites was 7,59 X 10-2 mol/mol of DNA. The numbers of binding 
sites to nuclei (Fig. 3) and to chromatin (Fig. 7) are very similar. When dox- 
orubicin binding to chromatin was examined under the same conditions as 
employed for nuclei (Fig. 3), aggregations of chromatin occurred which might 
be caused by the high cation concentration (23). Since a homogenous dis- 
persion of chromatin could not be obtained in the physiological buffer, the 
Tris buffer was used. However, there seemed to be little difference in the 
binding characteristics of the drug between nuclei and chromatin. 


Comparison of Doxorubicin Binding to Nuclei Isolated from Liver and 
Kidney-To determine whether the binding characteristics of doxorubicin 
to nuclei are different among different tissues, the binding of the drug to nuclei 
isolated from kidney, as well as liver, was examined. The results of the anti- 
biotic binding to kidney nuclei are shown in Fig. 8. The calculated affinity 
constant was 5.41 X lo5 M-I, and the number of binding sites was 6.41 X 
mol/mol of DNA. Little difference was observed in these parameters between 
nuclei isolated from the liver (K, = 4.85 X lo5 M-I, n = 6.70 X mol/mol 
of DNA; Fig. 3) and kidney under the same conditions. 


DISCUSSION 


It is well known that the concentrations of doxorubicin after intravenous 
administration show large differences among tissues (2-6). We have studied 
the mechanisms of this characteristic tissue distribution on the basis of the 
working hypothesis that the amount of nuclei per gram of tissue is the pre- 
dominant factor and, therefore, the differences in the binding characteristics 
among tissues are probably negligible (13). In this study, the in vitro binding 
characteristics of doxorubicin to nuclei isolated from the rat liver and kidney 
were examined in an attempt to prove that these assumptions are valid. 


Both the integrity and purity of nuclei are known to be important deter- 
minants of the in uitro binding of doxorubicin. In this study, the ratios of 
RNA/DNA and protein/DNA (Table I) are comparable to those reported 
for liver chromatin by Spelsberg and Hnilica (RNA/DNA ratio = 0.1; pro- 
tein/DNA ratio = 2.2) (24), and no significant aggregation of the isolated 
nuclei was observed by microscopic examination. Thus, the nuclei prepared 
in this study were thought to be suitable for the binding study of doxorubicin. 
Moreover, the chromosomal proteins, which were suggested to inhibit the 
interaction of homidium bromide and dactinomycin, bind tightly to DNA (25, 
26). Therefore, the release of those important proteins might be negligible 
in this mild isolation procedure. Since nuclei are the dominant organelles 
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Figure 5-Scatchardplots for the eflectsof Mg2+ (a) and Ca2+ (b) on the binding of doxorubicin to nuclei isolaied from the rat liver at37"C. The concentration 
of nuclei was 4.3 X lo-' M a s  DNA in each study. Lines were fitted by lhe SALS method usinga digital computer. Key: (0) in the bufler without Mg2+ 
or Ca2+; (- - -) calculated line f rom Fig. 3 for comparison. 


associated with the intracellular localization of doxorubicin (27). slight con- 
tamination by cytoplasm might not affect the binding parameters. 


The results obtained from the nuclei and chromatin binding studies (Figs. 
3-8). suggest that both the temperature and buffer contents are more im- 
portant determinants than is the medium pH. Two binding sites have been 
reported for daunomycin binding to DNA; one site is a hydrophobic site which 
binds the antibiotic aglycone with successive base pairs of the double helix, 
the other site binds daunomycin by an electrostatic interaction involving the 
DNA phosphate groups and the daunomycin amino group. Data in Fig. 3 also 
support the existence of at least two binding sites. Another possible interaction 
by means of hydrogen bonding has also been proposed (28). It has been re- 
ported that divalent cations such as  Mg2+ and Ca2+ interact with the phos- 
phate groups of DNA (29). In this study, typical competitive inhibition by 
both Mg2+ and Ca2+ was observed in the nuclear binding of doxorubicin (Fig. 
5 ) .  Accordingly, the present results support the proposed mechanism that the 
drug binds predominantly to DNA by an electrostatic interaction with 
phosphate groups. 


No significant pH dependency of doxorubicin binding to nuclei was observed 
over the pH range studied (pH 6.4-8.0) (Fig. 6), which might be due to the 
complete ionization of the primary phosphate groups of DNA over this pH 
range. This result is in agreement with the finding that Ca2+ showed a constant 
binding to DNA over the pH range of 5.0-9.5 (29). Consequently, it is con- 
sidered that doxorubicin binding to nuclei might not be affected by the tissue 
differences of intracellular pH in the physiological region (22). 
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Figure 6-Scatchardplois of the effect of pHon the binding of doxorubicin 
io nuclei isolated from the rat liver. The bindingstudy was performed at 37°C 
in quasi-physiological bufler. The conceniraiion of nuclei was 4.6 X lo-' 
M a s  DNA in each study. Key: (0) pH 8.0; (0) p H  6.4; (- - -) pH 7.0. taken 
from Fig. 3 for comparison. 


A previous study (1 3) demonstrated that the in viuo tissue-to-plasma par- 
tition coefficient of the kidney was 1.5 times greater than that of the liver. 
However, in the current study no significant difference was observed between 
the numben of binding sites (n = 6.70 X mol/mol of DNA for liver, 6.41 
X mol/mol of DNA for the kidney) or the affinity constants (K. = 4.85 
X lo5 M-' for the liver, 5.41 X lo5 M-I for the kidney). Thus, the working 
hypothesis that the binding of doxorubicin per nuclei is constant among various 
tissues is supported. 
As shown in Fig. 7, the degree of drug binding was similar to nuclei and 


chromatin. Since chromatin prepared by the procedure employed in this study 
had a negligible amount of nuclear membrane (14). it is probable that the 
binding to nuclei reflects the binding characteristics to nuclear DNA rather 
than to nuclear membranes. Furthermore, the nuclear membrane has nu- 
merous nuclear pores (average diameter, 90 nm) (30). so it is unlikely that 
the membrane permeability is an important determinant of doxorubicin 
binding either in vivo or in viiro, in view of the molecular weight of the 
drug. 


A quasi-physiological buffer, which has been proposed to provide the best 
possible conditions on the basis of morphological examination of isolated nuclei 
and the intracellular concentrations of ions (15, 16). was used as the buffer 
for the binding study. Thus. the values of nuclear binding parameters (Figs. 


'b"N 
Figure 7-Scatchard plots for the binding of doxorubicin to nuclei and 
chromaiin prepared f rom rat liver nuclei. The binding was studied in two 
different concentraiions of buffer ai 37°C. The solid line wasjitied by ihe 
SALTmethod usinga digitalcomputer. Key: (A) I0 mM Tris (pH 7.0. cott- 
centrationofnuclei was2.2 X 10-5Mas  DNA);(A) 135mMsucrose. 10mM 
Tris. 50 mM sodium chloride, 100 mM potassium chloride, I mM magne- 
sium chloride. and I mM calcium chloride (concentration of nuclei was 6.5 
X 10-5 as DNA); (- - -) binding curve for liver nuclei, taken from Fig. 3. 
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ingly, the quantum yield of bound doxorubicin (qb) can be calculated from 
Eq. 6. 
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Figure 8-Scutchard plot of data for the binding of doxorubicin to nuclei 
isolated from the rat kidney. The concentration of nuclei was 3.7 X 10-5 M 
as DNA. The line was f i r  ted by the SALS method using a digital com- 
puter. 


3 and 8) obtained in this in vitro study might be comparable with those under 
in uiuo conditions. However, further detailed study would be necessary to 
elucidate whether these results on in vitro nuclei actually reflect the in uiuo 
binding. 


In conclusion, no difference in the nuclear binding of doxorubicin was 
demonstrated between the liver and kidney, suggesting that the amount of 
nuclei per gram of tissue is the primary determinant of the characteristic tissue 
distribution of this drug. 


APPENDIX Estimation of Quantum Yield of Doxorubicin Binding to 
Nuclei 


Rearranging Eq. 3 gives: 


(Cb/Cf) = nKaCN/(I + KaCd (Eq. 4) 


According to Eq. 4, in the presence of an excess amount of nuclei doxorubicin 
is bound completely to nuclei. 


Since the fluorescence intensity ( I )  of doxorubicin decreases with increasing 
amount of,nuclei added, I gives the minimum value (Imin) when the drug is 
bound completely to nuclei, and the maximum value (Imax) is obtained in the 
absence of nuclei. The quantum yields of free (q r )  and bound (qb)  drug are 
defined as: 


qi = ImaJCt (Eq. 5) 


q b  = fmiJCt (Eq. 6) 


where C, is the total concentration of doxorubicin. Substituting Eqs. 5 and 
6 into Eq. 1 gives: 


I = (ImaxCf + IminCb)/Ct (Eq. 7) 


(Cb/Cf) = nKaCN (Eq. 8) 


(Eq. 9) 


When K,Cf << 1, Eq. 4 is reduced to: 


Substituting Eqs. 2 and 8 into Eq. 7 gives: 


I = (Imax 4- IminnKaCN)/(l -k nK&N) 


Thus, rearranging Eq. 9 gives: 


A plot of I uersus (I,,, - I ) / C N  should y,ield a straight line. The intercept 
ofdhe ordinate gives Imin, and the reciprocal of the slope gives nK,. Accord- 
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Abstract  0 The vaginal absorption of leuprolide (a potent luteinizing 
hormone-releasing hormone analogue), which has the potential for pro- 
ducing regression of hormone-dependent tumors as well as high gona- 
clotropin-releasing and ovulation-inducing activities, was evaluated in 
rats b.y radioimmunoassay. Gonadotropin (luteinizing hormone and 
lollirlc-stimulating hormone) release was concomitantly determined. 
Although leuprolide disappeared rapidly from the serum after intrave- 
nous administration (the biological half-lives were 8.4 min in the tr-phase 
and 33.2 min in the fl-phase), long-lasting serum levels were observed 
when the analogue was administered vaginally. The vaginal absorption 
was enhanced by adding citric acid to the test solution. The absolute 
bioavailability, estimated by the AUC of serum leuprolide levels, was 
25.8% over 6 h and 38.Wo over 12 h in the 5% citric acid solution (pH 3.5). 
The sustained release of gonadotropin was also obtained after vaginal 
administration of the analogue. A linear dose absorption correlation of 
leuprolide was obtained in the range of 10-1000 pglkg in an aqueous so- 
lution or methylcellulose jelly. The release of' gonadotropin showed a 
plateau level a t  > I0  pglkg, which corresponds to an effective dose for 
antitumor activity. The vaginal absorption of leuprolide varied with the 
estrous cycle, but this effect was eliminated by prior subcutaneous pre- 
treatment with the analogue. 
Keyphrascs 0 Leuprolide-vaginal absorption in rats, gonadotropin 
responses, effect of the estrous cycle, radioimmunoassay Gonadotropin 
response-Ieuprolide in rats, vaginal absorption, effect of the estrous 
cycle, radioimmunoassay Estrous cycle-effect on the vaginal ab- 
sorption of leuprolide in rats, ganadotropin responses, radioimmuno- 
assay 


Leuprolide (I), a potent luteinizing hormone-releasing 
hormone (11) analogue (desGlylo-D-Leu6-II ethylamide), 
has high gonadotropin-releasing and ovulation-inducing 
activities (1,2). Recently, multiple high doses of leuprolide 
were found to effect regression of hormone-dependent 
mammary tumors (3,4) and to have birth control potential 
in both sexes (5-8). 


In our previous studies (9-ll), investigations were 
conducted on the various routes of leuprolide adminis- 
tration for long-term therapy or convenient self-admin- 
istration and on the absorption enhancement by assessing 
the ovulation-inducing activity in rats. We found that 
vaginal absorption was good and was enhanced by adding 
organic acids such as citric or succinic acid to the test so- 
lution. Although the estrous cycle influenced the vaginal 
absorption of phenolsulfonphthalein and insulin (used as 
hydrophilic markers), this influence was eliminated by a 
consecutive daily subcutaneous pretreatment with the 
analogue. Thus, the vaginal application of leuprolide was 
proposed as a practical route for long-term usage. 


In the present study, we used a newly developed radio- 
immunoassay (RIA) for leuprolide (12) to investigate the 
pharmacokinetics of the analogue after intravenous ad- 
ministration, vaginal absorption, absorption enhancement, 
dose-absorption correlation, and the effect of the estrous 


cycle on vaginal absorption. Gonadotropin [luteinizing 
hormone (111) and follicle-stimulating hormone (IV)] re- 
lease after vaginal administration of leuprolide was also 
determined by the RIA. 


EXPERIMENTAL 


Animals and  Materials-Mature female Sprague-llawley rats', 
120-150 d of age, 250-330 g, which exhibited two or more consecutive 4-d 
estrous cycles were used. Leuprolide was administered to rats in the 
morning during the diestrus, except when studying the effect of the es- 
trous cycle. Leuprolide was prepared as described previously (2) and was 
dried a t  50°C under vacuum for 5 h before use. The analogue contained 
6.270 acetic acid (as salt) and 2.5% water. 


Radioirnrnunoassay of Leuprolide and  Gonadotropin-Serum 
levels of leuprolide were determined in duplicate by the douhle-antibody 
RIA method reported previously (12). The serum sample or standard 
solution (0.2 mL) was mixed with 0.4 mL of 1% bovine serum albumin2- 
0.01 M phosphate-buffered saline (pH 7.0), 0.2 mL of rabbit anti-leu- 
prolide serum diluted 1:10,000 in 1% bovine serum albumin-phos- 
phate-buffered saline (pH 7.0) containing 0.05 M EDTA, and 0.1 mL of 
[ lSII]leuprolide in 0.1% bovine serum albumin-phosphate-buffered d i n e  
(pH 7.0). After 48 h of incubation at 4"C, 0.2 mL of an appropriate dilu- 
tion of goat anti-rabbit y-globulin serum3 (0.05 mL) and normal rabbit 
serum? (0.15 mL) in the buffered saline solution was added to each tube 
and the contents were mixed. Following an additional 24-h incubation 
a t  4"C, the tube was centrifuged a t  lOOOXg for 30 min, the supernatant 
aspirated, and the precipitate counted in an automatic gamma- 
counter4. 


Iodination of leuprolide was performed by the lactoperoxidase method 
(13). ['31I]Leuprolide was purified by gel filtration5 with 0.2 M acetic acid 
as eluant. The specificity, sensitivity, and accuracy of the RIA for leu- 
prolide have been described and characterized previously (12). The 
minimum measurable amount of the analogue using the antiserum was 
-5 pg/tube (range: 5-10,000 pgkube); the CV was <11.2% (50-1000 
pg/tube) intra-assay and <19.2% (50-1OOO pg/tuhe) interassay. 


Gonadotropins (111 and IV) in rat sera were also determined in dupli- 
cate by double-antibody KIA (14. 15) using kits6. Values are expressed 
in terms of the standard rat gonadotropins, NIAMDD-Rat-LH (RP-1) 
and NIAMDD-Rat-FSH (RP-1). The measurable range of both gona- 
dotropins in this system was 1-800 ng/tube. The serum samples, stored 
a t  -20°C until assayed, were diluted to an adequate concentration with 
0.01 M phosphate buffer (pH 7.0) before the assay. 


Intravenous, Subcutaneous, and Vaginal Administration-Leu- 
prolide was administered in the morning intravenously (100 pg/kg/O.l 
mI, of physiological saline), subcutaneously (100 pg/kg/O.l mL of saline), 
and vaginally (500 pg/kg/O.Z mL) to diestrous rats under pentobarbital 
(50 rng/kg ip) and phenobarbital (100 mg/kg ip) anesthesia. For vaginal 
administration, leuprolide was dissolved in 5% citric acid solution a t  pH 
3.5 (Solution A) and administered with a cotton ball (-12 mg) using a 
glass inserter (5-mm 0.d.). After administration, the orifice of the vagina 


1 Clea Japan, Inc.. Tokyo. .Japan. 


' Aloka Auto Well Gamma System, dDC-752; Aloka &.,.I.td., Tokyo. Japan. 


6 Supplied by the National Institute of Arthritis, Metabolic, and Digestive 


Wako Pure Chemical Ind., Ltd., Osaka, Japan. 
Daiichi Radioisotope Laboratories, Ltd.. Tokyo, .la an 


Sephadex G-10; Pharmacia Fine Chemicals AB, Uppsala, Sweden. 


Diseases, National Institutes of Health, Bethesda, Md. 
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Figure 1-Serum levels (log scale) of leuprolide after intravenous (O), 
subcutaneous (A), and vaginal (0) administration to diestrous rats. 
The analogue was administered intraveneously and subcutaneously 
at  a dose of 100 pglkgl mL in saline, and vaginally at 5OOpg/kg/O.2 mL 
in solution A, 5% citric acid solution (pH 3.5). Each point represents 
the mean f SE of three or five (vaginal) rats. 


was sealed with a surgical adhesive agent. Blood ( 4 . 5  mL) was collected 
from the tail vein a t  appropriate times during 12 h, and the serum was 
stored until assayed. In cases of intravenous administration, a group of 
three rats was used for blood collections (0.2-0.5 mL) a t  5,20,45,120, and 
360 min postadministration and another group was used for collections 
a t  10,30,60, and 240 min to prevent physiologically abnormal conditions 
(hypovolemia). 


The pharmacokinetic parameters were obtained by fitting the indi- 
vidual rat data during 6 h to a two-compartment open model via the 
nonlinear least-squares regression computer program NONLIN (16). The 


I V  


Figure $--Serum gonadotropin levels after intravenous (O), subcu- 
taneous (A), and vaginal (0) administration of leuprolide to diestrous 
rats. The analogue was administered a t  a dose corresponding to the 
ED% of ovulation-inducing activity (38 nglkg iv, 58 nglkg sc, and  99 
nglkg) in 5% citric acid solution (pH 1.8) vaginally. Each point repre- 
sents the mean f SE of five rats. 
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Figure 3-AUC of leuprolide over 6 h after vaginal administration in 
the pH 3.5 aqueous solutions containing different concentrations of 
citric acid to diestrous rats. Dose of the analogue w a s  500 pg/kg/o.2 mL 
in the acid solution. Each point represents the mean f SE of five 
rats. 
area under the serum level-time curve (AUC) of leuprolide was calculated 
by a trapezoidal method within the last collected time value, and the 
bioavailability was obtained using: 


AUCfo,vag or AUC'opc Bioavailability (%) = 
AUC'o.iv 


where t is the last collection time. 
Gonadotropin release was determined after intravenous, subcutaneous, 


and vaginal administration of leuprolide at the dose corresponding to the 
ED% of the ovulation-inducing activity (38,58, and 99 ng/kg, respectively 
(9, lo)] in unanesthetized rats a t  diestrus. The analogue was dissolved 
in physiological saline containing 0.1% bovine serum albumin, 20 UImL 
of aprotinin7, and 0.01 M HCI for intravenous and subcutaneous ad- 
ministration, and in 5% citric acid solution (pH 1.8) for vaginal admin- 
istration. Whole blood was taken from the abdominal aorta with the rats 
under ether anesthesia 10,20,40,60,120,180,240,300, and 360 min after 
administration. 


Enhancement of Vaginal Absorption-Aqueous solutions of leu- 
prolide (500 pgIkglO.2 mL) containing four different concentrations of 
citric acid were administered vaginally (cotton ball technique) to anes- 
thetized diestrous rats. Each solution was previously adjusted to pH 3.5 
by 10 M NaOH and 2 M HCl and to an isotonic preparation with sodium 
chloride. Blood was collected from the tail vein to determine the serum 
levels of leuprolide. 


k - A b s o r D t i o n  and ResDonse Correlations-Four different doses 
'ki) of leuprolidein Solution A or 5% methylcelluloseR jelly 
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Figure &-Dose response (AUC of serum gonadotropin levels over 6 h) 
curves after vaginal administration of leuprolide to diestrous rats. The 
analogue was dissolved in solution A and administered a t  a dose of 0.1, 
I, I0 , IOO pg, and I mglkg. Each point represents the mean f SEof five 
rats. 


7 Trasylol. Ba er AC, Leverkusen-Bayerwerk, W. Germany. 
8 Metolo& 908H4000, Shinetau Chemicals Co.. Tokyo, Japan. 
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Table I-AUC of Leuprolide a f t e r  Vaginal Administration in 
Solution A. or 5% Methylcellulose Jel ly  Containing Solution A 
to Diestrous Rats 


AUC of Leuprolide, ng.h/mL* 
Aqueous 


Dose, pg/kg Solution Jelly 


10 
50 


100 
500 


lo00 


3.75 f 0.82 - 
19.3 f 4.66 
34.6 f 10.6 


222.0 f 68.8 


12.8 f 1.56 
38.0 f 7.43 


166.5 f 19.1 
- 408.3 f 33.7 


a 5% citric acid solution, pH 3.5. * AUC was calculated from 0 to 6 h; each value 
represents the mean f SE of five rats. 


containing Solution A were administered vaginally to anesthetized 
diestrous rats to assay the serum levels of the analogue. Leuprolide was 
also administered vaginally a t  a dose range of 0.1-lo00 pg/kg/O.2 mL in 
Solution A, and serum levels of gonadotropin were determined. 


Effect of the Estrous Cycle-Leuprolide was administered vaginally 
a t  a dose of 500 pg/kar/0.2 mL 'n Solution A to proestrous, estrous, met- 
estrous and $estrous rats under anesthesia, and the serum level of the 
analogue was determined. T o  determine the gonadotropin-releasing re- 
sponses, an oleaginous suppository9 containing 100 ng of leqprolide and 
10% citric acid was administered vaginally to anesthetized rats exhibiting 
the four different stages of the estrous cycle. 


For the determination of the effect of prior pretreatment of leuprolide 
on the vaginal absorption, 100 p g h g  of the analogue was given subcuta- 
neously daily for 10 d to rats initially exhibiting the four different stages. 
The following morning, each rat received a single vaginal administration 
of 500 pg/kg of leuprolide in Solution A, and the serum levels of the an- 
alogue were assayed. Vaginal smears during the subcutaneous adminis- 
tration were examined daily to determine the change of the estrous cycle. 
The vagina and ovaries were removed for histological examination after 
taking the 6-h-blood samples. 


RESULTS 


Intravenous, Subcutaneous, and Vaginal Administration'Prum 
levels of leuprolide after intravenous, subcutaneous, and vaginal ad- 
ministration to diestrous female rats are shown in Fig. 1. 


The pharmacokinetic parameters after intravenous administration 
were obtained by simulating to a two-compartment open model; the 
serum level ( C , )  at time t was expressed by: 


' C, = Ae-"' + & - A t  (Eq. 2) 


with A = 241.5 f 99.6 ng/mL, B = 122.4 f 43.1 ng/mL, (Y = 8.37 f 4.12 
h-l, and 8 = 1.35 f 0.23 hr-l. Leuprolide rapidly disappeared from the 
serum: the half-lives were 8.4 f 4.0 min in the a-phase and 33.2 f 6.8 min 
in the 8-phase. The transfer rate constants between central and tissue 
compartments Were 2.99 f 2.32 h-* (from central to tissue) and 3.79 f 
1.35 h-1 (from t i y e  to central). The elimination rate constant from the 
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Figure 5-AUC of leuprolide over 6 h after vaginal administration 
during different Stages of the estrous cycle in rats. Dose of the anulogue 
was 500 pg /kg /0 .2  mL in solution A. Each bar represents the mean f 
SE of fioe rats. 


@ Witepsol S55; Dynamit Nobel Aktiengesellshaft, W. Germany. 
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Figure 6-AUC increment (AAUC) of serum gonadotropin levels over 
6 h after vaginal administration of leuprolide during different stages 
of the estrous cycle in rats. The analogue was administered at a dose 
of  100 nglrat in an oleaginous suppository containing 10% citric acid. 
Each bar represents the mean f SE of three rats. 


central compartment was 2.94 f 0.92 h-I, and the volumes of distribution 
were 0.32 f 0.07 L/kg for the central compartment and 1.31 f 0.71 L/kg 
for the tissue compartment. Each value represents the mean f SE of 
three rats. 


The subcutaneous administration resulted in a sustained serum level: 
the serum level a t  4 h after the administration was 3 times higher than 
that after the intravenous administration. The absolute bioavailability, 
determined by the AUC over 6 h, was 68.1%. In the case of vaginal ad- 
ministration, leuprolide was absorbed rapidly, and a long-lasting serum 
level was observed. The maximum serum level was observed 2 h after 
administration, hut values were high and relatively constant over the 6-h 
period. The absolute hioavailahility was 25.8% over 6 h and 38.0% over 
12 h. 


Gonadotropin-releasing responses to the analogue given by the three 
routes a t  doses corresponding to the EDm of ovulation-inducing activity 
are shown in Fig. 2. The peak times of serum gonadotropin levels were 
the shortest after intravenous administration, whereas the serum levels 
after vaginal administration were the highest and had the longest dura- 
tion. The total release of gonadotropin (which can be represented by the 
AUC values) after administration of leuprolide by the three routes were 
directly proportional to the doses given. 


Enhancement of the Vaginal Absorption-Serum leuprolide levels 
after vaginal administration with four different concentrations of citric 
acid were determined, and the AUC over 6 h is shown in Fig. 3. The AUC 
increased progressively with the addition of citric acid up to lo?&. The 
absolute hioavailahility was 36.oo/o in the 5% citric acid solution and 58.7% 
in the 10% solution, which was 2.7 times larger than that in the 1% solu- 
tion. 
Dose Absorption and  Response Correlations-Serum leuprolide 


levels after vaginal administratioti in either an aqueous solution or a 
methylcellulose jelly, both containing 5% citric acid, were determined 
a t  the dose range of 10-lOOOpg/kg, and the AUCvalues were calculated 
(Table I). AUC values of serum gonadotropin levels after vaginal ad- 
ministration of leuprolide in Solution A are shown in Fig. 4. A linear re- 
lationship between the dose and AUC of leuprolide was observed over 
the entire range, whereas for the gonadotropin-releasing responses, a 
linear dose-response correlation was obtained only in the dose range of 
0.1-10 pg/kg with a plateau at >10 pg/kg. 


Effect of the  Estrous Cycle-The AUC (mean f S E )  of leuprolide 
over 6 h after vaginal administration was 15.5 f 13.0 ng.h/mL during 
proestrus, 17.4 f 9.68 ng.h/mL during estrus, 221.3 f 42.2 ng.h/mL during 
metestrus, and 218.8 f 60.8 ng.h/mI, during diestrus (Fig. 5). The AUC 
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values during metestrus and diestrus were 13 times higher than those 
during proestrus and estrus. 


Gonadotropin release after vaginal administration of leuprolide during 
the four different stages of the cycle showed large variation, and the effect 
was not so clear as that  seen for serum levels of the analogue (Fig. 6). 
However, the AUC increments of serum gonadotropin levels during 
metestrus and diestrus were larger than those seen during proestrus and 
estrus. The serum level of IV a t  estrus before vaginal administration was 
twice that seen a t  the other stages. 


Vaginal absorption of leuprolide in rats pretreated with daily subcu- 
taneous administrations of the analogue for 10 d was rapid and of in- 
creased magnitude; the maximum serum levels obtained between 1 and 
2 h after vaginal administration were -3 times larger than those in non- 
treated diestrous rats. The AUC values (mean f SE)  over 6 h d t e r  vaginal 
administration were 577.9 f 59.0 ng.h/mL for proestrus (of the initial 
stage before cycle was disrupted due to the subcutaneous pretreatment), 
530.4 f 119.6 ng-h/mL for estrus, 571.0 f 49.5 ng-h/mL for metestrus, 
and 550.0 f 6.4 ng.h/mL for diestrus, respectively (Fig. 7). 


Despite initiation of the pretreatment a t  different stages of the estrous 
cycle, the AUC values of leuprolide showed small fluctuations and were 
2.5 times larger than that in nonpretreated diestrous rats. The exami- 
nation of vaginal smears revealed that the estrous cycle was halted a t  
diestrus in all rats as a result of subcutaneous pretreatment with the 
analogue. The histological observation after this experiment showed a 
thinner vaginal epithelium than that seen a t  normal diestrus, infiltration 
of neutrophil leucocytes in the vagina, and an increase in the number of 
corpora lutea with no Graafian follicles in the ovaries. 


DISCUSSION 
The disappearance of leuprolide from the serum of rats after intrave- 


nous administration was rapid; the biological half-lives were 8.4 min in 
the a-phase and 33.2 min in the 8-phase. The half-life in the a-phase was 
identical to that of [“]I1 in female (17) and male rats (18). This result 
supports the idea that the potent and long-lasting activity of leuprolide 
is due not to the slow disappearance from the circulation, but rather to 
the high uptake in the anterior pituitary (19) or to a high receptor-binding 
affinity (20). The serum level of the analogue after subcutaneous ad- 
ministration was maintained for a longer period than that after intra- 
venous administration, and the absolute bioavailability was 68.1%. After 
vaginal administration, high and long-lasting serum levels of leuprolide 
were observed with the absolute bioavailability up to 6 h being 25.8%. 
Although the true availability should be estimated to be much larger when 
sampling blood for a longer period, the bioavailability over 6 h paralleled 
the case of ovulation-inducing activity (10). 


Gonadotropin release after leuprolide administration by the three 
routes, which was evaluated a t  the lowest dose exhibiting a linear dose- 
response correlation, was not identical, despite using doses corresponding 
to the ED50 of the ovulation-inducing activity. The different responses 
are possibly due to the lag time of distribution to the target organ (an- 
terior pituitary), the releasing balance of gonadotropins 111 and IV, 
hormonal feedback, and sensitivity of the target cells. Nevertheless, these 
results do indicate that the vaginal absorption of leuprolide resulted in 
a maintenance of high serum levels and pituitary responses. 


In our previous studies (9,lO) we demonstrated, by the determination 
of ovulation-inducing activity, that  citric acid enhanced the vaginal ab- 
sorption of leuprolide. In this study, it was directly confirmed that the 
acid progressively enhanced the vaginal absorption of the analogue a t  
the concentrations used (Fig. 3). 


Linear correlations between dose and vaginal absorption of leuprolide 
in an aqueous solution and methylcellulose jelly (as a practical dosage 
form) were obtained by determining the serum level of the analogue 
(Table I). However, both gonadotropin-releasing responses were pro- 
portional to the dose within 0.1-10 pghg  and showed a plateau between 
10-lo00 pg/kg. Such saturation of the gonadotropin-releasing response 
at  higher doses of I1 and i ts  analogues has been reported (21-23) and is 
possibly due to the negative feedback effect of estrogen (24-26) or to the 
decrease of gonadotropin-releasing hormone receptor cells in the pituitary 
(“down regulation”) (27-29). On the other hand, the minimum effective 
dose of leuprolide to produce regression of rat mammary tumors induced 
by 7,12-dimethylbenz(a]anthracene was -100 pg/kg by vaginal admin- 
istration’o, which is well within the dose range that caused a maximum 
pituitary stimulation in the present study. 


In a previous study, we found that the estrous cycle of rats affected the 
vaginal absorption of insulin and phenolsulfonphthalein, used as markers 


10 Unpublished data. 
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Figure 7-AUC of leuprolide over 6 h after vaginal administration. Rats 
were pretreated subcutaneously with the analogue at a dose of 100 
pglkgld for 10 d followed by a single vaginal dose of 500 #/kg in solution 
A. Each bar represents the mean f SE of three rats. 


of hydrophilic compounds (11). The vaginal absorption of leuprolide also 
was affected by the estrous cycle to the same degree as seen with phen- 
olsulfonphthalein; the vaginal absorption during metestrus and diestrus 
was 13 times greater than that during proestrus and estrus. The effect 
of the estrous cycle can be explained by the change of pore-like pathways 
in the vaginal epithelium (11,30), producing an unavoidable fluctuation 
in the vaginal absorption of drugs. 


Gonadotropin release after vaginal administration of leuprolide 
throughout the estrous cycle has not been shown to be clearly dependent 
on the cycle, as is the case with the serum level of the analogue; high serum 
levels of gonadotropin were observed even during proestrus and estrus. 
This phenomenon is ascribed to increased absorbability due to alteration 
of the vaginal epithelium and to the pituitary responsiveness due to 
feed-back by progestins and estrogens (31-34) or due to regulation of 
gonadotropin-releasing hormone receptors (29, 35) during the estrous 
cycle. The responsiveness of 111 and IV to leuprolide is the highest at 
proestrus and estrus, respectively (36-38). Furthermore, the spontaneous 
surge is provoked in the afternoon of proestrus for 111, and from the af- 
ternoon of proestrus to the morning of estrus for IV (35,39). Nevertheless, 
the high serum levels of gonadotropin during metestrus and diestrus (with 
the lower pituitary responsiveness) should support the good vaginal ab- 
sorption of the analogue. 


Undue influence of the estrous cycle on the absorption of drugs is un- 
favorable for effective vaginal application. However, in the case of leu- 
prolide, the pretreatment administration halted the cycle a t  diestrus, and 
resulted in a good vaginal absorption of the analogue with less variation. 
The augmented absorption compared with that in nonpretreated dies- 
trous rats may be attributed to the thinner epithelium of the vagina, as 
seen histologically. Likewise, the enhancement of vaginal absorption of 
a hydrophilic marker compound by pretreatment with leuprolide was 
demonstrated in our previous study (11); cessation of the cycling a t  
diestrus was also demonstrated by the vaginal smear examination and 
by histological observations. 


In summary, leuprolide was absorbed sufficiently through the vagina 
in diestrous rats; prolonged serum levels of the radioimmunoreactive 
analogue and potent gonadotropin-releasing responses were observed, 
and the vaginal absorption of the analogue was enhanced by adding citric 
acid. Modifying effects of the estrous cycle on the vaginal absorption were 
observed, but such variations were eliminated by prior parenteral pre- 
treatment with the analogue. From these results, we conclude that vaginal 
application of leuprolide can be a potentially effective method as self- 
administration or long-term treatment for anticancer or fertility control. 
Moreover, we propose that vaginal application of leuprolide be performed 
as a maintenance dose following consecutive parenteral administration, 
in order to terminate the menstrual cycle and provide a vaginal envi- 
ronment conducive to maximal analogue absorption with less varia- 
tion. 
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In Vitro Release of Salicylic Acid from Lanolin 
Alcohols-Ethylcellulose Films 
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Abstract 0 Lanolin alcohols-ethylcellulose films were investigated as 
a potential drug delivery system for the controlled release of salicylic acid. 
The effects of changes in film composition, drug concentration, drug 
solubility, and stirrer speed on the i n  uitro release of salicylic acid have 
been examined. The drug release has been found to ohey a diffusion- 
controlled matrix model and square root of time release profile both in 
the suspension and solution cases. 


Keyphrases Salicylic acid--in uitro release from lanolin alcohols- 
ethylcellulose films, drug diffusion 0 Lanolin alcohols-films with ethyl 
cellulose, in uitro release of salicylic acid, drug diffusion Ethylcellu- 
lose-films with lanolin alcohols, in uitro release of salicylic acid, drug 
diffusion o Drug diffusion-in uitro release of salicylic acid from lanolin 
alcohols-ethylcellulose films 


The film-forming potential of nonpolymeric materials 
such as lanolin alcohols, which are extensively used in 
cosmetic and pharmaceutical formulations, has been re- 


cently investigated in our laboratory (1). Lanolin alcohols 
were found to form isolatable thin films on a mercury 
substrate. The incorporation of small percentages of eth- 
ylcellulose, a known film former (2), and a plasticizer such 
as propylene glycol with lanolin alcohols was found to give 
tack-free films of improved quality. 


Effective utilization of nonpolymeric substances such 
as lanolin alcohols in film-forming composition holds 
considerable promise for a variety of reasons. Such delivery 
systems could be designed and formulated to provide 
sustained drug delivery. The potential hazards associated 
with monomeric impurities in polymers are avoided. 
Nonpolymeric materials are easy to manipulate and 
compound, and are relatively easy to obtain in a state of 
definable composition. They also can be washed from the 
skin with relative ease using soap and water. 
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quality control use, and the results compare favorably with the current 
official procedure. 
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Detection Limits for a GC Determination of Methanol and 
Methylene Chloride Residues on Film-Coated Tablets 
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Abstract A GC assay was developed that quantitates methanol and 
methylene chloride a t  the lowest detectable levels for this mode of 
analysis. A statistical limit of detection was determined for both methanol 
and methylene chloride. This method is sensitive and reliable for de- 
tecting possible residues of these solvents an film-coated tablets. 


Keyphrases o Methanol-determination of detection limits for a GC 
method, methylene chloride, residues on film-coated tablets Methylene 
chloride-determination of detection limits for a GC method, methanol, 
residues on film-coated tablets Detection limits-determination, GC 
method for methanol and methylene chloride residues on film-coated 
tablets 0 Film-coated tablets-determination of detection limits for a 
GC method, methanol and methylene chloride residues 


Organic solvents are frequently used to dissolve film- 
coating materials such as methylcellulose and ethylcellu- 
lose to facilitate application onto compressed tablets. 
These tablets are subsequently air dried for varying peri- 
ods of time until constant tablet weight is achieved. The 
assumption was made that drying removes all the organic 
solvents from the finished product. However, there are a 
scarcity of data documenting the actual organic solvent 
levels that may be found in the coated tablet. 


Pat t  and Hartmann (1) studied the effect of tablet core 
porosity, spraying techniques, drying condition, and 
evaporation qualities of the solvents used during the 
film-coating process. The residual levels of organic solvents 
in the tablet cores and film coats were determined by a GC 
method. In the present study, a similar GC system was 
used to determine the levels of methanol and methylene 
chloride in tablets a t  various times during the film-coating 
process. These levels were monitored during a 24-h period 
of air drying after the film coating was complete. The an- 
alytical data were then evaluated by a method similar to  
Hubaux and Vos (2) to determine a statistically based limit 
of detection for this method. This technique is similar to  
the statistical methods defined by Parsons (3) and Currie 
(4). 


EXPERIMENTAL 


Materials-A GC’ equipped with a flame-ioni~ation detector was used 
with a 1.8-m X 3-mm coiled-glass column containing 80-100 mesh porous 


~ ~~~ 


H~wlet~-Packard Model 58:30A 


Accepted for publication November 22,198’2. 


Table  I-Residual Methanol and  Methylene Chloride During 
a n d  After Film Coating 


Concentration, ppm per tableta 
Methylene 


Sample Methanol Chloride 


Uncoated tablet (control) 0 0 
5-min coating process 173 5 2 
10-min coating process 312 74 
15-min coating process 252 66 
Immediately after coating 242 55 
5-min heat drying 143 37 
15-min air drying 118 31 


24-h air drying __  
3O-min air drying 115 30h 


- h 


- No detectable levels. a Average tablet weight is 760 mg. 


polymer packing2. Reagents included isopropyl alcohol (AR), chloroform, 
methanol, and methylene chloride; all reagents were glass disti1led:l. 


Tablet  Coating-A solution of ethylcellulose and methylcellulose in 
methanol and methylene chloride was sprayed4 onto the compressed 
tablets in a heated, rotating coating pan5. Uniform coating was achieved 
when a coating of -3% of the tablet weight was deposited. 


Analytical Procedure--Standard stock solutions of methanol and 
methylene chloride a t  concentrations of 24 and 40 ppm were prepared 
in chloroform, and dilutions were injected onto the GC a t  the lowest at-  
tenuation (where the baseline noise did not exceed 2 mm). The volume 
of injection of these dilutions was 2.5 wL. Quantitation of the peaks was 
done with isopropyl alcohol as the internal standard. At an oven tem- 
perature of 160°C and a gas flow rate of 60 mL/min, the methanol eluted 
a t  -1-2 min, the methylene chloride at  3-4.5 min, and the isopropyl al- 
cohol a t  4-5 min. The limit of detectability, as determined by the in- 
strument a t  a slope sensitivity of 1 and an attenuation of 8, was -6 ppm 
for methanol and 10 ppm for methylene chloride. A calibration curve was 
prepared by injecting a series of six dilutions which varied fourfold in 
concentration. The range for methanol was 6-24 ppm, and for methylene 
chloride the range was 10-40 ppm. 


A series of six spiked placebos a t  concentrations of 0-24 ppm for 
methanol and 0-40 ppm for methylene chloride were prepared to de- 
termine the linearity and recovery over the range of interest. A placebo 
was defined as a tablet manufactured with no organic solvents in the 
film-coating formulation. 


Coating Studies-Once the lower limit was approximated and a range 
of linearity established, an experiment was designed to detect methanol 
and methylene chloride o n  tablets during the film-coating process. The 
film-coating formulation consisted of the following ingredients: hy- 


~~ 


2 I’oropak R acking; Waters Associates. Milford. Mass. 
ClawdistilEd solvents; Rurdick and Jackson, Muskegon. Mich 
Spray gun apparatus; 1)evilbiss. Toledo. Ohio. 
Erweka AR 400  coating pan. 
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Figure I-Limit of detection curves for methanol (A) and methylene 
chloride f B )  showing the statistical lower limit of detection as defined 
by Strobel (5). The lower limits of detection (xd were 9.552 p p m  for 
methanol and 10.16 ppm for methylene chloride. Key: f-) regression 
line; (. . .) upper and lower 95% confidence lines. 


droxypropyl methylcellulose, ethylcellulose6, diethyl phthalate, methanol, 
and methylene chloride. The film-coating process was performed using 
a coating pan and spray gun apparatus on a currently marketed tablet. 
Sampling consisted of pulling five tablets a t  each time interval of the 
coating process. Immediately after sampling, the tablets were submerged 
in 50 mL of chloroform to ensure complete recovery of the solvent resi- 
dues. Tablets were collected from the coating pan after 5,10, and 15 rnin 
of coating and immediately after the pan stopped. Additional collections 
were made after 5 min of heat drying and after 15 and 30 min of air drying; 
a sample was also taken after 24 h of air drying. The tablets were stored 
in plastic bags until packaging. Coated tablets from previous batches 
which had been packaged and maintained at room temperature were also 
assayed. Uncoated tablets were assayed as a control. 


RESULTS AND DISCCSSION 


Figure 1 represents the calibration curves used to statistically deter- 
mine the lowest detectable limit with 95% confidence (2,5). Concentration 
was plotted against peak area ratio, and a regression line was fitted 
through these points with confidence intervals7. The point of interception 
of the upper confidence line a t  the y-axis was extended horizontally to 
the lower confidence line, and where the two lines intersected a perpen- 
dicular was dropped to the x-axis. Parsons defines this point as the de- 
tection limit (3). For methanol, the value of this point was -9 ppm per 
average tablet weight (Fig. 1). For methylene chloride, the value was 
approximated at  10 ppm per tablet (Fig. 1). Figure 2 shows the detector 
response for these values. 


The results of the spiked placebo evaluation curve, evaluating solvent 


6 Methocel E-16 Premium, Ethtxel 10 cps; Dow Chemical Co.. Mjdland, Mich. 
7 Hewlett-Packard HP 86 Desk Top Computer equipped with an in-house pro- 


gram written for limits of detection determmations. 


c 
. I  


0 1:2 3.64.0 10 
MINUTES 


Figure 2-Chromatogram showing detector response at the detection 
limit of methanol (1) and methylene chloride (21, with internal standard 
(3). 


added against the amount of solvent found, proved to be linear over the 
range studied. The precision of the method was determined by evaluating 
the results of six replicate injections of each standard solution. The 
standard deviations of the peak area measurements were 3.68% for 
methanol and 4.22% for methylene chloride. All samples and spiked 
placebos were evaluated against a standard containing 24 ppm of meth- 
anol and 40 ppm of methylene chloride (Fig. 3). Isopropyl alcohol was 
chosen as an internal standard because it was well resolved from the other 
peaks. 


The results of the film-coating procedure are seen in Table I. Figure 
4 depicts the methanol and methylene chloride peaks after 15 min of 
coating, where the residues are a t  a maximum. Table I shows that 24 h 
after the coating process, before packaging, no solvent residues were 
detected. No residues of methanol or methylene chloride were detected 
from the control or the older coated tablets. 


c 
I I I I I I I I I I I  I I I I  
0 1.2 3.2 3.9 


MINUTES 


Figure 3-Standard chromatogram for methanol and methylene 
chloride. Key: (1)  methanol; (2) ethanol from solvent; (3) methylene 
chloride; (4) isopropyl alcohol (internal standard); (5) chloroform-sol- 
vent peak. 
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MINUTES 
Figure 4-Chromatogram of freshly coated tablets before drying, 
showing both methanol and methylene chloride after 15 min of coating. 
Kpy: (2)  methanol; (2) methylene chloride. 


Statistical limits of detection were established for methanol a t  9.5 f 
1.5 ppm per average tablet weight and for methylene chloride a t  10.1 f 
2.3 ppm per tablet. Below these limits, sensitivity of the instrument was 
unreliable. All absolute values were approximate due to two factors. First, 


precision of measurement is decreased as concentrations used in the 
calibration curve approach the detection limit. As an alternative, a cali- 
bration curve could have been drawn at  higher concentrations and ex- 
trapolated to the limit of detection (3). Second, this detection limit is also 
dependent on where the confidence lines are drawn about the regression 
line and is, a t  best, an estimate for a limit of guaranteed purity (2). 
Therefore, the values reported here represented a range within a specified 
precision for the standards, where the analytical method and the in- 
strumentation were reliable for low-level determinations (6). The levels 
of solvent residues, ranging from 30 to 300 ppm, obtained during the 
film-coating process were statistically significant. However, after 24 h 
of drying, no peaks for either solvent were observed in the chromato- 
grams. 


This procedure is easy and reliable for monitoring organic residues on 
film-coated tablets. Determining lower limits of detection should be an 
integral part of any statistical package developed for a new analytical 
method. 
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Abstract  A method is described for the rapid, sensitive, and precise 
quantitation of acetaminophen in human plasma. The assay involved 
a single acetonitrile extraction and high-performance liquid chromato- 
graphic analysis using a reverse-phase column, with a mobile phase of 
methanol and water. The limit of quantitation of acetaminophen by this 
method was 8 ng/mL; only 0.1 mL of the plasma sample wits required for 
the determination. N-Propionyl-p-aminophenol was used as the internal 
standard. 


Keyphrases 0 Acetaminophen-high-performance liquid chromatog- 
raphy determination of trace amounts in plasma High-performance 
liquid chromatography-method for the determination of trace amounts 
of acetaminophen in plasma 


Although acetaminophen is currently one of the most 
commonly used analgesics and antipyretics, hepatotoxicity 
has occurred in cases of acetaminophen overdose. Thus, 
a simple and rapid method for determining acetaminophen 
concentrations in plasma would be useful. 


At present the most sensitive methods for plasma 


acetaminophen determination are liquid chromatography 
with electrochemical detection (1)  or UV detection (2-6) 
and GC (7, 8). The quantitation limit for each of these 
methods is -100 ng/mL with a 1-mL sample of plasma or 
serum. These methods, therefore, may be inadequate for 
microliter samples such as those obtained from newborn 
infants. Because of time requirements they may not be 
rapid enough for the determination of acetaminophen in 
overdose cases. A rapid, specific, high-performance liquid 
chromatographic (HPLC) method for the determination 
of acetaminophen in plasma using a 100-pL sample is de- 
scribed in this paper. 


EXPERIMENTAL 


Reagents and Materials-Acetaminophen’ standard solutions were 
prepared in ethanol (1.0 mg/mI,, stored a t  4OC) and subsequent dilutions 
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Abstract 0 In  this study a solid dispersion of phenytoin in polyethylene glycol 
6000 was prepared by the melt method. The content uniformity of the dis- 
persion indicated a range of 98.7-102.0%. X-ray crystallographic data showed 
no changes in the crystalline structure of the phenytoin in the dispersion when 
compared with that in the bulk reagent. Scanning electron micrographs of 
the dispersionshow a reduction in thesize of thecrystals when compared with 
the bulk reagent. The commercial product and the dispersion were compared 
using the USP criteria for the prompt phenytoin sodium dissolution test. The 
salt dissolved at a rate four times greater than the dispersion. Bioequivalency 
comparisons betwccn the dispersion containing phenytoin and the commercial 
prompt phenytoin sodium were studied in  six mixed-breed dogs. All samples 
were analyzed using a commercial enzyme immunoassay system. Statistical 
analysis of the plasma levels obtained from the animal studies indicate no 
significant differences (JJ > 0.05) between area under the curve, maximum 
plasma concentration, and time to peak for the commercial salt and the acid 
formulation. 


Keyphrases 0 Phenytoin-bioavailability of the acid and sodium salt in dogs, 
comparison with in vitro dissolution data 0 Dissolution-phenytoin ane 
phenytoin sodium in uitro, comparison to the in vivo bioavailability in dogs 


The use of finely subdivided or micronized particles as a 
means of increasing the rate of dissolution has been considered 
(1-4). Theoretically, if the dissolution rate is enhanced, the 
oral absorption rate should be increased if the absorption 
process is dissolution rate limited. Sekiguchi et al. proposed 
using an inert water-soluble material as a vehicle for a poorly 
water-soluble drug to enhance the rate and extent of the ab- 
sorption of the drug ( 5 6 ) .  Several carriers have been employed 
to prepare solid dispersions. The most successful include 
polyethylene glycols (7-1 l) ,  urea (12), dextrose (12), citric 
acid (1 2), succinic acid (1 3), and polyvinylpyrrolidone (14, 
15). Polyethylene glycols have been used to increase the dis- 
solution rate of griseofulvin (7), coumarin (8), dicumarol(9), 
indomethacin (lo), and glyburide ( 1  1 ) .  


Phenytoin is practically insoluble in water (2 14 pg/mL) 


at  room temperature (16), whereas the solubility of phenytoin 
sodium is -66 g/dL in water (17). This difference in solubility 
results in higher bioavailability for the salt (18-20). If the poor 
solubility of phenytoin in GI fluids is partially responsible for 
the great variability observed in phenytoin dosing, then en- 
hancing the dissolution step may result in a more uniform 
absorption and improved bioavailability. 


The purpose of this study is to evaluate the bioavailability 
in dogs of a phenytoin solid dispersion in polyethylene glycol 
6000 using a commercial prompt phenytoin sodium capsule 
as the reference formulation. Data are presented which indi- 
cate that the phenytoin dispersion is bioequivalent to the 
commercial prompt phenytoin sodium, which is contrary to 
what one would expect based on the in vitro data obtained from 
the USP dissolution test for phenytoin sodium. The designation 
“prompt” refers to the fast dissolution category of phenytoin 
sodium set forth in the USP XX. 


EXPERIMENTAL 


Prepantion of Formulation-A 40% (w/w) solid dispersion of phenytoid 
in polyethylene glycol 6oOO2 was prepared using a melt method. The polymer 
was melted in a beaker on a thermostatically controlled hot plate a t  -65- 
7OOC. The reagent phenytoin was added with constant stirring until a clear 
liquid was observed. This liquid was poured into a glass mortar which was 
encased in ice. Solidification of the melt occurred on contact. The mass was 
dried in an oven at -40°C for a t  least 1 h to remove excess moisture. The melt 
was triturated and then dried for a t  least 6 h. The powder was sieved through 
a 60-mesh sieve, and the batch was divided into 750-mg units. 


Content Uniformity-Five of the 750-mg units of the phenytoin-polyeth- 
ylene glycol 6000 dispersion were each dissolved in lo00 mL of 0.1 M NaOH, 
pH 12.5, in volumetric flasks. Duplicate samples were assayed using a com- 
mercial enzyme immunoassay’. The five determinations resulted in 98.7- 
102.09’0 of the theoretical amount. 


Figure 2-Photomicrograph of the 40% phenytoin solid dispersion. The 
10-pm calibration bar is located in the lower right corner. 
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Figure 3-Dissolution of the test preparations. Each point represents six 
capsules sampled and assayed in duplicate. All doses are equivalent to 92 
mg of phenyroin. Key: (e) 100 mg of prompt phenytoin sodium; (A) 230 mg 
of 40% solid dispersion of phenytoin in polyethylene glycol 6000; (+) 92 mg 
of the reagent phenytoin. Bars represent I SD. 


Assay Procedure -.. A commercial enzyme immunoassay technique was 
utilized to assay all samples. This technique has been shown to be comparable 
in specificity and reproducibility (21.22) to RIA (21. 23) and GC (21-24). 
and superior to spectrophotometry (21, 23). The range recommended was 
expanded by adding or deleting one dilution. Calibrated solut,ions provided 
by the manufacturers were used to check the effect of dilutions of samples on 
accuracy. A coefficient of variation of <lo% was observed in  each procc- 
dure. 


Electron Microscopy-The sizes of the various particles were estimated 
by observation under a scanning electron microscope. Figure I shows a sample 
from the reagent phenytoin. A great variability in  dimensions is observed. 
Figure 2 is a micrograph of the dispersion particles. The large particles are 
-I0 X 40 pm with several smaller fragments. 


IXssolution Studies- --Six 100-mg capsules of the commercial prompt 
phcnytoin sodium were compared with six 92-mg samples of the reagent 
phenytoin and six 230-mg samples of the 40% (w/w) solid dispersion. All 


0 In 


. 00 
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Figure 4-Obserced plasma concentrations of phenytoin obrained from six 
dogs (13-24 kg) .  Each animal receiced 300 mg of the prompt phenyroinso- 
dium. 


' Millipore Corp., Bcdford. Mass. 
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Figure 5-Observed plasma concentrations of phenyioin obtained from six 
dogs (13-24 kg) .  Each animal received 750 mg of ihe 40% phenytoin solid 
dispersion. 


samples; equivalent to 92 mg of the phenytoin, were placed in size I gelatin 
capsules. The dissolution criteria were those stipulated for the oral phenytoin 
sodium in the USP XX. Duplicate samples were drawn and filtered through 
0.45-pm filtersJ, and were assayed at least twice. An additional study of six 
intact commercial prompt phenytoin sodium capsules using the Same criteria 
was also performed. 


X-ray Diffraction-Spectra were obtained from the reagent phenytoin. 
polyethylene glycol 6000, and the dispersion. A scanning rate of 3O/min was 
made from 6 O  to 70'. The minimum peak height was 2% of the reference peak. 
Spectra indicate that the. phenytoin in the dispersion is the same crystalline 
form as that in the reagent. Also, no change was noted in the polyethylene 
glycol 6000 spectra. 


Bioequivalence Studies-Six mixed-breed dogs (three of each sex), - 1  3-24 
kg in weight, were used in  this study. The animals were housed at the A'nimal 
Resources Center. The University of Texas. The dogs were fasted overnight 
prior to drug administration; water was allowed ad libitum. Each animal re- 
ceived 30 mL of water prior to and immediately after oral administration. The 
dogs were observed for 30 min and then returned to their cages for blood 
sampling. 


The experimental design in the study is a balance of preparations over weeks 
and each animal received each preparation. The design was repeated twice 
for a total of two Latin squares. Two dogs received either 300 mg of the 
commercial prompt phenytoin sodium, 300 mg of phenytoin in the 40% dis- 
persion, or 300 mg of a commercial intravenous phenytoin sodium on each 
study day. Studies were separated by I-week wash-out periods to allow for 
drug elimination as well as to allow for stabilization of the animals' blood 
volume. 


Blood samples were drawn by serial venipuncture. Sampling times after 
oral administration were at 0, 1. 3, 5.6.8. 10. 12. 24,72, and 96 h. Samples 
were drawn at 0. 10, 20, 30.45, and 60 min, and 2,4, 12,24,48,72, and 96 
h after intravenous infusion at  50 mg/min. All blood samples were collected 
in  hcparinized evacuated tubess which were gently inverted to allow for 
complete mixing. The samples were centrifuged at 2500 rpm for 15 min. The 
plasma was transferred into polyethylene tubes and frozen until assayed. 


Statistical Analysis-A three-way ANOVA was performed on the in Gioo 
data. The F ratio, as expected, was significant ((u = 0.05) for the intravenous 
data for A U C O - I ~  when compared with either of the oral preparations. The 
F ratio was not significant (a = 0.05) when the two oral formulations were 
compared. Paired t tests compared the 40% phenytoin solid dispersion and 
the commercial prompt phenytoin sodium; this resulted in p > 0.2 for C,,,, 
Ipeak. and AUCo-12. 


RESULTS AND DISCUSSION 


In Vitro Studies-Figure I is the electron micrograph of the reagent 
phcnytoin. I t  shows a great variation in crystal size; many of thecrystalsexceed 
40 pm in length and 10 pm in  width. The micrograph of the dispersion par- 


Vacutainer: 6. I). Dickenson & Co. 
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Table I-Phrrmacokinetic Parameters Obtained in Plasma after Oral Administration of Phenvtoin 


Treatment A' Treatment B b  
observed Calculated Observed Calculated 


Parameter Mean (SD) Meanr Mean (SD) MeanC 


Cmax (pg/mL/kg) 
All subjects 
Excluding dog 3 


0.20 (0.076) 
0.18 (0.063) - .  


Tpmk(h), 
All subjects 5 . 1  (0.41) 
Excluding dog 3 5.2 (0.45) 


All subjects I .49 (0 .602)  
Excluding dog 3 1.37 (0.585) 


AUCo-12, h / m L / h )  


0 . 2 0  
0.18 


3.8 
4.0 


1.48 
1.33 


0.22 (0.10) 


4.5 (1 .2)  
4.4 (1 .3)  


I .60 (0.808) 
I .22 (0.470) 


0. I9 (0.049) 
0.24 
0.19 


3.6 
3.6 


1.52 
I .22 


a 300 mg of commercial prompt phenytoin sodium. 750 mg of the 4096 phenytoin solid dispersion. Calculated values werc obtained using Eq. 2 


ticles (Fig. 2) shows no large, discrete crystals in the formulation. The majority 
of the dispersion particles were 1 3 0  gm. A very small percentage exceeded 
50 pm. An accurate estimate of the size of the phenytoin crystals in the dis- 
persion could not be made, although some crystalline shapes could be discerned 
in  the particles. Since none of the large rectangular crystals (>40 gm) observed 
i n  the reagent were noted in the dispersion or the residue, the formulation 
method used in this study must have reduced the particle size of the crystals. 
This probably occurred during the rapid solidification of the melt and during 
the trituration steps. 


There is no cornpendial dissolution medium recommended for the com- 
parison of the phenytoin and its sodium salt. Dissolution criteria doexist for 
the prompt and extended phenytoin sodium. These criteria were utilized to 
compare the dissolution rates of the phenytoin solid dispersion and the com- 
mercial prompt phenytoin sodium. Use of this dissolution test would indicate 
whether the commercial prompt phenytoin sodium samples would meet 
cornpendial standards. I t  would also serve to indicate whether one could use 
these dissolution criteria to compare two chemically different commercially 
available phenytoin products: the salt and the acid. The USP dissolution test 
for phenytoin sodium stipulates the use of 900 mL of water at 37 f 0.5OC in 
Apparatus l 6  (basket assembly) rotating at  50 rpm. 


Prior to the dissolution test, all samples were p l a d  in size I gelatin capsule. 
This was done to compare the rates of dissolution from a uniform capsule size. 
The pcrcent dissolved of the commercial prompt phenytoin sodium at 30 min 
was 75.9%. which is much greater than the value obtained at  30 min for the 
solid dispersion (14.1%). or the reagent phenytoin (7.3%). At 60 min. 22.2 
and 13.4% of the solid dispersion and the reagent phenytoin, respectively. were 
dissolved. After 180 min the percent dissolved in both preparations was almost 
equal: 29.4% for the reagent and 29.2% for the dispersion. The commercial 
prompt phenytoin sodium was 91.5% dissolved at  6 0  min. 


The faster dissolution rate of the dispersion, when compared with the re- 
agent phenytoin. may be due to the particle size reduction as previously noted 
in the electron micrographs. The X-ray diffraction data indicate that any 
change in the solubility of the two phenytoin samples cannot be due to a 
more-soluble plymorph existing in the dispersion. Comparison of the rate 
of dissolution of each preparation is presented in Fig. 3. Each point represents 
six capsules sampled and assayed in duplicate. 


The USP states that at least 85% of a commercial prompt phenytoin sodium 
capsule should be dissolved in 30 min. Two of the size I capsules containing 
the transferred commercial prompt phenytoin sodium did not meet this 
specification. Thus, an additional study was undertaken. Six intact 100-mg 
capsules from the same lot were tested using the USP basket dissolution 
method as specified for phenytoin sodium capsules. At 30 min duplicate 
samples were taken and filtered through a 0.45-pm filter. Samples were kept 
in a water bath at -37OC and assayed within I h after sampling. Each sample 
was assayed in duplicate. The six intact capsules showed an average dissolution 
of 81.5%. with SD = 14.5 and C'V = 17.8%. The large variation noted in the 
six capsules may be due to two samples that had capsule-shaped masses which 
remained in the rotating basket apparatus after 30 rnin. The presence of these 
masses after a dissolution test has been noted in a previous study done with 
conmercial phenytoin sodium products (25).  A Student's I test was done to 
compare the data obtained from the transferred capsules i'ersus the intact 
capsules. No significant difference was found (a = 0.05) .  


/n  Vivo Studies-Each animal received 750 mg of the 4070 solid dispcrsion. 
300 mg of the commercial prompt phenytoin sodium, or 300 mg of the com- 
mercial intravenous phenytoin sodium. The oral doses were administered in 
three hard gelatin capsules. The 300-mg dose of each oral formulation was 
used to represent actual dosage strengths commercially available and dosing 
practices. The individual plasma levels obtained from these treatments are  


h i - L i f t  Dissolution Tcst Station: Hanson Research Corp.. Nothridpe. Calif 


represented in Figs. 4 and 5 .  The plasma levels of the phenytoin sodium were 
normalized according to the phenytoin. It should be noted that dog 3 exhibits 
the highest blood levels in both Figs. 4 and 5. The difference in the curves 
demonstrates the effect of dog 3 on the data. Therefore, the I tests on Cm,x, 
rwak, and AUC0-12 were done with and without the data obtained from dog 
3. These data are presented in Table I .  All areas werc calculated using the 
trapezoidal rule. The probability values i n  the I p a k .  CmaX, and AUC were the 
same regardless of whether or not dog 3 was included. In all cases, p > 0.2.  


Speculation on the cause of the large difference in the Cm,, found in  dog 
3 should include the observation that phenytoin exhibits nonlinear kinetics 
in dogs (26).  Dog 3 was also the smallest dog and. therefore. received the 
largest mg/kg dose since all subjects received the same amount. It is possible 
that the small increase in the amount of phenytoin i n  the dispersion, when 


A 


5 . 0 0  2.00 4 . O J  6 . 0 0  8.00 10.00 12.00 
T I M E  IN HOURS 


-- 
00 i o o  4 1 0 0  6:oo C o o  10.00 1i .00  


T I M E  IN HOURS 


Figure 6- Plots obrained from firling areraged dara 10 Eq. 2. Plot A repre- 
sents rhe f i r  of all six animals. plot B represents thejir wirhour the data from 
dog 3. Key: (m) 40% phenyroin dispersion; (e) commercial prompt phenyroin 
sodium. 
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Table 11-Estimates of the Parameters Obtained from the Averaged 
Pbenytoin Plrsm Concentrations Utilizing Q. 2 


Treatmenta 
Parameter A B C D 


0.557 0.434 0.419 0.447 
0.721 0.820 I .20 1.19 
0.414 0.482 0.268 0.241 


CiipgjmLlkg)  0.673 0.632 0.460 0.379 


Key: (A) 750 mg of 404b phenytoin solid dispersion, n = 6; (B) 750 mg of 4090 
phcnytoin solid dispersion, n = 5 (without dog 3); (C) 300  mg of commercial prompt 
phenytoin sodium, n = 6; (D) 300  mg of commercial prompt phenytoin sodium. n = 5 
(without dog 3).  


compared with the same milligram dose of the salt, may have been enough 
to cause this animal to enter the nonlinear kinetics range. 


The averaged data were fitted to a model with two first-order input 
steps: 


(Eq. I )  
where kl and k2 are the apparent first-order rate constants for the overall 
absorption process and k ,  is the apparent elimination rate constant. The 
equation used to calculate the theoretical line is: 


C, = klk2C0 + e - k i r  e - k ~ l  


[ (k2 - k l ) ( k C  - k i )  (k i  - k2)(kc - k2)  
1 


where CO is the fraction of the dose absorbed divided by the volume of distri- 
bution. 


The estimates for k 1,  k 2 .  k , ,  and CO were obtained using a nonlinear digital 
computer program (27) and are presented in Table I I .  The plots of the average 
data and the lines generated from Eq. 2 are represented i n  Fig. 6. Other 
equations representing biexponential or triexponential oral absorption models, 
including those that utilized a lag time, were attempted; however, this fit re- 
sulted in a smaller sum of squared deviations and larger r and r2 values. 
Weights of I were used. The parameters obtained were used to calculate the 
A u c ~ - 1 2 ,  Crnax. and t p a k .  Good agreement is observed between the estimates 
obtained from the computer fits and the observed data, as seen in Table I .  The 
relative bioavailability of the observed data is 1 .OI for all subjects and 0.90 
when excluding dog 3. 


The data indicate that the dispersion is bioequivalent to the commercial 
prompt phenytoin sodium whether or not the data from dog 3 are included 
in the statistical analysis. Since the solubility of the salt and the acid are very 
different, the formulation method must be partially responsible for the in -  
creased acid solubility. The particle size reduction, as verified by the micro- 
graphs. of the phenytoin has been shown to increase plasma levels in dogs (18). 
The polyethylene glycol 6000 may have also affected the solubility of the 
dispersion. Previous studies have stated possible vehicle effects: a solubilizing 
cffcct by the vehicle ( I  3). increased wettability ( 5 ) ,  and a decrease in aggre- 
gation and agglomeration in  hydrophobic drugs (28). 


I n  this study, the combined effects of phenytoin crystal size reduction and 
d n y  vehicle effects demonstrated bioequivalency with the much more water- 
.;oluble salt. This contradicts the in vitro dissolution study, which demonstrated 
i\ fivefold difference in the percent dissolved at  30 rnin, and a fourfold dif- 
ference at 60 min. I f  the absorption of phenytoin is dissolution rate limited, 
then a significant difference should exist in the blood levelsobtained from these 
two products. But according to the C,,,, tpak, and AUC data obtained from 
the animal studies, no statistical difrerence exists. This implies that the dis- 
persion method must have increased the bioavailability of phenytoin. 


I t  is possible that the particle size reduction and any vehicle effects on the 
in cico microenvironment may be responsible for the increased dissolution 
rate of phenytoin. It is also possible that in an aqueous acidic environment, 
the relatively high concentration of free phenytoin provided by the dissolution 
of the salt may result in some precipitation of the free acid, as has been pre- 
viously postulated (29). I f  this occurred. then the rate of absorption of the 
precipitated crystals may be comparable to the rate of absorption of the re- 
duced crystals found i n  the 40% solid dispersion, and thus, demonstrate 


bioequivalency. If. indeed, this is a valid consideration, then any conclusions 
based on the greater dissolution rate of the salt implying better bioavailability 
must be reexamined. 


The results of this study indicate that the phenytoin solid dispersion dis- 
solution profile does not meet the criteria used by the USP XX to define a 
“prompt” phenytoin sodium, yet the dispersion was found to be bioequivalent 
to the prompt phenytoin sodium. Unless the vehicle played a very significant 
part in the phenytoin-microenvironment interaction in vivo, the use of a more 
representative dissolution medium to simulate the gastric fluid should be 
considered to improve the in vitro-in vioo correlation of the different phenytoin 
products. This study demonstrates once again the difficulties that may be 
encountered when selecting appropriate dissolution criteria to predict bio- 
availability. 
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Abstract 0 Among ligands that bind to the a- and 8-adrenoceptors and to 
the muscarinic acetylcholine receptor (m-AChR), those that bind to the latter 
have the best properties for external detection of receptor sites by gamma- 
camera imaging. To develop the optimal radiotracer, nonradioactive analogues 
of 3-quinuclidinyl benzilate ( I )  were tested in in oiuo displacement studies 
with (-)-[3H]I to determine their ability tocompete with (-)-[3H]I for the 
muscarinic acetylcholine receptor. There is a linear correlation between the 
ability to compete with (-)-[3H]l for the m-AChR and the affinity constant 
of the analogue as determined by in oitro assay, suggesting that the test is a 
valid indicator of in vim distribution. One radioiodinated analogue, 3- 
quinuclidinyl p-iodobenzilate, bound to m-AChR in the heart and brain of 
rats. 


Keyphrases 0 3-Quinuclidinyl benzilate-analogues, binding to a- and 
8-adrenoceptors and the muscarinic acetylcholine receptor, gamma-camera 
imaging 0 Radioligand binding-3quinuclidinyl benzilate analogues to the 
muscarinic acetylcholine receptor, gamma-camera imaging 0 Radiotrac- 
ers-development of 3-quinuclidinyl benzilate analogues for gamma-camera 
imaging, binding to a- and P-adrenoceptors and muscarinic acetylcholine 
receptor 


We have attempted to develop an effective strategy for the 
design, synthesis, in uitro analysis, animal distribution studies, 
and clinical evaluation of receptor binding radiotracers. Be- 
cause of the special requirements for receptor binding ra- 
diotracers (high effective specific activity, high chemical and 
radiochemical purity, low nonreceptor binding, and low rate 
of metabolism) the choice is crucial (1). A large investment 
of research effort is needed to produce a radiolabeled recep- 
tor-binding ligand; only one receptor-binding radiotracer, 
1 6a-[77Br]bromoestradiol, is presently in the clinical trial 
phase (2)*. 


To prepare a gamma-emitting receptor-binding radiotracer 
we have investigated several tritium-labeled compounds that 
bind to the a- and 0-adrenoceptor and to the muscarinic ace- 
tylcholine receptor (m-AChR). The results, both in uitro and 
in uiuo, using the tritium-labeled compounds led us to syn- 
thesize a number of nonradioactive derivatives of I substituted 
with stable isotopes of the routinely used gamma-emitting 
radionuclides iodine- 123, bromine-77 and -75, and fluorine-1 8 
(3). These stable halogenated derivatives of I were used in in 
uiuo competition studies with (-)-[3H] I to determine their 
ability to compete with the parent structure for m-AChR and, 
thus, give an indication of their own distribution. 


Because making each derivative with iodine- 123, bro- 
mine-77, or fluorine-I8 would be an overwhelming task given 
the requirements mentioned previously, we thought that this 
approach-in uiuo competition studies-would be an efficient 
strategy to determine which radiotracer to pursue. We also 
prepared and tested a number of other receptor-binding ligands 
~~~ ~ 


* Note added in roof. Two additional studies in humans have appeared: H. N. 
Wagner, Jr  , H. D. !urns; K. F. Daniels. er ol., Science. 221.1262 (1983) and W. C. 
Eckelman. R .  C. Reba. W. J .  Rzeszotarski ef nl.. Science. 223,291 (1984). 


to determine the structural requirements for binding to the 
receptor. 


EXPERIMENTAL 


Radioligand~-(-)-3-[~H]Quinuclidinyl benzilate ( I ) ] ,  (&)-4-(3-ter1- 
butylamino-2-hydroxypropoxy)- I-H-2-cyan0-3-[~~~I]iodoindole (11)*, and 
['Hlprazosin ( 1 I I ) l  were used without further purification. (&)-4-(3-terl- 
Butylamino-2-hydroxypropoxy)- 1 -H-3-[ '2SI]iodoindole (IV) was prepared 
according to the method of Barovsky and Brooker (4). Each was determined 
to be >95% radiochemically pure. 


Preparation of Nonradioactive Compounds-N-Methyl scopolamine (V)3, 
scopolamine (VI)3,  benactyzine (VII)4, a-(hydroxymethyl) 4-bromoben- 
zeneacetic acid 8-methyl-8-azabicyclo[3.2.l]oct-3-yl ester (4-bromoatropine; 
VIIl)5,  benztropine (IX)n, carbetapentane (X)', carazolol phento- 
lamine (XII)9, propranolol (X1l l ) lo ,  and pindolol (XIV)" were obtained 
commercially. Other compounds were prepared and purified as previously 
published (3). Each derivative (3  pmol) was dissolved in  3 mL of EtOH 
without heat. At the time of use. 3 mL of saline was added, and 2 mL of this 
solution was mixed with 0.075-0.100 mL of (-)-[)HI1 at a final concentration 
of 37-50 pCi/mL. A 0.1-mL aliquot was injected per animal. Each compound 
was analyzed by HPLC before and after use by published techniques (3) and 
found to be chemically pure. Each analogue of I is a mixture of the four dia- 
stereomers. 


Animal Studies-The in vim distribution was determined in male Spra- 
gue-Dawley rats weighing 250-300 g at the time of study. The thyroid was 
not blocked. Under light halothane anesthesia, 0.1 mL of radiopharmaceutical 
solution (3-5 pCi in 50% ethanol) was injected into an exposed femoral vein. 
At selected times after the injection, the animals were killed and samples of 
blood, ventricular muscle, lung, liver, pancreas, midbrain, and cerebellum 
tissues were taken. The midbrain included the corpus striatum and hippo- 
campus along with a portion of the brain stem. No cerebral cortex or pineal 
gland tissue was sampled. Small samples of solid tissue (100-200 mg) and 
blood (25 pL) were processed overnight in tissue solubilizer and then counted 
after the addition of liquid scintillation cocktail. Replicate counts separated 
by 24 h were taken to verify the absence of chemiluminescence. The results 
are expressed as the percentage of the injected dose per gram of wet tissue with 
95% confidence limits. This allows direct comparison to determine if differ- 
ences are significant at the 95% level. 


RESULTS AND DISCUSSION 


From our previous survey of various receptor systems in the heart such as 
the a- and 8-adrenoceptors and the muscarinic acetylcholine receptor (m- 
AChR), it became obvious that the m-AChR system has the greatest potential. 
From a simple biomolecular model ( 5 )  and from distribution studies using 
commercially available tritium-labeled ligands, 3-quinuclidinyl benzilate ( I )  
appeared to be the best radioligand (6). 


Distribution of a- and &Adrenoceptor Binding Radiotracer--The high- 
affinity &adrenoceptor ligand XI and the high affinity a-adrenoceptor ligand 
111 showed displaceable binding in the rat heart and lung, but XI gave 


I New England Nuclear, Boston, Mass. * 1z51CYP Amersham. Arlington Height. 111. 
3 Sigma Chemical Co.. St.Louis. Mo. ' Aldrich Chemical Co., Milwaukee, Wis. 
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Table I-Distribution of Selected a- and 8-Adrenoceptor Radioligands in the Rat 


Percent of Dose/g (95% Confidence Limits) 
Time, h Blood Lung Heart Liver Midbrain 


Alone 2 0.052 0.301 0.880 I .80 0.056 


+ 530 nmol of XUa 2 0.076 0.234 0.464 I .96 0.055 
(0.039-0.065) (0.285-0.3 17) (0.703-1.06) (1.68-1.92) (0.05 1-0.061) 


(0.07 1-0.082) (0.206-0.263) (0.441-0.487) ( I  .7 1-2.2 1) (0.049-0.061) 
t3H]XI 


Alone 2 0.175 4.49 0.392 0.525 0.090 


+ 100 nmol of XIII' 2 0.097 1.26 0.201 0.497 0.080 
(0.158-0.193) (3.50-5.48) (0.339-0.446) (0.440-0.610) (0.075-0.107) 


(0.086-0.107) (1.07-1.44) (0.184-0.21 81 (0.432-0.566) (0.066-0.094) 
[ 12511 IV 


['*'I]II 
Alone 


n.25 0.494 2.09 0.326 0.25 0.494 2.09 0.326 


2 0.322 0.501 0.132 
(0.450-0.538) (1.62-2.57) (0.295-0.357) 


(0.283-0.36 1 ) (0.371 -0.632) (0.106-0.158) 


. -. 
(0.450-0.538) (i.62-2.57) (0.295-0.357) 


2 0.322 0.501 0.132 
(0.283-0.36 1 ) (0.371 -0.632) (0.106-0.158) 


0.25 0.178 5.14 


- 0.054 


- 0.03 1 
(0.042-0.067) 


(0.026-0.036) 


0.949 0.560 0.020 . -. - .. . . -  


(0.1 37-0.220) (2.40-7.88) (0.606-1.29) (0.334-0.787) (0.012-0.029) + 100 nmol of XIV" 0.25 0.067 1.25 0.844 0.647 0.013 
(0.053-0.080) (0.627-1.87) (0.380-1.31) (0.355-0.939) (0.001 -0.024) 


Alone 2 0.169 5.68 0.638 0.178 0.016 


+ 100 nmol of XIV" 2 0.062 0.658 0.139 0.243 0.012 
(0.139-0.199) (5.00-6.38) (0.498-0.777) (0.149-0.207) (0.012-0.020) 


(0.052-0.069) (0.532-0.785) (0.108-0.168) (0.204-0.283) (0.007-0.018) 


a Amount of nonradioactive compound coinjected per animal, six animals per grmp 


heart-to-blood (H/B) ratios of <5 (Table I) and I11 was not displaceable in 
guinea pig and rabbit (6). (.t)-[3H]I showed H/B ratios of >25 and dis- 
placeable binding in two species (6.7). 


Recently, three iodinated 8-adrenoceptor ligands became available com- 
mercially. The first, iodohydroxybenzylpindolol (XV) gave low H/B ratios 
but displaceable binding in the lung (6). Two other compounds, I1 and IV, 
have also been prepared (8). Compound IV does not give high H/B ratios in 
the rat, but I1 does and also shows displaceable binding in the heart and lung 
(Table I). This compound appears to be useful for studying the change in 
concentration of 8-adrenoceptors in both the heart and lung. 


Very little uptake in the midbrain is observed so that this interesting location 
of a- and 8-adrenoceptors cannot be studied with these agents (Table I). 
(-)-[3H]I, on the other hand, shows not only high displaceable binding in the 
heart but also in the striatum (9). There is, therefore, an opportunity to study 
the change in m-AChR in these tissues if an appropriate gamma-emitting 
analogue of I can be prepared. 


Proof of in-AChR Binding-The binding of (-)-[3H]1 to m-AChR in the 
heart and brain in uitro has been well documented. The burden of proof for 
m-AChR binding is based on the pharmacological profile whereby various 


Table 11-Relative Binding Index (RBI) of Derivatives of Is 


&& OH 


RBI 
Heart Midbrain R 


100 100 
99 


I ,  66 70 
55 95 


H4 95 1 I6 
4-BresH4 1 1  69 
3-BrCsH4 8 84 
2-BrCsH4 8 18 
4-1C6H4 23 65 
3-1C6H4 9 32 
4-NH2CsH4 6 16 


184 230 
2 4 


(R)-CsHs 


1 3 Propargyl 
CsH5, N-methyl 15 
3-Quinuclidinyl xanthene-9- 4 98 


C6HS 
c-C=.H~ 155 


n 4  57 110 


(S)-C6H5 
- 


carboxylate 
Atropine 3 20 
Scopolamine 3 22 


agonists and antagonists are used in the in uitro assay, and the relative binding 
affinities are compared with physiological responses (10213). We have added 
to this another test of binding to the m-AChR: stereospecificity. In uifro, the 
R and S isomers of I were shown to have affinity constants that differ by a 
factor of 58 in caudate putamen and 153 in ventricular muscle preparations 
(Table 11). Theevidence that (-)-['HI1 is binding to the m-AChR in uiuo is 
shown by the difference in competition of (-)-[3H]I by the R and S isomers 
of I (Table 111). The specific receptor binding relative to the nonreceptor 
binding can be determined in each case by comparing the Concentration of 
(-)-[3H]I in the presence and absence of an excess of competing nonra- 
dioactive ligand. Again the competition appeared to be stereoselective, with 
the more active isomer causing the greater displacement. We therefore con- 
clude that we are studying binding to the m-AChR both in uirro and i H  
uiuo. 


Competitive Binding of Muscarinic Antagonist-Fifty nmole of each halogen 
analogue of I was coinjected with (-)-[3H]I to determine the distribution of 
these nonradioactive derivatives indirectly. In the heart and midbrain the 
fluoro analogues are the most potent, followed by the bromo analogues, and 
finally the iodo analogues (Table 111). 


We also prepared a number of alkyl derivatives that contain a cyclohexyl, 
a cyclopentyl, or an n-butyl group in place of one aromatic ring (3) (Table 
IV). The cyclopentyl derivative has a higher affinity than I for the m-AChR 
in the heart, and this is reflected in the in uiuo competition study (Fig. 1). This 
study shows that these structural changes do not adversely affect in uiuo m- 
AChR binding and indicates alternate pathways to radiolabeling. 


The remaining compounds are drugs that are thought to interact with the 
m-AChR (Table V). Compound VI is used for the relief of pylorospasm, peptic 
ulcer, and spastic colon. It is not as effective as I in inhibiting (-)-[3H]I. The 
N-methyl quaternary derivative (V) is more potent than VI in in uiuo dis- 
placement in the heart, but does not displace (-)-[3H]I in the brain because 
the quaternary salt does not cross the blood-brain barrier. Compound VII 
is a mild antidepressant and anticholinergic agent; from the in uiuo displace- 
ment studies it is indeed a weak displacer. Likewise VIII, a halogenated de- 
rivative of atropine, IX, an anticholinergic and antihistaminic derivative of 
tropine, and X, a sympathomimetic agent used in cough medicine, all are weak 
inhibitors of (-)-[)HI1 binding in all organs studied. 


Correlation of In Vitro and I n  Vivo Results-These values for competitive 
blockade are in general agreement with the affinity constants determined by 
in uitro assay in our laboratory (Table 11). The in uitro relative binding affinity 
was correlated with the in uiuo displacement data using the logit-log plot (Fig. 
1) (14). The logit-log plot was chosen because it uses experimental values, 
i.e., BIB0 (the amount of (-)-['HI1 bound in the presenceof nonradioactive 
inhibitor divided by the amount bound in the absence of inhibitor) and usually 
the log of the concentration of inhibitor (h): 


K h  


1 + KJ.0 
Logit BIB0 = -log h - log ~ 


Calculated from data in Refs. 3 and 11. The RBI is the affinity constant of each 
compound relative to that of (*)-I as determined by in uitro assay where (&)-I is 
100. 


Since in Our case the amount Of (-)-[3H]I injected (LO), the affinity (KO), 
and h are constant, we have chosen to plot the log of the relative binding index 
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Table HI-Displacement of (-)-[3H]l by I and Halogenated Derivatives at 2 h in the Rat 


Derivative Percent of Dose/g (95% Confidence Limits) 
(R)O Blood Lung Heart Liver Midbrain Cerebellum 


3-FC6H4 0.085 0.285 0.284 0.270 0.508 


4-FC6H4 0.074 0.277 0.363 0.215 0.455 


3-BrCsH4 0.026 0.286 1.23 0.191 0.5 I5 


4-BK6H4 0.060 0.395 1.86 0.206 0.462 


3-IC6H4 0.077 0.462 2.78 0.214 0.580 


4-1C6H4 0.09 1 0.426 2.12 0.260 0.722 


(0.079-0.091) (0.226-0.344) (0.263-0.305) (0.244-0.297) (0.418-0.598) 


(0.07 1-0.078) (0.210-0.345) (0.308-0.41 9) (0.202-0.228) (0.422-0.488) 


(0.006-0.046) (0.2 16-0.356) (1.09- 1.37) (0.164-0.21 8) (0.424- 0.606) 


(0.048-0.071) (0.269-0.521) (1.64-2.08) (0.180-0.232) (0.362-0.562) 


(0.069-0.086) (0.348-0.576) (2.37-3.18) (0.190-0.237) (0.465-0.695) 


(0.066-0. I 15) (0.370-0.482) (1.63-2.61) (0.189-0.330) (0.582-0.863) 
- - Saline 0.063 0.510 3.99 


(0.052-0.074) (0.443-0.577) (3.76-4.22) 
Compound I 


0.5 nmol 0.092 0.364 1.65 0.243 0.674 
(0.074-0. I 1 1 ) (0.278-0.449) (1.47-1.83) (0.205-0.281) (0.483-0.865) 


(0.078-0.107) (0.213-0.500) (0.379-0.439) (0.214-0.308) (0.59 1-0.727) 
5 nmol 0.092 0.356 0.409 0.26 I 0.659 


50 nmol 0.085 0.346 0.186 0 289 0.389 
(0.07 1-0.098) (0.227-0.465) (0.165-0.207) (0.244-0.334) 10.322-0.457) 


SO0 nmol 0. I36 0.296 0.120 0.269 0.092 . .. ..~~... 


(0.097-0.174) (0.223-0.369) (0. i I 2-0. I 28) (0.243-0.296) (0.085-0.099) 


10.067-0.1 14) (0.298-0.61 9) (0.199-0.257) (0.250-0.400) (0.305--0.451) 
(R)-I ,  50 nmol 0.090 0.458 0.228 0.325 0.378 


(S)-l, 50 nmol 0.092 0.571 3.79 0.306 0.601 


50 nmol per animal of each halogenated derivative was coinjectcd; in the case of 1 the indicated amount was coinjected; six rats pcr group. 


(0.075-0.109) (0.342-0.801) (2.97-4.60) (0.243-0.369) (0.243-0.369) 


Table IV-Displacement of (-)-13H]I by Alkyl Derivatives at 2 h in the R8t 


0.164 


0.170 


0.335 


0.381 


0.474 


0.555 


(0.153-0.175) 


(0.157-0.183) 


(0.289-0.382) 


(0.322-0.441) 


(0.404-0.543) 


(0.459-0.651) 
- 


0.481 
(0.400-0.562) 
0.236 


(0.207 -0.26 5) 
0.121 


(0.109-0.1 33) 
0.078 


(0.74-0.085) 
0.144 


(0.1 21 -0.1 68) 
0.527 


(0.436-0.61 8) 


QNB 
Derivative (R)O 


C - C d  I I 


c - C ~ H ~  


n-CdH9 


Propargyl 


4-NH2CsHd 


3-Quinuclidinyl xanthene-9-carboxylate 


0.082 


0.072 
(0.074-0.091) 


(0.061 -0.082) 


(0.062-0.091 ) 


(0.058-0.078) 


0.076 


0.068 


0.08 1 


Percent of Dose/g (95% Confidence Limits) 
Lung Heart ( H )  H f B  Liver Midbrain 


0.312 0.398 4.8 0.266 0.430 
(0.236-0.338) (0.37 1-0.426) (0.21 8-0.3 14) (0.402-0.457) 
0.319 0.206 2.9 0.177 0.210 


(0.252-0.386) (0.186-0.226) (0.130-0.224) (0.188-0.232) 


(0.257-0.505) (0.281 -0.475) (0.1 8 1-0.334) (0.278-0.393) 


(0.251-0.355) (2.39-2.97) (0.1 89-0.255) (0.532-0.627) 


0.381 0.378 4.9 0.258 0.336 


0.303 2.68 39.2 0.222 0.579 


0.423 I .64 20.4 0.275 0.5 15 
(0.072-0.089) (0.260-0.587) (1.26-2.03) (0.231-0.318) (0.420-0.609) 


(0.047-0.078) (0.286-0.416) (2.79-3.40) (0.167-0.236) (0.463-0.590) 
0.063 0.351 3.10 49.4 0.201 0.526 


50 nmol of the I derivative per animal was coinjected with 3.5-5 pCi (-)-[3H]l [IS-ZO pCi/kg]; six rats per group 


Table V-Displacement of (-H3H]I by Other Muscarinic Antagonists at 2 h in the Rat 


Percent of Dose/g (95% Confidence Limits) 
DisplacerO Blood (B) Lung Heart (H) H/B Liver Midbrain 


N-Methvl scowlamine 0.074 0.286 0.453 6.1 0.236 0.641 
, r  


Scopolamine 


Benact yzine 


(0.068-0.08 1) (0.236-0.335) (0.400-0.507) (0.207-0.266) (0.547-0.736) 


(0.094-0.1 14) (0.274-0.403) ( I  .53-2.05) (0.227-0.278) (0.493-0.599) 


10.052-0.072) (0.336-0.4431 (3.53-4.311 (0.165- 0.237) (0.494-0.590) 


0.104 0.339 1.79 17.2 0.253 0.546 


0.062 0.390 3.92 63.2 0.201 0.542 


4-Bromoatropine 0.061 0.436 2.75 53.3 0.191 0.5 17 


Benztropine 0.058 0.492 4.3 I ' 74.1 0.177 0.656 


Carbetapentane 0.048 0.7 17 5.01 103.2 1.105 0.507 


(0.048-0.074) (0.340-0.533) (1.49-4.01) (0.165-0.218) (0.429-0.605) 


(0.050-0.066) (0.399-0.586) (3.94-4.67) (0.123 -0.231) (0.592-0.720) 


(0.044-0.053) (0.450-0.985) (4.62-5.41) (0.091 -0.1 19) (0.448-0.566) 


50 nmol of the antagonist per rat was coinjected with 3.5 to 5 pCi (-)-['HI[ [ 15-20 pCi/kg]; six rats per group. 


(RBI). The RBI is defined as the affinity of the analogue ( K h )  relative to that 
of (*)-I  as  determined by in uifro assay, where ( f ) - 1  is 100 (Table 11). An- 
other advantage of the logit plot is the linear relationship between the log- 
it BIB0 and the log RBI; this linear relationship allows easier statistical 
analysis. 


Although 50 nmol of each nonradioactive compound (h )  was coinjected 
with the (-)-[3H]I, the actual concentration of material a t  the receptor site 
is unknown. The uptake of I in the target tissues is rapid (Table VI) ,  and 
therefore coinjcction of the displacer with the radioligand should allow 
competitive binding without complications due to differing pharmacokinetics 


(! 5). This competition has been demonstrated independently by Maziere er 
al. (16) who showed that atropine could increase the washout of ' IC-labeled 
N-methyl-]. If irreversible binding occurred or excretion was faster than re- 
binding, then these results would not be possible (17).  I f  the concentration 
of inhibitor is similar, the various compounds should compete with (-)-[3H]I 
in relation to their affinities for the m-AChR provided that receptor binding 
is the dominant factor controlling the in uiuo distribution. 


The linear correlation equation for the heart is logit y = 1.28 - 0.777 In RBI 
( r2  = 0.70) and for the midbrain, logit y = 3.54 - 0.679 In RBI (r2 = 0.60), 
where logit y is In [ ( B / B o ) / (  1 - B/Bo)]. The correlations are reasonably good 
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Table VI-Pharmacokinetics of (-)-[3H]I a 


Percent of Dose/g (95% Confidence Limits) 
Time, min Blood Lung Heart Liver Midbrain 


5 


30 


0.080 
(0.47 0.1 14) 
0.046 


2.51 


0.903 
(1.85-3.1 7) 


(0.041 -0.050) (0.751-1.05) 
60 0.059 0.759 


90 0.061 0.602 


120 0.035 0.355 


(0.053-0.065) (0.615-0.904) 


(0.049-0.073) (0.535-0.668) 


(0.030-0.040) (0.296-0.413) 


(I Six rats per group. 
considering the assumptions of uniform pharmacokinetics. We suggest that 
these results, therefore, imply the validity of these assumptions. The p-iodo 
derivative is not as potent as it ought to be based on the correlation in the 
midbrain (not shown in Fig. IB, BIB0 = 1.07). This suggests that iodinated 
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Figure 1-Plot of logit B/Bo calculated from the ratio of the percent of doselg 
bound in ihe heart (A) and brain (B) in the presence of 50 nmol of nonra- 
dioactive analogue per animal to the percent of doselg bound in the absence 
of the analogue versus the relative bonding index (RBI) determined by in vitro 
assay. 


2.53 
(1.51-3.561 
3.54 
(2.93-4.16) 
4.12 


4.43 
(3.30-4.93) 


(3.75-5.12) 
3.16 
(2.91-3.41) 


0.304 
(0.200-0.409) 
0.261 
(0.21 1-0.31 1) 
0.468 
(0.1 17-1.05) 
0.231 
(0.1 17-0.346) 
0.121 
(0.105-0.1 37) 


0.237 


0.399 
(0.270-0.528) 
0.401 


0.534 


0.412 


(0.147-0.326) 


(0.3 19-0.484) 


(0.425-0.644) 


(0.353-0.471) 


I is not as available as the other derivatives for receptor binding in the brain. 
In general, all iodinated and brominated derivatives lie above the correlation 
line, indicating that they are not as readily transported to the receptor. 
However, the high correlation in both the heart and brain indicate that the 
major factor controlling the in uiuo distribution in the target organs is the 
affinity for the m-AChR. 


Relative Displacement in the Heart and Brain-At the same concentration 
of nonradioactive I, more (-)-[3H]I binding is inhibited in the heart than in 
the striatum. This could be due to either a higher concentration of m-AChR 
in the midbrain compared with the heart or to a decreased concentration of 
nonradioactive compound in the midbrain compared with the heart. From 
the pharrnacokinetic data in Table VI, it is clear that a higher concentration 
(percent of dose/g) of I is obtained in the heart than in the midbrain by a factor 
of 1 1 0  despite the fact'that the receptor concentration is considered greater 
in the striaturn (12). Since amines such as I arc only transported across the 
blood-brain barrier as the uncharged species, the differences in uptake be- 
tween the heart and midbrain could be expected. 


The heart-to-blood ratios for (-)-[3H]I (Table VI) are significantly higher 
than those published for (k)-[3H]I (6,7). This shows the importance of using 
the highest affinity stereoisomer of the receptor ligand. 


Relative Competition in the Midbrain and Cerebellum-The effect of a 
difference in m-AChR concentration can best be investigated by comparing 
the uptake of (-)-[3H]I in the cerebellum and the midbrain (Table 111). At 
maximum specific activity for (-)-[3H]I (33 Ci/mmol), the uptake in the 
midbrain (MB) and cerebellum (C) is 0.67 and 0.48% of the dose/g, respec- 
tively, for a MB/C ratio of 1.40. As the specific activity is decreased by 
coinjection of I, the percent of dose/g is decreased more rapidly in the cere- 
bellum than in the midbrain. This has the effect of producing higher MB/C 
ratios as the specific activity is decreased. Finally, with coinjection of 500 nmol 
of I the ratio is again reduced to 1.2. This can be explained by the cubic 
equation describing displacement (1 8): 


h K h ( R  + 'IR = 0 (Eq, 2) 
(Kh/K*)R + 1 R 2  + R(I + K*p* - K*9) - K*q t 


where R is the boundlfree ratio, K*  is the equilibrium affinity constant ofp*, 
p* is the total concentration of radioligand, K h  is the equilibrium affinity 
constant of h,  h is the total concentration of displacer, and q is the total con- 
centration of receptor, provided that the midbrain contains more m-ACh re- 
ceptor than the cerebellum as the in oifro data indicate (12). Examples of the 
effect of the change in conditions on the bound/free ratio are given in Table 
VII. It is interesting to note that Yamamura ei al. (10) using 15 nmol of 
(*)-[3H]I at 5 Ci/rnmol suggested that the MB/C ratio of tritium was in- 
dicative of the receptor concentration, but it appears to be fortuitous that the 
MB/C ratio of 6 approxirnatcd the receptor concentration in their experi- 
ments. The relative displacement from the two organs appears to be a better 
explanation than distribution based on receptor concentration. The 2-h dis- 
tribution of (-)-[3H]I appears to be unrelated to receptor concentration at 
high specific activity of (-)-[3HJ1. 


Distribution of Radioiodinated SQuinuclidinyl plodobenzilate (XVI)--The 
distribution of XVI labcled with iodine-125 was studied to determine the 
correlation between the in oiuo competition study and radiolabeled distribution 
studies (Table V I I I ) .  Four distribution studies at slightly different specific 
activities show that XVI does give reasonable heart-to-brain (H/B) ratios, 
but high lung concentration is also evident. The radioactivity is inhibited in 
the heart and striatum by 50 nrnol of I, indicating that XVI is binding to re- 
ceptor at least in part in these organs. The specific activities were determined 
by comparing (-)-13H]1 and [1251JXV1 binding curves. Setting the receptor 
concentration equal for both curves permits the calculation of the specific 
activity of .[L2sI]XV1 ( 1  9). Another method (20,21) of adding nonradioactive 
XI1 (p) to [1251]X11 @*) was not sensitive to changes in the specific activity. 
It is only useful for low specific activity radioligands when the concentration 
ofp  and p* are similar at receptor saturation. 
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Table VII-Effect of Receptor, Radioligand, and Inhibitor Concentrations on the Bound to Free Drug Ratio (B/F) 


Effect of Concentration on Calculated B/Fa 


P* 
h 
4 


1.4 nM 1.4 pM 1.4 pM 1.4 nM 1.4nM 1.4 pM 1.4 pM ’ 1.4 nM 
25 nM 25 nM 2.5 nM 2.5 nM 25 nM 25 nM 2.5 nM 2.5 nM 
10 nM 10 nM 10 nM 10 nM 1OOnM 100 nM 100 nM 100 nM 


B/F 
Calculated I 1  I 1  96 79 92 1 938 121 1201 
Maximumb 125 I25 125 125 1250 1250 i250 1250 


Calculated from the Cubic Equation (IS) using K* = 12.5 X IO9M-’. K h  = 12.5 X IO9M-’ for I displacing [)HI1 at a typical concentration of p* (1.4 pM for iodine-I25 and 
1.4 nM for tritium, h. and 9). Calculated from B/F = K*9 (5). 


Table VIII-Distribution of 3-QuinuclidinyEp-(1LsI] Iodobenzilate (XVI)’ 


Specific 
Activity, 


Percent of Dose/g (95% Confidence Limits) 


Displacer Time, h kCi/mol Blood Lung Heart Midbrain Cerebellum 


Saline 0.25 1195 0.118 5.57 1.03 0.222 0.180 


Ib 0.25 I195 0.064 5.66 0.50 0.200 0.156 


Saline 0.25 1214 0.043 3.93 0.675 0.216 0. I50 


Saline 2 1214 0.049 1.43 0.274 0.333 0.080 


(0.109-0.1 28) (4.72-6.42) (0.782-1.28) (0.1 73-0.271) (0.136-0.224) 


(0.056-0.071) (4.79-6.54) (0.474-0.533) (0.142-0.258) (0.1 28-0.185) 


(0.035-0.05 1 )  (2.41-5.45) (0.530-0.820) (0.182-0.250) (0.120-0.179) 


I b  2 
(0.039-0.059) (1.00-1.85) (0.207-0.342) (0.235-0.432) (0.055-0.105) 


(0.035-0.042) (0.779- 1.14) (0.1 10-0.1 38) (0.064-0.074) (0.028-0.033) 
1214 0.038 0.961 0.124 0.069 0.030 


Saline 2 - 0.026 0.977 0. I90 - - 


I b  2 


Saline 2 


(0.024-0.029) (0.669-1.28) (0.1 55-0.225) 
- 0.034 1.17 0.142 


(0.029-0.039) (0.922-1.41) (0. i I 7-0. I 67) 
1060 0.038 1.07 0.163 0.176 0.018 


(0.030-0.047) (0.70- I .45) (0.1 17-0.210) (0  134-0.219) (0.01 1-0.025) 
I b  2 1060 0.024 0.88 0.094 0.049 0.007 


(0.01 8-0.030) (0.55- 1.2 I ) (0.075-0.1 12) (0.033-0.065) (0.002-0.01 2) 


Mixture of four diastereomers. 50 nmol of I per animal coinjected with (1251]XVI; six rats per group. 


The higher lipophilicity of XVI when compared with (-)-[3H]I causes 
higher lung concentration and greater nonreceptor binding to tissue. This may 
be the cause of the lower displacing power of the nonradioactive compound 
in the brain. It is also of interest that XVI gives a MB/C ratioof 2 4  a t  high 
specific activity. Although it appears that XVI is distributed according to 
receptor concentration in the brain, recent studies suggest that the ratio is the 
result of more rapid washout from the cerebellum (9). Using ‘231-labeled XVI 
we were able to visualize the heart and cerebrum of the dog (22). Just as in- 
creased uptake in the receptor-containing organs was observed when we used 
(-)-[3H]I instead of (i)-[3H]1, we also expect in the case of XVI (a mixture 
of four disastereomers) that the percent of thedose in the receptor-containing 
organ will increase when the highest affinity isomer is used. 


CONCLUSIONS 


The in oioo displacement experiments show that the relative uptake is 
correlated with the affinity constant of all derivatives except the p-iodo de- 
rivative in the brain. The m-fluoro derivative is more potent than the p-fluoro 
derivative in oifro and in uiuo. Both bromo derivatives are equally weak re- 
ceptor binders in uitro and in oioo. Because of its increased concentration in 
nontarget organs such as the lung, the p-iodo derivative does not inhibit 
(-)-[3H]I from the midbrain to the same extent as  derivatives with compa- 
rable m-AChR affinities. Nevertheless, 1Z51-labeled XVI is taken up by the 
m-AChR in the heart and brain, although to a lesser extent than (-)-[3H]I. 
Images of the dog heart and midbrain have been obtained using ‘231-labeled 
XVI (22). 


It appears that radioiodinated derivatives are now available for the imaging 
of 8-adrenoceptors in the heart and lung (11) and for the imaging of m-AChR 
in the heart and brain (XVI). With these agents, changes in receptor con 
centration as a function of disease may be evaluated in oiuo (23). 
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Abstract 0 The rate of penetration of propionic and butyric acids through 
excised porcine skin was determined in vitro in specific apparatus allowing 
optimal control of operational conditions. In one technique, the rate was fol- 
lowed by continuous pH-stat titration of acid appearing in the perfusate, in 
another, by periodic monitoring of [I4C]propionic acid in the perfusate. With 
the assumption that Fick‘s equation applies to the process of penetration, it 
was found that the permeability coefficient, K ,  increases with increasing mass 
of neat penetrant applied per unit area to the donor side, increases with in- 
creasing concentration of penetrant in n-heptane as vehicle, increases with 
increasing temperature, E ,  = 1 1.4 kcal/mol, and decreases with decreasing 
perfusion rate of the acceptor side when this rate is smaller than 60 mL/h. 


Keyphrases 0 Absorption, percutaneous-alkanoic acids in vitro, porcine 
skin, permeability coefficients, operational conditions 0 Alkanoic acids- 
percutaneous absorption in vitro, porcine skin, permeability coefficients, 
operational conditions 0 Permeability coefficients-alkanoic acids through 
porcine skin, in vitro percutaneous absorption, operational conditions 


The process of transdermal drug absorption is a subject of 
current interest in the areas of pharmaceutics, applied phar- 
macology, and toxicology. For passage through the skin, the 
penetrating molecule must move first through the stratum 
corneum, then into the viable epidermis, the papillary dermis, 
and the capillary walls into the bloodstream. Scheuplein and 
Blank (1) analyzed the diffusional resistance of the different 
skin layers, and it was shown clearly that the stratum corneum 
is overwhelmingly dominant. 


This and the passive nature of the stratum corneum enabled 
application of Fick‘s equation to the transport process across 
the skin. A passive system has two main characteristics: ( a )  
a delay period following contact of the penetrant with the 
surface, during which time the membrane itself becomes 
charged with the penetrant and (b) flow across the bulk of the 
membrane barrier at a steady rate, which lasts as long as the 


From Reservoir 


Ftorn Reservoir’s Mantel 


To Reservoir 


Figure 1-Schematic representation of the pH-stat assembly. Key: (B) bath; 
(C) cooler; (0) diffusion cell; ( I )  immersion coil; (P) peristaltic pump; (T) 
thermostat. 


penetrant remains in adequate supply on one side and is being 
removed from the other. The steady-state flux of penetration, 
J ,  is given by: 


where K, = KmD/X. K, is the permeability coefficient, D is 
the diffusion coefficient, Km is the membrane-solution par- 
tition coefficient, and X is the thickness of the membrane. AC, 
expresses the concentration difference under steady-state 
conditions between the two phases at either side of the mem- 
brane. The permeability coefficient, K,, is physically equiva- 
lent to the solute permeability coefficient at zero-volume flow, 
w, as shown by Kedem and Katchalsky (2); the relationship 
is given by K ,  = RTw. It was shown by many workers (1) that 
Fick‘s law holds fairly well for skin whether the penetrating 
substance is a gas, an ion, or a nonelectrolyte. 


For optimal control of operational conditions, the penetra- 
tion process is usually studied in uitro. Excised skin is used in 
diffusion cells in which a barrier of animal or human skin is 
interposed between two compartments, and the passage of 
compounds is measured ffom the epidermal surface on one side 
into a bathing fluid on the other side. 


The present work is a pilot study of operational factors that 
affect the percutaneous absorption of propionic and butyric 
acids through excised porcine skin in uitro. Its main objective 
has been the generation of adequate knowledge to allow a 
systematic investigation of the permeation process by these and 
other members of this class of compounds. Concern with the 
alkanoic acids stems from an interest in the applicability of 
regular solution theory (3) to pharmaceutical sciences in 
general and to percutaneous drug application in particular. 
Recent accurate data (4) on the solubility parameter and molal 
volumes of a wide range of alkanoic acids suggested their use 
as candidates of choice in such a study, in preference to other 
potential permeating species, such as the series of alcohols used 
by Scheuplein ( 5 ) .  Compliance of the alkanoic acids with this 
theory is being presented in the second paper of this series 


The methodology used in this study is a modified extension 
of procedures that had been adequately described by earlier 
workers in this field, notably Ainsworth (7), Blank (8, 9), 
Wurster and Kramer (lo), Scheuplein ( 5 ) ,  Polano and Ponec 


( 6 ) .  
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Abstract 0 Lanolin alcohols-ethylcellulose films were investigated as 
a potential drug delivery system for the controlled release of salicylic acid. 
The effects of changes in film composition, drug concentration, drug 
solubility, and stirrer speed on the i n  uitro release of salicylic acid have 
been examined. The drug release has been found to ohey a diffusion- 
controlled matrix model and square root of time release profile both in 
the suspension and solution cases. 


Keyphrases Salicylic acid--in uitro release from lanolin alcohols- 
ethylcellulose films, drug diffusion 0 Lanolin alcohols-films with ethyl 
cellulose, in uitro release of salicylic acid, drug diffusion Ethylcellu- 
lose-films with lanolin alcohols, in uitro release of salicylic acid, drug 
diffusion o Drug diffusion-in uitro release of salicylic acid from lanolin 
alcohols-ethylcellulose films 


The film-forming potential of nonpolymeric materials 
such as lanolin alcohols, which are extensively used in 
cosmetic and pharmaceutical formulations, has been re- 


cently investigated in our laboratory (1). Lanolin alcohols 
were found to form isolatable thin films on a mercury 
substrate. The incorporation of small percentages of eth- 
ylcellulose, a known film former (2), and a plasticizer such 
as propylene glycol with lanolin alcohols was found to give 
tack-free films of improved quality. 


Effective utilization of nonpolymeric substances such 
as lanolin alcohols in film-forming composition holds 
considerable promise for a variety of reasons. Such delivery 
systems could be designed and formulated to provide 
sustained drug delivery. The potential hazards associated 
with monomeric impurities in polymers are avoided. 
Nonpolymeric materials are easy to manipulate and 
compound, and are relatively easy to obtain in a state of 
definable composition. They also can be washed from the 
skin with relative ease using soap and water. 
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Figure I-Release of salicylic acid from films 1-7. Key: (1) r = 0.992, b = 7.1 I :  (2) r = 0.990. b = 7.82; (3) r = 0.998. b = 0.11; (4) r = 0.999, b = 
5.76;(5)r=0.993,b=5.63,~(6)r=0.9~7,b=6.34;(7)r=0.999,b= 6.46. 


It is the purpose of this study to investigate the in uitro 
release of salicylic acid (a known keratolytic agent) from 
selected lanolin alcohols-ethylcellulose film compositions 
with or without propylene glycol as a solvent-plasti- 
cizer. 


THEORETICAL 
In the present study, salicylic acid is assumed to be uniformly dispersed 


in the film matrix. The solubility of salicylic acid in lanolin alcohols or 
ethylcellulose is considered negligible based on preliminary work. 


The release from a planar system having a drug dispersed in a granular 
matrix has been shown by Higuchi (3) to follow a diffusion-controlled 
mechanism described by the relationship: 


(Eq. 1) 


where Q is the amount of drug released per unit area a t  time t ,  D and C, 
refer to the diffusion coefficient and solubility of the drug in the per- 
meating fluid, respectively, T refers to the tortuosity and t to the porosity 
of the matrix, and A is the amount of drug present in the matrix per unit 
volume. This equation describes drug release as being linear with the 
square root of time: 


Q = k t  1/2 (Eq. 2)  


where k is the rate constant of release: 


I"' (Eq. 3) 


The release of drug from a granular matrix in which the drug is present 
as a solution was shown by Desai et al. (4) to be: 


with the rate constant of release: 


where Co is the solution concentration and the other parameters are as 
defined earlier. This equation is applicable when the drug released from 
the vehicle is <50%. 


EXPERIMENTAL 


Materials-Lanolin alcohols' (mp 61-64OC, d 0.98 g/mI,), ethylcel- 
lulose2 (d 1.38 g/mL), propylene glycol USP3, and salicylic acid USP4 (d 
1.44 g/mL) were used as received. The solvents used were anhydrous 
methanols (spectral grade) and isopropyl alcohol5. 


Solubility S t u d i e g T h e  solubility of salicylic acid in propylene glycol 
was determined a t  room temperature (22OC) and 3 7 O C  by adding excess 


J 
I I I I I 1 


10 20 30 
ETHYLCELLULOSE CONCENTRATION, % 


Figure 2-Effect of vehicle composition on the release rate. 


1 Su 
2 Et& Cellulose N-50; Hercules Inc. Wilrnington, Del 


Ruger Chemical Co., Irvington. N.J. ' Amend Drug and Chemical Co., Irvington, N.J. 
Mallinckrodt Chemical Works, St. Louis, Mo. 


r Hartolan. Croda Inc.. New York, N.Y. 
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Table I-Calculated Values for  Selected Parameters  


Film 
Film Compositiona 


Film Densityb, 
g/mL 


~ 


Film Volume, 
mL 


97.5:0:2.5 
92.5:5:2.5 
87.510:2.5 
82.5:15:2.5 
77.5:20:2.5 
72.525:2.5 
67.5:30:2.5 


0.992 
1.012 
1.032 
1.052 
1.072 
1.092 
1.112 


0.202 
0.205 
0.192 
0.186 
0.181 
0.176 
0.181 


24.812 0.0167 
25.324 0.0173 
25.813 0.0165 
26.300 0.0163 
26.828 0.0162 
27.300 0.0160 
27.828 0.0168 


~ ~ ~ ~ ~ ~ ~ ~~ ~~ ~~ 


Proportion of lanolin alcohols, ethylcellulose, and salicylic acid expressed as % w/w. Based on density (g/mL) of lanolin alcohols (0.98), ethylcellulose (1.38), and 
salicylic acid (1.44). 


Table 11-Release of Salicylic Acid from Lanolin Alcohols- 
Ethylcellulose Films 


Q versus t 1 / 2  
Release Rate Constant 


( k )  x 1 m ,  Intercept, 
Film mg/cm'.min1/2 min r 


1 
2 
3 


7.11 
7.82 
6.11 


4 5.76 
5 5.63 
6 6.34 
7 6.46 


-6.47 0.992 
-2.80 0.990 


1.06 0.998 
4.87 0.999 


-0.15 0.993 
0.97 0.997 
6.43 0.999 


salicylic acid to 20 mL of propylene glycol contained in SO-mL screw- 
capped glass bottles. A polytef-coated magnetic bar was placed in each 
of the bottles prior to sealing. The contents of the bottle were then stirred 
in water baths for a period of 4 d to ensure attainment of equilibrium. All 
studies were conducted in triplicate. 


Prior to sampling, the stirring was stopped and salicylic acid was al- 
lowed to settle. An aliquot was then filtered6. The filtration and sampling 
apparatus were equilibrated a t  22°C or 37°C for a period of 48 h, and all 
operations were conducted in a constant-temperature room. Actual 
measurements of salicylic acid concentration were made using a scanning 
spectrophotometer' a t  305 nm* after appropriate dilutions with anhy- 
drous methanol to ensure compliance with Beer's Law. 


P repa ra t ion  of Solutions-Solutions containing appropriate 
amounts of lanolin alcohols, ethylcellulose, salicylic acid, and propylene 
glycol (if added) were prepared in the following manner. Weighed 
amounts of ethylcellulose were sprinkled onto 25 mL of isopropyl alcohol 
over a 2-h period with gentle stirring a t  5045°C. The lanolin alcohols 
were then dissolved in a similar manner. Prior to addition of the salicylic 
acid, the solutions were cooled to room temperature, transferred to a 


0.6 - 


2 0.4- 
0 . 
E" 
a -  
Z 
Q g 0.2 


0 
0 10 20 30 


t%, mi"% 


Figure 3-Drug release from films containing lanolin alcohols-ethyl- 
cellulose (8.5:1.5) at different concentrations of salicylic acid. Key: (0 )  
9.09% w / w ;  (A) 4.76% w/w;  (X) 2.91 % WIW; and (0) 0.99% w/w.  


8 Swinnex-25,0.22-gm filter; Millipore Carp., Bedford, Mass. 
7 Perkin-Elmer model 202; Coleman Instruments Div., Oakbrook, Ill. 
Note that Amax for the aqueous system was 297 nm. 


Table  111-Effect of Change in Drug  Concentration on t he  
Release Ra te  Constant for  Films Containing Lanolin Alcohols 
and  Ethylcellulose at a Ratio of 8.k1.5 


Drug Q versus t 
Conc.O, A,  Intercept, k.10-2, 


% mg/cm3 min r mg/cm3.min1/2 


0.99 10.25 0.20 0.985 0.189 
2.91 30.74 0.44 0.991 0.576 
4.76 51.23 -24.58 0.991 0.740 
9.09 102.46 -35.00 0.990 1.642 


a Weight of drug per weight of dry film. All correlation coefficienta and k values 
were computed from the regression line drawn from the data obtained by triplicate 
runs at each level by using the Tektronix (Model 4005-1) graphics terminal. 


50-mL volumetric flask, allowed to stand for 24 h, and the final volume 
was adjusted with isopropyl alcohol to give a 10% w/v solution. 


Preparation of Films-Two milliliters of an appropriate 10% w/v 
solution was transferred onto a preweighed glass petri dish (area = 18.1 
cm2), placed on a flat surface at room temperature. The petri dishes were 
kept partially covered for 48 h to ensure slow and uniform evaporation 
of the solvent and to prevent blistering of the film, this also ensured 
uniform distribution of drug particles in the film matrix. Complete 
evaporation was ensured by drying to a constant weight. The film-coated 
petri dishes were stored in a desiccator (anhydrous calcium chloride) for 
a t  least 24 h prior to the release studies. 


Release. Studies-The release studies were conducted following the 
method reported previously ( l ) ,  a t  37 f 0.5"C and a stirring rate of 40 
rpm. Three-milliliter samples were drawn a t  definite intervals over a 
period of 10 hand, each time, replaced with an equal volume of distilled 
water. The salicylic acid concentrations were determined spectropho- 
tometrically a t  297 nm9. The unidirectional release of salicylic acid from 
the films was ensured by good adherence of the film to the bottom of the 
petri dish, as confirmed by frequent visual examinations during and a t  
the termination of the release studies. No evidence of peeling was ever 
recorded. All release studies were conducted in triplicate. 


RESULTS AND DISCUSSION 


The solubility of salicylic acid in propylene glycol a t  22°C and 37OC 
was found to be 0.481 f 0.028 and 0.543 f 0.025 g/mL, respectively; values 
are expressed as the mean *SD of three measurements. The solubility 
of salicylic acid in lanolin alcohol or ethylcellulose was found to be neg- 
ligible. The film compositions studied are described a t  appropriate lo- 
cations in the text. 


Release from Films Containing Solid Drug-Adherence of drug 
release to the Q versus t1/2 relationship requires that the drug concen- 
tration in the film matrix far exceeds solution drug concentration at the 
interface ( A  >> C. or c CJ. In the systems studied, this criterion was 
satisfied (Table 1). The release data were examined in terms of the Hi- 
guchi model for a granular matrix. The correlation coefficient ( r )  for the 
regression line and the values of the intercept (time) were used as the  
principal criteria for evaluation. 
Q versus t 1 / 2  plots for films 1-7 containing 2.5% w/w drug are shown 


in Fig. 1. On examination of the release data for compliance with the 
Higuchi model (Table II), it was observed that the correlation coefficients 
were consistently high (0.990-0.999). Three film compositions (i .e. ,  1, 
2, and 5) had negative intercepts, but the values were relatively small. 
Negative intercepts may he attributed to the immediate release of the 
drug present on the film surface. The calculated release rate constant 


Rausch and Lomb Spectronic 710. 


304 I Journal of Pharmaceutical Sciences 
Vol. 73, No. 3, March 1984 







Table IV-Q uersus t1I2 Treatment of Salicylic Acid Release Data from Films Containing Dissolved Drug in Solution 


Drug 
Conc.6, CO tl,, k-IO-' ', 


Film Composition0 % mg/cm3 mJn r mg/cm2,min1/2 


7.5:1.5:1.0 0.99 10.30 -0.04 0.996 0.180 
7.51.5:l.O 2.91 30.90 -0.05 0.985 0.516 
7.5:1.5:1.0 4.76 51.50 -12.22 0.982 0.776 


a Proportion of lanolin alcohols, ethylcellulose, and propylene glycol expressed as Z w/w. * Weight of drug per weight of dry film. All correlation coefficients and 
k values were computed from the regression line drawn from the data obtained by triplicate runs at each level by using the Tektronix (Model 4005-1) graphics ter- 
minal. 


represents the steady-state region. The variation of rate constant as a 
function of the film composition is shown in Fig. 2. Interestingly, the 
release rate constant increased at first with inclusion of ethylcellulose 
and then declined sharply with increases in ethylcellulose concentration, 
passing through a minimum value at  --15-20% ethylcellulose before in- 
creasing again. Increases in the concentration of ethylcellulose (>2Wo 
w/w) resulted in an increased rate of drug release, with a tendency to level 
off a t  -30% ethylcellulose concentration. 


Analysis of release data from films containing a fixed proportion of 
lanolin alcohol and ethylcellulose but varying drug concentrations of 
salicylic acid (Table 111, Fig. 3) further supported earlier observations 
favoring the Higuchi model. A test previously used by Schwartz et al. (5) 
was then applied. By taking the logarithm, Eq. 2 can be rewritten as: 


log Q = log k + '/zlog t (Eq. 6) 
If the Higuchi model indeed described the release mechanism, the slope 
of log Q uersus log t plots should be 0.5. The calculated values for the 
slope ranged from 0.42 to 0.53 with a mean of 0.49. 


The effect of change in drug concentration on release rate constant, 
k ,  was tested using the four drug concentrations of salicylic acid for one 
film composition (Table 111, Fig. 3). The k uersus A plot was found to be 
more linear ( r  = 0.996) than k versus All2 plot (r  = 0.850). Although Eq. 
1 predicts a linear relationship between k and A'/*, the observed results 
could also he explained in terms of Eq. 1 if the initial porosity of the 
granular matrix was assumed to be very small. Higuchi (3) has shown that 
if the fraction of the matrix volume occupied by the drug is relatively large 
or if the initial porosity of the matrix is very small, t = VA where V is the 
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Figure 4-Drug release from films containing lanolin alcohols-ethyl- 
cellulose-propylene glycol (7.5:1.5:1.0) a t  different concentrations of 
salicylic acid in solution. Key: (A) 4.76% w/w; (X) 2.91 % w/w; and (0) 
0.99% WIW. 


specific volume of the drug if A is expressed in terms of grams per milli- 
liter. Eq. 3 then reduces to: 


k = A - (2  - VC,) C, (Eq. 7) 


predicting a direct proportionality between k and A. 
Drug  Release from Film Matrices Containing the Drug in Solu- 


tion-The release studies were conducted from lanolin alcohols-ethyl- 
cellulose films containing 10% w/w propylene glycol as solvent for the 
drug. The three drug concentrations examined were 0.99,2.91, and 4.76% 
w/w, respectively. In each case the drug concentration was well below the 
saturation solubility of salicylic acid in propylene glycol. Furthermore, 
comparative examination of films with and without propylene glycol 
further established that the drug was in fact in solution. 


The Q uersus t1I2 treatment of data showed linearity, but not as good 
as in the suspension case (Table IV, Fig. 4). I t  should be noted that the 
drug released rose to 71%, which was well above the constraints imposed 
on Eq. 5. The lag times were extremely small except in the case of films 
containing 4.76% w/w of drug. Equation 5 predicts a linear relationship 
between k and C, for the same system containing different concentrations 
of the drug in solution. Analysis of the data in Table IV revealed that 
there is an excellent linear correlation between k and CO. 


The release of both propylene glycol and salicylic acid is not predicted 
or accounted for by Eqs. 4 and 5. The square root of time dependency 
wouldbe expected whether or not propylene glycol is released faster than 
the drug. 


This study further demonstrated the potential application of lanolin 
alcohols-ethylcellulose films in controlled drug-delivery systems. Kinetic 
analysis suggests that  the unidirectional release of salicylic acid from 
these films (whether the drug was suspended or in solution) follows a 
diffusion-controlled granular matrix model. The rate and extent of drug 
release from these films can be effectively manipulated by varying the 
drug concentration, film composition, and choice of solvent-plasti- 
cizer. 


DV 
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MINUTES 
Figure 4-Chromatogram of freshly coated tablets before drying, 
showing both methanol and methylene chloride after 15 min of coating. 
Kpy: (2)  methanol; (2) methylene chloride. 


Statistical limits of detection were established for methanol a t  9.5 f 
1.5 ppm per average tablet weight and for methylene chloride a t  10.1 f 
2.3 ppm per tablet. Below these limits, sensitivity of the instrument was 
unreliable. All absolute values were approximate due to two factors. First, 


precision of measurement is decreased as concentrations used in the 
calibration curve approach the detection limit. As an alternative, a cali- 
bration curve could have been drawn at  higher concentrations and ex- 
trapolated to the limit of detection (3). Second, this detection limit is also 
dependent on where the confidence lines are drawn about the regression 
line and is, a t  best, an estimate for a limit of guaranteed purity (2). 
Therefore, the values reported here represented a range within a specified 
precision for the standards, where the analytical method and the in- 
strumentation were reliable for low-level determinations (6). The levels 
of solvent residues, ranging from 30 to 300 ppm, obtained during the 
film-coating process were statistically significant. However, after 24 h 
of drying, no peaks for either solvent were observed in the chromato- 
grams. 


This procedure is easy and reliable for monitoring organic residues on 
film-coated tablets. Determining lower limits of detection should be an 
integral part of any statistical package developed for a new analytical 
method. 
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Determination of Trace Amounts of Acetaminophen in 
Plasma 
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Abstract  A method is described for the rapid, sensitive, and precise 
quantitation of acetaminophen in human plasma. The assay involved 
a single acetonitrile extraction and high-performance liquid chromato- 
graphic analysis using a reverse-phase column, with a mobile phase of 
methanol and water. The limit of quantitation of acetaminophen by this 
method was 8 ng/mL; only 0.1 mL of the plasma sample wits required for 
the determination. N-Propionyl-p-aminophenol was used as the internal 
standard. 


Keyphrases 0 Acetaminophen-high-performance liquid chromatog- 
raphy determination of trace amounts in plasma High-performance 
liquid chromatography-method for the determination of trace amounts 
of acetaminophen in plasma 


Although acetaminophen is currently one of the most 
commonly used analgesics and antipyretics, hepatotoxicity 
has occurred in cases of acetaminophen overdose. Thus, 
a simple and rapid method for determining acetaminophen 
concentrations in plasma would be useful. 


At present the most sensitive methods for plasma 


acetaminophen determination are liquid chromatography 
with electrochemical detection (1)  or UV detection (2-6) 
and GC (7, 8). The quantitation limit for each of these 
methods is -100 ng/mL with a 1-mL sample of plasma or 
serum. These methods, therefore, may be inadequate for 
microliter samples such as those obtained from newborn 
infants. Because of time requirements they may not be 
rapid enough for the determination of acetaminophen in 
overdose cases. A rapid, specific, high-performance liquid 
chromatographic (HPLC) method for the determination 
of acetaminophen in plasma using a 100-pL sample is de- 
scribed in this paper. 


EXPERIMENTAL 


Reagents and Materials-Acetaminophen’ standard solutions were 
prepared in ethanol (1.0 mg/mI,, stored a t  4OC) and subsequent dilutions 


I1.S. Phnrmecopeial Convention. Inc.. Itockville. Md. 
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Figure I-High-performance liquid chromatogram of human plasma 
extract from: (A) drug-free plasma to which acetaminophen (1 pg/mL) 
was added and (B) plasma obtained from a human subject 9 h after 325.0 
mg of acetaminophen was given at 0 and 6 hr. The  column conditions 
are given in the text .  


were made with water. The internal standard (N-propionyl-p-amino- 
pheno1)z was also prepared in ethanol (1.0 mg/mL, stored a t  4OC), with 
subsequent dilutions with water. Ethanol3 and acetonitrile4 (glass dis- 
tilled) were used in the assay procedure. 


Instrumentation-The chromatograph consisted of an automatic 
injectors, a high-pressure pump6, and a UV-absorbance detector7 with 
a fixed wavelength of 254 nm. Separation was accomplished on a 
Spherisorb ODS (5-pm) reverse-phase column (0.46 cm X 25 cm)a. 


I 0 


12 16 24 4 8 
HOURS 


Figure 2-Mean plasma levels of acetaminophen from nine human 
volunteers following oral 325.0-mg dose of acetaminophen at 0 and 6 
h. 


2 Schering Carp. (Batch PF504731), Bloomfield, N.J. 
3 Publicker Industries Inc., Philadelphia, Pa. 
4 MCB Manufacturing Chemist Inc., Cincinnati, Ohio. 


WISP 710A, Waters Associates Inc., Milford, Mass. 
Model 6000A, Waters Associates Inc., Milford, Mass. 
Model 440, Waters Associates Inc., Millford, Mass. 
Supelco Inc., Bellefonte, Pa. 


Table I-Standard Curve of Acetaminophen 


Peak Height Acetaminophen/ 
Concentration, Peak Height internal Standard Ratio 


ng/mL Mean SD cv, % n 


1 .o 0.008 0.001 1.68 2 
2.5 0.021 0.001 3.28 2 
5.0 0.048 0.004 9.49 3 


10.0 0.083 0.007 8.27 6 
25.0 0.242 0.020 8.50 4 
50.0 0.495 0.019 3.95 10 


100.0 0.982 0.049 5.08 4 
200.0 2.163 0.042 1.95 6 
250.0 2.512 0.115 4.60 4 
500.0 4.947 0.041 0.83 4 


1000.0 10.185 0.021 0.20 2 


a Various concentrations of acetaminophen were added to drug-free plasma 
samples prior to extraction as described in the text. 


Analyses were performed using a deaerated mobile phase of methanol- 
water (2575, v/v) at a flow rate of 1.0 mL/min (2200 psi). The UV detector 
was set at 0.02-2.0 AUFS. The absorbance detector output was monitored 
with a 1.0-mV recorderg. An automation systemlo was used for the 
measurements of peak height and retention time. All operations were 
done a t  ambient temperature. 


Extraction and  Analysis Procedure-To 0.1 mL of plasma in a 
15-mL glass-stoppered centrifuge tube, 0.2 mL of N-propionyl-p-ami- 
nophenol (internal standard, 2.0 pg/mL) was added, mixed, and extracted 
with 5 ml of acetonitrile by shaking for 10 min on a shaker". The tubes 
were then centrifuged for 10 min (1500 X g )  after which 4.5 mL of the 
organic layer was transferred to another glass tube and evaporated to 
dryness under a nitrogen stream a t  40OC. The residue was reconstituted 
with 2.0 mL of distilled water, and aliquots of 0.05 mL were injected into 
the HPLC using an automatic injectors. For calibration of detector re- 
sponse, various concentrations (0.10-20.0 pglml) of acetaminophen were 
added to several drug-free plasma samples, which were subsequently 
processed with each set of study samples. Calculation of acetaminophen 
concentration was based on the peak height ratio of acetaminophen rel- 
ative to that of the internal standard. The linearity of the HPLC response 
was confirmed daily. 


RESULTS AND DISCUSSION 


The chromatogram yielded retention times ( t ~ )  of5.44 min, for acet- 
aminophen and 6.86 min for the internal standard (Fig. 1). The extraction 
procedure using acetonitrile produced a clean extract. The absolute re- 
coveries of acetaminophen from plasma were virtually complete (0.5 
pg/mL gave 101.5% recovery, n = 7, and 1.0 pg/mL gave 99.8% recovery, 
n = 11); the recovery of the internal standard was 100.0%, n = 6. The 
linearity of the assay was evaluated by adding the acetaminophen to the 
drug-free plasma samples (Table I). The limit of acetaminophen quan- 
titation in plasma by this method was 8.0 ng/mL (CV = 3.8%, n = 8). A 
straight line relationship was obtained between acetaminophen con- 
centration and chromatographic response with a correlation coefficient 
of 1.000. The reproducibility of the assay was determined in six drug-free 
samples to which acetaminophen was added (CV of 2.7% a t  0.5 pg/mL 
and CV of 1.8% a t  2.0 pg/mL). The stability of acetaminophen was 
checked by reassaying the frozen and thawed plasma samples containi 1:' 


acetaminophen (over several weeks of storage). The coefficient of Val: 
ation for the mean of three samples on each occasion and five determi- 
nations was 1.89%. None of the other drugs tested (theophylline, P-hy- 
droxytheophylline, methylxanthine, theobromine, and caffeine) inter- 
fered with acetominophen detection; only the methylxanthine retention 
time (5.46 min) was close to that of acetaminophen. Table I1 shows in- 
dividual plasma levels, and Fig. 2 illustrates the mean plasma levels of 
acetaminophen obtained from the nine human volunteers who received 
oral doses of 325.0 mg of acetaminophen12 a t  0 and 6 h. This simple, rapid, 
specific, and reproducible HPLC assay procedure developed for deter- 
mination of acetaminophen in plasma could be used to monitor plasma 
acetaminophen levels in newborn infants, cases of overdose, and bio- 
availability studies. 


9 Model 9176, Varian, Palo Alto, Ca. 
10 Lab Automation System, Model 3353, Hewlett-Packard, Paramus, N.J. 
l 1  Model 6010. Eherbach Cora.. Ann Arbor. Mich. 
I* M~NEILAB. Inc.. Spring Ho'use, Pa. 
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Table 11-Plasma Levels of Acetaminophen (c(g/0.5 mL) Following Administration of 325.0 mg of Acetaminophen at 0 and 6 h 


Hours After Treatment 
Subject 0 1 2 3 4 5 6 7 8 9 10 12 16 24 


1 N.D." 1.421 0.905 0.936 0.671 0.496 0.449 0.711 1.196 1.368 0.911 0.626 0.237 0.078 
2 N.D. 1.058 0.923 0.615 0.464 0.294 0.238 0.343 1.688 1.178 0.814 0.454 0.187 0.065 
3 N.D. 1.512 0.989 0.702 0.517 0.436 0.333 1.074 1.506 1.010 0.701 0.381. 0.119 N.D. 
4 N.D. 1.357 1.049 0.744 0.530 0.406 0.292 1.169 1.494 0.982 0.777 0.384 0.109 N.D. ~ ~~~ ~ . . . ~  ~ ~~ ~ ~ ~. ~ ~~~ . ~.~ ~ ~~. 


5 N.D. 1.110 0.758 0.584 0.399 0.271 0.210 0.189 0.671 0.711 0.811 0.376 0.i43 0.073 
6 N.D. 1.239 1.542 0.798 0.617 0.361 0.249 0.651 1.954 1.233 0.861 0.400 0.165 0.078 
7 N.D. 2.249 1.557 1.181 0.939 0.801 0.523 0.696 2.703 2.055 1.609 0.752 0.278 0.094 
8 N.D. 1.265 1.360 1.110 0.702 0.554 0.441 0.885 2.212 1.354 0.878 0.494 0.172 0.056 
9 N.D. 1.696 1.200 0.811 0.551 0.439 0.378 0.279 2.199 1.488 1.117 0.551 0.230 0.089 


N.D.-not detectable. 
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Determination of a New Antihypertensive Agent (2R ,4R) - 
2- (2-Hydroxyphenyl) -3- (3-mercaptopropionyl) - 
4-thiazolidinecarboxylic Acid in Blood by 
High-Performance Liquid Chromatography with 
Electrochemical Detection 
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Abstract 0 A sensitive method has been developed for the determination 
of  a new antihypertensive agent, (2H,4H)-2-(2-hydroxyphenyl)-3-(3- 
mercaptopropionyl)-4- thiazolidinecarboxylic acid ( I ) ,  in human blood. 
Because the drug is unstable in biological fluids, it was immediately de- 
rivatized by treating the freshly drawn blood specimens with N-(4-ani- 
1inophenyl)maleimide. The adduct was separated and determined by 
high-performance liquid chromatography with electrochemical detection 
o n  a reverse-phase column. The assay method was satisfactory with re- 
spect to  the sensitivity and precision, providing a quantitation limit of 
'2 ng/ml and coefficient of variation of 3%. Preliminary pharmacokinetic 
data were obtained by orally administering I to two patients with essential 
hypertension. 


Keyphrases 0 Antihypertensive agents-(')R,4H)-2-(2-hydroxyphen- 
yI)-:{-( :~-mercaptopropionyl)-4-thiazolidinecar~~xylic acid, determination 
in human blood, high-performance liquid chromatography with elec- 
trochemical detection o High-performance liquid chromatography- 
determination of (2R,4R)-2-(2-hydroxyphenyl)-3-(3-mercaptopropi- 
onyl)-4-thiazolidinecarboxylic acid in human blood, electrochemical 
detection ('.'R,4R)-2-(2-Hydroxyphenyl)-3-(:l-mercaptopropionyl)- 
3-thiazolidinecarboxylic acid-determination in human blood, high- 
performance liquid chromatography with electrochemical detection 


(2H,4R) - 2 - (2-Hydroxyphenyl) - 3 - (3-mercaptopropi- 
onyl)-4-thiazolidinecarboxylic acid (SA 446, I), a newly 
developed potent and specific inhibitor of angiotensin- 
converting enzyme. appears to be a promising antihyper- 


tensive agent (1,2).  This drug is several times more potent 
in uitro than captopril, a specific and orally active inhibitor 
of angiotensin-converting enzyme proven useful in patients 
with hypertension and congestive heart failure (3,4).  The 
lower therapeutic dose of I requires a more sensitive 
method for the determination of the drug in biological 
fluids for pharmacokinetic studies. A sensitive GC method 
using an electron capture detector has been reported, but 
this procedure requires a two-step derivatization ( 5 ) .  
High-performance liquid chromatography (HPLC) with 


I :  R=H 
11: R=CHa 


IV :  R= H 
V : R=CH3 
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Discriminative Structural Analysis Using Pattern 
Recognition Techniques in the Structure-Taste 
Problem of Perillartines 
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Abstract 0 Pattern recognition techniques have been applied to the study of 
structure-taste correlations for perillartine derivatives. The structure of each 
compound was described by hydrophobicity (log P), logarithm of water sol- 
ubility (log s), and topological descriptors relating to some positions which 
were assigned by superposing each compound on a "template" structure. The 
fragment molecular connectivities were calculatcd as  the topological de- 
scriptors. The discriminant functions between the sweet and bitter taste classes 
were computed by the use of thc simplex optimization technique, which cor- 
rectly recognized most of the compounds under investigation. I t  was found 
that the hydrophobicity and one or two topological descriptors concerned with 
a specific part of the molecules contributed significantly to the discrimination. 
The discriminant function obtained correctly classified seven of nine com- 
pounds (which were not involved in the data set for developing the function) 
into the taste class to which they belonged. 


Keyphrases 0 Structure-taste relationships-discriminative structural 
analyses using pattern recognition techniques, perillartine derivatives 0 
Perillartine derivatives-taste, discriminative structural analyses using pattern 
recognition techniques 0 Topology-structure-taste relationships, perillartine 
derivatives, pattern recognition techniques 


Inspection of various classes of sweet-tasting substances 
shows a very diverse group of chemical compounds having 
common activity. To establish a structure-taste relationship, 
a large number of compounds have been tested, and several 
hypotheses for the sweet taste impression have been proposed 
by different groups ( I ) .  Shallenberger and Acree (2) postu- 
lated the first glucophore for sweet-tasting compounds. Their 
model is referred to as AH-B theory, where A and B are 
electronegative atoms and H is a hydrogen atom. This AH-9 
system was extended by Kier (3) ,  who pointed out that the 
third feature was a nonpolar region, X, which was capable of 
interacting with a corresponding site on a receptor by disper- 
sion forces. Although there are many exceptions, it seems that 
the extended theory, the AH-B-X system, is the most so- 
phisticated model among the various theories. However, there 
remain many problems to be solved for developing new syn- 
thetic sweeteners, including that sweet-tasting compounds are 
often accompanied by bitter and/or other unpreferable tastes. 
This fact has puzzlec! chemists interested in searching for new 
sweeteners. Relating to this taste dichotomy, Belitz and his 
co-workers (4) suggested the presence of a sweet-bitter re- 
ceptor, which could be given by formal representation as a 
hydrophobic pocket with a bipolar system. 


Recently, Acton and Stone ( 5 )  synthesized 51  perillartine 
derivatives to develop new potent sweeteners. In their article, 
taste potencies and taste qualities (sweetness, bitterness, and 
other tastes) for the perillartines are represented by relative 
potencies to p x o s e  and percentages for total taste potencies, 
respectively. Using this data set, Iwamura (6) implemented 
the regression analysis with physicochemical and the STER- 
IMOL parameters (7) of the compounds. From the results, he 
suggested that sweet and bitter receptors have common fea- 


tures. Furthermore, we (8) have shown that the sweet taste 
receptor might be more restricted (from the viewpoint of 
spatial shape) than the bitter receptor, by means of class dis- 
crimination using the STERIMOL parameters. On the other 
hand, Kier tried to discriminate between these sweet- and 
bitter-tasting compounds using discriminant analysis with 
molecular connectivities (9). He pointed out that unsaturation 
or heteroatoms are not critical to the structures that influence 
the sweet and bitter tastes. 


In  this article, we discuss the results of a discriminative 
structural analysis of perillartines using pattern recognition 
techniques; to describe the topological features of these mol- 
ecules, molecular connectivity indices are also used. However, 
they are not calculated for whole molecules, but for the frag- 
ments related to some specific positions based on a template 
structure. The use of the indices may give some local topo- 
logical information on a molecule. 


In view of the class discrimination between the sweet and 
bitter tastes of perillartines, these indices are used in developing 
the best discriminant function together with two other de- 
scriptors. In such classification problems, statistical discrim- 
inant analysis (9-1 1) is frequently used. But the results of such 
statistical analysis is less reliable when the size of the data set 
available is not large enough. In contrast, nonparametric 
pattern recognition is applicable for such small data sets with 
proper reliability. Therefore, we employed the simplex pattern 
recognition method for the present study. 


EXPERIMENTAL 
Data Selection-In the present study, 22 compounds ( I  1 sweet and I 1  


bitter) were selected as  representative compounds from those previously re- 
ported by Acton (5). Each possesses >5Wo of the total taste potency with 
respect to only the most potent taste quality (Fig. 1). Nine compounds were 
used as a prediction set for discriminating the taste classes of unknowns by 
the use of the discriminant function, which was obtained by the former set of 
compounds. All of the compounds selected are aldoximes. 


Template Structure and Fragment Molecular Connectivity-For generating 
the structural descriptors, a template structure was considered based on the 
chemical structure of perillartine and related compounds (Fig. 2). Ten posi- 
tions of interest were considered. Assignments of the p i t i o n s  on the structure 
for the topological descriptors were made as  shown in Fig. 2. For each com- 
pound to be analyzed, the positions a- j  were assigned by superposing the 
structure in the manner of planar representation on the template structure. 
The a./%maturated bonds of skeletons always correspond to the edge between 
a and 6 on the template structure. Three positions (h ,  i ,  and j )  weredesignated 
in the descending order of the bulkiness or size of the side chains on each po- 
sition. As topological descriptors, 20 fragment molecular connectivity (FMC) 
indices ( ' x u - ' x , ,  ' x v ~ - ' x v , )  related to the 10 positions were adopted for use 
in this study. These indices are those for path I fragments with respect to the 
given position, which were calculated as the sum of the first-order terms for 
each edge joining the position of intercst (12). Thus, for this study, the path 
I FMC value ' x  (or ' x " )  for the vertex k is given by: 
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Figure 1 -Perillartine analogues. 


where 6 is the valence of a vertex which corresponds to an atom and I is a vertex 
adjacent to k on the template structure. As a convention, positions were coded 
with zero for FMC if there were no suhstituents at the given positions. These 
structural descriptors were used to describe local topological features of the 
molecules. 


I n  addition, two other descriptors were used in this study, hydrophobicity 
(log P) and the logarithm of water solubility (log S) of the compounds. These. 
values were taken from the literature (5 .6 ) .  The values of ' x u -  ' x , ,  log P, and 
log S for thecompounds are shown in Table I .  


In  the present study, each value of the descriptors employed was normalized 
in such manner that the mean value was zero and the standard deviation was 
one for each of 22 descriptors. This process, which is sometimes called auto- 
scaling, will not alter any of the classification results since no change of the 
relative positions of the pattern points occurs. 


Feature Selection-Descriptors not relevant to the classification problem 
bhould be eliminated because they may disturb the correct classification or 


b f 


& i 


Figure 2- Template structure for perillartines. 


OCH3 


X X I  xxn 


enlarge the computational work. An exhaustive search for the best subset of 
features is only possible for a small number of descriptors. In  this study, the 
number of original features is too large, and it was necessary to reduce the 
dimensionality due to the reason mentioned above. 


Feature (descriptor) selection was performed with the Fisher ratio ( 1  3). 
The Fisher ratio is a quantitative estimate of the significance of a given pa- 
rameter for separating two classes. The Fisher ratio of the descriptor k (Fk) 


w2 I , 


_ _ _ _ _ _ - - -  - c O  - - - -_  _ _ _ _ -  - 
w1 


Figure 3-Progress of the rwo-dimensional simplex toward the optimum 
area. 
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Table I-Percentages of Taste Ouelities and Descriptor Values 


I 60125 2.58 
I1 5518 0.87 


111 50/10 2.28 
IV 53j22 1.10 
V 50120 1.40 
VI jojis 1.48 
VII 6517 1.10 
VIIl 7013 I .48 
IX 78j3 0.78 
X 9012 0.80 .. 


XI Siji 1.10 
XI1 6/70 -0.10 


XI11 4/93 -0.10 
XIV 5j73 -0.92 xv 0150 -0.72 .. - 
XVI ij6j -0.72 
XVIl 0170 0.34 
XVIII 0178 0.72 
XIX 2j52 1.40 xx 0175 0.80 . .. . . .. 


XXI Oj67 1.10 
XXII 0150 1.90 


-3.301 
-0.824 
-3.699 
-1.523 
-2.523 - 1.745 
-2.398 - 1.824 
-3.222 - 1.699 
-2.398 
-1.921 - 1.796 
0.301 


-0.155 
- 1.097 - 1.260 
-2.046 
-2.523 - 1.699 
-2.398 
-1.921 


1.224 
1.393 
1.224 
1.224 
1.224 
1.224 
1.224 
1.224 
1.224 
1.224 
1.224 
1.224 
1.224 
1.224 
1.224 
1.224 
1.224 
1.224 
1.224 
1.224 
1.224 
1.149 


0.908 
1.115 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.816 


0.908 
0.707 
0.908 
0.908 
0.908 
1 .Ooo 
0.908 
1.000 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
1.000 
1.000 
1 .Ooo 
0.908 
1 .Ooo 
1 .000 
1 .Ooo 
1.224 


1.149 
0.000 
1.224 
1.224 
1.129 
I .000 
1.149 
I .000 
1.393 
1.224 
1.149 
1.105 
1.105 
1.105 
1 .Ooo 
1 .ow 
1 .000 
1.105 
0.908 
0.908 
0.908 
0.908 


0.908 
0.000 
0.908 
0.908 
0.908 
1.000 
0.908 
1.000 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
1 .000 
1 .Oo0 
1.000 
0.908 
1.149 
1.224 
1.149 
0.908 


0.908 
0.577 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.816 
0.816 
0.816 
1.149 


1.488 
0.000 
1.115 
0.908 
1.318 
O.OO0 
1.318 
O.Oo0 
0.577 
0.908 
1.318 
1.644 
1.495 
1.642 
0.000 
0.000 
0.000 
I .495 
O.OO0 
0.000 
O.Oo0 
0.000 


0.577 
0.000 
0.707 
1.207 
1.115 
O.OO0 
1.115 
0.OOO 
0.000 
1.204 
1.115 
0.853 
1.060 
1.060 
O.Oo0 
O.Oo0 
0.000 
0.853 
O.Oo0 
O.Oo0 
0.000 
0.000 


0.577 
O.Oo0 
O.Oo0 
O.OO0 
0.577 
O.OO0 
0.577 
0.Ooo 
O.OO0 
O.OO0 
0.577 
0.500 
0.500 
0.500 
O.Oo0 
O.Oo0 
O.Oo0 
0.500 
O.Oo0 
O.OO0 
O.Oo0 
O.OO0 


O.Oo0 
O.OO0 
O.OO0 
O.OO0 
O.OO0 
O.OO0 
O.OO0 
O.OO0 
O.OO0 
O.OO0 
O.OO0 
0.500 
1.060 
0.500 
O.OO0 
O.OO0 
O.OO0 
1.060 
O.OO0 
O.OO0 
O.OO0 
0 .OOO 


0 Compounds with (sweet/total taste) 20.5 are taken as sweet and those with (bitter/total taste) 10.5 as bitter. Taken from Ref. 6. C Taken from Ref. 5 .  


is calculated from Eq. 2; it is the ratio between the square of the difference 
in interclass means and the sum of squared intraclass standard deviations: 


wherezi') and Ti2) are the mean values of the descriptor k in classes I and 2. 
respectively, and up) and ul," are the standard deviations of those classes. The 
features are ranked according to their importance, and less important features 
are discarded: 


Development of the Discriminant Function-The simplex pattern recog- 
nition method was applied to developa near optimum discriminant function 
for discrimination between the sweet- and bitter-tasting compounds. The 
simplex method is an approach to optimize an objective function (e.g.. 
discriminant function). This optimization technique was previously applied 
to the optimization of linear discriminant functions for chemical applications 
by Ritter et a/ .  (14). In the present work, the simplex pattern recognition 
program(SPLX), which was developed in our laboratory according to their 
algorithm with a small modification, was used. 


I n  the case of two classes, i f  pattern points on one side of a discriminant 
surface always belong to class 1 and those on the other side belong to class 2, 
the data are linearly separable by a linear discriminant function of the fol- 
lowing form: 


g(x) = W I X I  t W2X2 + .  . . + WdXd = (w/ I XlCOSf? (Eq. 3) 


wherexi is theith component of a pattern X and w, is the weight assigned to 
that component. Hence, the classification into two categories can be imple- 
mented with the sign of g(X)  given by the dot product of a pattern vector X 
and a weight vector W .  The optimization problem of that function, in this case, 
can be placed in  that of the corresponding weight vector in the weight 
space. 


A simplex is a geometric figure in d-dimensional space, which consists of 
d t I vertices. For example, a two-dimensional simplex is a triangle, a 
three-dimensional simplex is a tetrahedron. etc. Figure 3 shows a two-di- 
mensional simplex superimposed on a contour map, which represents the 
various equiresponse lines of a function of two variables. In this case, the search 


Table 11-Fisher Ratios of Descriptors 


Descriptor Fisher Ratio 
~~ 


Rank 


Ion P 7.84 X 'X'E 
XI 


lea s 
I 


4.21 X 
3.93 x 10-2 
3.63 X 
2.61 X 5 
1.45 x 10-2 6 
1.44 X 7 
1.44 X 8 
5.58 x 10-3 9 
3.63 x 10-3 10 
I .97 X 1 0-3 I I  
4.85 x 10-4 12 


I -  4: 
'X. 


variables are the components of the weight vector. On the other hand, two 
criterion functions are evaluated in terms of the response. These are given 
by: 


R = N , / N t  (Eq. 4) 


P =  /W.Xj/ (Eq. 5) 
X i C s E  


In Eq. 4, N ,  is the total number of compounds tested and N ,  is that of com- 
pounds correctly classified, so R is a recognition rate. On the other hand, in 
Q. 5, SE is the set of all patterns misclassified by W. Thus, P is the sum of 
the absolute values of the dot products of all misclassified patterns by the use 
of the weight vector W .  In general, the value of P will become small if few 
compounds are misclassified or if those misclassified lie close to the discrim- 
inant surface. This criterion is used only as a smoothing function, so that the 
ultimate solution will be given by the minimum P value for a weight vector 
giving maximum recognition rate. 


The optimization procedure begins by locating initial simplex (initial weight 
vectors) on the d-dimensional weight vector space. These were generated a s  
follows: 


WI = (WI, w2, w3, .  . .( wd, wd+l) 


w2 (WI + 61, w2, w3,. . . 9 wdrwd+l) 


w3 = (Wlr w2 -k 62, '"3,. . . 9 wd, wd+l) (Eq. 6) . .  . .  . .  
Wd+l = (WI, w23 w 3 9 . .  . 9 wd t ad, wd+l) 


where wd+l = - I  and 6, was defined as: 


6, = "Wj (Eq. 7) 


The constraint of Wd+l = - I  describes a unique weight vector for a given 
decision surface (14). In  Eq. 7, a is an arbitrary constant parameter concerned 


W 


aQ 


42 
m 


100 - 


E 


42 
2 75 
.C 


W 1 I 


10 5 1 


the  number o f  descriptors 
Figure 4-Recognition rates obtained by the use of various descriptor set 
contained with 'x FMC indices. Key: (01 simplex method; ( X I  discriminant 
analysis. 
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Table 111-Cross-Correlation Table of Five Descriptors 


log P log s I X E  ' X e  I XJ 


log P 1 .oo 
logs -0.76 1 .oo 
' x c  0.10 0.00 1 .oo 
IXr -0.01 -0.19 0.65 1 .oo 
' X i  -0.39 0.16 -0. I 9  -0.03 1.00 


with a kind of size on the initial simplex. In  the present study, a was selected 
to be 0.5. 


A prototype weight vector (initial weight vector) WI,  in generating the 
initial simplex, was determined by the use of the bisecting approach in which 
the linear discriminant surface might be approximate as the hyperplane bi- 
secting two class centers (14). Once the initial simplex was located in the 
objective space, optimization of the simplex (or weight vectors) by a certain 
moving algorithm was attempted. Moving the simplex in the optimization 
process was performed according to the algorithm suggested by Nelder and 
Mead (15), which is a logical algorithm consisting of reflection, expansion, 
and contraction rules. Since this procedure has been described in detail else- 
where (14-l6), it will not be repeated here. 


In addition. another approach was also employed for the development of 
discriminant functions. Ordinary statistical discriminant analysis was im- 
plemented to the same data set for comparison with the above method. 


RESULTS AND DISCUSSION 


The correlations between the descriptors under investigation were examined. 
The results of the correlation analysis showed that the values of descriptors 
'x and Ixv were highly correlated (correlation coefficients = 0.78-1 .00) with 
each other on the same position of the molecule. In such classification prob- 
lems, the use of highly correlated pairs among descriptors may lead to the 
reduction of reliability of discriminant functions, decreasing the intrinsic di- 
mensionality in the pattern space and increasing the probability of chance 
classification. Thus, in the present work ' x  values were taken as the topological 
variables relating to each position on the template structure. Furthermore, 
for the purpose of reducing the number of descriptors, preselection of the 
descriptors was implemented by the use of the Fisher ratio, which is a measure 
of the significance of a given parameter for differentiating between the taste 
classes. Each descriptor was ranked in decreasing order of the Fisher ratio 
(Table 11). According to the ranking, the descriptors were eliminated one at 
a time and then a linear discriminant function was developed with the de- 
scriptor set using the simplex method or statistical discriminant analysis. The 
plots of recognition rate R uersus the number of descriptors are illustrated 
in Fig. 4. 


As shown in Fig. 4. in most cases the results for discriminant analysis were 
not as good as those for the simplex method. This would be anticipated because 
the Ix  FMC indices show noticeably non-normal distributions (Table I). I t  
seemed that the simplex pattern recognition was more suitable for the dis- 
criminative analysis for the present data set, rather than the other method. 


I t  was shown, in this case, that only two or three descriptors were enough 
to discriminate between the two taste classes from the result of the simplex 
method: log P, ' x r .  and ' x / .  During the analysis described above, only the 
Fisher ratios were used for the featureselection. However, because the Fisher 
rdtio is based on thc global class separation information of the data structure, 
i t  is not always true that the obtained result is the best. Thus, further exami- 
nations would be required for the descriptors. Five of the best descriptors were 
selected on the basis of the Fisher ratio, log P, logs, Ixr, ' x h ,  and ' x / .  The 
cross-correlation table among the descriptors is shown in Table I l l .  These 
descriptors were used in the following studies. 


To developa discriminant function with the best set of variables among the 
combinations of the above descriptors, implementations were performed. The 
best linear discriminant function with three or two descriptors is shown as 
follows: 


g3(X) = 0.595 * log P - 0.773. ' x C  - 0.220 * ' x /  - 0.882 X (Q. 8) 


I I 


I 


( a )  sweet (b)  b i t t e r  


Figure 5-Characteristic topological fragments for the sweet or bitter 
compounds. 


I OH 
I I ,B ! Comnon part 


I I 


Figure 6-AH-B-X postulation for perillaldehyde oxime (3J. 


gZ(X) = 0.696 * log P - 0.718 * ' x C  - 0.220 X lo-' 
LO implies sweet class 


g(X) { <O implies bitter class 
Equation 8 correctly classified all compounds into the observed classes. On 
the other hand, Equation 9 correctly discriminated all of the 1 1 sweet-tasting 
compounds and 10 of the 1 1 bitter-tastingcompounds. The average recognition 
rate was 95%; only XVIII was misclassified. 


Equations 8 and 9 suggest that the log P and fragment molecular connec- 
tivity index, ' x C ,  are significant characteristics that influence whether a 
compound is sweet or bitter. In the two equations, as the hydrophobicity of 
a compound increases, the g(X) values are larger due to the positive value of 
that coefficient. The compound then tends to be classified as sweet. 


The negative coefficient for the ' x C  term suggests that a smaller value of 
I x c  enhances the sweet-taste impression. For the data set employed in the 
present work, however, the values of ' x C  do not vary much. In  this case, it is 
helpful to consider the contribution of I xC  in terms of topological features. 
The IxE index describes the branching information or the topological form 
concerned with the path 1 fragment at position c.  Although each value does 
not always correspond to a unique fragment, it is meaningful to examine the 
topological fragment. The topological fragments concerned with those posi- 
tions are illustrated in Fig. 5 .  Most compounds in the sweet class involve a 
fragment such as a in Fig. 5; the compounds in  another class involve fragment 
b, excepting some compounds. It should be noted that fragment b is embedded 
in another fragment. 


Furthermore, the third term (which was weighted by a negative coefficient 
in Eq. 8) suggests that bulky side chains on the j position may prevent the 
impression of sweetness. Alternatively, because Ix, is zero except for four 
compounds in the bitter class, this variable could be replaced by an indicator 
variable related to the presence of a quaternary carbon at the g position. Thus, 
it is postulated that the occupancy by a substituent at the position j may in- 
fluence the taste quality of these compounds. 


I n  the present data set, since the aldoxime moiety is a common part of all 
molecules, the variation of log P is due to the residual part. Thus, the obser- 
vations are consistent with Kier's postulation of perillartine in his AH-B-X 


(Eq. 9) 


OH 


.4 R 


Qo xxm 


2 
CH3 


xxly xxv XXM XXM 


OCH2COONa OH 


xxw XXM xxx X X X I  


Figure I - A  set of compounds for the taste predictions. 
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Table IV-Descriptor Values and Percentages of Taste Qualities in Prediction Set 


Compound S/B logP logs  ‘ x o  I x b  ‘ X c  IXd ‘ X e  I X f  ‘ x g  I x ~  ‘ X i  X j  


XXIII 23/14 0.32 -1.96 1.224 0.908 0.908 1.149 0.908 0.908 1.488 0.577 0.577 0.0o0 
XXIV 42/26 0.60 -1.30 1.224 0.908 0.908 1.224 0.908 0.908 1.1 15 0.707 0.000 0.000 
XXV 45/26 1.10 -1.96 1.224 0.908 0.908 1.224 0.908 0.908 0.908 1.207 0.000 0.000 


XXVl 40/16 1.78 -1.77 1.224 0.908 1.OOO 1.000 1.OOO 0.908 0.000 0.000 0.000 O.OO0 
XXVl l  22)13 0.78 -3.22 1.224 0.908 0.908 1.393 0.908 0.908 0.577 0.000 0.000 0.000 


X X V l l l  0/38 -4.08 -2.30 1.224 0.908 0.908 1.105 0.908 0.908 1.642 0.500 0.500 0.853 
X X l X  4/18 0.88 -1.57 1.224 0.908 0.908 1.105 0.908 0.908 0.788 0.500 0.500 0.500 
xxx 0/36 -0.16 -1.64 1.149 0.908 0.908 1.393 0.908 1.318 0.577 0.000 0.000 0.OOO 


XXXI 14734 2.28 -3.70 1.224 0.816 1.224 0.908 1.OOO 0.908 0.000 0.000 0.OOO O.OO0 


theory (3). The AH-B-X system of perillartine is illustrated in Fig. 6. 
Furthermore, the aforementioned results suggest that the shape of the moiety 
concerned with the third site (X)  plays an important role in the taste im- 
pression (especially, sweetness). This insight would be clear in the following 
predictive analysis. 


The discriminant ability of the linear discriminant function obtained in the 
present study can be tested by predicting the taste classes of compounds not 
used in the development of the function. For this test, as shown in Fig. 7, nine 
compounds were selected from a previous study (5). These compounds are 
not dominant in one taste class, as seen by the total taste potency (Table IV). 
However, on the basis of the sweet-bitter taste ratios, each compound could 
be assigned to either the sweet or bitter taste class. The first five compounds 
(XXll l -XXVII)  are categorized as  sweet. and the other compounds 
(XXVIII-XXXI) are categorized as bitter. The prediction results of their 
taste classes are shown in  Table V. Both discriminant functions, gZ(X) and 
gJ(X) ,  correctly predicted the class of seven of the tested compounds. 


Compounds X X l l l  and X X l X  were misclassified (Fig. 7). They are  the 
smallest in terms of the difference between the sweet and bitter taste ratios 
(Table IV). Considering that the compounds tested were not so typically sweet 
or bitter, this result may be more favorable. 


The results of this prediction encouraged us to apply the methodology of 
this study to the structure-taste problem for the series of perillartines. In such 
a discrimination, the influence of hetero atoms or unsaturated bonds on a 
structure was examined in the same manner by the use of FMC indices ( I f a . , )  
with the weighted valences. The values of the weighted valences were obtained 
from a previous paper ( I  2). But, the result was not as  favorable, as  shown in 
Fig. 8. Furthermore, an additional analysis in which Ix and Ixv FMC indices 
were used together in developing the best discriminant function had the same 
results as using only ’ x  FMC indices. These examinations suggest that the 
hetero atoms and unsaturated bonds are not so critical in the aforementioned 
residual part. 


CONCLUSION 


The structural discriminative analysis of the sweet and bitter perillartines 
using a template structure was successfully performed by pattern recognition 
techniques. It was shown that the fragment molecular connectivity indices 
are useful in describing the local features of molecules in terms of topological 
structure. 


The results for the series of perillartines offer some explanations of the 
structure-taste correlation. The hydrophobicity of the residual part except 
for the AH-B moiety in the analogues influenced the taste quality, and 
furthermore the topological shape of the residual part is also predominantly 


Table V-Prediction Results from Simplex Pattern Recognition 


Prediction 
Compound 6 / B )  n 2 ( X )  n d X )  


XXVl l  is i  


- 100 ae 


0 Y 


- 
f 75 
0 


4J 


E 


.r 


.r 


0” 50 
e 


10 5 1 
the number o f  descriptors 


Figure 8-Recognition rates obtained by the use of carious descriptor sets 
with Ixu FUC indices using the simplex method. 


concerned with the sweet or the bitter taste impression. The information ob- 
tained from the best discriminant functions was used to examine additional 
molecules, and it improved predictions of their taste classes. This study con- 
firms Kier’s original postulation (3) of the sweet pharmacophore for peril- 
lartine. 
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