where V,, is the velocity of the process under steady-state conditions, i.e., when
the concentration of the intermediate products remains constant and, thus,
the velocities of formation and decomposition of the enzymc-substrate com-
plex are equal; Eq is the enzyme concentration in the subphase; S is the surface
concentration of substrate in the monolayer; K,, is the Michaelis-Menten
interfacial constant (Kcas + Ka/Kp): and K, and Kq are the penetration and
desorption constants of the enzyme. As can be seen in this equation, the hy-
drolysis rate of the pivampicillin must increase proportionately with the in-
crease of the enzyme concentration, which agrees with the results shown in
Fig. 5.

The increase of the reaction rate with increasing surface pressure in the
monolayer can be interpreted only when the increase in the pressure causes
a higher surface concentration. On¢ must remember, however, that the in-
crease of surface pressure reduces the penetration capacity of the enzyme in
the monolayer, as shown by Verger et al. (16) using radioactive enzymes.
These two phenomena are the reason that a pressure of maximum activity can
normally be reached, varying according to the enzyme and substrate used,
after which the velocity of reaction decreases. In the process of the hydrolysis
of pivampicillin by penicillinase, it has been impossible to reach this maximum
value. However, using Fig. 4, one can assume that this maximum is found at
1.7-1.8 X 1072 N-m~"-

Finally, one fact in this study that might be considered paradoxical is the
decrease of the induction time (7) when the surface pressure of the monolayer
is increased (Fig. 6). That is, the enzyme penetrates more quickly in mono-
layers which are tightly compacted than in the monolayers in which the
molecules of penicillin are free, leaving large intermolecular spaces. This effect
can be interpreted as a result of the improvement of the “quality of the in-
terface,” especially as to the packing of the substrate molecules, which [as
was demonstrated by Slotboom et al. (17)] influence the kinetic parameters
of the enzyme, especially increasing the value of the penetration constant
Kop.
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Time-Dependent Elimination of Cinoxacin in Rats
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Abstract O The effect of the variation of urinary pH on the pharmacokinetics
of the acidic antibacterial agent, cinoxacin (pK, 4.60), was examined. Urinary
pH of 24-h fasted rats remained at about pH 6 during the daytime, while that
of nonfasted rats was high (about pH 7.5) in the morning and gradually de-
creased to a pH similar to that of the fasted rat in the afternoon. The free
fraction of cinoxacin in fasted rat sera in the morning was similar to that in
nonfasted rats despite the longer half-life of cinoxacin in fasted rats. In the
afternoon the free fraction was slightly different despite similar cinoxacin
elimination in fasted and nonfasted rats. These findings secmed to exclude
the contribution of protein binding from the causes of increased cinoxacin
climination in nonfasted rats in the morning. Elimination rate constants of
cinoxacin obtained with a one-compartment open model correlated well with
urinary pH 30 min after injection, suggesting that the urinary pH plays a morc
important role in cinoxacin elimination. When cinoxacin was orally admin-
istered to fasted rats at 11:00, the area under the plasma concentration-time
curve was threefold larger than in nonfasted rats. As found with the intrave-
nous administration, this difference may be explained by the prolonged
half-life caused by decreased urinary pH after fasting. This study revealed
the time-dependent elimination of cinoxacin in nonfasted rats, which is related
to physiological change of urinary pH caused by food intake.

Keyphrases O Cinoxacin—time-dependent elimination, cffect of fasting,
urinary pH, rats O Urinary pH-—effect of fasting on cinoxacin elimination,
diurnal alteration, rats

The chronopharmacological aspects of drugs have been
discussed in many review articles (1-3). Some attribute these
phenomena to the diurnal oscillation of pharmacological
sensitivity to drugs (4) and others to the diurnal variance of
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plasma levels (or levels at the receptor site) without alteration
of the sensitivity to the drugs. Alteration of plasma levels can
be expressed by pharmacokinetic parameters such as ab-
sorption, distribution, metabolism, and excretion (5-9). Cir-
cadian rhythms of hepatic drug-metabolizing ability have been
especially well investigated (10-13), but the causes of the
rhythmicity in absorption, distribution, and excretion have not
been thoroughly investigated in spite of being frequently de-
scribed (9).

We noticed a diurnal rhythm of urinary pH in normally fed
rats and found that the rhythm disappeared with fasting. We
tried to clarify the effect of such diurnal alteration of urinary
pH and fasting on the pharmacokinetics of drugs in the rat.
The model compound was cinoxacin (1-ethyl-1,4-dihydro-
4-oxo[1,3]dioxolo[4,5-g]cinnoline-3-carboxylic acid). Ci-
noxacin is an acidic (pK, 4.60), antibacterial agent, which is
excreted almost completely unchanged in rat urine (14, 15).

EXPERIMENTAL SECTION

Materials—Male Sprague-Dawley rats, weighing 240- 270 g, were pur-
chased commercially! and were housed in group cages with wooden chips on
the floor in a room with constant temperature (24 £ 1°C) and humidity (55

! Clea Japan, Inc., Tokyo, Japan.
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Table I—Biochemical Examination of Rat Sera *

Sera at 09:30

Sera at 15:30

Fasted, Nonfasted, Fasted, Nonfasted,

Examination n= n==6 =6 n=4
Total bilirubin, mg/dL 0.34 £ 0.06% 0.17 £ 0.05 0.32 £ 0.04% 0.18 £ 0.05
Albumin, g/dL 312£0.101¢ 3.22 4 0.07¢ 3.35+£0.15 3.40 £ 0.08
Total protein, g/dl. ©5.38+0.15¢ 5.60 £ 0.21¢ 592 +£0.27 590+ 0.12
Non-esterified fatty acid?, mEq/L 0.52 4 0.08%4< 0.15 £ 0.054 058 £0.11% 0.26 £ 0.10

@ Mean + SD. ® Significant difference at p < 0.01 compared with nonfasted rats. ¢ Significant difference at p < 0.05 compared with sera at 15:30. 4 Significant difference at

p <0.01 compared with sera at 15:30. ¢ Calculated as oleic acid.

%+ 5%). Under a 12-h light-dark cycle, rats were given free access to solid
animal chow? and water. One-half of the rats were transferred to a cage with
a stainless steel net floor (mesh size: 1.5 X 1.5 cm) 24 h prior to drug admin-
istration to prevent coprophagy (+ 1) and deprived of chow but not water.
Cinoxacin was obtained commercially3. '4C-Labeled cinoxacin was synthe-
sized by the method of Nagasaki et al. (16). lts specific activity was 37.2
uCi/mg and radiochemical purity was >98%. All other chemicals were of
reagent grade.

Animal Experiments—Fasted and nonfasted rats, under light ether anes-
thesia, were catheterized in the right external jugular vein by Upton’s method
(17) and urine-collecting adapters were attached to their penises. The animals
were then placed in individual cages? and left for >2 h 1o eliminate the effect
of ether. Next, 20 mg/kg of '“C-labeled or unlabeled cinoxacin (10 mg/mL
of aqueous solution with an equivalent amount of sodium hydroxide) was in-
travenously administered via the caudal vein. At 12:00, ['4C]cinoxacin was
used and at 15:00, unlabeled cinoxacin was used. The rats were periodically
forced to void urine by using ether. Blood was taken via the catheter and im-
mediately centrifuged to obtain the plasma. In the case of oral administration,
[4C]cinoxacin was used and blood sampling was done nonserially, Twenty
mg/kg of ['*C]cinoxacin (10 mg/mL of aqueous solution prepared similarly
to the intravenous injection) was orally administered and blood samples were
taken vig the aorta after abdominal incision under light ether anesthesia.
Cinoxacin in plasma was determined by fluorometry (15) and the urinary pH
was measured. When '4C-labeled cinoxacin was administered, radioactivity
was measured with a liquid scintillation counter®. Diurnal changes of urinary
pH in noncatheterized rats were measured as described above without ci-
noxacin administration.

Biochemical Examination of Serum and Protein Binding —At 09:30 and
15:30, fasted and nonfasted rats were lightly anesthetized with ether and blood
was withdrawn vig the aorta after an abdominal incision. Serum was obtained
by centrifugation using a serum separation aid®. Total bilirubin, aibumin, and
total protein in the serum were determined with an autoanalyzer” and
nonesterified fatty acids were determined with a kit8. Free cinoxacin in the
serum was measured with an ultrafiltration method in vitro. Five microliters
of cinoxacin (6.0 mg/mL, pH 7.4 phosphate buffer solution) was added to
2 mL of the serum to make a final concentration of 15 ug/mL. After this
mixture had been left for 1 h at 25°C, the serum was centrifuged in a mem-
brane cone®. The free cinoxacin in the filtrate was determined by fluo-
rometry.

Calculation of Pharmacokinetic Parameters and Statistical Analysis—The
cinoxacin elimination rate constant in plasma was calculated using MULTI
(18), a nonlinear least-squares program, based on a one-compartment open
model. For statistical analyses, the paired ¢ test and regression analysis were
used.

RESULTS AND DISCUSSION

The rat which we usually use as an cxperimental animal takes food exclu-
sively at night and rarcly during the daytime. Biological rhythmicity probably
exists based on the food intake rhythm. The effect of food and diet on phar-
macokinetic parameters, e.g., absorption, distribution, metabolism, and ex-
cretion, have been reviewed (19 -21). Therefore, time-dependent pharmaco-
kinetics may be considered in relation to the rhythmicity of food intake. We
examined the alteration of cinoxacin pharmacokinetics as a function of time
and feeding. i

2 Type CA-1; Clea Japan, Inc.

3 Eli Lilly Co., Indianapolis, Ind.

4 Ballman cage Model KN-326; Natsume Seisakusho, Tokyo, Japan.

5 Model 1215 Rackbeta; LK B-Wallac, Turku, Finland.

6 Separaid; HATCO International, Los Angeles, Calif.

7 Model SMA plus MICRO; Technicon Instruments Corp., N.Y.

® NEFA Test-C Wako; Wako Purc Chemical Industries, Ltd., Osaka, Japan.
? Centriflo CF-25; Amicon Corp., Lexington, Mass.
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Figure 1--Diurnal variance of urinary pH in fasted and nonfasted rats. The
means and SD values from 15 rats are shown. Key: (@) nonfasted rats; (O)
Sfasted rats; (**) significantly different from fasted rats ar p < 0.01.

In fasted and nonfasted rats, at either 09:30 or 15:30, serum was examined
for factors affecting the protein binding of drugs (22-24). As shown in Table
1, total bilirubin and nonesterified fatty acids increased markedly with fasting
both in the morning and afternoon. Furthermore, a slight increase was ob-
served in the afternoon in albumin, total protein, and nonesterified fatty acids
in fasted and nonfasted rats. These results alerted us to the possibility that
protein binding might be changed by time and feeding.

Next, we examined the diurnal rhythm of urinary pH and the effect of
feeding. As shown in Fig. 1, urinary pH in fasted rats was constant during the
daytime, whereas in nonfasted rats it was high in the morning and decreased
slightly in the afternoon to the level of the fasted rats. This variance of urinary
pH is likely to affect the renal excretion rate for drugs with pK, values similar
to urinary pH (25).

We selected cinoxacin as a model compound to investigate the effect of this
variance of physiological parameters on pharmacokinetics. Renal excretion
of cinoxacin is reported to be dependent on urinary pH because of renal
reabsorption (26-29).

Table 1 shows serum protein binding of cinoxacin in vitro. Significant
differences were detected between the serum of fasted and nonfasted rats at
15:30 but not at 09:30. Though the extent of the difference was small, it could
affect the cinoxacin pharmacokinetics. Therefore, we investigated the ci-
noxacin elimination from plasma after intravenous administration in fasted
and nonfasted rats in the morning and afternoon. Figure 2 shows the time
course of plasma levels of cinoxacin after intravenous administration at 12:00
to fasted and nonfasted rats having different urinary pH values. As expected,
plasma elimination was slower in fasted rats than nonfasted rats, and urinary
excretion during the initial 1 h in fasted and nonfasted rats was 45.8 and 73.7%

. and at 2 h, 62.6 and 83.8% of the dose, respectively (data not shown). These

results suggest that cinoxacin elimination was rapid especially in nonfasted
rats, and the elimination was affected by minor difference of urinary pH at
the time of and for at least 1 h after drug administration. This can be easily
explained by greater renal reabsorption duc to lower urinary pH in fasted rats
(26-29). .

On the other hand, when cinoxacin was injected at 15:00, it was similarly
climinated from plasma in both rat groups (Fig. 3), in spite of different serum
protein binding ratios between fasted and nonfasted rats (Table [I). This

Table 11— In Vitro Serum Protein Binding of Cinoxacin in Rats

Unbound fraction, %2

Rat Sera at 09:30 Sera at 15:30
Fasted 6.36 £ 0.385 6.65 + 0.25¢4
Nonfasted 6.54 £ 0.45¢ 6.00 £ 0.47%

2 Percent of total concentration (15 ug/mL) £ SD. ®n = 5. ¢ n = 6. 4 Significant
difference at p < 0.05 compared with sera in nonfasted rats at 15:30.
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Figure 2— Average plasma levels of cinoxacin after intravenous adminis-
tration of 20 mg/kg of ['4C/cinoxacin to three fasted or nonfasted rats at
12:00. Key (D) fasted rats; @) nonfasted rats.
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Figure 3—Average plasma levels of cinoxacin after intravenous adminis-
tration of 20 mg/kg of unlabeled cinoxacin to three fasted or nonfasted rats
at 15:00. Key: (D) fasted rats; (@) nonfasted rats.
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Figure 4—Correlation between urinary pH 30 min after administration of
20 mg/kg of '*C-labeled or unlabeled cinoxacin and elimination rate constant
obtained from fasted or nonfasted rats at 12:00 or 15:30. Key: (@) nonfasted
rats at 12:00; (Q) fasted rats at 12:00; (W) nonfasted rats at 15:00; (Q) fasted
rats at 15:00.

suggests that urinary pH plays a more important role than protein binding
in cinoxacin elimination from the plasma. As previously described, cinoxacin
elimination in nonfasted rats administered at 12:00 was rapid (Fig. 2) and
>70% of the dose was excreted in urine until 13:00; furthermore, a higher pH
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Figure 5—Plasma levels of cinoxacin after oral administration of 20 mg/kg
of [4C]cinoxacin in fasted or nonfasted rais at 11.00. Means and SD values
from three rats. Key: (O) fasted rats; (@) nonfasted rats.

in urine was maintained at least until ~13:00 (Fig. 1). These results accounted
for the faster elimination in nonfasted rats than fasted rats administered the
drug at 12:00.

We investigated the correlation between urinary pH 30 min after intrave-
nous administration and the elimination ratc constant calculated from the
values in Figs. 2 and 3. Figure 4 shows a significant correlation between the
elimination rate constant obtained with the one-compartment open model and
the urinary pH (r = 0.8427, p < 0.01). As the slope of the regression line is
1.033, if urinary pH decreases from 7 to 6, the elimination rate constant de-
creases from 2.43 to 1.40. Thus, diurnal variance of urinary pH in normally
fed rats has an important effect on cinoxacin elimination, though in fasted
rats changes in cinoxacin elimination do not arise because urinary pH remains
constant during the daytime.

Figure 5 shows the plasma levels of cinoxacin orally administered to fasted
and nonfasted rats at 11:00. As expected, higher plasma levels were observed
in fasted rats. The area under the plasma concentration-time curve (AUC)
calculated by the trapezoidal rule was 125.8 ug-h/mL in fasted rats and 40.9
ug-h/mL in nonfasted rats. The larger AUC in fasted rats is due to the lower
urinary pH and in addition, a higher peak level may be partly attributable to
a faster gastric emptying rate, as mentioned by Watanabe et al. (30).

REFERENCES

(1) A. Reinberg and F. Halberg, Annu. Rev. Pharmacol., 11, 455
(1971).
(2) A.Reinberg, Arzneim.-Forsch., 28, 1861 (1978).
(3) F.Halberg, H. F. Kabat, and P. Klein, Am. J. Hosp. Pharm., 37, 101
(1980).
(4) W. Nelson and F. Halberg, Neuropharmacology, 12, 509 (1973).
(5) 1. H. Patel, R. H. Levy, and J. S. Lockard, J. Pharm. Sci., 66, 650
(1977).
(6) G.E.Poley, C. A. Shively, and E. S. Vessl, Clin. Pharmacol. Ther.,
24,726 (1978).
(7) B. Bruguerolle, M. Valli, L. Bouyard, G. Jadot, and P. Bouyard, Eur.
J. Drug Metab. Pharmacokinet., 6, 189 (1981).
(8) W. R. Ritschel, G. Bykadi, E. J. Norman, and P. W. Lucker,
Arzneim.-Forsch., 30, 1535 (1981).
(9) A. Reinberg and M. H. Smolensky, Clin. Pharmacokinet., 7, 401
(1982).
(10) F. M. Radzialowski and W. F. Bousquet, J. Pharmacol. Exp. Ther.,
163, 229 (1968).
(11) T. L. Holcslaw, T. S. Miya, and W. S. Bousquet, J. Pharmacol. Exp.
Ther., 195, 320 (1975).
(12) J. M. Tredger and R. S. Chhabra, Xenobiotica, 7, 481 (1977).
(13) K. Piischel, T. Matzsch, and H. Von Mayersbach. Arch. Toxicol.,
48, 199 (1981).
(14) M. Nakamura and K. Sugeno, Chemotherapy (Tokyo), 28 (s-4), 567
(1980).
(15) Y. Tochino, K. Sugcno, M. Doteuchi, H. Okabe, R. Norikura, and
H. Tanaka, Chemotherapy (Tokyo), 28 (s-4), 73 (1980).
(16) T. Nagasaki, Y. Katsuyama, and H. Minato, J. Label. Comp. Ra-
diopharm., 12, 409 (1976).
(17) R. A. Upton, J. Pharm. Sci., 64, 112 (1975).
(18) K. Yamaoka, Y. Tanigawara, T. Nakagawa,and T. Uno, J. Pharm.
Dyn., 4,879 (1981).
(19) P. G. Welling, J. Pharmacokinet. Biopharm., 5, 291 (1977).
(20) A. Melander, Clin. Pharmacokinei., 3, 337 (1978).
(21) R. D. Toothaker and P. G. Welling, Annu. Rev. Pharmacol. Toxicol.,
20, 173 (1980).

Journal of Pharmaceutical Sciences/ 1899
Vol. 73, No. 12, December 1984



(22) E. S. Pepper and W. D. Wosilait, Res. Commun. Chem. Pathol.
Pharmacol., 18,275 (1977).

(23) S.Kitazawa and T. Komuro, Chem. Pharm. Bull., 25, 141 (1977).

{24) S. K. Chakrabarti and J. Brodeur, Can. J. Physiol. Pharmacol., 58,
205 (1980).

(25) A.Johnston, C. D. Burgess, S. J. Warrington, J. Wadsworth, and N.
A. Hamer, Br. J. Clin. Pharmacol., 8, 349 (1979).

(26) K.S. Israel, H. R. Black, R. L. Nelson, M. K. Brunson, J. F. Nash,
G. L. Brier, and J. D. Wolney, J. Clin. Pharmacol., 18,491 (1978).

(27) J.F.Quay, R.F. Childers, D. W. Johnson, J. F. Nash, and J. F. Stucky
1, J. Pharm. Sci., 68, 227 (1979).

(28) N.Rodriguez, P. O. Madsen, and P. G. Welling, Antimicrob. Agents
Chemother., 15, 465 (1981).

(29) R. H. Barbhaiya, A. U. Gerber, W. A. Craig, and P. G. Welling,
Antimicrob. Agents Chemother., 21,472 (1982).

(30) J. Watanabe, H. Okabe, K. Mizojiri, H. Yamada, and R. Yamamoto,
Chem. Pharm. Bull., 25,2147 (1977).

ACKNOWLEDGMENTS

The authors thank Dr. Y. Yoshizaki for the biochemical examinations of
rat sera.

Determination of Benzalkonium Chloride by Gas Chromatography

Z. R. CYBULSKI

Received November 25, 1983, from the Physical Chemistry Department, Fisons plc, Pharmaceutical Division, Loughborough, LE11 ORH,

UK. Accepted March 7, 1984.

Abstract O A new, simple, and useful approach for the analysis of benzal-
konium chloride is presented. A gas chromatograph (GC) has been used to
pyrolyze benzalkonium chloride in a specific and reproducible manner to yicld
two tertiary amines for each homologue of benzalkonium chloride present.
These are separated by GC and are used to determine the homologue com-
position of the benzalkonium chloride. These determinations can be made with
an analysis time of 25 min/sample.

Keyphrases O Benzalkonium chloride-—determination by GC 0 GC—de-
termination of benzalkonium chloride

Benzalkonium chloride is used in pharmaceuticals as an
antimicrobial preservative and is a mixture of homologous
compounds (1), where the R group represents an r-alkyl chain
which can vary from 10-18 carbon atoms. The relative
amounts of the different n-alkyl species in benzalkonium
chloride solutions greatly affect the antimicrobial spectrum
and activity on the mixture (1). The current methods for
analysis of benzalkonium chloride solutions according to the
USP (2) rely upon titrimetric analysis of the total alkylben-
zyldimethylammonium chloride based upon potassium iodate
equivalents. Additionally, the ratio of n-alkyl components of
benzalkonium chloride can be determined by microhydrogen-
ation followed by solvent extraction and gas chromatography
(GC). The ratio of alkyl components is then calculated and
must meet specific USP requirements. These requirements
state that the C;; homologue must comprise at least 40% of
the total benzalkonium chloride content and that the C,4 ho-
mologue must be at least 20%. Furthermore, these two
homologues together must comprise not less than 70% of the
total content.

Other methods have been reported for the determination
of benzalkonium chloride, for example, ion-pairing techniques
(3-5), direct titration involving tetraphenylboron sodium (6)
and iodate (7). Later methods of analysis have included MS
using laser ionization (8), chemical ionization (9), and HPLC
10).

GC methods include one based on a modified Hofmann
degradation of benzalkonium chloride with subsequent anal-
ysis of the formed benzyldimethylamine and the corresponding
alkene (11). Another method involves chemical derivatization
of the benzalkonium chloride to introduce specific functional
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groups into the derivatives which are amenable to GC with
enhanced detectability using electron capture and nitrogen-
specific thermionic detecting systems (12).

The procedure presented here determines directly the alkyl
chain-length ratios of benzalkonium chloride species in samples
of benzalkonium chloride in an easy, sensitive, and reliable
operation.

CH;
CH; —N—R cr

CH3

EXPERIMENTAL SECTION

Apparatus—-Measurements were carried out using a GC! fitted with
a flame ionization detector. The column used was a 0.9 m (2 mm i.d.) glass
column packed with OV17 (3%) on Chromosorb W HP (80/100 mesh). A
10-uL syringe? was used to inject samples. The chromatograms were recorded
on a potentiometric recorder? and peak area measurements were obtained
using an integrator?.

Mass spectrometric measurements for identification of the GC pyrolysis
products werc conducted using a spectrometer® operating in the electron
impact ionization mode. The mass spectrometric data was handled by a data
system®.

Reagents, Solvents, and Standards—The carrier gas for the GC work was
nitrogen; for MS work, the carrier gas was helium. The commercial samples
of benzalkonium chloride were obtained from various manufacturers. Samples
of benzalkonium chloride for analysis were prepared as solutions in methanol
(0.5%). For confirmation, a benzalkonium chloride standard was obtained’.
Individual pure benzalkonium chloride standards were examined with R =
C14, C16, and C,5. The standards were also examined as solutions in methanol
(0.5%).

! Model 204; Pye-Unicam.
2S.G.E.

3 Model 2S; Servoscribe.

4 Model 3390A; Hewlctt Packard.
5 Models MS30 and MS50; Kratos.
6 Model DS55; Kratos.

7 USP Convention Sample.
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