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Abstract O Sulmazole (I) 2-[2-methoxy-4-(methylsulfinyl)phenyl]-
1H-imidazo[4,5-b]pyridine, a new positive inotropic agent, is based on
a pyridoimidazole nucleus. Sulmazole pharmacokinetics were monitored
in plasma and urine by a specific, sensitive reverse-phase fully auto-
mated HPLC system with fluorimetric detection. The hydroxylated
metabolite, 111, was also monitored in the urine, and unusual pharma-
cokinetics were observed. Sulmazole disappeared and metabolite II ap-
peared in plasma by zero-order rates for most of their time courses in the
2-15-mg/kg range with a 75% conversion to II. Pure Michaelis-Menten
pharmacokinetics were not applicable, and the vy, value increased with
increasing dose. Pharmacokinetics of sulmazole and II at 0.7-mg/kg iv
doses were characterized by a first-order two-compartment body model.
Metabolite III at 0.7- and 2-mg/kg iv doses showed no dose-dependent
pharmacokinetics. The unchanged drug and its major metabolite, II, were
negligibly excreted renally (0.5-2%). Their renal clearance showed urine
flow rate dependencies. The plasma protein bindings were: sulmazole,
40.8 + 1.0%; 11, 54 + 2%; I11, 43 + 1%, and they were concentration inde-
pendent.

Keyphrases O Pharmacokinetics—nonlinear, sulmazole, in the dog O
Models, pharmacokinetic—nonlinear, sulmazole, in the dog O Sulma-
zole—nonlinear pharmacokinetics in the dog

Sulmazole! (I) has shown positive inotropic activity in
an isolated dog heart preparation and in intact dogs (1-4).
The onset and magnitude of cardiovascular response of
this new nonglycosidic cardiotonic drug was studied in
humans (5-10). The drug’s action started immediately
after intravenous administration, indicating that action
was due to the parent compound (5) on the presumption
that the time course of pharmacological action was related
to the time course of the active drug in the central circu-
lation.

Pharmacokinetic studies of radiolabeled I have been
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conducted in the rat (11, 12), baboon (13), rabbit and dog
(14), and rhesus monkey (15), but only total radioactivity
was measured. These studies did not reveal the phar-
macokinetic behavior of the extensively metabolized I
(16).

The present paper reports on the pharmacokinetics of
I as a function of dose using specific and sensitive high-
performance liquid chromatographic (HPLC) assays (17,
18). The stability, protein binding, and red blood cell
partitioning of I, administered intravenously in dogs, and
its metabolites, excreted in the urine, were also studied.
Various methods of challenging the possible Michaelis—
Menten pharmacokinetics of sulmazole were developed
and applied to the data.

R, S
X Va R,
OCH;
Com-

pound R, Ro Name
I  H —SOCH; 2-[2-methoxy-4(methylsulfinyl)-

phenyl]-1H-imidazo[4,5-b]pyridine;

Sulmazole!, mol. wt. 287.3
I H —S0,CHj 2-[2-methoxy-4-(methylsulfonyl)-

phenyl]-1H-imidazo[4,5-b]pyridine2

mol. wt. 303.3

III' OH —SOCH; 6’-hydroxy-2-[(2-methoxy-4-
methylsulfinyl)phenyl]-1H -
imidazo[4,5-b]pyridine;
metabolite M2; mol. wt. 303.3
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EXPERIMENTAL

Materials—Sulmazole, 2-[2-methoxy-4-(methylsulfinyl)phenyl]-
1H-imidazo[4,5-b]|pyridine, I, was obtained in ampules of 1000 mg/10
ml!. Synthesized (19) 14C-I had >99% chromatographic purity by TLC
with subsequent liquid scintillation counting of extracted material and
by radioscanning. This purity was substantiated by HPLC analysis.
Reference compounds II and 111 were also obtained?. The solvents and
reagents used were anhydrous dibasic sodium phosphate?, 85% phos-
phoric acid?, acetonitrile HPLC grade?, 30% hydrogen peroxide*, and
phenobarbital sodium USP X1V granular®. A toluene base scintillation
fluid® was used for the radioactive counting with a liquid scintiliation
counter”. Standard catheters were used for catheterization of the jugular®
and the foreleg® veins. Blood was withdrawn into heparinized con-
tainers!0,

Pharmacokinetic Studies in Dogs—Three healthy male mongrel
dogs (23-27 kg) were used for the pharmacokinetic investigations. Their
blood analysis showed no pathogenic abnormality or presence of micro-
filaria. The dogs were fasted at least 17-20 hr before each study and were
given water ad libitum. The animals were supported by a dog sling in a
frame!? placed on a laboratory table. The dogs were given 120 ml of water,
30-45 min prior to the experiments, followed by intravenous saline
infusion (35 drops/min) until drug administration when the intravenous
drip was reduced to 20 drops/min. One day before the experiment, the
animals were catheterized with a 30.5-cm standard catheter in the jugular
vein after local anesthesia with mepivacaine hydrochloride!2. A second
catheter was also implanted in a foreleg vein (vena brachialis). On the
following day, the drugs were injected directly into the jugular catheter
(1—4 sec) followed by flushing of the catheter with 20 ml of physiological
saline. Then, the catheter was connected by a three-way stopcock!? to
the saline infusion hottle!4. Blood samples (4 m!) were taken into a
heparinized vacutainer!? after filling the dead volume of the catheter with
blood by aspirating with an extra syringe. These samples were discarded.
During the first hour, blood was taken from the foreleg vein with subse-
quent sampling from the jugular. In several studies, samples were taken
simultaneously from both sites in the first hour. The heparinized blood
was centrifuged immediately for 5-8 min at 3000 rpm, and plasma was
removed with sterile glass pipets. The red blood cells were suspended in
2 ml of physiological saline and stored in an ice bath for reinfusion at the
end of the study. Plasma was injected directly and immediately into an
HPLC system after appropriate dilution and recentrifugation. Urine was
collected from the dogs through a urinary catheter!® at 15-30-min in-
tervals up to 10-24 hr. Withdrawal time, volumes, and urinary pH were
recorded, and aliquots of each sample were frozen until analyzed.

One 24-kg dog, previously studied at several intravenous doses, was
administered orally 16 mg/kg/day of phenobarbital in gelatin capsules8
for 13 days. Subsequently, the pharmacokinetics of an intravenous bolus
of 2 mg/kg of | were studied in this dog.

HPLC Assays—A fully automated HPLC system (18) permitted the
direct injection of body fluids. The drugs and metabolites were trapped
on either of two alternately working enrichment precolumns. and dry-
filled with reverse-phase material'é, while nonlipophilic material was
separated by flushing the precolumns for 3 min with deionized water with
a 2-ml/min flow rate. Backflush elution with the mobile phase was used
to desorb the drugs from the precolumns to the analytical column in order
to chromatographically separate and quantify. The equipment consisted
of an autosampler!’, two HPLC pumps!'®, a fluorescence detector'?, a
chromatographic data station?®, and a self-made precolumn switching

2 AR-L 114 BS, DR. Karl Thomae GmbH, 7950 Biberach/Riss, West Ger-
many.
3 Mallinckrodt, Inc., Paris, KY 40361.
4 Fisher Scientific Co., Fair Lawn, NJ 07410.
5 Mallinckrodt Chemical Works, St. Louis, MO.
6 Scinti-Verse, Fisher Scientific Co., Fair Lawn, NJ 07410.
7 Packard Tri Carb 460 CD Liquid Scintillation System, Packard Instrument
Co. Inc., Downers Grove, IL 60515.
8 Intracath intravenous catheter placement unit 30.48 cm (12 in), 16 gauge, The
Deseret Co., Sandy, UT 84070.
840?7?)0.48 cm (12 in) catheter, 17 gauge 0.031 in. i.d., The Deseret Co., Sandy, UT
10 Becton Dickinson Vacutainer, heparinized, Rutherford, NJ 07070.
11 Alice King Chatham Medical Arts, Los Angeles, CA 90043.
12 Carbocaine, Winthrop Laboratories, New York, NY 10016.
13 Pharmaseal, Toa Alta, PR 00758.
14 McGaw Laboratories, Irvine, CA 92714.
15 Monojet, Division of Sherwood Co., A Brunswick Co., St. Louis, MO 63103.
16 Bondapak Cig-Corasil, Waters Associates, Milford, MA 01757.
17 Model 420B, Perkin-Elmer, Norwalk, CT 06856.
18 Series 3B, Perkin-Elmer, Norwalk, CT 06856.
19 Model 6508, Perkin-Elmer, Norwalk, CT 06856.
20 Data Station Sigma 15, Perkin-Elmer, Norwalk, CT 06856.

106 / Journal of Pharmaceutical Sciences
Vol. 72, No. 2, February 1983

system activated by pressurized air (18). The mobile phase for I and 11
was acetonitrile-0.05 M dibasic sodium phosphate buffer (1:2.3, mobile
phase A) apparent pH 6.8, with respective retention times of 2.40 and 3.01
min. The mobile phase for IIT (mobile phase B) had a retention time of
5.74 min and was mobile phase A diluted 1:1.13 with deionized water
when urine was assayed after administration of I. When III was admin-
istered intravenously, there were no interferences at its 2.03-min retention
time, and mobile phase A was used. A self-packed steel column?! with
reverse-phase material?2 was used with a working pressure of 8.5 me-
gapascals at 49° (flow rate: 2 ml/min for mobile phase A; 2.5 ml/min for
mobile phase B). The wavelengths (excitation/emission) in urine and
plasma were 330 and 370 nm for compounds I and Il and 345 and 515 nm
for II1. These wavelength selections permitted no mutual interferences
of I11 with I and II. The slit width was adjusted to 10 nm (excitation) and
5 and 10 nm (emission) for I, II, and 111, respectively. Calibration curves
were established in the biological fluid as concentration versus peak area
(19).

Stability Studies—Solutions of ~100 and 1000 ng/ml of I, I, and I1I
were prepared in 1.0 N NaOH2 and 1.0 N HCI%3, and the concentrations
were monitored by specific HPLC assay after 0, 4, and 20 hr at 20 and 47°.
Similar studies were conducted in fresh dog plasma and urine at 20 and
37.5°.

Protein Binding—Protein binding was studied by ultrafiltration (20)
and ultracentrifugation in freshly prepared dog plasma obtained by
centrifugation of heparinized dog blood (5000 U of heparin?4/50 ml of
blood) for 20 min at 2000 rpm. [*C]-I and metabolites II and III were
used.

Ultrafiltration—Ultrafiltration membrane cones? were immersed
for 5 hr in refrigerated deionized water, and excess liquid was removed
by centrifugation for 5 min at 1000 rpm. Since I showed markedly un-
specific binding to the filter cones in the range of 17.6-33% at concen-
trations of 3.5 X 1073-3.5 X 10~% M, all cones were presaturated with
appropriate concentrations prior to the experiment, which reduced the
unspecific binding to 0-4.3% (20). The fraction bound was calculated from
the HPLC and liquid scintillation counting assay of the total concen-
tration prior to the ultrafiltration of 2.5-3 ml of plasma and in the plasma
water filtrate after 30% filtration.

Ultracentrifugation—Drug concentrations between 1078 and 10~8
M in dog plasma were centrifuged?® for 20 hr at 45,000 rpm at 20°. Initial
and supernatant concentrations were determined by liquid scintillation
counting for I and by HPLC for I, II, and 111

Red Blood Cell Partitioning—The time dependency of red blood
cell partitioning of I (1.02 ug/ml) was investigated in prepared heparin-
ized dog blood with a previously determined hematocrit. The blood (5
ml) was maintained at 37.5°, and 200-ul aliquots were removed at 2-min
time intervals and digested for 5 hr with 2 ml of a mixture of 2-propa-
nol4—commercial solvent?? (1:1.5). Decoloration was effected with 0.2 ml
of hydrogen peroxide for 30 min, then 10 ml of scintillation fluid® was
added. After an adaptation period of 6 hr at 10°, liquid scintillation
counting was performed. The centrifuged plasma was assayed similarly,
and the red blood cell-plasma water partition coefficients were deter-
mined similarly. Freshly prepared red blood cells, obtained by centrif-
ugation of heparinized dog blood at 1500 rpm, were washed four times
with plasma water with subsequent centrifugation and were then resus-
pended in plasma water. They were also resuspended in iso-osmolar
physiological buffer (5.52 g of NasHPOy, 0.86 g of KHyPOy, and 32 ¢ of
NaCl/liter). The hematocrit was determined and the suspension was
spiked with eight different concentrations of I in the range of 9.8 X
10-6-9.6 X 1078 M. After 20 min of incubation at 37.5° under gentle
mixing, aliquots were taken, the hematocrit determined, and the partition
coefficient calculated (21).

RESULTS AND DISCUSSION

HPLC Assays—The described automated system permits direct in-
jection of urine and plasma (diluted at least 1:1.5 with deionized water)
from an automatic injection system for assays of I, II, and III. The sample
adsorbed on the reverse-phase material of the precolumn was washed

2 Herbert Knauer, 6370 Ober Ursel, West Germany.

22 Hypersil ODS particle size 5 um, Shandon Southern Products, United King-
dom, Astmore, Runcorn WA 71 PR.

23 Ricca Chemical Co., Arlington, TX 76012.

24 Heparin Sodium, 10,000 U/ml, The Upjohn Co., Kalamazoo, MI 49001.

25 Membrane filter cones 2100 CF 50, Amicon Co., Lexington, MA 02173.

2 Beckman Ultracentrifuge model LS-50 with rotor Ti 50, Beckman Instruments,
Norcross, GA 30092.

21 Biosolv, Beckman Inc., Fullerton, CA 92634.



for 3 min with deionized water to remove water soluble substances in the
plasma and urine. Subsequently, the mobile phase backflushed the ad-
sorbed material into the analytical column for HPLC assay, and the
printer—plotter was activated to record the chromatogram 3 min after
injection on the precolumn. The automated system of switching valves
permitted injection and flushing of water soluble substances on one
precolumn, while the second precolumn was backflushed for assay. The
total time for a single assay was 12-15 min and 64—80 assays can be per-
formed automatically in an 8-hr period.

In the assays of [ (2.40 min) and II (3.01 min) in urine with mobile phase
A, a peak due to an unknown metabolite was observed at 2.20 min that
did not interfere with these fluorimetric assays at 330-nm excitation and
370-nm emission. In the assay of III (5.74 min) in dog urine with mobile
phase B, peaks due to unknown metabolites were observed at 2.21, 3.63,
6.85, and 9.05 min with the fluorimetric assay at 345-nm excitation and
515-nm emission. These peaks did not appear in blank urine when III was
administered intravenously, and mobile phase A could be used for are-
tention time of 2.03 min at 345-nm excitation and 515-nm emission.

The regression statistics (22) of calibration curves (n = 13-27) of
concentrations versus peak area in the range of 20-1000 ng/ml for I and
IT and 40-1000 ng/ml for III gave analytical sensitivities (2 times the
standard error of the estimate of concentration on peak area) of 15-18
ng/ml for plasma and 12-26 ng/ml for urine. All curves showed intercepts
not significantly different from zero, correlation coefficients >0.990,
standard errors of regression coefficient of 0.4-0.9% of the coefficient,
and standard errors of the intercept within +4.1 ng/ml.

Protein Binding—Plasma protein binding percentages (percent of
100 times the concentration in plasma-water/concentration in plasma)
for different concentrations of drug and metabolites showed no apparent
dose dependencies of protein binding. The percent protein bindings of
Iin the plasma concentration range of 50-15,000 ng/ml were consistent
by both ultrafiltration (41.5 + 1.2%, n = 6) and ultracentrifugation (40.5
+ 1.5%, n = 11) techniques, and the overall average was 40.8 + 1.0%
(SEM). The percent protein binding of II and III were 54 £+ 2% (n = 3)
and 43 + 1% (n = 3), respectively, as determined by the ultracentrifu-
gation technique in the 140-1500-ng/ml plasma range.

Red Blood Cell-Plasma Water Partitioning—The red blood cell-
plasma water partition coefficient is the ratio of concentrations in the
red blood cell to that in the plasma water. It can be calculated from the
drug concentrations in plasma before and after equilibration with red
blood cells with a known hematocrit, H = Vrpc/Viicod, and when the
fraction, f, of the drug bound to plasma proteins is known, by means of
an equation developed previously (21, Eq. 9). The time-dependent studies
showed that red blood cell-plasma equilibration was achieved within 10
min (n = 7), since there was no significant difference in radioactivity
counts of the supernatant, 2246 + 36 cpm/ml (SD) of plasma water after
that time. The partition coefficients, D, calculated from studies in whole
blood and for red blood celis suspended in plasma-water showed no
significant dose dependencies. The calculated partition coefficients av-
eraged 3.10 + 0.05 (SEM) in whole blood in the range of 67-6000 ng/ml
(n = 6) and 2.72 + 0.30 in red blood cell suspensions in plasma water in
the range of 28-2820 ng/ml (n = 7). There was no significant difference
when physiological buffer was used for the red blood cell suspensions.
At 157 ng/ml, D was 3.20 4 0.09 and 3.10 + 0.13 from plasma-water and
buffer, respectively.

Studies at 200 ng of I/ml also were conducted with the use of the HPLC
assay for nonradiolabeled compound, where D = 2.59 for 6.9 X 10"M
in blood and 5.52 X 10~7 M in plasma and D = 2.07 for 200 ng/ml in the
red blood cell suspension and 140 ng/ml in the plasma water.

Stability of Compounds—The concentrations from the HPLC assays
of I after appropriate dilution when subjected to 1.0 N NaOH and 1.0 N
HCI for 20 hr were no different than when assayed at time zero. The
maximum decrease in concentrations of I, I, and III at 100 and 1000
ng/ml of fresh dog plasma after 24 hr at 37.5° was 4 and 0.5% for [; 0.0 and
0.1% for II; and 0.1 and 0.0% for I11. The values were the same when the
samples were incubated in {resh dog urine. Thus, there was no significant
degradation within 1 day for I, II, and III in strong acid, strong alkali, or
in plasma or urine.

Nonlinear Plasma Pharmacokinetics of Sulmazole: Data Analysis
on the Presumption of Michaelis-Menten Kinetics—The semiloga-
rithmic plots of plasma levels of I versus time (Fig. 1) are given for several
studies at different doses in dogs. Data was obtained from blood taken
from the foreleg vein during the first hour and from the jugular after that.
The concentrations of sulmazole in jugular blood were up to 3.0 times
higher than that of foreleg blood in the first 15 min during the 2 mg/kg
iv study in dog 1. Subsequently, the values coincided. The S-shapes of
such curves are indicative of primarily saturable elimination processes
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Figure 1—Semilogarithmic plots of plasma levels of sulmazole on in-
travenous bolus administration of the labeled dose to dogs. The solid
curves through the experimental values were calculated by Eq. 6 from
the parameters given in Table I for each dog study. The squared symbols
for dog 2 are for a study at 2 mg/kg after the dog had been treated daily
with 16 mg/kg of oral phenobarbital over 13 days. The dashed lines for
each dog study were plotted by Eq. 6 using the parameters for the 5-
mg/kg dose study for each dog (Table I). The arrows designate the
plasma level (py) values taken at time t; for the calculation of t3 for any
plasma level py. The initial estimation of Michaelis—-Menten parameters
by application of Eq. 5 were made from paired values subsequent to that
time, ty.

600

in the disposition phase (23). The initial sharp decrease can be assigned
to distribution and the subsequent increasing slopes with time to dis-
position. If there were only one saturable process and no significant
parallel first-order elimination, the rate of plasma concentration (p)
decrease subsequent to equilibration of the drug in the body would be
characterized by:

—dp/dt = 2maxP (Eq. 1)
Kn

where vpnqy is the maximum possible rate of decrease of plasma concen-

tration (ng/ml/min) at maximal plasma levels, and Umax/Kn is the ap-

parent first-order rate constant for terminal first-order elimination of

drug when plasma levels approach zero:

lim —dp/dt = vmax (Eq. 2)

p—e
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Figure 2—Plots of paired sulmazole plasma level-time data after the time given by the arrow in Fig. 1 in accordance with Eq. 5 to estimate 1 /Vmay
from the slope and Km/Vmax from the intercept. Each data point is labeled with the times after administration of the data pair used (p, at t; and

peat to).
and

hn:) —dp/dt = (Umax/Km)p (Eq. 3)
p—

If the elimination process can be attributed to saturable metabolism,
Km can be interpreted as the affinity constant for the available enzymes
where the metabolic rate is proportional to the amount of drug-enzyme
complex. When all enzymes are complexed in the steady state, the
maximal zero-order rate, Umax, would be achieved. The data for all doses
appeared to approach a final first-order loss of drug from the plasma (Fig.
1) with visually estimated apparent half-lives of 30.0 £+ 5.9 (SD) + 2.9 min
(SEM) fordog 1 (n = 4),27.2 £ 7.0 (SD) + 4.0 min (SEM) for dog 2 (n
=3),and 30.8 £ 1.0 (SD) % 0.6 min (SEM) for dog 3 (n = 3).

These estimates of the terminal half-lives are approximate and likely
overestimate 0.693/(vax/K ), since they may be based on an estimated
linearity of a slightly curving semilogarithmic plot of the terminal plasma
concentrations against time (Fig. 1).

The saturable disposition phase after complete equilibration of the
drug among the tissues of the body can be characterized by the integrated
form (24) of Eq. 1:

(Eq. 4)

(p1 -p2) - n%— Umax(ts — 1)
1

where p, and p3 are plasma concentrations in the postdistribution phase
taken at times ¢ and t, respectively. This transcendental equation has
no explicit solution for plasma concentration with time. Equation 4 can
be rearranged to:

tg—1ty_

_ -p2 1 +ﬁ
In (p1/p2)

In (Pl/Pz) Umax

(Eq. 5)

Umax

where 1/Dmax and K, /Umas are the respective slopes and intercepts that
can be estimated from linear plots of (t2 — ¢1)/In(py/p2) against (p, —
p2)/In(p1/p2) for any pair of plasma levels, py and ps, at their respective
times, t; and t9, in the postdistributive phase. Examples of such plots are
given in Fig. 2 and the resulting calculated values of K., and vnay are
listed in Table L. Such plots must be restricted to plasma levels subse-
quent to the achievement of pseudo steady-state equilibration among
the tissues of the body, i.e., the establishment of a one-compartment body
model. Also, they are only valid for estimation of parameters (Table I)
when there is only one saturable elimination process and no significant
amount of drug is eliminated by any parallel first-order process. Thus,
p1-values were not taken at earlier times. The p;-values, taken after body
equilibration of drug was assumed (arrows in Figs. 1 and 3), were then
paired with later ps-values, not too close in time, to produce the plots of

Fig. 2 in accordance with Eq. 5. The vyay- and K, -values were then
substituted into a rearranged Eq. 4:

pi—p2 Kn In P2
2 B maafE
Umax P1

An experimental value for p; at a known time ¢ (designated by the arrows
in Figs. 1 and 3) in the presumed pseudosteady-state phase was assumed
to be valid, and ¢;-values were calculated for various pe-values. The solid
curves in Fig. 1 and the dashed curves in Fig. 3 were calculated in this
manner.

Although the parameters vmax and K,, (Table ) for Egs. 4 and 6 ob-
tained in this manner permit good fit to the experimental plasma level-
time data (Figs. 1 and 3) subsequent to the time when pseudo steady-state
equilibrations among body tissues are probably established, the calcu-
lated plasma level values significantly overestimate the experimental
values in the early time periods subsequent to the usual relatively rapid
(a-phase) tissue distribution.

tg = +t (Eq 6)

Umax

Table II—Parameters for Apparent Linear Pharmacokinetics of
Sulmazole and Metabolites IT and 111 in the 24.2-kg Dog 1

Compound
Parameter )| 11 HI
Dose, mg/kg 0.7 0.7 1.0 2.0
mg 16.94 16.73 24.4 48.8
a?, ng/ml 325 500 2000 4600
ba 573 302 272 552
a?, min~! 0.384 0.384 0.221 0.271
(t1/2, min) (1.80) (1.81) (3.13) (2.56)
a 0.0235 0.0326 0.0186 0.0186
(29.5) (21.2) (37.3) (37.3)
Clior?, ml/min 671 1583 1031 1046
Clien® 13.9 3.00 0.25 0.25
Climet? 657 1580 1031 1046
V.*, liters 18.9 20.9 10.7 9.5
Vaf 28.6 48.6 55.5 56.2
Vextrap? 29.6 55.4 9.0 8.8

a Parameter description of time course of plasma concentrations, p = ge—«! +
be=8t, b Cly = AUC o/dose (ng) where the total area under the plasma level-time
curve is AUC« = A/a + b/8. < Slope of plot of cumulative drug excreted at time
t, 2U,, against the area under the plasma level-time curve until that time, where
AUC, = (a/c) (1 — e2t) + (b/B) (1 — e78), 4 Clyney = Cligr = Clyep. © Apparent
volume of distribution of central compartment referenced to plasma concentration,

= po/dose (ng) = (@ + b)/dose (ng). / Apparent overall pseudo steady-state
volume of distribution referenced to plasma concentration, Vy = Cl/3. ¢ Apparent
overall volume of distribution on the assumption of the one-compartment body
model, Vexerap = h/dose (ng).
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Figure 3—Linear plots of sulmazole plasma level-time data fitted in accordance with Eq. 6 from the Michaelis—-Menten parameters given in Table
I (- - -) and fitted on the presumption of constant zero-order rates of plasma level decay (—) of slopes ko/V (ng/ml/min) (Table I). The arrows

designate the plasma level (py) values taken at time t| for the calcula

This can be seen at the 15-mg/kg dose but less so at the 2-mg/kg dose.
One possible explanation of the constantly recurring plateau or increase
in plasma levels for all three dogs at 40-100 min after drug administration
may be the presence of enterohepatic recirculation, the delayed contin-
uous reabsorption of biliary excreted sulmazole from the GI tract.

The vmax-values of Table I have reasonable precision that average +7%
and show a decided dose effect: 23.9 + 3.9, 13.3 £ 0.3, and 8.7 + 1.9 ng/
ml/min (SEM) at the 15-, 5-, and 2-mg/kg iv doses of sulmazole, respec-
tively. The estimated K, -values with their much higher variability av-
eraging +32% do not permit any conclusion as to dose dependencies. The
overall average of 232 + 36 ng/ml (SEM) is relatively small and does not
disturb the linearities of the concentration-time plots of sulmazole for
the greatest portion of the time course.

The fact that one set of Umex/Km-values fails to characterize the plasma
level-time values of sulmazole for all doses is apparent when the set of
values for the 5-mg/kg dose was used to attempt to fit the data at all doses
(dashed lines in Fig. 1).

The Umax/Km-values and the derived (£1/2)yn./K,.-values (Table I)
provide estimates of the apparent first-order rate constant effective at
low drug concentrations in plasma in accordance with the postulation
of one saturable elimination process directing the elimination that con-
forms to Michaelis-Menten kinetics.
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tion of tg for any plasma level py by Eq. 6.

Although there appears to be a systematic decrease in the averages of
the vmax/Km-values and an accompanying systematic increase in the
averages of the apparent half-lives with decreasing dose (0.7 + 1.5, 10.0
+ 1.5,and 15.0 + 3.4 min (SEM) at 15, 5, and 2 mg/kg of sulmazole, re-
spectively), the standard errors do not permit an absolute decision. The
data for dog 3 were contrary to those of the averages.

The plasma level-time curve for sulmazole at the lowest dose studied,
0.70 mg/kg, is plotted semiliogarithmically in Fig. 4. At this dose the
pharmacokinetics appear to be linear; the drug appears to be eliminated
by first-order processes from a two-compartment body model. The
pharmacokinetic parameters are listed in Table II. The terminal half-life
of 29.5 min confirms the indicated increase of the terminal half-life with
decreasing dose.

Data Analyses on the Presumption of Zero-Order Pharmacoki-
netics—Constant slopes k}/V| (ng/ml/min) can be obtained from the
slopes of the plotted data in Fig. 3 and can reasonably characterize the
plasma level-time data of sulmazole. These are given in Table I and are
close to the estimated vmax-values. Considering that they give less weight
to the terminal data, they show similar dose dependencies.

The dose dependencies of ko/Vyand vyax permit the conclusion that
the simple model of a Michaelis—-Menten single saturable elimination
process with a constant vmax cannot describe the sulmazole plasma
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Figure 4—Semilogarithmic plots of plasma levels of sulmazole (I) and
I1 after intravenous administration of 0.7 mg/kg of each to dog 1. The
curves through the data were constructed from the parameters given
in Table 11 in accordance with p = ae—*t + he At

level-time data at all doses, even though it may give a reasonable fit at
a given dose. The linearities of the plasma level-time data (Fig. 3) over
such long time periods deny the existence of significant parallel first-order
processes of elimination. Such processes could increase elimination rates
at higher doses and plasma concentrations.

The apparent zero-order rate constants, k5/V| (ng/ml/min) in the
2-15-mg/kg dose range can be well characterized by the linear plot of their
average values versus dose of sulmazole (mg/kg), r = 0.9996, to give:

kL/V(£0.26) = 0.985(£0.027) X Dose + 4.17 £ 0.25 (Eq.7)

The apparent overall volumes of distribution referenced to plasma
concentration of sulmazole apparently were dose independent and were
obtained from the intercept, C, obtained from the extrapolation of the
straight line of best fit through the plasma level-time data and averaged
V1 = dose (ng)/Co (ng/liter) = 36.5 £ 1.7 liters. The value of V1 by this
method was 30 liters for the 0.7-mg/kg dose (Table II, Fig. 4). These
volumes could also be estimated from the intercept, Cy, obtained from
extrapolation of the plateau in the 40-100-min interval (Fig. 3) after in-
travenous administration and a V] = dose (ng)/Cy (ng/liter) = 41.0 £ 1.1
liters. The latter equation may be the more valid estimate if enterohepatic
circulation did exist. Its existence would cause an overestimation of Cqy
in the equilibrated fluids of the body and an underestimation of the ap-
parent volume of distribution by the former method. The lower standard
error of the mean of the latter (V) with respect to the former (V) at
several doses confirms this. The values are listed in Table 1. The averages
of the (k})’ = Vi(ko/V1) of sulmazole eliminated from the body are cor-
related well with the dose in milligrams per kilogram in the 2-15-mg/kg
range, r = 0.9982, by:

kb4 0.161 = (0.426 + 0.167) X Dose + 1.71 £ 0.15  (Eq. 8)

Areas Under Plasma Sulmazole Level-Time Curves and Possible
Relations to Doses—The total area under the plasma level-time curve
for saturable (Michaelis—Menten) disposition pharmacokinetics for the
one-compartment body model (23) of volume V with an intravenous bolus
is:

AUCR = D (D (Eq.9)

D{(D
—+Kn|=—|=+K
UmaxV 2V ) ko(2v ”"

20}-

107* AUC./Dose

C

~0=

0 1 1 i 1 1 1 1 1
0 4 12 16

8
DOSE, mg/kg

Figure 5—Plots of ratios of total area under the curve (ng/min/ml—1)
to dose (mg/kg) against dose for sulmazole (O), curve D, and metabolite
II (D), curve E. The anticipated forms of curves expected are given as
dashed lines for (A) zero-order kinetics with constant elimination rates
at all doses, (B) saturable pharmacokinetics with constant Michaelis-
Menten parameters at all doses, and (C) first-order elimination
rates.

Thus:
D? KnD D?  K.,D
AUCs = n= u
21),,,“V2 umaxV 2k0V k()
The ratio of the total area under the plasma level-time curve for

zero-order elimination (ko) to dose (D) for the one-compartment body
model with an intravenous bolus is:

AUCC D D
D 20maV? 2keV

(Eq. 10)

(Eq. 11)

where Umax = ko/V.

In Egs. 10 and 11 plots of the ratio of total area—dose should be linear
functions of dose with a positive slope. In the saturable case (Eq. 10), the
intercept should be positive; in the zero-order case (Eq. 11), the intercept
should be zero.

The ratio of the total AUC for first-order elimination to the doses is
a constant:

AUCL/D = 1/BV = 1/Cly, (Eq. 12)

where the total clearance (Clyot) is a product of the terminal rate constant
(B) and the apparent overall volume of distribution (V).

Such ratios of AUC-dose in milligrams per kilogram are given in Table
1 for sulmazole, AUCL/D. The ratio for the 0.7-mg/kg dose was 36,000.
A plot of the ratio versus dose is given in Fig. 5 for sulmazole. The ratio
increases with dose to indicate nonlinear pharmacokinetics, but it does
not increase linearly. Sulmazole does not conform to the patterns antic-
ipated for true saturable or zero-order pharmacokinetics in the one-
compartment body model. This is a consequence of the apparent in-
creases of vmay or kb/V (Fig. 3, Table I) with the initial dose, where £}/V,
the zero-order rate of elimination, persists throughout the major time
course of the drug in the plasma.

Pharmacokinetics of the Formation of II from Sulmazole—The
time courses of formation of II in the plasma on intravenous adminis-
tration of sulmazole at 2, 5, and 15 mg/kg are plotted in Fig. 6 for the
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Figure 6—Linear plots of plasma levels of metabolite Il as formed with time after intravenous administration of 2 (4),5 (0), and 15 (0) mg/kg
of sulmazole to dogs 1-3. The arrows designate the approximate times of cessation of zero-order depletion of sulmazole in the plasma. The curves
drawn through the points prior to the maxima were calculated from [11] = (k}/Vi)t — (C111/V ;) AUCy;. The curves drawn through the points
subsequent to the maxima were calculated from Clle =it where the pertinent parameters are given in Table I.

studies in dogs 1, 2, and 3. The shapes of the curves imply a zero-order
formation of I up to the times marked by the arrows, where sulmazole
was depleted from the plasma and a subsequent first-order elimination.
This hypothesis was challenged.

If first-order formation and elimination existed, the amount of II
formed could be expressed as:

II = CI-UAUC! - CIMAUCY (Eq. 13)
where AUC! and AUCY are the respective areas under plasma level-time
curves for I and II, and CI'11 and C!1! are the clearances of I-II and of
I1, respectively. Since the amount of II = Vi [I1], where V1 is the ap-
parent overall volume of distribution of I, and [II] is the plasma level,
Eq. 13 can be rearranged to:

(IN)JAUC! = CI1/Vy = (CIY V) AUCYAUC!  (Eq. 14)

However, plots of the ratio of the plasma level [II] at a time ¢ to the area
under the plasma sulmazole-time curve up to that time t (AUC?) against
the ratio of the areas of plasma metabolite-time to plasma sulmazole—
time (AUCH/AUC?) were decidedly nonlinear, contraindicating the va-
lidity of the postulation of first-order formation of II from sulmazole with
a constant clearance Cl1~1! with subsequent first-order elimination or
constant clearance of II, CI1L,

A zero-order formation of the amount of II from sulmazole with sub-
sequent first-order elimination can be expressed as:

11 = kYt — CiAUCH (Eq. 15)
This expression can be rearranged to:
(H)/AUCH = (RY/Vi)(t/AUCH) — CiT/ vy (Eq. 16)

and plots of the ratio of plasma levels of the metabolite [II] at a given time
(t) to that of the area under the plasma metabolite concentration (AUCH)
to that time against the ratio of the time (¢) to the AUC! should be linear
with a slope k}}/Vy (ng/m}l/min) and a negative intercept of C!1/Vy
(min~!), the apparent overall rate constant of elimination of the me-
tabolite from its equilibrated tissues. These plots (Fig. 7) were linear to
confirming the postulation of zero-order formation of the metabolite, II,
with its subsequent first-order elimination. The obtained zero-order rates
of formation of H from sulmazole, k}/Vy; (ng/ml/min), and the apparent
clearance per unit volume of II, C{""/Vy; (min~1), are given in Table I.
The plasma values of Il with time were calculated with these param-
eters and plotted as the curves through the data before the maximal
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values in Fig. 6. The values of maximum time corresponded to the ces-
sation times of the zero-order rate of depletion of sulmazole in the plasma
(Figs. 3 and 4).

Subsequent to the maximal values, metabolite plasma levels of II de-
creased by an apparent first-order process which could be characterized
by:

(11] = Cle-#I1t (Eq. 17)

where the values for C, the apparent plasma level extrapolated to zero
time, and Syj, the apparent overall first-order elimination rate constant
of II, are listed in Table I, These latter values appear to be dose-inde-
pendent for plasma concentrations <2000 ng/ml of I1, and the half-lives
average 26.5 + 1.2 min, consistent with the terminal half-life of 21.2 min
when 0.7 mg/kg of Il was administered (Fig. 4, Table II), a dose when the
pharmacokinetics of I appear to conform to a two-compartment body
model with first-order processes. The plasma values of IT on sulmazole
administration, subsequent to the maximal values, were calculated from
the obtained CY! and By;-values of Table I and were plotted through the
experimental data in Fig. 6.

The rate of appearance of II (ng/min), k¥, was calculated from the
product of the k§/Vys-values (Table I) and the apparent overall volume
of distribution, V1 = 48,558 ml, obtained from the administration of 0.7
mg/kg iv of II (Table II). Although the kf-values of II appearance de-
creased consistently (5.07 £ 0.31-2.89 + 0.73 ng/min) with the decrease
of sulmazole dose from 15 to 5 mg/kg, the values at 2 mg/kg of sulmazole
were high for dogs 1 and 2 (>1). A possible reason is that the volume of
distribution for II (V1) obtained from the single 0.7-mg/kg iv bolus study
of II and used to convert k[l/Vyy, the zero-order rate of Il appearance per
unit of volume, to k¥ was not valid in these particular studies. If these
values were not included, the ratio of k(I,I (corrected to sulmazole equiv-
alents) to k}, the apparent zero-order rates of IT appearance and sulmazole
disappearance, respectively, averaged 0.75 + 0.04 (Table I) and were
reasonably consistent among doses and dogs. The two anomalous values
at 2 mg/kg for dogs 1 and 2 showed ratios of 1.77 and 1.87, respectively.
It is concluded that 75% of the sulmazole is transformed to its major
metabolite, II, by the zero-order process, 73 + 3% at 15 mg/kg and 81 £
6% at 5 mg/kg of sulmazole.

If, as shown in Table I, a relatively constant fraction of II was formed
from I and if Il were eliminated only by first-order processes or dose-
independent clearances, the ratio of the area under the plasma level-time
curve for I to the dose would not change with dose in accordance with
Eq. 12. The fact that there is an increase of the ratio AUCY/dose with dose
(Table 1, Fig. 5), although not as significantly great as the comparable
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Figure 7—Plots in accordance with Eq. 16 for the estimation of the
zero-order appearance of metabolite I (slope = k{/Vy;, ng/ml/min—Y
and its first-order disappearance (intercept = ~CUI/Vy;, min=1) for
intravenous doses of 2 (A), 5 (0), and 15 (O) mg/kg of sulmazole.

ratio for sulmazole, indicates some degree of nonlinear pharmacokinetics
for 11 at the higher sulmazole doses.

Pharmacokinetics of III—There was negligible renal excretion of
unchanged I, II, and I11. A possible route of metabolism of sulmazole, in
addition to its oxidation to I, is its hydroxylation to III, since III is ob-
served in the urine, although plasma III levels, even at 15 mg/kg of sul-
mazole, were below the analytical sensitivities.

The pharmacokinetics of IIT were studied at 1.0 and 2.0 mg/kg after
intravenous administration of III and conformed to a two-compartment
body model with apparent first-order transferences (Table II, Fig. 8).
There were no apparent dose dependencies. Total clearances (1040
ml/min), terminal half-lives (37.3 min), and volumes of the central
compartment (10 liters) and overall volumes (56 liters) were not signifi-
cantly different for the two doses.

The lack of significant plasma levels and the fact that a week-long
phenobarbital regimen did not increase sulmazole elimination rates
significantly over the prephenobarbital regimen study at a dose of 2
mg/kg of sulmazole (Fig. 1) indicates that the hydroxylated compound
is not a major product in sulmazole elimination. Phenobarbital is a
well-known inducer of phenyl ring hydroxylation.

Renal Elimination of I and Metabolite II—Unchanged I was ex-
creted renally at an average of 2.3 £ 0.4% of the administered dose (Table
III) with no apparent statistically significant dose effects. Similarly, an
average of 0.27 + 0.05% of the administered sulmazole dose was excreted
renally as metabolite II, Typical plots of cumulative amounts excreted
with time are given in Fig. 9.

When there were narrow ranges of urine flow rates (Table III) rea-
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Figure 8—Semilogarithmic plots of plasma levels of metabolite 111
against time when III was administered intravenously at 1 (Q) and 2
(0) mg/kg. The curves through the data are drawn in accordance to p
= ae~2t + be 8t where the pharmacokinetic parameters are given in
Table I1.

sonably constant renal clearances could be obtained from the regres-
sions:

AU/At = ClyenPi g (Eq. 18)

where AU/At is the amount (AU) of material excreted in a time interval
(At), where p;,, is the plasma level at the mid time of that interval,
and:

22U = ClexAUC (Eq. 19)

where 22U is the cumulative amount of material excreted at a time when
AUC is the area under the plasma level-time curve up to that time.

In those cases where the urine flow rates varied over wider ranges, it
was not possible to obtain reasonable correlations for Egs. 18 and 19. The
apparent renal clearance (Cl25®) showed significant functional depen-
dence on urine flow rate (AV/At):

CIRP = (AU/At)/pr oy = @ 54 + (b £5,)(AV/AL) (Eq. 20)

Examples of this dependence are shown in Fig. 10. Fittings of cumulative
amounts of materials excreted into the urine with time are shown in Fig.
9 for the premises of constant renal clearance and renal clearances varying
with urine flow rates using the parameters of Eq. 20 listed in Table
IIL.

The apparent renal clearances of sulmazole varied between 1.6 and 7.4,
except for the 13.8 ml/min of the 0.7-mg/kg dose with an overall average
of 3.9 & 0.8 ml/min. The apparent renal clearance of metabolite II varied
between 1.0 and 3.4 ml/min, except for the 6.4 ml/min from the 0.7-mg/kg
dose of sulmazole, with an overall average of 1.8 & 0.3 ml/min. Even when
corrected for protein binding, the respective renal clearance referenced
to free drug in plasma of I and II did not exceed 6.6 and 3.91 ml/min. This
is strong evidence for a high excess of tubular reabsorption which is
supported by the dependence of apparent renal clearance on urine flow
rate (Eq. 20).

The renal clearance of 0.7 mg/kg of intravenously administered [I was
3.0 ml/min from the plot in accordance with Eq. 18 (Fig. 11). The renal
clearance of 1.0 and 2.0 mg/kg of intravenously administered III was in-
dependent of dose (0.25 ml/min) (Fig. 11). The plots of cumulative uri-
nary excretion against time of 11 are given in Fig. 12 and conformed to
the values calculated in accordance with Eq. 19.
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Figure 9—Plots of cumulative amounts of unchanged sulmazole and
metabolite I excreted in urine for the labeled amounts of sulmazole
administered intravenously to dog 1. The dashed lines are plotted for
an assumed sulmazole constant renal clearance, ClL,,, of 7.4,7.77, and
13.8 ml/min for the 5-, 2-, and 0.7-mg/kg doses, respectively, in accor-
dance with 2UT = C1.,, AUC!. Dashed lines are plotted for an assumed
metabolite II constant renal clearance, C1iL of 3.35 and 2.77 mi/min
for the sulmazole doses of 5 and 2 mg/kg, respectively, in accordance
with SUH = Cl _AUCH. The solid lines are calculated for a urine
flow-dependent renal clearance, Cl,., = a + b(AV/At) where the aand
b constants are given in Table I11.

Possible Rationales for the Unusual Nonlinear Pharmacokinetics
of Sulmazole—The higher maximal zero-order rates of sulmazole
elimination and transformation over large sulmazole concentration ranges
at higher initial doses of sulmazole cannot be described by simple Mi-
chaelis—Menten kinetics. It is possible to speculate why. The hypothesis
of product-inhibited processes (as by hydroxylated metabolite) (25)
cannot explain this phenomenon, since this factor would lower maximal
zero-order rates with the higher dose. In addition, it has been shown that
p-hydroxylation of the phenyl ring is not the major metabolic route.

It was recently argued (25) that the Michaelis-Menten model for
nonlinear processes has definite limitations, in that its basic premise is
the establishment of a quasi-equilibrium process; i.¢., the validity of Eq.
1 is based on the premise of ready establishment of an equilibrium be-
tween the drug and the metabolizing enzyme where the subsequent
rate-determining step depends on the concentrations of enzyme-bound
substrate. A general unsteady-state model was proposed which denies
the steady-state postulate underlying Michaelis-Menten kinetics. These
concepts were applied to the simulation of plasma level-time curves on
the premise of competition of metabolic products with substrate for
plasma-, enzymes-, and tissue-binding sites to demonstrate that prod-
uct-inhibited transformations would not necessarily conform to Mi-
chaelis-Menten kinetics.

The unsteady state concept may be useful to model this system, where
the apparent zero-order elimination rate of sulmazole disappearance and
metabolite II appearance seems to be dose- and initial plasma concen-
tration-dependent. Speculation on the basis of an unsteady state possibly
could lead to explanations of the unusual nonlinear pharmacokinetics
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Figure 10—Example of the dependence of the apparent renal clear-
ance, C1%2P, of sulmazole (O) and I (O) for a urine collection interval
on the urine flow rate, AV/At, in that interval for dog 1 (15-mg/kg dose
study).

of sulmazole where the major route of sulmazole substrate metabolism
to Il can be postulated as:
A k3 kg
S+R=(SR)=>MR)>M+R (Eq. 21)
kg
and it can be conjectured that substrate (S) has noninstantaneous but
high affinity to large numbers (R) of receptor sites.

If the rate of transformation of receptor-bound substrate (SR) to re-
ceptor-bound metabolite (RM) and the subsequent regeneration of free
receptor sites by dissociation of metabolite (M) were not instantaneous
processes, there could be a preliminary interval when few free receptor
sites would be available to bind to the substrate. This would explain the
existence of initial plateaus in the plasma level-time curves of Fig. 3
subsequent to an initial drop in plasma levels and provide an alternative
explanation to enterchepatic circulation as their cause.

Also, if the transformation of receptor-bound substrate (SR) to re-
ceptor-bound metabolite (RM) and its subsequent dissociation were
rate-determining and time-dependent processes, the release of recep-
tor-bound metabolite and the removal of substrate by available receptor
sites would be greater for initially higher doses (or concentrations) of
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Figure 11—Renal clearance plots in accordance with Eq. 19 for intra-
venous administration to dog 1 of 0.7 mg/kg of I1 (4, left ordinate, Cl1L,
= 3.0 ml/min) and 1.0 (T) and 2.0 (O) mg/kg of 111 (right ordinate, C1IJ},
= 0.25 ml/min).



Table ITII—Parameters of Renal Elimination of Sulmazole and Metabolite II on Intravenous Administration of Sulmazole

Estimated Average Renal Clearances, ml/min

22U, mg Dose, %*° 22U versus AUCP AU/At versus p; _,°
Dog mg/kg I I I 1 I Jil I II
15 12.0 1.686 3.6 0.48 —d —d —d —d
5 4.8 0.602 3.8 0.45 74+£0.1 24+0.1 73+04 34+06
1 2 0.64 0.091 1.4 0.18 6.4+03 28+0.1 52+ 09 —d
0.7 0.34 0.065 2.0 0.36 13.8 £ 0.16 6.4 +0.4 —d —d
15 5.4 0.501 1.4 0.13 1.6 £0.1 1.2+0.2 —d —d
2 5 1.5 0.195 1.2 0.15 20+0.1 —d —d 1.0+ 0.2
2 0.32 0.048 0.65 0.10 1.6 £0.2 1.2+£0.1 1.9+0.1 —d
15 14.2 1.586 3.6 0.38 4.5+0.1 1.8 £0.2 —d 14 £0.7
3 5 5.4 0.403 4.3 0.31 59+0.2 2.1+£0.1 43109 23+04
2 0.52 0.062 1.0 0.11 22401 1.0+ 0.1 20+£0.2 1.24+0.1
a+s.° b+ sp° ré Urine Flow,
Dog mg/kg I I I 11 I T ml/min
15 1.27 £ 0.22 0.8+0.2 3.1+0.2 1.2+0.1 0.97 0.90 0.5-2.5
1 5 —f 1.7+£03 —f 1.4 +£0.2 —f 0.85 0.6-2.4
2 0.7+£21 -0.9003 3.8+15 2.6 +0.2 0.72 0.98 0.6-2.0
0.7 54+ 3.0 0.1+0.1 4.7+ 0.7 34+04 0.94 0.97 _0.7-3.0
15 0.5+0.1 -0.1+0.1 2.7+04 06+0.1 0.97 0.93 0.3-2.0
2 5 0.44+£03 0.0+ 0.3 25104 1.9+03 0.87 0.85 0.3-0.8
2 —f —f —f —f — — 0.4-0.7
15 _f —f —f —f —f —f 0.4-0.6
3 5 22403 0.8+0.1 3.240.3 15£0.1 0.95 0.93 0.3-2.0
2 _f - —f —r —f i 0.1-0.3

2100 X ZU./dose (mg) where ZU is converted to weight equivalents of I, i.e., multiplied by mol. wt. I/mol. wt. IT = 0.95. b Regression coefficient and its standard
error of estimate for plots of cumulative amount excreted against the area under the plasma level-time curve for the respective compound at the time of cumulative excretion.
< Regression coefficient and its standard error of estimate for plots of rate of excretion in an interval against the plasma level at the midtime of that interval. 4 Specified
plots were nonlinear due to Cl,e, dependence on urine flow. ¢ Constants for the linear regression and their standard errors (22) of apparent renal clearances {Clren =
(AU/AL)/py g (ml/min)], the ratio of amount of compound excreted in a time interval, At, divided by the plasma level of compound at the midtime of that interval, on
the urine flow rate |[AV/At, ml urine/the collection interval (ml/min)] in accordance with Clyer, = (b % 5,)(AV/At) + a £ 5. f Insufficient variation in urine flow (AV/At)
to warrant attempted regression of Cle, or no significant regression. £ Correlation coefficient for dependence of apparent renal clearance on urine flow rate.

sulmazole when the plasma levels reach those initially obtained from
lower doses than when the lower doses were administered. Thus, a
dose-dependent rate of loss of sulmazole would be observed, since there
would be slower overall rates of metabolism at lower doses where the
available sites would be occupied by metabolites for greater fractions of
the time course and not available for the depletion of plasma levels.

This model has been confirmed by simulation on the analogue com-
puter. The conformity of the simulations with the observed data will be
presented in detail in the future.

Summary— The experimental data indicate that the higher dose and
initial concentration give the greater constant rate of sulmazole loss from
plasma. The proposed nonsteady-state model would account for these
unusual nonlinear pharmacokinetics if it is speculated that all receptor
sites can be potentially occupied by substrate, but not instantaneously,
that there is a time- and plasma concentration-dependent rate of occu-
pation of receptor sites and a time-dependent release of metabolite to
provide unreacted receptor sites.

12
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Figure 12—Cumulative plots of 111 excreted with time at 1.0 (O) and
2.0 (0) mg/kg iv of I1l administered to dog I. The curves drawn through
the data were plotted in accordance with U = CUIH AUC where C1/,
=0.25 ml/min.

120 140 160 180

An alternative explanation can be based on the hypothesis that high
concentrations of sulmazole, metabolite II, and/or another metabolite
can cause an irreversible, allotropic modification of the receptor so that
binding of substrate, transformation to metabolite, and/or release of
metabolite are enhanced.
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Abstract O Suspensions of deaggregated hepatocytes were prepared by
a collagenase perfusion technique from livers of both normal rats and rats
rendered diabetic by streptozocin treatment. Uptake of D-glucose and
2-deoxy-D-glucose was estimated by adding 14C- or 3H-labeled hexose
to a stirring suspension of cells in Krebs-Henseleit buffer at 37°, sepa-
rating the cells by rapid centrifugation, and measuring radioactivity in
the packed cell pellet. Uptake, calculated after correction for entrapped
extracellular fluid, includes any hexose bound to, transported into, or
otherwise immobilized in the cells. High concentrations of glucose (5-20
mM) establish an intracellular-extracellular distribution ratio near 1.0
within 1 min, indicating a facilitated diffusion transport system. In
contrast, a low level of glucose (71 nM) almost immediately (<15 sec)
establighes ratios of between 3 and 4, which suggests a significant amount
of glucose binding to cell membrane. Such binding would not be detected
at the high glucose levels because of its small magnitude. Hepatocytes
from diabetic rats exhibit a decrease in this apparent binding to ~60%
of normal; preincubation with 0.1 IU/ml insulin increases this toward
normal values, although it does not affect the binding by normal hepa-
tocytes themselves. Preincubation with 0.1 uM dinoprostone depresses
glucose binding in cells from both normal and diabetic rats. A low con-
centration (1.2 nM) of 2-deoxy-D-glucose establishes even higher intra-
cellular-extracellular distribution ratios of between 4 and 6, but the
apparent binding of this sugar is identical in normal and diabetic rat
hepatocytes and is not affected by preincubation with either insulin or
dinoprostone alone. However, combined treatment with both agents
causes a significant increase in 2-deoxyglucose binding. The results
suggest that insulin promotes formation of hexose-binding sites and
conversion of these to specific glucose-binding sites while dinoprostone
may act by blocking the latter conversion.

Keyphrases O Insulin—effect on D-glucose and 2-deoxy-D-glucose
uptake, normal and diabetic rat hepatocytes, dinoprostone 0 Dinopro-
stone—effect on D-glucose and 2-deoxy-D-glucose uptake, normal and
diabetic rat hepatocytes, insulin O Hepatocytes—rat, normal and dia-
betic, effect of insulin, dinoprostone on D-glucose, 2-deoxy-D-glucose
uptake

The roles of insulin and prostaglandins on glucose re-
tention by adipocytes, muscle cells, and hepatocytes have
been the subject of contention in the literature. Although
some have denied the existence of any stimulatory action
of insulin on sugar retention by normal hepatocytes (1, 2),
others have demonstrated an increase in liver glycogen
deposition in response to this hormone (3, 4). Treatment
of diabetic animals with insulin is reported to augment
glucose uptake by liver (5, 6), and insulin may also enhance
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sugar uptake by adipocytes (7) and muscle cells (8, 9).
Dinoprostone stimulates glucose uptake and oxidation by
adipocytes (10) and intravenous infusion of dinoprostone
in humans increases blood glucose levels (11). The present
study demonstrates that insulin specifically enhances
binding of low levels of glucose to hepatocytes and that
dinoprostone inhibits this binding

EXPERIMENTAL

Preparation of Rat Hepatocytes—Liver parenchymal cells were
isolated and prepared by the procedure of Bikhazi et al. (12), which
modified procedures previously described by Berry and Friend (13) and
Ingebretsen and Wagle (14).

Tests for Cell Viability—Trypan blue exclusion test for cellular vi-
ability was routinely performed before and after the experiments and
preparations showing 90% viable cells or more were used.

The metabolic state of the hepatocytes during the incubation period
was examined by following the respiration rate of cell suspensions in
several separate 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
ul of oxygen/mg of cell protein. Protein was determined by the biuret
reaction, using bovine serum albumin as a standard on centrifuged cell
pellets dissolved in 1 N NaOH to minimize possible interference from
medium components.

Preparation of Diabetic Rats—Rats were rendered diabetic by
streptozocin treatment following the procedure of Chandramouli and
Carter (15) as modified by Bikhazi et al. (12).

Isotopically Labeled Hexose—In all experiments with labeled glu-
cose, 10 uCi of [1-14C]D-glucose (58 mCi/mmole) was added to 226 ml of
buffer to give a final concentration of 71 nM. In experiments with labeled
2-deoxyglucose, 5 uCi of [1-3H]-2-deoxy-D-glucose (18.8 Ci/mmole) was
added to the same volume to give a final concentration of 1.2 nM.

Determination of Hepatocyte Count and Mean Diameter—Hep-
atocyte count (1.2 X 108 cells per liver) and mean diameter (20 um) were
estimated by the procedure of Bikhazi et al. (12) using an automated
counting machine?,

Uptake of D-Glucose and 2-Deoxy-D-glucose by Hepatocytes—In
general, 15 X 108 cells obtained from one rat liver were added to 225 ml
of stirred Krebs—Henseleit solution in a water-jacketed beaker at 37° (the
data in Tables I and II represent results from six different animals). After
45 min a small volume of isotopically labeled hexose was added, and 1.5
ml aliquots of suspension were periodically withdrawn, transferred to

T Yellow Springs Instruments, Yellow Springs, Ohio.
2 Coulter Counter model A, Coulter Electronies, Hialeah, Fla.
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