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A physiologically based pharmacokinetic model was applied to describe the 
djstribut~on and elimination of pentazocine in rabbits. For the elimination of 
pentazocine, the model consisted of renal, hepatic (metabolic and biliary), and Gf 
secretion and 431 re-absorption. The tissue-to-blood partition coefficients of penta- 
zocine in the rabbit were almost the same with those in the rat. No significant 
variation in hepatic blood flow rate dependent on the arterial blood concentration of 
pentazocine was observed in the rabbit, the results being very different from those in 
the rat, The time course of blood concentration after intravenous injection was 
pro~rtional to dose in the range of OS-10 mg/kg. Excellent agr~ments were 
ohtained between the predicted and observed concentrations of pentazocine after 
intravenous administration in the rabbit. Application of the rabbit model to predict- 
ion in man by considering the differences in organ volume, organ blood flow and 
renal pentazocine clearance was successful, and the model was adopted to decide the 
thcrupeutic dose of pentazocine during surgery of patients. 
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Introduction 

Conventional compartment models based on curves of the plasma concentration 
time course to describe the pharmacokinetics of pentazocine have been adopted in 
animals and man (Pittman et al., 1974; Vaughan et al., 1974; Agurell et al., 1974; 
Ehrnebo et al.,. 1977; Arakawa et al., 1977). In these instances, however, each 
compartment had no anatomical or physiological reality. Moreover, such compart- 
ment analysis was unable to clarify the time course of pentazocine concentration in a 
particular target organ like the brain as an index of the pharmacological effect. To 
overcome the defects of such compartment models, physiologically based phar- 
macokinetic models have recently been used for the drug disposition based on organ 
flows and volumes (Bischoff et al., 1968, 1971; Benowitz et al., 1974; Harrison et al., 
1977; Tterlikkis et al., 1977; Tsuji et al., 1979). 

A physiological model (Scheme 1) was previously developed by us to describe the 
pentazocine pharmacokinetics in the rat (Ichimura et al., 1983). This model was 
employed to describe the time course of blood and tissue concentrations of penta- 
zocine in urethane-anesthetized rats. Although the time course of the blood penta- 
zocine concentration obeyed a non-linear dependence on dose, the model also 
successfully predicted the time course of the blood concentration limited by the 
hepatic blood flow rate. 

Based on previous studies in the rat, the same physiologically based pharmaco- 
kinetic model was applied in the present study to describe the distribution and 
elimination of pentazocine in the rabbit. This report also gives scale-up results of the 
animal model to man and its clinical application to patients who received penta- 
zocine for general anesthesia. 

Materials and Methods 

Pentazocine (Sankyo, Japan) and Levallorphan (Takeda. Japan) were used without 
further purification. All other reagents were of analytical reagent grade. 

Animals und parients 

White male rabbits. 2X-3.5 kg, and beagles, 8.5-9.0 kg, were fasted overnight hut 
given water freely. Catheters were aseptically inserted under light anesthesia with 
ether into the bladder, bile duct, femoral artery and hrpatic vein of rabbits. 
respectively. Eight healthy male patients, 41’.. 67 kg. who were admitted for micro- 
scopic laryngeal surgery were allocated for human study. 

Ycnlazocinc was infused over 2 min by use of infusion pump \‘ii\ t hc femcjrnl vein 
of rabbits. Blood samples were withdraun through a cannula via the fcmorul artery 
at specified time intervals after the infusion, collected in heparinized tubes illld 
hemotyzed with an eyuai volume of distilled water. Urine and bile samples were 
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collected at specified time intervals through catheters into the bile duct and bladder. 
Pentazocine was infused over 1 min via the femoral vein of beagles and blood 
samples were withdrawn through a cannula via the contralateral femoral vein at 
specified time intervals after the infusion. Urine samples were collected at specified 
time intervals through a catheter inserted into the bladder of the beagles. In 8 
surgical patients, pentazocine (1.0 mg/kg) was slowly injected over 1 min via the 
cubital vein and blood samples were collected through a cannula via the femoral 
vein at specified time intervals. In 3 of these patients, pentazocine (0.5 mg/kg) was 
slowly injected 60 min after the initial injection over 1 min as an additional dose. 

The rabbits welt: sacrificed at specified times after the infusion of pentazocine, by 
injection of air into the femoral vein. The brain, heart, liver, lung, kidney, thigh 
bone, skin, fat and intestine were excised, rinsed well with saline, blotted, weighed. 
sliced, homogenized and extracted with saline (except the liver for which Krebs- 
Ringer solution was used in the homogenation to prevent further biotransformation 
of pentazocine because of presence of Ca2+ (El-Mazati et al., 1971)). The penta- 
zocine in the homogenized tissues was extracted with ether at pH 10.2 in the same 
manner as described previously in rats (ichimura et al., 1983). 

To determine the tissue-to-blood partition coefficient in the steady-state, infusion 
studies were performed at a constant rate of 5 pg/kg/min with a loading dose of 1 
mg/kg using 5 unanesthetized rabbits. After 6 h, the rabbits were sacrificed and the 
pentazocine concentration in various tissues and the arterial blood was determined. 
A part of the blood was centrifuged to obtain plasma. Another part was hemolyzed 
with an equivalent volume of distilled water. The two samples thus obtained were 
analyzed for the pentazocine concentration both in the plasma and whole blood. 

Heputic venous suntpling und determination of the hepuric blood flou’ rate 

A loading dose of 0.5-5 mg/kg of pentazocine was injected, followed by constant 
infusion of pentazocine at a rate of 2-35 pg/kg/min via the femoral vein of 
anesthetized or unanesthetized rabbits set in the supine position. After 4 h, 0.5 ml of 
blood was withdrawn via both the femoral artery and the hepatic vein, and the 
pentazocine concentrations were measured. For estimation of the hepatic blood flow 
rate. indocyanine green (ICC;) was infused simultaneously at a rate of about 50 
pg/kg/min via the contralateral femoral vein under the continuous infusion of 
pentazocine. After 1.5 h, 0.5 ml samples of blood from both the femoral artery and 
the hepatic vein were withdrawn at specified time intervals. The ICG concentrations 
in the arterial and hepatic venous plasma were determined as described by Stoeckel 
et al. (1980). There was no influence on the assay of ICG in the presence of 
pcntazocine. The pentazocine concentration in the arterial blood was measured as 
dcscrihcd below. 

The pentazocine in the NhoIe blood. plasma and various tissues was assayed by a 
GLC method using an electron-capture detector. The detection limit of the method 
was 5 ng/ml for blood samples and 5 rig/g for tissues. The samples were treated 
according to the previously described procedures (Ichimura et al., 1983). The 
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conjugated pentazocine was hydrolyzed with /3-glucuronidase (Ikeda et al., 1979) 
and was then determined by the same method as the non-conjugated pentazocine. 

GLC method 
The gas chromatography (Model GC7A, Shimadzu, Japan) was equipped with an 

electron-capture detector and a 2.1 m X 3 mm glass column packed with 10% OV-1 
on 100-200 mesh Gas Chrom Q. The gas chromatography was carried out under the 
following conditions: temperature of injection and detector parts, 300°C; column 
temperature, 260°C; and nitrogen (carrier gas) flow rate, 60 ml/min. 

Results and Discussion 

Relution between dose and the total body clearance and heputic clearance 
To clarify the relation between dose and total body clearance, infusion studies 

were performed in anesthetized and unanesthetized rabbits, because a non-linear 
dependence between dose and total body clearance had been confirmed previously 
in rats (Ichimura et al., 1983). Pentazocine (2-35 pg/kg/min) was infused after a 
bolus injection (0.2-5 mg/kg) over 2 min, and the concentrations of pentazocine in 
both the arterial, (C,),,, and the hepatic venous blood, (C,,,),,. were measured in 
the steady-state condition. The relationship between infusion rate, I, and concentra- 
tion of pentazocine in the arterial blood in the steady-state is illustrated in Fig. 1. 
Clearly, the arterial concentration of pentazocine increased in proportion to the 
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TABLE I 

RELATION BETWEEN HEPATIC BLOOD FLOW RATE AND ARTERIAL BLOOD CON- 
CENTRATION OF PENTAZOCfNE IN UNANESTHETIZED AND ANESTHETIZED RABBITS IN 
THE STEADY-STATE CONDITION 

Unanesthetized 

CC, )w 
(Ccg/mt) 

0.0 
0.1 
0.4x 
0.85 

Q 
(m;v/min) 

165 
169 
179 
170 

Anesthetized 

CC,), 
(a/ml) 

0.0 
0.15 
0.7 
0.98 

Q 
(m;v/min) 

132 
128 
138 
122 

infusion rate in both anesthetized and unanesthetized rabbits, contrary to the results 
in the rat (Ichimura et al.. 1983). 

The percentage of plasma protein binding of pentazocine determined by use of 
the same method as described in the previous paper (Ichimura et al.. 1983) was 

. and was independent of the drug concentration below 20 pg/ml (n = 15). 
The estimated blood/plasma concentration ratio of pentazocine was 1.55 &- 0.06 

and was almost the same both in vitro determined by the similar way described 
previously (Ichimura et al., 1983) (n = 8) and in vivo (n = 6) and the value being 
independent of pentazocine concentration below 20 pg/ml in the whole blood. 

Pentazocine was infused at various rates to ascertain the relationship between 
hepatic blood flow rate and arterial blood concentration of pentazocine in the 
steady-state. The results are summarized in Table 1. There was no change in the 
hepatic blood flow under the present experimental conditions, either in the anesthe- 
tized or unanesthetized rabbit. 

The values of CL:,,,. CL,,, CL,,, and E in unanesthetized rabbits were calculated 
from Eqns. 1, 2 and 3. respectively. and also are given in Table 2. 

TABLE 2 

ESTIMATICN OF TOTAL BODY CLEARANCE AND HEPATIC CLEARANCE OF PENTA- 
ZQCINE IN UNANESTHETIZED RABBITS 

I 
&;ml, 

CC, ),. K,,, ),* E CL&, cLH 

(pkx/mh (pg/ml) (ml/min) (ml/min) 

19.s 0.15 0.04 0.73 130.0 368.2 
22.5 0.18 0.052 0.71 i 25.0 322.3 
31.0 O.‘4 0.072 0.70 129.2 360.3 
62.5 0.49 0.16 0.67 127.6 345.2 
84.0 0.65 0.18 0.72 129.2 360.3 
154.0 1.21 0.36 0.70 127.2 342.4 



80 

(1) 

cL 

” 
= Q&&p - CL::) 

QLV - (CL&,, - CL:;) 

E = (Ca L, - Gi” A, 
Ka I,, 

CL,, = 
Qw x CL:: 
Q KD - CL:: 

(2) 

(3) 

where CL?&, is the apparent total body clearance, CL,, the intrinsic hepatic 
clearance, Q,,v the hepatic blood flow rate, CL,,, K” the apparent renal clearance (4.2 
ml/kg/min) estimated by dividing the urinary excretion rate by the arterial blood 
concentration of pentazocine in the steady-state, E the extraction ratio, CLK,, the 
intrinsic renal clearance and Qkn the renal blood flow rate. 

Tissue-to-blood purtition coejjkient 
The tissue-to-blood partition coefficient in the steady-state was calculated (Chen 

and Grass, 1979) and the values are listed in Table 3 together with those determined 

Scheme 1 
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previously in rats. Clearly, the tissue-to-blood partition coefficients of rabbits were 
almost the same as those of rats. 

Culcuiaalion based on the physiological pharmacokinetic model 
Scheme 1 shows the physiological pharmacokinetic model utilized here for 

calculation. This model was built up on the basis of the following assumptions: (1) 
each tissue acts as a well-stirred compartment; (2) pentazocine distribution is limited 
by the blood flow rate; and (3) the tissue-to-blood concentration ratio of penta- 
zocine is independent of the drug concentration. 

A typical mass balance equation for the venous blood is given by: 

G, C C c c. 
v .-= 

vB dt DIN + QBR sBR + Q,,r* K,,, K UR -LII.+QL\,.-f+QKI,.p 
1-V KU 

C C 
+QMs K,,, 

.~+Q~~.~+Q~~.~+Q,~~.~ - Qv,G,s (5) 
IiT SK RN 

where VB, BR, HT. LV, KD. MS, FT. SK and BN indicate t!lr venous blood, brain, 
heart, liver, kidney, skeletal muscle, fat, skin and bone, respectively. V, is the actual 
tissue volume, C, the total pentazocine concentration bound and unbound to any 
protein, Q, the blood flow rate to tissue, K, the tissue-to-blood partition coefficient 
and DI(t) the infusion rate of the total pentazocine dose (/hg/min). 

The mass balance equation for the liver is given by: 

V dC I.\’ C I.1 
I.\ --=(Q,,,~-Q,;,)~;,~+Q,i,v.~-Q,v~~- -- 

dt cL11 K,,, (6) 
<SW 

where AB and GW indicate the arteriul blood and gut-wall, respccti\:cly. 
The mass balance equation for the gut conients is given by: 

v JG, c .-= 
( I< dt R”‘CL,, K - -!L + kWJ~;H.C~;W - k,.,V,,J,,,. - CL,.<;,,. 

I v 
(7) 

where GC indicates the gut contents. kc,,v and kw(. are the first-order rate constants 
for gut absorption and secretion, respectively. CL,. is the fecal clearunce but WHS 

neglected in this study, since the intestinal residue of the total ptmuzcwinc COW 
jugated and unconjugated at 24 h after dosing was below 1% of the dose for the 
rabbit. almost the same as previously reported in rats (Ichimura r’t al., 19X3). The 
rate constants k,.w and k,,. were assumed to have tile same values of 0.05 min ’ us 

in the rat (Ichimura et al.. 1983). In this simulation. the equations were deduced 
from the enterohepatic recirculation mcchunism in which glucuronids pentaxocinc 
was completely and immediately hydrolyzed. The term of RI, ( = 0.25) in kp 7 
means the ratio of the sum of conjugated and intact pentazocine excrercd in the bile 
to total metabolites (subtracted 10% of dose as intact pentuzocine cxr.rcated in the 
urine from dose administered) during 24 h after dosing, because intact and con- 
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Fig. 2. f’redicted and obsetwd concentrations of pentazocine in tissues and in arterial blood after 1 
mg/kg inlravenous infusion over 2 min to unanesthetized rabbits. Key: a ( O), lung; b ( x ). kidney; c (A). 
brain; d (*). arterial blood. The observations represent the mean values + S-D_ from 3 animals. 

jugated pentazocine excreted in the bile were below 0.5% and 23 + 4% of dose, and 
intact and conjugated pentazocine excreted in the urine were 10 and 5540% of 
dose, respectively. 

Mass balance equations can be similarly given for the remaining compartments. 
In this simulation. the gastrointestinal absorption, renal clearance and hepatic 
clearance were assumed to be linear. No change in hepatic blood flow rate depend- 
ing on the arterial concentration of pentazocine was assumed for the rabbit, dog at a 
dose below 3.5 mg/kg (Sone, 1979) or man at a dose below 2 mg/kg (Goto et al.. 
1977). in contrast to the previously described case of anesthetized rats. 

The physiolagical parameters employed in this calculation are listed in Table 3. 
Thirteen different;al tyuations were solved by the Runge-Kutta method using 
digital computer (E’ACOM M 170F, Data Processing Center, Kanazawa University). 

The tn~~del~p~~?icted and observed ~ntaz~ine concentrations for the blood and 
various tissues after an intravenous dose of 1 mg/kg over 2 mm to unanesthetized 
rabbits are shown in Figs. 2. 3 and 4. The stability test of the present model by 
coInparing the numerical results derived from standard values for al1 parameters 
with f 10% variation of standard values for each of the parameters. Such variation 
in any body region of the tissue volumes, and blood flow rate did not significantly 
affect the simulation results. indicating that model is quite stable within &IO% of 
the physiological parameters. 

The predicted and mean observed concentrations in the arterial blood after an 



Fig. 3. Predicted and observed concentrations of pentazocine in tissues and in arterial blood after 1 

mg/kg intravenous infusion over 2 min to unnnesthetized rabbits. Key: a (m). muscle; b (0). .~II-wall; c 

t x ), bonr; d (o), arterial blood; e (A). liver. The observations represent the mean v,dues f SD. from 3 

Intravenous dose of OS-10 m&kg to rabbits are shown in Fig. 5. 
that model in the rabbit could be adapted for prediction in other 
man, since all of the predictions in the rabbit made by using the 
the rat agreed well with the corresponding observed values. 

1 t was anticipated 
animals including 
same model as in 

t-lg. 4. Predicted and ohservrd concenlratians of pcntazocine in tissues and in arterial blood after 1 

mg/‘kg intravenous infusion over 2 win IO unanesthetized rabbits. Key ;I (x), heart: h (A). skin: c (0). 
fat: d (a), arterial blond. The nhservaCons represent the mean valuesf SD. from 3 animals. 



85 

1 2 3 cr 5 

Time (hr) 

Fig. 5. Predicted and observed concentrations of pentazocine in arterial blood after a OS-10 mg/kg 
intravenous infusion over 2 min to unanesthetized rabbits. Key: a, 10 mg/kg: b, 5 mg/kg; c, 2 mgj’kg; d. 
1 mg/kg; e. 0.5 m&‘kg. The observations represent the mean values f SD. from 3 animals (except in the 
case of the 5 mg/kg dose). 

Simhtion in beagle 

Prediction of the venous blood concentration in beagles (n = 2) after a 3.5 mg/kg 
intravenous dose over 1 min was attempted using the present physiological model, 
the tissue- to-blood partition coefficients obtained in rabbits and other parameters 
for the beagle in Table 3. The CL,,, KD of pentazocine was calculated by dividing the 
amount of intact pentazocine excreted in urine during 24 h by AUC. Ci, was 
estimated by using Eqns. 2 and 4. Typical results are shown in Fig. 6. The predicted 
curve agreed well with the corresponding observed values. 

$ 
c” 

Fig. 6. Predicted and mean ohserved wncentrations of pentazocine in venous blood after 3.5 mg/kg 

mtravenous injection over 1 min to 2 beagles. 



1 2 3 4 5 

Tme lhr) 

Fig. 7. Predicted and mean standard deviation of the observed concentration of pentazocine in venous 

plasma after 1 mg/kg intravenous injection over 1 min to patients. The observations represent the mean 

values+ S.D. from 5 patients. 

.Sitnulation in man 

Prediction of the venous plasma concentration in man after a 1 mgjkg in- 
travenous dose over 1 min was attempted using the physiological model. the 
tissue-to-blood partition coefficients obtained from rabbits and other parameters for 
man in Table 3. The clearance parameters were estimated by the same procedure as 
in beagles. The blood/plasma concentration ratio of pentazocine in man was about 
: (Ehrnebo et al., 1974). The results are shown in Fig. 7. All of the predictions 
agreed well with the corresponding mean observed values for 5 patients. The venous 
drug concentration declined more slowly than rabbits. It was clear that the model 
was useful for the prediction of the time course of pentazocine in man. 

Additionul dosuge regimen for pentuzocine in gmeral crnesthessitr 

For application of the method in the clinical situation, the additional dosage 
regimen for pentazocine was estimated. The main aim of this regimen was to 
maintain plasma pentazocine concentrations of above 0.2 pg/ml with minimal 
accumulation of pentazocine in any tissues. By the superposition principle, it seemed 
reasonable to assume that half of the initial dose of pentazocine could be given 60 
min after the initial injection. Suitability of this regimen was confirmed by compar- 
ing the predicted and actual plasma pentazocine concentrations after an additional 
dose of pentazocine in 3 surgical patients. In these patients, 1 mg/kg pentazocine 
was administered intravenously as the initial dose followed by 0.5 mg/kg pentu- 
zocine intravenously as an additional dose. The results are illustrated in Fig. 8. 
Clearly, the predicted time-course of pentazocine in the plasma agreed well with the 
corresponding observed values. With this dosage regimen, the predicted brain 
concentration of pentazocine remains in a reasonable range in which the maximum 
concentration after the additional dose does not exceed that of the initial dose and 
the concentration after the additional dose is sustained during about 3 h at above the 
value just before the additional dosage, and there is no significant accumulation in 
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Fig. 8. Prtdicted and observed concentrations of pentamcine in venous plasma after 1 mg/kg intravenous 
injection followed by 0.5 mg/kg injection 1 h after the first dose over 1 min. Key: a (O -0). 
observed and predicted concentration in venous plasma; b ( - - - - - -). predicted concentration in the brain: 
c ( - - -). predicted ~ncent~tion in muscle which is main accumlation tissue. The observation 
represents the mean valuesf S.D. from 3 patients. 

pentazocine depot tissue such as the muscle. For general anesthesia, 
regimen is in actua1 practical use at the Kanazawa University Hospital. 

this dosage 
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