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Abstract 0 Since diazepam is metabolized by many organs in the rat, the 
microsomal fractions of the liver, kidney, and lung from male Wistar rats were 
assayed for NADPH-dependent metabolism of diazepam and enzymatic 
parameters. The predicted extraction ratios were obtained from this in oifro 
experimental system. The organ clearances of the liver, kidney, and lung were 
then calculated for the determination of the relative contribution of each 
eliminating organ to the total body clearance (CL,,,) of diazepam in  the rat. 
The liver was the most effective eliminating organ. followed by the kidney and 
the lung, i n  that order. The hepatic extraction ratio of diazepam was deter- 
mined in cioo after portal and femoral vein administrations of diazepam. The 
validity of the in ciiro experimental system for the liver was demonstrated 
by a good agreement between the calculated hepatic extraction ratio of di- 
azepam from in uirro enzymatic parameters (0.61 6) and that derived in oiuo 
(0.648). However, the sum of organ clearances of the liver, kidney, and lung 
did not account for CL,,, of diazepam in the rat. suggesting the possible con- 
tribution of the metabolism in the other organs or tissues, or an underesti- 
mation of the pulmonary and renal metabolism. 

Keyphrases 0 Diazepam -metabolism, hepatic and extrahepatic, in uitro 
assessment. comparison with in uico parameters in the rat 0 Metabolism- 
diazepam in the rat, hepatic and extrahepatic, in oiiro assessment compared 
with in cioo parameters 

Diazepam is a clinically important minor tranquilizer which 
is extcnsively mctabolizcd by all species studied. However, 
there are pronounced interspecics differences in the total 
plasma clearance (CL,, ,)  per unit of body weight that pre- 
sumably reflect differences in organ intrinsic clearances, blood 
flow, plasma binding, and the relative contributions of elimi- 
nating organs ( I ) .  I n  humans the total clearance is small [26.6 
f 4.1 mL/min (mean f SD; n = 5 ) ]  (2) and it is assumed to 
reflect only hepatic metabolism. In contrast, in the rat the total 
clearance exceeds the liver blood flow, suggesting the in- 
volvement of extrahepatic elimination. The relative contri- 
bution of different organs to the overall metabolism of a drug 
may be assessed in uiuo, but this is often difficult. Instead, 
comparison is often made between the in  vitro enzymatic 
characteristics of an organ. This approach has recently re- 
ceived new impetus, since i t  has been shown to be readily ex- 
trapolated to the whole organ. 

I n  the present study. the in uitro cxpcrimental system using 

microsomal fractions was employed to evaluate enzymatic 
parameters of the hepatic and extrahepatic diazepam elimi- 
nation systems in the rat. The kidney and the lung were se- 
lected as the representative extrahepatic eliminating organs, 
since these two organs are reported to contain considerable 
amounts of cytochrome P450 (3) .  Enzymatic parameters of the 
liver, kidney, and lung were extrapolated to those of the whole 
organs. Using these parameters, the relative contributions of 
individual disposing organs were evaluated and, in the case of 
the liver, compared with an in uiuo assessment. 

EXPERIMENTAL 

Materials-Male Wistar rats'. weighing 250-270 g, on a normal laboratory 
diet were used throughout. (2-14C]Dia~pam (40-60 mCi/mmoL)* was used. 
Unlabeled diazepam', deme~hyldiazepam~, oxazepam4, and 3-hydroxydi- 
azepam4 were gifts from commerical sources. NADP, glucose-6-phosphate 
and glucose-6-phosphate dehydrogenase were obtained commercially5. All 
other chemicals were reagent grade. 

Assay of Radioa~tivity-[2-~~C]Diazepam was diluted with unlabeled drug 
prior to the studies. The determination of carbon- I4 and the assay of labeled 
drug and its metabolites were described elsewhere (4). The radiochemical 
purity was >98-99% for [2-14C]diazcpam by TLC. 

Tissue Preparation and h u g  Metabolism Study-Each of the 3-5 separate 
determinations were conducted on a separate pool of organs, each pol con- 
taining organs from 2- 10 individual animals. After overnight fasting, the rats 
were exsanguinated oia a carotid artery and perfused in siru with cold phys- 
iological saline uia the venous trunk just inferior to the renal veins and cia the 
portal vein unt i l  the effusate became colorless. The liver, kidney, and lung were 
excised, blotted, weighed. and pooled to obtain 10-1 1 g of each organ. The 
preparation of microsomal fractions was described elsewhere (5). 

Incubation mixtures for the mixed function oxidation consisted of micro- 
soma1 protein. 50 mM Tris-HCI buffer (pH 7.4), the NADPH-generating 
system ( I  mM NADP, 10 mM glucose-6-phosphate. 2 U of glucose-6-phos- 
phate dchydrogenase, and 5 mM magnesium chloride), and various amounts 
of ['4C]diazepam diluted with unlabeled diazepam to a final volume of I .O 
mL. The NADPH-generating system, microsomal protein solution, and 
['4C]diazepam solution were preincubated separately for 2 min at 37OC. The 

I Nihon Scibutsu Zairyo, Tokyo, Japan. * Radiochemical Center. Amersham. England. 

' Banyu Pharm. Co.. Tokyo, Japan. ' Boehringer Mannheim Yamanouchi Co.. Tokyo. Japan. 
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Figure I-Lineweaoer-lurk plot of metabolism of diazepam by liver mi- 
crosomes. Each point represents the mean of 3-5 separate determinations 
with standard error. The solid line represents the best / i t  to these data by a 
least-squares method (10). 

reaction was initiated by mixing these three solutions. The final concentration 
of diazepam ranged between 0.05-0.5 pg/mL. The reaction for 2 min at 37OC 
was stopped by transferring 0.5 mL of the incubation mixture into a stoppered 
glass tube containing 6 mL of cold benzene and subsequent mixing on an 
automatic mixer. After extraction and evaporation in boiling water (6). the 
amount of diazepam metabolized during 2 min was determined as previously 
described (4). 

There are two pathways for diazepam metabolism, and the metabolites arc 
further metabolized (7-9). Therefore, the rate of diazepam metabolized in-  
stead of the product formed was used for the enzyme assays. The spontaneous 
degradation of diazepam in the incubation mixture without the NADPH- 
generating system during incubation at 37OC did not occur. The recoveries 
from the extraction were determined and used for the correction. The enzy- 
matic parameters (Km and V,,,) of the rat liver, kidney, and lung for di- 
azepam metabolism were determined by Lineweaver-Burk analysis of the data 
of microsomal metabolism by a least-squares method (data were weighted 
with reciprocals of their variance) (10) using a digital compute+. 

Animal Experiments-Under light ether anesthesia, the femoral vein and 
artery were cannulated with polyethylene tubing' for intravenous drug ad- 
ministration and blood sampling, respectively. For intraportal venous ad- 
ministration, the portal vein was cannulated with polyethylene tubing' at- 
tached to a 27-gauge injection needle for drug administration, and the femoral 
artery was cannulaled with polyethylene tubing' for blood sampling. Rats 
here then restrained in a Bollman cage. After 2 h of recovery from anesthesia, 
[ ''C]diazepam diluted with unlabeled diazepam (1.2 mg/kg) in 0.25 mL of 
polyethylene glycol 300 ( 1  1 )  was injected, followed by 0.5 mL of physiological 
saline. At various times postinjection, a blood sample (0.3 mL) was withdrawn 
via a femoral artery using the cannula into a heparinized polyethylene tube 
followed by subsequent centrifugation". Plasma samples were treated as de- 
scribed above. 

Calculation of the Metabolic Capacity of each Disposing Organ-The en- 
zymatic parameters (Km and l',,,,,) determined in the in uitro experimental 
system using microsomal fractions were extrapolated to those of whole organs 
as described previously ( I  1 - 13). and the following calculations were per- 
formed. The intrinsic clearance (CLln1), related to the enzymatic parameters, 
is given as follows, assuming a single-enzyme system: 

where C, is the concentration of unbound drug in the water surrounding thc 
cnzyme. The CLint is reduced to the following under nonsaturable conditions, 
i .e. ,  K,,, >> C,: 

CLint 'Y VmaxIKm (Eq. 2) 

Assuming rapid equilibrium between organs and the effluent venous blood, 
the whole organ clearance ( C L )  of the liver or kidney is given as follows (14, 
IS): 

~~ 

HlTACHl MZOO-H; Hitachi. Tokyo, Japan. ' PE-50 Clay Adams. N.J. * Beckman Instruments, Fullerton, Calif. 
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Figure 2-Concentrution-time profiles of diazepam after an injection of 
diazepam (1.2 mg/kg) intravenously (*,I or intraportally (0) in ruts (250- 270 
g). Each datum point represents the mean of 3-5 separate determinations 
f SE.  The data points without the oerrical bars include the SE within the 
symbol mark. 

whcrefe is thc fraction of the drug in blood that is unbound, the Q is the blood 
flow supplied to the organ. The whole organ clearanceof lung (CLI. , )  is given 
as follows, assuming rapid equilibrium (16): 

CLL, = f d L n i ( L u )  (Eq. 4) 

The capacity of an eliminating organ to metabolize the drug can also be 
cxpressed as the extraction ratio ( E ) .  The extraction ratio of liver ( E l l )  derived 
from in uitro or in oioo experiments ( 1  7) is as follows: 

A UC,,/ Dose 
A UC,,/ Dose 

Eel= I - 

whcrc AUC,, and AUC,, are the area under concentration-time curves of 
diazcpam from zero to the infinity after portal venous and intravenous ad- 
ministration, respectively. 

RESlJLTS 

Drug Metabolism Study-The Lineweaver-Burk plot of the disappearance 
rates of diazepam uersus the initial diazepam concentrations using liver mi- 
crosomc is shown in Fig. l .  The enzymatic parameters (K, and l',,,,,) derived 
from in uitro experiments and those extrapolated to the whole organs for the 
liver, kidney, and lung arc listed in Table I .  Since the unbound diazepam 
concentration i n  plasma was sufficiently small compared with the values of 
K, of the three disposing organs (see footnote to Table I ) ,  Eq. 2 was used to 

Table I-Enzymatic Parameters for Metabolism of Diazepam by 
Microsomes of Rat Liver, Kidney, and Lung 

vmax.  
pg/min/g of vmarh,  CLintc, CL,,gd, 

KmP, Microsomal pg/rnin/g mL/min/g mL/min/ 
Organ pg/mL Protein of Organ of Organ 0.25-kg rat 

Liver 0.409 125.0 6.08 14.87 8.95 
Kidney 0.198 18.5 0.33 1.68 0.22 
Lung 0.343 27.8 0.26 0.76 0.10 

~ ~~~~ ~~ ~~ 

Michaelis Menten constant for the unbound drug. Nonspecific binding of the drug 
to each microsomal suspension was low. determined by an equilibrium dialysis technique 
a t  37.C in the absence of an NADPII-generating system (5). and was used for the cor- 
rection. Grams of microsomal protein per gram of liver was calculated as reported by 
lgari et al. (5) according to the methods of Lin er al. (I 2 )  and Smith and Bend ( I  3). and 
that of kidney or lung was calculated according to the methods of Lin el a/. ( I  2) and 
Smith and Bend (I 3) by using the data rreportcd by Litterst er a/.  (3). The fraction 
of unbound drug in plasma and the blood-to-plasma concentration ratio were 0.14 and 
1.04, respectively, taken from the report by lgari el a/ .  (4). The free diazepam concen- 
trations in the systemic blood postinjection of 1.2 mg/kg iv of dia7epam into the rat were 
below -60 ng/mL and adequately smaller than K, values over time. since diarepam 
concentration in the systemic blood declined very rapidly with time. Therefore, since the 
nonsaturable condition approximately holds, C'L,,, can be described by Eq. 2. The values 
of CL, of liver and kidney were calculated by Eq. 3. and that of the lung was calculated 
by Eq. 8 .  The blood flow rates of the liver and kidney were 14.7 mL/min/0.25-kg rat 
and I I .4 mL/min/0.25-kg rat, respectively, taken from th; repr t s  of Sasaki and Wagner 
(32). Dedrick PI a/ .  (33). and Lutz el a/ (34). 
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calculate CLint. The calculated CLinl and CL are also listed in Table I .  The 
liver is, as expected, the most potent contributor to total clearance, followed 
by the kidney and the lung in that order. 

Evaluation of the Hepatic Extraction Ratio of Diazepam-After intravenous 
or intraportal administration of I .2 mg/kg of [‘4C]diazepam into the rat, the 
concentrations of diazepam in plasma declined biexponentially, as  shown in 
Fig. 2, and could be fitted using a digital computer program (10). The AUC 
values are 15.4 f 0.6 pg/mLmin (mean f S E )  following intravenous ad- 
ministration and 5.4 f 0.7 pg/mLmin (mean f SE) following intraportal 
administration, respectively. The extraction ratio of the liver, calculated ac- 
cording to Eq. 6 using the mean AUC values of postintravenous and intraportal 
injection, was 0.648, while that calculated according to Eq. 5 using enzymatic 
parameters derived from thc in oitro experiments was 0.61 6 (for the hepatic 
blood flow rate and the blood free fraction, refer to the footnote to Table 
1). 

The observed total clearance, calculatcd using CL,,, = Dose/AUCi,. was 
19.6 mL/min/0.25-kg rat. 

DISCUSSION 

Drug metabolism systems exist not only in the liver, but also in the kidney, 
intestine, lung, skin, brain, tcstes, placenta, adrenals, spleen, and plasma (1 1, 
16-22); each enzyme system may have different enzymatic parameters. Since 
total clearance cannot be ascribed to only the liver for drugs which are me- 
tabolized by multiple organs, an accurate assessment of metabolic capacities 
of individual disposing organs would be indispensable in describing the drug 
kinetics in plasma and various tissues or organs using the physiologically based 
pharmacokinetic model developed by Dedrick ef a / .  (23,24). Some authors 
have dealt with the drug metabolism study using experimental systems pre- 
pared from the liver and the other organs. For cxample, Lake ef al. (25) and 
Litterst ef  a / .  (3)  reported the hepatic and extrahepatic in uifro metabolism 
of some drugs using subcellular fractions. Hayes and Brendel(26) and Dev- 
ereux et a / .  (27) reported the metabolism of drugs using isolated liver and lung 
cell preparations, respectively. However, to incorporate the in oifro data into 
a physiologically based pharmacokinetic model, an appropriate scaling is 
needed to extrapolate the in cirro data to the in uioo situation, and comparison 
should be made between the capacity of the whole organ predicted from the 
in  uifru data and observed to validate the scaling. On this point, Rane ef  al. 
( I  1) have successfully predicted intrinsic clearance and hence the extraction 
ratio of the liver of a wide spectrum of compounds using the values of V,,, 
and K, determined from liver homogenates, compared with those observed 
in the isolated liver perfusion study. Furthermore, Collins ef al. (28) and Lin 
et a / .  (29) also reported the in oifro and in uioo correlation of the drug me- 
tabolism using isolated liver preparations. 

I n  the present study, the enzymatic parameters K,,, and V,,, for the mi- 
crosomal oxidation of diazepam in the liver, kidney, and lung were estimated 
using in cirro enzyme assays. I t  was demonstrated that the kidney and lung 
in addition to the liver contributed to the total clearance of diazepam in the 
rat. As expected, the liver was the most efficient organ for diazepam metab- 
olism, followed by the kidney and the lung in that order. This is because there 
were differcnces in the values of V,,, among three organs, as shown in Table 
1. The sum of the predicted organ clearances of the liver, kidney, and lung (9.3 
mL/min/0.25-kg rat; Table I) ,  however, was still below the observed total 
clearance (19.6 ml./min/0.25-kg rat). Since the predicted liver organ 
clearance (C‘L,,) in the present study was probably an estimate, the micro- 
somes of the kidney and lung might not be prepared with enzymatic activity 
matching those of the intact kidney and lung. 

Recently. the extrapolation of the in oifro enzymatic parameters to those 
in aioo has becn demonstrated also in the lung. For example, Smith and Bend 
( 1  3)  and Law (30) succeeded in the extrapolation using benzo[a]pyrene 
4.5-oxide and phencyclidine as substrates, respectively, both of which are 
metabolized mainly by microsomal enzymes. In the case of S-hydroxytryp- 
tamide, which is mainly metabolized by mitochondria1 monoamine oxidase, 
the prediction of its clearance from the in uifro enzymatic parameters was 
successful for the liver, but underestimated the observed clearance in the lung 
( 3 1 ) .  Our present study using diazepam showed results similar to those for 
5-hydroxytryptamine (31 ), although the intracellular localization of the en- 
zymes is different. 

Thus, the estimation of the enzymatic parameters of the metabolism from 
the in  oitro assay systems of the liver and an appropriate scaling to the whole 
organ V,,, value proved to be a useful tool for theestimation of the metabolic 
Occurrences of diazepam in oioo. Since diazepam is metabolized by the kidney 
and lung in addition to the liver, the preparation of microsomes of the kidney 
and lung or experimcntal conditions such as  components and concentrations 
of cofactors to yield appropriate enzymatic degradation rates should be further 
studied to assess the extrahepatic metabolism of diazepam. 
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