
Prediction of in vivo hepatic clearance of selected
compounds using the isolated perfused rat

liver, precision-cut liver slices and hepatocytes

Item Type text; Dissertation-Reproduction (electronic)

Authors Sinha, Vikram Paritosh, 1969-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:19:31

Link to Item http://hdl.handle.net/10150/282203

http://hdl.handle.net/10150/282203


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UME 

films the text directly from the original or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter &ce, while others may be 

from any type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 

copy submitted. Broken or indistinct print, colored or poor quality 

illustrations and photographs, print bleedthrough, substandard margins, 

and improper alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 

imauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand comer and 

continuing from left to right in equal sections with small overlaps. Each 
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FOREWORD 

The findings of this dissertation are organized as follows: There are six chapters in this 
dissertation. The first chapter gives the overall background of the research. It describes 
principles and an approach for predicting hepatic clearance. Chapter tv^o describes 
experiments with the isolated perfused rat liver. This chapter is divided into three parts. 
Part A discusses the isolated perfused rat liver apparatus. Part B describes the 
experiments performed to estimate extraction ratio of benzoic acid and tolbutamide. Part 
C describes the interaction between cocaine, cocaethylene and ethanol. Chapter three 
describes experiments involving the precision-cut liver slices. Chapter four describes the 
experiments involving the isolated hepatocytes. Chapter five is about in vivo experiments 
performed to estimate hepatic clearance in rats. Chapter six integrates the results firom 
chapters two to five and discusses the different in vitro methods. 

Relevant figures and tables are placed at the end of each section or chapter. Legends to 
certain figures are placed in a numbered page preceding the page it describes. References 
are placed at the end of the last chapter. The figures, tables and references for each 
chapter or section are numbered fi-om one onwards. 
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STATEMENT OF PROBLEM 

Advances in in vitro methods in drug metabohsm have provided opportunities to examine 

drug metabolism in great detail. There has been an increase in the use of the precision-

cut liver slice technique and hepatocytes in studying drug metabolism. Methodology 

involving the preparation and use of hepatocytes is fairly well established. The use of 

precision-cut liver slices has been widely applied in studying drug metabolism. One 

application of in vitro methods is in the estimation of initial rates of metabolism and 

applying the resulting Michaelis-Menten parameters to estimate in vitro intrinsic 

clearance. In vitro intrinsic clearance is used to predict in vivo hepatic clearance by 

assuming one of several potential models of the liver. Estimation of in vitro intrinsic 

clearance will give an investigator an initial prediction of a compound's metabolic 

'stability', i.e.. resistant to "first-pass" hepatic metabolism following an oral dose. The 

rationale behind this approach is compounds that are metabolized at slower rates (/. e.: 

low intrinsic clearance) will undergo smaller first-pass metabolism and have greater oral 

bioavailability. Comparison among in vitro methods, to ascertain the best experimetal 

model for predictive purposes is therefore, essential. We have used three in vitro 

methods: isolated perfused rat liver, precision-cut liver slices and hepatocytes to predict 

in vivo hepatic clearance. All three methods retain liver architecture, an advantage over 

the more widely used methods which rely upon sub-cellular fractions. Benzoic acid and 

tolbutamide were chosen as model substrates to compare the in vitro methods. Both 
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compounds are metabolized to a single metabolite, thus, quantification and scale up is 

straightforward. Data from clinical experiments exist for both compounds. 

The purpose of the studies discussed here was to compare the isolated perfused rat liver, 

precision-cut liver slices and hepatocytes to predict in vivo hepatic clearance. 
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ABSTRACT 

The overall objective of this dissertation was to estimate the in vivo hepatic clearance 

(CLh) of compounds using in vitro methods of drug metabolism. The isolated perfused 

rat liver, precision-cut liver slices and hepatocyte were used to estimate in vitro CLh 

compared to in vivo CLh- Two compounds, benzoic acid and tolbutamide were chosen as 

model compounds. 

An isolated perfused rat liver (IPRL) apparatus was developed to measure hepatic 

extraction ratio. Three compounds, antipyrine, ethanol and lidocaine were used to 

characterize the apparatus. The ability of the IPRL to utilize oxygen was also 

investigated. Antipyrine extraction ratio was independent of perfusate flow rate, while the 

extraction of ethanol and lidocaine were flow-dependent. The extraction ratios of benzoic 

acid and tolbutamide were determined. The CLh of benzoic acid and tolbutamide was 

4.43 ± 0.84 mL/min and 1.52 ± 0.59 mL/min, respectively. 

The intrinsic clearance of benzoic acid and tolbutamide was determined in precision-cut 

liver slices and scaled to the whole liver using total protein. The CLh of benzoic acid in 

rat liver slices was 2.13 ± 0.71 mL/min, while the intrinsic clearance in humans was 270 

mL/min. The CLh of tolbutamide in rat and human liver slices was 0.019 mL/min and 

3.16 mL/min, respectively. 

The intrinsic clearance of benzoic acid and tolbutamide was determined in rat hepatocytes 

and scaled to the whole liver using total number of cells in the rat liver. The CLh of 
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benzoic acid and tolbutamide in rat hepatocytes was 3.55 ± 1.29 mL/min and 0.57 ±0.16 

mL/min, respectively. 

The CLh of benzoic acid and tolbutamide on intravenous dosing in the rat was 8.02 ± 

1.01 mL/min and 0.49 ± 0.06 mL/min, respectively. 

Precision cut liver slices under-estimated the CLh of benzoic acid and tolbutamide. The 

under-estimation is probably due to the inability of the drug to permeate the liver slice 

over the short time course of the initial rate experiments. The CLh of benzoic acid and 

tolbutamide in rats was better predicted by the IPRL and hepatocytes. 
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CHAPTER 1 

INTRODUCTION 

In vitro drug metabolism studies are designed to obtain data that would be useful in 

predicting the in vivo chemical fate and potential toxic and/or pharmacologically active 

form(s) of the parent drug. In vitro methods using purified isozymes, subcellular 

fragments, slices and isolated cells have provided valuable information about drug 

metabolism. Thus, a comparison between the results of in vitro systems with those from 

in vivo experiments is both logical and desirable. Currently, investigations are aimed at 

carrying out integrated research using both in vivo and in vitro systems that are carefiilly 

applied to explain events in an organ and whole animal (1). In certain instances data from 

in vitro experiments have been scaled and extrapolated to humans (2). Such comparisons 

and e.xtrapolations have largely centered around the liver; the liver being the primary site 

for drug or toxicant metabolism. Attempts to correlate in vitro and in vivo data began 

almost 20 years ago (Table I) (3). These investigations used in vitro data, mainly from 

the 9000g supernatant from a rat liver homogenate to predict in vivo extraction ratio. A 

good correlation was obtained. This published study remains a landmark in the area of in 

vitro-in vivo correlations. Other investigations (Table 2) (4) have successfully scaled in 

vitro human microsomal data to predict in vivo hepatic clearance. 
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Principle: Data obtained from in vitro experiments provide information about the 

enzymatic system. Information is obtained regarding the maximal rate of metabolism 

(^max)' Michaelis constant (K^). 

The velocity (v) of a metabolic reaction for a given substrate concentration [S] is given 

by the Michaelis -Menten equation as: 

The parameter, CLj„,, is the intrinsic clearance and is a measure of the true enzymatic 

activity towards a drug. Intrinsic unbound clearance (CL^ ) is independent of hepatic 

blood flow (Qh) and drug binding. 

Therefore, from equation 1, CLj„, for a single catalytic site can be written as, 

Vmax 
LL mt = 

Kni + [S] 

The total clearance of a drug may be written as 

CL = Q. ER 

where Q is blood flow to an organ and ER is the extraction ratio across the organ of 

interest. Therefore, for the liver, 

CLH = Qh-ERH 

where, Qh is hepatic blood flow. 

The determination of intrinsic clearance in vivo is more difficult. Although overall 

clearance can be separated into hepatic clearance and other processes, hepatic clearance 

remains a ftmction of other determinants namely, fraction unbound in plasma (f„) and 
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hepatic blood flow. The quantitative relationship among intrinsic clearance, blood flow 

and unbound fraction can only be understood with use of a conceptual model of the liver. 

Several models have been proposed. These include the well-stirred model, the sinusoidal 

perfusion (or parallel tube) model and the dispersion model. The calculated CLi„, will 

vary depending upon the model chosen. However, if the extraction value is small. (<0.5), 

there is little difference in the predicted values among the models. When extraction ratios 

reach 0.7, differences between the models are more pronounced. For purposes of this 

discussion, the well-stirred model will be adopted. The equation describing the well-

stirred model for a single metabolic pathway is: 

CLh= QH.fu.CLi.c 
Qh + fu.CLim 

A strategy for predicting Hepatic Clearance: A strategy to predict hepatic clearance 

from in vitro or perfusion experiments is presented in Scheme 1. The fundamental idea 

behind this scheme is that each in vitro or perfusion experiment will have its own in vivo 

control. This will also allow for an easier comparison as any intra- or inter- animal 

differences are reduced. Thus, the first step with hepatocytes and precision-cut liver slices 

is to obtain estimates for and K^. The second step involves the appropriate scale up 

of in vitro incubation data in terms of total protein or number of cells. Since both 

estimates for protein content and number of cells are expressed per gram liver weight, 

comparison with in vivo data is facilitated. Standard literature values for important 

parameters are listed in Table 3. The third step involves the use of a particular liver 



model. This model will essentially be used to relate the generated kinetic data in terms of 

circulating plasma concentrations rather than concentrations within the liver. 

Literature comparisons: Tables 4 to 7 list compounds for which in vitro-in vivo 

comparisons have been made. Such compilations have also been reviewed elsewhere (5. 

6). The tables have been arranged according to in vitro method. The compounds 

presented here are relatively few in number. There are several reasons for there being 

few in vitro-in vivo correlations. Most in vitro experiments in the past have been 

qualitative, aimed at describing metabolic pathways. Second, there is a lack of suitable 

pharmacokinetic data to make valid comparisons. Often, the dose used in in vivo studies 

are large and non-linearity is clearly evident. Pharmacokinetic studies involving high 

clearance compounds are often carried out by intravenous dosing. The estimated 

clearance then reflects hepatic blood flow. Although, few compounds have been 

compared, a few general conclusions can be reached. 

1. The body of information is comprised mainly of compounds undergoing cytochrome 

P-450-mediated metabolism. The scaling factor in comparison of in vitro to in vivo 

experiments is of crucial importance. As shown by Houston (5), in vitro and in vivo 

systems can be related by a simple equation. 

In vivo CL = Scaling factor (/« vitro CL) 

Since the range of clearances extends over several orders of magnitude, the equation is 

often represented in the logarithmic form 
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logf/n vivo CL) = log scaling factor + log(/« vitro CL) 

For microsomes, the yield after centrifligation procedures is almost 30%. giving a range 

of 33 -54 mg microsomal protein/g liver (7). For hepatocytes, the comparable scaling 

factor is the number of cells per gram of liver (8), i.e., 1.5 x lO' cells. In precision-cut 

liver slices, data are expressed as mg protein, the scaling-up factor would then be total 

protein in the system based on wet weight. 

2. Houston (6) has shown that data from in vitro and in vivo experiments can be 

distributed along a line of identity , the intercept would then be the scaling factor for a 

particular system. 

3. Rate of metabolism follows the order : microsomes > hepatocytes > precision-cut 

liver slices 

The overall aim of this dissertation was to compare in vitro systems such as the isolated 

perfused rat liver, primary hepatocytes and precision-cut liver slices for their ability to 

predict hepatic clearance. Two compounds, benzoic acid and tolbutamide, were selected 

for use in all experiments. All experiments were performed according to Scheme 1. In 

vitro experiments were performed following an in vivo experiment but only after a 

washout period of 2-3 days. These compounds represent substrates for phase II and phase 

I metabolism, respectively. Each compound is metabolized primarily to only one 

metabolite, making quantification as well as scale up straightforward. In addition, in vivo 

rat and clinical human data exist for both compounds. 



Animal number 

In vivo 
experiments 1 2 3 4 5 6 7 8 9 10 

Precision-cut liver slices llepatocytcs Perfusion Perfusion 

Slices Hepatocytes 

Scheme 1: Strategy for predicting hepatic clearance 

lO Ui 
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I 

COOH CONHCH 2COOH 

B 

U 
CH3 

S02NHC0NHCH2(CH2)2CH3 

A 

CH2OH 

S02NHC0NHCH2(CH2)2CI^ 

Figure I: I. Chemical structure of benzoic acid (A) and metabolite hippuric acid (B) II. 
Chemical structure of tolbutamide (A) and metabolite 4-hydroxytolbutamide (B) 
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Table I; Predicted and observed extraction ratio (ER) of selected compounds in the rat 
using 9000 g supematanf. 

Drug Predicted ER'' Observed ER"^ 

Alprenolol 0.92 >0.90 

Carbamezepine 0.05 0.04 

Hexobarbital 0.44 0.33 

Lidocaine 0.80 >0.90 

Phenytoin 0.50 0.53 

Propranolol 0.83 >0.90 

Taken from ref (3) 
''ER= 

QH ^u- CLJN 

' perfused rat liver 



28 

Table 2: Predicted and observed hepatic clearance (CL„) of selected compounds using 
human liver microsomes". 

Drug Predicted CL„ Observed CLH 

Chlorzoxazone" 110 ± 77 110 

Cortisol' 13 ± 5 13 

Lidocaine'' 758 ± 282 875 

Nifedipine' 284 ±176 294 

Mexiletine' 53 ± 28 62 

" Taken from ref (4) 
'' P450 2E1-mediated clearance to 6-hydroxychlorzoxazone 
T450 3A3/4 -mediated clearance to 6P-hydroxycortisol 

P450 3A3/4-mediated clearance to deethyl-lidocaine 
" P450 3A3/4-mediated clearance to dehydro-nifedipine 
^ P450 2D6-mediated clearance to hydroxy mexilitene in efficient metabolizers 
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Table 3: Summary of important scaling parameters used in in vitro drug metabolism 
studies in rats 

Parameter value' 
Liver weight 
Liver blood 

Hepatocyte number 
Microsomal protein yield 

45 g/Kg 
1.8 L/min/g liver 

1.35 X 10* cells/g liver 
45 mg protein/g liver 

' Taken from ref (5) 



Table 4; Prediction of hepatic clearance from sub-cellular fractions for Phase I hepatic metabolism (ref 5, 6) 

Drug 
In vitro 

1 
In vivo 

Drug Major enzyme Preparation Species CL,„, (mL/min)' 1 Predicted 
CL„ 

(mL/min)' 

Observed 
CL„ 

(mL/min) 
Alprenolol P-450 MS' Rat 410 19.6 20.24 
Antipyrine P-450 MS Rat 0.8 0.76 2.6 

Rabbit 6.5 6.26 27 
Aminopyrine P-450 MS Rat 3.3 2.48 1.80 

Carbamezepine P-450 MS Rat 1.1 0.24 4.5 
9000g' 4.7 1.03 

Caffeine P-450 MS Rat 2.15 1.94 2.90 
Diazepam P-450 MS Rat 156 10.5 7.2 

9000g Man 629 12.5 11.5 
Ethoxybenzamide P-450 MS Rat 3.3 1.9 2.2 

Rabbit 503 1.03 86.7 
Hexobarbital P-450 MS Rat 186 44 12.5 

9000 g 16 6.7 

' Calculated from the ratio of V,„„ and K,„. was scaled to the whole liver using 500 mg microsomal protein/1 Og liver, 127 
mg S9 protein/g liver, 96 mg cytosolic protein/g liver. Liver and body weights are: 10 and 300g for rat; lOOg and 2.75 Kg for 
rabbit; 1500g and 70 Kg for man. 
^ Hepatic clearance estimated using the well-stirred model and an hepatic blood flow of: rat, 20 mL/min; rabbit; 170 mL/min; 
man; 1500 mL/min 
^ Microsomal * 9000g supernatant 

O 



Table 4 (continued): Prediction of hepatic clearance from sub-cellular fractions for Phase I hepatic metabolism (rcf 5, 6) 

In vitro In vivo 
Drug Major enzyme Preparation Species CL,n, (niL/min) Predicted Observed 

CL„ (mL/min) CL„ 
(mL/min) 

Imipramine N-demethylase MS Rat 2250 18.5 18.2 
2-hydroxylase 

Lidocaine P-450 MS Rat 31 7.4 17.6 
9000g 82 12.2 

Meperidine Esterase MS Rat 31 6.4 43.2 
Phenacetin P-450 MS Rat 19 9.8 1.8 
Phenytoin P-450 MS Rat 40 7.5 8.9 

9000g 16.6 3.9 
Propranolol P-450 MS Rat 3120 19.2 19.1 
Tolbutamide P-450 MS Rat 12 0.28 0.4 

Man 2.95 0.73 
1.75 6.96 17.0 

' Calculated from the ratio of and K„. was scaled to the whole liver using 500 mg microsomal protein/IOg liver, 127 
mg S9 protein/g liver, 96 mg cytosolic protein/g liver. Liver and body weights are: 10 and 300g for rat; lOOg and 2.75 Kg for 
rabbit; 1500g and 70 Kg for man. 
^ Hepatic clearance estimated using the well-stirred model and an hepatic blood flow of: rat, 20 mL/niin; rabbit; 170 mL/min; 
man; 1500 mL/min 
^ Microsomal^ 9000g supernatant 



Table 5: Prediction of hepatic clearance from sub-cellular fractions for Phase II hepatic metabolism (ref 5,6) 

In vitro In vivo 
Drug Major enzyme Preparation Species CL,„, (mL/min)' Predicted Observed 

CL|, (mL/min)" CL„ 
(mL/min) 

Hamiol AST' Homogenale Rat 100 16.6' 17 
GT* MS' 89 16.3 

Procainamide NAT' 9000g Rat 0.1 0.08 19 
AST Homogenale 

p-Nitrophenol GT MS Rat 7.1 1.2 24 
Phenol AST 9000g Rat 39 13 24 

' Calculated from the ratio of and K^. was scaled to the whole liver using 500 mg microsomal protein/lOg liver, 127 
mg S9 protein/g liver, 96 mg cytosolic potein/g liver. Liver and body weights are 10 and 300g for rat. 
^ Hepatic clearance estimated using the well-stirred model and an hepatic blood flow of rat. 
' arylsulfotransferase 
^ glucoronyltransferase 
' microsomal 

fraction unbound assumed to be 1 
^ N-acetyl transferase 

lO 



Table 6: Prediction of hepatic clearance from hepatocytes (from ref 5, 6) 

Drug 
In vitro In vivo 

Drug Major enzyme Species CL,„, (mL/min)' Predicted 
CL„ (mL/min)" 

Observed 
CL„ 

(mL/min) 
Acetaminophen AST Rat 45 14 16 

Antipyrine P-450 Rat 0.36 0.35 2.6 

Aminopyrine P-450 Rat 6.15 5.9 1.8 

Caffeine P-450 Rat 39 13.22 2.9 

Diazepam P-450 Rat 306 13.6 11.5 
Rabbit 985 72 48 

Dog 11817 156 12 
Man 10503 210 47 

Ethoxybenzamide P-450 Rat 1.9 1.19 2.2 

Harmol o r '  Rat 45 13.84 71 
Asr 0.8 0.76 

' Calculated from the ratio of and K,„. V,„,^ was scaled to the whole liver using 135 x 10' cells/g liver cytosolic prolein/g 
liver. Liver and body weights are; 10 and 300g for rat; lOOg and 2.75 Kg for rabbit; 500g and 12 Kg for dog; 1500g and 70 Kg 
for man. 
^ Hepatic clearance estimated using the well-stirred model and an hepatic blood flow of: rat; 20 mL/min; rabbit; 170 niL/min; 
dog; 150 mL/min; man; 1500 mL/min, ^ glucoronyltransferase, ^ arylsulfotransferase 



Table 6 (continued): Prediction of hepatic clearance from hepatocytes (from ref 5,6) 

In vitro In vivo 
Drug Major enzyme Species CLi„, (mL/mm)' 1 Predicted Observed 

CL„ (mL/min)" CL„ 
(mL/min) 

p-Nitrophenol AST Rat 1200 18.3 24 
Imipramine N-demethylase Rat 1485 17.8 18.2 

2-hydroxylase 

Propranolol P-450 Rat 1078 26.7 19.1 

Salicylamide AST Rat 104 13 23 
Temazepam GT Man 1641 148 89 
Tolbutamide P-450 Rat 2.04 0.51 0.4 

' Calculated from the ratio of and K,,,, was scaled to the whole liver using 135 x 10^ cells/g liver cytosolic protein/g 
liver. Liver and body weights are: 10 and 300g for rat; 100 and 2.75 Kg for rabbit; 500g and 12 Kg for dog; 1500 and 70 Kg 
for man. 
^ Hepatic clearance estimated using the well-stirred model and an hepatic blood flow of: rat; 20 mL/min; rabbit; 170 mL/min; 
dog; 150 mL/min; man; 1500 mL/min 
^ glucoronyltransferase 
" arylsulfotransferase 



Table 7; Prediction of hepatic clearance from precision-cut liver slices for hepatic metabolism (ref 5,6, 9,10, 11) 

Drug 
In vitro \ In vivo 

Drug Major enzyme Species CL„„ (mL/min)' Predicted 
CL„ (mL/min)* 

Observed 
CL 

(mL/min) 
Caffeine P-450 Rat 0.3 0.3 2.9 

Diazepam P-450 Rat 1.4 0.19 12 

Ethoxycoumarin P-450 Rat 1.6 1.48 8.9 

Phenytoin P-450 Rat 2.4 5.3 8.4 

CQA 206-291 P-450 Rat 6.66 4 14.16 
(Ergot derivative) Dog 588.3 64 340 

Human 1690 175 1400 
Tolbutamide P-450 Rat 0.14 0.035 0.4 

' Calculated from the ratio of and K,„. V,„^ was scaled to the whole liver using 500 mg microsomal protein/1 Og liver. 
Liver and body weights are 10 and 300g for rat. 
^ Hepatic clearance estimated using the well-stirred model and an hepatic blood flow of 20 mL/min in the rat. 

L/\ 
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CHAPTER 2 

PART A 

A SIMPLIFIED ISOLATED PERFUSED RAT LIVER APPARATUS: 
CHARACTERIZATION AND ESTIMATION OF EXTRACTION RATIOS OF 

SELECTED DRUGS 

INTRODUCTION 

Since the first report of it's use by Claude Bernard (1), the isolated perfused liver has 

enjoyed a great deal of attention in conducting biochemical, pharmacological and 

toxicological investigations. It is the view of many scientists that the isolated liver, 

perfiised with whole oxygenated blood, is the best tool for studying liver cell function. 

The isolated perfused rat liver (IPRL) has by far received the greatest attention and will 

be the focus of discussion here, although, other species have been investigated as well 

(2). The pioneering work in rat liver perfusion was done by Miller and his co-workers (3) 

and Schmassek and his co-workers (4). The apparatus of Miller and his co-workers and 

it's modifications have found vndespread application (Figure I). Briefly, the majority 

of the apparatus is housed in a plexiglass chamber fitted with a heating device. The 

apparatus contains a reservoir, filters, pressure transducers and a glass lung hydrostatic 

reservoir. The majority of the circulation is housed inside the plexiglass chamber. It is 

apparent that such an apparatus is extremely cumbersome and requires a collection of 

specialized equipment with practical concerns such as maintenance and cleaning. 

A source of variation among different preparations is in the perfusing medium. Whole 

blood is the ideal perfusate because it contains hemoglobin, a natural carrier of oxygen. 
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The use of whole blood is impractical in single-pass experiments where large volumes of 

perfusate are needed. While whole blood is ideal, Krebs bicarbonate buffer mixed with 

heparinized whole blood to obtain a 30% blood perfusate has been used (5). Other 

investigators have experimented with emulsified fluorocarbon buffer solutions as 

carriers of oxygen (6). These experiments have proved successful and provide an 

alternative to buffers supplemented with blood. With such choices at hand, the 

requirements of an experiment dictate the choice of perfusate. 

The perfused rat liver can be studied in the single-pass or recirculatory mode. An intact 

architecture and bile flow have resulted in a wide range of applications. These include 

toxicity (7) and metabolism investigations (8). The versatility of the IPRL allows easier 

control of test conditions. The perfiised rat liver has been used in predicting hepatic 

clearance. The IPRL was used as an index in comparison of intrinsic clearance with 

subcellular fractions (9). The extraction ratios of a homologous series of barbiturates 

were estimated and hepatic clearance compared to the in vivo situation (Figure 2). Thus, 

its effectiveness as a predictive tool in predicting hepatic clearance is clearly 

demonstrated. Visual examination of the liver remains the easiest index of viability. 

Viable preparations are pinkish in color while poorly perfused and anoxic liver are 

spotted and appear blotchy. Other indicators of viability are oxygen consumption, 

biochemical parameters, biliary secretion of dyes, histological examination and 

metabolite concentrations (10). In such cases, choice of particular criteria will be dictated 

by the aims of an experiment. 
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We needed to develop an isolated perfused rat liver apparatus (IPRL) to measure hepatic 

extraction ratio of selected drugs. The system developed was evaluated for performance 

using basic principles of hepatic clearance. Three model compounds were used in these 

experiments. Antipyrine, a poorly extracted molecule and ethanol and lidocaine, highly 

extracted molecules were used in all experiments. Further, the ability of the perfusate to 

deliver oxygen and the ability of the liver to consume oxygen were evaluated. 
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EXPERIMENTAL 

Materials: Ethyl alcohol (dehydrated alcohol) was purchased from Quantum Chemical 

Corporation (Tuscala, IL). RPMI 1640 medium was obtained from GIBCO. BRL(Grand 

Island, NY). Antipyrine, ketamine(Ketaset®) and acepromazine were obtained from 

Sigma Chemicals (St. Louis, MO). Lidocaine was a gift from Astra Pharmaceuticals 

(Cambridge, MA) 

Animai Preparation: Male Sprague Dawley rats weighing 270-330g were used. All 

animals were housed for a week under normal conditions and a 12 hour light/dark cycle. 

Animals were allowed food and water ad libitum. Rats were anesthetized with ketamine 

(40 mg/kg,) and acepromazine (2.5 mg/kg) intraperitoneally. With the animal lying on its 

back the abdomen is swabbed with 75% v/v alcohol and a ventricular longitudinal 

incision made from the pubis to just below the diaphragm to expose the portal vein. A 

needle previously attached to the perfusion apparatus with perfusate flowing through die 

system was then inserted into the portal vein and secured. The flow rate was increased to 

25 mL/min. The perfusate is allowed to run into a waste container. The entire liver was 

then removed by separating it from other organs and connective tissues. The liver, 

attached to the perfusion apparatus, was suspended from a stand. The entire procedure 

takes approximately 5 min after the animal is anesthetized. 
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Perfusion experiments: The isolated perfused liver apparatus shown in Figure 3. 

permits the use of a non-recirculatory or single-pass system of perfusion. The entire 

apparatus is housed in an oven ( Forma Scientific, Inc. Warren, NJ) which maintains 

temperature at hTC ± I'C. A peristaltic pump (Masterflex®, Cole Parmer Instrument 

Co., Chicago, IL) accurately controls the flow rate of the medium from a reservoir 

containing the perfiisate to the isolated liver suspended from an over-the-carmula needle. 

Gas (95% 02:5% CO,) is constantly bubbled into the perfiisate during an experiment. 

The perfusate used in all experiments was EIPMI 1640, reconstimted using water. The pH 

was adjusted to 7.4. The perfusate was placed in a reservoir of appropriate size and placed 

in a water bath, previously warmed to 37''C. Prior to experimentation the reservoir was 

placed in the oven and gas was bubbled in. The following experiments were performed. 

Antipyrine (25.6 |iM) was delivered at a constant input concentration at a rate of 25 

mL/min followed by changes to flow rates of 15, 30 and 25 mL/min, respectively. The 

perfusate was sampled using a test mbe at 20, 25, 35 and 45 min during each flow period. 

Ethanol (3 mM) was delivered at a constant input concentration at a rate of 25 mL/min 

followed by changes to flow rates of 15, 30 and 25 mL/min, respectively. The perfusate 

was sampled at 20, 25, 35 and 45 mins. Lidocaine (8 |iM ) was delivered at a constant 

input concentration at a flow rate of 25 mL/min followed by changes to 15, 30 and 25 

mL/min, respectively. The perfusate was sampled at 30, 35 and 45 min during each flow 

period. The ability of the liver to extract oxygen was also measured as a flmction of flow. 

Output samples were collected for PO, measurements using an oxygen detector (YSl 
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Model 5331, Fisher, Pittsbugh, PA). The experiments were performed at flow rates of 15. 

20, 25. 30 and 35 mL/min. Liver viability was assessed by gross appearance and 

constancy in effluent drug concentration. 

Analytical: Antipyrine was quantitated using high pressure liquid chromatography 

(HPLC) (11). Briefly, 100 \iL sample was diluted 10-fold with water and manually 

injected onto a C,g column (5 |im, Microsorb-MV™, Rainin, Inc., Wobum, MA). The 

mobile phase used was acetonitrile:0.05 M sodium acetate (25:75 %v/v, pH 6). The 

pump (Waters Model 501, Millipore Corporation., Milbum, MA) flow rate was set at 1.5 

mL/min. A UV detector (Waters Tunable Absorbance Detector, Model 486, Millipore 

Corp.) was used with the wavelength set at 229 nm. Calibration curves were prepared in 

the range of 292.52 nM to 5850.44 nM from a stock solution of 2.92 mM. A 3-day 

validation for the analysis of antipyrine was carried out. Nominal concentrations 

validated were 468.03, 2925.22 and 5850.44 nM. 

Lidocaine was assayed using HPLC (12). Briefly, 100 |iL sample was diluted 10-fold 

with water and manually injected onto a C,8 column (5 jim, Microsorb-MV^". Rainin 

Corp). The mobile phase used was 26% v/v acetonitrile:74 %v/v water containing 0.092 

% v/v phosphoric acid and 0.2% v/v triethylamine (pH 6.6). The pump flow rate was set 

at 2 mL/min. A UV detector was used with the wavelength set at 214 nm. Calibration 

curves were prepared in the range of 106.68 nM to 4267.48 nM from a stock solution of 

2.13 mM. 



Ethanol was quantitated using gas chromatography (GC) involving head space analysis. 

To a I mL perfusate sample, 1 mL of acetonitrile was added as an internal standard 

(0.0125 % v/v) in a 6 mL vial. Each vial was then crimped tightly and placed in a water 

bath pre-heated to 60°C. Each vial was maintained at 60''C for 30 min. One hundred |aL of 

head space sample was injected from each vial onto the GC. A CP-Wax 57CB, length 

25m, I.D. 0.32, 1.2 |iM film thickness Chrompak (Supelco, Inc.. Bellafonte, PA) column 

was used in a Model 5890 Series II (Hewlett Packard) gas chromatograph housing a 

flame ionization detector. The oven temperature was set at 60°C, injection port 

temperature I60°C and detector temperature was 220°C. Calibration curves were prepared 

in the range of 0.10 to 4.34 mM. A 3-day validation for the analysis of ethanol was 

carried out. Nominal concentrations validated were O.IO, 3.25 and 6.510 mM. 

Data Analysis: The hepatic availability (F) was estimated as follows. 

p  _  C o u t . s s  

C in 

where C is the mean of the output concentrations, Cjn is the mean of the input 

concentrations measured during each perfusion period. 

The extraction ratio (ER) is defined as, 

ER„=l  -F  

The extraction ratio can also be defined by the well-stirred model (venous-equilibrium 

model) (13) as: 
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fu X CL int ER = 
QH + fu X CL int 

where fu is the fraction unbound and Qh is hepatic blood flow. 

The intrinsic clearance (CLjJ, a measure of enzymatic activity of the drug, is calculated 

as, 

. ERSS*QH = , 

F 

where QH is hepatic blood flow, in this case the perfusate flow. 

The curve fitting program SIMUSOLV (Modeling and Simulation software, the Dow 

Chemical Company, Midland. Michigan) was used to fit extraction ratio versus perfusate 

flow data using the well-stirred model. Average data were used in all fits. 
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RESULTS 

The assay validation results for antipyrine, quantitated using high pressure liquid 

chromatography, are presented in Tables 1 and 2. Table 1 describes the intra- and inter-

day statistics for die assay validation of antipyrine. The summary statistics are presented 

in Table 2. The betv^een-day coefficients of variation ranged from 2.18 to 5.37%. The 

within-day coefficients of variation ranged from 1.12 to 6.60% and the C-ratio, a measure 

of accuracy, was between 101.06 to 102.50 %. The assay validation results for ethanol. 

quantitated using gas chromatography are presented in Tables 3 and 4. Table 3 describes 

the intra- and inter-day statistics for the assay validation of ethanol. The summary 

statistics are presented in Table 4. The within-day coefficients of variation were 0.027. 

0.168 and 0.185 at concentrations of 0.10, 3.25 and 6.510 mM, respectively. The 

between-day coefficients of variation were 8.29, 1.42 and 3.20 % at the nominal 

concentrations. 

Each liver preparation was initially evaluated for gross appearance. Livers which 

appeared spotted or blotchy were not used. These livers are indicative of poor perfusion 

and/or anoxia. Only healthy livers which retained a pinkish hue were used. 

Figure 4A describes antipyrine effluent concentrations as a function of time in a 

representative single-pass experiment. Antipyrine reached steady state conditions within 

15 min. Constancy in effluent drug concentration indicates a viable liver. The output 

concentrations are independent of flow, further illustrated by Figure 4B. The mean 

extraction ratios are: 0.07 ± 0.01, 0.06 ± 0.012, 0.10 ± 0.026 and 0.08 ± 0.016 at 
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perfusion flow rates of 15, 20,25 and 30 mL/min, respectively and represent a mean of 3-

4 observations. The average CL,n, was 2.15 mL/min, estimated using a flow rate of 25 

mL/min. Ethanol effluent concentrations as a function of time are illustrated in Figure 

5A, which describes results firom a representative single-pass experiment. The mean 

extraction ratios of ethanol were: 0.65 ± 0.15, 0.58 ± 0.029, 0.57 ± 0.041, 0.52 ± 

0.03land 0.49 ± 0.037 at 15, 20. 25, 30 and 35 mL/min, respectively. The constancy in 

effluent drug concentration in each flow period indicates a viable preparation. The flow-

dependence in output concentration is further illustrated in Figure 5B. The mean value 

represents 3-4 determinations. The average CL,„, was 32 mL/min, estimated using a flow 

rate of 25 mL/min. CLj„, was 31 mL/min, obtained by a fit of the data to the well-stirred 

model. Lidocaine effluent concentrations as a function of time are shown in Figure 6A . 

Steady state conditions were reached within 20 min. The extraction ratios of lidocaine 

were: 0.91 ± 0.014, 0.89 ± 0.014, 0.85 ± 0.014, 0.84 ± 0.013land 0.83 ± 0.011 at 15, 20, 

25 and 30 mL/min, respectively. Each value represents a mean of 3-4 observations. The 

flow-dependency of extraction ratio is further illustrated in Figure 6B. The average CLj„, 

was 154.3 ml/min, estimated using a flow rate of 25 ml/min. CLj„, was 135 ml/min, 

obtained by a fit of the data to the well stirred model. Figure 7 describes the ability of die 

liver to extract oxygen. These data indicate that a sufficient partial pressure of oxygen 

exists in the effluent, further indicating that the liver has consumed a maximal amount of 

oxygen. The flow-dependency is evident. Clearly, there is negligible benefit to 

increasing flow rates beyond 25 mL/min. Thus, a flow rate of 25 mL/min is appropriate 
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for further experimental work. The mean extraction ratios for oxygen were: 0.65 ±0.1. 

0.58 ± 0.031, 0.51 ± 0.033, 0.47 ± 0.027 and 0.46 ± 0.057 at 15, 20, 25, 30 and 35 

mL/min. respectively. 
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DISCUSSION 

The rat liver can be perfused in situ or ex vivo. Ex vivo perfused liver was used in all 

experiments described here. In contrast to the in situ method, the ex vivo method allows 

for easier maintenance of a constant temperature, as in a temperature controlled cabinet 

as shown in Figure 3 and prevents any contact with endogenous substances. The ex vivo 

method allows easier access to the effluent, in contrast to a need for inserting a catheter 

into the hepatic vein. A source of variation among different IPRL methods is in the 

perflising media. We have used a complete perfusate, RPMI 1640 in all experiments. The 

perfusate is prepared by reconstitution, adding 2g/L of sodium bicarbonate. This buffer, 

like Krebs-bicarbonate buffer, equilibrates well with 95% O,: 5%C02 and contains 2 g/L 

of glucose, an ideal source of energy. We have shown that the perfusate has sufficient 

oxygen carrying capacity through oxygen consumption experiments. The mode of 

perfusion in all experiments was the single-pass or the non-recirculation method. The 

advantage of the single pass system is that it allows the investigation of metabolism 

events only and the accumulation of metabolites is avoided. The method suffers from a 

primary disadvantage; a large volume of perfusate and, therefore, large amounts of a 

drug or chemical may be required. The maximum length of all experiment was 3 hours. 

We have demonstrated that the liver maintains it viability for the experimental period 

with flow experiments as well as from oxygen consumption. Constancy in effluent drug 

concentration is an excellent indicator of liver viability. 
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Antipyrine has been widely used as a model substrate in pharmacokinetic experiments. 

Antipyrine is completely metabolized in the liver and does not bind to plasma proteins. 

The primary organ for ethanol metabolism is the liver. Ethanol does not bind to plasma 

proteins. All three model compounds are not excreted in the bile. According to principles 

of hepatic clearance, the extraction ratio of a poorly extracted molecule will be 

independent of hepatic blood flow. Compounds with intermediate to high extraction will 

exhibit flow-dependency (14). This principle is clearly demonstrated with the three 

substrates used. Antipyrine, a poorly extracted molecule, shows no flow-dependency, 

while ethanol and lidocaine both exhibit flow-dependency. The extraction ratio values 

compare well wath literature values, shown in Table V. The only discrepancy is with 

ethanol; the extraction ratio is reported to be > 0.9 (16). The value of 0.5 from the 

literature represents an extraction ratio at an input concentration of 7 mM. We have no 

explanation for this difference, other than the use of an in situ method in the literature 

examples cited. 

In summary, the results indicate that the isolated perfused rat liver apparatus performs 

according to principles of hepatic clearance. The liver receives sufficient oxygen and is 

viable for 3 hours. The extraction ratio of antipyrine is independent of flow, while 

lidocaine and ethanol clearly exhibit flow-dependency. 
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Figure 1: An example of an isolated perfused rat liver apparatus. From Ref (J) 
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Figure 2: Comparison of in vivo hepatic clearance (isolated perfused rat liver) versus in 
vitro hepatic clearance for an homologxis series of barbiturates (n=l9). The straight line 
is the line of regression (r^O.85). The slope of this line, in theory, represents a scaling 
factor. The equation of the regression line is: (In vivo hepatic clearance) = 0.65 (In vitro 
hepatic clearance) + 0.69. Data taken from ref (9) 
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Figure 3: Schematic representation of the isolated perfused rat liver apparatus. 
A. Temperature controlled cabinet, 37°C; B. Gas, 95% Oxygen:5% Carbon dioxide; 
C. Perfusate; D. Peristaltic pump; E. Collection of outflow; F. Isolated perfused rat liver 
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Figure 4: A. Antipyrine effluent concentrations (•) as a function of time in a 
representative single-pass experiment. Antipyrine (25.6 jiM) was delivered at a constant 
input concentration (•) at 25 mL/min in the first period (45 min) followed by changes to 
perfusate flow rates of 15, 30 and 25 mL/min, respectively. The output concentrations 
are independent of flow. 
B. Extraction ratio of antipyrine as a function of flow rate. The mean extraction ratios are: 
0.07 ± 0.01. 0.06 ± 0.012, 0.10 ± 0.026 and 0.08 ± 0.016 at perfusion flow rates of 15, 20. 
25 and 30 mL/min, respectively. Each value is the mean of 3-4 experiments. The cross-
hatched vertical bars represent standard deviations of the mean. The mean CLj„, was 2.14 
mL/min. The horizontal line represents the mean of the data (ER = 0.077) 
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Figure 5: A. Ethanol effluent concentrations (•) as a function of time in a representative 
single-pass experiment. Ethanol (3 mM) was delivered at a constant input concentration 
(•) at 25 raL/min in the first period (45 min) followed by flow changes to 15, 30, 25 
mL/min, respectively. The output concentrations are flow-dependent. 
B. Extraction ratio of ethanol as a function of flow rate. The mean extraction ratios are: 
0.65 ±0.15, 0.58 ± 0.029, 0.57 ± 0.041, 0.52 ± 0.03land 0.49 ± 0.037 at perfusion flow 
rates of 15, 20, 25, 30 and 35 mL/min, respectively. Each value is the mean of 3-4 
experiments. The cross-hatched vertical bars represent standard deviations of the mean. 
The mean CLjn, was 32 mL/min. The data were also fit to the well-stirred model (solid 
line) to give a CLi„j of 31 mL/min. The equation of the curve is, ER= 31 mL/min 

(QH 3 ^ mL/min) 
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Figure 6: A. Lidocaine effluent concentrations (•) as a function of time in a 
representative single-pass experiment. Lidocaine (8 |iM) was delivered at a constant 
input concentration (•) at 20 mL/min in the first period (30 min) followed by changes to 
perfusate flow rates of 25, 15, 10 and 30 mL/min, respectively. The output concentrations 
are flow-dependent. 
B. Extraction ratio of lidocaine as a function of flow rate. The mean extraction ratios are: 
0.91 ± 0.014, 0.89 ± 0.014, 0.85 ± 0.014, 0.84 ± 0.013 and 0.83 ± 0.011 at 10, 15, 20, 25 

and 30 mL/min respectively. Each value is the mean of 3-4 experiments. The cross-
hatched vertical bars represent standard deviations of the mean. The mean CLjnt was 155 

mL/min. The data were also fit to the well-stirred model (solid line) to give a CLj„, of 135 

mL/min. The equation of the curve is, ER = 135 mL/min 
(QH +135 mL/min) 
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Figure 7: Extraction ratio of oxygen as a function of perfusion flow rate. The mean 
extraction ratios are: 0.65 ±0.1, 0.58 ± 0.031, 0.51 ± 0.033, 0.47 ± 0.027 and 0.46 ± 
0.057 at perfusate flow rates of 15, 20, 25, 30 and 35 mL/min, respectively. Extraction 
ratio is flow-dependent. Each value is the mean of 3-6 experiments. The cross-hatched 
vertical bars represent standard deviations of the mean. The data suggest that a flow rate 
of 25 mL/min is appropriate for experimental work. The mean "CL|„, was 29 mL/min. 
The data were also fit to the well-stirred model to give a "CLi„, of 28 mL/min. The 
equation of the curve is 
ER= 28 mL/min 

(QH 28 mL/min) 
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Table I: Intra- and inter-day statistics for the assay validation of antipyrine 

Antipynne 
Concentration 

(nM) 

Day I Day 2 Day 3 

468.03 Mean^ 
C.V." 

C-Ratio" 

456.22 
9.23 
97.48 

467.34 
6.67 

99.85 

499.25 
3.90 

106.68 

2925.22 Mean 
C.V. 

C-Ratio 

3046.80 
0.83 

104.16 

3070.04 
1.45 

104.95 

2878.25 
1.08 

98.39 

5840.22 Mean 
C.V. 

C-Ratio 

6058.77 
2.83 

103.56 

5812.89 
1.05 

99.35 

5867.35 
2.79 

100.28 

Ten injections Mean'' 
C.V." 

C-Ratio' 

3048.02 
1.95 

104.19 

3073.02 
1.10 

105.05 

2854.21 
0.45 

97.57 

One injection ^ Mean 
C.V. 

C-Ratio 

3158.33 
1.69 

107.97 

2941.01 
1.11 

100.54 

2845.49 
0.58 

97.27 

Mean calculated from n =3-5 replicates 
^ C.V. = (standard deviation of mean / mean) X 100 

C-Ratio is the observed to theoretical concentration of antipyrine X 100 
Mean calculated from 10 injections 

' Ten injections from one test tube (1:10) from a stock of 29.25 jiM 
^ One injection each from 10 test tubes (1:10) from a stock of 29.25 |iM 
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Table 2: Summary statistics for the assay validation of antipyrine 

Antipyrine 
Concentration (nM) 

Within-day C.V.^' Between-day C.V." C-Ratio' 

468.03 6.60 4.70 101.33 

2925.22 1.12 3.49 102.50 

5840.22 2.22 2.18 101.06 

Ten injections 1.16 4.00 102.27 

One injection' 1.12 5.37 101.92 

" Within day C.V. is the mean of the daily coefficients of variation from Table I 
'' Between day C.V. is the coefficient of variation of the means from Table I 
" Mean of the daily C-Ratios 

Ten injections from one test tube (1:10) from a stock of 29.25 [iM 
^ One injection each from 10 test mbes (1:10) from a stock of 29.25 |iM 
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Table 3: Intra- and inter-day statistics for die assay validation of ethanol 

Ethanol Day 1 Day 2 Day 3 
Concentration 

(mM) 

0.10 

3.25 

6.510 

Mean^ 
C.V." 

C-Ratio*^ 

Mean 
C.V. 

C-Ratio 

Mean 
C.V. 

C-Ratio 

0.098 
0.028 

98 

3.14 
0.26 

96.56 

6.31 
0.23 

97.02 

0.11 
0.029 
114.13 

3.10 
0.028 
95.38 

6.72 
0.17 

103.24 

0.10 
0.025 
100.67 

3.19 
0.21 

95.38 

6.61 
0.126 
101.65 

^ Mean calculated from n =3-5 replicates 
C.V. = (standard deviation of mean / mean) X 100 

" C-Ratio is the observed to theoretical concentration of ethanol X 100 
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Table 4: Summary statistics for the assay validation of ethanol 

Ethanol Within-day C.V.^ Between-day C.V.'' C-Ratio 
concentration (mM) 

OTO 0.027 09 109.14 

3.25 0.168 1.42 95.78 

6.510 0.185 3.20 101.06 

^ Within day C.V. is the mean of the daily coefBcients of variation from Table 3 
'' Between day C.V. is the coefficient of variation of the means from Table 4 
" Mean of the daily C-Ratios 
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Table 5 Comparison of experimentally determined extraction ratios (ER) to those 
reported in the literature. 

Drug E.xperimental ER Literature Ref 
Range 
(n') 

Mean ± SD 
(n) 

Flow rate 
(mL/min) 

Type of perfusate 
(Mode) 

Antipyrine 0.077 ±0.01 0.04 ±0.01 15 Krebs-bicarbonate 11 
0.06-0.10 (5) (recirculatory) 

(8) 
0.07 ± 0.02 15 Krebs-bicarbonate 15 

(5) (single-pass) 
0.08 ± 0.03 15 FCrebs-bicarbonate 16 

(5) (single-pass) 

Ethanol 0.56 ±0.15 0.90 ±0.13 12 20% blood perfusate 16 
0.49 - 0.65 (6) (single-pass) 

(6) 
0.50 ±0.11 10 20% blood perfusate 10 

(5) (single-pass) 

Lidocaine 0.86± 0.014 0.90 ± 0.04 10 Krebs-bicarbonate 12 
0.83-0.91 (6) (single-pass) 

(4) 
0.90 ± 0.03 10 Krebs-bicarbonate 17 

(5) (single-pass) 
0.91 ±0.03 7 Krebs-bicarbonate 18 

(4) (recirculatory) 
0.80 ± 0.04 14 BCrebs-bicarbonate 19 

(5) (recirculatory) 

' n is the number of animals used to study the effect of flow on extraction ratio 
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CHAPTER 2 

PARTB 

ESTIMATION OF HEPATIC EXTRACTION RATIOS OF BENZOIC ACID AND 

TOLBUTAMIDE 

INTRODUCTION 

Benzoic acid (BA) is used clinically in the treatment of inborn errors of urea synthesis 

(1). The metabolism of BA is highly dependent upon species. In mammals, BA is 

conjugated with glycine to form hippuric acid. In certain instances the conjugation yields 

benzoyl glucuronide (2). In the rat, hippuric acid is the dominant metabolite, while the 

formation of benzoyl glucuronide occurs only at higher doses (3). In humans, hippuric 

acid is the major metabolite while in the rabbit glucuronidation is known to occur (4). 

Although glycine conjugation occurs in both the liver and the kidney, the liver is the 

dominant and quantitatively the most important organ for this reaction. Glycine 

conjugation proceeds through ATP-dependent activation of the substrate coupling with 

coen2yme A (CoA) prior to the formation of the glycine conjugate i.e., hippuric acid. 

The extraction ratio of BA in the liver has previously been investigated using a in situ 

single pass liver perfusion model in rats (5). The investigators used the method of dual 

perfusion to examine the site of glycine conjugation in the liver. The extraction ratio of 

BA was reported to be 0.6 at concentrations less than 40 |iM. The conjugation of BA was 

found to be dependent on input concentration. 
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Tolbutamide, a sulfonylurea, is used as a hypoglycemic agent. In the rat, tolbutamide is 

primarily converted to hydroxy-tolbutamide. In humans, carboxytolbutamide and 

hydroxytolbutamide are the primary metabolites. Hydroxy-tolbutamide is converted to 

carboxytolbutamide by tolbutamide aldehyde. The extraction ratio of tolbutamide has 

been extensively studied in the isolated perfused rat liver, both in the single-pass as well 

as in the re-circulating mode of perfusion (6, 7). Tolbutamide is a low clearance 

compound and the extraction, as predicted by theory, is affected by plasma protein 

binding. 

The objective of these experiments was to obtain estimates of the extraction ratio of 

benzoic acid and tolbutamide and thereby, obtain estimates of hepatic clearance. All 

experiments were performed in the single-pass mode. 
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EXPERIMENTAL 

Materials: Benzoic acid and tolbutamide were purchased from the Sigma Chemical Co. 

(St. Louis, MO). Acetonitrile, isopropyl alcohol, 0-phosphoric acid and glacial acetic 

acid were purchased from EM Scientific Company (Gibbstown, NJ) 

Animal Preparation: Male Sprague Dawiey rats weighing 270-330 g were used. All 

animals were housed for a week under normal conditions under a 12 hour light/dark 

cycle. Animals were allowed food and water ad libitum. Rats were anesthetized with 

ketamine (40 mg/kg,) and acepromazine (2.5 mg/kg) intraperitoneally. The procedure for 

cannulating the portal vein was as described earlier (Chapter 2, Part A). 

Perfusion experiments: The isolated perfused rat liver apparatus shown and described 

earlier was used in all experiments (Chapter 2, Part A). The following experiments were 

conducted. Benzoic acid (25 ^M) and tolbutamide (40 |aM) were individually perfused at 

a flow rate of 25 ml/min. The duration of infusion was 30 min per experiment. The 

effluent was sampled at 15, 20, 25 and 30 min during each experiment. The reservoir 

(perfusate) was also sampled at 0, 15, 20,25 and 30 min in order to get accurate estimates 

of input concentration. 

Analysis of benzoic acid and tolbutamide: Benzoic acid was quantitated using high 

pressure liquid chromatography (HPLC) (8). Briefly, 100 tiL of sample was diluted 10-
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fold with water and manually injected onto a C,g column (5 |j.m, Microsorb-MV™, Rainin 

Corp., Wobum, MA). The mobile phase used was 26 %v/v acetonitrile: 72 %v/v water: 2 

% v/v glacial acetic acid. The pump (Waters Model 501, Millipore Corporation, Milbum, 

MA) flow rate was set at 1 mL/min. A UV detector (Waters Tunable Absorbance 

Detector, Model 486, Millipore Corp.) was used with the wavelength set at 235 nm. 

Calibration curves were prepared in the range of 0.41 to 8.26 ^iM from a stock solution of 

4.13 mM. A 3-day validation for the analysis of benzoic acid was conducted. Nominal 

concentrations validated were 0.41, 0.82 and 4.13 |iM. 

Tolbutamide was quantitated using high pressure liquid chromatography (HPLC) (6). 

Briefly, 100 of sample was diluted 20-fold and manually injected onto a C,g column 

(5 |im, Microsorb-MV™, Rainin Corp). The mobile phase used was 17 %v/v isopropyl 

alcohol: 17 %v/v acetonitrile: water 66 %v/v (containing 0.1% v/v, 0-phosphoric acid). 

The pump (Waters Model 501, Millipore Corporation, Milbum, MA) flow rate was set at 

1 mL/min. A UV detector (Waters Tunable Absorbance Ddetector, Model 486, Millipore 

Corp.) was used with the wavelength set at 228 nm. Calibration curves were prepared in 

the range of 0.092 to 2.95 |J.M from a stock solution of 1.84 mM. A 3-day validation for 

the analysis of tolbutmide was carried out. Nominal concentrations validated were 0.92 

and 1.84 tiM. 

Data Analysis: The hepatic availability (F) was estimated as follows. 

p _ C out, ss 

C in 
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where C 'S the mean of the output concentrations, Cj„ is the mean of the input 

concentrations measured over each perfusion period. 

The extraction ratio (ER) is defined as, 

ER,=1 -F 

The intrinsic clearance (CL,nt), a measure of enzymatic activity of the drug is calculated 

as, 

. ERSS«QH 
L.L mt = 

F 

where QH is hepatic blood flow, in this case the perfusate flow. 

The extraction ratio can also be defined by the well-stirred model (venous-equilibrium 

model) as: 

fu X CL int ER = 
QH + fu X CL int 

where f^ is the fraction unbound and QH is hepatic blood flow. 
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RESULTS 

The results from the assay validation for benzoic acid are described in Tables I and 2. 

The between-day coefficients of variation ranged from 6.77 to 12.01% and within-day 

coefficients of variation ranged from 1.79 to 13.02 %. The C-Ratio, a measure of 

accuracy, was between 102.23 to 105.96 % for concentrations of 0.41, 0.82 and 4.13 

}iM.. The results from the assay validation for tolbutamide are described in Tables 3 and 

4. The between-day coefficients of variation were 2.58 and 5.63 % and the within-day 

coefficients of variation were 2.62 and 4.61%. The C-Ratio was between 101.63 to 

101.21 % for the nominal concentrations of 0.92 and 1.84 ^M, respectively. 

In each preparation, an initial visual evaluation of the liver was conducted. Any 

preparation which appeared spotted or blotchy was discarded. 

Benzoic acid steady state conditions were reached within 15 min. Results from a 

representative single-pass experiment are shown in Figure 1. The figure illustrates a 

constancy in effluent drug concentration, an indicator of viability during the course of 

the experiment. Table 5 describes the pharmacokinetic parameters for benzoic acid from 

perfusion experiments. The estimation of in vivo hepatic clearance from intrinsic 

clearance requires an hepatic model. The venous equilibrium model, relates hepatic blood 

flow and fraction unbound to intrinsic clearance allowing an interpretation based on 

circulating blood concentrations. An hepatic blood flow of 22 mL/min (60 mL/min*k;g) 

and fraction unbound of 0.13 were used to estimate the extraction ratio of benzoic acid. 
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Tolbutamide steady state conditions were reached within 10 min. Results from a 

representative single-pass experiment are shown in Figure 2. The figure illustrates a 

constancy in effluent drug concentration, an indicator of viability during the course of 

the experiment. Table 6 describes the pharmacokinetic parameters for tolbutamide from 

perfusion experiments. An hepatic blood flow of 22 mL/min (60 mL/min«kg) and 

fraction unbound of 0.25 were used to estimate the hepatic clearance of tolbutamide. 
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DISCUSSION 

The experimental considerations are similar to those discussed in part A. All experiments 

were performed in the single-pass mode. Thus, steady-state concentrations reflect 

disappearance of the parent compound due to metabolism only. Since we have 

previously extensively characterized the system for oxygen consumption ability, oxygen 

extraction experiments were not routinely conducted during extraction ratio estimates of 

benzoic acid and tolbutamide. 

Benzoic acid extraction has been shown to be concentration-dependent at concentrations 

greater than 40 jiM; the concentration used in our experiments are lower than 40 |iM. 

Benzoic acid or its metabolites are not excreted into the bile in any significant amount, 

thus, the bile duct was not carmulated. Table 7 compares the experimentally determined 

extraction ratio with those published in the literature. The extraction ratio of benzoic acid 

estimated here compares extremely well with previously reported values. However, the 

calculated hepatic clearance underestimates the hepatic clearance reported in the 

literature. 

Tolbutamide has been reported to be a poorly extracted molecule. The extraction ratio 

estimated in our experiments are higher than those reported in the literature. However, 

tolbutamide significantly binds to plasma proteins, primarily albumin. Since our 

experimental system uses no albumin, the fraction unbound is unity. According to 

principles of hepatic clearance, as the fraction unbound decreases for a poorly extracted 

molecule, the extraction ratio will decrease. Thus, when the hepatic clearance is estimated 
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using a fraction unbound of 0.25, the hepatic clearance compares well with previously 

published reports. As tolbutamide or its metabolites are not excreted into the bile, the bile 

duct was not carmulated. Table 7 compares the experimental extraction ratio of 

tolbutanide with reported values. The hepatic clearance of tolbutamide is well predicted. 

In conclusion, the isolated perfused rat liver was used to determine the extraction ratio of 

benzoic acid and tolbutamide. The calculated hepatic clearance of benzoic acid 

underestimated the in vivo hepatic clearance, while the calculated hepatic clearance of 

tolbutamide reasonably predicts the in vivo hepatic clearance. Since both benzoic acid and 

tolbutamide are bound to albumin, it may be essential to incorporate albumin in the 

perfusing medium to better estimate in vivo hepatic clearance. 
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Figure 1: Benzoic acid effluent (•) and input (•) concentrations in a representative 
single-pass experiment. The mean extraction ratio (n=4) is 0.53 ± 0.04. The mean hepatic 
clearance is 4.43 ± 0.84 mL/min. 
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Figure 2: Tolbutamide effluent (•) and input (•) concentrations in a representative 
single-pass experiment. The mean extraction ratio (n=4) is 0.20 ± 0.07. The mean hepatic 
clearance is 1.52 ± 0.59 mL/min. 



Tablet: Intra-and inter-day statistics for the assay validation of benzoic acid 

Benzoic acid Day I Day 2 Day 3 
Concentration 

(^M) 

0.41 Mean"" 0.36 0.62 0.48 
C.V." 5.0 4.76 3.09 

C-Ratio"^ 89.18 109 112 

0.82 Mean 0.77 0.87 0.87 
C.V. 1.6 2.7 1.90 

C-Ratio 94.23 106.23 106.25 

4.13 Mean 4.58 4.66 3.92 
C.V. 3.65 1.96 2.99 

C-Ratio 110.06 112.89 94.95 

" Mean calculated from n =3-5 replicates 
'' C.V. = (standard deviation of mean / mean) X 100 
' C-Ratio is the observed to theoretical concentration of benzoic acid X 100 



Table 2: Summary statistics for the assay validation of benzoic acid 

Benzoic acid Within-day C.V/ Between-day C.V.'' C-Ratio 
Concentration 

(HM) 

oH 13.02 Oji 103.39 

0.82 6.28 6.77 102.23 

4.13 1.79 9.10 105.96 

Within day C.V. is the mean of the daily coefficients of variation from Table 1 
Betw^een day C.V. is the coefficient of variation of the means fi:om Table 1 

' Mean of the daily C-Ratios 
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Table 3: Intra- and inter-day statistics for the assay validation of tolbutamide 

Tolbutamide Day I Day 2 Day 3 
Concentration 

(mM) 

0.92 Mean 0.97 0.95 0.89 
C.V. 2.82 2.03 3.02 

C-Ratio 105.64 102.78 96.47 

1.84 Mean 1.94 1.91 1.75 
C.V. 3.27 3.60 3.09 

C-Ratio 105.19 103.78 94.68 

Mean calculated from n =3-5 replicates 
" C.V. = (standard deviation of mean / mean) X 100 
" C-Ratio is the observed to theoretical concentration of tolbutamide X 100 
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Table 4: Summary statistics for the assay validation of tolbutamide 

Tolbutamide Within-day C.V.® Between-day C.V.** C-Ratio" 
concentration 

(^M) 

0.92 2.62 4.61 101.63 

1.84 2.58 5.63 101.21 

" Within day C.V. is the mean of the daily coefficients of variation from Table 3 
'' Between day C.V. is the coefficient of variation of the means from Table 3 

Mean of the daily C-Ratios 
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Table 5: Pharmacokinetic parameters from perfusion experiments for benzoic acid 

Rat F ER CL.„, CL H '  

(ml/min) (ml/min) 

1 0.43 0.56 32.52 4.83 

2 0.41 0.58 34.68 5.08 

3 0.49 0.51 26.05 4.05 

4 0.51 0.49 29.25 4.43 

Mean ± SD 0.46 ± 0.04 0.53 ± 0.04 29.25 ±5.18 4.43 ± 0.62 

'Calculated using the well-stirred model, an hepatic blood flow of 22 mL/min (60 

niL/min«kg in a rat) and a fraction unbound (fii) of 0.13 (5) 
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Table 6: Pharmacokinetic parameters from perfusion experiments for tolbutamide 

Rat F ER CL,„, CL H '  

(ml/min) (ml/min) 

1 0.78 0.21 6.89 1.59 

2 0.89 0.10 2.80 0.69 

3 0.73 0.27 9.18 2.07 

4 0.76 0.23 7.59 1.74 

Mean ± SD 0.79 ± 0.07 0.20 ± 0.07 6.62 ±2.71 1.52 ±0.59 

'Calculated using the well-stirred model, an hepatic blood flow of 22 mL/min (60 

ml/min*kg in a rat) and a fraction unbound (fu) of 0.25 (6) 
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Table 7 Comparison of experimentally observed and reported extraction ratios (ER) and 

predicted and calculated hepatic clearances (CL„). 

[n vitro ER In vivo CLH (mL/min) 

Drug Observed 

(Range) 

Reported Predicted Observed 

Benzoic acid 0.53 ± 0.04 

(0.49-0.58) 

0.59 ±0.09' 4.43 ±0.62 11.7^ 

Tolbutamide 0.20 ± 0.07 

(0.10-0.27) 

0.25 ±0.04' 

0.05 ± 0.03^ 

1.52 ±0.59 0.4' 

' From ref (5) Krebs-bicarbonate buffer with 20 % ElBC and 4 g/L albumin; perfusion 
flow rate was 10 mL/min 
" From ref (9) 
^ From ref (6) Krebs-bicarbonate buffer; perfusion flow rate was 15 mL/min 
* From ref (10) 
^ From ref (6) Krebs-bicarbonate buffer with 4 g/L albumin; perfusion flow rate was 15 
mL/min 
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CHAPTER 2 

PARTC 

COCAINE AND ETHYLCOCAINE (COCAETHYLENE) EXTRACTION IN THE 
ISOLATED PERFUSED RAT LIVER: EFFECT OF SUBSTRATE 

CONCENTRATION AND THE PRESENCE OF ETHANOL 

INTRODUCTION 

Cocaine abuse has steadily increased in the United States over the past two decades. 

Associated with such abuse is a myriad of toxic effects, loss of life and decrease in 

productivity. While research in the field of cocaine abuse has steadily increased, there has 

been considerable recent interest in exploring potential drug interactions between cocaine 

and other drugs of abuse. Among such drugs the coingestion of ethanol with cocaine 

seems particularly widespread. Approximately 12 million Americans have stated that 

they have used both a combination of cocaine and alcohol (1). Although, the exact 

reason for this high rate of co-abuse is unknown, it is suggested that alcohol is used in 

conjunction with cocaine to modify the effects of cocaine. Alcohol has been known to 

influence the metabolism of drugs through induction or inhibition of liver enzymes (2) 

and carboxylesterase-catalyzed hydrolysis of cocaine (3). Cocaine has already been 

shown to be toxic in animals (4); this toxicity is exacerbated by concurrent ethanol 

administration in mice (5) and rat (6). The cocaine-ethanol interaction, produces a new 

metabolite, cocaethylene (ethylcocaine; benzoylecgonine ethyl ester) formed as a result of 

the trans-esterification of the methyl group of cocaine with the ethyl group from ethanol 
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by carboxylesterases located in the liver and elsewhere (see Scheme I). The combination 

of cocaine and ethanol produces a clinically significant increase in heart rate when 

compared with placebo and cocaine (7). No changes were observed in systolic and 

diastolic blood pressure. A significant observation was the increase in subjective effects, 

namely euphoria. An important pharmacokinetic finding from this clinical study was 

elevated cocaine plasma concentration, leading to the present hypothesis of metabolic 

inhibition of cocaine in the presence of ethanol (8). In forensic samples both cocaine and 

alcohol are frequently identified in biological samples from fatally injured drivers. 

Cocaethylene has been measured in postmortem blood, liver and brain samples in 

cocaine-related deaths (9). Evidence to indicate the activity of cocaethylene is well 

documented. The locomotor response of rats to cocaethylene was comparable to that of 

cocaine (10). Self administration studies indicate that cocaethylene replaces cocaine 

completely in a dose-dependent manner. Cocaethylene produces subjective effects 

comparable to those produced by a dose of cocaine (11). 

The purpose of the study presented here was to determine the hepatic extraction and 

clearance of cocaine and cocaethylene as a function of concentration and in the presence 

of ethanol. An isolated perfused rat liver preparation was used for this purpose. 
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EXPERIMENTAL 

Materials: Cocaine hydrochloride, cocaethylene, norcocaine and benzoylecgonine were 

generously provided by the Research Triangle Institute (Research Triangle Park, NC) 

through the National Institute on Drug Abuse. Acetonitrile (HPLC grade) was obtained 

from E. Merck (Gibbstown, NJ). Ethyl acetate (HPLC grade) was purchased from J. T. 

Baker (Phillipsburg, NJ). Pentanesulfonic acid (HPLC grade) was purchased from 

Eastman Kodak Company. Potassium phosphate (monobasic), sodium carbonate 

(anhydrous), sodium bicarbonate (analytical grade) were obtained from Fisher Scientific 

company (Fairlawn. NJ). Ethyl alcohol (dehydrated alcohol) was purchased from 

Quantum Chemical Corporation (Tuscala, IL). RPMI 1640 medium was obtained from 

GIBCO, BRL.(Grand island, NY). Ketamine(Ketaset®) and acepromazine were obtained 

from Sigma Chemicals (St. Louis, MO). 

Animal Preparation: Male Sprague Dawley rats weighing 270-330 g were used. All 

animals were housed for a week imder normal conditions and a 12 hour light/dark cycle. 

Animals were allowed food and water ad libitum. Rats were anesthetized with ketamine 

(40 mg/kg,) and acepromazine (2.5 mg/kg) intraperitoneally. With the animal lying on its 

back the abdomen is swabbed with 75% v/v edianol and a ventricular longitudinal 

incision made from the pubis to just below the diaphragm to expose the portal vein. A 

needle previously attached to the perfusion apparatus with perfusate flowing through the 

system was then inserted into the portal vein and secured. The flow rate was increased to 



25 mL/min. The perfusate is allowed to run into a waste container. The entire liver was 

then removed by separating it from other organs and connective tissues. The liver, 

attached to the perfusion apparatus, was attached to a stand. The entire procedure takes 

approximately 5 min after the animal is anesthetized. The procedure and apparatus is 

identical to the one described earlier (Chapter 2. Part A). 

Perfusion experiments: The perfusate used in all experiments was RPMI 1640. 

reconstituted using distilled water. The pH was adjusted to 7.4. The perfusate was placed 

in a reservoir of appropriate size and placed in a water bath, previously warmed to 37°C. 

Prior to experimentation the reservoir was placed in the oven and gas was bubbled in. 

Three groups of experiments were conducted. To ascertain whether cocaine metabolism 

is operating under first-order conditions cocaine input concentrations (0.9-27.6 |iM) were 

infused in a stepwise manner. In any given experiment two concentrations were studied. 

The experiments were designed such that the concentrations were always increased. The 

interaction of cocaine and ethanol was studied by perfusing either cocaine (2.6 and 6.1 

|j.M) alone or simultaneously with ethanol (5, 10, 30 mM). Similarly, the interaction 

between cocaethylene (1.7 and 5.8 |iM) and ethanol (30 mM) was studied. The duration 

of perfusion ranged from 35-45 min per perfusion period. The effluent was sampled at 15. 

25 and 35 min during each perfusion period. The reservoir was also sampled at each 

corresponding time to get an accurate estimate of input concentrations. In any experiment 

only two perfusion periods were used. For example, in an experiment to study the effect 
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of cocaine concentration on cocaine hepatic availability, the first period would involve 

perfusion at a lower concentration followed by perfusion at a higher concentration. At the 

end of each experiment, the liver was weighed. Liver viability was assessed by gross 

appearance, oxygen consumption and constancy in effluent drug concentration. 

Analysis of cocaine and its metaboiites: Cocaine and its metabolites were assayed using 

reversed phase HPLC (12). Briefly, to a 0.1 mL sample, was added 50 uL of internal 

standard (tropacocaine, 1 p.g/mL) and 200 uL of 0.5 M carbonate buffer (pH 9.1). The 

mixture was extracted with 2.0 mL of ethyl acetate by shaking (10 min). followed by 

centrifiigation (1200 g) for 3 min. The organic phase was separated and assayed for 

cocaine, norcocaine and cocaethylene. The aqueous phase was assayed for 

benzoylecgonine. 

The organic phase was back extracted into 150 |iL of 0.05 M HCL. The mixture was 

shaken for 10 min and centrifuged (1200 g) for 3 min. The organic phase was discarded. 

The aqueous phase was evaporated using a centrifugal evaporator (Savant, Farmingdale. 

NY). The residue was dissolved in 150 {aL of mobile phase (100 mM pentane sulfonic 

acid and 50 mM monobasic potassium phosphate, pH 6.0: 76%. v/v) and acetonitrile 

(24%, v/v) and injected onto a Nova-Pak Cj column (Waters, Milford, MA). The pump 

flow rate was 1.3 mL/min and the column effluent was monitored using a 486 UV 

detector at a wavelength of 235 nm. 
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For the assay of benzoylecgonine, to the initial aqueous phase was added 50 uL of 

internal standard (theophylline, 10 ng/mL). The mixture was extracted with 2.0 mL of 

chloroform and isopropyl alcohol (2:1) by shaking (10 min), followed by centrifugation 

(1200 g) for 3 min. The organic phase was separated and back-extracted with I mL of 

0.05 M HCl by shaking (10 min), followed by centrifugation (1200 g ) for 3 min. The 

aqueous phase was separated and evaporated. The residue was dissolved in 150 f^L of 

mobile phase (25 mM monobasic potassium phosphate, pH 6.9, 96.3%, v/v), acetonitrile 

(3 %, v/v) and tetrahydrofliran (0.8 %, v/v) and injected onto a Supelco C|g column 

(Bellefonte, PA). The pump flow rate was 1.3 mL/min and the column effluent was 

monitored using a 486 UV detector at a wavelength of 235 nm. 

The inter- and intra-day coefficients of variation for the assay were reported to be < 18% 

at low concentrations and < 12% at high concentrations (12). 

Data Analysis: The hepatic availability (F) was estimated as follows. 

p _ C out,  ss 

C in 

where C is the mean of the output concentrations, C,„ is the mean of the input 

concentrations measured over each perfusion period. 

The extraction ratio (ER) is defined as, 

ER^=1 -F 



88 

The intrinsic clearance (CLjJ, a measure of enzymatic activity of the drug is calculated 

as, 

ERss • QH 
LL mt = , 

F 

where QH is hepatic blood flow, in this case the perfusate flow. 

The relationship between CLi„, and Michaelis-Menten parameters can be defined by the 

following equation (13): 

r j  •  -  Ymax 
^'-'int , p 

*-out 

i  _  Km 1 
+ • 

^Ljnt Ynax Ymax 
(Cout) 

Therefore, a plot of l/CLj„, versus gives a slope of and an intercept of 

V max* 

The hepatic availability of cocaine as a function of input concentration was analyzed 

using one-way analysis of variance (ANOVA), followed by multiple comparisons of each 

treatment group using Student-Newman-FCeuls test. The hepatic availabilities were 

grouped by input concentrations. The effect of ethanol on the hepatic availability of 

cocaine was analyzed at each cocaine concentration using the Student paired t-test. The 

hepatic availability at the two target cocaine concentrations (3.3 and 6.6 i^M) were 

compared using the Mann-Whitney rank sum test. Further, the effect of ethanol on the 

hepatic availability of cocaine was analyzed using the pooled data using the paired t-test. 
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The interaction of cocaethylene and ethanol was studied using the paired t-test. The level 

of significance for ail analyses was set at P = 0.05. 
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RESULTS 

The results of the measurements of perfusate pH and partial pressures of oxygen (PO,) 

from the viability experiment are shown in Figure 1. Both the perfusate pH and the 

perfusate PO, remained constant during the entire period of perfusion. The large 

difference in inflow-outflow PO, is a good indication of effective oxygen utilization. 

Upon continuous infusion of cocaine, a steady state is reached when outflow cocaine 

concentrations reach a constant value. In all cases, a steady state concentration of cocaine 

was reached within 15 min after the start of the perfusion (Figure 2A). Figure 2A also 

illustrates cocaine steady state concentrations in the presence of ethanol. Figure 2B 

illustrates cocaethylene steady state concentrations on continuous perfusion of 

cocaethylene in the presence and absence of ethanol. Cocaethylene steady state 

concentrations were reached within 15 min. Both cocaine and cocaethylene are efficiently 

removed from the perfusate. The effect of cocaine input concentration on hepatic 

availability is shown in Figure 3. A low hepatic availability (high extraction ratio) is 

indicated at the lower input concentrations. The data were grouped to include a range of 

concentrations. The latter was done to facilitate statistical comparison. Figure 4 which is 

a plot of 1/CL,„, versus gives a slope of W^ax ^ intercept of K„/ V,„„. was 

calculated to be 0.265 [imole/min and 1.24 [iM. CLj„, was calculated to be 213 

mL/min (ratio of and K^). 

Analysis of the metabolic profiles revealed that de-methylation of cocaine to norcocaine 

was the pathway not saturated in the concentration range studied (Figure 5). This pathway 
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is a minor one and represents about 5% of the conversion of cocaine. The hydrolysis of 

cocaine to benzoylecgonine approaches saturation when the input cocaine concentrations 

are greater than 6 (Figure 6). The effect of ethanoi on the hepatic availability of 

cocaine is shown in Figure 7. The mean availability of cocaine at concentrations of 2.6 

and 6.1 |i.M were not significantly different from the mean hepatic availabilities after 

ethanoi treatment. Thus, on co-perflision, ethanoi did not affect the hepatic availability of 

cocaine. The effect of ethanoi on the hepatic availability of cocaethylene is shown in 

Figure 8. The mean availability of cocaethylene at concentrations of 1.7 and 5.8 |iM were 

not significantly different from the mean hepatic availabilities after ethanoi treatment. 

Thus, on co-perfiision, ethanoi did not affect the hepatic availability of cocaine. 
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DISCUSSION 

We have employed a simple isolated perfused liver apparatus to study the imeraction 

between cocaine, cocaethylene and ethanol. The versatility of the single-pass isolated 

perfused rat liver apparatus is clearly demonstrated. The input conditions can easily be 

manipulated, thereby, allowing multiple conditions to be tested within a finite lifetime of 

the preparation. The hepatic availability of cocaine is concentration-dependent. To our 

knowledge this study is the first to estimate the actual extraction of cocaine across the 

liver. There is evidence to suggest non-linearity in the clearance of cocaine. However, 

more determinations of hepatic availability at higher input concentrations may be 

required. The metabolism of cocaine involves at least three different types of reactions 

namely, hydrolysis, transesterification and N-demethylation. Cocaine is converted to 

benzoylecgonine by carboxylesterases present in the liver. The N-demethylation of 

cocaine to norcocaine is catalyzed by a cytochrome P-450 either directly or by oxidation 

of cocaine to cocaine-N-oxide by a FAD containing mono-oxygenase (14). Norcocaine 

represents a minor pathway in the overall metabolism of cocaine albeit an important one. 

since, norcocaine exhibits activity (15). We have used a maximum ethanol concentration 

of 30 mM in our experiments. The observed non-linearity in cocaine clearance could 

explain the observed non-linearity seen in humans (16). Blood alcohol concentrations are 

reported to be in the range of 30 to 460 mg/lOOmL (6.5 to 100 jiM) in postmortem cases 

involving ethanol (17). Ethanol does not significantly alter the hepatic availability of 

cocaine. These observations and conclusions are consistent with previous experiments 
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(18, 19). Other experiments also indicate that alcohol intoxication does not alter cocaine 

pharmacokinetics in the rat brain and heart (20). An ethanol cocaine interaction study 

(21) reports increased bioavailability of cocaine following ethanol pretreatment based on 

an increased area under the cocaine plasma concentration-time curve. However, the 

authors used a short blood sampling period which could lead to an error in the estimation 

of the elimination rate constant. Secondly, altered area under the concentration-time curve 

could be a result of altered clearance. The estimated CLjn, from perfusion experiments 

correlates well with the CLi„, of 187 mL/min obtained from intraperitoneal dosing (22). 

Ethanol did not significantly alter the hepatic availability of cocaethylene. From previous 

experiments (22), the area under the plasma concentration-time curve (AUG) of 

cocaethylene is increased on administration with ethanol. This increase in AUG was 

statistically not significant. These in vivo results agree with our results involving 

cocaethylene and ethanol. In summary, both in vivo and in vitro experiments are being 

used to answer questions involving cocaine and ethanol interaction. The use of the IPRL 

allows investigation of the metabolic interaction between ethanol and cocaine and its 

metabolite cocaethylene. These experiments allow confirmation of findings from 

ongoing in vivo experiments and further illustrate the use of the IPRL as a tool to predict 

intrinsic clearance and study drug interactions. 

In summary, the hepatic availability of cocaine is low and dependent on input 

concentration. The dose- dependency in the hepatic availability of cocaine is probably 
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due to the saturation in the metabolism to benzoylecgonine. Both cocaine and 

cocaethylene were not affected by the presence of ethanol. 
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Scheme 1: Ethyl transesterification of cocaine to cocaethylene 
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Figure 1: Mean perfusate pH (A) and PC, (B) from perfusion experiments. Measurements 
were made on samples collected from the inflow perfusate (•) and outflow (effluent) 
(A). 
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Figure 2: Representative results from a single-pass perfusion experiment. The dashed 
vertical line represents the time at which the input condition (i.e., perfusing solution) was 
changed. 
A. Cocaine effluent concentrations (•) as a function of time in the absence (left) and the 
presence (right) of ethanol (30 mM). Cocaine perfusing concentration was 6 fiM (•). 
B. Cocaethylene effluent concentrations (•) as a flmction of time in the absence (left) and 
the presence (right) of ethanol (30 mM). Cocaethylene perfusing concentration was 5.8 
^M(#). 
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Figure 3: Box and whisker plots of cocaine hepatic availability (F) versus average input 
cocaine concentration. The input cocaine concentrations have been divided into 6 groups. 
The box represents the inter-quartile range (i.e., the 25'" and TS'*" percentiles). The cross-
hatched vertical bars represent the 10 and 90"* percentiles and the solid points are 
experimental values outside of that range. The results of ANOVA indicate significant 
differences as a function of input cocaine concentration (P<0.0001). 
The inset is a plot of cocaine hepatic availability (F) versus input cocaine concentrations 
shoviang all data (n=29). 
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Figure 4: Plot of reciprocal of cocaine intrinsic clearance (l/CLjn,) as a function of 
cocaine steady-state output (effluent) concentration. The solid line is the line of 
regression and gives a slope of l/V^^x and an intercept of K^,/ was calculated to 
be 0.265 |imole/min and 1.24 |i.M. CLj„, was calculated to be 213 rtiL/min (ratio of 
V^and K„). 
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Figure 5: Plot of output norcocaine concentration versus input cocaine concentration. 
The line of regression forced through the origin has a slope of 0.049 (r^ = 0.95). The slope 
indicates the fraction of cocaine converted to norcocaine. One value (open circle) has not 
been used in the regression analysis. 
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Figure 6: Box and whisker plots of output benzoyiecgonine concentration versus average 
input cocaine concentration. The input cocaine concentrations have been divided into 6 
groups. The box represents the inter-quartiie range (i.e., the 25"* and 75"* percentiles). The 
cross- hatched vertical bars represent the 10 and QO* percentiles and die solid points are 
experimental values outside of that range. 
The inset graph is a plot of output benzoyiecgonine concentration versus input cocaine 
concentrations showing all data (n=29). 
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Figure 7: The hepatic availability (F) of cocaine (2.6 or 6.1 jiM) in the absence and 
presence of ethanol. The mean availability of cocaine (n=7) at 2.6 |iM was 0.1 ± 0.09. 
This value was not significantly different firom that in the presence of ethanol (5, 10. 30 
mM) treatment (0.13 ± 0.10, pooled data). The mean availability of cocaine (n=2) at 6.1 
I^M was 0.13 compared to a value of 0.21 in the presence of 30 mM ethanol. The pooled 
data were not significantly different at 2.6 and 6.1 jim (control vs. ethanol). 
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Figure 8: The hepatic availability (F) of cocaethylene (1.7 and 5.8 jim) in the absence 
and presence of ethanol. The mean availability of cocaethylene (n=4) at 1.7 |am was 0.1 ± 
0.16. This value was not significantly different firom that in the presence of ethanol (30 
mM) (0.12 ± 0.12). The mean availability of cocaethylene (n=2) at 5.8 jam was 0.21 
compared to a value of 0.25 in the presence of 30 mM ethanol. 
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CHAPTERS 

THE PREDICTION OF IN VIVO HEPATIC CLEARANCE OF SELECTED 

COMPOUNDS USING PRECISION-CUT LIVER SLICES 

INTRODUCTION 

Since the use of the liver slice was first reported, the preparation of tissue slices for use in 

in vitro experiments has progressed from using free-hand cutting methods to the newer 

more sophisticated precision-cut liver slicing apparatus (1). These new methods are used 

to produce organ slices from which highly reproducible data can be generated. This 

discussion will be limited to the slicing of liver tissue. 

There are several important considerations that make the use of liver slices highly 

attractive. The most important is that slices contain all cell types which are representative 

of the liver, maintained in their normal spatial relationship. The preparation of slices is 

relatively "economical". About 75 slices can be obtained from one adult rat while almost 

10-20,000 slices can be obtained from an average adult human liver. The preparation of 

liver slices across species is similar. Thus, the liver slice serves as an excellent 

complement to other in vitro techniques, as it has a level of cellular organization in 

between the isolated cell and the isolated perfused liver. 

As part of the regulatory process it is mandatory to characterize the metabolism of 

candidate compounds. This process is usually carried out in vivo in the rat, dog and 

monkey, complemented by in vitro studies. In vitro enzyme systems are routinely used to 
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screen compounds to predict hepatic availability (and first-pass hepatic metabolism) and 

potential drug-drug interactions (2). The increase in the availability of human tissue, 

allows the investigator greater flexibility in addressing specific questions. Human tissue 

is currently obtained via subjects who have undergone biopsy or organ donation. Tissue 

obtained from organ donation is tissue that was not suitable for transplant. Liver slices 

allow an easy method for the investigator to use human tissue in characterizing the 

metabolism of compounds. 

Slice preparation devices: The earlier studies using slices used hand held equipment. 

Microtomes such as the Stadie-Riggs microtome were used to produce slices (3). These 

slices tended to be thick and required great skill in preparation. 

Slices prepared using mechanical methods are made more easily and rapidly than hand

held methods. The different types of mechanical slicers used are: 

i. Mcllwain tissue slicer: The introduction of this device allowed the preparation of 

reproducible slices between 100 to 1000 ^iM in thickness (4). It has been used most 

extensively for brain and lung slices. 

ii. Precision-cut liver slicer: The introduction of the precision-cut liver slicer allowed for 

the production of relatively thin slices of consistent thickness, fi:om a range of organs 

and species. The two precision-cut liver slicers in use are: 

A. Krumdieck tissue slicer: This slicer is fully automated, uses an oscillating blade and a 

circulating buffer that carries away the slice to a trap (5). 
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B. BrendelA/^itron tissue slicer: This instrument includes cutting slices in a cooled 

circulating buffer. The Vitron slicer uses a rotating blade employing the whole cutting 

surface with limited mechanical adjustments. 

The advantages and disadvantages of the two new slicers are listed in Table I 

Considerations in using precision-cut liver slices: The use and preparation of 

precision-cut liver slices has been extensively reviewed (6, 7). The important factors to 

consider are: 

a. Treatment of liver tissue prior to slicing: Fresh laboratory animal liver is placed 

immediately upon excision from the animal into cold tissue culture medium. If storage of 

the tissue is required it should, if possible, be perfused with the University of Wisconsin 

solution, V-7 or Euro-Collins solution. In most cases a suitably balanced buffer with 

glucose can be used. If the experiment requires incubation for greater than 8 hours, 

suitable antifiangal and antibacterial agents are usually added. 

b. Preparation of tissue slices: Tissue cores are prepared using hand-held coring tools 

(5, 8 or 10 mm diameter) or motor driven equipment. Following the preparation of 

several uniform cores they are placed in a cylindrical plastic holder and lightly 

compressed with a piston holding adjustable weights. The thickness of the slice is 

detennined by the combination of the distance between an adjustable base plate on the 

bottom of the tissue holder and the weight on the piston above. Slices are produced by 

pulling the immobilized weighted tissue across a circulating razor or oscillating razor 
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blade. The slice is then swept away in a stream of buffer and collected in a basket, pooled 

and transferred to the final culture vessels. Tissue slicing is performed using a cold 

slicing buffer (4-l2°C), gassed with carbogen (95% % COJ. The cutting speed is 

important in preparing tissue slices. A slower slicing rate is used for die rat liver since it 

is easily compressible. Human tissue can be sliced at a more rapid rate. Slices are cut to a 

thickness which allows for an easy exchange of oxygen and other nutrients from die 

media. Rat slices are usually prepared at an optimal thickness of 200-250 |iM. Slices are 

sensitive to physical damage and require care while handling. 

c. Incubation of Liver Slices : To overcome the problems associated with a static 

system, a dynamic system was developed. This system allows the upper and lower 

surfaces of the tissue to be exposed to the gas phase by floating the tissue in a stainless 

steel mesh tube. The tubes are rolled from rectangular pieces of stainless steel screen and 

held in that shape by rings at both ends. The cylinders are then placed horizontally into a 

scintillation vial which contains enough medium (usually 1.7 mL -2 mL) to wet the tissue 

from the underside. Vials are then placed on a vial rotor operating at 1-4 rpm in a box 

which is gassed with an appropriate gas mixture. The vial rotator is housed in an 

incubator to minimize effects of temperature change. A schematic representation of the 

various steps in the preperation and incubation of slices is shown in Figure 1. Figure 2 

illustrates the BrendelA/^itron slicer used in preparing liver slices. 
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Experiments for eight hours or less require a simple balanced salt solution or tissue 

culture media. These experiments are usually conducted to study the metabolism of 

compounds (8). Longer experiments require a nutrient rich media and are used to 

investigate metabolism as well as toxicity. Methods employing precision-cut liver slices 

have been used to study the metabolism of compounds and in comparing the metabolism 

between species (see Table 2). Fisher et al., (17) have correlated metabolic rates and 

toxicity of bromobenzene derivatives using rat liver slices. Recently, the potential of liver 

slices to generate kinetic data has been demonstrated. Initial rate metabolism experiments 

have been conducted using ethoxycoumarin, tolbutamide (8), caffeine, phenytoin and 

diazepam (10). 

In the current study, the intrinsic clearance of benzoic acid and tolbutamide was estimated 

using rat and human liver slices using initial rate experiments. The calculated hepatic 

clearance was compared to previously published estimates of hepatic clearance. 
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EXPERIMENTAL 

Materials: Hippuric acid, tolbutamide and benzoic acid were purchased from Sigma 

Chemicals (St. Louis, MO). 4-hydroxytolbutamide was purchased from Research 

Biochemical International (Cambridge, MA). 

Slice preparation and incubation : Male Sprague Dawley rats (270-330 g) were used in 

all experiments. Animals were housed under normal conditions and under a 12 hour 

light/dark cycle. Animals were anesthesized with ketamine (40mg/Kg) and acepromazine 

(2.5mg/Kg). administered intraperitoneally. The liver was quickly excised and placed in 

cold V-7 preservation buffer (Vitron, Inc., Tucson, AZ). Cores of tissue were prepared 

using an 8mm hand held coring tool. Slices were prepared using a BrendelA/itron slicer 

with ice cold V-7 preservation buffer (Vitron, Inc., Tucson, AZ) and loaded onto titanium 

screen meshes housed in teflon inserts (Vitron, Inc., Tucson, AZ). The insert was 

transferred to vials containing 1.7 mL Waymouth's media, pH 7.4 (Sigma, St.Louis. 

MO). All vials were placed in a Dynamic Organ Culture Incubator (Vitron. Inc., Tucson, 

AZ) and gassed with 95%02:5%C02 After 1 hour, the vials were removed. The inserts 

were transferred into fresh vials containing drug in Krebs-bicarbonate buffer, pH 7.4 

(Sigma chemicals, St.Louis, MO). All incubations were conducted in duplicate and 

conducted for 60 min. At the end of each incubation, slices were weighed and stored in 

distilled water for further analysis. At the end of the incubation period, the incubate was 

sampled and stored at -20''C until analysis. The following incubations for each drug were 
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carried out. Benzoic acid conjugation in rat liver slices was studied using five 

concentrations in die range of (1.6-320 ^M) while conjugation in human liver slices was 

studied using six concentrations in the range (12.5-300 jiM). Tolbutamide hydroxylation 

in rat liver slices was studied using six concentrations in the range of (0.1 - 2 mM). 

Tolbutamide hydroxylation in human liver slices was determined using six concentrations 

in the range of 50 - 600 |iM. 

Drug analysis: Hippuric acid was quantitated using high pressure liquid chromatography 

(HPLC) (18). Briefly, 100 |aL of sample was injected onto a C|g column (5 |am, 

Microsorb-MV^". Rainin Corp., Wobum, MA). The mobile phase used was 24 %v/v 

acetonitrile: 74 %v/v water: 2 % v/v glacial acetic acid. The pump (Waters Model 501. 

Millipore Corporation, Milbum, MA) flow rate was set at I mL/min. A LTV detector 

(Waters Tunable Absorbance Detector, Model 486, Millipore Corp., Milbum, MA.) was 

used with the wavelength set at 235 nm. Calibration curves were prepared in the range of 

139.66 to 5580.58 nM firom a stock solution of 2.79 |j.M. A 3-day validation for the 

analysis of benzoic acid was conducted. Nominal concentrations validated were 279.32, 

558.65 and 2790.29 ^M. 

4-hydroxytolbutamide was quantitated using high pressure liquid chromatography 

(HPLC) (19). Briefly, 100 jiL of sample was manually injected onto a C,g column (5 |am, 

Microsorb-MV™, Rainin Corp). The mobile phase used was 16 %v/v isopropyl alcohol; 

16 %v/v acetonitrile: water 68 %v/v (containing 0.1% v/v, 0-phosphoric acid). The 
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pump (Waters Model 501, Millipore Corporation, Milbum, MA) flow rate was set at I 

mL/min. A UV detector (Waters Tunable Absorbance Detector, Model 486, Millipore 

Corp.) was used with the wavelength set at 228 nm. Calibration curves were prepared in 

the range of 359.96 to 3599.78 nM from a stock solution of 1.79 |iM. A 3-day validation 

for the analysis of tolbutmide was carried out. Nominal concentrations validated were 

179.98, 899.94 and 1799.89 nM. 

K"̂  content and protein estimation: Following the incubation period, liver slices were 

blotted, weighed and placed in 1 mL of distilled water and homogenized with a hand

held tissue homogenizer obtained from Fisher Scientific (Pittsburgh, PA). After the 

addition of 20 |iL perchloric acid (70%), the homogenate was centrifliged (10,000g, 5 

min) in a Microflige B obtained from Beckman instruments (Palo Alto, CA) and the 

supernatant assayed for K*. The potassium cocentrations were measured with a flame 

photometer (Model CA-51) obtained from Bacharach, Inc (Pittsburgh, PA), set in the 

urine K" mode, based on a standard curve which ranged from 0 to 2mm (for slices which 

weighed approximately 20 mg). The standard stock solution was 80 mM KCl which had 

been appropriately diluted. The sample K" concentrations were calculated from the 

standard curve by linear regression analysis of the line in which photometer output (2 

mM=100%) was plotted against concentration (|imoles/mL). Results are expressed as 

lamoles KVg slices wet weight. 
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An aliquot (10 |iL) of the slice homogenate was used for the determination of protein 

content using Pierce's BCA protein assay kit (Rockford, IL). Standards (10-100 |j,g) were 

prepared from a stock (1 mg/mL) solution of albumin. The assay utilized the standard 

temperature (37°C for 30 min). Microtiter plates were used to read absorbance at 562 nm. 

Data analysis: A single site Michaelis -Menten equation was used to obtain the kinetic 

parameters of benzoic acid and tolbutamide metabolism. The equation is described as : 

y max[S]  
^ ~ Km + [S]  

and Kn, were estimated using a nonlinear regression program (Hyper-Exe®. 

Liverpool, UK ). All estimates of rates were made at 60 min and normalized to mg 

protein. Intrinsic clearance (Clj„t) was estimated as the ratio of and K„. A scaling 

factor of 500 mg protein/250g rat and 219 g protein/human liver was used in ail 

calculations. 
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RESULTS 

The results from the assay validation for hippuric acid are described in Tables 3 and 4. 

The between-day coefficients of variation ranged from 2.95 to 4.67 % and within-day 

coefficients of variation ranges from 2.73 to 8.40 %. The C-Ratio, a measure of 

accuracy, was between 95.64 to 101.55 % for concentrations of 279.32, 558.65 and 

2790.29 nM.. The results from the assay validation for 4- hydroxytolbutamide are 

described in Tables 5 and 6. The between-day coefficients of variation were 4.04 and 8.29 

% and the within-day coefficients of variation were 1.98 and 6.31 %. The C-Ratio was 

between 96.42 to 98.53 % for the nominal concentrations of 179.98, 899.94 and 1799.94 

nM respectively. 

The mean (five animals, ten slices/animal) potassium content of slices from experiments 

with benzoic acid was 64.12 ± 14.03 jamol K7 g wet weight. The mean potassium content 

of slices from experiments with tolbutamide (five animals, ten slices/animal) was 65.51 

± 7.2 jimol K7g wet weight. These represent the EC' content at 60 min after pre

incubation. Figure 3 illustrates a typical Michaelis-Menten plot of benzoic acid 

conjugation in rat liver slices. A one-site Michaelis-Menten relationship adequately 

described the data. Table 7 describes the metabolism of benzoic acid and calculated CL,n, 

and hepatic clearance values. Inter-animal variation of (CV 16 %) was less than the 

interanimal variation of (CV 42%). Figure 4 illustrates the Michaelis-Menten plot of 

benzoic acid conjugation in human liver slices. Kinetic parameters of benzoic acid 

conjugation in human liver slices are described in Table 9. Figure 5 illustrates the typical 



117  

Michaelis-Menten plot of tolbutamide hydroxylation in precision cut rat liver slices. The 

inter-animal variation (Table 8) of (50 %CV) was greater than the inter-animal 

variation of (CV 11%). These large variations have also been observed in other 

investigations which report high coefficient of variations of almost 70% (8). Table 8 also 

presents the calculated values for intrinsic clearance and hepatic clearance for 

tolbutamide from rat liver slices. Figure 6 illustrates the Michaelis-Menten plot for 

tolbutamide hydroxylation in precision-cut human slices. BCinetic values are calculated for 

intrinsic clearance and hepatic clearance and are presented in Table 9. Tolbutamide 

hydroxylation data from rat and human precision-cut liver slices was adequately 

described by a one-site Michaelis-Menten equation. 
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DISCUSSION 

The incubation period in each experiment was 60 min. A pre-incubation period of 60 min 

is necessary and adequate for carrying out metabolism experiments, in contrast to pre

incubation times of 10 min (8). Pre-incubation is carried out in order for liver cells to 

recover from slicing and for cell potassium, ATP and protein secretion to stabilize (20). 

Investigators have shown the necessity for routine slice disruption in metabolism 

experiments. Our preliminary experiments with slices showed no retention of hippuric 

acid and 4-hydroxytolbutamide in liver slices. These observations with 4-

hydroxytolbtamide have been reported earlier (8). Since no increase in metabolite 

recovery was observed, slice disruption was not carried out during experiments. The 

roller culture system used in these experiments has been shown to be effective in 

maintaining and extending the viability of liver cells (21). Under the experimental 

conditions described we have determined the Michaelis-Menten parameters for both 

benzoic acid and tolbutamide in rat and human liver slices. Comparison of these 

parameters with calculated values of intrinsic clearance and hepatic clearance are 

summarized in Tables 9 and 10. No data from in vitro experiments studying the 

metabolism of benzoic acid in rats using precision-cut liver slices are available. Data 

from an isolated perfused rat liver experiment is outlined for comparison. The K^, values 

from these experiments were similar. However, the estimated for benzoic acid 

estimated from precision-cut rat liver experiments was lower than the from perfusion 

experiments. The predicted hepatic clearance of benzoic acid underestimates the in vivo 
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hepatic clearance. The prediction of hepatic clearance is obtained after making an 

adjustment for the fraction unbound. Results of precision-cut rat liver slice experiments 

for tolbutamide compare well with data previously reported (8). However, the predicted 

in vitro hepatic clearance of tolbutamide underestimates the reported in vivo clearance in 

rats. 

The versatility of precision-cut liver slices is clearly evident when human liver slices are 

prepared and used in experiments. Data from experiments describing the kinetics of 

metabolism of benzoic acid and tolbutamide in precision-cut human liver slices are 

compared to previously reported experiments in Table 11. It is evident that maximal rates 

of metabolism for both benzoic acid and tolbutamide metabolism are much lower in 

human liver slices in comparison to experiments using sub-cellular fractions. The 

intrinsic clearance of benzoic acid in precision-cut liver slices in the absence of binding 

(unbound intrinsic clearance) is comparable to the clearance obtained after an oral dose of 

sodium benzoate in humans (intrinsic clearance). 

In conclusion, the in vivo hepatic clearances of benzoic acid and tolbutamide are 

underestimated. However, based on results from the slice study tolbutamide can be 

sccessfully characterized as a low clearance compound. The underestimation may be due 

to the inability of compounds to penetrate the slice. 
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Figure 1: A. The BrendelA^'itron tissue slicer. Slices are prepared by a rotating circular 
blade (A) driven by a motor. The cutting arm (B) contains the tissue core which is moved 
across the blade by an operator. A pump recirculates biiffer from the slicing chamber to 
the collection outlet (D). Slice thickness is controlled by weights (C) over the piston and 
a cone/counter-cone adjustment (E). Slices are collected by opening a valve (F). Buffer is 
cooled by an ice water circulating system (G). 

B. The roller culture system. Slices are placed on a cradled mesh surface. The entire 
cradle is placed in vials containing 1.7 mL of media. The vials rotate in an incubator, 
exposuig the slice to gas and culture media. 
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Figure 2: A. BrendeiA^itron tissue slicer used in liver slice experiments. B. Roller insert. 
C. Dynamic organ culture incubator. 
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Figure 3: A representative Michaelis-Menten plot for benzoic acid conjugation to 
hippuric acid in precision-cut rat liver slices. The mean (n=5) values for Vn,ax and are 
0.54 ± 0.23 nmoles/min/mg protein and 16.75 ± 2.62 jiM, respectively. The cross hatched 
vertical bars represents the standard deviation of the mean. 
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Figure 4: Michaeiis-Menten plot for benzoic acid conjugation to hippuric acid in 
precision-cut human liver slices. The mean (4 slices, 1 subject) values for and are 
54.96 pmoles/min/mg protein and 44.57 fiM, respectively. The cross hatched vertical 
bars represents the standard deviation of the mean. 
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Figure 5: A representative Michaelis-Menten plot for tolbutamide hydroxy lation to 4-
hydroxytolbutamide in precision-cut rat liver slices. The mean (n=5) values for and 

are 0.52 ± 0.31 nmoles/min/mg protein and 666 ± 59.25 ^M, respectively. The cross 
hatched vertical bars represents the standard deviation of the mean. 
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Figure 6: Michaelis-Menten plot for tolbutamide hydroxylation to 4-hydroxytolbutamide 
in precision-cut human liver slices. The mean (4 slices, 1 subject) values for and 
arelOl pmoles/min/mg protein and 277 |aM, respectively. The cross hatched vertical bars 
represents the standard deviation of the mean. 
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Table 1: Comparison between strengths and weaknesses of the BrendelA^itron and 
BCrumdieck Tissue Slicer 

BrendelA'^itron Slicer BCrumdieck Slicer 
Cutting blade Rotating Oscillating 
Mechanically Simple Complex 
Maintenance Simple Complex 
Automation Semi-automated Full 
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Table 2 : Metabolic pathways studied using precision-cut liver slices. 

Compound Species Pathway(s) Reference 

Ethoxycoumarin Rat Deethylation 8 
Conjugation 

Cyclosporin A Rat Hydroxylation 9 
Demethylation 

Diazepan Rat Hydroxylation 10 
Acetaminophen Rat Glucuronidation 11 

Sulphation 
Conjugation 

Tropisetron Rat Hydroxylation 12 
Dog N-oxide 

Tolbutamide Rat Hydroxylation 8.13 
Dogs N-deethylation 

Testosterone Rats Hydoxylation 14 
Para aminobenzoic Human N-acetylation 15 

Acid 
Fulfamethazine Human N-acetylation 15 
CQA 206.291 Rats De-ethylation 16 

Dogs 
Human 



Table 3: Intra- and inter-day statistics for the assay validation of hippuric acid 

Hippuric acid Day 1 Day 2 Day 3 
Concentration 

(nM) 

279.32 Mean® 275.64 265.81 260.11 
C.V." 14.26 3.94 7.02 

C-Ratio*" 98.68 95.17 93.09 

558.65 Mean 483.57 572.29 590.50 
C.V. 3.27 1.78 3.28 

C-Ratio 86.52 102.56 105.07 

2790.29 Mean 2952.68 2160.03 2693.40 
C.V. 3.01 2.23 3.26 

C-Ratio 105.82 102.40 96.43 

" Mean calculated from n =5 replicates 
'' C.V. = (standard deviation of mean / mean) X 100 
' C-Ratio is the observed to theoretical concentration of hippuric acid X 100 
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Table 4 : Summary statistics for the assay validation of hippuric acid 

Hippuric acid Within-day C.V.^ Between-day C.V. C-Ratio" 
concentration (nM) 

279.32 OO aH 101.55 

558.65 2.73 10.25 98.05 

2790.29 2.83 2.95 95.64 

" Within day C.V. is the mean of the daily coefficients of variation from table 3 
Between day C.V. is the coefficient of variation of the means from table 3 

' Mean of the daily C-Elatios 
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Table 5: Intra- and inter-day statistics for the assay validation of 4-Hydroxy-tolbutamide 

4-Hydroxy- Day 1 Day 2 Day 3 
tolbutamide 

Concentration 
(nM) 

179.98 Mean® 177.62 177.62 165.41 
C.V." 13.97 3.59 1.38 

C-Ratio*" 98.68 98.68 91.91 

899.94 Mean 805.18 922.74 932.30 
C.V. 3.02 1.77 1.17 

C-Ratio 89.47 102.53 103.59 

1799.89 Mean 1902.38 1857.31 1720.62 
C.V. 2.96 2.49 5.12 

C-Ratio 107.80 105.25 97.49 

" Mean calculated from n =3 replicates 
'' C.V. = (standard deviation of mean / mean) X 100 
" C-Ratio is the observed to theoretical concentration of hydroxy-tolbutamide X 100 
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Table 6: Summary statistics for the assay validation of 4-Hydroxy-tolbutamide 

4-Hydroxy- Within-day C.V.' Between-day C.V.'' C-Ratio" 
tolbutamide 

concentration (nM) 

179.98 6ji 829 96.42 

899.94 1.98 7.98 98.53 

1799.94 3.52 4.04 96.42 

' Within day C.V. is the mean of the daily coefficients of variation from table 5 
Between day C.V. is the coefficient of variation of the means from table 5 

" Mean of the daily C-Ratios 



132  

Table 7: Michaelis-Menten parameters describing the metabolism of benzoic acid to 
hippuric acid in precision-cut rat liver slices. 

Rat Wet weight Protein content V ' ^ max Km CI- CLH^ 

(mg) (mg) im (mL/min) (mL/min) 

1 13.7 ± 1.33 2.5 ±0.33 0.576 13.68 25.26 2.86 

2 21.0 ± 1.34 4.04 ± 0.33 0.906 20.65 26.32 2.96 

3 15.0 ±2.45 2.8 ± 0.54 0.534 16.79 19.08 2.23 

4 25.9 ±2.30 4.9 ± 0.7 0.301 14.17 15.55 1.85 

5 16.1 ± 1.01 3.4 ±0.41 0.404 18.47 10.94 1.33 

Mean ± Sd 0.54 ± 
0.23 

16.75 ± 
2.62 

18.46 ± 
6.71 

2.13 ± 
0.715 

' nmole/min/mg protein 
"Ratio of Vn,ax and Kn,. Vn,ax Scaled using a factor of 600 mg protein (500 mg 
protein/250g rat) 
Calculated using the well-stirred model, using an hepatic blood flow of 22 mL/min (55 

mL/min/Kg) and a fraction unbound (fj of 0.13 



133  

Table 8: Michaelis-Menten parameters describing the metabolism of tolbutamide 
hydroxylation in precision-cut rat liver slices. 

Rat Wet weight Protein content V ' * max CI- CLH^ 

(rag) (mg) (mL/min) (mL/min) 

1 13.4 ±1.63 2.03 ± 0.57 0.58 749 0.38 0.097 

2 16.0 ±2.34 2.20 ±0.21 1.08 660 0.98 0.24 

3 17.9 ±1.04 2.37 ± 0.32 0.46 580 0.47 O.ll 

4 11.6 ±1.36 1.75 ±0.46 0.26 630 0.25 0.06 

5 18.6 ±1.86 2.87 ±0.16 0.20 710 0.17 0.042 

Mean±Sd 0.52 ± 666 ± 0.45 ± 0.109 ± 
0.31 59.25 0.28 0.07 

' nmole/min/mg protein 
^Ratio of ^m,- scaled using a factor of 600 mg protein (500 mg 
protein/250g rat) 
Calculated using the well-stirred model, using an hepatic blood flow of 22 mL/min (55 

mL/min/Kg) and a fraction unbound (fu) of 0.25 
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Table 9: Michaelis-Menten parameters describing the metabolism of benzoic acid (BA) 
and tolbutamide (TOL) in precision-cut human liver slices. 

Drug Wet weight Protein content V ' * max CI- CLH^ 

(mg) (mg) C^M) (mL/min) (mL/min) 

BA 14.4 ± 1.80 3.1± 0.45 54.96 44.57 270 55 

TOL 13.9 ± 1.72 2.9 ± 0.39 101 277 79.14 3.16 

' pmole/min/mg protein 
^Scaled using a factor of 219 g protein/ human liver 
^Calculated using the well-stirred model, using an hepatic blood flow of 1500 mL/min, fj, 
for BA 0.13, fu for TOL is 0.04 



Table 10: Comparison of experimental kinctic parameters to those reported in the literature for benzoic acid and tolbutamide in 
precision-cut rat liver slices . 

In vitro In vivo 

Experimental Observed 1 
Literature 

values 1 

Predicted 
(mL/niin) 

Observed 
Literature values 

(mL/min) 
Drug V ' * max K...(mM) V * max K.„ 

(HM) 

CL ^ CL,/ CL., CL,. 

Benzoic acid 0.54 ± 
0.25 

16.751 
2.62 

2.24' 124 18.46 ± 
6.71 

2.13 ± 
0.71 

93.51' 11.7" 

Tolbutamide 0.62 ± 
0.31 

666 ± 
59.25 

0.2 ± 
0.13^ 

707 ± 
280' 

0.45 ± 
1 0.28 

0.109± 
0.07 

0.14' 0.4" 

' nmole/min/mg protein 
^ Ratio of V,„„ and K,„ 
^ Calculated using the well-stirred model, hepatic blood flow is 22 ml/min (55 mL/min/Kg); f^ of BA is 0.13; f^ of TOL is 0.25 
'' Data from perfused rat liver, reference (21) 
' Ratio of and K„, perfused rat liver (22) 
® Reference (23) 
' Reference (8) 
® Reference (24) 



Table 11: Comparison of experimental kinetic parameters to those reported in the literature for benzoic acid and tolbutamide 
precision-cut human liver slices 

Drug 

In vitro In vivo 

Drug 

Experimental Observed Predicted 
(mL/min) 

Observed 
(mL/min) 

Drug V..,a. K,„ 
(HM) 

ri 2 pi 3 CI " CI 

Benzoic acid 

Tolbutamide 

54.96 44.57 

101 277 

816' 43.4' 1 270 

206± 151± 1 79.14 3.16 
6r 70' 1 

447" 

298.76' 17" 

' pmole/min/mg protein 
^ Ratio of and K,„, scaled using 219 g protein /human liver 
^ Calculated using the venous equilibrium model, hepatic blood flow is 1500 mL/min; f^ of BA is 0.13; f^ of TOL is 0..04 
•' Ratio of V„,„ and K,„ from reported literature values. 
' 9000g supernatant, from reference (25) 
'' Reported as CLj„„ from reference (26) 
' Microsomal data from reference (27) 
* Reference (28) 
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CHAPTER 4 

THE PREDICTION OF IN VIVO HEPATIC CLEARANCE OF SELECTED 
DRUGS USING PRIMARY RAT HEPATOCYTES 

INTRODUCTION 

Since its first introduction in 1969 (1) the technique which results in a high-yield 

preparation of isolated hepatocytes by collagenase perfiision, has gained widespread 

acceptance. Initial attempts to prepare isolated hepatocytes were more concerned with 

cell yield rather than with cell integrity. These methods involved forcing liver tissue 

through cheesecloth and separation of cells by centrifiigation. Other methods involved 

shaking rat liver slices with glass beads (2). The two stage liver perfusion method in 

which the liver is perfused by a medium free of calcium, followed by perfusion of a 

calcium rich collagenase medium is widely used. Preparation of hepatocytes from 

species other than the rat have been reviewed in detail elsewhere (3). The major 

differences among these methods are the size of the cannula and the flow rates of the 

perfusing solutions. The assessment of integrity of the hepatocyte largely depends on the 

goal of an experimenter. Trypan blue staining is the method of choice for assessing 

quality of the initial suspension (2); it is rapid and easily performed. Rapid disappearance 

of drug metabolizing activity from hepatocytes have been reported (4). Diversity in 

preparation has led to difficulties in comparing results from different laboratories. This 

has led in attempts to rationalize the different methods being used (5) and recommending 

ways for standardizing these different methods (6). 



The use of isolated liver cells in drug metabolism has been extensively reviewed by 

others (7). Hepatocytes demonstrate a clear advantage over microsomes in that the 

overall metabolism of a compound can be established since microsomes do not possess 

complete drug metabolizing capabilities. Thus, the hepatocyte is more likely to represent 

the in vivo situation than microsomes. Isolated hepatocytes have been widely used over 

the past two decades to investigate drug metabolism. Metabolism can be studied using 

short or long term suspensions or in adherent culture. The isolated hepatocyte is useful in 

studying species differences in drug metabolism. Rat hepatocytes were found to be more 

resistant to acetaminophen toxicity compared to mouse hepatocytes (8). Initial rate 

experiments using the isolated hepatocyte have been performed using phenytoin, 

tolbutamide (9), caffeine (10) and diazepam (11). These experiments allow an estimate of 

intrinsic clearance. The rates of metabolism of freshly prepared hepatocytes has been 

found to be greater than the precision-cut liver slice but less than microsomes. 

The purpose of this study was to determine the intrinsic clearance of benzoic acid and 

tolbutamide using freshly prepared hepatocytes. Hepatic clearance of benzoic acid and 

tolbutamide were compared to results obtained from previously reported experiments. 
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EXPERIMENTAL 

Materials; Hank's balanced salt solution (HBSS)(Ca*" and Mg" free), Williams Media 

E(WME), L-glutamine acid (200 mM) and Gentamicin sulfate (50 mg/mL) were 

purchased from Gibco BRL, (Grand Island, NY). HEPES, ethylene glycol-bis(b-

aminoethyl ether) N, N, N',N'-tetraacetic acid (EGTA) and bovine calf serum were 

purchased from Sigma Chemicals (St. Louis, MO). 

Solution preparation: Solution I: Five hundred mL of HBSS was mixed with 1.19 g of 

HEPES and 95 mg EGTA. The solution was warmed to 37°C to dissolve the EGTA. The 

pH was adjusted to 7.35 using 1 N NaOH. The solution was filtered through a coming 

bottle top filter (0.22 |im) into a bottle. One-half mL gentamicin was added to the 500 mL 

solution. 

Solution 2: Three hundred mL of fresh WME was mixed with 0.71 g HEPES. The 

solution was mixed well and pH was adjusted to 7.35 using 1.0 N NaOH. One hundred 

mg of collagenase was added and dissolved by incubating at 37*'C. This solution was 

made fresh prior to experimentation. 

Solution 3 (WME): To 500 mL WME, 0.5ml gentamicin and 5 mL of glutamine were 

added. 

Solution 4 (WMES): To a 500 mL bottle of WME , 0.5 mL of gentamicin, 5mL 

glutamine and 50 mL of bovine calf serum were added. 
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Hepatocyte preparation: Male Sprague Dawley rats (275-330g) were anesthetized with 

ketamine (40 mg/Kg) and acepromazine (2.5 mg/Kg). The animal was swabbed with 70 

% ethanol on the ventral side. A ventral midline incision was made from the sternum to 

the pubic bone to expose the peritoneal cavity. The hepatic portal vein was cannulated 

with a 21g needle and secured. The liver was perfused at a minimal rate with Solution I 

until a uniform blanching was observed. The sub-hepatic inferior vena cava was cut and 

the perfusate allowed to run to waste. The proximal segment of the sub-hepatic inferior 

vena cava was clamped. The flow rate was increased to 40 mL/min and the liver perfused 

for 4 min. After 4 min, Solution 2 was perfused for six min at a flow rate of 20 mL/min. 

During collagenase digestion, the liver was covered with a piece of saline-moistened 

gauze and a lamp placed over the area for warmth. Following perfusion, the liver was 

excised and placed in a dish containing warm WME. The capsular membrane was peeled 

off and the dorsal surface exposed. The detachment of cells was completed by gently 

rubbing the liver against a piece of gauze. WME-containing bovine calf serum was added 

to stop the action of collagenase. The suspension was made up to 50 mL with WMES and 

centrifuged twice at 30 g for 3 min.. After the first centrifugation the supernatant was 

discarded and the volume of the suspension was made up to 50 mL. 

Viability counting: One-half mL of the suspension was then added to 0.5 mL of trypan 

blue dye and the number of cells counted using a hemacytometer. Cell count and 

viability are calculated as: 



141 

Cell count = Total number of cells x lO'* (area of the hemacytometer) x 2 (dilution) 
4 (no. of quadrant) 

Viability = Viable cells x 100 
Total number of cells 

Hepatocyte incubation: A dilution of the suspension was prepared. One mL of cell 

suspension (10° cells/mL) was added to a six well culture plate. The plates were 

incubated in an oven at 37°C with 95% air:5% COj. The cells were allowed to attach for 

two hours. At the end of the incubation period, the media was aspirated and cells washed 

with WME. Benzoic acid conjugation was studied in freshly isolated hepatocytes using 

five concentrations (1.6 - 320 [aM). Tolbutamide hydroxylation was studied using six 

concentrations (100-2000 jiM). Each concentration was studied in duplicate. The 

incubation medium was sampled at 15 min . Samples were stored at -20°C until analysis. 

Analysis of hippuric acid and 4-hydroxytoIbutaniide: Hippuric acid and 4-

hydroxytolbutamide were qiiantitated using HPLC. The methods have been previously 

described in Chapter 3. 

Data analysis: A single site Michaelis-Menten equation was used to obtain the kinetic 

parameters of benzoic acid and tolbutamide metabolism. The equation is described as : 

V max[S]  
^ ~ Km + [S]  
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and were estimated using a nonlinear regression program (Hyper-Exe®. 

Liverpool, UK). Intrinsic clearance (Clj„t) was estimated as the ratio of and K„. A 

scaling factor of 1.8 x 10' cells (1.5 xlO' cells/250g liver) was used for both benzoic acid 

and tolbutamide. 
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RESULTS 

Initial viability data from freshly prepared hepatocytes from Sprague Dawley rats are 

shown in Table 1. Only preparations with a viability of greater than 80 % were used in 

experiments. Non-viable cells take up the dye trypan blue and appear blue under the 

microscope, in contrast to viable cells which appeared yellow or colorless. Figure I 

shows a typical Michaelis-Menten plot for the conjugation of benzoic acid to hippuric 

acid. The data are adequately described by a one-site Michaelis-Menten equation. Table 3 

describes the kinetic parameters of benzoic acid conjugation and calculated values for 

intrinsic and hepatic clearance. The range in the values of for benzoic acid was 0.39 

- 0.89 nmole/min/10' cells, while the range in values was between 27.2-40.8 fiM. 

Typical Michaelis-Menten plot for the hydroxylation of tolbutamide is illustrated in 

Figure 2. The curve is adequately described be a one-site Michaelis-Menten equation. 

Table 4 describes the kinetic parameters and calculated values for intrinsic and hepatic 

clearance. The range in the values of for tolbutamide was 0.33 - 1.19 

nmole/raiii/lO^cells, while the range in BC„ values was between 311 -761ja.M. The inter-

animal variation for (CV 33%) was less than the variation in (CV 56%). A 

scaling factor of 1.8 x 10 ' cells was used to estimate intrinsic clearance. The well-stirred 

model was used to estunate hepatic clearance . The fraction unbound of benzoic acid and 

tolbutamide from previously reported experiments are 0.13 and 0.25, respectively. 
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DISCUSSION 

Table 5 compares the kinetic and calculated hepatic clearance with results from 

previously reported experiments. The of benzoic acid conjugation firom hepatocytes 

is less than the reported from isolated perfused rat liver experiments. Similar 

differences in the rates of metabolism were observed with experiments using precision-

cut liver slices. It is possible that the difference is due to transport of the drug into the 

cells. The K„ of benzoic acid from hepatocytes is greater than those reported from 

isolated perfused liver experiments. The predicted hepatic clearance of benzoic acid 

underestimates the in vivo hepatic clearance. Although, the hepatic clearance of benzoic 

acid is underestimated in hepatocytes, the difference between predicted and observed 

values is not very large. These difference are probably due to differences in the transport 

of drug into the cell, compared to transport in vivo. The and of tolbutamide in 

hepatocytes from our experiments compare well with previous reports (ref). The range of 

values for from our experiments (0.33 - 1.19 nmole/min/10' cells) is slightly greater 

than those reported (0.46 - 1.03 nmole/min/lO® cells). These differences are probably a 

result of inter-laboratory differences in die preparation of hepatocytes. The predicted in 

vivo hepatic clearance of tolbutamide is comparable to the in vivo hepatic clearance. 

These fmdings with tolbutamide are consistent with earlier findings where the intrinsic 

clearance of low clearance compounds can be successfully scaled (9) and hepatic 

clearance successfully predicted. 
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Figure 1: A representative Michaelis-Menten plot for benzoic acid conjugation to 
hippuric acid in freshly prepared rat liver hepatocytes. The mean (n=5) values for 
and Kn, are 0.64 ± 0.23 nmoles/min/mg protein and 35.76 ± 7.86 fiM, respectively. The 
cross hatched vertical bars represents the standard deviation of the mean. 
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Figure 2: A representative Michaelis-Menten plot for tolbutamide hydroxylation to 4-
hydroxytolbutamide in freshly prepared rat liver hepatocytes. The mean (n=5) values for 

and K„ are 0.73 ± 0.41 nmoles/min/mg protein and 540 ± 180 |j,M, respectively. The 
cross hatched vertical bars represents the standard deviation of the mean. 
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Table I: Initial viability of freshly isolated rathepatocyte preparations for benzoic acid 
and tolbutamide. 

Rat 

Compound Parameter 1 2 3 4 5 

Benzoic acid 
Initial viability 93 95 91 86 88 

(% of cells excluding 
tryphan blue) 

Tolbutamide 
Initial viability 

(% of cells excluding 
tryphan blue) 

95 94 93 88 87 
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Table 2: Michaelis-Menten parameters describing the metabolism of benzoic acid in rat 

hepatocytes. 

Rat V ' ^ max Kn, Clint^ CLH^ 

(liM) (mL/min) (mL/min) 

I 0.84 40.80 37.06 3.95 

2 0.89 29.0 55.24 5.41 

3 0.66 35.91 33.09 3.60 

4 0.41 45.91 16.10 1.90 

5 0.39 27.21 25.81 2.91 

Mean ± Sd 0.64 ± 0.23 35.76 ± 7.86 33.45 ± 14.56 3.55 ± 1.29 

^ nmole/min/10^ cells 
^Scaled using a factor of 1.8 xio' cells (1.5 x 10^ cells/250g rat) 
^Calculated using the well-stirred model, using hepatic blood flow of 22 mL/min (55 
mL/min/Kg) and a fraction unbound (fj of 0.13 
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Table 3: Michaelis-menten parameters describing the metabolism of tolbutamide in rat 
hepatocytes. 

Rat V * max Clint CL„ 

(^iM) (mL/min) (mL/min) 

1 1.19 673 3.20 0.77 

2 1.11 761 2.63 0.64 

3 0.65 421 2.79 0.67 

4 0.33 551 1.10 0.27 

5 0.35 311 2.03 0.50 

Mean ± Sd 0.73 ±0.41 540±180 2.33 ±0.81 0.57 ±0.16 

' nmole/min/10^ cells 
^Scaled using a factor of 1.8 xio' cells (1.5 x lO' cells/250g rat) 
^Calculated using the well-stirred model, using hepatic blood flow of 22 mL/min (55 
mL/min/Kg) and a fraction unbound (fj of 0.25 



Table 4: Comparison of experimental kinetic parameters to those reported in the literature for benzoic acid and tolbutamide in 
freshly prepared hepatocytes . 

In vitro In vivo 

Experimental Observed 1 
Literature 

values 

Predicted 
(mL/min) 

Observed 
Literature 

values 
(mL/min) 

Drug V ' ' max K„.(^M) V * max K,„ 
(jiM) 

CL ^ CL„' n ^ n 

Benzoic acid 0.64 ± 
0.23 

35.761 
IM 

2.24' 12' 33.45 ± 
14.56 

3.55 ± 
1.29 

93.51" 11.7 
7 

Tolbutamide 0.73 ± 
0.41 

540 ± 
180 

0.2 ± 
0.13* 

707 ± 
280* 

2.33 ± 
0.81 

0.57 ± 
0.16 

0.14 0.4' 

' nmole/min/lO^ cells 
^ Ratio of and 
^ Calculated using the venous equilibrium model, hepatic blood flow is 22 ml/min (55 mL/min/Kg); f^ of BA is 0.13; f„ of TOL 
is 0.25 
'' Data from literature 
' Calculated from previously reported in vitro data (12) 
^ Ratio of and K„„ perfused rat liver (12) 
' Reference (13) 
* Reference (9) 
' Reference (14 ) _ 

Ui 
o 
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CHAPTERS 

ESTIMATION OF HEPATIC CLEARANCE OF BENZOIC ACID AND 
TOLBUTAMIDE FROM IN VIVO EXPERIMENTS 

INTRODUCTION 

Benzoic acid, is used in the treatment of inbom errors of urea synthesis (1). Benzoic acid 

is conjugated with glycine to form hippuric acid. Glycine plays an important role in the 

elimination of certain carboxylic acids. Levy and co-workers found that glycine 

conjugation of salicyclates becomes capacity limited (2). The availability of glycine and 

coenzyme A for the conjugation of benzoic acid was studied in male Wistar rats. At doses 

greater than Immol/Kg the clearance of benzoic acid exhibited dose-dependency. This is 

a result of co-substrate depletion (3). Conjugation reactions require endogenous co-

factors that are utilized in the process of conjugation. This phenonmenon has also been 

observed at higher doses of acetominophen (4). Conjugation with glycine terminates the 

pharmacological activity of benzoic acid and the conjugate is readily excreted into the 

urine. Tolbutamide, a hypoglycemic agent has been used as a model drug for the study of 

enzyme induction and enzyme inhibition in the rat (5). The metabolism of tolbutamide 

has been extensively smdied. In die rat, tolbutamide is metabolized to 

hydroxytolbutamide, via cytochrome P-450-mediated oxidation in the liver. It has 

received sufficient attention in drug interaction studies with sulphaphenazoles. 

phenylbutazone and chloremphenicol (6). 

The purpose of this study was to estimate die systemic clearance of benzoic acid and 

tolbutamide in vivo in male Sprague Dawley rats. Since both compounds are completely 
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metabolized in the liver, the systemic clearance is the hepatic clearance for these 

compounds. All in vivo experiments were performed prior to in vitro experiments. 
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EXPERIMENTAL 

Materials: Benzoic acid, tolbutamide, o-chlorobenzoic acid and chlorpropamide were 

purchased from Sigma Chemicals (St. Louis, MO). 

Animals: Male Sprague-Dawley rats (270-330g) were used in all experiments. These 

animals were housed under normal conditions. Animals were allowed food and water ad 

libitum. Food was withdrawn 12-hours prior to all experimentation. Animals were 

allowed free access to water. 

Animal Surgery : Surgery involving jugular vein carmulation which was performed in 

all animals two days prior to experimentation. The purpose of jugular vein canulation was 

for intravenous dosing of drug and blood sampling. Animals were anesthesized with 

ketamine (40mg/Kg) and acepromazine (2.5mg/Kg). Briefly, the dorsal-neck-shoulder 

blade area was shaved for exteriorizing the catheter. Small incisions were made between 

the shoulder blades and the ventral neck. A cannula (a combination of silastic tubing for 

insertion into the jugular vein and polyethylene tubing (PE50) for exteriorizing) was 

pulled subcutaneously through the incisions. The jugular vein was isolated, catheter 

inserted and secured by tying. The incisions were sutured. The animals were observed for 

several hours after surgery. Animals were allowed to recover for two days, following 

which they were placed in metabolism cages for experimentation. 
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Dosing and blood sampling: 0.2 mmol/kg sodium benzoate was administered 

intraveneously. Blood was sampled at 0, 2, 4, 6, 10, 25, 40, 50 and 60 min after dosing. 

37 |amoI/kg tolbutamide was administered intraveneously. Blood was sampled at 0. 10. 

20, 40, 60, 120, 240, 360, 480 min after sampling. Blood samples (0.2 - 0.25 mL) was 

withdrawn via the catheter at required times and an equal volume of saline was injected 

to replace the withdrawn blood. Blood samples were placed in tubes and stored in ice 

prior to centrifiigation. Serum was stored at -20''c prior to analysis. 

Analysis of benzoic acid and tolbutamide: Benzoic acid was quantitated using high 

pressure liquid chromatography (HPLC) (7). To a 100 uL sample of plasma, 200 uL of 

acetonitrile containing 125 jag/mL o-chlorobenzoic acid (internal standard) was added. 

The contents were vortexed and centriftiged at 9000g for 10 min. A 100 |aL aliquot of the 

supernatant was injected onto a C|g column (5 |im, Microsorb-MV™, Rainin Corp., 

Wobum, MA). The mobile phase used was 26 %v/v acetonitrile: 72 %v/v water: 2 % v/v 

glacial acetic acid. The pump (Waters Model 501, Millipore Corporation, Milbum, MA) 

flow rate was set at 1 mL/min. A UV detector (Waters Tunable Absorbance Detector. 

Model 486, Millipore Corp. Milbum, MA) was used with the wavelength set at 235 nm. 

A 3-day validation for the analysis of benzoic acid was conducted. Nominal 

concentrations validated were 0.82,4.13 and 8.26 |aM. 

Tolbutamide was quantitated using high pressure liquid chromatography (HPLC) (8). 

Briefly 125 jiL of acetonitrile containing the internal standard (1 mg/mL) chlorpropamide 
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was added to 100 |iL rat plasma. The contents were vortexed and centrifliged at 9000g for 

10 min. Twenty (iL of supernatant was manually injected onto a C,g column (5 |im, 

Microsorb-MV^", Rainin Corp., Wobum, MA). The mobile phase consisted of 16 %v/v 

isopropyl alcohol: 16 %v/v acetonitrile: water 68 %v/v (containing 0.1% v7v. O-

phosphoric acid). The pump (Waters Model 501, Millipore Corporation, Milbum, MA) 

flow rate was set at I mL/min. A UV detector (Waters Tunable Absorbance Detector. 

Model 486, Millipore Corp. Milbum, MA) was used with the wavelength set at 228 nm. 

A 3-day validation for the analysis of tolbutmide was carried out. Nominal 

concentrations validated were 3.69, 13.61 and 27.23 |iM. 

Data Analysis: The area under the curve (AUC) was calculated using non-compartmental 

analysis (Lagran). The systemic clearance was estimated as: 

CLs = Dose 
AUC 

Since, both benzoic acid and tolbutamide are completely metabolized in the liver, 

CL, = CLh 

where CLh is hepatic clearance. 
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RESULTS 

The results from the assay validation for benzoic acid are described in Tables I and 2. 

The between-day coefficients of variation ranged from 6.12 to 7.26 %. The within-day 

coefficients of variation ranged from 5.77 to 6.81 %. The C-Ratio, a measure of 

accuracy, was between 92.68 to 99.36 % for the concentrations of 0.41, 4.1 and 8.2 |aM.. 

The results from the assay validation for tolbutamide are described in Tables 3 and 4. The 

between-day coefficients of variation were between 4.06 and 8.37 % . The within-day 

coefficients of variation were between 4.80 and 6.49 %. The C-Ratio was between 

100.06 to 101.03 % for the nominal concentrations of 3.69, 13.61 and 27.23 |.iM 

respectively. 

Figure 1 illustrates the plasma concentration-time profile for benzoic acid. The area under 

the plasma concentration time curve was calculated using non-compartmental analysis. 

The mean systemic clearance was 8.01 ± 1.01 mL/min. Figure 2 describes the plasma 

concentration-time profile for tolbutamide. The mean systemic clearance calculated from 

non-compartmental analysis was 0.49 ± 0.06 mL/min. 
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DISCUSSION 

Conjugation reactions such as amino acid conjugation utilize co-substrates that are 

utilized in the process of conjugation. Conjugation of benzoic acid to glycine is an 

example of co-substrate depletion. This phenomenon has been previously reported in rats 

as well as humans. Similar co-substrate depletion has been suggested in the elimination 

of acetaminophen (4). The dose of benzoic acid used in our experiments is below the 

range of doses that is reported to cause co-substrate depletion in the rat. The systemic 

clearance observed in our experiments is similar to a value of 11.7 mL/min reported in 

previous experiments (3). Systemic clearance obtained on intravenous dosing of a 

compound can be partitioned into renal clearance and non-renal clearance. If one 

assumes that all non-renal clearance is hepatic, an assumption valid with benzoic acid and 

renal clearance is zero, then systemic clearance equals hepatic clearance. 

Tolbutamide has been widely used as a probe substrate in studying drug metabolism and 

in evaluating pharmacokinetic drug metabolism. The systemic clearance observed in our 

experiments is similar to that reported previously in the literature i.e. 0.4 mL/min (1.2 

mL/min/Kg) (5). Tolbutamide is completely converted to hydroxytolbutamide in the 

liver. The compound is a restrictively cleared drug whose hepatic clearance is influenced 

by both intrinsic clearance and the unbound fraction. 
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Figure 1: Benzoic acid plasma concentration versus time profile following intravenous 
administration of 0.2 mmol/kg of sodium benzoate, to rats. Each point represents the 
mean of ten rats and the cross-hatched bars represent the standard deviation of the mean. 
The mean systemic clearance or hepatic clearance was 8.02 ± 1.01 mL/min. 
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Figure 2: Tolbutamide plasma concentration versus time profiles following intravenous 
administration of 0.037 mmol/kg of tolbutamide. Each point represents the mean of ten 
rats and the cross-hatched bars represent the standard deviation of the mean. The mean 
systemic clearance or hepatic clearance was 0.49 ± 0.06 mL/min. 
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Table 1: Intra- and inter-day statistics for the assay validation of benzoic acid 

Benzoic acid Day 1 Day 2 Day 3 
Concentration 

(^M) 

0.41 Mean" 0.38 0.37 0.39 
C.V." 12.26 8.34 7.02 

C-Ratio' 92.68 90.24 95.12 

4.1 Mean 480.16 485.23 510.1 
C.V. 6.27 4.78 6.28 

C-Ratio 96.78 97.80 102.92 

8.2 Mean 986.93 982.13 988.23 
C.V. 6.01 7.23 7.43 

C-Ratio 99.46 99.03 99.59 

Mean calculated from n =5 replicates 
'' C.V. = (standard deviation of mean / mean) X 100 
" C-Ratio is the observed to theoretical concentration of benzoic acid X 100 
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Table 2: Summary statistics for the assay validation of benzoic acid 

Benzoic acid Within-day C.V.^ Between-day C.V.'' C-Ratio" 
Concentration (jiM) 

041 Tie 6l2 92^68 

4.1 5.77 6.34 99.16 

8.1 6.89 7.26 99.36 

* Within day C.V. is the mean of the daily coefficients of variation from table 1 
'' Between day C.V. is the coefficient of variation of the means from table 1 
' Mean of the daily C-Ratios 
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Table 3: Intra- and inter-day statistics for the assay validation of tolbutamide 

Tolbutamide Day 1 Day 2 Day 3 
Concentration 

(^iM) 

3.69 Mean' 3.86 3.49 3.73 
C.V." 4.79 5.32 4.31 

C-Ratio= 104.61 94.51 101.08 

13.61 Mean 12.86 12.96 13.13 
C.V. 9.38 9.06 6.04 

C-Ratio 101.91 98.81 101.45 

27.23 Mean 27.68 28.44 26.49 
C.V. 6.33 3.19 7.52 

C-Ratio 101.65 104.44 96.92 

' Mean calculated from n =5 replicates 
C.V. = (standard deviation of mean / mean) X 100 

" C-Ratio is the observed to theoretical concentration of tolbutamide X 100 
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Table 4: Summary statistics for the assay validation of tolbutamide 

Tolbutamide Within-day C.V.* Between-day C.V.'' C-Ratio 
Concentration (|aM) 

3.69 4.80 4.06 100.06 

13.61 6.49 8.36 100.78 

27.23 5.68 6.73 101.03 

^ Within day C.V. is the mean of the daily coefficients of variation from table 3 
'' Between day C.V. is the coefficient of variation of the means from table 3 
" Mean of the daily C-Ratios 
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CHAPTER 6 

INTEGRATION OF RESULTS FROM THE PERFUSED LIVER, PRECISION-

CUT LIVER SLICES AND PRIMARY HEPATOCYTES 

The isolated perfused liver (IPRL) clearly is the in vitro method which best mimics the in 

vivo situation. However, routine use of the IPRL is impractical as a large volume of 

perfusate and, therefore, a large amount of drug is needed (especially in the single-pass 

mode). Often, the isolated perfused liver is cumbersome and complicated. If the above 

issues are not of concern the IPRL with a cannulated bile duct is the best method for 

studying drug metabolism. Precision-cut liver slices offer a rapid method for studying 

drug metabolism in experimental animals. In contrast to hepatocytes, the normal 

architecture is maintained. Normal cell-cell interactions between liver cells in precision-

cut liver slices are retained. The salient differences between hepatocytes and precision-cut 

liver slices are outlined in Table 1. Precision-cut liver slices allow an holistic approach to 

studying drug metabolism. Liver slices are easier to prepare than hepatocytes and ease of 

use across a range of species make it an ideal tool for studying drug metabolism. The 

methods for preparing and maintaining slices using both the BrendelA^itron slicer and the 

Kxumdieck slicer are well established (1). With appropriate preliminary experiments the 

metabolism of compounds can be studied in a species or across species (2). 
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We have determined the kinetics of metabolism of benzoic acid and tolbutamide in 

precision- cut rat and human liver slices and in freshly prepared rat hepatocytes. This 

allows comparison of the kinetic parameters in precision-cut liver slices and cells. 

Figure I compares the rate of formation of hippuric acid in precision-cut liver slices and 

hepatocytes. Figure 2 compares the rate of formation of hydroxytolbutamide in 

precision-cut liver slices and hepatocytes. Clearly, hepatocytes metabolize at a faster rate 

than slices. Table 2 compares the various kinetic parameters of benzoic acid and 

tolbutamide in precision-cut liver slices and hepatocytes. In addition to a difference 

between the rates of metabolism of benzoic acid, the of benzoic acid from hepatocytes 

is almost twice the K^, in slices. Both hepatocytes and liver slices underestimate in vivo 

hepatic clearance. Clearly, hepatocytes better predict the in vivo situation. In contrast, the 

BCn, of tolbutamide in slices is nearly identical to that determined in hepatocytes. 

However, as the in hepatocytes is almost 1.5 times greater than that in slices, 

hepatocytes better predict tolbutamide in vivo hepatic clearance. Other investigators have 

noted a similar trend in experiments with hepatocytes and precision-cut liver slices. Low-

clearance compounds such as tolbutamide are reasonably well predicted with slices and 

hepatocytes. The discrepancy in the prediction of hepatic clearance increases with high 

clearance compounds. This has been attributed to transport of compounds into cells, 

especially in liver slices. Houston (3) suggested that cells other than those in the 

outermost layers of liver slices are involved in metabolism. This was demonstrated by 
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showing that the amount of metabolite formed increased as slice thickness was increased 

(4). 

Figure 3 compares the hepatic clearance of benzoic acid from in vivo, perfusion . slices 

and hepatocj^es. Clearly, hepatocytes better predict in vivo hepatic clearance. Figure 4 

compares the hepatic clearance of tolbutamide from in vivo, perfusion, slices and 

hepatocytes. Hepatocytes predict the hepatic clearance reasonably well, while slices 

underestimate the in vivo hepatic clearance. Perfusion data from two animals 

overestimated the hepatic clearance. 

From our experiments, the isolated perfused rat liver best predicted the in vivo hepatic 

clearance. With highly bound molecules such as benzoic acid and tolbutamide, the 

perfusion medium should mimic blood. The presence of plasma proteins such as albumin 

may be important in altering the uptake of the drug. Perfusion data from two animals 

overestimated the in vivo hepatic clearance of tolbutamide, however, the average hepatic 

clearance reasonably predicted the in vivo hepatic clearance. In comparing precision-cut 

liver slices and hepatocytes, it is evident that hepatocytes better predict in vivo hepatic 

clearance. If the ease of use and versatility of liver slices are to be fiilly exploited, the 

unresolved issue regarding permeability of the drug into the liver slice will need to be 

addressed. 
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Future studies: The permeability of drugs into liver slices needs to be estimated. 

Estimations of permeability can then be used to suitably model hepatic clearance. The 

effect of albumin in the incubation medium and its effect on intrinsic clearance remains 

an unresolved issue. Other areas for the application of precision-cut liver and hepatocytes 

will involve evaluating species differences in drug metabolism, prediction of drug-drug 

interactions and drug inhibition experiments. With greater accessibility of human tissue, 

in vitro methods using human tissue will probably be the focus of drug metabolism 

experiments. There is a need for validation of in vitro methods to answer these questions. 
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Figure 1: Michaelis-Menten plots describing the rate of hippuric acid formation in 
precision-cut rat liver slices (•) and freshly prepared hepatocytes (•). 
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Figure 2: Michaelis-Menten plots describing the rate of 4-hydroxytolbutamide formation 
in precision-cut rat liver slices (•) and freshly prepared hepatocytes (•). 
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Figure 3: Comparison of hepatic clearance from in vivo, perfusion, precision-cut liver 
slices and hepatocytes experiments for benzoic acid. The number on the x-axis represents 
the rat as per the scheme outlined in Chapter 1. 
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Figure 4: Comparison of hepatic clearance from in vivo, perfusion, precision-cut liver 
slices and hepatocytes experiments for tolbutamide. The number on the x-axis represents 
the rat as per the scheme outlined in Chapter 1. 
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Table 1: Comparison between the use of hepatocytes and precision-cut liver slices. 

Hepatocytes Precision-cut liver slices 

Cross species comparison is difficult 

Only pre-selected cells are studied 
Cell architecture is lost on collagenase 
digestion 
Methodology well accepted and established 

Easier comparison between different 
species and organs 
All cell types are studied 
Cell architecture is intact 

Developing methodology, incubation 
conditions are being optimized 
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Table 2: Comparison of in vitro kinetic parameters describing the metabolism of benzoic 
acid and tolbutamide in perfused rat liver, precision-cut rat liver slices and hepatocytes. 

Perfusion Precision-cut 
liver slices 

Hepatocytes Ratio" 

Benzoic acid 
V„3,' (nmole/min/mg - 0.54 0.64 0.8 
protein or 10' cells) 

- 16.75 35.76 0.4 
CLj„, (mL/min) - 18.46 33.45 0.5 
CLh (mL/min) 4.43 2.13 3.55 0.6 

Tolbutamide 
(nmole/min/mg - 0.52 0.73 0.7 

protein or 10' cells) 
- 666 540 1.3 

CLin, (mL/min) - 0.45 2.33 0.2 
CLh (mL/min) 1.52 0.109 0.57 0.2 

'There are 2.15 x 10' cells/slice. Each slice has approximately 2.5 mg protein. Therefore, 
there is approximately 10' cells/mg protein. Reference (3) 
"Ratio of slice/hepatocyte values 



174 

REFERENCES 

CHAPTER 1 

INTRODUCTION 

1. R. L. Dedrick, K. B. Bischoff and D. S. Zaharko. Inter-species correlation of plasma 

concentration history of methotraxate. Cancer Chemother. 52: 95-101 (1970) 

2. R. L. Dedrick. Animal scale-up. J. Pharmacokinet. Biopharm. 1:435-461 (1973) 

3. A. Rane, G. R. Wilkinson and D. G. Shand. Prediciton of hepatic extraction ratio 

from in vitro measurement of intrinsic clearance. J. Pharmacol. Exp. Ther. 200: 420-

424(1977) 

4. B. Hoener. Predicting the hepatic clearance of xenobiotics in humans from in vitro 

data. Biopharm. Drug Dispos. 15: 295-304 (1994) 

5. J. B. Houston. Utility of in vitro drug metabolism data in predicitng in vivo metabolic 

clearance. Biochem. Pharmacol. 47: 1469-1479 (1994) 

6. K. S. Pang and M. Chiba. Metabolism: scaling up from in vitro to organ and whole 

body. In Handbook Of Experimental Pharmacology. P. G. Welling and L. P. Balant 

(Eds). Springer, 101-187 (1994) 

7. J. H. Lin, M. Hayashi and M. Hanano. Correlation between in vitro and in vivo drug 

metabolism rate: oxidation of ethoxybenzamide in rat. J. Pharmacokin. Biopharm. 6: 

327-337 (1978) 

8. P. O. Seglen. Preparation of rat liver cells. Ill Enzymatic requirements for tissue 

dispersion. Exp. Cell Res. 82: 391-398 (1973) 



9. P. D. Worboys, A. Bradbury, and J. B. Houston. Kinetics of drug metabolism in rat 

liver: rates of oxidation of ethoxycoumarin and tolbutamide, examples of high-and 

low-clearance compounds. Drug Metab. Dispos 23: 393-397 (1995) 

10. P. D. Worboys. A. Bradbury and J. B. Houston. Kinetics of drug metabolism in rat 

liver slices. II. Comparison of clearance by liver slices and freshly isolated 

hepatocytes. 24: 676-681 (1996) 

11. A. M. Vickers, S. Connors, M. Zollinger, W. A. Biggi, A. Larrauri, J. P. Vogelaar. 

and K. Brendel. The biotransformation of the ergot derivative CQA 206-291 in 

human, dog, and rat liver slice cultures and prediction of in vivo plasma clearance. 

Drug Metab. Dispos. 21: 454-459 (1993) 



176 

CHAPTER 2 

PART A 

A SIMPLIFIED ISOLATED PERFUSED RAT LIVER APPARATUS: 
CHARACTERIZATION AND ESTIMATION OF EXTRACTION RATIOS OF 

SELECTED DRUGS 

1. L. L. Miller. History of isolated liver perfusion and some still unsolved problems. In: 

I. Bortosek, A. Guatini, L. L. Miller eds. Isolated liver perfusion and its applications. 

NewYork: Raven Press: I-5(1972) 

2. P. B. Andreasen, K. Tonneser, A. Rabol and S. Keiding. Michaelis-Menten kinetics 

of phenazone elimination in the perfused pig liver. Acta Pharmacol et Toxicol. 40: l-

13 (1977) 

3. L. L. Miller, C. G. Ely, M. N Berry and H. A. BCrebs. The dominant role of the liver in 

plasma protein synthesis: A direct study of the isolated perfused rat liver with the aid 

of lysine "C. J. Exp. Med. 94: 431-453 (1951) 

4. H. Schimassek. Perfiision of rat liver with a semisynthetic medium and control of 

liver function. Life Sci. 336: 629-637 (1962) 

5. G. J. Gores, L. J. Kost, and N. F. LaRusso. The isolated perfused rat liver : 

Conceptual and practical considerations. Hepatology. 6: 511-517 (1986) 

6. L. Triner, M. Verosky, D. V. Habib and G. G. Nahas. Perfusion of isolated liver with 

fluorocarbon emulsions. Federation Proceedings. 29: 1178-1781 (1970) 



7. H. H. Mehendale, S. A. Svensson, C. Baldi, and S. Orrenius,. Accumulation of Ca'* 

induced by cytotoxic levels of tnenandione in the isolated perfused rat liver. Eur. J. 

Biochem. 149: 201-206 (1985) 

8. R. Mehvar and J. Reynolds. Input rate-dependent stereoselective pharmacokinetics: 

experimental evidence in verapamil-infused isolated rat livers. Drug Metab. Dispos. 

23: 637-641 (1995) 

9. T. D. Yih, and J. M. van Rossum. Pharmocokinetics of some homologous series of 

barbiturates in the intact rat and in the isolated perfused rat liver. J. Pharmacol. Exp. 

Ther. 20: 184-192(1977) 

10. M. V. St.Pierre, A. J. Schwab, C. A. Goresky. W. F. Lee, and K. S. Pang. The 

multiple-indicator dilution technique for characterization of normal "and retrograde 

flow in once-through rat liver perfusions. Hepatology. 9: 285-296(1989) 

11. S. A. Ward, G. W. Mihaiy, J. F. Tha, D. J. Back. The effect of benzimidazoles on the 

disposition of antipyrine and tolbutamide from the rat isolated perfused liver. J. 

Pharm. Pharmacol. 37: 62-64 (1985) 

12. M. D. Hussain, Y. K. Tam, M. R. Gray, and R. T. Coutts. Kinetic Interactions of 

lidocaine, diphenhydramine, and verapamil with diltiazem. Drug Metab. and Dispos. 

22:530-536 (1994) 

O.K. S. Pang, and M. Rowland. Hepatic clearance of drugs. I. Theoretical 

considerations of a "well-stirred" model and a "parallel tube" model. Influence of 



178 

hepatic blood flow, plasma and blood cell binding, and the hepatocellular enzyme 

activity on hepatic drug clearance. J. Pharmacokin. Biopharm. 5: 625-653 (1977) 

14. G. R. Wilkinson, and D. G. Shand. A physiological approach to hepatic drug 

clearance. Clin. Pharmacol.Ther.18: 377-389(1975) 

15. Z. Hussain and M. Rowland. Distribution of antipyrine in rat liver. J. Pharm. 

Pharmacol. 44: 766-768 (1992) 

16. K. S. Pang, W. F. Lee, W. F. Cherry, V. Yuen, J. Accaputo, S. Fayz, A. J. Schwab, 

and C. A. Goresky. Effects of perfusate flow rate on measured blood volume, disse 

space, intracellular water space, and drug extraction in the perfused rat liver 

preparation: characterization by the multiple indicator dilution technique. J. 

Pharmacokin. Biopharm. 16: 595-629 (1988) 

17. V. T. Vu and C. Chen,. Effects of dl-propranolol on lidocaine disposition in the 

perfused rat liver. Drug Metab. and Dispos. 10: 350-355 (1992) 

18. K. S. Pang, J. A. Terrel, S. D. Nelson, K. A. Feuer, M. Clements and L. Endrenyi. An 

enzyme-distributed system for lidocaine metabolism in the perfused rat liver 

preparation. J. Pharmacokin. Biopharm. 14: 107-129 (1986) 

19. Y. K. Tam, M. Yau, R. Berzins, P. R. Montogomery and M. Gray. Mechanisms of 

lidocaine kinetics in the isolated perfused rat liver. Drug Metab and Dispos. 15: 12-

16(1986) 



179 

REFERENCES 

CHAPTER 2 

PARTS 

ESTIMATION OF HEPATIC EXTRACTION RATIOS OF BENZOIC ACID AND 
TOLBUTAMIDE 

1. B. A. Barshop, J. Brerer, J. Holm, J. Leslie and W. L. Nyhan. Excretion of hippuric 

acid during sodium benzoate therapy in patients with hypergylcinaemia or 

hyperammonaemia. J. Inher. Disease. 12: 72-73 (1989) 

2. L P. Amsel and G. Levy. Drug biotransformation interactions in man II: A 

pharmacokinetic study of the simultaneous conjugation of benzoic and salicyclic 

acids with glycine. J. Pharm Sci. 58: 321-326 (1969) 

3. J. W. Bridges, M. R. French, R. L. Smith and R. T. Williams. The fate of benzoic acid 

in various species. Biochem. J. 118: 47-51 (1970) 

4. H. G. Bay, W. V. Thorpe, and K. White. Kinetic studies of the metabolism of foreign 

organic compounds. I. Formation of benzoic acid form benzamide, toluene, benzyl 

alcohol, and benzaldehyde and it's conjugation with glucuronic acid in the rabbit. 

Biochem. J. 88:92-96(1951) 

5. M. Chiba, K. Poon, J. Hollands, and K S. Pang. Glycine conjugation activity of 

benzoic acid and its acinar localization in the perfused rat liver. J. Pharmacol. Exp. 

Ther. 268: 409-415(1993) 



6. W. L. Schary, and M. Rowland. Protein binding and hepatic clearance: Studies with 

tolbutamide, a drug of low intrinsic clearance, in the isolated perfused rat liver 

preparation. J. Pharmocokin. Biopharm.ll: 225-243 (1983) 

7. S. A. Ward, G. W. Mihaly, J. F. Tha and D. J. Back. The effect of benzimidazoles on 

the disposition of antipyrine and tolbutamide from the rat isolated perfused liver. J. 

Pharm. Pharmacol. 37: 62-64 (1985) 

8. K. Kubota, Y. Horai. K. Kushida and T. Ishizaki. Determination of benzoic acid and 

hippuric acid in human plasma and urine by high-performance liquid 

chromatography. J.Chromatogr. 425: 67-75 (1988) 

9. Z. Gregus, T. Fekete, F. Varga and C. D. Klaassen. Availability of glycine and 

coenzyme A limits glycine conjugation in vivo. Drug Metab. Dispos. 20: 234-240 

(1992) 

10. D. J. Back, F. Sutclife and J. F. Tjia. Tolbutamide as a model drug for the study of 

enz>me induction and enzyme inhibition in the rat. Br. J. Pharmacol. 81: 557—562 

(1984) 



181 

REFERENCES 

CHAPTER 2 

PARTC 

COCAINE AND ETHYLCOCAINE (COCAETHYLENE) EXTRACTION IN THE 
ISOLATED PERFUSED RAT LIVER: EFFECT OF SUBSTRATE 

CONCENTRATION AND THE PRESENCE OF ETHANOL 

1. N. I. Benowitz. How toxic is cocaine? Cocaine: Scientific and social dimensions. 

Wiley Chichester (Ciba Foundation Symposium 166). 125-148 (1992) 

2. C. S. Lieber. Hepatic metabolic and toxic effects of ethanol: 1991 update. Alcohol 

Clin. Exp. Res. 15: 573-592 (1991) 

3. R. A. Dean, C. D. Christian, R. H. Sample, and W. F. Bosron. Human liver cocaine 

esterases: ethanol-mediated formation of ethylcocaine. FASEB. 5: 2735-2739 (1991) 

4. U. A. Boelsterli, and C. Goldlin. Biomechanisms of cocaine-induced hepatocyte 

injury mediated by the formation of reactive metabolites. Arch Toxicol. 65: 351-360 

(1991) 

5. C. S. Boyer, and D. R. Petersen. Potentiation of cocaine-mediated hepatotoxicity by 

acute and chronic ethanol. Alcoholism: Clin. Exp. Res. 14: 28-31 (1990) 

6. S. Aston-Jones, G. Aston-Jones, and G. F. Koob. Cocaine antagonizes anxiolytic 

effects of ethanol. Psychopharmacology. 84:28-31 (1984) 

7. M. P. Reyes. The order of drug administration: it's effects on the interaction between 

cocaine and ethanol. Life Sci. 55: 541-550 (1994) 



182 

8. M. Farre, R. Torre, M. Llorente, X. Lamas, B. Ugena, J. Segura, and J. Cami. Alcohol 

and cocaine interactions in humans. J. Anal. Toxicol. 266: 1364-1373 (1993) 

9. S. Rose, W. L. Heam, G. W. Hime, C. V. Wetli, A. J. Ruttenber and D. C. Mash. 

Cocaine and cocaethylene concentrations in human post mortem cerebral cortex. 

Neurosci Abstr. 16: 11.6 (1990) 

10. P. Jatlow. J. D. Elsworth, C. W. Bradberry, G. Winger, J. R. Taylor, R. Russell and 

R. H. Roth. Cocaethylene: A neuropharmacologically active metabolite associated 

with concurrent cocaine-ethanol ingestion. Life Sci. 48: 1787-1794 (1991) 

11. M. P. Reyes. Subjective and cardiovascular effects of cocaethylene in humans. 

Psychopharmacology. 113:144-147( 1993) 

12. J. Sukbunthemg, A. Walters, H. H. Chow, and M. Mayersohn. Quantitative 

determination of cocaine, cocaethylene (ethylcocaine), and metabolites in plasma and 

urine by high -perfromance liquid chromatography. J. Pharm. Sci. 84: 799-803 (1995) 

13. S. K. Pang, and M Rowland,. Hepatic clearance of drugs IL Experimental evidence 

for acceptance of the "well stirred" model over the "parallel tube model" using 

lidocaine in the perfused rat liver in situ preparation. J. Pharmacokin. Biopharm. 5: 

655-680 (1977) 

14. R. A. Dean, E. T. Harper, N. Dumaual, D. A. Stoeckel, and W. F. Bosron. Effects of 

ethanol on cocaine metabolism: Foraiation of cocaethylene and norcocaethylene. 

Toxicol. Applied Pharmacol. 117: 1-8 (1992) 



183 

15. A. Barber and R. L. Tackett. Hemodynamic effects of centrally administered 

norcocaine in the rat. Life Sci. 51: 1269-1276 (1992) 

16. G. Bamett, R. Hawks, and R. Resnick. Cocaine pharmacokinetics in humans. J. 

Ethanopharmacol. 3: 353-366 (1981) 

17. M. J. fCreek and B. Stimmel. Alcoholism and polydrug use. Haworth Press, New 

York, 67-71 (1984). 

18. B. S. Levine, and I. R. Tebbett. Cocaine pharmocokinetics in ethanol-pretreated rats. 

Drug Metab. Dispos. 22: 498-500 (1994) 

19. S. Kim et ai; unpublished results. 

20. J. S. Fowler, N. D. Volkow, J. Logan, R. R. MacGregor, G. J. Wang, and A. P. Wolf 

Alcohol intoxication does not change [''*C] cocaine pharmacokinetics in human brain 

and heart. Synapse. 12: 228-235 (1992) 

21. M. P. Reyes, and A. R. Jeffcoat. Ethanol/cocaine interaction: cocaine and 

cocaethylene plasma concentrations and their relationship to subjective and 

cardiovascular effects. Life Sci. 51: 553-563 (1992) 

22. J. Sukbunthemg, et air, unpublished results. 



184 

REFERENCES 

CHAPTERS 

THE PREDICTION OF IN VIVO HEPATIC CLEARANCE OF SELECTED 
COMPOUNDS USING PRECISION-CUT LIVER SLICES 

1. P. F. Smith, R. McKee, P. A. Gandolfi, C. L. Krumdieck, R. Fisher and K. Brendel. 

Precision-cut liver slices: a new in vitro method in toxicology. In In vitro toxicology: 

Model systems and methods, (ed. C. A. McQueen) 93-130 (1989). Teleford Press. 

New Jersey. 

2. A. D. Rodrigues. Use of in vitro human metabolism studies in drug development. 

Biochem. Pharmacol. 48: 2147-2156 (1994). 

3. W.C. Stadie and B. C. Riggs. Microtome for the preparation of tissue slices for 

metabolic studies of surviving tissue in vitro. J. Bio.I. Chem. 154: 687-690 (1944) 

4. H. Mcllwain and H. L. Buddie. Technniques in tissue metabolism. A mechanical 

chopper. J. Biochem. 53:412-420 (1953) 

5. C. L. Krumdieck, J. Santos and K. Ho. A new instrument for the rapid preparation of 

tissue slices. Anal. Biochem. 104: 118-123 (1980) 

6. P. F. Smith, A. J. Gandolfi. C. L. Krumdieck. C. W. Putman, C. F. Zukoski. W. M. 

Davis and K. Brendel. Dynamic organ culture of precision liver slices for in vitro 

toxicology. Life Sci. 36: 1367-1375 (1985) 

7. A. R. Parrish, A. J. Gandolfi and K. Brendel. Precision-cut tissue slices: Applications 

in pharmacology and toxicology. Life Sci. 57: 1887-1901 (1995) 



185 

8. P. D. Worboys, A. Bradbury and J. B. Houston. Kinetics of drug metabolism in rat 

liver: rates of oxidation of ethoxycoumarin and tolbutamide, examples of high-and 

low-clearance compounds. Drug Metab. Dispos 23: 393-397 (1995) 

9. A. M. Vickers, V. Fischer, M. S. Connors, R. L. Fisher, J. P. Baldeck, G. Maurer and 

K. Brendel. Cyclosporin A metabolism in human liver, kidney, and intestine slices. 

Comparison to rat and dog slices and human cell lines. Drug Metab. Dispos. 20: 802-

809(1992) 

10. P. D. Worboys, A. Bradbury and J. B. Houston. Kinetics of drug metabolism in rat 

liver slices. II. Comparison of clearance by liver slices and freshly isolated 

hepatocytes. 24: 676-681 (1996) 

11. M. G. Miller, J. Beyer, G. L. Hall, L. A. Degraffenried and P. E. Adams. Predictive 

value of liver slices for metabolism and toxicity in vivo: use of acetaminophen as a 

model hepatotoxicant. Toxicol. Applied Pharmacol. 122: 108-116 (1993) 

12. A. M. Vickers, V. Fischer, M. S. Connors, W. A. Biggi, F. Heitz, J. P. Baldeck and K. 

Brendel. Biotransformation of the antiemetic S-HT, antagonist tropisetron in liver and 

kidney slices of human, rat and dog with a comparison to in vivo. Eur. J. Drug Metab. 

Pharmacokin. 21: 43-50 (1996) 

13. P. Dogterom. Development of a simple incubation system for metabolism studies 

with precision-cut liver slices. Drug Metab. Dispos. 21: 699-704 (1993) 



14. S. Ekins, G. I. Murray, M. D. Burke, J. A. Williams and G. M. Hawksworth. 

Quantitative differences in phase I and II metabolism between rat precision-cut liver 

slices and isolated hepatocytes. Drug Metab. Dispos. 23:1274-1279 (1995) 

15. L. Gunawardhana, J. Barr, A. J. Weir, K. Brendel and I. G. Sipes. Liver slices: An in 

vitro system for determination of N-acetylation in human liver. Proc. West. 

Pharmacol. 31: 137-141 (1988) 

16. A. M. Vickers, S. Connors, M. Zollinger, W. A. Biggi, A. Larrauri, J. P. Vogelaar and 

K. Brendel. The biotransfoemation of the ergot derivative CQA 206-291 in human, 

dog, and rat liver slice cultures and prediction of in vivo plasma clearance. Drug 

Metab. Dispos. 21: 454-459 (1993) 

17. R. L. Fisher, S. J. Hasal, I. G. Sipes, A. J. Gandolfi and K. Brendel. Comparative 

metabolism and toxicity of dichlorobenzenes in Sprague-Dawley Fischer -344 and 

human liver slices. Human Exp. Toxicol. 14: 414-421 (1995) 

18. K. Kubota, Y. Horai, K. Kushida and T. Ishizaki. Determination of benzoic acid and 

hippuric acid in human plasma and urine by high-performance liquid 

chromatography. J.Chromatogr. 425: 67-75 (1988) 

19. W. L. Schary, and M. Rowland. Protein binding and hepatic clearance: Studies with 

tolbutamide, a drug of low intrinsic clearance, in the isolated perfused rat liver 

preparation. J. Pharmocokin. Biopharm.ll: 225-243 (1983) 



187 

20. J. Barr, A. J. Weir, K. Brendei and I. G. Sipes. Liver slices in dynamic organ culture: 

An alternative in vitro technique for the study of rat hepatic drug metabolism using 

human tissue. Xenobiotica. 21: 331-339 (1991) 

21. R. L. Fisher, R. P. Shaughnessy, P. M. Jenkins, M. L. Austin, G. L. Roth. A. J. 

Gandolfi and K. Brendei. Dynamic organ culmre is superior to multiwell plate culture 

for maintaining precision-cut tissue slices: Optimization of tissue slice culture. Parti. 

Toxicol. Methods. 5: 99-113 (1995) 

22. M. Chiba, K. Poon, J. Hollands and K S. Pang. Glycine conjugation activity of 

benzoic acid and its acinar localization in the perfused rat liver. J. Pharmacol. Exp. 

Ther. 268:409-415(1993) 

23. Z. Gregus, T. Fekete and C. D. KJaassen. Availability of glycine and coenzyme A 

limits glycine conjugation in vivo. Drug Metab. Dispos. 20: 234-240 (1992 ) 

24. J. Back, F. Sutclife and J. F. Tjia. Tolbutamide as a model drug for the study of 

enzyme induction and enzyme inhibition in the rat. Br. J. Pharmacol. 81: 557—562 

(1984) 

25. G. M. Pacifici, S. Mogerevo and A. Rane. Conjugation of benzoic acid with glycine 

in the human fetal and adult liver kidney. Dev. Pharmacol. Ther. 17: 52-62 (1991) 

26. K. Kubota and T. Ishizaki. Dose-dependent pharmocokinetics of benzoic acid 

following oral administration of sodium benzoate to humans. Eur. J. Clin. 

Pharmacol. 41: 363-368 (1991) 



188 

27. J. E. Sharer, L. A. Shipey, M. R. Vandenbranden, S. N. Binkley and S. A. Wrighton. 

Comparisons of phase I and phase II in vitro hepatic enzyme activities of human, dog, 

rhesus monkey and cynomolgus monkey. Drug Metab. Dispos. 23: 1231-1241 (1995) 

28. L. Balant. Pharmacokinetics of sulfonylureas. Clin. Pharmacokin. 4: 39-45 (1988) 



189 

REFERENCES 

CHAPTER 4 

THE PREDICTION OF IN VIVO HEPATIC CLEARANCE OF SELECTED 

DRUGS USING PRIMARY RAT HEPATOCYTES 

1. M. N. Berry and D. S. Friend. High yield preparation of isolated rat liver parenchymal 

cells. J. Cell. Bio. 43: 506-520 (1969) 

2. M. N. Berry, A. M. Edwards and G. J. Baritt. Isolated hepatocytes: Preparation, 

properties and applicaitons (Elsevier: Amsterdam) 1-460 (1991) 

3. C. A. McQueen. Isolation and culture of hepatocytes from different laboratory 

species. In: Methods in Toxicology (Academic Press), vol. 1, 255-261, 1993 

4. A. J. Paine. The maintenance of cytochrome P-450 in rat hepatocyte culture: Some 

applications of liver cell cultures to the study of drug metabolism. Chemico-

Biological Interactions, 74: 1-31 (1990) 

5. P. Skett and M. Bayliss. Time for a consistent approach to preparing and culturing 

hepatocytes ? Xenobiotica. 26: 1-7 (1996) 

6. P. Skett, C. Tyson, A. Guiilouzo and P. Maier. Report on the international workshop 

on the use of human in vitro liver preparations to study drug metabolism in drug 

development. Biochem. Pharmacol. 50: 80-285 (1995) 



190 

7. A. Bader, K. Zech, O. Crome, U. Christians, B. Elinge, R. Pichlmayer and FC. Fr. Use 

of organotypicai cultures of primary hepatocytes to analyse drug biotransformation in 

man and animals. Xenobiotica. 24: 623-633 (1994) 

8. T. A. Smolarek. C. V. Higgins, and D. E. Amcher. Metabolism and cytotoxicity of 

acetaminophen ui hepatocyte cultures from rat, rabbit, dog, and monkey. Drug Metab. 

Dispos. 18: 659-663 (1990) 

9. E. L. Ashforth, D. J. Carlile, R. Chenery, and J. B. Houston. Prediction of in vivo 

disposition from in vitro systems: clearance of phentyoin and tolbutamide using rat 

hepatic microsomal and hepatocyte data. J. Pharmacol. Exp Ther. 274: 761-766 

(1995) 

10. K. A. Hayes, B. Brennan, R. Chenery, and J. B. Houston. In vivo disposition of 

caffeine predicted from hepatic microsomal and hepatocyte data. Drug Metab. Dispos. 

23: 349-353 (1995) 

11. K.Zomorodi, D. J. Carlile, and J. B. Houston. Kinetics of diazepam metabolism in rat 

hepatic microsomes and hepatocytes and their use in predicting in vivo hepatic 

clearance. Xenobiotica. 25: 907-916 (1995) 

12. M. Chiba, K. Poon, J. Hollands and K S. Pang. Glycine conjugation activity of 

benzoic acid and its acinar localization in the perfused rat liver. J. Pharmacol. Exp. 

Ther. 268:409-415(1993) 

13. Z. Gregus, T. Fekete and C. D. Klaassen. Availability of glycine and coenzyme A 

limits glycine conjugation in vivo. Drug Metab. Dispos. 20: 234-240 (1992 ) 



191 

14. J. Back, F. Sutclife and J. F. Tjia. Tolbutamide as a model drug for the study of 

enzyme induction and enzyme inhibition in the rat. Br. J. Pharmacol. 81: 557—562 

(1984) 



192 

REFERENCES 

CHAPTERS 

ESTIMATION OF HEPATIC CLEARANCE OF BENZOIC ACID AND 
TOLBUTAMIDE FROM IN VIVO EXPERIMENTS 

1. B. A. Barshop, J. Brerer, J. Holm, J. Leslie and W. L. Nyhan. Excretion of hippuric 

acid during sodium benzoate therapy in patient with hypergylcinaemia or 

hyperammonaemia. J. Inher. Dis. 12: 72-73 (1989) 

2. G. Levy. Pharmacokinetics of salicyclate elimination in man. J. Pharm. Sci. 54: 959-

967(1965) 

3. Z. Gregus, T. Fekete, F. Varga and C. D. KJaassen. Availability of glycine and 

coenzyme A limits glycine conjugation in vivo. Drug Metab. Dispos. 20: 234-240 

(1992) 

4. J. J. Hjelle and C. D. BGassen. Glucuronidation and biliary excretion of 

acetaminophen in rats. J. Pharmacol. Exp. Ther. 228; 407-413 (1984) 

5. J. Back, F. Sutclife, and J. F. Tjia. Tolbutamide as a model drug for the study of 

enzyme induction and enzyme inhibition in the rat. Br. J. Pharmacol. 81: 557—562 

(1984) 

6. S. M. Pond, D. J. Birkett and D. N. Wade. Mechanisms of inhibition of tolbutamide 

metabolism: phenybutazone, oxyphenbutazone, sulfaphenazole. Clin. Pharmac. 55: 

335-336(1977) 



193 

7. K. Kubota, K. Horai, K. Kushida and T. Ishizaki. Determination of benzoic acid and 

hippuric acid in human plasma and urine by high -performance liquid chromatograhy. 

J.Chromatogr. 425: 67-75 (1988) 

8. R. L Nation, G. W. Peng and W. L Chiou. Simple, rapid and micro high-pressure 

liquid chromatographic method for the simultaneous determination of tolbutamide 

and carboxytolbutamide ui plasma. J. Chromatogr. 146: 121-131 ( 1978) 



194 

REFERENCES 

CHAPTER 6 

INTEGRATION OF RESULTS FROM THE PERFUSED LIVER, PRECISION-
CUT LIVER SLICES AND PRIMARY HEPATOCYTES 

1. A. R. Parrish, A. J. Gandolfi and K. Brendel. Precision-cut tissue slices: Applications 

in pharmacology and toxicology. Life Sci. 57: 1887-1901 (1995) 

2. A. M. Vickers, S. Connors, M. Zollinger, W. A. Biggi, A. Larrauri, J. P. Vogelaar, 

and K. Brendel. The biotransformation of the ergot derivative CQA 206-291 in 

human, dog, and rat liver slice cultures and prediction of in vivo plasma clearance. 

Drug Metab. Dispos. 21: 454-459 (1993) 

3. P. D. Worboys, A. Bradbury and J. B. Houston. Kinetics of drug metabolism in rat 

liver slices. II. Comparison of clearance by liver slices and freshly isolated 

hepatocytes. 24: 676-681 (1996) 

4. D. Worboys, A. Bradbury, and J. B. Houston. Kinetics of drug metabolism in rat 

liver: rates of oxidation of ethoxycoumarin and tolbutamide, examples of high-and 

low-clearance compounds. Drug Metab. Dispos 23: 393-397 (1995) 


