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ABSTRACT 

An in vitro system has been developed to study N-

acetyltransferase (NAT) activity using human liver slices in 

dynamic organ culture. Acetylation of para-aminobenzoic 

acid (PABA) and sulfamethazine (SMZ) in the presence of 

human liver slices was monitored by measuring the 

disappearance of the parent amine from the incubation medium 

using the colorimetric procedure of Bratton & Marshall. 

Presence of the acetyl conjugate was confirmed using HPLC. 

PABA acetylation rates varied from 0.72 - 2.52 nmoles/hr/mg 

protein (n = 8). This small variation {<4 fold) is 

consistent with the classification of PABA as a monomorphic 

substrate. The variation in the rate of SMZ acetylation was 

greater than 2 0 fold (0.144 - 3.68 nmoles/hr/mg protein; n = 

9). This larger variation is characteristic of SMZ as a 

polymorphic substrate. The results obtained indicate that 

human liver slices in dynamic organ culture can be used for 

the determination of hepatic NAT activity and acetylator 

status of individual human livers. 
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INTRODUCTION 

Historical Background: N-Acetvlation and 

Acetylation Polymorphism 

Interindividual differences in drug metabolism due 

to genetic predisposition are becoming an increasingly 

important area of investigation. N-Acetyltransferase (NAT) 

was one of the enzymes first discovered to express 

polymorphism in its activity (Propping, 1978). NAT, which 

is responsible for acetyl coenzyme A dependent N-

acetylation, is a cytosolic enzyme distributed in a number 

of tissues in man as well as in many other species (Weber et 

al./ 1980). N-acetylation is the major route of 

biotransformation for arylamine and hydrazine drugs 

(Williams, 1959? Parke, 1968). Acetylation of amino groups 

is more common than acetylation of hydroxy1 groups (e.g. 

choline) and sulfhydryl groups (e.g. coenzyme A) (Williams, 

1967, 1959; Parke, 1968). The different types of amino 

groups biotransformed by acetylation include arylamino, 

aliphatic amino, a-amino, hydrazino and sulfonamido. For 

arylamines and hydrazines N-acetylation is quite common. 

Marshall et al. (1937) and Fuller (1937) first discovered 
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that man and rabbit were capable of acetylating the aryl NH2 

group of sulfanilamide (SA). Following this Klein and 

Harris (1938) suggested that the liver was the major site 

of enzymatic arylamine acetylation. Later Lipmann (1945) 

conducted pioneering studies on the acetylation mechanism in 

pigeon and rabbit liver homogenates. He found a coenzyme A 

(CoA) derivative as an essential co-factor for enzymatic 

acetylation. This was the first investigation of the 

properties of the acetylating enzyme in cell free 

preparations. Subsequently, an enzyme which catalyzes the 

reaction : 

acetyl CoA + amine ----> N-acetylated amine + coenzyme A 

was identified in a further study by Chou and Lipmann 

(1952). This enzyme is called acetyl CoA: arylamine N

acetyltransferase (E.C. 2.3.1.5.). 

This enzyme system was found to have a broad 

substrate specificity for acetylator acceptor substrates 

with acetyl CoA as the cofactor. Isoniazid (INH) was 

discovered to be a substrate for NAT by Johnson (1954, 1956) 

following his observations that the acetylation of SA by 

pigeon liver extract was markedly inhibited by INH. Later 

acetylation polymorphism was discovered by studying the 

metabolism of INH in humans. 

Shortly after INH was introduced into the treatment 

of human tuberculosis (Selikoff et al., 1952), peripheral 
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neuritis was noted among certain patients treated with this 

drug. This was accompanied by the establishment of 

acetylation as the principal route of INH elimination in man 

(Hughes, 1953). Bonicke and Reif (1953) as well as Hughes 

(1953) observed a large variation in the rate of metabolism 

of INH among humans and suggested that the differences in 

susceptibility of patients to INH toxicity are due to 

differences in individual acetylation capacity (Hughes et 

al., 1954). Biehl (1956) further characterized the 

polymorphism in drug acetylation by examining the 

distribution histograms of the percentage of the 

administered INH excreted in the free form in the urine. 

His results suggested that individuals belong to one of two 

classes - either rapid or slow inactivators, as these 

histograms were bimodal. This polymorphism for INH 

metabolism in man was suspected to be determined genetically 

by Mitchell et al. (1958). Harris et al. (1958) supported 

this view with the finding that groups of Japanese subjects 

contain a much larger proportion of rapid inactivators than 

groups of Caucasian subjects. Later Knight (1959) and Evans 

et al. (1960) established a stable hereditary basis for N-

acetylation polymorphism in humans. 

Properties of the Hepatic N-Acetvltransferase 

Information about the human liver NAT is quite 

limited compared to our understanding of the enzyme from 
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certain animal species, especially the New Zealand White 

rabbit (Weber and Hein, 1985). Up to now rabbit liver NAT 

has been the most extensively characterized. 

The NAT from rabbit liver has recently been purified 

to homogeneity (Andres et al., 1987). The isoelectric point 

for the purified enzyme was estimated to be 5.2 (Andres et 

al., 1987). As determined by sodium dodecyl sulfate-

polyacrylamide disc gel electrphoresis and sephacryl S-2 00 

gel filtration, the molecular weight of rabbit NAT was 

33,500 and 33,000, respectively (Andres et al., 1987). 

Recently Grant and Meyer (1987) have reported a 12 00 

fold purification of NAT from human liver. Complete 

recovery of NAT activity has been obtained from the purified 

enzyme based on the N-acetylation of SMZ. In an earlier 

study using gel filtration Schulte et al. (1974) have 

estimated the molecular weight of human liver NAT to be 

26,500. 

pH Activity Profile 

Studies with 4-iodoaniline as the substrate indicated 

a broad pH optimum from pH 5.9 to 8.6 with purified rabbit 

hepatic NAT (Andres et al., 1987). In an earlier study, a 

broad optimal range from pH 5.6 to 7.2 was also observed 

with SMZ (Hearse and Weber, 1973). The shape of the pH 

activity curve is substrate dependent (Weber and Cohen, 



1967). The pH dependency of NAT activity indicates that the 

enzyme preferentially interacts with the uncharged form of 

the substrate (Weber and Cohen, 1967? Smith and Williams, 

1948). 

Stability 

Highly purified rabbit liver NAT (DEAE cellulose 

fraction) loses a significant proportion of (>50%) activity 

when frozen. The less purified preparations (100,000g 

supernatant fraction) retain over 50% of its activity for at 

least one month under the same conditions (Weber & Cohen, 

1967). 

Substrate Specificity 

Broad substrate specificity is a well established 

characteristic of mammalian liver NAT (Weber, 1971b). 

Substrates for this enzyme should possess an amino group 

attached directly or indirectly to unsaturated rings 

(Figure 1). Compounds which have been recognized to be 

suitable substrates for this enzyme system include 

isoniazid, hydralazine, procainamide, aniline, para-

aminobenzoic acid, para-aminosalicylic acid, para-

phenetidine, 4-aminoantipyrine, sulfamethazine, 



Hydrazines Arylamine Drugs Drugs Metabolized 
to Amines 

Arylamine Carcinogens 
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Figure 1. Structures of drugs and environmental chemicals that 
are substrates for N-acetyltransferase (NAT). 
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sulfadiazine, sulfamerazine, sulfanilamide, furfurylamine, 

serotonin, tryptamine, histamine, aminofluorene, benzidine, 

naphthylamine and methylenebis-O-chloroaniline. Certain 

drugs which are not substrates for NAT can be converted in 

the body to primary amines, which are then acetylated. 

Sulfasalazine, caffeine, nitrazepam, dipyrone and acebutolol 

are drugs included in this category. In contrast, NAT has 

shown no activity towards certain other chemicals which 

contain an amine group. These include para-nitroaniline, 

cyclohexylamine, glucosamine, pyridoxamine, phenylalanine, 

anthranilic acid or glutamine. 

Species Variation 

A large species variation has been observed in the 

capacity for acetylation of arylamines and hydrazines. For 

example, the capacity to acetylate SA in the N4 position 

ranges from high in rabbits and rats, moderate in humans, 

and low in the dog and fox {Williams, 1967). In a number of 

inbred hamster strains, NAT activity towards INH was higher 

than that found in rabbit inbred strains (Weber and Hein, 

1985). 

Other than interspecies variation in the ability to 

acetylate the same compound, investigators have also 

reported intraspecies variation in the ability to acetylate 

different compounds. For example in one study (Suolinna, 



6 

1980) metabolism of PABA, SA and SMZ in isolated rat 

hepatocytes varied from high to low in that order. In the 

same preparation sulfadiazine (SD) did not show any 

acetylation. 

Age Related Changes 

Cohen et al. (1973) studying the effect of age on 

hepatic NAT activity found one week old rabbits have less 

than 10% of the activity of adult livers. However, at about 

four weeks of age the relative activity reached the adult 

level. In another study, Sonawane and Lucier (1975) 

observed two separate peaks of hepatic NAT activity at early 

stages of development, one occurring in the fetus and the 

other appearing three days after birth. This may indicate 

that there are different forms of hepatic NAT at different 

stages of development. 

Inhibitors and Activators 

The two most potent inhibitors of NAT are N-

ethylmaleimide and P-chloromercuribenzoate. The inhibitory 

effect of certain metal ions, Cu2+, Zn2+, Mn2+, and Ni2+, on 

NAT activity has also been reported. However, cadmium 

chloride and arsenite were found to have no inhibitory 

effect on the activity of this enzyme (Weber and Cohen, 

1967; Weber, 1971). 



Compounds capable of activating NAT fall into three 

categories: 

(1) Ethanol and other acetyl CoA precursors. The 

rate of acetylation in both man and rat has shown to be 

enhanced by acute ethanol ingestion (Olsen & Morland, 1978, 

1982; Olsen, 1982). 

(2) Zymosan and complete Freund's adjuvant. Effect 

of these activators on SMZ acetylation have been shown both 

in vivo and in vitro (Notter & Roland, 1978; Zidek et al. , 

1977; Zidek & Janku, 1981). 

(3) Steroids and steroid antagonists. SMZ NAT 

activity has been reported to be enhanced by steroids in rat 

as well as in rabbits (Reeves, 1988) . 

The mechanism by which these chemicals activate NAT 

is not clear. In the case of steroids, an increase in 

protein synthesis has been related to the enhancement of NAT 

activity. 

Mechanism of N-Acetvlation 

Detailed kinetic studies with partially purified 

hepatic enzymes obtained from rabbit and humans have shown 

that NAT catalyzes the N-acetylation reaction according to a 

ping-pong Bi Bi mechanism (Weber and Cohen, 1967, 1968). 



NAT 
Acetyl-CoA + R-NH2 CoA + R-NH-Acetyl 

Aromatic Amide 
Amine 

Acetylated 
Ac-CoA CoA Arylamine Arylamlne 

i  i  i  i  , 
N-Acetyl Acetyl-N-Acetyl N-Acetyl 

Transferase Transferase Transferase 

Figure 2. Mechanism of N-acetylation. N-Acetylation of drugs by NAT 
proceeds according to a ping pong Bi Bi mechanism. The 
overall reaction is: in the presence of NAT and acetyl CoA 
the free amino group of an arylamine is acetylated forming 
an amide. [Adapted from Weber, W. W. and Glowinski, I. B. 
(1980); Weber W. W. (1971)]. 



The two sequential steps of the ping-pong Bi Bi mechanism 

are: 

(1) Transfer of the acetyl group from Acetyl CoA to 

the enzyme to form an acetylated enzyme intermediate. 

(2) Transfer of the acetyl group from the enzyme-

acetyl intermediate to the arylamine. The enzyme is 

regenerated and two products are formed. 

The observation of ping-pong kinetics is consistent 

with the demonstration of a catalytically active acetyl-N-

acetyltransferase intermediate (Steinberg, 1970). The 

formation of the acetyl enzyme intermediate has been 

suggested to be the rate determining step in the process of 

acetylation. The overall reaction as shown in Figure 2 is: 

in the presence of NAT and Acetyl CoA the free amino group 

of an arylamine compound is acetylated forming an amide. 

Acetylation Polymorphism. 

Most drugs are metabolized so that the rates of 

metabolism for different individuals in a population are 

distributed around one mean. However there are also certain 

drugs which are metabolized so that the rates of metabolism 

in a population are distributed around more than one mean. 

This latter phenomenon is characteristic of polymorphism in 

drug metabolism. Existence of a hereditary polymorphism in 
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N-acetylation is one of the most interesting aspects of this 

pathway of drug metabolism (Weber & Hein, 1985). Due to 

polymorphism in N-acetylation, humans have been classified 

as either rapid or slow acetylators. 

This trait of acetylation polymorphism in humans is 

determined by two separate alleles of a single autosomal 

gene. Slow acetylators have been identified as homozygotes 

for a recessive allele (rr). Rapid acetylators are either 

homozygotes (RR) or heterozygotes (Rr) for a dominant allele 

(Evans et al., I960; Knight, 1959). 

Ethnic Similarities and Differences 

Ethnic variation in the proportion of slow and rapid 

acetylator phenotype has been documented by several 

investigators. Ellard (197 6) found approximately equal 

numbers of both acetylator phenotypes among Caucasians, 

Negroes and Asian Indians. A slightly higher percentage of 

slow acetylators may predominate (50-60%). Among orientals, 

rapid acetylators are predominant. For example, among 

Eskimo, Japanese and Chinese populations, 89.5, 88 and 78% 

of the population are rapid acetylators. In contrast 

Egyptians have the smallest percentage (18%) of rapid 

acetylators among all the ethnic groups studied so far 

(McQueen, 1980). These ethnic differences in the proportion 

of acetylator phenotypes could be due to differences in the 



13 

frequency of different alleles of a single gene in different 

racial groups. 

Effect of Age, Sex and Weight 

In a recent report Iselius and Evans (1983) have 

indicated that age, sex and body weight could affect the 

determination of INH acetylator phenotype in humans. They 

have suggested that this might be a result of the 

differences in absorption and plasma or tissue binding 

related to differences in age, sex and body weight. 

Interestingly other investigators have found the 

proportion of slow and rapid acetylator phenotypes in a 

population to vary between different age groups. Szorady et 

al. (1987) found slow acetylator phenotype to be predominant 

among new born babies in a Hungarian population. Gachalyi 

et al. (1984) demonstrated similar dominance of this 

phenotype in the Hungarian population older than 60 years. 

This is in contrast to the overall 50-50% distribution 

pattern of slow and rapid acetylators in adults. These 

reports have been contradicted by Farah et al. (1977) and 

Advenier et al.(1980) who found no change in acetylator 

status due to aging. 

In summary, age, sex and body weight might play a 

role in the determination of acetylator status of an 

individual. However, there is no sufficient evidence to 
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show that these factors could significantly change the 

genetically determined capacity of NAT activity in an 

individual. 

Substrate variation 

Jenne and coworkers (Jenne, I960; Jenne et al., 1961) 

investigating the in vivo metabolism of isoniazid (INH) and 

para-aminosalicylic acid (PAS) in humans found that in 

contrast to the large variation observed for the 

disappearance of INH, the variation for PAS disappearance 

was very small. In vitro studies with human tissues 

obtained from slow and rapid INH acetylators further 

confirmed that rates of acetylation of PAS and PABA are 

independent of the acetylator status of an individual 

(Motulsky, 19 62; Evans & White, 19 64; Evans, 19 65; Jenne, 

19 65). In vivo and in vitro studies of rabbits, a species 

exhibiting a trait of acetylator polymorphism similar to 

that of man, also showed the same characteristics for the 

acetylation of these two drugs (Frymoyer & Jacox, 19 63; 

Hearse and Weber 1973; Weber et al., 1976). 

From these studies it was recognized that in man and 

rabbit some drugs are acetylated polymorphically whereas 

others are acetylated monomorphically. In man, drugs which 



H2N-Qso2NH-<~H
3 

NAT 
CH3 

Sulfamethazine 

pKa 7.4 
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Figure 3. p-Aminobenzoic acid (PABA) and sulfamethazine (SMZ), 
the model substrates for monomorphic and polymorphic 
NAT activity. 
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display polymorphic acetylation are isoniazid, hydralazine, 

procainamide, sulfadiazine, sulfapyridine, sulfamethazine 

(Figure 3), dapsone and probably also phenelzine. Those 

drugs which display monomorphic acetylation include para-

aminobenzoic acid (Figure 3), para-aminosalicylic acid and 

sulfanilamide. 

Hepatic and Extrahepatic N-Acetyltransferase 

In a comparative study of hepatic and extrahepatic 

NAT activity in the New Zealand White rabbit, Hearse and 

Weber (1973) observed more variation in liver NAT activity 

than in any of the other tissues studied (i.e. gut, spleen 

and kidney). The gut also showed variation in NAT activity 

though less than that of liver. Spleen and kidney showed no 

significant variation. Bladder expresses the same type of 

polymorphism of liver (Smolen and Weber, 1983). In slow 

acetylator rabbits extrahepatic tissues contribute to a 

greater percentage of total acetylation (84.5%) than liver 

(15.5%). However, the total acetylation capacity in slow 

acetylator rabbits was less (19 /mmol of SMZ) than in the 

rapid acetylator rabbit (600 ptmol). In the rapid acetylator 

rabbits, the liver contributed 82% to the total acetylation 

of SMZ. These findings show that among all tissues 

variation in NAT activity between slow and rapid acetylator 
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rabbits is greatest in the liver. Therefore, NAT 

polymorphism should primarily depend on the hepatic NAT 

activity. 

However, when taken together the findings both in 

vitro and in vivo suggest that extrahepatic NAT activity 

probably does contribute significantly to the total 

acetylating capacity in the slow acetylator rabbit, 

particularly in the acetylation of PABA as explained later. 

Moreover, lack of significant variation in spleen and kidney 

NAT activity among individual rabbits shows that isozymes of 

hepatic and extrahepatic tissues are different. Among the 

extrahepatic isozymes, the one found in blood cells is quite 

different from all the other extrahepatic isozymes. This 

isozyme shows polymorphism for PABA acetylation but not for 

SMZ (Szabadi et al., 1978). The blood NAT polymorphism for 

PABA is reciprocal of the SMZ NAT polymorphism in the liver 

i.e. a rabbit showing the slow hepatic SMZ phenotype would 

show a rapid blood PABA phenotype. 

Species Variation 

Rabbit has been shown to be the best animal model for 

human acetylation polymorphism (Weber and Hein, 1985). 

Other species which show polymorphism with respect to N-

acetylation are the rhesus monkey (Goedde et al., 1967; 

Schloot and Goedde, 1968), deer mouse (Tannen and Weber, 
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1979), laboratory mouse (Tannen and Weber, 1979) and syrian 

hamster (Hein et al., 1982). Baboon and pigeon do not show 

polymorphism with respect to acetylation (Radtke et al., 

1979) . 

The Rabbit Model: 

Rabbit was the first mammalian species other than man 

shown to exhibit acetylation polymorphism (Frymoyer, 1962). 

Genetically, the trait of acetylation polymorphism in the 

New Zealand White rabbit is very similar to the human trait 

(Frymoyer & Jacox, 1963a). A bimodal pattern of 

distribution of acetylator status was found for SD, SMZ 

(Gordon et al., 1973; Hein et al., 1984; Weber, 1976) and 

INH, while a unimodal distribution was observed for FABA and 

PAS (Frymoyer & Jacox, 1963a; Du Souich, 1976). In the 

studies of Hein et al. (1982) with inbred rabbit strains, a 

gene-dose response was observed for PABA, PAS, PA, SMZ, INH 

and 2-AF NAT activities. Homozygous rapid acetylator inbred 

strains demonstrated the highest activity, followed by 

intermediate levels for obligate heterozygous rapid 

acetylator rabbits and lowest levels for homozygous slow 

acetylator inbred rabbit strains. However, so far only the 

two phenotypes, slow and rapid, have been identified in 

vivo. Acetylator phenotype in the rabbit determined in vivo 

and in hepatic cytosol was also demonstrable in primary 

cultures of hepatocytes isolated from the two phenotypes 
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(McQueen et al., 1982, 1983). The New Zealand White rabbit 

also expresses polymorphism in N,0-arylhydroxamic acid 

acyltransferase activity, which is responsible for 

activation of many aromatic amines to the ultimate 

carcinogen. Glowinski et al. (1980) using rapid and slow 

acetylator rabbits has shown that N-acetyltransferase and 

N,o-arylhydroxamic acid acyltransferase activity belongs to 

a common enzyme protein. 

The Mouse Model: 

In an effort to develop mouse as a suitable genetic 

animal model for acetylation polymorphism in humans 

different inbred strains of this species were screened to 

identify inherent variability in acetylation capacity. In a 

survey of 20 mouse strains, only three were found to be slow 

acetylators (A/J;AHe/J;X/Gf); the rest were classified as 

rapid acetylators (Glowinski and Weber, 1982) . NAT activity 

in the liver and blood of all 2 0 mouse strains were 

determined using BZD and PABA as substrates. Both the 

hepatic and the blood NAT exhibited comparable polymorphic 

activity towards BZD. Yet, the PABA NAT activity in the 

liver was monomorphic while it was polymorphic in the blood. 

The polymorphic BZD and PABA NAT activity in mouse blood is 

in contrast to the monomorphic nature of drug acetylation in 

the human blood. 

Among all mouse strains studied thus far the most 
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interesting results have been obtained from C57BL/6J and 

A/J mice. In vivo studies based on urinary metabolites for 

SMZ found a 2.5 fold higher rate of N-acetylation in 

C57BL/6J than in A/J mice (Tannen & Weber, 1980a, 1980b). 

Yet such variation in rates between the two strains was not 

found with PABA and PA. When NAT activity was monitored in 

hepatocytes isolated from these two different mice strains, 

acetylation capacity in C57BL/6J mice was higher compared 

with A/J mice (Weber and Hein, 1985). These findings 

suggest that C57BL/6J and A/J mice could be developed as 

suitable animal models for the two phenotypes in humans. 

The Hamster Model: 

The trait of acetylation polymorphism in the hamster 

is directly opposite to that found in the humans (Weber, 

1986). Substrates which exhibit a monomorphic 

characteristic in humans, i.e. PABA and PAS, showed high 

interstrain variation among 25 different inbred hamster 

strains examined for variation in N-acetylation (Hein et 

al., 1982b). Interestingly, only a twofold variation was 

observed for INH, PA, SMZ or AF which are classified as 

polymorphic substrates in man. 

The Rat model: 

Investigations with various outbred rat strains have 

shown no polymorphic distribution patterns in the capacity 

for N-acetylation of SMZ in this species (Tannen and Weber, 
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1979). A large variation in the capacity for PABA 

acetylation in the liver has been found among inbred rat 

strains (Weber and Hein, 1985; Bond et al., 1986), which is 

similar to the polymorphic characteristic shown for PABA NAT 

activity in the inbred hamster model. This is in contrast 

to the monomorphic nature of acetylation of this substrate 

in humans. 

Acetylator Status and the Reactions of Microsomal 

Monooxygenase System 

Studies (Larousse et al., 1980 and Brodie et al., 

1982) have shown that the extent of chemical induction or 

inhibition of the microsomal monooxygenase system can be 

affected by the difference in acetylator phenotype. Most of 

these studies involves polymorphic substrates for NAT such 

as INH, which is a P-450 inhibitor. Since the metabolism of 

INH depends on the acetylator phenotype of an individual, 

greater extent of P-450 inhibition could be observed in a 

slow acetylator due to enhanced levels of the parent 

compound. 

Recent findings suggest this type of differential 

inhibition of P-450 enzymes in the two acetylator phenotypes 

might not be limited to compounds metabolized by NAT 

pathway. Gachalyi et al. (1987) have reported a significant 

decrease in the metabolic clearance rate of antipyrine in 
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slow acetylators after the administration of cimetidine; 

whereas rapid acetylators were less affected by this 

treatment. Cimetidine also significantly decreased the 

urinary partial clearance rate of norantipyrine in the slow 

acetylators but not in the rapid phenotype. Since 

cimetidine is not metabolized via the NAT pathway these 

results probably indicate the existence of parallel genetic 

variations in certain P-450s and NAT. 

The Clinical Significance of Acetylator Status 

Human acetylation polymorphism was discovered more 

than 30 years ago, when INH induced peripheral nerve damage 

was observed in "slow acetylators". Since then extensive 

research into drug metabolism and disposition in man and 

animal models has revealed remarkable relationships between 

genetically determined individual differences in acetylation 

capacity and toxicity due to many other drugs. Acetylator 

status has also been implicated as a determinant of 

susceptibility to other human illnesses based on various 

clinical reports. 

Among the drug toxicities related to acetylator 

polymorphism INH induced peripheral neuropathy is the most 

well documented. Hughes et al. (1954) first suggested a 

relationship between acetylator status and the occurence of 

peripheral neuritis due to INH. Devadatta et al. (1960) 
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later confirmed the susceptibility of slow acetylators to 

isoniazid induced peripheral nerve damage. Deficiency of 

pyridoxine (vitamin Bg) induced by high levels of INH in 

slow acetylators was the cause for this neuropathy. 

Neurotoxicity due to INH is now uncommon due to prophylactic 

use of pyridoxine. 

Incidence of drug-induced lupus is also reported to 

be related to acetylator status. Perry and coworkers (197 0) 

first reported of the connection between slow acetylator 

phenotype and hydralazine induced lupus. This was further 

confirmed by other investigators (Litwin et al., 1981; 

Mansilla-Tinoco et al., 1982) and a similar relationship was 

observed for procainamide induced lupus (Henningsen et al., 

1975 ? Woosley et al., 1978). However, not all slow 

acetylators at risk to this disease develop the clinical 

disorder. This suggests the involvement of additional 

factors in drug induced lupus. Batchelor et al. (1980) 

found that females, who were slow acetylators with HLA-DR4 

antigen, were at a greater risk for drug related lupus than 

other slow acetylators. 

Other diseases that have been associated with 

acetylator phenotype are described below. Shenfield et al. 

(1971) reported a significantly greater proportion of rapid 

acetylators (74%) in 116 patients with type I diabetes. The 

possibility that this was an artifact due to high glucose 
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levels has been suggested. Nevertheless, the acetylator 

status was not affected by glucose when Suhardjono et al. 

(1984) studied the pharmacokinetics of sulfadimidine. Among 

27 patients with Gilbert's syndrome 78% were slow 

acetylators, suggesting an association between slow 

acetylator phenotype and this disease (Platzer et al., 

1978). Results of Magon et al. (1981) indicate that 

subjects susceptible to promizole or dapsone induced 

hemolysis are not only glucose-6-phosphate dehydrogenase 

deficient but also have high microsomal activity and 

genetically belong to slow acetylator group. In addition, 

the hemolytic response to promizole exhibits a bimodal 

characteristic and it is probably related to the bimodal 

acetylation pattern in the population. 

These clinical observations have been supported to a 

varying extent by basic experimental research in animals. 

Weber and coworkers (Weber, 1984) found that the survival 

time from INH induced CNS toxicity was significantly shorter 

in rabbits of the slow acetylator phenotype than in those 

found to be rapid acetylators. An attempt has also been 

made to investigate the use of C57BL/6J and A/J mice as a 

model for human drug induced lupus erythematosus by 

monitoring the anti-nuclear antibody development (Ten Veen 

and Feltkamp, 1972; Tannen and Weber, 1980 ; Weber and 

Tannen, 1981). These studies showed a higher incidence of 
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spontaneous occurance anti-nuclear antibodies in slow 

acetylator phenotype (i.e. A/J mice). Efforts are currently 

being made to develop appropriate genetic animal models with 

the purpose of elucidating pharmacogenetic mechanisms of 

other human diseases (Martell and Weber, 1988; Levy and 

Weber, 1988). 

Acetylator Status and Chemical Carcinogenesis 

Aromatic amines were among the first chemicals found 

to be carcinogenic to humans as well as for animals e.g. 2-

aminofluorene, B-naphthylamine, benzidine, 4,4-methylene-

bis-2-chloroaniline etc. (Parkes and Evans, 1984). 

Glowinski et al. (1978) first showed that humans acetylate 

aromatic amine carcinogens polymorphically. This prompted 

*«' 

others to investigate a possible relationship between 

carcinogenesis and NAT polymorphism. Epidemiological 

studies that followed showed a relationship between 

differences in susceptibility to aromatic amine carcinogens 

and acetylator status (Lower et al., 1979; Bulovskaya et 

al., 1978; Wolf et al., 1980; Cartwright et al., 1982 ; Lang 

et al., 1986). One of these studies demonstrated that slow 

acetylators are more susceptible to benzidine 

carcinogenicity (Cartwright et al., 1982). This has been 

confirmed by basic experimental research with animals. 

Benzidine was genotoxic to rabbit bladder but monoacetyl and 
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diacetylbenzidine were not (McQueen et al.,1987). 

Experiments carried out with rabbit hepatocytes by McQueen 

et al. (1982) have shown that 2-aminofluorene is more 

genotoxic to rabbit hepatocytes isolated from rapid 

acetylators while hydralazine is more genotoxic to rabbit 

hepatocytes isolated from slow acetylators. The differences 

observed in the susceptibility of the two acetylator 

phenotypes to different carcinogenic chemicals depend on 

the nature of the chemical species that is the active 

carcinogen. In slow acetylators, reduced acetylation could 

allow more of the compound to be biotransformed by other 

routes. If these other routes result in activation to the 

carcinogenic species, then slow acetylators would be at 

increased risk. If acetylation activates the chemical, then 

rapid acetylators may be at greater risk. 

The Molecular Basis of Hereditary Acetylation Polymorphism 

When Knight (1959) and Evans et al. (1960) 

established a hereditary basis for acetylation polymorphism, 

the molecular basis for this human pharmacogenetic trait was 

not known. Comparative studies of the properties of 

partially purified liver NAT from rapid and slow acetylators 

of both man (Jenne, 1965; Weber and Cohen, 1968; Steinberg, 

1970) and rabbit (Weber and Cohen, 1968) were undertaken to 

answer this question. Investigators primarily looked into 



parameters that would indicate a qualitative difference in 

the enzymes from slow and rapid acetylators. Polymorphic 

substrates, primarily INH and SMZ were employed in these 

early studies. 

Jenne (1965) was among the first to initiate the 

biochemical studies of the drug acetylating enzymes in 

vitro. His investigations with human liver NAT, however, 

failed to find any difference between the two phenotypes in 

the apparent Michaelis constant for INH acetylation and the 

INH concentration required for substrate inhibition. Later 

studies by Weber and coworkers (Weber and Cohen, 1968; 

Steinberg, 1970) also found no difference in the limiting 

Michaelis constant for Acetyl CoA and INH between rapid and 

slow acetylators in humans or rabbits. Moreover, initial 

velocity patterns and product inhibition studies with NAT 

from the two acetylator phenotypes of humans and rabbits 

indicate that both phenotypes in these two species catalyze 

acetylation of INH by the same mechanism. 

In addition to similarities in kinetic parameters, 

Jenne (1965) found that the enzymes from both acetylator 

groups can be purified by the same procedure and had simila 

heat stability characteristics. These observations were 

later confirmed by Steinberg (1970). He also observed that 

pH activity profiles of both phenotypes towards INH were 

similar. Furthermore, specificity for a variety of 
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substrates was indistinguishable between the two acetylator 

groups. In Jenne's (19 65) studies, supportive evidence for 

the presence of an inhibitor in the slow preparation could 

not be found by the usual tests used to identify such an 

inhibitor. 

These findings did not provide any evidence to show 

that a qualitative difference between the enzymes from slow 

and rapid acetylators is responsible for acetylation 

polymorphism. Observations from the kinetic studies led 

Jenne (1965) to eliminate the factor of enzyme substrate 

affinity as an explanation for the differences in NAT 

activity between rapid and slow acetylators. He postulated 

that the activity differences between the two are likely due 

to differences in the amount of an identical enzyme, or in 

closely similar enzyme molecules. It was suggested that a 

genetic locus that controls the rate of enzyme synthesis is 

responsible for this difference in the amount of enzyme 

produced. 

However, observations from later studies with the 

rabbit model were inconsistent with Jenne's suggestion of a 

quantitative difference in the amount of an identical 

enzyme. When precipitin reactions were effected between 

goat anti-NAT antibody and 100,000 g rabbit liver cytosol 

the two phenotypes yielded equivalent amounts of 

precipitated protein at nearly identical equivalence points 



29 

(Patterson et al. , 1980). This indicates that the amount of 

NAT in the livers from rapid and slow acetylator rabbits is 

approximately the same. In addition, Weber and coworkers 

(Weber and Hein, 1982; Weber et al., 1978) have observed 

differences in hepatic NAT activity between rapid and slow 

acetylators in heat inactivation studies, using PABA, a 

monomorphic substrate . This is in contrast to the 

observations by Jenne (1965) and Steinberg (1970) using INH, 

a polymorphic substrate. Furthermore, when "in situ" 

stability studies were performed with rabbit liver enzyme 

the slow NAT activity was less stable than the rapid NAT 

activity (Weber et al., 1978). In substrate inhibition 

studies, the inhibition of PABA NAT activity by SMZ was 

greater in the rapid phenotype (Weber et al., 1978). This is 

also in contrast to the similarities observed for the 

inhibition of isoniazid by hydralazine in the rapid and slow 

acetylators (Jenne, 1965 and Steinberg, 1970). These 

findings clearly indicate a qualitative structural 

difference in hepatic NAT between the two acetylator 

phenotypes. 

Although these types of studies demonstrated that the 

NAT in slow and rapid acetylators are structural variants, 

investigations into kinetic characteristics of the hepatic 

NAT using various polymorphic substrates failed to identify 

an intrinsic difference between the two phenotypes (Jenne, 
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1965; Weber and Cohen, 1968; Steinberg, 1970). These early 

studies into the molecular basis of acetylation polymorphism 

mainly used polymorphic substrates because it was postulated 

that different enzymes are responsible for the acetylation 

of polymorphic and monomorphic substrates. However, 

findings of Weber and coworkers (Weber et al., 1978; 

Glowinski et al., 1980; Hein et al., 1982a, 1982c) using the 

rabbit hepatic NAT suggest that monomorphic and polymorphic 

activity coexist on the same enzyme molecule rather than on 

separate molecules. This conclusion rests on the following 

experimental evidence: 

(1) Heat inactivation patterns for monomorphic and 

polymorphic NAT activities were indistinguishable from each 

other. 

(2) The presence of a common or overlapping site for 

PABA and SMZ has been suggested by inhibition studies. 

(3) On isoelectric focusing both monomorphic and 

polymorphic activities comigrate to pH 5.3. 

(4) PABA and SMZ NAT activities could not be 

distinguished by immunotitration studies. 

(5) Attempts to purify and separate monomorphic and 

polymorphic activities by methods based on differences in 

molecular size, solubility, and charge for resolution of 

proteins have been unsuccessful. 
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Once it was recognized that monomorphic and 

polymorphic acetylating activities coexist on the same 

enzyme molecule within each acetylator phenotype of the New 

Zealand White rabbit, a more comprehensive study of the 

enzyme with monomorphic substrates was performed. When 

Weber and coworkers (Weber et al., 1978) performed the first 

kinetic study with PABA using rabbit hepatic cytosol, they 

found the Km for this substrate in the homozygous slow 

genotype (rr) to be 7-8 times smaller than the heterozygous 

rapid genotype (Rr). This indicates the affinity of this 

substrate is 7-8 times greater for the slow enzyme (rr) than 

that for the rapid (Rr) enzyme. The homozygous rapid (RR) 

inbred rabbit strain was not included in this study. For 

this reason the initial study was repeated using PAS instead 

of PABA as the substrate with hepatic cytosol from rabbits 

of all three genotypes (Hein et al., 1982b). The Kms 

obtained for slow (rr) and rapid (RR) isozyme were 0.03 ± 

0.005 mM and 0.75 + 0.19 mM respectively. Thus the Km for 

the slow isozyme is approximately 25 times smaller than for 

the rapid isozyme. Therefore, the affinity of the slow 

isozyme (rr) for PAS is 25 times greater than that of the 

rapid isozyme (RR). 

In the Bratton & Marshall (1939) assay used for these 

studies, a high initial acetyl-CoA concentration was 

employed to avoid depletion of the cofactor. Yet, in the 
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enzyme reactions catalyzed according to the ping-pong Bi Bi 

mechanism the apparent Km for tLe substrate increases with 

increasing concentration of Acetyl CoA (Weber and Cohen, 

1967; Andres and Weber, 1986). The Km values obtained with 

the Bratton & Marshall (1939) assay were thus suspected to 

be not comparable to the in vivo situation (Andres et al., 

1985; Andres and Weber, 1986). Therefore kinetic studies 

with PABA and PAS were repeated with a new in vitro assay 

that used a Acetyl CoA concentration closer to the actual 

cytosolic concentration (Andres et al., 1985; Andres and 

Weber 1986). The Acetyl CoA concentration was maintained at 

a low physiological level throughout the incubation by using 

a recycling system for Acetyl CoA (Andres et al., 1985). 

Even using the physiological Acetyl CoA concentration the 

Km values for PABA and PAS for the slow acetylator isozyme 

(rr) were 20 fold lower than for the rapid isozyme (RR) 

(Andres and Weber, 1986). Based on this experimental 

evidence, Weber and coworkers have concluded that rapid and 

slow isozymes are affinity variants of the parent NAT 

molecule. This further supports the conclusion derived from 

other types of studies that acetylation polymorphism is due 

to a structural variance rather than a quantitative 

difference in the amount of enzyme in the two phenotypes. 

Kinetic studies were also undertaken to look into the 

molecular basis of the two different, monomorphic and 



polymorphic, NAT activities. Investigators believed that 

the presence of these two different NAT activities is linked 

to the structural variance between rapid and slow 

acetylators. Weber and coworkers (Weber et al., 1978) 

initially suggested that due to an intrinsic molecular 

difference between the two phenotypes, slow acetylators are 

structurally better oriented for the acetylation of 

monomorphic substrates than the rapid acetylators. They 

used Koshland1s (1963) induced-fit theory of isozyme action 

to explain this phenomena. Later, to verify this 

explanation, kinetic studies were undertaken to investigate 

the possibility that monomorphic substrates are better 

substrates for the slow isozyme. For this purpose V max 

differences between the two phenotypes for monomorphic 

substrates were determined. 

For PAS the V max for the RR isozyme was about 4 0 

times greater than that for the rr isozyme, suggesting that 

the rapid (RR) isozyme catalyzed the acetylation of PAS 

more efficiently (Hein et al., 1982c). The Acetyl CoA 

concentration used in this study was much higher than that 

which occurs in vivo. Therefore, the investigation was 

repeated using a low, physiological Acetyl CoA concentration 

and a saturating concentration of PABA (Andres and Weber, 

1986). The results were similar to the previous study, a 39 

fold difference in the apparent V max between the two 
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phenotypes was found for PABA NAT activity. The rapid 

isozyme demonstrated greater capacity of PABA acetylation 

than the slow isozyme. However, this can only be observed 

when the assay system allows for the use of saturating 

concentrations of PABA. Observations from these kinetic 

studies suggest that the rapid acetylator isozyme is 

structurally better oriented for N-acetylation of both 

monomorphic and polymorphic substrates than the slow 

acetylator isozyme. 

Based on the available evidence Weber (198 6) has 

proposed four alternative models to explain the molecular 

basis of acetylator polymorphism in humans and in animals. 

Model I: Two different isozymes are present in 

livers from each phenotype, one specific for the polymorphic 

substrates and the other specific for the monomorphic 

substrates. The amount of polymorphic isozyme in the slow 

phenotype is less than in the rapid phenotype. 

Model II: Two separate isozymes are present in 

livers from each phenotype, one specific for the polymorphic 

substrates the other specific for the monomorphic 

substrates. The polymorphic isozymes in the two phenotypes 

are structurally different resulting in different catalytic 

activities toward the same substrate. Both phenotypes have 

the same amount of structurally similar monomorphic 

isozymes. 
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Model III: Rapid and slow acetylator livers each 

have a single isozyme capable of both monomorphic and 

polymorphic activities. The isozymes in both phenotypes are 

equally capable of acetylating monomorphic substrates, but 

the isozyme in the slow acetylator liver is less capable of 

this function towards the polymorphic substrate, compared 

with the isozyme from the rapid acetylator liver. 

Model IV: Rapid and slow acetylator livers, each 

have a structurally different distinct isozyme capable of 

both monomorphic and polymorphic activities. Intrinsic 

structural characteristics provide the rapid isozyme greater 

catalytic activity towards both the monomorphic and 

polymorphic substrates compared to the slow acetylator 

isozyme. 

Model IV has been suggested by Weber (1986) as the 

most suitable one for the rabbit trait. Nevertheless, only 

detailed analysis of amino acid sequences of isozymes from 

both slow and rapid acetylators could ultimately establish 

such a possibility. 

Since the human trait of acetylator polymorphism is 

very similar to that of the rabbit, it is possible that the 

molecular basis for this polymorphism in the human liver is 

not different from the rabbit. However, recent findings by 

Grant and Meyer (1987) indicate that the molecular basis for 

the human trait possibly has its own peculiar 
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characteristics. They have isolated two peaks of SMZ NAT 

activity using anion exchange and affinity chromatography. 

The kinetic behavior of these two peaks of NAT activity was 

different towards variety of arylamines. The investigators 

have suggested that two different species of NAT exist in 

individual human livers. These findings clearly differ from 

what we know of the rabbit trait. If such differences 

between humans and animal models actually exist it would 

strongly suggest the need for more extensive studies into 

this trait and its implications in humans. 

Necessity of A Cell/Tissue Culture System for Determination 

of Acetvlator Status of Individual Human Livers 

It is now widely recognized that biotransformation is 

not only involved in detoxification of chemicals but also 

involved in the toxification of xenobiotics (Sipes and 

Gandolfi, 198 6). The latter event may result in the 

production of toxicologically or pharmacologically active 

metabolites. It may also lead to the formation of reactive 

intermediates of certain chemicals. The covalent binding of 

these reactive intermediates to critical cellular 

macromolecules may ultimately lead to tissue injury and cell 

death or to certain genomic alterations which could result 

in malignant transformation (Sipes and Gandolfi, 1986). 

Thus it is important for us to investigate the relationship 
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between biotransformation of xenobiotics and their toxic 

potential. Considerable differences in the capacity for 

metabolism of a compound among different species has been 

found (Williams, 1967). These interspecies variations in 

the routes and extent of drug metabolism have been 

implicated in their differences in susceptibility to 

toxicity from chemicals (Caldwell, 1980; Kulkarni and 

Hogson, 1980). As a result, direct extrapolation of data 

generated in animal systems to predict human responses to 

drugs and environmental chemicals becomes a problem. Also 

for ethical reasons human subjects cannot be exposed to many 

environmental chemicals to study their toxicity in vivo. 

Unlike in the animal models, in vitro investigation into 

human acetylation polymorphism has been mostly limited to 

subcellular studies. Subcellular systems are helpful in 

locating the cellular compartment of a specific enzymatic 

process and its absolute activity towards a given compound. 

Ability to express a specific enzymatic process in a 

subcellular preparation does not mean that activity will be 

expressed in a similar manner in vivo. The extent of 

biotransformation and the route of biotransformation of a 

particular compound is determined by the organizational 

compartmentalization and complexity within the tissue and 

its cells. Homogenization of tissue disrupts the structural 

integrity of the whole cell. This leads to the loss of 
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normal relationship among the various intracellular 

organelles. It also causes steady state levels of rapidly 

turning over substrates and cofactors to differ from those 

which occur in vivo. Therefore, tissue homogenates and 

subcellular preparations are not suitable for investigation 

into the ability of a chemical to cause cell injury or 

death, nor for the study of mechanism of the process leading 

to these events. In contrast, a system that retains the 

original anatomical organization of a tissue and its cells 

will best reflect in vivo biotransformation. It also makes 

it possible for mechanism of chemically induced tissue 

injury to be elucidated in a carefully controlled 

experimental system without the systemic interferences. 

Furthermore, an in vitro intact cellular system allows us to 

expose human tissue to toxic compounds without necessarily 

exposing humans to a toxic chemical. 

A suitable human cell/tissue culture system capable 

of assessing hepatic NAT activity and acetylator status of 

individual human livers is, however, still not available. 

This has greatly hindered investigation into the 

toxicological consequences of acetylation polymorphism and 

the mechanism of these effects in humans (Weber, 1984). 

Moreover, polymorphic variation in acetylation in humans 

primarily depends on the hepatic NAT activity. This has 

prompted this investigation into the use of liver slices in 
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DOCS as a means of determining NAT activity in human liver 

and acetylator status of individual human livers. 

Comparison of Dynamic culture of Human Liver Slices with 

Other Human Cell/Tissue Culture Systems 

Liver is the major organ involved in the 

biotransformation of most xenobiotics in humans (Williams, 

1981). Since humans cannot be exposed to many chemicals due 

to ethical reasons, need for an in vitro system as a 

suitable model for in vivo hepatic metabolism has long been 

recognized. As a result extensive work has been carried out 

over a long period of time to develop an ideal in vitro 

human eel1/tissue culture system to study the hepatic 

metabolism of drugs and other chemicals. There are several 

in vitro cellular systems now available for drug metabolism 

and toxicity studies with specific applications in each 

case. The two most popular cell/tissue culture systems are 

suspensions of isolated hepatocytes and cultures of 

hepatocytes (Greim, 1980). These two methods have provided 

valuable information regarding both the phase I and phase II 

biotransformation of xenobiotics. However, several 

drawbacks exist in both these systems which limit their 

applicability in drug metabolism and toxicity studies in 

humans. Isolation of hepatocytes from human liver can be 

especially difficult as whole human liver/lobes or large 



pieces of human liver are difficult to obtain. This is 

because a sufficiently large piece of liver is needed to 

isolate an adequate amount of viable hepatocytes by 

perfusion with collagenase. Moreover, collagenase digestion 

applied for isolation of cells may produce structural 

alterations in plasma membranes. This decreases the 

viability of the isolated cells (Ichihara et al., 1980). 

The cells from the centrilobular area may be particularly 

susceptible to damage by enzymatic digestion (Sweeney, 

1983). Therefore, a non-representative population of cells 

may be obtained. The normal cell-cell contact is also 

destroyed in the isolation of hepatocytes, which might 

further contribute to the decrease in viability (Guillouzo, 

1986). One problem specifically related to hepatocytes in 

suspension is the leakage of enzymes from the dispersed 

cells (Takeda et al., 1964). This limits the use of 

suspensions to very short term studies; usually less than 

four hours (Sirica and Pitot, 1980). Lack of cell-cell 

communication could also cause alterations in the phenotype 

of the cells (Grisham, 1979). Support for this comes from 

the findings that coculture of isolated hepatocytes with 

hepatic endothelial cells aids in maintenance of P-450 and 

associated catalytic activities (Begue et al., 1984). This 

highlights the fact that cell to cell communication is 

important for maintaining normal biotransformation capacity 
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of an organ. Since a xenobiotic may be metabolized 

systematically as it transverse a sinusoid the basic 

anatomical structure of the liver should be retained to best 

represent in vivo metabolism. The novel dynamic organ 

culture system for liver slices introduced by Smith et al. 

(1985, 1986) avoids several major problems involved in 

preparation and culture of isolated hepatocytes. It 

facilitates the use of human liver tissue for in vitro 

assessment of xenobiotic metabolism and toxicity compared to 

other currently available in vitro systems. In this novel 

dynamic organ culture system a Krumdieck tissue slicer 

(Krumdieck et al., 1983) is used to rapidly prepare 

precision cut liver slices. Pieces of liver tissue not 

large enough for preparation of isolated hepatocytes can be 

used to prepare slices. Moreover, preparation of slices 

with a mechanical tissue slicer avoids the use of 

collagenase digestion. The dynamic aspect of the system, 

rotation of the slices in and out of the incubation medium, 

helps maintain proper oxygenation of the tissue. This 

prolongs the viability of the tissue. Another important 

aspect of the system is that structural heterogeneity and 

cell to cell interactions of the normal human liver are 

maintained. This not only prolongs tissue viability but 

also helps maintain normal biotransformation capacity of the 

tissue. Since the cells remain intact, integrated 
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biotransformation capacity is retained. Therefore, 

competing pathways for metabolism of xenobiotics should be 

operative. 

Statement of Purpose 

Genetically determined differences in acetylator 

status has been implicated in differences in the 

susceptibility of individuals to the toxicity of chemicals 

metabolized by N-acetyltransferase (NAT). Acetylator status 

of an individual primarily depends on the hepatic NAT 

activity. A suitable cell/tissue culture system for 

determination of NAT activity in human liver and acetylator 

status of individual human livers is, however, not yet 

available. Therefore, this work was undertaken to 

investigate the use of liver slices in dynamic organ culture 

system (DOCS) (Smith et al1985,1986) as a means of 

determining NAT activity in human liver tissue. 

Several aspects of this novel dynamic organ culture 

system facilitates its use for work with human liver tissue. 

These include rapid production of precision cut liver slices 

with a mechanical tissue slicer? the dynamic aspect of the 

system which helps maintain proper oxygenation of the tissue 

and normal cell-cell interactions maintained in a liver 

slice. Since the cells remain intact, integrated 
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biotransformation capacity is also retained. Therefore, N-

acetylation of chemicals could be studied in the presence of 

competing pathways for xenobiotic metabolism. This would 

help us understand the effect of other pathways of drug 

metabolism on the toxicity of substrates for NAT in slow and 

rapid acetylators in addition to activation or 

detoxification due to N-acetylation. 

The New Zealand White rabbit which has been shown 

to exhibit a trait of acetylation polymorphism similar to 

that of man (Weber and Hein, 1985) was developed as an 

animal model for determination of NAT activity in liver 

slices in DOCS. Development of such an animal model is 

useful in predicting human metabolism of substrates for NAT 

in liver slices. 

To determine NAT activity in human and rabbit liver 

slices in DOCS, the disappearance of two model substrates, 

PABA and SMZ, from the incubation medium was monitored 

using the colorimetric procedure of Bratton & Marshall 

(193 9) . This method has been widely accepted as a reliable 

determination of NAT activity. An HPLC system was also 

developed for direct measurement of both SMZ and acetyl 

conjugate of SMZ. This would further confirm that liver 

slices retain ability to acetylate substrates for NAT. 

The two substrate approach in this study was used to 

ensure the determination of proper phenotype (Hein et 
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al.,1981). The use of polymorphic substrate SMZ will 

identify rapid and slow acetylators. The use of monomorphic 

substrate PABA will ensure that in cases where NAT activity 

has been lost (i.e. decayed to levels which cannot be 

measured) the individual will not incorrectly be assigned as 

a slow acetylator. 

Moreover, cytosol has been traditionally used for 

phenotypic classification of individuals (Evans, 1965). 

Therefore, acetylation of SMZ in cytosol prepared from the 

same human livers was measured to confirm acetylator status 

of individual human livers determined by the liver slices in 

DOCS. 
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MATERIALS AND METHODS 

Chemicals 

Sulfamethazine, sulfadiazine, para-aminobenzoic acid, 

N-l-(naphthyl) ethylenediamine dihydrochloride, ammonium 

sulfamate, sodium nitrite, acetyl CoA, sulfatase, 6-

glucuronidase, D-saccharic acid 1,4-lactone and 

trichloroacetic acid were purchased from Sigma chemical 

Company, St. Louis, Missouri. N4-Acetyl sulfamethazine was 

purchased from ICN, Cleveland, Ohio. HPLC grade methanol 

and acetonitrile were purchased from Fisher Scientific 

Company, Phoenix, Arizona. Bio-Rad protein reagent 

concentrate was purchased from Bio-Rad labs, Richmond, 

California. 4-(2-hydroxyethyl)-1-piperazine-ethane sulfonic 

acid was purchased from Boehringer Mannheim Biochemicals, 

Indianapolis, Indiana. 

Procurement of Human Liver Tissue 

Human liver tissue was obtained from two sources. 

Donor liver, which cannot be used for transplantation, was 

obtained from kidney donor patients with the assistance of 

the Arizona Organ Bank (Table 1). The majority of these 
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Table 1 

Medical Histories of Patients from Whom Donor Livers (D) 
or Resected Tissue (R)+ Were Obtained 

Human Liver 
No. 

Age Sex Race Wt* Medical History 

D3 17 M Cauc 169 MVA 

d4 5 M Cauc 55 MVA 
Head injury 

•9 12 M Cauc 100 Head injury 

DlO 38 M Cauc 180 Head injury 

d l l  33 M Cauc 174 MVA 
Head injury 

D12 5 M Cauc Accidental 
strangulation 

r9 74 F Cauc (-) Metastatic colon 
cancer 

rIO N/A 

R l 3  N/A 

+AU patients suffered from either primary or secondary liver cancer. 

*Wt=Weight (pounds) 

N/A=Not Available 
MVA=Motor Vehicle Accident 
Cauc=Caucasian 
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tissues were from the Phoenix area. The second source of 

hepatic tissue was from patients undergoing surgery to 

remove liver tumors (Table 1). Dr. Charles Putnam of Tucson 

and Dr. Lawrence Koep of Phoenix kindly supplied the normal 

tissue that was removed as part of the liver resection. The 

majority of the tissue from this latter source was obtained 

from Dr. Koep. After being removed from the body, liver 

samples were placed in ice cold (4°C) modified Sack's 

buffer (Benichou et al., 1977) prior to preparation of 

slices. The maximum transit time for liver in Sack's buffer 

(4*C) has been limited to 6 hours. Previous studies have 

shown liver stored in Sack's retains biotransformation 

capacity similar to liver not stored but processed 

immediately (Barr et al., 1987). 

Procurement of New Zealand White rabbit livers 

Livers of male New Zealand White rabbits were 

obtained from other investigators who harvested other 

tissues. According to the information provided by these 

investigators, the animals weighed 2-3 Kg and all animals 

were housed in animal housing rooms within the Division of 

Animal Resources, University of Arizona. 

Whole livers obtained from these New Zealand White 

rabbits were first washed in ice cold (4°C) Krebs-Henseleit 

buffer (see below). These livers were then kept in ice cold 
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(4*C) Krebs-Henseleit buffer for not more than 2 0 minutes 

prior to preparation of slices or cytosol. 

Preparation of Slicing Buffer and Culture Media 

The Krebs-Henseleit buffer used during the 

preparation of both human and rabbit liver slices was of the 

following composition mM: NaCl, 118.0; KC1, 5.4; 

MgS04.7H20, 0.57; NaH2P04.H20 1.2; NaHC03, 25.0; CaCl2.2H20, 

25.0 and d-glucose 11.1. The CaCl2.2H2o was added at the 

end. After dissolving all of the above, the pH of the 

solution was brought up to 7.4 with IN NaOH. 

The culture media for liver slice incubations was 

prepared by the addition of 25 mM 4-(2-hydroxyethyl)-l-

piperazine ethane sulfonic acid (HEPES) to the Krebs-

Henseleit buffer. Then the pH was brought up to 7.4 with IN 

NaOH. The pH of the slicing buffer (Krebs-Henseleit) and 

culture media (Krebs-Henseleit supplemented with HEPES) was 

determined each time prior to use. These two buffers were 

stored in the cold room at 4°C, and was used within a two 

week period. 
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The Dynamic Organ Culture System for Human and 

Rabbit Liver Slices 

Preparation of Liver Slices 

Human liver tissue is removed from the Sack's storage 

buffer immediately upon arrival and then cut into slabs {2-

3 cm). Cores are prepared from these slabs of liver tissue 

with a stainless steel corer (1 cm O.D.) attached to a drill 

press. Cores are also prepared from whole rabbit livers 

using the same method. This is the only step in the liver 

slice preparation which occurs at ambient temperature. All 

subsequent steps occur in ice cold (4#C) Krebs-Henseleit (pH 

7.4) buffer. 

Following the preparation of cores, precision cut 

liver slices (3 00 /xm) are prepared from the individual 

cores, using a modified version of a mechanical tissue 

slicer (Krumdieck et al. 1983) . The slices are then 

transferred to a shallow tray containing ice cold (4°C) 

Krebs-Henseleit (pH 7.4) buffer. At this stage all 

irregularly shaped slices (due to the presence of large 

blood vessels in the cores) are removed from the tray of 

buffer. After this selection process slices are loaded onto 

cylindrical stainless steel mesh tissue holders, or 

"inserts". These inserts are then placed into incubation 



vials. 

Different Systems of Slice Culture Apparatus Used for the 

Determination of NAT Activity 

"Neck Insert" System fFigure 41. In this system the 

stainless steel mesh insert fits into the opening of the 

incubation vial (20 ml glass scintillation vials) with the 

help of a teflon ring. Seven ml of media are needed to bath 

the tissue. In this system 1 slice was incubated in 7ml of 

100 fiK PABA or SMZ in Krebs-Henseleit (pH 7.4) buffer, 

supplemented with 25 mM HEPES. The "neck insert" system was 

first introduced by Barr et al.,(1987) to study the 

metabolism of 7-ethoxycoumarin and 7-hydroxycoumarin in 

human liver slices. 

"Cylindrical vial" System (Figure 51 . For this system, the 

incubation vial was longer and shallower (9.5 x 2.2 cm) to 

allow for less culture medium. Thereby, the tissue to 

medium ratio was reduced. A larger insert (9 x 3.5 cm) was 

employed to support more tissue. By this method it was 

possible to load 6 slices on to an insert and expose them to 

total of 2 ml of medium, 100 fiM PABA or SMZ in Krebs-

Henseleit (pH 7.4) buffer supplemented with 25 mM HEPES, and 

still maintain the dynamic nature of the system. 

"Ring Insert" System (Figure 61. in this system, four liver 

slices were loaded on to stainless steel mesh cylinders 
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Figure 4. "Neck insert" system. Cylindrical stainless steel mesh 
tissue holders were loaded with human or rabbit liver 
slices. These tissue holders were then fitted into opening 
of the incubation vial with the help of a teflon ring. 
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"Cylindrical vial" system. Stainless steel mesh tissue 
holders were loaded with human or rabbit liver slices. 
These tissue holders were then placed into cylindrical 
glass incubation vials. 
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Figure 6. "Ring insert" system. Cylindrical stainless steel mesh 
tissue holders equipped with two stainless steel rings were 
loaded with human liver slices. The tissue holders were 
then placed into incubation vials. 
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(1.2 cm I.D.) equipped with two stainless steel rings (1.6 

cm o.D.). These inserts were then placed horizontally into 

glass scintillation vials (20 ml) containing 2 ml of 100 fxK 

PABA or SMZ in Krebs-Henseleit (pH 7.4) buffer supplemented 

with 25 mM Hepes. The 100 fJLK PABA or SMZ used in this study 

are non cytotoxic to isolated hepatocytes (Suolinna, 1980). 

The "ring insert" system was adopted for this study from the 

work of Smith et al. (1985, 1986). 

The stainless steel screens used in this study for 

the ring inserts were 4 cm x 3.5 cm. This allowed 4 slices 

to be loaded to the screen compared to one or two slices 

used previously (Smith et al., 1987) with 3 cm x 2 cm pieces 

(Smith et al, 1985). 

Dynamic Culture of Liver Slices 

Vials are capped and placed on a vial rotator (3.5 

rev/min) enclosed in a black acrylic plastic box maintained 

at 37 ± 0.5 ° C. The rotation of the slices in and out of the 

culture medium allows both sides of the tissue to be 

alternatively exposed to culture medium and the air. Slices 

prepared from livers obtained from organ donors or patients 

who underwent resection were incubated in this system for up 

to 16 hours. Control vials contained 2 ml of 100 jiM PABA or 

SMZ but did not contain liver tissue. 
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Determination of NAT Activity In Liver Slices 

Vials were removed from the incubator at appropriate 

time points and a micromodification of the Bratton & 

Marshall assay (1939) was used for analysis of the free 

amine remaining in the medium. Aliquots of incubation media 

(0.1 ml) were added to 0.35 ml of H20. The diluted sample 

was then acidified with 0.25 ml of 10% trichloroacetic acid 

and the free amine of the substrate was diazotized with 0.1 

ml 0.1% sodium nitrite. After 3 min at room temperature 0.1 

ml 0.5% ammonium sulfamate was added to react with the 

excess nitrite. After a further 3 min, coupling was 

effected with 0.5 ml 0.05% N-l (naphthyl) ethylene diamine 

dihydrochloride. The absorption of the colored reaction 

product was quantified at 540 nm using a Beckman DU-7 

spectrophotometer. Standard curves for PABA (0.2-8.8 jig/ml) 

and SMZ (0.3 - 13.9 jig/ml) were taken through the same 

procedure. The extent of acetylation of both PABA and SMZ 

for individual human livers was obtained by subtracting the 

absorbance readings of slice incubation media from the 

control (i.e. no tissue) media. Slices from each vial were 

added to 1 ml of IN KOH and sonicated prior to determination 

of protein content by the Bio-Rad method (Bradford, 1976). 

Preparation of Human and Rabbit Liver Cvtosol 
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Cytosol was obtained from liver homogenates by the 

calcium precipitation technique, which was used for the 

preparation of microsomes (Schenkman & cinti, 1984). A 33% 

(W/V) suspension of human or rabbit liver was made by 

homogenizing liver in a buffer consisting of 0.25 M sucrose 

buffer containing 10 /jtM BHT and 1 inM EDTA in 10 mM Tris-HCl 

buffer (pH 7.4) . The homogenate was prepared using a 

Brinkman polytron (30 sec., setting 5.5). Following 

centrifugation at 12000 x g for 20 min in a Beckman L8-55 

ultracentrifuge, CaCl2 was added to the post mitochondrial 

supernatant at a final concentration of 8 mM to precipitate 

the microsomes. The cytosol was separated by centrifugation 

at 25,000 x g for 15 min. It was stored at -80*c. 

Determination of NAT Activity in Human and 

Rabbit Liver Cvtosol 

Each sample of human liver cytosol was diluted to a 

protein concentration of 10 mg/ml. Rabbit liver cytosol was 

diluted to different concentrations of protein as necessary. 

NAT activity was determined by a micromodification of the 

Bratton & Marshall (1939) procedure. To 150 /il of diluted 

cytosol was added 60 fil of 10mM Acetyl CoA and 200 /iM SMZ. 

Following mixing, the samples were incubated at 37°C for 5, 

15 and 3 0 min. Final concentrations in the reaction mixture 

were 44.4 fiM for SMZ and 2.22 mM for Acetyl CoA. All 
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incubations were carried out in 1.5 ml capped polypropylene 

micro test tubes (Brinckmann Instruments Co., Westbury, NY). 

Samples were removed from the incubator at appropriate time 

points and the reaction terminated by the addition of 150 /i 1 

of 10% trichloroacetic acid. The precipitated protein was 

removed by centrifugation. To supernatant remaining in the 

microfuge tube was added 60 fil of 0.1% sodium nitrite. 

After 3 min 60 f i l  of a 0.5% ammonium sulfamate was added and 

3 min later 300/il of 0.05% N-l-(naphthyl) ethylenediamine 

dihydrochloride was added. The absorption of the colored 

reaction product was quantified at 540 nm using a Beckman 

DU-7 spectrophotometer. Control incubation did not contain 

acetyl CoA. 

The extent of acetylation of SMZ in each individual 

human cytosol preparation was obtained by subtracting the 

absorbance readings of the samples [(+) acetyl CoA] from 

that of the controls [(-) acetyl CoA]. The rates for SMZ 

acetylation in different human liver cytosol preparations 

were calculated using linear least squares regression 

analysis. 

HPLC Analysis of Human and Rabbit Liver Slice Culture 

Media for SMZ and N^-Acetvl SMZ 

In order to insure that the loss of amine from the 

incubations was a result of N-acetylation, the incubation 

medium was analyzed for SMZ and N4-acetyl-SMZ by HPLC. For 
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human liver D4 and rabbit liver D, 0.1 ml of incubation 

medium (no prior extraction) was mixed with 0.1 ml of 

methanol (HPLC grade) . Aliguots (20 fil) of the diluted 

medium were injected directly onto a Dupont Zorbax C^g (4.68 

mm x 25 cm) column. The mobile phase consisted of 

methanol/0.02 M sodium acetate buffer pH 4.0 (30:70) at a 

flow rate of 1 ml/min. Absorbance was monitored at 254 nm 

using a Waters (milford, MA) model 480 variable wavelength 

detector. The retention times were 8 and 12 min for 

authentic standards of SMZ and N4-acetyl SMZ, respectively. 

For HPLC analysis of the slice incubation media from 

human livers D^q anc* D12' °*4 media (no prior 

extraction) was mixed with 0.4 ml of methanol (HPLC grade) 

containing 20 fxg/ml sulfadiazine (SD) , which was used as the 

internal standard. The diluted media samples were 

centrifuged at 11600 x g for 5 min using a Beckman microfuge 

11. Aliquots (20/il) of the supernatant were injected 

directly onto a Dupont Zorbax c18 (4.68 mm x 25 cm) column. 

The mobile phase consisted of acetonitrile / 0.02 M sodium 

acetate pH 4.0 (20:80) at a flow rate of 1 ml/min. 

Absorbance was monitored at 254 nm using a Kratos analytical 

instruments (Ramsey, NJ) Spectroflow 757 variable 

wavelength detector. The retention times were 5, 7 and 8 

min for SD, N4-acetyl SMZ and SMZ respectively. 
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HPLC Analysis of Human Liver Slices for 

SMZ and N^--Acetvl SMZ 

Liver slices from each inciabation vial were added to 

IN KOH and sonicated. Aliquots (0.2 ml) of these sonicated 

samples were mixed with 50 jag/ml SD in IN KOH. Then 250 jxl 

of 1.5 N acetic acid was added to each sample and the 

mixtures centrifuged at 11600 x g for 15 min using a Beckman 

microfuge 11. An aliquot (0.4 ml) of the supernatant was 

removed and added to 0.4 ml HPLC grade MeOH. After 

centrifugation at 11600 x g for another 5 min 20 fil of the 

supernatant was analyzed as explained for slice culture 

media. 

note: N4-acetyl SMZ has been found to be unstable in IN KOH 

in which the slices were sonicated prior to HPLC 

analysis. To prevent decay of the N4-acetyl 

metabolite remaining in the slices, an equal volume 

of 1.5 N acetic acid was added to an aliquot of slice 

sample immediately after sonication in IN KOH. 

Procedure for ^-Glucuronidase Treatment of Rabbit 

Liver Slice Culture Media 

To 2 00 #xl of rabbit liver slice culture media (6 hour 

incubation) sample was added 100 fx 1 of B-glucuronidase (5000 

sigma U/ml) and vortexed. After mixing and incubating this 

sample for 16 hours at 37"C in a shaking incubator (120 
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rev/min) 100 fil was removed and added to 100 n1 of 10% 

trichloroacetic acid. After mixing the sample was 

centrifuged at 1800 x g for 10 min using a Beckman TJ-6R 

centrifuge. An aliquot (20 fil) from the supernatant was 

injected to a Dupont Zorbax c^g (4.68 mm x 25 cm) column for 

separation of the parent and the metabolite(s) by HPLC. The 

conditions for HPLC analysis was similar to that explained 

above for slice culture medium. Another 200 fil of rabbit 

liver slice culture media (6 hour incubation) sample was 

taken through the same procedure in the absence of B-

glucuronidase, as a control. 

Procedure for Sulfatase Treatment of Rabbit 

Liver Slice Culture Media 

To 200 fil of rabbit liver slice culture media (6 hour 

incubation) sample was added 8 0 fil of sulfatase (3.3 3g 

sulfatase/100 ml 0.02 M sodium acetate buffer) and 20 /til of 

D-saccharic acid 1,4-lactone (100 mg D-saccharic acid 1,4-

lactone/2 ml 0.02 M sodium acetate buffer). This was 

vortexed and incubated for 16 hours at 37°c in a shaking 

incubator. Then 100 fil of this incubation mixture was added 

to 100 fil of 10% trichloroacetic acid and the mixture 

vortexed prior to centrifugation at 1800 x g for 10 min 

using a Beckman TJ-6R centrifuge. An aliquot (20 fil) from 

the supernatant was injected to a Dupont Zorbax ci8 (4.68 mm 

x 25 cm) column for separation of the parent and the 
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metabolite(s) by HPLC. The conditions for HPLC analysis was 

similar to that explained above for slice culture medium. 

Another 200 /xl of rabbit liver slice culture media (6 hour 

incubation) sample was taken through the same procedure in 

the absence of sulfatase, as a control. 

note: commercially available sulfatase always contains 

residual ^-glucuronidase. This has been overcome by 

incubating sulfatse in the presence of D-saccharic acid 

1,4-lactone, a ^-glucuronidase inhibitor. 
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RESULTS 

To determine the activity of N-acetyltransferase in 

human liver slices, the disappearance of parent compound 

from media was measured with the Bratton & Marshall (1939) 

assay. This method has been widely accepted as a reliable 

determination of NAT activity (Weber, 1971; Hearse and 

Weber, 1973; Weber and Hein, 1985). 

Development of An Animal Model for Determination of 

NAT activity in Liver Slices in DOCS 

The New Zealand White rabbit, which has been shown to 

exhibit a trait of acetylation polymorphism similar to man 

(Weber and Hein, 1985), was used to optimize the assay 

conditions for the Bratton & Marshall (193 9) procedure. 

PABA was used as a substrate to determine the optimum 

conditions of the assay. The monomorphic characteristic of 

this substrate would reduce differences found in the rate of 

acetylation as a result of phenotype (Hearse and Weber, 

1973). Cytosols prepared from the livers of New Zealand 

White rabbits were used as the source of NAT. Preliminary 
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Figure 7. N-Acetylation of PABA (44.4 ( i l l )  in the presence of liver 
cytosol from rabbit II. Acetyiation of PABA was 
monitored by measuring the disappearance of parent amine 
from the incubation mixture using the colorimetric 
procedure of Bratton & Marshall. PABA disappearance was 
measured at 2.8 mg/ml (test • or controls • ); 5.6 mg/ml 
(test A or controls A ) and 11.2 mg/ml (test ^)>or 
controls ̂  ) with an initial acetyl CoA concentration of 
2.2 mM. The control incubations did not contain acetyl 
CoA. G\ 
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Figure 8. N-Acetylation of PABA (44.4 fiM) in the presence of liver 
cytosol from rabbit I (test O or control 9 ) and rabbit II 
(test • or control • ) . Acetylation of PABA was 
monitored by measuring the disappearance of the parent 
amine from the incubation mixture using the 
colorimetric procedure of Bratton & Marshall. PABA 
disappearance was measured at a cytosolic protein 
concentration of 2.8 mg/ml with an initial acetyl CoA 
concentration of 2.2 mM. control incubations did not 
contain acetyl CoA. 
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experiments were carried out to determine an appropriate 

cytosolic protein concentration which would give a linear 

disappearance of PABA over a 30 minute period. A pilot 

experiment indicated that a cytosolic protein concentration 

of 55.6 mg/ml resulted in 75% disappearance of the substrate 

within two minutes. Based on this result, three dilutions 

were made of this cytosol and the disappearance of PABA was 

monitored for up to 40 minutes (Figure 7) . In control 

incubations the cofactor, acetyl CoA, was omitted. In this 

way the disappearance of PABA by any non-NAT route may be 

determined. The results of the experiments without acetyl 

CoA show that PABA is stable over this incubation period. 

Moreover, the rate of PABA acetylation increased with 

increased concentrations of cytosolic protein. In a 

subsequent study with two rabbits, at a cytosolic protein 

concentration of 2.8 mg/ml, acetylation of PABA was linear 

with time over 30 minutes of incubation (Figure 8) . It was 

concluded from these experiments that the assay procedure 

would allow for an assessment of acetylation activity. 

The New Zealand White rabbit was also used to 

determine if the activity of NAT can be measured in liver 

slices in DOCS with the colorimetric assay of Bratton & 

Marshall (1939). The initial studies with hepatic liver 
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slices were carried out in the "neck insert" system (Figure 

4). Rabbit liver slices in DOCS using this method did not 

exhibit any detectable NAT activity. Neither increasing the 

time of incubation nor changing the concentration of 

substrate resulted in acetylation of the substrate. Earlier 

findings had demonstrated that the rate of PABA acetylation 

is dependent on the cytosolic protein concentration. This 

observation was helpful in directing further investigations 

with liver slices. High concentration of cells are needed 

to measure NAT activity in suspension of isolated 

hepatocytes (Suolinna, 1980) or in cultures of hepatocytes 

(4 million cells/ml; McQueen et al., 1982). Attention was 

directed towards two possibilities that could explain the 

lack of NAT activity in liver slices. Firstly, the slice is 

incapable of acetylation; or, secondly, the concentration of 

cells in our system (cells/ml medium) was not great enough 

to express detectable activity (i.e. the protein:substrate 

ratio was too low). 

The first possibility was discounted after 50 slices 

from rabbit liver were incubated with 10 ml of 100 /liM PABA 

in a raised bottomed Erlenmeyer. After 1 hour in a gyratory 

shaker approximately 50% of the PABA disappeared from the 

incubation medium. Therefore, the second possibility was 

investigated. An estimate of the number of hepatocytes per 

slice, (based on a slice 3 00 /m thick, 1 cm in diameter, 
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containing 70% spherical hepatocytes by volume with a mean 

diameter of 30 #m) gives a value of approximately 1.2 

million cells in each incubation with the "neck type" 

insert. This would mean only 0.2 million hepatocytes per ml 

of incubation medium. This is less than one twentieth of 

the concentration of cells used in isolated hepatocyte 

preparations. Therefore, if slices were to be used to 

assess PABA acetylation using this system then the number of 

slices per unit volume would have to be increased in order 

to increase the number of cells/volume. 

To achieve this end a new incubation vial and insert 

were created (i.e. "cylindrical vial" method, see figure 5). 

The number of slices was increased to 6 and the volume of 

incubation medium reduced to 2 ml. This gave approximately 

3.6 million cells/ml. Using this modified method of 

incubation, acetylation of PABA was observed with rabbit 

liver slices. As may be seen from the data in figure 9, the 

percent (%) metabolism increased with the time of 

incubation. The % metabolism was obtained by dividing the 

amount of parent that disappeared at each time point by the 

amount present in the control incubations (i.e. no tissue) 

at the respective time points. Although not shown in the 

figure, the concentration of PABA was found to remain 
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Figure 9. Metabolism of PABA (100 till) in the presence of liver 
slices from rabbit A (/£) and rabbit B (•) over a 
three hour time period.' Percent (%) metabolism was 
obtained by dividing the amount of parent that 
disappeared at each time point by the amount present in 
the control incubations at respective time points. 
Disappearance of the parent amine was monitored using 
the colorimetric procedure of Bratton & Marshall. 
Control incubations did not contain slices. 
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Figure 10. Metabolism of SMZ (100 f i l l )  in the presence of liver 
slices from rabbit C (\^) and rabbit D over a six 
hour time period. Percent (%) metabolism was obtained 
by dividing the amount of parent that disappeared at 
each time point by the amount present in the control 
incubations at respective time points. Disappearance 
of the parent amine was monitored using the 
colorimetric procedure of Bratton & Marshall. Control 
incubations did not contain slices. 
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constant over this time period in the control incubations 

(i.e. no tissue). Additional experiments using liver slices 

from two rabbits yielded similar results for the acetylation 

of SMZ (Figure 10). The concentration of SMZ was 100 jxm. 

Metabolism of SMZ occurred throughout the 6 hours of 

incubation. The increase in metabolism between 4 and 6 

hours, however, was not as marked as that which occurred 

between 2 to 4 hours. Even over this extended incubation 

period the concentration of SMZ in the medium did not change 

in control incubations (i.e. no tissue). 

Determination of NAT Activity In Human Liver Slices In DOCS 

and In Human Liver Cvtosol 

Once it had been established that it was feasible to 

measure NAT activity in rabbit liver slices in DOCS, an 

investigation into the N-acetylation capability of human 

liver slices was undertaken. In order to reduce the amount 

of human liver tissue needed for a single experiment, a 

study was undertaken to determine the minimum number of 

slices required per vial. The number of slices/ml medium 

was varied between 2 and 3. Results of incubation with 

liver slices obtained from D3 and D4 are illustrated in 

Figure 11. In D4 both at a slice/ml medium ratio of 2:1 and 

3:1 there was a time dependent increase in the % metabolism 
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Figure 11. Metabolism of SM2 (100 /xM) by precision cut human liver 
slices over a four hour time period at two different 
slice/medium (ml) ratios (3:1 and 2:1). Percent (%) 
metabolism was obtained by dividing the amount of parent 
that disappeared at each time point by the amount present 
in the control incubations at respective time points. 
Control incubations did not contain slices. Disappearance 
of the parent amine was monitored using the colorimetric 
procedure of Bratton & Marshall. Tissue was obtained 
from donor patients D3 (2 slices/ml medium^) and D4 (2 
slices/ml medium H and 3 slices/ml medium !&£). 
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of SMZ over a 4 hour incubation period. However, in D3 at a 

slice/ml medium ratio of 2:1 not only was the % metabolism 

low at 2 hours compared to D4 but beyond 2 hours almost no 

acetylation was observed for SMZ. This indicated a slower 

rate of acetylation in D3 than in D4 liver slices. These 

findings indicated that a slice/ml medium ratio of 2:1 is 

adequate to express sufficient NAT activity to discriminate 

variation in the acetylation capacity of different human 

livers. Repeated experiments with different human livers 

using the 2:1 slice/ml medium ratio further confirmed this 

conclusion. Because of this the "ring insert" (Figure 6) 

method for measurement of NAT activity in human liver slices 

could be used. The "ring insert" method could not be used 

with a slice/ml medium ratio of 3:1 because the insert used 

for this system was not large enough to hold that number of 

slices. Adaptation of the "ring insert" method for this 

work helped to overcome some of the difficulties caused by 

the "cylindrical vial" method used first, which occupied a 

large area in the incubator. 

Results from one human liver (D]_2) presented here 

to illustrate the disappearance of parent compound over time 

from the media in the presence of liver slices maintained in 

DOCS (Figures 12 and 13). The Bratton & Marshall (1939) 
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Figure 12. N-Acetylation of PABA (100 /KM) by human liver slices in 
DOCS using liver tissue from donor 12 (D12) over a 16 
hour time period. Acetylation of PABA was monitored by 
measuring the disappearance of the parent amine from the 
incubation medium. The colorimetric procedure of Bratton 
& Marshall was used to determine the concentration of 
PABA in the medium ( original concentration • ; 
concentration of control • ; concentration in the 
presence of slices |;X;|) . 
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Figure 13. N-Acetylation of SMZ (100 piM) by human liver slices in 
DOCS using liver tissue from donor 12 (D^2) °ver a 16 
hour time period. Acetylation of SMZ was monitored by 
measuring the disappearance of the parent amine from the 
incubation medium. The colorimetric procedure of Bratton 
& Marshall was used to determine the concentration of SMZ 
in the medium (original concentration • ?concentration of 
control • ;concentration in the presence of slices SS) . 
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Figure 14. N-Acetylation of PABA (100 /IM) by human liver slices in 
DOCS using liver tissue obtained from organ donors 
(03,04,09 and D^) and patients who underwent liver 
resection (Rg,R10 and R13). N-Acetylation of PABA was 
monitored by measuring the disappearance of the parent 
amine from the incubation medium (slices 0;no slicesO 
). Concentration of PABA in the medium was determined by 
the colorimetric procedure of Bratton & Marshall. 
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Figure 15. 
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N-Acetylation of SMZ (100 /L£M) by human liver slices in 
DOCS using liver tissue obtained from organ donors 
(03,04,09,020 and Dn) and patients who underwent liver 
resection (Rg, R^q R13) . N-Acetylation of SMZ was 
monitored by measuring the disappearance of the parent 
amine from the incubation medium (slices 0;no slicesO 
). Concentration of SMZ in the medium was determined by 
the colorimetric procedure of Bratton & Marshall. 
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assay was used to assess loss of parent amine. They show 

that in the control incubations the concentration of parent 

compound remains constant for up to 16 hours. In the 

presence of human liver slices the concentration of PABA and 

SMZ in the media decreases over the same time period. By 16 

hours the % disappearance for PABA and SMZ was 74.7% and 

75.0% respectively. This is indirect evidence for the 

acetylation of these two compounds. 

Figure 14 shows the disappearance of PABA from the 

media in the presence of liver slices from different 

individuals. Each line in this figure represents results 

from an individual human liver. Liver tissue obtained from 

resections are indicated as R and donor tissues are 

indicated as D. At each time point the media was analyzed 

for the presence of the parent drug. For all the 

experiments the level of PABA in the controls (i.e. no 

tissue) remained constant. The concentration of parent 

amine for all control {i.e. no tissue) incubations is 

illustrated by the control values for R13. Figure 15 shows 

the disappearance of SMZ over time in the presence of human 

liver slices from the same individuals. Like PABA, the 

level of parent SMZ in control (i.e. no tissue) samples did 

not vary with the time of incubation. For this reason only 

one control level of SMZ is represented, D^. However rates 
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of acetylation for SMZ demonstrate a greater range of 

variation than for PABA. This is illustrated very clearly 

when the acetylation activities for these two substrates are 

compared. Activities for PABA were obtained from the amount 

of parent that disappeared between 0-2 hours. Acetylation 

activities, expressed as nmoles/hr/mg protein, varied from 

0.72 - 2.52 nmoles/hr/mg protein (Figure 16). This is less 

than a 4 fold variation in activity. Activities for SMZ, 

obtained from the amount of parent that disappeared between 

0-4 hours, varied from 0.14 - 3.68 nmoles/hr/mg protein 

(Figure 17). This is a 26 fold variation. When the 

acetylation activities for SMZ were determined in cytosols 

obtained from these human livers, a similar 25 fold 

variation in rates (0.002 -0.050 nmoles/min/mg protein) was 

observed (Table 2). 

HPLC Analysis of Human and Rabbit Liver Slice Culture Media 

and Human Liver Slice Samples 

To ensure that the disappearance of parent compound 

from media was associated with the production of an 

acetylated conjugate and not merely uptake of compound by 

the slice, an HPLC system was developed to monitor both the 

substrate and the acetyl conjugate. For these studies 

slices from both human and rabbit liver were used to 
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Figure 16. N-Acetylation rates for PABA in human liver slices. Rates 
of PABA acetylation for individual human livers, 
calculated from the amount of PABA that disappeared from 
the incubation medium between 0 time and 2 hours. 
Concentration of PABA in the medium was determined by the 
colorimetric procedure of Bratton & Marshall. Rates are 
expressed as nmoles/hr/mg protein. 
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Figure 17. N-Acetylation rates for SMZ in human liver slices. Rates 
of SMZ acetylation for individual human livers, 
calculated from the amount of SMZ that disappeared from 
the incubation medium between 0 time and 4 hours. 
Concentration of SMZ in the medium was determined by the 
colorimetric procedure of Bratton & Marshall. Rates are 
expressed as nmoles/hr/mg protein. 
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Table 2 

N-Aeetylation Rates for SMZ in Human Liver Slices and in Cytosol 

Human Liver Human Liver Slices Human Liver Cytosol 
No. nmoles/hr/mg nmoles/min/mg 

Protein Protein 

Rl3 

Dll 

D3 

R9 

DlO 

D4 

RlO 

0.14 

0.39 

0.90 

0.91 

1.43 

2.55 

3.68 

0.005 

0.013 

0.005 

0.002 

0.038 

0.022 

0.050 
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generate the acetylated metabolite. 

Analysis of the culture media from rabbit D liver slice 

incubations, over time, revealed a decrease in the 

concentration of parent associated with an increase in the 

concentration of the N4-acetyl conjugate (Figure 18 and 19) . 

Consistent with the results from colorimetric procedure no 

significant breakdown of the parent amine in the control 

incubations was observed. HPLC analysis of media (100 fzM 

SMZ) cultured in the presence of rabbit liver slices also 

showed the appearance of an additional peak (peak X, Figure 

18), the nature of which has not been determined. Treatment 

with glucuronidase and sulfatase, however, did not affect 

this peak. interestingly the size of this undetermined peak 

X increased between 4 and 6 hours, while there was only a 

very small change in the N4-acetyl metabolite produced 

within the same time period. 

The same HPLC method used for the analysis of rabbit 

liver slice culture media was employed to monitor the 

production of the acetyl conjugate in the human liver D4 

slices. The results were similar to that of the rabbit. 

However, the extent of acetylation in this human liver was 

less than in the rabbit D (Table 3) . Absence of peak X in 

the human liver D4 samples should also be noted here (Figure 

20). Overall, observations from D4 showed that the 
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disappearance of the parent compound, SMZ, from the media in 

the presence of human liver slices was primarily the result 

of acetylation throughout the extended incubation periods. 

Analysis of culture media from human liver D4 slice 

incubations, however, did not recover all the parent that 

disappeared from the medium as the N4-acetyl metabolite. 

Therefore, further investigations were undertaken using 

both slice culture media and slice samples from human liver 

D^q. HPLC analysis of human liver D10 samples showed that 

slices produce the acetylated conjugate of the parent amine 

in a time dependent manner (Figure 21? Table 4) . Results 

from Dig also revealed that the amount of parent amine in 

the slice accounted for the difference between the amount of 

SMZ added to the incubation medium and the total recovered 

in the media as SMZ and the N4-acetyl conjugate. 

Furthermore, the concentration of parent amine in the slice 

remained constant throughout the extended incubation period. 

These results suggest that the acetyl conjugate is the major 

hepatic metabolite of SMZ in human liver slices. 

Note: A second possible minor metabolite was detected in 

human liver Di2 culture media and it increased over 

time. The nature of this minor metabolite has not 

yet been determined (see Appendix A Figures A.l and 

A.2) . 
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Figure 18. 
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N-Acetylation of SMZ in rabbit D liver slices monitored 
by HPLC. a. Standard elution profile for SMZ (A) N4-
Acetyl SMZ (B). b. Control media (4 hour); no slices, 
SMZ. c. control media (4 hour); slices, no SMZ. d. Test 
media (4 hour); slices, SMZ. A Dupont Zorbax cl8 (4.68 
mm x 25 em) column was used for the HPLC analys s. The 
mobile phase consisted of methanol/0.02 M sodium acetate 
buffer pH 4.0 (30:70) at a flow rate of 1 mljmin. 
Absorbance was monitored at 254 nm. 
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Figure 19. Concentration of SMZ and N^-acetyl SMZ in the culture 
medium from rabbit D liver slice incubations monitored by 
HPLC. Original SMZ concentration ( • ); SMZ in control 
medium (i.e. no tissue) ( • )? SMZ in slice culture 
medium (E=3) ; N4-acetyl SMZ in slice culture medium (I*::!) 
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Figure 20. N-Acetylation of SMZ in human liver slices from 
donor 4 (D4) monitored by HPLC. a. Control 
media (4 hour); Incubation of SMZ (A) in the 
absence of slices, b. Test media (4 hour); 
Incubation of SMZ (A) in the presence of 
slices, generating N4-acetyl SMZ (B). A Dupont 
Zorbax C^g (4.68 mm x 25 cm) column was used 
for the HPLC analysis. The mobile phase 
consisted of methanol/0.02 M sodium acetate 
buffer pH 4.0 (30:70) at a flow rate of 1 
ml/min. Absorbance was monitored at 254 nm. 
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Table 3 

HPLC Analysis of Human Donor 4 (D4) Liver Slice Culture Media 

for SMZ and N4-Acetyl SMZ 

Time 
(hours) 

Control 
Media 

(i.e. no tissue) 
nmoles 
SMZ/ml 

Slice Culture 
Media 

nmoles 
SMZ/ml 

Slice Cluture 
Media 

nmoles 
N4-Ac-SMZ/ml 

2 

4 

92.05 

90.88 

54.65 

43.91 

18.66 

22.58 
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N-Acetylation of SMZ in human liver slices from donor 10 
(D^q) monitored by HPLC. a. Standard elution profile for 
SMZ (A), N4-acetyl SMZ (B) and SD (C). b. Control media 
(8 hour); no slices, SMZ. c. Test media (8 hour); slices, 
SMZ. d. Test slices (8 hour); SMZ. A Dupont Zorbax C^g 
(4.68 mm X 25 cm) column was used for the HPLC analysis. 
The mobile phase consisted of acetonitrile/O.02 M sodium 
acetate buffer pH 4.0 (20:80) at a flow rate of lml/min. 
Absorbance was monitored at 254 nm. 
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Table 4 

HPLC Analysis Of Human Donor 10 (Dig) Liver Slice Culture Media 

and Slices for SMZ and N^-Acetyl SMZ 

Time 
(hours) 

Control 
Media 

(i.e. no tissue) 
nmole 

SMZ/ml 

Slice Culture 
Media 

nmole 
SMZ/ml 

Slice Culture 
Media 

nmole 
N4-Ac-SMZ/ml 

Slices 

nmole 
SMZ/ml 

2 90.49 64.21 15.49 11.84 

4 90.02 48.89 28.27 14.78 

8 92.64 25.11 53.02 11.98 

Note: Although SMZ was added at 100 nmoles/ml, only 90-93 
nmoles/ml was recovered in the absence of tissue. In 
the presence of tissue, essentially 90-93% of the 
starting concentration could be accounted for as SMZ 
in the culture media and slice and as N4-acetyl SMZ 
in the media. Therefore, essentially 100% of the 
recoverable material could be accounted for. 
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DISCUSSION 

The purpose of this work was to develop a human 

tissue culture system capable of determining hepatic NAT 

activity and acetylator status of individual human livers. 

Lack of such an in vitro cellular system has greatly 

hindered investigation into the toxicological consequences 

of acetylation polymorphism and the mechanism of these 

effects in humans (Weber, 1984). With an in vitro cellular 

system, human tissue can be exposed to toxic compounds, 

which is almost impossible in an in vivo study. By 

carefully controlling the experimental conditions in an in 

vitro cellular system, mechanism(s) of chemically induced 

tissue injury can be elucidated without systemic 

interferences. 

The two most popular cell/tissue culture systems are 

suspensions of isolated hepatocytes and cultures of 

hepatocytes (Greim, 1980). In these methods cells are 

generally isolated by collagenase digestion, which may 

produce structural alterations that decrease viability 

(Ichihara et al., 1980). The anatomical basis for the 

functional heterogeneity of the liver is also destroyed in 

these methods, which contributes to a decrease in viability 

and alterations in the phenotype of the cells (Guillouzo, 
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1986; Grisham, 1979). Furthermore cellular distribution of 

NAT has been a controversial subject up to now. First it 

was suggested by Govier (1965) that NAT is associated with 

reticuloendothelial system and not hepatic parenchymal 

cells. Later Morland and Olson (1977) showed that rat 

hepatic cells have NAT activity. This discrepancy was 

initially attributed to a species difference in the cellular 

localization of NAT. However, Suolinna (1980) working with 

suspensions of parenchymal and non parenchymal cells from 

both rat and rabbit liver showed that only parenchymal cells 

contain NAT activity. It could possibly be that the 

expression of hepatic NAT activity in vivo is a result of an 

integrated effect of different cell types within the liver. 

Therefore a system most suitable for the purpose of this 

study would be a method for culturing liver tissue, under 

conditions where the architecture of the tissue and 

intercellular communication between the various cell types 

are maintained. A novel dynamic organ culture system 

introduced recently by Smith et al. (1985, 1986) provides 

these advantages. This system was adopted for the work in 

this study with human tissue and was shown to be capable of 

discriminating between slow and rapid acetylators. 

To determine NAT activity in human liver slices in 

DOCS, PABA and SMZ were used as model substrates. In this 

work we have shown that these two arylamine compounds are 
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metabolized by liver slices in DOCS to N-acetyl conjugates, 

indirect support for this conclusion was obtained using the 

colorimetric technique of Bratton & Marshall (1939) which is 

widely used to measure the N-acetylation of free amines. 

Direct measurement of the acetyl conjugate of SMZ in the 

media by HPLC has confirmed that liver slices acetylate aryl 

amines. 

A two substrate approach was used in this study to 

characterize the NAT phenotype. Such an approach is 

necessary to insure proper phenotyping. The variation in 

acetylation activity between slow and rapid acetylators for 

PABA, a monomorphic substrate, is much smaller than that for 

SMZ, a polymorphic substrate (Hearse and Weber, 1973) . 

Furthermore in one human study, no PABA NAT activity was 

detectable in hepatic cytosol at 3 hours after death. 

However, SMZ NAT activity was present (Glowinski et al., 

1978). Later Hein et al. (1981) showed that the monomorphic 

NAT activity (i.e. PABA NAT activity) is considerably less 

stable than the polymorphic NAT activity (i.e. SMZ NAT 

activity) . Weber1 s group has suggested that PABA NAT 

activity could be utilized as an enzyme marker to assure 

reliable acetylator phenotype classification in vitro. 

While the polymorphic substrate SMZ can be used to 

discriminate between slow and rapid acetylators, PABA can be 

used to distinguish between a slow acetylator and low or no 
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Figure 22 N-Acetylation rates for SMZ in human liver 
slices from slow and rapid acetylators. Data 
expressed as the mean ± SD of 5 slow 
acetylators and 4 rapid acetylators. The 
mean rate for rapid acetylators was 
significantly higher (p < 0.05) than for the 
slow acetylators using two tailed student's 
t-test. * denotes significantly higher than 
(p < 0.05). 
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activity due to tissue damage. 

The results in this study demonstrate a smaller range 

of acetylation activities for PABA than for SMZ. The 

variation of PABA acetylation rates between individual human 

livers in this system (Figure 13) is consistent with the 

classification of PABA as a monomorphic substrate (Glowinski 

et al. , 1978) . Moreover, slow and rapid acetylators can be 

discriminated on the basis of the rates of acetylation of 

SMZ obtained for the eight human livers presented here. The 

greater than twenty fold variation in SMZ acetylation rates 

suggests the presence of two groups in our sample 

population. The rapid acetylators, represented by livers 

from patients D12 > Dio> d4> and R10 average five times 

greater SMZ NAT activity than the slow acetylators, 

represented by livers from patients R13, Dg, D^, R9 and D3 

(Figure 14). The mean acetylation rate for those 

individuals classified as rapid acetylators was 2.56 ± 0.92 

nmoles/hr/mg protein which is significantly higher (p < 

0.05) than the mean of 0.51 ± 0.37 nmoles/hr/mg protein 

calculated for those individuals classified as slow 

acetylators (Figure 22) . Our observations with SMZ agree 

well with observations by Evans (1965) and Glowinski et al. 

(1978) . They reported 16-2 0 fold differences in rate in 

their populations and were able to identify these two 
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groups, slow and rapid acetylators. The classification of 

subjects for the livers D3, Dg, R13, and Rg as slow 

acetylators cannot be explained on the basis of liver damage 

during procurement. This would possibly result in no ability 

to acetylate compounds. All these livers retained the 

ability to metabolize PABA (Figure 13) . 

Some recent data obtained by other investigators 

involving PABA acetylation explain the importance of our 

observations with human liver slices. Using purified 

enzymes from rabbit liver and a new spectrophotometry 

assay, Andres and Weber (1986) have obtained results for 

PABA NAT activity that are different from those obtained 

previously. They found a 39 fold V max difference for PABA 

NAT activity between slow and rapid acetylator rabbits. 

Similar variation in PABA NAT activity was found with human 

liver cytosol. Kilbane et al. (1988) has reported a 88 fold 

variation in V max values for PABA in 19 different human 

liver cytosol preparations. These findings are inconsistent 

with the established monomorphic acetylation characteristic 

of this arylamine. 

An explanation for this discrepancy may be found in 

the differences in assay conditions between the previous in 

vitro studies and the new in vitro assay of Andres et al. 

(1985) . In the in vitro assay of Andres et al. (1985) a 

Schiff1s base is formed between the arylamine substrate and 
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dimethylaminobenzaldehyde. NAT activity is quantified by 

measuring the disappearance of the arylamine substrate as 

reflected by decreasing Schiff's base formation. Also in 

this new assay system CoASH produced during the reaction is 

recycled to acetyl CoA by an acetyl phosphate / 

phosphotransacetylase recycling system. This recycling 

allows the use of high saturating concentrations of 

arylamine substrate in the presence of low, physiological 

concentrations of acetyl CoA (Andres and Weber, 198 6). When 

V max values for PABA are determined under these conditions, 

the catalytic activity of both slow and rapid isozymes is 

closer to the maximum capacity. This would result in a 

larger V max for the rapid isozyme. Therefore large 

differences of V max between the two phenotypes could be 

observed (Andres and Weber, 1986; Kilbane et al.,1988). 

In the Bratton & Marshall (193 9) assay used for 

previous in vitro studies, a high initial acetyl-CoA 

concentration and a low acceptor amine concentration were 

employed to avoid depletion of the cofactor and to overcome 

the limitations of this assay when measuring changes in high 

substrate concentrations. A PABA concentration of 0.044 mM 

was employed in most of the previous in vitro studies. 

However, apparent Km values for PABA were found to be 0.6 mM 

and 0.08 mM for rapid and slow acetylators respectively 

(Weber et al., 1978). So the PABA concentration of 0.044 mM 
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could not saturate enzymes from both phenotypes (Andres and 

Weber, 1986). Moreover, the difference between the apparent 

Km value and substrate concentration used is much greater 

for rapid acetylators than for the slow acetylators. Since 

the concentration of substrate used is not saturating the 

enzyme the rate of PABA acetylation by the rapid isozyme is 

well below its maximum capacity. Under these conditions, 

PABA acetylation rates obtained from both phenotypes were 

very similar (Hearse and Weber, 1973), consistent with the 

unimodal frequency distribution curve demonstrated for this 

substrate in vivo studies of rabbits (Weber et al., 1976) 

Weber's group (Andres and Weber, 1986) have suggested 

that the ordinary physiologically tolerable doses of PABA 

used in vivo only saturates the slow acetylator isozyme but 

not the rapid acetylator isozyme, similar to the in vitro 

studies using Bratton & Marshall (1939) assay. Under these 

conditions difference between the PABA NAT activities of 

slow and rapid acetylators would be very small. This 

results in the monomorphic nature of PABA acetylation in 

vivo. 

The human liver slice system closely resembles the in 

vivo situation in terms of acetyl CoA concentration. 

Compared with the very high saturating concentration 

employed in the study of Andres and Weber (1986) , a low non 

saturating concentration was used in the studies reported 
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here. Thus the range of PABA acetylation rates in the liver 

slices resembles the in vivo situation. This further 

suggests the importance of a human tissue culture system, 

such as the liver slices in DOCS, for toxicological 

investigation related to acetylation polymorphism. With 

such an in vitro cellular system expressing NAT activity 

similar to the in vivo situation we should be able to obtain 

information relevant to the toxicological consequences of 

acetylation polymorphism in humans. 

To confirm the results obtained by the human liver 

slices additional subcellular experiments were carried out 

using cytosol prepared from the same individuals. Cytosol 

has been traditionally used for phenotypic classification of 

individuals. It has been confirmed repeatedly that the 

phenotype exhibited in the cytosol is consistent with in 

vivo acetylator status (Evans, 1965). In our studies the 

acetylator status determined by the human liver slices was 

consistent with that determined in cytosol. The mean SMZ 

acetylation activity for rapid acetylators (0.037 

nmoles/min/mg protein) was nearly 6 fold greater than the 

mean for the slow acetylators (0.0063 nmoles/min/mg 

protein). The four individuals (R13, On, D3 and R9) shown 

to be slow acetylators in the liver slices expressed a slow 

acetylator phenotype in the cytosol. The three individuals 

(D^Of D4 and Rio) who showed a rapid acetylation rate in 
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liver slices were confirmed to be of rapid acetylator 

phenotype by experiments with cytosol. Although the rank 

order within the two groups, slow or rapid acetylators, was 

not exactly the same in these two different in vitro 

systems, there was no change in the acetylator status of an 

individual human liver between the two systems. 

Whether or not hydroxylated metabolites of N4-acetyl 

SMZ are formed by the liver slice system is unknown. It is 

possible that ring hydroxyl groups could react with the 

coupling reagent, N-l-(naphthyl) ethylenediamine 

dihydrochloride, of the Bratton & Marshall assay to form a 

product that absorbs at 540 nm. If this occurred an 

underestimation of the formation of the N-acetylated product 

would be expected. Although possible this reaction sequence 

probably did not occur and if it did, it had no effect on 

the determination of acetylator status. As mentioned above 

the classification of acetylator status was the same between 

slices and cytosol. Cytosol, without an active P-450 

system, cannot form hydroxylated products of SMZ. 

The variation in activities within the two rapid and 

slow groups was smaller in the cytosol than in the slices. 

This could be attributed to the simplicity of cytosol as an 

in vitro system compared to the complexity of a cellular 

system such as the liver slices. The latter system is more 

comparable to the in vivo situation where many extracellular 
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and intracellular factors influence the overall metabolism 

of a compound. In the cytosol only the soluble proteins are 

present, and the compound is in direct contact with the 

enzyme concerned. In contrast, in a cellular system the 

compound needs to cross the plasma membrane. 

Most of the in vitro research on N-acetylation and N-

acetyltransferase polymorphism in humans has been carried 

out using subcellular systems (Weber and Hein, 1985). 

Unlike the subcellular preparations, an in vitro cellular 

system would provide an opportunity to study N-acetylation 

of chemicals in the presence of competing pathways for 

biotransformation. The in vitro system that has been 

developed uses human liver slices maintained in dynamic 

organ culture. Both phase I and phase II hepatic drug 

metabolizing pathways have been shown to be functional in 

this system. Using model substrates 7-ethoxycoumarin and 7-

hydroxycoumarin, both p-450 mediated reactions (phase I) and 

conjugation reactions (phase II), i.e. glucuronidation and 

sulfation, have been shown to occur for up to 24 hours 

(Barr et al., 1987). The results obtained in this study 

show that human liver slices in DOCS are capable of N-

acetylation of arylamine compounds. This function was 

maintained throughout the extended incubation periods 

without the addition of exogenous acetyl-CoA or any other 

immediate precursor of acetyl-CoA. The results also 
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indicate that human liver slices in dynamic organ culture 

can be used for the phenotypic classification of acetylator 

status. This system thus may provide a means of determining 

the relationship between acetylator status and the 

toxicity/carcinogenicity of the substrates for NAT in 

humans. 
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APPENDIX A 

Chromatograms from HPLC Analysis of Slice Culture Media 
and Slices from Donor 12 (D12) Liver Slice Incubations 



Figure A.l N-Acetylation of SMZ in human liver slices from 
donor 12 (D]?) monitored by HPLC. a. standard 
elution profile for SMZ (A) N4-Acetyl SMZ (B) 
and SD (C). b. Control media (8 hour); 
Incubation of SMZ (A) in the absence of slices. 
A Dupont Zorbax c18 (4.68 mm x 25 cm) column 
was used for the HPLC analysis. The mobile 
phase consisted of acetonitrile/O.02 M sodium 
acetate buffer pH 4.0 (20:80) at a flow rate of 
1 ml/min. Absorbance was monitored at 254 nm. 
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Figure A.2 N-Acetylation of SMZ in human liver slices from 
donor 12 (Di2) monitored by HPLC. c. Test 
media 8 hour); Incubation of SMZ (A) in the 
presence of slices, generating N4-acetyl SMZ 
(B) and an unknown peak (D). d. Slices 
incubated in the presence of SMZ contain both 
SMZ (A) and N4-acetyl SMZ (B) . A Dupont Zorbax 
C^g (4.68 mm x 25 cm) column was used for the 
HPLC analysis. The mobile phase consisted of 
acetonitrile/0.02 M sodium acetate buffer pH 
4.0 (20:80) at a flow rate of 1 ml/min. 
Absorbance was monitored at 254 nm. 
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APPENDIX B 

List of Abbreviations 



Acetyl CoA Acetyl coenzyme A 

2-AF 2-Aminofluorene 

BZD Benzidine 

CaCl2•2H2o Calcium chloride dihydrate 

DOCS Dynamic Organ Culture System 

I.D. Internal diameter 

INH Isoniazid 

KCL Potassium chloride 

KOH Potassium hydroxide 

MgS04-7H20 Magnesium Sulfate 7-hydrate 

N4-Ac SMZ N4-Acetyl sulfamethazine 

Naci Sodium chloride 

NaHC03 Sodium bicarbonate 

NaH2P04.H20 Sodium phosphate monobasic 

NaOH Sodium hydroxide 

NAT N-Acetyltransferase 

O.D. Outer diameter 

P-450 Cytochrome P-4 50 isozymes 

PA Procainamide 

PABA para-Aminobenzoic acid 

PAS para-Aminosalicylic acid 

SA Sulfanilamide 

SD Sulfadiazine 

SMZ Sulfamethazine 
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