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A comparison of levels of glutathione transferases, cytochromes P450 and 
acetyltransferases in human livers 
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Soluble glutathione (GSH) transferases (GSTs) (EC 
2.5.1.18) catalyse a number of GSH-dependent reactions 
including the detoxification of electrophilic metabolites of 
xenobiotics. In rat, mouse and human, GSTs have been 
clearly demonstrated to consist of a supergene family 
including three multigene families referred to as alpha, mu 
and pi, with considerable homology in each family across 
the species. The hepatocyte is the richest source of GSTs 
in all these species. In the human liver, alpha enzymes 
predominate; mu enzymes are present in 30-40% of the 
population; and the pi enzyme is restricted to the biliary 
epithelial cell [1, 2]. In the alpha family, two subunits, 
referred to variously as Y1 and Y4 [3], B1 and B2 [4] or 
ax and ay, [5] have been identified. In the mu family there 
are two expressing alleles: one referred to as GST/~ [6] 
and the other as GST ~0 [7[ and a null allele, the inheritance 
of the last named giving rise to mu-deficient individuals in 
the population [8]. 

Cytochrome P450 monooxygenases (P450) ("unspecific 
monooxygenase", EC 1.14.14.1) are the major enzymes 
involved in the oxidation of drugs, carcinogens and steroids. 
As in the case of the GSTs, a supergene family of these 
enzymes exists and the individual proteins are characterized 
by distinct catalytic specificities [9]. In recent years, 
considerable insight has been gained regarding the nature 
of the human P450s [10, 11] and their wide variation among 
individuals. In some cases, the nature of the variation is 
genetic polymorphism (e.g. debrisoquine 4-hydroxylation); 
while in other cases the variation seems to be due to 
induction of a specific P450 (e.g. induction of phenacetin 
O-deethylation by cigarette smoking or consumption of 
char-broiled meat [12, 13]). 

N-Acetylation of arylamines is a major route in their 
biotransformation and, by affecting their disposition, may 
play a modulatory role in the metabolic activation of these 
compounds. O-Acetylation and N-O-transacetylation of N- 
hydroxy metabolites also occur and lead directly to 
activation and DNA binding [14]. The enzymes involved 
are controlled by two genetic loci designated "mono- 
morphic" and "polymorphic", N-acetylation reactions in 
humans being controlled principally by the polymorphic 
locus [15]. This has two major alleles designated as "r" and 
"s", giving rise to rapid acetylator (rr and rs) and slow 
acetylator (ss) phenotypes [16]. In addition, these same 
polymorphic isozymes probably participate in O-acetylation 
and N,O-acetylation reactions [17,18]. In Caucasian 
populations rapid and slow metabolizers occur with similar 
frequency [15]. 

Obviously, all three of these enzymes, the GSTs, the 
P450s and acetyltransferases, can be involved in the overall 
metabolism of drugs and carcinogens and the relative levels 
of catalytic activity towards certain substrates and their 

products may be expected to influence the balance between 
bioactivation and detoxification [19]. Thus, it would be of 
interest to compare levels of some of these enzymes in 
human tissues to determine if levels of some of the enzymes 
might vary in concert, particularly since certain chemicals 
such as phenobarbital and polycyclic hydrocarbons induce 
several GSTs and P450s in experimental animal models. 

In the present paper, we analysed 22 human liver samples 
for GST subunits by reverse phase HPLC. Fifteen of these 
liver samples were also assayed for activities of the 
cytochrome P450 mixed function oxygenase family and for 
N- and O-acetyltransferases; and values obtained compared 
to determine to what extent levels of any one of these drug 
metabolizing enzymes correlated with another. 

Materials and Methods 

Human livers were obtained from organ donors through 
Tennessee Donor Services (Nashville, TN, U.S.A.) and 
CHU Necker (Paris, France). Analysis of GSTs in 
homogenates was determined by the method in Ref. 5. 
Total cytochrome P450 was determined spectrally according 
to the method in Ref. 20, debrisoquine 4-hydroxylase and 
phenacetin O-deethylase activity according to the methods 
in Ref. 21 (gas chromatography and mass spectrometry) 
and in Ref. 22 (thin-layer radiochromatography), respect- 
ively and methods for N-acetyltransferases and O- 
acetyltransferase were as described in Ref. 23. 

Results and Discussion 

Table 1 shows the results of all the assays involved. 
Correlations between sulphamethazine and N-aeetyl-2- 
aminofluorene N-acetyltransferase activity (r = 0.94) and N- 
hydroxy-2-aminofluorene-O-acetyltransferase activity (r = 
0.88), have already been published [23]. However, no 

correlations were seen in comparisons made between levels 
of activity in any of the other drug metabolizing enzymes 
examined (see Table 2). 

All samples contain both a~ and a,y but the levels of 
these two subunits are not related to each other (see Table 
2). Thirty to forty per cent of the samples contained mu 
family enzymes. GST :r was never detected in these assays. 

Since all members of this sample contain GST ax and 
a-y, each expressed at a level independent of the other, it 
appears that GST a"x and 0:y are not allelic but products 
of different gene loci. A smaller sample of eight individuals 
has been analysed previously and both GSTs ax and ay 
were present in all individuals [24]. 

A correlation between N- and O-acetyltransferase levels 
has already been reported [23] and while it was of interest 
to see to what extent acetyltransferase levels might correlate 
with other drug metabolizing enzymes, it was not surprising 
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Table 1. Enzymes of drug metabolism in human liver: comparisons of GSH transferases, some cytochrome P450s and 
acetyltransferases 

GST subunits P450 isoenzymes 
(/~g/g (nmol/mg (nmol formed/ 
liver) microsomal protein min/mg protein) 

Acetyltransferases 

(pmol bound/min/mg 
protein/mL DNA) 

Sample ax ay # P450 DB PA SMZ AAF AF 

HL15 94 32 0.85 0.19 0.32 0.82 2.97 39.0 
HL16 76 33 0.35 0.06 0.25 0.26 0.71 10.2 
HL19 252 37 19 0.11 0.04 0.05 8.2 
HL23 187 25 0.28 0.09 0.10 0.42 1.75 26.0 
FH39 300 300 1.76 0.01 0.74 0.40 1.25 21.2 
FH41 118 99 0.85 0.08 0.54 0.17 0.88 17.4 
FH47 32 150 14 0.52 0.05 0.17 0.48 0.17 13.0 
FH50 149 191 3 0.37 0.07 0,10 0.11 0.81 9.4 
FH56 102 125 42 0.47 0.05 0,21 0.07 0.34 7.2 
FH61 85 385 1.04 0.03 0.31 0.14 0.33 4.0 
FH77 404 81 0.62 0.08 0.32 0,43 1.42 25.2 
FH80 156 289 0.34 0.15 0.07 0.10 0.41 13.2 
FH81 266 277 0.17 0.10 0.26 0.80 0.32 6.0 
FH82 93 37 0.59 0.08 0.57 0.08 0.12 10.0 
FH83 551 146 1.03 0.09 0.33 0.05 0.28 9.4 
FH55 16 47 28 0.27 0.01 0.09 
HL49 99 83 6 
FH70 76 92 21 
HL25 125 53 
HL62 131 130 14 
FH84 169 94 
HL91 364 333 

P450 is total P450 determined spectrally. DB, PA, SMZ, AAF and AF are debrisoquine 4-hydroxylase, phenacetin 
O-deethylase, suiphomethazine N-acetyltransferase and N-acetyl aminofluorene N-acetyltransferase and aminofluorene 
O-acetyltransferase, respectively. 

to find that they did not. However, a correlation between 
P450 and GSTs was thought to be a possibility, since 
subunits from both the alpha and mu GST families in the 
rat are induced by the same compounds, which induce total 
cytochrome P450 [25]. 

Total P450 (measured spectrally) and the activities of 
two specific P450s were examined and compared. The 
two P450 activities measured were debrisoquine 4- 
hydroxylation, catalysed by P450 IID6 and regulated by 
genetic polymorphism, and phenacetin O-deethylation, 
catalysed by P450 IA2 and inducible by cigarette smoking 
and ingestion of char-broiled meat [26, 27]. The total level 

of P450 can be elevated by treatment of individuals with 
barbiturates and other compounds (for review see Ref. 9). 
Initial work suggested that phenacetin O-deethylation and 
debrisoquine 4-hydroxylation are correlated to each other 
[28] but this is not the case in the present work or other 
later work [26]--the activities are catalysed by the distinct 
enzymes, P450 IA2 and P450 IID6 [29, 30], which are 
encoded by genes on separate chromosomes [31]. Neither 
of these two P450-mediated catalytic activities nor total 
P450 were correlated with each other or with levels of any 
of the GST or N-acetyltransferase activities. 

The overall conclusion is that few of the enzymes which 

Table 2. Correlation coefficients 

AAF AF P450 DB PA ax cry /z 

1 SMZ (15) 0.97 0,92 0.31 0.42 0.16 0.29 -0.29 0.47 
2 AAF (15) 0.94 0.25 0.49 0.05 0.00 -0.31 -0.53 
3 AF (15) 0.26 0.49 0.13 0.03 0.40 0.58 
4 P450 (16) -0.25 0.78 0.29 0.40 -0.28 
5 DB (16) -0.21 0.13 -0.21 -0.57 
6 PA (16) 0.25 0.09 0.26 
7 ax (22) 0.27 0.21 
8 ay (22) 0.30 
9 /~ (S) 

Figures in brackets refer to the numbers used in the comparisons. P450 is total P450 determined 
spectrally. SMZ, AAF, AF, DB, PA are sulphomethazine N-acetyltransferase, N-acetylaminoituorene 
N-acetyltransferase, aminofluorene O-acetyltransferase, debrisoquine 4-hydroxylase, phenacetin 
O-deethylase and ax, a~' and ~ are glutathione transferase subunits. 
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are involved in the metabolism of xenobiotics show any 
type of coordinate regulation with each other in man. Thus, 
in pathways that involve catalysis by several different 
enzymes, we would expect to see several independent 
variations in the human population interacting with each 
other. 
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Effects of various tetracycline derivatives on in vitro and in vivo t-oxidation of 
fatty acids, egress of triglycerides from the liver, accumulation of hepatic 

triglycerides, and mortality in mice 

(Received 19 June 1990; accepted 23 September 1990) 

Severe, often fatal, microvesicular steatosis of the liver has 
been observed in numerous subjects who received high 
intravenous doses of tetracycline [1]. Two mechanisms 
contribute to the accumulation of hepatic triglycerides after 
administration of such high doses of tetracycline [2-5]. 
First, tetracycline inhibits the mitochondrial fl-oxidation of 
fatty acids in mice and in humans [2]. Second, tetracycline 
decreases the egress of lipoproteins from the liver [3-5], 
mainly by inhibiting the association between the apoproteins 
and triglycerides [5]. 

In addition to tetracycline itself, several other tetracycline 
derivatives are available for human therapeutics. Some 
of these derivatives, including chlortetracycline [1], 
minocycline [6], rolitetracycline [7] and oxytetracycline [1], 
have been shown to also produce microvesicular steatosis 
of the liver in humans [1,6] or animals [1, 7]. To our 
knowledge, however, no information is available on the 
effects of the various tetracycline derivatives on the 
oxidation of fatty acids, and the egress of triglycerides from 
the liver has been studied only with rolitetracycline [8]. 

Materials and Methods 

Materials. Male CrI:CD-I(ICR)BR Swiss mice were 
purchased from Charles River (Saint-Aubin-les-Elbeuf, 
France). Some mice were fed ad lib. on a standard diet (M 
25 biscuits, Extra Labo, Pietrement, Provins, France). 
Other mice were fasted for 24 or 48 hr before being used. 

Lymecycline and rolitetracycline were generous gifts 
from, respectively, Farmitalia Carlo Erba (La DEfense, 

France) and Hoechst (La DEfense, France). The other 
tetracycline derivatives (in the form of the hydrochloride) 
and Triton WR 1339 were purchased from the Sigma 
Chemical Co. (St Louis, MO, U.S.A.). The tetracycline 
derivatives were dissolved in water, followed by the 
addition of NaOH to bring the pH back to 7.4. Mice 
received 0.5 mL i.p. of the tetracycline derivative solution 
(0.25 or 0.5 mmol/kg i.p.). 

[U-14C]Palmitic acid (928mCi/mmol), [1-14C]palmitic 
acid (54mCi/mmol), and [1-~4C]butyric acid (54mCi/ 
mmol) were purchased from Amersham (Bucks, U.K.). 
[1-~4C]Octanoic acid (54 mCi/mmol) was purchased from 
New England Nuclear (Boston, MA, U.S.A.). 

In vitro fl-oxidation. Liver mitochondria were prepared 
as described by McGarry et al. [9]. An aliquot was used to 
determine mitochondrial protein by the method of Lowry 
et al. [10]. The in oitro fl-oxidation of [U-14C]palmitic acid 
by mouse liver mitochondria was assessed as described by 
FrEneaux et al. [2]. Mitochondria (2 mg protein/2 mL) were 
incubated with ATP (0.2mM), DL-carnitine (50/~M), 
coenzyme A (15 ~M), the tetracycline derivative (1 mM), 
and [U-~4C]palmitic acid (40/tM; 0.05/zCi/2mL). The 
latter was added after 5 rain of preincubation at 30 °. The 
reaction was then carried out for 10 min at 30 °. Acid- 
soluble fl-oxidation products were measured as previously 
described [2]. 

In vivo oxidation o f  fatty acids. The tetracycline 
derivatives (0.25 mmol/kg i.p.) were dissolved in water 
(0.5 mL/mouse) followed by the addition of NaOH to 


