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Glutathione depletion in human and in rat multi-drug resistant breast cancer cell
lines
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Glutathione (GSH) is a major component of the cellular
detoxification system. As the principal cellular non-protein
sulfhydral, GSH maintains the redox state of cellular
enzymes and is important in cellular defense against
reactive oxygen species, including peroxides [1, 2]. Recent
studies have demonstrated a central role of GSH in tumor
cell responsiveness to a variety of antineoplastic treatments
including radiation, the quinone-containing chemotherapy
agent Adriamycin®, and DNA cross-link forming alkylating
agents such as melphalan [3-5]. Tumor cell lines selected
in vitro for resistance to a number of these agents have
demonstrated alteration in GSH concentration or GSH-
utilizing enzymes. Using buthionine sulfoximine (BSO) to
inhibit the rate-limiting synthetic enzyme and thus deplete
cellular GSH, these resistant cells may be sensitized to
the respective chemotherapeutic agent [6,7]. A study
performed in vivo in tumor-bearing animals demonstrated
differential effects of BSO on normal and tumor tissue,
suggesting a potential clinical role for the combination of
BSO with chemotherapy [8]. There was also a differential
effect of BSO on GSH concentration between wild-type
(WT) nad a melphalan-resistant variant of the same cell
line.

We have examined a human breast cancer cell line and
a subline selected for multi-drug resistance and found
significant differences in responsiveness to BSO and in
cellutar GSH metabolism. Similar results were obtained in
studies of a rat mammary tumor cell line with the phenotype
of multi-drug resistance.

Methods

MCF-7 is a human breast cancer cell line and ADRr is
a subline selected in vitro for resistance to Adriamycin
which expresses the phenotype of multi-drug resistance {9].
These resistant cells were shown to have greatly increased
expression of the MDR1 gene encoding the membrane-
associated energy-utilizing drug-efflux pump protein P-
glycoprotein, increased anionic glutathione-S-transferase
(GST) and selenium-dependent glutathione peroxidase,
and enhanced capacity to reduce GSH after peroxide
challenge [10,11]. MatB is a mammary carcinoma
chemically induced in Fisher rats that can be grown both
in vitro and in vivo. A subline selected in Adriamycin
expresses the phenotype of MDR and similar molecular
characteristics: enhanced expression of MDR1, significantly
decreased GSH concentration, and increased expression
of GST. Selenjum-dependent glutathione peroxidase is not
increased, but selenium-independent organic peroxidase
due to a basic GST isoenzyme is elevated [12]. The cells
used in these studies were all drug-free for at least 1 month,
and retained these characteristics. Cells were maintained
in RPMI 1640 medium (GIBCO) (human cell line) or
Minimum Essential Medium alpha (MEM-alpha) (GIBCO)
(rat cell line) with 5% fetal bovine serum plus penicillin
and streptomycin, and 2 mM glutamine at 37° under 5%
CO,. The clonogenic assays of the human MCF-7 cell line
were performed in 6-well Linbro plates using three different
protocols. In the first two, cells were plated at a density of
200-400/well and left overnight to attach to the plastic
surface. The next day the medium was replaced with fresh
medium containing various concentrations of BSO. The
BSO was maintained continually in the medium in one set
of studies, or else was replaced after 24 hr by drug-free
medium. In a third set of assays the cells were exposed as

semi-confluent monolayers still in the logarithmic phase of
growth, to various concentrations of BSO for 20 hr. The
cells were then washed free of BSO, trypsinized, and
replated at low density for clonogenic assay. In all assays,
once the cells were treated and plated at low density they
were incubated for 10 days, after which medium was
removed, cells were fixed and stained with ethanol acetate
and Coomassie blue, and visible colonies were counted.
Results are presented as percent of untreated control
surviving colonies. To study the effect of verapamil on
cellular GSH concentration, cells in logarithmic growth
were exposed to 10 ug/mL of verapamil over 2 days,
harvested by trypsinization, and counted using a hem-
ocytometer; then total cellular GSH was measured.

Glutathione was assayed according to the technique
described in Ref. 13. Pre-confluent adherent cells were
exposed to BSO for various times and were then harvested
using trypsin-EDTA. After counting the cells, 4-5 x 10°
cells of each cell line were lysed in distilled water and a
solution of 5-sulfosalicylic acid was added resulting in a
3% final solution. After centrifugation, the supernatant
was used to determine total glutathione (GSH + GSSG)
concentration. y-Glutamylcysteine synthetase (GGCS) was
assayed in cytosolic preparations of the cell lines according
to Seelig and Meister [14], and y-glutamyltranspeptidase
(GGT) was measured in whole cell homogenates as
described by Szasz [15]. GST and selenium-dependent
glutathione peroxidase (GSH-Px) were assayed as pre-
viously described using hydrogen peroxide as substrate
[9,16]. Selenium-independent peroxidase was assayed
using cumene hydroperoxide as substrate. Protein was
determined using the technique of Lowry et al. [17]. All
biochemical assays were performed in triplicate in three
separately grown samples.

Results

Table 1 lists the biochemical features of the human cell
lines examined. The GSH concentration of the cells
determined in logarithmic phase of growth in both cell
lines was found to be significantly lower in ADRr compared
to WT. In the MCF-7 cell line this cannot be explained on
the basis of reduced synthesis since the activity of GCS
was increased significantly (P < 0.001). Both GSH-Px and
GST were increased in the ADRr cells compared to the
sensitive cell line, and GGT activity was conversely
significantly (P < 0.001) decreased in activity. In the MatB
rat mammary carcinoma cell lines, GSH was also decreased
significantly in the ADRr subline compared to the WT
cells (1.8 = 0.09 vs 5.2 = 0.4) nmol/10° cells), while GST
activity was increased significantly (11.8 + 0.5vs 8.7 = 1.2).
Molecular characterization of the isozymic composition of
GST demonstrated that members of both the pi and alpha
gene families were increased (data not shown). The latter
proteins have organic peroxidase activity that results in the
elevated peroxidase activity with cumene hydroperoxide.
MDRI1 expression was greatly enhanced in these cells as
well.

Figure 1 demonstrates the changes in GSH concentration
in the MCF-7 WT and ADREr cell lines treated with 20 uM
BSO for various periods of time. There was a more rapid
decline in cellular GSH concentration observed in the
MCF-7/ADRr compared to the WT cells. At maximal
depletion the remaining GSH concentration, expressed as
a percentage of basal GSH concentration, was 25% in WT
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Table 1. Biochemical characterization of MCF-7 sensitive WT and resistant ADRr cell lines

Cell line GSH GST GSH-Px GGCS GGT
WT 15.9 = 4.4* 4.0=%05 22%0.5 1.2x0.08 1.0 = 0.04*
ADRr 83+0.7 152.5 £2.0* 18.5 £ 1.0* 1.9 = 0.02* 0.7 £ 0.004

GSH is expressed as nmol/10°, and GGCS as umol/60 min/mg protein; all others are expressed
as nmol/min/mg protein. Values are means * SEM, from three separate experiments each done

in triplicate.

* Significantly higher than corresponding cell line (P < 0.001) using unpaired Student’s t-test.

and 14% in the resistant cells. The effect of exposure to
verapamil on total cellular GSH concentration in the MCF-
7 cells was quite striking. After 48 hr of exposure in 10 ug/
mL of verapamil, in three separate experiments, the total
cellular GSH concentration in the WT cells changed from
112+ 3.5 to 6.7 = 1.2 nmol/10° cells, and in the ADRr
cells from 8.6 + 1.7 to 4.8 + 2.1 nmol/10 cells. These were
marked decreases in the GSH content in both cell lines.
On the other hand, there was no change in either GSH-
Px or GST after verapamil treatment (data not shown). In
the MatB cells, there was also a significant depletion of
cellular GSH observed ranging from 25 to 43%.

The results of clonogenic assays performed in the MCF-
7 WT and ADRr cell lines using continuous and 24-hr
exposure of cells at low density to BSO are shown in Fig.
2, A and B. As can be seen in these conditions, there was
a cytotoxic effect that was more prominent in the ADRr
cells. Figure 2C shows the clonogenic assay performed
when cells were exposed to various concentrations of BSO
for 20 hr while at high cell density, before being plated at
low cell density. Under these conditions the ADRr cells
were also more sensitive to BSO, but the difference was
less marked.
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Fig. 1. Concentration of total GSH determined in cells
[WT (@), ADRr (O)] after exposure to 20 uM BSO for
various times. The protocol most commonly used in other
studies is the 20 to 24-hr exposure. Multiple duplicates
were made for this time point and the bars demonstrate
the standard error. See Table 1 for control values.

Discussion

MCF-7/ADRr cells, like other drug-resistant variants,
differ in terms of growth Kkinetics from their WT
counterparts. We have shown previously by flow cytometry
that the ADRr cells contain a higher population of cells in
the G1 phase of the cell cycle (59.6 vs 50.3% in WT cells)
[18]. While higher GSH values have been reported in S
versus G1 phase human T-1 cells (1.6-fold) [19], the
difference in the GSH content between the ADRr and the
WT cells cannot be explained by kinetic factors alone.
Thus, there appear to be intrinsic differences in cellular
GSH concentration. The fact that a similar decrease in
cellular concentration was observed in the MatB cell line,
which was selected under the same conditions and exhibits
similar molecular changes, suggests that this may be a more
generalized phenomenon.

The effects of inhibition of GSH synthesis on cellular
concentration is determined by utilization, either oxidation
to GSSG which can efflux from cells, or conjugation and
excretion as a GSH conjugate of an electrophilic molecule.
The findings in this study are consistent with enhanced
utilization of GSH in the ADRr cell line. Since both the
selenium-dependent GSH-Px and the GST activities were
increased in the resistant MCF-7 cells, it is likely that they
are involved directly in the enhanced GSH utilization. It
is curious that this is occurring in the absence of any
chemotherapeutic agent, suggesting that there has been a
constitutive alteration in the expression of these metabolic
pathways in these cells. It will be of interest to determine
the substrates for both of these enzymes under drug-free
conditions. The level of GGT activity may also affect GSH
concentration since it acts as a “salvage pathway” at the
membrane for y-glutamyl moieties. The decrease in this
activity in the ADRr cell line may further contribute to
GSH depletion and to increased cellular sensitivity to BSO.

The finding of diminished GGT concurrent with enhanced
GST activity was unexpected since there are a number of
examples of apparently coordinated expression of these
two components in other experimental systems. In the
MCF-7 cell line studied here, changes in both phase I and
phase II xenobiotic metabolic components strongly parallel
those described in chemically initiated rat liver hepatocytes,
including elevated placental form of GST, and decreased
inducibility of cytochrome P4501A1 [20]. However, a
consistent finding in the transformed hepatocytes is
increased expression of both GGT and GST [21]. Similarly
in vitro transformation of rat liver epithelial cells by
transfection with activated H-ras results in enhanced
expression of both GST and GGT [22], while in human
colon tissue we have found consistent elevation of both
GGT and GST-P (particularly GST) in tumors compared
to normal adjacent mucosa [23]. A recently reported
doxorubicin-resistant subline of HL-60 was shown to have
significantly diminished GSH concentration and GGT
activity while the GST and GSH-Px were not altered with
respect to the WT control cell line [24], so it is possible



Short communications

100 A
o
£
2z
[
@
D 10r
K]
[
L2
8
B4
1 ) Il | i
2 5 10 25
uM BSO
100
o B
£
2
|4
3
(7
3
2
[
L
8
X
10 [—
] ] !
10 25 50
100 c
4
2
2
3
o
2
c
o
8
®
10
) 100
uM BSO

Fig. 2. Results of clonogenicity assays performed under
three different conditions. In panels A and B, cells were
plated at low cell density the night before treatment with
BSO [WT (@), ADRr (O)]. In panel A, the BSO was
added at the doses indicated and left in the medium
throughout the clonogenic assay. In panel B, the BSO was
maintained in the medium for 24 hr, and then was replaced
by drug-free medium. In panel C, cells in semi-confluent
monolayers were exposed to BSO at the indicated doses
for 24 hr, after which they were plated at low cell density
for clonogenic assay [WT (@), ADRr (O). The data are
presented as the percent of colonies surviving at each BSO
dose level compared to the untreated controls. Results are
means + SEM, from three separate experiments, each
done in triplicate.
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that continuous exposure to doxorubicin disassociates the
commonly coordinated expression of GGT and GST
through an undetermined mechanism. Alternatively, since
we have not measured the level of mRNA encoding
GGT, it is possible that the alteration is at the level of the
protein which is situated on the outer surface of the cell
membrane.

The effects of verapamil on GSH are of note given the
many examples of verapamil sensitization to Adriamycin
in multi-drug resistant tumor cell lines, and in these cells
in particular [25-27]. Although the verapamil has a major
inhibitory effect on the P-glycoprotein, and in so doing
has been demonstrated to enhance intracellular drug
accumulation, it is possible that GSH depletion also plays
a role. In HL-60 cells selected for multi-drug resistance,
GSH may play an operative role in the effects of verapamil
by altering intracellular drug distribution [24]. Here again
we have seen an analogous effect in two distinct cell lines
selected for the MDR phenotype in Adriamycin.

Our data demonstrate differential sensitivity in terms of
clonogenicity of the MCF-7 WT and ADRr cell lines. BSO
was most toxic to both cell lines when they were treated
while at low cell density and were chronically exposed.
The latter finding is consistent with reports in some cell
lines that chronic GSH depletion inhibits the GSH/
glutaredoxin-mediated conversion of ribonucleotides to
deoxyribonucleotides [28]. Both the degree of BSO toxicity
and the difference between these two cell lines varied with
the assay protocol, which suggests caution in interpreting
various studies. When the cells were permitted to adhere
to the plate prior to treatment (Fig. 2, A and B), it is
possible that the WT cells, which grow faster with a
doubling time of 36 versus 17 hr [18], had already divided
to doublets by the time the BSO was added. The slower
growing ADRr cells may still be single cells at that time
and, therefore, be more sensitive to BSO. On the other
hand, when the cells were treated prior to low density
plating (Fig. 2C), there was still a differential effect of
BSO, although it was smaller. While this may be a function
of the greater GSH depletion in the ADRr cells, it is also
possible that in these cells the target protein for BSO
(GGCS) has greater affinity for the drug. Finally, the
enhanced toxicity of the combination of verapamil and
BSO described in the same cell line studied here may, at
least in part, be related to the effects of both agents on
cellular GSH levels [29].

In summary, the effects of GSH depletion in a human
breast cancer cell line and a multi-drug resistant subline
(ADRr) were determined in a number of experimental
conditions. The ADRr cells contained lower GSH
concentration which cannot be explained solely on the
basis of differences in cell kinetics, and yet the rate-limiting
synthetic enzyme y-glutamylcysteine synthetase was
increased 2-fold. Inhibition of GSH synthesis by BSO
resulted in more rapid and more pronounced GSH depletion
in ADRr compared to the wild-type cells, suggesting that
enhanced GSH utilization and efflux in the resistant cells
account for the lowered basal concentration. In addition,
the y-glutamyl moiety salvage enzyme y-glutamyltrans-
peptidase was reduced markedly in the ADRr cell line.
Since these cells have overexpression of the efflux pump
protein P-glycoprotein, we examined the effects on cellular
GSH of inhibition of the pump’s function by verapamil.
We found that verapamil significantly depleted cellular
GSH. In a rat mammary carcinoma cell line selected in
Adriamycin for multi-drug resistance, a similar molelcular
phenotype has been described including diminished cellular
GSH concentration. Verapamil treatment of these cells
also resulted in significant depletion of cellular GSH. These
results are consistent with the recent report [29] that
combined treatment of BSO and verapamil has an additive
effect on cytotoxicity. It is likely that decreased basal GSH
concentration is due to oxidation and conjugation of it in
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reactions catalyzed by the enhanced peroxidase and GST
found in these cells.

Acknowledgements—This research was supported by grants
from the National Cancer Institute of Canada and the
Medical Research Council of Canada.

Departments of * Medicine GERALD BATIST* {1
and t Oncology ROBYN SCHECTER*$§
Montreal General Hospital ANNIE W0O*t
and McGill University DIERDRE GREENE}
Montreal SHIRLEY LEHNERTY

Quebec, Canada H3G-1A4

REFERENCES

1. Biaglow JE, Varnes ME, Clark EP and Epp E, The
role of thiols in cellular response to radiation and
drugs. Radiat Res 95: 437-455, 1983.

2. Meister A, Selective modification of glutathione
metabolism. Science 220: 472-477, 1983.

3. Arrick BA and Nathan CF, Glutathione metabolism
as a determinant of therapeutic efficacy: A review.
Cancer Res 44: 4224-4232, 1984.

4. Kramer RA, Zakher J and Kim G, Role of glutathione
redox cycle in acquired and de novo multidrug
resistance. Science 241: 694-697, 1988.

5. Clark EP, Epp ER, Biaglow JE, Morse-Gaudio M and
Zachgo E, Glutathione depletion, radiosensitization
and misonidazole potentiation in hypoxic Chinese
hamster ovary cells by buthionine sulfoximine. Radiat
Res 98: 370-380, 1984.

6. Kramer RA, Greene K, Ahmad S and Vistica DT,
Chemosensitization of L-phenylalanine mustard by the
thiol-modulating agent buthionine sulfoximine. Cancer
Res 47: 1593-1597, 1987.

7. Hamilton TC, Winkler MA, Louie KG, Batist G,
Behrens BC, Tsuruo T, Grotzinger KR, McKoy WM,
Young RCand Ozols RF, Augmentation of adriamycin,
melphalan and cisplatin cytotoxicity in drug-resistant
and -sensitive human ovarian carcinoma cell lines by
buthionine sulfoximine mediated glutathione depletion.
Biochem Pharmacol 34: 2583-2588, 1985.

8. Ozols RF, Louie KG, Plowman J, Behrens BC, Fine
RL, Dykes D and Hamilton TC, Enhanced melphalan
cytotoxicity in human ovarian cancer in vitro and in
tumor-bearing nude mice by buthionine sulfoximine
depletion of glutathione. Biochem Pharmacol 36: 147
152, 1987.

9. Batist G, Tulpule A, Sinha BK, Katki AG, Myers CE
and Cowan KH, Overexpression of a novel anionic
glutathione transferase in multidrug-resistant human
breast cancer cells. J Biol Chem 261: 15544-15549,
1986.

10. Fairchild CR, Ivy SP, Kao-Shan C-S, Whang-Peng J,
Rosen N, Israel MA, Malera PW, Cowan KH
and Goldsmith ME, Isolation of amplified and
overexpressed DNA sequences from adriamycin-
resistant human breast cancer cells. Cancer Res 47:
5141-5145, 1987.

 Scholar of the Medical Research Council of Canada.
Author to whom requests for reprints should be addressed
at: The Montreal General Hospital Research Institute,
1650 Cedar Ave., Montreal, Quebec, Canada H3G-1A4.

§ Recipient of a Fellowship from the Cancer Research
Society Inc.

11. Yeh GC, Occhipinti SJ, Cowan KH, Chabner BA and

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Myers CE, Adriamycin resistance in human tumor cells
associated with marked alterations in the regulation of
hexose monophosphate shunt and its response to
oxident stress. Cancer Res 47: 5994-5999, 1987.
Schecter RL, Major PP and Batist G, An in vivo model
to study stereotypic features of in vitro drug resistance.
Proc Am Assoc Cancer Res, 30: 513, 1989.
Akerboom JPM and Sies H, Assay of glutathione,
glutathione disulfide and glutathione mixed disulfides
in biological samples. Methods Enzymol 77: 373-384,
1981.

Seelig GF and Meister A, Glutathione biosynthesis: y-
glutamylcysteine synthetase from rat kidney. Methods
Enzymol 113: 379-383, 1985.

Szasz G, Reaction-rate method for y-glutamyl-
transferase activity in serum. Clin Chem 22: 2051-2055,
1976.

Paglia DE and Valentine WN, Studies on the
quantitative and qualitative characterization of eryth-
rocyte glutathione-peroxidase. J Lab Clin Med 70: 158
166, 1967.

Lowry OH, Rosebrough NJ, Farr AL and Randall RJ,
Protein measurement with the Folin phenol reagent. J
Biol Chem 193: 265-275, 1951.

Lehnert S, Greene D and Batist G, Radiation response
of drug-resistant variants of a human breast cancer cell
line. Radiat Res 118: 568-580, 1989.

Blakely EA, Roots RJ, Chang PY, Lommel L, Craise
CM, Goodwin EH, Yee E, Dodgen DP and Blakely
WEF, Cell-cycle dependence of X-ray oxygen effect:
Role of endogenous glutathione. NCI Monogr 6: 217-
223, 1988.

Cowan KH, Batist G, Tulpule A, Sinha BH and Myers
CE, Similar biochemical changes associated with
multidrug resistance in human breast cancer cells and
carcinogen-induced resistance to xenobiotics in rats.
Proc Natl Acad Sci USA 83: 9328-9334, 1986.

Ferber E, Cellular biochemistry of the stepwise
development of cancer with chemicals: G.H.A. Clowes
memorial lecture. Cancer Res 44: 5463-5474, 1984.
Li Y, Seyama T, Godwin AK, Winokur TS, Lebovitz
RMandLieberman MW, MTrasT24, ametallothionein-
ras fushion gene, modulates expression in cultured
rat liver cells of two genes associated with in vivo
liver cancer. Proc Natl Acad Sci USA 85: 344-350,
1988.

Mekhail-Ishak K, Hudson N, Tsao MS and Batist G,
Drug metabolizing enzymes in human colon cancer:
Implications for therapy. Cancer Res 49: 48664870,
1989.

Lutzky J, Astor MB, Taub RN, Baker MA, Bhalla K,
Gervasoni JE, Rosado M, Stewart V, Krishna S and
Hindenburg AA, Role of glutathione and dependent
enzymes in anthracycline-resistant HL60/AR cells.
Cancer Res 49: 4120-4125, 1989.

Bellamy WT, Dalton WS, Kailey JM, Gleason MC,
McCloskey TM, Dorr RT and Alberts DS, Verapamil
reversal of doxorubicin resistance in multidrug-resistant
human myeloma cells and association with drug
accumulation and DNA damage. Cancer Res 48: 6303—
6308, 1988.

Bellamy WT, Dorr RT, Dalton WS and Alberts DS,
Direct relation of DNA lesions in multidrug-resistant
human myeloma cells to intracellular doxorubicin
concentration. Cancer Res 48: 63606364, 1988.
Mimnaugh EG, Dusre L, Atwell J and Myers CE,
Differential oxygen radical susceptibility of adriamycin-
sensitive and -resistant MCF-7 human breast tumor
cells. Cancer Res 49: 8-15, 1989.

Dethlefsen LA, Lehman CM, Biaglew JE and Peck
VM, Toxic effects of acute glutathione depletion by
buthionine sulfoximine and dimethylfumarate on



Short communications 635

murine mammary carcinoma cells. Radiat Res 114:
215-224, 1988.

29. Ford JM and Hait WN, Buthionine sulfoximine
supersensitizes multidrug resistant cells to verapamil.
Proc Am Assoc Cancer Res 30: 570, 1989.

Biochemical Pharmacology. Vol. 41, No. 4, pp. 635-638, 1991.
Printed in Great Britain.

0006-2952/91 $3.00 + 0.00
© 1991. Pergamon Press plc

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 u [6]
and the other as GST ¥ {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 siow
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-acetyl-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 ax and ay 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
ay, each expressed at a level independent of the other, it
appears that GST ax and ay 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



