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The glutathione S-transferases (GSTs; E.C. 2.5.1.18) are a
multi-gene family of enzymes involved in the detoxification,
and, in a few instances, activation of a wide variety of chem-
icals (Table 1). Since their discovery in the early 1970s, thou-
sands of articles have been written on the structure, function,
and toxicologic significance of GSTs, and it is obviously
beyond the scope of this article to provide a comprehensive
review of the field. This article will highlight the major features
of this multi-gene family of enzymes, with a focus on human
soluble (cytosolic) GSTs. A relatively comprehensive review
of the GSTs was published in 1995, and provides an excellent
source for detailed information and references about nearly all
aspects of GSTs up to that time (Hayes and Pulford, 1995).
(Because of space limitations, the present mini-review is not
fully referenced, but it does include some newer references not
covered in previous reviews.)

GSTs catalyze the nucleophilic attack of glutathione (GSH)
on electrophilic substrates, thereby decreasing their reactivity
with cellular macromolecules (Armstrong, 1997). These pro-
teins have been found in virtually every living species exam-
ined, including plants, animals, and bacteria (Hayes and Pul-
ford, 1995). Most GSTs exist as soluble enzymes, although a
small family of microsomal GSTs has been characterized
(Anderssonet al., 1994; Jakobssonet al., 1996), and a mito-
chondrial GST, referred to as GST Kappa, has also been
identified (Pembleet al., 1996). In humans and in rodents, the
soluble GSTs are collectively expressed in rather large
amounts, constituting as much as 4% of total soluble protein in
the liver. Although no definitive physiological role for GSTs
has yet been identified, several reactive endogenous molecules,
including ab-unsaturated keto prostaglandins (e.g., PGA2,
PGJ2), and endogenous fatty acid oxidation products, such as
4-hydroxy-2-nonenal, serve as substrates for certain GSTs
(Hayes and Pulford, 1995) (Table 2). One human GST

(hGSTM2-2) has recently been found to exhibit unique and
high catalytic activity toward reactive quinones of endogenous
catecholamines (e.g., dopaminochrome, formed by oxidation
of dopamine), and thus may play some protective role against
endogenous oxidative tissue damage in the brain (Baezet al.,
1997).

The soluble forms exist as dimeric proteins, with subunit
molecular weights of approximately 25 kDa (Table 1). Each
subunit of the dimeric enzyme has an active site composed of
2 distinct functional regions: a hydrophilic G-site, which binds
the physiological substrate glutathione, and an adjacent H-site
which provides a hydrophobic environment for the binding of
structurally diverse electrophilic substrates (Armstrong, 1997).
The G-site is highly conserved between all GSTs due to its
high specificity for GSH, whereas the H-site can be quite
divergent between different GSTs, and exhibits broad and
variable substrate binding specificity.

Nomenclature

The mammalian soluble GSTs are divided into 4 main
classes, alpha (A), mu (M), pi (P), and theta (T) (Cogganet al.,
1998; Hayes and Pulford, 1995; Mannerviket al., 1992),
although a new form, zeta [GSTZ1; (Boardet al., 1997)], has
been identified recently (Table 1). A sigma class GST has been
described in certain invertebrate species (Jiet al., 1995) and
also in rats, after initial identification as prostaglandin D syn-
thase (Kanaokaet al., 1997). As is typical for multi-gene
families of enzymes, the nomenclature for GSTs was confusing
in the field in the early days because of a lack of a universally
accepted terminology. A standardized nomenclature for human
GSTs was proposed in 1992 (Mannerviket al., 1992) and was
extended to include other species in 1995 [ (Hayes and Pulford,
1995); Table 3]. This nomenclature identifies each GST by
species using: lower case letter(s) preceding “GST” (h for
human, r for rat, m for mouse, etc.), followed by an upper case
letter denoting the class (A, M, P, T, Z), then an Arabic
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TABLE 1
Classification and Nomenclature for Human Glutathione S-Transferases

Subunit MW kDa Chromosome Primary tissues Preferred substrates* Genetic polymorphism

Alpha
A1 25.6 6p12 Liver, testis...kidney,

adrenal.pancreas..lung,
brain.heart

CDNB (moderate)
DCNB (low)
CHP (mod-high)
ECA (low-mod)

None identified

A2 26 6p12 Liver, pancreas,
testis.kidney.adrenal.brain,
lung, heart

CHP (high)
CDNB (moderate)
DCNB (moderate)
ECA (low-mod)

None identified

A3 ? ? Placenta (partial cDNA) Unknown None identified
A4 25.7 ? Small intestine.spleen 4-hydroxynonenal

CDNB (low)
CHP (low)
ECA (moderate)

None identified

Mu
M1

(M1a, M1b)
26.7 1p13.3 (M11) liver..testis.brain,

adrenal, kidney,
pancreas.lung, heart

Trans-stilbene oxide
(selective)

CDNB (high)
DCNB (moderate)
ECA (moderate)
CHP (low)

Gene deletion in;50%
(M1*0/*0); allelic
variant at codon 173
(M1*A, M1*B)

M2 26.0 1p13.3 Brain.testis.heart.pancreas,
kidney.adrenal.lung, liver

Catecholamine quinones
(e.g. Dopachrome)

CDNB (high)
DCNB (high)
ECA (high)
CHP (low)

None identified

M3 26.3 1p13.3 Testis...brain,
spleen..others

CDNB (low)
DCNB (low)
ECA (low)
CHP (low)

3 bp deletion in intron
6, generating YY1
recognition site

M4 26 1p13.3 Liver, skeletal muscle.heart,
brain..pancreas..lung,
kidney, placenta

CDNB (low)
DCNB (low)
ECA (low)
CHP (low)

None identified

M5 26 1p13.3 Brain, testis, lung CDNB (moderate) None identified

Pi
P1

(P1a, P1b,
P1c, P1d)

23 11q13 Brain.lung, heart,
testis.adrenal, kidney,
pancreas.liver

BPDE
CDNB (moderate);
DCNB (low)
ECA (high)
CHP (low)

4 allelic variants:
P1*A (104I, 113 A);
P1*B (104V, 113A);
P1*C (104 V, 113V);
P1*D (104I, 113V)

Theta
T1 27 22q11.2 Kidney, liver.small

intestine.brain, spleen,
prostate, pancreas,
testis.heart, lung

CDNB (0)
ECA (low)
CHP (mod-high)
Dichloromethane
EPNP

Partial deletion in 15–
25% Cauc., up to
60% in Oriental

T2 27 22q11.2 liver, ? 1-menaphthyl sulfate
CDNB (0)
CHP (high)

Truncation in C-terminal
region; possibly a
pseudogene

Zeta
Z1 24.2 14q24.3 ? Dichloroacetic acid,

maleylacetoacetate,
CHP, ECA (low)

Identified, pending
confirmation

* CDNB (1-chloro-2,4-dinitrobenzene) activities: high, above 150, moderate, 50–150, low, less than 50mmol/min/mg; DCNB (1,2-dichloro-4-nitrobenzene)
activities: high, above 2, moderate, 0.5–2, low, less than 0.5mmol/min/mg; ECA activities: high, above 1; moderate, 0.1–1; low, less than 0.1mmol/min/mg;
CHP (cumene hydroperoxide) activity: high,.2, moderate, 0.5–2; low, 0.5 mmol/min/mg; EPNP (1,2-epoxy-3-(p-nitrophenoxy)propane). Tissue distribution
data obtained primarily from Comstocket al., 1993; Hayes and Pulford, 1995; Roweet al., 1997. Italics: useful marker substrates for specific isoforms.
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numeral denoting subfamily (1, 2, 3 . . .), and in a few in-
stances, a lower case letter denoting allelic variants of the same
gene (a, b, c . . .). As with the cytochrome P450 enzymes,
genes are usually denoted in italics, whereas the subunit pro-
tein is shown in standard font. The functional GST enzymes
exist as dimeric proteins, and only subunits within the same
class can form heterodimers (e.g., alpha subunits can dimerize
with other alpha subunit types, but not with mu or pi subunits).
Therefore, the nomenclature for the enzyme identifies each of
the 2 subfamily Arabic numbers, separated by a hyphen. Thus,
hGSTM1a-1a refers to the homodimeric protein in which both
subunits are from the specific allelic variant ”a” of the human
mu class protein from subfamily 1; rGSTA1-2 refers to a rat
heterodimeric alpha class protein composed of one subunit
from alpha class subfamily 1 and one subunit from alpha class
subfamily 2. Identity of subunits is based principally on pri-
mary DNA sequence homology. In general, members of the
same class share more than 40–50% sequence identity but less
than about 25–30% sequence identity with GSTs in other
classes (Hayes and Pulford, 1995). A notable exception is the
theta class genes, which are considered to be an archaic form
of mammalian GSTs and share only about 30% sequence
homology across species (Cogganet al., 1998).

The number used to assign sub-family designation is deter-
mined in the order of discovery in that species but has no other
significant meaning. This approach is relatively straightfor-
ward for assigning GST identitywithin a class and species, but
can be confusing when comparing GSTs in the same class
acrossspecies. For example, mGSTA3 shares 87% sequence
homology with rGSTA3, but 92% homology with rGSTA5;
thus, rat GSTA5, which was cloned and sequenced several
years after rat GSTA3, is actually the orthologous form of
mouse GSTA3 (Table 3).

Genes

All alpha class GST genes for which genomic DNA has been
characterized are approximately 11–12 kb in length and com-
prise seven exons (Hayes and Pulford, 1995).hGSTA1andA2
genes have been mapped to chromosome 6p12 (Board and
Webb, 1987) (Table 1). Class mu genes isolated from rats,
mice, and humans are approximately 5 kb in length, and in
humans are clustered together on chromosome 1p13.3 (Rosset
al., 1993). The GST pi class appears to contain only 1 or 2
distinct genes in most species, and thus is considerably less
complicated than the mu or alpha class multi-gene families. In
humans,GSTP1has been mapped to chromosome 11q13, with
4 allelic variants described (Ali-Osmanet al., 1997; Watsonet
al., 1998). Pi class genes are about 3 kb long and contain seven
exons. For Theta class GSTs, two distinct genes in humans
have been identified (Cogganet al., 1998; Webbet al., 1996),
and a pseudogene of hGSTT2 has also been reported (Boardet
al., 1998; Cogganet al., 1998).hGSTT1andT2 are found on
chromosome 22q11. A humanGSTT2genomic clone has been
described, and contains 5 exons spanning approximately 3.7 kb
(Board et al., 1998). The human zeta class GST is found on
chromosome 14q24.3, spans 10.9 kb and is composed of 9
exons (Blackburnet al., 1999). A putative polymorphism in
humanGSTZ1has also been identified, but has not yet been
fully characterized (P. Board, personal communication).

CATALYTIC FUNCTION

Types of Reactions

GSTs catalyze the general reaction: GSH1 R-X3 GSR1
HX. The function of the enzyme is to (1) bring the substrate
into close proximity with glutathione (GSH) by binding both

TABLE 2
Substrates for Glutathione S-transferases

Environmental carcinogens/toxicants Pesticides Drugs Endogenous molecules

Benzo(a)pyrene 7,8-dihydrodiol-9,10-
epoxide (BPDE) Lindane Cis-platin 4-Hydroxy-2-nonenal

AFB-8,9-epoxide Alachlor Chlorambucil Cholesterol-5,6-oxide
Styrene oxide Atrazine Cyclophosphamide Adenine propenal
5-Hydroxymethyl-chrysene sulfate DDT BCNU (Bis-chloro-methyl

nitrosourea)
9-Hydroperoxy-linoleic acid

7-Hydroxymethylbenz(a)-anthracene sulfate Methyl parathion Thiotepa Dopaminochrome, aminochrome
4-Nitroquinoline oxide EPN (O-ethyl-O-4 nitrophenyl

phenyl-phosphonothioate)
Fosfomycin Catechol estrogens (quinones derived

from 2 and/or 4 hydroxyestradiol)
Acrolein Ethacrynic acid Malelylacetoacetate
Hexachlorobutadiene Nitroglycerine
Butadiene Menadione
Trichloroethylene Acetaminophen (NAPQI)
Methylene chloride Mitozantrone
Ethylene oxide Adriamycin
PhiP (2-amino-1-methyl-6-

phenylimidazo[4,5b]-pyridine)
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GSH and the electrophilic substrate to the active site of the
protein, and (2) activate the sulfhydryl group on GSH, thereby
allowing for nucleophilic attack of GSH on the electrophilic
substrate (R-X) (Armstrong, 1997). Various types of catalytic
reactions have been identified, including epoxide ring open-
ings, nucleophilic aromatic substitution reactions, reversible
Michael additions toa,b-unsaturated aldehydes and ketones,
isomerizations, and, for a few GSTs, peroxidase reactions
(Table 2). The electrophilic functional center of the substrates
can be a carbon, nitrogen or sulfur. The formation of a
thioether bond between the cysteine residue of GSH and the
electrophile usually results in a less reactive and more water-
soluble product, and thus GSTs are usually detoxification re-
actions. However, for certain haloalka(e)nes, including ethyl-
ene dibromide and methylene chloride, GST-mediated
conjugation with GSH may result in formation of highly reac-
tive episulfonium ion intermediates, and thus catalyze activa-
tion reactions. For a detailed review of the mechanism of GST
catalysis, the reader is referred to a recent review by Armstrong
(1997).

Typical Substrates

A large number of diverse chemicals serve as substrates for
GSTs (Tables 1, 2; see also Hayes and Pulford, 1995). Many
epoxide carcinogens are detoxified by GSTs, and differences

in expression of specific isoforms can be an important deter-
minant of target organ and species sensitivity. For example,
mice are remarkably resistant to the hepatocarcinogenic effects
of aflatoxin B1 (AFB) because they constitutively express
mGSTA3-3, which has high activity toward the reactive AFB-
exo-epoxide (Eaton and Gallagher, 1994). The carcinogenic
epoxide of benzo(a)pyrene (BPDE) is efficiently detoxified by
GSTs, with especially high and selective activity exhibited by
hGSTP1-1 (Huet al., 1997; Sundberget al., 1998). Thetrans
isomer of stilbene oxide (TSO) is uniquely conjugated by
hGSTM1-1, and thus this epoxide substrate serves as a selec-
tive marker for this polymorphic mu class GST (Seidegardet
al., 1989). Chlorinated nitrobenzenes (1-chloro-2,4-dintroben-
zene, CDNB; 1,2-dichloro-4-nitrobenzene, DCNB) have long
served as standard substrates for nearly all GSTs. However,
theta class GSTs do not catalyze these reactions, and the
specific activities toward CDNB and DCNB can vary greatly
between different isoforms. The diuretic ethacrynic acid (ECA)
is both a good substrate and a good inhibitor of certain GSTs
(Awasthiet al., 1993; Ploemenet al., 1993; Tewet al., 1998).
It has been used as a selective marker for Pi class GSTs,
although certain other GSTs also exhibit relatively high ECA
activity (Table 2). Theta class GSTs catalyze the activation of
small bifunctional electrophiles such as dichloromethane, eth-
ylene dibromide, and butadiene diepoxide (Theiret al., 1996).

TABLE 3
Current and Previous Nomenclature Used for Rodent Cytosolic GST Subunits

Rat Mouse

Currentb Other previous namesa Currentb Other previous namesa

Alpha
rGSTA1 Ya1, subunit 1a, ligandin mGSTA1 Ya1
rGSTA2 Ya2, subunit 1b, ligandin mGSTA2 Ya2
rGSTA3 Yc1, subunit 2, GST AA mGSTA3 Yc, (orthologous to rGSTA5)
rGSTA4 Yk, subunit 8, GST K, Ya mGSTA4 Yk
rGSTA5 Yc2, Yfetus, subunit 10

Mu
rGSTM1 Yb1, subunit 3, GST A mGSTM1 Yb1
rGSTM2 Yb2, subunit 4, GST D mGSTM2 Yb2
rGSTM3 Yb3, Yn1, Yb, subunit 6 mGSTM3 Yb3
rGSTM4* Yb4 mGSTM4 Yb5
rGSTM5* Yn2, subunit 9 mGSTM5* Yb4
rGSTM6* Yo, subunit 11

Pi
rGSTP1 Yf, Yp, subunit 7, GST P mGSTP1 Yf1

mGSTP2 Yf2
Theta

rGSTT1 Subunit 5, GST E mGSTT1
rGSTT2 Yrs, subunit 12, GST M mGSTT2 Yrs
rGSTT3* Subunit 13, mitochondrial

GST

a See (Basset al., 1977; Jakobyet al., 1984; Mannerviket al., 1992) for discussion of previous rodent GST nomenclatures.
b From (Hayes and Pulford, 1995).
* Full CDNA sequence not available.
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The glutathione conjugates formed are generally unstable and
rearrange or dissociate to reactive forms such as episulfonium
ions (ethylene dibromide) or formaldehyde (dichloromethane).
One important role of GSTs is in detoxification of endogenous
products of lipid peroxidation such as 4-hydroxy-2-nonenal.
Human GSTA4-4 has unusually high activity toward this sub-
strate, and may play an important physiological role in pro-
tecting against oxidative stress induced by endogenous lipid
peroxides (Hubatschet al., 1998).

Inhibitors of GSTs

GST inhibitors that are relatively non-toxic, isoenzyme-
specific, and activein vivo have not yet been developed.
Despite a considerable effort, so far the onlyin vivo active
inhibitors of GSTs are ethacrynic acid and a number of gluta-
thione derived structures (Morganet al., 1996; and Ouwerkerk-
Mahadevan, 1997).

A number of inhibitors have been reported that are suitable
for in vitro studies. These include ethacrynic acid, the antibi-
otic calvatic acid, curcumin, haloenol lactone, disulfiram, and
organotin compounds, to name just a few ( Morganet al.,
1996; van Ierselet al., 1997, 1996).

TRANSCRIPTIONAL REGULATION AND
INDUCTION OF GSTS

The regulation of cytosolic GSTs is subject to a complex set
of endogenous and exogenous parameters. These include de-
velopmental, sex and tissue specific factors, as well as a large
number of xenobiotic inducing agents such as polycyclic aro-
matic hydrocarbons, phenolic antioxidants, Michael acceptors,
reactive oxygen species, isothiocyanates, trivalent arsenicals,
barbiturates and synthetic glucocorticoids (Hayes and Pulford,
1995). Most of the mechanistic studies on transcriptional reg-
ulation of GSTs have utilized rodents.

Induction of GSTs by xenobiotics is mediated via several
different transcriptional mechanisms. The ratGSTA2gene con-
tains a glucocorticoid-response element (GRE), a xenobiotic-
response element (XRE; also named the dioxin-response ele-
ment, DRE), and an antioxidant-response element (ARE)
(Hayes and Pulford, 1995). The GRE mediates induction via
glucocorticoids such as dexamethasone, and the XRE mediates
induction by planar aromatic hydrocarbons such as 3-methyl-
cholanthrene and TCDD (dioxin). The ARE is responsive to
phenolic antioxidants such as butylated hydroxyanisole (BHA)
and butylated hydroxytoluene (BHT) and also mediates induc-
tion, at least in part, by natural and synthetic dithiolthione
compounds such as oltipraz (Kensler, 1997). In mice, a similar
response element, termed the “Electrophile Response Element”
(EpRE), has been identified (Daniel, 1993). The EpRE contains
two ”consensus sequence” ARE elements and is hyperrespon-
sive to certain inducers (catechol,b-naphthoflavone), relative
to rats. It has been proposed that this is due to the tandem

arrangement of two AREs within the EpRE that may render it
more responsive than one ARE alone (Hayes and Pulford,
1995).

Because of the ability of many naturally-occurring plant
products (phytochemicals) to induce GSTs, there has been
considerable interest and research in the role of dietary GST
induction as a mechanistic explanation for the anticarcinogenic
effects of fruits and vegetables (Clapper and Szarka, 1998;
Hayes and Pulford, 1995; Williamsonet al., 1998). There is
substantial experimental animal evidence demonstrating that
GST induction can reduce the effectiveness and potency of a
variety of chemical carcinogens.

In contrast to alpha class GSTs in both rats and mice, the
humanGSTA1gene does not contain an ARE in the first 1.3 kb
of the 59-flanking region; however, it remains to be seen
whether a functional ARE is located further upstream (Suzuki
et al., 1994). Alpha class GSTs were modestly but significantly
increased in the plasma of healthy volunteers who consumed
300 g Brussels sprouts daily for 3 weeks (Bogaardset al.,
1994). In addition, rectal biopsies from volunteers consuming
300 g Brussels sprouts daily for 1 week showed a 1.3-fold
increase in alpha class GST compared to the control group
(Nijhoff et al., 1995). Brussels sprouts contain high amounts of
allyl isothiocyanates and goitrin, both of which are known to
induce GSTs in rodents. Exposure of human primary hepato-
cytes to the dithiolthiones 1,2-dithiol-3-thione and oltipraz
exhibited increased alpha class GST (A1 and/or A2) mRNA
levels (Morelet al., 1993). Phenobarbital and 3-methylcholan-
threne also induced alpha class GST levels in hepatocytes from
some but not all individuals and were less potent inducers than
the dithiolthiones (Morelet al., 1993). These results suggest
that the regulation of the humanGSTA1andGSTA2genes may
be significantly different from the ratGSTA2and the mouse
GSTA1genes (Suzukiet al., 1994).

The regulation of pi class GSTs is of interest because their
expression is significantly increased in (a) many human tu-
mors, (b) human cell lines made resistant to chemotherapeutic
agents, and (c) during hepatocarcinogenesis in the rat (Sato,
1989). GSTP1is not constitutively expressed in rat hepato-
cytes, but is expressed in fetal liver and in preneoplastic lesions
and liver tumors. The presence of immunodetectable rGSTP1-1
in rat liver (GSTP-positive foci) is frequently used as an early
marker of hepatic neoplasia in rats. This is not of value in mice,
however, because mice constitutively express high levels of
GSTP in liver. GSTP1 can be induced by oxidative stress, and
this response may be mediated via NF-kappa B response
element (Hayes and Pulford, 1995). Functional AP-1 and SP1
response elements have also been identified in the 59 regulatory
region of humanGSTP1gene (Moffat et al., 1994, 1996).
Post-transcriptional mechanisms such as mRNA stability are
also involved in regulating human GSTP1-1 protein levels
(Moffat et al., 1997). Regulation of expression ofhGSTP1may
also be influenced by the methylation status of a CpG island in
the regulatory region of the gene (Jhaveri and Morrow, 1998).
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In contrast to alpha and pi class GSTs, the regulation of mu
and theta class GSTs is poorly understood. The antioxidants
BHA and ethoxyquin, and the dithiolthione oltipraz appear to
be effective inducers of ratGSTM1, and to a much lesser extent
rGSTM2. Treatment of primary human hepatocyte cultures
with phenobarbital, 3-MC or oltipraz modestly increased
hGSTM1 mRNA levels in some but not all samples (Morelet
al., 1993).

TISSUE SPECIFIC AND DEVELOPMENTAL
EXPRESSION OF HUMAN GSTS

Regulation of GST expression differs among tissues, such
that not all GST isoforms are expressed in every tissue. Fur-
thermore, some GSTs are polymorphic, and in the case of both
GSTM1andGSTT1, gene deletions are quite prevalent in the
human population (see below). Thus, individuals homozygous
for the GSTM1deletion polymorphism (approx. 50% of the
population) will lack expression of this enzyme in any tissue in
the body. Due to such interindividual genetic differences, the
complex, tissue-specific expression pattern of GSTs, and mod-
ulation by diet and xenobiotics it is difficult to predict accu-
rately the extent of expression of any GST gene in a given
tissue. However, immunoblot and HPLC-electrospray-mass
spectrometry subunit analyses of GST isoforms have provided
some information on relative expression of different classes of
GSTs in human tissues (Hayes and Pulford, 1995; Listowskyet
al., 1998; Roweet al., 1997) (Table 1). Alpha class GSTs are,
in general, relatively highly expressed in liver, kidney, and
testis, but not in lung, whereas GSTP1-1 is expressed in rela-
tively high levels in brain and lung, but not liver. Depending on
the specific sub-family, mu class GSTs are expressed to dif-
ferent extents in different tissues.hGSTM2, for example, is
expressed in highest levels in the brain and hardly at all in the
liver, whereashGSTM1is expressed at highest levels in the
liver in those individuals who carry 1 or 2 functional alleles.
The testes express a variety of GSTs, butGSTM3is expressed
almost uniquely in this tissue (Listowskyet al., 1998). Theta
class GSTs are expressed predominantly in liver and kidney, to
a lesser extent in other organs, and only at relatively low levels
in lung (Sherrattet al., 1997).

Alpha class GSTs are found in significant amounts in both
adult and fetal liver (Meraet al., 1994).GSTP1is expressed in
relatively high levels in fetal tissue, but declines in later stages
of development and is not found in significant levels in normal
human adult liver (Mathewet al., 1992). Theta class GSTs are
not found in human fetal liver, but are found in adult liver,
whereas a mu class GST has been identified in human fetal as
well as adult liver (Meraet al., 1994).

GENETIC POLYMORPHISM IN HUMAN
CYTOSOLIC GSTS

hGSTM1, hGSTM3, hGSTT1,andhGSTP1are polymorphic
in the human population. Because these enzymes are involved

in the detoxification of a wide variety of potentially toxic and
carcinogenic substances, numerous molecular epidemiology
studies have examined the association between GST polymor-
phism and increased risk for disease, especially cancer. Liter-
ally hundreds of molecular epidemiology studies examining
the association between GST polymorphism and various can-
cers have been completed. A detailed review of this rapidly
growing field of study is beyond the scope of this article, but
we will highlight the major findings, with an emphasis on
newer studies not included in previous reviews. (See dErricoet
al., 1996; Miller et al., 1997; Rebbeck, 1997, for more com-
prehensive reviews and discussion of this topic.)

Approximately 50% of the Caucasian population are ho-
mozygous for a gene deletion ofGSTM1. Homozygous null
individuals (hGSTM1*0/*0) thus lack any functional
GSTM1-1 protein. This deletion apparently results from ho-
mologous unequal crossing over between 2 highly homologous
regions that flank theGSTM1gene, resulting in a 15-kb dele-
tion that contains the entireGSTM1gene (Xuet al., 1998).

TheGSTM1deficiency has been consistently associated with
moderate increased risk for lung and bladder cancer (RR;
1.5–2) (dErricoet al., 1996; Rebbeck, 1997). Case-control
studies on the association betweenGSTM1null genotype and
many other types of cancers have been largely negative, al-
though in a few instances, a trend was noticed or sub-classifi-
cation resulted in marginally significant associations.

A more recently describedGSTM3polymorphism has been
shown to have a frequency of 16% in the Caucasian population
(Inskip et al., 1995). This polymorphism is a result of a
3-base-pair deletion in intron 6 that introduces a recognition
sequence for the negative trans-activating factor, YY1, and
thus may be functional. It has been associated with an in-
creased risk of cutaneous basal cell carcinomas and laryngeal
carcinomas, but no association was found for astrocytomas and
pharyngeal carcinomas (Handet al., 1996; Jahnkeet al., 1996,
1997; Yengiet al., 1996).

A polymorphism for the theta classGSTT1gene in humans
was first described in 1994 (Bolt, 1994; Pembleet al., 1994).
Like the GSTM1 polymorphism, theGSTT1polymorphism
also occurs because of a deletion of a substantial part of the
gene, and thus, individuals who are homozygous for the de-
leted form lack GSTT1-1 activity in all tissues. The frequency
of the homozygousGSTT1*0genotype is quite variable among
different ethnic groups, ranging from 12 –62%. Relatively few
molecular epidemiology studies of theGSTT1deletion have
been completed. One study suggested that theGSTT1null
genotype was associated with an increased risk for myelodys-
plastic diseases (Chenet al., 1996), but a later study failed to
find this association (Preudhommeet al., 1997). The GST null
genotype has also been associated with increased risk for some
types of brain tumors (Handet al., 1996; Kelseyet al., 1997).

Four allelic variants have been identified for the human
GSTP1gene:GSTP1*A(the most common allele),GSTP1*B,
GSTP1*C and GSTP1*D(Ali-Osmanet al., 1997; Watsonet
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al., 1998). GSTP1*B results from a transition mutation in
codon 104 that changes Ile to Val, andGSTP1*Chas the same
codon 104 asGSTP1*B, but also has a second transition
mutation in codon 113 that changes Ala to Val. The codon 113
change has been identified as a variant allele by itself, desig-
nated asGSTP1*D. The B and C allele variants appear to be
functional, as the catalytic efficiency (Kcat/Km) of both variant
enzymes for CDNB is about 3–4-fold lower than the wild type
protein, and catalytic differences between these variants have
been shown for the carcinogenic (1)-anti-BPDE, such that the
variant enzyme (104 Val) exhibits a Vmax 3–4-fold higher than
the Vmax for the common (104 Ile) form (Huet al., 1997;
Sundberget al., 1998). Several molecular epidemiology stud-
ies have reported statistically significant associations between
the variant GSTP1 alleles and testicular, oral pharyngeal, and
bladder cancers, and teratomas (Harrieset al., 1997; Matthias
et al., 1998), but not breast, colon, or lung cancers (Harriset
al., 1998; Helzlsoueret al., 1998; Saarikoskiet al., 1998).

Molecular epidemiology studies examining the potential im-
portance of combinations of GST polymorphisms are now
becoming available (Harriset al., 1998; Helzlsoueret al.,
1998; Saarikoskiet al., 1998). Although very large sample
sizes are neccesary for such studies to be highly informative,
several recently completed studies examining GSTM1, T1, and
P1 variants in combination have suggested that interactions
may occur. For example Helzlsoueret al. (1998) found that the
risk of breast cancer increased as the number of putative
high-risk GST genotypes (GSTM1 null, GSTT1 null,
GSTP1*B) increased.

CONCLUSIONS

Remarkable progress has been made in the last decade in
defining the toxicological and potential physiological roles of
the glutathione S-transferases. Although the ability of GSTs to
detoxify epoxide xenobiotics has been appreciated for years,
the discovery that certain quinone metabolites of endogenous
molecules may also be substrates for GSTs suggest a possible
physiologic role for GSTs in protecting against chronic dis-
eases that arise from oxidative tissue damage. Thus, genetic
and inducible variations in GST function may have implica-
tions for many types of cancer, heart disease, and chronic
degenerative neurological diseases such as Parkinsons and
Alzheimer’s. The ability of certain GSTs to activate some
xenobiotics to reactive forms while detoxifying others presents
additional challenges to predictive toxicology. The new tech-
niques in molecular biology now provide avenues to explore
the toxicological significance of GSTs directly in human pop-
ulations exposed occupationally and environmentally to poten-
tially toxic substances. However, the large number of GST
isozymes identified, coupled with large variations in tissue-
specific expression, differences in substrate specificity, the
presence of common genetic polymorphisms, and the interac-
tions with other biotransformation enzymes such as the cyto-

chromes P450 and epoxide hydrolase, make interpretation of
such studies exceedingly difficult. Numerous opportunities and
challenges remain to combine mechanistic information ob-
tained in the laboratory with population-based studies to fully
understand the toxicological significance of these interesting
enzymes. The presence of a “natural knock-out experiment” in
the human population, in the form of common homozygous
deletion polymorphisms in both GSTM1 and GSTT1, provide
unique opportunities to assess the importance of these enzymes
in the human population. However, because the increased risk
for disease associated with individual GST polymorphisms is
likely to be relatively low, very large population-based studies
will be required to fully elucidate how combinations of bio-
transformation enzyme polymorphisms interact to generate
significant risk profiles for the individual exposed to natural
and synthetic chemicals in the workplace, diet, and general
environment. The future ability to determine such risk suscep-
tibility profiles for an individual raises numerous ethical, legal,
and social issues, as well as scientific challenges.
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