
Abstract
Class-Pi of glutathione s-transferases (GST-Pi) is the specif-
ic form of GSTs that are known to participate particularly in
the mechanisms of resistance to drugs and carcinogens.
This class of the enzyme is referred to as class-P or class-Pi
or class π. The accepted terminology in this review article is
class-Pi. In this article following a brief description of identi-
fied molecular forms of GSTs, we focus on GST-Pi. We
review new findings about the structure and regulation of
GST-Pi gene. Then, the role of GST-Pi in liver damage,
oxidative stress, carcinogenesis and drug resistance are dis-
cussed. Also, the presence of common genetic polymor-
phism, hypermethylation in GST-Pi gene and the conse-
quences GST-Pi knock out is regarded.
Keywords: Glutathione S-transferase Pi; Drug resistance;
Carcinogenesis; Oxidative stress; Polymorphism
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INTRODUCTION

The glutathione S-transferases (GST: E.C.2.5.1.18) are
a multi-gene family of enzymes involved in drug bio-
transformation and xenobiotic metabolism and, in a
few instances , activation of a wide variety of chemi-
cals (Jakoby, 1978; Chasseaud, 1979). Since their
discovery in the early 1970s, thousands of articles
have been written on the structure, function, and toxi-
cologic significance of GSTs and it is obviously
beyond the scope of this article to provide a compre-
hensive review of the field. This review article will
highlight the major features of GSTs, with a focus on
Pi class of GSTs (GST-Pi) because this class of GST
plays different roles particularly in carcinogenesis and
drug resistance.

Structure and classification of GSTs: GSTs are solu-
ble proteins with typical molecular masses of around
50 kDa, each composed of two polypeptide subunits.
GSTs catalyze the transfer of the reduced glutathione
(gamma-glutamyl-cysteinyl-glycine; GSH) to a sub-
strate (R-X) containing a reactive electrophilic centre
to form a polar S-glutathionylated reaction product (R-
SG). Each soluble GST is a dimer of approximately 26
kDa subunits, typically forming a hydrophobic 50 kDa
protein with an isoelectric point in the pH range of
4-5. The ability to form heterodimers greatly increases
the diversity of the GSTs, but the functional signifi-
cance of this mixing and matching of subunits has yet
to be determined. Each GST subunit of the protein
dimer contains an independent catalytic site composed
of two components. The first is a binding site specific
for GSH or a closely related homolog (the G site)
formed from a conserved group of amino-acid residues
in the amino-terminal domain of the polypeptide. The
second component is a site that binds the hydrophobic
substrate (the H site), which is much more structurally
variable and is formed from residues in the carboxy-
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terminal domain. Between the two domains is a short
variable linker region of 5-10 residues. The GST pro-
teins have evolved by gene duplication to perform a
range of functional roles (Hayes et al., 2005). GSTs
also have non-catalytic roles, binding flavonoid natu-
ral products in the cytosol prior to their deposition in
the vacuole. Recent studies have also implicated GSTs
as components of ultraviolet-inducible cell signaling
pathways and as potential regulators of apoptosis
(Dixon et al., 2002). Mammalian cytosolic GSTs are
all dimeric with subunits of 199–244 amino acids in
length. Based on amino acid sequence similarities,
seven classes of cytosolic GST are recognized in mam-
malian species, designated Alpha, Mu, Pi,
Sigma,Theta, Omega, and Zeta.  In the case of pi and
alpha GSTs, only subunits from the same class will
dimerise. Within a class, however, the subunits can
dimerize even if they are quite different in amino-acid
sequence. Class Kappa GST is mammalian mitochon-
drial isoenzyme that are dimeric and comprise sub-
units of 226 amino acids. Mouse, rat, and human pos-
sess only a single Kappa GST. Other classes of cytoso-
lic GST, namely Beta, Delta, Epsilon, Lambda, Phi,
Tau, and the “U” class, have been identified in non-
mammalian species. In rodents and humans, cytosolic
GST isoenzymes within a class typically share >40%
identity, and those between classes share <25%  iden-
tity (Hayes et al., 2005).

By comparison with other major groups, such as
mammals, plants and insects, relatively little is known
about GSTs from fungi (Sheehan et al., 2001).
Moreover GST expression in fungi may be related to
mycotoxic production (Saxena et al., 1991; Allameh et
al., 2002; Mohammadi et al., 2000).

Structure of GST-Pi protein: The GST-Pi class
appears to contain only 1 to 2 distinct subunits in most
species, and this is considerably less complicated than
the mu and alpha class multi-familial (Sheehan et al.,
2001; Eaton and Bammler, 1999). Pi-class GST are
recognized by ethacrynic acid substrate specificity
(Nuccetelli et al., 1998). The pi-class H subsite has
been found to be comparatively open (Allardyce et al.,
1999), perhaps explaining specificity towards the less-
er hydrophobic substrates. The structural analysis indi-
cated that the protein is comprised of 209 amino acid
residues with the relative molecular mass of 23,224
KDa with no evidence of post-translational modifica-
tions. Comparison of the amino acid sequences
between rat GST-Pi and human GST-Pi subunits sug-
gests that they are the corresponding enzymes in these
species. Human GST-Pi and rat GST-Pi both consist of
209 amino acids and differ in only 30 amino acids

(85.6% homology). The difference in amino acid com-
position can explain the large difference in isoelectric
point between rat enzyme subunit (pI 5.5) and human
GST-Pi subunit (pI 6.9) (Kano et al., 1987).

Structure and regulation of GST-Pi gene 
Structure and regulatory mechanism of human GST-
Pi gene: The GST-Pi is gene mapped to a relatively
small region of chromosome11q13.  Investigators
sequenced 4261 bp which include the entire GST-Pi
gene as well as over 1200 bp of the 5´ and 200 bp of
the 3´ flanking regions (Morrow et al., 1989). The
GST-Pi gene has 7 exons and 6 introns contained with-
in approximately 2.8 kb. Primer extension experiments
identified four possible transcription start points close-
ly spaced between 29 and 33 nucleotides 5´ to the start
of translation. According to Morrow et al. (1989), the
first 200 nucleotides  5´ to the start point of transcrip-
tion contain a G+C  rich region (79%). Additionally, an
intriguing A+T-rich region was found between
nucleotide (nt) positions –505 and –413 which con-
tained 17 AAAAT tandem repeats. The GST-Pi amino
acid coding regions is located between nt position +30
and 2724. The gene contains 211 codons (including
start and stop codon) on seven exons. Each of the
splice sites contain GT/AG splice junction which are
located on the six introns. As a first step toward under-
standing the differential regulation of GST-Pi expres-
sion, Morrow et al. (1989) isolated the human genom-
ic GST-Pi gene. They determined the possible start
points of transcription and examined the sequence of
the GST-Pi promoter region. Analysis of the GST-Pi
promoter region revealed four putative transcription
regulatory motifs. These sequences include a “TATA”
box 29 bp upstream from the major transcription start
point (nt position -29), 2 Sp1 recognition sequences
(GGGCGG, nt positions -46 to –41 and –56 to –51),
and an AP-1 (heterodimer of c-fos and c-jun) recogni-
tion sequences (nt TGACTCA, positions- 69 to –63). 

The regulation of GST-Pi is interesting because
their expression is significantly increased under vari-
ous disease condition such as human cancer, resistant
to chemotherapeutic agents in cell lines and during
hepatocarcinogenesis in experimental animals.
Functional AP-1 and SP-1 response elements have also
been identified in the 5´ regulatory region of human
GST-P1 gene (Moffat et al., 1994). Regulation of
expression of hGST-P1 may also be influenced by the
methylation status of a CpG island in the regulatory
region of the gene (Jhaveri and Morrow, 1998). It has
been suggested that GST-Pi gene expression may be
regulated at the level of mRNA, although, the molecu-
lar mechanisms that regulate the increase GST-Pi
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mRNA expression are still not completely understood.
One of the possible mechanisms to achieve over-
expression of GST-Pi mRNA is through gene amplifi-
cation (Shimizu et al., 1995). Changes to the level of
CpG–site methylation appear to play a role in gene
activation/suppression during carcinogenesis. In gen-
eral, there is an inverse relationship between promoter
CpG site methylation and the potential for transcrip-
tion. Compton et al. (1999) also believe that GST-Pi
mRNA expression is controlled at the transcriptional
level. Another possible mechanism for transcriptional
silencing is hypermethylation of CpG islands within
promoter and 5´ regions of various genes (Laird and
Jaenisch, 1996; Baylin et al., 1998). Hypermethylation
of the GST-Pi gene in prostate cancer and adenocar-
cioma of the esophagus has been reported recently
(Nakayama et al., 2004; Easds et al., 2001). Brabander
et al. (2002) and  others have found similar evidence
of the presence of a wide spread oncogenic “field
effect” in the normal esophagus of cancer patients in
studies of gene expression and DNA methylation
analysis ( Lord et al., 2000, 2001; Easds et al., 2001;
Brabander et al., 2001; Brabander et al., 2002; Easds
et al., 2000a,b).

Structure and regulatory mechanism of GST-Pi Gene
in rat: Following determination of complete sequence
of human GST-Pi, genomic organization of the human
gene has been compared to the sequence of the rat
GST-Pi gene (Okuda et al., 1987). Organization of the
human and rat GST-Pi genes have been presented in
Figure 1. The sizes and relative positions of exons I-
VII are shown. Motifs conserved in the promoter
regions as well as the relative position of the
polyadenylation signals of each gene are also indicat-
ed.

GST-Pi gene expression depends on at least two
regulatory elements: a promoter and a far-upstream
enhancer. GST-Pi enhancer I (GPEI) located at –2.5
kb, consists of imperfect TPA (12-O-tetradedacanolyl-
phorbal-13-acetate) responsive element (TPE) like
sequences that are palindromically oriented (Sakai et
al.,1988). The AP-1 DNA- binding site, or TRE, con-
tains the sequence 5´-TGACTA-3´ which shares some
homology with the core consensus ARE (Antioxidant
Responsive Element) sequence (5´-TGAC NNNG C-
3) (Hayes and Polford., 1995). A striking feature of the
ARE sequence is the presence of a conserved sequence
GC immediately 3´ of the TRE–like sequence, sug-
gesting that trans-acting factors other than AP-1 com-
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Fig 1. Organization of the human and rat GST-Pi genes (Adapted from Okuda et al., 1987).

Figure 2. Schematic diagram of the promoter and silencer regions in the rat GST-
Pi gene (Adapted from Imagawa et al., 2002).



plex are involved in ARE-mediated regulation of gene
expression (Hayes and Polford, 1995). The upstream
half-site (5´-GTCAGTCA-3´) binds factors that are
electrophoretically distinct from AP-1, whereas the
downstream half site (5´-TGATTCAG-3´) can bind
AP-1. Both of the half-sites of GPEI are required for
AP-1-independent transcriptional activation
(Diccianni et al., 1992).

In addition to GPEI, the regulatory region of the
rat GST-Pi gene has another TRE-like sequence locat-
ed 61 bp upstream from the cap site, which is designat-
ed as the Maf recognition element (MARE) (Sakai et
al., 1995). Both Jun and Maf can bind to this element
and activate the gene. The core sequence of GPEI,
GPEII specific binding proteins expressed in HeLa
and CBRH7919 cells may play an important role in the
high transcriptional level of the rGSTPi gene in tumor
cells (Liu et al., 2002). It is still controversial whether
AP-1 complex specifically binds to GPEI for the dra-
matic induction of GST-Pi in vivo, because most of
studies were carried out in vitro cultured cell system.

In the 5´–flanking region of the rat GST-Pi gene,
the negative regulatory elements located around 400
bp upstream from the cap site are also significant, and
these elements would aid the repressive mechanism of
the GST-Pi gene in normal rat liver (Imagawa et al.,
1991). One of the binding factors, a member of the
CCAAT/enhancer binding protein (C/EBP) family,
binds to GST-Pi silencer-1 (GPS-1) as silencer factor-
B (SF-B). The ratio of C/EBP-alpha to C/EBP-beta is

an important factor for GST-Pi silencer activity and a
decrease in the ratio reduces the silencer activity and
consequently increase the GST-Pi expression.
Furthermore, Osada et al. (1997) demonstrated that the
nuclear factor-1 (NF-1) family bound to several other
silencer elements, closely located to GPS-1, and con-
tributed to negative regulation of GST-Pi gene expres-
sion (Osada et al., 1997). This factor was identified as
silencer factor-A (SF-A). Recently, zinc finger proteins
as candidate silence factor, that bind to GST-Pi silencer
2 (GPS2), were isolated. These proteins include
BTEB2, EZF, EKLF and TIEG1 and other factors con-
taining multiple zinc factor motifs (TFIIIA and MZFP)
(Imagawa et al., 2002). The promoter and silencer
regions in the rat GST-Pi gene is shown in Figure 2. 

The SF-C binding site as well as SF-A and SF-B
are shown. GPS2, the SF-C binding site, partially
overlaps with  GPS1 and  GPS3, which are bound by
the C/EBP family and the NF-1 family, respectively.
Some zinc finger proteins bind to GPS2.

Structure and  regulation of GST-Pi gene in mice:
The amino acid sequences deduced from the mouse Pi-
class GST cDNA reported by Hatayama et al. (1990)
and the rat Pi- class gene (Okuda et al., 1987) share
92% identity. Unlike, other species characterized to
date, researchers found that the mouse have two func-
tional GST-Pi genes (Bammler et al., 1994).
Organization of the murine GST-Pi locus is shown in
Figure 3. Both genes, GST-P-1 and GST-P2, were
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Figure 3. Organization of the murine GST-Pi locus (Adapted from Bammler et al., 1994).

a Restriction maps of the phage clones MGSTP1 and MGSTP2, containing one and two mouse Pi-class GST genes respective-
ly. Solid and dashed arrows represent HindIII and EcoRI sites; solid box indicate regions complementary to the pobe MPCR2.2. 
bRestriction mapand intron/exon arrangement of the two mouse Pi-class GST genes, GST P1, and GST P2, are contained in clone
MGSTP2 exons are shown as boxes numbered 1-7. Introns sizes were determined by DNA sequencing.



sequenced completely shown to contain seven exons
interrupted by six introns (Bammler et al., 1994). GST-
P1 is about 2.7 Kb in length, whereas, GST-P2 is about
2.1 Kb long because of a smaller-sized intron 5
(Bammler et al., 1994). Mouse GST-P1 and GST-P2
gene Sequences are identical with rat GST-Pi and
human GST-  gene (Table 1). 

The nucleotide sequence at all splice junctions is
consistent with the GT/AG role described by
Breathnach and Chambon (1981) showing that the
exonic segment within each gene transcript can be
spliced accurately to form functional mRNA. The
polyadenylation signal, AATAAA, occurs in the sev-
enth exon of the two genes, which shows that both of
gene transcripts can be processed to mature mRNA. A
TATAA sequences and a possible CCAAT element can
be found in the 5´ flanking regions of both genes
(Bammler et al., 1994). According to Maniatis et al.
(1987), these elements, which are present in most
eukaryotic promoters, are associated with the accurate
initiation and promotion of transcription. Furthermore,
a GC box, which precisely matches the consensus
sequence 5´-(G/T) GGGCGG(G/A)(G/A) (C/T)-3´ for
the binding site of transcription factor SP1, forms part
of the promoter of the two genes (Kadonaga and
Tjian,1986). GST-P2 has an additional GC box, 5´-
GGGGCGGCAT-3´, which differs from a perfect SP-1
binding site in only one nucleotide, and is missing in
GST-P1. Immediately upstream of the GC boxes in
both genes is the sequence 5´-TGAGTCAG-3´ which

corresponds to the consensus sequence found in pro-
moters of genes that are responsive to phorbal esters
[e.g. phorbol 12-myristate 13-acetate (PMA; TPA)].
This motif is called a PMA-responsive element (PRE)
(Bammler et al., 1994). Diccianni and co-workers
(1992) have shown that a PRE is involved in the high
level of transcription of GST-Pi observed during the
rat hepatocarcinogenesis. In addition, the 5´ untranslat-
ed regions of both gene exhibit various substitutions
and deletion. The overall differences between the 5´
non-coding regions of the two mouse genes suggest
that they are regulated differently. The number of Pi-
class GST genes in the mouse genome was estimated
by Southern blot analysis. Four EcoR1 fragments of a
mouse DNA, approximately 2.5 kb, 4.8 kb, 6.8 kb and
9 kb in size, hybridize to probe an approximately 2.2
kb PCR product. On the basis of the restriction map of
clone MGST-P2, this suggests that there are at least
three Pi-class GST-related sequences in the mouse
genom. Clone MGST-P2 accommodates three of these
hybridizing fragments, approximately 4.8 kb, 6.8 kb
and 9 kb in length (Bammler et al., 1994). However,
the approximately 2.5 kb band is not present in any of
positive clones isolated (Bammler et al., 1994). This
fragment requires further characterization to establish
whether it is a pseudo gene or a further functional pi-
class GST gene. Pi-class GST pseudo genes have been
found in rat and human (Okuda et al., 1987; Board et
al., 1992).

Tissue distribution of GST-Pi: In human, GST-Pi
was first detected in placenta (Satoh et al., 1985) as the
main isoform of GSTs. In normal placenta tissues,
GST-Pi comparises of 36% of total GST activity
(Steisslinger and Pfleiderer., 1988) and 67%
(Zusterzeel et al., 1999) of the total GST concentra-
tion. Further investigations showed its presence in kid-
ney, testis, lung, pancreas, small intestine, skin, ery-
throcyte and brain (Satoh et al., 1985; Sies et
al.,1990). Analysis of GST activity shows distinct tis-
sue specificity with high levels in placenta and low
levels found in liver tissue (Kano et al., 1987; Moscow
et al., 1989). 

GST-Pi in the adult human liver is only
expressed in the biliary epithelium, while the enzyme
is expressed strongly in biliary epithelium including
the gallbladder (Howie et al., 1989). Large quantities
of the isoenzymes can be determined in human bile
(Howie et al., 1989). Likewise, heterogeneity of GST
isoenzyme distribution has been shown in mall bowel
epithelium. GST-Pi is present in cell linings of both
villie and crypts (Hayes et al., 1989). In the colon, the
enzyme is present in the pancreas epithelium (Hayes et
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Table 1. Sequence identities of the mouse GST-P1 gene with
mouse GST-P2, rat GST-P and human GST-p genes (Adapted from
Bammler et al., 1994).

The values given in parentheses represent identity comparison with the
mouse GST-P1 sequence. The sequence for rat GST-P and human GST-p
(GSTP1-1) were taken fom Okuda et al. (1987) and Marrow et al. (1989)
respectively.



al., 1990). GST-Pi has been identified in the centroaci-
nar cells and ducts but neither in the exocrine acini nor
in the islets of Langerhans (Hayes et al., 1990). In rats
GST-Pi is the predominant form of GST in the small
intestine but it is not expressed in adult liver except in
the bile ducts, but is well expressed in fetal liver
(Guthenberg et al., 1986; Hiley et al., 1988).   

Since 1984, attention has focused on GST-Pi,
identified as a good marker for rat hepatic preneoplas-
tic and neoplastic lesions during chemical carcinogen-
esis. Molecular forms expressed in mouse liver differ
considerably from those in rat liver. As described
above, rat GST-Pi is not expressed in adult liver, but
GST-Pi in mouse is a major form in adult male mouse
liver and though present at significant levels as a minor
form in adult female liver.

GST-Pi expression in liver damage: Homogenates of
normal human liver obtained at necropsy contain
extremely low concentration of Pi class GST (Howie
et al., 1990) and immunohistochemical examination
has shown that this GST is confined to the cells of the
biliary epithelium (Batist et al., 1987; Strange et al.,
1989). In alcoholic liver disease, however, sinusoidal
macrophages, kupffer cells, and hepatocytes express
GST-Pi (Harrison et al., 1990a, 1990b), Biliary epithe-
lial cells secrete GST-Pi in bile possibility as a mecha-
nism to transport potentially harmful toxins from the
cell.

GST-Pi in malignant tissues: The higher frequencies
of over-expression of GST-Pi have been reported in
malignancies by several research groups, although
their biological importance has not been well
undrestood (Tsuchida and Sato, 1992; Dogru-abba-
soglu et al., 2002; Schipper et al., 1996). Over-expres-
sion of GST-Pi in Esophagous Squamous Cell
Carcinoma (ESCC) biopsies was found to be associat-
ed with increased total GST activity
(Mohammadzadeh et al., 2003; Dogru-abbasoglu et
al., 2002; Howie et al., 1990; Moorghen et al., 1991;
Peters et al., 1993). 

GST-Pi expression in malignant tissues as well
as plasma in human colorectal and gastric cancers
believed to be increase depending on the stages of
tumor (Tsuchida et al., 1989; Dogru-abbasoglu et al.,
2002).  Elevated Serum GST-Pi levels in patients with
malignancies is assumed to originate from tumor cells
because elevated expression of GST-Pi in tumor tissue
was indicated in tumor tissues by either RNA blot
hybridization or immunohistochemical techniques
(Dogru-abbasoglu et al., 2002; Niitsu et al., 1989; Fan
et al., 1995).

Over expression of GST-Pi in human malignant
tissues may play an important role in prognosis and
resistance to chemotherapeutic agents (Howie et al.,
1990; Kantor et al., 1997; Monden et al., 1997;
Hengstler et al., 1998; Sutoh et al., 2000; De Bruin et
al., 2000; Schipper et al., 1997).

Tsuchida et al. (1989) reported that GST-Pi con-
tent in esophageal tissues is increased about 6-fold
over the levels found in normal mucosa, and that the
content was significantly greater in highly differentiat-
ed mucosa. But no evidence for GST-Pi mRNA level
being related to the degree of differentiation of indi-
vidual esophageal cancers was observed. The RNA
transcript levels of GST-Pi in esophageal cancerous
tissues was found to be higher than that in normal tis-
sues of 80% of patients and the mean GST-Pi mRNA
value in tumor tissues was significantly elevated as
compared to that in background mucosa (Ishioka et al.,
1991). More recently, this fact was approved in iranian
patients by measuring GST Pi mRNA using PCR-
ELISA technique (Rasmi et al., 2006).

Peters et al. (1993) found that the ratio of mean
GST-Pi levels in tumor to normal esophagus was 0.9,
a value that is not apparently correlated with  the data
of Moscow et al. (1989) on GST-Pi expression at
mRNA levels. Whilst, according to Ishioka and co-
workers (1991), correlation between GST-Pi mRNA
levels and clinical stages or histologic characteristic
was not noticable. Niitsu et al. (1989) reported that
increased serum GST-Pi levels were observed in
61.3%, 53.3% and 79.9% of patients with cancers of
stomach, esophagus and colon respectively.

There are contradictory reports on GST-Pi expres-
sion in Barrette’s esophagus and esophageal adenocar-
cinoma (ADC) tissues. According to Compton et al.
(1999) GST-Pi mRNA expression decreases in meta-
plastic Barrett’s and ADC tissues compared to normal
sqaumous esophagus tissue, however, Ishioka et al.
(1991) reported elevated GST-Pi mRNA expression in
ADC of the esophagus. According to Brabander et al.
(2002) GST-Pi mRNA expression levels offer more
promise than GST-Pi protein levels as a biomarker for
following-up disease progression in individuals with
Barrett’s esophagus. Studies by Peters et al. (1993)
demonstrated that Barrett’s metaplasia has significant-
ly lower GST-Pi enzyme activity and content as com-
pared to normal esophageal tissue. These data suggest-
ed that the difference is controlled at the level of GST-
Pi transcription or mRNA abundance (Compton et al.,
1999).

In case of leukemia, GST-Pi mRNA was marked-
ly decreased in B-cell from most patients with chronic
lymphoblastic leukemia (CLL), when compared to
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normal B-cells (Marie et al., 1995). According to
Stammler et al. (1995) the expression of GST-Pi in
acute lymphoblastic leukemia (ALL) is independent of
cell cycle. 

GST-Pi and oxidative stress: As a consequence of
aerobic growth, organisms are exposed to damaging
reactive oxygen species (ROS) such as superoxide
anions, hydroxyl radicals, and hydrogen peroxide
(Veal et al., 2002). They also demonstrated for the first
time that GSTs are involved in the cellular resistance
to oxidative stress in a eukaryote and also suggest that
GSTs play important role in the response of yeast to
anti-mitotic drugs.

Generally, studies have correlated high GST
levels with increased resistance to oxidative stress.
The 1-cys peroxiredoxin, Prx VI, defends against cel-
lular membrane damage by reducing phospholipid
hydroperoxides to their respective alcohols. Reduction
of these substrates results in oxidation of Cys-47 in Prx
VI to sulfenic acid. It has been proposed that GSTPi
physically interacts with Prx VI, a process that leads to
recovery of peroxiredoxin enzyme activity through
glutathionylation of the oxidized protein (Manevich et
al., 2004).Through this process, GSTPi may indirectly
combat oxidative stress by restoring the activity of oxi-
dized Prx VI. Adler et al. (1999), demonstrated a novel
function for GST-Pi as an inhibitor of the stress-
induced jun N-terminal kinase (JNK). In the absence
of GST-Pi, the constitutive activation of jun N-termi-
nal kinase results in activation of the transcription fac-
tor c-jun, which is known to be involved in the regula-
tion of many genes involved in both cytoprotection
and apoptosis, and which contains AP-1 sites in their
promoters (Henderson et al., 2000). GST-Pi inhibits
JNK through ligand binding with the N-terminal frag-
ment of the kinase (Gate et al., 2003). However, GST-
Pi may play a role in the pulmonary defense against
oxidative stress caused by various pollutants including
Diesel exhaust particles (Koike et al., 2002). 

Role of GST-Pi in chemical carcinogenesis: The
covalent binding of electrophiles derived from car-
cinogen to macromolecules, especially DNA, has been
considered as an initial step in chemical carcinogene-
sis. Such electrophilic compounds are known to be
detoxified by enzymatic or in some cases, spontaneous
conjugation with GSH (Coles and Ketterer, 1990;
Chasseaud, 1979). Studies revealed the involvement of
specific GST forms in the conjugation of particular
carcinogens including GST-Pi (Shigeki and Kiyomi,
1992). In addition to the conjugation mechanism,
GST-Pi also possess selenium-independent glutathione

GSH peroxidase activity toward lipid or DNA
hydroperoxides (Prohaska et al., 1977; Tan et al.,
1986). 

GST-Pi induction by xenobiotic compounds:
Immunohistochemical staining revealed that very
small GST-Pi positive foci or even single cells, appear
1 or 2 weeks following administration of single dose of
carcinogen to rat (Sato, 1988) or in one model even
within 48 h (Moore et al.,1987). The numbers of these
cells increased with increasing doses of initiator e.g.
diethylnitrosamine and are not induced by promoters
of liver carcinogenesis such as phenobarbital (Moore
et al., 1987). Thus, GST-Pi positive single cells are
considered to be “initiated cells”, indicating a clonal
origin of GST-Pi positive foci and hepatomas. Unlike
the majority of drug metabolizing enzymes, GST-Pi is
not inducible by administration of a large variety of
hepatocarcinogenic promoters or modulators such as
3-methyl cholanthrene, α-hexa-cholrocyclohexane,
carbon tetrachloride, cyproterone acetate, phenobarbi-
tal, and polychlorinated biphenyls or even by hepa-
toacarcinogens such as diethyl nitrosamine, 2-acety-
laminefluorene, 3´-methyl-4-dimethylaminbenzene,
aflatoxin B1 (Fatemi et al., 2006; Sato et al., 1984; Ito
et al., 1989).

However, GST-Pi prove to be slightly induced
by the antioxidants  butylated hydroxy anisole (BHA)
and butylated hydroxy toluene (BHT) (Tatematsu et
al., 1985, 1988) and by ethoxyquine in periportal areas
(Thumavit et al., 1985; Manson et al., 1987; Allameh
et al., 1988a, 1988b). 

Recently, analysis of single GST-Pi positive cells
suggested that a specific genetic change at the initia-
tion step is not necessary for the establishment of GST-
P positive cells and the formation of single GST-Pi
positive cells may not depend on DNA replication,
indicating no requirement of mutation (Grasl-Kraupp
et al., 2002). Therefore, it is likely that GST-Pi gene
expression is induced through the common actions of
carcinogenic rather than a specific genetic change.
Satoh et al. (2002) reported that the endoplasmic retic-
ulum was severely damaged in the liver by diethyni-
trosamin (DEN) prior to formation of single GST-Pi
positive cells suggesting that an epigenetic mechanism
rather than genetic mechanism accounts for GST-Pi
expression in hepatocytes.

Role of GST-Pi in multi drug resistance (MDR):
Drug resistance to chemotherapeutic agents is a major
obstacle in human cancer chemotherapy (Van Zanden
et al., 2004). Many anticancer drugs as well as car-
cinogens have been considered to be detoxified by
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conjugation with GSH (Tew, 1989; Arrick and Nathan,
1984; Waxman, 1990; Hayes and Wolf, 1990). Thus,
several alkylating agents or their metabolites have
been shown to be conjugated with GSH catalysed by
cytosolic GST, and some agents also by microsomal
GST. 

Pharmacological studies have suggested that
GST-Pi contributed to anticancer drug metabolism that
attenuates cellular sensitivity to a drug (Maeda et al.,
1993; Goto et al., 1999; Awasthi et al., 1996).
Generally, two proteins have been reported to be capa-
ble of conferring MDR in human cancers, including
the170 kDa  P-glycoprotein and the 190 kDa MDR-
associated protein (MRP), encoded by mdr-1 (Pu et
al., 1996) and MRP genes (Narasaki et al., 1996),
respectively. Both MDR-1 and MRP proteins belong to
the ATP-binding cassette transporter superfamily and
act as energy-dependent efflux pumps that decrease
the intracellular accumulation of cytotoxic agents.
Previous studies have shown that most of the naturally
occruing anti-cancer drugs currently used, are excel-
lent substrates for MDR-1 or MRP (Narasaki et al.,
1996; Chin et al., 1993). Morrow et al. (2000) exam-
ined the effect of regulatable GST-Pi expression in
MRP2-rich HepG2 cells on 4-nitroquinoline 1-oxide
(4NQO)-induced cytotoxicity and genotoxicity. They
concluded that MRP2-mediated efflux of the GSH
conjugate of 4NQO and/or another toxic derivative of
4NQO is required to support GST-Pi associated pro-
tection against 4NQO toxicities in HepG2 cells.
Morever, the ability of chemopreventive agents such
as beta-lapachone, emodin, sanguinarine, capsaicin,
trans-anethole and silymarin to decrease GSTPi gene
expression mechanisms could to reducing the inci-
dence of GSH-related drug resistance in human
leukemia (Duvoix et al., 2004). An increase in GST-Pi
activity was reported after acquisition of doxorubicin
resistance by a human breast cancer cell line MCF7
(Batist et al., 1986). Since then, the relationship
between drug resistance and the expression of GST has
been studied extensively in many cancer cell lines. The

results indicate a two-to five fold increase of activity
mainly due to the Pi class in cell line resistant to alky-
lating agents, doxorubicin, or cis–platinum compared
with the respective sensitive cell lines. GST-Pi are
expressed in many cell lines resistant to structurally
unrelated drugs is analogous to the expression of rat
GST-Pi in hepatocarcinogenesis induced by genotoxic
carcinogens (Satoh et al., 1989). However, transfec-
tion of MCF-7 cells with GST-Pi cDNA did not result
in resistance to doxorubicin, irrespective of the expres-
sion of amounts of GST-Pi comparable to those in
resistant cells (Moscow et al., 1989). MCF-7 cells
transfected with cDNA encoding the B1 subunit in the
Alpha class, again, did not demonstrate resistance to
doxorubicin or chlorambucil indicating that GST-Pi
expression may not be involved in the resistance, but
that other mechanisms, including an increase in p-gly-
coprotein and GSH proxidase, may be responsible in
this  case (Fairchild et al., 1990). Human GST-Pi and
human GST-A transfected into S. crevisiae (Black et
al., 1990) resulted in a significant reduction in the
cytotoxic effects of chlormobucil and doxorubicin, a
member of the anthracycline family of antibiotic anti-
cancer drugs. 

Polymorphism in human GST-Pi: Polymorphism
has been described in many genes in GST families. To
date, most attention has focused on  allelism in the mu,
theta and pi families (Hayes and Strange, 2000;
Rebbeck, 1997). Four allelic variants have been iden-
tified for the human GSTP1 gene: GSTP1*A (the most
common allele), GSTP1 *B , GSTP1*C and  GSTP1*D
(Table 2, Ali-Osman et al., 1997; Watson et al., 1998).
Polymorphisms in exon 5 (Ile 105 Val) of GST P1 *B
and exon 6 (Ala 114 Val) of GSTP1*C were first
reported by Board et al. (1989). 

GSTP1 *A is the wild type variant. This variant
has Ile amino acid at position 105 in exon 5. GSTP1 *B
results from A313 G substitution at exon 5 that leads to
a replacement of isoleucine (Ile) by valine (Val) at this
position of the GSTPi protein. The affected codon is in
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electrophile binding site of GSTPi enzyme and the
enzymes encoded by this affected codon have lower
activity toward the universal GST substrate i.e 1-
chloro-2,4-dinitrobenzene in Escherichia coli (Ali-
Osman et al., 1997). In contrast, recent studies have
showed that valine variants were more efficient toward
different substrates than either homozygous Ile/Ile or
heterozygous Ile/Val. Hu et al. (1997) showed that Val
alleles were more efficient than heterozygous Ile/Val
or homozygous Ile/Ile in the detoxification of the ulti-
mate carcinogen of benzo(a)pyrene, the (+)–anti-enan-
tiomer of benzo(a) pyrene, the(+)- anti-enantiomer of
benzo(a) pyrene diol epoxide.

Zimniak et al. (1994) found that the GSTP1 *B
enzyme containing 105 Val had higher rather than
lower activity for ethacrynic acid and bromo-sulfoph-
thalein conjugation, suggesting that the differences in
activity reflect differences in binding of the elec-
trophilic substrate to the hydrophobic binding site of
GSTP1. Biochemical studies have demonstrated a
lower thermal stability of GSTP1 Val-105 compared to
GSTP1 Ile-105 (Zimniak et al., 1994; Johansson et al.,
1998) and also lower conjugating activity in Val
homozygote compared with Ile homozygote, with het-
erozygote displaying intermediate activity (Watson et
al., 1998). Because of GST-Pi potential role in detoxi-
fying carcinogenic compound, it is plausible that indi-
viduals with inferior variants may be at increased risk
of cancer form exposure to chemicals detoxified by
GSTP1 enzyme. 

Some studies have shown an increased risk of
prostate, oral, laryngeal, pharyngeal, bladder and
esophageal (squamous-cell) cancers among individu-
als with the homozygous [Ile/Ile] (Cao et al., 2005;
Harries et al., 1997; Morita et al., 1998; Morita et al.,
1999). Vijayalakshmi et al. (2005) indicates that the
GSTP1 Ile/Val genotype may decrease risk of prostate
cancer in the South Indian population. Increased risk
for oral cancer was observed in individuals who were
homozygous for any combination of GSTP1 polymor-
phic alleles (Park et al., 2000). Yuan et al. (2003) sug-
gested that gene mutation of GST-Pi exon5 is one of
the potential vulnerable factors in leukemogenesis of
the Chinese children. GSTP1 genotypes are important
determinants of lung function in childhood (Carroll et
al., 2005). Genotypes of combining GSTP1
mutant/GSTM1(-) or GSTP1 mutant/GSTT1(-) led to
high risk of lung cancer (Chen et al., 2006). More
rapid decline in lung function is seen in individuals
with GSTP1 val(105)/val(105) (Carroll et al., 2005).
However, other studies suggest that polymorphisms
within GSTP1 do not play a major role in the develop-
ment of bronchial asthma (Nickel et al., 2005; Oh et

al., 2005). Some of the studies also showed no associ-
ation between GSTP1 and the following cancers :
lung, laryngeal, colorectal, prostate and esophageal
(Agalliu et al., 2006; Saarikoski et al., 1998;
Jourenkova-Mironova et al., 1999; Welfare et al.,
1999; To-Figueras, 1999; Lin et al., 1998). These dif-
ferent results in various cancers may be explained by
different profiles of exposure to carcinogen, although
the conflicting results could be due to many reasons,
such as study design, power of the study, bias, and con-
founding factors. Thus always larger studies will be
needed to confirm these preliminary findings.

It has been shown that different polymorphisms
influence the risk of malignancies and the outcome
after chemotherapy. Individuals with Val at GST-Pi
codon 105 may respond better to chemotherapy given
for their primary cancer because of lower GST-Pi
activity and increased chemotherapy-induced cytotox-
icity in target tumor tissue. GSTPi polymorphisms are
modifiers of response to chemotherapy in patients with
metastatic colorectal cancer (Stoehlmacher et al.,
2002) and those with multiple myeloma (Dasgupta et
al., 2003).

It also influences risk of therapy-related acute
myeloid leukemia in patients successfully treated for
breast cancer, non-Hodgkin’s lymphoma, ovarian can-
cer, and Hodgkin’s disease (Allan et al., 2001). Indeed,
codon 105 Val homozygote have a significantly better
prognosis than codon 105 Ile homezygotes treated
with cyclophosphamide and adriamycin (both GSTP1
substrates) for breast cancer (Sweeney et al., 2000).

It has been suggested that the polymorphic
expression of GST-P1 did significantly influence the
long-term remission rate after cyclophosphamide
treatment of steroid-sensitive nephrotic syndrome in
children (Vester et al., 2005). GST-P1 polymorphism
seems to be related to enhanced susceptibility to fur-
ther relapses.In HBV infection, inheritance of the
GSTP1-Val(105) involves a host genetic factor that is
relevant to disease progression (Mohamadzadeh et al.,
2005).

A second polymorphism, a C         T transition
at nucleotide 341 results in a Ala 114 Val  amino acid
substitution. GSTP1*C has the same codon 313 as
GSTP1*B, but also has T base in codon 341 that
changes Ala to Val. The codon 341 change has been
identified as a variant allele by itself, designed as
GSTP1*D, B and C allele variants appear to be  func-
tional, as the catalytic efficiency (Kcat /Km ) of both
variant enzymes for CDNB is about 3-4 fold lower
than the wild type protein protein, and catalytic differ-
ences  between these variants have been shown for the
carcinogenic (+)-anti-benzo(a)pyrene diol epoxide
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(BPDE), such that the variant enzyme(105 Val)
exhibits a Vmax 3-4 fold higher than the Vmax for the
common (105 Ile) form (Hu et al., 1997; Sundberg et
al., 1998).

Lu et al. (2006) suggested that GSTP1 exon 6
variant genotypes may be associated with improved
survival among patients with stage III and IV non-
small cell lung carcinoma. Increased risk for oral can-
cer was observed in individuals who were homozy-
gous for any combination of GSTP1 polymorphic alle-
les (i.e. *B, *C, and/or *D alleles in both Caucasians
and African-Americans (Park et al., 2000).

The alterations in restriction end nuclease sites
caused by the nucleotide transitions in the GSTP1 gene
variants provide a simple, rapid, and specific tech-
nique for determining the GSTP1 gene variants in cells
and tissues (Ali-Osman et al.,1997). The method is
suitable for screening large number of specimens.
Genotype analysis is best achieved by restriction map-
ping, single strand conformational analysis and
nucleotide sequence determination. In the absence of
variant specific antibodies, GSTP1 phenotype is best
determined by RT-PCR of the polymorphic region, fol-
lowed by restriction site mapping and/or sequencing of
the resultant cDNA (Shen et al., 1995). 

Hypermethylation in human GST-Pi gene:
Transcriptional silencing by CpG-island hypermethy-
lation now is believed to be an important mechanism
of tumorigenesis. The expression of GST-Pi and the
methylation status of the promoter area of GST-Pi
were investigated in some cancers. Hypermethylation
of GSTP1 is found in the great majority of prostate
cancers and in a considerable fraction of high-grade
prostate intraepithelial neoplasias (HGPIN), a likely
precursor (Nakayama et al., 2004). Therefore, GSTP1
hypermethylation assays are being developed for
prostate cancer detection. The great promise of these
assays tends to obscure how strange GSTP1 hyperme-
thylation is in. In other cancers, the GSH transferase,
GSTP1 is typically upregulated, often contributing to
drug resistance. Moreover, the consistency with which
this gene and a number of others are hypermethylated
in prostate cancer is singular (Schulz  and Hatina,
2006). Concurrent hypermethylation of multiple
tumor-related genes including GST-Pi is detected fre-
quently in gastric carcinoma and adjacent normal tis-
sues (Leung et al., 2001). Also, loss of GST-Pi expres-
sion is clustered in a subset of gastric carcinomas with
Epstein-Barr virus incorporation, and the methylation
of the promoter of the GSTP1 gene is correlated with
this loss of GST-Pi expression (Kim et al., 2005). 

Consequences of GST-Pi knockout (KO): Mice
lacking both GSTP1 and GSTP2 have been generated
(Henderson et al., 1998). Under normal conditions, the
double gene knockout on 129 MF1 or C57/BL6 back-
grounds had no obvious phenotype. At a biochemical
level, the mutant mice demonstrated a complete lack
of transferase activity toward ethacrynic acid in the
liver (Henderson et al., 1998). Although GSTP1-1 is
quantitatively the principal transferase in male mouse
liver, Western blotting technique failed to demonstrate
compensatory increases in expression of hepatic
GSTA1/2, GSTA3, and GSTM1 subunits in the double
gene KO animals (Henderson et al., 1998). However,
livers from GSTP1/P2-/- mice have been reported to
contain a higher activator protein-1 activity than livers
from GSTP1/P2+/+ mice (Elsby et al., 2003), a find-
ing that is consistent with the hypothesis that class Pi
GST inhibits JNK (Ruscoe et al., 2001; Adler et al.,
1999). In a skin tumorigenesis regimen, GSTP1/P2-/-
mice yield approximately threefold more papillomas
using 7, 12-dimethylbenzanthracene as initiator and
TPA as promoter (Henderson et al., 1998), demonstrat-
ing a role for GSTP1-1 in xenobiotic defense.
Surprisingly, GSTP1/P2-/- mice are more resistant
than wild-type mice to liver toxicity caused by the
analgesic acetaminophen, and this is attributed to
faster regeneration of hepatic GSH in the double gene
KO animals (Henderson et al., 2000).  

It was proposed that while Pi-class GST does
not catalyze the conjugation of Acetaminophen with
GSH, it contributes to oxidative stress by facilitating
redox-cycling of the drug metabolite NAPQI, possibly
through formation of labile  ipso adducts with intracel-
lular thiol groups (Henderson et al., 2000). It is postu-
lated that the absence of Pi class GST lessens the abil-
ity of NAPQI to redox-cycle and thus deplete GSH.

CONCLUSION

Remarkable progress has been made in the late decade
in defining the different roles of GST-Pi. The discov-
ery of certain metabolites of andegenous molecules as
substrates for GST-Pi suggest a possible physiological
role of GST-Pi in protecting against chronic disease
that arise from oxidative tissue damage.

The finding of over expression of GST-Pi in many
cancer tissues as well as in drug resistant cell line, sug-
gests that elevated GST-Pi expression may be of direct
relevance not only to acquired resistance, but also in
natural resistance. The relationship between hyperme-
thylation and GST-Pi polymorphism with some can-
cers has provided a evidence that clarify the important
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role of GST-Pi in carcinogenesis. However, the pres-
ence of a “natural knock-out experiment” in the human
population, in the form of common homozygous dele-
tion polymorphisms in GST-Pi provides unique oppor-
tunities to assess the importance of this enzyme in the
human population. Further studies are clearly needed
to obtain a better understanding for use of GST-Pi as
marker of malignancies.

References

Adler V, Yin Z, Fuchs SY, Benezra M, Rosario L, Tew KD, Pincus
MR, Sardana M, Henderson CJ, Wolf CR, Daris RJ, Ronai Z
(1999). Regulation of JNK signaling by GST Pi. EMBO J.
18:1321-1334.

Agalliu I, Langeberg WJ, Lampe JW, Salinas CA, Stanford JL.
(2006). Glutathione S-transferase M1, T1, and P1 polymor-
phisms and prostate cancer risk in middle-aged men. Prostate.
1:146-56.

Ali-Osman F, Akande O, Antoun G, Mao JX, Buolamwini J (1997).
Molecular cloning, characterization, and expression in
Escherichia coli of full-length cDNAs of three human glu-
tathione S-transferase Pi gene variants. Biol Chem.
272:10004-1001.

Allardyce CS, McDonagh PD, Lian LY, Wolf CR, Roberts GC
(1999). The role of tyrosine-9 and the C-terminal helix in the
catalytic mechanism of Alpha-class glutathione S-transferas-
es. Biochem J. 343: 525-531.

Allameh A, Razzaghi M, Shams M, Rezaee MB, Jaimand K.
(2002). Effects of neem leaf extract on production of aflatox-
ins and activities of fatty acid synthetase, isocitrate dehydro-
genase and glutathione S-transferase Aspergillus parasiticus.
Mycopathologia, 154:79-84.

Allameh A, Saxena M, Raj HG (1988a). Differential effects of
butylated hydroxyanisole on metabolism of aflatoxin B1 in
vitro by liver and lung microsomes. Cancer Lett. 40:49-57.

Allameh A, Saxena M, Raj HG (1988b). Lack of influence of buty-
lated hydroxytoluene on modification of lung microsome
mediated aflatoxin B1-DNA binding: role of pulmonary glu-
tathione S-transferase. Cancer Lett. 1;43:125-31. 

Allan JM, Wild CP, Rollinson S, Willett EV, Moorman AV, Dovey
GJ, Roddam PL, Roman E, Cartwright RA, Morgan GJ
(2001). Polymorphism in glutathione S-transferase P1 is asso-
ciated with susceptibility to chemotherapy-induced
leukaemia. Proc Natl Acad Sci. 98:11592-97.

Arrick BA, Nathan CF (1984). Glutathione metabolism as a deter-
minant of therapeutic efficacy: A review. Cancer Res.
44:4224-4232.

Awasthi S, Singhal SS, He N, Charbey M, Zimniak P, Srivastara
SK, Singh SV, Awasthi YC (1996). Modulation of doxoru-
bicin cytotoxicity by ethacrynic acid. Int J Cancer. 68:333-
339.

Bammler TK, Smith CA, Wolf CP (1994). Isolation and character-
ization of two mous Pi class glutathione s-transferase genes.
Biochem J. 298:385-390.

Batist G, Hudson N, Ische K, Dc Muys JM (1987). Human colon
carcinoma has the same biochemical phenotype as resistant
carcinogen -induced pre-neoplastic nodules and as human
breast cancer cells with multidrug resistance. Cancer Res.
28:1105-1115.

Batist G, Tulpule A, Sinha BK, Katki AC, Meyers CE, Cowan KH

(1986). Overexpression of novel anionic glutathione trans-
ferasein multidrug resistant human breast cancer cells. J Biol
Chem. 261:15544-15549.

Baylin SB, Herman JG, Graff JR, Vertino PM , Issa JP (1998).
Alterations in DNA methylation : A fundamental aspect of
neoplasia. Adv Cancer Res. 72:141-196.

Black SM, Beggs JD, Hayes JD, Bartoszek A, Muramatsu M,
Sakai M, Wolf CR (1990). Expression of human glutathione
s-transferase in saccharomyces cerevisiae confers resistance
to the anticancer drug adriamycin and chlorambucil.
Biochemistry, 268:309-315.

Board PG, Coggan M, Woodcock DM (1992). The human Pi class
glutathione transferase sequence at 12q13-q14 is a reverse-
transcribed pseudogene. Genomics. 14:470-3. 

Board PG, Webb GC, Coggan M (1989). Isolation of a cDNA clon
and localization of the human glutathione s-transferase genes
to chromosome bands 11q13  and 12q13-14. Ann Hum Genet.
53:205-213.

Brabander J, Lord RV,  Tsai PI, Danenberg KD,Metzger R,
Schneider PM, Park JM , Salonga D, Groshen S , Tsao-Wei
DD, DeMeester TR, Holscher AH, Danenberg PV (2001).
Increased c-myb mRNA expression Barrette’s esophagusand
Barrette’s associated adenocarcinoma. J Surg Res. 99:301-
306.

Brabander J, Lord RV, Wikramasynghe K, Metzger R, Schnider
PM, Park JM, Holscher AH, Demeester TR, Danenberg KD,
Danenberg PV (2002). Glutathione S-Transferase–Pi Is
downregulated in patients With Barrett’s Esophagus and
Esophageal adenocarcinoma. J Gastrointest Surg. 6:359-367.

Breathnach R, Chambon P (1981). Organization and expression of
eucaryotic split genes coding for proteins. Annu Rev Biochem.
50:349-83.

Cao W, Cai L, Rao JY, Pantuck A, Lu ML, Dalbagni G, Reuter V,
Scher H, Cordon-Cardo C, Figlin RA, Belldegrun A, Zhang
ZF (2005). Tobacco smoking, GSTP1 polymorphism, and
bladder carcinoma. Cancer, 1;104:2400-8.

Carroll WD, Lenney W, Jones PW, Strange RC, Child F, Whyte
MK, Primhak RA, Fryer AA (2005). Effects of glutathione S-
transferase M1, T1 and P1 on lung function in asthmatic fam-
ilies. Clin Exp Allergy. 35:1155-61.

Chasseaud, LF (1979). The Role of glutathione and glutathione s-
transferases in the metabolism of chemical carcinogens and
other electrophilic agents. Adv.Cancer Res. 29:175-274.

Chen HC, Cao YF, Hu WX, Liu XF, Liu QX, Zhang J, Liu J
(2006). Genetic polymorphisms of phase II metabolic
enzymes and lung cancer susceptibility in a population of
Central South China. Dis Markers. 22:141-52.

Chin KV, Pastan I, Gottesman MM (1993). Function and regula-
tion of the human multidrug resistance gene. Adv Cancer Res.
60:157-180.

Coles B, Ketterer B (1990) The role of glutathione and glutathione
transferase in chemical carcinogenesis. Crit Rev Biochem Mol
Biol. 25:47-70.

Compton KR, Orringer MB, Beer DG (1999). Induction of glu-
tathione s-transferase-π in Barrett’s metaplasia and Barrette’s
adenocarcinoma cell lines. Mol Carcinogenesis. 24:128-136.

Dasgupta RK, Adamson PJ, Davies FE, Rollinson S, Roddam PL,
Ashcroft AJ, Dring AM, Fenton JA, Child JA, Allan JM,
Morgan GJ (2003). Polymorphic variation in GSTP1 modu-
late soutcome following therapy for multiple myeloma.
Blood. 102:2345-50

Dixon DP, Lapthorn A, Edwards R (2002). Plant glutathione trans-
ferases. Genome Biol. 3:3004.1-10. 

IRANIAN JOURNAL of BIOTECHNOLOGY, Vol. 4, No. 1, January 2006

11



Diccianni MB, Imagawa M, Muramatsu M (1992). The dyad palin-
dromic glutathione transferase P enhancer binds multiple fac-
tors inluding AP1. Nucleic Acids Res. 11: 20:5153-8. 

Dogru-Abbasoglu S, Mutlu-Turkoglu U, Turkoglu S, Erbil Y,
Barbaros U, Uysal M, Aykaç-Toker G (2002). Glutathione S-
transferase-pi in malignant tissues and plasma of human col-
orectal and gastric cancers. J  Cancer Res Clin Oncol. 128:91
-95.

Duvoix A, Delhalle S, Blasius R, Schnekenburger M, Morceau F,
Fougere M, Henry E, Galteau MM, Dicato M, Diederich M
(2004). Effect of chemopreventive agents on glutathione S-
transferase P1-1 gene expression mechanisms via activating
protein 1 and nuclear factor kappaB inhibition. Biochem
Pharmacol. 15:1101-11.

Easds CA, Danenberg KD, Kawakami K, Saltz LB, Blake C,
Shibata D, Danenberg PV, Laird PW (2000a). Methylight: A
high throughput assay to measure DNA metylation. Nucleic
Acid Res. 28:32-38.

Easds CA, Lord RV, Kurumboor Sk, Wickramasinge K, Skinner
ML, Long TL, Peters JH, DeMeester TR, Danenberg KD,
Danenberg PV, Laird PW (2000b). Fields of aberreant CpG
island hypermethylation in Barrette’s esophagus and associat-
ed adenocarcinomas. Cancer Res. 60:5021-5026.

Easds CA, Lord RV, Wickramasinge K, Long TL, Kurumboor Sk,
Bernstein L, Peters JH, DeMeester SR, DeMeester TR,
Skinner KA, Laird PW (2001). Epigenetic patterns in the pro-
gression of esophageal adenocarcinoma. Cancer Res.
61:3410-3418.

Eaton DL, Bammler TK (1999). Concise review of the glutathione
S-transferases and their significance to toxicology. Toxicol
Sci. 49:156-164.

Elsby R, Kitteringham NR, Goldring CE, Lovatt CA, Chamberlain
M, Henderson CJ, Wolf CR, Park BK (2003). Increased con-
stitutive c-Jun N-terminal kinase signalling in mice lacking
glutathione S-transferase Pi.  J Biol Chem. 278:22242-49.

Fairchild CR, Moscow JA, O’Brien EE, Cowan KH (1990).
Multidrug resistance in cells transfected with human genes
encoding a variant p-glycoprotein and glutathione s-transfera-
se π.mMol Pharmacol. 37:801-809.

Fan KC, Huang YC, Li CH. (1995). Radioimmunoassay for plas-
ma glutathione S-transferase-Pi and its clinical application in
gastrointestinal cancer. Cancer. 76:1363-7.

Fatemi F, Allameh A, Dadkhah A, Forouzandeh M, Kazemnejad S,
Sharifi R (2006). Changes in hepatic cytosolic glutathione S-
transferase activity and expression of its class-P during prena-
tal and postnatal period in rats treated with aflatoxin B1. Arch
Toxicol. 80:572-9.

Gate L, Lunk A, Tew KD (2003). Resistance to phorbol 12-myris-
tate 13-acetate-induced cell growth arrest in an HL60 cell line
chronically exposed to a glutathione S-transferase pi inhibitor.
Biochem Pharmacol. 65:1611-22.

Goto S, lido T, Cho S, Oka M, Kohno S, Kondo T (1999).
Overexpression of glutathione s-transferase π enhances the
adduct formation of cisplatin with glutathione in human  can-
cer cells. Free Radic Res. 31:549-558.

Grasl-Kraupp B, Schausberger E, Hufnagl K, Gerner C, Low-
Baseli A, Rossmanith W, Parzefall W, Schult-Hermann R
(2002). A novel mechanism for mitogenic signaling via pro-
transforming growth factor alpha within hepatocyte clei.
Hepatology, 35:1372-80.    

Guthenberg C, Warholm M, Rane A, Mannervik B (1986). Two
distinct forms of glutathione transferase from human foetal
liver.  Biochem J. 235:741745.

Harries LW, Stubbins MJ, Forman D, Howard GCW, Wolf CR
(1997). Identfication of genetic polymorphisms at the glu-
tathione s-transferase Pi locus and association with suscepti-
bility to bladder, testicular and prostate cancer.
Carcinogenesis. 18:641-644.

Harrison DJ, Hayes PC (1990a). Immunolocalisation of glu-
tathione s-transferase in human renal and liver disease. Gut.
182:262-272. 

Harrison DJ, Hallam L, Lauder J (1990b). Glutathione s-trans-
ferase expression in fetal kidney and wilm’s tumor. Br J
Cancer. 61:836.

Hatayama I, Satoh K, Sato K (1990).  A cDNA sequence coding a
class pi glutathione S-transferase of mouse. Nucleic Acids
Res. 18:4606.

Hayes JD, Flanagan JU, Jowsey IR (2005). Glutathione transferas-
es. Annu  Rev Pharmacol Toxicol. 45:51-88.

Hayes JD, Strange RC (2000). Glutathione s-transferase polymor-
phism and their biological consequence. Phrmacology,
61:154-166.

Hayes JD, Pulford DJ (1995). The glutathione S-transferase super-
gene family: Regulation of GST and the contributions of the
isoenzymes to cancer chemoprotection and drug resistance.
CRC Crit Rev Biochem Mol Biol. 30:445-600.

Hayes JD, Wolf CR (1990). Molecular mechanisms of drug resist-
ance.  Biochem J. 272:281-95. Review.

Hayes PC, Harrison DJ, Bouchier IAD, Mclellan LI, Hayes JD
(1989). Cytosolic and microsomal glutathione S-transferase
isoenzymes in normal human liver and intestinal epithelium
Gut. 30:854-859.

Henderson CJ, Smith AG, Ure J, Brown K, Bacon EJ, Wolf CR
(1998). Increased skin tumorigenesis in mice lacking pi class
glutathione S-transferases. Proc Natl  Acad Sci. 95:5275–80.

Henderson CJ, Wolf CR, Kitteringhem N, Powell H, Otto D, Kevin
P (2000). Increased resistance to acetaminophen hepatotoxic-
ity in mice lacking glutathione S- transferase Pi. Proc Natl
Acad Sci. 97:12741-12745.

Hengstler JG, Bottger T, Tanner B, Dietrich B, Henrich M,
Knapstein PG, Junginger T, Oesch F (1998). Resistance fac-
tors in colon cancer tissue and the adjacent normal colon tis-
sue: glutathione S-transferases alpha and pi, glutathione and
aldehyde dehydrogenase. Cancer Lett. 128:105-12.

Hiley C, Fryer A, Bell J, Hume R, Stange RC (1988). The human
glutathione S-transferase.Immunohistochemical studies of the
developmental expression of alpha and pi class isoenzymes in
liver. Biochem J. 18:254-255.

Howie AF, Forrester LM, Glancey MJ, Schlager JJ, Powis G,
Beckett GJ, Hayes JD, Wolf CR (1990). Glutathione S-trans-
ferase and glutathione peroxidase expression in normal and
tumour human tissues. Carcinogenesis. 11:451-458.

Howie AF, Hayes PC, Bouchier IA, Hayes JD, Beckett GJ (1989).
Glutathione s-transferase in human bile. Clin Chim Acta.
184:269-278.

Hu X, O, Donnell R, Srivastava SK, Xia H, Ziumniak P, Nanduri
B, Bleicher RJ, Awasthi YC, Ji X, Singh SV (1997). Active
site architecture of polymorphic forms of human glutathione
S-transferase P1-1 accounts for their enantioselectivity and
disparate activity in the glutathione conjugation of
7beta,8alpha-dihydroxy-9alpha,10alpha-oxy-7,8,9,10-
tetrahydrobenzo(a)pyrene. Biochem  Biophys Res Commun.
235:424-428.

Imagawa M,  Osada S,  Okuda A, Muramatsu Mm(1991). Silencer
binding proteins function on multiple cis-elements in the glu-
tathione transferase P gene. Nucl Acids Res. 19:5-10.

Kazemnejad et al.

12



Imagawa M, Tanabe A, Kurita M, Oshima K, Osada S, Nishihara
T (2002). Functional analysis of zinc finger proteins that bind
to the silencer element in the glutathione transferase P gene.
Biol Pharm Bull. 25:970-974.

Ishioka C, Kanamaru R, Shibata H, Konishi Y, Ishikawa A, Wakui
A, Sato T, Nishihira T (1991). Expression of glutathione S-
transferase-pi messenger RNA in human esophageal cancers.
Cancer, 67:2560-4.

Ito N, Imaida K, Hasegawa R, Tsuda H (1989). Rapid bioassay
methods for carcinogens and modifiers of hepatocarcinogen-
esis. CRC Crit Rev Toxicol. 19:385-415.

Jakoby WB (1978). The glutathione S-transferase: a group of mul-
tifunctional detoxification proteins. Adv Enzymol. 46:383-
414. 

Jhaveri MS, Morrow CS (1998). Methylation-mediated regulation
of the glutathione S-transferase P1 gene in human breast can-
cer cells. Gene, 27:210:1-7.

Johansson AS, Stenberg G, Widersten M, Mannervik B (1998).
Structure-activity relationships and thermal stability of human
glutathione transferase P1-1 governed by the H-site residue
105. J Mol Biol. 278:687-698.

Jourenkova-Mironova N, Voho A, Bouchardy C (1999).
Glutathione S-transferase GSTM1,GSTM1,GSTPi and
GSTT1 genotypes and the risk of smoking-related oral and
pharyngeal cancer. Int J Cancer. 81:44-48.

Kadonaga JT, Tjian R (1986). Affinity purification of sequence-
specific DNA binding proteins. Proc Natl Acad Sci USA.
83:5889-93. 

Kano T, Sakai M, Muramatsu M (1987). Structure and expression
of a human class π glutathione S-transferase messenger RNA.
Cancer Res. 5626-5630.

Kantor RR, Giardina SL, Bartolazzi A, Townsend AJ, Myers CE,
Cowan KH, Longo DL, Natali PG (1991). Monoclonal anti-
bodies to glutathione S-transferase pi-immunohistochemical
analysis of human tissues and cancers. Int J Cancer. 47:193-
201.  

Kim J, Lee HS, Bae SI, Lee YM, Kim WH (2005). Silencing and
CpG island methylation of GSTP1 is rare in ordinary gastric
carcinomas but common in Epstein-Barr virus-associated gas-
tric carcinomas. Anticancer Res. 25:4013-9.

Koike E, Hirano S, Shimojo N, Kobayashi T (2002). cDNA
microarray analysis of gene expression in rat alveolar
macrophages in response to organic extract of diesel exhaust
particles. Toxicol Sci. 67:241-6.

Laird PW, Jaenisch R (1996). The role of DNA metylation in can-
cer genetics and epigenetics. Annu Rev Genet. 30:441-446.

Leung WK, Yu J, Ng EK, To KF, Ma PK, Lee TL, Go MY, Chung
SC, Sung JJ (2001). Concurrent hypermethylation of multiple
tumor-related genes in gastric carcinoma and adjacent normal
tissues. Cancer, 15:2294-301.

Lin DX, Tang YM, Peng Q, Lu SX, Ambrosone CB, Kadlubar FF
(1998). Suseptibility to esophageal cancer and genetic poly-
morphisms in glutathione S-transferase T1, P1, and
cytochrome P450 2E1.Cancer Epidemiol Biomarkers Prev.
7:1013-1018.

Liu D, Liao M, Zuo JF (2002). FEffect of trans-acting factor on rat
glutathione S-transferase P1 gene transcription regulation in
tumor cells. Chin Med J (Engl). 115:103-6.

Lord RV, Salonga D, Danenberg KD, Peters JH, DeMeester TR,
Park JM, Johannson J, Skinner KA, Chandrasoma P,
DeMeester SR, Bremner CG, Tsai PI, Danenberg PV(2000).
Telomerase reverse transcriptase expression is increased early
in Barrette’s metaplasia , dysplasia, carcinoma sequence . J

Gastrointest Surg. 4:135-142.
Lord RV,  Tsai PI, Danenberg KD, Peters JH , DeMeester TR, Tsao-

Wei DD,Groshen S, Salonga D, Park JM, Crookes PF, Kiyabu
M, Chandrasoma P, Danenberg PV(2001). Retinoic acid
receptor-α messenger RNA expression is increased and
retinoic acid-γ is decreased in Barrette’s intestinal metaplasia,
dysplasia,adenocarcinoma sequence. Surgery, 129:267-276.

Lu C, Spitz MR, Zhao H, Dong Q, Truong M, Chang JY,
Blumenschein GR Jr, Hong WK, Wu X (2006). Association
between glutathione S-transferase pi polymorphisms and sur-
vival in patients with advanced nonsmall cell lung carcinoma.
Cancer, 15:106:441-447. 

Maeda O, Terasawa M, Ishikawa T, Oguchi H, Mizuno K, Kawai
M, Kikkawa T, Tumoda Y, Hidaka H (1993). Anewly synthe-
sized bifunctional inhibitor, W-77, enhances adriamycin
activity against human ovarian carcinoma cells. Cancer Res.
53:2051-2056.

Maniatis T, Goodbourn S, Fischer JA. (1987). Regulation of
inducible and tissue-specific gene expression. Science,
236:1237-45.

Manevich Y, Feinstein SI, Fisher AB (2004). Activation of the
antioxidant enzyme 1-CYS peroxiredoxin requires glu-
tathionylation mediated by heterodimerization with pGST.
Proc Natl Acad Sci.101:3780-85.

Manson MM, Green JA, Driver HE (1987). Ethoxyquin alone
induces preneoplastic changes in rat kidney while preventing
induction of such lesions in liver by aflatoxin B1.
Carcinogenesis(London). 8:723-728. 

Marie JP, Simonin G, Legrand O, Delmer A , Faussat AM, Lewis
AD, Sikic BI, Zittoun R (1995). Glutathione s-transferases π
,α , µ and mdr1 mRNA expression in normal lymphocytes
and chronic lymphocytic leukemia. Leukemia, 9:1742-1747.

Miyazaki M, Kohno K ,Saburi Y, Matsuo K, Ono M, Kuwano M,
Tsuchida S, Sato K, Sakai M, Muramatsu M (1990). Drug
resistance to cis-diamminedichloroplatinum in hamster ovary
cell lines transfected with glutathione s-transferase π gene.
Biochem Biophys Res Commun. 166:1358-1364.

Moffat GL, Mclaren AW, Wolf CR (1994). Involvement of Jun and
Fos proteins in regulating transcriptional activation of the
human Pi class glutathione S-transferase gene in multidrug-
resistanct MCF7 breast cancer cells. Biol Chem. 269:16397-
16402.

Mohammadi M, Allameh A, Khoursandi H (2000). Changes in glu-
tathione S-transferase activity and zearalenone content in sus-
ceptible and tolerant wheat heads inoculated with fusarium
graminearum, the causel agent of fusarium head scab. J
Science I.R. Iran. 11:175-180.

Mohammadzadeh GS, Nasseri Moghadam S, Rasaee MJ, Zaree
AB, Mahmoodzadeh H, Allameh A (2003). Measurment of
glutathione s-transferase and its class-π in plasma and tissue
biopsies obtained after laparascopy and endoscopy from sub-
jects with esophagus and gastric cancer. Clin Biochem.
36:283-8.

Mohammadzadeh, GS., Yaghmaie b, Allameh A, Hassani P,
Noorinayer B, Zali MR (2005). Polymorphisms of glutathione
S-transferase M1,T1, and P1 in patients with HBV-related
liver cirrhosis, chronic hepatitis, and normal carriers. Clin
Biochem. 39:46-49.

Monden N, Abe S, Sutoh I, Hishikawa Y, Kinugasa S, Nagasue N.
(1997). Prognostic significance of the expressions of metal-
lothionein, glutathione-S-transferase-pi, and P-glycoprotein
in curatively resected gastric cancer. Oncology, 54:391-9.

Moore MA, Nakagawa K, Satoh K, IshikawaT, Sato K (1987).

IRANIAN JOURNAL of BIOTECHNOLOGY, Vol. 4, No. 1, January 2006

13



Single GST-P positive liver cells-putative initiate hepatocytes.
Carcinogenesis (London). 8:483-6.

Moorghen M, Cairns J, Forrester LM, Hayes JD, Hall A, Cattan
AR, Wolf CR, Harris AL (1991). Enhanced expression of glu-
tathione S-transferases in colorectal carcinoma compared to
non-neoplastic mucosa. Carcinogenesis. 12:13-7.

Morita S, Yano M, Tsujinaka T, Ogawa A, Taniguchi M, Kaneko K
(1999). Genetic polymorphism of drug-metabolizing enzymes
and susceptibility to head-and-neck squamous-cell carcino-
ma. Int J Cancer. 80:685-688.

Morita S, Yano M, Tsujinaka T, Ogawa A, Taniguchi M, Kaneko K,
Shiozaki H, Doki Y, Inoue M, Monden M (1998). Association
between genetic of glutathione s-transferase P1 and N-acetyl-
transferase 2 and susceptibility to squamous-cell carcinoma of
the esophagus. Int J Cancer. 79:517-520.

Morrow CS, Cowan KH, Goldsmith ME (1989). Structure of the
human genomic glutathione S-transferase-pi gene. Gene,
30:75:3-11. 

Morrow CS, Smitherman PK, Townsend AJ (2000). Role of mul-
tidrug-resistance protein 2 in glutathione S-transferase P1-1-
mediated resistance to 4-nitroquinoline 1-oxide toxicities in
HepG2 cells. Mol Carcinog. 29:170-8.

Moscow JA, Fairchild CR, Madden Mj, Ransom DT, Wieand HS,
O’ Brien EE, Poplack DG, Cossman J, Myers CE, Cowan KH
(1989). Exprssion of anionic glutathione s-transferase and p-
glycoprotein genes in human tissues and tumors. Cancer Res.
49:1422-1428.

Moscow JA, Townsend AJ, Cowan KH (1989). Elevation of π
class glutathione s-transferase activating in human breast can-
cer cells by transfection of the GST π gene and its effect on
sensivity to toxins. Mol Pharmacol. 36:22-28.

Nakayama M, Gonzalgo ML, Yegnasubramanian S, Lin X, De
Marzo AM, Nelson WG (2004). GSTP1 CpG island hyperme-
thylation as a molecular biomarker for prostate cancer. J Cell
Biochem. 91: 540-52.

Narasaki F, Matsuo I, Ikuno N, Fukada M, Soda H, Oka M (1996).
Multidrug resistance -associated  protein (MRP) gene expres-
sion in human lung cancer. Anticancer Res. 16:2079-2082.

Nickel R, Haider A, Sengler C, Lau S, Niggemann B, Deichmann
KA, Wahn U, Heinzmann A, MAS-Study Group (2005).
Association study of Glutathione S-transferase P1 (GSTP1)
with asthma and bronchial hyper-responsiveness in two
German pediatric populations. Pediatr Allergy Immunol.
16:539-41.

Niitsu Y, Takahashi Y, Saiot T, Hirata Y, Arisato N, Maruyama H,
Kohgo Y, Listowsky I (1989). Serum glutathione s- trasferase
π as a tumor marker for gastrointestinal malignancies.
Cancer. 63:317-323. 

Nuccetelli M, Mazzetti AP, Rossjohn J, Parker MW, Board P,
Caccuri AM, Federici G, Ricci G, Lo Bello M (1998). Shifting
substrate specificity of human glutathione transferase (from
class Pi to class alpha) by a single point mutation. Biochem
Biophys Res Commun. 252:184-189. 

Oh JM, Kim SH, Suh CH, Nahm DH, Park HS, Lee YM, Lee JH,
Park CS, Shin HD (2005). Lack of association of glutathione
S-transferase P1 Ile105Val polymorphism with aspirin-intol-
erant asthma. Korean J Intern Med. 20:232-6.

Okuda A, Sakai M, Muramatsu M (1987). The structure of the rat
glutathione S-transferase P gene and related pseudogenes. J
Biol Chem. 262:3858-63.

Osada S, Daimon S, Ikeda T, Nishihara T,Yano K,Yamasaki M,
Imagawa  M (1997). Nuclear factor 1 family proteins bind to
the silencer element in the rat glutathione transferase P gene.

Biochem J. 121:355-363.
Park JY, Schantz SP, Stern JC, Kaur T, Lazarus P (2000).

Association between glutathione S-transferase pi genetic
polymorphisms and oral cancer risk. Pharmacogenetics,
10:371.

Peters WHM, Roelofs HMJ, Hectors MP, Nagengast FM, Jansen
JB (1993). Glutathione and glutathione s-transferases in
Barrette’s epithlium. Br J Cancer. 67:1413-1417.

Prohaska JR, Ganther HE (1977). Glutathione peroxidase activity
of glutathione s-transferases purified from rat liver. Biochem
Biophys Res Commun. 76:437-445.

Pu YS, Tsai TC, Cheng AL, Tsai CY, Tseng NF (1996). Expression
of MDR-1 gene in transitional cell carcinoma and its correla-
tion with chemotherapy response. J Urol. 156:271-275.

Rasmi Y, Allameh A, Nasseri-Moghaddam S, Forouzandeh-
Moghadam M, Hedayati M (2006). Comparison of glu-
tathione S-transferase-Pi expression at mRNA levels in
esophageal mucosa using RT-PCR-ELISA in individuals with
reflux diseases, adenocarcinoma, and squamous cell carcino-
ma. Clin Biochem. 39: 997-1001.

Rebbeck TR (1997). Molecular epidemiology of the human glu-
tathione s-transferase genotypes GSTM1 And GSTT1 in can-
cer susceptibility. Cancer Epidemol Biomark Prev. 6:733-
743.

Ruscoe JE, Rosario LA, Wang T, Gaté L, Arifoglu P, Wolf CR,
Henderson CJ, Ronai Z, Tew KD (2001). Pharmacologic or
genetic manipulation of glutathione S-transferase P1-1
(GSTπ) in- fluences cell proliferation pathways. J Pharmacol
Exp Ther. 298:339-45.

Saarikoski ST , Voho A, Reinikairen M, Anttila S , Karjalainen A,
Malaveille C, Vainio H, Husgafvel-Pursiainen K, Hirvonen A
(1998). Combined effect of polymorphism GST genes on
individual susceptibility to lung cancer. Int J Cancer. 77:516-
521.

Sakai M, Okuda A, Muramatsu M (1988). Multiple regulatory ele-
ments and phorbol 12-O-tetradecanoate 13-acetate respon-
siveness of the rat placental glutathione transferase gene. Proc
Natl Acad Sci. 85:9456-60.

Sakai M, Matsushima-Itibiya Y, Nishizawa M, Nishi S (1995).
Suppression of rat glutathione transferase P expression by
peroxisome proliferators: interaction between Jun and perox-
isome proliferators-activated receptor alpha. Cancer Res.
55:5370-5376.

Sato K (1988). Glutathione S-transferases and hepatocarcinogene-
sis. Jpn J Cancer Res (Gann). 76:556-572.

Sato K, Kitahara A, Yin Z, Waragai F, Nishimura K, Hatayama I,
Ebin T, Yamazaki T, Tsuda H, Ito N (1984). Induction by
butylated hydroxyanisole of specific molecular forms of glu-
tathione S-transferase and UDP-glucoronyltransferase and
inhibition of development of  γ-glutamyl transpeptidase-posi-
tive foci in rat liver. Carcinogenesis, 5:473-477.

Satoh K, Hatayama I, Tateoka N, Tamai k, Shimizu T, TatematsuM,
Ito N, Sato K (1989). Transient induction of single GST-P
positive hepatocytes by DEN. Carcinogenesis. 10:2107-11.

Satoh K, Hatayama I, Tateoka N, Tamai k, Shimizu T, TatematsuM,
Ito N, Sato K (1989). Transient induction of single GST-P
positive hepatocytes by DEN. Carcinogenesis, 10:2107-11. 

Satoh K,  Itoh K,Yamamoto M, Tanaka M, Hayakari M, Okawa O
(2002). Nrf2 transactivator-independent GST-P1-1 positive
single cells in female mouse liver by DEN:a preneoplastic
character of possible initiated cells. Carcinogenesis, 23:457-
462

Satoh K, Kitahara A, SomaY, Inaba Y, Hatayama C, Sato K (1985).

Kazemnejad et al.

14



Purificaion,induction and distribution of placental glutathione
transferase a new marker enzyme for pre neoplastic cells in
rat chemical hepatocarcinogenesis. Proc Natl Acad Sci.
82:3964-3968.

Saxena M, Allameh A, Mukerji KG, Raj HG (1991). Epoxidation
of aflatoxin B1 by Aspergillus flavus microsomes in vitro:
interaction with DNA and formation of aflatoxin B1-glu-
tathione conjugate. Chem Biol Interact. 78:13-22.  

Schipper DI, Wagenmans MJ, Peters WH, Van Haelst U, Wobbes
T, Verhofstad AA, Wagener DJ (1996). Glutathione S-trans-
ferases in gastric carcinomas and in adjacent normal gastric
epithelium: immunohistochemical and biochemical analyses.
Anticancer Res. 16(6B):3721-4.

Schulz WA, Hatina J (2006). Epigenetics of prostate cancer:
beyond DNA methylation J Cell Mol Med. 10, 1:100-125.

Sheehan D, Meade G, M. Foley Vand A.Dowd C (2001). Structure,
function and evolution of glutathione transferases: implica-
tions for classification of non-mammalian members of an
ancient enzyme superfamily. Biochem J. 360 1-16.

Shen H, Ranganathan S, Kuzmic S, Tew KD (1995). Influence of
ethacrynic acid on glutathione S-transferase pi transcript and
protein half-lives in human colon cancer cells. Biochem
Pharmacol. 12:50:1233-8. 

Shigeki T, Kiyomi S (1992). Glutathione transferases and cancer.
Clin Rev Biochem Mol Biol. 27:337-384.

Shimizu K, Toriyama F, Zhang HM, Yoshida H (1995). The
expression of placental-type glutathione S-transferase (GST-
Pi) in human cutaneous carcinoma in situ, that is, actinic ker-
atosis and Bowen’s disease, compared with normal human
skin. Carcinogenesis. 16:2327-30.

Sies H, Shea TC, Claflin G, Comstoch KE, Sanderson BjS,
Burstein  NA, Keenan EJ, Mannervik B, Henner Wd (1990).
Glutathione transferase activaty and isoenzyme composition
in primary human breast cancer. Cancer Res. 50:6848-6853.

Stammler G, Sauerbrey A, Volm M (1995). Messenger RNA
expression of resistance factors and their lymphoblastic
leukemia. Cancer lett. 89:129-135.

Steisslinger HW, Pfleiderer G (1988). Acidic and basic forms of
glutathione S-transferases from human placenta and compar-
ision with human kidney glutathione S-transferase. Enzyme
40:1-6.

Stoehlmacher J, Park DJ, Zhang W,Groshen S, Tsao-Wei DD, Yu
MC, Lenz HJ (2002). Association between glutathione
Stransferase P1, T1, and M1 genetic polymorphism and sur-
vival of patients with metastatic colorectal cancer. J Natl
Cancer Inst. 94:936-42.

Strange RC, Howie AF, Huma R, Matharoo B, Hiley C, Jones P,
Beckett GJ (1989). The development expression of alpha-,
mu- and pi-class glutathione S-transferases in human liver.
Biochim Biophys Acta. 8:186-90. 

Sundburg K, Johansson AS, Stenberg G, Widersten M, Seidel A,
Mannervik B,  and Jernstrom B (1998). Differences in the cat-
alytic efficiencies of allelic variants of glutathione transferase
P1-1 towards carcinogenic diol epoxides of polycyclic aro-
matic hydrocarbons. Carcinogenesis 19:433-436.

Sutoh I, Kohno H, Nakashima Y, Hishikawa Y, Tabara H,
Tachibana M, Kubota H, Nagasue N (2000). Concurrent
expressions of metallothionein, glutathione S-transferase-pi,
and P-glycoprotein in colorectal cancers. Dis Colon Rectum.
43:221-32.

Sweeney C, Mc Clure GY, Fares MY, Stone A, Coles BF,
Thompson PA, Korourian S, Hutchins LF, Kadlubar FF,
Ambrosone CB (2000). Association between survival after

treatment for breast cancer and glutathione S-transferase P1
Ile105Val polymorphism. Cancer Res. 60:5621-5624.

Tan KH, Meyer DJ, Coles B and Ketterer BT (1986). Thymine
hydroperoxide, a substrate for rat se-dependent glutathione
peroxidase and glutathione transferases isoenzymes. FEBS
Lett. 207-231.

Tatematsu M, Mera Y, Inove T, Satoh K, Sato K, Ito N (1988).
Stable phenotypic expression of glutathione s-transferase pla-
cental type and unstable phenotypic expression of  γ-glu-
tamyl-transferase in rat liver preneoplastic and neoplastic
lesion .Carcinogenesis, 9:215-220.

Tatematsu M, Mera Y, Ito N, Satoh K, Sato K (1985). Relative
merites of immunohistochemical demonstrations of placental,
A,B and C forms of glutathione S-transferase and histochem-
ical demonstration of  gama-glutamyl transferase as markers
of altered foci during liver carcinogenesis in rat.
Carcinogenesis(London). 6:1621-1626.

Tew KD (1989). The involvement of glutathione S-transferase in
drug resistance. Anticancer Drug. 191:103-109.

Thumavit W, Tatematsu M, Ogiso T, Mera ZY, Tsuda H, Ito N
(1985). Dose-dependent effects of butylatedhydroxyanisole,
butylated hydroxytoluene and ethoxyquin I induction of foci
of rat liver cells containing the placenta forms of glutathione
S-transferase. Cancer Lett. 27:295-300.

To-Figueras J, Gene M, Gomez-Catalan J, ique E, Borrego N,
Carrasco JL, Ramon J, Corbella D (1999). Genetic polymor-
phism of glutathione S-transferase P1 geng and lung cancer
risk. Cancer Causes Control. 10:65-70

Tsuchida S, Sato K (1992). Glutathione transferase and cancer.
Biochem Mol Biol. 27:337-384.

Tsuchida S, Sekine Y, Shineha R, Nishihira T, Sato K (1989).
Elevation of the placental glutathione s-transferase (GST-Pi)
in tumor tissues and the levels in sera of paitents with cancer.
Cancer Res. 5225-5229.

Van Zanden JJ, Geraets L, Wortelboer HM, Van Bladeren PJ,
Rietjens IMCM, Cnubben NHP (2004). Structural require-
ments for the flavonoid-mediated modulation of glutathione
s-transferase P1-1 and GS-X pump activity in MCF7 breast
cancer cells. Biochem Pharmol. 67:1607-1617

Veal EA, Toone WM, Jones N, Morgan BA (2002). Distinct roles
for glutathione S-transferases in the oxidative stress response
in Schizosaccharomyces pombe. J Biol Chem. 277:35523-
35531. 

Vester U, Kranz B, Zimmermann S, Buscher R, Hoyer PF (2005).
The response to cyclophosphamide in steroid-sensitive
nephrotic syndrome is influenced by polymorphic expression
of glutathion-S-transferases-M1 and -P1. Pediatr Nephrol.
20:478-81. 

Vijayalakshmi K, Vettriselvi V, Krishnan M, Shroff S,
Vishwanathan KN, Jayanth VR, Paul SF (2005).
Polymorphisms at GSTM1 and GSTP1 gene loci and risk of
prostate cancer in a South Indian population. Asian Pac J
Cancer Prev. 6:309-14.

Watson MA, Stewart RK, Smith GBJ, Massey TE, Bell DA (1998).
Human glutathione S-transferase P1 polymorphisms: rela-
tionship to lung tissue enzyme activity and population fre-
quency distribution. Carcinogenesis. 19:275-280.

Waxman DJ (1990). Glutathione S-transferase  role in alkylating
agent resistance and possible target for modulation
chemotherapy. Cancer Res. 50:6446-6450.

Welfare M, Monesola AA, Bassendine MF, Daly AK (1999).
Polymorphism in GSTP1,GSTM1 and GSTT1 and suscepti-
bility to colorectal cancer. Cancer Epidemiol Biomarkers

IRANIAN JOURNAL of BIOTECHNOLOGY, Vol. 4, No. 1, January 2006

15



Prev. 8:289-292.
Yuan XJ, Gu LJ, Xue HL, Tang JY, Zhao JC, Chen J, Wang YP,

Chen J, Pan C, Song DL (2003). The gene mutation of GST-
Pi exon5 is one of the potential vulnerable factors in leukemo-
genesis of the Chinese children. Zhonghua Yi Xue Za Zhi.
10:1863-6. 

Zimniak P, Nanduri B, Pikula S, Bandorowics-Pikula J, Singhal S,
Srivastava SK, Awashthi S, Awasthi YC (1994). Naturally

occurning human glutathione S-transferase GSTP1-1 iso-
forms with isoleucine and valine in position 105 differ in
enzymatic properties. Eur J Biochem. 224:893-899.

Zusterzeel PL, Peters WH, De Bruyn MA, Knapen MF, Merkus
HM, Steegers EA (1999). Glutathione S-transferase isoen-
zymes in deciduas and placenta of pre-eclamptic pregnancies.
Obstet Gynecol. 94:1033-8.

Kazemnejad et al.

16


