
1. GSH functions as substrate in the thiol-disulfide exchange 
reactions



Thioredoxins



2-Cys peroxyredoxins



1-Cys peroxyredoxins





2. GSH as substrate in conjugating activity  of many toxic compounds



GSTsGSTs

1. A well known function of GSTs is to promote the conjugation of the 
sulfur atom of glutathione to an electrophilic center of endogenous 
and exogenous toxic compounds, thereby increasing their solubility 

and excretion 
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2. Catalytic mechanism

E + GSH = E-GS- + H+ ↔ E-GS--RX + H+ ↔ E-GSR-X- + H+ ↔ E + GSR + HX
+RX

3. The GSH molecule binds to the active site as thiolate anion



Conjugation of CDNB for glutathione 
transferase activity

The nuclephilic addition proceeds
through the formation of an unstable
intermediate: the Sigma complex, or 

Meisenheimer complex) and then of the 
stable product dinitrophenylglutathione

(DNP-SG).



Livelli di difesa multipli contro le specie reattive dell’ O2



3. De novo synthesis of GSH





4. Regulation of the GSH synthetic genes

A large number of compounds, including 
those forming GSH conjugates and those 

generating oxygen species have been 
shown to induce GSH biosynthesis 

through increased transcription of GCL,  
mediated by transcription factors such 

as:
1. Sp-1, activator protein-1 (TRE)

2. TRE-like (AP-2)
3. Nuclear factor kappa B (kB)

4. Antioxidant responsive element (ARE)



• GCL appears to be rate limiting in GSH 
biosynthesis and is subjected to feed-back 
inhibition of GSH

• It is composed by two different subunits: one 
heavy (73 kDa) (the catalytic subunit and one 
light (30 kDa) the regulatory subunit.

• The two subunits communicate through 
hydrophobic and covalent (disulfide bond) 
interactions.

• The subunits are subject to tissue-specific 
expression (very high in the kidney)

• There are possible variations in the amounts of 
either GCL subunit



• GS (glutathione synthetase) is not subject to any 
regulation but to tissue-specific expression and it 
has been proposed that in the presence of a 
high activity of gamma GT (gamma-glutamyl
transpeptidase) GSH synthesis can take place 
without GSL. This would require the transfer of 
γ-glutamyl to cystine, the import of γ-
glutamylcystine, the reduction of disulfide to γ-
glutamylcysteine and the ultimate step of the 
addition of glycine.



Cellular adaptation to environmental factors by variation of GSH content



Glutathione transferases (GSTs, EC 2.5.1.18) are grouped 
in three distinct superfamilies of enzymes:

1) The first superfamily is composed of cytosolic
enzymes, further divided into at least twelve classes. All 
they share a common fold topology.

2) The second is composed of mitochondrial enzymes 
which are only distantly related to the cytosolic enzymes

3) The third  most recent superfamily is composed of 
microsomal enzymes (MAPEG) with six representative 
members. They are primarily involved in the biosynthesis of 

leukotrienes and prostanoids.



All soluble GSTs
are dimers
and adopt a 

canonical fold 
in the monomer

There are, however, 
slight differences

which can be
considered the 

structural basis for
the substrate

specificity
among the classes

Different classes of the GST cytosolic superfamily



GSTs can be considered as multi-functional enzymes
devoted to various aspects of cell defence. 

• The Alpha class also displays a peroxidase activity with organic 
peroxides 

• A possible role of "ligandins" (ligand carriers) has been proposed 
long time ago

• The regulation of Jun kinase protein (a stress-activated protein 
which phosphorylates c-Jun) may be mediated by GST P1-1

• Certain GSTs (class Theta) may inhibit the proapoptotic action of 
Bax  

• The most recently discovered class Omega, GST O1-1, modulates 
calcium channels  thus protecting mammalian cells from apoptosis
induced by Ca++ mobilization 



Reactions catalyzed by GSTs



METABOLISM OF XENOBIOTICS BY GST
Detoxification through the Mercapturic Acid Pathway

• It is important to recognize that GST enzymes are part of an 
integrated defense strategy, and their effectiveness depends on the 
combined actions of, on one hand, glutamate cysteine ligase and 
glutathione synthase to supply GSH and, on the other hand, the actions 
of transporters to remove glutathione conjugates from the cell.

• Exogenous substrates for soluble GST include drugs, industrial 
intermediates, pesticides, herbicides, environmental pollutants, and 
carcinogens such as:

• adriamycin, chlorambucil, cis-platin, cyclophosphamide, ethacrynic
acid, melphalan, mitozantrone, and thiotepa are detoxified by GST 

• Environmental chemicals and their metabolites detoxified by GST
include acrolein, atrazine, DDT, inorganic arsenic, lindane, 
malathion, methyl parathion, muconaldehyde, and tridiphane.



Detoxification through the Mercapturic Acid 
Pathway

• A large number of epoxides, such as the antibiotic fosfomycin and 
those derived from environmental carcinogens, are detoxified by 
GST. 

• The latter group includes epoxides formed from aflatoxin B1, 1-
nitropyrene, 4-nitroquinoline, polycyclic aromatic hydrocarbons 
(PAHs), and styrene by the actions of cytochromes P450 in the liver, 
lung, gastrointestinal tract, and other organs.

• Conjugation of aflatoxin B1-8,9-epoxide with GSH is a major 
mechanism of protection against the mycotoxin, at least in rodents. 

• The PAHs are ubiquitous, found in cigarette smoke and automobile 
exhaust fumes, and represent an ever-present threat to 
health.Those that are metabolized by GST include ultimate 
carcinogenic bay- and fjord- region diol epoxides produced from 
chrysene, methylchrysene, benzo[c]chrysene, benzo[g]chrysene, 
benzo[c]phenanthrene, benzo[a]pyrene, dibenz[a,h]anthracene,and
dibenzo[a,l]pyrene .



Bioactivation of Xenobiotics by GST

• Conjugation of foreign compounds with GSH almost always leads 
to formation of less reactive products that are readily 
excreted. In a few instances, however, the glutathione 
conjugate is more reactive than the parent compound. Examples 
of this phenomenon are short-chain alkyl halides that contain 
two functional groups. Conjugation of GSH with the solvent 
dichloromethane results in the formation of the highly unstable 
S-chloromethylglutathione, which still contains an electrophilic
center capable of modifying DNA.

• Allyl-, benzyl-, phenethyl-isothiocyanates, and sulforaphane
are moderately toxic compounds that are formed from plant 
glucosinolates. They are reversibly conjugated by GST with GSH 
to yield thiocarbamates. Following export from cells via MRP1 or 
MRP2, thiocarbamates spontaneously degrade to their 
isothiocyanates, liberating GSH.





METABOLISM OF ENDOGENOUS COMPOUNDS BY 
GST

Detoxification of Products of Oxidative Stress
• The production of reactive oxygen species, the superoxide anion O−2 , 

hydrogen peroxide H2O2, and the hydroxyl radical HO•, from partially 
reduced O2 is an unavoidable consequence of aerobic respiration. Free 
radicals primarily arise through oxidative phosphorylation, although 5-
lipoxygenase-, cyclooxygenase-, cytochrome P450-, and xanthine oxidase–
catalyzed reactions are also a source 

• Such species are scavenged by the catalytic activities of superoxide
dismutase, catalase, and glutathione peroxidase and non 
enzymatically by α-tocopherol, ascorbic acid, GSH, and bilirubin.
Despite these antioxidant defenses, reactive oxygen species inflict damage 
on membrane lipid, DNA, protein, and carbohydrate. Oxidation of these 
macromolecules gives rise to cytotoxic and mutagenic degradation products 

• . Thus, although O−2 can damage DNA directly, it can also damage DNA 
indirectly through the production of these reactive secondary metabolites. 
Aldehyde dehydrogenase, alcohol dehydrogenase, aldo-keto
reductase, GST, and Se-dependent glutathione peroxidase (GPx) are 
some of the enzyme systems that protect against the by-products of 
oxidative stress.



Detoxification of Products of Oxidative Stress

• Free radical-initiated peroxidation of polyunsaturated fatty acids in 
membranes is a particular problem as it results in chain reactions that serve to 
amplify damage to lipids. The process produces short-lived lipid hydroperoxides
that breakdown to yield secondary electrophiles, including epoxyaldehydes, 2-
alkenals, 4-hydroxy-2-alkenals, and ketoaldehydes, some of which are genotoxic. 
Among the end-products of lipid peroxidation, GSTs conjugate GSH with the 2-
alkenals acrolein and crotonaldehyde, as well as 4-hydroxy-2-alkenals of 
between 6 and 15 carbon atoms in length; conjugation of GSH with the (S) 
enantiomer of 4-hydroxynonenal is favored over the (R) enantiomer. 

• The 1-cys peroxiredoxin, Prx VI, defends against cellular 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 GST reactivates oxidized Prx VI through 
glutathionylation followed by reduction of the mixed disulfide. Through this 
process, GST may indirectly combat oxidative stress by restoring the activity of 
oxidized Prx VI. 

• Oxidation of nucleotides yields base propenals, such as adenine propenal, and 
hydroperoxides that are detoxified byGST.

• Oxidation of catecholamines yields aminochrome, dopachrome, 
noradrenochrome, and adrenochrome that are harmful because they can 
produce O−2 by redox cycling. 



The 1-cys peroxiredoxin, Prx VI, defends against cellular 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 GST reactivates oxidized Prx VI through glutathionylation
followed by reduction of the mixed disulfide. Through this process, GST may 

indirectly combat oxidative stress by restoring the activity of oxidized Prx VI. 



Oxidation of nucleotides yields base propenals and hydroperoxides that are 
detoxified by GST.



Oxidation of nucleotides yields base propenals, such as adenine 
propenal, and hydroperoxides that are detoxified by GST.



Degradation of Aromatic Amino Acids

• In mammals, phenylalanine is 
degraded to acetoacetate and 
fumaric acid. The five 
intermediates are tyrosine, 4-
hydroxyphenylpyruvate, 
homogentisate, 
maleylacetoacetate, and 
fumarylacetoacetate. The 
cytosolic class Zeta GST has 
been identified as a 
maleylacetoacetate isomerase, 
and therefore catalyzes the 
penultimate step in the 
catabolism of phenylalanine and 
tyrosine.



GST and Eicosanoids: Synthesis and 
Inactivation

• Glutathione transferases contribute to the biosynthesis of pharmacologically 
important metabolites of arachidonic acid. Although early studies suggested that 
many GST catalyze the isomerization of PGH2 to a mixture of PGD2 and PGE2,or 
reduce it to PGF2α, it is now clear that certain transferases exhibit remarkable 
specificity for some of these reactions. The identification of mammalian GSH-
dependent prostaglandin D2 synthase as a cytosolic GST serves as an excellent 
paradigm in this regard (63, 64). This observation is of particular interest as the 
enzyme contributes not only to PGD2 production but also to formation of the 
downstream cyclopentenone prostaglandin, 15-deoxy-_12,14-prostaglandin J2 
(15d-PGJ2), which possesses distinct biological activities. Cytosolic transferases
expressed in human brain exhibit PGE2 synthase activity (65). In addition to the 
cytosolic GST, members of the MAPEG family make major contributions to 
production of PGE2 (8), whereas a membrane-bound GSH-activated enzyme has 
been shown to possess PGF2α synthase activity (66). Prostaglandins and 
isoprostanes containing a cyclopentenone ring also represent GST substrates in 
glutathione-conjugation reactions (Figure 2) (67). This modification facilitates 
the elimination of these eicosanoids from the cell viaMRP1 and MRP3 
transporters (68).

• Leukotrienes (LTs) are another group of eicosanoids formed from arachidonic
acid. MAPEGs are critically involved in their synthesis because one member 
uniquely activates 5-lipoxygenase, whereas several others catalyze the formation 
of LTC4.



Modulation of Signaling Pathways by GST



Human Glutathione Transferase
P1-1

dimer monomer

Active site Alpha2 loop



All the ligands bind to the active site in a similar
fashion occupying the H-site



SUBSTRATE PREFERENCES OF HUMAN GLUTATHIONE 
TRANSFERASES**

• Family                         Class, enzyme                    Substrates of reaction

• Cytosolic Alpha,     A1-1                                                         ∆5-ADD, BCDE, BPDE, Busulfan,                         
• Chlorambucil, CDNB, Aflatoxin, B1, 8,9-
• epoxide, DBADE, DBPDE, BPhDE,    
• N-a-PhIP, CDNB, NBD-Cl, CuOOH
• Alpha,     A2-2                                                        CuOOH, DBPDE, CDNB, NBD-Cl
•
• Alpha,     A3-3                                                        ∆5-ADD, ∆5-pregnene-3,20-dione, DBPDE
• Alpha,    A4-4                                                         COMC-6, ethacrynic acid, 4-HNE, 4-

hydroxydecenal
• Alpha,     A5-5                                                         not done
• Cytosolic Mu,     M1-1                                                            CDNB, t-BPO, BPDE, CDE, DBADE,   
• transtilbene oxide, styrene-7,8-oxide
• Mu,     M2-2                                                          CDNB, COMC-6, DCNB, aminochrome,    
• dopa O-Quinone, DCNB, PGH2→PGE2
• Mu,     M3-3                                                          CDNB, BCNU, PGH2→PGE2 , H2O2
• Mu,     M4-4                                                          CDNB
• Mu,     M5-5                                                           low for CDNB
• Cytosolic Pi,         P1-1                                                          acrolein, base propenals, BPDE, CDE,
• Chlorambucil, COMC-6, EA, Thiotepa, 
• CDNB, benzylisothiocianate
•
• Cytosolic Sigma,     S1-1                                                       PGH2→PGD2
• Cytosolic Theta,     T1-1                                                       BCNU, butadiene epoxide, CH2CL2,
• EPNP, ethylene oxide, dibromoethane
• Theta,     T2-2                                                      CuOOH, menaphtyl sulphate



SUBSTRATE PREFERENCES OF HUMAN GLUTATHIONE 
TRANSFERASES**

• Family Class, enzyme                Substrates of reaction

• Cytosolic Zeta,     Z1-1                                                             dichloroacetate, fluoroacetate, 
• 2-chloropropionate, malelyacetoacetate
• Cytosolic Omega,     O1-1                                                         monomethylarsonic acid, 
• Dehydroascorbic acid 
• Omega,     O2-2                                                        dehydroascorbic acid  
• Mitochondrial                         Kappa,     K1-1                                                           CDNB, CuOOH, (S)-15-hydroperoxy-
• 5,8,11,13-eicosatetraenoic acid
• MAPEG                                   gp I,     MGST2         CDNB, LTA4→LTC4, (S)- 5-hydroxy
• 8,11,14-cis-6-trans-eicosatrenoic acid
• gp I,     FLAP                                                    non enzymatic binding of arachidonic acid  
•
• gp I,     LTC4S                                                   LTA4→LTC4
• MAPEG                                    gp II,     MGST3                                                  CDNB LTA4→LTC4, (S)-5-hydroperoxy-
• 8,11,14-cis-6-trans-eicosatrenoic acid
• MAPEG                                    gp IV,     MGST1                                                  CDNB*, CuOOH, hexachlorobuta-
• 1,3-diene, NDBCl
• gp IV,     PGES1                                                  PGH2→PGE2
•
•
•
• * Activity increased by treating enzyme with N-ethylmaleimide.
• A systematic study of all these enzymes towaerd substrates has not been undertaken, and therefore it is not possible to define 

relative activities towards the compounds listed. These data are taken from papers cited in the text.
• ** Abbreviations: ∆5-ADD, ∆5-androstesne-3,17-dione; BCDE, benzo[g]chrysene diol epoxide; BCNU, 1,3-bis(2-chloroethyl)-1-

nitrosourea; BDPE,  benzo[a]pyrene diol epoxide; BPhDE, benzo[c]phenanthrene diol epoxide; COMC-6, crotonyloxymethyl-2-
cyclohexenone; DBADE, dibenz[a,h]anthracene diol epoxide; DBPDE, dibenzo[a,l]pyrene diol epoxide; EPNP, 1,2-epoxy-3-(p-
nitrophenoxy)propane; N-a-PhIP, N-acetoxy-2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine.                                           









Mitochondrial GST

• The mammalian mitochondrial class Kappa GST isoenzymes are dimeric
and comprise subunits of 226 amino acids. Mouse, rat, and human 
possess only a single Kappa GST.  Molecular cloning and crystallography 
of the mitochondrial GST have provided definitive evidence that it 
represents a distinct type of transferase. The three-dimensional fold 
of Kappa is more similar to bacterial 2-hydroxychromene-2-carboxylate 
isomerase, a GSH-dependent oxidoreductase that catalyzes conversion 
of 2-hydroxy-chromene-2-carboxylate to trans-O-hydroxy-
benzylidenepyruvate, and to prokaryotic disulfide-bond-forming DsbA
and TcpG oxidoreductases, than to any of the cytosolic GST 
isoenzymes. As such, it has provided a new insight into the evolution of 
GST. 

• GST class Kappa has high activity for aryl halides, such as CDNB, and 
can reduce CuOOH and (S)-15-hydroperoxy-5,8,11,13-eicosatetraenoic 
acid. In view of its homology with 2-hydroxychromene-2-carboxylate 
isomerase, it will be interesting to establish whether GST Kappa can 
metabolize aromatic hydrocarbons, such as naphthalene.



Mitochondrial GST

• Although this transferase was originally isolated from 
mitochondria and is not present in cytoplasm, it has 
also been shown to be located in peroxisomes. The 
presence of GSTK1-1 in both organelles suggests it 
may be specifically involved in β-oxidation of fatty 
acids, either through its catalytic activity, some 
transport function, or interaction with a membrane 
pore. The process of targeting GST Kappa to 
mitochondria is unclear. It has been reported to 
associate with the Hsp60 chaperone, and a possible 
cleavage site for a mitochondrial presequence exists 
at the N-terminus. A peroxisomal targeting sequence 
(tripeptide ARL) has been identified in the C-
terminus of the human GSTK1 subunit.



Evolution of the GST Fold



• Evolution of the cytosolic enzymes appears to be 
through the addition of an all-helical domain after 
the thioredoxin βαβαββα structure.

• By contrast, the crystal structure of the 
mitochondrial isoform, GSTK1-1, provides clear 
evidence of a parallel evolutionary pathway, as the all-
helical domain responsible for binding of the second, 
electrophilic substrate appears to have been inserted
within the βαβαββα core after the βαβ motif.

• The resulting Kappa isoform is more similar in its 
secondary structure organization to the bacterial 
protein disulphide isomerase DsbA than to the 
cytosolic isomerases. 





Insertion or addition of all helical domain
into the first domain



MAPEG Enzymes

• These members of the GST superfamily constitute a unique 
branch where most of the members are involved in the 
production of eicosanoids. Throughout nature, a total of four 
MAPEG subgroups (I–IV) have been described, with proteins 
within a subgroup sharing >20% sequence identity. Six human 
MAPEGs have been identified, and these fall within subgroups I, 
II, and IV (8). The founding member of the MAPEG family, 
MGST1, was initially identified as a microsomal CDNB-
metabolizing enzyme that, in contrast to most cytosolic GST, 
can be activated by treatment with N-ethylmaleimide. Three 
further MAPEG members with roles in eicosanoid synthetic 
pathways were subsequently identified as leukotriene C4 
synthase (LTC4S), a microsomal transferase that conjugates 
leukotriene A4 with GSH; 5-lipoxygenase-activating protein 
(FLAP), an arachidonic acid-binding protein required for 5-
lipoxygenase to exhibit full activity; and prostaglandin E2 
synthase 1 (PGES1), which catalyses GSH-dependent 
isomerization of PGH2 to PGE2. 



MAPEG Enzymes

• Evidence suggests MGST1 functions solely as a detoxication
enzyme. By contrast, human MGST2 and MGST3 are capable of 
both detoxifying foreign compounds and synthesizing LTC4; in 
the rat, MGST3 is apparently unable to synthesize LTC4. FLAP 
does not have catalytic activity but binds arachidonic acid and 
appears to be essential for the synthesis of all leukotrienes
formed downstream of 5-lipoxygenase. LTC4S and PGES1 seem 
to make no contribution to detoxification, their catalytic actions 
being restricted to synthesis of LTC4 and PGE2, respectively.

• Determination of a 6 °A crystal structure for MGST1 has 
illustrated the homotrimeric quaternary structure of the 
enzyme, a quaternary structure also observed for the other 
subgroup IV enzyme PGES1.





Polymorphisms in Cytosolic GSTs

• Cytosolic GSTs display polymorphisms in humans, and this is likely 
to contribute to interindividual differences in responses to 
xenobiotics. The earliest studies in this area addressed the 
question of whether individuals lacking GSTM1-1 and/or GSTT1-1 
(i.e., are homozygous for GSTM1∗0 and/or GSTT1∗0 alleles) have a 
higher incidence of bladder, breast, colorectal, head/neck, and lung 
cancer.

• Following the discovery of allelic variants of GSTP1 that encode 
enzymes with reduced catalytic activity, the hypothesis that 
combinations of polymorphisms in class Mu, Pi, and Theta class GST 
contribute to diseases with an environmental component was 
examined by many researchers. 

• In general, it has been found that individual GST genes do not make 
a major contribution to susceptibility to cancer, although GSTM1∗0 
has a modest effect on lung cancer, GSTM1∗0 and GSTT1∗0 have a 
modest effect on the incidence of head and neck cancer, and 
GSTP1∗B influences risk of Barrett’s esophagus and esophageal
carcinoma. 



Polymorphisms in Cytosolic GSTs

• It is worth noting that a possible shortcoming of many studies into 
the biological effects of GSTM1∗0 and GSTT1∗0 is that only 
individuals who are homozygous nulled for these genes (−/−) have 
been identified. Invariably, individuals who are heterozygous (−/+) 
or homozygous (+/+) for the functional allele are not distinguished 
and analyzed separately. 

• As a consequence, the significance of being homozygous wild type
for GSTM1 and GSTT1 is seldom addressed. The benefit of such a 
genotype is probably underestimated in the literature because it is 
grouped together with the heterozygote genotype. A study that 
uses a novel assay to distinguish between −/−, −/+, and +/+ 
genotypes at the GSTM1 locus has revealed significant protection 
against breast cancer in homozygous +/+ individuals. An assay has 
been developed that can identify heterozygotes at the GSTT1 locus  
though useful medical applications remain to be established.



Polymorphisms in Cytosolic GSTs





Polymorphisms in Cytosolic GSTs

• By contrast with the weak affect that class Mu, Pi, and Theta GST 
polymorphisms have on tumorigenesis, a number of studies indicate 
that loss of these genes increase susceptibility to inflammatory
diseases, such as asthma and allergies, atherosclerosis, rheumatoid 
arthritis, and systemic sclerosis. 

• In addition to allelic variants in class Mu, Pi, and Theta GST, 
polymorphisms have also been identified in all the other classes of 
cytosolic GST. Class Alpha represents quantitatively a major group 
of transferases in the liver and these enzymes presumably influence 
substantially detoxification processes. It has been shown that both 
GSTA1 and GSTA2 are polymorphic, and the various alleles either 
influence the amount of protein synthesized or the activity of the 
encoded proteins. Further, GSTM4 and GSTT2 exhibit promoter 
polymorphisms that are of functional significance. It will be 
interesting to know whether polymorphisms in these genes influence 
not only susceptibility to degenerative disease but also efficacy of 
therapeutic drugs or adverse drug reactions.



CONSEQUENCE OF KNOCKOUT OF GST GENES

• Disruption of Mouse Cytosolic GST Genes
• Table 3 lists the mouse glutathione transferase

genes (data taken from 130–132). A number of 
these have been disrupted by homologous 
recombination. The gene knockout (KO) mice 
show altered sensitivity to xenobiotics, and they 
reveal that loss of certain GST isoenzymes
causes an upregulation of the remaining 
transferases.



CONSEQUENCE OF KNOCKOUT OF GST 
GENES

• CLASS ALPHA GST Homozygous nulled GSTA4 mice appear 
normal but are more susceptible to bacterial infection and 
display increased sensitivity to paraquat. The GSH-conjugating 
activity toward 4-HNE in this mouse line was reduced to 
between 23% and 64% of wild-type levels in the tissues 
examined, but it was particularly marked in brain, heart, kidney, 
and lung. 

• Substantial increases in 4-HNE and malondialdehyde were found 
in the livers of KO animals. 

• The livers and brain of GSTA4−/− mice contained increases in 
mRNA for GSTA1/2, GSTA3, GSTM1, catalase, superoxide
dismutases 1 and 2, and GPx1. 

• Activation of ARE-driven gene expression appears to be one of 
the mechanisms by which these genes are upregulated in GSTA4 
KO mice. Certainly, 4-HNE is a Michael reaction acceptor and 
many cancer chemopreventive blocking agents that induce GST 
can be included in this category of compound . 



CONSEQUENCE OF KNOCKOUT OF GST 
GENES

• It is therefore presumed that induction of transferases and antioxidant 
proteins in the mutant mice represents a compensatory response to increases in 
the intracellular levels of reactive aldehydes resulting from loss of GSTA4-4. 

• The GSTA4 subunit is induced in mice fed on diets containing the cancer 
chemopreventive agents α-angelicalactone, butylated hydroxyanisole, ethoxyquin, 
indole-3-carbinol, limettin, oltipraz, and sulforaphane . These data suggest the 
mouse GSTA4 gene contains an ARE. 

• Consistent with this hypothesis, we have found, using a bioinformatic search, 
that the 5_-upstream region of mouse GSTA4 contains the sequence 5_-
TGAGTCAGC-3_. This sequence closely resembles the 5_-TGAGTCGGC-3_ ARE 
in mouse NAD(P)H:quinone oxidoreductase 1 ; both differ from the prototypic 
core ARE, 5_-TGACnnnGC-3_ (137), in having a G rather than a C at nucleotide 
position 4 (shown underlined). Assuming this putative ARE in GSTA4 is 
functional, induction of the gene by 4-HNE is likely to be mediated by Nrf2.

• It is envisaged that increased concentrations of 4-HNE lead to modification of 
cysteine residues in Keap1, stabilization and nuclear accumulation of Nrf2, and 
increased synthesis of GSTA4-4 and glutathione levels, resulting in increased 
capacity to metabolize 4-HNE). 

• According to these predictions, mouse GSTA4-4 appears to comprise part of an 
autoregulatory homeostatic defense mechanism against lipid peroxidation
products. Another characteristic of the putative ARE in GSTA4 is that it 
contains an embedded 12-Otetradecanoylphorbol-13-acetate (TPA) response 
element and may therefore also be regulated by the c-Jun transcription factor; 



CONSEQUENCE OF KNOCKOUT OF GST 
GENES

• CLASS Mu GST A mouse line lacking GSTM5, which encodes the brain/testis 
specific transferase, has been generated, but no clear phenotype has been 
reported to date.

• CLASS Pi GST Mice lacking both GSTP1 and GSTP2 have been generated.
• Under normal conditions, the double gene knockout on 129MF1 or C57/BL6 

backgrounds had no obvious phenotype. At a biochemical level, the mutant mice 
demonstrated a complete lack of transferase activity toward ethacrynic acid in 
the liver. Although GSTP1-1 is quantitatively the principal transferase in male 
mouse liver, Western blotting failed to demonstrate compensatory increases in 
expression of hepatic GSTA1/2, GSTA3, and GSTM1 subunits in the double gene 
KO animals. However, livers from GSTP1/P2−/− mice have been reported to 
contain a higher activator protein-1 activity than livers from GSTP1/P2+/+ mice , 
a finding that is consistent with the hypothesis that class Pi GST inhibits JNK.

• In a skin tumorigenesis regimen, GSTP1/P2−/− mice yielded approximately 
threefold more papillomas using 7,12-dimethylbenzanthracene as initiator and 
TPA as promoter, demonstrating 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. 



CONSEQUENCE OF KNOCKOUT OF GST 
GENES

• CLASS SIGMA GST This class of GST encodes the hematopoietic, or GSH 
dependent, prostaglandin D2 synthase. Knockout of the gene for this enzyme 
results in generation of mice with an allergic reaction that is weaker than wild-
type mice.

• CLASS ZETA GST The murine GSTZ1 gene, encoding maleylacetoacetate
(MAA) isomerase (MAAI) has been disrupted on C57/BL6, 129SvJ, and BALB/c 
genetic backgrounds. Under normal dietary conditions, the GSTZ1−/− mice on 
C57/BL6 and 129SvJ backgrounds appeared healthy. However, rapid weight loss 
occurred when the mutant mice were provided with drinking water containing 2% 
phenylalanine, resulting in death between 5 and 50 days. By contrast, under 
normal dietary conditions, GSTZ1−/− mice on a BALB/c background showed 
enlargement of liver and kidney as well as splenic atrophy. When administered 
3% phenylalanine in the drinking water, the adult mutant BALB/c mice developed 
liver necrosis, macrovesicular steatosis, and a loss of circulating leucocytes. At a 
biochemical level, livers from GSTZ1−/− mice lacked activity toward 
maleylacetone and chlorofluoroacetic acid, suggesting there is no enzymatic 
redundancy for GSTZ1-1/MAAI activity. Large increases in 
fumarylacetoacetate, and modest increases in succinylacetone were observed in 
the urine of mutant mice. The latter metabolite was also observed in blood of 
GSTZ1−/− mice . The presence of fumarylacetoacetate in the urine of the KO 
mice suggests that this MAA metabolite can be formed in extrahepatic tissue by 
an alternative catabolic pathway 



CONSEQUENCE OF KNOCKOUT OF GST 
GENES

• The pathophysiological effects observed in the 
GSTZ1−/− animals were attributed to failure to eliminate 
either succinylacetone or other MAA-derived 
metabolites. The phenotype observed in the mutant mice 
was exacerbated by inclusion of phenylalanine in the 
diet.

• Hepatic detoxication and antioxidant enzymes are 
induced as a consequence of perturbations in tyrosine 
degradation in the GSTZ1−/− mice. The GSTA1/2, 
GSTM1, and GSTP1/2 subunits, as well as 
NAD(P)H:quinone oxidoreductase (NQO1), are 
increased in the livers of GSTZ1−/− mice fed on a 
control diet. 





It appears likely that succinylacetone, 
and possibly MAA or maleylacetone, are 
responsible for enzyme induction in 
these mice. It is noteworthy that certain 
metabolites that accumulate in the 
GSTZ1−/− mice are capable of modifying 
protein thiol groups. This feature infers 
that enzyme induction is a response to 
redox stress. It is not known whether the 
metabolite(s) that affects gene induction 
is also responsible for the pathological 
changes.



REGULATION OF GST BY ENDOGENOUS ELECTROPHILES
THROUGH THE Keap1/Nrf2 PATHWAY



Conclusions

• These are recent advances in knowledge about the transferases. 
The availability of gene KO models has given unprecedented 
insights into the in vivo functions of GST and MAPEG proteins. 

• These studies have demonstrated that cytosolic GST are an 
integral part of a dynamic and interactive defense mechanism 
that protects against cytotoxic electrophilic chemicals and 
allows adaptation to exposure to oxidative stress. They have 
antioxidant and antiinflammatory activities. 

• Similar investigations have shown MAPEG members contribute to 
inflammatory responses, although it is likely that some are also
involved in antioxidant defenses. 

• Further work is required to elucidate the biological functions of 
the mitochondrial class Kappa GST.



Conclusions

• Evidence suggests cytosolic GST metabolize many 
endogenous and foreign compounds that stimulate 
expression of the ARE-gene battery. Their catalytic 
actions therefore negatively regulate Nrf2 by protecting 
Keap1 from modification of those cysteines (C273 and 
C288) that are required to capture and destabilize the 
transcription factor. A most important consequence of 
this conclusion is that GST indirectly control the levels of 
other antioxidant and drug-metabolizing enzymes that are 
regulated through the Keap1/Nrf2 pathway. 

• In addition to phase I, phase II, and phase III 
detoxication proteins, GST will negatively regulate 
chaperones, ubiquitin-proteasome components, 
inflammation-associated proteins, and apoptosis-
associated proteins 


