ISSN 0006-2979, Biochemistry (Moscow), 2014, Vol. 79, No. 13, pp. 1562-1583. © Pleiades Publishing, Ltd., 2014.
Original Russian Text © E. V. Kalinina, N. N. Chernov, M. D. Novichkova, 2014, published in Uspekhi Biologicheskoi Khimii, 2014, Vol. 54, pp. 299-348.

REVIEW

Role of Glutathione, Glutathione Transferase, and Glutaredoxin
in Regulation of Redox-Dependent Processes

E. V. Kalinina*, N. N. Chernov, and M. D. Novichkova

Peoples’ Friendship University of Russia, ul. Miklukho-Maklaya 6,
117198 Moscow, Russia; E-mail: kevsan@orc.ru; elena.v.kalinina@gmail.com

Received July 17, 2014
Revision received August 10, 2014

Abstract—Over the last decade fundamentally new features have been revealed for the participation of glutathione and glu-
tathione-dependent enzymes (glutathione transferase and glutaredoxin) in cell proliferation, apoptosis, protein folding, and
cell signaling. Reduced glutathione (GSH) plays an important role in maintaining cellular redox status by participating in
thiol—disulfide exchange, which regulates a number of cell functions including gene expression and the activity of individ-
ual enzymes and enzyme systems. Maintaining optimum GSH/GSSG ratio is essential to cell viability. Decrease in the ratio
can serve as an indicator of damage to the cell redox status and of changes in redox-dependent gene regulation. Disturbance
of intracellular GSH balance is observed in a number of pathologies including cancer. Consequences of inappropriate
GSH/GSSG ratio include significant changes in the mechanism of cellular redox-dependent signaling controlled both
nonenzymatically and enzymatically with the participation of isoforms of glutathione transferase and glutaredoxin. This
review summarizes recent data on the role of glutathione, glutathione transferase, and glutaredoxin in the regulation of cel-

lular redox-dependent processes.
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For living cells, control of metabolism and processes
of cell development is of great importance. This is provid-
ed to a large extent by processes of thiol—disulfide
exchange. Thiol groups of cysteine residues are rather
important for the functioning of enzymes and processes
underlying the system of the cell response to environ-
mental factors and the transmission of the information
inside the cell (cell signaling). The main mechanism of
thiol-mediated redox control in cell metabolism is attrib-
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serine/threonine AMP-activated protein kinase; ARE, antioxi-
dant responsive element; ASKI1, apoptosis signal-regulating
kinase-1; BSO, buthionine sulfoximine; ERK, extracellular
signal-regulated kinase; y-GCL, y-glutamylcysteine ligase;
GPx, glutathione peroxidase; Grx, glutaredoxin; GS, glu-
tathione synthetase; GSH/GSSG, glutathione reduced/oxi-
dized; GST, glutathione S-transferase; y-GT, y-glutamyltrans-
ferase; JNK, c-Jun N-terminal kinase; LPO, lipid peroxida-
tion; MAPK, mitogen-activated protein kinase; mGSH, mito-
chondrial glutathione; nGSH, nuclear glutathione; OGC, 2-
oxyglutarate carrier; PARP, poly(ADP-ribose)polymerase; Prx,
peroxiredoxin; RNS, reactive nitrogen species; ROS, reactive
oxygen species; Trx, thioredoxin; TrxR, thioredoxin reductase.
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uted to the ability of the thiol groups to change reversibly
their redox state with subsequent alterations in conforma-
tional, catalytic, or regulatory functions of a protein. The
basis for the redox homeostasis that maintains the redox
state of protein thiol groups is the ratio of the reduced
(GSH) to oxidized (GSSG) glutathione, a peptide that is
present in most of cells in millimolar concentrations [1,
2].

Reduced glutathione (GSH) is a tripeptide consist-
ing of the amino acids L-glutamate, L-cysteine, and
glycine. It is less susceptible to oxidation compared to
cysteine, which makes it more suitable for maintaining
the intracellular redox potential. The importance of GSH
in the redox-dependent processes is determined by its
involvement in the regulation of cell redox-dependent
signaling and the activity of transcriptional factors.
Besides, this peptide is also an intracellular antioxidant
that scavenges free radicals, plays the role of the cosub-
strate in the reaction of peroxide detoxification catalyzed
by glutathione peroxidase (GPx) and glutathione trans-
ferase (GST), and reduces oxidized glutaredoxin (Grx),
which is necessary for the reduction of disulfides [3-5].
Maintenance of the GSH/GSSG ratio at the optimal
level is important for cell vitality. A decrease in the GSH
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content below the normal level may indicate the distur-
bance of cellular redox status and change in the redox-
dependent regulation of genes. Alteration of intracellular
GSH balance is observed in a number of pathologies
including malignant tumors [6]. S-Glutathionylation of
proteins is an important regulatory mechanism in bio-
chemical processes that implies reversible modification of
sulfhydryl groups of proteins by both nonenzymatic and
enzymatic mechanisms with the participation of GST
and Grx [7].

The combination of antioxidant properties with the
ability to activate transcription of genes including those of
the antioxidant enzymes and to inhibit redox-dependent
activation of apoptosis suggests a significant impact of
GST and Grx to the antioxidant defense system, which
increases the cell resistance to oxidative stress [8-10]. One
of the elements of the defense against oxidative stress is
GST, which exhibits high activity towards the products of
peroxide oxidation of DNA and lipids. Disulfides and
mixed disulfides are substrates of Grx, which plays a sig-
nificant role in thiol—disulfide exchange by regulating
among other factors the activity of transcriptional factors
and apoptosis. Isoforms of GST and Grx play a significant
role in the regulation of cell signaling by protein—protein
interactions with regulatory kinases controlling the cell
response to stress, proliferation, and induction of apopto-
sis.

The present review summarizes recent data on the
role of glutathione, glutathione transferase, and glutare-
doxin in the regulation of redox-dependent processes in
cells.

GLUTATHIONE. STRUCTURE
AND REDOX-DEPENDENT FUNCTIONS

Structure and synthesis of glutathione. Glutathione
(y-glutamyl-cysteinylglycine) is one of the main intracel-
lular low molecular weight thiol-containing compounds
that is synthesized in almost all eukaryotic cells. Due to
its structure and high intracellular concentration (1-
10 mM; 10 mM in liver cells and malignant cells of vari-
ous types), GSH acts as an antioxidant and also is
involved in the maintenance of cell redox status, in the
work of the detoxification system, in synthesis of
eicosanoids, and in the regulation of numerous mecha-
nisms of cell signaling including regulation of the cell
cycle, gene expression, and apoptosis [6]. Glutathione is
present in the cell mainly in the reduced form, while the
content of GSSG does not exceed 1% of its total intracel-
lular content. Approximately 85-90% of GSH is located
in the cytoplasm, but some GSH after synthesis in the
cytoplasm is found in the mitochondria, nucleus, peroxi-
somes, and endoplasmic reticulum [11]. The mainte-
nance of optimal GSH/GSSG ratio in the cell is of
importance for normal cell functioning and survival.
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Therefore, the system regulating this ratio must be strict-
ly controlled. A decrease in GSH subjects the cell to the
risk of oxidative damage. It has been shown that distur-
bance in the regulation of GSH level is observed in a wide
range of pathologies such as cancer, neurodegenerative
diseases, mucoviscidosis, and HIV infection [6].

Synthesis of GSH de novo includes two independent
ATP-dependent stages that comprise a cycle of six enzy-
matic reactions called the y-glutamyl cycle (Fig. 1). The
first stage is the formation of the peptide bond between a
cysteine and a glutamic acid catalyzed by y-glutamylcys-
teine ligase (y-GCL). This reaction is a rate-limiting
step in GSH synthesis. The second stage yielding GSH is
the reaction between the y-glutamylcysteine and a
glycine catalyzed by glutathione synthetase (GS) [3].
The enzyme that is capable of hydrolyzing the specific
bond between the cysteine and glutamic acid residues in
the GSH molecule, y-glutamyl transferase (y-GT), is
localized on the outer side of the cytoplasmic membrane
of certain cell types. y-GT transfers the y-glutamyl
residue to an amino acid, this making possible the trans-
port of the amino acid into the cell [3]. The dipeptide
cysteinylglycine formed as a result of the action of y-GT
is cleaved by dipeptidase yielding cysteine and glycine,
which become substrates for y-GCL and GS, respective-
ly. y-Glutamyl cyclotransferase cleaves the bond in the
dipeptide y-Glu—amino acid yielding the free amino
acid and 5-oxoproline. Under the action of oxoproli-
nase, the latter is converted into glutamic acid, which
becomes a substrate for y-GCL. Thus, extracellular glu-
tathione can be cleaved yielding amino acids that are
capable of penetrating inside the cell, where they can be
used for the synthesis of a new GSH molecule. Most of
the GSH in blood serum is provided by its synthesis in
the liver, so disturbances in this process lead to systemic
disorders of glutathione homeostasis in different organs
[12].

Recovery of the GSH content is provided not only by
de novo synthesis, but also by the recycling of GSSG to
GSH in the reaction catalyzed by glutathione reductase
(GR) in the presence of NADPH(H™) as the cofactor [3].

Role of glutathione in redox-dependent processes.
The main functional element in the GSH molecule is the
cysteine residue containing a reactive thiol group. Among
the functions of glutathione, first should be mentioned its
participation in the defense of the cell from products of
oxidative stress. Hydrogen peroxide is reduced by glu-
tathione peroxidase to H,0 using GSH as the cosubstrate.
Organic hydroperoxides can be reduced to corresponding
alcohols in the reaction catalyzed by GPx as well as due to
the peroxidase activity of Se-independent glutathione S-
transferases that also use GSH as the cosubstrate:

ROOH + 2GSH ——» ROH + GSSG + H,0,

ROOH + 2GSH —» ROH + GSSG + H,0.
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Fig. 1. y-Glutamyl cycle of glutathione synthesis. y-GCL, y-glutamylcysteine ligase; GS, glutathione synthetase; y-GT, y-glutamyltransferase.

Glutathione reduces oxidized glutaredoxin that is
formed during the reduction of disulfides [5].

Glutathione is a low molecular weight antioxidant
that can take part in the nonenzymatic antioxidant
defense, playing a role as an efficient scavenger of free
radicals [13, 14].

Oxidative stress leads to damage of carbohydrates,
lipids, and nucleic acids, resulting in cell dysfunction and
death. Oxidative stress and/or change in cellular redox
status can affect the state of the nuclear chromatin and
alter gene expression. Progression of oxidative stress
results in single- or double-strand breaks in DNA mole-
cules. Mitochondrial damage is followed by a decrease in
the transmembrane potential, changes in the membrane
permeability, and accelerated release of apoptotic factors,
which leads to cell death [15]. Under physiological con-
ditions, reactive oxygen and nitrogen species (ROS and
RNS, respectively) are involved in processes of redox-sig-
naling, which are fast, specific, and reversible reactions
regulating the activity of proteins that are important for
cell functioning. The processes involved in redox-signal-
ing can occur in various cell compartments at certain
times with participation of different redox pairs, such as
GSH/GSSG or NADH(H")/NAD" [16]. Now special
attention is paid to the GSH/GSSG ratio as the main

marker of redox status and an important factor of signal
transduction [17].

Many proteins contain functionally important cys-
teine residues that are subjected to posttranslational mod-
ifications including oxidation. Under physiological con-
ditions, the free amino acid cysteine exhibits pK of 8.5,
which excludes oxidative modification. Within a protein
molecule, the cysteine can be activated, i.e. exists as the
thiolate anion. This is due to numerous factors including
hydrogen bonding, impact of neighboring amino acid
residues, microenvironment of cysteine residues, and
binding with substrate [18]. The cysteine residue of GSH
can interact with residues of a protein yielding a disulfide
bond (protein—SSG). This process called glutathionyla-
tion defends proteins from oxidative stress and makes a
significant contribution to redox signaling and regulation
of protein activities [19]. S-Glutathionylation can affect
the ability of the protein to form disulfide bonds and to
correct its folding, which influences the functional state
of the protein. Also, S-glutathionylation protects sulfenic
acid derivatives (Cys-SOH) formed during the oxidation
of cysteine residues from oxidation to sulfinic acid (Cys-
SO,H) and then further to sulfonic acid (Cys-SO;H),
which cannot be reduced under physiological conditions
[20].
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The reversibility of oxidation of cysteine residues is
of great importance for the normal functioning of pro-
teins and their ability to participate in signal transduction
cascades. Glutathione is the main substrate for the reduc-
tion of oxidized cysteine residues. The state of the
thiol—disulfide system is determined by the cellular redox
status, which is characterized by the GSH/GSSG ratio.
Under physiological conditions, GSH/GSSG is about
100 : 1, which minimizes the oxidative action of ROS/
RNS. Disturbance of this ratio significantly affects in the
context of the redox regulation the processes of signal
transduction, control of gene expression, cell prolifera-
tion, differentiation, state of cell metabolism, and vital
functions overall [18, 21] (Fig. 2). Overproduction of glu-
tathionylated proteins indicates the progression of oxida-
tive stress leading to cell death. Change in sulfhydryl
homeostasis of the cell, especially the steady state of glu-
tathionylation of specific regulatory proteins, modulates
various pathways of signal transduction, shifting the cell
state from survival to death. For example, the functioning
of the cell actin is regulated by reversible S-glutathionyla-
tion, and disturbance in S-glutathionylation changes the
structural organization of stress fibrils of the actin
cytoskeleton [22]. Under normal conditions, modifica-
tions such as protein—SSG are transient and reversible. If
the cysteine residue is essential, its S-glutathionylation
can affect the functioning of the protein. For example, S-
glutathionylation of subunits p65 and p50 of the tran-
scriptional factor NF-kB inhibits their binding with DNA
[23], while S-glutathionylation of the B-subunit of kB
kinase suppresses the activation of NF-«xB [24].

Glutathione is synthesized only in the cytoplasm,
and then transferred to the mitochondria, peroxisomes,
endoplasmic reticulum, and nucleus. More than 70% of
the total pool of GSH remains in the cytoplasm, while the
nucleus and mitochondria are able to accumulate up to
10% and 30% of the total intracellular GSH content,
respectively [25].

Recent investigations have shown that GSH is accu-
mulated in the nucleus in the beginning of the G1 phase
[26], so it could play an important role in the mainte-
nance of the redox status of the nucleus during the cell
cycle [27]. During mitosis, the nuclear membrane breaks
down and appears again around the daughter DNA mol-
ecules packed into the chromosomes. During cell divi-
sion, a high pool of GSH is maintained in close proximi-
ty to the chromatin, which is consistent with data on high
redox potential of the dividing cell. The pool of nuclear
glutathione (nGSH) is resistant to factors decreasing its
content compared to changes observed for the total level
of the cell and the mitochondrial GSH under the action
of thiol-binding compounds N-ethylmaleimide and
diethyl maleate, as well as the inhibitor of GSH synthesis
buthionine sulfoximine (BSO). It has been found that
cells with a high level of nGSH are more resistant to
apoptosis under oxidative stress conditions. However, the
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Fig. 2. Role of glutathione in redox regulation of the main vital
functions of cells.

role of nGSH in oxidative stress has been little studied
[27].

The mechanisms of transport and depositing of
nGSH are still little studied. A significant amount of
nGSH presumably comes from the parental nucleus to
the daughter nuclei during telophase due to the high con-
centration of GSH in proximity to the replicating genetic
material [27].

Nuclear pores allow various ions and small mole-
cules to penetrate inside the nucleus. Similarly, GSH can
diffuse into the nucleus [28]. At the same time, an ATP-
dependent mechanism of GSH transport into the nucle-
us was demonstrated [29]. Currently, the role of protein
Bcl-2 in transmembrane transport of GSH is being dis-
cussed. It has been found that the content of nGSH is sig-
nificantly increased in tumor cells exhibiting overexpres-
sion of the bcl-2 gene [30]. It should be noted that the
BH-3 domain of Bcl-2 protein can bind to GSH. The
participation of Bcl-2 in the maintenance of GSH level in
mitochondria has been reported [31]. These data togeth-
er with the fact that the antiapoptotic protein Bcl-2 is
involved in the formation of pores in the membrane indi-
cate the ability of members of the Bcl-2 protein family to
serve as mediators of GSH translocation into the nucleus
[26, 30].

A number of works on plant cells have demonstrated
that gene expression is sensitive to the accumulation of
GSH in the nucleus and to its decrease in the cytoplasm
[30]. Decrease in redox potential in the cytoplasm and its
growth in the nucleus affects not only gene expression,
but also the ability of proteins to bind with their targets in
the nucleus. It was shown that in the beginning of G1
phase of the cell cycle in animal cells, activation of oxida-
tive processes in the cytoplasm caused by epidermal
growth factor resulted in the accumulation of ROS,
which activated phosphorylation cascades and DNA
replication and induced cell division [32]. The decrease
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in the cytoplasmic GSH level in G1 phase may cause
accumulation of ROS. It is suggested that the changes in
the nuclear redox status may act as the trigger element for
the other components that are essential for transcription.
Such a mechanism was shown for proteins NF-kB, AP-1,
and p53 [33]. For example, for the interaction of NF-xB
with a DNA molecule, the cysteine residue in the DNA-
binding region of NF-kB must be reduced. Similar
behavior was reported for such transcriptional factors as
Fos, Jun, and Nrf2 [30].

Changes in the GSH content in the nucleus can
modulate the structural organization of chromatin [28].
The extent of glutathionylation of nuclear proteins
increases in the beginning of cell proliferation [26]. In the
animal cell, while going from proliferation through differ-
entiation to cell death, the cellular redox status changes
towards more oxidized state. Thus, the GSH/GSSG ratio
is a kind of switch from proliferation to differentiation
and then to programmed cell death [34]. The nuclear
GSH is related to the synthesis of DNA, presumably
being the redox sensor for the beginning of DNA synthe-
sis. GSH maintains the necessary organization of the
nucleus at the expense of the optimal redox status for
replication of DNA and maintenance of its intact struc-
ture. Also, it was found that nGSH affects the proteaso-
mal degradation of nuclear proteins [26].

Se-dependent glutathione peroxidase activity was
found in the nuclear fraction of Wistar rat hepatocytes
[35]. The sperm nucleus-specific isoform of glutathione
peroxidase GPx4/snGPx was shown to maintain the sta-
bility of chromatin structure in sperm [36]. The nuclear
localization of this enzyme emphasizes the important role
of glutathione in the regulation of the cell cycle and the
chromosomal organization, since nuclear proteins, main-
ly histones and other chromatin-binding proteins, pre-
sumably should be maintained in the reduced state for
optimal functioning [27].

The role of GSH in the repair of DNA damage also
should be pointed out. Glutathione is not the most effi-
cient protector of DNA from X-radiation, but it controls
repair mechanisms of damaged DNA molecules [37]. An
important component of the repair mechanism of DNA
oxidative damages is poly(ADP-ribose)polymerase
(PARP), which catalyzes the growth of the polymer
chains from the ADP-ribose molecules on target proteins
(particularly on histones). This process proceeds in virtu-
ally all eukaryotic cells in response to DNA damage [38].
The expression of genes and activity of PARP protein
family members are related to nGSH level during the cell
cycle. For plant cells, it was demonstrated that mRNA of
PARPI and PARP2 accumulate with the growth of the
GSH pool in the nucleus [39]. Similar character of
changes in polyribosylation activity was observed in
NIH3T3 fibroblast cells: polyribosylation of histones in
their nuclei grew during proliferation, when the nGSH
level was maximal [26, 40].
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It should be mentioned that many points concerning
the mechanisms of GSH transport into the nucleus and
the role of nGSH in various genetic and epigenetic
processes remain unclear [26].

Investigation of the role of mitochondrial glu-
tathione (mGSH) is of great interest. Functions of mito-
chondria are closely related to the maintenance of cellu-
lar redox balance. The mitochondria are the main con-
sumers of the oxygen and the main source of ROS, which
are mainly generated during the functioning of the elec-
tron transfer chain. Under physiological conditions,
incomplete one-electron reduction of molecular oxygen
results in the formation of superoxide anion radical O3,
which gives rise to other ROS. The concentration of O3
in the mitochondrial matrix under steady-state condi-
tions exceeds 5-10-fold its concentration in the cyto-
plasm [41]. Besides, the action of various toxins and some
pathological states affecting mitochondrial functions can
increase the production of ROS. The presence of the
antioxidant defense system in mitochondria prevents dis-
turbances in mitochondrial functioning. The main com-
ponent of this system is mGSH, which prevents or repairs
damage occurring under normal aerobic metabolism.

The superoxide anion O3 in mitochondria is inacti-
vated by Mn-dependent superoxide dismutase converting
O3 to H,0,, which can be neutralized by GSH-depend-
ent systems with the participation of glutathione trans-
ferase and glutathione peroxidase. The isoenzyme of glu-
tathione peroxidase GPx1 that is most active towards
H,0, is localized mostly in the cytoplasm, but a small
amount is also present in the mitochondrial matrix [42].
In mitochondria, GST catalyzes the formation of GS-
conjugates and the reduction of organic hydroperoxides
using GSH as the cosubstrate. In contrast to Se-contain-
ing GPx, GST does not interact with H,0,, but it effi-
ciently reduces hydroperoxides of polyunsaturated
(linoleic and arachidonic) fatty acids, phospholipids,
mononucleotides, and DNA. The Se-independent GPx4
plays an important role in the detoxication of lipid
hydroperoxides in mitochondria. Recently, it was shown
that GPx4 prevents the development of cell apoptosis in
the presence of apoptosis inducing factor (AIF) and sup-
ports the process of oxidative phosphorylation in intestin-
al epithelial cells [43]. Due to the ability to reduce
hydroperoxides of cardiolipin, GPx4 takes part in regula-
tion of the release of apoptogenic proteins from mito-
chondria [44]. In the mitochondria of human cells, perox-
idase activity is exhibited by GST isoenzymes hGSTA4-4,
hGSTAI1, hGSTA2, and hGSTP1, among which isoform
hGSTA4-4 is the most active [45]. The mitochondrial iso-
form of glutaredoxin is Grx2, which also occurs in the
nucleus. Interestingly, the oxidized form of Grx2 can be
reduced by both thioredoxin reductase (TrxR) and GSH,
this providing functional activity of Grx2 in the oxidized
microenvironment that is common for mitochondria.
Grx2 in mitochondria plays a significant role in the inter-
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action of the GSH pool with protein thiol groups, in the
antioxidant defense system, and in redox-dependent sig-
naling [45-47]. The thioredoxin-dependent system in
mitochondria is represented by thioredoxin 2 (Trx2) and
thioredoxin reductase (TrxR2), and among the isoforms of
peroxiredoxin the most important is Prx3. The systems
mGSH/GPx and Prx3/Trx2 that defend against H,0, are
interrelated. For example, it was shown that decrease in
mGSH resulted in oxidation of Trx2 [48]. Thus, the role of
the redox-cycle of mGSH in the maintenance of the effi-
cient antioxidant system and homeostasis of hydrogen
peroxide in mitochondria is evident.

The content of mGSH in mitochondria is approxi-
mately the same as in the cytoplasm (10-14 mM) [42].
Glutathione is not synthesized in mitochondria, but it is
transported from outside. GSH easily penetrates through
the porin channels of the outer mitochondrial membrane.
Since under physiological conditions GSH exists as an
anion, it is unable to diffuse into the matrix through the
inner mitochondrial membrane that has a high negative
transmembrane potential. GSH is transferred into the
mitochondrial matrix by transporters in the inner mito-
chondrial membrane working against the electrochemical
gradient. In mitochondria of liver and kidneys, this role is
played by carriers of 2-oxoglutarate (OGC) and dicar-
boxylates (DIC), which transfer GSH into the mitochon-
drial matrix by the antiport mechanism in exchange with
2-oxoglutarate and inorganic phosphate, respectively
[42]. Since these transporters provide liver mitochondria
with only 45-50% of their GSH, some additional mecha-
nism must exist.

GSSG does not come out from mitochondria to the
cytoplasm, being instead reduced by glutathione reduc-
tase yielding GSH. This process depends on the presence
of a sufficient amount of NAPDH(H™). It should be
noted that the accumulation of GSSG affects the glu-
tathionylation of mitochondrial proteins, thus changing
their functioning. For example, the activity of NADH-
ubiquinone reductase (complex I of the mitochondrial
respiratory chain) depends on the GSH/GSSG ratio [49].
In an experimental model with mitochondrial mem-
branes from rat heart, it was found that the addition of
GSSG after the action of Grx2 resulted in the glu-
tathionylation of complex I. In contrast, the addition of
GSH and Grx2 caused its deglutathionylation [50]. For
mitochondria from bovine heart, the sites of glutathiony-
lation in complex I were found to be cysteine residues
Cys531 and Cys704 of the 75-kDa NDUSFI1 subunit
[51]. It should be pointed out that the role of S-glu-
tathionylation is of importance for the defense of
NADH-ubiquinone reductase from the irreversible oxi-
dation and for the control of the ROS production by the
mitochondria in response to the changes in the local
redox environment. In this case, the important condition
is the simultaneous S-glutathionylation of the complex I
and the o-ketoglutarate dehydrogenase complex, since
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the latter supplies NADH(H™) for the oxidation by the
complex I, i.e. both protein complexes contribute to the
generation of ROS by the mitochondria [52]. Under con-
ditions of oxidative stress, the glutathionylation of these
two enzyme complexes decreases their activities and pro-
duction of ROS [53, 54]. After return of the content of O3
and H,0, to the normal level, the a-ketoglutarate dehy-
drogenase complex and NADH dehydrogenase are deglu-
tathionylated by Grx2, and oxidative phosphorylation is
restored.

Role of glutathione in redox-dependent regulation of
apoptosis. Numerous works have considered the protec-
tive role of GSH in the mechanism of apoptosis.
According to a contemporary concept, decrease in GSH
level below a crucial value results in the appearance of a
signal for apoptosis, which is initiated by the activation of
the death receptor or by mitochondrial apoptotic signal-
ing. In contrast, an increase in GSH level provides
defense of cells from Fas-induced apoptosis [55].
Numerous data indicate the crucial role of GSH in cell
defense from various apoptotic stimuli, since disturbances
of redox homeostasis of the cell caused by GSH oxidation
or GSH export facilitate the development of apoptosis
[56, 57].

In a number of works with various cell types, it has
been shown that disturbance of the GSH/GSSG balance
caused by accumulation of GSSG caused by an oxidant
precedes the induction of mitochondrial apoptotic signal
[58-61]. The restoration of the GSH/GSSG ratio to the
normal level after the action of the oxidant does not pre-
vent the development of apoptosis, suggesting that it is
induced in the early stage of the disbalance between GSH
and GSSG. The use of the thiol antioxidant N-acetyl cys-
teine before the action of compounds resulting in the
oxidative (tert-butyl hydroperoxide) or carbonyl (methyl-
glyoxal) stress prevents the induction of apoptosis. These
data are consistent with other reports and indicate that
the signal for apoptotic death is triggered in the very
beginning of the decrease in GSH/GSSG ratio [58, 59,
61, 62]. After the action of oxidants, N-acetyl cysteine
cannot prevent the development of apoptosis.

Induction of apoptosis under oxidative stress is
caused by the activation of mitogen-activated protein
kinases (MAPKs) [63]. There are three classes of
MAPKSs: ERK (extracellular signal-regulated kinase),
JNK (c-Jun N-terminal kinase), and p38 [63]. The signal
transduction cascade includes consecutive phosphoryla-
tion steps resulting in the activation of specific MAPKKK
(MAP3K, kinase of MAPK kinase) that activates MAPK
kinase (MAP2K) that in turn activates MAPK [64].
Stress-induced apoptosis is related to the activation of
JNK and p38 MAPK, and this can be triggered by the
kinase cascade involving apoptosis signal-regulating
kinase 1 (ASK1), MAPK kinase 4/7 (MEK4/7), and
JNK, or through the cascade of ASK1, MAPK kinase-3/6
(MEK 3/6), and p38 [63, 65].
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The role of GSH in redox-dependent regulation of
MAPK-induced apoptotic signaling has been little stud-
ied to date. Since GSH is a key factor in the maintenance
of intracellular redox homeostasis and plays an important
role in antioxidant defense of the cell, it might be a mod-
ulator of MAPK-dependent signaling pathways. Actually,
in some cell models it was shown that the disbalance of
GSH/GSSG activated the MAPK-signaling pathway and
facilitated apoptosis. For example, the induction of ROS
formation by aloe-emodin resulted in disbalance of the
GSH/GSSG ratio and redox-dependent activation of the
GSTP1/JNK-signaling pathway in hepatoma cells [66].

Other works report that the inhibition of the de novo
GSH synthesis by BSO promotes the redox-activation of
MAPK and the apoptotic signaling pathway. The treat-
ment of breast cancer cells with the antitumor agent apli-
dine after treatment with BSO resulted in the activation
of the JNK- and p38-dependent signal pathways and in
the development of apoptosis [67]. Apoptosis of HepG2
cells treated with BSO was induced by andrographolide
through the activation of the ASK1/MEK4/JNK signal
cascade [68]. The addition of thiols (N-acetyl cysteine
and GSH) prevented the activation of MAPK induced by
the toxins, which suggests the participation of GSH in the
functioning of MAPK and in the cell response to stress
[67].

While investigating the role of GSSG in the initia-
tion of apoptosis, it was found that extracellular GSSG is
able to activate selectively the MAP kinase cascade
ASK1/MEK3/6/p38 through the mechanism of GSSG-
induced thiol—disulfide exchange on the cellular mem-
brane and the formation of mixed protein disulfides [69].
Such a redox stress can in turn result in the breakdown of
the Trx1/ASK1 complex and in the activation of the p38-
dependent pathway of apoptosis [69]. The fact that each
of these events can be prevented by GSH is consistent
with the idea of the protective role of glutathione [69]. In
this connection, it should be noted that in SH-SY5Y neu-
roblastoma cells that are resistant to GSSG-induced
apoptosis, apoptosis was activated after preliminary treat-
ment with BSO, which was accompanied by increased
ROS production and activation of JNK [70]. Such data
point to the assumption that drop in GSH concentration
below a certain critical level is a necessary condition for
the activating effect of GSSG on the MAPK-signaling
pathway and induction of apoptosis.

GSH regulates the redox state of Trx1 and the Trx1-
dependent ASKI1 signal cascade inducing apoptosis. For
example, the action of agents oxidizing GSH (diamide
and dithio-nitrobenzoate) on stomach adenocarcinoma
cells initiated the mitochondrial pathway of apoptosis
[71]. In this case, redox activation of the Trx1/ASK1/p38
signal cascade was triggered by increase in GSSG con-
tent. The resistance of the cells towards systems produc-
ing H,0, and ROS (paraquat and xanthine/xanthine oxi-
dase) correlated with the Nrf2-dependent increase in
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GSH content and with protein S-glutathionylation [71].
Another response was observed in SH-SY5Y neuroblas-
toma cells, where H,O, activated the Trx1/p38/p53 cas-
cade and cellular apoptosis, while diamide activated the
ERK-signaling pathway, Nrf2-dependent increase in
GSH content, and expression of the heme oxygenase-1
gene, which assisted cell survival.

Concerning the regulation of GSH-dependent post-
translational modifications of cysteine residues of the
proteins involved in the MAPK-signaling pathways, it can
be noted that under the oxidative stress caused by mena-
dione (2-methyl-1,4-naphthoquinone), S-glutathionyla-
tion of Cys1238 in the ATP-binding domain of MEKK1
inhibits the activity of the kinase [73]. However, a ques-
tion is still open concerning the specific relation between
the oxidative stress and S-glutathionylation in terms of
the activation/inactivation of specific MAPK-dependent
signal pathways and induction of apoptosis.

The presented data show that GSH plays an impor-
tant role in the redox regulation of MAPK-dependent
pathways of signal transduction. However, the difference
between the induction of different signal pathways that
are responsible for cell death or survival is likely deter-
mined by not only the cellular content of GSH, but also
by the cell type [71, 72].

In recent years, special attention has been given to
investigation of the mitochondrion as the cell organelle
involved in the activation of apoptosis. The GSH/GSSG
ratio is considered to be the main redox system maintain-
ing redox homeostasis of the mitochondrial matrix and
defending mitochondrial proteins and DNA from the
action of ROS. Using various cell models, it has been
shown that selective decrease in the mGSH content
resulted in a drop in the activity of the respiratory chain
complexes, growth in the production of ROS, decrease in
transmembrane potential (AY), and the release of apop-
togenic factors from mitochondria. For example, in dia-
betic cardiomyocytes, stress-induced oxidation of mito-
chondrial, but not cytoplasmic GSH, resulted in a
decrease in the AW value and the activation of caspase-9
and caspase-3 [74]. In human B-cell lymphoma cells,
ROS-induced decrease in mGSH level initiated apoptosis
that was accompanied by drop in AW value, release of
cytochrome ¢, and activation of caspase-3 [75].

A direct relation between the decrease in the mGSH
content and the activation of apoptosis has been demon-
strated for different cell types. In hepatocytes, decrease
in mGSH content was a necessary condition for TNF-o.-
induced apoptosis, which was preceded by tBid/Bax-ini-
tiated permeabilization of the mitochondrial membrane,
release of cytochrome ¢, assembly of apoptosomes, and
activation of caspase-3 [76]. In large intestine cells, the
oxidation of mGSH was the main factor in the develop-
ment of menadione-induced mitochondrial dysfunction
and cytochrome c-dependent activation of apoptosis
[77].
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The precise mechanism of mitochondrial dysfunc-
tion caused by decrease in mGSH content is not com-
pletely clear. However, it was found that cisplatin-
induced apoptosis is related to disbalance in the
mGSH/GSSG ratio, decrease in NADPH(H™) content,
and oxidative damage of cardiolipin and aconitase, which
disturbs the functioning of mitochondria and activates
caspase-3 [78, 79]. Later works demonstrated that a sharp
drop in the mGSH content induced the generation of
ROS/RNS, leading to apoptosis in HL-60 and Raji cells.
In this case, apoptosis was caused by the breakdown of
complex I of the respiratory chain due to the destabiliza-
tion of the Fe-S cluster of the NDUGS3 subunit of the
complex, resulting in inhibition of respiration and drop in
AY value [80]. Of note, in hepatocytes a slight decrease in
mGSH content caused by moderate hypoxia did not lead
to apoptosis. This fact demonstrates that to induce apop-
tosis, the content of mGSH must drop to a certain criti-
cal level [25].

A drop in mGSH content may control the perme-
ability of the mitochondrial membrane. In early works,
decrease in mGSH is attributed to changes in mitochon-
drial permeability that is caused by redox modulation of
adenine nucleotide translocase and subsequent release of
apoptogenic factors such as cytochrome ¢ and AIF from
the mitochondria to the cytoplasm [81, 82]. The later
investigations showed that change in redox balance of
mGSH is a crucial factor in the control of mitochondrial
membrane permeability [83]. Drop in mGSH/GSSG
ratio from 300 : 1 to 20 : 1 leads to the opening of the
anion channel in the inner mitochondrial membrane and
the mitochondrial pore. If the mGSH/GSSG ratio lies in
the region from 150 : 1 to 100 : 1, instability of the AW
value is observed. In the case of pronounced oxidation,
when the ratio is less than 50 : 1, irreversible depolariza-
tion of the mitochondrial membrane takes place, accom-
panied by opening channels and breakdown of the mito-
chondria [83]. The accelerated transport of glutathione
into mitochondria suppressed the menadione-induced
growth of mGSSG level, preventing the decrease in the
ATP content, drop in AY value, release of cytochrome ¢
into the cytoplasm, and activation of caspase-3 and cas-
pase-9 [77].

ROLE OF GLUTATHIONE S-TRANSFERASE
IN REDOX-DEPENDENT PROCESSES

A significant role in redox-dependent processes cel-
lular belongs to glutathione S-transferase (EC 2.5.1.18).
This enzyme is represented by a superfamily of isoen-
zymes catalyzing the conjugation of glutathione with a
wide range of nonpolar compounds of exogenous and
endogenous origin containing electrophilic atoms of car-
bon, sulfur, nitrogen, and phosphorous, which assists in
the defense of the cell against possible toxic action of
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these compounds [84-87]. Isoenzymes of GST have now
been found in most living organisms including aerobic
bacteria, yeast, plants, insects, and vertebrates. The GST
superfamily includes three subfamilies of isoenzymes:
cytosolic, mitochondrial, and microsomal.

In mammals, GST is present in virtually all organs
and tissues, but the highest content of the enzyme is
found in the liver. The cytosolic isoenzymes of GST
account for approximately 90% of the total GST activity
in the cell. Based the amino acid sequence homology,
mammalian cytosolic GST isoenzymes are grouped into
seven classes (a, u, w, 0, , ®, and o) that comprise 17
isoenzymes [84, 85]. In humans and rodents, the cytoso-
lic isoenzymes within the same class exhibit more than
40% homology (sometimes more than 90%), while the
homology between the enzymes in different classes is less
than 25%. Special attention in the contemporary classifi-
cation is given to the primary structure of the conserved
N-terminus of the polypeptide chain containing catalytic
residues of tyrosine, cysteine, or serine [85, 86]. In
species other than mammals, GST isoenzymes of B, 9d, €,
¢, A, T, and v classes have been found [85, 88].

Microsomal GSTs are integral membrane proteins
that are now called membrane-associated proteins in
eicosanoid and glutathione metabolism (MAPEG) [89,
90]. Isoenzymes of the MAPEG microsomal subfamily
are divided into four subgroups (I-IV), the amino acid
sequence homology between the subgroups constituting
less than 20%. In humans, six isoenzymes have been
found that belong to subgroups I, II, and IV [90].
Similarly to the cytosolic and mitochondrial GST isoen-
zymes, the microsomal isoenzymes catalyze conjugation
of GSH with electrophilic compounds, but they also par-
ticipate in reactions of isomerization of unsaturated com-
pounds and Dbiosynthesis of leukotrienes and
prostaglandins [85].

A mitochondrial isoenzyme of human GST is
GSTKI1-1, which belongs to k-class [89]. The same
isoenzyme was observed in human peroxisomes [12].
GSTKI1-1 of rodents and humans is active towards a
number of traditional GST substrates, in particular 1-
chloro-2,4-dinitrobenzol. In Caenorhabditis elegans,
GST is involved in the metabolism of lipids [91].

Cytosolic and mitochondrial isoforms of GST are
homo- or heterodimers, and the subunits within het-
erodimers belong to the same class. Although the cytoso-
lic GSTs are dimers, representatives of the microsomal
subfamily can be mono-, di-, and trimers, and multien-
zyme complexes also occur [85, 92]. Each subunit is com-
posed of two domains linked with a small irregular region.
The N-terminal domain is the GSH-binding site (G-
site). It exhibits topology that is similar to thioredoxin
and contains four B-sheets (B1, B2, B3, and p4), three of
which are antiparallel, and three a-helices. These ele-
ments of the secondary structure are composed into the
sequences BofopPa. The C-terminal domain is the
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cosubstrate-binding site (H-site), a completely a-helical
region composed of either five or six a-helices (a4-8 or
a4-9). In contrast to other classes, the isoenzymes of the
a, 0, and ® classes have an additional a9 helix. The
isoenzymes of the p-class have a unique p-loop at the C-
terminus, while the isoenzymes of the w-class contain an
additional 19 amino acid sequence at the N-terminus.
The 6-isoenzymes have a large loop between the a4- and
a5-helices [84, 93]. The differences in the structures of
the representatives of various GST isoenzymes provide
their wide substrate specificity and diversity of functions.

Detailed comparative analysis of the amino acid
sequence and structure of cytosolic GST isoenzymes con-
sidering the presence of certain amino acid residues in
their active site allowed their division into two subgroups:
Y-GST, isoenzymes using a tyrosine residue for the acti-
vation of GSH (a, u, «, and o classes), and S/C-GST,
isoenzymes binding GSH through a serine (¢, 1, 6, and C
classes) or a cysteine (B and o classes) residue [93]. In
GST of both subgroups and in mitochondrial GST, these
amino acid residues essential for GSH activation are
located in the so-called catalytic loop that is next to the
first B-sheet in the thioredoxin-like domain. As men-
tioned above, the structure of the H-site exhibits signifi-
cant variability in representatives of different classes.

While forming the dimeric structure, domain I of
one subunit and domain II of the second interact with
each other by the lock-and-key principle. Certain aro-
matic amino acid residues of the loop between the a3-
helix and B2-sheet of the first monomer play a role as the
key. They are located in the hydrophobic “lock” formed
by the cavity between the a4- and a5-helices of the sec-
ond monomer.

The main function of GST is its participation in the
antioxidant system through its ability to reduce organic
hydroperoxides to alcohols using GSH as the cosubstrate
[85]:

ROOH + 2GSH —» ROH + GSSG + H,0.

Via Se-independent glutathione-peroxidase activity,
GST reduces hydroperoxides of polyunsaturated higher
fatty acids, phospholipids, and cholesterol [94, 95].
Among the substrates of GSTA4-4 are products of lipid
peroxide oxidation acrolein and 4-hydroxynonenal (4-
HNE) [96]. Conjugation of these compounds with glu-
tathione protects proteins and DNA against covalent
modification. As a result of oxidative stress, nucleotides
can be oxidized to propenals and hydroperoxides, which
are substrates of GSTP1-1. Oxidation of catecholamines
also results in the formation of compounds
(aminochrome, dopachrome, noradrenochrome, and
adrenochrome) that are the substrates of GST isoforms.
Conjugation of such compounds with GSH contributes to
the cellular antioxidant defense system, since they con-
tain a quinone structure producing O7, and, consequent-
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ly, promoting oxidative stress [85]. The cytosolic
GSTM2-2 was shown to detoxify o-quinones of
dopamine, which can protect dopaminergic systems of
the brain against degenerative processes [97]. GSTP1-1
mediates defense against oxidative stress, recovering the
peroxidase activity of the oxidized peroxiredoxin Prx6
[98].

Of special importance is the role of GST in the reg-
ulation of cell signaling due to the protein—protein inter-
actions with kinases that are activated by oxidative stress.
Under physiological conditions, some GSTP1-1 is bound
to kinase JNKI1, resulting in its inactivation, which regu-
lates the level of active JNK1. Under conditions increas-
ing ROS content, which is observed, for example, under
the action of a number of antitumor drugs, the complex
between GSTP1-1 and JNKI1 dissociates, and GSTP1-1
associates into oligomers. The release of JNK1 induces a
cascade of processes, starting from the phosphorylation of
Jun-c and resulting in apoptosis. The enhanced expres-
sion of the GSTP1-1 gene observed in some tumors can
significantly inhibit JNK1, and consequently, suppress
the signal pathway leading to apoptosis, which con-
tributes into the formation of drug resistance of the tumor
cells [8, 99]. A similar interaction of GSTP1-1 with
TRAF2 (factor 2 bound to the TNF-a receptor) blocks
the action of kinases JNK1, p38, and ASK1 in the case of
the signal cascade induced by TNF-a. The dissociation
of the complex between GSTP1-1 and TRAF2 activates
proliferation under gentle oxidative stress, while a pro-
longed and strong oxidative stress leads to apoptosis
[100]. It should be noted that the catalytic activity of
GSTP1-1 does not change during protein—protein inter-
action, suggesting that the active sites of the enzyme are
not involved in this process [86].

The isoenzyme GSTAI-1 also participates in the
regulation of apoptotic signal pathways through pro-
tein—protein interactions with JNKI1. Enhanced expres-
sion of the GSTAI-1 gene significantly decreases the
number of cells subjected to apoptosis due to inhibition of
JNKI1-dependent phosphorylation of Jun-c and the acti-
vation of caspase-3 [101]. GSTMI1-1 exhibits regulatory
functions that are similar to those of GSTP1-1. The com-
plex between GSTM1-1 and ASK1 is important for main-
tenance of the normal level of phosphorylation of p38.
Under stress conditions of heat shock or increased ROS
level, the complex dissociates, and the GSTM1-1 associ-
ates into oligomers, while ASK1 is activated [102]. Since
ASKI1 is a kinase of MAPK kinase activating the JNK1-
and p38-dependent signal pathways, the dissociation of
this complex results in cytokine- and stress-induced
apoptosis [103].

As discussed above, GST was shown to be involved in
the process of S-glutathionylation. Originally, it was con-
sidered that growth in ROS production leads to S-glu-
tathionylation to prevent irreversible oxidation of protein
cysteine residues and disturbance of protein functions
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[34]. Later it was found that S-glutathionylation plays an
important role in the mechanisms of the cell signaling,
changing the sensitivity of cysteine residues towards
redox modification. The list of proteins whose structure
and functions are modulated by S-glutathionylation is
large: proteins involved in metabolism, proteins forming
the cytoskeleton and ion channels, signal proteins (kinas-
es and phosphatases), transcription factors, ras-proteins,
and heat shock proteins [104].

The process of S-glutathionylation can proceed both
non-enzymatically and with participation of enzymes,
one of which is GSTPI1-1. The ability of GSTP1-1 for S-
glutathionylation is based on the catalytic activity of the
enzyme. Under oxidative stress, GSTPI1-1 is auto-S-glu-
tathionylated at residues Cys47 and Cysl101, each of
which affects the catalytic activity of the enzyme and its
ability to bind target proteins. Besides, specific S-glu-
tathionylation causes oligomerization of GSTPI-1,
which presumably has significant consequences for other
components of the cellular stress response. S-
Glutathionylation of the GSTP1-1 monomer decreases
the number of a-helical regions, i.e. alters the secondary
structure of the enzyme, which subsequently leads to a
change in the tertiary and quaternary structures [105],
affecting the ability of the GSTP1-1 to interact with pro-
teins. An example of such regulation is the complex
between GSTP1-1 and JNK1. The S-glutathionylation of
GSTPI-1 at residues Cys47 and/or Cys101 results in the
dissociation of the complex between GSTPI-1 and
JNKI1, activation of INK1, and aggregation of GSTP1-1
[105].

The ability of homodimers of GSTP1-1 (sometimes
GSTM1-1) to dissociate and form heterodimers with
other monomeric proteins underlies its ability to provide
these proteins with glutathione [106, 107]. The cytosolic
isoforms of GST are catalytically active in the dimeric
form, the surface of the dimer being the site of the non-
catalytic binding of ligands. A number of works report
that the isoforms of mammalian GSTP1-1 and GSTM1-
1 in the monomeric form can interact with ASK1, JNK1,
or with peroxiredoxin 6 (Prx6) [98, 100, 102].
Investigations of the GSTP1-1 molecule have shown that
the structural features of its C-terminus promote the dis-
sociation of the homodimer into monomers. At the same
time, the Trx-like domain at the N-terminus promotes
the formation of heterodimers between GSTPI1-1
monomers with other proteins, especially with those con-
taining a Trx-like domain [108].

The recovery of the peroxidase activity of Prx6 can
be an example of the protein—protein interaction of
GSTP1-1 with simultaneous reduction of the protein by
glutathione. The Prx6 molecule has one catalytically
active cysteine residue, Cys47, at the N-terminus. The
oxidation of this residue yields a sulfenic acid derivative,
this inactivating the peroxidase activity of Prx6 towards
H,0, and hydroperoxides of phospholipids. It has been
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found that the isoenzyme GSTPI1-1 in complex with
GSH forms a heterodimer with Prx6 and reduces the
Cys47 residue. The binding of GSH induces conforma-
tional changes allowing the formation of the heterodimer
between GSTP1-1 and Prx6 [109]. Then Prx6 is S-glu-
tathionylated at the oxidized Cys47 residue with subse-
quent disulfide bonding between Cys47 of Prx6 and
Cys47 of GSTPI-1, and then the disulfide bond is
reduced by GSH.

GST takes part in the regulation of serine/threonine
AMP-activated protein kinase (AMPK), which controls
the energy balance of the cell [110]. A diversity of AMPK
functions are involved in the control of various metabolic
pathways and physiological processes such as prolifera-
tion and cell motility. AMPK is activated by ROS and
RNS through AMP-dependent and AMP-independent
mechanisms and can be involved in cellular redox regula-
tion [111]. In vitro studies demonstrated that, under con-
ditions close to physiological, mammalian isoenzymes
GSTM1-1 and GSTP1-1 promoted S-glutathionylation
of AMPK at the same cysteine residues that were glu-
tathionylated during the nonenzymatic H,O,-dependent
process, which also increased the kinase activity [111-
113]. The interaction with AMPK activates GSTM1-1
and GSTPI1-1, which in turn results in the S-glutathiony-
lation and activation of AMPK. These data illustrate well
the role of AMPK as an important element in redox-
dependent signal transduction [114-116]. The activated
AMPK activates the transcriptional factor FOXO3 that
affects such processes as cell proliferation, gluconeogen-
esis, and defense against oxidative stress through the acti-
vation of the PI3K/AKT signal pathway [117]. The con-
tribution of FOXO3 to antioxidant defense is accounted
for by the enhanced expression of Mn-superoxide dismu-
tase, catalase, thioredoxin [118, 119], metallothioneins
[120], mitochondrial uncoupling protein UCP2 [121], y-
glutamylcysteine synthetase [118], glutathione peroxi-
dase [119], and GSTM1-1 [120]. The GST-mediated S-
glutathionylation and activation of AMPK can be consid-
ered as an additional mechanism of regulation of AMPK
as a redox sensor of energetic stress and antioxidant
defense [111].

As mentioned above, the main products of lipid per-
oxidation are 4-hydroxynonenals (4-HNEs), which form
adducts with proteins and nucleic acids. 4-HNEs are
involved in the MAPK-dependent signal pathways of cel-
lular stress response, particularly by facilitation of the
phosphorylation of JNK and p38, which results in their
activation [122]. A dose-dependent regulation of cellular
signal pathways by 4-HNEs has been demonstrated: at
concentrations above 10 uM, 4-HNEs exerted cytotoxic
effect, while at concentrations below 10 uM (physiologi-
cal range) 4-HNEs modulated cell growth, i.e. affected
cell proliferation [123]. Besides, 4-HNEs inhibit expres-
sion of cyclins D1, D2, and A and, consequently, the
activity of the cyclin-dependent kinases 4/6 (Cdk4/6)
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and Cdk2 [124], as well as increase the expression of
p21™ which inhibits the functioning of some cyclin-
dependent complexes [125]. Thus, 4-HNEs can simulta-
neously affect the expression of different genes involved
in the control of cell proliferation. Undoubtedly, the
intracellular content of 4-HNEs must be regulated to
protect the cell from damage and/or to control stress-
dependent signal pathways. Most 4-HNE is metabolized
by GST, yielding conjugates with GSH with their subse-
quent detoxication. The most specific isoform towards 4-
HNE is GSTA4-4 [126-128].

It has been found that under conditions of oxidative
stress, the phosphorylation of GSTA4 subunits in the
cytoplasm increases, this facilitating their binding to the
Hsp70 protein, fast dimerization, and subsequent translo-
cation into mitochondria. If the subunits are not hyper-
phosphorylated, they do not exhibit high affinity to
Hsp70. In this case, the formed dimers remain in the
cytoplasm [129]. Thus, the oxidative stress-activated
import to mitochondria of the GSTA4-4 isoform exhibit-
ing high specificity towards 4-HNEs protects mitochon-
dria from oxidative stress and modulates signal pathways
that are affected by 4-hydroxynonenals [127-129]. It
should be noted that TNFa, IL-6, and epidermal growth
factor enhance the GSTA4-4 content in mitochondria in
vivo [130]. The decrease in the GSTA4-4 level results in
the growth of ROS production and disturbs the mito-
chondrial functions, which promotes the development of
the insulin resistance and type 2 diabetes [131]. In whole,
the data of different studies show that the concentration
of 4-HNE:s in the cell is important for the activation of
the cell cycle and signal cascades regulating cell differen-
tiation, proliferation, and apoptosis, the level of 4-HNEs
being strongly dependent on the activity of GSTA4-4
both in the cytoplasm and in the mitochondria.

There are a number of specific features of the impact
of the GSTPI1-1 isoform on the redox-dependent path-
ways regulating cell signaling and metabolism. It is sup-
posed that some of numerous changes occurring in regu-
latory proteins observed under acute or chronic cocaine
injections could be related to the S-glutathionylation cat-
alyzed by GSTP1-1. For example, actin, JNK, and AMP-
dependent protein kinase are regulated through S-glu-
tathionylation under the action of cocaine [22, 105, 132-
135]. Presumably, it is the enhanced S-glutathionylation
that results in neuroadaptation under cocaine-induced
oxidative stress [135]. GSTPI-1 was shown to directly
inhibit the cyclin-dependent kinase Cdk5, interacting
with its regulatory p25/p35 subunit [136]. The stimula-
tion of Cdk5 results in the generation of ROS, which
leads to cell death due to a feedback mechanism. Under
neurotoxic conditions, the introduction of the GSTP1-1
gene provides successful neuroprotection due to the abil-
ity of GSTP1-1 to modulate the Cdk5-dependent signal-
ing, which protects the cell from oxidative stress and pre-
vents neurodegeneration [137].

KALININA et al.

GSTP1-1 was shown to prevent the origin and pro-
gression of Parkinson’s disease, suppressing the activation
of Jun-c [140]. GSTP1-1 gene knockout mice were more
sensitive to the neurotoxin 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine, which led to the early degeneration of
dopaminergic neurons and corpus striatum fibers.

The expression level of GST isoforms differs in nor-
mal and tumor tissues. High expression of the GSTP1-1
gene often correlates with drug resistance that is observed
in tumor tissues of the ovaries, lungs, mammary glands,
large intestine, and in some oncological diseases of blood
[8]. The ability of GSTP1-1 as the inhibitor of JNKI,
ASK1, and TRAF2 to regulate kinase signal pathways
determining the cell fate can provide the resistance of
tumor cells to antitumor drugs including those with
prooxidant action [138, 139]. Transfection of the
GSTAI-1 gene into H69 cells (small-cell lung cancer)
leads to resistance towards doxorubicin, exhibiting
prooxidant action [101]. Overexpression of the GSTA1-1
gene protected the cells from the decrease in GSH level
caused by doxorubicin, decelerating lipid peroxide oxida-
tion. Besides, overexpression of the GSTA1-1 gene signif-
icantly decreased the number of apoptotic cells due to the
inhibition of JNK1-dependent phosphorylation of both
Jun-c and caspase-3 [101].

The mechanisms regulating the work of genes of GST
isoforms are still not completely understood. It was shown
that exogenous or endogenous compounds of different
structure are inducers of GST. Some of them activate the
transcriptions of GST genes, acting on the antioxidant-
responsive (ARE), xenobiotic-responsive (XRE), or glu-
cocorticoid-responsive (GRE) elements of the promoter
region [141, 142]. The presence of ARE in the promoter
region is characteristic for genes whose products are
involved in the defense of the cell from oxidative stress or
xenobiotics. GST isoforms are also encoded by genes that
are often called ARE genes, and the corresponding pro-
teins are called ARE proteins. Expression of ARE genes is
controlled by transcription factor Nrf2. Normally, Nrf2 is
located in the cytoplasm in a complex with Keap1 protein,
which provides ubiquitinylation of Nrf2 and its proteaso-
mal degradation [85]. The mechanism that was supposed
to be responsible for the activation of Nrf2 involves oxida-
tion of cysteine residues of Keapl under oxidative stress,
resulting in the dissociation of the Keapl—Nrf2 complex
and translocation of Nrf2 to the nucleus, where it forms a
dimeric complex with small Maf protein. This complex
activates expression of genes whose products are involved
in cell defense [143]. However, some data suggest that the
idea of direct dissociation of the Keapl—Nrf2 complex is
incorrect, since the affinity of this interaction is rather
high. It is suggested that stress conditions do not affect the
affinity of the complex, but rather decrease the ability of
Keapl to ubiquitinylate Nrf2, which finally allows the
transcription factor to be accumulated in the nucleus and
stimulate the expression of ARE genes [144].
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GLUTAREDOXIN. ROLE
IN REDOX-DEPENDENT CONTROL

Glutaredoxin (EC 1.20.4.1) is one of the most
important enzymes involved in processes of disulfide
reduction and deglutathionylation. Isoenzymes of Grx
are thermoresistant and low molecular weight proteins
(10-16 kDa) functioning as GSH-dependent oxidoreduc-
tases. According to their structure, they belong to the
thioredoxin superfamily, and together with Trx they play
an important role in redox-dependent processes in cells.
The active site sequence Cys-X-X-Cys/Ser is located in
the N-terminal region of Grx, while the conserved glu-
tathione-binding domain is at the C-terminal part of the
molecule. Isoenzymes of Grx are found in virtually all liv-
ing organisms except for some types of bacteria and
archaea [145]. The family of Grx isoenzymes is classified
in terms of the presence of a cysteine residue in the sec-
ond position of the active site sequence. Isoenzymes with
the sequence Cys-Cys-X-Cys/Ser in the active site are
called Grx of C—C type. Originally, it was suggested that
the main functions of Grx are reduction of disulfide
bonds and deglutathionylation of proteins. However, later
it was found that certain Grx isoenzymes rather serve as
transfer proteins for iron—sulfur clusters [FeS] using
GSH as a ligand [146]. The oxidized form of Grx formed
after the reduction of protein disulfides and glutathiony-
lated thiols is reduced by GSH (Fig. 3). However, some
Grx isoenzymes are reduced by ferredoxin- or NADPH-
dependent thioredoxin reductase, for example Grx4 of E.
coli and human Grx2 [46]. Depending on the active site
structure, Grx isoenzymes can be dithiol or monothiol
(active site sequences Cys-X-X-Cys and Cys-X-X-Ser,
respectively) [147]. The binding of Fe-S clusters can lead
to the formation of dimers and tetramers. In these inter-
actions, alternative protein—protein contact sites are pos-
sible in mono- and dithiol Grx isoenzymes, providing for
the existence of both mono- and multidomain forms of
Grx [148].

Concerning the classification of Grx isoenzymes, it
should be noted that since bacteria, yeast, and mammals
have a limited number of these proteins, their classifica-
tion into mono- and dithiol isoenzymes is sufficient. For
photosynthesizing organisms containing a wide range of
Grx isoenzymes, a new classification is used [149]

NADPH + H* GSSG
glutathione reductase
NADP* 2 GSH
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according to which the isoenzymes are divided into six
classes based the homology of their amino acid sequences.
Dithiol Grx isoenzymes belong to class I, monothiol Grx
isoenzymes occur in both classes I and I1, and glutaredox-
ins of the C—C type belong to III class. Grx isoenzymes of
classes I and II are found in virtually all organisms.
Isoenzymes of class I1I are present in higher plants, where
they control the functional activity of plants, for example,
flowering [5]. Isoenzymes of class IV are found in photo-
synthesizing eukaryotes. Glutaredoxins of class V occur in
cyanobacteria and proteobacteria, while Grx of class VI
are present only in cyanobacteria [150].

Grx isoenzymes use two catalytic mechanisms:
monothiol and dithiol. The monothiol mechanism is
characteristic for the reactions of deglutathionylation
(Fig. 4a). In this case, only the catalytic cysteine residue
(the first of two active-site cysteines at the N-terminus)
participates in the catalysis. The reduction of a glu-
tathionylated substrate starts from nucleophilic attack of
the thiol group of the Grx Cys, residue. The substrate is
released with the formation of the intermediate glu-
tathionylated product Grx-SSG. Further, glutaredoxin is
regenerated by GSH, yielding Grx(SH), and GSSG. The
monothiol mechanism is used by both monothiol and
dithiol Grx isoenzymes [5]. The dithiol mechanism,
besides the catalytic cysteine residue, requires another
cysteine residue (so-called recycling cysteine) that can be
either the second cysteine residue of the Grx active site
(Cysp) or a cysteine residue apart from the active site
(Cysc). If the substrate is deglutathionylated, the first
stage proceeds by the monothiol mechanism, but the glu-
tathionylated intermediate product Grx-SSG then
releases GSH yielding the intramolecular disulfide bond
Grx(S,) between the catalytic cysteine residue and one of
the recycling cysteines. Further, the disulfide bond is
reduced using two GSH molecules or by thioredoxin
reductase. If the substrate of Grx requires the reduction of
an intra- or intermolecular disulfide bond (Fig. 4b), the
Cys, residue of Grx forms a transient disulfide bond with
one of the substrate cysteines, and then the reduced sub-
strate is released, while the disulfide bond is formed
between the Cys, and Cysg or Cysc residues of Grx.
Finally, the disulfide bond in Grx(S,) is reduced by two
molecules of GSH or by thioredoxin reductase [151]. All
dithiol isoforms of Grx investigated so far are capable of

Grx-(SH), Protein-S,

Grx-S, Protein-(SH),

Fig. 3. Scheme of reactions catalyzed by the glutaredoxin-dependent system. The oxidized form of Grx formed after the reduction of protein
disulfides and glutathionylated thiols is reduced by GSH. The oxidized GSH is reduced by glutathione reductase using NADPH(H") as the

coenzyme.
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Fig. 4. Scheme of the thiol—disulfide exchange with participation of glutaredoxin (Grx). a) Grx catalyzes deglutathionylation of a protein by
the monothiol mechanism through the formation of the mixed disulfide with Grx (1) that is reduced by GSH (2). Under conditions of
decreased GSH/GSSG ratio, Grx can catalyze S-glutathionylation of proteins (3). b) Grx reduces disulfide bonds in proteins by the dithiol
mechanism through the formation of an intermediate complex between Grx and the substrate (1, 2). Oxidized Grx is reduced by two GSH

molecules (3, 4).

functioning by the monothiol mechanism, but not all
have been tested for the ability for dithiol catalysis.
However, all dithiol Grx isoforms that have the ability for
dithiol catalysis can also function using the monothiol
mechanism.

Four Grx isoenzymes have been found in mammals:
Grxl, Grx2, Grx3 (also known as protein interacting
cousin of Trx (PICOT)), and Grx5 [152]. The dithiol
isoenzyme Grx|1 is localized mainly in the cytoplasm, but
also can be translocated into the nucleus, secreted from the
cell, and localized in the intermembrane space of mito-
chondria [147, 153]. The dithiol Grx2 was originally found
in mitochondria, but later it was found in the cytoplasm
and nucleus of testes and in a number of tumor cells [154].
The monothiol isoenzyme Grx3 is a multidomain protein
that is present in the nucleus as well as in the cytoplasm,
while the monothiol Grx5 is found in mitochondria [152].

Although the amino acid sequences of Grxl and
Grx2 exhibit only 34% homology, these isoenzymes use

the same catalytic mechanism [155, 156]. Grxl is
approximately 10-fold more active than Grx2, but the
content of Grx2 in the intermembrane space of mito-
chondria is higher than that of GrxI, which presumably
compensates the difference in their catalytic activity
[73]. Oxidized Grx1 is reduced only by GSH, while Grx2
can be reactivated using either glutathione or thioredox-
in reductase, which suggests that this protein exhibits
properties of both Grx and Trx [46] and implies the con-
nection between the metabolic pathways controlled by
glutathione and thioredoxin in mitochondria. Besides,
the possibility of reduction of Grx2 by thioredoxin
reductase allows Grx2 to function over a wide range of
GSH/GSSG values and rather strong oxidative stress in
mitochondria [50].

Grx1 and monomeric Grx2 can catalyze both deglu-
tathionylation and the reverse reaction of S-glutathionyla-
tion. The direction of the reaction depends on the relative
concentrations of the participants protein-SSG, protein-
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SH, GSH, and GSSG. The redox potential of the
GSH/GSSG pair is most important for determining the
cellular redox potential. The value of the GSH/GSSG
redox potential substantially depends on the functional
state of the cell. During cell proliferation, this value is
approximately —240 mV, during cell differentiation it
reaches —200 mV, and apoptosis results in further growth
of this value to —170 mV [157]. It has been ascertained
that Grx acts as the GSH-dependent reductase at
—240 mV, while at —170 mV it acts as the GSSG-depend-
ent oxidase [158]. Under conditions when GSH/GSSG
value is decreased, i.e. under the action of oxidizing fac-
tors, Grx can catalyze the S-glutathionylation reaction,
while under weakening oxidative stress, Grx catalyzes deg-
lutathionylation [159, 160]. Grx facilitates S-glutathiony-
lation of proteins via the reaction of the disulfide bond
with the radical GS' yielding the intermediate anion radi-
cal Grx-SSG™, which then gives the mixed disulfide
PSSG [159]. The reversion of S-glutathionylation
depends on the extent and duration of the initiating stress,
the removal of which usually results in deglutathionyla-
tion. The half-reduction time of the glutathionylated
bonds is 2-3 h [105]. Evidently, Grx contributes to the
control of signal transduction, regulating the processes of
glutathionylation and deglutathionylation.

The thiol groups of the active site of some Grx isoen-
zymes can form complexes with iron—sulfur clusters.
These enzymes include a limited number of dithiol Grx
isoenzymes of humans, plants, and trypanosomes and vir-
tually all monothiol Grx isoenzymes [161-163]. Most such
complexes were found in mitochondria. The cluster
[2Fe2S]?* is located between two monomers of Grx, form-
ing coordination bonds with two active site cysteine
residues at the N-termini and with two noncovalently
bound GSH molecules. The GSH comes from the free
GSH pool, indicating the important role of GSH in stabi-
lizing Fe-S clusters [164]. Since the cofactor [2Fe2S]**
within the holo-Grx complex interacts with the cysteine
residues involved in the catalysis, such complex is catalyt-
ically inactive [161]. The degradation of the cluster and
dissociation of the holo-complex restore the activity of
Grx. Slow degradation of the complex under aerobic con-
ditions is efficiently prevented by GSH. In contrast,
GSSG facilitates degradation of the cluster and the activa-
tion of Grx [161]. Two GSH molecules in the complex
successfully screen the iron atoms from the environment.
Thus, the iron of the [2Fe2S]?* cluster has no possibility to
interact with oxidants that require direct molecular inter-
action, particularly H,0,. It has been shown that release of
Grx monomers is caused by O3 [165]. Presumably, the
breakdown of the cluster in response to the action of the
oxidant is related to the formation of GSSG. It is suggest-
ed that the human Grx2/Fe-S complex is a kind of the
redox sensor: under high GSH/GSSG values, Grx is
bound to the complex in the inactive state, while changes
in the cellular redox status result in the release of the cat-
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alytically active Grx [161, 166]. Besides, Grx2 is resistant
to oxidative inactivation [167] and successfully functions
as an alternative reducing system of Trx1 in the cytosol and
Trx2 in mitochondria under the action of inhibitors of
thioredoxin reductase. Overexpression of the Grx2 gene in
mitochondria protects Trx2 against oxidation, this signifi-
cantly decreasing the development of apoptosis caused by
the production of ROS in mitochondria [167].

Recent studies have shown the importance of the
yeast cytosolic multidomain monothiol isoenzymes Grx3
and Grx4 in the intracellular distribution of iron [168].
Simultaneous decrease in Grx3 and Grx4 decelerates all
iron-dependent processes in the cytoplasm, mitochon-
dria, and nucleus, which is caused by iron deficiency in
the organelles and insufficiency of its incorporation into
proteins despite sufficient amount of iron in the cyto-
plasm. The ability of Grx to bind Fe-S complexes is nec-
essary for bioavailability of iron in the cell [168].

For better understanding the functions of various
human Grx isoenzymes, their specificity towards differ-
ent disulfides must be investigated considering different
cellular localization. Besides, their particular contribu-
tion to the processes of iron transport and maintenance of
Fe-S clusters are also of importance. In this connection,
recent investigation of Grx5 seems to be interesting. It
was demonstrated that the gene of Grx5 had high expres-
sion level in bone tissue and played an antiapoptotic reg-
ulatory role in osteoblasts [169]. However, it remains
unclear, what precisely affected the development of the
oxidative stress-induced apoptosis while changing the
level of Grx5 (overexpression or knockout of the gene):
alterations of the thiol—disulfide homeostasis or homeo-
stasis of the iron—sulfur clusters.

Thiol—disulfide exchange influences not only the
substrate structure, but also the structure of Grx.
Comparison of the oxidized and reduced forms of Grxl
from E. coli and T4 bacteriophage demonstrated that the
structures of the two forms of the isoenzymes are very
similar, although there are some differences [170, 171]. In
the presence of the mixed disulfide bond with GSH, the
Grx1 of FE. coli exhibits properties of the oxidized protein
[172]. The structural changes involve the region of the
active site, increasing the flexibility of this region in the
reduced enzyme form. Besides, in the oxidized Grx, the
surface of the molecule involved in protein—protein
interactions is masked. Therefore, the affinity of Grx to
the substrate decreases as soon as the substrate is reduced,
resulting in the dissociation of the Grx—substrate com-
plex.

The specific regulation of protein activities through
glutathionylation/deglutathionylation processes are
important for many aspects of cell functioning including
the regulation of apoptotic signal cascades. It was found
that apoptosis induced by TNF-oa and FasL is highly sen-
sitive to S-glutathionylation. Thus, in epithelial lung
cells, the Fas receptor is glutathionylated on Cys294 dur-
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ing degradation of Grx1 involving caspase-8 and/or cas-
pase-3, this resulting in the acceleration of apoptosis
[173]. The results indicate the existence of feedback
between caspase-3 and Grx, since Grx activates procas-
pase-3, which causes degradation of Grx. At the same
time, in vitro studies demonstrated inactivation of cas-
pase-3 by glutathionylation [174]. For better understand-
ing of the interactions between Grx and caspase-3, it is
necessary to determine the specific cysteine residues of
caspase-3 that are glutathionylated/deglutathionylated.
This is of importance for ascertaining the relation
between the redox status of caspase-3 and the mechanism
of activation of apoptosis. It is assumed that the deglu-
tathionylation catalyzed by Grx can play a crucial role in
the mechanism of the redox regulation of the processes
from the proliferation to apoptosis that is specific for dif-
ferent cell types [175].

It should be noted that Grx is capable of
protein—protein interactions. For example, Grx partici-
pates in the regulation of ASK1 protein kinase activating
JNKI- and p38-dependent signal pathways of apoptosis
[103]. Using different cell lines, it was shown that ASK1
is activated by ROS, in particular by H,0,, due to the
breakdown of the complex with Grx1. The reduced Grxl1
binds to the C-terminal domain of ASK1, resulting in the
inactivation of the kinase. In contrast, oxidation of Grxl1
leads to the dissociation of the complex, activation of
ASKI1, and induction of apoptosis [176]. This dissocia-
tion is prevented by catalase or N-acetylcysteine. The
decrease in GSH content using BSO inhibits the binding
of Grx1 to ASK1. Presumably, GSH is necessary for the
reduction of the intermolecular disulfide bonds between
the adjacent cysteine residues in the Grxl molecule,
which enables the protein to bind ASK1 [176]. These data
suggest that Grx1 can be considered as a redox-sensitive
factor involved in the regulation of signal cascades of
JNKI and p38 MAP-kinases.

Glutathionylation in cells of humans and other
mammals participates in the regulation of a number of
key proteins and processes in response to redox signals.
More than 200 mammalian proteins are known to be
involved in thiol—disulfide exchange. For example, S-
glutathionylation has been shown to inhibit phosphofruc-
tokinase, carboanhydrase 111, nuclear factor NF1, glycer-
aldehyde-3-phosphate dehydrogenase, protein tyrosine
phosphatase 1B, protein kinase Ca, creatine kinase,
actin, protein phosphatase 2A, protein kinase A, tyrosine
hydroxylase, complex I of the mitochondrial respiratory
chain, NR-kB transcription factor, and IxB kinase
(IKK). In contrast, such proteins as microsomal S-glu-
tathione transferase, phosphatase of carbonic anhydrase
ITII, HIV-1 protease, matrix metalloproteinase, HRAS
GTPase, sarcoplasmic calcium ATPase, and complex I1
of the mitochondrial respiratory chain are activated by S-
glutathionylation. The progression of oxidative stress and
change in the functioning of Grx disturb the regulation of
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S-glutathionylation, which may facilitate a number of
pathophysiological changes observed in diabetes, disor-
ders of the lungs and heart, oncological diseases, and dif-
ferent neurodegenerative processes. For example, distur-
bance of the glutathionylation of cytoskeletal elements
promotes pathological changes in heart and skeletal mus-
cles in ischemia and in neurons in Friedreich’s ataxia
[177]. Glutathionylation of actin prevents its polymeriza-
tion, so the redox-dependent reversible glutathionylation
of actin regulates the cytoskeleton structure, which is of
special importance for the functioning of such cells as
thrombocytes, in which actin is the main protein [178].
Besides, glutathionylation of actin was shown to be nec-
essary for the dissociation of actin—myosin complexes
during cell adhesion [22].

In Alzheimer’s disease, change in metabolism is par-
tially associated with decrease in the activity of a-keto-
glutarate dehydrogenase. The activity of this enzyme
decreased with glutathionylation under conditions of
oxidative stress, which may take place in brain cells in
Alzheimer’s disease [179]. Besides, the selective glu-
tathionylation of protein p53 in brain cells was found in
Alzheimer’s disease, which also may facilitate the pro-
gression of oxidative stress [180].

In patients with type 2 diabetes, glutathionylated
hemoglobin was found, and its content correlated with
the development of microangiopathy [181]. At the same
time, in a rat diabetes model an increased expression of
Grx1 gene was revealed, this facilitating the translocation
of NF-«B into the nucleus and activation of cell adhesion
molecules ICAM-1. Both these processes make a signifi-
cant contribution to the development of retinopathy. The
disturbance in their regulation, in which glutathionyla-
tion plays an important role, is observed under the activa-
tion of Grx1 [182].

The crystalline lens contains high concentrations of
GSH (6 mM) that plays a role of an antioxidant, main-
taining the transparency of the lens [183]. During the
progression of cataract, the GSH/GSSG ratio decreases
and the lens proteins undergo structural changes resulting
in the unfolding of the protein globules and exposure of
the buried cysteine residues, which increases disulfide
bonding and S-glutathionylation [183]. Presumably, the
maintenance of GSH level prevents or decelerates the
progression of cataract. In the rat diabetes model, N-
acetyl-cysteine and glutathione ethyl ester that are easily
converted into GSH in vivo successfully suppressed the
development of the cataract in early stages [184].

Glutathionylation of transcription factor p53 signifi-
cantly decreased its ability to bind with the DNA mole-
cule. Consequently, glutathionylation inhibits p53 that
suppresses the development of malignant tumors, which
may influence oncogenesis [ 185]. It is supposed that inac-
tivation of p53 through its glutathionylation provides the
mechanism for cell adaptation that suppresses the devel-
opment of the apoptotic response in the early stage of
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oxidative stress and allows the cell to avoid immediate
death [185].

Of note is that age is a risk factor for many diseases,
since different damages accumulate with age, while repair
systems slow their activity. With age, mitochondrial func-
tions can also be affected by negative changes facilitating
ROS production, which is observed simultaneously with
decrease in the activity of antioxidant enzymes. Such dis-
orders in redox-regulation affect the S-glutathionylation
of proteins, which makes the cell more sensitive to apop-
tosis and promotes the development of pathologies [175].

CONCLUSION

Summarizing the data we have described, we con-
clude that an important role in the system of the antioxi-
dant defense and the redox-dependent regulation belongs
to GSH and redox-dependent enzymes. For the last
decade, new details concerning the participation of glu-
tathione-dependent enzymes (glutathione transferase
and glutaredoxin) in the processes of proliferation, apop-
tosis, protein folding, and cell signaling have been
revealed. Reduced glutathione (GSH) is an important
intracellular antioxidant that plays a special role in the
maintenance of the cellular redox status due to participa-
tion in thiol—disulfide exchange, providing the regulation
of a number of cellular functions from gene expression to
the activity of separate enzymes and enzyme systems. The
maintenance of the optimal GSH/GSSG level is of
importance for cell viability. Decrease in GSH content
below the normal level can be the indicator of the distur-
bances of cellular redox status and the alteration of redox-
dependent gene regulation. Disturbance of the intracellu-
lar GSH balance is observed in a number of pathologies
including malignant tumors. This significantly alters the
mechanism of cellular redox signaling that is controlled
both nonenzymatically and enzymatically with the par-
ticipation of isoenzymes of glutathione transferase and
glutaredoxin.
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