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Abstract—Among the key antioxidant enzymes, thioredoxin and glutaredoxin systems play an important role in cell defense
against oxidative stress and maintenance of redox homeostasis owing to the regulation of thiol—disulfide exchange. The
thioredoxin isoforms Trx1 (cytoplasmic form) and Trx2 (mitochondrial form) can reduce inter- and intramolecular disul-
fide bonds in proteins, in particular, in oxidized peroxiredoxins, which disrupt organic hydroperoxides, H,0,, and perox-
ynitrite. NADPH-dependent thioredoxin reductase, which reduces a broad range of substrates including oxidized form of
thioredoxin, can also directly reduce lipid hydroperoxides, H,0,, and dehydroascorbic and lipoic acids. Glutaredoxin,
whose major isoforms in mammals are Grx1, Grx2, and Grx3, as well as thioredoxin, catalyzes S-glutathionylation and deg-
lutathionylation of proteins to protect SH-groups from oxidation and restore functionally active thiols. However, in contrast
to thioredoxin, glutaredoxin reduces GSH-mixed disulfides and catalyzes the reaction not only via a dithiol mechanism but
also via monothiol reduction. In addition to the role in cellular antioxidant defense, all of the reviewed redox proteins
(thioredoxin, thioredoxin reductase, peroxiredoxin, and glutaredoxin) have a number of significant functions required for
cell viability: they regulate transcription factor activities, play the role of growth factors, serve as enzyme cofactors, take part

in regulation of cell cycle, and are involved in antiapoptotic mechanisms.
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Redox-dependent processes substantially influence
the functional activity of many proteins and participate in
regulation of the most important vital processes of the cell
such as proliferation, differentiation, and apoptosis.

Abbreviations: AP-1, activator protein 1; ARE, antioxidant-
responsive element; ASK-1, apoptosis signal-regulating kinase
1; Cdc2, cyclin-dependent kinase 2; ERK, extracellular signal
regulated kinase; Grx, glutaredoxin; GSH and GSSG, glu-
tathione reduced and oxidized, respectively; GST P1-1, glu-
tathione transferase P1-1; IxB, inhibitor of kB; iNOS,
inducible NO-synthase; JNK, c-Jun-N-terminal kinase;
MAPK, mitogen-activated protein kinase; MEK, MAPK/ERK
kinase; Mn-SOD, Mn-dependent superoxide dismutase; NF-
kB, nuclear factor kB; Nrf2, NF-E2-dependent factor 2; PDI,
protein disulfide isomerase; PKC, protein kinase C; Prx, perox-
iredoxin; ROS, reactive oxygen species; SAPK, stress-activated
protein kinase; Sec, selenocysteine; SEK, SAPK/ERK kinase;
Trx, thioredoxin; Trx1 and Trx2, cytoplasmic and mitochondr-
ial Trx forms, respectively; TrxR, thioredoxin reductase.
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Considerable recent attention of researchers has been
focused on thiol—disulfide regulation, which is realized
by redox proteins, whose activities depend of a redox-
active site in the form of amino acid sequence containing
one or two active thiols. Among these proteins, two
thiol—disulfide reductases stand out: thioredoxin (Trx)
and glutaredoxin (Grx), which are the members of thiore-
doxin superfamily. These enzymes are multifunctional
and comprise thioredoxin- and glutaredoxin-dependent
systems playing an important role in maintenance of
intracellular redox homeostasis. The first system con-
tains, apart from thioredoxin, a NADPH-dependent
thioredoxin reductase (TrxR), which reduces the oxidized
form of thioredoxin. The second system includes glu-
tathione (GSH) as an agent reducing the oxidized
glutaredoxin and glutathione reductase reducing glu-
tathione from its oxidized form (GSSGQG).

Both of these systems contribute to the antioxidant
defense of cells from destructive influence of oxidative
stress, which causes formation of intra- and intermolecu-
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lar disulfide bonds in proteins, oxidation of functional
SH-groups with sulfonic acid formation, and subsequent
proteosomal degradation of proteins [1, 2].

The antioxidant defense involves peroxiredoxins,
which decompose H,0,, organic hydroperoxides, and
peroxynitrite [3, 4]. Cofactors of these enzymes in most
cases are distinct isoforms of thioredoxin. Worthy of men-
tion is the antioxidative activity of thioredoxin reductase
1 (TrxR1), which can directly reduce many substrates,
particularly lipid hydroperoxides, H,0,, and dehy-
droascorbic and lipoic acids [5-8].

In this review, the main attention is focused on func-
tional properties of Trx and Grx, which maintain the
redox-dependent thiol/disulfide state of proteins and
influence their structure and functions. The regulatory
mechanism for a series of vital cellular processes, such as
regulation of cell cycle, inhibition of apoptosis, and regu-
lation of transcription factor activities, is also discussed.

THIOREDOXINS

Thioredoxin (EC 1.8.4.8) is a multifunctional low-
molecular-weight protein containing an active
thiol/disulfide site and possessing oxidoreductase activity.
Originally discovered in E. coli, Trx was later found in
many prokaryotic and eukaryotic cells [9]. The major Trx
isoforms are cytosolic Trxl and mitochondrial Trx2.
Moreover, there are the known Trx1-like protein (named
p32™L) and recently found Trx2-like protein (Trl2) asso-
ciated with cytoskeleton microtubules [10]. The Trx fam-
ily now includes more than 10 proteins.

Human Trx1, a low-molecular-weight (12 kD) pro-
tein composed of 105 amino acid residues and substan-
tially localized in cytoplasm is also found in the cell
nucleus and blood plasma. Trx2 is primarily synthesized
in the form of a precursor protein (18 kD) composed of
166 amino acid residues including a N-terminal 60-
amino-acid sequence that is eliminated in the course of
posttranslational proteolysis to form Trx2 (12.2 kD) and
its transport into mitochondria. The p32™" protein is
highly homologous to Trx1 and also localized in cyto-
plasm, but its function is not well understood.

Trxl can undergo posttranslational modification;
due to a limited proteolysis it turns into Trx80 composed
of the 80 N-terminal amino acid residues. This enzyme is
secreted from the cell and possesses a cytokine-like activ-
ity [11]. S-Nitrosylation at Cys69 is important for anti-
apoptotic effect of Trx1 [12], and its glutathionylation at
Cys73 can prevent the dimerization of Trx1 caused by
oxidative stress [1].

Both Trx1 and TrxR1 can be localized not only with-
in the cells, but also in the intercellular space [13, 14].
Different cell types including tumor cells secrete Trx1
[15], with the secretion appearing not to be sensitive to
oxidation [16]. However, the secretion process can
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change in presence of various xenobiotics including alky-
lating agents. A comparative study of secretion on normal
liver cells and on HepG2 hepatocarcinoma cells showed
that only normal cells demonstrate high secretion of Trx1
[17], whereas secretion of Trxl by the HepG2 cells
increases in presence of 80 uM 2-mercaptoethanol or
5 mM N-acetyl cysteine. However, these cells later
undergo morphological changes accompanied by inhibi-
tion of their growth. Exogenous Trx1 (100 nM) inhibited
the HepG2 cell proliferation, but did not induce secre-
tion of endogenous Trx1.

It is still uncertain whether the secreted Trx1 can
provide insurance of the cells (whole body) against xeno-
biotics and oxidative stress, although the extracellular
Trxl seems to play a certain role in development of
inflammatory response. In particular, the TrxI level in
blood plasma increases in many diseases such as AIDS
[18], rheumatoid arthritis [19], asthma [20], and hepatitis
C [21]. The secreted Trx1 acts as a chemotactic factor for
neutrophils, monocytes, and T-cells [22], but at the same
time it expresses an inhibitory effect on the endotoxin-
initiated chemotaxis of neutrophils [18].

Trx1 can move into the nucleus under the action of
many factors. This was demonstrated by Western-blotting
on cell cultures subjected to H,O, [27], hypoxia [28],
phorbol esters [29, 30], tumor necrosis factor (TNF) [30],
UV [29, 31] and ionizing radiation [32], interleukin-1f3
[33], and cisplatin [34], as well as in ischemic/reperfusion
injury of the brain [35].

Trx2 has been cloned from heart cDNA libraries of
rat [23] and human [24], osteosarcoma cells, and human
embryonal stem cells [25]. The TRX2 gene is expressed in
virtually all organs and tissues with the highest expression
level in the brain [26]. It was also found that Trx2 is local-
ized in mitochondria. The level of Trx2 mRNA therein
corresponds to the Trx2 protein content [25].

It is notable that thioredoxins evolved similarly to
chaperone-like proteins, whose function is maintenance
of the dithiol/disulfide structure of proteins [36]. A high-
ly conservative amino acid sequence of the active center
(Trp—Cys—Gly—Pro—Cys—Lys) contains two active Cys
residues (Cys32 and Cys35 in human Trx1 and Cys90 and
Cys93 in human Trx2) that are oxidized into correspon-
ding disulfides due to the transfer of two reducing equiv-
alents from Trx to a disulfide-containing substrate (Fig.
1). The disulfides formed in the active centers of Trx1 and

NADP* Substrate-(SH),

TrxR ey Trx-S,

NADPH + H' TrxR, Trx-(SH), Substrate-S,

Fig. 1. Scheme of reactions catalyzed by the thioredoxin-depend-
ent system (Trx, thioredoxin; TrxR, thioredoxin reductase).
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Trx2 are reduced by thioredoxin reductase (NADPH-
dependent selenoflavoprotein), which has two major iso-
forms: cytosolic (TrxR1) and mitochondrial (TrxR2).

Unlike the mitochondrial Trx2, the cytosolic Trx1
has three Cys residues apart from two localized in the
active center. Thus, another site of thiol-disulfide
exchange exists, which contains residues Cys62 and
Cys69 [37]. It is notable that Trxl can bind with 15-
deoxyprostaglandin at residues Cys35 and Cys69 [38].
Additional Cys residues in its molecule (particularly
Cys72 localized in a loop adjacent to the active center)
can be oxidized, resulting in dimer formation with the
loss of catalytic activity [39]. It is obvious that higher
resistance of Trx2 to oxidation is associated with the
absence of additional cysteine residues [24]. The differ-
ence in resistance to oxidation can also be explained by
higher level of intracellular Trx2 in tissues with high
metabolic activity. Note that the active center of p32™L is
analogous to that of Trx1 [40].

Holmgren and Fagerstedt [41] have offered to divide
dithiol and disulfide forms of bacterial Trx via synthesis of
iodoacetic acid derivatives followed by native gel elec-
trophoresis. Using this method, the authors found that
about 60% of E. coli Trx is in its reduced form during the
exponential growth phase [41]. Fernando and coworkers
[42] have improved this method with the use of antibod-
ies against Trxl and further developed so-called redox
Western blotting for estimation of redox state of Trxl.
Using this method, they have found that in endothelial
cells virtually all Trx1 is in the reduced form, and not only
under normal conditions, but being exposed to H,0,, 70-
85% Trx1 remains in the completely reduced state. Das et
al. [43], using the method of redox Western blotting for
estimation of the redox-state of oxidized Trxl, when
added to human A549 adenocarcinoma cells, found that
45% of Trx1 entered the cells was in completely or par-
tially reduced state. This level increases to 80% and more
when TrxR1 and NADPH are added to the culture medi-
um.

The method of redox Western blotting is currently
used for measurement of standard redox-potential (E;) of
Trx1, which commonly is —230 mV [37], and for meas-
urement of redox state of Trx1 in the cytoplasm [44, 45]
and nucleus [46]. It was found that 95% of Trx1 is in the
reduced state in both compartments (redox potential (E,)
is —280 mV).

Trx1 is multifunctional: it plays a role of growth fac-
tor, enzyme cofactor (see below), regulates activity of a
series of transcription factors, and contributes to mainte-
nance of protein folding. Besides, it is involved in devel-
opment of cancer cell resistance against antitumor drugs
and secures cells against oxidative stress. The latter was
particularly observed in the case of lung injury caused by
bleomycin and doxorubicin-induced cardiotoxicity [47-
51]. Mechanisms of the protective effect of Trx1 seem to
be associated with its role in redox regulation of cell sig-
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naling to a greater extent than with its direct involvement
in redox-dependent reactions, because its content in the
cell is lower compared with other endogenous antioxi-
dants, particularly GSH.

Both thioredoxin isoforms significantly contribute to
antioxidant cell defense due not only to their capability to
repair the catalytic activity of peroxiredoxins and glu-
tathione peroxidases decomposing hydroperoxides and
H,0, [52], but also by the ability of Trxl to directly
reduce both H,0, and GSSG [53]. Moreover, both iso-
forms can play a role of “trap” for *OH radicals [54].

It is known that Trx1 serves as a cofactor of a series of
enzymes [55], such as peroxiredoxins [52], ribonu-
cleotide reductases, and methionine sulfoxide reductases,
and is involved in DNA repair [9].

Most human tumor cells are characterized by
increased level of Trx1. Trxl seems to be an atypical
growth factor because it has no specific receptor. It is like-
ly to be considered as an important growth cofactor rather
than a true growth factor. Mechanisms underlying the
pro-growth activity of Trx1 can be realized due to its abil-
ity to prevent inactivation or elevate activity of other
endogenous growth factors.

Multifunctionality of Trx entitles us to believe that it
is very important for maintenance of cell viability. This
conclusion is supported by the data on early embryonal
lethality of both TXNI [56] and TXN2 [57] knockout
mice. Fibroblasts of TXN2 knockout embryos undergo
extensive apoptosis. Interestingly, in this case lethality
develops in about the middle of development. In contrast,
the death of TXN1 knockout mice occurs shortly after
implantation [56]. It was concluded that the main cause
of death of TXN2 knockout mice is elevation in the level
of reactive oxygen species (ROS) and, hence, Trx2 is a
critical component of the antioxidant-based defense sys-
tem. In general, although the main redox-dependent
reactions of Trx1 and Trx2 are very much alike, and both
proteins are essential for embryogenesis, the difference in
stages of embryonal death suggests some difference in
their functions.

Several functions of Trx2 have been identified. The
Trx2 isolated from porcine brain mitochondria catalyses a
reduced-to-oxidized form transition of native E. coli 4-
aminobutyrate aminotransferase [58] and ribonucleotide
reductase [59]. In yeasts, Trx2 acts as a reducer of the oxi-
dized form of mitochondrial peroxiredoxin 3 (Prx3),
which, in turn, reduces peroxides. Mutant yeast cells
deficient in Trx2 are more sensitive to H,0, [60]. Reddy
and coworkers found that in the eye lens of the Emory
mouse used as a model for studies on human senile
cataracts, an increase of Trx] mRNA and the protein was
observed three weeks after photochemical impact, where-
as six weeks after a decrease in the level of Trx2 mRNA
was observed. It is hypothesized that inability to maintain
or elevate the Trx2 level is critical for development of this
kind pathology [61]. Moreover, Trx2, like Trxl, can
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reduce insulin in the presence of NADPH and TrxR2.
This reaction is used for estimation of the total activity of
thioredoxin isoforms in vitro [62].

The indices of Trx1 level in blood plasma or serum
can be used for diagnosis of several diseases [63]. In par-
ticular, the level of Trxl in blood serum significantly
increases in cardiovascular pathology: not only in
ischemic heart disease [64, 65], but also in chronic heart
insufficiency [66].

It proved that C57BL/6 transgenic mice with overex-
pression of human Trxl are more resistant to various
oxidative stress types and are characterized by extended
lifetime compared with control mice [67]. They demon-
strate resistance to cerebral infarction [68], doxorubicin-
and bleomycin-evoked cytotoxicity [50], pneumonia
[70], and renal ischemia—reperfusion [71]. Embryos of
Trx1 transgenic mice can develop normally even under
conditions of oxidative stress [72].

Note that the exogenous Trxl can penetrate into
cells, decreasing ROS production and hindering emer-
gence of apoptosis [73], which is currently used for cre-
ation of Trxl-based pharmaceuticals, in particular, for
therapy of acute inflammatory processes in lungs [69].
Moreover, exogenous Trxl suppresses development of
autoimmune myocarditis [74]. A prolonged intravenous
infusion of recombinant Trx1 involutes cerebral stroke
locus [75]. The level of Trx1 was found to decrease within
aorta of rats with spontaneous hypertension [76]. It was
also found that the use of Trx1-inducing substances might
be promising for prevention of the progression of hyper-
tension.

As mentioned above, overexpression of the TXNI
gene enables defense against oxidative stress and reduces
toxicity of many xenobiotics [48-51]. At the same time,
overexpression of the TXN2 gene can facilitate develop-
ment of resistance to ROS-induced apoptosis [25], as well
as resistance of human embryo kidney cells to etoposide
[24]. The latter fact evokes great interest because etopo-
side somehow influences in dose-dependent manner the
signaling pathways of mitochondrial apoptosis [77], which
are sensitive to the effect of Trx2. Besides, Trx2 can inter-
act with mitochondrial respiratory chain components
[78]. In particular, it has been ascertained that Trx2 can
form a complex with cytochrome ¢ [79], whereas overex-
pression of its gene (7XR2) leads to increase of mitochon-
drial Ay, [24]. The data on ability of Trx2 to bind with
cytochrome c [79], as well as the data on important role of
cytochrome c¢ in development of apoptosis [80], suggest
that Trx2 can be released in response to stimuli activating
apoptosis and play a protective role in regulation of pro-
grammed cell death, primarily through its effect on for-
mation of apoptosomes and activation of caspases, whose
active state requires reduced Cys residues [81].

Like Trx2, Trx1 can exert a control over the apopto-
sis mechanism [9]. Introduction of Trxl into a culture
medium prevents apoptosis induced by a series of oxi-
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dants in neuroblastoma cells [48], whereas overexpression
of the TXN1 gene leads to abatement of tumor cell apop-
tosis in gastric carcinoma [82]. Contrariwise, transfected
lymphatic cells expressing the redox-inactive Trx1 are
more sensitive to apoptosis induced by various xenobio-
tics [83].

Mechanisms of the Trx1 effect on apoptosis are still
poorly understood. Possibly, it interacts directly with
ROS, although its effect on signaling pathways might be
more important for this function of Trx1. Thus, Trx1 can
bind with apoptotic signal-regulating kinase 1 (ASK-1) to
form inactive complex [84]. Some factors inducing apop-
tosis, particularly oxidative stress, can disrupt this com-
plex, thus activating kinase 1, which leads to activation of
JNK/p38 MAP kinases and apoptosis [85].

JNK and p38-dependent pathways of cell signaling
have been studied in detail and include MAP-kinase-
dependent signaling cascade, which usually includes
three levels of protein kinases: MAPKKK, MAPKK, and
MAPK [86-88]. The latter enzyme is activated via
sequential phosphorylation and then, in turn, regulates
activities of downstream transcription factors and/or
other kinases, thus exercising a control over expression of
distinct genes.

ASK-1 identified as MAPKKK is activated by
SEKI1-JNK and MKK3/MKK6-p38 signaling cascades
[89]. ASK-1 is supposed to be a key element in the mech-
anism of cytokine-dependent and stress-induced apopto-
sis. It has been found that overexpression of ASK-1
induces apoptosis, whereas its inactive mutant (ASK-1-
K709R) causes suppression of apoptosis induced by
TNF-a (tumor necrosis factor) [89, 90]. The data
obtained on ASK-1-deficient mice also show that pro-
longed activation of JNK/p38 and apoptosis induced by
TNF-a and ROS require activation of ASK-1 [85].

Trxl is a key regulator of ASK-1 functions. Its
reduced form directly binds with the ASK-1 N-terminal
fragment to inhibit both the ASK-1 activity and the ASK-
1-dependent apoptosis. Decrease in the level of Trx1 acti-
vates endogenous ASK-1 [84]. It has been established
that the HIV Nef protein inhibits the ASK-1 activity, thus
preventing release of Trx1 from the Trx1—ASK-1 complex
[91]. It has been also found that Trx1 is sensitive to S-
nitrosylation, which can lead to dissociation of the
Trx1—ASK-1 complex and activation of ASK-1 [92].

Some data suggest that Trx1 can facilitate ubiqui-
tinylation of ASK-1 and its degradation in endothelial
cells [93]. As mentioned above, the inhibitory effect of
Trx1 on ASK-1 depends on the reduced state of Trx1 [84].
Trx1 seems to form a stable complex with ASK-1 via any
of its Cys residues [93]. A possibility of this kind of com-
plex formation between Cys-residues of Trx1 and TrxR1
(via Cys32) or Trx1 and NF-xB (via Cys35) is also estab-
lished [94, 95].

Regulation of transcription factor activities by Trx1 is
associated with its capability for reduction of thiols,
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which are critical for binding with DNA [96]. At least 64
redox-regulated transcription factors have been identified
[97, 98]. Many of them have critical Cys residues and can
be regulated by a Trx-dependent system [99, 100]. In par-
ticular, this has been established for the transcription fac-
tors p53, NF-kB, AP-1, and Nrf2, each of which is thiol-
dependent and associated with cell proliferation and
mechanism of apoptosis [101-106].

The most exhaustively studied is the process of NF-
kB activation, which includes three steps: 1) phosphoryla-
tion of the inhibitory IxB subunit; 2) its dissociation from
inactive complex; and 3) degradation of the IxB subunit.
In distinct cell types, ROS can activate NF-kB, whereas
antioxidants counteract this activation. Besides, NF-xB
inducers, such as TNF-a, promote increase of the ROS
production level. Reduction of critical Cys residues is nec-
essary for translocation of NF-xB across the nuclear
membrane and its binding with DNA. So, the cellular
redox status is crucial for the control over the NF-kB acti-
vation state [107]. It has been established that both GSH
and Trx1 are necessary for NF-kB reduction [30, 108].
For instance, the Trx1 overexpression and translocation
into the nucleus lead to strengthening of the NF-«xB-
mediated gene expression [30]. It has been also established
that Trx1 can activate NF-«xB to elevate IxB degradation
indirectly, via the JNK-signaling pathway [109, 110].

DNA binding with the AP-1 transcription factor,
which is either a homodimeric (Jun-Jun) or heterodimer-
ic (Fos-Jun) complex, is mediated by factor Ref-1.
Together with the reduced form of Trx1, Ref-1 potenti-
ates the binding of DNA with AP-1 [29].

The Trx-system can influence p53, a multifunction-
al redox-sensitive tumor suppressor [111]. Protein p53
has several crucial Cys residues in the DNA-binding
domain, some of which are necessary for coordination of
zinc binding to form the zinc finger domain, whereas oth-
ers are used for DNA binding [112]. Since both binding
types require the reduced state of SH-groups, Trx1 can
elevate activity of p53 in the nucleus either directly or via
Ref-1 factor [81].

Because all transcription factors possessing critical
Cys residues in DNA-binding domains are sensitive to
oxidation, Trx1 can maintain them in reduced, function-
ally active state. A majority of data suggests that the main
redox-dependent regulation of Trx1 most likely occurs in
cytoplasm, in which key processes of signaling mecha-
nisms are realized. At the same time, a series of studies
has shown that Trx1 can implement a regulation of tran-
scription of certain genes in the nucleus [55]. Additional
studies are required for decisive elucidation of the func-
tions of nuclear and plasmatic Trx1 in regulation of the
expression of the gene.

A series of genes, whose products play an important
role in defense of organisms against oxidative stress or
xenobiotics, contain in a promoter region an antioxidant
responsive element (ARE), whose regulation occurs via
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the binding with Nrf2 forming heterodimer with low-
molecular-weight Maf proteins [113]. Normally, Nrf2 is
in the cytoplasm in a complex with Keapl protein. When
oxidative stress occurs, Cys residues in Keapl oxidize,
and Nrf2 is released, translocated into the nucleus, and
binds with ARE-containing gene promoters [114].
Although oxidative stress in the cytoplasm contributes to
Nrf2 activation, it should be noted that oxidative condi-
tions in the nucleus inhibit the binding of Nrf2 with ARE
[104]. At the same time, it is established that Trx1 in
reduced state can enhance the binding of Nrf2 with ARE,
thus activating it [68]. It is worth noting that transcription
of the TRXI gene, in turn, is regulated via ARE. It is
hypothesized that such mechanism of self-heightening
effect of Trx1 allows acceleration of cell response to
oxidative effects and effective maintenance of redox bal-
ance [115]. In mammalian cells, among TrxR isoforms a
plasmatic selenium-containing TrxR is inducible, whose
synthesis is also regulated by ARE on a transcription level.
Elevation of TrxR activity in murine and human
hepatoma cells (Hepalclc7 and Hep2) was observed
under the action of “classic” ARE activators (sulforan,
tert-butylhydroquinone, and (-naphthoflavone) and
accompanied by enhancement of TrxR1 mRNA synthesis
[79]. Cadmium ions, diethylmaleate, and arsenite
induced synthesis of Trx1 and TrxR1 in endothelial cells
of bovine arteries via stimulation of the Nrf2-ARE regu-
latory element [116].

Electrophilic substances constantly produced during
metabolism of xenobiotics can possess significant toxic
effect due to their high reactive capability. One of the
most electrophilic aldehydes is acrolein [117] resulting
from activation of lipid peroxidation [118] and oxidation
of OH-containing amino acids by myeloperoxidase [119].
Acrolein is also a metabolic product of cyclophosph-
amide, spermine, spermidine, allyl alcohol, and allyl
amine [120]. At sublethal doses, it decreases proliferation
[121, 122], and at high doses causes significant damage to
cells and tissues.

Acrolein induces most genes regulated by ARE [123]
and easily reacts with nucleophiles, particularly with cel-
lular thiols, such as GSH [121, 124]. Moreover, acrolein
interacts with SH-groups of Trxl and TrxR1 [125].
Acrolein causes a fast synthesis of Trx1, which is in agree-
ment with the data on induction of the TXNI gene
expression by electrophiles [104].

A decrease in the levels of Trx1 and GSH by elec-
trophiles influences activation of transcription factors.
For instance, inhibition of NF-kB activity results from
both the loss of activities of regulatory thiols, Trx1 and
GSH, after the action of acrolein [124, 126] and direct
binding of acrolein with critical Cys residues in subunits
of the transcription factor itself [127]. The effect of
acrolein on p53 and AP-1 is also realized via its direct
binding with critical Cys residues of the transcription fac-
tor [124, 128, 129].
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Thus, despite incomplete understanding of the
mechanism of Trx involvement in processes of toxicity
modulation and signaling activity of xenobiotics, the
growing number of studies in this branch manifests a par-
ticular role of Trx in these processes.

THIOREDOXIN REDUCTASES

TrxR (EC 1.8.1.9, systematic name thioredoxin:
NADPH oxidoreductase) is an NADPH-dependent
homodimer of oxidoreductase (with one FAD per sub-
unit), which reduces the active center of disulfide in oxi-
dized Trx [55, 62, 130, 131]. The molecular mass of the
TrxR subunit is 55-65 kD in mammals and 35 kD in
prokaryotes, plants, and yeasts [55, 62, 132].

Three mammalian TrxR isoforms have been found
and characterized: cytoplasmic (TrxR1), mitochondrial
(TrxR2), and TrxR catalyzing reduction of both Trx and
GSSG and named thioredoxin glutathione reductase
(TGR), high level of which is found in testes [133-135].
All three isoforms possess the same domain structure and
are characterized by presence of selenocysteine (Sec) in
the C-terminal active center (Gly—Cys—Sec—Gly—
COOH). At the same time, three 5'-non-translated
regions in cytosolic TrxR1 mRNA and alternative ATG
codon in the gene sequence are found [136, 137], but
their role remains unknown. An additional N-terminal
monothiol domain features the TGR isoform [135].

Existence of TGR illustrates a functional overlap of
Trx- and GSH-systems. For example, glutathione reduc-
tase is absent in Drosophila melanogaster, and reduction of
GSSG is only fulfilled by the Trx-dependent system
[138].

The mammalian TrxR1 was first purified and charac-
terized in 1977 [139]. It should be emphasized that Se is
important for the TrxR enzymatic activity [140-143]. The
presence of Se is supposed to decrease Cys redox poten-
tial, elevate efficacy of enzymes at low pH values, and
broaden the spectrum of substances being reduced [144].
It is also observed that the TrxR activity drops with a
deficit of Se in mammalian and human cell lines [145,
146]. At the same time, addition of Se to tumor cell cul-
tures several times increases activity of TrxR, unlike other
Se-containing enzymes including glutathione peroxidase
[147].

Mammalian TrxR closely resembles other disulfide
oxidoreductases, such as glutathione reductase and
lipoamide dehydrogenase, both in primary structure [141,
148] and characteristics of catalytic mechanism [149].
However, TrxR has a C-terminal Sec-containing domain,
which is absent both in lipoamide dehydrogenase and glu-
tathione reductase [141], which explains many unique
properties of this enzyme.

The catalytic mechanism of mammalian TrxR
includes TrxR reduction with involvement of NADPH,
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which is similar to that of glutathione reductase and
lipoamide dehydrogenase [143, 149, 150]. Initially, the
electron moves from NADPH via FAD to the active cen-
ter disulfide formed by Cys residues at positions 59 and 64
in the N-terminal domain, which is identical to the anal-
ogous domain in glutathione reductase. Then, electrons
are transferred from the formed dithiol of one subunit of
the dimeric enzyme to selenyl sulfide of the C-terminal
sequence of another subunit. Such electron transfer to
another subunit can occur, when GSSG is reduced by
glutathione reductase [143]. The reduced C-terminal Sec
participates in reduction of multiple substrates of mam-
malian TrxR1.

The active center of TrxR seems to be largely pro-
tected due to oxidation with formation of selenyl sulfide.
In this oxidized state, the enzyme is resistant to car-
boxypeptidase and trypsin [141, 151] as well as to forma-
tion of derivatives with electrophilic substances [152].
These facts point to the possibility of certain conforma-
tional changes in the active center region during reduc-
tion/oxidation, which apparently enables TrxR to reduce
a great number of various substrates due to easy accessi-
bility of the enzyme active center in the reduced state.

Actually, mammalian TrxR isoforms are character-
ized by broad substrate specificity and capability of direct
reduction of various protein disulfides, many low-molec-
ular-weight disulfides, and substances that are not disul-
fides. A great number of disulfides are reduced indirectly,
via thioredoxin reduced by TrxR. In particular, although
GSSG and insulin are not substrates for TrxR1, both they
can be effectively reduced by Trx1 [139, 153].

Peroxides including lipid hydroperoxides and H,O,
can be directly reduced by TrxR1 [5, 6]. By this mecha-
nism, TrxR1 acts as an alternative pathway of enzymatic
detoxification of lipid hydroperoxides. However, the high
K, of TrxR1 for H,0, (2.5 mM) makes the role of this
enzyme significant only with elevation of H,O, level [5].

Protein disulfide isomerases (PDI) comprise a fami-
ly of proteins localized in endoplasmic reticulum and
playing an important role in posttranslational protein
folding and processing. These proteins contain one or
more thioredoxin domains, some of which have redox-
active dithiol—disulfide regions [154] structurally homol-
ogous to the active center of Trx and reducible by both
Trx1 and TrxR1 [155, 156].

TrxR1 also reduces various low-molecular-weight
substances including antibacterial polypeptides [157],
cystine, alloxan [158], and vitamin K [159].

Ascorbate filling due to reduction of dehydroascor-
bic acid plays an important role in the antioxidant defense
system because ascorbate is one of the main water-soluble
low-molecular-weight antioxidants. Ascorbate reduces
a-tocopherol, peroxides, and O3 [160] and prevents lipid
hydroperoxide formation, which is of great importance
because it decreases the risk of atherosclerotic plaque for-
mation [161]. When intracellular GSH pool drastically
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decreases, the function of the Trx-dependent system
becomes the alternative mechanism of dehydroascorbate
reduction [7]; however, a question on its contribution into
reduction of dehydroascorbate in different cells is still not
resolved. In some cells dehydroascorbic acid is reduced
independently of GSH and NADPH, thus implying exis-
tence of an additional mechanism of ascorbate metabo-
lism [162].

It is worth noting that, since ascorbate is involved in
a-tocopherol reduction, and TrxR1 reduces dehy-
droascorbate, TrxR1 can play an important role in regula-
tion of antioxidant function of vitamins C and E as a link
connecting these systems [163].

Lipoic acid, which reduces GSSG [164], is a metal
chelator and can play a role as a trap for free radicals
[165]; it is also involved in reduction of vitamins C and E.
Lipoic acid acquires high reducing capability after its
reduction to dihydrolipoic acid [166] by lipoamide dehy-
drogenase, glutathione reductase, TrxR1, and TrxR2 [8,
167, 168]. A comparison of kinetic parameters shows that
the ratio k.,/K, for TrxR1 is higher than that for glu-
tathione reductase and lower than that for lipoamide
dehydrogenase, whereas K., for lipoamide dehydrogenase
is significantly higher than that for TrxR1, which is
indicative of an important role of TrxR1 in lipoic acid
reduction. Compared to cytosolic TrxR1, mitochondrial
TrxR2 is less effective [8].

TrxR1 reduces many Se-containing substances
including selenite [169] and Se-containing active center
of glutathione peroxidase in plasma [170]. A transition of
inorganic Se, for instance in the form of selenite (SeO03")
to selenide (HSe"), is necessary for active incorporation
of Se into Se-containing proteins. This reduction can be
catalyzed cither by TrxR1 regardless of involvement of
Trx1 [169] or include formation of selenoglutathione
(GS—Se—SG) as an intermediate. Formation of
GS—Se—SG requires the presence of GSH, whose level is
maintained by glutathione reductase, which also can
directly reduce GS—Se—SG [171]. However, TrxR1 is
also highly effective in GS—Se—SG reduction [172].
Thus, TrxR1 plays an essential role in metabolism of Se-
containing substances [173] and is an important link
between metabolism of Se and antioxidative processes.

PEROXIREDOXINS

Peroxiredoxins (Prx, EC 1.11.1.15), discovered
about 10 years ago, are members of a superfamily of Se-
independent peroxidases. Peroxiredoxins execute enzy-
matic degradation of H,0,, organic hydroperoxides, and
peroxynitrite [3, 4]. They are found in bacteria, plants,
and mammals. Unlike Trx possessing the active double-
cysteine region and forming the intramolecular disulfide
bond when oxidized, Prx have no such regions; however,
the easily oxidized Cys residues present in their structure
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can form intermolecular disulfide bonds [144]. By the
number of active Cys residues, mammalian peroxiredox-
ins fall into typical double-cysteine (Prx1-Prx4), atypical
double-cysteine (Prx5), and single-cysteine (Prx6) class-
es. All of them contain fixed Cys residues on the N-ter-
minal regions of the molecules, and the isoforms Prx1-
Prx4 have additional analogous Cys residues on the C-
ends of the molecules [4].

Prx1-Prx5 use Trx as a donor of electrons, whereas
Prx6 uses GSH [174]. Although the catalytic activity of
Prx towards H,0, (10°-10° M~".sec™") is lower than that of
glutathione peroxidase (10® M~'-sec™!) and catalase
(10° M~"sec™"), they play an important role in detoxifica-
tion of H,0, [144]. Reduction of H,0, by all Prx isoforms
passes through formation of sulfenic acid (Cys—SOH)
due to oxidation of SH-group of the Cys residue; howev-
er, the mechanism of the peroxidase reaction slightly dif-
fers in different Prx isoforms.

The typical double-cysteine Prx1-Prx4 are homo-
dimers, and their interaction with H,O, leads to forma-
tion of sulfenic acid, which can participate in formation
of inter-peptide disulfide bond reduced by Trx. A similar
mechanism was ascertained for Prx5, but the latter is a
monomer, and the intramolecular disulfide bond is
formed between Cys47 and Cys151 [144, 175]. Prx6 uses
low-molecular-weight thiols including GSH as sources of
electrons rather than Trx, as do other peroxiredoxins
[174]. Moreover, Prx6 reduces phospholipid hydroperox-
ides and exhibits activity of phospholipase A, [174]. The
mechanism of H,0, reduction by Prx6 includes oxidation
of the active Cys47 into sulfenic acid followed by its
reduction to disulfide by means of S-glutathionylation if
heterodimerization of Prx6 with glutathione transferase
P1-1 takes place [176]. The disulfide formed is further
non-enzymatically reduced by GSH to restore the func-
tional activity of Prx6.

Since H,0, can rapidly transform into highly toxic
ROS, such as O7 radicals, elevation of its level can lead to
development of oxidative stress [177], which causes DNA
breaks, linkages in protein molecules, and activation of
lipid peroxidation [178]. A physiological role of Prx asso-
ciated with enzymatic degradation of H,0O, is particularly
significant in erythrocytes, in which these enzymes are in
second or third place in protein content [179].

An important role of Prx in defense against oxidative
stress was demonstrated in a series of studies with knock-
out of genes corresponding to Prx. Hemolytic anemia,
characterized by hemoglobin instability developed, in
PRDX1 gene knockout mice [180]. In PRDX2 gene
knockout mice, a significant decrease of lifespan was also
accompanied by development of anemia [181]. In both
cases, the knockout of the corresponding gene caused a
significant elevation of ROS in erythrocytes. The PRDX6
gene knockout mice were characterized by low survival,
high level of protein oxidation, and significant injury of
kidneys, liver, and lungs. It should be noted that in this
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case the expression of antioxidant enzymes, such as cata-
lase, glutathione peroxidase, and Mn-SOD did not differ
from that in wild-type mice. The data of these studies
suggest that function of Prx6 cannot be compensated by
expression of other genes [182].

Nonetheless, H,O, not only contributes to the devel-
opment of oxidative stress, but at low concentrations it
can play a role of secondary messenger involved in intra-
cellular transmission of signals from various surface
receptors [183, 184]. H,0, produced with the action of
extracellular signals is rapidly eliminated after accom-
plishment of its function. According to this conception,
Prx can regulate pathways of cellular signal transduction
by control over the level of H,O, [183]. In fact, it was
found that overexpression of the PRDX1 and PRDX2 genes
in transfected cells led to decrease in the level of intracel-
lular H,0, caused by epidermal growth factor and inhib-
ited H,0,- and TNFa-dependent activation of the NF-
kB transcription factor [185]. It has been shown on the
embryonic fibroblast cell culture that overexpression of
the PRDX2 gene causes a clear modification of H,0,-
dependent activation of JNK and p38 kinases in response
to TNFa [186]. The authors concluded that Prx can
complement effects of other antioxidant enzymes as a
modulator of intracellular redox-dependent signaling
cascades [183, 186]. Similar results were obtained for the
TNFa-dependent activation of the AP-1 transcription
factor, which decreased with overexpression of the PRDX2
gene in transfected endothelial cell culture [187]. In thy-
roid cell culture, overexpression of the PRDXI and
PRDX2 genes eliminated H,0, (whose level was signifi-
cantly increased under the action of thyrotropin) and
protected the cells from H,0,-induced apoptosis [188].

Studies on crystalline structure of Prx have shown
that two functionally active Cys residues act as potential
cellular sensor systems determining the role of H,O,
either as toxic oxidant or signaling molecule [189]. A
model has been proposed in which sensitivity of peroxire-
doxins to H,O, correlates with structural changes of these
proteins. This model supposes that high intracellular level
of Prx with two functionally active Cys residues can retain
low level of H,0, in quiescent cells. Alternatively, when
the level of H,0, increases (for example, in cells treated
with TNFa) oxidation of redox-sensitive Cys residues
reduces their peroxidase activity, and high level of H,O,
activates distinct cellular redox-dependent signaling
pathways. Here the authors consider the mammalian Prx
containing two active Cys residues as “gates” for perox-
ides, which are open under certain conditions.

The expression of genes encoding different Prx iso-
forms has cellular, tissue, and organ specificity. Prx1 is the
most widely represented and highly expressed member of
the peroxiredoxin family in virtually all organs and tissues
of mice and humans, both in normal tissues and malig-
nant tumors [190-192]. In particular, it should be noted
that the PRDX1 gene is widely expressed in various areas
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of the central and peripheral nervous system with expres-
sion specificity depending on the cell type [193]. High
expression of the PRDX4 gene is characteristic of liver,
testes, ovaries, and muscles, whereas low expression is
observed in small intestine, placenta, lung, kidney,
spleen, and thymus [190]. The genes encoding Prxl,
Prx2, and Prx3 isoforms are universally expressed in rat
skin [194]. In epidermis, the genes encoding Prxl and
Prx2 are expressed in all layers with elevation from basal
to granular layer. The Prx3 protein is also found in all lay-
ers, but in reverse order (maximum concentration in basal
layer). UV irradiation leads to significant increase in the
level of Prx2 only [194].

Bast and coworkers found Prx1 and Prx2 in pancre-
atic B-cells of the islets of Langerhans, whereas expres-
sion of their genes was absent in the a-cells [195].
Differing expression patterns of genes encoding Prx iso-
forms have been found in lungs and bronchi [196].
Moderate or high levels of Prx1, Prx3, Prx5, and Prx6 are
found in bronchial epithelial cells, mainly Prx5 and
Prx6 in alveolar epithelial cells, and Prxl and Prx6 in
alveolar macrophages. It should be noted that the contri-
bution of Prx6 to the antioxidant defense system of the
mammalian upper respiratory tract is up to 75% [197,
198], so in acute inflammatory processes application of
Prx6 significantly diminishes the tissue regeneration time.
In this connection, attempts to create Prx6-based phar-
maceuticals are currently underway.

Prx is present in all subcellular compartments, with
some specificity of various isoform gene expression being
observed [4]. In intracellular organelles, Prxl is most
widely represented [199]. Besides Prx1, Prx5 is found in
cytoplasm, peroxisomes, mitochondria, and nuclei [200,
201]. Unlike Prx1 and Prx5, other isoforms have more
restricted subcellular localization. In particular, Prx2 is
present both in the nucleus and cytoplasm, secreted
Prx4 in cytoplasm and lysosomes, Prx3 in mitochondria,
and Prx6 in cytoplasm [4].

Regulation of expression of Prx-encoding genes can
occur both on the level of transcription and due to post-
translational modification [202]. A variety of factors stim-
ulating oxidative stress in murine macrophages influences
expression of the PRDXI gene [203]. It is induced by
heavy metals in hepatocyte culture and by lipopolysac-
charides in rat macrophages [204]. It was found in all
cases that induction of expression of this gene was
observed together with expression of stress-inducible gene
HO-1, whose product is heme oxygenase-1, the rate-lim-
iting enzyme of heme degradation [205, 206]. A parallel
induction of PRDX1 and HO- I gene expression was found
in smooth muscle vessel cell culture under the action of
oxidized low-density lipoproteins [207] and in experi-
ments in vivo in ischemic loci of rat brain [208]. A con-
certed induction of the PRDX1 and HO- I genes seems to
be a common adaptive response of cells as a defense
against oxidative stress. Moreover, the stress-induced
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induction of gene expression was also marked for other
Prx isoforms, such as Prx2 and Prx6 [195, 209].

It is worth noting that the Nrf2 transcription factor
plays the leading role in regulation of the PRDX1 gene
expression by electrophilic and ROS-producing agents
[210]. This is supported by data on the absence of expres-
sion of this gene under the effect of stress-inducing fac-
tors in NRF2knockout mice [211]. Although Nrf2 is a key
regulator of PRDX1 gene expression, various data point to
involvement of other transcription factors in regulation of
this gene. In particular, expression on the PRDX1 gene in
culture of rat macrophages occurs via an AP-1-dependent
mechanism when 12-O-tetradecanoylphorbol-13-acetate
(TPA) is added [212]. Protein kinase C and Ras protein
activating the p38 MAPK-signaling cascade are involved
in this process [213, 214]. It has been found that PKC3
participates in posttranslational induction of Prx1, when
sodium arsenate is added to an osteoblast culture [191].
Besides, in rat macrophage culture lipopolysaccharides
can induce expression of the PRDXI gene via the NO-
dependent signaling cascade, possibly by means of induc-
tion of iNOS [215]. The regulatory role of the NO-
dependent signaling pathway was also discovered from the
study of the mechanism of induction of PRDXI and
PRDX2 gene expression in pancreatic cell culture [195].

The activity of Prx can be modified by posttransla-
tional mechanisms, such as phosphorylation, redox-
dependent oligomerization, proteolysis, and ligand bind-
ing. Phosphorylation of Prx1, Prx2, Prx3, and Prx4 at Thr
residues by Cdc2 cyclin-dependent kinase [216] inhibits
their peroxidase activities. The mechanism of this inhibi-
tion can be explained as a negative modulating effect of
negatively charged phosphate group on the Prx active
center through electrostatic interaction [216]. Prx can
also form dimers and decamers upon change in ionic
strength and at low pH values. Activation of Prx
oligomerization is evoked by a change in the state of the
redox-active disulfide center. A direct functional connec-
tion between the redox state and oligomerization has been
established for Prx in bacteria [217]. Moreover, a restrict-
ed proteolysis of typical double-cysteine Prx from the C-
end elevates their resistance to oxidation and subsequent-
ly to inhibition of peroxidase activity [218]. The Prx
activity can also change due to the noncovalent binding
with ligands, such as heme and cyclophilin A. Prx1 was
first identified as a protein with high affinity to heme
[219], and the binding with heme appreciably decreased
its activity [220]. In contrast, the peroxidase activity of
Prx6 increased after interaction with cyclophilin A [221].
In general, the posttranslational modifications of Prx
result in structural and associated functional changes,
which seem to have functional significance for these
enzymes as regulators of cellular redox homeostasis.

It is well known that ROS production and cellular
redox state play an important role in regulation of the cell
cycle and cell proliferation [222, 223]. It has been found
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that antioxidant enzymes, such as glutathione peroxidase
and Mn-SOD, are involved in cell cycle regulation [224].
At the same time, Irani and coworkers found ROS-
dependent regulation of the cell cycle [225] and estab-
lished that increase in ROS production accelerates the
cell cycle in fibroblast culture, whereas the action of the
antioxidant N-acetyl-L-cysteine decelerates it [225].
Also, in embryonic murine fibroblasts the cellular Ievel of
ROS correlates with the cell cycle time, whereas overex-
pression of the SODZ2 gene inhibits cell proliferation
[226].

Data on association of Prx1 with cell proliferation
date from early studies [227]. In particular, it was shown
that expression of the PRDX1 gene was appreciably high-
er in Ras-transfected epithelial cells compared with the
wild-type cells [227]. Correlation of PRDX1 gene expres-
sion level with cell proliferation was confirmed in experi-
ments on HL 60 promyelocytes treated with dimethyl sulf-
oxide [227]. Moreover, it was found that Prxl interacts
with ¢c-Abl and c-Myc protein kinases playing an impor-
tant role in regulation of cell proliferation [228]. In
yeasts, Prx1 can regulate the tyrosine kinase activity of c-
Abl via binding with its third structural domain [228],
which leads to restriction of the transforming ability of c-
Abl. In this connection, it has been supposed that the
reversible binding of Prx1 with c-Abl can serve as a key
cell cycle regulator. It has been also found that Prx1 can
bind with c-Myc via the c-Myc-transactivating domain
[229]. Moreover, a decrease in expression of a series of
genes specific for activity of c-Myc is observed in the case
of overexpression of the PRDX1 gene [229].

As noted above, Prx can be specifically phosphory-
lated at the Thr90 residue via the Cdc2 cyclin-dependent
kinase, which leads to decrease of the enzyme activity
[216]. Prx1 phosphorylation occurs during mitosis rather
than in interphase. In this connection, Prx phosphoryla-
tion is supposed to play an important role of “switch” in
direction to elevation of H,0, level, which, in turn, leads
to acceleration of the cell cycle [216]. Another peculiari-
ty of the Prx functional activity merits attention: like
other antioxidant enzymes, such as Mn-SOD, these pro-
teins, due to their peroxidase activity, can inhibit prolifer-
ation of various tumor cells [224]. Thus, progression of
malignant tumors such as lymphomas, sarcomas, and
carcinomas is observed in PRDX1 knockout mice [180].
Prx are thus supposed to play a role as tumor suppressors.

Cell cycle development and apoptosis are related
processes, and disturbance of regulation of Cdc2-kinase
activity in mammalian cells can result in initiation of
apoptosis [230]. It is known that one of the cytokines
inducing ROS production during intracellular signal
transmission is TNFa, which induces apoptosis by bind-
ing with the death-domain of the TNFa receptor [231].
In this process, TNFa activates the NF-«xB transcription
factor involved in redox-dependent gene regulation [184,
232]. It was found that overexpression of the PRDX2 gene
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inhibits NF-kB activation after stimulation of cells with
H,0, [185], and overexpression of this gene in Molt-4
leukemia cells has a protective effect against apoptosis
induced by ceramide or etoposide [233]. In so doing, Prx2
prevents the leak of cytochrome ¢ out of mitochondria and
inhibits lipid peroxidation. Interestingly, the overexpres-
sion of the PRDX1 gene also has a protective effect on cells
exposed to peroxides [200, 234]. However, it has been
found that PRDX1 gene overexpression can suppress the
development of apoptosis and enhance cell resistance to
radiation via inhibition of the JNK kinase activity [235]. It
has thus been found that Prx1 can directly bind with the
GSTP/JINK complex to elevate its stability.

Based on the data described above, one can conclude
that the elevation of the peroxiredoxin level counteracts
apoptosis, enhances antioxidant effect, and regulates cell
proliferation.

GLUTAREDOXINS

Glutaredoxins (Grx, EC 1.20.4.1), GSH-dependent
oxidoreductases with low molecular masses (9-14 kD),
are members of the glutaredoxin superfamily in their
structure, which play an important role in cellular redox-
dependent processes. Grx are found in virtually all taxo-
nomic groups including prokaryotes and eukaryotes
(from yeasts to plants and humans) [2]. Unlike Trx, Grx
of various species exhibit high degree of homology of
amino acid sequence, particularly, in the active center
region [2].

The electron transfer in the Grx-dependent system
occurs from NADPH-dependent glutathione reductase
to the oxidized glutathione to form GSH, which, in turn,
reduces the oxidized glutaredoxin (Fig. 2). The Grx sub-
strates are disulfides and mixed disulfides. The disulfide
reduction catalyzed by Grx can proceed in two pathways:
monothoiol and dithiol ones involving one or two Cys
residues in the active center, respectively.

The structure of dithiol Grx has three features: (i) a
CXXC fragment of amino acid sequence (commonly
Cys—Pro—Tyr—Cys) with two functionally active thiols in
the active center; (ii) a certain surface hydrophobic area;
and (iii) the binding site for GSH [236, 237].

In the dithiol mechanism (Fig. 3a), the N-terminal
Cys residue of the active center executes nucleophilic

NADPH + H' GSSG Grx-(SH), Protein-S,
Glutathione
reductase
NADP* 2 GSH Grx-S, Protein-(SH),

Fig. 2. Scheme of reactions catalyzed by the glutaredoxin-
dependent system.
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Fig. 3. Dithiol (a) and monothiol (b) catalytic mechanisms of
glutaredoxin.

substitution, thus initiating formation of mixed disulfide
between glutaredoxin and substrate, a protein carrying a
disulfide bond [2]. Another, free, C-terminal Cys residue
undergoes deprotonation and then interacts with the N-
terminal S atom yielding the oxidized enzyme Grx-S, and
reduced substrate. The oxidized form of the enzyme is
reduced via interaction with GSH to form a mixed disul-
fide (between GSH and the N-terminal Cys residue of the
active center), which, in turn, is reduced by the second
GSH molecule. By the dithiol mechanism, Grx reduces
both low-molecular-weight and protein disulfides.

Reduction of mixed disulfides and glutathionylated
proteins occurs by the monothiol mechanism (Fig. 3b)
called deglutathionylation; in this case, Grx only uses the
N-terminal Cys residue [2]. In this reaction, due to high
affinity to GSH, the enzyme specifically interacts with
the GSH residue of mixed disulfide protein—S—SG [236,
237] to form an intermediate Grx—S—SG, which is
reduced using GSH. The GSSG produced is reduced to
GSH by glutathione reductase. Since the recognition of
only GS-residues rather than a total substrate is necessary
for reduction of glutathionylated proteins, the monothiol
mechanism leading to deglutathionylation seems to be
the most common function of Grx. Unlike Grx, Trx
demonstrate extremely low, if any, activity towards mixed
disulfides.

Glutaredoxins are functionally coupled with glu-
tathione reductase and with the GSH/GSSG ratio. The
GSH/GSSG ratio is an indicator of the cell redox state
and important determinant of redox-potential, which
correlates with biological state of the cell and reaches
240 mV in proliferation, 200 mV in differentiation, and
170 mV in apoptosis [238].

S-Glutathionylation of proteins is an important reg-
ulatory mechanism of biological processes due to the
reversible modification of protein thiols [239, 240] that
can be catalyzed by Grx and glutathione S-transferase
[241]. A series of proteins, such as chaperones, cell

BIOCHEMISTRY (Moscow) Vol. 73 No. 13 2008



THIO-, PEROXI-, AND GLUTAREDOXINS IN CELLULAR REDOX PROCESSES

cytoskeleton proteins, and cell cycle regulators [242,
243], undergoes reversible S-glutathionylation with
change in intracellular redox state. It has been demon-
strated that S-glutathionylation of Cys62 in the NF-xB
p50 subunit and Cys269 of c-Jun kinase leads to the loss
of their DNA-binding activity [89, 244]. At the same
time, other enzymes, such as tyrosine hydroxylase, pro-
tein phosphatase 2A, tyrosine phosphatase 1B, and
a-ketoglutarate dehydrogenase are reversibly inhibited
due to S-glutathionylation [245-248]. It has been also
found that G-actin can be glutathionylated and deglu-
tathionylated at Cys374. Human GLRXI gene knockout
significantly influences the capability of G-actin for poly-
merization and translocation, as well as cell cytoskeleton
reorganization [249, 250].

S-Glutathionylation also serves for prevention of
irreversible oxidation of protein SH-groups. Depending
on the SH-group oxidation degree, either sulfenic
(Cys—SOH), sulfinic (Cys—SO,H), or sulfonic
(Cys—SO0O;H) acid is formed. Sulfonic acid is not reduced,
and its appearance leads to the proteosomal degradation
of a protein, whereas sulfenic and sulfinic acids can be
reduced by Grx and Trx [241]; Trx only reduces the for-
mer acid, whereas Grx reduces both acids to form the
functionally active SH-groups [1, 2].

In general, it is now taken for granted that formation
of mixed disulfides from protein thiols and GSH is a key
event in regulation of cell response to oxidative stress. Grx
is the main enzyme catalyzing both production and
reduction of mixed disulfides [251, 252]. As a general
rule, the process of protein mixed disulfide reduction is
preferable, but the production of mixed disulfides pre-
dominates over their reduction, when GSH concentra-
tion is dropped or GSSG level is elevated (for instance,
under oxidative stress conditions) [253].

Three Grx isoforms have been found in mammals
including humans: cytosolic Grx1 with the active center
containing the Cys-Pro-Tyr-Cys motif and two mito-
chondrial, Grx2 and Grx5, whose active centers contain
the sequences Cys-Ser-Tyr-Cys and Cys-Gly-Phe-Ser,
respectively [254, 255]. Grxl and Grx2 are dithiol iso-
forms and contain two Cys residues in their active cen-
ters, whereas Grx5 has only one Cys residue. The Grx3
and Grx4 isoforms are only found in lower eukaryotes.

Grx1, a protein with molecular mass of 12 kD local-
ized mainly in cytosol (although also found in nucleus)
[256], was discovered as a GSH-dependent donor for
ribonucleoside reductase [257]. Compared with Trx,
whose level (10 uM) commonly exceeds Grx1 level in the
cell (1 uM), Grxl1 has tenfold lower K, value for ribonu-
cleoside reductase [258, 259]. The studies have shown
that the main contribution to deoxyribonucleotide pro-
duction in E. coli belongs to Grx1 and, to lesser extent, to
Trx1 [260].

The Grxl1 isoform reduces disulfides by the dithiol
mechanism and plays an important role in thiol—disulfide
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exchange [130], by which it is involved, in particular, in
cell differentiation [261], regulation of transcription fac-
tor activities [262-264], and apoptosis [265, 266]. Grxl
protects neurons from dopamine-induced apoptosis via
activation of NF-kB with participation of regulatory fac-
tor 1 [239, 266]. It has been found in a series of studies
that Grxl through catalysis of deglutathionylation
restores the functional activities of proteins such as glyc-
eraldehyde-3-phosphate dehydrogenase, protein tyrosine
phosphatase 1B, creatine kinase, c-Jun, NF-«xB p50 sub-
unit, and caspase-3 [245, 249, 267, 268]. It has been also
found that expression of the GLRX1 gene can be signifi-
cantly increased in tumor cells [269].

The Grx2 isoform (14 kD) is found in two splicing
forms, Grx2a and Grx2p, localized in mitochondria and
nucleus, respectively [254, 270]. The Grx2 efficacy
(k./K,) in catalysis of deglutathionylation of protein
mixed disulfides is 1.5-3.0-fold higher than that of Grxl
[271]. Grx2 regulates the mitochondrial ROS level via
catalysis of reversible S-glutathionylation of mitochondr-
ial complex I, whose functional activity is accompanied
by formation of O3 [272, 273]. Besides, Grx2 catalyzes
the reversible glutathionylation of inner membrane pro-
teins, depending on changes in the GSH/GSSG ratio
[272].

The oxidized form of Grx2 is reduced both by GSH
and TrxR2; the latter reduces not only the disulfide
formed by Cys residues in the Grx2 active center, but also
the mixed disulfide of Grx2 and GSH (an intermediate in
the reaction of deglutathionylation catalyzed by Grx2), as
well as a series of low-molecular-weight disulfides [271,
274], such as GSSG, CoA—S—S—CoA, CoA—S—SG,
Cys—S—SG, and dehydroascorbate [271]. Reduction of
oxidized Grx2 at the expense of TrxR2 can occur under
oxidative stress conditions, when the GSSG level signifi-
cantly increases, and reduction of functionally active
SH-groups in the Grx2 active center by reduced glu-
tathione is hampered.

It is notable that Grx2 is the first member of the
thioredoxin family [275] that contains [2Fe—2S] cluster
binding two Grx2 molecules [276]. The dimeric holoen-
zyme is not active, but degradation of the cluster to form
monomers leads to activation of Grx2, which occurs with
increase in GSSG level and in the presence of oxidants
[277]. It is thus supposed that the Grx2 isoform serves as
a redox-sensor, and functionally active Grx2 is formed
when necessary for cell defense, in particular, against
activation of ROS-dependent apoptosis.

Grx2 can suppress apoptosis by prevention of both
the leak of cytochrome ¢ from mitochondria and cardio-
lipin oxidation [278, 279]. The use of siRNA leads to
decrease in the intracellular level of Grx2 and significant
elevation of Hela cell apoptosis under the influence of
oxidative stress caused by doxorubicin and phenylarsine
oxide, which is accompanied by 60-fold enhancement of
toxic effect of doxorubicin and 40-fold enhancement of
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that of phenylarsine [278]. Alternatively, overexpression
of the GLRX2 gene in these cells appreciably decreases
their sensitivity to apoptosis induced by 2-deoxy-D-glu-
cose or doxorubicin, prevents oxidation of cardiolipin,
and inhibits both the cytochrome ¢ leak from mitochon-
dria and activation of caspases [279]. Overexpression of
mitochondrial Grx2 has more expressed protective effect
because of the significant role of Grx2 in maintenance of
mitochondrial redox homeostasis than has overexpression
of cytosolic mutant devoid of signal sequence region of
mitochondrial translocation [280].

The human Grx5 isoform is highly homologous to
the yeast Grx5, so these proteins are homonymous [255].
The human Grx5 sequence contains the N-terminal
region providing translocation of Grx5 into mitochon-
dria. Like in humans, the yeast and FE. coli Grx5 are
involved in maintenance of homeostasis of iron [255, 281,
282]. GRDXS5 gene knockout in yeasts leads to oxidative
stress, accumulation of iron in the cell, and inactivation
of enzymes containing the [Fe—S] clusters [281]. In
yeasts, Grx5 seems to be required at the stage following
[Fe—S] cluster formation, when the cluster is binding
with apoenzyme [283]. It has been recently shown that
the human Grx5 has the same function [255, 284].
Moreover, human Grx5 is active towards mixed protein
disulfides and protein disulfides [285].

Existence of a specific category of Grx isoforms the
yeast Grx2 belongs to evokes great interest. Their tertiary
structure closely resembles that of glutathione S-trans-
ferase and, at the same time, has a Grx-like domain with
distinctive amino acid sequence Cys-Pro-Tyr-Cys with
two functionally active thiols determining the Grx-like
activity of such proteins [286].

Grx together with Trx significantly contribute to the
system of cell defense upon development of cardiovascu-
lar diseases [287]. Like Trx1, Grx1 is expressed in vessel
endothelial and smooth-muscle cells and fibroblasts
[288]. Grxl is also found in plasma [289], whereas Grx2
is not secreted from the cells [290]. Grx1 is hypothesized
to implement a protective function in atherosclerosis:
infiltrating macrophages exhibit high level of the GLRX1
gene expression in zones of atherosclerosis development
[288]. It is also found that overexpression of the GLRX]
gene leads to deglutathionylation of Ras protein, thus
inhibiting its activation [291]. At the same time, the ROS-
dependent activation of Ras is found to be one of the
causes of development of atherosclerosis and restenosis
[292]. Grx2 and GrxS5 localized in mitochondria of car-
diomyocytes can also contribute to development of car-
diovascular diseases because they are involved in mainte-
nance of iron homeostasis [255, 278, 284].

It should be noted that glutaredoxin, like thioredox-
in, plays an important role in development of drug resist-
ance of tumor cells to pharmaceuticals possessing proox-
idant activity, by enhancement of the antioxidant defense
system [25, 293-295].

KALININA et al.

The two enzymes are functionally interrelated and
complement each other, being involved in control over
cell redox balance. There is evidence for cross-talk regu-
lation between these two systems in mammalian cells [1].
Herein, it is shown that glutaredoxin can inactivate
human thioredoxin by means of glytathionylation at the
Cys73 residue.

The data presented in this review suggest an impor-
tant role of thiol-containing proteins such as thioredoxin,
peroxiredoxin, and glutaredoxin in maintenance of cellu-
lar redox homeostasis and in redox-dependent regulation
of a series of intracellular processes including prolifera-
tion, differentiation, and apoptosis. The combination of
antioxidant properties and ability of both gene transcrip-
tion activation, including the genes that encode some
antioxidant enzymes, and inhibition of redox-dependent
pathways of apoptosis induction suggest an important
contribution of these enzymes to the antioxidant defense
system. They elevate cell resistance to oxidative stress,
thus preventing development of many diseases including
cardiovascular diseases, acute lung inflammation, and
cerebral stroke.
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