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Abstract

Significance: Regulation of mitochondrial H,O, homeostasis and its involvement in the regulation of redox-
sensitive signaling and transcriptional pathways is the consequence of the concerted activities of the mito-
chondrial energy- and redox systems. Recent Advances: The energy component of this mitochondrial energy-
redox axis entails the formation of reducing equivalents and their flow through the respiratory chain with the
consequent electron leak to generate O,  and H,0O,. The mitochondrial redox component entails the thiol-based
antioxidant system, largely accounted for by glutathione- and thioredoxin-based systems that support the
activities of glutathione peroxidases, peroxiredoxins, and methionine sulfoxide reductase. The ultimate reduc-
tant for these systems is NADPH: mitochondrial sources of NADPH are the nicotinamide nucleotide transhy-
drogenase, isocitrate dehydrogenase-2, and malic enzyme. NADPH also supports the glutaredoxin activity that
regulates the extent of S-glutathionylation of mitochondrial proteins in response to altered redox status. Critical
Issues: The integrated network of these mitochondrial thiols constitute a regulatory device involved in the
maintenance of steady-state levels of H,O,, mitochondrial and cellular redox and metabolic homeostasis, as well
as the modulation of cytosolic redox-sensitive signaling; disturbances of this regulatory device affects tran-
scription, growth, and ultimately influences cell survival/death. Future Directions: The modulation of key
mitochondrial thiol proteins, which participate in redox signaling, maintenance of the bioenergetic machinery,
oxidative stress responses, and cell death programming, provides a pivotal direction in developing new ther-

apies towards the prevention and treatment of several diseases. Antioxid. Redox Signal. 17, 1714-1727.

Introduction

MITOCHONDRIA MEET the cell’s energy demands that
support metabolic, osmotic, and mechanical functions;
they are sources of H,O,, and play a pivotal role as mediators
of the intrinsic apoptotic pathway. Organs that demand sig-
nificantly larger amounts of energy, such as the central ner-
vous system, are particularly susceptible to an energy crisis
and concomitant cell death. Mitochondria integrate distinct
cytosolic signaling pathways and (a) generate second mes-
sengers, such as H,O,, implicated in the modulation of redox-
sensitive signaling pathways, (b) are involved in the regulation
of NAD* /NADH homeostasis, influencing the activation of
the cofactor PGClu via sirtuins, and (c) are the cell’s generators
of ATP that supports the cell’s energy demands (Fig. 1). The
generation of H,O, reports the mitochondrial energy charge to
cytosol (176) and is implicated in the regulation of the cell’s
redox status, thus transducing redox signals into a wide va-
riety of responses, such as proliferation, differentiation, and
cellular death pathways (119). Cells with high metabolic rate
are exposed to large quantities of oxidants, which renders

them more vulnerable to oxidative stress-induced cell death
(2); thus, high levels of oxidants disrupt redox signaling and
mediate detrimental effects inherent in mitochondrial dys-
function in a variety of pathologies including neurodegener-
ative disorders (13, 14, 162), diabetes (85, 107), cardiovascular
disease (159), and aging (112, 126, 177). Hence, oxidants such
as H,O, have a dual function: on the one hand, H,0, is in-
volved in the fine tuning of signaling and transcription
through modulation of redox-sensitive pathways; on the other
hand, higher levels of H,O,, as expected with a diminished
energy-conservation capacity of mitochondria, are involved in
oxidative damage to cell constituents, a well-documented
phenomenon under the term oxidative stress.

Cell death occurs mainly by apoptosis and necrosis, path-
ways that differ functionally and mechanistically. The critical
role of mitochondria in the intrinsic apoptotic pathway is well
documented (89, 172, 184) and entails changes in respiratory
capacity and mitochondrial membrane potential, as well as
increased mitochondrial permeability transition (95). Ne-
crosis, on the other hand, is usually triggered by infection,
trauma, or toxins (114), and is associated with major
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FIG. 1. The mitochondrial energy-redox
axis and generation of redox- and energy
messengers. Mitochondria maintain a fine
tuning of NAD*/NADH ratios, generate
H,0, involved in the regulation of redox-
sensitive signaling and transcriptional path-
ways, and ATP to meet the energy demands H,0, NAD*/NADH ATP
of the cell. The regulation of redox-sensitive
signaling is exemplified with the 2-electron
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ultrastructural abnormalities of mitochondria (95). Generally,
apoptosis may occur with low or moderate, but lethal oxi-
dative stimuli, whereas necrosis would result from severe
oxidative challenges that overcome the cellular antioxidant
defenses and energy-transducing pathways (100). The intra-
cellular ATP levels constitute a critical signal directing the
cells towards either type of cell death (203), because apoptosis
requires energy in the form of ATP to assemble the apoptotic
machinery (104, 151), which is dissipated during necrosis
due to depletion of energy stores and damage of energy-
transducing capacity in mitochondria.

Mitochondrial thiols that maintain redox reactions mainly
include GSH and thioredoxin-2 (Trx2) and the associated
enzymes—glutathione reductase (GR) and thioredoxin re-
ductase (TrxR)—supporting the activities of glutathione per-
oxidase, glutaredoxin-2 (Grx2), and peroxiredoxin-3 (Prx3)
and -5 (Prx5) (34, 70, 148). These mitochondrial thiols have
been shown to influence the cellular death pathway (49, 175).
Under physiological conditions, the mitochondrial thiol-
based antioxidant systems maintain steady-state levels of
H,0, and an adequate cell’s redox status, thereby preventing
cell death by the pathways mentioned above. Hence, the mi-
tochondrial thiol state is a critical mediator of metabolic-,
signaling-, and cell death-related processes. Thiol groups in
proteins play an important role in redox signaling by shuf-
fling between oxidized and reduced states (41).

The Mitochondrial GSH Pool and Redox Status

GSH, synthesized by two ATP-dependent steps involving y
glutamylcysteine synthetase and GSH synthase (128), is found
in two major pools in cytosol and mitochondria: the latter is the
most abundant thiol in mitochondria and acts as a cofactor for

glutathione peroxidase, glutathione-S-transferases, and sulfir-
edoxins (110, 150). Cellular viability and redox status are con-
trolled in part by GSH (45), which plays a dual role by
participating in the reduction of peroxides and acting as an
nucleophile upon conversion of electrophilic centers to thioe-
ther bonds (147). GSH is imported from the cytosol via trans-
porters in the outer and inner mitochondrial membranes (54):
dicarboxylate- and 2-oxoglutarate carriers in the inner mito-
chondrial membrane were identified first in kidney (25, 26, 97,
113) and then in liver (204). The involvement of GSH in redox
pathways results in GSSG formation. However, at variance
with cytosolic GSSG, mitochondrial GSSG cannot be exported,
thus increasing mitochondria susceptibility to protein thiol ox-
idation and increasing the significance of systems involved in
the interconversion between GSH and GSSG to maintain the
redox status and provide an environment appropriate for dis-
ulfide bond formation during folding of nascent proteins (71).

The mitochondrial GSH:GSSG ratio is greater than 100:1 and
is widely used as an indicator of the redox status, calculated by
the Nernst equation (E,.=Ey+30 log ([GSSG]/ GSHP) (80). The
redox potential of mitochondrial GSH/GSSG couple was cal-
culated as approximately —300mV and that of the Trx2,equced/
Trx2oxidizeda couple as —340mV (87). Although these redox
couples are maintained independently in nonequilibrium stea-
dy state across different subcellular compartments, these values
indicate a more reducing environment in mitochondria than in
cytosol (—280mV for Trxl and —260 to —200mV for GSH/
GSSG) and in endoplasmic reticulum (-185mV for GSH/
GSSG) (58, 82).

The mitochondrial redox status cannot be viewed inde-
pendent of its energy-transducing capacity but integrated in a
mitochondrial energy-redox axis (Fig. 2). The energy compo-
nent of this axis is encompassed by the generation of reducing
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FIG. 2. Role of the mito-
chondrial energy-redox axis
in maintenance of cellular
H,O0; levels. Reducing equiv-
alents from the tricarboxylic
acid cycle flow through the re-
spiratory chain (RC); electron
leak accounts for 2%-3% of O,
consumed in the form of O,
and H,0O,. Reduction of H,O,

l is supported by thiol-based
systems, for which the ultimate

NADP+

reductant is NADPH. Sources
of mitochondrial NADPH:
nicotinamide nucleotide trans-
hydrogenase (NNT), isocitrate
dehydrogenase-2 (IDH;), and
malic enzyme. Domain-specific
signaling entailing regulation
of redox-sensitive JNK- and
insulin/IGF1  signaling (IIS)

H,O pathways,

energy

equivalents (NADH and FP,H,) by the tricarboxylic acid cycle
(TCA) and their flow through the respiratory chain with
concomitant generation of O,  and H,O,. The redox compo-
nent is the domain of H,O, removal systems—mainly gluta-
thione peroxidase and Prx3—that use GSH and Trx2 as
electron donors. The ultimate reductant of these systems is
NADPH (supporting the activities of glutathione reductase
and thioredoxin reductase). Hence, the steady-state levels of
mitochondrion-generated H,O, in cytosol (and its involve-
ment in domain-specific signaling) are largely determined by
maintenance of the mitochondrial energy-redox axis and are
strictly dependent on the mitochondrial GSH pool and associ-
ated enzymes (161). Mitochondrial NADPH is mainly formed
through three pathways: NADP " -dependent isocitrate dehy-
drogenase (IDH,), malic enzyme, and nicotinamide nucleotide
transhydrogenase (NNT). Of these pathways, 50% of the mito-
chondrial NADPH pool is uncoupler sensitive, thus suggesting
that the NNT-catalyzed reduction of NADP* accounts for more
than 50% of the mitochondrial NADPH pool (154). NNT—a
nuclear encoded mitochondrial 110kDa protein located on the
inner mitochondrial membrane (64)—catalyzes the reversible
reduction of NADP* to NADPH and the conversion of NADH
to NAD™" (Equation 1).

s NAD' + NADPH +H,,

matrix

[Eq. 1]

NADH + NADP " + H;

intermembrane

The proton gradient across the mitochondrial inner mem-
brane strongly stimulates the forward reaction (Fig. 3), [i.e.,
the generation of NADPH and the subsequent H,O, reduc-
tion (197)]. NNT plays an important role in regulating cellular
redox homeostasis, energy metabolism, and apoptotic path-
ways (196). Knockdown of NNT in PC12 cells results in an
altered redox status encompassed by decreased cellular
NADPH levels and GSH/GSSG ratios and increased H,O,

redox

levels, as well as an impaired mitochondrial energy-transducing
capacity. The activation of redox-sensitive signaling (JNK)
by H,O, after NNT suppression induces mitochondrion-
dependent intrinsic apoptosis and results in decreased cell
viability (196). The oxidized cellular redox state and decline in
bioenergetics, as a consequence of NNT knockdown, cannot
be viewed as independent events, but rather as interdepen-
dent relationships coordinated by the mitochondrial energy—
redox axis. Disruption of electron flux from fuel substrates to
redox components due to NNT suppression induces not only
mitochondrial dysfunction but also cellular disorders or cell
death through redox-sensitive signaling.

FIG. 3. NNT-supported mitochondrial thiol-based anti-
oxidant system. At high Ay, the forward reaction catalyzed
by NNT is favored (see Equation 1 in the text), thus sup-
porting the generation of NADPH, the ultimate reductant for
the GSH and thioredoxin-based mitochondrial antioxidant
systems. GSH, via glutathione reductase, supports the glu-
tathione peroxidase (GPx) system, whereas thioredoxin
(Trx), via thioredoxin reductase, is a requirement for perox-
iredoxin- and methionine sulfoxide reductase activities.
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FIG. 4. Mitochondrial generation of oxidants and their
involvement in protein post-translational modifications.
Univalent reduction of O,, largely by reverse electron
transfer (RET) in the respiratory chain, generates O, , which
stoichiometrically disproportionates to H,O,. The 5-electron
oxidation of the guanidine group of arginine by nitric oxide
synthase (nNOS or eNOS) generates nitric oxide (NO). The
reaction of ‘NO (from NOS activity) with O,  (from mito-
chondrial RET) generates the oxidant peroxynitrite
(ONOQO™). These species are involved by different mecha-
nisms in post-translational modifications of proteins.

Mitochondrial Protein S-Glutathionylation

Mitochondrial generation of oxidants and free radicals is
associated with reversible and irreversible modifications of
target proteins (Fig. 4), mainly involving S-nitrosylation and
S-glutathionylation of redox-sensitive cysteinyl residues
(Fig. 5) and nitration of tyrosyl residues. The increased GSSG
formation and the lack of export of GSSG from mitochondria
renders these organelles more susceptible to oxidative con-
ditions and S-glutathionylation reactions through thiol-
disulfide exchange (Equation 2) that may be associated with
impairment or protection of protein function. Protein mixed
disulfides are also formed upon the reaction of GSH with S-

FIG. 5. Post-translational
modifications entailing cy-
steinyl moieties of proteins.
Disulfide linkage is reversed
by glutaredoxins and thior-
edoxins. Oxidation to sulfenic
acid by H,O, and ONOO;
hyperoxidation of Pr-5-OH to
sulfinic acid (Pr-SOOH) by
H,0,;, GSSG-mediated pro-
tein glutathionylation, re-
versed by glutaredoxins. The
S-glutathionylated ~ protein
can also be formed by S-
thiolation of Pr-S-NO and
nucleophilic attack of GS- on
Pr-S-OH. NOX, a species such
as NO™ or GSNO or N,Os.

G
GS-
NO-
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nitrosylated proteins by a S-thiolation mechanism (Equation
3) and sulfenic acid intermediates (Equation 4). Protein
mixed disulfides can be formed by one- or two-electron
pathways: the former yields a protein thiyl radical (Equation
5) that upon conjugation with a thiol (e.g., GSH) forms a
protein disulfide anion radical (Equation 6); the disulfide
anion radical reduces O, to O, with formation of a protein
disulfide (Equation 7). The 2-electron pathway yields a sul-
fenic acid derivative (Equation 8; e.g., upon reaction of the
thiol with H,O,), which is converted into a protein disulfide
upon nucleophilic addition by a thiol (Equation 4; e.g., GSH)
(see also Fig.1).

Pr—-S 4+GSSG— Pr—S—-SG+GS™
Pr—S—NO+GS™ — Pr —-S—-SG+NO~
Pr—-S-OH+GS = Pr -S-SG+HO™
Pr—S +R—=Pr -S+R"~

Pr-S+GS —Pr-S -SG

Pr—S -SG +0,—Pr—S -SG+0;,
Pr-S +H;O,—Pr—-S -OH+HO™

[Equation 2]
[Equation 3]
[Equation 4]
[Equation 5]
[Equation 6]
[Equation 7]
[Equation 8]

Regardless of the molecular mechanisms, S-glutathionyla-
tion is one of the most important protein post-translational
modifications and is viewed as a regulatory device for pro-
teins involved in energy metabolism, redox signaling, and
apoptosis (40, 41, 63, 92, 116). In mitochondria, aconitase (57),
a-ketoglutarate dehydrogenase (133), isocitrate dehydroge-
nase (90), succinyl-CoA transferase (51), and aldehyde dehy-
drogenase (185) can be inhibited upon glutathionylation.
Electron transport chain complexes I (170), II (24), and V
(561,186) are also sensitive to glutathionylation. S-glutathio-
nylation of succinyl-CoA transferase and ATP synthase (F;
complex, o-subunit) in brain mitochondria resulted in a de-
crease of activity and a substantially low reduction potential
(=171mV); supplementation of mitochondria with respira-
tory substrates to complex I or complex II increased NADH
and NADPH levels, restored GSH levels through reduction of
GSSG and deglutathionylation of mitochondrial proteins, and
resulted in a more reducing mitochondrial environment

Grx

Trx

Disulfide
linkage

i SH —22 SOH —1202 SOH
ONOO- i

I GSSG

S-SG HO-
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(=291mV) (51). Excessive protein glutathionylation upon
treatment with diamide at high concentrations resulted in
bioenergetics failure and cell death; however, low diamide
concentrations lead to an apparently adaptive response [i.e.,
increased glycolytic flux and cell viability remained un-
changed (63)]. Treatment of mitochondria from human do-
paminergic neuroblastoma cells with neuromelanin increased
GSH and free thiol levels by releasing GSH from glutathio-
nylated mitochondrial complex I, thereby exposing critical
thiols to detrimental oxidation and subsequent mitochondrial
permeability transition and apoptosis (125). These results
support the notion that reversible formation of mixed dis-
ulfides could serve as a mechanism that protects critical
sulfhydryls in mitochondria from further oxidation (e.g.,
protein sulfinic and sulfonic acids) (62, 145).

The deglutathionylation of protein mixed disulfides is the
domain of Grx (116) by a monothiol mechanism (67). The
oxidized form of Grx is reduced by GSH, regenerated from
GSSG by NADPH-supported glutathione reductase (GR).
Cytosolic Grx1 is involved in multiple cellular processes (30,
68). Mitochondrial Grx2 (52) is about 1.5-3-fold more efficient
than cytosolic Grx1 in protein de-glutathionylation (102) and
is strongly implicated in mitochondrial redox control. Oxi-
dized Grx1 is exclusively reduced by GSH, whereas oxidized
Grx2 can also be a substrate for TrxR (79), which enables Grx2
catalysis in a wide range of GSH/GSSG values and conditions
of oxidative stress (15).

The role of Grx2 function in the maintenance of the mito-
chondrial redox status gains further significance when con-
sidering that Grx2 knockdown led to increased sensitivity to
cell death (103), whereas overexpression of Grx2 decreased the
susceptibility of cells to oxidants and inhibited cytochrome ¢
release and caspase activation (48); moreover, inhibition of
Grx1 by cadmium did not sensitize to oxidative damage (103).
The protein level of Grx2 is less than 1/20 of that of Grx1: this
emphasizes the regulatory role of Grx2 upon specific mito-
chondrial protein targets rather than an antioxidant itself. The
cytoprotective role of Grx2 may be related to the activation of
Akt signaling and involves the redox-sensitive transcription
factor NF-«xB and anti-apoptotic Bcl-2 (123). Human Grx2 has
been characterized as an iron—sulfur center-containing com-
ponent of the thioredoxin family that may serve as a redox
sensor that controls the activation of Grx2 during conditions of
oxidative stress (68); this expands the interaction between
oxidants, mitochondrial redox status, and protein glutathio-
nylation. Grx1 activity in the mitochondrial intermembrane
space (47, 137) is involved in the regulation of complex I and
VDAC activity (88), mitochondrial membrane potential, and
apoptosis, and implicated in neurodegenerative diseases (155).

Mitochondrial Thiols, H,0,,
and Domain-Specific Signaling

Imbalanced H,O, regulation can shift the cell from a re-
duced state to an oxidized state and further induce apoptosis
and/or necrosis (6). Moreover, mitochondria provide a set-
ting for relatively high O,  levels (compared with cytosol)
and its reaction with 'NO (mostly diffusing from cytosol,
while the existence of mitochondrial NOS is still debatable
(127, 142, 180)) generates ONOO™ at diffusion-controlled
rates, an oxidant that may be associated with the initial steps
of cell death pathways (136). Thus, maintenance of mito-
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chondrial H,O, homeostasis is critical for regulation of do-
main-specific redox-sensitive signaling pathways (171). This
concept requires careful consideration of spatial regulation of
H,0; signals (178), its generation at specific cellular locations
(82), occurrence of HyO, gradients across distinct cellular
compartments (5) and their regulated transfer by aquaporin
(117), and the modulation of Prx activity close to the site of
H,0O,; generation (191).

Maintenance of mitochondrial H,O, homeostasis is the do-
main of glutathione peroxidase and Prx: the latter are a family of
thiol peroxidases involved in peroxide reduction. Mitochon-
drial Prx3 and Prx5 are involved in the enzymatic degradation
of H,O,, organic hydroperoxides, and ONOO™ (46, 139). Prx3
belongs to the typical 2-cysteine class of Prx (38) and is the target
of up to 90% of H,O, generated in the mitochondrial matrix
with a high reaction rate 2x10" M~*-s7h especially at low
levels of H,O, (36, 38, 148). Accordingly, overexpression of
Prx-3 reduces H,O, production and lipid peroxidation and
protects cells from different inducers of apoptosis such as
hypoxia, TNFa, cadmium, and oxidant-generating drugs (19,
21, 131, 188). Prx3 is overexpressed in human breast cancers
(129) and, hence, it prevents apoptosis induced either by ra-
diation therapy or cisplatin (31). Conversely, Prx3 knock-
down leads to increased mitochondrial oxidant production
and protein carbonyl content, altered mitochondrial mor-
phology, and renders cells susceptible to apoptosis (19, 44, 60,
101, 120). Prx3 levels are found significantly lower in brains of
Alzheimer’s disease patients (91) and deficiency in Prx3 is
also associated with amyotrophic lateral sclerosis (ALS),
Parkinson’s disease, and Down syndrome (94, 192), thus
emphasizing the significance of mitochondrial Prx in neuro-
degenerative disorders. Mitochondrial Prx5, a 17 kDa atypical
2-Cys Prx (157), is less effective than Prx3 in reducing H,O,
but has a higher reactivity towards ONOO™ (173). Over-
expression of the Prx5 inhibits H,O, accumulation, TNFo-
induced JNK activation, H,O,-induced DNA damage, and
p53-induced apoptosis (11, 12, 205), whereas Prx5-deficient cells
show higher levels of protein and DNA oxidative damage and
are more susceptible to apoptosis (44, 96, 146).

Regulation of mitochondrial Prx activity is performed at the
level of gene expression and by its oxidation (73, 194). A dis-
rupted mitochondrial redox status activates transcription of
Prx3 by FOXO3a, nuclear factor erythroid 2-related factor
(Nrf2), and PGCla, and adaptively strengthens antioxidant
defenses (7, 28, 134). Post-translationally, Prx3 oxidation is
found as an early event during receptor-mediated apoptosis,
which leads to increased mitochondrial H,O, levels and further
affects assembly of the apoptotic machinery (37).

Prxs are considered important regulators of the cellular
H,0O, steady-state levels: for the typical 2-Cys Prx (Prx1-3),
the peroxidatic cysteine, Cysp-SH, at the redox-sensitive N-
terminal, is oxidized by H,O, to Cysp-SOH, followed by
reaction with a nearby resolving cysteine (Cysg-SH) at the N-
terminal of the other subunit to form an intermolecular dis-
ulfide and release H,O. This disulfide is then reduced by Trxs.
At high concentrations of H,O,, oxidation of the intermediate
Prx-Cys-SOH to Prx-Cys-SO,H (sulfinic acid form) results in
loss of peroxidase activity (35). Sulfiredoxin (Srx) can reduce
the sulfinic acid form of Prx back to Prx-Cys-SOH (189).
Mammalian Srx translocates to mitochondria under oxidative
conditions to reduce over-oxidized mitochondrial Prx3 (130,
190) in an ATP-driven reaction followed by binding of Srx to



MITOCHONDRIAL THIOLS AND CELL DEATH

2-Cys Prx enzymes and release of the y-phosphate from ATP
to the sulfinic moiety and reduction of the resulting sulfinic
phosphoryl ester by either mitochondrial GSH or thioredoxin
(20, 74, 83, 149, 153) (Fig. 6).

Expression of Srx is primarily regulated by the Nrf2 (10,
138, 164) along with other phase II enzymes: Trx, Prx, GPx,
and MnSOD. In addition to Nrf2, the expression of Srx is also
regulated by AP-1 in pancreatic ff-cells (53) and in rat neurons
(183). Hence, Srx expression is induced in various oxidative
and nitrosative stress conditions and is seen as an adaptive
and protective mechanism to avoid sustained excessive oxi-
dant production due to hyperoxidation of Prx and its inacti-
vation (1, 9, 10, 164). Currently, the major role of Srx is to
catalyze the reversible sulfinic modification of 2-Cys Prxs but
not the sulfinic acid form of other over-oxidized proteins such
as GAPDH and DJ-1 (149). The biological significance of this
reversible hyperoxidation of Prx enzymes is still unclear: it
has been proposed that inactivation of Prx by over-oxidation
results in higher levels of H,O,, which may be engaged in
regulation of distinct signaling pathways (193); albeit attrac-
tive, this proposal needs to be viewed in light of the spatial
considerations for H,O, signaling (82, 178). Srx~/~ mice
show normal viability but an increased mortality during en-
dotoxic shock; this may suggest a protective role of Srx
through regulation of Prx function and cellular H,O, levels
(141).

The reducing power for Prx is transmitted through thiols of
the Trx system: NADPH — TrxR— Trx— Prx (65, 199). Trx is
highly efficient in redox reactions via thiol-disulfide exchanges
(108, 118, 143), thus impacting cellular functions such as anti-
oxidant defenses and redox control of transcription and signal
transduction (8, 66). Trx is also involved in the reduction of
methionine sulfoxides via methionine sulfoxide reductases
(MSR). Mitochondrial Trx2 is found at its highest levels in
metabolically active tissues (18, 167) and its oxidation after ex-
posure to peroxides and diamide is an early event in oxidative
stress; overexpression of Trx2 increases mitochondrial mem-
brane potential, inhibits cytochrome c release from mitochon-
dria (42), and protects the cells against TNFo-, diamide-, and

NADP+

Trx
TrxR

NADPH

S
Prx<|
S
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tert-butylhydroperoxide-induced oxidation, cytotoxicity, and
cell death (22,23, 59). Trx-2-deficient cells show accumulation of
intracellular oxidants, cytochrome c release, and activation of
the intrinsic apoptotic pathway (169) and Trx2~/~ mice show
increased apoptosis in early embryos leading to embryonic le-
thality (132) that coincides with mitochondria maturation. This
strengthens the association of mitochondrial metabolic function
and oxidant regulation (i.e., the mitochondrial energy-redox
axis). This is also supported by studies showing that Trx2*/~
mice show reduced ATP production and electron-transport
chain complexes activities (140). Knocking down TrxR leads to
Trx2 oxidation and this sensitizes cells to oxidant-induced cell
death (152). The mitochondrial generation of oxidants and the
reducing power of TrxR2 determine the redox status of Trx2,
which can be viewed as a marker of mitochondrial dysfunction
and oxidant-induced cell death (81, 82, 87, 124).

Trx2 may be involved in the regulation of apoptosis
through its interaction with Apoptosis Signal-regulating Ki-
nase 1 (ASK1) (200). Upon pro-inflammatory cytokine (TNFo)
or oxidative stress (H,O,) stimulation, mitochondrion-
localized ASK1 disassociates from Trx2 and mediates a
JNK-independent caspase-mediated apoptotic pathway (200).
Overexpression of Trx2 inhibits ASK1-induced apoptosis,
while knockdown of Trx2 increases TNFo/ASK1-induced
cytochrome c release (156, 200). The mitochondrial perme-
ability transition (MPT) plays significant roles in activation of
apoptosis and necrosis (72, 144, 174, 198): Trx2 protects iso-
lated mitochondria from MPT induced by peroxide or Ca™ *
(61) and Trx2-deficient cells show lower mitochondrial
membrane potential (182). Whether Trx2 regulates the MPT
by either interacting with MPT pore or modulating the mi-
tochondrial oxidant levels is still unclear (61). Mitochondrial
GSH also plays an important role in maintaining mitochon-
drial inner membrane permeability (111). The association of
Trx2 with cytochrome ¢ both in vivo and in vitro could provide
a mechanism for the inhibitory role of Trx2 in apoptotic sig-
naling (169). Taken together, the interactions involving Trx2,
ASK1, cytochrome ¢, and MPT seem to be critical in the reg-
ulation of mitochondria-mediated apoptotic pathway.

§-S-Srx
Prx <

|

SOH
Prx<

SH

FIG. 6. The mitochondrial peroxiredoxin—sulfiredoxin system in the recovery of hyperoxidized peroxiredoxin. Mi-
tochondrial peroxiredoxin-3 is a typical 2 cysteine peroxiredoxin. The scheme shows only modifications of one Cys-Sp of
peroxiredoxin. This mechanism is based on References 20, 74, 83, 149, and 153.
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TABLE 1. MITOCHONDRIAL THIOLS AND RELATED ENZYMATIC SYSTEMS IN DISEASE

Thiols involved

References

Neurodegeneration
Models of Alzheimer’s disease
Models of Parkinson’s disease

Prx3, GSH

Grx1*, Grx2, GSH, Protein-SSG, Prx3, Prx5

16, 55, 91
27, 44, 55, 60, 94, 98, 125, 155

Excitotoxicity Prx3 60
Down syndrome Prx3 91, 94
Liver diseases
Alcohol-induced hepatoxicity Srx 9
Alcoholic steatohepatitis GSH 33, 105, 201, 202
Nonalcoholic steatohepatitis GSH 109
Chronic alcoholism GSH 50
Acetaminophen toxicity GSH 179, 201
Liver cirrhosis GSH 93
Cardiovascular diseases
Ischemic preconditioning Protein-SSG, Protein-SNO 24, 62
Dilated cardiomyopathy TrxR2 160
Myocardial infarction Prx3 7
Vascular muscle function Protein-SSG 63
Diabetes
Glucose tolerance Prx3 21
Diabetic retinopathy GSH 86
Cancer
Hepatocellular carcinomas TrxR2, Prx3 29
Human breast cancer Prx3 129
Colon cancer cell protection Prx3 131
Neoplastic transformation Prx3 188
Aging GSH, Prx5 43, 146, 165, 181
Stroke - Focal cerebral ischemia GSH 3, 163

The table summarizes the involvement of selective mitochondrial thiols in different disease models addressed in this review.

*Glutaredoxin-1 in the inter-membrane space.

Mitochondrial GSH in Cell Viability and Function

The properties and roles of mitochondrial GSH were first
studied during the mid-1960s to mid-1970s (77, 78) and then
advanced in the 1980s (115), showing the role of mitochondrial
GSH in maintaining cell viability. Depletion of mitochondrial
GSH decreased the cellular viability (158), whereas increasing
mitochondrial GSH protected against oxidative and nitrosative
stress (121). Increased mitochondrial GSH oxidation and de-
creased GSH/GSSG ratios as a function of age were accompa-
nied by oxidative damage of the mtDNA (43, 165, 166, 181).

In the central nervous system, mitochondrial GSH depletion
in astrocytes led to cell death via necrosis rather than apoptosis
and decreases in mitochondrial GSH below 50% resulted in
neuronal degeneration (69, 122). Expectedly, loss of mitochon-
drial GSH in neurons was accompanied by increase in oxidant
levels, collapse of mitochondrial membrane potential, and cell
death (195). The chemoprotectant 3H-1,2-dithiole-3-thione
protected against oxidative and electrophilic neurotoxicity in
neuroblastoma cells and primary neurons due to its ability to
increase mitochondrial GSH (76). Interestingly, dopamine at
nontoxic concentrations strongly increased mitochondrial GSH
and afforded a greater protection against cytotoxicity (75). GSH
was substantially decreased in cerebral cortex and striatum
mitochondria in a model of brain focal ischemia, in which the
loss in mitochondrial GSH did not correlate with minimal total
GSH losses in the tissue (4). In this model, bilateral injections
of GSH monoethylester—prior to induction of unilateral focal

ischemia—increased mitochondrial GSH in the striatum of is-
chemic and nonischemic hemispheres, albeit with no reduction
of infarct volume. This could be potentially used to study the
effects of modulating brain mitochondrial glutathione in a
range of brain disorders and warrants further research (3). The
above studies establish the importance of the role of mito-
chondrial GSH in maintaining brain function.

In liver, TNF-« increased the susceptibility of hepatocytes
after mitochondrial GSH depletion and restoration of mito-
chondrial GSH levels had protective effects against TNF-«
(32). Decreased intracellular GSH levels markedly enhance
the cytotoxicity of alkylating agents; however, it shifts the
mode of cell death to necrosis rather than apoptosis. This
study poses an important question as to whether raising GSH
levels enables the switch from necrosis to apoptosis, thus
viewing apoptosis as a more desirable cell death pathway that
circumvents the destructive inflammatory response associ-
ated with necrosis (49).

Mitochondria have also been shown to undergo morpho-
logical and functional changes in chronic experimental mod-
els of alcoholism in which ethanol is oxidized to acetaldehyde
in liver (168). In chronic models of alcoholism, there is a dis-
tinct mitochondrial damage characterized by abnormalities
like its swelling, disruption, disorganization of the normal
cristae organization, all of which finally translates into a lower
energy-transducing capacity (i.e., ATP levels) (17, 39, 168).
These effects stem partly from a low mitochondrial GSH pool,
as a consequence of dysfunctional GSH transport into the
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mitochondria, which weakens binding of cytochrome c to
cardiolipin in the inner mitochondrial membrane and affects
membrane permeabilization (84, 110, 135). Decreased mito-
chondrial GSH is also linked to disrupted Ca* * homeostasis
via disturbances in the pyridine nucleotide pool mainly
caused by decreased mitochondrial GSH (99, 106).

The transport of GSH into mitochondria was found to be
closely associated with the apoptotic machinery due to the
interaction of GSH with the BH3 groove of Bcl-2; pro-apoptotic
Bax and BH3-only proteins suppressed GSH transport into the
mitochondria upon inhibition of GSH-Bcl-2 binding (206). Bcl-
2 binding to GSH enhanced its affinity for the 2-oxoglutarate
carrier on the inner mitochondrial membrane (187).

Conclusions and Perspectives

The interlaced networks of mitochondrial thiols constitute a
regulatory device to maintain mitochondrial redox status and
modulate cytosolic redox signaling in normal and stress con-
ditions. Disturbances in this regulatory device can affect tran-
scription, growth, and ultimately influences cell survival/death.
Modification of sulhydryl groups on signal proteins by oxidants
and their control exerted by thiol-containing molecules such as
glutathione, Grx, Trx, and Prx, forms the core of redox signaling.
Each of them plays a distinct role in the overall process. GSH/
GSSG determines the mitochondrial redox status due to its high
molecular concentration and can be seen as a “redox buffer”;
Prx3 acts more in H,O, removal and therefore affects the H,O,
signal pathway as a “redox sensor”; Trx2 acts more as a “redox
transmitter” to transfer the reducing equivalents from NADPH
to other thiol-molecules such as Prx3. The primary role of Grx2
in mitochondria is to control protein glutathionylation/deglu-
tathionylation and thereby regulate functions of important mi-
tochondrial enzymes in response to change in mitochondrial
redox status. Mitochondrial thiols thereby form an intricate
network that constitutes complex crosstalk involved in oxidants
detoxification and maintenance of cellular and mitochondrial
redox homeostasis, as well as the modulation of cytosolic redox-
sensitive signaling and cell death. Emerging evidence suggests
that the mitochondrial thiol /disulfide systems are critical for the
progression of several pathologies (Table 1). Thus, the modu-
lation of key mitochondrial thiol proteins, which participate in
oxidative stress responses, redox signaling, maintenance of the
bioenergetic machinery, and cell death programming, provides
a pivotal direction in developing new therapies towards the
prevention and treatment of these diseases.
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