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Abstract

Apoptosis or programmed cell death represents a physiologically conserved mechanism of cell
death that is pivotal in normal development and tissue homeostasis in all organisms. As a key
modulator of cell functions, the most abundant non-protein thiol, glutathione (GSH), has important
roles in cellular defense against oxidant aggression, redox regulation of proteins thiols and
maintaining redox homeostasis that is critical for proper function of cellular processes, including
apoptosis. Thus, a shift in the cellular GSH-to-GSSG redox balance in favour of the oxidized
species, GSSG, constitutes an important signal that could decide the fate of a cell. The current
review will focus on three main areas: (1) general description of cellular apoptotic pathways, (2)
cellular compartmentation of GSH and the contribution of mitochondrial GSH and redox proteins
to apoptotic signalling and (3) role of redox mechanisms in the initiation and execution phases of
apoptosis.
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Introduction

Overview of the apoptotic machinery

Among the various recognized forms of cell death that include necrosis and autophagy,
apoptosis is evolutionarily conserved and highly organized and is characterized by unique
nuclear changes, chromatin shrinkage, DNA fragmentation, membrane blebbing and the
formation of apoptotic bodies that contain components of the dying cell [1]. The
morphological features of apoptosis are generated during the activation of cellular cysteine
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proteases (caspases) that can occur through two main apoptotic pathways: death receptor- or
mitochondria-mediated pathways.

The extrinsic death receptor mediated pathway is triggered by extrinsic signals, such as
extracellular hormones or components of the tumour necrosis factor family (TNF), like
TNFa, Fas/CD95 ligand or TRAIL which bind to death receptors on the plasma membrane.
At the level of the activated receptor, proapoptotic proteins interact through their death
domains or death effector domains, resulting in the formation of the death-inducing
signalling complex (DISC). Initiator caspases, such as caspase-8 or caspase-10 are recruited
to the DISC and, upon activation, they trigger a caspase cascade that determines the
downstream activation of executioner caspases -3 and -7, followed by cellular demise by
apoptosis [2] (Figure 1). In certain cell types, the activation of caspase-8 was weak and,
therefore, insufficient to complete cell apoptosis; in these cells, the cleavage of the pro-
apoptotic protein Bid by activated caspase-8, engaged the mitochondrial apoptotic cascade
[3], indicating a degree of cross-talk between the death receptor and mitochondrial pathways
in apoptotic signalling (Figure 1).

The intrinsic mitochondrial apoptotic pathway involves the mitochondria-to-cytosol release
of pro-apoptotic proteins. Different apoptotic stimuli, such as reactive oxygen and nitrogen
species (ROS/RNS) and mitochondrial DNA damage, can mediate mitochondrial outer
membrane permeabilization and the release of mitochondrial pro-apoptotic factors, like
cytochrome c (cyt ¢), apoptosis inducing factor (AIF) or second mitochondria-derived
activator of caspases/direct IAP binding protein with low pl (Smac/Diablo). Within the
cytosol, these apoptogenic factors trigger caspase-dependent or caspase-independent
signalling events. For example, cyt ¢ binds to the apoptotic protease-activating factor-1
(Apaf-1) and forms the apoptosome to which procaspase-9 is recruited. The ATP-dependent
cleavage of procaspase-9 signals downstream cleavage/activation of effector caspases, -3
and -6/7 (Figure 1). Additionally, Smac/Diablo, which antagonizes inhibitors of caspases,
enhances caspase activation. Interestingly, through mitochondria-to-nuclear translocation,
AIF participates in caspase-independent mitochondria-mediated apoptosis where it induces
chromatin condensation and DNA fragmentation [4].

Mechanisms of pro-apoptotic protein release—How mitochondrial pro-apoptotic
proteins are released into the cytosol is not fully understood. One mechanism involves the
formation of a megapore at the level of the inner and outer mitochondrial membrane, the
permeability transition pore (PTP), that would allow entry of small solute molecules and
water into the matrix. Increased osmosis would induce mitochondrial swelling, rupture of
the outer mitochondrial membrane and release of pro-apoptogenic proteins into the cytosol
[5,6]. The molecular composition of PTP is hotly debated, but recent findings point to the
fact that only cyclophylin D (cypD) is a permanent constituent and modulator of PTP. The
two other components, voltage-dependent anion channel (VDAC) and the adenine
nucleotide translocase, participate only in a limited extent in the formation of PTP [7-9].
Interestingly, glyceraldehyde-3-phospate dehydrogenase (GAPDH), a glycolytic enzyme,
has been suggested to play a role in cell death associated with the opening of the PTP
complex. In this regard, exogenously added GAPDH can be imported and interact with
VDAC 1 resulting in cyt ¢ and AIF release [10]. However, this involvement of
mitochondrial permeability transition (MPT) was mostly associated with cell necrosis and/or
localized mitochondrial CaZ* overload [11,12].

A second mechanism underscores a role for proapoptotic members of the Bcl-2 family of
proteins in permeabilization of the mitochondrial outer membrane. Key members of over 30
proteins that belong to the Bcl-2 superfamily, namely anti-apoptotic proteins, pro-apoptotic
proteins and BH3-only proteins, participate in the control of release of mitochondrial
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apoptogenic factors. Normally, the anti-apoptotic proteins, like Bcl-2, Bcl-XL and Diva,
interact with pro-apoptotic Bcl-2 proteins such as Bax/Bak or with the BH3-only proteins to
prevent apoptogenic factor release. However, activation of cytosolic BH3-only proteins
promote Bax/Bak protein conformational change and protein oligomerization which induce
large pore formation in the outer mitochondrial membrane [13]. Interaction of Bax/Bak with
components of the PTP (e.g. VDAC) further contributes to outer mitochondrial membrane
permeabilization [14]. Thus, the apoptotic susceptibility of a cell is a function of the balance
in actions of anti- and pro-apoptotic proteins. Additionally, a reorganization of the
mitochondrial cristae can influence cyt c release. In particular, optic atrophya 1 protein
(OPAL1), an inner membrane protein which controls cristae junction (CJ) integrity, is
involved in this process. Studies in isolated mitochondria and cell cultures have shown that
Ca?* induced endoplasmic reticulum (ER) stress promoted MTP-induced mitochondrial
remodelling and the release of OPA1 protein, that led to cyt c release and apoptosis [15]. In
other studies, Frezza et al. [16] demonstrated the involvement of soluble OPAL and inner
mitochondrial membrane-bound OPA, in the formation of oligomers that tightened the CJ
and prevented cyt ¢ release and apoptosis. In contrast, disruption of OPA1 oligomers by Bid
(activated BH3-only protein) widened the CJ and promoted cyt c release [16].

GSH: Synthesis and cellular compartmentation

The tripeptide, glutathione (L-y-glutamyl-L-cysteinyl-glycine, GSH) is the most abundant
intracellular thiol, reaching millimolar concentrations in most cell types. GSH is involved in
many cellular functions including antioxidant defense via direct interaction with ROS or via
activities of detoxication enzymes like GSH peroxidases and GSH-S-transferases [17].
Importantly, GSH plays an essential role in maintaining the intracellular redox environment
that is critical for function of various cellular proteins. Cellular GSH is predominantly
present in the reduced thiol form, GSH, which is also the biologically active form. Under
oxidizing conditions, oxidation of GSH to its disulphide, GSSG, results in a decreased GSH-
to-GSSG ratio.

In mammalian cells, three mechanisms serve to maintain GSH homeostasis, namely de novo
synthesis, uptake from exogenous sources across plasma membranes and GSSG reductase-
catalysed reduction of GSSG. De novo GSH synthesis occurs exclusively in the cytosolic
compartment, in two sequential ATP-dependent steps that are catalysed by glutamate
cysteine ligase (GCL) and GSH synthetase [18] (Figure 2). GCL-catalysed formation of y-
glutamyl-cysteine is the first and rate-limiting reaction in GSH synthesis and is feedback-
inhibited by GSH itself, a mechanism that is central in the regulation of cellular GSH
concentrations [19]. Cysteine is a rate-limiting substrate for de novo GSH synthesis and is
derived from extracellular GSH breakdown by y-glutamy!l transferase (GGT) and/or from
methionine-to-cysteine conversion through the cystathionine pathway [20]. While the
cystathionine pathway is characteristic for liver cells, the cleavage of circulating GSH takes
place at external plasma membrane surfaces of various epithelial cells such as kidney,
pancreas, bile duct and small intestine. In the GGT-catalysed reaction, the y-glutamyl moiety
is transferred from GSH or GSH conjugates to acceptors like amino acids, dipeptides or
GSH itself, while cysteinylglycine is cleaved by membrane-bound dipeptidases. The
resultant constituent amino acids and y-glutamyl products are taken up into cells for de novo
GSH synthesis (Figure 2). Thus, the GGT reaction is part of the y-glutamyl cycle in
intracellular GSH synthesis and GSH homeostasis [21,22]. Interestingly, cysteine has been
shown to be an acceptor of the y-glutamyl moiety; the product y-glutamylcysteine was
transported through specialized carriers into cells and used directly in GSH synthesis,
thereby bypassing the feedback inhibition of GCL [23,24]. This mechanism appears to be
important in cellular GSH control in kidney cells under physiological and stress conditions
[24]. For example, the administration of y-glutamyl-cysteine in mice significantly increased
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kidney GSH levels, suggesting that the administered dipeptide was efficiently transported
for de novo GSH synthesis [24]. This mechanism of GSH synthesis further functions as a
physiological pathway of cysteine recovery. In addition, extracellular GSH can be taken up
intact into renal cells across basolateral plasma membrane via Na*-dependent or
independent processes [25-27]. This mechanism of GSH uptake was responsible for half of
the total 80% of GSH extraction by kidney from plasma [28,29] and for protection of
proximal tubular cells against tBH toxicity and ATP depletion [25,30]. GGT-catalysed GSH
degradation constituted the remaining 30% of total renal GSH uptake and regulation of
cellular GSH levels. An efficient system for cellular GSH regeneration is the catalytic
reduction of GSSG by NADPH-dependent GSSG reductase, commonly known as the GSH
redox cycle (Figure 2). GSSG reductase is distributed in both the cytoplasmic and
mitochondrial compartments.

GSH compartmentation—Much research in recent years on redox signalling and redox
regulation of cell function is spurred by the recognition of the existence of well defined
compartments of redox systems within cells, each exhibiting a unique redox environment.
Intracellular GSH is compartmentalized within the mitochondria, nucleus and endoplasmic
reticulum (ER), all of which constitute separate redox pools that are distinct from the
cytoplasmic pool in terms of distribution of the GSH and GSSG forms, their redox potential
and their control of cellular activities. Cytoplasmic GSH concentration is in the range of 2—
10 mM; in the liver [21], a highly reduced GSH-to-GSSG ratio is normally maintained in
excess of 100-to-1 and this ratio can significantly decrease to less than 4-to-1 during
oxidative stress. Highly reduced baseline cytoplasmic GSH redox pools are similarly
maintained in other cell types.

The ER pool typically exhibits GSH concentrations similar to the cytosolic compartment (2—
10 mwm). A unique feature of the ER redox environment is that it is distinctively oxidized, a
state that favours disulphide bond formation and proper folding of nascent proteins [31], a
process that is catalysed by protein disulphide isomerase (PDI), where oxidation of catalytic
site thiols is essential to enzyme activity [32]. Precise quantification of the GSH redox status
in ER is difficult. Recently, using more precise measures to avoid ex vivo oxidation during
sample preparation, GSH concentrations in rat liver microsomes were found to be ~ 4.5 mM
[33], in agreement with previous findings. Reported GSH-to-GSSG values ranged from ~
1.5:1to 3:1 in hybridoma cell line [34] and ~3:1 to 5:1 in rat liver microsomes [31].
Interestingly, a somewhat more reduced GSH-to-GSSG ratio appears to be favourable in
increasing the reductase activity of PDI than a highly oxidized GSH redox ratio [33]. A
second notable feature is that less than 50% of the ER thiol pool (GSH + GSSQG) is free; the
majority of GSH is reversibly bound to proteins as protein mixed disulphides [31].
Functionally, GSH serves to maintain oxidoreductase catalytic function and as a redox
buffer against ER-generated ROS [35,36]. Changes in the GSH redox state can disrupt ER
function, activate the unfolding protein response (UPR) and trigger cell apoptosis [37].

The nucleus exhibits an independent GSH pool that plays an important role in protection
against oxidant- and ionizing radiation-induced DNA damage [38] and in preserving nuclear
proteins in a reducing environment for gene transcription during cell cycle progression [39].
In addition, GSH functions as a hydrogen donor in ribonucleotide reductase-catalysed
reduction of ribonucleotides to deoxyribonucleotides and thus plays a contributory role in
DNA synthesis [40,41]. While the quantitative pool size of nuclear GSH is difficult to
assess, recent evidence suggests that the nuclear GSH pool is not in equilibrium with
cytosolic GSH. Higher nuclear-to-cytosolic GSH levels have been reported in rat
hepatocytes (3:1) [42], human tumour biopsy samples [43] and A549 cells [44]. Importantly,
nuclear GSH distribution is a dynamic process and correlates directly with cell cycle
progression; a 4-fold higher nuclear-to cytosolic GSH was associated with the proliferative
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state while equal distribution between the two compartments occured in confluent cells
[39,45]. The mechanisms that govern the dynamics of nuclear GSH distribution are
unresolved. One suggested mechanism is a passive diffusion of GSH from the cytosol to the
nucleus via nuclear pores [46], but precisely how a passive transport system could achieve
the distinctiveness of a nuclear GSH pool is unclear. Although incompletely understood, a
role for the anti-apoptotic protein Bcl-2 has been implicated in maintaining a high nuclear
GSH concentration [47].

A distinct mitochondrial GSH pool is metabolically separated from the cytosolic pool in
terms of GSH synthesis rate, GSH turnover and its sensitivity to oxidative stress [44].
Mitochondrial matrix GSH concentrations are between 5-10 mM and are cell-type specific,
varying from 10-15% of the total GSH in the liver [48] to 15-30% of total GSH pool in the
renal proximal tubule [49]. In contrast to the cytosol, mitochondria are incapable of de novo
GSH synthesis, being deficient in GCL and GSH synthase. As such, matrix GSH
homeostasis is highly dependent upon GSH import from the cytosolic compartment via the
dicarboxylate and 2-oxoglutarate GSH transport carriers located in the mitochondrial inner
membrane [50]. Little is known of the control of these anion transporters, but recent
evidence in cultured neuronal cells implicated a role for Bcl-2, the anti-apoptotic protein, in
the modulation of localized mtGSH pool at mitochondrial membrane sites [51]. Bcl-2 was
shown to directly bind GSH via the BH3 groove; the disruption of this interaction by pro-
apoptotic proteins such as BimL caused GSH displacement from the mitochondria as well as
inhibition of mitochondrial GSH transport [51].

GSH redox state and cell apoptosis

Cellular GSH in cell transition and apoptotic cell death

A decrease in cellular GSH concentration has long been reported to be an early event in the
apoptotic cascade induced by death receptor activation [52], mitochondrial apoptotic
signalling [53], drug exposure [54,55] and oxidative stress [56,57]. Decreases in cellular
GSH levels have been attributed to two fundamental mechanisms, namely direct GSH
oxidation promoted by ROS or GSH export from cells. Not surprisingly, elevated GSH
levels afforded protection against stress-induced apoptosis [58,59]; specifically, apoptosis
prevention was associated with GSH protection of redox active cysteines at the catalytic
sites of caspases [58,60]. However, protection against caspase activation by decreased GSH
has been reported in hepatocytes [61,62]. To date, the precise role of GSH in the complex
and multi-step process of cell apoptosis remains unclear and clarity is likely to be further
complicated by cell type specificity and nature of pro-apoptotic stimuli. This
notwithstanding, studies from our laboratory have provided evidence for a role for the GSH/
GSSG redox status in cell apoptosis in various cell types [63,64]. We found that oxidant-
induced cell apoptosis was consistently associated with oxidant-induced GSH/GSSG
imbalance, specifically a rise in GSSG, which kinetically preceded loss of mitochondrial
integrity, mitochondria-to-cytosol cyt ¢ translocation and caspase-3 activation. Importantly,
the significant increase in GSSG occurred within a narrow window of redox shift, generally
the first 30 min post-oxidative challenge and subsequent recovery of cellular GSH/ GSSG
balance by 1 h did not influence the apoptotic endpoint, a response that is consistent with an
early initiation of redox signalling. This suggestion was further supported by our finding that
oxidant-induced cell apoptosis was blocked by pre-treatment with the thiol antioxidant, N-
acetylcysteine (NAC), which effectively prevented GSSG increase; notably, NAC was
without effect when administered at a time after the rise in GSSG has occurred [63, 65,66].
Collectively, our results suggest that GSH redox-dependent apoptosis initiation is an early
event in the apoptotic cascade that is likely to be a generalized paradigm in many cell types.
Interestingly, apoptosis in certain mitotic competent undifferentiated cells, such as PC12,
can be induced by a loss of cellular redox balance independently of ROS production [65],
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suggesting a mechanistic dissociation between a redox vs a direct ROS effect. Decreases in
NADPH availability for GSSG reduction contributed to sustained cellular redox imbalance
that potentiated cell apoptosis [65].

Additional studies reveal a broader role for cellular GSH/GSSG redox balance in cell
transition to proliferative, differentiated or apoptotic phenotype over a wide continuum of
GSH redox changes [67-69]. We found that lipid hydroperoxide elicited differential
intestinal (CaCo-2) cell transition into the proliferative or apoptotic states, depending on the
degree of GSH redox shift. At 10-20 pw, LOOH induced significant cellular GSH/GSSG
redox disruption, mitochondrial dysfunction, caspase-3 activation and DNA fragmentation
consistent with cell apoptosis [68]. A low level of redox imbalance elicited by 1-5 pwm
LOOH favoured cell proliferative responses as evidenced by increases in DNA synthesis
and ornithine decarboxylase activity and expression of cyclin D1 and cdk4 [68], consistent
with G4 exit and S phase progression. Enhanced CaCo-2 cell proliferation was inhibited by
extending the duration of the mild redox imbalance and resulted in cell growth arrest at the
G,M phase, which was reversible [67]. These collective results underscore a role for cellular
GSH redox state in intestinal cell proliferation, growth arrest or apoptosis that directly
tracked with the extent of GSH/GSSG redox alteration. A similar response to early GSH/
GSSG redox imbalance caused by tert-butylhydroperoxide (tBH) was observed in apoptosis
of mitotic competent undifferentiated PC12 cells [64,65]. Interestingly, by inducing PC12
differentiation, we obtained a phenotype that was significantly more resistant to tBH and
this resistance to oxidative damage corresponded to a highly reduced intracellular GSH
redox environment and decreased expression of Apaf-1 [65], suggesting that the GSH redox
status can influence differential apoptotic susceptibility in various cell phenotypes.
Subsequently, we established that the decreased susceptibility of a differentiated phenotype
like PC12 cells extended to other oxidative challenges as well, such as carbonyl stress [70]
and hyperglycemic stress [71,72].

Mitochondrial GSH and apoptosis

Mitochondrial GSH (mtGSH) depletion is associated with varied human pathologies such as
diabetic retinopathy [73], cardiovascular disease [74], hepatocellular complications [75] and
kidney stone disease [76], consistent with a role for mtGSH in human health and disease. Of
relevance to the current review is the consideration of mtGSH redox status in mitochondrial
apoptotic signalling. Functionally, mtGSH participates in preserving the integrity of
mitochondrial proteins and lipids and in controlling mitochondrial ROS generation.
Mechanistically, oxidative susceptibility is associated with an increase in mitochondrial
ROS production secondary to matrix GSH decrease, mitochondrial membrane potential loss,
mitochondria-to-cytosol cyt c release and initiation of the apoptotic cascade [77]. The
precise contribution of mtGSH redox status to the apoptotic process remains to be defined
despite a clear link between cellular GSH and cell apoptosis [78]. Early evidence suggests a
mechanistic role for oxidation of thiols [79] in modulating MPT in that thiol oxidation
determines pore function, consistent with apoptosis initiation. Functional divalent thiol-
reactive agents were shown to promote apoptosis by inducing formation of disulphide-cross
links which blocked anti-apoptotic Bcl-2 function in preventing MPT [80]. A direct role for
mitochondrial redox (i.e. increased GSSG relative to GSH) has not been explored.
Distinguishing between regulation by GSH or by GSH-to-GSSG ratio is a relevant
mechanistic issue given the findings that changes in their respective status yielded different
cellular outcomes in different cell lines [63,65,67,81,82].

The importance of mtGSH in cell survival is underscored by literature evidence of its role in
oxidative vulnerability [83] and oxidant-induced apoptosis [66]. As examples, alterations of
mtGSH have been linked to cytotoxicity induced by aromatic hydrocarbons [84], hypoxia
[85], tert-butylhydroperoxide (tBH) [86] and ethanol intoxication [87]. In models of ethanol-
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induced hepatocellular injury [87-89], ethanol has been shown to deplete mtGSH by
blocking cytosol-to-mitochondrial uptake of GSH due to mitochondrial enrichment with
cholesterol and altered membrane fluidity [87]. Moreover, ethanol-mediated mtGSH
decreases potentiated hepatocyte apoptosis to acetaminophen [90] and TNFa [91]. The
mechanism of TNFa-mediated hepatocyte apoptosis was correlated with caspase-8
activation and mitochondria-derived ROS production [92]. Notably, apoptotic death
dominated, despite the lack of an effect of mtGSH depletion on TNFa-induced NF-kB
activation of survival signals. In hepatocyte models of hypoxic injury, potentiation of
mitochondria-derived ROS signalled cell apoptosis upon depletion of mtGSH [85].
Interestingly, Lluis et al. [77] found that mitochondrial ROS production consequent to
mtGSH depletion exhibited dual roles in carcinoma cell lines. Early formation of ROS
promoted cell survival through NF-«B activation via c-Src-mediated phosphorylation of
IxBa and stabilization of HIF1a, while excessive ROS production stimulated cyt ¢ and Swac/
Diablo release, mitochondrial membrane potential loss and apoptotic signalling [77]. In an
acute streptozotocin-induced diabetic rat model, a similar relationship existed between
reduction in mtGSH and increased mitochondrial ROS production in apoptosis of
cardiomyocytes that was associated with changes in mitochondrial membrane potential and
activation of caspase-9 and -3 [74]. A similar mechanism of ROS-induced mtGSH loss and
apoptosis was demonstrated in chronic rodent models of diabetes, underscoring the
importance of mtGSH loss in diabetes-mediated cardiac apoptotic death [93].

In models of chemical toxicity, nephrotoxicity and renal cell apoptosis induced by cisplatin
was linked to mitochondrial dysfunction and decreases in mtGSH and NADPH levels as
well as loss of mitochondrial membrane potential, oxidation of cardiolipin and caspase-3
activation [94]. Consistent with a role for ROS, the administration of dimethylthiourea
(DMTU), a non-specific scavenger of hydroxyl radicals, prevented the effects of cisplatin on
renal mitochondrial redox state, bioenergetics and oxidative stress [95,96]. In other studies,
silica-induced apoptosis in rat alveolar macrophages was accompanied by a decrease in
mtGSH which resulted in increased mitochondrial ROS production, cyt ¢ release and
caspase-9 activation [97]. The exposure of undifferentiated PC-12 cells to 4-hydroxynonenal
was associated with time- and dose-dependent decreases in mitochondrial and extra-
mitochondrial GSH, inhibition of GSH- reductase and peroxidase activities and oxidative
stress that induced cyt ¢ release, PARP [poly-(ADP-ribose) polymerase] activation, DNA
fragmentation and apoptosis [98].

Despite the recognition of the importance of mtGSH in cell survival, an early challenge to
efforts in delineating the mechanistic contribution of this redox compartment to the initiation
of cell apoptosis has been the difficulty in quantifying and manipulating the mitochondrial
GSH pool. A significant advancement in methodology to alter cytosol-to-matrix GSH
uptake was the chemical and genetic modulation of the energy-dependent carrier-mediated
transport systems located in the inner membrane of the mitochondria [50,99,100]. In liver
and kidney, the dicarboxylate (DIC) and 2-oxoglutarate (OGC) membrane carriers are two
known mitochondrial GSH transporting proteins [50,101]. Previous studies demonstrated
that over-expression of DCC in a rat kidney proximal tubule cell line increased the mtGSH
pool size by 2-10-fold over wild-type cells [102] and the functional expression of the
hepatic OGC carrier in X. laevis mitochondria enhanced transport of mtGSH [103]. Lash and
colleagues [102,104] found that over-expressing either DIC or OGC in the rat renal

proximal tubular NRK-52E cell line significantly attenuated cell apoptosis following
exposure to tBH or S-(1,2-dichlorevinyl)-L-cysteine (DCVC) in association with higher
mtGSH levels. In contrast, protection against tBH- or DCVC-induced apoptosis was
abrogated by the over-expression of a double-cysteine mutant of OGC, a non-functional
carrier [104]. Using the strategy of targeting mtGSH uptake, we recently provided
compelling evidence that mtGSH transport was critical in the maintenance of mitochondrial
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respiratory activity and intestinal cell apoptosis induced by menadione (MQ) [66]. Our
results implicate the mitochondria as the site of MQ redox signalling and the semi-quinone
radical as the toxic species [66].

Interestingly, in contrast to mtGSH-linked cytoprotection, a recent study reported that
mitochondrial GSH/GSSG redox imbalance in favour of the reduced species GSH was
associated with reductive stress and cell apoptosis. Chronic exposure of mice to 2,3,7,8-
tetrachloredibenzo-p-dioxin (TCDD) increased mtGSH relative to GSSG, as compared to
significant decreases in cytosolic GSH and increases in GSSG and oxidized protein [105].
Promotion of a reductive state in the matrix and elevation of mtGSH stimulated succinate-
dependent mitochondrial production of H,O» that resulted in oxidative damage to
mitochondrial DNA. It was suggested that mitochondrial reductive stress can induce the
inhibition of the flickering mode of the MPT that resulted in a more negative membrane
potential [105].

Mitochondrial GSH redox, oxidative DNA damage and apoptosis

Cellular DNA damage upon exposure to a wide range of environmental genotoxins, anti-
cancer drugs or ROS can induce a cascade of events that result in either cell cycle arrest and
DNA repair or in cell apoptosis if the damage is extensive [106]. As compared to the nuclear
genome, the mitochondrial genome is highly vulnerable to oxidative stress [107] given its
open circular structure and lack of histone protection and its proximity to the mitochondrial
electron transport chain, a main source of superoxide radical (O,™) and H,0O,. Oxidative
mtDNA modifications comprise of damage to purine and pyrimidine bases, sugar-
phosphates as well as single- or double-strand breaks in DNA [108], of which the formation
of 7,8-dihydro-8-oxoguanine (8oxodG) [109,110] is common during oxidative stress [111].
Oxidative base damage does not involve direct O, or H,0, attack on DNA; rather, base
modifications are characteristic of attack by hydroxyl radical (OH) generated through
reactions of H,O, with metal ions (iron or copper) in close proximity to DNA [110].
However, O, or H,0, (such as derived from quinone redox cycling) can induce DNA
strand breaks reflective of endonuclease activation [110]. While lacking important nuclear
nucleotide excision repair, the mitochondrion possesses an efficient base excision repair
system for the repair of oxidized bases [112,113]. Repair is initiated by mitochondrial DNA
glycosylase that recognizes and removes the damaged base, followed by the apurinic (AP)
endonuclease that generates an apurinic/apyrimidinic(AP) site. By targeting 8-oxodG
glycosylase (OGG1) to the mitochondria, Dobson et al. [114] first demonstrated that
enhanced mtDNA repair induced by menadione was associated with cell survival. An
adaptive response to increasing ROS concentrations was associated with elevated AP
endonuclease 1 levels, increased DNA repair rate and attenuated oxidative mtDNA damage
[115].

The increased interest in mitochondrial DNA (mtDNA) damage in the past 10 years comes
from the discovery that defects in the mitochondrial genome are associated with several
human hereditary diseases and pathologies [116], that many chemotherapeutic agents work
through initiation of mtDNA damage [117] and that mtDNA damage induces cell apoptosis
[118]. The mitochondrial genome encodes several hydrophobic components of the
respiratory chain and mtDNA damage will decrease gene expression of key respiratory
proteins [119]. The consequent disruption in electron flow enhances ROS generation and
creates a vicious cycle of mitochondrial dysfunction that culminates in cell apoptosis [120].
An emerging focus that we champion in recent years is the role of the mtGSH status in the
integrity of the mitochondrial genome and cell survival during oxidative challenge. By
directly reacting with ROS or by participating as a cofactor in antioxidant reactions, mtGSH
can have a major impact on the level of oxidative DNA damage under oxidative stress.
Previous studies have described a positive correlation between a decrease in the mtGSH
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pool and an increase in mtDNA damage [121]. A correlation between early mtGSH
oxidation, quantitatively greater mtDNA damage and cell apoptosis was also observed in
vivo in rat lactating mammary gland [122]. In liver mitochondria, sensitization of a specific
mtDNA region to deletion by hemin-induced mtGSH loss occurred in association with
increases in proapoptotic Bax and Bcl-xL and initiation of mitochondrial apoptotic cascade,
suggesting a relationship between mtGSH redox homeostatic status, mtDNA protection and
apoptotic signalling [123]. Our studies in intestinal cells have demonstrated that oxidative
stress induced by menadione (MQ) elicited a dose-dependent increase in mtDNA damage
that was attenuated by NAC pre-treatment, indicating that mtDNA susceptibility to
oxidative challenge is redox-sensitive. In this regard, the blockage of GSH synthesis
exacerbated MQ-mediated mtDNA damage in accordance with decreases in cellular GSH
concentrations, consistent with a responsiveness of the level of mtDNA damage to the
cellular GSH state. Importantly, inhibition of mtGSH transport potentiated MQ-induced
mtDNA damage while over-expression of mitochondrial OGC conferred protection of
mtDNA against MQ which validated a close association between mtGSH and oxidative
damage to mtDNA [124]. Collectively, these results support our central hypothesis that the
mtGSH redox is a major contributor to mitochondrial genomic integrity and, together, likely
control apoptotic initiation and cell susceptibility during oxidative challenge.

Redox proteins and apoptosis

Complementing the GSH redox system in cell apoptosis is the thioredoxin family of proteins
which exhibit important roles in redox signalling, redox regulation of critical cysteine
residues in cellular proteins and cell apoptosis. Thioredoxins (Trx) are small ubiquitous
proteins that contain two redox active cysteine residues in the catalytic site (Cys-XX-Cys)
[125]. Mechanistically, Trx catalyses the reversible reduction of disulphide bonds in
oxidized proteins at the expense of cysteine residues in its active motif site; the active
reduced Trx is regenerated by Trx reductase and NADPH. The two mammalian forms of
Trx, Trx1 and Trx2, are located in the cytosolic and mitochondrial compartments,
respectively. Cytosolic Trx1 is ubiquitously expressed and can translocate to the nucleus
during oxidative stress. The cytosolic and nuclear Trx1 pools are independently controlled
and perform different functions [126,127]. Mitochondrial Trx2 possesses a conserved Trx-
active site, Trp-Cys-Gly-Pro-Cys, and is involved in antioxidant protection and preservation
of mitochondrial redox homeostasis. Compared to cytosolic Trx1, mitochondrial Trx2 is
relatively more oxidized and is regulated independently of cytosolic Trx1 and the
mitochondrial GSH/GSSG redox couple [126,128].

The Trx redox system, consisting of reduced and oxidized Trx (Trx-SH/Trx-SS), is one of
the ‘redox control nodes’ that acts as a rheostat on/off switch in redox regulation of cellular
proteins [129], a concept that is popularized by Jones and coworkers [127,129]. These
investigators propose that within cells, three redox systems (cysteine/cystine; GSH/ GSSG
and Trx-SH/Trx-SS) function as distinct redox circuitry that are independently controlled
and compartmentalized in the plasma membrane, cytosol, nucleus, mitochondria and
endoplasmic reticulum [127]. By controlling the redox status of specific protein sets, these
specialized redox circuitry independently control the redox environment in each cellular
compartment and could represent a generalized and crucial mechanism for redox signalling
and optimization of cell activity within mammalian cells.

An example of a Trx-sensitive (but not GSH-sensitive) target protein is the apoptosis signal-
regulated kinase 1 (ASK1) [128]. Figure 3 summarizes the mechanism of ROS/redox
modulation of ASK1 activity and its activation of INK. ASK1 is a MAPK kinase kinase that
is activated by stress signals such as ROS [130], TNFa [131], ER stress and calcium influx
[132]. In resting cells, Trx1 binds to ASK1 through the cysteine residue in the catalytic site
and prevents the downstream propagation of the apoptotic signal [130]. Since only the
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reduced form of Trx1 promotes ASK1 degradation, the Trx1/ASK1 couple serves as an
intracellular redox switch, named ‘ASK1 signalosome’, that can be turned on or off under
oxidative conditions [133]. The oxidation of Trx1 by ROS determines its dissociation from
ASK1 which promotes the recruitment of TNF receptor-associated factors 2 and 6
(TRAF2/6) and the formation of the activated ASK1 signalosome complex that results in
JNK-induced apoptosis [130,134]. Additionally, under oxidizing conditions, oxidized Trx-
interacting protein (Txnip) also called vitamin D3 upregulated protein 1 (VDUP1) or Trx
binding protein-2 (TPB-2), binds to the catalytic cysteine moieties of reduced Trx1 and
forms mixed disulphide bonds that result in loss of Trx1 function. A similar mechanism of
ROS-dependent activation of ASK1 has been described in the mitochondria. For example, in
human umbilical vein endothelial cells, Trx2 functions as a redox sensor and inhibitor of the
mitochondrial ASK1-mediated apoptotic signaling pathway [135]. In this instance,
mitochondrial ASK1 activates both INK-dependent as well as JNK-inde-pendent apoptotic
pathways [135]. ASK2, a serine/ threonine kinase closely related to ASK1, is a partner of
ASK1 in the cytosol, nucleus and mitochondria [136]. In non-stressed cells ASK2 forms
heteromeric complexes with ASK1 that positively regulate stress-induced kinase activation
and negatively regulate caspase-3 activation and PARP cleavage [137]. A disturbance in the
balance between ASK-1 and -2, such as occurs during serum starvation, results in activation
of INK-mediated apoptosis.

Role of redox in phases of apoptosis

Cytochrome c-cardiolipin interaction and initiation of apoptosis

Cytochrome c (cyt c) release from the mitochondria is a critical, early event in the
mechanism of apoptosis. Within the cytosol, cyt ¢ forms the apoptosome with Apaf-1 and
pro-caspase-9 that results in caspase-3 activation [64]. Despite its centrality in apoptosis
initiation, the mechanism(s) of cyt c release remains elusive. Much focus has been on cyt c
release via mitochondrial permeabilization and PTP and its regulation by members of the
Bcl-2 family [64,138]. Until recently, the underlying mechanism for cyt ¢ mobilization from
its binding to the inner mitochondrial membrane which is pre-requisite for its release has
received little attention. A key recognition is the fact that cyt c is a water-soluble basic heme
protein anchored to the mitochondrial inner membrane by association with cardiolipin (CL),
an anionic phospholipid that locates exclusively in the inner mitochondrial membrane
[139,140]. CL maintains membrane fluidity, stability and contact between the inner and
outer mitochondrial membranes [141] and functions as a facilitator of electron transport
between complexes Il and 1V [142]. The CL-cyt ¢ association is specific and stoichiometric
[143] and involves electrostatic interactions at the A-site of cyt ¢ and hydrophobic
interactions and hydrogen bonding at its C-site [143]. It has been suggested that it is the
breach of these interactions that provides the mechanism for cyt c to leave the mitochondria
[144,145].

The release of cyt ¢ from the mitochondria during mitochondrial apoptosis initiation has
been proposed to occur by a two-step mechanism, namely the detachment of cyt ¢ from its
binding to CL induced by mitochondria-derived ROS, followed by the permeabilization of
the mitochondrial outer membrane and the release of cyt ¢ into the cytosol [144]. Current
data suggests that selective peroxidation of CL is a requisite first step and subsequent pore
formation induced by pro-apoptotic Bcl-2 proteins is responsible for permeabilization of the
outer mitochondrial membrane [146,147] (Figure 4). The oxygenase function of cyt c is
important in CL peroxidation [146] and it is suggested that low levels of mitochondria-
derived H,0, facilitate the unfolding of cyt ¢ and the increase in its peroxidatic activity
which, interestingly, depends on the unsaturation of the fatty acyl chains of CL. It has been
shown that, while saturated fatty acids were resistant to peroxidation, poly-unsaturated fatty
acyl chains in CL were highly susceptible to ROS [148,149] and their oxidation was
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associated with the dissociation of cyt ¢ [150]. In contrast to H,O,, mitochondrial nitric
oxide (NO") at low concentration was a strong inhibitor of cyt ¢ peroxidase activity and CL
oxidation [151]. Thus, oxidative modification of CL is pivotal in mitochondrial cyt c loss
and cell commitment to apoptosis. Prevention of apoptosis by over-expression of GSH
peroxidase 4 (Gpx4) is consistent with CL preservation [152]. In this regard, CL-bound cyt c
could be viewed as a mitochondrial oxidative stress sensor and redox regulator of apoptosis
[146].

Recent studies suggest that there exists a “hierarchy of structural transitions’ induced by
different types of phospholipids in the structure of cyt c that influences its peroxidase
activity. For instance, in studies of liposome mixtures of different phospholipids, anionic
phospholipids, CL and phosphatidic acid were found to be excellent inducers of cyt ¢
peroxidase activity [153]. Studies in cyt c-deficient HeLa cells further revealed that CL and
phosphatidyl serine (PS) were the preferred phospholipid substrates [153]. Due to the
distinct localization of CL and PS at the mitochondrial and plasma membranes, respectively,
it was suggested that specific peroxidation of these phospholipids represented elements of
the different stages of apoptosis within cells, namely CL and PS oxidation reflecting the
early and late stages of apoptosis [153]. At the level of the mitochondrion, CL relocated to
the outer leaflet of the mitochondrial inner membrane post-oxidation, where it reportedly
functions as a docking platform for tBid, a proapoptotic protein to induce perforation of the
mitochondrial membrane [154,155]. A requirement for activated Bax and physiological
levels of CL in permeabilization of outer mitochondrial membrane vesicles to dextran was
demonstrated in liposomes in vitro [156]. However, direct participation of CL in membrane
permeabilization was recently challenged by the finding of a functional translocase, TOM
complex, in the outer mitochondrial membrane. Evidence suggest that it is TOM, rather than
CL, that was responsible for the tBid/Bax-mediated mitochondrial permeabilization [157].
The insertion of activated Bax in the outer mitochondrial membrane by caspase-8 produced
tBid, the interaction of Bax/ TOM, the oligomerization and induction of pore formation and
subsequent release of pro-apoptotic proteins into the cytosol were documented in isolated
mitochondria from different Saccharomices cerevisiae yeast mutants [157], consistent with
the expected sequence of events in the initiation of apoptosis. Whether TOM displays a
similar quantitative role mitochondrial permeabilization in mammalian cells remains to be
explored.

Caspase activation and execution of apoptosis

The main players in the execution phase of apoptosis are members of a highly conserved
family of proteins, the caspases. Caspases are cysteine proteases that target substrate
aspartate residues and are expressed as single chain polypeptides composed of three
domains: an N-terminal pro-peptide, a large subunit and a small sub-unit. The mammalian
caspase family contains at least 14 members that are categorized according to substrate
specificity, domain composition or their intracellular role [158]. Initiator or apical caspases
function to integrate apoptotic signals at the death receptor or at the mitochondria with
signal propagation to the execution phase. Initiator caspases possess long N-terminal pro-
domains that contain either a death effector domain (DED) such as in caspases 8 and -10 or
a caspase activation and recruiting domain (CARD) such as in caspases 2 and -9. The homo-
dimerization and activation of initiator caspases occur through the formation of multi-
protein complexes to which caspases are recruited via their N-terminal pro-domains. As
initiator caspases of the extrinsic and intrinsic apoptosis pathways, caspase-8 and caspase-9
are, respectively, activated at the death inducing signalling complex (DISC) and the
apoptosome complex (see Figure 1). It is notable that the dynamic integrity of the
apoptosome complex which comprises Apaf-1, cyt ¢ and pro-caspase-9 is sensitive to
cellular ATP concentrations wherein physiological levels of ATP binds cyt ¢ and disrupt
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apoptosome formation [159]. During apoptosis, an early decrease in cellular ATP
contributed to caspase-9 activation [160]. Downstream targets of initiator caspases are
effector caspases which include caspases- 3 and -7; in turn, activated caspase-3 cleaves pro-
caspases-2 and -6 that participate in procaspase-9 processing, thus resulting in an
amplification loop [161].

The function of caspases is largely determined by modulators of the catalytic activity.
Effector caspases typically exist as monomeric inactive zymogen in the cytoplasm and are
activated by direct proteolysis at internal sites [162]. To date, substrates of effector caspases
comprised of a broad spectrum of over 400 proteins that include mediators and regulators of
apoptosis, as well as structural proteins, DNA repair proteins and cell-cycle related proteins
[163]. The basal catalytic activity of caspases is suppressed by specific members of the
inhibitor of apoptosis (IAP) family, such as XIAP, c-1AP1, ¢c-1AP2 and survivin which bind
at their Baculovirus IAP repeat (BIR) domains [164]. Suppression of enzyme activity during
apoptosis is prevented by mitochondria-derived 1AP antagonist proteins like Smac/Diablo
and Omi/ HtrA2 [165,166]. Post-translational modification of caspases represents an
important mode of modulation of enzyme activity. The cysteine residue in the catalytic
QACRG motif of caspases is sensitive to ROS and changes in the intracellular redox
environment, such as the GSH status. In Jurkat cells, treatment with different doses of H,0,
resulted in inhibition of caspase activation through altering the cellular GSH redox status or
in suppression of caspase activity through oxidation of the catalytic site cysteine [167].
Singlet oxygen was recently reported to directly inhibit capsases-9 and-3 activation in
HepG2 cells [168]. In this instance, endoperoxide-derived singlet oxygen induced the
release of cyt ¢ into the cytosol that triggered an atypical apoptotic pathway due to caspase
inactivation. A follow-up study revealed that amino acid residues of serine and cysteine
proteases were specifically sensitive to oxidation induced by singlet oxygen [169].

Increasingly, the cellular GSH status is recognized to be an important player in the post-
translational modification of specific cysteine residues in a process termed S-glutathiolation,
the formation of mixed disulphides between redox-sensitive cysteine and GSSG [170]. This
thiol-disulphide modification of protein cysteine moieties is viewed as protective against the
irreversible oxidation of cysteine [171] and reversible S-glutathiolation of caspases has
gained much interest as a sensitive mechanism for caspase activation in apoptotic signalling.
For instance, Pan and Berk recently demonstrated that glutathiolation regulated TNF-o
induced caspase-3 cleavage and endothelial cell apoptosis in that caspase 3 S-glutathiolation
was inversely correlated with cytokine-induced caspase-3 proteolytic cleavage and, thus,
activation and apoptosis resistance [172]. Thiol transferase was mediated by the redox
protein, glutaredoxin, which played a key role in caspase-3 deglutathiolation and enzyme
activation [173]. These findings underscore the importance of GSH/GSSG involvement in
the redox-sensitive regulation of TNF-a-induced cell apoptosis through S-glutathiolation
and Grx-mediated deglutathiolation of caspase-3 [173]. Additional evidence supporting
inhibition of caspase-3 activity by S-glutathiolation comes from recent studies by Huang et
al. [174] in HL60 cells. The investigators found that GSSG, at physiological concentrations,
can induce S-glutathiolation of caspase-3 and inhibition of enzyme activity [174]. Caspase-3
activity was fully recovered by incubation of cell extracts with DTT, confirming that
cysteine residues were modified. Mass spectroscopy revealed that cysteine residues of both
large and small subunits were glutathiolated [174]. Interestingly, procaspases, such as 9 and
3, were also subject to S-glutathiolation, suggesting that GSH can regulate caspase function
at the level of its catalytic activity as well as its proteolytic activation [174]. Other
investigators have shown a GSH dependence of death receptor-mediated apoptosis wherein
GSH sufficiency was critical in the activation of procaspase-8 [58,60,175]. Mechanistic
studies in lymphoid cell lines demonstrated that GSH depletion suppressed Fas-induced
apoptosis in association with inhibition of pro-caspase-8 activation at the Fas receptor and
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the DISC [175]. Interestingly, the formation of the DISC complex itself was unaffected by
the GSH-depleted state [175], suggesting that GSH specifically targets the proteolytic
cleavage and activation of pro-caspase-8. The precise mechanism of how GSH mediates
post-translational caspase-8 activation is unresolved and could likely involve S-
glutathiolation of redox sensitive cysteine residues in a manner similar to caspase-3
activation.

Besides GSH, current experimental evidence also implicates a critical role for nitric oxide
(NO") in redox regulation of caspase activity and apoptotic signalling [176] which warrant
some discussion. Reversible S-nitrosation of protein cysteine residues by NO* results in
nitrosothiol formation; nitrosation of critical cysteine residues in the catalytic site is
commonly associated with caspase inactivation and apoptosis prevention [177,178]. For
instance, basal S-nitrosation of pro-caspases-9 and -3 has been shown in various cell lines in
the quiescent state and apoptotic stimuli induce denitrosation and activation of catalytic
activity of caspases and cell apoptosis [179-181]. An NO*-dependent anti-apoptotic
mechanism has been described in cultured human T cells wherein nitrosated Trx1 mediated
the S-transnitrosation of NO® and cysteine of pro-caspase-3, resulting in enzyme inactivation
and blunted apoptotic cascade [182]. At the level of the apoptosome, NO* appears to directly
impede the interaction of Apaf-1 and pro-caspase-9, thus preventing the propagation of
downstream caspase cascade [183].

Concluding remarks

Apoptosis is a highly orchestrated biological process in tissue turnover and organ
homeostasis and has gained steady recognition as an important cell death pathway in
pathobiology and various disease states. While much is known about the components of the
apoptotic pathway and its inducers, there remain major unanswered questions regarding the
mechanism of regulation of this complex multi-step process. Increasingly, we have
witnessed a growing appreciation of the role of GSH in redox signalling beyond its
traditionally recognized role as the main cellular antioxidant against oxidative challenge.
The heightened interest in GSH in post-translational control of cellular processes has
brought to the fore the versatility of this ubiquitious molecule that is present in millimolar
concentrations in most cells and whose homeostasis is rigorously controlled by GSH redox
enzymes and glutamate-cysteine ligase-driven GSH synthesis. Although synthesized
exclusively in the cytosol, GSH is distributed to different cellular compartments where it
maintains distinct redox environments uniquely suited to the function of the organelle, be it
protein folding in the endoplasmic reticulum or gene transcription in the nucleus.
Importantly, compartmentation of the GSH redox system, together with those of redox
proteins like thioredoxin, is one key to the specificity of redox regulation. With regards to
apoptosis, the mitochondrial GSH redox status is emerging to be a central player. Our
studies have provided new perspectives on the role of mitochondrial GSH in mitochondrial
DNA integrity and cell survival and the availability of genetic approaches targeting
mitochondrial GSH transporters offers new strategies for studying the importance of this
redox compartment in apoptosis. The current understanding of protein S-glutathiolation in
conjunction with protein S-nitrosation as important post-translational regulatory
mechanisms has contributed to recent advances in apoptosis research. Precisely how S-
glutathiolation of specific protein sets and compartmentation of redox signalling translate to
signals that decide cell fate such as apoptosis is unresolved and remains a key challenge for
future research.
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v-GGT
ADP
AlF
Apaf-1
APE
ASK-1, -2
ATP
Bax
Bcl-2
BER
Bid

BIR
BSO
CARD
caspase-8,-9,-3
CcJ

CL
CL-OOH
cypD
Cys
cytc
DCVC
DED
DIC
DISC
DP

ER
FADD
FasL
G6PD
GAPDH
GCL
Glu

Gly
GPx
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v-glutamyltransferase

adenosine diphosphate

apoptosis inducing factor

apoptotic protease activation factor-1
apurinic/apyrimidinic endonuclease
apoptosis signal-regulating kinase 1, -2
adenosine triphosphate

pro-apoptotic protein Bax
anti-apoptotic protein

base excision repair

BH3-only pro-apoptotic protein Bid
Baculovirus IAP repeat

buthionine sulphoximine

caspase activation and recruiting domain
active form of caspase-8,-9,-3

cristae junction

cardiolipin

peroxidized cardiolipin

cyclophylin D

cysteine

cytochrome ¢
S-(1,2-dichlorevinyl)-L-cysteine
death effector domain

dicarboxylate carrier

death-inducing signalling complex
dipeptidase

endoplasmic reticulum
Fas-associated death domain

Fas ligand

glucose-6-phosphate dehydrogenase

glyceraldehyde-3-phospate dehydrogenase

glutamate-cysteine ligase
glutamic acid

glycine

GSH peroxidase
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GR

GS
GSH
GSSG
H202
HDM2
1AA
JINK
MPT
mtDNA
mMtGSH/GSSG
NAC
NER
NO*
OGC
0OGG1
OPA1
PTP
ROS
RNO
Smac/Diablo

tBH

tBid
TCDD
TRAF2/6
Trxl
Trx2
TRX-S-S
UPR
VDAC
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GSH reductase

glutathione synthase
glutathione

glutathione disulphide
hydrogen peroxide

human double minute 2 protein
iodoacetic acid

c-Jun N-terminal kinase
mitochondrial permeability transition
mitochondrial DNA
mitochondrial GSH/GSSG
N-acetylcysteine

nucleotide excision repair
nitric oxide

oxoglutarate carrier

8-o0x0dG glycosylase

optic atrophya 1 protein
permeability transition pore
reactive oxygen species
reactive nitrogen species

second mitochondria-derived activator of caspases/direct |AP binding
protein with low pl

tert-butyl hydroperoxide

truncated form of Bid
2,3,7,8-tetrachloredibenzo-p-dioxin
TNFo receptor-associated factor 2/6
thioredoxin 1, reduced form
thioredoxin 2, reduced form
thioredoxin, oxidized form
unfolding protein response

voltage-dependent anion channel
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Figure 1.

Death receptor and mitochondria-mediated pathways of cellular apoptosis. Death receptor
signalling is mediated by the binding of ligand, such as FasL to its membrane receptor and,
together with the Fas-associated death domain (FADD), forms the death-inducing signalling
complex (DISC). Subsequent activation of the initiator caspase-8 results in (A) direct
activation of effector caspases, such as caspase-3 or (B) engagement of mitochondrial
apoptotic signalling through cleavage of the pro-apoptotic protein, Bid. At the level of the
mitochondrion, ROS/RNS; mtGSH/GSSG imbalance or an increase in mtDNA damage can
stimulate apoptotic signalling which includes permeabilization of the mitochondrial
membrane either via MPT opening or via pores formed by Bax and Bcl2 that results in
mitochondria-to-cytosol release of apoptogenic factors such as cytochrome c (cyt ¢). Once in
the cytosol, cyt c, together with pro-caspase-9 and Apaf-1 forms the apoptosome complex.
Activated caspase-9 subsequently cleaves and activates downstream effector caspase-3 or -7,
which mediates the final steps of apoptosis. FasL, Fas ligand; FADD, Fas-associated death
domain; DISC, death-inducing signalling complex; Bid, BH3-only pro-apoptotic protein
Bid; tBid, truncated form of Bid; Bax/Bcl2, pro- and anti-apoptotic proteins, respectively;
cyt ¢, cytochrome c; Apaf-1, apoptotic protease activation factor-1; MPT, mitochondrial
permeability transition; ROS, reactive oxygen species; NO, nitric oxide; mtGSH/GSSG,
mitochondrial glutathione/glutathione disulphide; mtDNA, mitochondrial DNA.
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Figure 2.

Cellular GSH homeostasis: synthesis, redox cycling and compartmentation. GSH synthesis
from glutamate, cysteine and glycine occurs within the cytosol via two ATP-dependent steps
that are catalysed by glutamate-cysteine ligase and glutathione synthase. Extracellular GSH
hydrolysis is catalysed by y-glutamyltransferase and dipeptidase and amino acid precursors
(i.e. cysteine, glycine) are transported via membrane carriers for intracellular GSH synthesis.
In the GSH redox cycle, the reduction of GSSG, generated from glutathione peroxidase-
catalysed detoxication of hydroperoxides, is catalysed by the flavoprotein, glutathione
reductase. Pentose phosphate shunt-derived NADPH serves as the electron donor for GSSG
reduction. Distinct GSH pools are compartmentalized within the mitochondria, nucleus and
endoplasmic reticulum, each exhibiting unique redox environments. Dicarboxylate and oxo-
glutarate carriers mediate mitochondrial GSH uptake. GSH: glutathione; GSSG; glutathione
disulphide; cys: cysteine; gly: glycine; glu: glutamic acid; GCL: glutamate-cysteine ligase;
GS: glutathione synthase; ATP: adenosine triphosphate; ADP: adenosine diphosphate; y-
GGT: y-glutamyl-transferase; DP: dipeptidase; GPx: GSH peroxidase; GR: GSSG reductase;
G6PDh: glucose-6-phosphate dehydrogenase; DIC, OGC, dicarboxylate and oxo-glutarate
carriers, respectively.
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Figure 3.

Redox-mediated ASK1 signalling and apoptosis. A complex of thioredoxin and apoptosis
signalling-regulating kinase 1 (Trx-ASK1), termed *ASK1 signalsome’ functions as a redox
sensor in ROS-dependent activation of c-Jun N-terminal kinase and cell apoptosis. Proteins
such as tumour necrosis factor receptor-associated factor 2 and 6 (TRAF 2/6) and ASK?2 are
recruited to the signalosome complex. ASK2 is a MAP3 kinase that is closely related to
ASK1 which can form heteromeric complexes with ASK1 in the cytosol or mitochondria.
Reactive oxygen species (ROS) induces thiol oxidation in the redox active site of Trx and
causes TrxSS dissociation from ASK1. The release of ASK1 from Trx-ASK1 complex
induces its auto-phosphorylation and formation of ‘activated signalosome’ through covalent
binding between its sub-units which results in JINK activation. Disruption of the
mitochondrial ASK1/ASK2/Trx2 complex by ROS promotes cyt ¢ release. ROS, reactive
oxygen species; JNK, c-Jun N-terminal kinase, Trx1, thioredoxin 1, reduced form; Trx SS,
thioredoxin, oxidized form; Trx2, thioredoxin 2; ASK1, -2, apoptosis signal-regulating
kinase 1, -2; Bax, pro-apoptotic protein; Bid, BH3-only pro-apoptotic protein; cyt c,
cytochrome c; TRAF2/6: TNFa receptor-associated factor 2, 6.
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Figure 4.

Hydrogen peroxide-mediated disruption of cardiolipin-cytochrome c interaction in
mitochondria-to-cytosol release of cytochrome c. Cytochrome c (cyt ¢) is sequestrated in the
mitochondrial inter-membrane space via the interaction with the mitochondrial-specific
phospholipid, cardiolipin. Elevated levels of mitochondria-derived H,O, activate cyt ¢
peroxidase activity which induces peroxidation of acyl chains of cardiolipin, followed by cyt
¢ detachment from the cardiolipin-cyt ¢ complex and release from the mitochondria. Cyt ¢
peroxidase activity is inhibited by mitochondrial nitric oxide. CL, cardiolipin; CL-OOH,
peroxidized cardiolipin; cyt ¢, cytochrome c; H,O,, hydrogen peroxide; NO®, nitric oxide.
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