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Abstract

Reactive oxygen species (ROS) are products of normal metabolism and xenobiotic exposure, and
depending on concentrations, ROS can be beneficial or harmful to cells and tissues. At physiological
low levels, ROS function as “redox messengers” in intracellular signaling and regulation while excess
ROS induce oxidative modification of cellular macromolecules, inhibit protein function and promote
cell death. Additionally, various redox systems, such as the glutathione, thioredoxin, and pyridine
nucleotide redox couples, participate in cell signaling and modulation of cell function, including
apoptotic cell death. Cell apoptosis is initiated by extracellular and intracellular signals via two main
pathways, the death receptor- or mitochondria-mediated pathways. Various pathologies can result
from oxidative stress induced apoptotic signaling that is consequent to ROS increases and/or
antioxidant decreases, disruption of intracellular redox homeostasis, and irreversible oxidative
modifications of lipid, protein or DNA. In the current review, we focused on several key aspects of
ROS and redox mechanisms in apoptotic signaling, and highlighted the gaps in knowledge and
potential avenues for further investigation. A full understanding of redox control of apoptotic
initiation and execution could underpin the development of therapeutic interventions targeted at
oxidative stress associated disorders.

1. OVERVIEW OF REACTIVE OXYGEN SPECIES AND INTRACELLULAR
SOURCES

Reactive oxygen species (ROS) is a collective term that broadly describes O,-derived free
radicals such as superoxide anions (O,""), hydroxyl radicals (HOs), peroxyl (RO5¢), alkoxyl
(RO-), as well as O,-derived non-radical species such as hydrogen peroxide (H,05) [1]. The
mitochondrion is a major intracellular source of ROS. Of total mitochondrial O, consumed,
1-2% is diverted to the formation of ROS, mainly at the level of complex | and complex I11 of
the respiratory chain, and is believed to be tissue and species dependent [2,3]. Mitochondria-
derived O, is dismutated to HoO, by manganese superoxide dismutase, and, in the presence
of metal ions, highly reactive HO« is generated via Fenton and/or Haber-Weiss reactions,
inflicting significant damage to cellular proteins, lipids, and DNA. To date ~10 potential
mitochondrial ROS-generating systems have been identified [4]. Among these, Krebs cycle
enzyme complexes, such as a-ketoglutarate dehydrogenase (a-KGDH) and pyruvate
dehydrogenase have been implicated as significant mitochondrial O,*~ and H,O5 sources [5].
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Notably, increased nicotinamide adenine dinucleotide (NADH) is linked to elevated H,0,
production by mitochondrial a-KGDH, and this elevated oxidant burden elicits further ROS
production from mitochondrial complex | and accelerates cell death [6]. Other interesting
mitochondrial ROS sources include p66S°, an intermembrane space enzyme [7], and
monoamine oxidase, an outer membrane enzyme [4], and altered mitochondrial membrane
potential [8] or matrix pH [9]. As major ROS generators, mitochondria are often targets of high
ROS exposure with deleterious consequences, such as oxidative damage to mitochondrial DNA
[10,11]. While elevated O,*~ and HO- associated with mtDNA damage have been implicated
in cell apoptosis [12], the precise mechanism whereby mtDNA damage mediates apoptotic
signaling is incompletely understood and should provide a fruitful avenue for future
investigation.

Peroxisomes are sources of cytosolic H,O, under physiological conditions, and peroxisomal
H,0, elimination is compartmentalized given its structural organization. Matrix HyO5 is
removed by catalase [13] while urate oxidase-catalyzed H,O, generation within the core is
directly released into the cytosol via cristaloid core tubules [13]. Endoplasmic reticular (ER)
monoxygenases (e.g., cytochrome P450) contributes to increased cellular HoO, and O," that
promotes lipid peroxidation, altered calcium homeostasis, mitochondrial dysfunction and cell
apoptosis [14,15], while NADPH oxidase (Nox)-derived ROS at the plasma membrane
function in cellular signaling [16]. In the extrinsic apoptotic pathway, ligand-death receptor
engagement (Fas ligand-Fas receptor, TNF-a-TNF receptorl) induced lipid raft formation and
Nox recruitment/activation and ROS generation that signal acid sphingomyelinase activation,
ceramide production and receptor clustering. These combined processes constituted lipid raft-
derived signaling platforms that mediated death receptor activation and induction of apoptosis
[17,18]. The physiological relevance and quantitative significance of ROS-dependent receptor-
mediated apoptosis as compared to the classical receptor/ligand-induced apoptotic signaling
is, at present incompletely understood and warrant further investigation.

2. CELLULAR REDOX SYSTEMS

2.1 The glutathione redox system and its cellular compartmentation

The centrality of glutathione (L-y-glutamyl-L-cysteinyl-glycine, GSH) in cellular redox
homeostasis is well recognized, and collective studies from our laboratory have established
the importance of GSH redox in cell apoptosis in a variety of cell types [19-22]. GSH, as the
most abundant free thiol in eukaryotic cells maintains an optimal intracellular redox
environment for proper function of cellular proteins. Reduced GSH is the biological active
form that is oxidized to glutathione disulfide (GSSG) during oxidative stress, and the ratio of
GSH-to-GSSG thus offers a simple and convenient expression of cellular oxidative stress
[23]. Typically, cells exhibit a highly reduced GSH-to-GSSG ratio, and greater than 90% of
total GSH is maintained in the reduced form through cytosolic de novo GSH synthesis,
enzymatic reduction of GSSG, and exogenous GSH uptake [24]. Since GSH participates in
numerous redox reactions, an oft-asked question that remains unresolved is that of specificity
of GSH redox in the control of cell signaling. Current evidence suggests that in part, specificity
and targeted redox control is achieved through the existence of distinct intracellular redox
compartments that exhibit unique distribution of GSH and other redox couples [25].

Intracellular GSH is compartmentalized as distinct redox pools within the cellular
compartments of cytosol, mitochondria, endoplasmic reticulum and nucleus. Cytosolic GSH
is highly reduced, with GSH concentrations ranging between 2—-10mM in most cell types.
Cellular ratio of GSH-to-GSSG under physiological conditions highly favor reduced GSH
(around 100-to-1 in liver) and is decreased during oxidative stress and apoptosis [26]. GSH
within the ER is between 2-10mM, and it maintains catalytic site thiols of protein disulfide
isomerase (PDI) for protein folding [27,28] and buffers against ER-generated ROS [27,28].
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Altered GSH redox state triggers the unfolding protein response (UPR) and apoptosis [29].
Recent evidence suggests that the distribution of GSH and GSSG was closer to 5-to-1 [30],
that is more reduced that previously thought (ratio of ~ 1-to1). The full implication of a more
reducing redox environment for PDI—catalyzed protein folding is unclear at present and
warrants reevaluation in the light of this new observation. An independent nuclear GSH pool
functions to preserve nuclear proteins in a reducing environment and protects against oxidative
and ionizing radiation-induced DNA damage [31]. Cytosol-to-nuclear GSH distribution is
reportedly a dynamic process that correlates with cell cycle progression [32] with nuclear GSH
being 4-fold greater than cytosolic GSH during cell proliferation, and equally distributed
between the two compartments when cells reached confluency [31,32]. Cytosol-to-nuclear
GSH import was suggested to occur by passive diffusion via nuclear pores [33] that is facilitated
by the anti-apoptotic protein, Bcl-2 [34]. A distinct mitochondrial GSH (mtGSH) pool
preserves the integrity of mitochondrial proteins and lipids and controls mitochondrial ROS
generation. The pool size of mtGSH is cell-type specific, varying from 10-15% of the total
GSH in the liver [35] to 15-30% of total GSH in the renal proximal tubule [36]. Matrix GSH
is maintained through active transport from the cytosolic compartment via inner membrane
dicarboxylate and 2-oxoglutarate GSH carriers [37]. Bcl-2 reportedly functions in the
preservation of GSH in the intermembrane space through interactions with GSH via its BH2
groove [38], thus contributing to a localized source of mtGSH at this site. Disruption of this
interaction by apoptotic stimuli inhibits cytosol-to-mitochondria GSH transport, inducing
mtGSH efflux and the apoptotic cascade [38].

2.2 The thioredoxin redox system

The function of the GSH/GSSG redox couple in cellular redox homeostasis occurs in
conjunction with redox proteins. Thioredoxins (Trxs), which represent a pivotal partner with
GSH/GSSG in redox regulation, are small ubiquitous proteins that possess two catalytic site
redox active cysteines (Cys-XX-Cys) [39]. Trxs catalyze the reversible reduction of protein
disulfide bonds, and Trx active site cysteines are regenerated by Trx reductase and NADPH
[39]. The Trx system collaborates with the glutaredoxin (Grx) system in the reduction of protein
mixed disulfides. Like GSH, mammalian forms of Trx are compartmentalized within cells.
Trx1 localizes within the cytosol and during oxidative stress, translocates to the nucleus.
However, cytosolic and nuclear Trx1 are regulated independently of each other and exhibits
functional differences [40,41]. Trx2 resides exclusively in the mitochondria and functions in
mitochondrial redox homeostasis [40,41]. The regulation of mitochondrial Trx2 is distinct from
that of cytosolic Trx1 and mitochondrial GSH/GSSG [40,42]; thus, reduced and oxidized Trx
(Trx-SH/Trx-SS) as well as GSH and GSSG are distinct and independently controlled redox
systems.

Described as unique “redox control nodes or circuitry”, the GSH and Trx redox systems
reportedly function as rheostat on/off switches in the redox regulation of cellular proteins
[43]. Based on a simple concept that the GSH/GSSG, Trx/TrSSG, and cysteine/cystine redox
couples are not at equilibrium in biologic systems that is in part supported by experiemental
data, Jones and co-workers have presented compelling argument that the existence of such
unique compartments of redox pools could, in fact, afford an elegant mechanism for redox
control of specific protein sets [41,44]. Thus, the mode for independent regulation of the redox
status of specific protein sets could represent a crucial and generalized redox signaling
mechanism in the control of redox-sensitive biological processes within mammalian cells.
However, the full extent of the biological importance of metabolically distinct redox pools in
redox regulation and the universality of such a regulatory redox mechanism in all tissue types
remains to be established. In addition, much remains unknown about precise interactions of
compartmental regulatory redox mechanisms, the extent of GSH/Trx cross-talk and
communication among the various redox compartments, and the quantitative impact of altered
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GSH/GSSG and Trx/TrxSS status within one compartment such as the mitochondria on the
threshold for redox signaling and gene expression in another compartment such as the nucleus.
A full discussion of the integration of redox compartments and communications and
implications for redox biological processes is beyond the scope of current review. The reader
is referred to several excellent reviews by Jones and coworkers [43,44] and our recent review
[25] for a more in-depth coverage of the concept of redox compartmentation in mammalian
cells, non equilibrium thiol/disulfide redox systems and implications for redox signaling and
regulation. Given the conceptual novelty that distinct redox nodes/circuitry could serve as a
general paradigm of redox control of cell fate, vis-a-vis proliferation, differentiation, and
apoptosis, it is anticipated that future research into this area of redox regulation will continue
to grow.

Peroxiredoxins (Prx) is a group of non-seleno thiol-specific peroxidases that also contribute to
cellular redox control via their ability to eliminate of organic hydroperoxides and H,O, [45].
All Prxs possess within their catalytic site, peroxidatic cysteines (fast reactive cysteines) that
are oxidizable to sulfenic acids (Cys-SOH) that rapidly form disulfide bonds with another
cysteine at the C-terminal subunit. Cysteine regeneration is catalyzed by the Trx/TrxR) system
[46]. The six isoforms of Prx (PrxI to PrxV1) in mammalian cells are classified into typical 2-
Cys Prx, atypical 2-Cys Prx and 1-Cys Prx. Among these, Prx I-1l and V1 are cytosolic, Prx 11
is mitochondrial, and Prx 1V is extracellular. Prx V is localized in the mitochondria and
peroxisomes. The functional significance of redundancies of multiple Prx isoforms in the
control of cellular oxidative stress, whether Prxs integrate with the GSH and Trx redox nodes,
and whether Prxs, directly or indirectly, participate in redox regulation of apoptotic signaling,
are important unresolved questions that need to be addressed.

2.3 The pyridine nucleotide redox system

The redox state of pyridine nucleotides is intricately tied to that of GSH and Trx in redox-
dependent cellular processes. Indeed, NAPDH, with a redox potential of ~400mV is the
electron donor in the rejuvenation of GSH and Trx redox status. Pyridine nucleotides
collectively comprise of reduced and oxidized nicotinamide adenine dinucleotide (NADH/
NAD™) and reduced and oxidized nicotinamide adenine dinucleotide phosphate (NADPH/
NADP*) that are classically associated with ATP production and reductive biosynthesis,
respectively. NADPH/NADP™ is also linked to oxidative stress defense and redox regulation.
However, more versatile biological functions have been attributed to these molecules. For
instance, NADH/NAD™ was shown to modulate gene transcription via the carboxy-terminal
binding protein (CtBP) [47], Ca2* signaling via cyclic ADP-ribose [48], cell death via poly
(ADP-ribose) polymerase-1 (PARP) [49] and sirtuin protein function (see section 2.3.2).
NADPH/NADP* was found to influence cellular signaling via nicotinic acid adenine
dinucleotide phosphate (NAADP) [50], and cellular ROS production by electron transport
chain or NADPH oxidases [51]. The specific contribution of pyridine nucleotides to redox
regulation of cell apoptosis and their interactions with the GSH and Trx redox circuitry in cell
signaling are poorly understood and should provide exciting and novel avenues for future
research. Of relevance, NADPH/NADP* participates in antioxidant defense in the control of
cellular oxidative stress and GSH/GSSG redox balance. In addition to its classical role in
mitochondrial energy production, novel roles of NADH/NAD* in oxidative stress and
apoptosis are underscored by its function in modulating activities of sirtuin proteins, a class of
NAD™*-dependent deacetylases and mono-ADP-ribosyl transferases. Aspects of NADPH/
NADP* and NADH/NAD* redox functions pertinent to detoxication reactions and sirtuin
activity are discussed in the following sections.

2.3.1 NADPH and antioxidant defense—NADPH is pivotal in GSSG and Trx-SS
reduction. NADPH generation during oxidative stress is accomplished by mechanisms that
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involve either NADP™ reduction or NAD(H)-to-NADP(H) conversion. Consistent with a role
for the pentose phosphate shunt in NADPH production, ROS-mediated increase in glucose-6-
phosphate dehydrogenase (G6PDH) activity was associated with increased protection against
oxidative stress-induced apoptosis [52,53]. Moreover, although dispensable for pentose
synthesis, G6PDH was essential for NADPH-mediated antioxidant protection in mouse
embryonic stem cells [54]. NADP*-linked dehydrogenases such as isocitrate dehydrogenase
(ICDH) are major contributors to NADPH maintenance, and ICDH-mediated production of
NADPH was correlated with increased protection against oxidative stress-induced cellular
damage and apoptosis [55]. The two mammalian ICDH isoforms are localized to the
mitochondria (mICDH) and cytosol (cICDH), the latter is capable of translocating to the
peroxisomes [56]. Overexpression of mICDH improved mitochondrial NADPH and GSH
levels and protected human neuroblastoma cells SH-SY5Y against cytochrome c release and
ROS-mediated mitochondrial apoptotic signaling [57], while siRNA silencing of mICDH
compromised mitochondrial redox status and enhanced HelL a cell apoptotic susceptibility to
TNF-a, anticancer drugs or heat shock [58,59]. Interestingly, ICDH-mediated NADPH
production did not appear to compensate for loss of NADPH supply by G6PDH deficiency;
G6PDH-deficient mouse cells remained highly sensitive to oxidative stress [60]. Malic enzyme
(ME) is another important enzymatic source of NADPH; of the three known mammalian MEs,
NADP* and NAD*-specific ME are mitochondrial, and NADP*-dependent ME is cytosolic
[61]. In addition to NADPH generation, mitochondrial NADP*-specific ME reportedly
participates in pyruvate-recycling and maintenance of mtGSH [62]. The existence of
multienzyme systems for NADPH production is consistent with the importance of its dual
functions in reductive biosynthesis as well as detoxication and redox reactions. However, the
biological significance of site-specific NADPH generation within the cytosolic and
mitochondrial compartments in redox maintenance and drug detoxication remains to be better
defined. Indeed, as compared to the GSH and Trx redox systems, the questions of integration
of compartmental pyridine nucleotide pools, communication among cellular compartments,
and implications for redox biological processes are relatively unexplored.

An important aspect of antioxidant defense by pyridine nucleotides is underscored by the
enzymatic NADH-to-NADPH conversion. Located in the inner membrane, the mitochondrial
nicotinamide nucleotide transhydrogenase (NNT) coordinates proton translocation across the
mitochondrial membrane and transfer of reducing equivalents between NADH and NADPH,
representing a key mechanism for mitochondrial NADH-to-NADPH conversion. Under
physiological conditions, NNT favors NADPH production that maintains intramitochondrial
homeostatic redox state while during oxidative stress, NNT-derived NADPH mediates the
regeneration of GSH and protein thiols [63]. Within the cytosol, NAD(H)-to-NADP(H)
conversion is mediated by cytosolic NAD kinases (NADK), a class of ubiquitous enzymes that
catalyze the phosphorylation of NAD*. To date only a cytosolic mammalian NADK has been
identified [64], and its importance in maintaining cellular NADPH for reductive biosynthesis
in organogenesis is documented [64,65]. The relevance of NADK to NADPH-dependent
protection against oxidative challenge is, however, less well understood. Pollak et al found that
NADK overexpression conferred only moderate protection against oxidative stress, and that
NADK deficient cells exhibited similar sensitivity to oxidative stress as NADK sufficient cells
[64], implying a relatively minor role for NADK in NADPH biogenesis. Moreover, whereas
NADP*-linked dehydrogenases were activated by oxidative stress, NADK activity and
expression remained unchanged [64], suggesting a lack of sensitivity to oxidative challenge.
This not-withstanding, the importance of enzymatic conversion of NADH-to-NADPH and its
relevance in antioxidant defense is underscored by recent studies demonstrating that during
oxidative challenge, gluconeogenic and tricarboxylic acid cycle enzymes in NADH production
were downregulated in favor of upregulation of NADPH-producing enzymes of the glyoxalate
and glycolytic [66,67]. Consequently, substrate flow was channeled away from NADH
production towards increased NADPH generation. Significant diversion of reducing
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equivalents from mitochondrial energy production to NADPH generation for detoxication
reactions is likely to markedly impact mitochondrial respiratory integrity. Furthermore,
sustained compromise in mitochondrial respiration during oxidative challenge, particularly
under conditions of decreased glucose, would have important biological implications for cell
survival.

2.3.2 NAD* and function of sirtuin proteins—In recent years, much interest has focused
on the function of sirtuin proteins, a conserved family of NAD*-dependent deacetylases and
mono-ADP-ribosy| transferases in cellular processes such as gene silencing, DNA repair, life
span extension and cell apoptosis [68—71]. Sirtuins (Sirts) catalyze protein deacetylation,
functioning as cellular rheostats that sense changes in the energy and redox status. For instance,
an increase in the NAD*/NADH ratio enhanced protein deacetylation, while elevated NADH
or nicotinamide inhibited Sirt activity [72], suggesting a close association between the cellular
redox status of pyridine nucleotides and Sirt function. To date, seven members of mammalian
Sirts (Sirt1-7) have been identified, each exhibiting distinct subcellular localization. While Sirt
members reportedly control function of specific protein sets, the biological roles of most Sirt
proteins have not been fully explored.

Sirt 1 is among the best studied member, an NAD*-deacetylase with a predominant nuclear
localization that is capable of nuclear-to-cytosol shuttling [73]. Sirtl acts on numerous
substrates that controls cell senescence, proliferation, and apoptosis [74,75]. The association
of Sirtl with the tumor suppressor p53 and the transcription factor, Forkhead box O (FOXO)
is of relevance to oxidative stress-induced apoptosis. At low H,0,, Sirtl-mediated p53
deacetylation promoted p53 destruction via MDM2-dependent ubiquitination [76,77], and
Sirtl overexpression inhibited p53-mediated nuclear transactivation and blocked oxidant-
induced apoptosis [78]. However, Sirtl could induce proapoptotic effects in certain cell types
under oxidative conditions; at high ROS, hyperacetylated nuclear p53 promoted apoptosis
through transactivation of proapoptotic PUMA and Bax genes [79,80]. Interestingly,
physiological levels of ROS can promote mitochondria-induced apoptosis in mouse embryonic
cells via Sirt1-dependent mitochondrial translocation of p53 [81]. Sirt1 interacts with FOXO-1,
-3a and -4 wherein FOXO deacetylation conferred cell resistance to oxidative stress and
apoptosis [82]. During oxidative stress, Sirt1-FOXO3a interaction increased transcription of
stress-resistant genes and decreased expression of FOXO3a-dependent proapoptotic genes
[82]. In renal tubular cells, Sirtl induced catalase downregulation and maintained steady state
ROS levels appropriate for cell signaling in the absence of oxidative stress [83], while increased
H,0, promoted Sirtl/FOX03a-dependent catalase expression that protected against apoptosis
[83]. Thus, it appears that Sirt1 controls renal tubular cell apoptosis by modulating intracellular
ROS levels through bidirectional regulation of nuclear catalase expression, and thus affords
cytoprotection under physiological as well as oxidative conditions. In other examples,
increased human cardiac fibroblast resistance to oxidative stress was associated with elevated
FOX03a and mitochondrial Prx I11 expression [84] and blockade of caspase-3 and -7 induced
apoptosis in cancer epithelial cells was linked to Sirt1-mediated FOXO4 deacetylation [85]. A
suggestion that Sirtl may potentially be a key cellular target for prostate cancer therapy was
evidenced by the observation that Sirt1-dependent deacetylation of FOXO1 was associated
with uncontrolled growth and proliferation of prostate cancer cells [86]. Much of current Sirtl
research is in the area of cell proliferation and differentiation of cancer relevance, but a link to
redox control is unknown. The findings that Sirt1 is sensitive to H,O, and responsive to
NAD*/NADH suggests a role for redox in the regulation of Sirt1 function, an exciting
possibility which hitherto, has not been rigorously explored, and one that warrants detailed
study.

Functions of other Sirt members (Sirt 2 to 6) are less studied. To date, Sirt 3, 4, and 5 have
been identified as mitochondrial proteins possessing NAD*-deacetylase (Sirt4), ADP-ribosyl
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transferase (Sirt5) or both enzyme activities (Sirt3) [87-89] suggesting that mitochondrial Sirts
may control a broad spectrum of mitochondrial functions. In several studies, mitochondrial
Sirt proteins are implicated in energy metabolism such as ATP generation, membrane potential
regulation, and ROS production. For instance, Sirt3-mediated deacetylation of mitochondrial
complex | engaged ATP production under normal homeostatic conditions, while decreased
ATP generation during oxidant exposure resulted from Sirt3 dissociation and complex |
acetylation [90]. Sustained expression of Sirt3 induced thermogenesis in brown adipocytes
through a decrease in mitochondrial membrane potential and enhanced ROS production [91].
Deacetylation by Sirt3 under caloric restriction activated glutamate dehydrogenase (GDH)
[92] while ADP-ribosylation by Sirt4 repressed GDH activity and decreased ATP production
due to reduced trafficking through tricarboxylic acid cycle intermediates [88]. Evidence of the
contribution of mitochondrial Sirt proteins to redox modulation and cell apoptosis is sketchy.
However, the notion that Sirts can contribute to mitochondrial redox control and apoptosis is
supported by evidence that Sirt3 and -5 exert roles in mitochondrial antioxidant defense and
apoptotic signaling. NADP*-dependent ICDH (ICDH2) is a mitochondrial target of Sirt3, and
protein deacetylation stimulated enzyme activity and NADPH regeneration [89]. Moreover,
Sirt5 reportedly can translocate to the mitochondrial intermembrane space and deacetylate
cytochrome c [89], but the precise impact of cytochrome c deacetylation on mitochondrial
respiration and/or apoptosis is unknown. Current paradigm proposes an oxidant-induced
disruption of the cardiolipin-cytochrome ¢ complex in mitochondria-to-cytosol translocation
of cytochrome c during apoptosis initiation (Section 4.1). Demonstration that cytochrome ¢
deacetylation is mechanistically associated with mitochondrial cytochrome c release could
constitute a novel paradigm shift.

Current research on Sirt2, -6, and -7 is scanty, and avenues for future investigations into the
functions and redox control of these Sirt members are wide open. Evidence to date identifies
Sirt2 as a cytosolic enzyme that exhibits deacetylase and ADP-ribosyl transferase activities
and colocalizes with the microtubule network within the cytosol, causing the deacetylation of
a-tubulin. Nuclear translocation of Sirt2 during Go/M phase of the cell cycle suggests a role
in the control of cell cycle check-point [93], but the mechanism of Sirt2-mediated cell cycle
regulation is unclear. Beyond a reported involvement in maintaining genome integrity through
activating base excision repair of oxidative damaged DNA or single-strand DNA breaks [94],
the biological importance of Sirt6, a nucleolus-located deacetylase [95,96] is relatively
unexplored. Similarly, despite documentation that Sirt7 can bind to heterochromatin regions
within the nucleolus [95,96], a possible role for Sirt7 in promoting RNA polymerase 1-
catalyzed gene transcription [96] remains to be defined. At present, the involvement of
members of sirtuin proteins in the apoptotic process is unknown, and validation of an epigenetic
control of apoptosis by sirtuin proteins should represent a fertile area for future research. One
intriguing hypothesis is that acetylation/deacetylation functions in post-translational regulation
of cell apoptosis in a manner akin to glutathiolation/deglutathiolation and/or nitrosation/
denitrosation.

ROS AND REDOX INVOLVEMENT IN APOPTOSIS

3.1 Overview of death receptor and mitochondrial apoptotic pathways

Death receptor pathway—The extrinsic pathway of apoptosis is mediated by death
receptors in which ligand-receptor binding initiates protein-protein interactions at cell
membranes that activate initiator caspases. Major known receptors include Fas (also called
CD95 or APO-1), TNF receptor 1 (TNFR1) and TNF-related apoptosis-inducing ligand
(TRAIL) receptor 1 (TRAIL-R1; also called DR4) and TRAIL receptor 2 (TRAIL-R2; also
called DR5) [97]. TRAIL-R3, TRAIL-R4 and soluble receptor, osteoprotegerin lack functional
cytosolic domains and are decoy receptors where ligand binding does not transmit an apoptotic
signal [98]. The death receptor is comprised of three functional extracellular ligand-binding,
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transmembrane, and intracellular domains. Ligands that activate death receptors belong to the
TNF superfamily of cytokines; these include TNFa, Fas ligand (FasL), and TRAIL. Ligand
binding induces receptor trimerization and cross-linking via disulfide bond formation, a step
that is necessary for receptor stabilization and activity [99]. Typically, apoptotic signaling is
initiated by the association of death domain-containing adaptor proteins within the death
domain located at the C-terminal domain of the receptor. As discussed in Section 1, newer
evidence suggests possible direct roles for ROS in mediating death receptor activation and
apoptotic induction through ROS-induced receptor clustering and formation of lipid raft-
derived signaling platforms. The pathophysiological scenarios whereby this would be a major
mechanism of apoptotic signaling remains to be defined.

Figure 1 summarizes the key players and mechanistic differences in the three major classical
death receptor signaling pathways in cell apoptosis. The Fas/FasL system is one of the best
studied systems in death receptor-mediated apoptosis. Within minutes of Fas/FasL binding,
Fas associated DD (FADD) and pro-caspase-8 are recruited, and the resultant death-inducing
signaling complex (DISC) is endocytosed [100]. The release of endosomal DISC from the
receptor accumulates as cytosolic DISC to which additional FADD and pro-caspase-8 are
recruited, resulting in activation of the initiator caspase-8 [101,102]. The extent of activated
caspase-8 at the DISC determines Type 1 or Type 2 mechanisms; significant caspase-8
activation directly activate caspase-3 (Type 1), while low caspase-8 activation mediates
caspase -3 activation through an amplification loop involving the mitochondria (Type 2)
[103]. In Type 2 apoptosis, activated caspase-8 cleaves pro-apoptotic Bid that induces outer
mitochondrial membrane permeabilization through the interactions of truncated tBid with Bax/
Bak, resulting in the mitochondrial release of apoptogenic cytochorme ¢, second mitochondria-
derived activator of caspases/direct IAP binding protein with low pl (Smac/Diablo) or
apoptosis inducing factor (AIF). Additionally, Fas-induced NADPH oxidase-dependent
H,0, and O,-~ generation further down-regulates the anti-apoptotic FLIP| through FLIP|
ubiquitination/proteasomal degradation or through NO scavenging that prevented FLIP| S-
nitrosation and cytoprotection [104]. This newly described ROS-NO interaction in controlling
FLIP_ down-regulation was considered a key regulatory mechanism of Fas-induced apoptosis
[104] which is likely to be significantly impacted under pathophysiological conditions of
altered ROS and NO availability, such as occurs during ischemia-reperfusion or chronic
inflammation.

TNF-R1 is a death receptor that mediates the major biological functions of TNFa. TNFa-TNF-
R1binding elicits receptor trimerization, release of inhibitory silencer of death domain (SODD)
[105], and recruitment of TNF-R1-associated death domain (TRADD) that results in
complexes | and Il formation that activate distinct downstream survival or apoptotic signaling
pathways [106]. At complex I, TRADD serves as a scaffold for the receptor interacting protein
1 (RIP1) and TNF receptor-associated factor 2 (TRAF2) in the recruitment of TGF-f activated
kinase 1 and activation of NF-kB and p38 and Jun N-terminal protein kinase (JNK) [107]. NF-
kB activation is associated with induction of anti-apoptotic proteins, FLIP, Bcl-xL, A1/Bfl-1,
X-linked inhibitor of apoptosis (XIAP) and cellular inhibitor of apoptosis (c-1AP)1 and 2
[108-110], while JNK activation is associated with ROS-induced activation of apoptosis
signal-regulating kinase 1 (ASK1) and proteasomal degradation of FLIP| [111,112]. Complex
I comprises of TRAAD, FAAD, and caspase-8, that is formed within the cytosol following
TNF-R1 receptosome endocytosis [113]. The cellular status of FLIP; and RIP1 appears to be
important check points in determining whether TNF-R1 induces apoptotic or survival
signaling. High concentrations of FLIP, competitively inhibited caspase-8 binding at complex
Il and prevented DISC formation [114], and complex | dissolution mediated by caspase-8
cleavage of RIP1 promoted complex Il formation [115]. Given the similarity between the Fas
and TNF-R1 systems, the activation of TNF-R1-mediated apoptosis could similarly subscribe
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to modulation by ROS through clustering of receptors, signaling via lipid raft platforms, and
interaction with NO, a suggestion that remains to be tested.

The widely expressed TRAIL receptors (DR4 and DR5), unlike Fas and TNF-R1, signal
through Type Il mechanisms [116,117], and are not dependent on internalization of the ligand-
receptor complex for full activation of initiator caspases [118]. In addition, TRAIL receptor
signaling partners with decoy receptors that competitively bind TRAIL ligands. Since decoy
receptor expression was reportedly lower in tumor cells, cancer cell susceptibility to TRAIL
would likely be enhanced, a notion that requires validation and could be capitalized in cancer
therapy [119].

Mitochondrial pathway—Stimulation of intrinsic mitochondrial apoptotic pathway by
ROS and mitochondrial DNA damage promotes outer membrane permeabilization and
mitochondria-to-cytosol translocation of cytochrome ¢, AlF, or Smac/Diablo that trigger
caspase-dependent or caspase-independent cytosolic signaling events [120] (Figure 1). In
caspase-dependent signaling, cytochrome ¢ forms the apoptosome complex with apoptotic
protease-activating factor-1 (Apaf-1) and recruited pro-caspase-9 that induces cleavage of
downstream effector caspases-3 and -7. Additionally, Smac/Diablo antagonizes the inhibitory
effects of 1APs which enhances caspase activation. AIF mediates caspase-independent
signaling through cytosol-to-nuclear translocation and induction of nuclear chromatin
condensation and DNA fragmentation [121].

Central to mitochondrial permeabilization and mitochondrial release of apoptogenic factors is
the permeability transition pore (PTP), a megapore spanning the inner and outer mitochondrial
membrane. Of the three PTP component proteins, viz., cyclophylin D (cypD), voltage-
dependent anion channel (VDAC), and the adenine nucleotide translocase (ANT), only cypD
isa permanent constituent and modulator of PTP [122-124]. Key members of the anti-apoptotic
(Bcl-2, Bel-X| , and Bcl-w) and pro-apoptotic (Bax, Bak, Bad, Bim, and Bid) BcL-2
superfamily of proteins are major players in mitochondrial outer membrane permeabilization
and apoptotic susceptibility [125]. In the presence of an apoptotic stimulus, tBid promotes Bax/
Bak oligomerization and membrane insertion that results in megapore formation, a highly
orchestrated and active process [126,127]. Additionally, tBid/Bax-induced mitochondrial
permeabilization was shown to be mediated through interaction with TOM, a functional outer
membrane translocase, the TOM complex [128]. The pivotal contribution of tBid to apoptotic
signaling in both the mitochondrial and death receptor pathways is consistent with cross-talk
between intrinsic and extrinsic apoptotic signaling. However, the intracellular regulatory
events and/or mechanisms that would preferentially trigger the engagement of the
mitochondrial cascade following exposure to extrinsic Fas or TNFa signals remain to be
determined.

3.2 ROS and JNK-mediated apoptotic signaling

ROS activation of JNK can induce extrinsic or intrinsic apoptotic signaling [129]. Upstream
of INK is the redox sensitive MAPK kinase kinase, ASK1. ASK1 activity is inhibited by
interactions with redox proteins (Grx, Trx1), heat shock proteins (Hsp90, Hsp72) and 14-3-3
[130-132], and is stimulated by TRAF proteins, ASK1-interacting protein 1(AlP1), Daxx, and
JASP/JIP3 [133-135]. TNFa is a potent activator of MAPK cascade, and the ASK1-JNK
pathway plays an important role in TNF-R1-mediated apoptotic signaling in various cell types
[136]. Whether TNFa induces anti- or pro-apoptotic effects depends on the level and duration
of INK activation by ROS [137]. A transient and modest JNK activation mediated cell survival
via NF-kB-induced anti-apoptotic gene expression, while a prolonged and robust JINK
activation was associated with cell apoptosis via ASK1 signaling [138,139]. Thus,
development of a strategy to manipulate the degree and duration of cellular JINK activation

Free Radic Biol Med. Author manuscript; available in PMC 2011 March 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Circu and Aw

Page 10

could provide a reasonable approach to specifically target cell survival or cell death such as in
cancer therapy.

Figure 2 summarizes our current understanding of the mechanism of ROS and redox
modulation of ASK1/JNK signaling in cell apoptosis. This model proposes that ROS mediates
the interaction of Trx1 and the N-terminal domain of ASK1, preventing ASK1 activation and
downstream propagation of an apoptotic signal [130]. Only reduced Trx1 binds ASK1,; the
resultant Trx1/ASK1 complex, termed “ASK1 signalosome” functions as a redox switch that
senses cellular ROS and is activated under oxidizing conditions [140]. Elevated cellular ROS
induce the dissociation of oxidized Trx1 from the complex, and permits ASK1 oligomerization
through N-terminal coiled-coil domains and a gain of full ASK1 kinase activity [141].
Formation of a functional ASK1 signalosome complex is linked to the recruitment of TRAF2/6
that promotes ASK1 autophosphorylation and JNK activation [130,141]. ASK2, another
member of the ASK family, binds and stabilizes ASK1 in the cytosol, nucleus and mitochondria
[142] and thus, play an important role in the regulation of ASK1/INK signaling and cell
apoptosis [143]. Current evidence show that heterodimeric complexes of ASK1 and 2 stimulate
JNK and p38 activity while the absence of ASK2 diminishes apoptotic signaling [143]. ROS
was shown to promote ASK1 activation by inducing the dissociation of the docking protein
14-3-3 [144] or blocking the inhibitory effects of protein phosphatases, PP5 and PP2A [145].
Interestingly, mitochondrial ASK1-dependent apoptotic signaling pathway reportedly
activated both JNK-dependent and -independent apoptosis [146]. Nuclear translocation of
activated JNK promoted activator protein-1 (AP-1)-mediated expression of pro-apoptotic
TNFo, Fas-L and Bak [147], while mitochondrial INK translocation promoted cytochrome ¢
release [148]. While these latter observations suggest cross-talk among ASK1/JNK signaling
and the classical mitochondrial and death receptor pathways in cell apoptosis, the extent of
interaction and integration among these various apoptotic pathways is unclear as is the
universality and quantitative importance of ASK1/ASK2-JNK signaling in apoptosis of various
cell types induced by intrinsic versus extrinsic signals.

3.3 GSH redox status and apoptotic signaling

ROS-mediated apoptotic signaling is associated with decreased cellular GSH levels and the
loss of cellular redox balance [149,150]. Decreased cell GSH can occur through ROS-induced
GSH oxidation or GSH export from cells; the resultant GSH reduction would enhance further
ROS production during oxidative challenge [151]. It was demonstrated that GSH loss due to
decreased de novo GSH synthesis triggered redox activation of protein kinase C (PKCd)
[152] and through GSH efflux, induced JNK-dependent apoptosis [153]. The initiation of
apoptosis through GSH efflux was a ROS-independent mechanism since apoptosis was
attenuated by blockade of GSH export but not by antioxidants [154]. This suggestion is
supported by our recent studies, demonstrating that intestinal cell apoptosis induced by
staurosporine (STP) was linked to GSH efflux without accompanying GSH/GSSG redox
changes. This STP-induced export of cellular GSH was driven by y-glutamyl transferase-
catalyzed extracellular GSH hydrolysis [155] and was associated with caspase-3 activation
independent of caspases-8 or 9 functions. In other studies, FasL-induced GSH export was
shown to be essential for the development of apoptosis in lymphoid cells; ROS production was
merely a bystander phenomenon [154]. Collectively, the evidence to date has ruled out a major
role for ROS signaling in GSH efflux-mediated cell apoptosis, and key challenges for future
research will be delineating the mechanism(s) that couples the export of GSH to the triggering
of apoptotic signals at cell membranes, and the nature of these signals.

GSH oxidation is a major contributor to cell apoptosis mediated by oxidants. Accumulated
evidence from our laboratory has consistently shown that an early spike in GSSG formation,
typically within minutes of oxidant exposure, preceded oxidant-induced activation of
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mitochondrial apoptotic signaling and cell apoptosis hours later [20,21,156,157]. Importantly,
post-oxidant recovery of cellular GSH/GSSG redox status did not influence the apoptotic
outcome, indicating that oxidant-induced apoptotic initiation occurred within an early and
narrow window of GSH/GSSG redox shift. Indeed, while cell apoptosis was effectively
blocked by NAC pretreatment, apoptosis was not prevented when the thiol antioxidant was
administered at a time post oxidant-induced GSH oxidation [21]. Collectively, our studies
establish that this mode of early induction of cellular GSH redox imbalance in apoptotic redox
signaling is common among diverse oxidants such as hydroperoxides (tert-butyl, lipid
hydroperoxides), redox cycling quinones (MQ), and methylglyoxal, and in different intestinal
(CaCo2, HT-29, NCM460) and neuronal (naive and differentiated PC12) cell types [19,21,
156,158-160]. We further show that oxidant-mediated apoptotic susceptibility is related to a
cell’s phenotype. The induction of PC12 cell differentiation generated a phenotype that was
more resistant to tert-butylhydroperoxide; this oxidative resistance was associated with a
reduced intracellular GSH redox environment and decreased Apaf-1 expression [20].
Attenuated cellular susceptibility of the differentiated PC12 phenotype was also observed for
carbonyl stress [160] and hyperglycemic stress [22,159]. If validated, the paradigm of enhanced
cellular vulnerability associated with a proliferative state should provide a strong cellular basis
for targeting actively growing tumor cells for oxidative stress induced cell killing.

The mitochondrial GSH/GSSG redox status is critical for preserving mitochondrial function
during oxidative stress. Studies from our laboratory and others have documented a relationship
between mitochondrial GSH (mtGSH) loss and cell apoptosis. Earlier studies demonstrated
that decreased mtGSH correlated with apoptosis induced by exposure to aromatic hydrocarbons
[161], hypoxia [162], tert-butylhydroperoxide [163], and ethanol [164-166]. Associated with
decreased mtGSH were mitochondrial ROS production, loss of mitochondrial membrane
potential, and mitochondria-to-cytosol release of cytochrome ¢ [167]. Interestingly, moderate
mtGSH decrease was insufficient to elicit apoptosis in hepatocytes during hypoxia, suggesting
that achievement of a critical threshold of mtGSH loss is necessary to trigger mitochondrial
apoptotic signaling [162]. Moreover, Ghosh et al demonstrated that oxidation of mtGSH was
arequisite for mitochondrial ROS generation, membrane potential collapse and caspases-9 and
-3 activation in cardiomyocyte apoptosis caused by short-term diabetes [168]. We similarly
showed that early ROS production and mtGSSG formation preceded mitochondrial
dysfunction and apoptosis in intestinal cells exposed to menadione [19]. Given the oxidative
vulnerability of the mtGSH pool and the dynamics of its maintenance, manipulation of the
mitochondrial redox compartment can be capitalized to selectively sensitize cells to oxidative
damage.

4. MODULATORS OF INTIATION AND EXECUTION OF APOPTOSIS

4.1 Mitochondrial modulators of apoptotic initiation

ROS and mitochondrial permeability transition—RQOS are known triggers of the
intrinsic apoptotic cascade via interactions with proteins of the mitochondrial permeability
transition complex [169]. Components of PTP, viz., VDAC [170], ANT [171] and cypD
[172] are targets of ROS, and oxidative modifications of PTP proteins will significantly impact
mitochondrial anion fluxes. Indeed, a mere transient increase in mitochondrial membrane
hyperpolarization following exposure to H,0O, initiated collapse of the mitochondrial
membrane potential (Ayyy,) [173], mitochondrial translocation of Bax and Bad, and cytochrome
c release [174]. Even non oxidants such as cadmium and staurosporine can trigger intrinsic
apoptotic signaling through induction of ROS production and associated mitochondrial
permeability transition and cytochrome c translocation [175,176]. Significant mitochondrial
loss of cytochrome ¢ will lead to further ROS increase due a disrupted electron transport chain
[177].
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Oxidative mitochondrial DNA damage—Mitochondrial DNA (mtDNA) is a circular
double-stranded DNA organized in nucleoids in proximity to the electron transport chain.
mtDNA lacks introns and, being close to an ROS source, is prone to oxidative damage. Since
mtDNA encodes 13 polypeptides of the respiratory chain, impaired mtRNA transcription
would compromise mitochondrial ATP production [178]. mtDNA damage-induced decreased
respiratory function enhances ROS generation, thus eliciting a vicious cycle of ROS-mtDNA
damage that ultimately trigger apoptosis [179,180]. A limited nucleotide excision DNA repair
capacity coupled to a high mitochondrial ROS load, further contributes to oxidative damage
to mtDNA. Single strand breaks and abasic sites formed during enhanced ROS generation can
induce apoptotic signaling [181]. Interestingly, of the two sources of O, production elicited
by angiotensin Il exposure, viz., NADPH oxidase and mitochondria, only the latter resulted
from mtDNA damage-induced impaired mitochondrial complex | activity. The subsequent
collapse of Ay, collapse, release of cytochrome ¢ and cell apoptosis, were all prevented by
inhibiting mtDNA damage [12]. Thus, the protection of mtDNA intergrity is critical not only
to bioenergetic homeostasis, but to cell survival as well. Recent findings by Rachek et al (2009)
revealed that mtDNA damage was an initiating event in mitochondrial dysfunction and
hepatotoxicity induced by pharmacologic levels of the diabetic drug, troglitazone, thus
ascribing potential clinical importance of mtDNA damage in drug toxicity [11].

Our recent studies demonstrated that mtGSH is a determinant of the extent of oxidant-induced
DNA damage [10]. MQ-induced oxidative mtDNA damage paralleled the formation of
mitochondrial GSSG and protein disulfide which was blunted by NAC and exacerbated by
inhibition of GSH synthesis in accordance with increased and decreased cellular GSH,
respectively [182]. Significantly, mtDNA damage was potentiated by blockade of mtGSH
transport and prevented by overexpression of the oxoglutarate mtGSH carrier, validating the
link between mtGSH and mtDNA integrity. Moreover, post-MQ recovery of mtDNA was
preceded by restored cellular GSH, suggesting that DNA repair may also be GSH-dependent
[182]. In previous studies, an inverse relationship between GSH and basal oxidative DNA
damage [183], and an association between ROS-induced DNA deletions and genomic
rearrangements with GSH depletion/oxidation have been documented [184-187]. Moreover,
age-derived ROS-induced mtDNA damage was linked to mtGSH oxidation [188]. It remains
to be established as to whether GSH functions in attenuating mtDNA damage or in stimulating
mtDNA repair. Post-translational phosphorylation of Oggl [189] and acetylation/deacetylation
of Apel [190] have been implicated in the control of DNA repair; the possibility that
glutathiolation is another key post-translational mechanism in the regulation of base-excision
repair enzymes is an exciting notion that warrants investigation.

Cytochrome ¢ and cardiolipin interaction—Cytochrome c is a water-soluble heme-
containing protein bound to the outer leaflet of the mitochondrial inner membrane through
interactions with the anionic phospholipid, cardiolipin. Normally, cytochrome ¢ participates
in shuttling electrons between Complex 111 and Complex IV of the mitochondrial electron
transport chain; its release from the mitochondria initiates the apoptotic cascade (Figure 3).
Mitochondria-to-cytosol release of cytochrome ¢ sequentially occurs via detachment from
cardiolipin and translocation through the mitochondrial outer membrane [191]. At low
mitochondrial ROS, tightly bound cytochrome ¢ exhibits increased peroxidase activity [192]
that oxidizes cardiolipin and facilitates its detachment [193,194]. Oxidized cardiolipin is
distributed to the outer leaflet of the mitochondrial membrane where it functions as a docking
platform for tBid, enabling mitochondrial membrane permeabilization and cytochrome ¢
movement across the outer membrane into the cytosol [195]. Since oxidative modification of
cardiolipin is pivotal in mitochondrial cytochrome c loss and cell commitment to apoptosis,
cardiolipin-bound cytochrome c could be viewed as a mitochondrial oxidative stress sensor
and redox regulator of apoptosis. Therefore, the extent of cardiolipin peroxidation would likely
be an important determinant of apoptotic susceptibility of different cell types possessing
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various cardiolipin species and fatty acyl side chains. A possible quantitative relationship
between cardiolipin oxidation products and propensity for cell apoptosis has yet to be
rigorously tested.

Nitric oxide (NO) reportedly modulate cytochrome c peroxidase function at the early stage of
apoptotic initiation [196]. Physiological NO levels inhibited peroxidase activity and prevented
cardiolipin oxidation, while elevated NO induced peroxynitrite-mediated nitration of tyr-67
and enhanced cytochrome ¢ peroxidase activity [197,198]. However, the nitration of tyr-74
following continuous peroxynitrite exposure prevented cytochrome c/apoptosome complex
formation [199]. Interestingly, the oxidation/reduction state of cytochrome ¢ per se has been
implicated in mitochondrial apoptotic signaling [200], and cytochrome c-containing oxidized,
but not reduced, heme was capable of caspase activation [201]. The redox state of cytochrome
¢ within cells appears to be dependent a non-apoptotic or apoptotic phenotype; generally, non-
apoptotic cells favored cytochrome ¢ reduction and cell survival, while apoptotic cells favored
cytochrome c oxidation and apoptosis [202]. Precisely how the redox state of cytochrome ¢
contributes to the initiation of apoptosis is unknown, but it does not appear to involve direct
effects on apoptosome formation or caspase-9 activation [200].

4.2 Redox modulation of apoptotic execution: control of caspase activity

Cellular caspases belong to a highly conserved family of cysteine proteases that cleave
aspartate residues of caspase substrates and are the main players in the execution phase of
apoptosis. The mammalian caspase family contains at least 14 members that are divided into
initiator and executioner caspases [203]. Initiator or apical caspases are recruited at the death
receptor via the death effector domain (caspases 8 and -10) or in the cytosol via the recruiting
domain (caspases 2 and -9). Activated initiator caspases cleave executioner caspases such as
caspases-3, and -7 which execute apoptosis through cleavage of protein substrates that include
mediators and regulators of apoptosis, structural proteins, and DNA repair and cell-cycle
related proteins [204]. Additionally, activated caspase-3 promotes caspases-2 and -6 activation
in an amplification loop that enhances caspase-9 processing [205]. Caspases are constitutively
expressed as monomers in the cytosol as inactive zymogen, and are activated by apoptotic
signals such as ROS via proteolysis at internal sites [206]. Proteolytic cleavage of caspases at
N-terminal prodomains results in the generation of small p10 and large p20 active subunits,
forming active p10/p20 tetramers. The activation of caspases is prevented by specific inhibitors
belonging to members of the IAP family; members like XIAP, c-1AP1, c-1AP2 and survivin
bind and suppress enzyme catalytic activity [207]. During apoptotic signaling IAPs are
antagonized by mitochondria-derived Smac/Diablo and Omi/HtrA2 proteins, allowing
caspase-mediated execution [208,209].

Our present understanding of the redox control of apoptotic execution is sketchy, but is a
growing area of research. Post-translational modification of catalytic site cysteine residues has
gained recognition as a potentially important redox mechanism in the control of caspase
activity. Redox active catalytic site cysteines of caspases are prone to oxidation, nitrosation or
glutathiolation (Figure 3) [203]. Direct ROS effects on caspase activation have been
documented; for instance, HoO5 derived from endogenous and exogenous sources was shown
to induce reversible inactivation of caspase 3 and caspase 8 through oxidation of their catalytic
site cysteines [210]. For caspase-9, H,O»-induced enzyme inactivation was specifically
mediated through iron-catalyzed oxidation of procaspase 9 catalytic site cysteine [211].
Additionally, H,O,-mediated redox-dependent intra-mitochondrial autoactivation of
caspase-9 has been demonstrated in U937 cells in which procaspase-9 dimerization was
induced by thiol-disulfide bond formation, a process that was inhibited by Trx [212]. Since
mitochondrial procaspase-9 activation occurred during the pre-apoptotic phase prior to
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cytochrome c release, it was suggested that this mechanism could amplify the pro-apoptotic
effect of cytochrome ¢ [212].

Low levels of NO have been shown to exert anti-apoptotic effects via S-nitrosation of single
cysteine residue at catalytic sites of caspases [213,214]. To date, enzyme activities of seven
members of the caspase family have been shown to be inhibited by redox-modulation through
this mechanism [215]. Evidence that caspase-3 is nitrosated with resultant inhibition of enzyme
activity comes from studies in human umbilical vein endothelial cells. Using electron spin
resonance spectroscopy of Myc-tagged p17 (a subunit of caspase 3), Rossig et al found that S-
nitrosation of cys-163 prevented caspase-3 mediated apoptotic cascade [216]. In hepatocytes,
NO blocked Bid activation through S-nitrosation of caspase-8 and prevented TNFa-induced
mitochondrial apoptotic signaling [217-219]. Additionally, NO donors were found to inhibit
proper assembly of the Apaf-1/caspase-9 apoptosome complex and caspase-9 activation
[217-219]. De-nitrosation is reportedly pro-apoptotic. For instance, de-nitrosation of
procaspase-3 and procaspase-9 has been shown to be associated with proteolytic enzyme
activation in Fas-mediated [220] and cytokine-induced apoptosis [221]. A role for Trx1 in
procaspase-3 S-nitrosation has been documented, an interaction that involved transnitrosation
reaction between the procaspase-3 and Trx1 [222]. The cellular sites of caspase nitrosation/
denitrosation have not been fully investigated, but mitochondria are reportedly key locations
for S-nitrosation reactions, judging by the preferred mitochondrial distribution of nitrosated
caspases [223]. If this is the case, the intriguing question of how nitrosation/activation of matrix
caspases mediates downstream cytosolic events in apoptotic execution warrants further study.

Apart from ROS and NO, other recent evidence implicates a direct role for cellular GSH in
redox regulation of caspase activity, mediated by S-glutathiolation. Reportedly, S-
glutathiolation of cysteine contributes to caspase stability and decreased accessibility for
proteolytic cleavage, consistent with apoptotic resistance. Conversely, recent work of Pan and
Berk demonstrated that de-glutathiolation of caspase-3 increased caspase-3 activity and
TNFa-induced endothelial cell apoptosis [224]. Grx-catalyzed reversible glutathiolation of
caspase-3 has been suggested to represent a novel redox signaling mechanism in TNFa-
mediated cell apoptosis; specifically, TNFa-induced Grx assisted in thiol transfer in caspase-3
de-glutathiolation [225]. Recent findings in HL60 cells show that GSSG at physiological levels
mediated cysteine glutathiolation of both caspase-3 subunits and inhibition of enzyme activity
[226], linking S-glutathiolation with direct inhibition of caspase activity. Additional findings
that procaspases-9 and -3 were targets of glutathiolation further suggests that proteolytic
activation of caspases may also be under GSH redox control [226]. While caspases are subject
to individual modification by nitrosation and glutathiolation, unanswered questions remain as
to whether or how individual post-translational mechanisms interact and integrate with one
another that collectively optimize caspase activities during cell apoptosis.

5. CONCLUDING REMARKS

Apoptosis has long been appreciated as an important form of cell death in biological processes
and various pathologies. Our current understanding of the regulation of apoptosis is incomplete
despite decades of research. The recognition that ROS play a central role in cell signaling has
spurred much recent interest in the role of redox mechanisms in apoptotic signaling and control.
Evidence to date has implicated redox-dependent mechanisms in mitochondria-to-cytosol
release of cytochrome c, a central event in apoptotic initiation. Additionally, S-nitrosation and
S-glutathiolation of catalytic site cysteines were reportedly important post-translational redox
mechanisms in the reversible activation/inactivation of caspases in the control of apoptotic
execution. Cellular redox systems, most notably, the GSH/GSSG redox couple, often
functioning in conjunction with the thioredoxin system, are central in redox regulation and cell
apoptosis. Less well understood is the contribution of the pyridine nucleotide couples of
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NAD*/NADH and NADP*/NADPH. Apart from their classical roles in bioenergetic
homeostasis and reductive biosynthesis, respectively, recent evidence suggests that pyridine
nucleotides have broader biological functions, including controlling cell death. At present, the
precise contribution of pyridine nucleotides and the extent to which they interact with the thiol
redox systems of GSH/GSSG and thioredoxin in redox regulation of apoptosis is unclear and
should provide fruitful avenues for future research.
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ABBREVIATION LIST

AlF apoptosis inducing factor

ANT adenine nucleotide translocase

Apaf-1 apoptotic protease activation factor-1
ASK-1 -2, apoptosis signal-regulating kinase 1, -2
Bax pro-apoptotic protein Bax

Bcl-2 anti-apoptotic protein

Bid BH3-only pro-apoptotic protein Bid

BIR Baculovirus IAP repeat

BSO L-buthionine-S,R-sulfoximine

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

CL cardiolipin

CL-OOH peroxidized cardiolipin

cypD cyclophylin D

Cys cysteine

cytc cytochrome ¢

DD death domain

DIC dicarboxylate carrier

DISC death-inducing signaling complex

ER endoplasmic reticulum

FADD Fas-associated death domain

FasL Fas ligand

FLIP_ FLICE inhibitory protein

FOXO Forkhead box O

G6PD glucose-6-phosphate dehydrogenase
GAPDH glyceraldehyde-3-phospate dehydrogenase
G6PDH glucose-6-phosphate dehydrogenase
6PGIcDH 6-phosphogluconate dehydrogenase
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Glu

Gly
GPx

GR

GS
GSH
GSSG
Grx
GST
HO-
H,0,
IAP
ICDH
JNK
ME
MnSOD
MPT
mtDNA
mtGSH/GSSG
NAC
NADH/NAD?
NADPH/NADP*
NNT
NADK
NO*
NOy*
NOS
Nox
OGC
0OGG1
Oy~
OPAl
Prx

PTP
RIP1
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glutamate-cysteine syntethase
glutamic acid

glycine

GSH peroxidase

GSH reductase

glutathione synthase

glutathione

glutathione disulfide

glutaredoxin

GSH-S-transferase

hydroxyl radical

hydrogen peroxide

inhibitors of apoptosis proteins
isocitrate dehydrogenase

c-Jun N-terminal kinase

malic enzyme

manganese superoxide dismutase
mitochondrial permeability transition
mitochondrial DNA

mitochondrial GSH/GSSG
N-acetylcysteine

reduced and oxidized nicotinamide adenine dinucleotide
reduced and oxidized nicotinamide adenine dinucleotide phosphate
nicotine amide nucleotide transhydrogenase
NAD kinase

nitric oxide

nitrogen dioxide

nitric oxid synthase

NADPH oxidase

oxo-glutarate carrier

8-o0xodG glycosylase

superoxide anion

optic atrophya 1 protein
peroxiredoxin

permeability transition pore

receptor interacting protein 1
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ROS

RNO

Sirts
Smac/Diablo

tBH

tBid
TRAF2/6
TRADD
TRAIL
Trx1
Trx2
TRX-S-S
UPR
VDAC
XIAP
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reactive oxygen species
reactive nitrogen species
sirtuin proteins

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

tert-butyl hydroperoxide

truncated form of Bid

TNFa receptor-associated factor 2/6
TNFR-associated death domain
TNF-related apoptosis-inducing ligand
thioredoxin 1, reduced form
thioredoxin 2, mitochondrial enzyme
thioredoxin, oxidized form

unfolding protein response
voltage-dependent anion channel
X-linked inhibitor of apoptosis protein
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Figure 1. Death receptor-mediated and mitochondrial pathways of cell apoptosis

Death receptor extrinsic pathway. The major death receptor pathways include Fas/FasL, TNF-
R1/TNFa, and TRAIL-RL/TRAIL. Binding of ligands to respective receptors activates
downstream signaling and the formation of death-inducing signaling complex. Activation of
the NF-«B survival pathway enhances transcription of the anti-apoptotic proteins like FLIP_
or MnSOD and apoptosis blockade. At high ROS and failure to activate NF-xB promotes
ASK1/INK activation that triggers cell apoptosis. Death receptor signaling is associated with
caspase-8 activation that promotes apoptosis via activation of effector caspases (e.g. caspase-3)
or engages mitochondrial apoptotic signaling via truncated Bid, leading to the release of
apoptogenic factors such as cytochrome c into the cytosol. ASK1, apoptosis signal-regulating
kinase 1; Apaf-1: apoptotic protease-activating factor-1; Bid, BH3-only pro-apoptotic protein;
tBid, truncated form of Bid; casp 8, 9, active forms of caspases-8 and -9; cyt c¢: cytochrome
¢; FLIP.: FLICE inhibitory protein; FADD: Fas-associated death domain; FasL: Fas ligand;
JNK: c-Jun N-terminal kinase; NF-«kB: nuclear transcription factor kappa B; | B/NF-kB: the
inactive form of NF-xB associated with its inhibitor; MnSOD: manganese superoxide
dismutase; RIP1: receptor-interacting kinasel; ROS: reactive oxygen species; TNF-a: tumor
necrosis factor-o; TNFR1: TNF receptor-1; TRAIL: TNF-related apoptosis-inducing ligand;
TRAIL-R1: Trail receptor-1; TRADD: TNF receptor-associated death domain; TRAF-2: TNF
receptor-associated factor-2.

Mitochondrial intrinsic pathway. Various apoptotic stimuli (e.g. ROS) mediate
permeabilization of the mitochondrial outer membrane and the release of pro-apoptotic
proteins. Within the cytosol, cytochrome c together with Apaf-1, and dATP form the
apoptosome complex to which the initiator procaspase-9 is recruited and activated. Caspase-9-
catalyzed activation of the effector caspase-3 executes the final steps of apoptosis. Caspase
activation is further enhanced through neutralization of caspase inhibitors by apoptogenic
proteins like Smac/Diablo and Omi/HtrA2 that are released from the mitochondria. In addition,
mitochondrial proteins such as AIF and endoG promote caspase-independent apoptosis
through nuclear translocation and mediating genomic DNA fragmentation. Cyt c: cytochrome

Free Radic Biol Med. Author manuscript; available in PMC 2011 March 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Circu and Aw

Page 30

c; casp 9: activated caspase-9; Apaf-1: apoptotic protease activation factor-1; Smac/Diablo,
second mitochondria-derived activator of caspases/direct IAP binding protein of low pl; Omi/
HtrA2: high temperature requirement A2 serine protease; IAP: inhibitors of apoptosis proteins;
AIF: apoptosis inducing factor; endoG, endonuclease G; Bax/Bak, pro-apoptotic proteins.
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Figure 2. ROS-induced ASK1/JNK signaling and apoptosis

Reactive oxygen species initiate Trx dissociation from the ASK1-Trx complex, the ASK1
signalosome, through oxidation of Trx redox active site. ASK1 undergoes auto-
phosphorylation and covalent binding between its subunits, leading to the formation of
“activated signalosome”, and recruitment of tumor necrosis factor receptor-associated factor
2 and 6 to the complex. Activated ASK1 signals downstream JNK activation and induce
apoptosis either via mitochondrial signaling or via transcription of AP-1-dependent pro-
apoptotic genes. Additionally, ROS-mediated disruption of mitochondrial ASK1/ASK2/Trx2
complex induces cytochrome c release. ROS: reactive oxygen species; TRAF2/6: TNFa,
receptor-associated factor 2, 6; ASK1, -2: apoptosis signal-regulating kinase 1 and 2; INK: c-
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Jun N-terminal kinase, Trx1: thioredoxin 1, reduced form; TrxSS: thioredoxin, oxidized form;

Trx2: thioredoxin 2, mitochondrial enzyme; Bak: pro-apoptotic protein; cyt c, cytochrome c;
TNFa: tumor necrosis factor alpha; FasL: Fas ligand.
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Figure 3. Redox mediation of mitochondria-to-cytosol release of cytochrome ¢ and activation/
inactivation of caspase-9

Interaction with mitochondria-specific cardiolipin sequesters cytochrome c in the
mitochondrial inter-membrane space. Enhanced mitochondrial generation of H,O, activates
cytochrome c peroxidase activity and induces cardiolipin peroxidation and cytochrome c
detachment. Oxidized cardiolipin is translocated to the mitochondrial outer membrane, and
together with the proapoptotic proteins, Bid and Bax, forms a megapore channel that enables
the mitochondria-to-cytosol transit of cytochrome c. Through a nitrosation reaction, the
peroxidase activity of cytochrome c is inhibited by NO. Within the cytosol, cytochrome ¢
interacts with Apaf-1 and dATP, forming the apoptosome complex to which pro-caspase-9 is
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recruited. Proteolytic activation of pro-caspase-9 is mediated by post-translational
modification of the catalytic site cysteines through thiol oxidation, nitrosation or
glutathiolation. H,0,- and GSSG-mediated cysteine oxidation or S-glutathiolation,
respectively results in pro-caspase inactivation. NO-mediated S-nitrosation similarly inhibits
caspase-9 activation whereas de-nitrosation promotes proenzyme proteolysis and activation.
Additionally, GSSG-dependent glutathiolation of active caspase-9 results in direct inhibition
of enzyme activity. Apaf-1: apoptotic protease activation factor-1; CL: cardiolipin; CL-OOH:
peroxidized cardiolipin; cyt c: cytochrome c; H,O»: hydrogen peroxide; NO.: nitric oxide; Bid/
Bax: proapoptotic proteins.
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