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Peroxiredoxins and the Regulation of Cell Death

Mark B. Hampton*, and Karina M. O’Connor

Cell death pathways such as apoptosis can be activated in
response to oxidative stress, enabling the disposal of
damaged cells. In contrast, controlled intracellular redox
events are proposed to be a significant event during apop-
tosis signaling, regardless of the initiating stimulus. In this
scenario oxidants act as second messengers, mediating
the post-translational modification of specific regulatory
proteins. The exact mechanism of this signaling is unclear,
but increased understanding offers the potential to pro-
mote or inhibit apoptosis through modulating the redox
environment of cells. Peroxiredoxins are thiol peroxidases
that remove hydroperoxides, and are also emerging as
important players in cellular redox signaling. This review
discusses the potential role of peroxiredoxins in the regu-
lation of apoptosis, and also their ability to act as biomark-
ers of redox changes during the initiation and progression
of cell death.

INTRODUCTION

Cells employ a complex array of antioxidants to protect them-
selves from oxidative stress. If these defenses become over-
whelmed then damage and cell death ensue. High levels of
oxidative stress quickly compromise major antioxidant systems
and necrosis occurs. At lower levels cells are able to sense
oxidative damage and activate inbuilt death pathways, enabling
orderly disposal of the affected cell. Apoptosis is the most ex-
tensively studied of the regulated cell death programmes. It is
important for the clearance of damaged and infected cells, and
also for maintaining tissue homeostasis by removing unwanted
cells. Interestingly, intracellular redox changes are proposed to
be a significant event during apoptosis signaling, regardless of
the initiating stimulus. In this scenario reactive oxygen species
act as second messengers, with a carefully regulated increase
in generation mediating the post-translational modification of
specific regulatory proteins. The exact mechanism of this sig-
naling is unclear, but increased understanding offers the possi-
bility of promoting or inhibiting apoptosis through modulating
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the redox environment of cells.

Redox signaling is implicated in a number of biological
processes, including growth factor signaling, cell differentiation
and cytokine production (Finkel, 2000). Hydrogen peroxide is
widely recognized as a signaling species, with cysteine resi-
dues the important targets. Cysteine oxidation leads to the
structural modification and altered activity of a variety of pro-
teins, including transcription factors, kinases, phosphatases,
metabolic enzymes, membrane channels and cytoskeletal pro-
teins. Cysteine reactivity is strongly influenced by the local pro-
tein microenvironment, and kinetic hierarchies enabling selec-
tive modification of proteins. However, it is apparent that many
of the proteins oxidized by hydrogen peroxide are several or-
ders of magnitude less reactive than the abundant cellular pe-
roxidases that remove hydrogen peroxide (Cox et al., 2010;
Winterbourn, 2008; Winterbourn and Hampton, 2008). This
suggests more complex mechanisms for selective oxidation. Of
particular interest is the peroxiredoxins (Prxs); abundant thiol
peroxidases that react with hydrogen peroxide 10°-107 times
faster than free cysteine (Cox et al., 2009; Ogusucu et al.,
2007; Parsonage et al., 2005; Peskin et al., 2007). Prxs reduce
hydroperoxides to water, and are important players in antioxi-
dant defence (Rhee et al., 2005; Wood et al., 2003b). However,
the Prxs have additional features that make them potential
signaling proteins. This review discusses the potential role of
Prxs in apoptosis signaling, and also their ability to act as bio-
markers of redox changes during the initiation and progression
of cell death.

REDOX SIGNALING AND APOPTOSIS

The ability of a cell to undergo apoptosis is tightly regulated,
with the “decision” influenced by a range of environmental and
internal inputs. Apoptosis signaling pathways converge on acti-
vation of the caspases, a family of cysteine-dependent aspar-
tate proteases (Salvesen and Dixit, 1997). Effector caspases
such as caspase-3 play a critical role in apoptosis by cleaving
key structural and regulatory proteins. They are kept as inactive
pro-caspases in healthy cells, and only become activated fol-
lowing proteolytic cleavage by initiator caspases. The initiator
caspases themselves become activated upon recruitment to
death receptor-associated signaling complexes (caspase-8), or
apoptosomes that form upon the release of cytochrome ¢ from
mitochondria (caspase-9). The release of cytochrome ¢ and
other pro-apoptotic factors is mediated by Bax and Bak, mem-
bers of the Bcl-2 protein family that create pores in the mitochon-
drial outer membrane. Pore formation is controlled by the pro-
and anti-apoptotic members of the Bcl-2 family that initiates
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or impairs pore formation respectively (Adams and Cory, 1998).
Apoptotic stimuli increase the levels or activity of pro-apoptotic
proteins such as Bim or Bid, while increased expression of anti-

apoptotic proteins such as Bcl-2 increase the resistance of cells.

Reactive oxygen species (ROS) can directly trigger apoptosis
by causing excessive protein, lipid and nucleic acid oxidation,
but just as importantly, they have the potential to regulate the
pathways utilized by other apoptotic stimuli. Cysteine oxidation
alters the catalytic activity of various enzymes, and manipulates
the structure of other proteins. Targets within the core compo-
nents of the death machinery include Bcl-2 family members
(D'Alessio et al., 2005) and caspases (Hampton and Orrenius,
1997; Hampton et al., 2002). Other relevant redox-sensitive
targets include tyrosine phosphatases that regulate kinase
signaling cascades (Meng et al., 2002), and transcription fac-
tors that influence the expression of pro- and anti-apoptotic
proteins (Scotcher et al., 2011). Oxidation of the anionic phos-
pholipid cardiolipin in the inner mitochondrial membrane is also
proposed to play an important role in mitochondrial disruption
and cytochrome c release that occurs during apoptosis (Kagan
etal., 2005).

Evidence for a role of redox signaling in apoptosis requires
(1) early disruption of redox homeostasis resulting in an oxida-
tion event that promotes apoptosis, and (2) specific prevention
of the oxidation event resulting in inhibition of apoptosis. In-
creased ROS generation has been reported during apoptosis,
but the assays are complicated and can be difficult to accurate-
ly interpret. For example, 2’,7’-dichlorofluorescein (DCF) oxida-
tion is commonly used to measure increased levels of hydro-
gen peroxide. However, the reaction is not direct, and is instead
catalyzed by peroxidases or transition metals and involves
intermediate radicals that can be scavenged within the cell
(Bonini et al., 2006). Changes in any of these factors, for ex-
ample the release of the cytochrome ¢ from mitochondria, with
its inherent peroxidase activity, can increase DCF oxidation
without altering hydrogen peroxide levels within a cell (Burkitt
and Wardman, 2001).

It can also be difficult to distinguish if increased oxidation is
an early event in apoptosis signaling or a consequence of cell
death. Any process that compromises the antioxidant systems
of cells, for example a loss of NADPH or glutathione, or leads to
increased ROS generation from damaged mitochondria or
lysosomes, will disrupt redox homeostasis. This is not to un-
dermine the significance of redox changes that occur as a con-
sequence of apoptosis. They can serve as markers of apopto-
sis initiation, and they may also assist with amplifying apoptosis
signaling. For example, it has been reported that oxidants from
individual mitochondria releasing pro-apoptotic factors sensitize
adjacent mitochondria to Bid during receptor-mediated apopto-
sis (Garcia-Perez et al., 2012).

Testing the significance of redox changes requires inhibition
of oxidation and assessment of the subsequent effects on
apoptosis. Compounds with antioxidant properties have been
reported to inhibit apoptosis induced by non-oxidative triggers,
but selectivity is a major limitation of this approach. The term
“antioxidant” describes a broad range of compounds that block
the biological activity of different ROS through inhibiting genera-
tion, scavenging or repairing damaged constituents. Their me-
chanism of action can be diverse, and results in non-specific
effects. For example, N-acetylcysteine (NAC) is reported to
inhibit apoptosis in different models, but it is unclear how it is
acting. The commonly described but least likely mechanism is
direct scavenging of hydrogen peroxide. It is possible that the
millimolar levels of NAC required to inhibit apoptosis influene
the redox status of structural cysteines in extracellular receptors
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(Hayakawa et al., 2003). The most convincing evidence would
be selective impairment of a defined oxidation event shown to
occur during apoptosis, but more knowledge of the molecular
mechanisms of redox signaling pathways is necessary before
this can be attempted.

PEROXIREDOXINS: ANTIOXIDANTS AND REDOX
SENSORS

Prxs are a ubiquitous family of antioxidant proteins that use
specialized cysteine residues to breakdown hydroperoxides
(Rhee et al., 2005; Wood et al., 2003b). Mammals have six
Prxs and transgenic mouse models show that there is little
redundancy in the family, with the loss of individual Prxs leading
to haematological disorders and cancer, and also increasing
susceptibility to diseases associated with oxidative stress (Lee
et al., 2003; Li et al., 2007; Neumann et al., 2003). The perox-
idatic cysteine in the active site of Prxs is extremely sensitive to
oxidation, forming a sulfenic acid upon exposure to hydrogen
peroxide. A disulfide bond is then formed with the resolving
cysteine of an adjacent Prx, resulting in an intermolecular dimer.
The catalytic cycle is completed by reduction of the dimer by
thioredoxin. Prxs are highly abundant proteins, and as such
they are considered to be an important component of cellular
antioxidant networks.

Interestingly, however, mammalian Prxs have evolved to be
easily inactivated by hydrogen peroxide (Wood et al., 2003a). In
comparison to prokaryotic Prxs, structural constraints slow
disulfide bond formation making the sulfenic acid susceptible to
sulfinylation by a second molecule of hydrogen peroxide.
Hyperoxidized Prxs remain catalytically inactive until slowly
reduced by sulfiredoxin. This begs the question of why an anti-
oxidant protein has evolved to be inactivated by a substrate that
it can effectively remove. Furthermore, Prxs form intricate qua-
ternary structures including doughnut-shaped decameric or
dodecameric complexes that can stack (Radjainia et al., 2015).
These structures are disrupted upon oxidation or phosphoryla-
tion (Wood et al., 2002). Hyperoxidation stabilizes the complex-
es and also imparts chaperone activity (Jang et al., 2004). All of
this seems unduly complex for a peroxide-removal system, and
has led to speculation that Prxs are hydrogen peroxide sensors
that play a central role in redox signaling.

Several mechanisms have been proposed for Prx involve-
ment in redox signaling. Wood et al. proposed the floodgate
model (Wood et al., 2003a), wherein Prxs consume the low
endogenous levels of hydrogen peroxide in cells, but become
inactivated as levels rise, leading to an upsurge in the hydro-
gen peroxide available for oxidizing less reactive thiol proteins.
Alternatively, Prx structural changes following oxidation could
lead to altered protein-protein interactions and the propaga-
tion of a signal. There is growing interest in Prxs contributing
to redox relays, in which these abundant proteins are the
primary target of hydrogen peroxide, and then undergo disul-
fide exchange reactions leading to the oxidation of specific
interacting proteins. Various examples of this mechanism
have been reported (Delaunay et al., 2002; Sobotta et al.,
2015), including the ability of Prx1 to facilitate oxidation of the
apoptosis signaling kinase (ASK1) (Jarvis et al., 2012). To
date there is no evidence for any of these pathways playing a
significant role in apoptosis.

PEROXIREDOXINS AND APOPTOSIS

Knockdown of Prx expression typically makes cells more sus-
ceptible to cell death induced by oxidative stress, while Prx
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overexpression provides protection. This is consistent with the
antioxidant properties of these proteins. Interestingly, however,
early studies showed that Prx overexpression also delayed
apoptosis in cells deprived of serum or growth factors (Ichimiya
et al., 1997; Zhang et al., 1997), which did not cause an oxida-
tive stress. Several other studies have shown similar effects
with a broad range of cytotoxic agents. These observations
support a mechanism whereby endogenous hydroperoxides
are generated during the initiation of apoptosis and their re-
moval significantly impedes the process.

Mitochondria are considered to be a significant source of hy-
drogen peroxide within cells. Prx 3 is a mitochondrial member
of the Prx family, and is one of the major targets of hydrogen
peroxide generated within the mitochondrial matrix (Cox et al.,
2010). Overexpression of Prx3 was shown to provide protection
against induction of apoptosis by serum deprivation, ceramide
or etoposide (Zhang et al., 1997), and a related study showed
protection against hypoxia and redox-active compounds (Nonn
et al.,, 2003). The abrin protein was hypothesized to trigger
apoptosis by binding and inactivating Prx3 (AOP-1) (Shih et al.,
2001), and Prx3 has previously been identified as a target gene
of the oncogenic transcription factor c-Myc essential for Myc-
mediated transformation (Wonsey et al., 2002). Prx 3 depletion
by siRNA led to a more rapid release of cytochrome ¢ upon
addition of staurosporine or TNF (Chang et al., 2004). The anti-
apoptotic effect of Prx 3 is dependent on catalytic cycling, as
overexpression of a dominant negative thioredoxin 2 (C93S),
which forms a catalytically inactive disulfide bond with Prx 3,
sensitizes cells to tert-butyl hydroperoxide and TNF-induced
apoptosis (Zhang et al., 2007).

Increased Prx3 expression is reported in breast and lung
carcinomas (Noh et al,, 2001; Park et al., 2006), prostate
(Whitaker et al., 2013), ovarian (Wang et al., 2013), cervical
(Hu et al., 2013), endometrial (Han et al., 2012), mesotheli-
oma (Kinnula et al., 2002) and hepatocellular carcinomas
(Choi et al., 2002). Also, the developmental abnormalities and
malignancies associated with Fanconi anemia in humans has
also been closely linked to deregulation of Prx3 function
(Mukhopadhyay et al., 2006). This raises the possibility that
inhibiting Prxs, particularly Prx3, may provide an alternate
strategy for targeting cancer cells that are resistant to under-
going cell death. Early reports indicate promising results in
pre-clinical studies with compounds that can target Prxs
(Cunniff et al., 2015; Li et al., 2015; Liu et al., 2012;
Trzeciecka et al., 2015). Compounds that promote Prx oxida-
tion through compromising thiol reduction pathways (Brown et
al., 2008; Cox et al., 2008a; Myers, 2015), may also have
useful applications in promoting cell death.

In addition to regulating apoptosis sensitivity, the Prxs are
useful markers of altered redox homeostasis. The disulfide-
linked dimers that form upon Prx oxidation can be visualized
by western blotting of non-reducing SDS-PAGE gels, and
have been proved useful for monitoring the redox state of
cellular Prxs (Poynton and Hampton, 2014). We observed the
accumulation of oxidized Prx 3 during Fas-mediated apopto-
sis in Jurkat T-lymphoma cells (Cox et al., 2008b). The timing
of Prx 3 oxidation corresponded to cytochrome c release and
caspase activation, but came well before the global oxidative
stress associated with end-stage apoptosis. The specific
compartmentalisation of peroxiredoxin family members can
also provide information on the intracellular sites of redox
changes. While mitochondrial Prx 3 accumulated in its oxi-
dised form, there was no oxidation of the cytoplasmic Prxs,
suggesting specific disruption of mitochondrial redox homeos-
tasis in this model (Cox et al., 2008b).
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CONCLUSION AND FUTURE DIRECTIONS

A significant amount of published data supports a model in
which steady state levels of hydrogen peroxide increase during
the initiation of apoptosis, and this acts as a signaling molecule
to promote cell death. Unfortunately, much of this data is indi-
rect, and relies on non-specific inhibitors and probes. It is also
difficult to separate causative processes from those that occur
as a consequence of cell death. To determine the importance of
intracellular redox changes in apoptosis, it is crucial that the
precise mechanisms are unraveled, thereby enabling the de-
velopment of selective inhibitors. The Prxs appear to play a
significant role in redox signaling, and the disruption of their
catalytic activity and protein interactions may prove to be a
valuable tool.

While this review was focused on apoptosis, recent years
have seen an increased recognition that a variety of regulated
cell death pathways exist (Vanden Berghe et al., 2014). The
mechanistic details of these pathways are only beginning to be
elucidated, but redox-dependent events are implicated in sev-
eral of them. The best studied to date is necroptosis (Degterev
et al., 2005), the cell death pathway characterized by activation
of the mixed lineage kinase domain-like (MLKL) pseudokinase
(Sun et al., 2012). Protein receptor interacting protein kinases
(RIPKs) phosphorylate MLKL, promoting its oligomerization
and membrane association, followed by a loss of membrane
integrity (Murphy et al., 2013; Wang et al., 2014). Necroptosis
can be triggered through death receptors such as TNF, in the
presence of caspase inhibitors. Early studies of TNF-mediated
necroptosis reported elevated ROS levels, but the source, tim-
ing and role in execution of cell death remains controversial.
Mitochondrial ROS have been implicated (Goossens et al.,
1995; Schulze-Osthoff et al., 1992), as have oxidants derived
from NOX2 (Kim et al., 2007), and the radical scavenger buty-
lated hydroxyanisole can inhibit TNF-induced necroptosis in
some cell types (Lin et al., 2004). Studies on the role of Prxs in
necroptosis are warranted, as is their ability to act as markers of
redox disruption prior to the induction of cell death.
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