
Journal of Alzheimer’s Disease 20 (2010) S453–S473 S453
DOI 10.3233/JAD-2010-100321
IOS Press

Review

Oxidative Stress: Emerging Mitochondrial
and Cellular Themes and Variations in
Neuronal Injury

Gavin C. Higginsa, Philip M. Beartb,c,∗, Yea Seul Shinb,d, Minghui Jessica Chene,
Nam Sang Cheunge and Phillip Nagleya

aDepartment of Biochemistry and Molecular Biology, Monash University, Clayton, VIC, Australia
bFlorey Neuroscience Institutes, University of Melbourne, Parkville, VIC, Australia
cDepartment of Pharmacology, University of Melbourne, Parkville, VIC, Australia
dCentre for Neuroscience, University of Melbourne, Parkville, VIC, Australia
eMenzies Research Institute, University of Tasmania, Hobart, Tasmania, Australia

Accepted 16 April 2010

Abstract. Oxidative stress plays a central role in neuronal injury and cell death in acute and chronic pathological conditions.
The cellular responses to oxidative stress embrace changes in mitochondria and other organelles, notably endoplasmic reticulum,
and can lead to a number of cell death paradigms, which cover a spectrum from apoptosis to necrosis and include autophagy. In
Alzheimer’s disease, and other pathologies including Parkinson’s disease, protein aggregation provides further cellular stresses
that can initiate or feed into the pathways to cell death engendered by oxidative stress. Specific attention is paid here to
mitochondrial dysfunction and programmed cell death, and the diverse modes of cell death mediated by mitochondria under
oxidative stress. Novel insights into cellular responses to neuronal oxidative stress from a range of different stressors can be
gained by detailed transcriptomics analyses. Such studies at the cellular level provide the key for understanding the molecular
and cellular pathways whereby neurons respond to oxidative stress and undergo injury and death. These considerations underpin
the development of detailed knowledge in more complex integrated systems, up to the intact human bearing the neuropathology,
facilitating therapeutic advances.
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INTRODUCTION

ROS, RONS, and cellular defenses

Onset of oxidative stress is a prominent feature of
neuronal injury. Oxidative stress is caused by the chem-
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ical imbalance between production of reactive oxygen
species (ROS) production and breakdown of the chem-
ically reactive species by reducing agents and enzymes,
collectively known as antioxidants. Over-abundance
of ROS has been found during neuronal development,
as well as in neuropathological conditions, such as
Parkinson’s disease (PD) [1] and Alzheimer’s disease
(AD) [2] where oxidative stress occurs chronically, and
in more acute settings such as during ischemic reperfu-
sion injury following the onset of stroke [3]. Neurons
are considered highly susceptible to oxidative stress
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due to their being intrinsically ill-equipped to defend
against an increase in ROS, due to low levels of an-
tioxidants relative to those in other mammalian cell
types [4]. Nonetheless, glial cells, including astrocytes,
centrally play a supplementary role in antioxidant de-
fense of neurons. It is pertinent at the outset to pro-
vide a brief overview of ROS and reactive oxygen and
nitrogen species (RONS), their properties and cellular
defenses.

ROS are a family of highly reactive small molecules
that contain oxygen; the ROS family includes both
oxygen radicals and non-radical derivatives of O 2 [5].
Free radicals are defined as atoms, molecules or ions
that have unpaired electrons, resulting in an unstable
species [6]. Mitochondria are one of the main intracel-
lular sources of ROS, produced during oxidative phos-
phorylation within all mammalian cells [7]. The most
common form of ROS released by mitochondria, su-
peroxide (O−

2 ) is generated through the escape of sin-
gle electrons during oxidative phosphorylation (from
complexes I, II and III), which interact with O2 [8].
O−

2 can subsequently be transformed into other forms
of ROS, such as hydrogen peroxide (H2O2) by the en-
zyme superoxide dismutase (SOD), or can react with
nitric oxide (NO) and be converted into peroxynitrite
(ONO−

2 ) [6,9]. As “reactive oxygen species” both NO
and ONO−

2 are encompassed within a larger collective
known as RONS, a term often used in this field. Fur-
thermore, H2O2 in turn can also be transformed into
the highly reactive hydroxy radical (OH) via Fenton
reactions involving transition metal ions [9]. Indeed
OH is so reactive with a variety of targets including
DNA, RNA, lipids, and proteins that it is considered
the most potent of all ROS, albeit having the shortest
half life [10]. Nonetheless, each of these ROS men-
tioned above is capable of causing irreversible injury
to cells, by oxidatively damaging the nucleic acid, pro-
tein, and lipid targets, on which a variety of chemi-
cal modifications result. This chemical damage impairs
function and leads to cellular debilitation and possibly
premature death.

To regulate and counter the damaging effects asso-
ciated with ROS, mammalian cells have antioxidant
defense mechanisms. Antioxidants that act chemically
are reducing agents that prevent the oxidation of oth-
er molecules that are present within the cell by ROS.
There are also enzymes that catalyze antioxidant re-
actions; the key enzymes that make up the antioxi-
dant defense of most mammalian cells are SOD, cata-
lase, and glutathione peroxidase (Gpx), the latter two
of which convert H2O2 to H2O [9]. In neurons it has

been shown that SOD and Gpx are expressed in higher
quantities than catalase. However, the low levels of
catalase enhance the risk of over-exposure to H2O2 and
other ROS that derive from it [11–13]. Other antioxi-
dant molecules, some of which can act in a more direct
chemical mode to reduce oxidative stress and which are
present in neurons, include vitamin E, melatonin, and
glutathione (GSH). The last-named can act alone chem-
ically or as a cofactor to Gpx [14,15]. In vivo, GSH
and its precursors are made available to neurons by as-
trocytes which have a more efficient peroxide detox-
ification system then their neuronal counterparts [16,
17].

We will now focus here on aspects germane to the
scope of this review, namely emerging mitochondrial
cellular themes of oxidative stress and neuronal injury.
For a more detailed discussion of the role of RONS
in the brain and the pathophysiology of particular neu-
rodegenerative diseases, the reader is referred to an ex-
cellent review [10]. There are two further points worthy
of note.

First, at moderate or “physiological” levels, RONS
are critical players in normal cellular behavior when
tightly regulated [18]. It is only when the levels of
RONS are excessive in terms of normal cellular require-
ments that molecular damage and cellular debilitation
can result. Moreover, a paucity of RONS can cause cel-
lular defects, particularly where individual RONS are
involved in cellular signaling [18]. These generalities
apply to neuronal systems as for most other cell types.

Second, as mentioned, sources of RONS have been
recognized as intracellular, with mitochondria as one
of the main sources. But mitochondria are in this re-
spect not alone in that endoplasmic reticulum (ER) en-
zymes such as P450 can also generate ROS. Cells may
also be exposed to external sources of RONS. These
may be from direct exposure to excessive oxygen, as
in ischemia-reperfusion injuries, or to excessive neuro-
transmitters or oxidation products thereof. Yet another
source of external ROS under neuropathological con-
ditions are phagocytes that are the main source of oxi-
dants in vivo [19]. Amongst these in the brain are par-
ticularly the microglia, which account for the largest
population of phagocytes closely related to the central
nervous system. Microglia are normally maintained in
a quiescent state and in low cellular abundance under
physiological conditions, but they quickly propagate
upon induction by neuropathological events that result
in an inflammatory response [20].
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Broad relationships between ROS generation and
neuronal injury in AD and PD

The escape of single electrons from the mitochon-
drial electron transport chain (ETC), mainly from com-
plexes I and III, is a natural by-product of oxidative
phosphorylation [21], and these processes are likely to
be modified by overall bioenergetics and compromised
mitochondrial biology [22,23]. However, in chronic
neurodegenerative diseases, for instance AD and PD,
the mitochondrial respiratory function is thought to be
disrupted by potentially aggregating proteins namely
the amyloid-β (Aβ) fragment of amyloid-β protein pre-
cursor (AβPP), and α-synuclein (αSN), respectively
(see review [24]), exacerbating the escape of electrons
and consequently elevating oxidative stress within neu-
rons. In the case of more acute injury such as stroke,
oxidative stress ensues when the supply of oxygen to
the brain is restricted, limiting oxidative phosphoryla-
tion and causing an increase in the “escape of elec-
trons” from mitochondria, in the form of reduced and
partially reduced intermediates. When blood flow is re-
stored during ischemic reperfusion, the newly abun-
dant oxygen reacts with the pools of these reduced
molecules, resulting in enhanced oxidative stress due
to production of abundant ROS. In each of these neu-
ropathological settings evidence has been reported of
oxidative damage in post-mortem brains. However, it
remains uncertain whether neuronal cell death in each
instance is a direct result of oxidative stress or whether
it is a non-consequential by-product of the diseased
state. Nonetheless, cell death mechanisms triggered by
RONS have become the focal point of many studies due
to the destructive nature of these chemically reactive
molecules.

Neurons, like all cells, possess inbuilt capacities to
handle physiological levels of RONS by endogenous
antioxidant defense systems. However, when the bal-
ance is tilted towards the net production of RONS,
tissue injury results in many diseases, including age-
related neuropathologies [25,26]. Here the brain dif-
fers from most other organs in that relative to SODs
and catalase, GSH is a key antioxidant with both cy-
toplasmic and mitochondrial GSH pools having the
potential to buffer oxidative stress [10]. Disruption of
the homeostasis of the GSH system promotes oxida-
tive injury sensitizing neurons to oxidative stressors
and to Aβ-toxicity during AD [27,28]. Indeed, there
are age-related declines in GSH and cytochrome c
(cyt c); dietary N-acetyl cysteine, which elevates GSH
and cysteine, provides beneficial effects reversing these

changes, decreasing markers of oxidative stress in the
brain and improving cognitive deficits [26]. However,
the debate continues about the efficacy of anti-oxidant
therapies in neurodegenerative conditions, with one
such apparently successful example being with coen-
zyme Q10 in early Parkinsonism [29].

Neurons respond to damage by either dying, which
can be in the form of programmed cell death (PCD)
(or in extreme cases unregulated necrosis), or by re-
maining alive yet depleted of key neuronal functions,
preventing their participation in neuronal networks re-
quired for cognitive or motor functions (as in AD or
PD, respectively). Here we focus on PCD, specifically
oxidative stress and the involvement of mitochondria.

Mitochondrial dysfunction and PCD

In the context of the issues under consideration here,
there are at least two upstream indices that might influ-
ence the patterns of recruitment of mitochondrial sig-
naling to affect the resultant characteristics of PCD in-
duced by oxidative stress, namely, mitochondrial mem-
brane potential (∆ψm) and cellular calcium [30]. Fur-
ther, there is growing awareness that dysfunction of
the ubiquitin proteasome system (UPS) and its abil-
ity to handle misfolded proteins (such as Aβ, αSN,
huntingtin (Htt), SOD1) might also exacerbate oxida-
tive stress [31]. Upstream, the role of ∆ψm in neu-
ronal injury has been one of continuing controversy,
but its function has long been recognized to be depen-
dent on the state of energization of the neuron and also
can be influenced by dynamic fluxes in various intra-
cellular calcium pools [32]. ∆ψm is also affected by
transient variations in the physical interface between
inner mitochondrial membrane (IMM) and outer mi-
tochondrial membrane (OMM) that affect the dynam-
ics of intermembrane space (IMS) proteins [33] and
their potential release through the OMM after its per-
meabilization in death signaling. Thus, alterations in
the H+ gradient associated with the ETC may impact
upon ∆ψm and the consequent mitochondrial perme-
ability transition (MPT) with a likelihood of increasing
the probability that a neuron will undergo PCD [30].
Secondly, cytosolic and mitochondrial calcium are im-
portant factors that, in concert with increased ROS pro-
duction, may contribute to injury in AD and ischemic
brain [34,35]. Indeed, there is a clear mechanistic link
between ROS generation and elevated mitochondrial
calcium [36], which may be independent of ∆ψm influ-
enced by the cellular context [37]. Recent insights into
the involvement of the ER in PCD indicate that while its
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role as a major cellular store of calcium has been long
recognized, mitochondria and ER are closely linked
functionally, perhaps via calcium micro-domains [38],
wherein multiple ER-based mechanisms may give rise
to PCD [30]. Both AβPP and Aβ accumulate in mi-
tochondrial membranes in neurons such that there are
now recognized to be multiple possible alterations of
mitochondrial (e.g., calcium, MPT) and ER dynamics
that could determine the final route to PCD [39–41].

Neuronal cell death induced by oxidative stress has
previously been reported as apoptotic in some systems,
although acute and an intense oxidative stress com-
monly leads to unregulated necrosis. The involvement
of caspases has been central to defining under which
of these two broad cell death pathways a dying neu-
ron can be categorized. In this early basic view, apop-
tosis is a cell death pathway regulated by the activa-
tion of caspases, while necrosis is unregulated and in-
dependent of caspase activity. This basic view of cell
death brought on by RONS has been challenged by the
discovery of alternative forms of caspase-independent
PCD, such as autophagy and programmed necrosis (en-
compassing other more exotic terms such as necropto-
sis and parthanatos, reflecting subtypes of programmed
necrosis) [30].

Significance of cellular investigations

Even though evidence of oxidative stress has been
ubiquitously detected in post-mortem brains of many
neurological disorders through its consequential ef-
fects, the significance of its engagement during neu-
ronal death progression remains unclear. As such, ex-
perimental models become an attractive avenue for
deciphering the pathological mechanisms upstream
and/or downstream of oxidative stress. As oxidative
stress has achieved the status of a “central dogma” in
numerous neuropathological conditions, novel insights
into the signaling transduction pathways modulated up-
on its occurrence would form a foundation for the iden-
tification of potential biological targets useful in the
area of therapeutic management.

Understanding the cellular response to oxidative
stress is therefore critical to deciphering the impact
of multiple factors in relating cellular dysfunction to
disease pathology. Figure 1 depicts a general schema
for the primary players in the cellular responses to ox-
idative stress as discussed above, and illustrates the
relationship between ROS/RONS and key cellular or-
ganelles. These include mitochondria and ER, which
together with intracellular calcium, modulate the cel-

lular responses leading to death. Of specific relevance
to many neurodegenerative diseases, protein aggrega-
tion can act as a further precipitating or exacerbat-
ing factor in the catastrophic responses into which
cells are pushed. The specific manifestations of death
are multiplexed, and cover many characteristic out-
comes, encompassing a spectrum including apoptosis,
autophagic death, programmed necrosis (and, under
highly “traumatic” conditions, unregulated necrosis)
(Fig. 1).

In this review, we amplify three relatively focused
aspects based on this general schema. First, we discuss
the mitochondrial respiratory chain and its relationship
to oxidative stress and consequent cell death. This is
done with reference to pathologies including AD, PD
and Huntington’s disease (HD). Second, we elaborate
the ways in which specific modes of cell death are in-
duced by oxidative stress under different conditions.
Third, we outline a novel approach being applied to
dissect the cellular responses to a range of stressors
that elicit oxidative stress, in terms of the alterations
in gene expression that can help us understand just
what neuronal cells do when confronted with acute ox-
idative stress relevant to disease. These considerations
provide an overview of contemporary approaches to
understanding how oxidative stress can injure and kill
neurons in the context of diseases such as AD and PD.

MITOCHONDRIAL RESPIRATORY
COMPLEXES, OXIDATIVE DAMAGE AND PCD

Much information about the involvement of the res-
piratory chain in ROS generation and neuronal injury
has been gathered from a plethora of well executed in-
vestigations in isolated neuronal mitochondria. Stud-
ies have allowed considerable mechanistic insights into
the physiological and pathological aspects of respirato-
ry chain function (e.g., forward/reverse electron trans-
fer, oxygen consumption, ∆ψm). However, an impor-
tant caveat remains that such data have been collected
in a milieu devoid of determinants of PCD up-stream
and down-stream of mitochondria, including various
molecular species influencing the biology of mitochon-
drial ROS (e.g., NO) and factors involving other cellu-
lar compartments likely to determine the final profile
of PCD [30]. As a consequence, much of this early
ground-breaking work has been overtaken by the latest
advances in our understanding of PCD [30]. In this
view, stressors induce injury across an insult-dependent
apoptosis-necrosis continuum [42], such that death out-
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Fig. 1. Cellular responses to oxidative stress leading to the various types of PCD in neurons. This schematic emphasizes the main players in
the cellular response to oxidative stress, once antioxidant defenses are overcome. The source of RONS can be external (as discussed in text)
or internal i.e., generated from mitochondria (as shown in the figure, with red arrows indicating some targets). In chronic neurodegenerative
disorders such as AD, PD, HD, and ALS, toxic proteins contribute to, and synergize, with the effects of the oxidative stressors. Toxic proteins
compromise the biology of ER, UPS and mitochondria (not shown here for clarity). The net effect of various factors including ER stress, toxic
proteins and UPS dysfunction on downstream pathways is shown by wide blue arrow. The outcomes (set out in lower half of the figure) occur as
various forms of cell death, mostly PCD, representing various elements within the apoptosis-necrosis continuum [30]. The details of the various
components of this schematic are discussed in the text.

comes are multifaceted within a holistic framework of
interplay between multiple injury mechanisms, often
operating in parallel [43–45] (Fig. 1).

Our ongoing work employing primary cultured neu-
rons (cerebellar granule cells, [46]) has explored the
pharmacological inhibition of the respiratory chain,
to provide an approach considered to mimic the loss
of electron flux, under pathological conditions. This
entails a re-examination of the actions of selective
inhibitors of complexes I-IV, thus placing this work
in a contemporary context ([47] and Shin YS and
Beart PM, unpublished observations). Rotenone, 3-

nitroproprionic acid (3NP), antimycin A and potassium
cyanide, which are respectively inhibitors of complex-
es, I, II, III and IV, all produced time-dependent and
insult-dependent reductions in neuronal viability. The
rank order of potency was antimycin A > rotenone >
3NP > potassium cyanide; interestingly, 3NP was the
only insult not able to effect a total reduction in cell
viability. All insults produced a slow pattern of neu-
ronal injury across the apoptosis-necrosis continuum,
involving an absence of early swelling, shrinkage of
somata and a loss of neuritic networks; the canonical
nature of such injury patterns is currently under inves-
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tigation. Recent work in hippocampal cell lines con-
firms that in intact cells, inhibitors of complexes I-III
increase intracellular ROS levels [48].

Given that oxidative damage is reported to occur
widely in AD brain, oxidative stress may be the earli-
est change that contributes to the pathobiology of AD.
The apparent more extensive damage due to oxida-
tive stress, rather than occurrence of plaques/tangles as
such, and the early generation of free radicals in animal
models of AD, together focus attention of the sites of
ROS production, mitochondrial signaling and down-
stream recruitment of PCD. In this light, mitochondri-
al Aβ has been detected before extensive extracellular
Aβ deposits and the diminished activity of complexes
III and IV (see reviews [49,50]). There is an enormous
literature addressing all perspectives of oxidative stress
in postmortem AD tissue and animal models and this is
updated in other parts of this volume. Recent advances
include the description of an imbalance in iron home-
ostasis, which might drive metal ion-associated Fenton
reactions, and hence which could be an important ini-
tiator of oxidative damage in the early pathophysiology
of AD [51].

The rapidly expanding evidence for roles of both
AβPP and Aβ, once accumulated in mitochondrial
membranes of neurons to potentially affect various as-
pects of mitochondrial-ER interactions and thus to in-
fluence the recruitment of various routes to demise by
PCD, extend previous information on PCD in AD [52–
55]. There is involvement of ER stress-related and
autophagic mechanisms, which neurons activate as
“inbuilt” defense responses via early phases of both
the unfolded protein response (UPR) and chaperone-
mediated autophagy. As proposed in our model [30],
should the threat to a neuronal population progress be-
yond a minor crisis involving bioenergetics and mis-
folded protein (i.e., Aβ), then UPR would switch to
its destructive mode and autophagy would be unable to
clear the increased load of Aβ species with the UPS
expected to become increasingly dysfunctional. Build-
ing on early observations on autophagosomes in post-
mortem AD brain [56], there is now a rapidly expanding
literature on autophagic mechanisms in primary neu-
rons exposed to Aβ and in animal AD models [57–60].

In light of issues underlying ROS generation and
the sites of dysfunction of the ETC likely to contribute
to neurodegeneration, we have undertaken a targeted
analysis of the roles of complexes I-IV in neuronal in-
jury. Complex I activity has consistently been shown
to be reduced in postmortem nigral tissue of PD pa-
tients and the complex I inhibitor rotenone stimulates

ROS production in isolated mitochondria, although this
perception may be too simplistic [61]. Firstly, the
absence of complex I activity seems not to protect
dopaminergic neurons and the actions of rotenone and
1-methyl-4-phenylpyridinium (MPP+) might be inde-
pendent of complex I inhibition [62]. Both toxins pro-
duce PCD of nigral dopaminergic neurons involving
non-classical recruitment of the intrinsic mitochondrial
pathway, since there is preferential redistribution of the
IMS protein apoptosis inducing factor (AIF) [63,64],
which although associated with complex I, has both
pro-apoptotic and anti-apoptotic actions. Recent work
in isolated mitochondria from the Harlequin mouse
questions whether complex I is in fact a major con-
tributor to ROS production [65]. There remain many
unanswered questions here, and indeed these may re-
flect uncertainties surrounding the Harlequin mouse
model where the phenotype has been linked recently to
human mitochondrial-complex I-deficiency syndromes
and not loss of AIF [66].

Indeed the significant association with complex I of
αSN in postmortem tissue from PD patients may be of
relevance to the pathophysiology of parkinsonism [61].
In vivo modest accumulation of αSN induces the pro-
tective phases of the UPR and autophagy [67]. Overall,
while there are significant methodological issues here
relevant to isolated mitochondria versus intact cells,and
cell lines relative to primary neurons, the dopaminergic
neurotoxins rotenone and MPP+ do have various ac-
tions eliciting PCD (see review [30]), and accumulation
of αSN in its various forms may predispose neurons
to injury by ER stress and/or autophagy [68]. In light
of this recent reappraisal of complex I and oxidative
stress, new insights into the redox actions of paraquat,
an environmental poison known to produce parkinson-
ism, are of some interest. Whilst not a complex I in-
hibitor (unlike MPP+ and rotenone), paraquat and re-
lated herbicides engender oxidative stress via complex
I and other mitochondrial respiratory enzymes com-
plexes, where they induce ROS production (including
superoxide) by redox cycling [69]. This induction of
ROS by paraquat occurs in both isolated mitochondria
and primary neurons [70]. However, it has been re-
cently questioned whether complex I is a critical target
for the triad of drugs (rotenone, MPP+ or paraquat)
because cells from mice lacking a key complex I gene
did not show resistance to cell death after being treated
with these agents [71].

By contrast, there is much less evidence for the in-
volvement of complex II in oxidative stress and neu-
rodegeneration. Deficits of complex II have been docu-
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mented in the striatum of symptomatic HD patients [72,
73], but impairments of mitochondrial respiratory ac-
tivity are generally considered secondary to events in
HD pathology [72]. By the far the most attention has
centered on the pathophysiological sequence of events
that follow the use of the complex II inhibitor 3NP in
vivo or in culture models where it has been used to
model aspects of the pathology of HD [74]. The re-
versible complex II inhibitor malonate induces a sim-
ilar pattern of injury to 3NP by a mechanism involv-
ing exacerbation of excitotoxicity. Our data in cultured
striatal GABAergic neurons reveal that 3NP induces
a profile of PCD more consistent with programmed
necrosis with early redistribution of AIF involving ac-
tivation of both calpain and caspase-3 [75]. Mutant
Htt has reported effects, both NMDA-mediated and
calcium-mediated, on ∆ψm. These responses can alter
the sensitivity to, and nature of, 3NP-induced PCD (see
review [30]). The N-terminal fragment of mutant Htt
induces deficits in complex II in striatal neurons (con-
sidered to parallel the GABAergic neurons lost in HD)
and over-expression of succinate dehydrogenase sub-
units reverses this effect [76]. Mutant Htt also seems to
associate with mitochondria to affect intramitochondri-
al calcium influx and mitochondrial DNA [77]. Such
interactions are likely to underlie reports of ER stress
in the Htt knock-in mouse and post-mortem HD tissue
(see review [30]), and to be relevant to the intracellular
redistribution of Htt and its role in autophagy [78].

Concerning the roles of complexes III and IV in ox-
idative stress and neurodegeneration, there is a large
body of findings relevant to deficits of complexes III
and IV in AD, which are considered secondary to direct
effects of Aβ on mitochondrial function and to pre-
cede AD pathology (see reviews [49,50]). Complex IV
seems to regularly exhibit reduced activity in various
neuropathologies, including HD [72,76], amyotrophic
lateral sclerosis (ALS) [79] and multiple sclerosis [80],
although the evidence is quite sparse in both the latter
pathologies. With increased focus on the mitochondrial
abnormalities in acute and chronic neurodegenerative
conditions, we can expect new insights into the role
of mitochondrial respiratory complexes in oxidative in-
jury.

DIVERSE MODES OF CELL DEATH
MEDIATED BY MITOCHONDRIA UNDER
OXIDATIVE STRESS

Oxidative stress is thought to be a key activator of
cell death in many neuropathological settings. The cell

death pathways invoked in response to oxidative stress
have generally been accepted as being either apoptotic
(i.e., caspase-dependent and programmed tightly) un-
der chronic oxidative stress or necrotic (i.e., caspase-
independent and unregulated) under more acute oxida-
tive insults. However, it is now emerging that alter-
nate routes to death exist, with PCD also manifesting
itself in caspase-independent forms such as autophagy
and programmed necrosis [30] (see also Fig. 1). It is
evident that these multiple PCD pathways are active
in neurons and that they play an integral role in bring-
ing about cellular demise when elicited by elevated ox-
idative stress. Adding further complexity to this is the
prospect that, within a given population of neurons,
more than one PCD pathway can be activated simulta-
neously in response to a singular insult (Fig. 2). Within
dying neurons in individuals bearing chronic neuronal
diseases such as PD, AD and ALS, and in more acute
neuronal injuries such as cerebral ischemia-reperfusion
injury, mitochondrial dysfunction and elevated oxida-
tive stress have been linked to the cause of the patho-
logical outcome in these settings. However, studies
at a cellular level of the PCD mechanisms at play in
these affected neurons in the intact organism are very
difficult and exacting. Therefore, basic cellular models
that recapitulate disease phenotypes are vital to facil-
itate better understanding of the orchestration of PCD
through mitochondria and oxidative stress.

Chronic oxidative stress and PCD: apoptosis and
autophagy

In chronic neurodegenerative diseases, elevations in
oxidative stress levels are thought to be progressive and,
at relatively low concentrations, result in a slow ac-
cumulation of cellular oxidative damage. Under these
conditions neurons have a tendency to undergo apopto-
sis (Fig. 2B). Due to mitochondrial dysfunction being
the main source of RONS under these circumstances,
it is considered to be the most susceptible organelle
to oxidative insult, resulting in the intrinsic apoptotic
pathway being invoked.

In neuronal cell models simulating chronic oxidative
stress conditions, RONS have been shown to initiate
apoptosis by activating p53, which in turn upregulates
the BH3-only protein PUMA [81]. Once upregulated,
PUMA translocates to the mitochondria where it acti-
vates Bax [81,82]. In non-neuronal cells another p53-
regulated BH3-only protein Noxa has been reported to
compete for Bak at the mitochondrial level, displac-
ing it from Mcl-1 and Bcl-xL during cell death [83].
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Fig. 2. Cell death outcomes in neurons stressed under particular
conditions. A) Overall diversity of the main death pathways and
their partial overlap. B) Under chronic oxidative stress, at relatively
low intensity, neurons tend to undergo apoptosis, while autophagy
proceeds it is not necessarily liked to the death outcome, but rather
is a cellular defense mechanism. This condition can be replicated
by treatment of cells with standard apoptosis inducers such as stau-
rosporine (Higgins GC and Nagley P, unpublished observations) C)
Under acute oxidative stress at moderate intensity cells undergo pro-
grammed necrosis [87], as well as autophagy that in part contributes
to the death outcome. Note that the autophagic pathways in condi-
tions B and C may not be mechanistically identical. Under acute ox-
idative stress at high intensity, cells are likely to undergo unregulated
necrosis (not shown here).

Though, the role of Noxa in neuronal cell death appears
to be less significant than PUMA. It has been shown
that neurons are capable of increasing Noxa mRNA
expression levels during times of oxidative stress and
DNA damage [82,84]. In SK-N-SH human neuroblas-

tomas cells exposure to the oxidative stressor paraquat
which produces pathological features similar to those
of PD (see above), activates cells to produces high lev-
els of Noxa and Bak [85]. Knockdown of these proteins
via short interfering RNA (siRNA) protects these cells
from paraquat treatment. Translocation of Bax and Bak
to the OMM initiates outer mitochondrial membrane
permeabilization (OMMP), resulting in the redistribu-
tion of pro-apoptotic factors from the mitochondrial
IMS, such as cyt c, Smac/DIABLO and HtrA2/Omi
which are essential for the activation of downstream
effector caspase-3 and caspase-7, ultimately leading to
neuronal cell death [86–88].

An alternative PCD pathway has recently been rec-
ognized to occur under chronic oxidative stress condi-
tions, known as autophagic cell death or PCD-Type II
(where apoptosis is PCD-type I). Autophagy is the pro-
cess whereby molecules and organelles undergo lyso-
somal clearance/degradation in order to help main-
tain cellular homeostasis. The autophagic process can
manifest itself via several different pathways (see re-
view [89]). However, the process most commonly as-
sociated with mitochondria and cell death is macroau-
tophagy (referred to as “autophagy” herein), which will
be the focus of discussion here. Autophagy involves
the formation of a double membrane vesicle known as
an autophagosome, which sequesters and engulfs or-
ganelles or molecules and transports them to lysosomes
for degradation. Due to the post-mitotic nature of neu-
rons, there is thought to be a heightened emphasis on
autophagy to maintain homeostasis of functional or-
ganelles, such as mitochondria [90]. The prominence
of autophagy in neurons can be attributed to the lack
of cellular division, which contributes to the build-up
of dysfunctional mitochondria and protein aggregates
(i.e., Aβ or αSN) in AD and PD respectively. The
concept that mitochondria are central to the cell death
decision process also has relevance to autophagic cell
death, specifically in relation to the process of mito-
chondrial autophagy or mitophagy (see review [91]).
However, the exact mechanism and teleology under-
lying this process remains unclear. For example, it is
not well understood how mitophagy is able to selec-
tively target mitochondria, and the cellular role needs
clarification, i.e., whether mitophagy is beneficial or
detrimental. Interesting emerging aspects relating to
neurodegeneration include the possible relationships of
mitochondrial structure (e.g., their fission and fusion)
and their motility, in terms of their susceptibility to mi-
tophagy and participation in cell death signaling [92,
93].
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Nonetheless, some insight has been gained into the
role of mitophagy in neurons and other mammalian cell
types. Depolarized mitochondria or those associated
with Bax, for example, have been suggested to have
a propensity to be cleared via mitophagy in the ab-
sence of caspase activation during cell death (see re-
view [91]). In rat cortical neurons, the process of mi-
tophagy has been suggested, with increased observa-
tions of autophagy associated with oxidative damage
to mitochondria [94]. In the context of neuronal cell
death, there are at least two routes involving autophagy
which can come into play. The first is when the au-
tophagic process is insufficient to deal with toxic pro-
tein aggregates, as possibly occurs in AD and PD (see
review [95]). The second involves the up-regulation of
autophagy that is a direct contributor to cell death as in
PCD-Type II. Adding further intricacy to this paradigm
has been the recent discovery of cross-talk between au-
tophagy and the apoptotic pathways (see review [30]),
as illustrated schematically in Fig. 1 above.

Aβ is generally accepted as the main initiator of ox-
idative stress, mitochondrial dysfunction and apopto-
sis induction in AD. However, little is known about
the exact cell death mechanisms that are invoked dur-
ing the pathophysiology of AD. Many previous stud-
ies have focused on the activation of caspases both up-
stream and downstream of mitochondria and the in-
volvement of Bcl-2 family members in the cell death
cascade during AD (see review [96]). However, the
classic morphological hallmarks of apoptosis, i.e. nu-
clear condensation/fragmentation, cell shrinkage and
blebbing, are not generally seen in post mortem studies
done on AD patients. Furthermore, it has been shown
that in vivo downstream effector caspases −3, −6 and
−7 are not up-regulated in response to the onset of
AD [97]. These findings indicate that possibly oth-
er non-apoptotic pathways may also invoke PCD. Un-
der AD conditions, autophagic activity has been shown
to be elevated, with mitochondria one of the primary
targets for degradation [98]. Moreover, another study
undertaken in differentiated neuroblastomas cells has
shown that elevations of oxidative stress can trigger
autophagy, leading to intralysosomal accumulation of
Aβ [99]. The resulting intralysosomal accumulation of
Aβ subsequently causes lysosomal membrane perme-
abilization, which in turn promotes apoptosis (as mon-
itored by changes in nuclear morphology and Bax mo-
bilization to mitochondria) [100]. These studies hint
at possible cross-talk between apoptosis and autophagy
pathways, which warrant further investigation to help
establish the cell death mechanisms of AD.

While much evidence supports oxidative stress be-
ing produced by deficits in complex I functionality,
concomitantly with the formation of Lewy bodies, in
dopaminergic neurons of PD patients (both sporadic
and familiar forms), mutations in other proteins have
also been implicated in familial forms of PD. Some of
these proteins are thought to influence ROS generation
and ultimately regulate the cell death pathways, via
mitochondria. Mutations in nuclear-encoded PD pro-
teins PTEN-induced kinase 1 (PINK1) and Parkin have
been implicated as causes of mitochondrial dysfunc-
tion [101]. PINK1 and Parkin are both involved in the
same pathway regulating mitochondrial morphology.
PINK1 is a kinase that is believed to be imported and
activated within mitochondria, although its exact loca-
tion within this organelle remains controversial (see re-
view [101]). Conversely, Parkin exhibits E3 ubiquitin
ligase activity in vitro and catalyzes various types of
ubiquitinylation, which may link it to the UPS. While
essentially a cytosolic protein, it has also been shown
to associate with the OMM [102].

Both PINK1 and Parkin knockout mice have reduced
mitochondrial respiratory function, as well as evidence
of elevated oxidative stress levels [103–105]. Muta-
tions in PINK1 have been shown to cause morpho-
logical abnormalities in mitochondria, as well as in-
creasing sensitivity to ROS insult and subsequent cell
death [103]. Overexpression of PINK1 in neuronal cell
lines has been shown to decrease apoptosis, with reduc-
tions in cyt c redistribution and downstream caspase
activation [106]. PINK1 phosphorylates tumor necrosis
factor receptor-associated protein (TRAP1, also known
as Hsp75) under oxidative stress, which prevents apop-
tosis [107]. Furthermore, there is genetic evidence sup-
porting the interaction of PINK1 and HtrA2/Omi [108],
although this still remains controversial [109,110]. It
has been demonstrated that HtrA2/Omi is phosphory-
lated in a PINK-dependent manner, which is protective
against parkinsonian neurotoxins 6-hydroxdopamine
(6-OHDA) and rotenone, preventing apoptosis [109].
Similarly, Parkin has also been shown to prevent cell
death. Parkin has been shown to be recruited to dysfunc-
tional mitochondria in an ATP-independent, voltage-
dependent manner promoting mitophagy [104] and pre-
venting intrinsic apoptosis, as shown in differentiat-
ed PC12 cells treated with ceramide [102]. This anti-
apoptotic effect is also abolished by PD-associated mu-
tations within the Parkin gene [102].

The process of mitophagy has also been linked to
PD, with evidence for the clearance of mitochondria
that contain Parkin. The relocalization of Parkin from
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the cytoplasm to the mitochondria was followed by the
disappearance of mitochondrial markers concomitant-
ly with the appearance of numerous lysosomes with-
in cells [111]. Further evidence of a link between
mitophagy in PD was seen through loss of function
of PINK1. Stable knockdown of PINK1 in SH-SY5Y
neuroblastomas resulted in elevated oxidative stress,
increased mitochondrial fission and turnover via au-
tophagy [103]. This outcome was restored by rein-
troducing PINK1. Moreover, recruitment of Parkin
to mitochondria has been shown to be dependent on
PINK1 [112], raising the possibility that these proteins
are responsible for targeting dysfunctional mitochon-
dria for degradation [113]. Mutations to either PINK1
or Parkin may therefore result in an accumulation of
dysfunctional mitochondria and ultimately cell death.

Mutations of another PD related gene, DJ-1, lead to a
rare form of familial PD. DJ-1 partially localizes to the
mitochondria and acts as an antioxidant or redox sen-
sor preventing cell death [114]. DJ-1 over-expression
has been reported to protect cells from oxidative stress
associated insults [114,115]. It has also been reported
to upregulate GSH synthesis when oxidative stress lev-
els are elevated [116]. Likewise, DJ-1 knockdown by
siRNA in Neuro2a neuronal cell lines lead to increased
cell death triggered by oxidative stress [117]. There has
also been recent evidence to suggest that DJ-1 expres-
sion is increased in human AD brains, in which oxida-
tive stress is considered to be a major contributor to the
pathology of the disease [118].

Acute oxidative stress: autophagy and programmed
necrosis

In more acute neuronal injuries, such as stroke and
subsequent cerebral ischemic reperfusion injury, high
doses of RONS were previously thought to invoke un-
regulated necrosis at the centre of the infarction, with
apoptosis occurring at the penumbra [119]. Howev-
er, it is now apparent that caspase-independent cell
death in these settings may indeed be PCD, represent-
ing alternative pathways such as programmed necrosis
or autophagic cell death. Evidence is now emerging
that under acute insults multiple cell death pathways
can be invoked and that cross-talk may exist between
them. Moreover, it is also becoming apparent that dif-
ferent cell death pathways can be elicited by different
types and doses of oxidative stress. The induction of
autophagy during oxidative insult has been well doc-
umented in other cell types (see review [120]). NGF-
deprived sympathetic neurons can accumulate mito-

chondrial ROS which results in lipid peroxidation and
the loss of IMM lipid cardiolipin and ultimately au-
tophagic cell death [121]. However these limited neu-
ronal studies involving oxidative stress have infrequent-
ly explored autophagic cell death as an alternative death
mechanism to apoptosis. Similarly, limited studies have
been undertaken in neurons to ascertain the involve-
ment of programmed necrosis in response to acute ox-
idative stress.

We have recently shown that under acute oxida-
tive stress conditions provided by exogenous H2O2,
primary cortical neurons from C57 Black 6 J mice
are deficient in downstream caspase activity, and are
capable of undergoing programmed necrosis and au-
tophagic cell death, as alternative PCD pathways [87].
First, PCD was shown to be dependent on Endonu-
clease G (Endo G), a caspase-independent cell death
protein that translocates from the mitochondria to the
nucleus to invoke cell death via chromosomal DNA
cleavage. Silencing of Endo G by siRNA inhibited cell
death changes in nuclear morphology and arrested cell
death. To further these studies, we have now shown that
under H2O2 insult, autophagy activity is elevated as
shown by autophagosome formation and conversion of
microtubule-associated protein light chain 3 (LC3)-I to
LC3-II (Higgins GC, Devenish RJ, Beart PM, Nagley P,
unpublished data, submitted for publication). Further-
more this increase in autophagic activity correlated with
the increase in loss of membrane integrity associated
with cell death. Significantly in this work, autophag-
ic cell death was confirmed by the inhibition of cell
death with the autophagic inhibitor 3-methyladenine
and by silencing the autophagic protein Atg7 with siR-
NA. Thus under these conditions programmed necrosis
(PCD-Type III) and autophagy (PCD-Type II) proceed
concurrently as death pathways (Fig. 2C).

A number of studies have reported the involvement
of AIF as the main executioner, in the absence of cas-
pase activity, following cerebral hypoxia-ischemia in
primary neuronal cultures [46,122–124]. AIF is a mi-
tochondrial IMS protein that is redistributed to the cy-
tosol where it translocates to the nucleus to bring about
DNA fragmentation within the nucleus. However, AIF
has also been reported to act as an antioxidant via its
oxidoreductase function, thus potentially causing con-
flicting actions to be invoked simultaneously. As men-
tioned above we have reported that under acute H 2O2-
insult, Endo G translocates to the nucleus where it al-
so initiates DNA fragmentation and nuclear conden-
sation [87]. Unlike AIF, Endo G has no oxidoreduc-
tase activity. We noted that possibly AIF has a primary
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function as an antioxidant under these conditions, re-
sulting in the total dependence on Endo G to induce
cell death under H2O2 treatment [87]. However, it also
should be noted that under more acute conditions pro-
vided by xanthine/xanthine oxidase (in the presence of
catalase) as a generator of the specific ROS, O−

2 , cell
death still occurred even when Endo G was silenced.
This demonstrated that under various oxidative insults
different variants of the cell death pathways can be
invoked (Higgins GC and Nagley P, unpublished data).

NOVEL INSIGHTS INTO NEURONAL
OXIDATIVE STRESS BASED ON MULTIPLE
OXIDATIVE STRESSORS

In order to further explore the differential response to
various types of oxidative stress, prominent signaling
pathways common to the transcriptomic profiles of two
well-characterized stressors that induce cellular oxida-
tive stress (hypochlorous acid (HOCl) and NO) have
been studied in murine cortical neuron cultures (Chen
MJ and Cheung NS, unpublished data, submitted for
publication). HOCl and NO, natural biological com-
ponents in mammals, are thermodynamically active
molecules able to undergo vigorous chemical reactions
with gaseous molecules, anions and ROS to form more
stable and reactive products to escape their sequestra-
tion by the antioxidant systems, of which the latter de-
composes further into multiple toxic products [125].
The resultant highly reactive electrophiles can in turn
induce genotoxic damage, modulate protein activity
through aberrant post-translational modifications, and
alteration of mitochondrial energy metabolism. HOCl
and NO are appropriately selected as each has been
implicated in the pathogenesis of numerous inflamma-
tory and oxidative stress – related neurological dys-
functions [10]. Furthermore, they are well-represented
agents of neurodegenerative models through recapitu-
lation of various pathological or morphological charac-
teristics of the diseased state, and as mentioned above,
microglia are a significant source of RONS external to
neurons. Major biological pathways that are activated
by the two stressors were monitored, to provide infor-
mation on the detailed signal transduction processes
and to enhance our understanding of the mechanisms
invoked. In this work, as set out in Table 1, HOCl was
used directly whilst the NO donor NOC-18 was applied
to the cultured cortical neurons. Some relevant data
for changes in the gene expression profile in cortical

neurons exposed to these two stressors are shown in
Table 1.

Four main enzymes are responsible for the genera-
tion of oxidants within the phagocytes: reduced nicoti-
namide adenine dinucleotide phosphate (NADPH) oxi-
dase, SOD, nitric oxide synthase (NOS) and myeloper-
oxidase (MPO). O−

2 is formed as an undesirable product
of the action of NADPH oxidase, a latent ETC located
on the plasma membrane of the phagocytes [126]. As
mentioned above, O−

2 reacts rapidly with neighboring
O−

2 to form H2O2 spontaneously or catalytically ac-
celerated by SOD via dismutation [19,127]. However,
neither O−

2 or H2O2 on its own possesses the high reac-
tivity to adversely interact with biological molecules.
Nonetheless, in the case of H2O2, the cellular dam-
age induced can be further aggravated through the ac-
tivity of MPO. This enzyme is a heme protein that
catalyzes H2O2-mediated oxidation of halides to their
respective hypohalous acids [128]. Pertaining to the
high concentrations of halides in biological fluids, Cl−

is the predominant substrate for MPO forming HOCl
as the major resultant oxidation product, i.e., close to
80% of the H2O2 produced by activated neutrophils is
channeled to the formation of 20–400 µM HOCl per
hour [128–130]. Within the brain, HOCl would then
proceed to interact with O−

2 and ferrous iron to form
the dangerous OH radical. HOCl can also interact with
nitrite (NO2) radical (discussed below) to form nitryl
chloride (NO2Cl), a cytotoxic product which possesses
oxidizing, chlorinating and nitrating ability [131].

NO is a thermodynamically unstable free radical
(NO) due to the presence of an unpaired electron in the
outermost orbital. Within the mammalian brain, NO is
produced predominantly by the NOS, a family com-
prising of four major types (namely neuronal NOS, en-
dothelial NOS, mitochondrial NOS and inducible nitric
oxide synthase (iNOS); these have been extensively re-
viewed in [132]. The former three NOS demonstrated
constitutive activity and ubiquitous expression within
the brain and especially neurons. For the latter, iNOS
is expressed following immunological or inflammato-
ry triggers in microglia, astrocytes and macrophages
contributing to a massive accumulation of endogenous
NO lasting hours or days [133]. Although NO is an
important signaling molecule in its own right, due to its
high thermodynamic instability NO can undergo vig-
orous interactions with other gaseous molecules (e.g.,
O2) resulting in the formation of nitrite (NO−

2 ), ni-
trate with intermediate products such as NO2 and OH
radicals that are highly reactive [134]. As mentioned
above, a major NO interaction would be that with O−

2
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to form peroxynitrite anion (ONOO−), thereby render-
ing inefficient its elimination via the antioxidant sys-
tems [125]. As such, the cellular toxicity created by
the presence of O−

2 is greatly enhanced by its down-
stream free radical derivatives, which can effectively
chemically damage proteins (including mitochondrial
enzymes leading to various types of mitochondrial and
cellular debilitation [19,135].

Response to oxidative stress

Various endogenous and exogenous sources con-
tribute to the increase in oxidative load. Mitochondria,
being the primary source of energy production, are
a rich endogenous source of ROS through the ETC
as discussed above. Other cellular processes leading
to ROS formation include lipid peroxidation, metal
ion-associated Fenton reactions, NO-mediated protein
nitrosylation, and matrix enzymatic interactions [10,
136]. Cellular oxidative stress can trigger two oppos-
ing cellular responses: pro-survival and pro-death reac-
tions. Pro-survival response to oxidative stress can be
implemented at two different molecular stages, target-
ing transcriptional and post-translational modification
systems, respectively.

Nuclear factor erythroid-related factor 2 (Nrf2), a
pro-survival transcription factor ubiquitously expressed
in the mammalian body [137], was recently demon-
strated to possess neuroprotective function [138]. It is
involved in the transcriptional activation of antioxidant-
response element (ARE)-containing genes encoding
detoxifying enzymes and cytoprotective antioxidant
proteins (e.g., SOD, NADPH dehydrogenase quinone-
1 (Nqo1), and glutathione S-transferase (Gst)) [139].
In the event of cellular stress, rises in intracellular ROS
and electrophiles induce the activation of several pro-
tein kinases, (e.g., protein kinase C (Pkc) and PKR-
like ER kinase (Perk)), which phosphorylate Nrf2, re-
leasing it from cytoplasmic sequestration and facilitat-
ing its translocation into the nucleus where it binds to
ARE sequence, leading to transcriptional activation of
antioxidant enzymes (see review [140]).

Individual analytical results from the time-course
global expression profiles of neurons treated with both
stressors (first data column of Table 1) revealed Nrf2-
mediated transcriptional elevation of oxidative stress-
responsive neuroprotective genes (e.g., Pkc, activating
transcription factor 4 (Atf4), Gst and heme oxygenase 1
(Hmox1) along with Nrf2 elevated gene expression), re-
flecting the imposition of cellular stress. Especially in
relation to NO treatment, numerous Nrf2 transcription-

al downstream targets were significantly upregulated,
which is a probable indication of an early evoked sub-
stantial response to oxidative stress. Proteins encod-
ed by several Nrf2-induced transcriptional target genes
also have prominent roles in ER stress response (see
below), establishing the intimate regulatory feedback
relationship between processes activated upon cellular
oxidative and ER stresses. Other oxidative stress mark-
er proteins are induced but these are not shown here.

GSH antioxidant pathway

The GSH pathway serves as a major effective cel-
lular defense mechanism to reduce oxidative stress via
sequestration of reactive nitrogen species and ROS.
The induction of GSH-dependent detoxification en-
zymes such as Gst, Nqo1 and mitochondrial aldehyde
dehydrogenase (Aldh) which use GSH, NAD(P)H and
NAD(P)+ as co-factors respectively, are important in
detoxifying quinones and maintaining the cellular re-
dox balance [141–143]. Indeed, from the microarray
analyses, initiation and persistent activation of the GSH
anti-oxidative pathway (second data column of Table 1)
were evident from the significant transcriptional up-
regulation of its pathway members (Gcl, Gst, Gsr and
Gpx1) and associated detoxifying enzymes (Nqo1 and
Npn3). Altogether, the orchestrated transcriptional up-
regulation of detoxification enzymes and antioxidant
proteins upon oxidative stress is a result of the presence
of ARE in their promoters [144]. This has a synergis-
tic effect in the maintenance of GSH levels as well as
detoxification of reactive intermediates. It can be in-
ferred that Nrf2-induced pathway plays a crucial role
in propagating a strong anti-oxidative, pro-survival re-
sponse against oxidative stress.

ER stress

ER stress, characterized by the accumulation of un-
folded proteins in the ER lumen, is frequently asso-
ciated with oxidative stress. Such ER stress induction
can occur upon perturbation of any of ER cellular func-
tions, including protein oxidation, disturbance of calci-
um signaling, and alteration of the homeostatic redox
balance [145]. Upon ER stress, UPR is triggered to en-
gender restoration of homeostatic balance [146]. Dur-
ing the initial phase of oxidative stress, when occur-
rence of cellular oxidative damage is still within ER tol-
erable threshold, UPR activates signaling pathways me-
diated by two ER-resident kinases, Perk and inositol-
requiring enzyme (IRE1),and transcription factors Atf4
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and Atf6, which promote cell survival through the
alleviation of ER burden. Mitigation of ER stress is
achieved through increase in ER dynamic capacity to
process unfolded and/or misfolded proteins by elevat-
ed expression of ER chaperones [146], and inhibition
of cellular protein translation to decrease the buildup
of newly synthesized, unassembled proteins by Perk-
mediated inhibitory phosphorylation of the eukaryotic
initiation factor (eIF2α) [147].

However, once ER stress proceeds beyond the tol-
erable limit and homeostasis cannot be restored, UPR
evokes a detrimental effect to send the cell to its demise.
PCD pathways originating from ER stress responses
can occur either dependent on or independently of the
mitochondria. This occurs through the activation of
caspase-12 and Atf6-induced CHOP activation, which
ultimately leads to mitochondrial membrane permeabi-
lization and subsequently to mitochondrial cell death
pathways [148] or the activation of calpains by the ER
calcium release, tending towards programmed necro-
sis [149].

Substantial ER stress is prominent from the gene ex-
pression profiles of the two oxidative stressor models
(third data column in Table 1) with significant increase
in gene expression of Atf4, Nrf2 and Perk, an indi-
cation of UPR activation. The increased gene expres-
sion of these UPR-related genes can occur as a conse-
quence of Nrf2 transcriptional activation, as previous-
ly mentioned. Furthermore, ER-stress inducible chap-
erones (Txdc4, Hspa1 and Hspa2) and p53-mediated
pro-apoptotic proteins (Puma and Noxa) also showed
transcriptional up-regulation. We consider this to pro-
vide clear evidence for the occurrence of ER stress up-
on cellular oxidative exposure, resulting in trigger of
UPR to counteract the accumulation of aberrant oxi-
dized proteins and dysregulated intracellular ionic con-
centrations.

Ubiquitin-proteasome system

The UPS is a complex system which plays a pri-
mary role in eukaryotic protein clearance and quality
control, where misfolded and/or excessively produced
proteins are molecularly marked with poly-ubiquitins
and dedicated for degradation by the proteasome [150].
Compromise in UPS efficiency has been reported in the
aging process (see review [151]) and neurodegenera-
tive disorders where aberrant protein inclusions have
been observed [152]. UPS can be segregated into two
distinct processes. First is the ubiquitinylation of the
proteins destined for degradation, which is mediated

by three enzymes namely, ubiquitin-activating enzyme
E1 (Ube1), ubiquitin-conjugating enzyme E2 (Ube2)
and ubiquitin protein ligase E3 (Ube3). Second is
the subsequent targeting of the ubiquitin-linked pro-
tein/polypeptide to the proteasome for clearance.

Observations based on the temporal regulatory trend
of UPS-related genes in the transcriptomic profile of the
NO insults (fourth data column in Table 1) demonstrat-
ed some trends towards down-regulation of genes en-
coding ubiquitinylation enzymes (e.g., Ube2(c and n)
and Ube3c) and certain proteasome subunits (e.g., pro-
teasome subunit alpha 1 (Psma1)). On the other hand,
ubiquitin-specific peptidases (e.g., Usp2 andUsp36),
which function as deubiquitinylating enzymes, demon-
strated significant up-regulation, providing further evi-
dence of the decreased efficiency of UPS function. In-
triguingly, an early initial up-regulation of UPS genes
that eventually falters with time is especially prominent
in HOCl-mediated neuronal injury, and not apparent
for the other stressors. This suggests a regulatory cel-
lular feedback mechanism may be at play, in an attempt
to reverse the detrimental effects of proteasomal inhi-
bition, which can result in cell death [153]. This dif-
ference is evident when observing the transcriptional
regulatory trend of Psma1 across both stressor models.
The Psma family is a group of peptidases forming the
alpha subunits of the 20S core structure of the multi-
catalytic proteinase complex. Following HOCl treat-
ment there was an early elevation and subsequent de-
cline in Psma1 gene expression. However, for NO treat-
ment, neurons demonstrated an ongoing transcriptional
down-regulation of Psma1.

Mitochondrial respiratory chain

Perturbation of mitochondrial function has been sug-
gested to play a major role in the pathogenesis of neu-
rological disorders where evidence of oxidative stress
has been observed, as discussed above. Transcriptomic
analysis revealed substantial differential regulation of
gene expression relating to many mitochondrial pro-
teins, some in the oxidative phosphorylation and ETC
processes. Some examples are shown in Table 1 (fifth
and sixth data columns). Main components of the mi-
tochondrial ETC, namely complexes I to IV, demon-
strated primarily significant down-regulation scattered
across the stressor models (data not shown). Mitochon-
drial complex IV demonstrated significant transcrip-
tional regulation across both oxidative stressor mod-
els. On the contrary, other non-mitochondrial micro-
somal electron transferring pathways such as the cy-
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tochrome p450 family (Cyp), and cytochrome b5 re-
ductase (Cyb5) demonstrated up-regulation (data not
shown in Table 1), which represents a probable com-
pensatory attempt to make up for the cellular energy
deficit. Similarly, other proteins also involved in ener-
gy metabolism (e.g., glycerol-3-phosphate dehydroge-
nase (Gpd), acyl-coenzyme A dehydrogenase (Acad)
and isocitrate dehydrogenase (Idh)) also showed ele-
vated gene expression.

Calcium binding and homeostasis

Management of calcium homeostasis is critical to
cellular wellbeing due to the presence of a variety of
calcium-activated protein families that can evoke two
antagonistic outcomes: cell survival or death. Such
outcomes are mediated by calcium released from spe-
cific calcium compartments through different calcium
channel subtypes, which stimulate calcium-dependent
proteins at specific subcellular localizations. Cells have
an intrinsic fail-safe system, implemented by the mito-
chondria, to combat sudden and temporary surge in in-
tracellular calcium levels as a result of oxidative stress
(reviewed in [136]). Mitochondria regulate cellular cal-
cium signals by acting as a temporary calcium buffer
and respond to calcium elevations by increasing the
cell energy supply [154]. However, upon abnormal cal-
cium homeostasis arising from prolonged ER stress
and increased ROS production, a series of intracellu-
lar signaling cascades are activated which can lead to
apoptosis through the activation of calcium-activated
calpains [155]. Detailed analysis of the transcriptom-
ic profiling of both stressor models (seventh data col-
umn of Table 1) demonstrated significant up-regulated
gene expression of proteins involved in calcium binding
and homeostasis which comprised of calcium-activated
proteins such as S100A and Fk506 calcium binding pro-
tein families and annexins (Anx family). The calcium-
modulated S100 binding protein family (S100), sig-
nificantly up-regulated in both stressor models, is the
largest EF-hand protein subfamily involved in regula-
tion of protein phosphorylation, cell growth and motil-
ity, cell-cycle regulation, transcription, differentiation
and cell survival [156]. It is apparent that the diver-
sity in functions of numerous calcium-dependent pro-
teins contributes to cell homeostasis, and their fate is
dependent on the net outcome of the downstream pro-
survival and pro-death calcium-stimulated protein sig-
naling cascades. Presence of excess cytosolic calcium
ions due to aberrant calcium homeostasis resulted in
activation of calcium-dependent signaling mechanisms

implicated in various cellular function regulation. As
such, we postulate calcium-dependent proteins demon-
strated elevated gene expression to meet the continued
stimulation by the excess intracellular calcium ions and
the need for sustenance of propagation of these path-
ways.

Cell death

It is evident from the microarray analysis that cell
death mechanisms, either dependent on or indepen-
dent of mitochondria, are involved in neuronal death in
each distinct treatment (last data column in Table 1).
Prominent genes affected by HOCl treatment include
mitochondria-activating BH3-only proteins Bax and
Bad, and also cyt c and caspase-3. These findings indi-
cate that the intrinsic apoptotic pathway leads to PCD
following HOCl treatment. However, these changes
were not so evident following the NO treatment, which
included changes in TNF receptors tnfrsf1, death asso-
ciated protein (Dap) and Pawr (another pro-apoptotic
protein). This outcome indicates that possibly other
PCD pathways are invoked in these neurons follow-
ing treatment with NO. Failure of the neurons to sig-
nificantly upregulate caspases following NO treatment
suggests that possibly these are dependent on other
non-apoptotic pathways to invoke cell death.

Programmed necrosis involving the activation of
the calcium-dependent proteases, calpains, has been
reported in neuronal death induced by HOCl and
NO [42,157–159]. Transcriptional evidence consistent
with programmed necrosis has been mentioned above,
considering the significant up-regulated expression of
the genes involved in calcium binding and homeosta-
sis (seventh column of Table 1), including calcium-
activated proteins such as S100bps, AnxAs and Pkcα.
In addition, previous reports demonstrated calpains to
be implicated in the cleavage-mediated activation of
endogenous caspases such as caspase −3, −7, −8 and
−9 in both oxidative stressor models [160], although
such changes would not necessarily be detected at the
transcriptional level.

Elaboration of the type of data obtained by transcrip-
tional analysis, as shown above, will shed further light
on specific details of the apoptosis-necrosis continuum
of neuronal death, which takes place consequential to
induction of oxidative stress. With regulatory feedback
loops and cross-talk between different modes of PCD,
it is presently impossible to clearly dissect one mode
from the other, as they run in parallel. One broad goal
of these approaches is to identify potential biological



S468 G.C. Higgins et al. / Oxidative Stress in Neuronal Injury and Death

targets within the PCD cascades, as there is the possibil-
ity of inhibiting multiple pro-death pathways through
single target suppression. As such, it is important that
PCD be viewed as a single complex, multi-pathway
process.

CONCLUSIONS

In this review we have provided an overview of the
role of oxidative stress in neuronal injury and neurode-
generative disease, with a focus on the cellular aspects.
Mitochondria and other organelles, including ER, play
a central role in the pathways leading to cell death. The
modes of cell death are varied and are influenced by
many factors, including the cell type, the stressor and
the setting. In context of diseases such as AD, PD and
others that are recognized as protein aggregation dis-
orders, the formation of such aggregates provides an
additional factor exacerbating the cellular stresses lead-
ing to neurodegeneration and cell death. While studies
at the cellular level have limitations in terms of under-
standing the detailed pathophysiological process lead-
ing to disease in the intact organism (humans or animal
models of particular diseases), they do provide the key
underpinnings of molecular and cellular pathways, on
the basis of which the behaviors of cells, tissues and
organs in the more complex milieu of the mammal can
be deciphered. Based upon the involvement of multi-
ple upstream mechanisms and cellular compartments in
PCD one can present a case for “polypharmacy” strate-
gies, although recent advances with targeted approach-
es such as those directed at mitochondrially generat-
ed RONS show considerable promise for cytoprotec-
tion [161,162]. In this light, future advances in our un-
derstanding of how mechanisms up-stream and down-
stream of mitochondria contribute to PCD in AD and
other neurodegenerativedisorders will see an explosion
of information on this topic. Along with the more de-
tailed appreciation of intracellular networks of signal-
ing involving different organelles (as considered here),
and in other work that leads to increased, understanding
of communication between different cell types in the
central nervous system, we can expect improved clarity
on the etiology of AD, PD and related pathologies, as
well as better and more effective therapeutics.
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