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Oxidative Stress: Apoptosis in Neuronal Injury
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Abstract: Apoptosis has been well documented to play a significant role in cell loss during neurodengerative disorders,
such as stroke, Parkinson disease, and Alzheimer’s disease. In addition, reactive oxygen species (ROS) has been
implicated in the cellular damage during these neurodegenerative disorders. These ROS can react with cellular
macromolecular through oxidation and cause the cells undergo necrosis or apoptosis. The control of the redox
environment of the cell provides addition regulation in the signal transduction pathways which are redox sensitive.
Recently, many researches focus on the relationship between apoptosis and oxidative stress. However, till now, there is no
clear and defined machanisms that how oxidative stress could contribute to the apoptosis. This review hopes to make clear
that generation of ROS during brain injury, particularly in ischemic stroke and Alzheimer’s Disease, and the fact that
oxidative state plays a key role in the regulation and control of the cell survival and cell death through its interaction with
cellular macromolecules and signal transduction pathway, and ultimately helps in developing an unique therapy for the
treatment of these neurodegenerative disorders.

1. INTRODUCTION

The detailed molecular level of apoptosis was first
studied in the development of roundworm, Caenorhabditis
elegans. In C. elegans, series of proteolytic actions initiated
by CED-3 is necessary for the precise timed programmed
cell death of 131 somatic cells and therefore a normal
development of C. elegans [1]. Later, It was found that
mammalian interleukin-1 beta-converting enzyme has
sequence similarity to the C. elegans CED-3 and it functions
to cause programmed cell death during mammalian
development [2]. In man, the proteolytic cascade of
apoptosis is multilinear and much more deliberate, involving
in not only developmental growth, but also physiological and
pathological responses.

Apoptosis is a process of energy dependent programmed
cell death. It is an active process of gene-directed self
destruction with a biological meaningful, homeostatic
function. A series of distinctive morphological changes, such
as cell shrinkage, marked condensation of chromatin, DNA
fragmentation of about 180 base pairs, the formation of
cytoplasmic protuberances at the surface of the cell,
fragmentation of the cell by separation of the protuberances
to form multiple small membrane-bound bodies that contain
intact organelles and dense clumps of condensed chromatin
was observed during apoptosis [3]. Apoptotic cells are
rapidly removed by phagocytosis without eliciting an
inflammatory reaction. In contrast, necrosis or accidental cell
death is caused by severe injurious change of the
environment. It is characterized by cell swelling, membrane
rupture and association of strong inflammatory reaction due
to spilling of cell content into the extracellular space [3].
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As the population becomes to age, medical costs for the
neurodegenerative diseases with high motility and morbidity
such as stroke, Alzheimer’s disease (AD), is rising
tremendously in parallel with loss of economic productivity
[4, 5]. Unfortunately, there is still no effective therapy for
these diseases. Task of developing neuroprotective agents
with an extended therapeutic window that prevent multiple
neurochemical cascades which ultimately cause irreversible
brain damage are therefore urgently required.

It is generally believed that predominant mechanism for
cell death in brain is necrosis, and physiological cell death
during brain development is through apoptosis. However,
much information about apoptosis in neurodegenerative
diseases, collected from in vitro and in vivo under a wide
variety of pathological condtions using both experimental
animal models and specimens from brain disease patients
was obtained. Currently, scientist has of great interest in
looking the cellular pathway of oxidative stress that leads to
apoptosis in neurodegenerative disorders. In this review, we
discuss the the relationship between apoptosis injury and
oxidative stress in pathophysiological response in these
neurodegenerative disorders, particularly in stroke and
Alzheimer’s Disease (AD) and we hope that the integration
of these knowledge could ultimately develop a unique
potential therapeutic agents for the treatment of these
diseases.

2. APOPTOSIS – BASIC CONCEPT
Generally, apoptosis can be classified as intrinsic path-

way and extrinsic pathway. Considerable cross talks be-
tween both pathways will ultimately lead to cellular mor-
phological and biochemical alterations characteristic of
apoptosis. In addition, there are cross talks between both
pathways at the upstream of the convergence point. There-
fore, apoptosis is not a cascade of clearly defined pathways,
but multitude of highly regulated, interconnected pathways
[6].
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Intrinsic pathway follows after proapoptotic signals
which results in disruption of intracellular homeostasis.
Proapoptotic molecules are compartmentalized in functional
mitochondria. Therefore, intrinsic pathway is also referred as
mitochondria cell death pathway as mitochondria are critical
for execution of cell death. Upon apoptosis insults, these
proteins are released and placed in close proximity to their
apoptotic sites of action. For example, cytochrome c which
normally situated within intermembrane space of mitochon-
dria is released into cytosol during apoptosis. It interacts
with apoptotic protease-activating factor-1 (Apaf-1), ATP or
dATP, and caspase 9 to form apoptosome. In the presence of
cytochrome c and ATP/dATP, Apaf-1 undergoes conforma-
tional changes to allow self-aggregation and also expose its
CARD (caspase recruitment domain), thereby recruiting pro-
caspase 9 to activate caspase 9 by proteolytic cleavage.
Caspase 9 can in turn activate other exercution caspases such
as caspase 3 and caspase 7, resulting the cell death through
proteolytic cleavage of various downstream targets [7]. Mi-
tochondria also release apoptosis inducing factor (AIF) dur-
ing apoptosis. AIF translocates into nucleus to cause chro-
matin condensation and partial DNA fragmentation [8].
Smac/DIABLO (second mitochondrial activator of
caspases/direct inhibitor of apoptosis protein (IAP)-binding
protein of low isoelecctric point) released from mitochondria
during apoptosis will bind to baculovirus IAP repeat (BIR)
domains within IAPs to lose its inhibitory effect on caspase
activity. [9].

Downstream targets of execution caspases could be acti-
vated or inactivated. Through caspase-mediated cleavage,
activated subtrates include not only caspase itself but also
various kinases which are involved in gene and cell cycle
regulation. Substrates to be inactivated or degraded down-
stream of caspase cascade include anti-apoptotic protein Bcl-
xL and Bcl-2, ICAD, inhibitor of caspase-activated DNase,
cytoskeletal proteins such as actin, structural nuclear pro-
teins, DNA repair proteins such as DNA-dependent protein
kinase, and poly(ADP-ribose) polymerase [3].

Central to intrinsic pathway is Bcl-2 family. The Bcl-2
family can be further divided into three groups. Group I
comprises the anti-apoptotic proteins Bcl-2, Bcl-xL, Bcl-w
and so forth. All of these contain four Bcl-2 homology do-
mains, BH1-4. Most of them contain a hydrophobic C-
terminal anchor segment so that they can attach to the mem-
brane of endoplasmic reticulum, nuclear envelope, or outer
mitochondrial membrane. However, Group II and III mem-
bers are pro-apoptotic proteins. Proteins from group II have
C terminal anchor but lack either a BH4 domain such as Bax,
Bak or lack BH1 and BH2 domains such as Bcl-xS. Group
III is “BH3-only” protein such as Bid, Bad, Bim that have
only a BH3 domain [10].

Interestingly, Bcl-2 family members such as Bid can
cross-talk between intrinsic pathway and extrinsic pathway
to amplify the cell death signal [11]. The fate of cell, whether
it is determined to undergo apoptosis is determined by the
interaction of the proteins among Bcl-2 family which are
able to heteromerize. For example, anti-apoptotic actions of
Bcl-xL could be mediated by its interaction with Bad and
thereby neutralize the apoptotic effect of Bad, therefore anti-
apoptotic members might be able to sequester pro-apoptotic

members. Pro-apoptotic Bcl-2 members were activated by
post-translational modification upon a apoptotic stimuli is
given. They will then be activated and translocated into outer
mitochondrial membrane. On outer mitochondrial mem-
brane, these proteins could multimerize to form a pore to
allow the release of pro-apoptotic components from mito-
chondria. These proteins could also bind to anti-apoptotic
Bcl-2 members which are usually situated there, thereby
neutralizing the effect of anti-apoptosis. This leads to insta-
bility of the outer mitochondrial membrane and therefore the
release of pro-apoptotic components [12]. As reported by
Love (2003) [3], the death of neurons after brain ischaemia is
proceeded by an increase in level of Bax. There is also de-
crease in level of Bcl-2 and Bcl-xL within ischemic neurons.

Extrinsic pathway involves the initiation of apoptosis
through ligation of death receptors located on the plasma
membrane, therefore it is also referred as “death receptor
pathway”. Cell surface death receptors mainly belong to the
tumor necrosis factor receptor (TNFR) family. TNFR mem-
bers such as Fas transmit the apoptotic signal through bind-
ing of its death ligand, FasL (Fas Ligand) [13]. Additional
TNFR members include DR3, DR4, DR5 and DR6 [14-17].

Self-association is required for members of TNFR family
before their binding to the ligands. In the Fas signaling
pathway, trimerization of Fas followed by ligation of FasL
promotes the recruitment of the cytosolic adaptor protein
Fas-associated death domain protein (FADD) through com-
plementary death domain (DD). FADD contains also death
effector domain (DED) at the N-terminus which is responsi-
ble to bind with complementary DED in procaspase 8 and
10. This complex (FasL, Fas, FADD, procaspase 8 or 10) is
referred as death-inducing signaling complex (DISC). DISC
close positions the DED containing initiator caspase (pro-
caspase 8) and therefore cause the activation of initiator
caspase by their autolytic cleavage. Activation of these ini-
tiator caspases results in the execution of the apoptotic pro-
gramme by cleavage of downstream targets [13].

Generally, there are two types of Fas-mediated apoptosis.
In the Type 1 cells, activation of caspase 3 follows directly
after the auto-activation of caspase 8. Therefore, apoptosis in
Type 1 cells cannot be rescued by inhibitor of Bcl-2 family.
In contrast, Type II has limited activation of caspase 8 and
therefore it has limited ability to activate caspase 3 directly.
Instead, caspase 8 in type II cells cleaves the BH3-only pro-
tein, Bid, to release truncated Bid (tBid), which is crucial for
the release of cytochrome c and Smac/DIABLO from mito-
chondria. Activation of Bid by caspase 8 results in an ampli-
fication loop mediated by means of linking both extrinsic
apoptotic pathway and intrinsic apoptotic pathway together
[18].

Currently, studies also showed that endoplasmic reticu-
lum could sense the apoptotic signal and transduce the signal
to trigger the endoplasmic reticulum-stress-specific cascade
of apoptosis [19].

3. OXIDATIVE STRESS

Free radicals have recently been shown to be involved in
cellular signaling, especially in neurons. In the normal
physiological state, the regulation of free radicals is con-
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trolled by endogenous anti-oxidants, either through enzy-
matic or non-enzymatic machinsms. Oxidative stress is the
state of imbalance between the level of antioxidant defense
mechanism and production of the free radicals, such as su-
peroxide free radicals, hydrogen peroxide, singlet oxygen,
nitric oxide and peroxynitrite. Superoxide radical is an oxy-
gen free radical that could interact with hydrogen peroxide to
produce hydroxyl radicals. Hydroxyl radicals could also be
generated from hydrogen peroxide interacting with ferrous
iron, reaction called Haber-Weiss reaction. NO can react
with superoxide to generate hydroxyl radical as well. NO
itself will yield peroxynitrite and subsequently nitrosyl radi-
cal which could eventually break down to form hydroxyl
radical [20]. Of note, brain relies much on aerobic respiration
and it consumes large quantity of oxygen, making it particu-
larly susceptible to oxidative stress.

Endogenous defense of antioxidant enzymes includes
glutathione peroxidase, catalase, and superoxide dismutase.
Superoxide dismutase converts superoxide to hydrogen per-
oxide, whereby hydrogen peroxide is converted into water by
either glutathione peroxidase or catalase. In addition, non-
enzymatic antioxidant defense includes components such as
ascorbic acid, _-tocopherol that helps reducing the ROS. Of
note, neurons has been shown to have low level of catalase
and reply primiarily on glutathione peroxidase to eliminate
hydrogen peroxide. Furthermore, brain relies much on aero-
bic respiration and it consumes large quantity of oxygen, in
addition to its high poly-unsaturated lipid contents, making it
particularly susceptible to oxidative stress [21].

Oxidative damage does not occur in isolation but partici-
pates in the complex interplay between excitotoxicity,
apoptosis and inflammation. Free radicals alter the structural
and functional integrity of cells by a variety of mechanisms,
including lipid peroxidation, sulfhydryl oxidation, proteoly-
sis and shearing of the nuclear material, thereby causing the
severe cell injury, and subsequently lead to cell death by
neither necrosis or apoptosis. Furthermore, free radicals pro-
duced can damage the respiratory components which further
increase the free radical production which can potentiate the
whole damaging effect. Therefore, modulation of oxidative
stress could be a potential therapeutic approach for various
disorders.

Many studies demonstrated that pathogenesis of neu-
rodegenerative disorders, such as stroke, Parkison’s disease,
and Alzheimer’s disease is associated with the increase in
free radical generation. Apoptosis has also been linked to
these diseases, suggesting that there is causal relationship
between both of them. In past, direct treatment of oxidants
like hydrogen peroxide or redox-active quinines was thought
to induce exclusively necrosis. However, more recent studies
have shown that lower doses of free radicals can trigger
apoptosis as well. Reciprocally, broad-spectrum of anti-
apoptotic proteins such as BCL-2 have been described to
have antioxidant function by maintaining cells in a more
reduced state by scavenging ROS either directly or by up-
regulating other ROS scavengers such as thiol compounds
and antioxidant enzymes, further indicating that ROS gen-
eration is one of the crucial initiation step for apoptotic event
[22].

Though several mechanisms have been proposed for
ROS-induction apoptosis, an integrated model is yet to be
established. According to the report by Chandra et al (2000)
[22], when there is increase of H2O2, it can cause apoptosis
by up-regulating Fas-FasL system (extrinsic pathway of
apoptosis). H2O2 could also disrupt the mitochondrial mem-
brane potential and thereby lead to release of pro-apoptotic
components present in the mitochondria. In addition, it acti-
vates several transcriptional factors and causes them to
translocate into nucleus, such as p53, NFkB, AP-1. They
could in turn drive the expression of pro-apoptotic genes and
also the inhibitors of survival-related genes.

4. NEURODEGENERATIVE DISORDERS

4.1 Ischemic Stroke

Ischemic stroke, which accounts for 80% of all stroke
cases, is caused by a sudden reduction or complete blockage
of blood flow, leading to the deficiency of glucose and oxy-
gen supply to the territory of the affected region. The size
and position of the affected region depends which vessel is
occluded [23]. Experimental models of stroke have been
developed in animal model to mimic the events of human
cerebral ischemia. Transient of permanent middle cerebral
occlusion is one of standard model for focal ischemia. The
models of global ischemia include the occlusion of bilateral
occlusion of the carotid and vertebral arteries mimics the
human cardiac arrest that causes the global reduction of
cerebral blood flow. Of note, due to strong dependence of
neurons on the oxidative metabolism of glucose for energy,
they are extraordinarily vulnerable to hypoxia. If ischemia is
short-lasting, cells in the affected region may recover with
no apparent damage; if ischemia is long-lasting, they are also
destined for death, so called “ischemic cascade” due to the
persistent oxygen and glucose deficiency [23].

Interestingly, even if there is a complete blockage of
blood flow of a blood vessel, there is rarely a complete
blockage of cerebral blood flow (CBF) to the affected region
because bunches of collateral vessels can also provide some
flow to the area. This collateral flow characterizes the af-
fected region to be separated into 2 areas by ischemic gradi-
ent: core infarct area and ischemic penumbra. In fact, two
threshold values for CBF have been found to be critical for
the cell fate in affected region. Reduction of the blood flow
to below the first threshold value leads to electrical failure
within neurons. Further reduction of the blood flow to below
second threshold value (less than 25% of normal CBF) re-
sults in failure of metabolism and ion pumps. Cells which
receiving blood flow lower than second threshold are des-
tined to die. In contrast, cells receiving blood flow in be-
tween both thresholds are electrical silent, maintaining low
metabolic activity that can be stable for a while. They are
therefore having variable fate. In the core infarct area, CBF
is lower than second threshold, therefore, the cells in this
area mainly destined to die by necrosis, which means out of
therapeutic reach. Ischemic penumbra surrounds the core
infarct area, and it receives the collateral flow which main-
tains CBF to be higher than second threshold, thereby allow
the cells in this region to maintain a very low level of me-
tabolism, so to generate enough adenosine triphosphate
(ATP) for energy. In this area, though the cells in this area
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maintain a low level of ATP, most of the cells are destined to
undergo delayed (hours or days) cell death, means apoptosis,
due to the fact that they are bombarded by waste products
from the dead cells in ischemic core [24]. The reduction or
prevention of the cell death in the ischemic penumbra by
interfering the apoptotic cascade is always the target of
pharmacological intervention studies. In rodent models, focal
ischemia can be mimicked by the occlusion of one of the
major blood vessels that supply the brain, such as common
carotid artery and the middle cerebral artery; while global
ischemia can be imitated by the occlusion of both carotid
arteries.

The ischemic cascade results from progressive derange-
ments in energy and substrate metabolism due to the defi-
ciency of oxygen and glucose supply. Oxygen deficiency
during ischemia results in anaerobic respiration due to the
inability of mitochondria to perform oxidative phosphoryla-
tion. However, energy obtained from anaerobic respiration is
not enough to compensate the energy needed for neurons
since brain has limited amount of glycogen stores. Therefore,
it leads to accumulation of lactic acid which is toxic at high
dose [25]. In addition, low oxygen level will also cause free
radical generation by incomplete oxidative phosphorylation
[26]. As mention above, free radicals can react and damage
whole range of organelles and plasma membrane.

As we know, most of the ATP generated from mitochon-
drial oxidative phosphorylation in neuron is utilized for the

stabilization of transmembrane ion concentration gradient of
calcium, potassium and sodium because neuronal impulse
conduction and synaptic function rely on this gradient.
Therefore, the energy shortage during ischemia also inter-
rupts the activity of cellular ion pumps. Intracellular calcium
concentration and extracellular potassium concentration in-
crease tremendously within one or two minutes after ische-
mia [23]. In addition, accumulation of neurotoxic compound,
especially excitatory amino acid glutamate occurs. This hap-
pens by increase in glutamate release and decrease in gluta-
mate reuptake, and therefore excitotoxicity [25]. Excess
glutamate activates glutamate receptors on the neuronal
membrane, thereby leading to opening of the ion channels.
This potentiates the efflux of the potassium from the cells,
and influx of sodium into the cells, together with water and
calcium by concentration gradients, leading to edema and
calcium dependent pathway activation in neurons [25].

Oxidative Stress in Ischemic Stroke

Oxidative stress has been clearly established to contribute
in ischemic damage (Fig. 1) [26]. The contribution of oxida-
tive stress after ischemic injury can lead to mitochondrial
dysfunction, excitotoxicity, lipid peroxidation, inflammation
and so forth. Several possible mechanisms have been pro-
posed to cause the free radical generation during ischemic
damage. Firstly, in addition to the basal level of superoxide
generation by mitochondria during oxidative phosphoryla-
tion, reduced oxygen level cause the disruption of electron

Fig. (1). Cellular mechanisms that may be involved in acute ischemia and central nervous system injury. (adapted from reference [26]).
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transport chain. This results in autoxidation of flavoprotein
and ubisemiquinone to increase superoxide production [27].
It has been demonstrated that about 2% ~ 5% of the electron
flow in mitochondria produces superoxide and hydrogen
peroxide which could be scavenged by endogenous antioxi-
dant defense mechanisms. These free radicals are produced
in complex I (NADPH-dehydrogenase) and in complex III
(uniquinone-cytochrome b-C1). During ischemia and reper-
fusion, the antioxidant defense seems to be depleted and
perturbed by the overproduction of ROS.

As mentioned above, increase intracellular Ca2+ occurs
during ischemia. It may activate phospholipase C and
stimulate arachidonic acid metabolism which the intermedi-
ate byproducts are free radicals [28]. Elevated Ca2+ might
also cause the conversion of xanthine dehydrogease to xan-
thine oxidase which has been documented in the myocardiac
infarction. In this case, xanthine will be converted to hy-
poxanthine, molecular oxygen will then converted hydrogen
peroxide, superoxide and urea by xanthine oxidase [29, 30].
In response to inflammatory response during ischemia, im-
mune cells such as leukocytes will generate large amounts of
free radicals such as superoxide and hydrogen peroxide [27].
In the extracellular compartment, autoxidation of catechola-
mines is another pathway for free radical production [27].
Endothelial cells also produce free radicals such as NO_

which is a major component of endothelial-derived relaxing
factor [31].

Oxidative-Stress Mediated Signaling in Ischemic Stroke

In addition to the direct biochemical interaction between
free radicals and macromolecules leading to cellular damage,
complex cellular signaling causing cell death and its rela-
tionship to oxidative stress in stroke have also been exten-
sively studied. Generally, two proposed mechanisms of oxi-
dative stress-mediated cellular signaling have been pre-
dicted: pathway is either activated or inactivated by the re-
dox state of the cell; direction modulation of redox state of
particular protein in a signaling pathway [32]. Here, we fo-
cused on the redox signaling in mitochondria, apurinic/
apyrimidinic endonuclease/redox factor-1 (APE/Ref-1), a
DNA repair enzyme, transcription regulators that are sug-
gested to be major targets of ROS in ischemic injury.

Redox Signaling in Mitochondria

Increased in the ROS production in mitochondria in the
ischemic brain has been demonstrated with the release of
mitochondrial cytochrome c, a water soluble component
which is essential for mitochondrial respiration [33]. Many
experimental data has shown the release of cytochrome c in
ischemic injured brain [34-36]. As seen above, mitochondria
involve in the signaling pathway of cell death, either through
necrosis or apoptosis, depending on the severity of injury
insults. In most cases, especially in the region of core infarct,
the cerebral ischemia renders the mitochondria from com-
plete abrogation of production of ATP, which ensures the
cell death by necrosis. Yet, the release of cytochrome c due
to the ROS generation will initiate the cellular signaling
pathway of apoptosis by activating caspase 9 through its
interaction with Apaf-1, then caspase 3 activation thereby
cleavage of cellular components.

More direct evidence comes from the experiment that
using Sod2+/- mutant mice that causes the deficiency of mito-
chondrial SOD (MnSOD). Sod2+/- mutant mice was shown to
have increase of superoxide production under normal
physiological or ischemic condition. This resulted in an ex-
acerbation of infarct size by apoptosis and necrosis and
therefore more severe neurological deficit. Through mito-
chondrial viability assay, Sod2+/- mutant mice has been dem-
onstrated to develop accelerated mitochondrial injury, indi-
cating the toxicity of increased level of superoxide when it is
uncoupled with mitochondrial antioxidant defense [37]. This
is further supported by another documented data that Sod2+/-

mutant mice showed an increased of cytosolic redistribution
of cytochrome c after permanent focal ischemia with the
significant reduction of cytochrome c in mitochondria and
detectable level of cytochrome c in cytosol [38]. Both data
showed that increased superoxide level in mitochondria
which could be scavenged by MnSOD signals the cyto-
chrome c release and subsequently apoptosis occurs. How-
ever, how mitochondrial superoxide signals the cytochrome
c release is not known. Further investigation on this signal-
ing pathway is needed.

In addition to the above signaling pathway, extrinsic oxi-
dative-stress-mediated release of mitochondrial cytochrome
c was evaluated. It has been reported that overexpression of
the copper/zinc superoxide dismutase, cytosolic SOD1 pro-
tects the neuronal injury in the hippocampal CA1 subregion
from global ischemia by reducing the superoxide level [39],
therefore, attenuate the mitochondrial release of cytochrome
c as well as other pro-apoptotic components, such as Smac,
therefore lesser caspase activiation occurs, leadings to lesser
apoptosis [40]. However, how cytosolic superoxide signals
the release of cytochrome c from mitochondria is still
known. One of the possible mechanisms could be the redox
regulation by the superoxide causes the subcellular changes
leading to the release of cytochrome c.

Redox Regulation of Apurinic/Apyrimidinic Endonucle-
ase/Redox Factor-1 (APE/Ref-1)

APE is a multifunctional protein that functions in the
nucleus to remove oxygen radical-induced apurinic or
apyrimidinic site through the DNA base excision repair
machanisms. It regulates also many other transcription
regulators such as AP-1 which is redox sensitive [41].
Through immuhistochemistry, APE was shown to have
decrease in expression level in the ischemic core during tran-
sient focal ischemia, soon the reduction of expression of
APE is spreaded throughout the whole territory of the infarct
area. This is followed by the detection of DNA fragmenta-
tion [42]. Furthermore, mice overexpressing SOD1 had
lesser reduction of APE level during focal cerebral ischemia,
indicating that ROS causes the decrease of APE and thereby
causes the failure of DNA repair mechanisms contributes to
the apoptosis to occur during transient focal ischcmia [43].
Again, further studies are required to elucidate the possible
mechanisms of redox signaling of DNA repair mechanisms.

Redox Signaling of Transcription Regulator – NFkB

NFkB is known to be redox regulated. Transcriptionally
active NFkB is composed of two subunits of p50 and p65
each while transcriptionally inactive NFkB is formed by two
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subunits of p50 or p50/p65 linked with another protein called
IkB which is inhibitor of NFkB [44]. In order to activate
NFkB, IkB has to be phosphorylated and thereby releases
NFkB through conformational change. IkB will then be
ubiquinated and subjected for degradation by proteasome.
Activated NFkB translocates into nucleus and induces vari-
ous gene expression including genes for acute-phase pro-
teins, cell adhesion molecules, cell surface receptors and
cytokines.

Antioxidant, LY341122 which has been shown to have
neuroprotective effects was used to treat the animal
underwent transient middle cerebral artery occlusion.
Nuclear extract of neurons from infarct area had no
significant activation of NFkB measured by electrophoretic
mobility gel-shift analysis, indicating the direct relationship
between oxidative stress and the activation of NFkB [45].
Antioxidant was proposed to inhibit the activation of NFkB
by inhibiting the phosphorylation of IkB in the serine residue
which is redox sensitive [46]. In addition, experimental data
showeod that the activation of NFkB during oxidative stress
is independent from the degradation of IkB. During
oxadative stress, the inhibitor of IkB degradation has no
effect on translocation of NFkB into nucleus [47].

Elevated activation of NFkB has been shown in various
animal models of ischemic stroke, with the intial suggestion
that it is thought to promote cell death. In the model of
transient global ischemia, p50 was demonstrated to increase
at 6h after the ischemia induction, with a further increase
over 12h to 48h. However, level of p50 was reduced at 96h
after ischemia induction. Both p50 and p65 was revealed in
neuronal nuclei of hippocampal CA1 neurons as well as
other hippocampal and forebrain regions which are not
vulnerable to transient global forebrain ischemia [44].

At 72h postischemia, NFkB immunoreactivity is
restricted to the hippocampal CA1 neurons which are
subjected to undergo degeneration after transient global
forebrain ischemia. They are heavily labelled by TUNEL
system, indicating that NFkB might have a role in
programmed cell death [44]. Similarily, NFkB was detected
in the models of 2-hour-transient focal ischemia by middle
cerebral artery occlusion, at 2, 6, 12hours after reperfusion.

The expression of NFkB is restricted in the infarct area.
Increased the activity of NFkB was demonstrated by
measuring the its DNA binding activity through
electrophoretic mobility gell-shift analysis [45].

However, an oppositve view exits because the
administration of novel proteasome inhibitor, CVT-634 was
reported to be effective in reducing infarct size following the
brain ischemia insult [48]. In vitro studies, administration of
aspirin and sodium salicylate, which has been shown to have
effect of inhibition to NFkB, possibly by inhibition of release
of IkB, resulted in lesser cell death after exposure of
glutamate [49]. Mice lacking p50 subunit of NFkB, which is
required for DNA binding activity exhibited increased
damage of hippocampal pyramidal neurons after
administration of excitotoxin kainate. In vitro studies,
cultured hippocampal neurons from mice lacking p50
subunit exhibited enhanced level of intracellular calcium and
oxidative stress after excitotoxic injury, indicating the
protective effect of NFkB [50]. Due to the conflicting data
shown above, activation of NFkB by oxidative stress,
whether it has a damaging effect or protective effect, after
cerebral ischemia should be further evaluated.

4.2 Alzheimer’s Disease (AD)

AD, a neurodegenerative disorder, with insidious onset,
causes irreversibile progression of neuronal degeneration in
the cerebral cortex and hippocompus. Therefore, AD patients
are sufferring from progressive decline of cognitive and
memory function. Histopathologically, AD is characterized
by extracellular senile plaques and intracellular neuro-
fibrillary tangles (Fig. 2). Extracellular senile plaques
composed of amyloid-β peptide (Aβ) aggregates and non-Aβ
component of AD amyloid (NAC) is closely associated with
dystrophic neurons. NAC is located in the central of the
plaque and Aβ is distributed throughout the plaque.
Intracellular neurofibrillary tangles is composed of
hyperphosphorylated microtubular protein tau. The amyloid-
β peptide aggregates is composed of a 39-42 amino acid
peptide which is the proteolytic products of amyloid
precursor protein (APP) [53]. Experimental data from in
vitro and in vivo demonstrated that different molecular forms

Fig. 2). Two pathological hallmarks of AD. a) Senile plaque and b) neurofibrillary tangles was demonstrated using microscopic evaluation
from cerebral cortex of patient with AD. (reference [20])
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of A_ interfere the normal function of wide range of neurons,
thereby leading to the neuronal death [54]. To date, there is
still no effective treatment for AD patients.

Apoptosis in AD

Apoptotic pathway is activated in neurons in the brains of
individuals with AD. Accumulating data has been obtained
to indicate the programme cell death (apoptosis) contributes
to the cell loss in AD. Terminal deoxynucleotidyl trasnferase
nick-end labeling (TUNEL) assay is designed for detection
of nuclear DNA fragmentation, an important biochemical
hallmark of apoptosis in many cell types. In this assay, frag-
mented DNA of apoptotic cells is catalytically incorporated
fluorescein-12-dUTP at 3’-OH DNA ends using the Termi-
nal Deoxynucleotidyl Transferase. The fluorescein-12-
dUTP-labeled DNA is then detected by fluorescence micros-
copy. Using TUNEL assay, it showed that density of
TUNEL-positive cells is significantly higher in AD samples
as compared to control and the neuronal cell demise in af-
fected region is consistent with apoptotic cell death. Moder-
ate correlation between apoptotic cell and the density of the
plaques composed of amyloid beta protein [55]. In addition,
expression of apoptotic marker, prostate apoptosis response-
4 (Par-4) was enhanced, mitochondrial dysfunction and
apoptosis was exacerbated in territory of affected region in
brain of AD patients (Fig. 3) [56].

However, the exact signaling pathway leading to the neu-
ronal cell loss is not defined yet. It is well-known that exci-
totoxicity play a significant role in the pathogenesis of neu-
ronal apoptosis. Therefore, it was thought that apoptosis in
AD could be mediated through excitotoxicity. Currently, the
most extensively studied excitatory amino acid, glutamate
act through N-Methyl-D-Aspartate (NMDA) receptors.
Though experimental data showed that an increased number
of NMDA receptors and TUNEL-positive cells in the frontal
cortex of patients with AD, poor colocalization of NMDA
receptor and apoptotic markers was found, indicating that
apoptotic events in AD might not be mediated through
NMDA receptors. Increased NMDA receptor might serve
functions other than apoptosis [57].

Evidence of Oxidative Stress Results in Apoptosis in AD:
Toxicity of Aβ

Oxidative damage leading to apoptosis seems to be the
predominant pathway for the neuronal cell loss in AD.
Enhanced oxidative stress and unusual inflammatory
response has been shown to be associated with AD. Alke-
nals, 4-hydroxynonenal (HNE) and 2-propenal (acrolein) are
the products of lipid peroxidation. During the progression of
AD, synaptosomal proteins are covalently bound to alkenals
at the cysteine, histidine, and lysine residues through
Michael addition, thereby leading to the protein
conformational and functional aberration. In this case, HNE
and acrolein add carbonyl group to the proteins, as a
consequence of lipid peroxidation. The oxidized proteins
include Creatine kinase (CK), beta-actin which have in-
creased carbonyl groups, and glutamate transporter (Glt-1)
which has increased binding of HNE in AD, explaining the
glutamate transporter inhibition in AD [58]. In neuron, heat
shock protein 60 (HSP 60) and vimentin which have anti-
apoptotic role are particularly sensitive to oxidative stress

Fig. (3). Immunohistochemical analysis of hippocampal sections
from patients with AD and age-matched control patient double
labeled with PHF-1 (brown), an antibody recognizes hyperphos-
phorylated tau protein in neurofibrillary tangles and Par-4 antibody
(black). White arrows, double labeled neurons; white arrow heads,
neurons labeled only with PHF-1; black arrow: neuritic plaque.
(reference [56]).

[59]. Experimental data showed that exposure of Aβ to the
cell from normal subject causes 2-fold increase of oxidation
of HSP 60 and vimentin. However, 9-fold increase of oxida-
tion level of HSP 60 and vimentin was observed in the cell
from AD patients, indicating the extraordinary susceptibility
of neuronal derived cell in AD patient to the protein oxida-
tion [59]. In addition, through the measurement of the
marker of DNA oxidation by measuring the levels of 8-
hydroxy-2’-deoxyguanosine (8-OHdG) in intact DNA iso-
lated from cerebrospinal fluid of AD patients, significant
elevation of 8-OHdG in intact DNA was observed as com-
pared to the control [60]. Free 8-OHdG could also be meas-
ured to test the proper function of DNA repair mechanisms
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as it is removed during DNA repair. Interestingly, level of
free 8-OHdG was dramatically decreased in the AD samples
as compared to the control samples. Both results indicate the
double insult in AD patients by increased oxidative damage
and deficiency of DNA repair mechanisms responsible to
remove oxidized bases [60].

NAC is a 35-amino acids hydrophobic peptides generated
from percursor protein termed NACP through an unknown
mechanism [61]. Secondary structure prediction analysis
showed that structure of N-terminus of NAC is likely to be
beta-structure whereas alpha-helix structure at its C-
terminus. Previous studies showed that NAC resembles Aβ,
whereby both of their aggregation is dependent upon its beta-
sheet structural development [62]. It is suggested that the
residues 8-16 of NAC is responsible to evoke the
neurotoxicity [63]. Exposure of NAC peptide enhances the
generation of free radicals. It causes the free radical
generation through the oxidation of chloromethyl-
tetramethyl rosamine in mitochondria. It also activates NFkB
which is a transcription factor thought to be regulated by
oxidative stress and has an important role in inflammatory.
As we know, inflammation is another mediator to cause the
increase of free radicals [64].

In vitro studies, NACP has been demonstrated to cause
the free radical production indirectly by promoting Aβ ag-
gregation [65]. In fact, the generation of free radicals is
strongly influenced by the state of aggregation of Aβ [66].
Histopathologically, the region of Aβ deposition in the brain
is always co-localized with an array of oxidative markers,
suggesting that oxidative stress and and Aβ has a very close
relationship [67].

Numbers of anti-oxidants have been shown to protect the
neuronal cell lines from Aβ toxicity, further indicating at
least part of the Aβ toxicity is mediated through oxidative
damage [68]. Given the experimental data showing oxidative
stress play a significant role in AD, agents that could
modulate the oxidative stress might be potentially useful for
the treatment of AD, such as free radical scavenger,
Vitamins E could reduce the free-radical dependent, beta-
amyloid associated cytotoxicity in AD [74].

Synapse loss is closely associated with the cognitive im-
pairment of AD. Aβ was shown to cause the lipid peroxida-
tion in synaptosomes. HNE, product of lipid peroxidation
will thereby conjugate with synaptosomal proteins and glu-
cose transporter to impair their functions. Aβ and HNE will
impair the glutamate transport in synaptosomes, too. Accu-
mulated Aβ and HNE will impair the mitochondrial function,
leading to mass production of oxidative stress and reduced
ATP levels [69, 70]. Aβ is also involved in the generation of
hydrogen peroxide through the reduction of metal ion,
thereby leading to oxidative toxicity to the neurons [73].

As mentioned above, Aβ increases the free radical pro-
duction which in turn leads to apoptosis, many studies focus
on the link among APP, Aβ and apoptosis too. Studies
showed in the progression of familial AD, mutant of APP
causes apoptosis. It is hypothesized that p21 activates PAK3,
a serine-threonine kinase. PAK3 can interact with cytoplas-
mic domain of mutant APP and thereby mediate the apopto-
sis signaling pathway through c-Jun N-terminal kinase path-

ways [74, 75]. This is supported by the experiment that cul-
tured neurons which were induced to undergo beta-amyloid-
mediated apoptosis exhibit a higher and prolonged expres-
sion of c-Jun [76, 77].

In the study conducted by Keil and his co-workers, PC12
cells and human embryonic kidney cells bearing the Swedish
double mutant of amyloid precursor protein gene (APPsw)
which can cause substantial increase of Aβ levels was shown
to have increased level of NO and reduced level of ATP,
indicating the involvement of Aβ in nitrosative stress mito-
chondrial dysfunction, thereby leading to the cell death by
apoptosis [71]. Their study showed that the presence of APP
in the mitochondria. APP in the mitochondria of APPsw
PC12 cells might be involved in the impairment of cyto-
chrome c oxidase activity and depletion of ATP. In addition,
presence of APP in the APPsw human embryonic kidney
cells causes significant decrease in mitochondrial membrane
potential [72].

From many experimental data shown above, mitochon-
drial dysfunction seems to be the potential mechanisms by
generating free radicals and releasing pro-apoptotic compo-
nents in the development and neuronal cell loss of AD. Mi-
tochondria have important roles in production of metabolic
energy, ATP through oxidative phosphorylation, and also
regulate the Ca2+ homeostasis. In addition, mitochondria play
a key role in controlling the pathway leading to apoptosis
due to the fact that they are principal generators of intracel-
lular free radicals. They are also able to release the pro-
apoptotic component when they receive the death signal [52,
72].

As we know, impairment of electron transport chain will
increase the generation of free radicals which might thereby
lead to oxidative cell death. Though it is well known that Aβ
causes mitochondrial dysfunction and thereby leading to free
radical generation, subsequently cell death, the exact mecha-
nism on how Aβ works is controversial. One of the previous
studies proposed that in isolated mitochondria, Aβ inhibits
electron transport chain, β-ketoglutarate dehydrogenase, py-
ruvate dehydrogenase, cytochrome c oxidase and promotes
Ca2+-mediated assembly of permeability transition pore to
allow the pro-apoptotic components release. In addition, it is
proposed that Aβ causes the loss of mitochondrial membrane
potential in astrocytes but not in neurons by activating
NADPH oxidase. Activation of NADPH oxidase produces
free radicals and release to the surrounding which can cause
further damage to the cell situated around. Inhibition of
NADPH oxidase by diphenylene iodonium blocks Aβ-
mediated free radical generation, loss of mitochondrial
membrane potential and prevents the depletion of glutathione
in both astrocytes and neurons, indicating the astrocyte
NADPH oxidase as a primary target of Aβ during AD [78].
Aβ affecting both astrocytes and neurons is supported by
another study showed that treatment of extracellular Aβ
causes mitochondrial dysfunction in both astrocytes and neu-
rons, with the previous one being more seriously affected.
Complex I in the electron transport chain was impaired in
astrocytes while generally loss of mitochondria was seen in
neurons. Both of them have lower ATP levels because of the
mitochondrial inability to produce ATP [79].
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In addition to the Aβ-mediated free radical generation
through mitochondrial dysfunction, Aβ could also cause the
rapid activation of AP-1 and subsequently expression of
Bim, a BH3-only protein in Bcl-2 family in the cultures of
murine cerebral endothelial cells. This is followed by the
release of Smac intramembranous space of mitochondria to
the cytosol [80]. As mentioned above, Smac will then bind to
IAP and thereby causes the cell death through apoptosis.
Additional study has showed that intracellular Aβ is selec-
tively cytotoxic to human neurons through the p53 and Bax
which latter could release the pro-apoptotic component from
mitochondria [81]. Moreover, recent data has shown that Aβ
could interact with a neuronal protein called Aβ-binding
alcohol dehydrogenase (ABAD) in mitochondria. Neuron
cultured from transgenic mice with overexpression of mutant
form of APP and ABAD displayed a spontaneous generation
of superoxide and hydrogen peroxide. It also causes the de-
crease of ATP levels associated with the mitochondria dys-
function. Mitochondrial dysfunction is associated with the
decrease activity level of complex IV (cytochrome c oxi-
dase) of electron transport chain. Cytochrome c was released
in the culture and induction of apoptosis through caspase 3
activity was observed. DNA fragmentation is observed in the
culture too [82, 83]. This indicates that ABAD could be the
potential therapeutic reach of AD.

In summary, NAC- and Aβ-mediated toxicity leads to
mitochondrial dysfunction and free radical generation which

may trigger the onset of neuronal apoptosis in AD. Aβ might
also induce the neuronal cell death directly by activating the
pro-apoptotic components (Fig. 4). However, further studies
are needed to clarify the molecular mechanisms underlying
Aβ-mediated oxidative damage that cause apoptosis in AD.

5. CONCLUSION

Based on numerous results collected over the past dec-
ades, it is clear that apoptosis play a significant role in cell
loss in neurodegenerative disoders. Recent data focused
much on oxidative stress, and it is believed that oxidative
stress is involved in cell signaling pathway in neurodegen-
erative disorders, ultimately leads the cell death by necrosis
or apoptosis. It causes the damage biochemically by damage
the cellular component through lipid peroxidation, DNA
oxidation, protein oxidation and so forth. It also controls the
cellular signaling which is redox sensitive. The ability of
antioxidants to modulate the apoptotic programme by scav-
enging the free radicals, thereby reducing the oxidative stress
could be a potential therapy for preventing neuronal cell
damage during neurodegenerative disorder. However, what
the exact mechanisms of free radicals that could interact with
cellular signaling is still unknown. Further in vitro and in
vivo validation will be important in understanding the role of
oxidative stress and its link to apoptosis in neurodegenera-
tive disorders.

Fig. (4). Possible linkage between oxidative stress and apoptosis during AD.
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