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Apoptosis is a form of regulated cell death that has
attracted a lot of interest in the recent years. Expo-
sure of various cell types to oxidative stress-causing
agents can directly induce apoptosis which can be
blocked by a wide range of antioxidants. It is now
believed that oxidants may be essential biochemical
intermediates in the progression of many forms of
apoptosis induced by different stimuli. Oxidative
stress-induced apoptosis is an outcome of alterations
of various metabolic pathways resulting in the loss of
ATP and calcium homeostasis, DNA damage, mito-
chondrial permeability transition, and structural as
well as functional modification of certain proteins.
This form of apoptosis also involves the interplay of
certain genes such as Bcl-2, p53 and ¢-myc that may
regulate the process either positively or negatively.
In this review, an attempt has been made to eluci-
date, in brief, the role of these factors in oxidative
stress-induced apoptosis.

APOPTOSIS is a type of cell death in which an individual
cell undergoes an internally-controlled transition from
an intact metabolically active state into a number of
shrunken remanants retaining their membrane bound
integrity"z. This form of cell death is involved in many
physiological and pathological processes. This is an es-
sential process in controlling tissue homeostasis in mul-
ticellular organisms like nematodes, amphibians and
mammals and is a way by which damaged, infected or
neoplastic cells are continually eliminated without in-
ducing any inflammatory response®. Apoptosis is some-
times referred to as programmed cell death (PCD)
because it is an integral part of the developmental pro-
gramme and is frequently the end result of temporal
course of cellular events,

Apoptosis can be induced by a variety of stimuli such
as ionizing radiations, gluco-corticoids, chemotherapeu-
tic agents, lymphokines deprivation and various oxi-
dants™®, Although the stimuli which induce apoptosis
vary markedly, the morphological features of the proc-
ess are however conserved in different cell types®.

Oxidative stress and apoptosis

Many of the chemical and physical stimuli capable of
inducing apoptosis are known to evoke oxidative stress
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by increasing the steady state concentration of reactive
oxygen species (ROS) (Figure 1). The formation of ROS
within the cell occurs (i) as a consequence of mitochon-
drial consumption of oxygen'%; (ii) via hydrogen perox-
ide production in peroxisomes; (iii) in the ‘respiratory
burst’ during activation of phagocytes; and, (iv) during
induction of cytochrome P450 enzymes'!. It is interest-
ing to know that ROS, which are highly reactive and
nonspecific molecules can induce and mediate the
well co-ordinated and controlled changes that occur
during apoptosis'z‘”. For example, low concentration
(5-40 uM) of H,0, and nitric oxide (NO) induce apop-
tosis in different cell systems'*">.

Some of the agents which cause apoptosis may not be
free radicals but induce ROS production and/or decrease
the reduction capacity of the cell. Depletion of various
intracellular antioxidants, like glutathione (GSH) by
using buthionine sulfoxamine, renders cells more sus-
ceptible to oxidative stress-induced apoptosis. Alterna-
tively, antioxidants that scavange peroxides and other
free radicals, e.g. N-acetylcysteine (NAC), thioredoxin,
intracellular thiol reductase, glutathione peroxidase,
endogenous thiols like dihydrolipoic acid, etc. rescue
cells from apoptosis induced by different stimuli*5 ¢3!,

Tumour necrosis factor (TNF) required for host de-
fence against intracellular bacterial infections, exerts its
cytotoxic effects via generation of intracellular ROS
which induce apoptosis®°, Antineoplastic agents like
doxorubicin, cisplatin and ether-linked lipids also in-
duce both oxidative damage and apoptosis in tumour
cells”’. Ultraviolet and ionizing radiation also induce
apoptosis in different cell systems probably by generat-
ing ROS™. Glucocorticoid-induced apoptosis in thymo-
cytes also shows an increased level of oxidation both in
pre-apoptotic and apoptotic cefls?®?®, HIV-infected
T cells are also extremely susceptible to oxidative
stress-induced apoptosis due to an HIV-associated de-
crease in manganese superoxide dismutase (Mn-SOD)
and catalase activity ®>2, Apoptosis induced by HIVI,
TNF and glucocorticoids can be blocked by exogenous
antioxidants®**, These findings suggest that oxidation
plays a role in the progression of apoptosis, though nei-
ther the identity nor the site of generation or molecular
targets of the putative oxidant species have been identi-
fied so far.

Studies have shown that ROS are implicated in apop-
tosis and may provide effector mechanism for the final
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Figure 1. Generation of ROS in cells. The major forms of ROS and their metabolism in cells.

common pathway of apoptotic cell death*®. However,
overproduction or decreased elimination of O3 has re-
cently been seen to provide tumour cells/activated cells
with a survival advantage over normal counterparts/
quiescent cells rather than causing apoptosis of the
cells®. 1t has been observed that O3, the primary ROS
generated by normal cellular metabolism, can abrogate
FAS-mediated apoptosis in cells which are constitu-
tively sensitive to FAS’®. The mechanism of Oy -
induced resistance to FAS signals is still not clear. But it
seems that ROS may also have the beneficial effects,
probably at concentrations which do not overwhelm the
endogenous cellular protective mechanisms against
ROS-induced damage.

Apoptosis and gene activity

One of the most intriguing concepts generated by the
study of apoptosis is that this form of cell death is a ge-
netically mediated suicide process. It is generally regu-
lated by the induced synthesis of new gene products®’
However, apoptosis also occurs independent of the syn-
thesis of new gene products, e.g. in case of HL-60 hu-
man leukemic cell line and TNF-susceptible cell lines,
where cells undergo increased apoptosis when macro-
molecular synthesis is inhibited by actinomycin D or
cycloheximide®?®, The genetics of apoptotic cell death
are best worked out in the nematode C. elegans, where
the most important molecular regulators of apoptosis are
the genes Ced-3, Ced-4 and Ced 9 (ref. 40). Ced-3 and
Ced-4 arc required for apoptosis to occur while Ced-9
functions as its suppressor‘w‘“. Mammalian homologs of
these Ceds have been discovered. Ced-9 is most ho-
mologous to mammalian proto-oncogenc Bel-2 and also
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shows homology to the other members of Bcl-2 family®.
Ced-3 encoding a cysteine protease with aspartic acid
specificity (caspases) is the archetype of a family of
caspases that are key effector proteins of apoptosis in
mammalian cells*. Apoptosis activating factor-1 (Apaf-
1) has recently been reported to be a mammalian ho-
molog of nematode protein Ced-4 (refs 45, 46). Genetic
studies have revealed that Ced-4 is required for Ced-3
function whereas Ced-9 regulates apoptosis by prevent-
ing activation of caspase encoded by Ced-3 (refs 47,
48). Another important molecular regulator of apoptosis
in mammalian cells is the c-myc oncogene involved in
coupling the cell response to cell proliferation*®. Given
that proto-oncogenes control the induction of apoptosis,
it is not surprising that tumour suppressor genes such as
p53 are also involved. Overexpression of p53 gene gen-
erally induces rapid cell death by apoptosis™. Interac-
tion between growth promoting proto-oncogenes such as
c-myc and Bcl-2 and p53 is known to regulate apopto-
sis>'. For example, high concentration of Bcl-2 can pro-
tect various cells from apoptosis induced by c-myc™' and
the co-expression of c-myc and Bcl-2 genes can over-
come p53 induced apoptosis and cell cycle arrest™. Both
the proto-oncogenes and the tumour supressor genes
play a putative role in frce radicals/oxidants induced cell
death as is discussed in the following.

Oxidative stress, Bel-2 and apoptosis

Bcl-2 was initially described as the oncogene that was
present in the immunoglobulin locus as a result of tran-
slocation {#(14:18)) found in human B cell leukemias
and lymphomas™™, In 1988, it was shown that intro-
duction of this gene into the interleukin-3-dependent
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mveloid and lymphoid cell lines promoted survival of
these cells after withdrawal of IL-3 (ref. 56). Subse-
quently Bcl-2 was shown to specifically inhibit apopto-
sis’’. Bel-2 is the founding member of a multigene
family that consists of proteins homologous to Bcl-2
encoded by mammals down through evolution to the
nematodces. Bcl-2 family members come in two func-
tional categorics — (1) inhibitors of apoptosis like Bcl-2,
Bel-xL, Below, Mcl-1, etc”*® and (2) promoters of
apoptosis such as Bel-xS, Bax, Bad, Bak, etc. ™18 The
ratio of the level of death inhibiting to death promoting
Bci-2 family members determines the cell viability. One
mode of control of apoptosis by Bc/-2 takes place at the
level of protein—protein interactions through which the
Bcl-2 family ‘members form both the homo and het-
erodimers®’. For example, Bax is a Bel-2 homolog that
possesses intrinsic death activity®' and its dimerization
with Bcl-2 influences a cell’s response to apoptotic
stimuli®.

Bel-2 can block apoptosis induced by a variety of
stimuli such as nerve growth factor withdrawal® %, ir-
radiation®?, cancer chemotherapeutic agents®s, glucocor-
ticoids' and c-myc®. This suggests a central rele for
Bcl-2 in the regulation of cell death from diverse signal-
ling mechanisms. Studies have shown that Bel-2 may
suppress apoptosis by functioning as an antioxi-
dant'*"*7!, Because apoptosis induced by stimuli which
cause oxidative stress (ionizing radiation, heat shock,
TNF, inhibition of glutathione (GSH) synthesis or gen-
eration of superoxides) is blocked by Bcl-2'45T7376 1y s
observed that (i) increased synthesis of intracellular Bcl-
2 blocks the increase in ROS associated with apopto-
sis’®. (ii) Bcl-2 inhibits ROS-induced apoptosis'® and
(iii) various antioxidants like NAC can substitute for
Bel-2 expression'®.

Free radicals independent protection by Bcl-2 was
also observed, Bcl-2 did not reduce the ROS production
and yet it protected the cells from H,0,-triggered apop-
tosis’’. Bel-xL, a homolog of Bcl-2, also rescued B lym-
phocytes from oxidant-mediated death caused by diverse
apoptotic stimuli without affecting the ROS formation’®,
Bcl-2 could even inhibit hypoxia-induced apoptosis’®®’.
Whatever antioxidant or ROS inhibitory propertics Bcl-
2 may have, these are not necessary for it to inhibit
apoptosis.

The location of Bcl-2 gene product primarily on the
outer membrane of mitochondria raises the possibility of
its relation to the function of mitochondria (a site of
oxidative phosphorylation and adenosinetriphosphale
(ATP) generation) which has been implicated in apop-
tosis®’**. Yang et al. observed that the overexpression
of Bcl-2 blocked the efflux of cytochrome ¢ from the
mitochondria, thus preventing apoptosis in human HL
60 cells®. The cytosolic preparation containing the cy-
tochrome ¢ also induces apoptosis by activating a cyste-
ine protease CPP32 involved in this process®. It is now
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well known that Bcl-2 inhibits cytochrome ¢ transloca-
tion which blocks caspase (CPP32) activation and the
subsequent apoptosis of the cell¥48,

Recent studies have shown the role of Bcl-2 in modu-
lating the mitochondrial transmembrane potential (Ay,).
An intact Ay,, is indispensable for the normal mitochon-
drial function — a prerequisite for the survival of a cell.
Disruption of the intact Ay, causes mitochondrial per-
meability transition (PT) (a sudden increase in the per-
meability of the inner mitochondrial membrane to
solutes < 1500 Da such as protons, calcium, glutathione,
etc.) which consequently evokes apoptosis®’™°.

Various oxidizing (H,0,, t-butylhydroperoxide and
peroxynitrite) and redox generating agents (menadion
and alloxan) modulate mitochondrial permeability
transition®” %%, Bel-2 overexpression in the mitochon-
drial membrane inhibits the permeability transition in-
duced by a variety of these PT inducers’® and prevents
the disruption preceeding apoptosis induced by various
oxidants® ™, Bel-2 while inhibiting PT prevents the
release of small molecules, such as calcium from the
mitochondrial matrix®’ and that of apoptosis inducing
factor (AJF) from the intermembrane space which are
well known inducers of apoptosis’*2. PT itself leads to
the changes in the cytoplasmic redox state such that de-
pletion of reduced glutathione and enhanced generation
of ROS occurs. The depletion of reduced glutathione
and production of ROS also invariably precede the mi-
tochondrial permeability transition due to a fall in mito-
chondrial transmembrane potential thus leading to
apoptosis of the cell™. Bel-2 can therefore, inhibit both
the effects of ROS (via inhibition of ROS mediated PT)
and the generation of ROS (which is a consequence of
PT) (Figure 2).

Oxidative stress, p53 and apoptosis

Among the tumour suppressor genes, a lot is known
about p53, a gene which is inactivated by mutation in
the majority of human cancers”®. p33 is generally
upregulated by stimuli which induce DNA damage and
blocks the progression of the cell cycle from G, to S
phase” . By this mechanism pS53 prevents the propa-
gation of the genetic lesions in cellular progeny. In ad-
dition to G arrest, it is known that p53 is also a
mediator of apoptotic cell death both in malignant and
normal cells of different lineages®™™'%', Whether the cell
undergoes p533-mediated G1 arrest or apoptosis appears
to depend on the cell type and the degree of DNA dam-
agcmz.

A role for p53 in apotopsis induced by free radicals
and oxidants has also been reported'®'%, Nitric oxide
(NO) generation in response to a cytokine-induced NO
synthase or NO donors stimulate the p53 expression
prior to apoptosis'®. Inhibitors of nitric oxide synthase,
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Figure 2. Oxidants, mitochondria and apoptosis: Oxidants induce mitochondrial permeability tran-
sition (PT). The Bcl-2 oncoprotein regulates PT induction in response to oxidants. As a consequence
of PT, mitochondria release apoptosis inducing factor, cytochrome C and calcium. In addition, PT
causes the generation of reactive oxygen species, rapid expression of phosphatidylserine residues in
the outer plasma membrane leaflet and depletion of reduced glutathione. These changes form part of
the degradation phase of apoptosis beyond the point of no return. Interrupted inner mitochondrial
membrane depicts the permeability transition induced by oxidants. (AIF: apoptosis inducing factor;
Cyt C: cytochrome C; Ca*™: calcium; ROS: reactive oxygen species; PS: phoshatidylserine; PC:

phoshatidylcholine.)

NG-monomethyl-L-arginine, prevent generation of NO
as well as the corresponding p53 expression and apop-
tosis'”. ROS-mediated DNA damage also causes the
accumulation of p53 which is associated with apopto-
sis'®™. ROS not only induce DNA damage directly but
also affect other targets within the cell, thereby inducing
the apoptotic pathway independent of genomic DNA
damage. It is, therefore, possible that p53 may be indi-
rectly increased by other factors induced by ROS, for
example nuclear factor kB which is known to be induced
via free radical reactions may activate p53 as a tran-
scription factor'®,

There are certain studies in which reactive oxygen
species are shown to be the downstream mediators
of pS3-dependent apoptosis’®®'”’.  For example,
smooth muscle cells sensitive to p53-mediated apopto-
sis, produced ROS concommitantly with p53 expression
whereas cells resistant to p53 failed to produce ROS',
In sensitive cells both ROS production and apoplosis
were inhibited by antioxidant treatment'™. Decreasing
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the intrinsic oxidative level in myeloid leukemic cells
by antioxidants such as butylated hydroxyamisole
(BHA); cimetidine (CIM), N-butyl-L-phenyl nitrone
(BPN) and N-acetyl cysteine (NAC) also protected
cells from wild type p53-induced apoptosis whereas in-
creasing the intrinsic oxidative level by adding
H,0, enhanced apoptosis'®’. Thus p53 may regulate the
intracellular redox state which in turn may tnduce
apoptosis by activation of certain targets downstream
from p53. Evidences now indicate that p33 is
one component of a signal pathway involving activation
of multiple downstream effector genes such as
2 VARV GADD4S, MDM?2 involved in apopto-
sis'®'® The production of free radicals and modu-
lation of intrinsic oxidative levels may trigger these
sccondary components of apoptotic cascade resulting
in apoptosis. In fact, it is secn that in the case of
proliferating human fibroblasts, ROS induce apoptosis
by increasing both the p53 and p2t™*™ "' protein

levelst!d,
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Oxidative stress, c-myc and apoptosis

The ¢-myc proto-oncogene is another important regula-
tor of apoptosis and is involved in coupling the response
to proliferation. The first cvidence that c-myc expression
can promote apoptosis came from the experiments of
Cleveland er al.'"! who observed that overexpression of
c-myc in an interleukin (IL)-3 dependent cell line accel-
erated apoptosis upon growth factor withdrawal. Addi-
tional evidences came from the study of Bissonnette et
al.''* who found that antisense oligonucleotides to c-
myc blocked T cell receptor-mediated apoptosis in T
cell hybridomas.

c-myc induced apoptosis is inhibited by various anti-
oxidants*'®’°. Simultaneous overexpression of Bcl-2
proto-oncogene also abrogates the capacity of increased
c-myc expression to induce apoptosis, a fact that may be
of importance in the synergistic involvement of these
two genes in oncogenesis''' ™', Ornithine decarboxylase
(ODC) has been shown to be an effector of c-mye-
induced apoptosis'®>. It is believed that ¢-myc induced
ODC activity results in increased rates of polyamine
synthesis and catabolism, thereby generating potentially
lethal! excess of ROS which induce apoptosis subse-
quently. It shows that ROS or some products of ROS are
the common mediators of apoptosis in many systems,

Potential mechanisms of oxidative stress-mediated
apoptosis

DNA damage

The action of ROS on nuclear material can result in base
modifications, base free sites, single and double strand
breaks and crosslinks''S. Production of ROS from (1)
macrophages and neutrophills, (2) by cell respiration
and (3) the loss of normal cell peroxidases and the sub-
sequent conversion of H;O; to the more oxidatively re-
active OH- (by metal ions, especially iron and copper
that are bound at or close to DNA) can result in a high
degree of direct oxidation of nucleic acids which can
initiate an apoptotic response'’’''®. Chromatin, espe-
cially histones, has also been shown to be the primary
target of ROS. Its fragmentation can occur by the acti-
vation of endonucleases either directly by ROS or indi-

rectly by the oxidative stress-induced Ca** excess'?’.

Membrane lipid peroxidation and the loss of
calcium homeostasis

Though the role of lipid peroxidation in apoptosis re-
mains largely unexplored, the potential target for oxida-
tive damage within the cell, ie. membrane
phospholipids, lipid-derived mediators such as ceramide
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and fatty acids hydroperoxides, have however been
implicated as regulators of apoptosis'?"'?2. It has been
observed that cells undergoing apoptosis in response to
a variety of stimuli rapidly express phosphatidylserine
(PS) on their outer surface. Phosphatidylserine is a
phospholipid Jocated on the inner leaflet of the plasma
membrane and its expression on outer surface of the
plasma membrane helps in their recognition and subse-
quent phagocytosis limiting tissue inflammation'>'%*,
The externalization of the PS to cell surface has been
shown to be mediated by its peroxidation which pre-
cedes the externalization and is inhibited by Bel-2 (ref.
125). Several intracellular enzymes, such as protein
kinase C & raf 1 kinase, with signal transducing proper-
ties are modulated on binding ps'a6127, Therefore, PS
externalization is believed to play a key role in signal-
ling apoptosis after oxidant stress.

Additionally, the oxidation of systemic and membrane
lipids and the activation of the phospholipases by oxy-
gen species increase the amount of arachidonic acids
(AA) metabolites, peroxides, aldehydes and oxysterols.
These processes promote increased production of free
radicals, peroxidation of membranes, membrane bleb-
bings Ca®* influx resulting in loss of calcium homeosta-
sis which is a critical factor for cell survival®. The
oxidized products of the lipids induce apoptosis as well
as alter cytosolic calcium homeostasis®>'*'% [t is pos-
sible that modulation of calcium homeostasis by the
oxidized lipids leads to the activation of various enzyme
systems such as protein kinase C, endonucleases, prote-
ases and phospholipases which in turn are responsible
for mediating cellular demise in apoptosis.

Alterations of metabolic pathways and ATP loss

ROS-mediated DNA damage elicits the activation of
poly-ADP-ribose transferase, responsible for polymeri-
zation of ADP-ribose to proteins, which results in a
rapid depletion of cellular NAD/NADH pools and the
collapse of ATP stores leading to apoptosis®. The oxi-
dative stress-induced inhibition of glyceraldehyde 3-
phosphate dehydrogenase, an important NADH generat-
ing cnzyme, due to the oxidation of its thiol portion
(Cys 149) also results in a significant loss of ATP which
consequently evokes apoptosis>!3C,

Alteration of certain proteins and transcription
factors

Oxidation of the critical SH (sulthydrals) present in the
calcium (Ca®*) transport systems, located in the endo-
plasmic reticulum, mitochondria and plasma membrane,
may promote increase of calcium in the cytosol. This
may subsequently trigger various components of the
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apoptotic effector pathways®. Oxidation of certain in-
tracellular proteins may modify either their function or
their ability to be recognized by other proteins. For ex-
ample, oxidative damage can increase the susceptibility
of some proteins to degradation by the nonlysosomal
proteases'>', Protease inhibitors are known to block
thymocyte apoptosis and it is possible that these might
be protecting the same intracellular targets as antioxi-
dants from degradation'?,

Oxidation of caspases, the cysteine proteases involved
in apoptosis, also affects their activity. Depending upon
the degree of initial oxidative stress, the caspases are
either activated and the cells die by apoptosis, or they
remain inactive and necrosis occurs', The observed
resistance of certain cell lines to Fas induced apoptosis
may also be because of the oxidative inactivation of
caspases.

Certain transcription factors are also regulated by the
redox state of the cells. Transcription factors (c-fos and
c-jun {AP-1), p53, NF-kB, c-myc, etc.) have critical
cysteine residues involved in DNA binding. The oxida-
tion of cysteine residues causes a large decrease in their
efficiency for DNA binding'**'*. Thioredoxin (a dithiol
reducing enzyme) and ref-1 (a DNA repair enzyme)
known to regulate the redox state of both the AP-1 and
NF-xB are themselves also redox regulated'*5'*,

The intracellular oxidative events may also affect
certain transcription factors indirectly. For example,
DNA-binding activity of nuclear factor xB(NF«B) is
indirectly activated by oxidative events (via enhanced
proteolysis of its inhibitory factor ixB), initiating tran-
scription of NF«B responsive genes"**'*. Oxidation,
therefore, has the potential to alter the phenotype of a
cell via changing gene ftranscription. And, in some
situations this may provide an entrance to apoptosis.

Summary

This article summarizes the recent findings that describe
both the role and mechanisms of oxidative stress-
induced apoptosis. In brief, intracellular oxida-
tion/oxidative state may play a central role in apoptotic
cell death than has hitherto been assumed. It is also
clear that not only can the oxidative stress induced by
different stimuli induce apoptosis but various antioxi-
dants also protect the cell against apoptosis even when
induced by stimuli that do not exert a direct oxidant ef-
fect. Oxidative stress-induced apoptosis seems to be the
product of multiple pathways resulting in the oxidation
of membranes, loss of Ca®" homeostasis, diffuse activa-
tion of enzyme systems (including activation of endo-
nucleases), disruption of metabolic processes (including
the changes in the mitochondrial transmembrane poten-
tial), ATP loss, and, alterations in certain protcins and
transcription factors. A growing body of work has also
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suggested that oxidative stress-induced apoptosis in-
volves alterations in the expression of the tumour su-
pressor {p53) and the promoter genes (Bcl-2 and c-myc).
Thus, apoptosis induced by oxidative stress is also sub-
ject to many checks and balances between different
genes. It is attractive to consider that further insight into
the regulation of oxidative stress-induced cell death
might lead to new therapies for oxidative stress-induced
neurodegerative and heart diseases, carcinogenesis,
ageing, etc. Nevertheless, much of the details of oxida-
tive stress-induced cell death pathways are still to be
resolved.
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