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Reactive oxygen species in health and disease

K. DATTA, S. SINHA, P. CHATTOPADHYAY

ABSTRACT
With the advent of the use of oxygen as the tenninal electron
acceptor in aerobic respiration, came the curse in the form of
reactive oxygen species (ROS). However, the evolving organism
had developed elaborate defence machinery to escape from
these reactive byproducts of its own metabolism, and also
developed a mechanism for the utilization of these species in
physiological processes to gain a survival advantage. ROS have
been increasingly implicated in the ageing process and in different
diseases such as cancer, Alzheimer's disease, Parkinson's disease,
reperfusion injury, etc. They are also important in cellular
phenomenon such as signal transduction pathways. We review
the mechanisms of production of ROS in the cell, their
interaction with cellular macromolecules, pathways of ROS-
induced cell death, the mechanisms for protection from ROS-
induced damage as well as the key biological and disease
processes where ROS play an important role.
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INTRODUCTION
During the course of evolution, organisms developed the capacity to
utilize molecular oxygen as the terminal oxidant in respiration in
order to gain energy as an advantage over the anaerobic pathway by
a factor of eighteen. However, the presence of intracellular oxygen
also allowed inadvertent redox reactions by oxygen radicals to
damage critical biomolecules. The discoverers of oxygen, Priestley
and Scheele and the discoverer of the oxidation process, Lavoisier,
realized the dual role of oxygen, as a sustainer and a destroyer oflife.
All of them reported on oxygen toxicity.' In Priestley's words 'for,
as a candle bums out much faster in oxygenated than in common air,
so we might, as may be said, Iive out too fast, and the animal powers
be too soon exhausted in this pure kind of air' . It was the work of
Gerschman? in 1959 that helped in understanding the molecular
mechanism of oxygen toxicity. Through compilation of data and
experimental evidence she showed, for the first time, that oxygen
toxicity is due to the generation of reactive oxygen species (ROS)
also referred to as free radicals.

ROS- THE FREE RADICALS
A free radical is any atom or group of atoms that has an unpaired
electron in its outer orbit. ROS is a broader expression as it
includes hydrogen peroxide and lipid peroxide with no unpaired
electron, and superoxide ("02-),hydroxyl ("OH), peroxyl (ROO,),

alkoxyl (RO,) radicals, radicals of nitric oxide ("NO), nitrogen
dioxide ("N02), peroxynitrite ("ONOO-), ozone (03) and possibly
singlet oxygen. Though hydrogen peroxide and lipid peroxide are
not free radicals they act as reservoirs for the highly reactive 'OH,
ROO", and RO' radicals.

OXYGEN AND ROS
Molecular oxygen itself is highly oxidative compared to its fully
reduced form, water, but this oxidative power is kept in check by
kinetic restrictions that are imposed by its two unpaired, spin
parallel electrons. The fully reduced form of the oxygen molecule
accepts four electrons that are added sequentially to form water.
This sequential univalent reduction of oxygen produces superox-
ide ("02-),hydrogen peroxide (HP2) and hydroxyl radical ("OH)
forming part of a group of radicals called ROS (Fig. 1).Transition
metals such as iron (Fe) and copper (Cu) play an important role in
the generation of the 'OH radical, which is the most reactive form
of ROS (Table I).

TABLEI. Major ROS-generating reactions in the cell

1. 02 + e- --+ '02- Superoxide is generated,e.g. in respiratory
chain due to univalent reduction of O,

NADPH-oxidase
2. 202 + NADPH ' 2 '02- +NADP+ W

During respiratory burst in immune cells

Superoxide dismutase
3. '02- + '02- + 2W ' HP2 + 02

4. Fe2• + H202 ' Fe3• + 'OH + 'OH
Fenton reaction

Fe
5. '02- + HP2 ' 02 + 'OH + 'OH

Haber-Weiss reaction

Xanthine oxidase
6. Hp + 02 ' HP2

Hypoxanthine-xanthine-uric acid
reaction

7. Lipid peroxidation: a self-perpetuating chain reaction

ROOH + Metalv? ROO' + Metal(o-l)

x + RH 'R + XH
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FIG1. Univalent reduction of O2 generating various reactive oxygen species (ROS) which can cause lipid peroxidation leading to further
increase in ROS. Broken arrows shows various antioxidant systems scavenging these reactive species. SOD superoxide dismutase
GSH-POD glutathione peroxidase

GENERATION OF ROS
Generation of ROS in cells can either be deliberate or accidental.
ROS are generated deliberately by cells in certain circumstances
because they are useful, e.g. activated phagocytic cells generate
ROS as a part of their bactericidal role. Under normal circum-
stances, however, the major source of ROS in the cell is electron
leakage from the electron transport chain in the mitochondria and
endoplasmic reticulum (Table I)Y

DAMAGE TO BIOMOLECULES
ROS are oxidants and highly toxic to all types of biological
molecules including DNA, lipid, protein and carbohydrate. Hence,
ROS may be involved in processes such as mutagenesis, carcino-
genesis, membrane damage, lipid peroxidation as well as carbo-
hydrate damage,' most of which are mediated by hydroxyl radicals
("OR).

Lipids
Of all biomolecules, lipid seems to be the most susceptible to the
damaging effects ofROS. Oxidative destruction of lipids, particu-
larly of polyunsaturated fatty acids (PUFA) which are present in
abundance in the cell membrane, initiates a self-perpetuating
chain reaction (Table 1),6 predisposing to atherosclerosis (Fig. 2).
Such a reaction is further helped by transition metals leading to
generation of lipid peroxyl (ROO·) and lipid alkoxyl (RO·) radi-
cals. Due to their longer half-life, ROS from lipid oxidation can
cause damage in sites other than the site of origin.

DNA
The genetic material in a living organism is potentially vulnerable
to ROS directly as well as indirectly. DNA damage, both genetic
and physical, by oxidative stress, is well documented.' The target

of the ROS attack could be either the sugar or the base component
of the DNA molecule which leads to fragmentation of the sugar or
to loss of a base causing strand break (Fig. 3a).7 Such damage may
accumulate over a period of time, even in the presence of an
efficient repair mechanism, leading to mutation and subsequent
development of cancer." Near UV radiation and a variety of
antitumour drugs that are believed to exert their physiological
effects partly by the production of ROS, also form single-strand
breaks (SSB).9 Exogenous hydrogen peroxide is a potent inducer
of DNA SSB and in the presence of L-histidine, also induces
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FIG2. Internalization of oxidized LDL (low density lipoprotein)
by scavenger receptors of macrophage. Macrophages are loaded
with lipid droplets called foam cells as internalized cholesterol
does not downregulate this route of uptake. These cholesterol
laden macrophages are deposited in the intimal layer of the
arteries forming plaques.
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FIG3a. Mechanism of oxidative damage to DNA

double-strand breaks (DSB) in vitro. ROS can react with DNA in
three distinct ways:

1. The chemically predominant reaction is the breakage of double
bonds in the DNA bases resulting in the loss ofUV absorption
at 260 nm.

2. After HP2 treatment all the four DNA bases, altered as well as
unaltered, are liberated and detected in the free state.

3. A break in the sugar-phosphate backbone is mainly due to an
indirect result of prior base alteration and removal. 10

The detection of oxidized nucleobases such as 8-hydroxy-
guanosine in human urine has been taken as evidence for a
continual oxidative attack on DNA.ll.12

Protein
A random attack of ROS on proteins is unlikely to be very
damaging (unlike the situation for lipids and DNA) unless it is
extensive, allowed to accumulate and focused on a specific site.
This may be due to binding of a transition metal at that site, e.g.
binding of copper by a histidine residue. Such binding generates
·OH radicals from Hp2leading to site-specific damage.P-" Oxi-
dation of protein causes peptide bond cleavage, protein-protein
cross-linking and side-chain modification with the formation of
peroxides and carbonyls (Fig. 3b). Measurement of carbonyls is a
useful indicator of oxidative damage to proteins.P:" Various
studies have shown that ROS-mediated protein modifications are
responsible for some age-related changes. 17.18

DEFENCE AGAINST ROS
Due to the presence of an unpaired electron (.02- and ·OH) or the
ability to extract electrons from other molecules (HP2' HOC1),
ROS can readily react with and damage cellular structure and
molecules. 19Hence, the early life forms had to develop an elabo-
rate defence system to cope with the unwanted and toxic effects of
ROS (Table 11).5.20A T-cell is exposed to ROS during the activa-
tion phase as it encounters the macrophage which is known to
generate ROS. The T-cell is also protected during this phase from
ROS generated by the macrophage as it releases catalase and
induces superoxide dismutase (SOD) expression in the T-cell. If
such antioxidant enhancing signals are absent, antigenic activa-
tion may lead to T-cell anergy or apoptosis."

ROS-INDUCED APOPTOSIS
Apoptosis is a genetically programmed mechanism of cell death
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FIG3b. Mechanism of oxidative damage to protein
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resulting in characteristic morphological changes including nuclear
condensation and fragmentation, blebbing of the cell membrane
and cytoplasmic vacuolization." Intensive investigative efforts
are still going on by inducing apoptosis through different chemical
treatments in different cell types in an attempt to elucidate the
underlying mechanisms. Many of these chemical and physical
treatments such as ionizing and UV radiation capable of inducing
apoptosis also evoke oxidative stress by increased intracellular
ROS generation. Due to their high reactivity and non-specific
character, doubts have been raised about the role of ROS as
mediators of well coordinated and genetically controlled pro-

TABLEII. Antioxidant defence in biological systems

Prevention of free radical generation
I. Coupling ofROS generating systems

2. Metal chelators ferritin, transferrin,
caeruloplasmin and other
metallothioneins

3. Melanin
4. Target modification, e.g. stable

modification ofLDL by
dehydroascorbate

Interception of free radicals generated
Non-enzymatic

1. u-rocophercl (vitamin E)
2. Ascorbate (vitamin C)
3. Glutathione(GSH)
4. ~-carotene
5. Bilirubin
6. Plasma proteins
7. Chemicals, e.g. food additives

Enzymatic
1. Superoxide dismutase (SOD)

'02 + ·02 + 2W ~ H,O, + 0,

2. Catalase
2H,o, 2H,o + 02

3. Glutathione peroxidase
H,02 + AH2 ~ 2H20 + A

Repair mechanisms of damage caused
by free radicals

To prevent leakage of 02
radicals to the environment
Sequestering of metals to
prevent generation of hydroxyl
radical
Prevents UV radiation damage
Imparts resistance to metal ion-
induced oxidation

Intercepts free radicals to
harmless end products before
they can cause cellular damage

Converts superoxide to
hydrogen peroxide

Breaks down H,02 to H,o
and oxygen(02)' Uses a second
molecule of H2 02 as electron
acceptor

Removes H,02 and other
hydroperoxide using an organic
substrate as electron acceptor

DNA repair systems
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cesses of apoptotic cell death." However, the hypothesis ofROS
mediating apoptosis is based on the fact that it may have been
evolutionarily advantageous to use these preformed molecules in
some of the apoptotic pathways. The following observations
support the hypothesis that ROS can mediate apoptosis:

1. The addition of ROS or the depletion of endogenous antioxi-
dant can induce apoptosis.

2. Apoptosis can sometimes be blocked by addition of com-
pounds with antioxidant ability.

3. Apoptosis can sometimes be associated with increased intra-
cellular ROS levels."

Studies suggest that ROS plays an important role in the
activation phase of some of the apoptotic pathways but may have
no role in the phase of execution.PBxposure to a low dose ofH202
induces apoptosis in a variety of cell types indicating that ROS can
mediate apoptosis." A high dose of this oxidant (HP2) induces
necrosis," consistent with the suggestion that the severity of insult
determines the type of cell death."

The clearest genetic evidence for a role of ROS in cell death is
provided by the familial amyotrophic lateral sclerosis (ALS)
where mutation within CulZn SOD argues strongly for an oxygen
radical-mediated loss of motor neurons." Several studies have
shown that oxidative stress-induced apoptotic cell death is respon-
sible for the depletion ofCD4+ T-cells in AIDS patients." ROS-
mediated DNA damage has also been shown to induce apoptosis
through activation of poly-ADP ribose transferase and the accu-
mulation of p53, both of which are associated with apoptosis.P-"
Additional formation of oxidized lipid in membranes can also
induce apoptosis." It is also possible that intracellular ROS may
result in the activation of genes responsible for apoptosis, conceiv-
ably through an oxidative stress responsive nuclear transcription
factor such as NF_kB.28.29

Role of mitochondria in ROS-induced apoptosis
Mitochondria, the powerhouses ofthe cell, playa major role in cell
survival as well as cell death. Mitochondria are the major site of
ROS production in vivo.30 Oxidative stress is known to alter
various facets of mitochondrial function including calcium ho-
meostasis and triggering of permeability transition pore (PTP)
leading to decrease in the mitochondrial membrane potential
(~"'m).31Moreover, cells before exhibiting the common signs of
nuclear apoptosis such as chromatin condensation and endo-
nuclease-mediated DNA fragmentation, undergo a reduction of
mitochondrial transmembrane potential." Cells that have lost
their mitochondrial membrane potential appear to be irreversibly
programmed to die, stressing the importance of mitochondria in
cell death."

It is known that tumour necrosis factor (TNF-a), acting on TNF
receptor (TNF-Rl), can induce ROS formation that can lead to
either apoptosis or necrosis depending on other signals, intra-
cellular redox state and levels of antioxidant protection. 34Goossens
et al.35have shown that TNF-induced ROS are of mitochondrial
origin and are significantly more toxic than pro-oxidant induced
ROS. Increased intracellular ROS may also affect the mitochon-
dria directly, leading to opening of PTP and rapid release of
cytochrome c from mitochondrial intermembrane space. 36.37Cyto-
chrome c then activates the caspases ultimately leading to apoptosis,
which is p53 independent. Alongside mitochondria, the function
of endoplasmic reticulum is also altered by oxidative stress,
resulting in the release of calcium (Ca2+) and may cause accumu-
lation of misfolded proteins, triggering apoptosis."
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The role of p53, the tumour suppressor gene nicknamed as the
'guardian of the genome', in the induction of apoptotic cell death
is well established. However, its relation to the ROS-induced
apoptotic pathway is still debated. In cells sensitive to p53-
mediated apoptosis, transient overexpression of wild type p53
resulted in a concomitant increase in ROS production, whereas
cells resistant to p53-mediated apoptosis failed to produce ROS,
suggesting that p53 induces ROS.39 Polyak et al/" have also
shown that p53 itself causes transcriptional activation of redox-
related genes leading to increased formation ofROS and degrada-
tion of mitochondrial components, release of cytochrome c and
activation of caspases culminating in cell death. However, it has
also been shown that increased intracellular ROS either from
endogenous or exogenous sources can cause accumulation of p53
leading to p53-mediated apoptosis. Such upregulation ofp53 has
been shown to occur via the redox-sensitive transcription factor
NF-kB as the p53 promoter has been found to contain NF-kB
binding sites.29.41.42Thus, it can be said that ROS induces p53
which in turn induces ROS-related genes leading to an increase in
intracellular ROS, which disturbs the cellular homeostasis and
leads to cell death (Fig. 4).

The role ofROS in apoptosis is further supported by studies on
Bcl2 proto-oncogene. Bcl2, an anti-apoptotic factor, acts in an
antioxidant pathway to counter the ROS-induced apoptosis (Fig.
4). Bcl2 blocks apoptosis induced by ROS generated by ionizing
radiation, menadion treatment as well as by exogenous H20/2.43
Bcl2 has been shown to localize as an integral mitochondrial
membrane protein," as well as endoplasmic and nuclear mem-
brane.44.451thas been suggested that Bcl2 prevents the damage to
these membranes by serving as a non-reactive free radical trap."
It exists as a heterodimer with Bax, thus preventing its action. The
balance of Bax and Bcl2 is an indication of the balance between
pro- and anti-apoptotic factors."

ROS IN HEALTH AND DISEASE
Physiological role of ROS
It would have been surprising if the evolving life form had not

f----lE---~ Lipidperoxidation
L-L---,"<"_--'

+ROS

FIG4. Role of p53 and Bc12 in reactive oxygen species-mediated
apoptosis (Apaf apoptosis activating factor)
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FIG5. Respiratory burst in neutrophil. Binding of bacterium to
CD32 activates NADPH oxidase and there is a lOO-fold
increase of oxygen consumption. NADPH oxidase converts
NADPH to NADP in the presence of O2which accepts the
donated electron generating superoxide radical (,02-) which
further gives rise to hydrogen percxidefbi.Oi), hydroxyl radical
(,OH), singlet oxygen ('02)and hypohalides (OCr) all having
various degrees of bactericidal effect.

developed some mechanism to utilize these rather harmful radi-
cals to its physiological advantage.

In immune defence. Phagocytic cells kill bacteria by a mecha-
nism known as respiratory burst resulting in the generation of
bactericidal ROS (Fig. 5). Due to activation of the membrane-
bound NADPH oxidase enzyme, O2consumption in polymorpho-
nuclear leucocytes increases by at least 100-fold during phagocy-
tosis. This leads to generation of ROS which act on the cell
membrane of invading organisms." Myeloperoxidase from neu-
trophils also generates a bactericidal species hypochlorous acid
(HOCI) from HP2' In addition, mononuclear phagocytes (mac-
rophages) when activated generate nitric oxide (,NO) from L-
arginine by the enzyme nitric oxide synthase (NOS). Cytotoxic
effects of'NO have been shown to be an important defence against
parasitic fungi, protozoa, helminths and Mycobacteria but not
extracellular pathogens. 48 Being a potential vasodilator, 'NO slows
down circulation, thus helping phagocytic cells, antibodies and
other factors needed to mount an effective immune response to
percolate down to the site of the pathology. This leads to the
cardinal signs of inflammation: heat, redness and swelling."

In reproduction. During fertilization, spermatozoa produce
ROS for their maturation and membrane fusion with the 00-

cyte.50,51However, excess generation of ROS by spermatozoa or
reduced antioxidant defence have been implicated in male infer-
tility due to defective or dead spermatozoa.W"

In signal transduction. Increasing evidence shows that an
appropriate amount of ROS (within the buffering capacity of the
cell) plays a significant role in intracellular signalling pathways
affecting different cellular functions. Several studies have shown
that ROS are utilized as signalling messengers in a pathway from
cytokine-receptor interactions to activation of transcription fac-
tors." H202 is also known to induce Ca2+ mobilization," thus
modulating the intracellular signalling pathway. Hydrogen perox-
ide was found to regulate mitogen-acti vated protein kinase (MAPK)
through the activation of extracellular signal-regulated protein
kinase (ERK2). Additionally, HP2 also increased the mRNA
expression of MAPK-dependent c-jun, c-fos, and MAPK phos-
phatase-I proteins, further indicating the regulatory role of R2O2
on the MAPK pathway in cell survival following oxidant injury. 56
According to Los et al. ,57a signal from CD28 in the presence of T-
cell receptor (TCR) stimulation is transmitted to protein tyrosine
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kinase (PTK), 5-lipo-oxygenase, ROS and NF-kB sequentially,
resulting in interleukin-2 (IL-2) production.

ROS in ageing
Increasing evidence suggests that ROS are involved in the process
of biological ageing. The following observations have implicated
ROS in the ageing process:

1. Damage of mitochondrial function such as membrane alter-
ation, mitochondrial DNA damage especially the region cod-
ing for NADH dehydrogenase subunit;

2. Increased lipid peroxidation;
3. Accumulation of oxidized products of cellular protein and

DNA and their detection in body fluids; and
4. Altered antioxidant defence.

All these factors have been shown to decrease the functional
efficiency of the cell, ultimately leading to senescence."

ROS in disease
ROS have been implicated in a variety of disease conditions, some
of which are discussed below.

Ischaemialreperfusion injury. ROS have been implicated in
tissue injury following ischaemia and reperfusion of the heart,lung,
brain and kidney leading to immediate and/or programmed cell
death.59-41Oxygen deprivation due to ischaemia leads to a fall in
intracellular ATP causing perturbation of membrane ion channels
resulting in increased entry of Ca2+ into the cell and activation of
cellular enzymes such as proteases and phospholipases. 65.66This has
been suggested to playa role in the conversion of xanthine dehydro-
genase to xanthine oxidase leading to generation of ROS on
reperfusion (Fig. 6).67On the other hand, phospholipase, by releas-
ing free fatty acids, results in the production of free radicals from
arachidonic acid metabolism." It has been suggested that a fall in
the ATP and intracellular oxidative environment causes transloca-
tion ofBax, apro-apoptotic factor, from the cytosol to the mitochon-
dria where it induces cytochrome c release. On reoxygenation, in the
presence ofATP, cytochrome ccauses activation ofeffector caspases
(caspases 3 and 7) leading to cell death." Iron chelation was shown
to provide protection against tissue injury following ischaemia!
reperfusion supporting the role of ROS in general and the 'OR
radical in particular in this condition."

Ischaemia Reperfusion

I I
XanthineiTP dehydrogenase

$:,.activated
roteeses

transition, Xanthineoxidase tal
••. ----------''''--- .• ·0,· ~H,Om,~·OHHypoxanthine

0,

Localization of Bax
to mitochondria

FIG6. Mechanism of ischaemia!reperfusion-induced ROS
generation and subsequent cell death. Apaf-l (apoptosis
activating factor), an adapter molecule present in cytosol, in
combination with cytochrome c activates effector caspases such
as caspase-3 (Cyt. c- Cytochrome c).



DATIA etal. REACTIVE OXYGEN SPECIES IN HEALTH AND DISEASE

Parkinson's disease. Evidence through autopsy and experi-
mental animal studies shows that lipid peroxides are increased in
the Parkinsonian brain, suggesting that oxidant stress is associ-
ated with neuronal loss in Parkinson's disease. Further, a number
of reports have described increased tissue level of iron (Fe) in the
Parkinsonian brain, suggesting a role of ROS in the disease.":"

Alzheimer's disease. A consensus following numerous studies
suggests that oxidative stress may play an important role in the
pathogenesis of Alzheimer's disease. The present model suggests
that during the production ofthe amyloid plaque, ROS are formed,
which further increase neuronal damage. Other sources of ROS in
the brain of Alzheimer's disease have also been reported.":"

Other diseases. ROS have been reported to be involved in
the pathogenesis of shock due to hypoperfusion/reperfusion
events.59.77-79

The role of ROS in the pathogenesis of multiple sclerosis.v
different lung diseases, 81chemical hepatotoxicity" and diseases in
preterm babies, has also been suggested."

ROS in cancer therapy
The cell damage-inducing properties of ROS have been well
utilized in the treatment of cancer. Many chemotherapeutic agents
including cisplatin, doxorubicin, adriamycin, bleomycin, mito-
mycin C and ionizing radiation are known to induce cell death by
generating ROS.84-88Photodynamic therapy performed with a
photosensitizer (usually a haematoporphyrin derivative) and a
light source has been shown to act by generation of ROS.89

CONCLUSION
It had been suggested that the intracellular redox state regulates
cellular growth and function via modulation of signalling path-
ways. Transcription factors such as API, NF-kB and tumour
suppressor genes such as p53 are under redox control." Protein
tyrosine kinase, known as one of the earliest signalling elements,
is also under redox regulation." When ROS generation is within
the limits of the buffering capacity of the cell, it helps in maintain-
ing a proper intracellular redox environment. Excess generation of
ROS may result in cell death or different pathological processes.
Moderate exercise increases ROS which in turn induces antioxi-
dant enzymes such as glutathione peroxidase. On the other hand,
strenuous exercise leads to an increase in ROS which are not fully
compensated by increased antioxidant defence and hence lead to
tissue damage." Thus, a balancing act determines the role ofROS
in the cell. In a life form it is a constant battle between pro- and
antioxidants and 'healthy' survival depends on a tightrope walk.
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