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Hyperphysiological burden of free radicals causes im-
balance in homeostatic phenomena between oxidants
and antioxidants in the body. This imbalance leads to
oxidative stress that is being suggested as the root
cause of aging and various human diseases like
atherosclerosis, stroke, diabetes, cancer and neuro-
degenerative diseases such as Alzheimer’s disease and
Parkinsonism. Therefore, in modern Western medi-
cine, the balance between antioxidation and oxidation
is believed to be a critical concept for maintaining a
healthy biological system. Researches in the recent
past have accumulated enormous evidence advocating
enrichment of body systems with antioxidants to cor-
rect vitiated homeostasis and prevent the onset as well
as treat the disease caused/fostered due to free radi-
cals and related oxidative stress. This article presents
current understanding of the role of free radicals and
oxidative stress in pathogenesis of various diseases
and advancements made in developing antioxidant-
based therapeutics and also discuss the opportunities
to develop therapeutics from traditional medicinal
practice.

ANTOINE Lavoisier, a pioneer oxygen chemist, had
pointed out about 150 years ago that animals that respire
are true combustible bodies that burn and consume them-
selves'. The biological combustion produces harmful in-
termediates called free radicals. A free-radical is simply
defined as any species capable of independent existence
that contains one or more unpaired electrons, an unpaired
electrons being one that is alone in an orbital. It may be
superoxide (O3, an oxygen centred radical), thiyl (RS, a
sulphur-centred radical), trichloromethyl (CCI3, a carbon
centred radical) or nitric oxide (NO®) in which the unpaired
electron is delocalized between both atoms. The O35, hy-
droxyl radicals ("OH) and other reactive oxygen species
(ROS) such as H,O; are continuously produced in vivo.
Free radicals are fundamental to any biochemical pro-
cess and represent an essential part of aerobic life and our
metabolism. They are continuously produced by the
body’s normal use of oxygen such as respiration and some
cell-mediated immune functions. These free radicals are
also generated through environmental pollutants, ciga-
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rette smoke, automobile exhaust fumes, radiation, air pol-
lutants, pesticides, etc.”. These exogenous pollutants
generating free radicals, have become part and parcel of
our daily inhaling/ingesting life and infact there appears
no escape from them. Continuous interaction of the animal
physiological systems with these free radicals generated
either indigenously or inhaled/ingested from exogenous
sources therefore, lead to excess load of free radicals and
cause cumulative damage of protein, lipid, DNA, carbo-
hydrates and membrane, resulting in so-called oxidative
stress. Therefore, living creatures have evolved a highly
complicated defence system with antioxidants composed
of enzymes and vitamins against oxidative stress in the
course of their evolution. These defence systems are
mainly classified” as (i) suppression of generation of ROS,
(i1) scavenging of ROS, (iii) clearance, repairing and re-
constitution of damage and (iv) induction of antioxidant
proteins and enzymes.

However, amounts of these protective devices present
under normal physiological conditions are sufficient only
to cope with the normal threshold of physiological rate of
free-radical generation. Therefore, any additional burden
of free radicals, either from an indigenous or exogenous
source on the animal (human) physiological system can
tip free radical (prooxidant) and anti-free radical (antioxi-
dant) balance leading to oxidative stress’. The oxidative
stress, defined as the imbalance between oxidants and
antioxidants in favour of the former potentially leading to
damage has been suggested to be the cause of aging and
various human diseases” (Figure 1). Therefore, in modern
Western medicine, the balance between antioxidation and
oxidation is believed to be a critical concept for maintain-
ing a healthy biological system™®. Any vitiation therefore,
is understood to give rise to disorderliness in the physio-
logical system leading to a variety of diseases depending
upon the sensitivity and susceptibility of the organ. Thus,
the status of protective mechanism against oxidants, the
antioxidants in humans reflect the dynamic balance bet-
ween antioxidant defence and prooxidant conditions and
have been suggested as a useful tool in estimating the risk
of oxidative damage™’ .

Research in the recent past has accumulated enormous
evidences revealing that enrichment of body systems with
natural antioxidants may correct the vitiated homeosta-
sis'®" and can prevent the onset as well as treat diseases
caused and/or fostered due to free-radical mediated oxi-
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Emergence of several disorders that appear in the form of different diseases
(Free radicals and oxidative stress have been implicated in more than 50 disease conditions)

ANTIOXIDANT BASED THERAPEUTIC APPROACH

Figure 1. Oxidative stress occurs due either to the increased genera-
tion of free radicals or compromised and/or decreased antioxidant de-
fence. This imbalance can be managed by exogenous supply of
antioxidant rich nutrition, natural and/or synthetic antioxidant princi-
ples-based therapeutic preparations.

dative stress. These developments accelerated the search
for antioxidant principles that lead to the identification of
natural resources, isolation of active principles and further
modification and refinement of active antioxidant mole-
cules. However, animal experimentations and clinical
evaluations with these active ingredients were not only
punctuated by some success, but also by some spectacular
failures?. Nevertheless, success and failures with these
efforts and concurrent advancement in understanding of
free-radical biology and related pathogenesis provided
important insights in further improving the development
of newer molecules/molecular compositions that may
provide better preventive and therapeutic potentials. The
perpetual tendency of learning towards refinement of un-
derstanding and the knowledge, has now led to the dis-
covery and development of several novel antioxidant based
molecules/drugs/natural medicinal compositions that have
satisfied majority of the aspects of complex pathogenic
steps in diseases for which only disease/risk factor-modi-
fying therapies are available.

This article presents a general account on understand-
ing the role of oxidative stress and efforts made in deve-
loping novel antioxidant-based drugs/formulations for
prevention and treatment of complex diseases like athero-
sclerosis, stroke, diabetes, Alzheimer’s disease, Parkin-
son’s disease, cancer, etc. and discusses the scope for
further strategic development of newer therapies.

Antioxidants

In foods, antioxidants have been defined as a substance
that in small quantities is able to prevent or greatly retard
the oxidation of easily oxidizable materials such as fats'*.
However, in biological systems the definition for anti-
oxidants has been extended to any substance that when
present at low concentrations compared to those of an
oxidizable substrate significantly delays or prevents oxi-
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dation of that substrate like lipids, proteins, DNA, and
carbohydrates'®. Currently however, biological antioxi-
dants have further assumed a broad definition to include
repair systems such as iron transport proteins (e.g. trans-
ferrin, albumin, ferritin and caeruloplasmin), antioxidant
enzymes, and factors affecting vascular homeostasis, sig-
nal transduction and gene expression'®.

Antioxidants may exert their effects by different
mechanisms, such as suppressing the formation of active
species by reducing hydroperoxides (ROO®) and H,O,
and also by sequestering metal ions, scavenging active
free radicals, repairing and/or clearing damage. Similarly,
some antioxidants also induce the biosynthesis of other
antioxidants or defence enzymes. The bioactivity of an
antioxidant is dependent on several factors like their stru-
ctural criteria, physico-chemical characteristics and in vivo
radical generating conditions (see ref. 2 and references
cited therein).

An antioxidant works by retarding the oxidation. In bio-
logy, oxidation is often started by free radicals. The role
of an antioxidant is to intercept a free radical before it
can react with the substrate. For example, phenol (AOH),
the reaction of interest with ROO" is:

AOH + ROO® = AO" + ROOH.

This H-atom transfer reaction effectively stops chain re-
action. Therefore, antioxidants of biological/therapeutic
importance should have the property that they will react/
trap the free-radical before it reacts with the susceptible
substrate and initiate chain reaction. Based on several
theoretical models and complex calculations, Wright'’
concluded that bond dissociation enthalpy (BDE) gives
excellent correlation for this requirement with many
known families of antioxidants that have been extensively
studied in biological systems, like vitamins E and C, res-
veratrol, gallocatechins, ubiquinol, etc. He suggested that
lower the BDE, the more reactive the antioxidant. How-
ever, it should not be too low to reduce the molecular
oxygen, forming HOj3 the process of autoxidation'’. Major
understanding of beneficial therapeutic activities of anti-
oxidants has arisen with studies on vitamins E and C and
ubiquinol Qj, that serve as excellent reference material.
Mechanisms of radical scavenging activity of antioxi-
dants and their pros and cons are well available®'®. The
most active component of vitamin E, a-tocopherol, is a
good lipid-soluble, chain-breaking antioxidant that breaks
the cycle of lipid peroxidation by reacting with ROO" be-
fore it can attack lipid molecules. Another excellent anti-
oxidant is water-soluble vitamin C. Vitamin C is used to
repair vitamin E radical’®. Based on BDE calculations of
these important antioxidants, Wright'’ proposed a design
window for an antioxidant to be ideal. The useful design
window for an ideal antioxidant based on BDE calcula-
tions may be in the range of 68-76 kcal mol ', i.e. higher
than vitamin C and lower than o-tocopherol. Based on
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these considerations, it has been made possible to design
several antioxidant molecules that have displayed excel-
lent biological activities. Simultaneously, it was also obser-
ved that majority of antioxidants originating from natural
products fall under this criterion'’. This understanding
may provide future directions for design, synthesis and
also search, identify and prioritize novel antioxidants from
natural resources.

Progress in sciences is providing crucial insights in the
understanding mechanisms of disease pathogenesis and is
opening up rich field of potential targets for pharmaceuti-
cal intervention. The broader and clearer understanding
of the molecular basis of disease processes therefore is

paving a way to develop more effective and targetted
treatment. Over the past three decades, free-radical theory
has greatly stimulated interest in the role of dietary anti-
oxidants in preventing many human diseases, including
cancer, atherosclerosis, stroke, rheumatoid arthritis, neu-
rodegeneration and diabetes (ref. 18 and references cited
therein). These wide varieties of chronic inflammatory
diseases form the basis for development of antioxidant-
based therapeutics. Regardless of their initiating patho-
logical events, these diseases share a series of steps that
lead to a common mechanistic pathway of oxidative
stress through regulatory oxidative signals'® (Figure 2).
Various drug-discovery groups and programmes the world
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Involvement of free radicals and oxidative stress-induced expression of red-ox sensitive factors, cytokines and

adhesion molecules leading to the development of various diseases. Free radicals act as signalling intermediate and initiate
receptor-mediated activation of intracellular signalling pathways that activate the production of inflammatory chemokines
and cytokines. MAPk cascades are activated by various free radicals, cellular stressors, and growth factors and are in-
volved in several biological responses like cytokines production, differentiation, proliferation and cell death. TNF exerts a
variety of biological effects like production of inflammatory cytokines, up-regulation of adhesion molecules, proliferation,
differentiation and cell death. It induces free radicals accumulation and also acts as a strong activator of NF-kB. NF-kB is
a transcriptional factor that regulates expression of various inflammatory cytokines, chemokines and adhesion molecules,
and plays an important role in vascular cell functions. AP, Amyloid beta protein; AGE, Advanced glycation end-products;
aM, Activated microglia; AP, Activator protein; DA, Dopamine; DAG, Diacylglycerol; ELAM, Endothelial leukocyte-
adhesion molecule; FRDS, Free radicals; ICAM, Intracellular-adhesion molecule; IL, Interleukin; MAPk, Mitogen-
activated protein kinase; MCP-1, Monocyte chemoattractant protein; NF-kB, Nuclear factor-kappa B; PKC, Protein kinase
C; TNF, Tumour necrosis factor; VCAM, Vascular cell-adhesion molecule; vWF, von Willebrand factor. Details in the

text and references cited appropriately at respective places.
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over have excelled in designing and developing novel an-
tioxidant-based drug molecules that have proven their
therapeutic efficacy and have gathered information for
further advancements in designing and developing drug
molecules for treatment of diseases where no satisfactory
therapy is available.

Atherosclerosis

Oxidative stress, especially oxidation of low-density
lipoproteins (LDL), has long been suspected to play a cri-
tical role in atherogenesis, in consequence of which anti-
oxidants were expected to have antiatherogenic potential.
Such agents were thought to be able to inhibit oxidative
modification of LDL that leads to the accumulation of
cholesterol in the atherosclerotic lesion™*,

Furthermore, insights gained from genomic analysis of
both the oxidized lipids and antioxidants have further
changed the perspective of the etiology of this complex
disease. The findings by genomic analysis provide key
elements for molecular mechanisms that contribute to the
antiatherosclerotic properties of phenolic antioxidants.
Differences in gene expression in various animal models
and in different regions of the aorta in response to these
antioxidants may be one reason that antiatherogenic ef-
fects vary greatly depending upon the animal model and
site of disease progression™. It was observed that high fat
diet increased 32 genes; however, only three genes were
observed to be related to atherogenesis. On the other hand,
some of the genes showing decreased expression were
those of free-radical scavenging enzymes, resulting in in-
crease of oxidative stress, which was attenuated by anti-
oxidant supplementation®’. These observations support the
view that hyperlipidemia is merely a risk factor and oxi-
dative stress is the root cause of atherogenesis.

Emerging evidence therefore, for diverse functions of
both the phenolic antioxidants and oxidized lipids at mole-
cular levels, clearly guides for development of global sys-
tems approach. However, for those actively engaged in
developing potential therapeutics, clinical trials of anti-
oxidants have given rise to some controversies regarding
their real clinical benefits®’. Though several compounds
classified as antioxidants have been shown to have anti-
oxidant properties, probucol® and vitamin E as @i-toco-
pherol®® happened to be the pioneer antioxidant candidates
that have made basis for the understanding of their mode
of action and provided substantial insights in further de-
signing and developing novel antioxidant-based molecules,
encompassing important structural/functional features to
impart better therapeutic potential and also overcome the
unwanted effects.

Many therapeutic agents have been developed to coun-
teract major risk factors for cardiovascular disease like
hyperlipidemia and hypertension. However, no therapy is
available to address the root cause of atherosclerosis. Re-
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cently, two groups have emerged with success in designing,
developing and taking antioxidant-based antiatheroscle-
rotic candidates to the level of clinical-trials®**. The ulti-
mate clinical success of these candidates (Figure 3) will no
doubt revolutionize the therapy of atherosclerotic diseases.
Similarly, several therapeutic preparations from traditional
medicines like Terminalia arjuna30’31, Abana32’33, Campo
medicine®, and MAK®® may have significant therapeutic
potential to address antiatherosclerotic properties in clini-
cal settings.

Stroke

As recently as five years ago, most physicians would
have confidently described atherosclerosis as a straight
plumbing problem. In atherogenesis, fat-laden gunk
gradually builds up on the surface of passive artery walls
and when the deposit (plaque) grows large enough, it
eventually closes off an affected ‘pipe’, preventing blood
from reaching its intended tissue; after a while, the blood-
starved tissue dies. As a result, when a part of the cardiac
muscle succumbs, it leads to heart attack and when it
affects the brain it is called a stroke. Many strokes stem
instead from less obstructive plaques that rupture sud-
denly, triggering the emergence of a blood clot, or throm-
bus, that blocks blood flow™.

Stroke is the third leading cause of death and the major
cause of disability in USA. In the general population, in-
cidence of stroke is 1/1000 individuals, however, inci-
dence doubles in individuals who are 80 years of age’ .
Stroke is defined as an abrupt impairment of brain func-
tion resulting from occlusion or rupture of intra or extra
cranial blood vessels. There are several types of stroke:
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Figure 3. Structure of important compounds discussed in the litera-

ture. BO-653 and AGI-1067 are the recent developments up to clinical
trial as antiatherosclerotic antioxidants. Probucol and alpha tocopherol
serve as the basis for the design and development of these compounds.
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cerebral thrombosis and cerebral embolism, also classified
as ischaemic stroke and subarachnoid haemorrhage, and
intracerebral haemorrhage also classified as haemorrhagic
stroke.

Cerebral thrombosis is the most common type of stroke
and occurs when a thrombus develops on the wall of a
cerebral artery, usually damaged by atherosclerosis’ .
Therefore, therapeutics developed for atherosclerosis,
based on imbalance between oxidant and antioxidant ho-
meostasis appears to be important in treating stroke pro-
vided it reaches the brain-tissue sites. Extensive research
generated in the recent past has disclosed that free radi-
cals play a major role in the damage caused by hypoxia
and reperfusion during cerebral ischaemia, affecting a
late stage of the ischaemic process. These developments
also support views that agents that scavenge free radicals
or prevent their production may be able to prolong the
therapeutic time window” . Several antioxidants and free-
radical scavenging-based therapeutics have been recently
launched and are under development for treatment of
stroke”’.

Diabetes and diabetic complications

There is considerable evidence that hyperglycemia results
in the generation of ROS, ultimately leading to increased
oxidative stress in a variety of tissues. In the absence of
an appropriate compensatory response from indigenous
antioxidant network, the system becomes overwhelmed
(redox imbalance), leading to the activation of stress-
sensitive intracellular signalling pathways. One major
consequence of this is the expression of gene products
that cause cellular damage and are ultimately responsible
for late diabetic complications (Figure 2). Apart from
playing a key role in late diabetic complications, activa-
tion of it or similar signalling pathways also appears to
play a role in mediating insulin resistance and impaired
insulin secretion. The ability of antioxidant/free-radical
scavengers to protect against the effects of hyperglycemia
and free fatty acids along with clinical benefits following
antioxidant therapy, supports the causative role of oxida-
tive stress in mediating and/or worsening these abnormal-
lities®™. A number of reviews have appeared recently,
stressing the role of oxidative stress in pathogenesis of
cellular dysfunction leading to cardiovascular, hepatic
and other complications of diabetes®® .

Similarly, supplementation with antioxidants has also
been shown to decrease oxidative stress and complica-
tions in animal models of diabetes*"** and diabetic pa-
tients*’. Diabetes-induced defects in the homeostasis and
the transport of intracellular calcium have been shown to
decrease or recover by treatment of diabetic animals with
some antioxidants*. Several studies have demonstrated
that antioxidants supplementation prevents lipid peroxi-
dation, haemoglobin glycation and inhibition of Na*, K*-
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ATPase and/or Ca™-ATPase activity caused by hypergly-
cemia in various cells**.

Stobadine is a synthetic drug and scavenges a variety
of free radicals (ref. 44 and references therein). Blood
glucose-lowering effect of stobadine treatment in strepto-
zotocine (STZ)-induced diabetes in animals starts two
days after the STZ injection and its effect has been di-
rectly correlated to its free-radical scavenging properties,
which may protect pancreatic B-cells against STZ toxi-
city’’. Stobadine in low dose is able to lower blood glu-
cose and tissue calcium accumulation in STZ-diabetic rat.
It has also been observed that together with vitamin E, it
can provide better control on hyperglycemia-induced oxi-
dative stress™.

Multiple activities of phytochemicals present in tradi-
tional medicines and their preparations have been revie-
wed recently”®. There are several medicinal plants the
world over used in traditional medicine, which possess
rich antioxidant principles and strong antioxidant activi-
ties. It has been argued that major antidiabetic activities
from these plants might originate from their antioxidant
principles**”. Taking the advantage of modern drugs like
stobadine and its detailed mechanism of action, natural
medicines may also be developed explaining their thera-
peutic properties and mechanism of action. These efforts
may provide novel mechanism-based application of tradi-
tional medicines used in this disorder.

Neurodegenerative diseases

Aging is the major risk factor for neurodegenerative dis-
eases, including Alzheimer’s disease (AD) and Parkin-
son’s disease (PD). Oxidative stress may induce neuronal
damage, ultimately leading to neuronal death by apopto-
sis or necrosis. A large body of evidence indicates that
oxidative stress is involved in the pathogenesis of AD
and PD. Simultaneously, increasing number of studies
show that nutritional antioxidants can block neuronal death
and may have therapeutic properties in animal models of
these neurodegenerative diseases’*.

Alzheimer’s disease

The risk of acquiring AD is considerable in countries
with long life expectancies. Projected national burdens
related to AD are daunting as unprecedented numbers of
people are expected to survive their eighth and ninth dec-
ade of life. In USA alone, the current estimate of 3.6 lakh
new cases of AD each year is expected to triple in the
next 40 years”. AD is the commonest form of dementia
with a prevalence of 0.4% in women and 0.3% in men
aged 60—69 years™. Estimated prevalence of senile de-
mentia in Europe increases with age from 1% in man and
women of age 60 years to 44.7% in a population of 90-95
years age”’.
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Selective sensitivity and vulnerability of neurons are
the most important characteristics of this disorder. Free-
radical theory of aging suggests that oxidative damage is
a major player in degeneration of cells’®. The role of oxi-
dative stress in the etiology of AD has long been
hypothesized, described, and supported by a variety of
experimental and clinical studies. This research has also
promoted interest in assessing antioxidants for their pos-
sible benefits in modifying the course, reducing the risk,
or delaying the onset of AD. Recent research reveals that
dietary antioxidants may have promising therapeutic po-
tential in delaying the onset as well as preventing the ag-
ing population with AD and its related complications”’.
Characteristic histopathological alterations in AD are
neutristic plaques composed largely of amyloid B-peptides
(AB) and neuronal aggregates of abnormally phosphory-
lated cyctoskeletal proteins®®. Several lines of evidence
(ref. 51 and references cited therein) suggest that over
production of ROS is implicated in AP neurotoxicity: (i)
exposure of cultured neurons or neuronal cell lines to A
increases intracellular levels of ROS leading to the acti-
vation of NF-kB; (ii) markers of oxidative stress are
found increased in transgenic mouse models of AD; (iii)
neurotoxicity of AP is attenuated by antioxidants such as
vitamin E, PBN (o-phenyl-tert-butylnitrone), lazaroids
and free-radical scavengers.

A controlled clinical trail with DL-0-tocopherol and se-
legiline in patients with moderately severe impairments
of AD has shown some beneficial effects with respect to
the rate of deterioration of cognitive function®. Vitamin
E has been proposed to impart beneficial effect in this
connection by quenching the ROS formed, and selegiline
protects neurons by preventing the formation of ROS and
by inhibiting oxidative metabolism of catecholamines.
These advances provide a sound basis for search, design
and development of targetted antioxidants for prevention
and treatment of AD.

Parkinson’s disease

PD is a neurological syndrome manifested by any combi-
nation of tremor at rest, rigidity, bradykinesia and loss of
postural reflexes. Neuropathalogical hallmark of PD is
selective degeneration of dopaminergic neurons in the
nigrostriatal system®’. These neurons synthesize and re-
lease dopamine (DA), and loss of dopaminergic influence
on other structures in the basal ganglia leads to classical
Parkinsionian symptoms”".

Epidemiological studies indicate that a number of fac-
tors like exposure to herbicides, industrial chemicals, trace
metals, cyanide, organic solvents, carbon monoxide and
carbon disulphide may increase the risk of developing
PD%. Majority of them are known to increase ROS and
oxidative stress. Oxidative stress may arise from the meta-
bolism of DA with the production of potentially harmful
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free radicals®’. Alterations in pro- and antioxidant mole-
cules have also been observed in post-mortem tissues from
individuals with PD®". Activated microglia (aM) are
thought to contribute to neuronal damage via the release
of proinflammatory and neurotoxic factors like TNFa,
IL-1, RNS, and ROS, etc. The reactive free radicals and
their downstream products have been shown to contribute
substantially to the oxidative damage in PD. Markers of
elevated accumulation of NO, ROS, TNFq, IL-10, INF-y
in substantia nigra of PD patients have been demonstra-
ted®?.

Two neuroprotective clinical trials are available with
antioxidants: (i) Deprenyl and tocopherol antioxidant
therapy of Parkinson’s study observed that deprenyl®, an
antioxidant molecule and also MAO-B inhibitor slowed
early progression of symptoms and delayed the emergence
of disability by an average of nine months. However, vita-
min E at a given dose could not display significant effects.
(i) But in another open trial, combination of high dosage
of o-tocopherol and ascorbate delayed the emergence of
disability by 2.5 years, the time necessary to begin ther-
apy with L-DOPA®. Esposito er al.’' suggest that there
are many alternative antioxidative approaches that may
be considered in future clinical trials, including free radi-
cal scavengers, indigenous antioxidant enzyme boosters,
iron chelators and drugs that interfere with oxidative meta-
bolism of DA in Parkinsonism.

Cancer

The recent world cancer report released by WHO ob-
serves that world cancer rates are set to double by 2020%.
Cancer is emerging as a major problem globally; both in
more developed and in less developed countries. Fur-
thermore, cancer mortality in the world as a whole is
more than twice that in developing countries, a factor the
report attributes to the earlier onset of the tobacco epi-
demic, earlier exposure to occupational carcinogens and
the western diet and life style. Carcinogenesis is a multi-
stage disease process that has been classified into initia-
tion, promotion and progression stages; and each stage
probably involves both genetic and epigenetic changes®.
These observations have been substantiated experimen-
tally by external administration of carcinogens®’. Meta-
bolic activation of carcinogen is a free-radical-dependent
reaction. DNA damage mediated by free radicals plays a
critical role in carcinogenesis®®. In biological systems,
damaged DNA is repaired enzymatically and cells regain
their normal functions. However, misrepair of DNA dam-
age may result in mutations such as base substitution and
deletion, leading to carcinogenesis’’. Sequence specifi-
city of DNA damage plays a key role in the mutagenic
process. Endogenous DNA damage arises from a variety
of intermediates of oxygen reduction and several free
radicals have been reviewed to take part in this process
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by various mechanisms’'. These reactive species have
different redox potentials and redox potentials of these
free-radical species may play an important role in se-
quence-specific DNA damage'’.

Apart from redox-potential of free-radical species, oxi-
dation potential of DNA bases also contributes to the de-
termination of sequence specificity of DNA damage.
Guanine is most easily oxidized among the four DNA
bases, as its oxidation potential is lowest (1.29 V vs nor-
mal hydrogen electrode) among others (adenine 1.42 V,
cytosine 1.6 V and thiamin 1.7 V)">”. Though the most
common hydroxyl radical causes DNA damage with no
marked site specificity, Kawanishi e al.”' have delinea-
ted the mechanism of guanine-specific DNA damage by
different free-radical entities and their role in carcino-
genesis. Apart from a variety of free radicals, non-radical
oxidant like H,0, also play an important role in DNA
damage. In biological systems, H,O, is generated through
spontaneous and/or superoxide dismutase (SOD) cataly-
sed dismutation of Q3. The O3 is produced by one electron
reduction of molecular oxygen through reaction with free
radicals and enzymatic reaction catalysed by xanthine
oxidase. H,O, has emerged as a pivotal molecule not only
for cancer cell proliferation, but also in determining the
fate of cancer cells exposed to phenolic phytochemicals.
Higher amounts of ROS and H,0,; are produced in some
cancer cells. The cumulative production of free radicals
and H,0O, in human melanoma, neuroblastoma, colon car-
cinoma and ovarian carcinoma cell lines are comparable
to that in phorbol ester-stimulated human blood neutro-
phils™. Since cancer cells constitutively produce high
amounts of H,0,, the concept of persistent oxidative
stress in cancer originated””, which provides plausible
explanation for some of the abnormal characteristics of
cancer cells’®.

Recently, Loo’® has reviewed redox-sensitive mecha-
nisms of phytochemicals (particularly antioxidant poly-
phenols) mediated inhibition of cancer cell proliferation.
Cancer cells, particularly those that are highly invasive or
metastatic, require a certain level of oxidative stress to
maintain a balance between undergoing either prolifera-
tion or apoptosis. They constitutively generate large but
tolerable amounts of H,0, that apparently function as
signalling molecules in mitogen-activated protein kinase
(MAPK) pathway to constantly activate redox-sensitive
transcription factors and responsive genes that are invol-
ved in survival of cancer cells as well as their prolifera-
tion. With such a reliance of cancer cells on H,0,, it
follows that if the excess H,0, can be scavenged by phe-
nolic phytochemicals having antioxidant activity, the oxi-
dative stress-responsive genes can be suppressed and
consequently proliferation of cancer cells can be inhibi-
ted. On the other hand, phenolic and other phytochemi-
cals known as isothiocyanates, can induce the formation
of H,0O, to achieve an intolerable level of high oxidative
stress in cancer cells. As an early response, stress genes
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are activated; however, when critical threshold for cancer
cells to cope with the induced oxidative stress reaches
beyond tolerable limits, the key cellular components such
as DNA suffer irreparable damage. In conjunction, genes
involved in initiating cell-cycle arrest and/or apoptosis
get activated. Therefore, the antioxidant phytochemicals
can either scavenge constitutive H,O, or paradoxically
generate additional amounts of H,O, to inhibit prolifera-
tion of cancer cells’® and act as anticancer agents.

Apart from these actions, antioxidants have also been
advocated to impart anticancer activities by several other
mechanisms’’: (i) Trapping the ultimate carcinogen, (ii)
blocking the metabolic activation of carcinogens, (iii)
modulating xenobiotic metabolizing enzymes, (iv) scav-
enging free radicals, (v) inhibiting generation of free
radicals, (vi) inhibiting promotion stage of carcinogenesis
by inhibiting cell proliferation through blocking lipoxy-
genase/cycloxygenase pathway or by lowering ornithine
decarboxylase activity, and (vii) by decreasing the bio-
availability of ultimate carcinogen, etc.

Insights towards developing novel antioxidants

The above discussions throw light on the involvement of
some common pathways in pathogenesis of different dis-
eases mediated through oxidative stress and free radicals
(Figure 2). It has been observed there is some commonality
in antioxidant molecules, i.e. presence of phenolic phar-
macophore™* (Figure 3).

Indeed, various kind of radicals like hydroxyl, alkoxyl,
peroxyl and carbon centred, have been observed to be in-
volved in oxidative stress in vivo, Niki et al.’”® suggest
that considering the activities of radicals and concentra-
tion of substrates, the peroxyl radicals should be the major
target radical for radical scavenging antioxidants in vivo.
Activity of phenolic antioxidants towards peroxyl radi-
cals is determined primarily by BDE of phenolic O-H
bond, its redox potential and steric hindrance to abstrac-
tion of phenolic hydrogen by peroxyl radicals”*’. Peroxyl
radicals are electrophilic in nature. Therefore, electron-
donating substituents on the aromatic ring of the phenolic
pharmacophore increases the reactivity towards peroxyl
radical, whereas electron-withdrawing groups decreases
it. In addition to such polar effects, the electron-donating
substituents also weaken phenolic O-H bond, while elec-
tron-withdrawing substituents increases O—H bond disso-
ciation energies. Therefore, it is important that an anti-
oxidant should have electron-donating substituents’ .
Furthermore, substituents on the ortho-position are im-
portant in determining the stability of phenoxyl radical,
hindrance for approach of peroxyl radicals to the phenolic
hydrogen, and the reactivity of phenoxyl radical towards
the substrate®’. Flavanols, present in abundance in dietary
constituents, contain a strong nucleophilic centre that re-
acts with electrophilic species and thereby decreases the
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bioavailability of the ultimate carcinogens®’. Therefore,
presence of nucleophilic electron-donating properties of
polyphenols present in tea may be one of the important
mechanisms of action involved in inhibition of carcino-
genesis, where electrophilic carcinogenic species may be
trapped by nucleophilic polyphenols’’.

Considering these criteria and antioxidant property as
the base in view, several novel molecules have emerged
for development as therapeutics in various multifactorial
diseases like atherosclerosiSZ3’28’29’83’84, stroke37, cancer17’76,
and simultaneously, several insights have been provided
for therapeutic advancement for AD and PD*"*,

Diphenyl picrylhydrazyl (DPPH) is a nitrogen-centred
free radical. It reacts similar to the peroxyl radical. Its
reaction rates correlate directly with antioxidant activity.
Higher the rate, more effective the antioxidant’’. Two
mechanisms for antioxidants to scavenge DPPH radical
have been proposed®”: the first is a direct H-atom abstrac-
tion process (eq. (1)) and the second is a proton concerted
electron-transfer process (eq. (2))

DPPH® + RXH — DPPHH + RX", (1)

DPPH" + RXH — DPPH ™ + RXH"*
— DPPHH + RX". 2)

In which, X represents either O, N, S or C. First pathway
is governed to a large extent by X—H BDEs, of RXH and
DPPHH. Only if the BDE of former is lower than that of
the latter, the reaction is permitted. The BDE for DPPHH
is calculated to be 172.22 kcal/mol. While, the second
pathway is determined by ionization potentials (IP) of
RXH and DPPH . The prerequisite for this reaction to
proceed is that IP of the RXH should be lower than that
of DPPH . The IP for DPPH'is observed to be 59.60 kcal/
mol. Phenol, amino, or thiophenol groups are commonly
known to be the active groups for scavenging DPPH.
These understandings may provide better insights in de-
signing the active centers for antioxidants as radical
scavenger and by protecting these centers, further modify
structures to improve the absorption and metabolic pro-
perties in the molecule.

Edaravone is a novel neuroprotective agent approved
for acute therapy of embolic stroke. The pharmacological
effect of it arises from its radical scavenging activity.
However, it does not possess phenolic pharmacophore. It
has been observed recently that edaravone scavenges
DPPH through donating H-atom®, as the C-H BDEs of
edaravone (77.26-86.36 kcal/mol) are much lower than
DPPHH. However, it cannot scavenge DPPH by second
method as its IP (164.72 kcal/mol) is much higher than
DPPH .

Antioxidants tested on DPPH were also found extre-
mely effective in cell systems of oxidative stress used to
test anticancer agents'’. This simple test further provides
information on the ability of a compound to donate elec-
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trons, the number of electrons a given molecule can donate
and on the mechanism of antioxidant action. Furthermore,
in cases where the structure of the electron-donor is not
known (e.g. a plant extract), this method can afford data
on the reduction potential of the sample, and hence can
be helpful in comparing the reduction potential of un-
known materials. Vaya et al.*® observed that compounds
which were able to donate electrons to the DPPH mole-
cule were the same as those that showed high activity in
inhibiting LDL oxidation induced under different condi-
tions. Similarly, among several mechanisms for the deve-
lopment of diabetic complications, increased level of
advanced glycation end-products (AGEs) are well known
to be a cause of aging and diabetic complications. Mat-
suda er al.®” and Lou et al.*® have observed that the AGEs
formation inhibitory activities of several flavonoids were
in accordance with their DPPH radical scavenging acti-
vities. Therefore, this simple test model may be helpful in
identifying antioxidant resources as well as molecules
useful for development of anticancer, antiatherosclerotic,
antidiabetic therapeutics and neuroprotective agents. Ap-
plying this model as prerequisite, it has been possible for
us to identify several traditional medicinal preparations
and medicinal plants bearing rich content of antioxi-
dant589, isolate a number of molecules’® Furthermore,
we also improved and incorporated several biological
activities in that molecules’”. These medicinal plants have
been used for a variety of disease conditions now being
explained by oxidative stress theory. These resources/
medicinal plants therefore, may provide an important
base and molecules as building blocks for development of
indigenous therapies for disease of polygenic origin.

Future scenario

Technology-based economic growth has been one of the
prime factors in creating the wealth of a nation. The most
developed countries are characterized by their wealth
creation based on pursuing high quality research and de-
velopment investments and translating their innovations
into commercial products’™. These criteria appear tough
for the developing nations, as they are poorly prepared to
invest large sums of money for advanced research and
development. Therefore, developing countries like India
may find a solution by looking back into their glorious
past of traditional medicinal practice like Ayurveda,
Unani and Siddha for alternative therapeutic options.
Ayurveda and Siddha, discovered, nurtured and perfec-
ted in India as science of longevity, are not just a collec-
tion of therapeutic recipes, but also frameworks that
define the condition of sickness and connect them with
healing practices. In olden days these scientific discipli-
nes not only thrived in India but also influenced healing
practices in many other countries. That period of intense
creativity was a glorious one and every Indian has the
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reason to remember it with pride95. However, after Janu-
ary 2005, when new intellectual property regulations
come into force, Indian companies may no longer copy
drugs, but will have to develop them on their own. As an
alternative therefore, they may rely on the traditional
medical knowledge and biodiversity as springboards. By
fusing ancient wisdom and modern science, India can
create world-class products%. Therefore, it has embarked
on a fast track programme to discover new drugs by
building on traditional medicines and screening the diverse
plants and microbial resources of the country®. In terms
of its size, diversity and access to talent and resources
this programme is not only the world’s largest project of
its kind, but is also unique%. Identification of antioxidant-
rich natural resources, preparing molecular fingerprints of
their chemical compositions and studying the multiple
therapeutic properties in this programme may help make
India self-reliant in drug development in future.
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