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OXIDATIVE  STRESS

Oxidative Stress: An Example of Hormesis

Mahadeva Rao US,  Nadiger Hanumant Anantrao

ABSTRACT
Background of study: Hormesis is a biphasic dose response ('U' or 'J' shaped) to an exogenous agent showing a low dose ben-

eficial effect and a high dose toxic effect. Similar biphasic responses have also been observed in normal physiological functions 
of cells and organisms and during adaptation to stress.

Oxidative stress: It is an imbalance in the production and disposal of reactive oxygen species (ROS) leading to oxidative dam-
age to biomolecules and cell structures. Production of ROS is unavoidable in aerobic organisms because of the peculiar atomic 
structure of oxygen. Endogenous antioxidant systems dispose off the ROS preventing the potential oxidative damage. ROS medi-
ated oxidative damage is implicated in the pathogenesis of a wide variety of age related, and inflammatory human disorders. 

Beneficial role of ROS: ROS generation and oxidative stress are essential for survival of the organism since in moderate 
amounts, their consequences may be essential to maintain normal health. Excess levels of oxidative stress will lead to oxidative 
damage and consequent human disorders.

Disposal of ROS: Endogenous antioxidant systems play an important role in preventing the ROS mediated oxidative damage 
by maintaining a state of 'redox homeostasis'. Disturbances in the state of redox homeostasis due to increased endogenous pro-
duction / entry of exogenous ROS or deficiency/defects in endogenous antioxidant systems would lead to oxidative damage and 
the consequent human disorders.

Conclusion: We have presented a concise review giving production and disposal as well as beneficial and harmful effects of 
ROS proposing that oxidative stress is an example of hormesis.
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INTRODUCTION

Hormesis:
Hormesis is a process in which exposure to a low dose of a chemi-

cal agent or environmental factor that is damaging at higher doses 
induces an adaptive beneficial effect on the cell or organism, producing 
a 'U' or 'J' shaped response (Fig. 1). The response of the cell or organism 
to the low dose of the toxin is considered an adaptive compensatory pro-
cess following an initial disruption in homeostasis. The term hormesis is 
commonly used by toxicologists to describe biphasic responses 
observed when exposed to exogenous agents or environmental condi-
tions. However, such biphasic responses are also common in day-to-day 
life and it should be recognized that hormesis is integral to the normal 
physiological function of cells and organisms. For example glutamate 
an excitatory neurotransmitter can induce hormesis, as pretreatment of 
neurons with a low concentration of glutamate can protect them from 
being damaged by a higher concentration of glutamate1), ischemia pre-
conditioning is seen when an organ (the heart or brain, for example) are 
subjected to a brief mild ischemia. Having been exposed to the mild 
ischemia the cells become resistant to fatal heart attack or stroke2,3). The 
cellular and molecular mechanisms underlying hermetic responses are 
being elucidated and may involve oxidative stress induced cytoprotec-

tive signaling pathways involving activation of kinases, changes in 
mitochondria, and the expression of genes encoding antioxidant 
enzymes and protein chaperones4,5). 

Oxidative stress:
Oxidative stress is defined as an imbalance in the production and 

disposal of reactive oxygen species (ROS) leading to oxidative damage 
to biomolecules and cell structures. 

PRODUCTION  AND  DISPOSAL  OF  ROS

Production of ROS:
Production of ROS is unavoidable in aerobic organisms because of 

the peculiar atomic structure of oxygen6). ROS are also generated by 
exogenous sources. Enzymatic reactions able to generate ROS are those 
involved in respiratory chain, prostaglandin synthesis, phagocytosis, and 
cytochrome P450 system. The use of oxygen as part of the process for 
generating metabolic energy produces reactive oxygen species7). In this 
process, the superoxide anion is produced as a by-product of several 
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steps in the electron transport chain8). Particularly important is the 
reduction of coenzyme Q in complex III, since a highly reactive free 
radical is formed as an intermediate (Q.-). This unstable intermediate 
can lead to electron "leakage", when electrons jump directly to oxygen 
and form the superoxide anion9). 

O2●- can also be formed by lipoxygenases (LOX) and cyclooxygen-
ases (COX) during the arachidonic acid metabolism, and by endothelial 
and inflammatory cells10). Superoxide radical (O2●-) is generated by 
NADPH oxidase, xanthine oxidase, and peroxidases. Once formed, it is 
involved in several reactions that in turn generate hydrogen peroxide, 
hydroxyl radical (OH●, peroxynitrite (ONOO-), hypochlorous acid 
(HOCl), and so on. H2O2 (a nonradical) is produced by multiple oxidase 
enzymes such as amino acid oxidase and xanthine oxidase. Hydroxyl 
radical (OH●, the most reactive among all the free radical species in 
vivo, is generated by reaction of O2●- with H2O2, with Fe2+ or Cu+ as a 
reaction catalyst (Fenton reaction). Nitric oxide radical (NO●, which 
plays some important physiological roles, is synthesized from argi-
nine-to-citrulline oxidation by nitric oxide synthase (NOS)11,12). In addi-
tion, immune cell activation, inflammation, ischemia, infection, cancer, 
excessive exercise, mental stress, and aging are all responsible for free 
radical production13). ROS are also produced nonenzymatically when 
oxygen reacts with organic compounds or when cells are exposed to 
ionizing radiations or even during mitochondrial respiration14,15). 
Exogenous free radical production can occur as a result of exposure to 
environmental pollutants, heavy metals (Cd, Hg, Pb, Fe, and As), certain 
drugs (cyclosporine, tacrolimus, gentamycin, and bleomycin), chemical 
solvents, cooking (smoked meat, used oil, and fat), cigarette smoke, 
alcohol, and radiations16-19). When these exogenous compounds penetrate 
the body, they are degraded or metabolized, and free radicals are gener-
ated as by-products.

Disposal of ROS:
Since generation of ROS is inevitable even during normal physio-

logical functions, organisms contain a complex network of antioxidant 
systems that work together to prevent oxidative damage to cellular com-
ponents such as DNA, proteins and lipids20). In general, antioxidant sys-
tems either prevent these reactive species from being formed, or remove 
them before they can damage vital components of the cell21). However, 
reactive oxygen species also have also been found to mediate useful cel-
lular functions, such as redox signaling. Thus, the function of antioxi-
dant systems is not to remove oxidants entirely, but instead to keep them 
at an optimum level22) to maintain 'redox homeostasis'.

Cells deploy an antioxidant defensive system based mainly on enzy-
matic components to protect themselves from ROS-induced cellular 
damage23). The superoxide released is first converted to hydrogen perox-
ide and then further reduced to give water. This detoxification pathway 
is the result of multiple enzymes, with superoxide dismutases(SOD) cat-
alysing the first step and then catalases and various peroxidases(GPx) 
removing hydrogen peroxide. Nonenzymatic antioxidants are either sol-
uble in water (hydrophilic- vit C, glutathione, lipoic acid and uric acid) 
or in lipids (lipophilic- carotenes, vitamin E, Ubiquinol)). In general, 
water-soluble antioxidants react with oxidants in the cell cytosol and the 
blood plasma, while lipid-soluble antioxidants protect cell membranes 
from lipid peroxidation. These compounds may be synthesized in the 
body or obtained from the diet21).

The relative importance and interactions between different antioxi-
dant systems is very complex with the various antioxidant compounds 
and antioxidant enzyme systems having synergistic and interdependent 
effects on one another24). The action of one antioxidant may therefore 
depend on the proper function of other members of the antioxidant sys-

tem. The amount of protection provided by any one antioxidant will also 
depend on its concentration, its reactivity towards the particular reactive 
oxygen species, and the status of the antioxidants with which it inter-
acts25). 

BENEFICIAL  EFFECTS  OF  ROS/OXIDATIVE  
STRESS

When maintained at low or moderate concentrations, free radicals 
play several beneficial roles for the organism. 

i Host defense against pathogens:
During phagocytosis inflammatory cells particularly macrophages 

produce O2●- by NADPH oxidase. O2●- gets converted to H2O2 and then 
into hypochlorus acid (HClO). which along with O2 ●- accomplishes 
bactericidal action. In fact phagocytes synthesize and store free radicals, 
in order to be able to release them when invading pathogenic microbes 
have to be destroyed26,27).

ii Cell signaling:
Free radicals are also involved in a number of cellular signaling 

pathways12). They can be produced by nonphagocytic NADPH oxidase 
isoforms; in this case, free radicals play a key regulatory role in intracel-
lular signaling cascades, in several cell types13). ROS and RNS can act as 
secondary messengers and control gene expression, apoptosis, cell 
growth, cell cycle, cell adhesion, chemotaxis, protein-protein interac-
tions and enzymatic functions, Ca 2+ and redox homeostasis, to name 
but a few functions28,29). 

iii Adaptation to stress:
Imbalance in ROS and antioxidants induces oxidative stress. 

Traditionally oxidative stress has been implicated in the pathogenesis of 
a large number of human disorders. However recent studies have shown 
that production of low/moderate levels ROS induces significant, but tol-
erable, damage that can in turn induce beneficial adaptations. Preventive 
effects of low dose exercise on oxidative stress related disorders, isch-
aemia preconditioning of myocardium and brain to prevent fatal MI/
stroke etc., have been shown to be mediated through production of low 
levels of ROS. The molecular mechanisms underlying this beneficial 
effect are still being worked out. Low/moderate levels of oxidative 
stress such as regular exercise upregulates antioxidant system30), stimu-
late the oxidative damage repair system31-35) increases the activity of the 
proteasome complex, which is believed to be responsible for the degra-
dation of oxidatively modified proteins33,36) and stimulates the synthesis 
of stress adaptive proteins like HSP, NFkB, NrF2 etc.

iv Chemotherapy:
Prooxidant agents, beside their well-known detrimental effects on 

human health, have been investigated and, in some cases, actually used, 
as therapeutic agents mainly against cancer.

Vitamin C, polyphenols and ionizing radiation have been investigat-
ed for their therapeutic use in cancer treatment. All these prooxidants 
promote increased generation of free radicals. The damaging effects of 
ROS at high levels are more pronounced in cancer cells which lack pro-
cesses that protect or repair oxidative stress induced damage leading to 
apoptosis13). 

HARMFUL  EFFECTS  OF  ROS/OXIDATIVE  STRESS

oxidative stress is a harmful process that can negatively affect sev-
eral cellular structures, such as membranes, lipids, proteins, lipopro-
teins, and DNA12). Lipid peroxidation leads to accumulation of malondi-
aldehyde (MDA) and conjugated diene compounds which have been 
shown to be cytotoxic and mutagenic. ROS can oxidise sulfhydryl 
groups and modify certain amino acids leading to altered conformation, 
fragmentation, cross linking and aggregation. DNA damage involves 
8-oxo-2'-deoxyguanosine(8-OHdG) formation that can lead to mutagen-

Figure 1. Hormesis with 'U' or 'J' shaped adaptive response 
〔Courtesy: University of Nebraska- Lincoln〕
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esis13). ROS can also oxidize carbohydrates like glucose producing H2O2. 
Glycation increases the susceptibility of proteins to the attack by free 
radicals leading to accumulation of advanced glycation end prod-
ucts(AGEs). AGEs have been associated with pathogenesis of diabetic 
complications37).

i. Cancer and Oxidative Stress: 
Oxidative stress leads to modifications in DNA structure, such as 

base and sugar lesions, DNA-protein crosslinks, strand breaks, and 
base-free sites. For instance, tobacco smoking, environmental pollut-
ants, and chronic inflammation are sources of oxidative DNA damage 
that contribute to tumor onset38,39).

ii. Cardiovascular Disease and Oxidative Stress:
Oxidative stress acts as a trigger of atherosclerosis. It is well known 

that atheromatous plaque formation results from an early endothelial 
inflammation, which in turn leads to ROS generation by macrophages 
recruited in situ. These ROS oxidize circulating LDL leading to foam 
cell formation and lipid accumulation. These events lead to formation of 
an atherosclerotic plaque leading to narrowing of the arterial lumen and 
the consequent CVD. Both in vivo and ex vivo studies provided evi-
dences supporting the role of oxidative stress in atherosclerosis, isch-
emia, hypertension, cardiomyopathy, cardiac hypertrophy, and conges-
tive heart failure26,40,41). 

iii. Neurological Disease and Oxidative Stress: 
Oxidative stress has been linked to several neurological diseases 

(i.e.,Parkinson's disease, Alzheimer's disease (AD), amyotrophic lateral 
sclerosis (ALS), multiple sclerosis, depression, and memory loss). In 
AD, several experimental and clinical researches showed that oxidative 
damage plays a pivotal role in neuron loss and progression to dementia. 
β-amyloid, a toxic peptide often found present in AD patients' brain, is 
produced by free radical action and it is known to be at least in part 
responsible for neurodegeneration observed during AD onset and pro-
gression42-44).

iv. Respiratory Disease and Oxidative Stress: 
Several researches pointed out that lung diseases such as asthma 

and chronic obstructive pulmonary disease (COPD), associated with 
systemic and local chronic inflammation, are linked to oxidative stress. 
Oxidants are known to enhance inflammation via the activation of dif-
ferent kinases involving pathways and transcription factors like 
NF-kappa B and AP-145,46). 

v. Rheumatoid Arthritis and Oxidative Stress: 
Rheumatoid arthritis is a chronic inflammatory disorder affecting 

the joints and surrounding tissues, characterized by macrophages and 
activated T cell infiltration. Free radicals at the site of inflammation 
play a relevant role in both initiation and progression of this syndrome, 
as demonstrated by the increased isoprostane and prostaglandin levels in 
synovial fluid of affected patients14,47).

vi. Kidney Diseases and Oxidative Stress: 
Oxidative stress is involved in a plethora of diseases affecting renal 

apparatus such as glomerulo- and tubule-interstitial nephritis, renal fail-
ure, proteinuria, and uremia. When oxidative stress stimuli act chron-
ically on kidney tissues, the results will be an initial stage of inflamma-
tion and later the formation of abundant fibrotic tissue that impairs 
organ function potentially leading to renal failure. Nephrotoxic drugs 
(cyclosporine, tacrolimus, gentamycin, and bleomycin) produce renal 
damage by increasing free radical levels and oxidative stress via lipid 
peroxidation. Heavy (Cd, Hg, Pb, and As) and transition metals (Fe, Cu, 
Co, and Cr) are responsible for various forms of nephropathy through 
induction of oxidative stress. Diabetic nephropathy is associated with 
formation and accumulation of advanced glycation end products 
(AGEs) which are produced by oxidation of glycated proteins48,49).

CONCLUSION

In this review we discussed the sources of ROS and their disposal, 
beneficial effects of ROS/oxidative stress and the role of oxidative dam-
age in the pathogenesis of human disorders and the emerging possibility 
of using prooxidants in cancer therapy.
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