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 I am pleased to write a foreword to the book entitled  Free Radicals in Human 
Health and Diseases , edited by Dr. Vibha Rani and Dr. Umesh C. S. Yadav 
and published by Springer. Both Dr. Rani and Dr. Yadav have been among the 
brightest students during their doctoral studies at the School of Life Sciences, 
Jawaharlal Nehru University, New Delhi, where I had the opportunity to 
teach, guide, and interact with them. The authors have an expertise in oxida-
tive stress and infl ammatory pathologies that is evident from their reputed 
publications. The book discusses comprehensively and succinctly about the 
generation of myriads of free radicals, oxidative stress-induced redox signal-
ing pathways, various oxidative stress pathologies, and strategies to modulate 
a cell’s antioxidant system to negate the effects of oxidative stress. 

 This book also has contributions from eminent scientists working in the 
fi eld of oxidative stress biology who have provided a comprehensive and 
updated review of their respective topics. The expert contributors have eluci-
dated the mechanisms of ROS production and their regulations, balance 
between oxidative stress and antioxidant system, oxidative stress-induced 
pathologies, and strategies to ameliorate them. The elaborated description in 
chapters will enhance the understanding of oxidative stress biology which 
will help the readers gain an in-depth insight and latest development in the 
fi eld of oxidative research. The better understanding of regulation of oxida-
tive stress can be utilized for devising strategies for development of novel 
therapeutic strategies for clinical intervention in oxidative stress-induced dis-
eases. I am certain that the readers including students, researchers, and facul-
ties will fi nd this book extremely informative, interesting, and stimulating. 

 With best wishes

 School of Life Sciences,   JNU        

        New Delhi ,  India      R.    K.     Kale        

   Foreword   
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 This book entitled  Free Radicals in Human Health and Diseases  is our 
 collaborative effort to combine approaches and ideas from different experts 
working on oxidative stress. The advent of oxidative hypothesis of pathogen-
esis led to a paradigm shift in how we understand the disease mechanism 
today. The oxidative stress caused by free radical generation in cells and its 
environment is implicated in a plethora of human diseases as well as in health 
and has become an area of intense research globally. Free radicals and reac-
tive oxygen species (ROS), synthesized as metabolic by-products, are essen-
tial for a number of biochemical and physiological processes. Environmental 
stress drastically increases the levels of free radicals inside and around cells, 
thereby disturbing the equilibrium between free radical production and inbuilt 
antioxidant capabilities. When cellular production of ROS overwhelms its 
antioxidant capacity, it causes damage to cellular macromolecules such as 
lipids, protein, and DNA. ROS that are generated in all aerobic cells are in 
balance with biochemical antioxidants, and an imbalance due to excessive 
ROS may lead to degradation of antioxidant capacity of cells. Increased ROS 
can result in age-related diseases like Alzheimer and Parkinson disease, can-
cer and metastasis, cardiovascular diseases like atherosclerosis and cardio-
myopathy, diabetic complications, and other infl ammatory disorders like 
rheumatoid arthritis as well as reproductive defi ciencies like polycystic ovary 
syndrome and loss of sperm motility. For scientists working in the fi eld of 
oxidative stress, it is imperative to understand several aspects involved in the 
regulation and maintenance of oxidative balance. The defi ned methodology 
and techniques are required to estimate the dysregulation of this imbalance. 
Additionally, it is essential to understand the upstream as well as downstream 
regulators of this imbalance in a specifi c disorder. Therefore, an in-depth 
knowledge and understanding would help in designing new strategies to 
address specifi c questions of interest in one’s research area. 

 This book is a consolidated effort of authors working in the fi eld of oxida-
tive stress to provide comprehensive and up-to-date information on it. The 
book contains a total of 26 chapters divided into 4 distinct parts for better 
understanding and interpretation. The fi rst part covers the players of oxida-
tive stress which include ROS, free radicals, and other submicroscopic parti-
cles. It also talks about the tools and techniques that can be used to measure 
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oxidative stress and free radicals. The second part gives an in-depth mecha-
nistic outlook of oxidative stress at both molecular and genetic levels. 
The third part focuses on various disease conditions that emanate from 
 ensuing oxidative stress and due to loss of cellular oxidative balance. The last 
part discusses the strategies to ameliorate oxidative stress-induced diseases 
focusing on antioxidative therapies and current approaches in this fi eld. 

 Although several books on the topic of oxidative stress are available, 
which is justifi ed from the fact that ROS are implicated in the mediation of a 
number of pathogenesis, this book presents a comprehensive account of the 
redox biology including the topics like generation of free radicals, modifi ca-
tion of biomolecules by ROS, ROS-induced signaling pathways and their 
regulations, role in disease development, role in molecular and genetic path-
ways leading to gene regulation and expression, and suggestions of strategies 
to prevent and treat oxidative stress pathologies based upon the current 
research and their future perspectives. This broad coverage of topics enhances 
the appeal of this book to its readers and thus is of extreme interest to the 
target audience such as researchers, scientists, pathologists, students, facul-
ties, and the broad scientifi c community. To enhance and update the under-
standing of oxidative stress-related research, the authors have presented 
diverse theories to cover the advancement on this important subject. We hope 
that by combining these topics and presenting them as a book, we will help a 
wider section of scientifi c readers in understanding recent developments in 
oxidative stress biology, addressing their queries, enhancing inquisitiveness, 
and generating fruitful research ideas and tools to help direct and progress 
their own research. 

 We, as editors of the book, would like to extend our immense gratitude to 
all the contributors. We would like to especially acknowledge Prof. R. K. 
Kale, Founding Vice-Chancellor, Central University of Gujarat, and Professor, 
School of Life Sciences, JNU, New Delhi, for writing a foreword for our 
book. We would also like to acknowledge and thank our mentors Prof. 
Shyamal Goswami and Prof. Najma Z. Baquer, School of Life Sciences, 
JNU, New Delhi, India, and Prof. Satish K. Srivastava, Department of 
Biochemistry and Molecular Biology, University of Texas Medical Branch 
(UTMB), Galveston, Texas, USA, for their incessant encouragement and 
valuable training. In addition, we would like to acknowledge Neha Atale, 
Research Scholar at Jaypee Institute of Information Technology, Noida, and 
Shrey Kohli, Research Scholar at Otto von Guericke University (Medical 
Faculty) Magdeburg, Germany, for their sincere efforts at different stages in 
preparing the book. We also acknowledge the efforts, time, and patience of 
our colleagues, students, and family who helped in the various stages during 
the preparation of the book. We are grateful to the Department of 
Biotechnology (DBT) and Department of Science and Technology (DST), 
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Govt. of India. We are highly grateful to the publisher, Springer India (Pvt.) 
Ltd., for agreeing to publish our book, and to Dr. Mamta Kapila (Editor, Life 
Sciences, Springer India) for her patience and understanding during the prep-
aration of this book   .

     

  Noida ,  UP ,  India      Vibha     Rani   

       

          Gandhinagar ,  Gujarat ,  India      Umesh Chand Singh     Yadav       
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    Abstract  

  Reactive oxygen species (ROS) are chemical molecules with one unpaired 
electron and mostly derived from molecular oxygen. It is produced in all 
the mammalian system by various exogenous and endogenous sources. 
   Mitochondria are major sources of ROS production and they are produced 
as a respiratory by-product. The main sites of superoxide radical produc-
tion in the respiratory chain are complexes III and I; however, other mito-
chondrial enzymes are also involved in the production of ROS. Because of 
the presence of one unpaired electron, ROS is highly reactive, and it may 
cause oxidative damage to the biomolecules and cell organelles and hence 
may affect the cellular physiology and their survivability. 

 A variety of diseases have been associated with excessive ROS produc-
tion leading to mitochondrial damage, apoptosis, and necrosis. The inter-
relationship between ROS and mitochondria suggests shared pathogenic 
mechanisms in mitochondrial and ROS- related diseases. Some common 
diseases, known to be caused by ROS and mitochondrial damages, are 
several mitochondrial diseases, neurodegenerative diseases, and aging. 
In the present chapter, we have summarized the molecular mechanisms of 
ROS production, its damaging effect on cellular  physiology, as well as the 
existing evidence of mitochondrial ROS involvement in human diseases.  

  Keywords  

  Reactive oxygen species   •   Superoxides   •   Mitochondria   •   Electron  transport 
chain   •   Mitochondrial DNA   •   Permeability transition pore  
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1         Introduction 

    During the course of evolution, organisms 
developed the capacity to utilize molecular oxy-
gen as the terminal oxidant in respiration in 
order to gain energy as an advantage over the 
anaerobic pathway by a factor of 18. By utiliz-
ing the molecular oxygen as a terminal electron 
acceptor, these aerobic organisms were now 
enabling metabolism of their organic carbon for 
energy production. In this respiratory process, 
oxygen is consumed along with metabolic sub-
strates, while ATP, water, and carbon dioxide are 
generated. However, the presence of intracellu-
lar oxygen also allowed inadvertent redox reac-
tions by  oxygen radicals to damage critical 
biomolecules. Based upon the work done by 
Priestley, Scheele, and Lavoisier, the dual role 
of oxygen as  sustainer and destroyer of life was 
realized [ 1 ], but the exact mechanism was not 
known. During 1959, for the fi rst time, 
Gerschman showed that oxygen toxicity is due 
to the generation of reactive  oxygen species 
(ROS) or free radicals [ 1 ].  

2     Production of ROS 

 ROS is a phase used to describe a variety of 
molecules and free radicals (chemical species 
with one unpaired electron) derived from 
molecular oxygen. The ground state oxygen 
may be converted to the much more reactive 
forms either by energy transfer or by electron 
transfer reactions. The former leads to the 
 formation of singlet oxygen, whereas the latter 
results in the sequential reduction to superox-
ide, hydrogen peroxide, hydroxyl radical, etc. 
ROS is a collective term that includes not only 
oxygen radicals (superoxide and hydroxyl) but 
also some non-radical derivatives of molecular 
oxygen (O 2 ) such as hydrogen peroxide (H 2 O 2 ). 
Thus, it is a broader expression and includes 
hydrogen peroxide and lipid peroxide with no 
unpaired electron, superoxide ( • O 2  − ), hydroxyl 
( • OH − ), peroxyl (ROO •− ), alkoxy (RO • ) radicals, 
radicals of nitric oxide ( • NO), nitrogen dioxide 

( • NO 2 ), peroxynitrite ( • ONOO − ), ozone (O 3 ), 
and possibly singlet oxygen. Though hydrogen 
peroxide and lipid peroxide are not free radi-
cals, they act as reservoirs for the highly reac-
tive  • OH − , ROO • , and RO •  radicals. The 
production of these reactive species occurs con-
tinuously in the organism, and depending upon 
the sources, this production may be endogenous 
or exogenous. 

2.1     Exogenous Sources of ROS 

 Environmental agents including non-genotoxic 
carcinogens can directly generate or indirectly 
induce ROS in cells. Exposure of the cell to 
gamma irradiation results in the production of a 
whole range of radical and non-radical species 
from ionization of intracellular water (e.g., 
aqueous electron,  • OH − , H 2 O 2 ). Even exposure 
to nonionizing irradiation such as UV-C 
(<290 nm), UV-B (290–320 nm), and UV-A 
(320–400 nm) can indirectly produce a variety 
of ROS including O 2 , H 2 O 2 , and  • O 2  −  radicals 
[ 2 ]. Air pollutants such as car exhaust, cigarette 
smoke, and industrial contaminants encompass-
ing many types of NO derivatives constitute 
major sources of ROS that attack and damage 
the organism either by direct interaction with 
the skin or following inhalation into the lung. 
Many of the drugs, such as bleomycin and 
Adriamycin, whose mechanism of action is 
mediated via ROS production, are also a major 
source of ROS. Narcotic drugs and anesthetiz-
ing gases are further considered major contribu-
tors to the production of ROS [ 3 ]. A large variety 
of xenobiotics (e.g., toxins, pesticides, and 
 herbicides such as paraquat) and chemicals 
(e.g., mustard gas, alcohol) produce ROS as a 
by-product of their metabolism in vivo [ 3 ]. One 
of the major exogenous sources of oxidants 
is food. A large portion of the food consumed is 
oxidized to a higher degree and contains differ-
ent kinds of oxidants such as peroxides, alde-
hydes, oxidized fatty acids, and transition 
metals. Food debris that reaches the intestinal 
tract places an enormous oxidative pressure on 
the intestinal tract mucosa [ 3 ].  
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2.2     Endogenous ROS Production 
in Cell Organelles 

 Although the exposure of the organism to ROS is 
extremely high from exogenous sources, the 
exposure to endogenous sources is much more 
important and extensive, because it is a continu-
ous process during the life-span of every cell in 
the organism. Among the very varied endogenous 
sources, mitochondria, endoplasmic reticulum 
(ER), and peroxisomes are important cellular 
organelles which are involved in the ROS 
production. 

2.2.1     ROS Production 
in Mitochondria 

 The reduction of oxygen to water in the mitochon-
dria for ATP production occurs through the dona-
tion of four electrons to oxygen to produce water. 
Mitochondrial electron transport chain (ETC) 

reduces 95 % of O 2  by tetravalent  reduction to 
H 2 O without any free radical  intermediates [ 4 ,  5 ]. 
However, the remaining 5 % of oxygen is reduced 
via the univalent pathway in which free radicals 
are produced. Mitochondria from  different tissues 
may vary conspicuously in their capacity to 
 produce ROS using  different  substrates, and this 
capacity may be related to membrane composi-
tion, animal species, and age. 

 During the process of ROS production, 
 several major oxygen derivatives are formed, 
and considerable quantities of superoxide and 
hydrogen peroxide (H 2 O 2 ) are formed. The 
mitochondrial electron transport chain is a mul-
ticomponent system involved in a series of 
oxidation- reduction reactions between redox 
couples and pairs, transfer of electrons from a 
suitable donor (reductant) to a suitable electron 
acceptor (oxidant) (Fig.  1 ) [ 6 ]. These oxidation-
reduction reactions involve either the transport 

  Fig. 1    Stepwise fl ow of electrons through the electron transport chain from NADH, succinate, and FADH 2  to O 2  [ 6 ]       
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of electrons only, as in the case of the cyto-
chromes, or electrons and protons together, as 
occurs between NADH and FAD. The part of the 
ETC that actually uses O 2  is the terminal oxidase 
enzyme, cytochrome oxidase. Cytochrome oxi-
dase releases no detectable oxygen radicals into 
free solution. However, during the transfer of 
electrons through earlier components of the 
transport chain, a few electrons do leak out 
directly on to O 2 , resulting in the generation of 
 • O 2  −  [ 6 – 8 ].

   The major sites of ROS formation in the respi-
ratory chain lay within respiratory complexes I 
and III, with a general consensus that production 
at complex I is about half of that at complex 
III. The roles of the various complexes that con-
stitute the ETC along with their contribution to 
the generation of ROS are discussed as follows 
(Fig.  2 ) [ 9 ]:

2.2.1.1      Complex I 
 Complex I also known as the NADH-coenzyme 
Q reductase or NADH dehydrogenase. It is huge, 
850,000 kD, and is composed of more than 30 
subunits. It contains an FMN prosthetic group 
and seven or more Fe-S clusters. This complex 
binds NADH and transfers two electrons in the 
form of a hydride to FMN to produce NAD +  and 
FMNH2, which involves the transfer of electrons 
one at a time to a series of iron-sulfur complexes. 
It is the major site for ROS production. It has 
been proposed that the participation of the 
reduced fl avin mononucleotide in the active site 
for NADH oxidation and this mechanism are 
supported in mitochondria by correlations 
between the NAD(P) + potential and O 2  reduc-
tion. Two possible sites of oxygen reduction in 
complex I are either the fl avin moiety or the 
quinone- binding site [ 10 ]. 

  Fig. 2    Production and disposal of mtROS. Electrons (e − ) 
donated from NADH and FADH 2  pass through the elec-
tron transport chain and ultimately reduce O 2  to form H 2 O 
at complex IV. MtROS are produced from the leakage of 
e −  to form superoxide (O 2  − ) at complex I and complex 
III. O 2  −  is produced within matrix at complex I, whereas at 
complex III O 2  −  is released toward both the matrix and the 

intermembrane space. Once generated O 2  −  is dismutated 
to H 2 O 2  by superoxide dismutase 1 (SOD1) in the inter-
membrane space and by SOD2 in the matrix. Afterward 
H 2 O 2  is fully reduced to water by glutathione peroxidase 
(GPX). Both O 2  −  and H 2 O 2  produced in the process are 
considered as empty ROS.  OM  outer membrane,  IM  inner 
membrane (Reproduced with permission from [ 9 ])       
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 Fast rates of H 2 O 2  generation have been 
observed in succinate-supported respiration, the 
mechanism involving reverse electron fl ow from 
succinate to NAD + , providing reducing equiva-
lents to a redox carrier of complex I that serves as 
a site of ROS formation [ 11 – 15 ]. The process is 
inhibited by rotenone which blocks the electron 
fl ow between the ubiquinone and the iron-sulfur 
center N-2 [ 4 ,  16 ,  17 ]. 

 In addition, studies of intact mitochondria or 
submitochondrial particles have suggested the 
role of quinone-binding site in ROS production 
[ 10 ]. This site reduces several quinones to unsta-
ble semiquinone forms, which further reduced 
the oxygen to superoxide, whereas water-soluble 
CoQ homologues used as electron acceptors 
from isolated complex I stimulate H 2 O 2  genera-
tion [ 18 ]. The evidence that inhibitors binding to 
the three quinone-binding sites of the complex 
stimulate superoxide production proposes that 
the oxygen reduction site lies upstream of the 
quinone-binding sites [ 18 ,  19 ].  

2.2.1.2    Complex II 
 It is also known as succinate dehydrogenase. It is 
composed of four subunits. Two of which are 
iron-sulfur proteins, and the other two subunits 
together bind FAD through a covalent link to a 
histidine residue. These two subunits are called 
fl avoprotein 2 or FP2. Complex II contains three 
Fe-S centers. In the fi rst step of this complex, 
succinate is bound and a hydride is transferred to 
FAD to generate FADH2 and fumarate. FADH2 
then transfers its electrons one at a time to the 
Fe-S centers. FAD functions as a two-electron 
acceptor and a one-electron donor. The fi nal step 
of this complex is the transfer of two electrons 
one at a time to coenzyme Q to  produce CoQH2. 

 ROS is generated in the reverse reaction, with 
electrons being supplied from the reduced 
 ubiquinone pool. The  contribution of complex II 
in generation of ROS is relatively lower than 
complex I [ 20 ]. 

 Complex II as a source of ROS was demon-
strated when electrons are channeled through 
complex II rather than complex I, while in both 
cases, reaching complex III yielded higher ROS 

levels [ 21 ]. Carboxin inhibits ROS production 
stimulated by antimycin in complex II and cause 
destabilization of stable semiquinone SQs of 
complex II [ 18 ]. A related inhibition of ROS gen-
eration was observed by carboxin in COS-7 cells 
respiring on glucose [ 22 ] showing that complex 
II may be a primary source of ROS in intact cells 
[ 18 ]. Auto-oxidation of fl avin is the source of 
superoxide generation stimulated by one-electron 
acceptor cytochrome c, and ferricyanide [ 23 ] was 
shown to exhibit the direct role of complex II in 
ROS generation in purifi ed succinate dehydroge-
nase (SDH) [ 18 ].  

2.2.1.3    Complex III 
 This complex is also known as coenzyme 
Q-cytochrome c reductase because it passes the 
electrons from CoQH2 to cyt c through a very 
unique electron transport pathway called the Q 
cycle. In complex III, there are two b-type 
 cytochromes and one c-type cytochrome, and 
along with complex I, it is also a major site of 
ROS generation [ 24 ]. 

 The fi rst evidence that complex III generates 
superoxide was shown by antimycin insensitive 
reduction of cytochrome c mediated by superox-
ide radicals [ 25 ]. The source of superoxide in the 
enzyme has been either assumed to be cyto-
chrome b566 or ubisemiquinone (SQ) or Rieske 
iron-sulfur center [ 26 ]. The coenzyme Q is fully 
reduced in the inner side of the mitochondrial 
membrane (ubiquinol, QH2) and then migrates to 
the outer side of the inner membrane carrying 2 
H +  that become part of the pool needed to sustain 
ADP phosphorylation. Once on the outer side of 
the membrane, one electron is transferred to 
cytochrome c1 (via the Rieske Fe-S protein), 
resulting in the formation of Q • . The second 
 electron is needed to reduce cytochrome b, but 
eventually some electrons leak to oxygen, pro-
ducing O 2  −•  [ 27 ]. SQ at the center o is assumed to 
be a major candidate in univalent oxygen reduc-
tion: CoQ may be transformed by a safe electron 
carrier to a superoxide generator when protons 
are allowed to penetrate the inner membrane of 
mitochondria [ 11 ].   
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2.2.2     ROS Production in Endoplasmic 
Reticulum 

 Similar to mitochondria, ER is another 
membrane- bound intracellular organelle, but 
unlike mitochondria, it is primarily involved in 
lipid and protein biosynthesis. ER when under 
stress produces ROS mainly by two mechanisms 
during disulfi de bond formation [ 28 ]. First, ROS 
are produced as a by-product during transfer of 
electrons from protein thiol to molecular oxygen 
by endoplasmic reticulum oxidoreductin-1 
(ERO-1) and protein disulfi de-isomerase (PDI) 
[ 28 ]. Alternatively, ROS can be created during 
misfolding of protein due to depletion of GSH 
[ 29 ,  30 ], since after GSH is consumed, thiols are 
repaired enabling them to interact with ERO-1/
PDI and to be re-oxidized [ 28 ]. These steps gen-
erate consecutive cycles of disulfi de bond forma-
tion and breakage, with each cycle producing 
more ROS as a by-product [ 31 ]. The second 
mechanism presumes ROS are generated by 
unfolded proteins, independent of the formation 

of disulfi de bonds [ 28 ]. Accordingly, accumula-
tion of unfolded proteins in the ER elicits Ca 2+  
leakage into the cytosol, increasing ROS produc-
tion in the mitochondria [ 32 ]. The mechanism of 
ROS production in ER is explained in Fig.  3  [ 28 ].

2.2.3        ROS Production in Peroxisomes 
 Peroxisomes participate in fatty acid oxidation 
and contain peroxide-producing enzymes. 
Peroxisomes are an important source of total cel-
lular H 2 O 2  production. Peroxisomes in mammals 
play an important role in a variety of metabolic 
pathways such as fatty acid α- and β-oxidation, 
ether phospholipid biosynthesis, glyoxylate 
metabolism, amino acid catabolism, polyamine 
oxidation, and oxidative part of the pentose phos-
phate pathway [ 33 ]. Peroxisomes contain a vari-
ety of enzymes that generate H 2 O 2  as part of their 
normal catalytic cycle. These enzymes, which are 
essentially fl avoproteins, include acyl-CoA 
 oxidases, urate oxidase, D-amino acid oxidase, 
D-aspartate oxidase, L-pipecolic acid oxidase, 

  Fig. 3    ER and mitochondrial associated reactive oxygen species (ROS) production under ER stress (Reproduced with 
permission from [ 28 ])       
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L-α-hydroxy acid oxidase, polyamine oxidase, 
and xanthine oxidase [ 34 ]. As peroxisomes 
 contain a large number of ROS-producing 
enzymes, hence using all the abovementioned 
metabolic pathways, different types of ROS such 
as hydrogen peroxide, superoxide, nitric oxide 
radicals, hydroxyl radical, and peroxynitrites are 
produced. Catalase is also a peroxisomal enzyme 
which metabolizes the hydrogen peroxide formed 
in these organelles. Peroxisomal catalase utilizes 
H 2 O 2  produced by these oxidases to oxidize a 
variety of other substrates by “peroxidative” 
reactions. These types of oxidative reactions are 
particularly important in liver and kidney cells in 
which peroxisomes detoxify a variety of toxic 
molecules (including ethanol) that enter the 
circulation.    

3     ROS-Induced Cellular 
Damage 

 These free radicals and other activated oxygen 
species are continuously formed in our body 
and important for cellular physiology at its low 
concentration (will be discussed in the next 
chapter). However, on top of their physio-
logical function, they may also be damaging to 
the cellular integrity due to its high reactivity, 
at its high concentration. Due to the presence 
of an unpaired electron ( • O 2  −  and  • OH − ) or the 
ability to extract electrons from other mole-
cules (H 2 O 2,  HOCl − ), ROS can readily react 
with all types of biomolecules and damage the 
cellular structure. Among the biological tar-
gets, most vulnerable to oxidative damage, are 
proteinaceous enzymes, lipidic membranes, 
and DNA. By targeting these  biomolecules, 
ROS may directly harm its main site of produc-
tion (mitochondria) and infl uence the cellular 
viability, via mitochondria dependent or inde-
pendent pathways. 

3.1     Effect on Mitochondria 

 The mitochondrion is the major site for ROS 
 generation. Thus, the fi rst site of damage by the 

ROS is the various biomolecules (like proteins, 
lipid, and nucleic acids) present within the 
 mitochondrion itself. It has been demonstrated 
that after exposing cells to oxidative stress, 
mitochondrial DNA (mtDNA) damage is more 
extensive and persists longer than damage in 
nuclear DNA (nDNA). Several reasons may 
contribute to this selective vulnerability: 
(i) mtDNA lacks histones which are protective 
against free radical damage; (ii) mtDNA lacks 
an adequate repair system, rendering it unable 
to cope with the extensive damage, especially 
strand breaks; (iii) mtDNA has very few non-
coding sequences, therefore increasing the like-
lihood of a DNA alteration to affect a gene; and 
(iv) mtDNA is located near the inner mitochon-
drial membrane, a major site of oxygen radical 
production [ 35 ]. The highly reactive ROS 
induces damage to mtDNA which includes 
 single- and double-strand breaks, abasic sites, 
and purine and pyrimidine base damage. The 
mtDNA codes primarily for the proteins that 
form the complexes of the electron transport 
chain. Accumulation of mutations in the 
mtDNA as a result of oxidative damage results 
in the production of proteins that are less effi -
cient. This dysfunction of the OXPHOS system 
may eventually lead to a hindrance in the ATP 
generation capacity and decreased ATP synthe-
sis of the cell as well as increased leakage of 
ROS [ 36 ]. 

 Excessive ROS production in the mitochon-
dria also results in the damage to the lipids. ROS 
formation triggers lipid peroxidation which 
adversely affects the OXPHOS system as well 
as the mitochondrial membrane potential. The 
products of lipid peroxidation will interact with 
the lipids present in the mitochondrial bilayer, 
impairing its function and resulting in the open-
ing of the mitochondrial permeability transition 
pore (MPTP). The opening of the MPTP leads 
to dysregulation of calcium homeostasis and 
may affect the entire cellular metabolism [ 37 ]. 
The susceptibility of mitochondrial function to 
oxidative damage may further lead to the induc-
tion of various reactions affecting the cellular 
viability in the affected cell, as explained in the 
next sections.  
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3.2     Effect on Cellular Viability 

 When a cell is exposed to oxidative stress, it may 
result in the activation of various signaling path-
ways that lead to the elimination of the damaged 
cell. These mechanisms include apoptosis, necro-
sis, and autophagy among others [ 38 ]. The entire 
mechanism is summarized in Fig.  4 .

3.2.1       Apoptosis 
 Apoptosis is a form of programmed cell death 
characterized by several morphological changes 
in the dying cell like nuclear condensation and 
fragmentation, blebbing of the cell membrane, 
and  swelling. It is controlled by extrinsic (receptor- 
mediated) as well as intrinsic (mitochondria- 

mediated)  signaling pathways. Mitochondrion, 
which is the site of ROS generation, is an impor-
tant regulator of cell survival as well as cell death. 
ROS plays an important role in the activation of 
the signaling pathways that ultimately lead to 
apoptosis [ 39 ]. The MPTP is a major player in 
apoptosis as well as necrosis as its induction under 
various conditions triggers cell death via either of 
the mechanisms. Increase in the intracellular lev-
els of ROS triggers the opening of the MPTP and 
a subsequent decrease in the  mitochondrial mem-
brane potential. The opening of the MPTP leads to 
the release of mitochondrial intermembrane 
 proteins like cytochrome c from the mitochondria 
and into the cytosol [ 39 ]. The release of the 
 cytochrome c into the cytosol results in the 

  Fig. 4    Detailed mechanism of ROS-mediated apoptosis and necrosis       
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 formation of the apoptosome complex by its 
 interaction with apoptotic protease-activating 
 factor 1 (Apaf-1). In this caspase- dependent 
 signaling pathway, the apoptosome complex 
recruits procaspase 9 which induces the activation 
of the downstream effectors, caspase 3 and cas-
pase 7, leading to apoptosis [ 40 ]. Oxidative stress 
also affects the mitochondrial regulation of cal-
cium homeostasis. Rise in calcium levels also 
results in the opening of the MPTP, thus triggering 
apoptosis [ 32 ]. The intrinsic pathway is mediated 
by death receptors that stimulate the activation of 
initiator caspases which lead to apoptosis (41). 
   The majority of the death receptors belong to the 
tumor necrosis factor-α (TNF-α) family of death 
receptors (like Fas, TRAIL, TNFR1, etc.). ROS 
serve as an important signaling molecule in the 
caspase- signaling pathway initiated by TNF-α. 
The ligation of TNF-α to its receptor, tumor 
necrosis factor receptor 1(TNF-α-TNFR1 path-
way), is of particular interest as it activates the 
c-Jun N-terminal kinase (JNK) pathway. The JNK 
pathway has diverse functions including cellular 
differentiation, proliferation, and apoptosis [ 41 ]. 
The levels of the ROS in the cell as well as the 
duration of JNK activation will determine whether 
the pathway would lead to cell survival or cell 
apoptosis. The sustained JNK activation by high 
ROS levels leads to receptor-mediated cell death 
[ 40 ,  41 ]. Increased in the level of mitochondrial 
ROS may also cause damage to nuclear DNA, and 
p53 is capable of sensing the DNA damage and 
may further direct the cell toward apoptosis [ 42 ].  

3.2.2     Necrosis 
 Necrosis, unlike apoptosis, is an unregulated 
 process of cell death and is morphologically char-
acterized by a gain in cell volume, swelling of 
organelles, and plasma membrane rupture, which 
results in the loss of intracellular contents [ 38 ]. 

 Necrosis can occur in response to varied 
 physiological conditions like ischemia, hypoxia, 
irradiation, pathogen attack, oxidative stress, etc. 
ROS is an important mediator of cellular necro-
sis. Excessive production of ROS can contribute 
to necrotic cell death by causing degradation of 
biomolecules and thus cause damage to intracel-
lular organelles [ 43 ]. ROS initiates damage to 

lipids by targeting the double bonds present in 
the polyunsaturated fatty acids which have 
increased propensity for oxidative damage. The 
lipid oxidation of these fatty acids which make 
up the plasma membrane as well as organelle 
membranes results in the loss of the integrity of 
these membranes. Plasma membrane degradation 
can lead to the loss and failure of ion channels 
(such as ATP-dependent sodium-potassium 
pumps, calcium pumps, etc.) which are important 
for maintaining critical ion balance of the cell. 
The loss of the membrane potential across the 
mitochondrial inner membrane leads to the rup-
ture of plasma membrane and causes the opening 
of the MPTP. It further causes the loss of the pro-
ton gradient and a shutdown of the OXPHOS 
[ 44 ]. Damage to the membranes of ER, which is 
a store of calcium ions, leads to an increase in 
intracellular calcium concentration as a result of 
ER leakage which acts as a signal for cell necro-
sis. Calcium ions may activate various calcium- 
dependent proteases like calpains and cathepsin 
thus triggering necrosis because of damage to 
intracellular proteins [ 44 ].  

3.2.3     Autophagic Cell Death 
 Autophagy (self-eating) is a multistep process 
that is characterized by the vesicular sequestra-
tion and degradation of long-lived cytoplasmic 
proteins and organelles, for example, mitochon-
dria [ 45 ]. The resulting double-membrane vesi-
cle is termed an autophagosome. Autophagy is 
typically observed in cells that are exposed to a 
variety of metabolic and therapeutic stresses, 
including growth factor deprivation, inhibition 
of the receptor tyrosine kinase/Akt/mammalian 
target of rapamycin (mTOR) signaling, short-
age of nutrients, ischemia/reperfusion, inhibi-
tion of proteasomal degradation, accumulation 
of intracellular calcium, and ER stress [ 46 ,  47 ]. 
ROS may provide a common link between cel-
lular stress signals and the initiation of autoph-
agy, as ROS accumulation has been reported to 
result in inactivation of the cysteine protease 
ATG4, which in turn causes accumulation of the 
ATG8- phosphoethanolamine precursor that is 
required for the initiation of autophagosome 
formation [ 48 ].    
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4     Mitochondrial Dysfunction 
and ROS in Human Diseases 

 Mitochondrial diseases are the diseases which 
are caused by inherited or spontaneous mutations 
in mtDNA or nDNA which lead to altered func-
tions of the proteins or RNA molecules of mito-
chondria. As mitochondria perform so many 
different functions in different tissues, there are 
different mitochondrial diseases due to dysfunc-
tion of the mitochondria, which can be broadly 
categorized into mitochondrial diseases, neuro-
degenerative disorders, and aging. The detail of 
ROS and human diseases will be discussed in the 
later section of this book. However, a brief 
 overview is mentioned here. 

4.1     Mitochondrial Diseases 

 Several clinical syndromes are associated with 
mtDNA mutations, the most common being 
NARP (neurogenic muscle weakness, ataxia, and 
retinitis pigmentosa), MELAS (mitochondrial 
encephalomyopathy, lactic acidosis, and stroke- 
like episodes), MERRF (myoclonic epilepsy and 
ragged-red fi bers), LHON (Leber hereditary 
optic neuropathy), KSS (Kearns-Sayre syn-
drome), ophthalmoplegia, ataxia, retinitis pig-
mentosa, cardiac conduction defect, and elevated 
cerebrospinal fl uid protein. mtDNA encodes few 
proteins which are involved in the electron trans-
port chain, the main source of ROS in cells. This 
special situation highlights the theory of the 
“vicious cycle,” a theory attractive within the 
realm of degenerative processes [ 49 ]. In which, 
random primary mitochondrial mutations  initially 
induce a defect in the respiratory chain that leads 
to the leakage of ROS from the ETC. Later, ROS 
may trigger accumulation of secondary mtDNA 
mutations which intensify the mitochondrial 
respiratory defects and increasing production of 
ROS from mitochondria [ 49 ]. 

 Several studies have demonstrated that 
mtDNA mutations associated with human  disease 
lead to defects like ETC complex dysfunction, 
increased ROS production, and oxidative dam-

age, as is the situation in MELAS, where 
hydroxyl radical damage to mtDNA can be 
 accelerated by a specifi c mitochondrial genotype 
associated with the disease [ 50 ]. Many clinical 
syndromes including fatal infantile lactic 
 acidosis, adult onset exercise intolerance, focal 
dystonia, LHON, cardiomyopathy with cataracts, 
hepatopathy with tubulopathy, Leigh’s disease, 
cataracts and developmental delay, and lactic 
academia have been associated with isolated 
complex I defi ciencies [ 51 ].  

4.2     Mitochondrial Dysfunction 
in Neurodegenerative 
Diseases 

 Increased level of ROS in neurodegenerative 
processes may affect normal mitochondrial 
parameters like ATP production, mitochondrial 
membrane potential, MPTP activation, and cal-
cium uptake. Overproduction of free radicals 
leads to neurodegeneration. Neural cells suffer 
functional or sensory loss in neurodegenerative 
diseases. Apart from several other environmen-
tal or genetic factors, oxidative stress leading 
to free radical attack on neural cells contrib-
utes grievous role to neurodegeneration. These 
changes can lead to neuronal death, mainly 
through excitotoxic pathways, involving oxi-
dation of macromolecules and apoptosis, thus 
affecting pathogenesis of common neurode-
generative diseases such as Parkinson disease 
(PD), Alzheimer’s disease (AD), amyotrophic 
lateral sclerosis (ALS), Huntington’s disease 
(HD), and Friedreich’s ataxia (FA) [ 52 ]. 
Subsequently, enzymatic defi ciencies in the 
electron transport chain were identifi ed in 
additional neurodegenerative diseases: com-
plex IV defi ciency in AD and ALS [ 53 – 55 ] and 
complex II and III in HD and FA. In HD and 
FA, the genetic defects appear to be in nuclear 
genes that encode nonrespiratory proteins 
(huntingtin for HD and frataxin for FA) [ 52 ]. 
This fact suggests that the observed respiratory 
defi ciencies are secondary to these primary 
pathogenic factors.  
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4.3     Mitochondrial Dysfunction 
in Aging 

 Mitochondrial ROS involvement in aging is 
strongly suggested by experimental data [ 56 ]. 
As mt DNA is naked  and hence it is constantly 
exposed to ROS generated by  mitochondrial 
electron transport chain. As a result, large  number 
of mutations in mtDNA may exponentially get 
accumulated with age. The simultaneous increase 
in lipid peroxidation and oxidation of mitochon-
drial proteins adds to the oxidative stress effects, 
initiating the vicious cycle of molecular degen-
eration. This putative vicious cycle can operate at 
different rates in various tissues, leading to 
 differential accumulation of oxidative damage, 
which could explain the differences in functional 
impairment and deterioration of different tissues 
in the aging process. There is a substantial 
 evidence that damage to mtDNA accumulates 
with age. Finally, several mtDNA point muta-
tions also increase with normal aging [ 57 ]. The 
point mutation of mitochondrial DNA character-
istic for MERRF disease is found also in healthy 
people of different ages [ 58 ]. But still it is not 
clear whether such mutations are generated by 
ROS- mediated damage. Apart from these com-
mon clinical features, ROS is also known to 
 participate in many pathological conditions 
including cardiovascular diseases, malignancies, 
autoimmune diseases, and neurological degener-
ative diseases.   

5     Conclusion 

 ROS is produced in all the cells as default  process, 
and mitochondria plays a central role in ROS gen-
eration. The excess amounts of ROS are known to 
trigger the oxidative damage to various biomole-
cules of the cell like proteins, lipids, and nucleic 
acids that result in the degradation and damage of 
cellular organelles. The excessive accumulation 
of ROS may trigger the process of cell death via 
apoptosis, necrosis, and autophagy. The side 
effect of ROS on cellular physiology, morphol-
ogy, and viability may further get affected in the 
form of several pathological conditions. 

 More than 200 disorders have been described 
in literature in which ROS were important for the 
initiation state of a disease or produced during its 
course. 

 Our understanding of the intricate relationship 
between mitochondrial function, ROS produc-
tion, ROS damage, and the development of a 
clinical phenotype is still very limited. 
Mitochondria are cellular organelles that perform 
vital functions essential for ATP production, 
homeostasis, and metabolism. They are integral 
to different cell death and survival pathways. 
These roles identify mitochondria as a potential 
target for drugs to treat metabolic and hyperpro-
liferative diseases. 

 Therapies that target the generation of ROS in 
the mitochondria can help in the treatment of 
various diseases associated with oxidative 
 damage. Hence, there is a need to do extensive 
research in this area, in such a way that we can 
decrease the ROS level in the mitochondria and 
thus improving or managing the health of the 
 diseased person.     
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    Abstract  

  Reactive oxygen species (ROS) is a collective term used for oxygen-
derived free radicals (superoxide, hydroxyl radical, nitric oxide) and 
 non-radical oxygen derivatives of high reactivity (singlet oxygen, hydro-
gen peroxide, peroxynitrite, hypochlorite). ROS can be either harmful or 
benefi cial to the body. An imbalance between formation and removal of 
free radicals can lead to a pathological condition called as oxidative stress. 
However, the human body employs molecules known as antioxidants to 
counteract these free radicals. But late several studies have indicated that 
antioxidants can also have deleterious effects on human health depending 
on dosage and bioavailability. This makes it essential to analyze the extent 
of utility of antioxidants in the improvement of human health. It is note-
worthy that if the generation of free radicals exceeds the protective effects 
of antioxidants, this can cause oxidative damage which accumulates 
 during the life cycle, and this has been implicated in aging and 
 age- dependent diseases such as cardiovascular disease, cancer, neurode-
generative disorders, and other chronic conditions. This chapter highlights 
the main themes from studies on free radicals, antioxidants, and oxidative 
stress and effect of oxidative stress in diseases.  
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1         Introduction 

 In recent years, the role of free radical reactions 
in human disease, biology, toxicology, and food 
deterioration has become an area of intense inter-
est. The free radicals have a special affi nity for 
lipids, proteins, and DNA [ 1 ]. A free radical is an 
atom, molecule, or compound that is highly 
unstable because of its atomic or molecular struc-
ture (i.e., the distribution of electrons within the 
molecule). This instability makes free radicals 
very reactive, and they attempt to pair up with 
other molecules, atoms, or even individual elec-
trons to create a stable compound. To achieve a 
more stable state, free radicals can “steal” a 
hydrogen atom from another molecule, bind to 
another molecule, or interact in various ways 
with other free radicals. 

 Free radicals can be defi ned as reactive chemi-
cal species having a single unpaired electron in 
an outer orbit and are continuously produced by 
the organism’s normal use of oxygen [ 2 ]. This 
unstable confi guration creates energy that is 
released upon reaction with adjacent molecules, 
such as proteins, lipids, carbohydrates, and 
nucleic acids. The majority of free radicals that 
damage biological systems are derived from oxy-
gen and more generally referred to as “reactive 
oxygen species.” 

 Oxygen (O 2 ) is an essential element for cell 
function and life. It plays an important role in a 
series of biochemical reactions occurring in the 
respiratory chain, which is responsible for most of 
the production of adenosine triphosphate (ATP), 
which provides the energy required for a multitude 
of cellular reactions and functions. This process of 

respiratory chain takes place in membrane-
enclosed cell structures called mitochondria. 

 Molecular oxygen can accept a total of four 
electrons, one at a time, and the corresponding 
number of protons to generate two molecules of 
water. This process leads to the generation of dif-
ferent by-products that are generally ROS and 
reactive nitrogen species (RNS) [ 3 ]. Intracellular 
generation of ROS mainly comprises oxygen 
radicals, like superoxide (O 2  .– ); peroxide (O 2  .= ), 
which normally exists in cells as hydrogen 
 peroxide (H 2 O 2 ); and the hydroxyl radical ( • OH) 
[ 4 ]. Superoxide, peroxide, and the hydroxyl radi-
cal are considered the primary ROS and have 
sparked major research on the role of free radi-
cals in biology and medicine. Though only about 
2–3% of the O 2  consumed by the respiratory 
chain is converted to ROS [ 5 ], the toxic effects of 
oxygen in biological systems—such as the break-
down (i.e., oxidation) of lipids, inactivation of 
enzymes, introduction of changes (i.e., muta-
tions) in the DNA, and destruction of cell mem-
branes and, ultimately, cells—are attributable to 
the reduction of O 2  to ROS [ 6 – 8 ]. 

 The term ROS is often used to include not only 
the radicals •OH, RO2˙, NO˙ and O2˙− but also the 
non-radicals HOCl,  1 O 2 , ONOO − , O 3 , and H 2 O 2  
[ 9 ]. However, the biological system undergoes 
damage mainly by radicals generated from oxy-
gen. Oxygen has two unpaired electrons in sepa-
rate orbitals in its outer shell. This electronic 
structure makes oxygen especially susceptible to 
radical formation. Sequential reduction of molecu-
lar oxygen (equivalent to sequential addition of 
electrons) leads to formation of a group of reactive 
oxygen species: superoxide anion, peroxide 
(hydrogen peroxide), and hydroxyl radical (Fig.  1 ). 

  Fig. 1    Structure of reactive oxygen produced in biological systems derived from oxygen. Note the notation used to 
denote them and the difference between hydroxyl radical and hydroxyl ion, which is not a radical       
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Another radical derived from oxygen is singlet 
oxygen, designated as  1 O 2  (Fig.  2 ). This is an 
excited form of oxygen in which one of the elec-
trons jumps to a superior orbital following absorp-
tion of energy, thereby freeing oxygen from its 
spin-restricted state. Further, the singlet state can 
release a modest amount of energy and get trans-
formed to a triplet state which involves change of 
electron spin.

2         Sources of ROS Generations 

 The amount of free radical production is deter-
mined by the balance of many factors, and ROS 
are produced both endogenously and exoge-
nously. The endogenous sources of ROS include 
mitochondria, cytochrome P-450 metabolism, 
peroxisomes, and infl ammatory cell activation 
[ 5 ]. In general, ROS can be (i) generated during 
UV light irradiation and by X-rays and gamma 
rays; (ii) produced during metal-catalyzed reac-
tions; (iii) present in the atmosphere as pollut-
ants; (iv) produced by neutrophils, eosinophils, 
and macrophages during infl ammation; and 
(iv) by-products of mitochondrial-catalyzed 
electron transport reactions and various other 
mechanisms [ 3 ,  4 ]. 

 There are numerous cellular systems that can 
produce ROS. The major source of ROS produc-
tion in the cell is the mitochondrial respiratory 

chain that utilizes approximately 80–90 % of the 
O 2  a person consumes and generates most of the 
ROS produced in the body. 

 Another major source of ROS, especially in 
the liver, is a group of enzymes called the cyto-
chrome P-450 mixed function oxidases. There 
are many variants of these iron-containing 
enzymes, some of which are responsible for 
removing or detoxifying a variety of com-
pounds present in our environment and ingested 
(e.g., foods or drugs), including alcohol [ 10 ]. 
Some cytochrome P-450 enzymes also are 
important for metabolizing substances that 
 naturally occur in the body, such as fatty acids, 
cholesterol, steroids, or bile acids [ 11 ]. The 
cytochrome P-450 molecules in their biochem-
ical reactions catalyzed use O 2 , and during 
these reactions small amounts of ROS are gen-
erated. The extent of ROS generated varies 
considerably depending on the compound to be 
degraded and on the cytochrome P-450 mole-
cule involved. One type of cytochrome mole-
cule that is especially active in producing ROS 
is known as CYP2E1, whose activity increases 
after heavy alcohol exposure [ 12 ]. 

 ROS also are produced by a variety of oxida-
tive enzymes present in cells, such as xanthine 
oxidase. Xanthine oxidase under normal physio-
logical conditions acts as a dehydrogenase, 
wherein it removes hydrogen from xanthine or 
hypoxanthine and attaches it to NAD, thereby 

  Fig. 2    Schematic representation of ROS generation. The 
single-electron reduction of O 2  results in the generation of 
the O 2  .− . At low pH, dismutation of O 2  .−  is unavoidable, 
with one O 2  .−  giving up its added electron to another O 2  .−  
and then with protonation resulting in the generation of 
H 2 O 2 . Again, O 2  .−  can be protonated to form the HO 2  − . 

Additionally, in the presence of transition metals such as 
copper and iron, further reactions take place, e.g., through 
the Haber–Weiss mechanism or the Fenton reaction to 
give up  • OH. O 2  −  can also react with another very infl uen-
tial signaling-free radical species, NO − , to give up per-
oxynitrite (OONO − )       
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generating NADH. However, under certain con-
ditions, such as the disruption of blood fl ow to a 
tissue, xanthine dehydrogenase is converted to a 
ROS-producing oxidase form [ 13 ]. 

 Other sources of ROS in the body are two 
types of immune cells called macrophages and 
neutrophils, which defend the body against 
invading microorganisms (Fig.  3 ). ROS produc-
tion here is benefi cial and even essential to the 
organism as it functions to destroy foreign patho-
gens [ 14 ]. Macrophages and neutrophils contain 
a group of enzymes called the NADPH oxidase 
complex, which, upon activation generates super-
oxide radicals and hydrogen peroxide. Hydrogen 
peroxide then interacts with chloride ions present 
in the cells to produce hypochlorite, which in 
turn destroys the pathogen. The NADPH oxidase 
complex and the resulting ROS production are 
critical to the body’s defense against all kinds of 
diseases, as is evident in patients with a condition 
called chronic granulomatous disease, in which 
ROS production by the NADPH oxidase complex 
is drastically reduced. Patients with this condi-
tion are highly sensitive to infections and usually 
die at an early age [ 15 ].

   Another peroxidase enzyme that is abundantly 
expressed in neutrophils is myeloperoxidase 
(MPO) (Fig.  3 ). MPO in the presence of heme as 

a cofactor produces hypochlorous acid (HOCl) 
from hydrogen peroxide and chloride anion 
(or the equivalent from a non-chlorine halide) 
[ 16 ]. It also oxidizes tyrosine to tyrosine radical 
in the presence of hydrogen peroxide. Both HOCl 
and tyrosine radical are cytotoxic and are used by 
the neutrophil to kill pathogenic organisms [ 17 ]. 

 Humans are constantly exposed to environ-
mental free radicals, including ROS, in the form 
of radiation, UV light, smog, tobacco smoke, and 
certain compounds called as redox-cycling 
agents, which include some pesticides as well as 
certain medications used for cancer treatment. 
The toxicity of these medications against tumor 
cells (as well as normal body cells) results 
because of their modifi cation by cellular enzymes 
to an unstable intermediate that then reacts with 
molecular oxygen to produce the original product 
plus a superoxide radical. Thus, a vicious cycle 
of chemical reactions involving these compounds 
continually produces ROS [ 11 ].  

3     Role of Metals 

 Earlier studies suggested the possibility that the 
superoxide radicals or hydrogen peroxide  radicals 
in ROS production process interact with each 

  Fig. 3    Generation of ROS in neutrophils. The generation 
of superoxide (O 2  .− ) from oxygen (O 2 ) is mediated either 
by the NADPH oxidase complex (NOX) or in mitochon-
dria by cytochrome c peroxidase or xanthine oxidase. 
Superoxide will be converted to hydrogen peroxide 
(H 2 O 2 ) either spontaneously or mediated by superoxide 
dismutase (SOD). Hydrogen peroxide can be converted to 

H 2 O + O 2  in the presence of catalase and glutathione 
(GSH) peroxidase, or hydrogen peroxide can act as a 
source of hydroxyl radical ( • OH) via the Fenton reaction. 
Myeloperoxidase (MOP) uses hydrogen peroxide as sub-
strate for the formation of halogenated ROS such as hypo-
chlorite (OCl − ). Reaction of hypochlorite with hydrogen 
peroxide results in the formation of singlet oxygen ( 1 O 2 )       
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other to produce the most reactive ROS, the 
hydroxyl radical ( • OH). Direct interaction 
between these two radicals under normal physi-
ological conditions does not play a signifi cant 
role in generating hydroxyl radicals. However, in 
the presence of certain metals, particularly free 
iron or copper ions, a sequence of two reaction 
steps can occur that results in hydroxyl radical 
generation. In the fi rst step, hydrogen peroxide 
can produce the hydroxyl radical as the primary 
oxidant by removing an electron from the partici-
pating metal ion [ 18 ]. In the second step, the 
original metal ions are regenerated involving the 
superoxide radical (O 2  •– ), so that they are again 
available for reaction with the hydrogen  peroxide. 
This combination of two chemical reactions 
appears to account for most of the hydroxyl 
 radical production in biological systems and 
 supports the role of metals such as iron and cop-
per to produce oxidative stress and ROS-induced 
injury in cells. Because of iron’s critical contribu-
tion to hydroxyl radical formation, anything 
that increases the levels of free iron in the cells 
 promotes ROS generation and oxidative stress 
[ 19 ,  20 ].  

4     Oxidative Stress 

 The formation and removal of free radicals are 
balanced in a normal cell. However, with more 
formation of free radicals or when levels of 
antioxidants are diminished, the cell enters a 
state called as “oxidative stress.” This state if 
 prolonged can cause cell damage and death. 
Oxidative stress plays a major role in the devel-
opment of chronic and degenerative diseases 
such as cancer, arthritis, aging, autoimmune 
disorders, and cardiovascular and neurodegen-
erative diseases [ 21 ]. In mammalian cells, oxi-
dative stress leads to increase in intracellular 
levels of free Ca 2+  and iron, and excessive rises 
in intracellular free Ca 2+  may cause DNA frag-
mentation by activating endonucleases [ 22 ]. 
Endonuclease activation results in single- and 
double-strand DNA breaks that subsequently 
lead to increased levels of nuclear proteins 

which are essential in DNA repair, p53, and 
poly-ADP ribosylation. Intranuclear Ca 2+  fl uc-
tuations can also affect chromatin organization, 
induce gene expression, and infl uence protease 
and protein kinase activities. The induced 
kinases like MAP kinase and calmodulin 
kinases are involved in the activation of tran-
scription factors that initiate transcription of 
early response genes, for example, c-fos and 
c-jun, and also activation of phospholipase A 2  
which results in permeabilization of the plasma 
membrane and of intracellular membranes such 
as the inner membrane of mitochondria leading 
to apoptosis [ 23 ].  

5     Antioxidants and Prevention 
of Oxidative Damage 

 Uncontrolled generation of ROS can lead to 
their accumulation causing oxidative stress in 
the cells. The human body has several mecha-
nisms to counteract oxidative stress by produc-
ing antioxidants which are either naturally 
produced in the body or externally supplied 
through foods and/or supplements. Antioxidants 
are those molecules that are present at low con-
centrations and signifi cantly delays or prevent 
oxidation of the oxidizable substrate [ 24 ]. 
Endogenous and exogenous antioxidants are 
effective as free radical scavengers by donating 
their own electrons to ROS and thereby neutral-
ize adverse effects of the latter [ 4 ]. Thus, they 
can enhance the immune defense and lower the 
risk of cancer and degenerative diseases [ 25 ]. 
In general, an antioxidant in the body may work 
at three different levels: (a)  prevention , 
 maintains formation of reactive species to a 
minimum level, e.g., desferrioxamine; (b) 
 interception , scavenges reactive species either 
by using catalytic and non-catalytic molecules, 
e.g., ascorbic acid and alpha-tocopherol; and 
(c)  repair , repairs damaged target molecules, 
e.g., glutathione [ 23 ]. 

 The antioxidant systems are classifi ed into 
two major groups, protective or enzymatic anti-
oxidants and nonenzymatic antioxidants.  
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6     Enzymatic Antioxidants 

 Enzymatic antioxidants involved in the elimina-
tion of ROS include superoxide dismutase (SOD), 
catalase, and glutathione peroxidase (GPx) 
(Figs.  4  and  5 ) [ 26 ]. There are different types of 
SODs that are differentially located in the mam-
malian cells and requirement of metal ions as 
cofactors for their function. For example, a copper–
zinc SOD is present in the cytosol and in the space 
between two membranes surrounding mitochon-
dria. Again, manganese- containing SOD is pres-
ent in the matrix of mitochondria [ 27 ].

    The enzymes, catalase, and glutathione 
 peroxidase help to remove hydrogen peroxide. 
Catalase is an iron-containing enzyme found pri-
marily in the small membrane-enclosed cell com-
ponents called peroxisomes and detoxifi es 
hydrogen peroxide by catalyzing a reaction 

between two hydrogen peroxide molecules, 
resulting in the formation of water and O 2 . In 
addition, catalase can promote the interaction of 
hydrogen peroxide with compounds that can 

  Fig. 4    The antioxidant enzymes and the reactions they 
catalyze. Note the notations used:  SOD  for superoxide dis-
mutase,  CAT  for catalase,  GPx  for glutathione peroxidase, 
 GSH  for reduced glutathione (monomeric glutathione), 
 GSSG  for oxidized glutathione (glutathione disulfi de)       
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  Fig. 5    Reactions of enzymatic antioxidants. Major sites of 
cellular ROS generation include mitochondrial electron 
transport chain (ETC), endoplasmic reticulum system (ER 
system), and NAD(P)H oxidase (NOX) complex. Nitric 
oxide synthases (NOS) are key enzymes for production of 
NO. GSH and NADPH play roles in maintaining reduced 
cellular state. Symbols used:  GPx , glutathione peroxidase; 

 GR , glutathione reductase;  oxTRX , oxidized thioredoxin; 
 redTRX , reduced thioredoxin;  oxGR , oxidized glutaredoxin; 
 redGR , reduced glutaredoxin;  H   2   O   2  , hydrogen peroxide; 
 NO  − , nitric oxide;  ONOO  − , peroxynitrite;  SOD , superoxide 
dismutase;  GSH , reduced glutathione;  GSSG , oxidized gluta-
thione;  NADPH , reduced nicotinamide adenine dinucleotide 
phosphate;  XO , xanthine oxidase;  PRxs , peroxiredoxins       

 

 

S. Bhattacharya



23

serve as hydrogen donors so that the hydrogen 
peroxide can be converted to one molecule of 
water, and the reduced donor becomes oxidized 
(a process sometimes called the peroxidatic 
activity of catalase) [ 28 ]. 

 The glutathione peroxidase system consists 
of several components, including the enzymes 
glutathione peroxidase and glutathione reduc-
tase and the cofactors monomeric glutathione 
(GSH) and reduced nicotinamide adenosine 
dinucleotide phosphate (NADPH) [ 29 ]. Gluta-
thione peroxidase contains an amino acid that is 
modifi ed by addition of a molecule of the metal 
selenium; therefore, low amounts of selenium 
are critical for the body’s antioxidant defense. 
Together, these molecules effectively remove 
hydrogen peroxide. GSH serves as a cofactor 
for the enzyme glutathione transferase, which 
helps to remove certain drugs and chemicals as 
well as other reactive molecules from the cells. 
GSH can also interact directly with certain ROS 
(e.g., the hydroxyl radical) to detoxify them, as 
well as performing other critical activities in 
the cell [ 4 ].  

7     Nonenzymatic Antioxidants 

 GSH due to its functions is probably the most 
important antioxidant present in cells. Therefore, 
enzymes that generate GSH are critical for the 
body’s ability to protect itself against oxidative 
stress. NADPH is involved in a much more 
diverse range of reactions in the cell than GSH, 
and due to its role played in the glutathione per-
oxidase system, NADPH or the enzymes that 
generate this compound are sometimes consid-
ered antioxidants [ 30 ]. 

 In addition to GSH and NADPH, numerous 
other nonenzymatic antioxidants are present 
in the cells, most prominently vitamin E 
(α-tocopherol) and vitamin C (ascorbic acid). 
Vitamin E is a major antioxidant found in the 
lipid phase of membranes and, like other chemi-
cally related molecules, acts as a powerful termi-
nator of lipid peroxidation. During the reaction 
between vitamin E and a lipid radical, the  vitamin 
E radical is formed, from which vitamin E can be 

regenerated in a reaction involving GSH and 
ascorbate (Fig.  6 ) [ 31 ].

   Ascorbic acid can exert its antioxidant activity 
both directly and also in concert with vitamin E 
and glutathione. The hydrogen atoms produced 
in the oxidation of ascorbic acid fi rst to ascorbyl 
radical and then to dehydroascorbate react with a 
polyunsaturated fatty acid and/or phospholipid 
peroxyl radical (PUFA-OO . ) to form the non- 
radical product, PUFA-OOH. Trapping of 
PUFA-OO .  prevents this radical from attacking 
polyunsaturated fatty acid side chains and other 
lipoproteins in the plasma membrane and thus 
breaks the chain reaction of lipid peroxidation. 
Dehydroascorbic acid is reduced back to ascorbic 
acid by glutathione and enzymatic reduction. 
Ascorbic acid also helps alpha-tocopherol in 
trapping aqueous radicals. Alpha-tocopherol also 
traps peroxyl radicals before they propagate radi-
cal chain reactions leading to lipid peroxidation 
and regenerate alpha-tocopherol by reducing the 
alpha-tocopheroxyl radical produced in this trap-
ping reaction (Fig.  6 ) [ 32 ]. 

 Under certain conditions, ascorbic acid may 
work as a prooxidant rather than as an antioxidant 
by reducing transition metal ions, which in turn 
drives the Fenton reaction potentially resulting in 
oxidative stress. A few ions of transition metal 
elements have redox transitions with potentials of 
a magnitude that allows the catalytic decomposi-
tion of hydroperoxides. The redox couples of 
most importance to biological systems are Cu + /
Cu 2+  and Fe 2+ /Fe 3+ . The one electron redox cycle 
results in the formation of peroxyl and alkoxyl 
radicals, the latter of which can rearrange and 
react with oxygen to form peroxyl radicals [ 33 ].  

8     ROS Toxicity 

 ROS may be toxic to cells because they can react 
with most cellular macromolecules, including 
proteins, lipids, and DNA and generate different 
types of secondary radicals like lipid radicals, 
sugar- and base-derived radicals, amino acid rad-
icals, and thiol radicals. These radicals in the 
presence of oxygen are converted to peroxyl radi-
cals, which can induce chain reactions [ 34 ]. The 
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biological implication of such reactions primarily 
depends on several factors like site of generation, 
nature of the substrate, reactivation mechanisms, 
and redox status [ 25 ,  31 ]. 

 The ROS-induced oxidation of proteins can 
lead to changes in the proteins’ three-dimensional 
structure as well as fragmentation, aggregation, 
or cross-linking of the proteins [ 35 ]. The side 
chains of all amino acid residues of proteins, in 
particular tryptophan, cysteine, and methionine 
residues, are susceptible to ROS oxidation. 
Protein oxidation products are usually carbonyls 
such as aldehydes and ketones. Finally, protein 

oxidation often will make the marked protein 
more susceptible to degradation by cellular 
 systems responsible for eliminating damaged 
proteins from the cell [ 36 ]. 

 Membranes that surround the cells as well as 
other cellular structures, such as the nucleus and 
mitochondria, contain high concentration of 
unsaturated fatty acids in their lipid components. 
The complete degradation (i.e., peroxidation) of 
membrane lipids is a hallmark of oxidative dam-
age [ 35 ] and can result in the formation of lipid 
hydroperoxide (PUFA-OOH) which can further 
breakdown to aldehydes such as malonaldehyde 
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  Fig. 6    Main peroxidative reaction on PDFA. α-Tocopherol 
(TH, Vitamin E) effi ciently transfers a H-atom to a lipid 
free radical peroxyl (PUFA-OO.), alkoxyl (PUFA-O.), and 
carbon-centered (PUFA.) radicals giving the correspond-
ing nonradical product of PUFA. (PUFA-OO.H, PUFA-OH, 
and PUFA-H) and an α-Tocopheroxyl radical (T). T once 
formed reacts with the second free radical (PUFA-OO., 
PUFA-O., and PUFA.), or each other to make a nonradical 
product (T-OOL, T-OL, or T-T).    Symbols used :  R ., a radical; 

 O   2    .−  , superoxide anion;  PUFA-H , polyunsaturated fatty 
acid;  PUFA ., carbon-centered PUFA. radical (lipid alkyl 
radical);  PUFA-OO ., hydroperoxyl radical;  PUFA-OO ., 
hydroperoxide;  PUFA-O ., alkoxyl radical;  PUFA-OH , 
hydroxylated PUFA;  AH ., Vitamin C or ascorbic acid; 
Z A.¯ , ascorbyl radical/Ascorbate;  DHA , dehyrdoascorbate; 
 GR , glutathione reductase;  GSH , reduced glutathione; 
 GSSG , oxidized glutathione       
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and 4-hydroxynonenal (4-HNE) or form cyclic 
endoperoxide, isoprotans, and hydrocarbons. 
The lipid peroxidation can lead to cross-linking 
of membrane proteins, change in membrane 
 fl uidity, and formation of lipid–protein and 
lipid–DNA adducts which may be detrimental to 
cell functions [ 31 ]. 

 DNA is the cell’s genetic material, and any 
permanent damage to the DNA can result in mal-
functions of the proteins or complete inactivation 
of the affected proteins. Thus it is essential for 
the viability of individual cells or even the entire 
organism that the DNA remains intact. ROS are a 
major source of DNA damage, such as modifi ca-
tion of DNA bases, single- and double-strand 
DNA breaks, loss of purines (apurinic sites), 
damage to the deoxyribose sugar, DNA–protein 
cross-linkage, and damage to the DNA repair 
system [ 37 ]. Of the reactive oxygen species, 
hydroxyl ( • OH) radical is one of the potential 
inducers of DNA damage. A variety of adducts are 
formed on reaction of  • OH radical with DNA. The 
 • OH radical can attack purine and pyrimidine bases 
to form  • OH radical adducts, which are both oxidiz-
ing and reducing in nature which in turn can induce 
base modifi cations and sometimes release of bases. 
Some of the important base modifi cations include 
8- hydroxydeoxyguanosine (8-OHdG), 8 (or 4-, 
5-)-hydroxyadenine, thymine peroxide, thymine 
glycols, and 5-(hydroxymethyl) uracil [ 38 ]. Free 
radicals can also attack the sugar moiety to produce 
sugar peroxyl radicals leading to strand breakage. 
Although cells have developed repair mechanisms 
to correct naturally occurring changes in the DNA, 
additional or excessive changes caused by ROS or 
other agents can lead to permanent changes or 
damage to the DNA with potentially detrimental 
effects like cell death, mutagenesis, carcinogenesis, 
and aging of the cell.  

9     ROS in Normal Physiology 

 ROS act as stimulating agents for biochemical 
processes within the cell. It plays a role in low 
concentration for normal physiological functions 
like gene expression, cellular growth, and defense 
against infection by induction of transcription 
factors such as nuclear factor-kappa B (NF-кB) 

and activator protein-1 (AP-1) and activation of 
signal transduction pathways [ 39 ,  40 ]. A particu-
lar example of signal transduction molecules 
activated by ROS is the mitogen-activated protein 
kinases (MAPKs). 

 Research studies show that ROS molecules 
modulate multiple redox-sensitive intracellular 
signaling pathways in mammalian cells gener-
ated from NADPH oxidase (Nox), which include 
inhibition of protein tyrosine phosphatases, acti-
vation of certain redox-sensitive transcription 
factors, and modulation of the functions of some 
ion channels [ 41 ]. A prominent feature of Nox/
ROS-mediated signaling is the heterogeneity of 
its activating stimuli, and at the cellular level, 
Nox can be activated by a large collection of 
chemical, physical, environmental, and biologi-
cal factors [ 42 ]. For example, growth factor- 
mediated responses in endothelial cells (EC) 
leading to angiogenesis are signaled by ROS 
such as superoxide and H 2 O 2 . The Nox acts as 
major source of ROS in endothelial cells, which 
consists of Nox2 (gp91phox) and the homo-
logues Nox1 and Nox4 with p22phox, p47phox, 
p67phox, and the small G protein Rac1 as sub-
units {“phox” stands for phagocytic oxidase and 
“Rac” stands for  Rho- related C3 botulinum toxin 
substrate}. Vascular endothelial growth factor 
(VEGF), a key angiogenic growth factor along 
with angiopoietin-1, activates the endothelial Nox. 
Consequently, ROS derived from this Nox stimu-
late diverse redox-signaling pathways leading to 
angiogenesis- related gene induction as well as EC 
migration and proliferation that may contribute to 
postnatal angiogenesis in vivo (Fig.  7 ) [ 43 ].

   ROS also appear    to serve as secondary mes-
sengers in many developmental stages; for exam-
ple, in sea urchins ROS levels are elevated during 
fertilization. Also, prenatal and embryonic devel-
opment in mammals has also been suggested to 
be regulated by ROS [ 44 ]. Apart from these, ROS 
also participate in the biosynthesis of molecules 
such as thyroxin and prostaglandin that acceler-
ate developmental processes [ 3 ]. In thyroid cells, 
regulation of H 2 O 2  concentration is critical for 
thyroxine synthesis, as it is needed to catalyze the 
binding of iodine atoms to thyroglobulin [ 45 ]. 
It is noteworthy that ROS are also used by the 
immune system, like ROS have been shown to 
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trigger proliferation of T cells through NF-кB 
activation. Macrophages and neutrophils  generate 
ROS in order to kill the bacteria that they engulf 
by phagocytosis. Furthermore, tumor necrosis 
factor-alpha (TNF-α) mediates the cytotoxicity 
of tumor and virus-infected cells through ROS 
generation and induction of apoptosis [ 14 ].  

10     Diseases Involving Excessive 
ROS Levels 

 Overproduction of ROS generates oxidative stress 
which refl ects an imbalance between the systemic 
manifestation of reactive oxygen species and a 

biological system’s ability to readily detoxify the 
reactive intermediates or to repair the resulting 
damage. Disturbances in the normal redox state of 
cells can cause toxic effects through the produc-
tion of peroxides and free radicals [ 45 ]. Excess of 
free radicals damages essential macromolecules 
of the cell, leading to abnormal gene expression, 
disturbance in receptor activity, proliferation or 
cell dynamics, immunity perturbation, mutagene-
sis, and protein deposition and damages all com-
ponents of the cell, including proteins, lipids, and 
DNA [ 46 ]. ROS has been implicated in many 
major diseases that plague humans [ 44 ]. Some 
of these noteworthy diseases due to oxidative 
stress-induced disruptions in normal mechanisms 
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  Fig. 7    Schematic role of ROS derived from NADPH oxi-
dase in angiogenesis binding of vascular endothelial 
growth factor (VEGF) to VEGF receptor VEGFR2 stimu-
lates ROS (O 2  .− , H 2 O 2 ) production via Rac1-mediated 
NADPH oxidase activation. NADPH oxidase enzyme 
complex in endothelial cells consists of a fl avocytochrome 
b558 reductase composed of a “Nox2” catalytic subunit 
bound to a smaller subunit, p22phox (maturation and sta-
bilization partner); regulatory subunits including the cyto-

solic organizer proteins, p47phox and p40phox; cytosolic 
activator proteins, p67phox; and the small molecular 
weight G protein Rac1. The enzyme catalyzes transfer of 
electrons from NADPH to molecular oxygen to form O 2  .−  

across the membrane, which in turn can be spontaneously 
or catalytically converted to H 2 O 2 . The ROS generated 
induces downstream signaling events which converge and 
integrate to induce angiogenesis       
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of cellular signaling include cancer [ 47 ,  48 ], 
infl ammatory diseases [ 49 – 51 ], cardiovascular 
diseases [ 52 ,  53 ], respiratory  diseases [ 54 ], diabe-
tes [ 55 ,  56 ], male infertility [ 57 ], aging process 
[ 58 ,  59 ], neurological diseases [ 59 – 61 ], etc.  

11     Antioxidants and Their 
Supplementation 

 Antioxidants are the substances that may protect 
cells from the damage caused by free radicals. 
Antioxidants interact with and stabilize free radi-
cals and may prevent some of the damage that 
free radicals might otherwise cause. However, 
these antioxidants whenever are consumed in 
large doses can act as prooxidants [ 28 ]. The anti-
oxidants depending on their source of availability 
can be endogenous or exogenous in nature. 
The endogenous antioxidants can either be enzy-
matic, like superoxide dismutase (SOD), catalase 
(CAT), glutathione peroxidase (GPx), and gluta-
thione reductase (GRx) [ 26 ], or nonenzymatic in 
nature. The nonenzymatic antioxidants can be 
further grouped to metabolic antioxidants, such 
as lipoic acid, glutathione, L-arginine, uric acid, 
bilirubin [ 62 ], and nutrient antioxidants. Some of 
the nutrient antioxidant can be exogenous in 
nature as they cannot be produced in the body 
and must be provided through foods such as vita-
min E, vitamin C, carotenoids, and trace elements 
(Se, Cu, Zn, Mn) [ 63 – 65 ].  

12     Conclusion 

 Free radical formation is a continuous process in 
humans and can be involved in development of 
diseases. Although cells are rich in antioxidant 
enzymes as well as small antioxidant molecules, 
these agents may not be suffi cient enough to nor-
malize the redox status during oxidative stress, 
and there is a need of antioxidant supplementa-
tion. The health benefi ts of administering anti-
oxidants such as vitamins E and C or other 
compounds are the subject of current research, 
and clinical trials employing antioxidants in the 
treatment of various conditions are under way. 

However, there are many unsolved questions 
about antioxidant supplementation in disease 
prevention. This throws the future direction for 
research if this supplementation can be recom-
mended as an adjuvant therapy.     
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    Abstract  

  With the advent of nanotechnology and the phenomenal escalation in the 
industrial and commercial applications of nanoparticles, their exposure to 
the human population has also increased. This calls for a need to meticu-
lously study their intracellular as well as immunological effects, which 
have been covered under the umbrella of nanotoxicity. This chapter 
addresses the sources and routes of nanoparticle exposure, followed by the 
in vivo translocation and their elimination. We have also discussed the 
physicochemical properties of nanoparticles modulating nanotoxicity and 
their intracellular biomolecular interactions. A major stress is laid on 
nanoparticle- mediated oxidative stress, the role of NF-κB signalling, 
receptor-mediated nanotoxicity and the complement system- mediated 
immune response. The role of complement system as clearance mecha-
nism has also been briefl y discussed.  
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      The Noxious Nanoparticles 

           Sudha     Srivastava     ,     Kushagr     Punyani    , 
and     Shuchi     Arora   

1         Introduction 

 Nanotechnology is defi ned as the design, 
 synthesis and application of materials and devices 
engineered at the nanoscale. Providing the pros-
pects of miniaturization and fabrication of novel 

 materials with unique traits and unparalleled 
development, nanotechnology has also contrib-
uted to the roll of iotas taking a toll on human 
health. Nanomaterials are fi nding their way into 
industry and household as cosmetics, fi llers, cata-
lysts, semiconductors and drug carriers and 
thereby into human lives, at a pace which 
demands a restraint owing to the associated expo-
sure, their safety and the short- and long-term 
risks [ 1 ,  2 ]. These petite particles may provide 
exposure and internalization via inhalation, 
ingestion, skin uptake, implants and injection. 
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 Humans have been exposed to nano-sized 
 particles present in the atmosphere throughout 
the evolutionary stages. However, owing to 
anthropogenic sources, the grade of exposure and 
the detrimental impact have increased tremen-
dously over the last century [ 3 ]. Hence, the con-
cern pertaining to the increase in the titres of 
naturally occurring nanoparticles in the atmo-
sphere and introduction of engineered nanoparti-
cles is relevant (Fig.  1 ). Human skin, respiratory 
tract and the gastrointestinal tract are in a dynamic 
but steady contact with the environment. While 
the former provides a physical barricade to for-
eign substances, the latter are more susceptible to 
damage. It is of merit to deem all of these ways to 
be potential routes of entry for natural or anthro-
pogenic nanoparticles, besides injections and 
implant-mediated exposure to engineered materi-
als [ 4 ]. Post-ingress, these nanoparticles can 
undergo systemic navigation to dock to various 
tissues and organs in the body, affecting cellular 
damage via oxidative stress and organelle injury. 
Figure  2  outlines the various routes of exposure, 

in vivo translocation and elimination from the 
body. A failure in clearance from the body lead-
ing to accumulation leads to various pathological 
conditions as a consequence of their toxicologi-
cal effects.

    The toxicity of the nanoparticles is dictated 
by their chemical composition, material proper-
ties, surface modifi cations, size and dosage or 
exposure. Further, it is crucial to appreciate that 
toxicity or biochemical interferences are a func-
tion of the individual’s response and hence the 
genome and metabolome. The accelerated expo-
sure to nanoparticles has called the need for 
nanotoxicology, the science of the impact of 
engineered nanodevices and nanostructures on 
living organisms. 

 Owing to at least one dimension less than 
100 nm, nanoparticles resemble in aspect to cel-
lular components and proteins, thereby providing 
them with elevated odds of interference with 
intracellular pathways, causing and exacerbating 
cellular damage and evasion of natural defences. 
Besides, their interaction with biomolecules, 

  Fig. 1    Natural and anthropogenic sources of nanoparticles       
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organelles and cells is a departure from the bulk 
material or larger particles. This is attributed to 
the surface effects and the quantum effects, hence 
determining their chemical kinetics and dynam-
ics, and the mechanical, optical, electric and 
magnetic properties. The consequent biological 
interaction of the nanoparticles can be advanta-
geous or detrimental. For instance, they may 
demonstrate antioxidant activity or may be 
exploited for enhanced carrier capacity and bar-
rier penetration for drugs and therapeutics. 
However, toxicity, oxidative stress and cellular 
dysfunction remain serious adversities. The 
 evident outcome has been the prospect of utiliz-
ing nanotechnology for the potential medical and 
environmental exploits, shadowed by the toxico-
logical aspects and the fear of the unknown. 

 Comparable to cellular components in size, 
having highly reactive large surface area, nanopar-
ticles readily interact with cells and molecules 
inside the human system. Cellular interactions 

with nanoparticles cause oxidative stress, 
infl ammation and DNA damage. Nanoparticles 
due to their small sizes pass across the cell mem-
branes and interact with intracellular organelles 
such as mitochondria, cytoplasm, lipid vesicles 
or the structural elements based on factors such 
as size, shape and charge. Entry of nanoparticles 
inside the cell can be through passive uptake or 
adhesive interaction. It has been suggested that 
nanoparticles create reactive oxygen species 
(ROS) and thereby modulate intracellular cal-
cium concentrations, activate transcription fac-
tors and induce cytokine production. The cellular 
interactions exhibited by nanoparticles are capa-
ble of causing abnormalities or even cell death. 

 Attributed to their larger surface area to vol-
ume ratio than their larger-sized counterparts, 
nanoparticles have the ability to generate more 
free radicals and ROS in vitro and in vivo. ROS 
have damaging effects on cells including lipid per-
oxidation, structural and functional attenuation 

  Fig. 2    Entity relationship diagram of nanoparticle exposure, translocation and excretion       
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of proteins, DNA damage, meddling with the 
signalling cascades and disrupting transcription. 
Primarily, nanoparticle-induced ROS production 
owes to the presence of oxidants and free radicals 
on the surface of the particles. Alternatively, 
catalysis effectuated by transition metal nanopar-
ticles can intrude the cellular biochemistry to 
generate ROS by Fenton type reactions. 
Moreover, nanoparticles, if translocated inside 
the mitochondria, may cause physical damage or 
biochemical interferences and precipitate oxida-
tive stress. The consequent oxidative stress, via 
cytokine release, or the nanoparticles themselves, 
via opsonisation, can trigger infl ammatory 
responses by recruitment of phagocytes, further 
exacerbating ROS and reactive nitrogen species. 
The elevated ROS can lead to biomolecular 
 damage including that of the nuclear DNA. The 
consequent DNA modifi cations may fi nally lead 
to cytotoxicity. 

 Respiratory internalization of ultrafi ne parti-
cles of quartz, asbestos fi bres, silicates and other 
mineral dust particles can lead to pulmonary 
infl ammation, oxidative damage, fi brosis and 
cytotoxicity. Bronchiolar infl ammation can fur-
ther exacerbate chronic obstructive pulmonary 
disorders, including asthma, emphysema, bron-
chiolitis and bronchitis, thereby oppressing alve-
olar function and gaseous exchange. Inhalation 
of nanoparticles has also been associated with 
lung cancer and neurodegenerative diseases. In 
the gastrointestinal tract, nanoparticle exposure 
has been associated with Crohn’s disease and 
colon cancer. Once they invade the systemic cir-
culation, nanoparticles may lead to arteriosclero-
sis, thrombosis, arrhythmia and cardiac failures. 
Moreover, exposure to organs including liver and 
spleen may cause pathological manifestations at 
respective sites. Autoimmunity has also been 
associated with exposure to certain nanoparticles, 
including rheumatoid arthritis, scleroderma and 
lupus. Figure  3  summarizes the pathologies in 
various organ systems resulting from systemic 
nanoparticle exposure.

   The current pool of knowledge in the fi eld 
of nanotoxicology is sparse; however, the mobil-
ity of these particles and the chemical reactiv-
ity  necessitate concern and further research. 

The  consideration needs to be a three-tiered 
 investigation of interactions of the nanoparticles 
with the environment from the site of access to 
the target organs, determination of the biological 
responses at the said sites and analysis of the sec-
ondary immune reactions at the ultimate site of 
retention. Besides, the physical and chemical 
aspects pertaining to toxicity of the nanoparticles 
need to be studied.  

2     Physiochemical Modulators 
of Nanotoxicity 

 An obvious and crucial question that rises upon 
highlighting the consequent oxidative stress and 
cytotoxicity of the nanoparticles is ‘ are all 
nanoparticles toxic and to what extent? ’ The 
answer lies in their physical and chemical proper-
ties. The material of the nanoparticle is crucial in 
dictating its physical and chemical properties. 
However, it is interesting to notice the degrees to 
which these properties can be modifi ed or even 
overridden by the size dependence and surface 
modifi cations. This section attempts to encom-
pass most of the relevant aspects pertaining to the 
determiners of toxicity of nanoparticles. 

 When particles of two different diameters are 
compared, for a given material mass, smaller par-
ticles show a higher particle density and greater 
surface area in contrast to the particles with larger 
sizes. Similarly, nanoparticles have higher parti-
cle density and greater surface area compared to 
bulk particles. The direct consequence of avail-
ability of a larger surface area is the enhanced 
chemical reactivity and hence a higher ability to 
achieve elevated ROS levels by biochemical 
meddling as well as increased toxicity. Another 
analogy that can be drawn from the effect of their 
size is the effect of agglomeration. Based on their 
surface energy and chemistry, nanoparticles tend 
to agglomerate, which is further accelerated by a 
high particle density or concentration. As the 
agglomerate size increases beyond the nano 
range, the toxic effects fade. This is attributed to 
the increased clearance of the larger-sized 
agglomerates by the macrophages, thereby reduc-
ing the toxicity. 
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 Besides ROS generation, the size of the 
nanoparticles falls in the range of subcellular 
components, which provides them with higher 
odds of biological interaction and interference. 
Nanotoxicity is shown to follow dependence on 
the particle surface area rather than the adminis-
tered dose [ 5 ]. 

 Further, the material properties of the nanopar-
ticles dictate their chemistry, which in turn gov-
erns cellular endocytosis, subcellular localization 
and ROS catalysis. The toxic effects of a nanopar-
ticle are also dependent on the particle crystallin-

ity. Jiang et al. [ 5 ] have demonstrated the ROS 
generation capacity using crystal variants of TiO 2  
nanoparticles – amorphous, anatase, rutile and 
anatase/rutile mixtures [ 5 ]. It was observed that 
amongst particles with diameter less than 10 nm, 
at 50 μg/ml, 3 nm amorphous TiO 2  nanoparticles 
exhibited higher ROS activity versus 4 nm ana-
tase TiO 2 . For particles with diameter exceeding 
30 nm, amorphous TiO 2  particles had greater 
ROS activity than anatase TiO 2 . Further, pure 
anatase TiO 2  demonstrated higher ROS activi-
ties than anatase/rutile mixtures, and in the 
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anatase/rutile mixtures, rutile TiO 2  nanoparticles 
showed lower activities than amorphous as well 
as anatase forms. 

 Besides the particle size, aspect ratio also 
determines the nanoparticle toxicity. Aspect 
ratio is the ratio of diameter and length of the 
particle. The greater is the aspect ratio, the 
higher toxicity the nanoparticle shows. This is 
attributed to the facile phagocytosis-mediated 
clearance of the particles with shorter aspects in 
contrast to the larger aspect ratio fi bres by the 
macrophages. Owing to the same reasons, long 
asbestos fi bres fail to be phagocytosed by the 
macrophages leading to respiratory disorders. 
Similarly, single- walled carbon nanotubes have 
been demonstrated to be considerably more 
toxic than the multiwalled nanotubes. The higher 
toxicity of the former is achieved via reduced 
phagocytosis and altered mitochondrial function 
even at low doses. 

 Another interesting factor modulating the tox-
icity of nanoparticles is the halo of their surface 
coating and functionalization. An effective non- 
toxic coating on toxic nanoparticles can render 
them non-toxic and vice versa. Surfactants too 
can drastically modify their physicochemical 
characteristics, including magnetic, electric and 
optical properties, as well as their chemical reac-
tivity, thereby modifying their toxic effects.  

3     Cellular Interactions 
of Nanoparticles 

3.1     Oxidative Stress 

 Oxidative damage has been established as a major 
mode of nanoparticle-mediated cytotoxicity. The 
resultant oxidative stress affects the gene expres-
sion and the cellular transduction, including Ca2+ 
and cytokine signalling. The effect has been con-
fi rmed for a number of particles, and generation 
of reactive oxygen species has been demonstrated 
in vitro and in vivo mediated by nanoparticles 
ranging from fullerenes to single- walled carbon 
nanotubes and quantum dots. Further, UV expo-
sure and transition metals have been proven to 
augment the impact. A plausible theory to explain 

generation of ROS is the preferential localization 
of the nanoparticles to mitochondria – the redox 
hubs – thereby interfering in ROS production and 
antioxidant fortifi cations. 

 The peculiarities of this mechanism mediated 
by various nanoparticles are not yet deciphered. 
However, the possible means include photoexcita-
tion of the nanoparticles, redox active metabolic 
products of the nanoparticles and reticuloendo-
thelial system-mediated release of oxyradicals. 
These possibilities are certainly not comprehen-
sive and can be further attributed to their small 
size, chemical composition, surface defects and 
oxidation state vacancies. 

 Oxidative stress refers to a redox dysfunction 
wherein ROS production overpowers the antioxi-
dant activity, thereby manifesting adverse molec-
ular functioning and biological outcome. To map 
the oxidative stress, a common device is the 
intracellular ratio of glutathione (GSH) to gluta-
thione disulphide (GSSG). The GSH/GSSG 
redox couple plays a regulatory role in the main-
tenance of the redox poise as well as the cellular 
responses. The harbinger of phase II response is 
the downstream protective regulator, transcrip-
tion factor Nrf2, which activates transcription of 
>200 antioxidants including superoxide dis-
mutase, glutathione S-transferase isoenzymes, 
haem oxygenase 1, catalase and glutathione per-
oxidise [ 6 ]. Failure of these antioxidant responses 
is associated with attenuation of ROS production, 
leading to MAP kinase and NF-κB-mediated pro-
infl ammatory responses, and mitochondria- 
mediated cytotoxicity. While the proinfl ammatory 
effects lead to expression of cytokines, chemo-
kines and adhesion molecules, the proapoptotic 
factors released by the mitochondria lead to 
cytotoxicity. 

 Nanoparticle-induced oxidative stress has 
been studied in vitro as well as in vivo. Using pri-
mary mouse embryo fi broblasts, it has been 
shown that intracellular GSH levels are signifi -
cantly reduced after exposure to a variety of 
nanoparticles (carbon black, carbon nanotubes, 
silica and zinc oxide) [ 7 ]. Superoxide dismutase 
titres have also been correlated linearly with 
GSH, and lipid peroxidation was demonstrated in 
the cells in a dose-dependent manner [ 7 ]. 
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 Research in pathophysiologies owing to 
 inhalation of ultrafi ne particles hailing from air 
pollution and mineral dust particles has indicated 
that the ambient ultrafi ne particles lead to respi-
ratory and cardiovascular distress, with oxida-
tive stress as the underlying mechanisms. ROS 
and oxidative stress have been demonstrated to 
generate infl ammatory responses and cytotoxic-
ity. Further, it has been observed that the manu-
factured nanoparticles lead to ROS elevation; 
fullerenes induce ROS, lipid peroxidation and 
cytotoxicity; and metal oxide nanoparticles and 
carbon nanotubes have been shown to be the 
cause of ROS, lipid peroxidation and infl amma-
tory responses in vitro and in vivo [ 8 ]. 

 A schematic representation of plausible mech-
anism of nanoparticle-mediated ROS generation 
perturbing antioxidant defence system is shown 
in Fig.  4 . Till date, the biochemical mechanism 
of ROS generation by different nanoparticles 
(organic, inorganic NPs like fullerene, CNTs, 
SWCNTs, MWCNTs, Au NPs, Ag NPs, etc.) has 
not been deciphered completely. However, the 
following factors play a major role in oxyradical 
release – (a) photoexcitation generating free elec-
trons, (b) cytochrome P450-mediated redox 
active intermediates of nanoparticles and (c) oxy-
radical released from macrophages following 
infl ammatory response [ 8 ].

   The following sections discuss the putative 
mechanisms involved in nanoparticle-mediated 
cellular damage and nanotoxicity, in general. 

3.1.1     Oxidative Stress and NF-κB 
 Oxidative stress remains the foremost candidate 
amongst the grounds for nanoparticle-induced 
cellular damage. Particles including quartz are 
responsible for manifestation of oxidative stress 
to yield their proinfl ammatory effects. The pri-
mary factor responsible in generation of oxida-
tive stress is the chemical reactivity at the large 
surface area of the nanoparticles, for instance, 
the free radicals generated at the surface of the 
quartz nanoparticles. These radicals can bring 
about their effect by further damaging the plasma 
membranes or interfering in the redox poise and 
rendering a misbalance in the oxidative stress-
mediated signalling. 

 It is important to highlight the role of NF-κB 
in nanoparticle-mediated infl ammatory responses. 
Nuclear factor kappa-light-chain- enhancer of 
activated B cells, abbreviated as NF-κB, is a 
ubiquitous animal cell transcription factor par-
ticipating in transcriptional responses to a variety 
of stimuli essentially responsible for stress, both 
extracellular and endogenous, thereby effectuat-
ing cytokine production and cell survival. The 
transcriptional regulation of NF-κB varies based 

  Fig. 4    Schematic representation of ROS generation by nanoparticles with release of oxyradicals       
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on the cell lineage and may be altered/co-regulated 
by other transcription factors, however, in gen-
eral, and strongly applies to several genes 
expressing proinfl ammatory molecules like IL-2, 
IL-6, IL-8, GM-CSF and TNF, cell adhesion mol-
ecules such as ICAM-1 and E-selectin, inducible 
nitric oxide synthase (iNOS) and cyclooxygen-
ase-2 (COX-2) [ 9 ]. 

 NF-κB, upon cellular stimulation, dissoci-
ates from the inhibitory IκB bound to its DNA- 
binding domain (DBD), undergoes nuclear 
translocation and accomplishes target gene 
expression [ 10 ]. Both kinase- and redox-signal-
ling pathways, independently involved in the 
NF-κB activation, are potentially signifi cant for 
the effects of nanoparticles. NF-κB has been 
the focus of nanotoxicology research serving as 
the bridge between the nanoparticle-mediated 
oxidative stress and the consequent infl amma-
tory signalling. 

 Schins et al. [ 11 ] have reported the signifi -
cance of NF-κB signalling in response to quartz 
particles [ 11 ]. Quartz participates by depleting 
IκB, thereby activating NF-κB which subse-
quently contributes to the production of IL-8. In 
a recent study by Sharma et al. [ 12 ], gold 
nanoparticles have been demonstrated to activate 
NF-κB in B lymphocytes, by interacting with 
NF-κB signalling transduction proteins IκB 
kinases – IκBα and IκBβ – and also leading to an 
altered B cell response [ 12 ]. The importance of 
NF-κB in nanoparticle-mediated oxidative stress 
and infl ammation calls for the need for further 
investigation into particle-specifi c characteris-
tics of the NF-κB response.   

3.2     Receptor-Mediated Effects 

 Internalization of the nanoparticles can be attrib-
uted to two major mechanisms – passive endocy-
tosis and active endocytosis (Fig.  5 ). Endocytosis 
has been established as a common way of inter-
nalization of viruses and other foreign particles, 
wherein the particle is encapsulated in a vesicle 
or endosome derived from the cell membrane, 
followed by introduction of the encapsulated par-
ticle into the cytosol. Endocytosis, mostly, when 

associated with typical life processes of the cell, 
is ATP driven, i.e. active. However, ligands tar-
geting the cell surface receptors can also be 
responsible for passive endocytosis.

   One of the most probable receptors involved 
in the later mechanisms is the epidermal growth 
factor receptor, EGFR. EGFR is a receptor tyro-
sine kinase present on the cell surface of the 
 epithelial cells and fibroblasts and activated 
by the epidermal growth factor (EGF). Post 
EGF bindin   g, activation cascades of the receptor 
involve conformational including receptor dimer-
ization, following transphosphorylation of the 
tyrosine residues. This further leads to the activa-
tion of the phospholipase C gamma (PLC-γ) 
associated to the receptor and the downstream 
hydrolysis of the phospholipid phosphatidylino-
sitol 4,5-bisphosphate (PIP2) in the second mes-
sengers inositol 1,4,5-triphosphate (IP3) and 
1,2- diacylglycerol (DAG). IP3 is further respon-
sible for increase in cytosolic concentrations of 
Ca 2+  from intracellular reserves, while DAG acti-
vates protein kinase C (PKC) to accomplish cel-
lular responses. Also, the associated MAPK/
ERK cascade fi nally leads to increased DNA 
 synthesis and cell proliferation along with 
 elevated turnover of extracellular matrix 
 components (fi bronectin, collagen, laminin and 
glycosaminoglycan). 

 Metals including arsenic, copper, zinc and 
vanadium have been known to activate EGFR 
[ 13 ], which has brought EGFR to the centre stage 
of nanotoxicology since inorganic nanoparticles 
might affect this receptor by non-specifi c recep-
tor activation.  

3.3     Role of Complement System 

 Complement is a component of the innate 
 immunity system comprising of proteinaceous 
biomolecules, circulating as inactive precursor 
pro-proteins, which, when recruited and acti-
vated, complement cell-mediated and humoral 
immunity. The complement system acts upon 
bacterial stimulation in a 4-tiered sequence upon 
recruitment – opsonization to enhance bacterial 
phagocytosis, chemotaxis to attract neutrophils 
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and macrophages, activation of membrane attack 
complex to achieve bacterial lysis and clearance 
of the clumped residues. However, the comple-
ment system is also involved in modulating cel-
lular interactions with nanoparticles. In this case, 
chemotaxin C5a is generated which is responsi-
ble for activation and recruitment of the polymor-
phonuclear leukocyte (neutrophils), followed by 
the activity of the opsonin C3b to enhance phago-
cytosis [ 14 ]. 

 For nanoparticles, the complement system can 
skew the balance on either side, i.e. following 
opsonization, the nanoparticles may undergo 
rapid clearance from the body via complement 
receptor-mediated phagocytosis or on the other 
hand, elevate the immune response to lead to an 

allergic reaction or anaphylaxis. This necessitates 
research in penchant to complement activation 
by nanoparticles intended to be administered or 
probable to undergo exposure systemically. 

 When an elevated antigen presentation is 
of merit, for instance, vaccines, nanoparticle- 
mediated complement activation manifested 
locally upon subcutaneous or intradermal admin-
istration is benefi cial. However, if the need be, 
surface properties of the nanoparticles can be 
altered to tune the described interactions. In 
2003, Chanan-Khan et al. investigated hypersen-
sitivity reactions in patients administered with 
Doxil – a nanoliposome formulation of doxorubi-
cin – and demonstrated complement activation 
as the mechanism of the dose-rate-dependent 

  Fig. 5    Schematic showing cellular internalization and biochemical disruption by nanoparticles       
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hypersensitivity towards Doxil [ 15 ]. Further, the 
surface charge of the nanoparticles has been rec-
ognized as a crucial parameter governing the 
activation and recruitment of the complement 
system. In general, nanoparticles bearing surface 
charges have a better ability to activate the com-
plement system. Additionally, immobilization of 
polyethylene glycol (PEG) or poloxamine mole-
cules have shown to diminish complement acti-
vation [ 16 ]. On the contrary, surface coatings of 
dextran augment nanoparticle-mediated comple-
ment activation; however, it depends on the poly-
mer conformation [ 17 ]. Hence, it can be deduced 
that nanoparticle-mediated complement activa-
tion is governed by a plethora of aspects, includ-
ing the charge, surface coating, as well as its 
thickness, density and confi guration. 

 The toxicity of nanoparticles is modulated by 
various factors, both physical and chemical. 
Nanoparticles possess novel properties, quite dis-
tinguished from the bulk particles. These properties 
have proved to be extremely benefi cial for success-
ful developments in various fi elds of application. 
Furthermore, a few properties of nanoparticles are 
the causal factors behind nanoparticle toxicity. The 
toxic characteristic of nanoparticles can be attrib-
uted to the smaller size, large surface area, crystal-
line form, aspect ratio, concentration and dose.   

4     Nanotoxicology 
and Challenges 

 With the recent increase in the use of nanoparti-
cles commercially, the exposure and the associ-
ated concerns have also grown. Consequently, the 
fi eld of nanotoxicology has been gaining impor-
tance. However, relatively young, there exist lack 
and lacunae in the research of nanotoxicology. 
With increasing evidences of nanoparticle-medi-
ated cytotoxicity, there is a need of thorough 
investigation in the underlying pathological 
mechanisms of various nanoparticles and the 
extent of toxicity. There exists no comprehensive 
repertoire of the relevant information on nanopar-
ticles. Further, there is no regulatory agency that 
looks into the toxicological information generated 
out of the research in the fi eld. The potential 

adverse effects of the nanoparticles included in 
commercial products are limited to the on-label 
specifi cations, which more than often are com-
pletely omitted. 

 Further, due to absence of any golden stan-
dards in the fi eld, the research lacks in merit. 
Most of the data has been generated from cell- 
free assays or in vitro studies, which may not be 
correlated to the in vivo toxicities. Moreover, due 
to interaction with the body fl uids, the surface 
chemistry of nanoparticles may undergo modifi -
cations, thereby altering its toxicity. The nanopar-
ticles may also be deposited in the body if they 
evade clearance, which increases the possibility 
of attenuated toxicities. 

 When introduced in the environment or the bio-
logical fl uids, many nanoparticles undergo mas-
sive agglomeration or aggregation. Agglomeration 
leads to modifi ed particle size, surface area and 
sedimentation traits of the particles and hence its 
tissue localization as well as its toxicity. The toxic-
ity of the nanoparticles is obviously tissue specifi c, 
and nanoparticles have a high systemic mobility; 
hence, there is a need to estimate the toxicities of 
the nanoparticles upon systemic administration in 
suitable animal models. This further necessitates 
the development of suitable imaging techniques 
for nanoparticles.     
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    Abstract  

  Oxidative stress overwhelms the natural antioxidant defense system by 
creating imbalance in production and consumption of reactive oxygen 
 species (ROS). A number of reactive molecules and free radicals exem-
plify the ROS. Accurate measurement of ROS may help in the diagnosis of 
various diseases such as diabetes, cancer, and cardiovascular diseases. The 
robust and sensitive assays are required for its detection and quantifi ca-
tion. In this chapter, we describe various techniques to measure the oxida-
tive stress by formation of oxidative by-products of lipids, proteins, and 
nucleic acids as well as the probing with various compounds. Methods 
including trapping, spectrofl uorimetry, fl ow cytometry, ELISA, and anti-
body-based assays have been discussed. Understanding the tools and tech-
niques to measure oxidative stress will help researchers to overcome 
various complications due to overproduction of reactive species (RS).  

  Keywords  

  Reactive species (RS)   •   Electron spin resonance (ESR)   •   Malondialdehyde 
(MDA)   •   Advanced glycation end products (AGEs)  

        V.   Rani       (*) •     S.   Asthana     •     M.   Vadhera     •     N.   Atale   
  Department of Biotechnology ,  Jaypee Institute 
of Information Technology ,   A-10, Sector-62 , 
 Noida     201307 ,  Uttar Pradesh ,  India   
 e-mail: vibha.rani@jiit.ac.in  

    U.  C.  S.   Yadav   
     School of Life Sciences ,  Central University 
of Gujarat ,   Sector 30 ,  Gandhinagar , 
 Gujarat     382030 ,  India    

      Tools and Techniques to Measure 
Oxidative Stress 

           Vibha     Rani     ,     Suryma     Asthana    ,     Mohit     Vadhera    , 
    Umesh     Chand     Singh     Yadav    , and     Neha     Atale   

mailto: vibha.rani@jiit.ac.in


44

1         Introduction 

 Oxidative stress is found to be associated with the 
pathophysiology of various diseases. The over-
production of reactive oxygen species (ROS) is a 
principal cause of disease [ 1 ,  2 ]. Estimation of 
ROS in living organisms conveys a noteworthy 
analytical challenge. ROS processed or detoxi-
fi ed in cellular compartments requires methods 
employed directly to the particular cell confi ne-
ment [ 3 ]. The protocols for measuring cellular 
ROS levels may be an important tool to contrib-
ute to a better understanding of its metabolism in 
cell-based systems. Knowledge of these methods 
and the actions that decrease it would prove to be 
therapeutically benefi cial. Oxidative damage to 
the cells due to ROS can be prevented by antioxi-
dant treatment. Such a treatment should put off 
the onset of that disease or at least delay it [ 4 ,  5 ]. 

 Most reactive species (RS) are highly reactive 
and have a brief life. Thus, they are hard to esti-
mate in intricate cellular environment [ 6 ]. RS 
processed or detoxifi ed in cellular compartments 
requires methods employed directly to the par-
ticular cell confi nement. RS might be measured 
either specifi cally or after the establishment of 
oxidative by-products of lipids, proteins, or 
nucleic acids (fi ngerprinting) [ 7 ]. Procedures to 
accurately measure these intermediates have 
been widely investigated. While correlating 
 oxidative stress with the development of various 
diseases, the free radicals (or the oxidative dam-
age it causes) should be observed at the site of 
injury. RS formation and the observed tissue 
damage should have a parallel time course. 
Application of the RS  in vitro  over the same time 
course should recreate most tissue harm caused 

 in vivo . Eliminating the RS or repressing their 
formation should reduce the tissue damage pro-
portional to the amount of reduction [ 8 ,  9 ]. 

 It has become critical that methods be 
adapted, modifi ed, and standardized to estimate 
the levels of these molecules in cells and tissues. 
The chapter describes about various techniques 
to measure ROS and oxidative damage with 
those applicable to human studies. Following are 
some techniques described to measure oxidative 
stress (Fig.  1 ).

2        Electron Spin Resonance 

 Electron spin resonance (ESR) is a technique 
which detects the vicinity of unpaired electrons. 
Since reactive radicals do not aggregate to suffi -
ciently high levels to be measured, poorly reac-
tive radicals, with less sensitivity, are detected 
by this technique. Spin trapping is used to over-
come this sensitivity issue. In spin trapping, 
ROS are allowed to react with specially selected 
trap molecules to produce less reactive and more 
stable species that can be readily detected by 
ESR [ 10 ]. 

 A wide range of ESR traps include:
•    N-tert butyl-p-phenylnitrone (PBN)  
•   5,5-Dimethyl-1-pyrroline N-oxide (DMPO)  
•   1,1,3-Trimethyl-isoindole N-oxide (TMINO)  
•   5,5-Diethylcarbonyl-1-pyrroline N-oxide 

(DECPO)  
•   N - 2 - ( 2 - e t h o x y c a r b o n y l - p r o p y l ) - a - 

phenylnitrone (EPPN)  
•   5-Diethoxyphosphoryl-5-methyl-1-pyrroline 

N-oxide (DEPMPO)  
•   5-Tert-butoxycarbonyl-5-methyl-1-pyrroline 

N-oxide (BMPO)    

  Fig. 1    Methods for the measurement of ROS generation       

 

V. Rani et al.



45

2.1     Trapping of RS 

 There are various traps which are used in ESR to 
scavenge the radicals. 

2.1.1     Ex Vivo Trapping 
 Spin traps cannot be used in humans because of 
unknown toxicity at the high levels. However, 
these traps might be utilized on extracted body 
fl uids and tissue samples [ 11 ]. Since highly reac-
tive radicals and non-radical species do not sur-
vive to be detected in ex vivo material, ESR of 
 ex vivo  samples with traps detects secondary 
radicals resulting from reaction of RS with bio-
molecules. These secondary radicals include 
lipid-derived and protein radicals.  

2.1.2     Ascorbate as a Trap 
 Ascorbic acid (vitamin C) reacts with many free 
radicals. Semidehydroascorbate radical, an oxi-
dation product of ascorbic acid, can easily be 
detected by ESR. Its measurement can be used as 
a biomarker for RS production in organs and 
blood plasma. This is a semiquantitative method 
because:
•    Ascorbate radicals react quickly with each 

other and generate ESR-silent molecules.  
•   This radical can also be reduced by enzymes 

 in vivo  [ 12 ].     

2.1.3     Aromatic Traps 
 These are known to be acceptable for human con-
sumption. Traps like salicylate and phenylalanine 
are widely used to measure ex vivo radical 
formation.
•    Salicylate is hydroxylated by OH radical to 

form 2-3dihydroxybenzoate which is not pro-
duced enzymically in vivo [ 13 ].  

•   Both L- and D-phenylalanine are hydroxyl-
ated by OH radical to yield ortho- and meta- 
tyrosines, which are not enzymically produced 
in humans [ 14 ]    
 The success of these traps depends on their 

concentration at sites of free radical generation. 
Aromatic hydroxylation techniques are not quan-
titative measures of radical generation, especially 
if the end products are measured in the plasma, 
where their origin is unclear.  

2.1.4     Urate as a Trap 
 An endogenous compound like urate, which is 
readily oxidized by a range of RS including per-
oxynitrite, can be used as a trap. Several groups 
have used urate as a “selective” scavenger of 
ONOO in animal studies. Allantoin is an oxida-
tion product of urate. Its measurement may be a 
promising method for human application [ 15 ].    

3     Fingerprinting of ROS 

 When a free radical reacts with a biological mol-
ecule to leave a unique “fi nger print,” then the 
vicinity of that unique fi ngerprint might be uti-
lized to gather that the RS has been generated 
[ 16 ]. Such “biomarkers” can then be utilized to 
research impacts of dietary supplements or engi-
neered antioxidants on oxidative harm caused. 
In fact, since strategies as of now accessible for 
the immediate estimation of RS are of restricted 
application to humans, most clinical research con-
centrates on the estimation of oxidative harm. The 
injury caused by these RS is more important than 
the aggregate amount of such species produced. 

3.1     Biomarkers 
of Superoxide Anion  

3.1.1     GSH/GSSG Ratio 
 Indeed, reduced glutathione (GSH) is recognized 
as one of the most important nonenzymatic 
 oxidant defenses within the body. It exists in very 
large amounts (mM levels) within cells where it 
acts to detoxify peroxides as well as maintain 
other physiologically important antioxidants in 
their reduced forms. 

 Reduced glutathione is continuously regener-
ated from its oxidized form GSSG by the action of 
an NADPH-dependent reductase. Because the 
rates of synthesis of GSH, export of GSH and 
GSSG from the intracellular compartment to the 
extracellular space, and formation of protein- 
bound GSH mixed disulfi des are slow relative to 
the rates of reduction of GSSG and oxidation of 
GSH, “the balance of GSH and GSSG provides a 
dynamic indicator of oxidative stress” in vivo [ 17 ]. 
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 A few distinctive tests have been developed to 
measure glutathione in samples. By utilizing a 
luciferin-derived compound as a part of conjunc-
tion with glutathione S-transferase, the measured 
level of GSH might be proportional to the lumi-
nescent indicator produced when luciferase is 
added subsequently. DTNB (Ellman’s reagent) 
on reacting with GSH generates glutathione. 
The level of glutathione can be resolved colori-
metrically with in the vicinity of glutathione 
reductase at 412 nm (Fig.  2 ) [ 18 ].

3.1.2        Cytochrome C Reduction 
 Ferricytochrome c is reduced to ferrocytochrome 
c on reacting with O 2  − . The absorption spectrum 
of ferrocytochrome c is different compared to 
ferricytochrome and can easily be estimated 
spectrophotometrically. However, sensitivity of 
this technique is limited [ 19 ].   

3.2     Biomarkers for Hydrogen 
Peroxide 

3.2.1     Horseradish Peroxidase-Linked 
Assays 

 Numerous assays for checking the presence of 
H 2 O 2  are based on the oxidation of another com-
pound. Hydrogen donor compounds are oxidized 
in the presence of H 2 O 2  by HRP. 

 Hydrogen peroxide (H2O2) is the most impor-
tant ROS in regard to signaling or cell cycle regu-
lation [ 20 ]. Many substrates serve as hydrogen 
donors and have been used along with horserad-
ish peroxidase (HRP) enzyme to produce fl uores-
cence. Commonly used substrates include:

•    Homovanillic acid – It forms a dimer when 
oxidized by hydrogen peroxide through the 
catalysis of horseradish peroxidase. As a dimer, 
its peak excitation wavelength is 315 nm, with 
an emission wavelength of 425 nm (Fig.  3 ) [ 21 ].

•      Amplex ®  Red – It is converted to resorufi n by 
hydrogen peroxide in the presence of HRP, 
which is a highly colored compound and can 
be detected colorimetrically at 570 nm or by 
fl uorescence using excitation of 570 nm and 
emission of 585 nm (Fig.  4 ) [ 22 ].

3.3            Measuring Lipid By-products 

 Lipids can undergo oxidation, chlorination and 
nitration by a wide range of RS. Lipid peroxida-
tion is a complex phenomenon, and many prod-
ucts are formed in varying amounts. Lipid 
oxidation can be measured in many ways but 
commonly used methods are the following. 

3.3.1     TBARS Assay 
 Thiobarbituric acid-reactive substances – 
TBARS – are generated as by-products of lipid 

  Fig. 2    Mechanism of action of antioxidative enzymes       

  Fig. 3    Dimerization of homovanillic acid by the action of 
HRP and hydrogen peroxide       
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peroxidation (i.e., on degradation of fats) which 
can be detected by the TBARS assay using thio-
barbituric acid as a reagent. 

 Since RS have extremely short half-lives, it is 
diffi cult to measure them directly. Hence, several 
products of the damage caused by oxidative 
stress can be measured, such as TBARS [ 23 ]. 

 The TBARS assay measures malondialdehyde 
(MDA) present in the sample, as well as MDA 
formed by the hydrolytic reaction of lipid 
 hydroperoxides. MDA is among the several 
 low-molecular- weight end products formed due 
to the breakdown of primary and secondary lipid 
peroxidation products (Fig.  5 ).

   However, only certain lipid peroxidation prod-
ucts generate MDA, and MDA is neither the sole 
end product of fatty peroxide formation and 
decomposition nor a substance generated exclu-
sively through lipid peroxidation [ 24 ]. 

 Since MDA can also arise from free radical 
attack on sialic acid and deoxyribose, direct mea-
surement of MDA is not preferred.  

3.3.2     The Isoprostanes 
 Isoprostanes are specifi c end products of the 
 peroxidation of polyunsaturated fatty acids. The 
most extensively used, F2-isoprostanes, are 
derived from arachidonic acid, but some others 

are also available. These are neuroprostanes or 
F4-isoprostanes from eicosapentaenoic and doc-
osahexaenoic acids [ 25 ]. Isoprostanes are best 
measured by mass spectrometry. Although iso-
prostanes can be detected in foods, they do not 
appear to pass through the gut in suffi cient quan-
tities to affect plasma or urinary levels [ 26 ]. 

 Isoprostanes are rapidly metabolized and 
undergo quick turnover. Thus, slower metabolism 
could also be a possible reason for the rise in plasma 
isoprostane levels. Apart from whole- body mea-
surement, they can also be measured in fl uids drawn 
from specifi c sites, such as synovial fl uid, pericar-
dial fl uid, wound exudate, and breath condensate.  

3.3.3     Exhaled Hydrocarbons 
 Exhaled air contains a range of hydrocarbons, 
including ethane and pentane. Evidences suggest 
that ethane may be a biomarker of lipid peroxida-
tion, as well as pentane. However, they are minor 
end products of lipid peroxidation, and their forma-
tion also depends on the environment of the reac-
tion. They are also diffi cult to estimate routinely in 
human studies and require complex equipment.   

3.4     Biomarkers for DNA Damage 

 Oxidative DNA damage seems to relate to an 
increased risk of disease development later in 
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life. DNA subjected to attack by hydroxyl radical 
generates a huge range of base and sugar modifi -
cation products. Such products can be measured 
by HPLC, gas chromatography (GC)-MS, liquid 
chromatography (LC)-MS, and antibody-based 
techniques [ 27 ]. Initial products of RS attack 
upon purines, pyrimidines, and deoxyribose form 
stable end products. The relative amount of these 
end products depends on the reaction conditions. 
Thus, it is not reliable to measure any single reaction 
product as an indication of oxidative DNA damage. 

 The HO •  attacks DNA strands when it is pro-
duced adjacent to cellular and mitochondrial 
DNA, which lead to the formation of many oxi-
dation products. The interaction of HO •  with the 
nucleobases of the DNA strand, such as guanine, 
leads to the formation of C8-hydroxyguanine 
(8-OHGua) or its nucleoside form deoxyguano-
sine (8-hydroxy-2-deoxyguanosine) [ 28 ]. 
Initially, the addition of HO •  leads to the genera-
tion of radical adducts; subsequently 8-hydroxy- 
2-deoxyguanosine (8-OH-dG) is formed by 
one-electron abstraction. 

3.4.1     Antibody-Based Techniques 
 The problems of artifactual DNA oxidation dur-
ing DNA isolation and analysis can be avoided 
by measuring oxidative DNA damage in the 
intact cell. Antibody-based methods have been 
developed for 8OHdG and are useful for visual-
ization of damage but seem likely to be 
semiquantitative.  

3.4.2     Comet Assay 
 The comet assay can be applied directly to cells 
and measures DNA strand breaks. The number of 
DNA strand breaks can be used to estimate the 
level of oxidized DNA bases in the cell. Strand 
breaks arise not only during oxidative DNA dam-
age but also during repair of that damage. 

 The comet assay (single-cell gel electrophore-
sis) is a simple method for measuring deoxyribo-
nucleic acid (DNA) strand breaks in eukaryotic 
cells [ 29 ]. Cells are embedded in agarose on a 
microscope slide and lysed with detergent and 
high salt. Nucleoids are formed containing super-
coiled loops of DNA which are linked to the 
nuclear matrix. Electrophoresis at high pH 

 generates structures resembling comets, which 
can be observed by microscopy. The intensity of 
the comet tail relative to the head gives an esti-
mate of the number of DNA breaks. The loops 
containing a break lose their supercoiling and are 
free to extend towards the anode. Visual analysis 
with staining of DNA and calculation of fl uores-
cence is done to determine the extent of DNA 
damage. This can be done by manual scoring or 
automatically by imaging software.  

3.4.3     Ultraviolet Light 
 Ultraviolet light produces a wide variety of 
lesions in the DNA, for example, thymine dimers. 
The levels are increased after exposure to sun-
light and in psoriasis. Sunlight-induced DNA 
damage can be estimated by using thymine 
dimers as biomarker.   

3.5     Biomarkers for Proteins 

 Oxidative damage to proteins leads to their by- 
products and affects the function of receptors, 
enzymes, transport proteins, and antigen-antibody- 
based immune responses. The damage to other 
biomolecules such as inactivation of DNA repair 
enzymes and loss of fi delity of damaged DNA 
polymerases in replicating DNA can be observed 
by different labeling techniques. The analysis of 
proteins is more complex than that of DNA 
because 20 amino acids are found in literature and 
the different pathways of mechanism are found for 
reactive species functioning. Free radical attack on 
proteins can generate amino-acid radicals, which 
may crosslink or react with O 2  to give peroxyl 
radicals. Abstraction of H triggers the formation 
of more free radicals forming protein peroxides, 
which decompose in complex ways, accelerated 
by transition metal ions, to generate yet more radi-
cals [ 30 ]. Oxidation of proteins during cooking of 
food can confound the measurement of these 
products in body fl uids as potential biomarkers, 
since they could be absorbed through diet. 

3.5.1     The Carbonyl Assay 
 It is the most commonly used biomarker of 
 protein damage. Carbonyl assay is the estimation 
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of protein carbonyl groups. Carbonyls can be 
formed as a result of:
•    Glycation of proteins by sugars  
•   By the binding of aldehydes  
•   By the direct oxidation of amino-acid side 

chains by RS    
 Products like glutamate and aminoadipic 

semialdehydes are measured spectrophotomet-
rically through ELISA. Immunochemical tests 
for protein-bound aldehydes such acrolein and 
4-HNE are generally utilized. The carbonyl 
test as connected to tissues and body liquids 
measures the average amount of protein 
alteration.  

3.5.2     Advanced Glycation End 
Products (AGEs) 

 Although, the formation of AGEs is not depen-
dent entirely on oxidative stress, they can be used 
as potential biomarkers. AGEs result from non-
enzymatic glycation reactions to proteins and 
DNA [ 31 ]. The reaction is slow and begins 
with the formation of a Schiff base which is con-
verted to a more stable Amadori product. 
Nε-(caroboxymethyl) lysine (CML) and pentosi-
dine are some of the common biomarkers. 

 Depending on conditions, AGEs can increase 
or decrease the oxidative stress by increased RS 
production or activation of antioxidant enzymes 
respectively. 

 AGEs have known to be associated with sev-
eral diseases including cardiovascular disease, 
Alzheimer’s, cancer, and diabetes. Hence, AGEs 
are useful biomarkers of metabolic diseases, but 
because they are not necessarily RS-mediated, 
their use for measuring oxidative stress is gener-
ally avoided. AGEs can be measured using 
fl uorescence- based assays such as spectrofl uo-
rometry, FACS, etc.    

4     Probing Methods for RS 

 The fl uorescence methodology, associated with 
the use of suitable probes, is an appropriate 
approach to measure RS in biological and non- 
biological environments because of its high 
 sensitivity, ease in data collection, and high 

spatial resolution in microscopic imaging tech-
niques. Some common fl uorescent probes used 
for the detection of RS includes:
    (a)    DCFH   
   (b)    Dihydrorhodamine 123 (DHR)   
   (c)    Dihydroethidium (dihydroethidine) (DHE)   
   (d)    Luminol and lucigenin (LC)   
   (e)    2-[6-(4′-Hydroxy) phenoxy-3H-xanthen- 3-on- 

9-yl] benzoic acid (HPF) and 2- [6-(4′-amino) 
phenoxy-3H-xanthen-3-on-9-yl] benzoic acid 
(APF),   

   (f)    Fluorescein   
   (g)    2-Methyl-6-(4-Methoxyphenyl)-3 ,7- 

Dihydroimidazo [1,2-A] pyrazin-3-One, 
Hydrochloride (MCLA)   

   (h)     Cis -parinaric acid,   
   (i)    4,4-difl uoro-5-(4-phenyl-1,3,-butadienyl)-4-

bora- 3a,4a-diaza- s -indacene-3-undecanoic 
acid (C11-BODIPY  581/591 )   

   (j)    Coelenterazine   
   (k)    8-Amino-5-chloro-7-phenylpyridazo [3,4- d ] 

pyridazine-1,4-(2H, 3H) dione (L-O12)   
   (l)    Dipyridamole     

4.1     Dichlorofl uorescin Diacetate 
(DCFDA) 

 DCFDA is one of the most frequently used 
probes to detect “cellular peroxides” DCFDA 
enters cells and accumulates mostly in the cyto-
sol. DCFDA is deacetylated by esterases to 
dichlorofl uorescein (DCFH). This nonfl uores-
cent product is converted by RS into DCF, which 
can easily be visualized by strong fl uorescence 
at 525 nm when excited at 488 nm. Washing 
cells after loading allows unreacted DCFDA to 
diffuse out. DCFH and DCF can also diffuse out 
and undergo extracellular reactions [ 32 ,  33 ]. The 
major RS that can oxidize DCFH are alkoxyl, 
NO 2  • , carbonate (CO 3  •− ), peroxyl, peroxynitrite, 
and OH •  radicals. Both H 2 O 2  and O 2  •−  cannot 
react with DCFH. 

 DCF fl uorescence is a generalized assay for 
oxidative stress. It does not directly measure 
H 2 O 2 , NO • , lipid peroxides, and singlet O 2  or 
O 2  •− . Cytochrome  c  is a powerful catalyst of 
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DCFH oxidation. Thus, the use of DCFDA as a 
probe for oxidative stress during apoptosis 
should be done carefully, since a rise in cyto-
plasmic cytochrome  c  levels could give a bigger 
“signal” without any change in cellular peroxide 
levels. One-electron oxidation of DCFH by 
 different radicals and heme proteins produces 
intermediate radicals, including phenoxyl radi-
cals that can interact with such cellular antioxi-
dants as GSH and ascorbate and with NADH to 
create more RS [ 34 ]. 

 Cells should be loaded with low concentra-
tions of DCFDA to avoid any cytotoxicity. 
Serum-free media must be used since serum 
contains endogenous esterase activity and the 
permeability of de-esterifi ed dichlorofl uorescein 
(DCF) is less. Fluorescence micrographs of 
DCFH DA stained cells indicate the ROS over-
production and confer the red signal on TRITC 
fi lter. Care must be taken so as to avoid measur-
ing light emission from the medium as well as 
from the cells in case DCF and DCFH leaks out 
of cells (Fig.  6 ).

4.2        Dihydrorhodamine 123 (DHR) 

 DHR is a probe widely used to detect several 
RS (OH • , ONOO − , NO 2  • , peroxidase-derived 
species) but is less reactive with O 2  •− , H 2 O 2 , or 
NO • . DHR is oxidized to rhodamine 123, 
which is highly fluorescent at 536 nm when 
excited at about 500 nm. Rhodamine 123 is 
lipophilic and positively charged which accu-
mulates in the  mitochondria due to the mem-
brane potential. Thus after formation, minimal 
amount of  rhodamine 123 leaks out of cells. 
DHR is also more sensitive at detecting HOCl 
than DCFDA. Rhodamine 123 and ethidium 
can be ejected from cells by drug conjugate 
efflux pumps, so the presence and activity of 
the  membrane transport systems in the cells 
being studied is a factor that needs to be con-
sidered [ 35 ]. 

 At high levels, rhodamine 123 can sensitize 
singlet O 2  formation in mitochondria and cause 
NAD (P) H oxidation. Exposure to the synthetic 
hydroperoxide  tert -butylhydroperoxide caused 
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light emission from dihydrorhodamine. 
This appeared to be due to increased formation of 
NO •  leading to ONOO −  formation, which in turn 
activated the enzyme phospholipase A 2  to raise 
cellular arachidonic acid levels. The source of 
DHR response was thought to be arachidonic 
acid metabolism to RS [ 36 ].  

4.3     Dihydroethidium 
(Dihydroethidine) (DHE) 

 This is frequently used as a probe for O 2  •− , being 
oxidized to a fl uorescent product. This is usually 
thought to be ethidium, which tends to intercalate 
into nuclear DNA. 

 Ethidium fl uoresces strongly at around 
600 nm when excited at 500–530 nm. Recent 
work, however, suggests that the product is not 
ethidium. DHE is readily oxidized and often 
gives a high background. It can also undergo a 
direct redox reaction with ferricytochrome  c  [ 37 ].  

4.4     Luminol and Lucigenin (LC) 

 These two compounds are often used to detect 
the production of RS by activated scavenger 
cells. A luminol analogue L-012 was reported to 
be more effective than luminol for sensing O 2  •−  
and ONOO −  and better than dihydroethidine for 
O 2  •−  detection. The use of luminol to detect O 2  •−  is 
a problematic orbit. It does  not  react directly with 
O 2  •−  but must fi rst be oxidized in a one-electron 
step (e.g., by OH • , ONOO − , or peroxidase plus 
H 2 O 2 ). The resulting luminol radical reacts with 
O 2  •−  to generate a light-emitting product. The 
luminol radical can also reduce O 2  to generate 
O 2  •− , that is, the presence of luminol plus an oxi-
dizing agent can lead to artifactual O 2  •− generation. 
Subsequently luminol is an inconsistent test; any 
oxidizing executor that can oxidize luminol by 
one electron will result in light discharge inhibit-
able by SOD and the luminol is both the source 
and the fi nder of the O 2  •− . 

 LC is accepted to be more specifi c for the 
identifi cation of O 2  •− than luminol, yet again it 
doesn’t react straightforwardly with O 2  •− . It 

should fi rst be lessened to LC cation radical 
(Lc •+ ), which then responds with O 2  •−  to give the 
fl uorescent product. Transformation of LC to Lc •+  
can’t be accomplished quickly by O 2  •− , and 
requires other cellular reducing frameworks (e.g., 
xanthine oxidase, the mitochondrial electron 
transport chain, or the phagocyte NADPH oxi-
dase), presenting a clear intricacy in deciphering 
outcomes. Lc •+  can additionally diminish O 2  to 
O 2  •− , that is, addition of LC can artifactually pro-
duce more O 2  •−  [ 38 – 40 ]. The degree to which this 
can meddle with correct estimation of O 2  •− is still 
being wrangled about; however, it seems, 
by all accounts, to be critical in some cell frame-
works. Alternative tests that could be more par-
ticular might be coelenterazine and the luciferin 
analogue 2-methyl-6-(p-methoxyphenyl)-3,7- di-
hydroimidazo [1,2-] pyrazin-3-one (MCLA) .  

4.5     Probes of Lipid Peroxidation/
Membrane RS 

 A few membrane-partitioning tests have been 
acquainted to measure lipid peroxidation or RS 
inside membranes. One is cis-parinaric acid. 
At the point of encountering lipids experiencing 
peroxidation, it is quickly oxidized, losing its 
fl uorescence. Parinaric acid has a polyunsatu-
rated structure which makes it profoundly prone 
to nonspecifi c oxidation, thus it ought to be stored 
in the dark with a nitrogen environment. It might 
be included as the free acid or consolidated into 
particular phospholipids (parinaroyl lipids) and 
used to study their relative susceptibilities to oxi-
dative harm inside the membrane [ 41 ]. 

 Another probe is diphenyl-1- pyrenyl-
phosphine, reported to react with peroxides to 
generate a product that fl uoresces at 380 nm when 
excited at 351 nm. It is light and air sensitive. 

 Once more, the vicinity of these different tests 
could change the rate, and maybe, the complex 
pathway, of lipid peroxidation. Serum proteins, 
particularly albumin, devotedly bind fatty acids 
and can inhibit entry of probes into cells and may 
additionally cause moderate fi ltering out when 
cells are incubated in the media with included 
serum. Yet, serum-free cells undergo oxidative 
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stress, which can increase the background gen-
eration of RS.   

5     Output Measurement 
Techniques 

     1.    The least complex strategy is the fl uorescence 
microplate reader, where information is exhib-
ited as increments or abatements in relative 
fl uorescence. Plate readers measure the total 
fl uorescence. They don’t recognize intracel-
lular and extracellular fl uorescence from 
 reactions in the medium.   

   2.    Flow cytometry has an advantage of having 
the capacity to measure the intracellular fl uo-
rescence of cells. Quantitative information on 
the amounts of cells emanating fl uorescence 
can be acquired instead of simply relative fl u-
orescence units. An extra drawback of fl ow 
cytometry is that the cytometer is at room 
temperature as opposed to 37 °C, which can 
give variable data with some cell types.   

   3.    Confocal microscopy is another effective 
instrument. Cells are stacked with fl uorescent 
colors and observed in real time in situ at 
37 °C. The intracellular localization of RS can 
be seen, and the contribution of mitochon-
drial, endoplasmic reticulum, or lysosomal 
reactions in oxidative stress may be pictured 
utilizing counter stains such as ER Tracker or 
Lysotracker.      

6     Measuring ROS in Body 
Fluids 

 ROS can be measured in body fl uids like blood, 
plasma, semen, and urine. Many biomarkers are 
found in body fl uids, and they can be used to 
assess rates of “whole-body” DNA damage. 
Problem with measuring free radicals in body 
fl uids is that direct (or semi direct) detection of 
free radical species is possible in very special 
cases, and generally only secondary free radical 
products are detectable in body fl uids, for exam-
ple, biomarkers in urine gives no information 
about its tissue origin, although in some cases, 

sample from specifi c sites such as cerebrospinal 
fl uid can be taken for direct detection. 

 Urine has the potential to measure simultane-
ously range of oxidative stress products and other 
infl ammatory markers. We will now discuss differ-
ent biomarkers present in body fl uids due to oxida-
tive modifi cation of lipids, proteins, and DNA. 

6.1     Oxidative Modifi cations 
of Lipids in Body Fluids 

6.1.1    F 2 -Isoprostanes 
 F 2 -isoprostanes are generated throughout nonenzy-
matic oxidation of arachidonic acid by distinctive 
sorts of free radicals, including ROS. Contingent 
upon the position where oxygen is added to arachi-
donic acid, four regioisomers are formed, giving 
each of the four F2-isoprostane series [ 42 ,  43 ]. 

 The levels of urinary F2-isoprotanes are mod-
erately stable in people, yet are broadly variable 
in human populations. Thus, they are very func-
tional as biomarkers for human studies. Urinary 
F2-isoprotanes levels have been accepted as sen-
sitive biomarkers of oxidative stress, making 
them an important device for surveying oxidative 
stress. F2-isoprostanes are proposed for correla-
tions of oxidative stress between people.  

6.1.2     Aldehydes Formed in Lipid 
Peroxidation 

 Like F2-isoprostanes, a few profoundly reactive 
and subsequently harmful aldehydes are formed 
as a consequence of peroxidation of polyunsatu-
rated unsaturated fatty acids. Some of these alde-
hydes have been utilized as biomarkers of 
oxidative stress including:
    Malondialdehyde (MDA) . MDA is a frequently 

used biomarker that is measured in plasma, 
urine, or tissue as thiobarbituric acid-reactive 
(TBAR) material but can’t be used as a 
 systemic biomarker of oxidative status [ 44 ].  

   4-Hydroxy-2-nonenal (4-HNE) and 4-oxo-2- 
nonenal (4-ONE) . The free levels of 4-HNE 
and 4-ONE are very unstable since they are 
exceedingly reactive aldehydes and effort-
lessly form covalent bonds with protein thiol 
and amino groups and with other molecules. 
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Urinary levels of 1,4-dihydroxynonane- 
mercapturic acid (DHN-MA), an end product 
of 4-HNE metabolism, have been measured 
frequently [ 45 ].  

   Acrolein . Another reactive aldehyde produced from 
lipid peroxidation is Acrolein. Lysine adducts of 
acrolein are measured in the urine [ 46 ].      

6.2     Oxidative Modifi cations 
of Proteins in Body Fluids 

6.2.1     Protein Adducts Produced by 
Lipid Peroxidation Products 

 Each of the products formed by lipid peroxida-
tion can form adducts with the amino-acid resi-
dues of protein. Cysteine, histidine, and lysine 
residues are the common targets. 

 4-HNE-amino-acid adducts were detected in 
hepatocytes oxidized with tert- butylhydro-
peroxide or metal ions and in rat plasma in 
response to iron overload, a known promoter of 
ROS [ 47 ]. 

 Acrolein-lysine adducts were formed in vitro 
in LDL, as a result of copper-catalyzed oxidation. 
Acrolein-lysine is the main product caused by the 
reaction of acrolein to protein.  

6.2.2    Dityrosine 
 Tyrosine radical is generated by many RS like 
hydroxyl radicals and peroxynitrite. It results in 
the formation of dityrosine on reaction with pro-
teins [ 48 ]. The amount of dityrosine produced is 
proportional to the oxidative stress and radical 
formation rate. It cannot differentiate between 
oxidative and nitrosative stress because it is pro-
duced from a lot of RS. 

 Dityrosine imprints damaged proteins for deg-
radation and is discharged in urine. Urinary 
 dityrosine could be measured through chromato-
graphic techniques with mass spectrometry rec-
ognition. The range of urinary dityrosine between 
individuals is no less than fourfold. Intraindividual 
levels don’t fl uctuate altogether throughout the 
day. In this way, dityrosine seems, by all accounts, 
to be a guaranteeing biomarker of oxidative 
status.   

6.3     Oxidative Modifi cations 
of DNA 

 An extensive number of purine- and pyrimidine- 
derived products are formed due to RS reaction 
with DNA. 8-Hydroxy-2′-deoxyguanosine 
(8-oxodG) is the most considered biomarker pro-
duced by nonenzymatic DNA oxidation [ 49 ,  50 ]. 
8-OxodG levels can be measured in the urine and 
have been approved in animal models with the 
help of CCl 4  but not in humans yet. 

 An important source of interindividual vari-
ability of 8-oxodG levels in fl uid is the variety in 
DNA repair capacity among different individu-
als. This may not be linked with RS-induced 
attack and damage. Healthy individuals and dis-
eased patients can have the same levels of 
8-oxodG. But the former is due to less DNA 
repair capacity, while the latter may be due to 
oxidative DNA damage. 

 8-OxodG levels are a valid biomarker of oxi-
dative stress. However, interindividual variation 
due to DNA repair is a potential problem and 
requires further studying. 

 Three fundamental systems used to examine 
F2-isoprotanes in urine samples are gas chromatog-
raphy with mass spectrometry detection (GC- MS), 
liquid chromatography with coupled mass spec-
trometry identifi cation (LC-MS/MS), and enzyme-
linked immunosorbent assay (ELISA). The 
ELISA-based test is naturally less effective against 
the chromatography-based methods because of 
cross-reactivity. 

 Estimations of urinary 8-oxodG include 
chromatography- based systems and 
ELISA. Chromatography-based methods indi-
cate low variability among different assays.   

7     Conclusion 

 Different methods were used to measure the oxi-
dative stress but their mechanisms need to be 
understand and also to study that what is likely to 
confound and how quantitative the methods can 
be (how, what and how much). With careful 
attention to understanding these points, errors 
can be minimized and the fi eld of free radical 

Tools and Techniques to Measure Oxidative Stress



54

research can continue to move forward. Various 
methods of ROS detection in cells have been 
summarized in Fig.  7  and stated the quantitation 
of free radicals.

   The biggest diffi culty reported with much of 
the cellular ROS research has been with the lack 
of reporter agents specifi c for discrete molecules. 
ROS moieties by their nature are reactive with a 
number of different molecules; as such designing 
reporter agents has been diffi cult. Protein adducts 
are more stable than the aldehydes from which 
they were derived; thus, they are believed to be 
better biomarkers of oxidative status. These 
adducts refl ect the extent of oxidative damage to 
proteins that cause protein dysfunction. These 
adducts can be measured using ELISA. Further 
study of these biomarkers is necessary to under-
stand the role of these biomarkers. 

 To further sharpen the tools for measuring 
ROS, it calls for continued efforts in designing 
better techniques like small-molecule fl uorescent 
ROS probes with improved selectivity, reversible 
kinetics, and compartment-targeting property. 
Meanwhile biologically inspired novel ROS indi-
cators could be developed on the basis of their 
sensitivity and specifi city. 

 By searching the enormous chemical space of 
small molecules and of proteins, the current reper-
toire of ROS indicators can be extended and ulti-
mately a level of reliability can be achieved. This 
knowledge can help us in verifying the effects of 
natural compounds on subsequently arising dis-
eases. In synergy with the exponentially increas-
ing numbers of indicator-expressing organisms 
and disease models, the booming technology for 
super-resolution and single-molecule imaging, 

  Fig. 7    Diagrammatic representation of oxidative stress-associated damages and their assessment by various 
techniques       
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and the trend for using miniature, plant- in devices 
to obtain images in conscious, free- moving ani-
mals, imaging ROS in vivo will serve as the most 
powerful force to transform the landscape and 
push forward the frontiers in ROS signaling.     
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    Abstract  

  The evolution of aerobic metabolic processes such as respiration unavoid-
ably led to the production of reactive oxygen and nitrogen species (ROS 
and RNI   ) in mitochondria and peroxisomes of human. A common feature 
among the different ROS types is their capacity to cause oxidative damage 
to proteins, DNA, and lipids. Depending on the nature of the ROS species, 
some are highly toxic and rapidly detoxifi ed by various cellular enzymatic 
and nonenzymatic mechanisms. In other circumstances, human purpose-
fully generates ROS as signaling molecules to control various processes 
including defence against pathogen and programmed cell death. Information 
are accumulating steadily which shows oxidative damage of tissue, and 
cellular components may act as a primary or secondary causative factor in 
many different human diseases and aging processes.    This chapter describes 
the roles of ROS in different human diseases and ultimate human mecha-
nisms which are applied to control these circumstances.  
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1         Introduction 

 The imbalance between ROS production and 
antioxidant defense leads to “oxidative stress.” 
“Oxidative stress” was fi rst introduced by 

Helmut Sies in 1985 to describe the disturbance 
in  pro-oxidant- antioxidant balance. It is a situa-
tion when steady-state ROS concentration is 
transiently or chronically enhanced; as a result it 
disturbs cellular metabolism and its regulation 
and fi nally damages cellular constituents [ 1 ]. In 
the simplest case, pathology originates from the 
perturbations in either reactive species forma-
tion, their elimination, or in both simultane-
ously. But cell produces ROS not only under 
stress; recently it was found that many of the 
cellular mechanisms are also infl uenced by 
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these compounds as it was found that excess 
intake of antioxidants has some adverse effects 
on the body [ 2 ]. Thus lowering ROS levels 
below the homeostatic set point may interrupt 
the physiological role of oxidants in cellular 
proliferation and host defense. Similarly, 
increased ROS may also be detrimental to cell 
death or to acceleration in aging and age-related 
diseases (Fig.  1 ).

   Free radicals or reactive species can be defi ned 
as any chemical species that contains unpaired 
electrons. Unpaired electrons increase the chemi-
cal reactivity of an atom or molecule. Among the 
reactive oxygen species (ROS) such as hydroxyl 
or superoxide radicals, and hydrogen perox-
ide, singlet oxygen are most important ones. 
Among the reactive nitrogen species (RNI) such 

as nitric oxide (NO),  peroxynitrite and, others, 
among them,  S -nitrosothiols are considered as 
the major  oxidative stress-inducing compounds 
(Table  1 ). These free radicals have one or more 
unpaired electrons in their outer orbital, which 
make these species very unstable and tending to 
react with other molecules to have pair electrons 
and thereby generate more stable species.

   Free radicals can be produced by several 
 different biochemical processes within the 
body for example: reduction of molecular oxygen 
during aerobic respiration yielding superoxide 
and hydroxyl radicals; by-products of catechol-
amines’ oxidation and activation of the arachi-
donic acid cascade produce electrons, which 
can reduce molecular oxygen to superoxide; 
 production of superoxide and hypochlorous 
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  Fig. 1    Oxidative modification of biomolecules. In 
 normal physiological conditions, superoxide, hydro-
gen peroxide, or other radicals are generated. 
Generation of intracellular ROS may activate the 
 intracellular signaling pathways. Overproduction of 

the hydroxyl radical causes oxidative modification 
of  biomolecules, such as lipids, proteins, and 
nucleic  acids, and this ultimately causes various 
 diseases (adapted from   http://robinthomas.biz/
so-what-causes-oxidative-stress-anyway/    )       
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acid (HOCl), a powerful oxidant, by activated 
phagocytes; and nitric oxide production by 
 vascular endothelium and other cells. In addition, 
free radicals can be produced in response to 
external electromagnetic radiation, such as 
gamma rays, which can split water to produce 
hydroxyl radicals (Fig.  2 ). In the cell they interact 
with proteins, carbohydrates, and lipids, with a 
consequence of alteration of both in the intracel-
lular and intercellular homeostasis, leading to 
possible cell death and regeneration (Fig.  1 ) [ 3 ].

   Under physiological steady-state conditions, 
these molecules are scavenged by different 
 antioxidative defense components that are often 
confi ned to particular compartments like mito-
chondria, peroxisomes, or cytosol. This system 
consists of different antioxidative enzymes like 
superoxide dismutase (SOD), catalase (CAT), 
glutathione peroxidase (GPx), and glutathione 
reductase to neutralize these radicals, together 
with a number of low molecular weight antioxi-
dants such as ascorbate, α- tocopherol and gluta-
thione, cysteine, thioredoxin, vitamins, histidine 
peptides, the iron-binding proteins transferrin 
and ferritin, dihydrolipoic acid, melatonin, urate, 
and plasma protein thiols to protect against free 
radicals [ 4 ]. If the equilibrium between produc-
tion and scavenging of ROS is perturbed by a 
number of adverse pathological and environmen-
tal factors, then intracellular levels of ROS 
may rise rapidly. These suggest that antioxidant 

defense system may play a vital role in the 
 pathogenesis of many human diseases. Many 
studies have also found strong association 
between dietary intakes of antioxidant-rich nutri-
ents and blood levels of antioxidant with reduced 
level of oxidative stress (Fig.  3 ) [ 5 ].

2        Cellular Mechanisms 
to Control Reactive Species 
and Radicals 

 The body has evolved major antioxidant defense 
mechanisms to protect it from free radical 
attacks. These defenses can be conveniently 
considered as cellular, membrane, and extracel-
lular mechanisms. 

 Cellular antioxidant defenses include the 
superoxide dismutase (SOD), glutathione peroxi-
dase (GPx), glutathione reductase, and catalase 
enzymes. Superoxide dismutases (containing 
copper or zinc at the active site) in cytosol and in 
mitochondria (containing manganese) catalyze 
the dismutation of superoxide to hydrogen peroxide 
and oxygen. The product of this reaction, hydro-
gen peroxide, is a weak oxidant and is relatively 
stable. However, unlike superoxide, hydrogen 
peroxide can rapidly diffuse across cell mem-
branes, and then in the presence of transition 
metal ions, it can be converted to hydroxyl radi-
cals via Fenton chemistry. Two enzyme systems 

   Table 1    Classifi cation of different reactive species   

 Reactive species  Radicals  Non-radicals 

 Reactive oxygen species (ROS)  Superoxide: O 2  −   Hydrogen peroxide: H 2 O 2  
 Hydroxyl: OH −   Hypochlorous acid: HOCl 
 Peroxyl: RO 2  −   Hypobromous acid: HOBr 
 Alkoxyl: RO −   Ozone: O 3  
 Hydroperoxyl: HO 2  −   Singlet oxygen: ∆ g 

    Reactive nitrogen species (RNS)  Nitric oxide: NO −   Nitrogen dioxide: NO 2  
 Nitrous acid: HNO 2   Nitrosyl cation: NO 

 Nitrosyl anion: NO −    
 Dinitrogen tetroxide: N 2 O 4  
 Dinitrogen trioxide : N 2 O 3  
 Peroxynitrite: ONOO −  
 Peroxynitrous acid: ONOOH 
 Alkylperoxynitrites: ROONO 
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  Fig. 2    Production and removal of reactive oxygen 
 species ( ROS ). Superoxide radical ( • O 2  − ) is generated in 
low levels under physiological states, but its production 
is greatly enhanced under pathological situations via 
enzymes such as NADPH oxidase, xanthine oxidase, 
and via a dysfunctional mitochondrial respiratory 
chain.  • O 2  −  is neutralized to water via a two-step pro-
cess involving superoxide dismutase ( SOD ) in the fi rst 
step and glutathione peroxidase ( GPx ) or catalase in 
the second step. Increased production of  • O 2  −  and/or 
impairment of antioxidant defense systems leads to a 
buildup of the intermediate hydrogen peroxide ( H   2   O   2  ). 

H 2 O 2  forms the toxic oxygen species hydroxyl anion 
( •  OH ) via Fenton biochemistry, which is highly reactive 
and causes lipid peroxidation forming lipid hydroper-
oxides ( LOOH ). The functional importance of GPx 
resides in its ability to remove H 2 O 2  and LOOH and 
neutralize these to water and lipid alcohol, respectively. 
Additionally, the increase in  • O 2  −  also favors the forma-
tion of peroxynitrite (ONOO − ) which reduces the bio-
availability of nitric oxide ( •  NO ). GPx also functions to 
neutralize ONOO − . If these radicals are not neutralized, 
they can damage biomolecules (adapted from Frontiers 
in Bioscience 14, 4015–4034, January 1, 2009)       

can break down hydrogen peroxide, one is that 
glutathione peroxidases present in cytosol and 
mitochondria have a major role in removing hydro-
gen peroxide generated by superoxide dismutase 

with the oxidation of glutathione (GSH) (Fig.  2 ). 
The second one is Catalase which are present in 
peroxisomes in many tissues remove hydrogen per-
oxide when present in high concentrations [ 5 ,  6 ].  
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3     Oxidative Stress and Various 
Human Diseases 

 Oxidative stress has been involved in the 
 pathogenesis of several diseases including can-
cer, atherosclerosis, rheumatoid arthritis, and 
neurodegenerative diseases such as Parkinson’s 
disease, Alzheimer’s disease, and Huntington’s 
disease (Fig.  4 ). The reactive species produced in 
oxidative stress can cause direct damage to the 
cellular DNA and are therefore mutagenic, and it 
may also cause apoptosis and promote prolifera-
tion, invasiveness, and metastasis of different cell 
types. For example, it was known that infection 
by  Helicobacter pylori,  which is one of the 
important mediators of gastric cancer, causes an 
increase in the production of reactive oxygen and 
nitrogen species in human stomach, which ulti-
mately accelerates the cancer progression [ 7 ]. 
The following sections will discuss in detail the 
roles of ROS in different human diseases.

3.1       Neuronal Diseases 

 The brain is highly susceptible to oxidative stress 
due to its high polyunsaturated fatty acid con-
tent, high metabolic rate, and limited regenera-
tion capability [ 8 ]. On the other hand, the brain 
is poor in catalytic activity and has moderate 
amounts of glutathione peroxidase and superox-
ide dismutase. That’s why neuronal cells may be 
among all the cell types of the body most vulner-
able to oxidative stress. This oxidative stress has 
been implicated in a variety of neurodegenera-
tive disease, including Alzheimer’s disease, 
Parkinson’s disease (PD), and amyotrophic 
 lateral sclerosis. These diseases are associated 
with protein aggregation and defi ned by the pro-
gressive loss of  specifi c neuronal cell populations. 
A common feature of these diseases is oxidative 
damage of neurons, which might be responsible 
for the dysfunction or death of neuronal cells that 
contributes to ultimate disease pathogenesis. 
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  Fig. 3    Benefi cial roles of antioxidants in human health (adapted from   www.thevemmasolution.com/resources-center/
all-about-antioxidant/    )       
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 In Alzheimer’s disease (AD), DNA bases are 
modifi ed by oxidative stress with hydroxyl-
ation, for example, conversion of cytosine to 
5- hydroxymethylcytosine [ 8 ]. To handle this 
situation, activity of the antioxidant proteins 
catalase, superoxide dismutase (SOD), gluta-
thione peroxidase, and glutathione reductase is 
increased in the hippocampus and amygdala 
which tries to minimize the oxidative damage 
of the brain [ 9 ]. 

  Parkinson’s disease  (PD) is characterized by 
the loss of dopaminergic neurons of the substan-
tia nigra and the deposition of intracellular inclu-

sion bodies. A diverse array of evidence suggests 
that α-synuclein has a role in modulating the 
activity of dopamine. The A53T mutation of 
α-synuclein is associated with familial PD and 
impairs vesicular storage of dopamine [ 10 ], 
which leads to the accumulation of dopamine in 
the cytoplasm, and subsequently ROS is gener-
ated through its interaction with iron, a process 
that increases with age. This ROS then cause 
damage to other neurons. 

  Amyotrophic lateral sclerosis  (ALS) is con-
sidered by the deposition of a misfolded pro-
tein in neural tissue. In ALS it is mostly copper/
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  Fig. 4    Different human organs are affected by oxidative stress; if persists, then it ultimately causes deleterious diseases 
(adapted from   www.wisechoiceliving.com/its-radical-part-1/    )       
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zinc SOD proteins [ 11 ]. Mutations of SOD can 
convert the protein from an antioxidant to a 
 pro-oxidant capable of causing oxidative  damage 
to the cells. There are more than 100 mutations of 
SOD associated with the familial forms of the 
disease. Through transgenic mouse studies it has 
been shown that these mutations lead to a toxic 
gain of function by SOD [ 12 ]. The nature of this 
gain of function is widely debated, and there are 
two main theories: one suggests that the toxicity 
is due to misfolded forms of SOD, whereas the 
other proposes that SOD becomes a pro-oxidant 
protein which generates ROS. It should be noted 
that the two theories might not be mutually 
exclusive. 

 There is a potential mechanism depicting 
association of oxidative stress in  autism  with 
membrane lipid abnormalities, immune dysreg-
ulation, infl ammatory response, impaired 
energy metabolism, and cytotoxicity, leading to 
clinical symptoms and pathophysiology of the 
disease (Fig.  4 ). Oxidative stress is known to be 
associated with premature aging of cells and can 
lead to tissue infl ammation, cell membrane 
damage, autoimmunity, and ultimately to the 
cell death [ 13 ].  

3.2     Eye Diseases 

 The retina is a highly specialized sensory organ 
that transduces light energy into neural signal. 
It also has high energy requirement and an 
extensive vascular network. Reactive oxygen 
species (ROS) generated via light exposure, 
normal energy production, phagocytosis of 
spent photoreceptor membranes by retinal pig-
ment epithelium (RPE) cells, and circulating 
toxins render retina to an increased risk for 
oxidative stress. This stress has been impli-
cated in the pathogenesis of several eye disor-
ders such as cataract, macular degeneration, 
diabetic retinopathy, retinitis pigmentosa, and 
corneal disease [ 14 ]. 

 Oxidative stress is an important factor in 
 senile cataract . UV-induced oxidative damage 
seems to play a major role in cataract and retinal 

degeneration. As the crystalline lens is constantly 
subjected to oxidative stress from radiation and 
other environmental sources, the crystalline pro-
teins, lipids, polysaccharides, and nucleic acids 
can be easily damaged [ 15 ]. Eyes have several 
mechanisms to protect its components from oxi-
dative stress and to maintain its redox state. 
However, with aging, accumulation of oxidized 
lens components and decreased effi ciency of 
repair mechanisms can contribute to the develop-
ment of cataract. 

  Age-related macular degeneration  is a leading 
cause of blindness in many countries worldwide. 
The retina is highly susceptible to photochemical 
damage from the continuous exposure to UV and 
visible lights, its high oxygen consumption, and 
due to its high proportion of polyunsaturated 
fatty acids. But the relationship between UV light 
exposure and AMD is unclear.    Although short 
wavelength radiation and blue light induce sig-
nifi cant oxidative stress to the retinal pigment 
epithelium and may cause disease progression. 
There are several reports that relates oxidative 
stress with the cellular damage caused by ROS in 
the pathogenesis of AMD [ 16 ]. The macular 
 pigment is formed by two dihydroxycarotenoids, 
lutein and zeaxanthin, which act as a natural 
 barrier protecting the macula against this oxida-
tive stress [ 17 ]. 

 Diabetes has been implicated in the increased 
oxidative stress which is thought to play an 
important role in the pathogenesis of  diabetic 
retinopathy  [ 18 ]. However, the mechanism of the 
hyperglycemia-induced oxidative stress is not 
clear. In diabetes, cells are unable to utilize all of 
its blood glucose, and ultimately hyperglycemia 
results with higher level of intracellular glucose. 
This high level of glucose increases NADH and 
FADH2 levels of the cell, increasing the proton 
gradient beyond a particular threshold at which 
the complex III prevents further increase by stop-
ping the electron transport chain. This whole sit-
uation then continuously produces ROS. It was 
found that these ROS generation and resulting 
lipid peroxidation play a vital role in the develop-
ment of diabetic complications in the eyes. 
The administration of vitamin E may prevent 
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ROS-induced lipid peroxidation and thereby 
limit the development of diabetic complications 
in the eyes [ 19 ].  

3.3     Heart Diseases 

 The pathophysiology of cardiovascular morbid-
ity is complex and multifactorial. Oxidative 
stress is an important contributory factor to the 
etiology of many cardiovascular diseases, 
including atherosclerosis, coronary heart dis-
ease (heart attack), cerebrovascular disease 
(stroke), cardiomyopathies, peripheral vascular 
disease, ischemic heart disease, heart failure, 
and hypertension [ 20 ]. 

 It was reported that moderate exercise poses 
an acute oxidative stress, and regular endurance 
exercise is associated with improved cardiovas-
cular function and a reduction in traditional  coro-
nary heart disease (CHD)  risk factors. These 
fi ndings are consistent with the hypothesis that 
adaptations induced by acute exposures to 
exercise- induced oxidative stress lead to long- 
term vascular protection. This occurs through 
activation of signaling pathways that lead to 
increased synthesis of intracellular antioxidants 
and antioxidant enzymes and decreased ROS 
production during exercise [ 21 ]. 

 In  atherosclerosis , there is a deposition of 
plasma lipoproteins that occur in the artery 
wall, which ultimately causes atherosclerotic 
plaque formation, provides a barrier to arterial 
blood fl ow and may contribute to clinical events. 
It was suspected that free radical-mediated oxida-
tive processes play a key role in atherogenesis. 
At the center of this hypothesis are low-density 
lipoproteins (LDL), which, as part of their nor-
mal circulation, occasionally leave the antioxi-
dant-rich plasma, entering the subendothelial 
space of arteries. Then LDL lipids are oxidized 
and initiating the process of atherosclerotic 
lesions. oxLDL is taken up by macrophages 
and induces the release of factors that recruit 
other cells and stimulate smooth muscle cell 
proliferation. oxLDL may also upregulate 
expression of cellular adhesion molecules that 

facilitate leukocyte binding. All of these events 
speed up the formation of plaque, which may 
result to heart attack and stroke in many patients 
[ 22 ]. Interestingly, this oxidization can be 
inhibited by nutritional antioxidants. Several 
epidemiological evidences and interventional 
studies correlate higher level of antioxidant-
rich food uptake with lower  incidence of 
atherosclerosis. 

  Ischemic stroke  is the consequence of 
the interruption or severe reduction of blood 
fl ow in arteries followed by physiological and 
metabolic changes. When anoxia is followed 
promptly by reperfusion, tissue can be saved, 
but reperfusion might potentially have negative 
consequences: upon reoxygenation, ROS are 
rapidly built up, and numerous nonenzymatic 
oxidation reactions take place both in the  cytosol 
and/or in other cellular organelles. Consequently, 
a large excess of O 2 -derived free radicals 
appears during the fi rst minute of reperfusion 
and peaks some 4–7 min after the onset of reper-
fusion. This high amount of ROS leads to cell 
death in the heart [ 23 ]. 

 Associations between  obesity  and markers 
of oxidative stress have been observed in 
humans. Several hypotheses have been pro-
posed for these observed associations. For 
example, it has been suggested that oxidative 
stress in obesity may result, in part, from the 
accumulation of intracellular triglycerides. 
Intracellular triglycerides are proposed to ele-
vate superoxide radical production within the 
electron transport chain by inhibiting the mito-
chondrial adenosine nucleotide transporter. 
Inhibition of this transporter leads to  a decrease 
in intramitochondrial adenosine diphosphate 
(ADP) that, in turn, reduces the fl ux of protons 
through the adenosine triphosphate- synthase 
reaction (i.e., the adenosine triphosphate- 
synthase reaction requires ADP as substrate). 
As a result, electrons build up within the electron 
transport chain, which then causes reduction of 
O 2  to form O 2  ⦁− . Another hypothetical source 
of increased oxidative stress may be the presence 
of excess adipose tissue as because adipocytes 
and preadipocytes have been  identifi ed as 
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sources of infl ammatory cytokines [ 24 ]. 
Cytokines are potent stimuli for the production 
of ROS/RNS by macrophages and monocytes, 
which upregulates the activity of oxidant-gen-
erating enzymes, including NAD(P)H oxidase, 
inducible NOS, and myeloperoxidase. As the 
accumulation of intracellular  triglycerides or 
tissue adipocytes promotes increased oxidative 
stress, reduction of total body fat through diet 
and/or exercise may be an effective means of 
reducing systemic infl ammation and oxidative 
stress. Consistent with this  prediction, it was 
found that reductions in plasma markers of oxi-
dative stress and ROS production by isolated 
leukocytes were reduced after 4 weeks of diet 
restriction and weight loss [ 25 ].  

3.4     Blood Disorders 

  Beta-thalassemia major  is an inherited disease 
resulting from reduction or total loss of beta 
globin chains. But oxidative stress and 
decreased antioxidant defense mechanism play 
an important role in the pathogenesis of beta-
thalassemia major. In patients with beta-thalas-
semia major, frequent blood transfusions are 
required due to severe anemia, which cause 
oxidative stress as a result of increased blood 
levels of iron, lipid peroxides, and free-radical 
intermediates, as well as the decrease in total 
antioxidant level. One study showed a signifi -
cant increase in the levels of lipid peroxide and 
iron but decrease in levels of vitamin E and 
total antioxidant capacity. Use of iron chelator 
agents in combination with antioxidants can 
be helpful to treat the patients with beta- 
thalassemia major [ 26 ]. 

 Another study revealed that the levels of glu-
tathione (GSH) and vitamin C were signifi cantly 
decreased in  acute lymphoblastic leukemia (ALL)  
patients and in the treatment group compared to 
controls. This fi nding indicates a possible link 
between decreased GSH and increased levels of 
oxidative damage to cells, supporting the idea 
that there is a persistent oxidative stress in acute 
lymphoblastic leukemia [ 27 ].  

3.5     Liver and Pancreatic Diseases 

 The liver is an important organ which has a  central 
role in metabolic homeostasis. It is responsible 
for the synthesis, storage, and redistribution of 
nutrients, like proteins, carbohydrates, fats, and 
vitamins. The liver is also responsible for xenobi-
otic metabolism [ 28 ]. That’s why it is very much 
vulnerable to free radicals. The situation is even 
worst during the diseased conditions. It was found 
that chronic hepatitis B and C patients had signifi -
cantly higher concentration of malondialdehyde 
(MDA) and nitric oxide (NO) level. Also they had 
higher activities of myeloperoxidase (MPO), 
arylesterase (AE), paraoxonase-1 (PON1), and 
other oxidative stress parameters but unfortu-
nately lower level of ascorbic acid and other anti-
oxidants in blood than normal patients. Oxidative 
stress is also closely related to the pathological 
damage during hepatic fi brosis [ 28 ]. Several stud-
ies suggested that markers of oxidative stress 
increase in patients with alcoholic hepatitis, such 
as CYP2E, one of the cytochromes which 
increased 15–20-fold, leading to excessive elec-
tron leakage and release of ROS, causing oxida-
tive stress to those patients. Redox reaction 
followed by oxidative damage and imbalance of 
antioxidants often leads to subclinical hepatitis 
without jaundice, infl ammatory necrotic hepatitis, 
liver cirrhosis, and ultimately cancer [ 29 ]. 

 Pancreas contains mostly α-and β-cells. But 
among them β-cells have low level of antioxidant 
enzymes such as SOD, CAT, and GPx and thereby 
have increased susceptibility to oxidative stress 
[ 30 ]. In the β-cells increased mitochondrial ROS 
production results from enhanced glucose or 
fatty acid fl ux through glycolysis and the TCA 
cycle. The insuffi ciency of antioxidant enzymes 
to scavenge these ROS and RNS leads to oxida-
tive stress. Ultimately, this high level of ROS and 
RNS causes destruction of β-cells, which impairs 
insulin production and diabetics results. Evidence 
shows that overexpression of antioxidant 
enzymes and/or antioxidants such as N-acetyl-L-
cysteine (NAC) in islets or transgenic mice pro-
tects the pancreas against ROS-induced β-cell 
toxicity [ 31 ].  
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3.6     Lung Diseases 

 Many observations suggest that oxidative stress 
plays an important role in the pathogenesis of 
 asthma . In the airway, high amount of oxidants 
initiates Th2-dominant immunity instead of 
inducing immune tolerance in the initial phase 
of development of airway allergic infl ammation 
[ 32 ]. Furthermore, enhanced oxidative stress 
may contribute to the progression or perpetua-
tion of existing airway infl ammation through 
enhanced airway hyperresponsiveness, stimula-
tion of mucin secretion, and induction of vari-
ous proinfl ammatory chemical mediators all of 
which are believed to be related to severe asthma 
[ 33 ]. High incidences of bronchial asthma have 
been reported in areas with air pollution, which 
is a representative stimulus among exogenous 
oxidants [ 34 ]. Despite these fi ndings, it is still 
unclear whether increased oxidative stress in 
the asthmatic airway is simply a consequence 
of chronic airway infl ammation or a princi-
pal contributor to the development of allergic 
infl ammation. 

  Pulmonary fi brosis  (PF) is the end result of a 
diverse group of lung disorders. Although there 
are multiple initiating agents for pulmonary 
fi brosis, including toxins, particles, autoimmune 
reactions, drugs, and radiation, the etiology of the 
majority of cases of pulmonary fi brosis is 
unknown. Several studies have suggested that 
oxidant-antioxidant imbalance in the airways 
plays a critical role in the pathogenesis of PF 
[ 35 ]. In addition, oxidants can also modulate the 
production of cytokines and growth factors such 
as TGF-β, a key regulator of aberrant repair 
mechanisms that are characteristic of many 
fi brotic diseases. TGF-β not only induces ROS 
production by activation of NADPH oxidases 
and/or mitochondrial dysfunction but also 
decreases normal cellular antioxidant production 
through decreased expression of both catalase 
and mitochondrial SOD [ 36 ]. 

 ROS are considered as carcinogenic species 
that facilitate  lung cancer  promotion and pro-
gression. As DNA molecule is one of the main 
targets of free radicals in the cell, the modifi ca-
tions cause loss of cellular homeostasis. Reactive 
oxygen species have also been proposed as acti-
vator of oncogenes such as Jun and Fos. It was 
found that overexpression of Jun is directly asso-
ciated with lung cancer [ 37 ]. Modifi cation of pro-
teins and lipids also increases the risk of 
mutagenesis, for example, lipid peroxidative by- 
products can react with DNA, modify DNA poly-
merase, or inhibit DNA repair enzymes upon 
oxidation [ 38 ].  

3.7     Kidney Disease 

  Urolithiasis  is one of the most common diseases 
of the urinary tract. Recently, association of 
urolithiasis and free radicals has been reported. 
Different experiments performed on animals, 
cell cultures and human sera have also revealed 
the presence of enhanced  oxidative stress dur-
ing stone-forming conditions. But a combined 
study relating peroxidative  stress and antioxi-
dant capacity in stone-forming conditions in 
humans has not been cited yet [ 39 ,  40 ]. 

  Diabetic nephropathy  is one of the major 
causes of end-stage kidney disease. In diabetic 
patients, high blood glucose leads to increase in 
glomerular fi ltration as a result increased glo-
merular pressure.    This high pressure damage to 
glomerular cells, which ultimately causes focal 
and segmental glomerulosclerosis. Increased 
blood glucose promotes glycosylation of circu-
latory and cellular proteins and initiates a series 
of autoxidation reactions that culminate in the 
formation and accumulation of advanced gly-
cosylated end products (AGEs) in tissues. The 
AGEs have oxidizing potential and promote tis-
sue damage by oxygen and nitrogen free radi-
cals [ 41 ,  42 ].  
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3.8     Joint Disorders 

 Free radicals damage both chondrocytes and 
extracellular matrix (ECM) components of artic-
ular cartilage. ROS and RNS damage articular 
cartilage directly or indirectly by upregulating 
the mediators of the ECM degradation. All of 
these have important consequences on the etiol-
ogy of rheumatoid arthritis (RA), pathogenesis of 
joint tissue injury and chronic infl ammation, 
which may ultimately lead to periarticular defor-
mities [ 43 ]. It also causes immunomodulation, 
which may lead to autoimmune diseases such 
as  systemic lupus erythematosus (SLE) and 
antiphospholipid syndrome [ 44 ]. 

 An increase in reactive oxygen species (ROS) 
plays an important role in the pathogenesis 
of   rheumatoid arthritis (RA) . Persistent infl am-
mation results in destruction of the cartilage 
and bone. This occurs through a number of 
 mechanisms, including oxidative and proteo-
lytic breakdown of collagen and proteoglycans. 
Once sequestered within the joint space, neutro-
phils degranulate and release a variety of 
potentially harmful enzymes and peptides. They 
may also undergo a respiratory burst and gener-
ate several reactive oxygen species, including 
superoxide, hydrogen peroxide, hypohalous 
acids, and possibly hydroxyl radical. In RA, 
ROS act as important intracellular signaling 
molecules of the immune system that amplify 
the synovial infl ammatory-proliferative response 
[ 45 ]. T cells are exposed to increased oxidative 
stress and become refractory to growth and 
death stimuli, which further contribute to the 
perpetuation of the immune response. 
Interestingly, antioxidants and antioxidative 
enzymes have been shown to reduce this carti-
lage damage in animal models of RA. But 
unfortunately, increased ROS levels in RA result 
in a pro-oxidation environment, which in turn 
could result in decreased antioxidant activity 
and increased malondialdehyde (MDA) levels 
(an oxidative stress parameter). This  ultimately 
results chronic infl ammation [ 46 ]. 

 It has been reported that mechanical stresses 
can lead to ROS-induced oxidative stress in the 
temporomandibular joint (TMJ), another impor-
tant joint disorder. Excessive production of ROS/
RNI in the TMJ thus results in tissue damage, 
which further propagates to  temporomandibular 
disorder (TMD)  [ 47 ]. ROS can be generated in the 
TMJ by several pathways: they include (1) direct 
mechanical injury, (2) hypoxia-reperfusion, and 
(3) arachidonic acid catabolism to the articular 
tissues. These ROS affect various molecular spe-
cies of the TMJ and deteriorate the TMJ function: 
which includes (1) reduction of synovial fl uid vis-
cosity by depolymerization and/or molecular con-
fi guration of hyaluronic acid (HA); (2) reduction 
of lubrication of the articular surface by deteriora-
tion of the surface- active phospholipid (SAPL) 
layer, which acts as an extremely effi cient bound-
ary lubricant and protector of articular surfaces; 
(3) breakdown of collagen proteoglycans; 
(4) activation of cartilage- degrading enzymes such 
as matrix metalloproteinases. It was found that 
lysis of SAPL layer by phospholipase A2 (sPLA2) 
together with the depolymerization of HA caused 
by free radicals may result in a deteriorated lubri-
cation of the articular surface, thus further pro-
ceeding to the internal derangement (ID) of the 
TMJ [ 48 ]. In addition, ROS, especially HO • , is 
responsible for lipid peroxidation and disruption 
of  cellular homeostasis during TMJ. The HO •  also 
degrades  collagen and proteoglycans (Pgs) into 
low molecular masses, which act as immunogens 
for synoviocytes or chondrocytes. These dena-
tured Pgs may induce proinfl ammatory cytokines 
from various cells in the TMJ compartment, which 
deteriorate these conditions further [ 49 ].  

3.9     Reproductive System Diseases 

 Cellular ROS and their control by antioxidants 
are involved in the physiology of the reproductive 
system. Physiological ROS levels play an impor-
tant regulatory role, through various signal trans-
duction pathways, during spermatogenesis, testis 
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function, folliculogenesis, oocyte maturation, 
corpus luteum and uterine function, embryogen-
esis, embryonic implantation, and fetoplacental 
development. Imbalances between antioxidants 
and ROS production are considered to be respon-
sible for the initiation or development of patho-
logical processes affecting both male and female 
reproductive processes. 

 Oxidative stress (OS) has been identifi ed as 
one of the factors that also affects fertility status. 
In one study scientists showed that smoking can 
induce OS, and this OS has a signifi cant positive 
infl uence on sperm DNA fragmentation, axone-
mal damage, and with decreased sperm count 
[ 50 ]. Sperm from smokers has been found to be 
signifi cantly more sensitive to acid-induced DNA 
denaturation than those from nonsmokers 
because the smokers’ sperm have been shown to 
contain higher levels of DNA strand breaks. 

 Several other studies have also reported the 
role of oxidative stress and pregnancy complica-
tions. It was found that reduced antioxidant status 
increases risk of spontaneous abortion [ 51 ]. 
Moreover, ROS and RNS have been implicated in 
the development of premature rupture of the fetal 
membranes and with preeclampsia [ 52 ].  

3.10     Skin Diseases 

 Because of its direct interaction with oxygen and 
other environmental factors, the skin is consid-
ered as one of the most vulnerable target organs 
to oxidative damage. UV irradiation interacts 
with the skin and produces free radicals and lipid 
peroxides, which ultimately damage the skin. 
Besides direct absorption of UVB photons by 
DNA and subsequent structural changes, genera-
tion of ROS following irradiation with UVA and 
UVB requires the absorption of photons by 
endogenous short-lived free radical molecules 
called photosensitizers. Several cellular constitu-
ents (e.g., porphyrins, fl avins, quinones, and 
 others) and biologically active drugs (e.g., tetra-
cyclines, thiazides) can act as photosensitizers 
within skin cells. Because most photosensitized 
reactions are oxygen dependent, UV irradiation 

absorption results in the generation of ROS. Free 
radicals can also be produced by neutrophils 
(white blood cells having immune functions) that 
are increased in photodamaged skin and contrib-
ute to the overall pro-oxidant state. Thus, 
UV-induced generation of ROS in the skin devel-
ops OS and ultimately causes damage when their 
formation exceeds the antioxidant defense ability 
of the target cell [ 53 ]. Fortunately, the skin pos-
sesses a wide range of interlinked antioxidant 
mechanisms including melanin and carotenoids, 
which act as a UV-absorbing optical fi lter as well 
as a free radical scavenger.   

4     Antioxidants 

 The toxic effect of reactive oxygen and nitrogen 
species in human is balanced by the neutralizing 
action of nonenzymatic antioxidants, as well as by 
antioxidant enzymes. Such antioxidant defenses 
are extremely important as they represent the 
direct removal of free radicals (pro- oxidants), thus 
providing maximal protection of biological sites. 
These systems not only assert with the problem of 
oxidative damage but also play a crucial role in 
wellness, health maintenance, and prevention of 
chronic and degenerative diseases [ 54 ]. Table  2  
gives a short summary of different diseases caused 
by ROS in human and role of antioxidant enzymes 
against these circumstances.

5        Conclusion 

 The investigation of oxidative stress is inevitable 
for better understanding of aerobe organism 
function. There are several diseases where the 
reactive oxidative species and antioxidant mech-
anism play key role in pathogenesis. Evaluation 
of physiological as well as environmental factors, 
which affect molecular pathways via oxidative 
stress, can provide possible solutions for differ-
ent organ malfunctions. The antioxidant supple-
mentation, avoidance of different environmental 
factors, may lead to decrease in disease rate and 
incidence of mortality.     
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Abstract

Interaction between the environment and genes and resultant phenotype 
determine the onset as well as severity of many complex diseases such as 
cardiovascular, respiratory, age-related diseases and cancers. However, the 
relative contributions of either environmental or genetic component in 
these diseases are difficult to assess. Addition of oxidative stress dimension 
to this equation further complicates the scenario. The role of oxidative 
stress in the initiation and propagation of various diseases has been exten-
sively investigated which has enhanced our understanding of how interac-
tion between environment and genetic components leads to manifestation 
of these pathologies. The genetic predisposition to a disease may or may 
not be evident depending upon exposure to a particular environment. 
Similarly, exposure to a particular environment may determine the genetic 
background of an individual. These possible determinants and their 
constant interactions shape the molecular machinery that regulates human 
health and diseases. It is therefore required to consider the genes, environ-
ment, as well as their interaction in order to understand the etiology of 
various complex diseases. The better understanding of gene–environment 
interactions will enhance our knowledge about the emergence of various 
complex diseases and pave way to design novel preventive and therapeutic 
strategies.
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1  Introduction

Oxidative stress represents deregulation of the
redox homeostasis, i.e., loss of balance between 
oxidants and antioxidants in cells due to many 
factors including either an excess of oxidative 
insult or depletion of antioxidants [1]. Increased 
oxidative stress is associated with a number of 
pathologies including lung inflammation, chronic 
obstructive pulmonary disease (COPD), cancer,
cardiovascular diseases, diabetes and its compli-
cations, and age-related diseases [2]. This indicates 
that oxidative stress affects the cellular function 
and regulation of gene expression, and the envi-
ronment in which the cell or the organism exists 
plays an important role in contributing to these 
effects. The manner in which the environment 
regulates gene integrity and expression is deter-
mined by how oxidative stress modulates the 
cell function. This modulation either thwarts the 
impact of oxidative stress by enhancing antioxi-
dant capacity of the cells or cells undergo oxida-
tive stress, which may result in cellular toxicity 
leading to cell death, cell proliferation, and 
altered cell physiology. An important response to 
oxidative stress is upregulation of protective 
antioxidant genes. Upon exposure to oxidants or
oxidative stress-inducing agents, mammalian 
cells upregulate stress-responsive genes, many 
of which encode antioxidant defense enzymes 
such as catalase (CAT), superoxide dismutase
(SOD), and glutathione peroxidase-1 (GPx) [3]. 
Simultaneously, oxidative machinery is also 
activated that causes inflammation and further 
promotes oxidative stress. Thus, along with oxi-
dative stress-induced inflammatory cascade, 
activation of antioxidant system ensures a proper 
damage control and repair mechanism. Out of
these two mechanisms, one that prevails depending 
upon the outcome of oxidative stress-modulated 
gene–environment interactions determines the 
fate of the cells. In this chapter we have discussed 
with the help of few specific pathogenesis how 
environment regulates the expression of genes 
modulated by oxidative stress.

2  Oxidative Stress Induction 
by Environment

The environment surrounding the cells determines 
the redox-status and in many cases is the inducer 
of oxidative stress. Upon being exposed to
different environmental cues, cells respond by 
producing certain mediators and intermediates 
that propagate the environmental signal to the 
cell nucleus, where gene regulation and gene 
transcription occur. These intermediates are mostly 
oxygen free radical and/or their derivatives 
which are together referred to as reactive oxygen 
species (ROS). With the help of ROS generation,
the environment interacts with genes in the cells 
and induces varied phenotypic responses which 
appear in the form of inflammation and patho-
genesis. Different types of environmental factors
such as ultraviolet (UV) radiation, pesticides, and
air pollution/smoke act in different ways on the 
cellular machinery to bring out different kinds of 
responses. Radiation constitutes major exoge-
nous source of ROS. Nonionizing irradiation
such as UV-C (<290 nm), UVB (290–320 nm),
and UVA (320–400 nm) can indirectly produce a
variety of ROS [4]. Prolonged exposure to UV
radiation may lead to immunosuppression, tumor 
development, and photoaging. ROS generated by
exposure to UV radiation attack the proteins,
lipids, and DNA. To combat day-to-day expo-
sure, antioxidant machinery present in cells such 
as ascorbic acid, glutathione (GSH), catalase
(CAT), and superoxide dismutase (SOD) quells
the effects of exposures and maintains the pro-
oxidant/antioxidant balance and cellular homeo-
stasis. However, prolonged exposure results in 
excess production of ROS that causes disequilib-
rium leading to oxidative stress. It has been 
reported that UVA produces more oxidative
stress in the skin than UVB by inducing ROS in
the cellular environment [5]. Photoaging of the
skin includes one of the various deleterious 
effects of UV radiation [6].

Solar UV radiation is considered as one of the
most important environmental factors responsible 
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for skin aging. Aging, a cumulative process, 
involves enhanced oxidative damage to cellular 
components including proteins [7]. ROS induces
the formation of protein carbonyls either by oxi-
dative cleavage of proteins or by direct oxidation 
of amino acid residues such as lysine, arginine, 
proline, and threonine [8]. The oxidized proteins 
are usually degraded by proteasome. However, 
during the aging process, compromised function 
of proteasome leads to accumulation of oxidized 
proteins in the cell. In addition, lipofuscin, a 
highly cross-linked and modified protein 
aggregate formation in the cytosol, also inhibits 
the proteasome [9]. Further, ROS activates
pro- inflammatory transcription factors such as 
nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF-kB) and activator protein-1
(AP-1) which transcribe many inflammatory
genes including matrix metalloproteinases 
(MMPs) that play a major role in the pathogene-
sis of photoaging. MMPs are zinc-dependent
endopeptidases that show proteolytic activity and 
degrade matrix proteins such as collagen and 
elastin. Each MMP degrades different dermal
matrix proteins, e.g., MMP-1 cleaves collagen
type I, II, and III, whereas MMP-9 degrades col-
lagen type IV, V, and gelatin, eventually leading 
to collagen degradation and wrinkle formation 
which is the major manifestation of photoaging
(Fig. 1) [10]. UV radiations also induce mutation
of the mitochondrial DNA (mtDNA) that pro-
motes photoaging [11]. Induction of excessive 
ROS in mitochondria generates mtDNA muta-
tions, which lead to a defective respiratory chain 
and produce more ROS forming a vicious cycle
that induces further mutations suggesting impor-
tant role of mitochondria in photoaging.

Further, the relationship between environ-
ment, e.g., UV radiation and gene expression
leading to pathogenesis of photoaging has been 
suggested in a study by Takeuchi and Runger
[12] who showed that UVA exposed skin cells
increased the expression of progerin, a protein 
associated with aging. The authors demonstrated 
that induction of progerin was mediated by ROS-
induced alternate splicing of Lamin A gene [12].

Polluted air is another major exogenous
environmental factor that causes oxidative stress 
in cells, especially lung cells leading to various 
lung disorders, e.g., COPD, emphysema, and
cancer. Cigarette smoke and air pollution both
affect the lungs and modulate gene expression in 
exposed individuals [13]. Cigarette smoke,
known to contain thousands of chemicals, is a 
major source of free radicals including both
ROS and reactive nitrogen species (RNS) such as
hydrogen peroxide, superoxide, and nitric oxide 
[14]. Cigarette smoke, an aerosol, contains par-
ticulate and gaseous phases. The particulate 
phase, a minority fraction, constitutes 4–9 %
(w/w) of the total smoke, while the gaseous phase
makes majority fraction and comprises 91–96 %
(w/w) [15]. Gaseous phase contains a variety of

Fig. 1 UV-induced ROS mediates photoaging in skin
cells
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chemicals such as formaldehyde, acrolein, and 
hydrogen cyanide, whereas chemicals in particu-
late phase include polycyclic aromatic hydro-
carbons and tobacco-specific nitrosamines. These 
constituents are potential oxidants and are 
responsible for ROS production by inflammatory
and epithelial cells in the lung as part of an 
inflammatory- immune response towards the irri-
tant, cigarette smoke. Enhanced ROS production
in cells activates a molecular cascade that leads to 
synthesis of cytokines and chemokines by vari-
ous immune cells. One of the key mechanisms
behind cigarette smoke – induced activation 
of inflammatory cells – is induction of NF-kB
pathway. In resting cells NF-kB subunits, p65
and p50, remain sequestered in the cytoplasm 
in an inactive form through association with 
intracellular inhibitor, IkB. In response to envi-
ronmental stimuli such as cigarette smoke, the 
activation of redox-sensitive molecular cascade 
phosphorylates IkB. This phosphorylation leads
to poly-ubiquitination of IkB and subsequent
degradation by proteasome. Degradation of IkB
allows the translocation of NF-kB to the nucleus,
where it induces transcription of various genes 
involved in inflammation and immune regulation 
such as IL-8, tumor necrosis factor alpha (TNF-α), 
and Cyclooxygenase-2 (COX-2) which further
activates NF-kB and inflammation in autocrine
and paracrine manner [16].

Toxic aldehydes present in cigarette smoke are 
also known to activate NADPH oxidase-2 (Nox2)
in macrophages, neutrophils, and epithelial cells 
and generate O2

•− (superoxide radical). They
form highly reactive peroxynitrite (ONOO−) rad-
icals by reacting with NO and trigger inflamma-
tion, DNA damage, protein denaturation, and
lipid peroxidation [17]. In addition, neutrophils 
are a rich cellular source of ROS, and neutrophil-
derived myeloperoxidase metabolizes H2O2 in 
the presence of Cl− to generate the strong oxidant 
hypochlorous acid [17], which modifies and 
denature proteins.

To protect cells from harmful effects of free 
radicals, antioxidant system including GPx and
CAT present in the cells converts these toxic

H2O2 into water and molecular oxygen. The net 
effect of ROS activity is greater in smokers who
have been shown to possess higher levels of 
exhaled ROS than nonsmokers which may
explain development of pathological condition 
including lung inflammation and COPD in
smokers [18].

3  Oxidative Stress and Gene 
Expression

Oxidative stress involves imbalance between
oxidant- producing systems and antioxidant 
mechanisms which result in the generation of 
excessive ROS which then modulates gene
expression. An elevated ROS level modulates the
transcription of genes that regulates the cell 
antioxidant defense, detoxification, immune 
response, cell proliferation, and cell differentia-
tion. Upon exposure to oxidants, cells induce the
expression of various defensive genes as protec-
tion measure from oxidative damage. Studies 
suggest that in prokaryotic cells, transcription 
factors OxyR and SoxRS sense cell’s redox con-
dition and induce the expression of ~80 defensive
genes during oxidative stress [19]. Similarly, in 
eukaryotic cells, several antioxidant genes are 
expressed during onset of oxidative stress which 
helps in the neutralization of free radicals. In 
eukaryotes, nuclear factor erythroid 2-related
factor (Nrf2) pathway gets activated in response
to oxidative stress and transcribes many antioxi-
dative genes, and resultant protein products help 
in removal of ROS [20]. Under normal redox
condition, Nrf2 is associated with its inhibitor,
keap1 protein, in the cytoplasm which helps 
in ubiquitin-mediated degradation of Nrf2.
However, during oxidative stress, Nrf2 gets phos-
phorylated and dissociates from Keap 1 and 
translocates to nucleus, where it binds with small 
adaptor proteins such as musculoaponeurotic 
fibrosarcoma (Maf) and finally targets antioxi-
dant response element (ARE) of genes including
that of NADPH quinine oxidoreductase 1
(NQO1), glutathione-S-transferase Ya subunit,
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hemeoxygenase1 (HO-1), and ϒ-glutamyl cyste-
ine synthase [21] (Fig. 2). These gene products 
play an important role in eliminating ROS and
establishing cellular homeostasis.

NF-kB, an important redox-sensitive tran-
scription factor, also gets activated during 
oxidative stress, translocates to nucleus, and 
transcribes various prooxidant and inflammatory 
genes including cytokines such as TNF-α, IL-1, 
and IL-6; chemokines such as monocyte  
chemoattractant protein-1(MCP-1), IL-8, and
macrophage inflammatory protein-1(MIP-1α); 
adhesion molecules including intracellular 
adhesion molecule-1 (ICAM-1) and vascular cell
adhesion molecule (VCAM-1); and inflamma-
tory enzymes such as COX-2 and iNOS [22]. 
NF-kB also induces transcription of c-myc
and Ras oncogenes resulting in increased cell
proliferation that may cause tumorigenesis and 

cancer [23]. NF-kB may also induce the expres-
sion of many antioxidant genes in response to 
oxidative stress such as manganese superoxide 
dismutase (MnSOD), NQO1, HO-1, and gluta-
thione peroxidase-1 [24].

AP-1, another redox-sensitive transcriptional
factor, also gets activated under prooxidant con-
ditions. Oxidative stress induces the levels of c-fos
and c-Jun, which activate AP-1 transcription factor
that leads to expression of several pro- inflammatory 
as well as antioxidant genes. Thus, oxidative 
stress in cells modulates the gene expression of 
several prooxidant, pro- inflammatory, as well as 
antioxidant genes depending upon the intensity 
and duration of oxidative stress [25].

Several investigators have worked extensively 
on various oxidative stress-induced pathways 
that lead to various diseases and have identified 
many molecular targets. However, drugs against 
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these targets have not been successful in clinical 
trials due to severe side effects. The focus of 
investigations has now shifted on enhancing the 
antioxidative capacity of cells by using various 
phytochemicals with some initial success [26].

4  Oxidative Stress 
and Epigenetic Changes 
in Genes

Epigenetics is a major mechanism that accom-
modates changes in gene expression in response 
to gene–environment interactions without any 
changes in DNA sequences. The oxidative stress
induced by various environmental stimuli is 
associated with the disruption of epigenetic 
homeostasis. Oxidative stress causes damage to
DNA either by addition of hydroxyl radical to
double bond of bases or by eliminating H atom 
from methyl group of thymine and C–H bonds of
2-deoxyribose resulting in formation of DNA
lesions such as 8-hydroxy guanine, O6-methyl 
guanine, 8-hydroxyl-2-deoxyguanosine, and
thymine glycol [27]. This results in formation of 
apurinic/apyrimidinic sites, base deletions, single- 
strand breaks, double-strand breaks, mutations, 
and chromosomal rearrangements [28]. DNA
lesion further induces epigenetic modification in 
cell by altering the pattern of DNA methylation
and histone modification.

DNA methylation regulates many cellular pro-
cesses such as maintaining chromatin structure 
and remodeling, chromosome stability, genomic 
imprinting, and gene transcription [29]. Under
normal conditions, DNA is methylated symmet-
rically on both strands. Immediately following 
DNA replication, the newly synthesized double-
stranded DNA contains hemimethylated sites,
catalyzed by a family of DNA methyltransferases
(Dnmts) that transfer a methyl group from
S-adenyl methionine (SAM) to the fifth carbon of a
cytosine residue to form five methyl cytosines [30]. 
Three members of the Dnmt family (Dnmt1,
Dnmt3a, and Dnmt3b) directly catalyze the
addition of methyl groups onto DNA. Among
them Dnmt3a and Dnmt3b, the de novo Dnmts,
transfer methyl groups onto naked DNA [31], 

whereas the Dnmt 1 maintains DNA methylation
pattern during replication. Dnmt1 binds with the
replication foci and precisely replicates the 
original DNA methylation pattern by adding
methyl groups onto the newly formed daughter 
strand [32].

The majority of DNA methylation occurs on
cytosine base that precedes a guanine nucleotide 
such as CpG sites. CpG islands are roughly 1,000
base pair long stretches of DNA that have a
higher CpG density than the rest of the genome.
In eukaryotes, about 50–60 % gene promoters
reside within CpG island. In normal condition most
of the CpG island remains unmethylated which
ensures active gene transcription [33]. Methylation
of CpG islands can impair transcription factor
binding, recruit repressive methyl- binding proteins, 
and may stably silence gene expression [34].

Oxidative DNA damage can interfere with the
ability of methyl transferases to interact with 
DNA. During oxidative stress the formation of
DNA lesion such as 8-oxodG inhibits methyl
CpG-binding protein (MBP) which recruits
Dnmts enzyme and prevents methylation of
adjacent C residues leading to global hypometh-
ylation [35]. Oxidative stress also causes deple-
tion of SAM molecule which is important for
DNA methylation. During oxidative stress there
is increase in production of GSH due to enhanced
demand. Homocysteine is a common precursor 
for both GSH and SAM synthesis. Hence,
increased utilization of homocysteine for GSH
synthesis during oxidative stress decreases the 
production of SAM leading to global hypometh-
ylation [36]. Global hypomethylation is associ-
ated with expression of oncogenes and genomic 
instability leading to diseases such as cancer. 
Oxidative stress may also cause DNA hyper-
methylation of CpG island in promoter region
which in turn may cause transcriptional repres-
sion of target genes. In hepatocellular carcinoma 
cell line oxidative stress induction resulted in 
hypermethylation of E-cadherin promoter by 
increasing Snail expression which in turn recruits 
HDAC and Dnmt-1 [37]. Hypermethylation is 
also associated with the gene silencing of several 
tumor suppressor genes such as CDKN2A, Rb, and
BRAC1 which increases risk of cancer [38].
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Oxidative stress is also known to induce histone
acetylation and methylation of promoter region 
leading to change in gene expression. The lysine 
residue in amino termini of histone3 (H3) and
histone4 (H4) can undergo several modifications
including acetylation and methylation. Histone 
acetylation induces transcriptional activation 
whereas decreased acetylation causes transcrip-
tional repression [39]. Oxidative stress affects
the activity and function of histone deacetylase 
enzyme (HDAC) which plays an important
role in histone acetylation. Several studies 
showed that oxidative stress induces HDAC
enzyme resulting in overexpression of genes in 
cancer [37]. Oxidative stress also affects histone
methylation either by inducing the activity of 
DNA methylase enzyme or by decreasing
production of SAM. Methylation of histone is
associated with both transcription activation and 
repression of gene [40]. Hence, oxidative stress 
leads to changes in epigenetics by histone mod-
ification and DNA methylation which in turn
modulates the expression of genes leading to 
chronic diseases such as cancer.

5  Gene–Environment 
Interaction in Oxidative 
Stress-Induced Pathologies

Oxidative stress induced by different environ-
mental stimuli modulates the transcription of 
various genes which results in different chronic 
diseases in human beings including cardiovascular 
diseases, COPD, cancer, and neurodegenerative
diseases. Some of these diseases are discussed 
below.

5.1  Pesticide-Induced Pathologies

Pesticides are commonly used chemicals intended
to kill the pests, vectors of diseases, in agricultural 
field and enhance the agricultural production. 
However, excessive and indiscriminate use has led 
to dissemination in the environment – soil, water, 
and air – which adversely affects the human 
health. Several studies have reported that long-

term exposure to even lower amount of pesti-
cides leads to chronic diseases such as cancer 
[41], cardiovascular [42], and neurodegenerative 
diseases [43]. The toxic effect of pesticides such 
as organophosphates, organochlorines, pyre-
throids, thiazines, and paraquat is mainly due to 
their ability to induce oxidative stress [44].

Pesticides induce oxidative stress in exposed
cells by the following mechanisms:
1. Pesticides cause production of ROS either as

by-products during pesticide metabolism or 
due to mitochondrial dysfunction. When pes-
ticide enters inside the body, they get metabo-
lized by several detoxifying enzymes such as 
NADPH-cytochrome P450 reductase, xanthine
oxidase, and NADH-ubiquinone oxidoreductase.
The by-product of this metabolism results in 
production of secondary free radicals, e.g., 
paraquat (PQ) metabolism leads to generation
of paraquat mono-cation which further gets 
reoxidized to generate paraquat di-cation and 
oxygen radicals as shown in the equation 
resulting in redox imbalance [45]:

 PQ e CYP PQ2 450+ − ++  →  

 PQ O PQ O+ + −+  → +2
2

2
•

 

Some of the pesticide such as rotenone causes 
mitochondrial dysfunction by blocking ubi-
quinone binding site of complex-I of electron 
transport system and prevents transport of 
electrons from complex-I to ubiquinone, and 
free electrons react with oxygen generating 
free radicals [46].

2. Pesticides also cause change in antioxidant
homeostasis. Long-term exposure to pesti-
cides such as organophosphates leads to 
decrease in antioxidant enzymes such as SOD
and CAT which are first line of defense against
oxidative stress [47]. As a result exposed cells 
fail to neutralize generated ROS, leading to
enhanced stress.

3. Glutathiones (GSH) are the most important
intrinsic defense system that directly scavenges 
free radicals. Decrease in GSH level has been
observed in liver, brain, kidney, and spleen of 
rat exposed to organophosphate pesticides [48]. 
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Pesticides cause decrease in level of GSH
either by direct oxidation of GSH to glutathione
disulfide (GSSG), by causing decreased level
of glutathione reductase (GR) enzyme, or by
oxidation of NADPH. GR needs NADPH as a
substrate for reduction of oxidized GSSG to
its reduced and active form, GSH:

GSSG NADPH H GSH NADPGR+ + + →+ +2

 Paraquat herbicide is reported to cause oxida-
tion of NADPH and hence prevent regenera-
tion of GSH in the cells resulting in decrease
GSH/GSSG ratio and redox imbalance.
Although depletion of NADPH activates
pentose phosphate pathway by feedback 
mechanism that leads to restoration of 
NADPH, this results in continuous redox
cycling between paraquat and oxygen, result-
ing in formation of O2

• − [48]. Further, since 
GSH plays important role in regeneration of
other antioxidants such as ascorbic acid and 
alpha-tocopherol, decreased GSH level may
prevent their regeneration as well. Pesticides
thus decrease antioxidant defense of the body 
leading to oxidative stress.

4. Pesticides such as organophosphates, syn-
thetic pyrethroid, and carbamates may also 
increase the lipid peroxidation activity in 
erythrocytes cell [49]. Initial generation of 
ROS by detoxifying enzyme results in lipid
peroxidation which further generates lipid- 
free radicals resulting in increased oxidative 
stress. Organophosphates are reported to
induce peroxidative damage of biological 
membrane resulting in accumulation of lipid 
peroxidation products [48].

5. Pesticide-induced oxidative stress is also deter-
mined by extent of exposure and genetic poly-
morphism in pesticide metabolizing enzymes 
such as paraoxanase-1 (PON-1), pseudo or
butyryl cholinesterase (BCHE), and GST,
which play an important role in metabolizing 
organophosphates. Different polymorphic
forms of PON-1 enzyme such as PON1-
192RR, PON1−108TT, and PON1−909CC
occur which are associated with lower PON-1
activity, which lead to pesticide toxicity and 
induction of oxidative stress. Short-term 

exposure to organophosphates in PON1-
192RR genotype leads to increase in GPx and
CAT as an adaptive mechanism against oxi-
dative stress. Long-term exposure of organo-
phosphate in PON1-192RR genotype results in
lower SOD activity making them susceptible to
oxidative stress. GSTs are another class of
polymorphic enzyme that play protective role 
by deactivating oxygen free radical upon expo-
sure to pesticide. Short-term exposure in 
GSTM1 null genotype was found to be asso-
ciated with decrease in SOD level making
them susceptible to oxidative stress. Hence, 
polymorphic gene encoding PON1 and GSTs
are important determinants of organophos-
phate pesticide-induced oxidative stress [44]. 
These evidences indicate that the extent of 
pesticide- induced oxidative stress depends 
on the type of polymorphism in metabolizing 
enzyme genes, which in turn impacts the 
expression as well as activity of antioxidant 
enzymes.
Pesticides cause generation of oxidative stress

in the cells which activates redox-sensitive tran-
scription factors such as NF-kB which in turn
transcribes numerous genes of pro-inflammatory 
enzymes, chemokines, and cytokines [45]. These 
mediators increase inflammation and tissue 
damage which results in diseases such as cancer, 
neurodegeneration, and cardiovascular diseases 
(Fig. 3). Increased peroxidation of membrane 
lipids, membrane receptor, and membrane-bound 
enzyme can also alter function, structure, and 
fluidity of membrane leading to pathogenesis. 
Brain tissues are more prone to pesticide-induced
oxidative stress since they are rich in polyun-
saturated fatty acids which easily undergo per-
oxidation leading to neural degeneration diseases 
such as Parkinson [50].

Several investigations are underway to estab-
lish the link between pesticides and diseases and 
their causative mechanism [51]. Such studies 
may lead to novel approaches for prevention 
and treatment of pesticide- induced diseases. 
Nevertheless, owing to high toxic effect of pesti-
cides on human health, a number of pesticides 
have been banned and use of less toxic pesticides 
is encouraged.
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5.2  Cardiovascular Disease

Cardiovascular diseases (CVD) are the leading
cause of mortality and morbidity worldwide [52]. 
CVD include many diseases related to heart and
blood vessels, e.g., coronary heart disease, ischemic 
heart disease, atherosclerosis, hypertension, 
cardiac hypertrophy, cardiomyopathies, and con-
gestive heart failure [53]. A disturbance in redox 
homeostasis in the body may result in failure at 
genetic transcription level due to the exposure to 
various environmental factors that could lead to 
development of CVD [54]. Although it is well 
known that environmental factors such as smoke, 
poor diet, diabetes, and aging increase oxidative 
stress, the relationship between oxidative stress, 
genes, and CVD remains complex. The possible
mechanisms of gene–environment interaction- 
induced oxidative stress in CVD are important to
understand for better therapeutic strategies.

Cigarette smoke, a common environmental
factor associated with increased oxidative 
stress, is linked with oxidation of low-density 
lipoprotein (LDL) resulting in formation of oxi-

dized low-density lipoprotein (oxLDL), which
is  implicated in plaque formation in coronary 
artery [54–56]. Smoking also causes vascular 
endothelial damage which leads to inflammation 
followed by an increase in the expression of cell 
adhesion molecules. The important cellular 
sources of oxidative stress in cardiovascular 
system upon exposure to environmental oxidants 
include enzymes Nox, xanthine oxidoreductase
(XOR) and nitric oxide synthetase (iNOS), and
mitochondrial enzyme such as mitochondrial 
uncoupling protein (UCP) [57, 58].

Tobacco smoke containing metabolites are 
converted into ROS by enzyme such as myelo-
peroxidase [59]. ROS besides causing oxidation
of LDL forming oxLDL also activate more
ROS-producing machinery such as Nox which
further lead to generation of more oxLDL [60]. 
In endothelial cells, oxLDL bind to lectin-like
oxidized low-density lipoprotein receptor 1 
(LOX-1) encoded by OLR 1 gene [61, 62]. 
An adaptor protein, TRAF3IP2, interacts with
active LOX-1 and binds to inhibitor of nuclear
factor kappa-B kinase subunit beta (IKKβ) upon 

Fig. 3 Summary of pesticide-induced oxidative stress leading to chronic diseases
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activation [63, 64]. Binding of TRAF3IP2 and
IKK causes a conformational change in IKK 
which facilitates the binding of JNK (c-jun
N-terminal kinase) [63, 65]. Activated IKK-JNK
detaches from TRAF3IP2 and activates NF-kB
and AP-1 transcription factors which transcribe
many inflammatory and cell adhesion marker 
genes including VCAM, ICAM [64]. Increased 
expression of ICAM, VCAM adhesion molecules
on endothelial cells (EC) attracts monocytes and
platelets towards the arterial walls which adhere 
to EC and migrate in subendothelial space and
differentiate into macrophage [66]. The oxLDL
is taken up by these monocytes/macrophages 
with the help of scavenger receptors expressed on 
the cell surface during differentiation leading to 
accumulation of oxLDL in macrophage which
results in foam cell formation. The latter are known 
to promote the progression of atherosclerosis 
(Fig. 4) [67]. Although the biochemical mechanism 
is clear, the molecular events emanating from 

gene–environment interaction remain unclear. 
More studies are required for a proper under-
standing of the molecular events that cause 
pathogenic effect in cardiovascular diseases that 
is critical. Identification of key modulator of this 
pathway could pave way for novel and potential 
therapeutic targets to prevent atherosclerosis.

5.3  Chronic Obstructive 
Pulmonary Disease (COPD)

COPD is a major incurable global health burden
and projected to become the fifth largest cause of
death worldwide by 2020 [68]. COPD leads to
airway obstruction, lung tissue destruction, and 
emphysema. The most important risk factors for 
COPD are cigarette smoke, exposure to dust,
fumes, and air pollution particles [69]. Apart from 
these factors genetic predisposition also plays a 
major role in the development of COPD [70]. 
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Oxidative stress plays an important role in COPD
development reflecting the increased oxidant 
burden in smokers. Cigarette smoke is a rich
source of oxidants that lead to the recruitment of 
macrophages and neutrophils. Once activated by
cigarette smoke, neutrophils release O2

• − radical 
that can either react with NO to form highly
reactive peroxynitrite molecule (ONOO−) or be 
immediately converted to H2O2 under the influ-
ence of SOD. This in turn can result in the nonen-
zymatic production of more damaging hydroxide 
radical (.OH) from H2O2 in the presence of Fe2+ 
through the Fenton reaction [71].

The subsequent oxidation of Fe2+ to Fe3+ in 
turn generates .OH from O2

•− and Fe2+ regenerated  
through the Haber–Weiss reaction [72]. This redox 
cycling of Fe2+ and Fe3+ can therefore rapidly 
result in the formation of more damaging hydroxyl 
radical (.OH) from the initial supply of O2

• −. 
This oxidative process is particularly relevant to 
COPD as smokers have higher levels of iron in
their lungs which increases ROS burden [73]. 

Macrophages also employ other enzymes including
heme peroxidases and myeloperoxidase to produce 
ROS. These enzymes catalyze the formation of
potent and damaging oxidants such as hypochlo-
rous acid (HOCl) and hypobromous acid (HOBr)
from H2O2, in the presence of chloride (Cl−) and 
bromide (Br−) ions, which leads to destruction of 
lung tissue [74].

In COPD, ROS-induced tissue damage leads
to protein nitration where NO and O2

• − contribute 
to peroxynitrite anions (ONOO−), a highly reac-
tive oxidant species. ONOO− attack sulfhydryl 
groups of proteins, a process called nitrosylation, 
and form nitrosothiols. ONOO− has also been 
shown to induce hyperresponsiveness in lung 
tissue, inhibit pulmonary surfactant, and induce 
membrane lipid peroxidation that causes damage 
in pulmonary epithelial cells (Fig. 5) [75]. 
ONOO− can also transfer its nitro group to the 
hydroxyl group of tyrosine and produce a stable 
product nitro tyrosine. Tyrosine nitration of pro-
teins such as HDAC can affect enzyme activity

Fig. 5 Cigarette smoke-induced oxidative stress resulting in lung inflammation and destruction leading to emphysema
and COPD
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leading to the altered gene expression and gene 
regulation [76].

ROS may also oxidize membrane phospholipids
by lipid peroxidation, which leads to impairment 
of membrane function [74]. Membrane lipid
peroxidation can form highly reactive aldehydes 
such as acrolein and 4-hydroxy-2-nonenal [77]. 
These reactive aldehydes have high affinity 
towards cysteine, histidine, and lysine residues of 
cellular proteins and form adducts with them 
that alter their function, e.g., histone deacetylase 
HDAC-2 has been shown to form adduct with
reactive aldehydes which alter its activity [78].

Oxidative stress-induced epigenetic changes
also regulated DNA repair and cell proliferation.
Transcriptional co-activators possess intrinsic 
histone acetyl transferase (HAT) activity leading
to histone acetylation which plays a major role in
inflammatory gene expression. Several genes 
responsible for inflammatory response in the 
lung are thought to be regulated by histone 
acetylation and deacetylation mechanisms [79]. 
DNA is tightly wrapped around a tetrameric set
of core histone proteins (H2A, H2B, H3, and H4)
to form nucleosome, a constituent unit of 
chromatin. Activated transcription factors recruit 
co-activators containing histone acetylase (HAT)
activity which results in histone acetylation caus-
ing the DNA to uncoil around the histone core.
As a consequence RNA polymerases can gain
access to DNA to begin transcription. In contrast,
gene transcription is shut down by histone 
deacetylases (HDACs) that remove acetyl groups
from the histones, thereby facilitating condensa-
tion of DNA around the histone core.

ROS promote histone acetylation while at the
same time inactivating certain histone deacetylases: 
HDAC-2,HDAC-5,andHDAC-8[76]. Inactivation 
of HDAC-2 by ROS is achieved through increased
nitration leading to altered transcription of pro-
inflammatory and antioxidant gene expression. 
The impact of ROS on HDAC-2 is particularly
important as it has also been shown to be required 
for corticosteroid- mediated inhibition of the 
inflammatory response [80].

Since lungs act as barrier as they lie at the 
interface between environment and the body, 
they are endowed with ample antioxidant defense 

for protection from oxidant-induced tissue 
damage. Among antioxidants, GSH a tripeptide
(l-γ- glutamyl-l-cysteinyl-glycine), has an impor-
tant protective role in the lung. GSH contains a
thiol (-SH) group which functions as an antioxi-
dant by acting as a sacrificial target for ROS and
products of lipid peroxidation such as reactive 
carbonyls. In this reaction GSH is oxidized to its
dimeric form (GSSG) or forms adducts with
reactive carbonyls and other reactive xenobiotics 
(GS-X). It has been reported that GSH levels are
increased in the epithelial lining fluid of both 
asthmatics and chronic cigarette smokers which 
suggests that lung activates GSH synthesis in the
presence of oxidative stress as a protective 
measure [81]. Oxidative stress also causes upreg-
ulation of glutamate cysteine ligase (GCL), an
important enzyme involved in the synthesis of 
GSH [82]. The expression of GCL mRNA is ele-
vated in smokers’ lungs, even more pronounced
in smokers with COPD [83]. Similarly, bronchial 
epithelial cells of rats exposed to cigarette smoke 
have shown increased expression of antioxidant 
genes such as MnSOD, metallothionein, and GPx
[84]. These evidences suggest the importance of 
an adaptive antioxidant gene response against the 
injurious effects of cigarette smoke and how
these enzymes neutralize and remove the excess 
of ROS in the lung environment and prevent lung
tissue from further damage. A very complex and 
diverse nature of gene regulation in different 
individuals may be an explanation why only a 
fraction (~10 %) of smokers develop COPD even
though a majority (~90 %) of COPD patients are
smokers [85].

The antioxidant genes are regulated by tran-
scription factors, for example, Nrf2, which is a
redox-sensitive transcription factor containing 
sulfhydryl groups. It binds to the antioxidant 
response element (ARE) in DNA regulating a
variety of antioxidant genes. Approximately 50 
antioxidant and cytoprotective genes in the 
lungs are transcriptionally controlled by Nrf2,
which work to overcome the effects of cigarette 
smoke [86]. It has been shown that disruption of 
Nrf2 gene in mice leads to an early and intense
emphysema in response to cigarette smoke [87]. 
These evidences indicate that Nrf2 is an important
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transcription factor that regulates the antioxidant 
genes, and any disruption in it may result in loss 
of antioxidant defense leading to various lung 
pathogenesis including COPD.

The preceding discussion thus indicates that 
environmental factors such as cigarette smoke 
induce both oxidative and antioxidant response. 
Thus, targeting the molecular cascade of either 
pathway may be effective in regulating the 
pathological outcome. Another approach could 
be to identify epigenetic regulation of environ-
mental oxidant-induced pathogenesis which 
may result in a novel therapeutic and prevention 
paradigm against oxidative stress-induced disease 
including COPD.

6  Summary and Future 
Perspective

Oxidative stress occurs when free radical produc-
tion exceeds the body’s ability to neutralize
them. Free radicals are generated in the body 

by many endogenous and exogenous factors. 
Environmental factors such as UV radiation, air
pollution, and pesticides are involved in ROS
production leading to oxidative stress. The sur-
vival depends upon the ability of cells and tissues 
to adapt or resist the stress and repair or remove 
damaged molecules or cells. As a consequence, a 
number of defense systems have evolved to balance 
ROS. Interaction between genes and environment
results in induction of many factors which include 
transcription factors, replication proteins, prote-
ases, inflammatory marker genes, and various 
antioxidants. However, when antioxidant defense 
mechanisms fail to counteract ROS, it results in
oxidative damage of biological molecules such as 
DNA, proteins, and lipids. The oxidative damage
results in altered cell functions leading to many 
pathological complications like cardiovascular 
diseases, photoaging, lung inflammation (COPD),
and cancer (Fig. 6). Understanding the effects of
ROS in basic cellular functions and molecular
mechanisms such as pro-inflammatory responses, 
defective repair mechanism and signaling path-
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Fig. 6 Overview of oxidative stress-mediated gene–environment interaction and pathologies
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ways will provide valuable information regarding 
basic pathologies. The identification of new 
genes or molecules that are altered during oxida-
tive stress can be an important molecular target to 
treat the oxidative stress-induced diseases.
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    Abstract  

  Oxidative stress is a common denominator in many infl ammatory diseases. 
A number of genetic and molecular factors are known to regulate oxidative 
stress by modulating cellular redox imbalance. These events lead to molecu-
lar and biochemical changes within the cells resulting in a myriad of biologi-
cal phenomena including cell growth, initiation and progression of 
infl ammation, programmed cell death, and cellular senescence. Reactive 
oxygen species (ROS) are well known to act as important secondary mes-
sengers which regulate gene expression through signal transduction path-
ways especially the MAP kinase and NF-κB pathway. Additionally, other 
molecular cascades are also regulated by oxidants. These molecular and 
genetic alterations lead to several changes such as genetic mutations, mito-
chondrial stress, and changes in NADH/NAD +  ratio that further augment 
and aggravate oxidative stress leading to health deterioration and disease 
development. Antioxidants, on the other hand, regulate molecular pathways 
and gene expression within cells as part of the cellular defense system by 
destroying ROS through enzymatic and nonenzymatic mechanisms. In the 
present chapter, we discuss the genetic and molecular mechanisms that reg-
ulate oxidative stress and play a crucial role in human health and diseases.  
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1         Introduction 

 Oxidative stress resulting from exposure to  various 
stress conditions constantly impact human health. 
Oxidative stress can be caused by infections, 
exposure to chemical agents, xenobiotics, or radi-
ations. Under stress conditions cells tend to produce 
reactive oxygen species (ROS) [ 1 ,  2 ]. ROS can be 
generated either from the extracellular environ-
ment or from within the cell’s own biochemical 
events. Exogenous sources include γ and UV radi-
ations, xenobiotics, pollutants, toxins and food; 
while endogenous sources include immune cells, 
ROS-producing enzymes, mitochondria- mediated 
metabolism, and metal toxicity. Increased levels of 
ROS promote deleterious actions in cells, with 
potential to cause dysfunction in the biochemical 
system and alteration in normal physiological pro-
cesses. These deregulations lead to a wide variety 
of degenerative processes and cause diseases such 
as neoplastic transformations and cancer, diabetic 
complications, chronic infl ammatory  diseases 
such as rheumatoid arthritis,  psoriatic arthritis 
and infl ammatory bowel diseases, atherosclerosis, 
acute infl ammatory responses, and neurodegener-
ative diseases such as Alzheimer’s disease and 
Parkinson’s disease [ 3 ,  4 ]. ROS act as signal inter-
mediates and messengers and play an important 
role in the propagation of molecular signal trans-
duction and altered gene regulation. Contrary to 
this, antioxidative mechanisms in cells tend to 
maintain redox equilibrium by activating alternate 
genetic and molecular machinery. Cells promote 
defensive mechanisms in the presence of oxidative 
challenge to curb the deleterious effects produced 
by oxidants. In both the responses the cell’s genetic 
and molecular machinery play an important role in 
regulating the fi nal outcome. The molecular sig-
naling pathways induced upon oxidant exposure 
ultimately lead to transmission of signals to the 
nucleus where it regulates the expression of target 
genes and promotes appropriate physiological 
response. There are several pathways that are sen-
sitive to the presence and exposure of oxidants, the 
most prominent and well studied among them is 
the MAP kinase pathway that eventually  activates 
redox-sensitive transcription factor such as NF-κB 

which in turn regulates the expression of various 
proinfl ammatory genes [ 5 ]. In this chapter, the 
genetic and molecular mechanisms with regard to 
oxidative stress response specifi cally the MAP 
kinase/NF-κB pathway as well as pathways 
involving antioxidant response genes have been 
discussed. In addition, enzymatic and nonenzy-
matic mechanisms of the antioxidants have also 
been discussed. 

1.1     Mitogen-Activated Protein 
Kinases (MAPKs) 

 The MAP kinase pathway, evolutionarily 
 conserved and unique to eukaryotes, is one of the 
most studied signal transduction pathways [ 6 ]. 
The MAP kinase signaling pathway has three 
major families of kinases: extracellular signal- 
regulated kinase (ERK1/2), p38 kinase, and c-Jun 
N-terminal kinases/stress-activated protein 
kinases (JNK/SAPK). MAP kinases comprise a 
group of serine/threonine kinases that are acti-
vated in response to various signaling stimulus, 
e.g., exposure to oxidants, pollutants, radiations, 
as well as infl ammatory cytokines. It is a vital 
signaling cascade which controls the gene expres-
sion related to cell growth, proliferation, differ-
entiation, apoptosis, and immune response. 
Oxidative stress-induced activation of MAP 
kinase has been studied in various types of cells 
including T lymphocytes, hepatocytes, cardio-
myocytes, fi broblasts, epithelial cells, endothelial 
cells, smooth muscle cells, and pleural cells [ 7 ]. 
ROS activates the ERK pathway through growth 
factor receptors or by direct activation of the Ras, 
a GTP-binding molecule involved in signal trans-
duction, leading to the sequential activation of 
Raf kinase, MEK1/2(MAP kinase kinase), and 
fi nally ERK1/2. In the case of JNK/SAPK path-
way, ROS activates tumor necrosis factor (TNF) 
receptors or alternatively activates either MAP 
kinase kinase kinase (MEKK1) or ASK1 pro-
teins, which then activate MKK4/7 (MAP kinase 
kinase) and fi nally JNK/SAPK. JNK/SAPK acti-
vates various downstream transcription factors 
such as Jun, activating transcription factor 2 
(ATF-2), nuclear factor erythroid 2-related factor 
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(Nrf2), and Elk2 – a transcription factor belong-
ing to the E-26 transformation-specifi c (Ets) fam-
ily. The    p38 pathway is activated either by the 
TNF receptor or EGF receptor activating down-
stream molecules such as cell division control 
protein 42 (cdc42), a GTP-binding protein, and 
Rac1 (Ras-related C3 botulinum toxin substrate 
1), a GTP-binding protein of the Rho family, 
respectively, followed by activation of MKKKs 
and MKK3/6 which activate p38. The active p38 
phosphorylates its corresponding target mole-
cules such as transcription factors ATF and 
cAMP response element-binding protein (CREB) 
[ 7 ] (Fig.  1 ). Upon exposure to γ rays, X-ray, or 
UV irradiation, heat/osmotic shock and oxida-
tive/nitrosative stress cells produce ROS and 
reactive nitrogen species (RNS) which act as key 

messengers and activate p38 and JNK/SAPK, 
which preferentially promote apoptosis [ 8 ]. 
Experimental evidences suggest the upregulation 
of MAP kinase pathways when exposed to oxida-
tive agents such as H 2 O 2  [ 9 ]. Endogenously 
 produced through the process of respiratory 
burst, H 2 O 2  induces the ERK1/2 pathway whereas 
exogenous source of H 2 O 2  activates the p38 MAP 
kinase rather than ERK [ 10 ]. Hence, a balance 
among the three MAP kinase pathways is impor-
tant to manifest a particular response by the cells 
to a specifi c type of stimulus. The ERK1/2 pathway 
mainly regulates cell proliferation and survival, 
whereas a decreased ERK and an increased JNK/
SAPK lead to cell apoptosis [ 9 ]. The p38 could 
manifest either cell survival or cell death depending 
upon the nature of the stimulus.

  Fig. 1    The schematic diagram showing the activation of different MAPK pathways activated in response to exogenous 
and endogenous ROS produced during oxidative stress       
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1.2        Role of ROS-Induced MAP 
Kinases in Growth, Survival, 
and Homeostasis 

 ROS are mostly known for negative impacts on 
cells however, many studies have implicated the 
role of ROS in development and growth. Growth 
hormones, which play an important role in 
growth and development, are known to act 
through ROS. For example, PDGF induces ROS 
production in vascular smooth muscle cells and 
in lens epithelial cells [ 11 ], while TGFβ1 stimu-
lates ROS production in lung fi broblast cells 
[ 12 ] and EGF in corneal epithelial cells [ 13 ] 
fi nally leading to promotion of growth in these 
cells. One of the important physiological func-
tions in response to ROS observed in cells is to 
produce mitogenic stimuli and induce cell pro-
liferation [ 13 ]. H 2 O 2  is a type of ROS which pos-
sesses the ability to stimulate tyrosine 
phosphorylation of epidermal growth factor 
receptor (EGFR) and Src homology 2 domain-
containing (SHC) adapter protein in a time-
dependent manner. This is followed by the 
induction of a complex formation between 
EGFR and SHC-Grb2-SOS, thereby leading to 
Ras and ERK activation (Fig.  1 ). Hence, in vas-
cular smooth muscle cells H 2 O 2  mediates prolif-
eration through EGFR activation via the MAP 
kinase pathway [ 14 ]. This suggests that besides 
their role in oxidant-induced  cytotoxicity, MAPKs 
also mediate cell survival and homeostasis in the 
presence of growth factor- induced ROS leading 
to growth and development. 

 MAPKs play a vital role in immune response. 
ROS generated by phagocytic cells as part of an 
immune response against a pathogenic attack is 
an important aspect of survival and homeostasis 
strategy. MAPKs role in precipitating appropriate 
immune response is preceded by Toll-like recep-
tor (TLR)-mediated pathogenic recognition. 
TLRs play a crucial role in the recognition of dif-
ferent pathogen-associated molecular patterns 
(PAMPs) such as lipids, proteins, lipoproteins, 
etc., of microorganisms and initiate an innate 
immune response followed by cytokine produc-
tion. There are various types of TLRs (TLR1 to 
11) depending upon specifi city toward binding 

different ligands. Among these TLR4 is highly 
specifi c for gram-negative bacterial cell wall 
component, lipopolysaccharide (LPS). When 
bound to LPS, TLR4 recruits different adapter 
molecules such as TNF receptor- associated fac-
tor (TRAFF2/6), myeloid differentiation primary 
response gene 88 (MyD88), and Toll–interleukin 
1 receptor (TIR) domain- containing adapter pro-
tein (TIRAP) and initiates a cascade of signals 
which eventually activate JNK and p38 MAP 
kinase pathway [ 15 ]. One of the mechanisms that 
underlie this innate immune response is ROS-
mediated ASK1–MAP kinase activation. 
Apoptosis signal-regulating kinase 1 (ASK1) is a 
MAP kinase kinase kinase (MKKK), ubiqui-
tously expressed in mammalian cells. 
 LPS- induced TLR4 mediates ROS production 
through NADPH oxidase enzyme, associated 
with the membrane-bound TLR [ 16 ]. ROS then 
triggers the dissociation of thioredoxin (Trx) 
from ASK1 which is followed by the association 
of TRAF6 to ASK1. Binding of TRAF6 to 
ASK1 is followed by the activation of p38 MAP 
kinase leading to the transcription of cytokines 
and chemokines, which cause infl ammation 
[ 17 ] (Fig.  1 ).

   The role of p38 MAP kinase during oxidative 
stress has always been controversial. H 2 O 2     
 challenged retinal pigment epithelial cells 
showed apoptosis through p38 MAP kinase 
pathway whereas the same cells when exposed 
to an oxidant  tert -butyl hydroperoxide 
(t-BOOH), upon activation of p38 MAP kinase, 
portrayed a protective role [ 18 ]. The activation 
of p38 MAP pathway has been shown to play an 
important role in oxidative preconditioning, a 
process that protects cells upon subsequent 
exposure to oxidative agents for a long duration 
and at a higher dose [ 19 ]. Thus, ROS at low lev-
els play a crucial role in maintaining a balanced 
redox state within the cells and also activate sig-
nal transduction pathways responsible for 
growth, differentiation, survival, and homeosta-
sis. Further, insuffi cient levels of ROS can hin-
der the cells normal functioning such as growth 
and immune response, while overwhelming lev-
els tend to propel the cell toward cell senescence 
and death.  
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1.3     Role of Oxidative Stress- 
Induced MAP Kinases 
in Apoptosis 

 Apoptosis or programmed cell death is a crucial 
phenomenon required for development as well as 
a tool to promote cell death in the presence of 
incessant oxidative environment. As discussed 
above, the MAP kinase pathway is one of the 
main pathways through which oxidants regulate 
apoptosis through transduction of different 
apoptosis- inducing stimuli. ROS-induced protein 
oxidation in cells leads to induction of apoptosis 
through ASK1-mediated MAP kinase pathway. 
Upon activation ASK1 triggers the apoptotic 
response by phosphorylating JNK/SAPK and p38 

MAP kinases, which subsequently phosphorylate 
and activate c-Jun transcription factor and ATF-2. 
The active c-Jun protein forms either a homodi-
mer or a heterodimer with ATF-2 and forms active 
transcription factor AP-1 [ 8 ], which transcribes 
proinfl ammatory and apoptotic proteins. JNK/
SAPK also regulates tumor- suppressor protein 
p53. Unphosphorylated JNK forms a complex 
with p53 leading to its ubiquitination and protea-
somal degradation. Upon phosphorylation JNK 
phosphorylates p53 and stabilizes it by dissociat-
ing from the complex [ 20 ]. The active p53 then 
forms a complex with AP-1 and  activates the 
intrinsic apoptotic pathway. AP-1- mediated path-
way has been shown to induce apoptosis in mesan-
gial cells [ 21 ]. On the contrary, the MAP kinase/

  Fig. 2    Activation of canonical and noncanonical NF-κB pathways through different cell receptors       
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AP-1 pathway has also been shown to induce the 
expression of MAP kinase phosphatase-1 (MKP-
1) in mesangial cells in a dose-dependent manner 
when exposed to H 2 O 2 . MKP-1, an oxidative 
stress-inducible enzyme, inactivates MAP kinases 
by dephosphorylating the specifi c tyrosine and 
threonine residues and protects against H 2 O 2 -
induced apoptosis. All the three MAP kinases, 
ERK1/2, JNK/SAPK, and p38, need to be acti-
vated, and they cooperate to induce the expression 
of MKP-1. Although there are evidences of 
MKP-1 being regulated by pathways other than 
the MAP kinase, such as PI-3 kinase/Akt pathway 
in different cell types in response to H 2 O 2  expo-
sure, MAP kinase stands out to be a key regulator 
of the MKP-1, a vital antiapoptotic gene [ 22 ].  

1.4     Role of Oxidative Stress- 
Induced MAP Kinases 
in Diseases 

 The    cellular level of oxidants is an important 
aspect that determines the cells survival, prolifer-
ation, differentiation, or apoptosis. An imbalance 
in the redox status of cells is an important reason 
behind various types of human diseases. Oxidative 
stress has been implicated in various pathological 
conditions such as cardiovascular diseases, diabe-
tes, neurological disorders, cancer, and age-
related diseases. Heart diseases are a leading 
cause of death worldwide. The pathophysiology 
of cardiac hypertrophy is mediated by ASK1–
MAP kinase pathway. Superoxide ions produced 
by angiotensin II (AngII) through its G protein- 
coupled receptor activates ASK1–MAPK path-
way that leads to prominent heart diseases 
including cardiac hypertrophy, high blood pres-
sure, and heart valve stenosis [ 23 ]. Alzheimer’s 
disease, a neurodegenerative disease found 
among older people, is characterized by the pres-
ence of amyloid-β peptide, plaques, and neurofi -
brillary tangles. Amyloid-β deposition has been 
shown to activate ASK1 and subsequently JNK, 
leading to neuronal cell death [ 24 ]. Similarly, 
exposure to H 2 O 2  and diethyl maleate, oxidative 
stress-inducing agents, activate p38, and ERK1/2 
MAP kinase pathway leads to increase in damage 

of sensory neuron cells [ 9 ]. Further, diabetes, a 
metabolic disease affecting more than 300 mil-
lion people worldwide who develop secondary 
diabetic complications such as retinopathy, 
nephropathy, and neuropathy, is caused by oxida-
tive stress. Infl ammation-induced ROS activates 
ASK1-mediated pathway leading to a proinfl am-
matory condition followed by JNK activation that 
phosphorylates insulin receptor substrate 1(IRS1), 
a key mediator of insulin signaling. These steps 
lead to insulin resistance and an increase in blood 
sugar levels [ 25 ]. Hyperglycemic conditions 
established during diabetes lead to superoxide 
generation in endothelial cells in the arterial 
walls, promoting low-density lipoprotein (LDL) 
peroxidation [ 26 ]. The oxidized LDL alters the 
redox equilibrium within the cell followed by the 
activation of specifi c transcription factors AP-1 
and NF-κB through the MAP kinase pathway, 
thereby causing an increase in the release of vari-
ous growth factors like cytokines, which promote 
vascular smooth cell proliferation resulting in 
progressive plaque formation in the arterial walls 
[ 27 ]. This shows the interlink between diabetes 
and atherosclerosis and how oxidative stress and 
MAP kinase act as a  common denominator [ 28 ]. 

 The skin, being constantly exposed to oxida-
tive agents such as UV radiations, pollutants, and 
pathogens, produces ROS exogenously and/or 
endogenously. A prolonged exposure to ROS 
could lead to a variety of skin disorders such as 
skin cancer, eczema, and psoriasis. Oxidants and 
ROS activate the redox signaling pathway includ-
ing the MAP kinase, NF-κB, and Janus kinase/
signal transducer and activator of transcription 
(JAK-STAT) signaling pathway which contribute 
toward the progression of skin diseases. 
For example, ERK1/2 levels have been shown to 
increase in lesional skin in comparison to the nor-
mal skin. Similarly, JNK and p38 MAPK path-
ways have been linked to over activation of 
TNF-α and keratinocyte hyper-proliferation by 
activating c-Jun in psoriasis [ 7 ]. 

 MAP kinase pathway is an extremely complex 
signal transduction pathway involving numerous 
targets, which leads to different types of responses 
under oxidative stress. Under oxidative stress 
conditions all three MAP kinases, ERK1/2, JNK/
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SAPK, and p38, are activated and cause oxidative 
injury and pathogenesis. Mostly ERK1/2 and 
JNK are associated with antiapoptotic response 
and lead to cell proliferation and differentiation, 
whereas p38 MAP kinase is linked with proapop-
totic action. Thus, the MAP kinase pathway is an 
important oxidative stress-stimulated cascade 
that can be regulated and controlled by the pres-
ence of specifi c antioxidant agents and serves as 
important molecular target to prevent or treat oxi-
dative stress-induced pathogenesis [ 9 ].  

1.5     Role of Oxidative Stress- 
Induced MAP Kinases 
in Wound Healing and Repair 

 Signal transduction pathways are also implicated 
in wound healing and repair subsequent to oxida-
tive injury and damage. Wound healing involves 
various important phases such as infl ammation, 
cell proliferation, cell migration, and tissue 
remodeling. Different immune cells including 
macrophages and neutrophils get recruited in the 
wound site where they produce ROS which medi-
ates the release of cytokines to protect the organism 
against the invading pathogen. Several studies 
demonstrate that infl ammation caused by wound 
results in the release of H 2 O 2,  which activates p38 
and MEK pathway leading to cytoplasmic trans-
location and active release of high-mobility 
group protein B1 (HMGB1) in monocytes/mac-
rophages [ 29 ]. HMGB1 is a nuclear protein 
released passively in damaged cells. This protein 
triggers infl ammation, attracts infl ammatory 
cells, recruits stem cells, and promotes their pro-
liferation ultimately leading to tissue repair [ 30 ]. 
Reepithelialization or cell migration of prolifer-
ated wound-related cells to the damaged site is of 
utmost importance. The extracellular matrix of 
the cells required for reepithelialization is 
degraded by matrix metalloproteinase (MMPs). 
A redox-dependent MMP production is observed 
during wound healing [ 31 ]. MMPs expression is 
activated by JNK through the Ets or AP-1 tran-
scription factor or through the activation of 
NOX-4 (NADPH oxidase family), an enzyme 
that produces large amounts of ROS and activates 

MAPK and NF-κB in the downstream [ 32 ]. 
An apt example for wound healing is corneal 
wound healing. Cornea, the outermost transpar-
ent covering of the eye, is under constant expo-
sure of UV-light, chemicals, bacteria, and fungus 
which injure or damage it. In a study, intracellu-
lar ROS produced in human corneal epithelial 
cells, upon exposure to epidermal growth factor, 
stimulated cell proliferation, adhesion, migra-
tion, and corneal surface wound healing [ 13 ]. 
In another study, the initial oxidative injury led to 
the release of keratinocyte growth factor and 
hepatocyte growth factor which activated p44/42 
MAPK and p38 MAP kinase pathways leading to 
initiation of cell migration and proliferation that 
resulted in corneal wound healing [ 33 ]. 

 Besides the different roles of the MAP kinase 
pathway during oxidative stress, as discussed in 
preceding sections the MAP kinase pathway also 
plays an important role in the antioxidative bal-
ance during oxidative stress. Homeostasis and 
redox balance within the cells need to be main-
tained by establishing an intricate equilibrium 
between oxidant production and destruction. 
The cells possess the ability to scavenge or 
quench the excess ROS produced within the cell 
by activating various antioxidant enzymes. 
The JNK and p38 pathways are known to activate 
an important transcription factor nuclear factor 
erythroid 2-related factor (Nrf2). Nrf2 is kept in 
an inactive state by interaction with the actin- 
anchored protein Kelch ECH-associating protein 
1 (Keap 1) [ 34 ]. However, in oxidative stress 
Nrf2 is released and translocated into the nucleus 
where they bind to antioxidant response elements 
for the induction of cellular defense genes which 
include glutathione S-transferase, glutathione 
reductase, glutathione peroxidase, heme- 
oxygenase and NADPH quinone oxidoreductase-
 1. These gene products help in maintaining the 
redox balance by ROS disruption/quenching. 

 The identifi cation of oxidative stress-induced 
molecular cascade has led to the investigation 
of various modulators, which may become 
important drug molecules against oxidative 
stress- induced diseases. Several phytochemicals 
possess the ability to ameliorate the oxidative 
damage caused by ROS. They act as exogenous 
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antioxidants and mediate their action through 
modulating oxidative stress-induced signal trans-
duction pathways. For example, phytochemicals 
such as oleanolic acid has been shown to activate 
ERK and JNK pathway followed by activation of 
transcription factor Nrf2 [ 35 ]. Nrf2 regulates the 
levels of thioredoxin peroxidase, an H 2 O 2 - 
scavenging enzyme, and heme-oxygenase 1 
(HO-1), a stress-inducible antioxidant enzyme 
localized in non-neural tissues, plays a key role in 
defense against infl ammation and oxidative 
injury [ 36 ]. Quercetin, an antioxidant, showed 
Nrf2-induced expression of HO-1 in esophageal 
epithelial cells through the activation of MAP 
kinase and PI-3K pathways [ 37 ].   

2     NF-κB Pathway 

 NF-κB, a redox-sensitive transcription factor, 
coordinates the different regulators of immunity, 
infl ammation, cell survival, proliferation, and 
development [ 38 ]. Dysregulation of NF-κB activ-
ity is associated with infl ammatory disorders, 
metabolic and autoimmune diseases, as well as 
cancer [ 39 ]. The NF-κB or Rel family of tran-
scription factors is a downstream target of oxida-
tive stress-induced MAPK pathway that is 
activated due to bacterial and viral infection, 
infl ammatory cytokines, and upon ligand binding 
of antigen receptors, which are the sources of 
ROS. This suggests that NF-κB plays a crucial 
role in orchestrating immune and infl ammatory 
response through regulation of different oxidant 
and antioxidant systems. The active NF-κB is a 
dimer made from monomer units p50, p52, p65 
(Rel A), Rel B, and c-Rel proteins [ 5 ]. The mem-
bers of the NF-κB family have a conserved region 
which is known as NF-κB/Rel/dorsal region or 
Rel homology domain. This conserved region 
spans the fi rst 300 N-terminal amino acids and 
comprises three different regions such as a 
nuclear localization sequence, a DNA-binding 
domain, and a dimerization region. 

 In eukaryotes two alternates NF-κB-activating 
pathways occur: canonical and noncanonical 
pathways. Most of the NF-κB-activating physio-
logical stimuli for instance signals from cytokine 

receptors, such as tumor necrosis factor receptor 
(TNFR) and interleukin-1 receptor (IL-1R), and 
antigen receptors such as B cell receptor (BCR), 
T cell receptor (TCR), and Toll-like receptor 4 
(TLR4) induce the canonical pathway. The 
canonical pathway is characterized by the activa-
tion of IκB kinase (IKKβ) and IKKγ/NF-κB 
essential modulator (NEMO) cascade that leads 
to phosphorylation of IκBα, which then degrades 
and facilitates nuclear translocation of p65- 
containing heterodimer which transcribes target 
genes. The noncanonical pathway relies on 
IKKα- mediated phosphorylation of p100 associ-
ated with RelB, which leads to processing of 
p100 and the formation of p52–RelB complex. 
Specifi c members of the TNF cytokine family 
such as CD40 ligand, B cell-activating factor 
belonging to the TNF family (BAFF), receptor 
activator for nuclear factor κB (RANK) [ 40 ], and 
lymphotoxin-β2 (LT- β) induce noncanonical 
NF-κB signaling, although they may also regu-
late canonical pathway [ 41 ]. Different members 
of TNFR-associated factors (TRAF), TNF recep-
tor-associated death domain (TRADD), and Fas-
associated protein with death domain (FADD) 
adaptor proteins recruited at the intracellular 
portion of different receptors may activate both 
canonical and noncanonical signal transduction 
pathways [ 39 ] (Fig.  2 ). 

 In unstimulated healthy cells IκB, an NF-κB 
inhibitory protein which includes IκBα, IκBβ, 
IκBγ, and probably B cell lymphoma-3 (Bcl-3) is 
found bounded to a nuclear localization sequence 
of NF-κB and retains it in an inactive form within 
the cytosol [ 5 ]. ROS, generated by different oxi-
dative mechanisms transduces hyperphosphory-
lation of IκB, which leads to its degradation by 
26s proteasome complex via ubiquitination. After 
degradation of IκB, NF-κB proteins dimerize and 
translocate into the nucleus and transcribe vari-
ous target genes. 

2.1     Role of Oxidative Stress 
in NF-κB Pathway Activation 

 An antioxidant system activated through NF-κB 
can be expected to regulate the redox state when 

N. Dholia et al.



99

the cell is under oxidative stress. There are two 
genes that could be induced by NF-κB, inducible 
Mn-dependent mitochondrial form of superoxide 
dismutase (MnSOD). MnSOD    is expressed after 
stimulation of cells with TNF, LPS, and 
PMA. The second one is thioredoxin, which is 
induced by viral transactivator Tax through 
NF-κB [ 42 ]. 

 ROS have paradoxical effects on regulation of 
NF-κB. A moderate increase in ROS leads to the 
activation of NF-κB, while severe increase inacti-
vates NF-κB that could result in cell death. 
Moderately increased ROS-mediated activation 
of NF-κB increases cell survival by enhancing (a) 
expression of antiapoptotic Bcl-2 family mem-
bers, such as Bcl-xL and A1/Bfl -1; (b) caspase 
inhibitors, such as IAPs; (c) FLIP L , the active 
homologue of caspase-8; (d) GADD45, which 
inhibits JNK-mediated cell death; (e) TRAF1, 
TNF receptor-associated factor; and (f) antioxi-
dants such as MnSOD and ferritin heavy chain 
(FHC) [ 43 ,  38 ]. The DNA-binding activity of 
NF-κB was found to increase with age, which 
refl ects increased oxidative stress in aged tissues 
and cells [ 44 ]. 

 The direct evidence that ROS regulates NF-κB 
has come from the exposure of different cells to 
H 2 O 2  such as Wurzburg subclone of T cells, 
human breast mammary epithelial cell (MCF-7), 
skeletal muscle myotubes L6, and 70Z/3 pre-B 
cells and HeLa cells [ 45 ,  46 ]; however, some 
other studies could not detect NF-κB activation 
by H 2 O 2  in HeLa cells [ 45 ]. . It indicates that 
NF-κB activation may be cell type specifi c [ 5 ]. 
Various indirect evidences also suggest a role of 
ROS as a common and critical intermediate for 
NF-κB activation. This    is based on the fact that 
antioxidants such as butylated hydroxyanisole 
(BHA) and pyrrolidine dithiocarbamate (PDTC) 
as well as overexpression of antioxidant enzymes 
including SOD, thioredoxin, and GSH peroxi-
dase inhibit/prevent NF-κB activation, although 
the extent of inhibition also depends on type of 
cell and stimulus [ 5 ]. 

 Even though IκB degradation is one of the 
phenomena observed during oxidative stress, 
oxygen radicals have the capability to covalently 
modify several amino acids in proteins such as, 

cysteine, methionine, and histidine residues. 
Thus, direct oxidative damage can also cause 
 dissociation of the NF-κB–IκB complex [ 42 ]. 
Further, few compounds are generated upon lipid 
peroxidation, such as malondialdehyde or 
4-hydroxynonenol, that could covalently alter 
and dissociate the NF-κB–IκB complex [ 42 ]. 
However, much work is needed to confi rm mole-
cules and steps that are exactly responsible for 
oxidative stress-induced damage. Some studies 
suggest activation of IKK as the key regulatory 
step in NF-κB activation by oxidative stress and 
proinfl ammatory stimuli (TNF, IL-1, LPS, and 
ds-RNA). Thus, directly or indirectly ROS play a 
general signaling role in NF-κB activation [ 45 ].  

2.2     Role of Oxidative Stress 
in NF-κB-Mediated 
Infl ammatory Gene Induction 

 Infl ammatory cytokines and chemokines pro-
mote NF-κB activation. These infl ammatory 
mediators together with antimicrobial molecules 
and ROS cooperate to kill pathogens, eliminate 
infection, and remove dead cells. The end of 
infl ammation is vital for maintaining good health 
while overwhelming infl ammation is associated 
with various infl ammatory diseases like rheuma-
toid arthritis (RA), type 2 diabetes, and athero-
sclerosis [ 47 ]. 

 In the development of RA, the activation of 
NF-κB-dependent genes plays a key role. 
The receptor activator of NF-κB [ 40 ], CD40, B 
cell- activating factor, lymphotoxin β receptor, 
and TLRs are found to be upregulated in RA [ 40 , 
 48 ]. Evidences show involvement of free radicals 
and NF-κB in the destruction of β cells and dis-
ease progression of insulin-dependent diabetes 
mellitus or type I diabetes [ 49 ]. Pancreas-specifi c 
ROS production plays a critical role in the auto-
immune or infl ammatory response by activating 
NF-κB [ 51 ]. Proinfl ammatory cytokines such as 
IL-1 have been observed to activate NF-κB in rat 
insulinoma cell lines [ 50 ]. The NF-κB pathway 
also seems to be involved in the insulin resistance 
of type II diabetes [ 51 ]. These evidences indicate 
that NF-κB is crucial in the development of 
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 varied infl ammatory pathologies and thus could 
be an important target in designing therapeutic 
approaches. Indeed, targeted disruption of IKK-β 
or salicylate inhibition of NF-κB has been shown 
to improve insulin sensitivity and reduction of 
obesity in mice [ 52 ].   

3     Role of Oxidative Stress 
in Gene Regulation 

 Oxidative stress, an important modulator of 
 cellular redox status, regulates the expression of 
proinfl ammatory/prooxidant genes as well as 
 anti- infl ammatory/antioxidative genes. The    fi ne 
balance and eventual tilt between these two 
seemingly opposite mechanisms determine the 
fate of cells. As discussed in preceding sections, 
oxidative stress stimulates a molecular cascade 
that activates transcription factors, which tran-
scribe various target genes including cytokines, 
chemokines, growth factors, and other infl amma-
tory marker genes. It is therefore evident that 
gene expression is fi nely regulated in and by oxi-
dative stress. The variation in oxidative status of 
cells alters the cellular environment, which 
affects transcription factors, and ultimately gene 
expression is affected. 

 Binding of transcription factors to a specifi c 
region of negatively charged DNA sequences 
requires accumulation of positively charged 
amino acids, resulting in stabilization of deprot-
onated thiol groups. In the presence of ROS, thiol 
residues such as cysteine get oxidized affecting 
DNA-binding effi ciency. The signaling proteins 
behave differently to oxidation, depending upon 
the level of cysteine moiety in the cells during 
oxidative stress and intensity of oxidative stress. 
The signaling cascade of NF-kB and activator 
protein (AP-1), leading to gene regulation of glu-
tathione reductase, serves as an example of 
 oxidation of conserved cysteine groups, which is 
a reversible phenomenon [ 53 ]. 

 Some of the gene products also turn on the 
transcription of various detoxifying enzymes and 
proteins such as glutathione S-transferase (GST) 
and NADPH quinone reductase that act as an 
antioxidant system during oxidative stress [ 54 ]. 

The cis-acting antioxidant response elements 
[ 55 ], responsible for inducible as well as consti-
tutive gene expression of these two enzymes, 
mediate their transcriptional activation and are 
induced by sulfhydryl groups containing 
 compounds such as diethyl maleate, isothiocya-
nates, and dithiothiones [ 56 ]. Similarly, oxidative 
stress also affects other transcription factors such 
as nuclear factor 1 (NF1), Sp1, and p53 NF1, 
activator of DNA replication, has a DNA-binding 
domain and a transactivation domain. The pres-
ence of oxidative stress affects cysteine residues 
of DNA-binding domain which hampers its 
DNA-binding activity through  mutation to serine 
residues [ 54 ]. Regulation of redox imbalance by 
glutaredoxine or thioltransferase prevents muta-
tion of its cysteine residues [ 54 ]. Sp1 is a ubiqui-
tous transcription factor, rich in GC content, and 
has zinc fi nger motifs, which are crucial for 
DNA-binding activity. A decrease in glutathione 
level and increase in oxidants such as H 2 O 2,  
represses the activity of Sp1-driven genes. 
Oxidative stress also represses the function of 
p53 by modulating its conformation as shown by 
decreased reporter gene expression [ 54 ,  57 ]. 
PDTC, which acts as prooxidant, increases the 
intracellular level of redox-active copper that 
downregulates p53. This would prevent the acti-
vation of p53 by stimuli such as UV or tempera-
ture shift, which are known to activate PDTC 
during oxidative stress. Oxidation of cysteine 
residue in p53 also inhibits or alters expression of 
apoptotic and DNA repair genes that leads to car-
cinogenesis [ 57 ]. 

 The cytochrome P450 (CYP) genes encode 
for ubiquitous enzymes responsible for metabo-
lism of xenobiotics. The NF1 binding site, located 
on CYP promoter, is the target for oxidation dur-
ing redox imbalance. ROS is known to downreg-
ulate the isoforms of CYP, e.g., CYP1A1 by 
infl ammatory cytokines, due to depletion of glu-
tathione [ 54 ]. A study by Morel and Barouki [ 58 ] 
reported that increased TNF-α mRNA during 
oxidative stress downregulates this isoform of 
CYP through redox-sensitive mechanism involv-
ing NF1. This could also affect the NF1 and DNA 
interaction which in turn alters the redox- sensitive 
gene transcription [ 58 ]. 
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 Oxidative stress-induced alteration in gene 
expression is a well known cause of age-related 
disorders, e.g., Alzheimer’s disease (AD) [ 59 ]. 
Various superoxide anion-producing enzymes 
such as NADPH oxidase (NOX) and xanthine oxi-
dase (XO) along with mitochondrial dysfunction 
are major players in the oxidative stress-induced 
 neurodegenerative disease.  NOX , present in 
microglial cells, neurons, and astrocytes get acti-
vated by cytosolic subunit of G protein Ras. After 
activation, NOX translocates to the membrane and 
forms active NAPDH oxidase complex [ 16 ,  54 ]. 
The enzyme transfers protons across the mem-
brane through anion channel to compensate the 
charges across the membrane and results in the 
formation of superoxide radicals. In astrocytes, 
amyloid β, an oxidant and inducer of NADPH oxi-
dase, also activates the expression of  NOX  genes 
including  NOX1 ,  NOX2 , and  NOX3  through CD36 
receptor. The increased expression of NOX iso-
forms leads to an enhanced oxidative stress which 
depolarizes the mitochondrial membrane and 
induces opening of mitochondrial pore permeabil-
ity and activates apoptosis that results in neuronal 
degeneration. Apart from neuronal death, aggre-
gation of amyloid β protein leads to hyperphos-
phorylation of tau (τ) protein which is a primary 
or early stage biomarker in AD. A neuroprotective 
hormone melatonin acts as an antioxidant for 
NADPH enzyme complex and prevents the for-
mation of amyloid β protein aggregation [ 60 ]. 

 Oxidative stress-induced mitochondrial 
 dysfunction, loss of function of DJ-1 gene, and 
A53T α-synuclein protein aggregation have been 
implicated in the pathogenesis of Parkinson’s dis-
ease [ 61 ,  62 ]. DJ-1, a neuroprotective molecule, 
has an antioxidative mechanism in neurons. It 
increases the synthesis of glutathione, cellular 
redox buffer system, by regulating a rate-limiting 
enzyme glutathione–cysteine ligase (GCL). 
However, elevated level of ROS may cause allelic 
mutations in DJ-1 gene from cysteine to serine 
residues, leading to altered gene expression and 
progression of pathogenesis [ 62 ]. Additionally, 
under stress a nonfunctional GCL promotes 
A53T α-synuclein protein aggregation in dopa-
mine neuronal cells which are responsible for 
cell death [ 60 ]. Glutathione improves survival of 
primary dopamine neurons and prevents dopa-

mine-induced neuronal cell death [ 61 ,  62 ]. 
Although implicated in neuroinfl ammation, isch-
emia, age-related neurodegeneration, and 
Parkinson’s disease, a detailed mechanism 
involving DJ-1/PARK7 gene function for ROS-
mediated pathogenesis remains unclear [ 61 ,  63 ]. 
A better understanding of this pathway would be 
helpful in devising novel neuroprotective and 
anti-neurodegenerative therapy.  

4     Conclusion 

 The emerging concepts regarding ROS and its 
effects on cellular physiology have gained enor-
mous attention. This chapter focused on the 
molecular and genetic mechanisms and the dif-
ferent responses manifested by the cell when 
exposed to ROS. Deleterious effects of oxidative 
stress or the resultant antioxidant response to the 
same depend on the nature of the agents causing 
oxidative stress, their dosage and duration of 
exposure, and the signal transduction pathway 
activated resulting in specifi c transcription factor 
activation. Hence, it becomes diffi cult to deter-
mine the exact mechanism underlying ROS- 
induced stress at the molecular level. Nonetheless, 
several pathways have been identifi ed, which get 
activated in response to ROS, especially the MAP 
kinase and NF-κB pathway. Many studies have 
implicated different upstream mediators that acti-
vate NF-κB, but how exactly cytosolic NF-κB 
complex senses oxidative stress is not well under-
stood. Our knowledge is far from complete when 
it comes to identifying the precise upstream and 
downstream regulatory molecules in the oxida-
tive stress-induced pathway and its regulation 
through gene expression. Future studies are 
required to clearly understand the molecular and 
genetic mechanism(s) that regulates oxidative 
stress-induced pathogenesis, which will lay the 
foundation for better preventive and therapeutic 
approaches for human health and diseases.     

  Acknowledgement   Dr. Umesh C. S. Yadav would like to 
acknowledge department of science and technology 
(DST), Government of India for the award of Ramanujan 
Fellowship. Financial support from UGC to ND, PR and 
JFV is also acknowledged.  

Oxidative Stress-Induced Molecular and Genetic Mechanisms in Human Health and Diseases



102

   References 

    1.    Blokhina O, Virolainen E, Fagerstedt KV (2003) 
Antioxidants, oxidative damage and oxygen depriva-
tion stress: a review. Ann Bot 91:179–194  

    2.    Petrosillo G, Ruggiero FM, Pistolese M et al (2004) 
Ca 2+ -induced reactive oxygen species production pro-
motes cytochrome c release from rat liver mitochon-
dria via mitochondrial permeability transition 
(MPT)-dependent and MPT-independent mecha-
nisms: role of cardiolipin. J Biol Chem 
279:53103–53108  

    3.    Imlay JA (2013) The molecular mechanisms and 
physiological consequences of oxidative stress: les-
sons from a model bacterium. Nat Rev Microbiol 
11:443–454  

    4.    Davies KJ (1995) Oxidative stress: the paradox of 
aerobic life. Biochem Soc Symp 61:1–31  

        5.    Allen RG, Tresini M (2000) Oxidative stress and gene 
regulation. Free Radic Biol Med 28:463–499  

    6.    Chang L, Karin M (2001) Mammalian MAP kinase 
signalling cascades. Nature 410:37–40  

      7.    Zhou Q, Mrowietz U, Rostami-Yazdi M et al (2009) 
Oxidative stress in the pathogenesis of psoriasis. Free 
Radic Biol Med 47:891–905  

     8.    Sumbayev VV, Yasinska IM (2005) Regulation of 
MAP kinase-dependent apoptotic pathway: implica-
tion of reactive oxygen and nitrogen species. Arch 
Biochem Biophys 436:406–412  

       9.    Valko M, Leibfritz D, Moncol J et al (2007) Free radi-
cals and antioxidants in normal physiological func-
tions and human disease. Int J Biochem Cell Biol 
39:44–84  

    10.    Iles KE, Forman HJ (2002) Macrophage signaling and 
respiratory burst. Immunol Res 26:95–105  

    11.    Chen KC, Zhou Y, Zhang W et al (2007) Control of 
PDGF-induced reactive oxygen species (ROS) gener-
ation and signal transduction in human lens epithelial 
cells. Mol Vis 13:374–387  

    12.    Junn E, Lee KN, Ju HR et al (2000) Requirement of 
hydrogen peroxide generation in TGF-beta 1 signal 
transduction in human lung fi broblast cells: involve-
ment of hydrogen peroxide and Ca2+ in TGF-beta 
1-induced IL-6 expression. J Immunol 165:
2190–2197  

      13.    Huo Y, Qiu WY, Pan Q et al (2009) Reactive oxygen 
species (ROS) are essential mediators in epidermal 
growth factor (EGF)-stimulated corneal epithelial cell 
proliferation, adhesion, migration, and wound heal-
ing. Exp Eye Res 89:876–886  

    14.    Rao GN (1996) Hydrogen peroxide induces complex 
formation of SHC-Grb2-SOS with receptor tyrosine 
kinase and activates Ras and extracellular signal- 
regulated protein kinases group of mitogen-activated 
protein kinases. Oncogene 1:713–719  

    15.    Symons A, Beinke S, Ley SC (2006) MAP kinase 
kinase kinases and innate immunity. Trends Immunol 
27:40–48  

     16.    Jiang F, Zhang Y, Dusting GJ (2011) NADPH oxidase- 
mediated redox signaling: roles in cellular stress 
response, stress tolerance, and tissue repair. Pharmacol 
Rev 63:218–242  

    17.    Matsuzawa A, Ichijo H (2008) Redox control of cell 
fate by MAP kinase: physiological roles of ASK1- 
MAP kinase pathway in stress signaling. Biochim 
Biophys Acta 1780:1325–1336  

    18.    Pocrnich CE, Liu H, Feng M et al (2009) p38 mitogen- 
activated protein kinase protects human retinal pig-
ment epithelial cells exposed to oxidative stress. Can 
J Ophthalmol 44:431–436  

    19.    Han H, Wang H, Long H et al (2001) Oxidative pre-
conditioning and apoptosis in L-cells. Roles of pro-
tein kinase B and mitogen-activated protein kinases. 
J Biol Chem 276:26357–26364  

    20.    Fuchs SY, Adler V, Pincus MR et al (1998) MEKK1/
JNK signaling stabilizes and activates p53. Proc Natl 
Acad Sci U S A 95:10541–10546  

    21.    Saitoh M, Nishitoh H, Fujii M et al (1998) Mammalian 
thioredoxin is a direct inhibitor of apoptosis signal- 
regulating kinase (ASK) 1. EMBO J 17:2596–2606  

    22.    Xu Q, Konta T, Nakayama K et al (2004) Cellular 
defense against H2O2-induced apoptosis via MAP 
kinase-MKP-1 pathway. Free Radic Biol Med 
36:985–993  

    23.    Izumiya Y, Kim S, Izumi Y et al (2003) Apoptosis 
signal-regulating kinase 1 plays a pivotal role in 
angiotensin II-induced cardiac hypertrophy and 
remodeling. Circ Res 93:874–883  

    24.    Kadowaki H, Nishitoh H, Urano F et al (2005) 
Amyloid beta induces neuronal cell death through 
ROS-mediated ASK1 activation. Cell Death Differ 
12:19–24  

    25.    Imoto K, Kukidome D, Nishikawa T et al (2006) 
Impact of mitochondrial reactive oxygen species and 
apoptosis signal-regulating kinase 1 on insulin signal-
ing. Diabetes 55:1197–1204  

    26.    Graier WF, Simecek S, Kukovetz WR et al (1996) 
High D-glucose-induced changes in endothelial 
Ca2+/EDRF signaling are due to generation of super-
oxide anions. Diabetes 45:1386–1395  

    27.    Maziere C, Auclair M, Djavaheri-Mergny M et al 
(1996) Oxidized low density lipoprotein induces acti-
vation of the transcription factor NF kappa B in fi bro-
blasts, endothelial and smooth muscle cells. Biochem 
Mol Biol Int 39:1201–1207  

    28.    Kunsch C, Medford RM (1999) Oxidative stress as a 
regulator of gene expression in the vasculature. Circ 
Res 85:753–766  

    29.    Tang D, Shi Y, Kang R et al (2007) Hydrogen perox-
ide stimulates macrophages and monocytes to actively 
release HMGB1. J Leukoc Biol 81:741–747  

    30.    Bianchi ME, Manfredi AA (2007) High-mobility 
group box 1 (HMGB1) protein at the crossroads 
between innate and adaptive immunity. Immunol Rev 
220:35–46  

    31.    Yoon SO, Park SJ, Yoon SY et al (2002) Sustained 
production of H(2)O(2) activates pro-matrix metal-

N. Dholia et al.



103

loproteinase- 2 through receptor tyrosine kinases/
phosphatidylinositol 3-kinase/NF-kappa B pathway. 
J Biol Chem 277:30271–30282  

    32.    Sen CK, Roy S (2008) Redox signals in wound heal-
ing. Biochim Biophys Acta 1780:1348–1361  

    33.    Imayasu M, Shimada S (2003) Phosphorylation of 
MAP kinase in corneal epithelial cells during wound 
healing. Curr Eye Res 27:133–141  

    34.    Kensler TW, Wakabayashi N, Biswal S (2007) Cell 
survival responses to environmental stresses via the 
Keap1-Nrf2-ARE pathway. Annu Rev Pharmacol 
Toxicol 47:89–116  

    35.    Wang X, Ye XL, Liu R et al (2010) Antioxidant activi-
ties of oleanolic acid in vitro: possible role of Nrf2 
and MAP kinases. Chem Biol Interact 184:328–337  

    36.    Takahashi T, Shimizu H, Morita K (2009) Heme oxy-
genase- 1 is an essential cytoprotective component in 
oxidative tissue injury induced by hemorrhagic shock. 
J Clin Biochem Nutr 44:28–40  

    37.    Kim JS, Song HJ, Ko SK et al (2010) Quercetin-3-O- 
beta-d-glucuronopyranoside (QGC)-induced HO-1 
expression through ERK and PI3K activation in cul-
tured feline esophageal epithelial cells. Fitoterapia 
81:85–92  

     38.    Trachootham D, Lu W, Ogasawara MA et al (2008) 
Redox regulation of cell survival. Antioxid Redox 
Signal 10:1343–1374  

     39.    Oeckinghaus A, Hayden MS, Ghosh S (2011) 
Crosstalk in NF-kappaB signaling pathways. Nat 
Immunol 12:695–708  

      40.    Frank M, Duvezin-Caubet S, Koob S et al (2012) 
Mitophagy is triggered by mild oxidative stress in a 
mitochondrial fi ssion dependent manner. Biochim 
Biophys Acta 1823:2297–2310  

    41.    Sun SC (2011) Non-canonical NF-kappaB signaling 
pathway. Cell Res 21:71–85  

      42.    Schreck R, Albermann K, Baeuerle PA (1992) Nuclear 
factor kappa B: an oxidative stress- responsive tran-
scription factor of eukaryotic cells (a review). Free 
Radic Res Commun 17:221–237  

    43.    Finkel T, Holbrook NJ (2000) Oxidants, oxidative 
stress and the biology of ageing. Nature 
408:239–247  

    44.    Poynter ME, Daynes RA (1998) Peroxisome 
proliferator- activated receptor alpha activation modu-
lates cellular redox status, represses nuclear factor- 
kappaB signaling, and reduces infl ammatory cytokine 
production in aging. J Biol Chem 273:32833–32841  

      45.    Li N, Karin M (1999) Is NF-kappaB the sensor of oxi-
dative stress? FASEB J 13:1137–1143  

    46.    Wang X, Martindale JL, Liu Y et al (1998) The cellu-
lar response to oxidative stress: infl uences of mitogen- 
activated protein kinase signalling pathways on cell 
survival. Biochem J 333:291–300  

    47.    Baker RG, Hayden MS, Ghosh S (2011) NF-kappaB, 
infl ammation, and metabolic disease. Cell Metab 
1:11–22  

    48.    Van Loo G, Beyaert R (2011) Negative regulation of 
NF-kappaB and its involvement in rheumatoid arthri-
tis. Arthritis Res Ther 13:221  

    49.    Kumar A, Takada Y, Boriek AM et al (2004) Nuclear 
factor-kappaB: its role in health and disease. J Mol 
Med (Berl) 82:434–448  

    50.    Kwon G, Corbett JA, Rodi CP et al (1995) 
Interleukin-1 beta-induced nitric oxide synthase 
expression by rat pancreatic beta-cells: evidence for 
the involvement of nuclear factor kappa B in the sig-
naling mechanism. Endocrinology 136:4790–4795  

     51.    Yuan M, Konstantopoulos N, Lee J et al (2001) 
Reversal of obesity- and diet-induced insulin resis-
tance with salicylates or targeted disruption of 
Ikkbeta. Science 293(5535):1673–1677  

    52.    Kumar A, Takada Y, Boriek AM et al (2004) Nuclear 
factor-kB: its role in health and disease. J Mol Med 
82:434–448  

    53.    Droge W (2002) Free radicals in the physiological 
control of cell function. Physiol Rev 82(1):47–95  

         54.    Morel Y, Barouki R (1999) Repression of gene expres-
sion by oxidative stress. Biochem J 342:481–496  

    55.    Irani K, Xia Y, Zweier JL et al (1997) Mitogenic sig-
naling mediated by oxidants in Ras-transformed 
fi broblasts. Science 275:1649–1652  

    56.    Nguyen T, Nioi P, Pickett CB (2009) The Nrf2- 
antioxidant response element signaling pathway and 
its activation by oxidative stress. J Biol Chem 
284:13291–13295  

     57.    Verhaegh GW, Richard MJ, Hainaut P (1997) 
Regulation of p53 by metal ions and by antioxidants: 
dithiocarbamate down-regulates p53 DNA-binding 
activity by increasing the intracellular level of copper. 
Mol Cell Biol 17:5699–5706  

     58.    Morel Y, Barouki R (1998) Down-regulation of cyto-
chrome P450 1A1 gene promoter by oxidative stress. 
Critical contribution of nuclear factor 1. J Biol Chem 
273:26969–26976  

    59.    Gandhi S, Abramov AY (2012) Mechanism of oxida-
tive stress in neurodegeneration. Oxid Med Cell 
Longev 2012:428010  

     60.    Pappolla MA, Sos M, Omar RA et al (1997) Melatonin 
prevents death of neuroblastoma cells exposed to the 
Alzheimer amyloid peptide. J Neurosci 17:
1683–1690  

      61.    Kahle PJ, Waak J, Gasser T (2009) DJ-1 and preven-
tion of oxidative stress in Parkinson’s disease and 
other age-related disorders. Free Radic Biol Med 
47:1354–1361  

      62.    Zhou W, Freed CR (2005) DJ-1 up-regulates glutathi-
one synthesis during oxidative stress and inhibits 
A53T alpha-synuclein toxicity. J Biol Chem 
280:43150–43158  

    63.    Billia F, Hauck L, Grothe D et al (2013) Parkinson- 
susceptibility gene DJ-1/PARK7 protects the murine 
heart from oxidative damage in vivo. Proc Natl Acad 
Sci U S A 110:6085–6090      

Oxidative Stress-Induced Molecular and Genetic Mechanisms in Human Health and Diseases



105V. Rani and U.C.S. Yadav (eds.), Free Radicals in Human Health and Disease,
DOI 10.1007/978-81-322-2035-0_8, © Springer India 2015

    Abstract  

  H 2 O 2  has been found to act as a signaling molecule and secondary mes-
senger in many signal transduction pathways like in insulin signaling, cell 
proliferation, and apoptosis. There are biological sensors which sense the 
presence of H 2 O 2  and trigger downstream signaling events which in turn 
activate complex disease pathways. A balance in the H 2 O 2  levels is 
achieved by its compartmentalization in different cellular compartments 
and level is maintained by the antioxidant enzymes like catalase, glutathi-
one peroxidase, and thioredoxin peroxidase. In this chapter we describe 
the way H 2 O 2  is sensed in the biological system and further explain the 
downstream signaling events. We also explain the role of H 2 O 2  signaling 
during specifi c biological events and disease conditions.  
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      Hydrogen Peroxide Sensing 
and Signaling 

           Vibha     Rani     ,     Shivangi     Mishra*    ,     Tanuja     Yadav*    , 
    Umesh     Chand     Singh     Yadav    , and     Shrey     Kohli   

1         Introduction 

 Hydrogen peroxide (H 2 O 2 ) produced by the 
reduction of O 2− , formed in the electron trans-
port chain, has many benefi cial roles in both 
plants and animals. However, due to its cyto-
toxic nature, its production is tightly regulated 
in the cell, since a slight increase in its level 
may lead to toxicity. Maintaining its gradient 
across the membrane helps in maintenance of 
cellular redox status and thus the vital cell 
functions. Its steady-state concentration varies 
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with the type of cell and the subcellular 
compartment. Mitochondria, the major source 
of H 2 O 2  in the cell, maintain its cytosolic steady 
state with the help of antioxidant enzymes. 
H 2 O 2  acts as a secondary messenger in the cell 
thereby regulating the signal transduction, for 
example, in immune cell activation and vascu-
lar remodeling, cell proliferation, and apoptosis 
[ 1 ]. To act as a signaling molecule, its steady-
state concentration should be maintained at a 
certain level with regulated synthesis and 
metabolism. H 2 O 2  is produced by a wide range 
of cell and tissue types, including the immune 
and nonimmune cells, and by NADPH oxidases 
leading to growth and differentiation, for exam-
ple, in insulin signaling and angiogenesis [ 2 ]. 
H 2 O 2  is the most stable reactive oxygen species 
with the ability to penetrate cell membrane as 
an uncharged molecule [ 3 ]. Its property to be 
used as a signaling molecule owes to its struc-
ture and nature; being small in size, diffusible, 
specifi c in its reactivity and responses, rapid 
generation, and controlled degradation. These 
properties make it useful as a secondary 
messenger in both local and distant cell signal-
ing [ 4 ]. 

 H 2 O 2  is known to increase the cell’s tolerance 
level to any stress in the second encounter [ 5 ]. 
Stress encounter increases its level leading to a 
stress response, thus participating in signal trans-
duction pathways and activating gene expression, 
enzyme activation, or apoptosis, i.e., programmed 
cell death. 

 In plants also H 2 O 2  generation is known to play 
an important role. It has been found that the com-
pound is responsible for defense responses and is 
known to play an important role in bacterial and 
fungal responses in plants. The genes  AtrbohD  and 
 AtrbohF,  responsible for the H 2 O 2  generation in 
 Arabidopsis , when knocked out, made the plant 
more susceptible to infections. It also provides pro-
tection in plants against pathogens by signaling sto-
matal opening or closing and abscission [ 6 ]. In this 
chapter, we have discussed the mechanisms of H 2 O 2  
sensing and how it acts as a secondary messenger in 

the cell leading to signal transduction in different 
signaling pathways.  

2     H 2 O 2  Concentration Effects 
on Cell 

 An exogenous H 2 O 2  has less impact on the sig-
nal transduction process as compared to those 
generated endogenously as signals from H 2 O 2  
get transmitted to only shorter distances. Cells 
respond to the differing levels of H 2 O 2  differ-
ently which is specifi c to the concentration. A 
low concentration of H 2 O 2  triggers the activity 
of antioxidants that lowers the ROS level and 
hence leads to cell survival, while a higher 
concentration activates prooxidants, thus 
increasing the ROS level causing the cell to 
undergo apoptosis. As H 2 O 2  is a by-product of 
a variety of enzymatic reactions, its quantita-
tive determination is necessary for biological 
purposes. For the purpose of quantifi cation, 
sensors can be used. One such sensor is HyPer, 
discussed later in the chapter. For a normal 
physiological functioning of the cell, concen-
tration of H 2 O 2  should be in the range of 
1–15 μM. Exposure to ≥50 μM H 2 O 2  is cyto-
toxic to a wide range of cells in culture, and 
when it exceeds 100 μM, it might result into 
serious diseases [ 7 ]. Level of H 2 O 2  is elevated 
beyond 100 μM in response to stimulation by 
several growth factors including insulin, plate-
let-derived growth factor (PDGF), transform-
ing growth factor β (TGF β), and fi broblast 
growth factor (FGF). For instance, in brain 
acute exposure to H 2 O 2  blocks neurotransmit-
ters like dopamine and norepinephrine affect-
ing neurotransmission negatively. H 2 O 2  
concentration in cell is involved in the regula-
tion of protein modifi cation such as addition of 
the SUMO (small ubiquitin-like modifi ers) 
group to the protein. When present in lower 
concentration, it acts as a secondary messenger 
activating different sensory proteins and play-
ing a role in signal transduction in the body.  
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3     H 2 O 2  Sensing 

3.1     Effi cient Sensor 
Characterization 

 Sensing is the change in the activity of a gene or a 
protein including transcription factors on expo-
sure to H 2 O 2 . The activity can increase or decrease 
with an increase or decrease in the concentration 
of H 2 O 2 . A good sensor should interact selectively 
with the molecule and transmit the signal down-
stream and should not interfere with the structure 
or property of the molecule. The sensor should be 
able to transmit the signal at a very low concentra-
tion, and it should be sensitive towards rapid 
slight changes in the concentration of the chemi-
cal. It should be dynamic enough such that it gets 
activated before the signal gets terminated [ 8 ].  

3.2     H 2 O 2  Sensors in Humans 

 There are at least two sensors: one located in 
pulmonary neuroepithelial bodies (NEB) and 

the other in carotid bodies in blood vessels. 
H 2 O 2  production causes constriction of the 
lungs and blood vessels. Pulmonary NEBs 
resembling chemoreceptors are distributed in 
airway mucosa of the lungs [ 9 ]. Under normal 
oxygen condition, when NEB cells are exposed 
to hydrogen peroxide, there occurs an increase 
in outward K + current [ 10 ]. An increase in 
blood oxygen level causes activation of 
NADPH oxidase further increasing the produc-
tion of H 2 O 2  inhibiting the secretion of sero-
tonin, resulting in the opening of K + channel. 
This results into constriction of the airways of 
lungs, decreasing oxygen supply to the body. 
In carotid body, glutathione peroxidase is 
responsible for scavenging H 2 O 2 . The cyto-
chrome b in these bodies acts as a sensor in 
chemoreception controlling the degradation of 
H 2 O 2  by glutathione to control the K + conduc-
tivity of carotid body cells. The opening of the 
channel leads to release of catecholamines and 
hence dilation of the blood vessels [ 11 ,  12 ]. 
These sensors thus activated by H 2 O 2  play an 
important role in antioxidant defense of the 
organism (Fig.  1 ).

  Fig. 1    Sensing of H 2 O 2        
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3.3        HyPer 

 Other than the previously discussed natural sen-
sors, a highly specifi c genetically encoded probe 
HyPer has been designed to detect the presence of 
H 2 O 2  inside the cell. It determines the submicro-
molar quantities of H 2 O 2  without being sensitive 
to other oxidants. It is based on circularly per-
muted Yellow Fluorescent Protein (cpYFP) which 
is inserted into the regulatory domain of the H 2 O 2 -
sensing protein oxyR. OxyR is a transcription fac-
tor in eukaryotes, which senses H 2 O 2  by the 
formation of intramolecular disulfi de bonds. It is a 
prototype of proteins whose function is activated 
by H 2 O 2  via cysteine modifi cation [ 13 ]. HyPer is 
used to detect fast changes in H 2 O 2  level in the dif-
ferent cellular compartments, without generating 
any artifactual ROS. When no H 2 O 2  is present, 
HyPer gives two excitation maxima at 500 nm and 
420 nm. In the presence of H 2 O 2 , there occurs a 
proportional decrease in the excitation peak at 
420 nm with an increase in the excitation peak at 
500 nm [ 14 ].   

4     Hydrogen Peroxide 
Signaling 

4.1     Biological Factors of H 2 O 2  
Production 

 The enzymatic reaction involved in the produc-
tion of H 2 O 2  varies with the cell organelle. In 
chloroplasts it is produced via Mehler reaction, in 
mitochondria through electron transport chain, 
and in peroxisomes via photorespiration [ 15 ]. 
H 2 O 2  acts as a mediator in various pathways. But 
for it to act as a signaling molecule there must be 
a regulated synthesis, a specifi c response, and a 
specifi c cellular target. Also H 2 O 2  must be able to 
evade from antioxidants so as to act as a signaling 
molecule (Fig.  2 ). Major biological sources of 
H 2 O 2  involves the catalytic or spontaneous break-
down of superoxide anions that are produced by 
the partial reduction of oxygen during aerobic 
respiration or due to exposure of cells to other 
stresses [ 16 ].

  Fig. 2    Hydrogen peroxide function in the biological system       
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4.2        Regulated Formation of H 2 O 2  

 In response to various stimuli, NOX complexes 
are involved in the generation of H 2 O 2 . These 
complexes present in peroxisomes are involved in 
generating O 2  when there is an attack by microor-
ganisms. There are multiple isoforms of the cata-
lytic units of these complexes that provide a 
highly regulated signaling pathway by utilizing 
H 2 O 2 . gp91phox (NOX2), which is a predomi-
nantly characterized NOX complex [ 17 ], consists 
of a catalytic subunit and a GTP-binding protein 
Rac. The catalytic subunit is bound to multiple 
regulatory subunits p22phox and p40phox. 
C-terminal is the cytoplasmic domain containing 
an NADPH binding site and a bound FAD. The 
N-terminal portion consists of six membrane-
spanning helices that are bound with two iron-
containing heme prosthetic groups. The main 
function of this complex is O 2  generation, but 
some isoforms particularly DUOX1 and DUOX2 
may also release H 2 O 2  as the primary product 
rather than O 2  [ 18 ]. 

 In humans there are seven isoforms of gp91phox. 
NOX1, NOX2, NOX3, and NOX4 are similar to 
gp91phox as described above. But the NOX5 
isoform contains an additional calmodulin- like 
domain present on the N-terminal domain. This 
calmodulin-like domain contains four calcium 
binding sites, allowing the isoform to be regulated 
by intracellular calcium levels. gp91phox is 
activated by the help of three distinct components: 
phosphorylation of p47phox, Rac guanine nucleotide 
exchange, and metabolism of phospholipids. 
Initially phosphorylation of the regulator p47phox 
leads to the translocation of cytoplasmic p47phox, 
along with the regulatory components p67phox 
and p40phox, to plasma membrane to interact with 
fl avocytochrome b558 (composed of gp91phox 
and p22phox) [ 19 ]. Activation is further enhanced 
by guanine nucleotide exchange on the GTP- 
binding protein RAC which promotes dissociation 
of Rac from RhoGDI and its association with the 
plasma membrane. Activated Rac binds to 
p67phox, enabling the formation of active NOX 
complex. These enzyme complexes then serve to 
generate H 2 O 2  in a regulated fashion for signal 
transduction. 

 H 2 O 2  signaling in mammals can be understood 
by focusing on the signaling events actually stim-
ulated by the low physiologic concentrations of 
H 2 O 2  that stimulate cell growth and proliferation. 
The low concentrations of H 2 O 2  that stimulate 
proliferation of mammalian cells have been dem-
onstrated to encourage the induction of specifi c 
genes and upregulation of specifi c proteins.  

4.3     H 2 O 2  Production Facilitated 
by Receptors 

 The best studied receptor is the PDGF (platelet- 
derived growth factor) receptor. When PDGF binds 
to its receptor, it results in autophosphorylation of 
the tyrosine residues. These phosphotyrosine resi-
dues then initiate the signaling cascade. There are 
seven autophosphorylation sites in the PDGF-β 
receptor which are specifi c sites for Src (Tyr579 
and Tyr581), PtdIns 3-kinase (PI3K, Tyr740, and 
Tyr751), GAP (Tyr771), SH2 domain-containing 
protein tyrosine phosphatase-2 (SHP-2, Tyr1009), 
and PLC- ƴ1 (Tyr1021). Experimentally it has been 
shown that only the PI3K binding site is suffi cient 
for PDGF-induced hydrogen peroxide production 
[ 20 ].  

4.4     H 2 O 2 -Induced Biological 
Responses 

 H 2 O 2  production in the body activates a complex 
network of genes and proteins with different 
H 2 O 2  concentrations activating different path-
ways. The primary response towards H 2 O 2  pro-
duction is the activation of antioxidants along 
with the transcription of repair proteins. 

 Cysteine residues of most proteins present in 
the cytosol, are protonated due to low pH of the 
cytosol so that they are unable to be sensed by 
H 2 O 2 . Hence it is necessary that sensor proteins 
have low pKa to get utilized by H 2 O 2  as a signal-
ing molecule [ 21 ]. H 2 O 2  may also directly oxi-
dize some transcription factors (TFs) in either the 
cytoplasm or nucleus. These TFs further interact 
with similar H 2 O 2  response elements and modu-
late gene expression. One best example of such 
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factors is the oxyR transcriptional activator [ 22 ]. 
This activator gets directly oxidized in response 
to hydrogen peroxide. Although both oxidized 
and reduced oxyR can bind to the DNA, only the 
oxidized form of oxyR can activate transcription 
of antioxidant genes. When H 2 O 2  interacts with 
cysteine residues, it generates many modifi ed 
species that are the cysteine sulfenic acid and sul-
fonic acids. Sulfenic acids are reversible and 
most common cysteine alterations while the sul-
fonic acids are irreversible alterations [ 23 ]. Apart 
from this, H 2 O 2  can also be altered or intercon-
verted to other oxidative species such as hypo-
chlorous acids and superoxide. In normal human 
plasma it has been found that H 2 O 2,  generated by 
phagocytes and activated neutrophils ranges from 
1 to 8 mM. But phagocytes are found to generate 
higher levels of H 2 O 2  than other cells. Increased 
levels of H 2 O 2  have been found in various dis-
eases including lung diseases and cardiac dis-
eases. The level of H 2 O 2  is lowered down by NO 
which competes with superoxide dismutase for 
the superoxide anion to form peroxynitrite. 
Intracellularly, superoxide is generated by one 
electron reduction of oxygen by NADPH oxidase 
complexes that are present in the plasma and 
nuclear membranes. 

 In case of eukaryotes, protein tyrosine phos-
phatases (PTPs) play a major role in controlling 
signaling events initiated in response to many 
driving factors, including growth factors and 
cytokines. PTPs become susceptible to inactivation 
by H 2 O 2  in the presence of deprotonated cysteine 
residues. In case of some PTPs, for example, 
Cdc25C, LMW-PTP, and PTEN PIP3 phospha-
tase, disulfi de bond formation with a neighboring 
cysteine residue protects the catalytic cysteine 
residue from further getting oxidized. H 2 O 2  also 
reacts with Fe 2 + and its cofactors found in some 
proteins that are potentially susceptible to oxida-
tion. For example, PerR transcription repressor 
found in  Bacillus subtilis  contains two metal 
binding sites: a structural Zn 2 + binding site and a 
regulatory Fe 2 + binding site [ 24 ]. PerR contain-
ing Fe 2 + at the regulatory site, binds to DNA, and 
represses the expression of target genes encoding 
antioxidant enzymes, such as catalase [ 25 ]. In 
presence of H 2 O 2 , derepression of PerR- regulated 
gene expression occurs due to oxidation of two 
Fe 2 + coordinating histidine residues. The involve-
ment of Fe in this mechanism means that the 
response of PerR to hydrogen peroxide is modu-
lated by the levels of both hydrogen peroxide and 
Fe (Fig.  3 ).

  Fig. 3    Production of H 2 O 2  in the cell and outside the cell       
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   YAP1 or YAP2 are the genes which get 
 transcribed in response to H 2 O 2  produced during 
oxidative stress .  These genes make sure that the 
oxidation-preventing enzymes in the body gets 
activated [ 26 ]. Yap1 transcription factor normally 
resides in the cytoplasm due to the nuclear export 
by the nuclear export receptor Crm1/Xpo1. Upon 
H 2 O 2  exposure, disulfi de bonds are formed 
between two cysteine residues (C303 and C598) 
in the C-terminal domain. This changes the con-
formation of the Yap1 and prevents its recogni-
tion by the Crm1 receptor [ 27 ]. Resulting in the 
accumulation of Yap1 in the nucleus. 

 Other transcriptional factors regulated by 
H 2 O 2  are SP1, NOTCH, AP1, CREB, TP53, and 
HIF1. As these are the factors playing a role in 
the cell cycle regulation, apoptosis, cell survival 
and development tight regulation of these fac-
tors is required. In the cell, there occurs a gradi-
ent of H 2 O 2  across different compartments, 
making the DNA less susceptible to damages by 
the toxicity and suggesting a role of H 2 O 2  as a 
secondary messenger. It brings about the 
changes in the structure and function of proteins 
through posttranscriptional modifi cations or 
other processing [ 28 ]. 

 H 2 O 2  exposure of the cell leads to ADP-ribose 
formation in the nucleus and mitochondria by the 
enzyme poly ADP-ribose polymerase (PARP), 
which activates and opens transient receptor 
potential melastatin (TRPM) 2 channels [ 29 ,  30 ]. 
In mammals, six TRP receptors are found: TRPC, 
TRPV, TRPM, TRPML, TRMV, and TRPA. These 
channels are present ubiquitously, indicating a 
diverse range of functions in the body. Although 
the major physiological role of these proteins is 
not clear, they are known to play a role in sensory 
transduction for stimuli like touch, osmolarity, 
temperature, and pheromones including other 
stimuli inside and outside the cell [ 31 ]. TRPM 2 is 
a member of cation channels, which is mostly 
expressed in brain, lungs, heart, and in the cells of 
the immune system [ 32 ,  33 ]. It has an important 
role in the release of insulin from pancreatic cells. 
Loss of this receptor is also known to negatively 
infl uence the activity of macrophages. The bind-
ing of ADP-ribose to the Nudix box sequence 
motif (NUDT9-H) in the C-terminal domain of 

TRPM2 changes its conformation resulting in its 
opening. This results in the calcium entry into the 
cell, eliciting the calcium- dependent signaling 
processes [ 34 ]. The exact mechanism of the acti-
vation of the TRPM2 is not well understood. 

 Apart from this, H 2 O 2  is also involved in 
 oxidative biosynthesis. One such example involves 
the formation of tyr-try protein cross-link formed 
during fertilization envelope of sea urchin eggs 
[ 35 ]. These cross-links are formed oxidatively by 
the heme-dependent oxyperoxidase by utilizing 
H 2 O 2  that is generated by NADPH oxidase Udx1. 
In mammals H 2 O 2 -mediated oxidative biosynthesis 
includes the formation of mono- and diiodotyro-
sine residues, catalyzed by heme-dependent thy-
roid peroxidases, by utilizing H 2 O 2  formed by 
NADPH oxidases DUOX1 and DUOX2 during the 
biosynthesis of thyroid hormone.  

4.5     Antioxidant Enzyme 
Involvement in Response 
Regulation of H 2 O 2  

 Generation of H 2 O 2  is not only dependent on the 
above factors but its production is also limited to 
the presence of enzymatic and nonenzymatic cel-
lular antioxidants. Antioxidant enzymes like cat-
alase, glutathione peroxidase, and thioredoxin 
peroxidase are mainly involved in its regulation. 
Catalase is highly expressed in peroxisomes 
where the level of ROS remains high. It utilizes a 
heme prosthetic group for the catalytic reduction 
of H 2 O 2 , while thioredoxin utilizes the cysteine 
residues and glutathione peroxidase utilizes the 
selenocysteine residues [ 36 ]. These enzymes are 
found to be expressed in various cellular loca-
tions so as to provide better protection against 
H 2 O 2 . 

 Several antioxidant enzymes also undergo 
posttranslational modifi cations to regulate the 
peroxide detoxifying activity of the enzyme. 
Several eukaryotic antioxidant enzymes, such 
as 2-Cys peroxiredoxins (PRX), thioredoxin, 
 glutathione peroxidase (GPX), and catalase are 
regulated by oxidation, phosphorylation (P), 
ubiquitination (Ub), and/or protein-protein interac-
tions (e.g., thioredoxin with TXNIP). Regulation 
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of tyrosine phosphorylation of catalase provides 
a mechanism for initiating distinct responses to 
low and high levels of peroxide [ 37 ]. On the other 
hand, thioredoxin peroxidase activity of a mam-
malian typical 2-Cys Prx is inhibited by phos-
phorylation by the Cdc2 cyclin- dependent kinase 
(Cdk) during mitosis [ 38 ]. When the level of 
H 2 O 2  is low, thioredoxin peroxidase activity is 
found to be inactivated in eukaryotic 2-Cys Prx 
by its over-oxidation at the peroxidatic cysteine 
to sulfi nic acid [ 39 ]. This increased susceptibility 
to over-oxidation was linked to the presence of 
specifi c amino acids, inserted near the C termi-
nus, that reduces the rate of formation of the 
disulfi de between the peroxidatic and resolving 
cysteines of typical 2-Cys Prx, further increasing 
oxidation of the sulfenic intermediate by hydrogen 
peroxide [ 40 ]. 

 Fe is often present at the active site of pro-
teins, rendering these proteins exposed as targets 
for hydrogen peroxide-induced damage [ 41 ]. The 
presence of abundant enzymatic and nonenzy-
matic antioxidants helps prevent this damage by 
removing hydrogen peroxide before it reaches 
susceptible proteins. As well as increased seques-
tration of Fe, another common bacterial response 
inhibit the uptake of extracellular Fe and increase 
uptake of Mn (and to a lesser extent Zn), possibly 
by replacing Fe in the active sites of many Fe pro-
teins and thus protecting them from metal-cata-
lyzed oxidation (MCO) by hydrogen peroxide.   

5     Specifi c H 2 O 2  Responses 

5.1     SUMOylation 

 SUMO (small ubiquitin-like modifi ers) are the 
proteins that are attached to other proteins in their 
posttranslational modifi cation. SUMOylation is 
an ATP-dependent process similar to ubiquitina-
tion, directed by a cascade of enzymes but here 
the protein is not directed toward its degradation, 
rather SUMO binding can modify a protein’s 
activity, localization, and its ability to bind to 
other proteins or DNA. These are expressed 

under stress conditions. There are four SUMO 
isoforms in humans: SUMO-1, SUMO-2, SUMO-, 
and SUMO4. SUMO1, SUMO2, and SUMO 3 
are majorly expressed in all types of tissues 
whereas SUMO 4 is expressed in the liver, kidney, 
and lymph nodes. The process of SUMOylation 
involves three enzymes: SUMO- activating enzyme 
E1 (Uba2-Aos1), SUMO- conjugating enzyme E2 
(Ubc9), and the third enzyme E3 which facilitates 
conjugation [ 42 ]. Hydrogen peroxide is known to 
play an important role in the SUMOylation pro-
cess. It has been found that higher level (concen-
tration >10 mM) of H 2 O 2  is linked to an increased 
protein SUMOylation while a reduced level 
(1 mM concentration) is responsible for de-
SUMOylation [ 43 ]. The inhibition of 
SUMOylation occurs by the formation of disul-
fi de bonds with the catalytic cysteine residue of 
the SUMO E1 subunit Uba2 and the E2-conjugating 
enzyme Ubc9 while its activation occurs by the 
formation of SUMO E1 and SUMO E2 thioester 
intermediates [ 44 ,  45 ]. This regulation deter-
mines the biological response with different H 2 O 2  
concentration in the cell.  

5.2     Angiotensin II and Thrombin- 
Mediated H 2 O 2  Signal 
Transduction 

 Angiotensin II (AngII) activation of p38 MAP 
kinase in vascular smooth muscle cells is the 
most studied oxidation-dependent signaling 
pathway. In the absence of AngII, levels of H 2 O 2  
(100–200 μ M ) increase due to which phosphory-
lation of p38 MAP kinase is stimulated. AngII, a 
major factor stimulating the growth of smooth 
muscle cell in vascular systems, acts through the 
G-protein-coupled AT1 receptor [ 46 ]. It triggers 
the release of O 2 /H 2 O 2  from vascular smooth 
muscle cells. This generation of the ROS is inhib-
ited by binding of antisense RNA to the p22phox 
component of the NOX complexes [ 47 ]. A simi-
lar pathway is that of thrombin stimulation of p38 
MAP kinase phosphorylation in vascular smooth 
muscle cells. Thrombin is a component of the 
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coagulation cascade that helps in the stimulation 
of smooth muscle cell proliferation [ 48 ]. It also 
stimulates the release of H 2 O 2  and O 2  from vascu-
lar smooth muscle cells. Thrombin-induced pro-
liferation is found to be inhibited by extracellular 
catalase [ 49 ]. 

 AngII also stimulates the activation of Ras 
and the formation of Ras–SSG which is an oxi-
dized form of Ras, in which Cys118 is in a mixed 
disulfi de form with glutathione. This generation 
of Ras–SSG in response to AngII is inhibited by 
the overexpression of catalase. While in the 
absence of AngII, when H 2 O 2  is present in higher 
concentration (250 μM), it results in the activa-
tion of Ras. Activation of Ras leads to the even-
tual phosphorylation of p38 MAP kinase as 
discussed above. 

 The TDPs (thiolate-dependent phosphatases) 
including tyrosine phosphatases, dual-specifi city 
phosphatases, and lipid phosphatases represent 
oxidation-dependent step in multiple signal trans-
duction pathways. In humans there are approxi-
mately 103 distinct TDPs present which are 
involved in various signaling pathways [ 50 ]. The 
thiolate moiety at the active sites of TDPs reacts 
with H 2 O 2  to generate the sulfenic acid. The 
sulfenic acid then typically reacts with a second 
nucleophile, the nature of which is dependent on 
the specifi c environment of the individual enzyme’s 
active site. The sulfenic acid reacts with a back-
bone of amide nitrogen to generate the sulfenyl 

amide in PTP-1B and with a second Cys-thiol to 
generate a disulfi de bond in the Cdc25B dual-
specifi city phosphatase [ 51 ].  

5.3     Regulation of Endothelial 
Infl ammatory Responses by 
Hydrogen Peroxide 

 When endothelial cells are exposed to H 2 O 2 , vari-
ous infl ammatory proteins such as VCAM (vascu-
lar cell adhesion molecule-1), ICAM (intercellular 
adhesion molecule-1), and MCP (monocyte che-
moattractant protein-1) get activated. H 2 O 2  also 
requires extracellular stimuli such as TNFα for 
the activation of ICAM-1 and VCAM-1. All these 
molecules including ICAM- 1, VCAM-1, MCP-1, 
PAF (platelet-activating factor), and P-selectin 
then further mediate neutrophil adhesion to the 
endothelium [ 52 ]. PAF and P-selectin also facili-
tate platelet activation and endothelium–platelet 
interaction (Fig.  4 ).

   O2 – and H 2 O 2  are produced in vascular cells by 
multiple enzymatic systems including vascular 
NAD(P)H oxidases, mitochondrion, xanthine 
oxidase, and uncoupled eNOS as explained 
above. Some of the O2 –  are degraded by reacting 
with NO, but some are preserved by dismutation 
into H 2 O 2  that results in the prolonged signaling. 
Selectively overproducing or removing H 2 O 2  sig-
nifi cantly alters atherogenesis [ 53 ].  

  Fig. 4    Infl ammatory responses by H 2 O 2  on endothelial cells       
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5.4     Regulation of Endothelial 
Cell Growth and Proliferation 
by H 2 O 2  

 NAD(P)H oxidase-derived H 2 O 2  is also gener-
ated in vascular cells including endothelial cells, 
vascular smooth muscle, and fi broblasts. NAD 
(P)H oxidase-derived H 2 O 2  is capable of amplify-
ing ROS production in vascular cells. Propagation 
of these cells also occurs via other mechanisms 
including intracellular iron uptake, activation of 
sources of mitochondria, NAD (P)H oxidases, 
xanthine oxidase, and uncoupled eNOS. These 
mechanisms amplify and sustain H 2 O 2  produc-
tion in large amounts, contributing to continued 
pathological signaling. H 2 O 2  generated by xan-
thine oxidase helps in enhanced endothelial cell 
growth [ 54 ]. It leads to various downstream pro-
cesses including the Flk1/KDR that further acti-
vates the ERK1/2 [ 55 ]. The effector protein 
(p90RSK) of this ERK1/2 is activated by H 2 O 2  in 
the endothelial cells. When there are mitogenic 
stimuli such as vascular endothelial growth factor 
(VEGF), vascular NAD (P)H oxidases get acti-
vated to form superoxide and hydrogen peroxide. 
This mediates activation of p38 MAPK, ERK1/2, 
and transcriptional factors that are involved in 
growth signaling. H 2 O 2  also upregulates the 
endothelial expression of VEGF. Higher level of 
H 2 O 2  (exceeding 200 Amol/L) leads to endothe-
lial apoptosis. This is also regulated by the trans-
ferrin receptor (TfR)-dependent intracellular iron 
uptake and activations of mitochondrion, FAS, 
and JNK/c-Jun pathway. Other signaling path-
ways like activation of eIF4E and eukaryotic ini-
tiation factor of protein synthesis are also 
enhanced that is effective in promoting endothe-
lial cell tube formation [ 56 ,  57 ].  

5.5     Enzyme Metabolism of H 2 O 2  
in Cardiac Diseases 

 Heart has signifi cant amounts of catalase, which 
helps in the decomposition of H 2 O 2 . Mammalian 
cells contain myeloperoxidase enzyme and mul-
tiple peroxiredoxin isoforms, which help in con-
trolling basal cellular levels of H 2 O 2 . These 

enzymes have Km for H 2 O 2  in the tens of 
 micromolar range [ 58 ]. Peroxiredoxins may act 
as checkers of oxidant signaling, as higher H 2 O 2  
induces hyperoxidation of the peroxiredoxin cat-
alytic cysteine to sulfi nic acid, causing inhibition. 
Hyperoxidation has been demonstrated in response 
to peroxides generated endogenously by an effec-
tor molecule such as glucose oxidase or TNFα, 
supporting peroxiredoxin hyperoxidation as a 
physiological event [ 59 ]. This leads to the possibil-
ity that cellular H 2 O 2  concentration can rise beyond 
the Km of these proteins for H 2 O 2 , exerting bio-
logical effects (oxidant signaling). Although 
exogenous H 2 O 2  concentration of 0.1–1 mM is 
required for peroxiredoxin sulfi nic acid forma-
tion, the intracellular concentration at this time 
remains unknown.   

6     Conclusion 

 Increased levels of hydrogen peroxide in cells 
can lead to oxidative stress ultimately leading to 
cellular damage. However, in higher eukaryotes 
it has been found that hydrogen peroxide also 
works as a signaling molecule to regulate many 
different cellular processes. Hence, hydrogen 
peroxide can have both positive (signaling) and 
negative (damaging) effects on the cell. However 
for it to act as a signaling molecule, there must be 
a regulated synthesis, specifi c response, and spe-
cifi c cellular target. Also, it must be able to evade 
from antioxidants so as to act as a signaling mol-
ecule. Levels of H 2 O 2  should be maintained, and 
different levels regulate different functions. A 
lower concentration of H 2 O 2  triggers the activity 
of antioxidants that lower the ROS level leading 
to cell survival, while a higher concentration acti-
vates prooxidants, thus increasing the ROS level 
causing the cell to undergo apoptosis. H 2 O 2  inter-
act with cysteine residues within proteins to start 
the signaling cascade. A deprotonated cysteine 
residue present in protein makes it susceptible to 
undergo oxidation by H 2 O 2 . The cysteine resi-
dues of most protein present in the cytosol are 
protonated due to the low pH of the cytosol mak-
ing them unable to be sensed by H 2 O 2 . So it is 
necessary that sensor proteins have low pKa to 
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get utilized by H 2 O 2  as a signaling molecule. 
H 2 O 2  is also involved in direct oxidation of some 
transcription factors in either the cytoplasm or 
nucleus. These TFs further interact with H 2 O 2  
response elements and modulate gene expres-
sion. One best example of such factors is the 
oxyR transcriptional activator. Apart from these 
transcriptional factors, NOX complexes are also 
involved in the generation of H 2 O 2  in response to 
various stimuli. So    H 2 O 2  as a signaling molecule 
is becoming important from the point of view of 
research, and further exploring it will lead to the 
eradication of various diseases.     
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    Abstract  

  Oxidative stress-induced lipid peroxidation is known to produce mediators 
that are implicated in the pathophysiology of a wide range of infl ammatory 
diseases. In many infl ammatory diseases, various lipid-derived aldehydes 
(LDAs) including 4-hydroxy-trans- 2-nonenal (HNE), acrolein, and malo-
ndialdehyde (MDA) have been identifi ed. The reactive oxygen species 
(ROS), generated by various oxidants, attack the membrane lipids result-
ing into lipid peroxidation which forms a number of potentially toxic lipid 
aldehydes. The lipid aldehydes activate upstream signaling kinases and 
subsequently alter the redox signaling pathway resulting in cytotoxicity 
such as excessive cell proliferation or cell death. Further, LDAs also cause 
posttranslational modifi cation of various other cellular proteins and genetic 
material, deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), lead-
ing to cytotoxicity and genotoxicity. HNE, one of the highly reactive lipid 
aldehyde, directly as well as indirectly in the form of glutathione conjugate, 
has been implicated in the activation of protein kinase cascades leading to 
the activation of redox-sensitive transcription factors such as NF-κB and 
AP-1. The activated transcription factors translocate to the nucleus and 
transcribe several infl ammatory marker genes including cytokines, 
chemokines, and various cellular proteins involved in cell survival, cell 
differentiation, and cell death eventually resulting in the pathogenesis of 
various diseases. Thus, a clear understanding of oxidative stress-generated 
LDA-induced alteration in cellular physiology would provide opportunities 
to prevent or ameliorate a number of infl ammatory diseases.  
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1         Introduction 

 A number of oxidative stress-induced infl ammatory 
pathologies including obesity, diabetes, cardio-
vascular complications, neural degeneration and 
aging, hepatotoxicity, nephrotoxicity, carcino-
genesis, smoke-induced lung infl ammation, 
retinopathy, and others have been linked with 
oxidative stress and subsequent generation of 
lipid-derived aldehydes (LDAs) [ 1 – 10 ]. Oxidative 
stress is known to generate different types of free 
radicals which then attack the membrane lipids, 
particularly the polyunsaturated fatty acids 
(PUFA) such as arachidonic acid. Because of the 
presence of unsaturation, PUFAs are highly sus-
ceptible to the free radical attack and are the pri-
mary source of LDAs. Attack by free radicals 
leads to the peroxidation of membrane lipids and 
generation of highly reactive and electrophilic α, 
β-unsaturated aldehydes. LDAs are highly toxic 
because of their reactivity with nucleophilic 
cellular biomolecules and ability to easily form 
adducts with protein and DNA without prior 
metabolic activation [ 11 ]. Although LDAs are 
relatively stable than their parental free radicals 
such as oxygen and hydroxyl free radicals, they 
are highly reactive molecules due to electrophilic 
nature [ 12 ]. Among various LDAs, HNE and 
MDA are produced abundantly upon lipid per-
oxidation, whereas acrolein is the most reactive 
of all LDAs [ 13 ]. Because of tendency to attract 
electrons and presence of unsaturation, LDAs 
have the tendency to readily react with nucleo-
philes including thiols and amines containing 
cellular macromolecules such as proteins and 
nucleic acids. LDAs form adducts (Michael 
adduct and Schiff base, respectively) with these 
important biomolecules which is known to cause 
cellular damage and accumulation of chemically 
altered macromolecules [ 14 ]. Such conjugates 
and adducts of LDAs with proteins and nucleic 

acids have been identifi ed in many diseases; for 
example, HNE-protein adducts were detected in 
mitotic, necrotic, and apoptotic cells in brain 
tissue [ 15 ]. A number of studies have also 
revealed association of LDAs with the progres-
sion of infl ammatory diseases such as chronic 
obstructive pulmonary disease (COPD) [ 9 ], 
atherosclerosis [ 16 ], Alzheimer’s disease [ 4 ,  5 ], 
and stroke [ 17 ] based on the presence of LDAs in 
the affected tissues. LDAs such as MDA, acrolein, 
HNE, and 4-hydroxyhexenal (HHE) have been 
identifi ed in the diseased tissue [ 5 ,  15 ,  18 ,  19 ]. 
The concentration of HNE, the most abundant 
LDA, has been reported to be up to 10 nanomols 
per gram tissue [ 12 ]. Since LDAs are known to 
disrupt the cellular homeostasis by modifying 
and/or damaging cellular proteins and nucleic 
acids besides altering cellular signaling events 
leading to cytotoxicity and pathogenesis, in this 
chapter, we have discussed the mechanism of 
LDA production and their roles in regulating 
infl ammatory signaling pathways that activate 
transcription factors and other modulators 
which in turn cause a number of infl ammatory 
pathogenesis.  

2     Mechanism of Reactive 
Oxygen Species (ROS) 
Production and Lipid 
Peroxidation 

 In eukaryotic system, especially aerobes, the 
importance of oxygen in cell growth and mainte-
nance is well understood. Although oxygen is 
indispensible for life in most organisms, some of 
its metabolic derivatives can be toxic. A variety 
of highly reactive chemical species, called free 
radicals or reactive oxygen species (ROS), are 
formed as the by-product of the oxygen utilization. 
It is interesting here to note that on the one hand, 
ROS are considered important bimolecular entity 
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regulating normal cellular functions such as 
growth factor-induced growth, development, and 
morphogenesis; on the other hand, their toxic 
by-products are detrimental to the cells. This 
noticeable paradox regarding the roles of ROS 
could be, at least in part, related to differences in 
the ROS concentrations. ROS are recognized as 
natural players in the normal metabolism of oxy-
gen and thus have signifi cant roles in cell signal-
ing and homeostasis [ 20 ]. However, in stressful 
condition such as exposure to endogenous or 
exogenous oxidants, carcinogens, and radiation, 
the levels of ROS can increase dramatically, com-
promising the cellular structure and function that 
lead to oxidative stress, infl ammation, and dis-
ease. Different types of ROS include superoxide 
anions (O 2  − ), hydroxyl radicals (˙OH), nitric 
oxide radicals (NO˙), and their by-products such 
as lipid peroxides and hydrogen peroxide, H 2 O 2 . 

 There are several ways in which ROS can be 
formed. In the context of cells, the source of ROS 
could be exogenous such as environmental pol-
lutants, tobacco smoke, drugs and ionizing radia-
tion, or endogenous such as via mitochondria or 
nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase (NOX). Ionizing radiation 
causes water in the cells to lose an electron and 
convert into hydroxyl radical (˙OH), which then 
in sequential steps converted into hydrogen per-
oxide (H 2 O 2 ), superoxides (O˙ 2  − ), and fi nally into 
molecular oxygen (O 2 ). The hydroxyl radical 
being highly reactive can react with any molecule 
and extract an electron converting them into free 
radical and thus continue a chain reaction. 
Endogenously, excessive ROS can be produced 
by dysfunctional mitochondria [ 21 ]. Electron 
leaks from the mitochondrial membrane may 
reduce oxygen, a terminal electron accepter, into 
superoxide anion (O˙ 2  − ). Further, the NOX family 
of NADPH oxidases shares the capability to 
transport electrons across the plasma membrane 
and generate superoxide and other reactive oxy-
gen species in the cells, e.g., allergic pollens have 
been shown to produce ROS in the lungs by this 
mechanism [ 22 ], and it is a well-known mecha-
nism (oxidative burst) of professional phagocytes 
to kill invading pathogens. Indeed, the phagocytic 
cells are endowed with a well-characterized O˙ 2  −  
generating NOX family of proteins in plasma 

membrane capable of producing large amounts 
of ROS that they use in host defense [ 23 ]. 
Emerging evidence also suggests the role of smooth 
endoplasmic reticulum (without ribosomes), 
which contains enzymes that detoxify lipid-soluble 
drugs and other harmful metabolic products, in 
superoxide production [ 24 ]. The cytochrome 
 p - 450  and  b   5   families of enzymes can oxidize 
unsaturated fatty acids and xenobiotics and 
reduce molecular O 2  to produce superoxide (O˙ 2  − )  
[ 25 ,  26 ]. Peroxisomes, endowed with a number 
of H 2 O 2 -generating enzymes including glycolate 
oxidase, D-amino acid oxidase, urate oxidase, 
L-α-hydroxy acid oxidase, and fatty acyl-CoA 
oxidase, could be yet another source of cellular 
peroxides [ 27 ]. 

 Generated in excess, the superoxides are capa-
ble of causing oxidative damage to biomolecules 
such as peroxidation of membrane lipids, oxidation 
of amino acid side chains (especially cysteine), 
formation of protein-protein cross-links, oxidation 
of polypeptide backbones resulting in protein 
fragmentation, and DNA damage [ 28 ,  29 ]. The 
oxidation of membrane lipid is highly damaging 
because it on the one hand disrupts the membrane 
structure and function compromising the cellular 
homeostasis; on the other hand, it leads to the 
formation of toxic lipid peroxidation products 
leading to loss of cell function and severe cyto-
toxicity causing either uncontrolled cell growth 
(neoplasia) or cell death (apoptosis) [ 30 ,  31 ]. 

 The lipid peroxidation includes a series of 
sequential chemical reactions that include initia-
tion, propagation, and termination (Fig.  1 ) [ 32 ]. 
In the initiation, free radicals such as hydroxyl 
radical (˙OH), alkoxyl radical (RO ̇  ), peroxyl 
radical (ROO ̇ ), and HO ̇   2   abstract hydrogen 
atom from the lipid molecule and produces a 
lipid free radical (L ̇  ), which in turn reacts with 
molecular oxygen and forms a lipid peroxyl radi-
cal (LOO ̇ ). In the propagation, which is a chain 
reaction, lipid peroxyl (LOO ̇ ) free radical spe-
cies removes hydrogen atom from another lipid 
molecule and produces a lipid hydroperoxide 
(LOOH) and generate a second lipid free radical 
(L ̇  ). The LOOH can further be reduced by met-
als, such as Fe ++ , forming a lipid alkoxyl radical 
(LO ̇ ). Both alkoxyl and peroxyl radicals attack 
the adjacent lipid molecules and cause excessive 
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lipid peroxidation by abstracting additional 
hydrogen atoms [ 33 ]. This results in the disrup-
tion of membrane lipids which disturbs the cell 
membrane causing alterations in membrane 
fluidity and permeability, alterations of ion 
transport, and suppression of normal metabolic 
processes [ 34 ]. In addition, LOOH may break 
down into highly reactive lipid-derived aldehydes 
(LDAs) such as MDA, crotonaldehyde, HNE, 
HHE, and acrolein in the presence of reduced 
metals or ascorbate [ 12 ,  35 ]. In the termination, 
formation of a hydroperoxide is achieved by the 
reaction of a peroxyl radical with α-tocopherol, a 
lipophilic chain-breaking molecule found in the 
cell membrane [ 33 ]. Termination can also result 
when a lipid radical (L ̇  ) reacts with lipid perox-
ide (LOO ̇ ) or when two peroxide molecules 
combine together and result in a nonreactive 
species LOOL or hydroxylated derivative (LOH), 
respectively, which are chemically more stable. 
Some of the lipid peroxides could also react with 
the membrane proteins and terminate the reaction 
[ 36 ,  37 ]. The propagation step of lipid peroxida-
tion is self-sustaining and continues until either 
substrate is consumed or the antioxidants or free 
radical quenchers terminate the reaction [ 37 ]. 
Thus, lipid peroxidation, being a self-sustaining 
reaction, amplifi es the effects of the oxygen free 
radical and cause extensive tissue damage.

3        Redox Signaling 
and Infl ammation 

 Redox signaling involves signaling mechanisms 
that utilize ROS to initiate processes which allow 
cells to survive exposure to oxidative stress 

within certain limits, and also to ensure cell 
death when stress and damage become too 
great [ 38 ]. Redox signaling can also be defi ned 
as  intracellular signaling pathways that are 
activated via changes in intracellular metabolic 
oxidation/reduction (redox) reactions involving 
ROS. Different ROS including superoxide and 
hydrogen peroxide have been implicated in acti-
vating signaling pathway that result in infl amma-
tion and cause infl ammatory disease including 
cancer, neurodegeneration, and cardiovascular 
disorders. Although several signal circuitries 
regulate ROS-inducible oxidative stress responses, 
the corresponding upstream ROS receptors are 
not known as yet. In stressed cells, ROS is gener-
ated as part of a defense reaction, initially 
intended to clear infectious and environmental 
threats, including microbial agents. However, 
excessively formed ROS such as  ̇  OH and H 2 O 2  
species can facilitate further oxidation and 
participate in intracellular signaling events that 
lead to infl ammatory response and subsequently 
to pathogenesis [ 39 ,  40 ]. The ROS-induced 
upstream signaling pathways which include 
stress response kinases and MAP kinases activate 
redox-sensitive transcription factors, of which 
nuclear factor-kappa B (NF-κB) is a prominent 
member [ 41 ]. A clear understanding of the vari-
ous facets of redox regulation of NF-κB and its 
target genes has advanced our understanding of 
infl ammatory processes [ 42 ]. Various pathogens, 
oxidants, cytokines, chemokines, and growth 
factors either via specifi c receptors or general 
oxidative stress induce the molecular signals that 
eventually lead to activation of a redox-sensitive 
transcription factor NF-κB [ 43 ]. NF-κB comprise a 
family of transcription factors that regulate 

  Fig. 1    Three reaction steps in free radical-initiated lipid (LH) peroxidation reaction that lead to the formation of highly 
reactive lipid molecules (LOO · ) that subsequently form lipid aldehydes       
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expression of numerous genes that play important 
roles in immune and stress responses, infl amma-
tion and apoptosis [ 44 ,  45 ]. The NF-κB family 
consists of fi ve well-characterized proteins p50, 
p52, RelA or p65, c-Rel, and RelB, which 
homo- or heterodimerize through Rel homology 
domain. These NF-κB-dimerized subunits, 
ubiquitously expressed in mammalian cells and 
highly conserved across the species, form bio-
logically active molecule of NF-κB, which 
translocates to the nucleus and transcribes var-
ious genes including infl ammatory cytokine 
and chemokines genes [ 46 ]. The expression of 
a large number of genes involved in apoptosis, 
cell growth, survival, differentiation, and immune 
response is regulated by NF-κB, which are 
associated with an array of infl ammatory 
diseases [ 45 ].  

4     Role of Oxidative Stress- 
Derived Lipid Aldehydes 
in Mediating NF-κB Redox 
Signaling 

 Cumulative evidences suggest that lipid alde-
hydes generated endogenously during ROS- 
induced process of lipid peroxidation are involved 
in several pathophysiological effects associated 
with oxidative stress in cells and tissues [ 47 ]. 
Although previously it was believed that lipid 
peroxidation products only elicit cellular dam-
age, recent evidence suggests that more varied 
effects dependent upon factors including their 
species, concentration, and protein target 
involved [ 48 ]. A growing number of studies 
now implicate LDAs in the cellular signaling 
[ 48 – 51 ]. The LDAs affect cellular processes in 
various ways including covalent and non-
covalent interactions with proteins [ 52 ,  53 ]. For 
example, LDAs interact with nucleophilic pro-
tein constituents, including amino acid residues 
such as cysteine, lysine, and histidine, and form 
protein adducts through Schiff base formation 
[ 54 ]. Another mechanism of protein adduct 
formation by LDAs is Michael addition, where 
thiolate groups of cysteine residues react with 

electrophilic carbons present in α, β-unsaturated 
carbonyls [ 52 ,  53 ]. 

 LDAs activate cell-signaling pathways mostly 
by non-covalent mechanisms that involves bind-
ing to a protein receptor or by covalently modify-
ing protein kinases or by activating pathways that 
cause calcium infl ux and further intracellular 
ROS formation. For example, HNE, besides 
being a cytotoxic lipid aldehyde, triggers phos-
phorylation of epidermal growth factor receptor 
(EGFR) at lower doses and activates downstream 
signaling intermediates such as ERK1/2 and pro-
tein kinase B (PKB) or Akt which are known to 
be involved in cell proliferation [ 10 ]. Similarly, 
HNE could evoke signaling mechanisms for 
 cellular defense and can self-regulate its toxicity 
and simultaneously may affect multiple signaling 
pathways through its interactions with membrane 
receptors and transcription factors/repressors 
[ 55 ]. Studies suggest that a constitutive level of 
HNE is needed for normal cell functions and any 
decrease in this level may promote proliferative 
machinery, while an increase may promote 
apoptotic signaling suggesting that HNE has 
concentration- dependent effects on key signaling 
components (e.g., protein kinase C, adenylate 
cyclase) which may be opposite to their fi nal 
effects on cells [ 56 ]. Further, HNE has been 
shown to modulate ligand-independent signaling 
by membrane receptors such as epidermal growth 
factor receptor (EGFR) or Fas (CD95) and as a 
sensor of external stimuli for eliciting stress 
response [ 56 ]. Biasi et al. showed that a signifi -
cant cross-talk between HNE-activated signaling 
pathways such as SAPK/JNK/AP-1 pathway and 
TGFβ1 activated Smad 2/3/4 pathway cooperated 
to increase apoptotic process in human colon 
cells [ 57 ]. Additionally, glutathione conjugates 
of LDAs (GS-LDAs) have been shown to act as 
secondary messengers and activate signaling 
molecules that eventually leads to activation of 
redox-sensitive transcription factors NF-κB 
and AP-1 and elicit various pathophysiological 
responses [ 58 ,  59 ]. A summary of regulation of 
potential signaling targets by HNE that modulate 
redox-sensitive transcription factors and in turn 
various cell functions is included in Fig.  2  [ 60 ].
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5        Activation of Signaling 
in Oxidative Stress-Induced 
Infl ammation 

 Increased oxidative stress is a hallmark of infl am-
matory diseases, and ROS has been suggested as 
an essential mediator of intracellular signaling 
leading to infl ammatory conditions [ 61 – 63 ]. It is 
well understood that ROS mediate the activation 
of redox-sensitive transcription factors NF-κB 
and AP-1, which in turn transcribe an array of 
infl ammatory cytokines, chemokines, and other 
infl ammatory marker genes [ 64 ]. Excessive and 
unrestrained production of infl ammatory media-
tors causes cytotoxicity in an autocrine and 
paracrine manner leading to tissue damage. 
Among various ROS-regulated and redox-sensitive 
transcription factors, NF-κB has been extensively 
studied and implicated in many oxidative stress- 
induced infl ammatory diseases. It is well known 
that phosphorylation of upstream protein kinases 
including protein kinase C (PKC), mitogen- 
activated protein kinase (MAPK), and IκB kinase 
(IKK) is activated by oxidative stress and in 
turn phosphorylates IκB and the subsequent 
ubiquitination of IκB activates NF-κB leading to 

transcription of infl ammatory mediators (Fig.  3 ) 
[ 45 ]. However, how exactly ROS activates these 
kinases is not clearly understood.

   This missing link in the ROS-induced activa-
tion of signaling cascade and activation of NF-κB 
has been provided by many evidences which 
implicate ROS-induced lipid peroxidation prod-
ucts such as lipid aldehydes in the activation of 
signaling cascade [ 58 ,  59 ]. Indeed, ROS-induced 
lipid peroxidation products have been suggested 
to be major contributor in the pathophysiology of 
many infl ammatory disorders. HNE, a peroxida-
tion product of arachidonic acid in the cell 
membrane, has been shown to be generated by 
bacterial infection, xenobiotics, environmental 
pollutants, and autoimmune disorders [ 65 ]. 
Acrolein, another highly reactive species generated 
both exo- and endogenously, is also implicated 
in many diseases including COPD, atherosclero-
sis, and Alzheimer’s diseases [ 4 ,  5 ,  9 ]. Depending 
upon their respective concentrations, both 
HNE and acrolein elicit varied physiological out-
comes and are known to activate upstream 
kinases including MAPK and PKC [ 66 – 68 ]. 
These evidences suggest that cellular enzymes 
that either regulate or metabolize LDAs could 
mediate oxidative stress signals. Accordingly, 

  Fig. 2    HNE regulates different potential signaling targets of various cell functions       
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HNE-metabolizing enzymes have been shown to 
modify and activate MAPKs and ROS-sensitive 
transcription factors [ 59 ]. The overexpression of 
antioxidants such as catalase or superoxide dis-
mutase (SOD) or treatment with antioxidants 
such as N-acetylcysteine (NAC) is known to 
diminish growth factor and cytokine- stimulated 
cell growth, which suggests that increased ROS 

production by growth factors and cytokines is an 
essential step in their effects on cell growth [ 69 , 
 70 ]. Studies have indeed indicated that ROS act 
as secondary messengers that activate NF-κB and 
infl uence the cellular functions of growth factors, 
cytokines, and other stimulants [ 71 ,  72 ]. These 
evidences clearly suggest that oxidative stress-
induced signaling is mediated by ROS-induced 

  Fig. 3    Activation of signaling cascade by lipid aldehyde leading to NF-κB activation and infl ammation       
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generation of other secondary messengers such 
as lipid-derived aldehydes that activate redox-
sensitive transcription factors.  

6     Cellular Regulators of Lipid 
Aldehyde Signals 

 In the oxidative stress-induced infl ammatory 
diseases, cellular antioxidant status undergoes 
severe alteration leaving the cells overexposed to 
excessive free radicals. The oxidative free radi-
cals then cause lipid peroxidation which contin-
ues to be unabated leading to generation of more 
free radicals. This leads to an unending chain of 
lipid peroxidation reactions generating toxic 
LDAs which cause infl ammation resulting in the 
establishment and progression of the diseases [ 73 ]. 
However, in healthy cells a robust antioxidant 
system regulates the toxicity of ROS-derived 
toxic by-products [ 74 ]. The cellular antioxidant 
system includes superoxide dismutase (SOD), 
which catalyzes the breakdown of the superoxide 
anion into oxygen and hydrogen peroxide; cata-
lase, which converts hydrogen peroxide to water 
and oxygen; and peroxiredoxin, which reduces 
hydrogen peroxide, organic hydroperoxides, as well 
as peroxynitrite [ 75 ]. Additionally, the glutathione 
system which includes glutathione, glutathione 
reductase, glutathione peroxidases, and glutathi-
one  S -transferases maintains redox balance and 
protects cells from oxidative challenges [ 76 ,  77 ]. 
Moreover, exogenous antioxidants and free 
radical scavengers can also protect the cells from 
oxidative insults. The supplementation of anti-
oxidants in the experimental models of oxidative 
stress-generated infl ammatory pathologies has 
been shown to successfully block the infl amma-
tion [ 78 ]. Several antioxidants are inhibitors of 
oxidative stress signaling intermediates and thus 
are effective in halting the infl ammation in exper-
imental models. For    example, vitamins C and E, 
N-acetylcysteine (NAC), lipoic acid, glutathione, 
carotenoids and fl avonoids from plants, and 
melatonins have been demonstrated to effectively 
ameliorate infl ammatory diseases including 
cardiovascular, neurodegenerative, autoimmune 
and allergic diseases, infection, and diabetic 

complications in experimental animals. A number 
of antioxidants have also gone under clinical trial 
[ 79 – 85 ] but could not be successfully translated 
for the clinical use as they act as prooxidants and 
result in serious side effects at the clinically effec-
tive doses among other relevant factors [ 86 ,  87 ]. 
This has restricted the use of antioxidants as 
therapeutic drugs and allows them to be used only 
as prophylactic or preventive drugs. The foregoing 
discussion thus suggests that a drug which can be 
antioxidant and also anti-infl ammatory that 
scavenges ROS and inhibits ROS-derived LDAs-
induced activation of signaling intermediates 
would be suitable for clinical use.  

7     Conclusion and Future 
Direction 

 LDAs have been identifi ed as mediators in 
many infl ammatory complications including 
cardiovascular disorders, bacterial sepsis, cancer, 
and asthma and present enormous pathological 
challenges worldwide. Investigators have dem-
onstrated immense importance of oxidative 
stress-induced generation of LDAs in pathophys-
iology of many diseases, which suggests that 
urgent development of new therapeutic strategies 
is needed for clinical intervention in LDAs- 
mediated infl ammatory diseases. In order to 
achieve this goal, a clear understanding of lipid 
aldehyde-induced signaling events in the infl am-
matory diseases is crucial. Based on the precise 
elucidations of molecular signals, better thera-
peutic interventions could be developed to 
contain the infl ammatory responses in patients. 
Extensive research in the past few decades has 
identifi ed that oxidative stress-induced lipid 
aldehydes play a major role in the mediation of 
oxidative stress-induced infl ammatory signals 
via PLC/PKC/MAPK/IKK pathway eventually 
activating transcription factors NF-κB and AP-1. 
Further, these studies have delineated a novel 
mechanism regulating infl ammation and have 
laid foundation for future studies that could result 
in identifying biomarkers and novel molecular 
target(s) that can be used in diagnosis and clinical 
intervention.     
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    Abstract  

  Cardiovascular diseases (CVD) are today’s largest single contributor 
toward global mortality and will continue to dominate mortality trends in 
the coming future. Growing evidences indicate the role of reactive oxygen 
species (ROS) and the dysregulation of oxidant–antioxidant pathways 
under pathophysiologic conditions in the development of CVDs. ROS has 
several potential sources within the cardiovascular system which lead to 
oxidative stress at the cellular level by interrupting with different signaling 
pathways within the cell. These may include the oxidation and nitration of 
cellular proteins, lipids, nucleic acids and the formation of aggregates of 
oxidized molecules leading to the loss of cellular function and the inability 
of cells to withstand physiological stresses. Evidences confi rm that sources 
of ROS, physiological and pathophysiological conditions, and cellular 
oxidant targets of ROS determine the characteristic nature of a disease 
process and resultant outcomes. Diverse free radical- mediated responses 
observed in different cardiovascular conditions are discussed in detail in 
this chapter. Also, in recent times, important milestones have been reached 
in studying the role of ROS in CVDs with the fi nding of explicit biomarkers 
of oxidative stress involved in CVDs. These biomarkers are also discussed 
in detail.  
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1         Introduction 

 Cardiovascular diseases (CVD) are caused by 
disorders of the heart and blood vessels and 
include coronary heart disease (heart attacks), 
cerebrovascular disease (stroke), raised    blood 
pressure (hypertension), peripheral artery dis-
ease, rheumatic heart disease, congenital heart 
disease, and heart failure. The World Health 
Organization has declared CVD a global epi-
demic as it is the number one cause of death in 
the world and it creates a plethora of compli-
cations. The major risk factors for CVDs 
include high blood pressure, high cholesterol, 
overweight and obesity, physical inactivity, 
unhealthy diet, smoking, and harmful    use of 
alcohol. At the molecular level, important fac-
tors include reactive oxygen species (ROS) 
and oxidative stress which play a very crucial 
role in the pathophysiology of different CVDs 
and other metabolic syndromes. Numerous 
studies in the past four decades have con-
firmed the cardiac abnormalities in response 
to oxidative stress and studied various path-
ways in understanding the role of oxidative 
stress in cardiac dysfunctions under different 
CVDs. Oxidative stress is also a common 
mediator in the pathogenicity of conventional 
cardiovascular risk factors and associated with 
a marked increase in vascular ROS production 
(Fig.  1 ) [ 1 ].

   As we have already studied in the previous 
chapters, ROS is involved as a signaling mole-
cule in various important cellular processes, 
has a very short half-life, highly reactive in 
nature, and, if not neutralized, can hamper 
cellular functions rigorously. Also   , inbuilt anti-
oxidant enzymatic machinery and other anti-
oxidants are present in cells to counterbalance 
elevated levels of ROS (Fig.  2 ). Decrease in this 
antioxidant reserve in response to excessively 
elevated levels of ROS results in oxidative 
stress which further leads to the onset of differ-
ent pathophysiological conditions in different 
tissues and organs.

   Several studies suggest the role of ROS in 
different growth processes associated with vas-
cular injury and remodeling like integrin-linked 
kinase 1/βPIX/Rac-1 pathway, nuclear factor-κB 
pathway, etc. [ 2 ,  3 ]. Studies also indicate that 
many harmful cellular phenotypes identifi ed in 
a hypertrophied and deteriorating myocardium 
are attributed to oxidative stress [ 4 ]. Thus, we 
can say that any acute or chronic cardiac stress 
condition, resulting in a relative defi cit in the 
myocardial antioxidant reserve, is associated 
with an increase in myocardial oxidative stress. 

 ROS leads to the increased entry of Ca 2++  into 
myocytes and results in the activation of diverse 
chemical reactions inside the cells, upregulates the 
growth factor gene expression in vascular endo-
thelial cells, and modifi es cellular proteins which 
lead to cellular dysfunction [ 5 ]. Cardiomyocytes 
exposed to H 2 O 2  or glucose oxidase have shown a 
reduction in mRNA levels for α-actin, troponin I, 
myosin light chain 2, and M isoform of creatinine 
kinase [ 6 ]. ROS also induce specifi c posttransla-
tional modifi cations that alter the function of 
important cellular proteins and signaling pathways 
in the heart [ 7 ]. Oxygen radicals are capable of 
reacting with unsaturated lipids of cellular mem-
branes and initiate the chain reactions of lipid per-
oxidation. Early in vivo studies have examined the 
role of free radical- mediated increase in lipid per-
oxide activity which results in catecholamine-
induced heart disease as a result of autoxidation of 
catecholamines [ 8 ]. 

 Changes in myocardial antioxidants as well as 
oxidative stress have been observed in vivo sug-
gesting the role of free radicals in the pathogen-
esis of heart failure subsequent to myocardial 
infarction (MI). These changes have also been 
correlated with the cardiac function at different 
stages of failure [ 9 ]. The direct involvement of 
oxidative stress in apoptosis has been demon-
strated in a variety of cell types and also been 
documented in the myocardium of MI and heart 
failure patients [ 10 ]. The assessment of oxidative 
stress in various CVDs is done by studying vari-
ous biomarkers to assess the response to oxida-
tive challenges.  
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  Fig. 1    Overproduction of ROS in cardiac system plays an integral role in the development of CVD and leads to differ-
ent pathophysiologic conditions       

  Fig. 2    Source of free radicals in cardiovascular system which lead to oxidative stress and the progression of CVD. An 
inbuilt antioxidant enzymatic machinery to counterbalance the elevated ROS in the cell       
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2     Major Sources of ROS 
and Their Effects 
in Cardiovascular Diseases 

 ROS differs in their source, effect, and chemical 
reactivity based on their radical nature. ROS is 
generated by dysfunction of the mitochondrial 
electron transport system, the xanthine oxidase 
reaction, neutrophil activation, arachidonic acid 
metabolism, and the autooxidation of catechol-
amines. ROS is also generated by endothelial 
dysfunction (ED) as well as from the exposure to 
radiation or air pollution, whereas decline in the 
antioxidant reserve is due to the exhaustion and/
or changes in gene expression [ 11 ]. Clearly, 
many cellular enzymes as well as nonenzymatic 
processes within the cardiovascular system are 
potential sources of free radicals which lead to 
oxidative stress and the progression of CVD. 

2.1     ROS Derived 
from the Mitochondrial 
Respiratory Chain 

 The mitochondrial electron transport chain is a 
rich source of free radicals, and mitochondria- 
generated ROS plays a very important role in 
many signaling pathways which contribute to 
CVD. These    ROS also get modifi ed, further 
amplifying its deleterious effect. Manganese 
superoxide dismutase (Mn-SOD) enzyme is 
mainly responsible for the conversion of O2 •−  to 
H 2 O 2 , and it has been observed that individuals 
null for the Mn-SOD allele exhibit perinatal 
lethality due to cardiac dysfunction, and cardiac- 
specifi c Mn-SOD deletion produces progressive 
congestive heart failure with specifi c molecular 
defects in mitochondrial respiration [ 12 ]. Also, 
targeted deletion of a mitochondrial uncoupling 
protein 2 gives rise to a greater atherosclerotic 
lesion as well as increased macrophage accumu-
lation and apoptosis. Premature atherosclerosis 
has been reported in complex III- and IV-defi cient 
individuals, and premature atherosclerosis and 
other vascular complications are associated with 
mitochondrial dysfunction [ 13 ].  

2.2     NADPH Oxidase-Derived ROS 

 NADPH oxidase is a multiple subunit, 
membrane- associated complex and a source of 
ROS in CVD which modulates both vascular 
physiology and pathophysiology. Its increased 
activity contributes strongly to the pathogenesis 
in experimental models of vascular disease, 
including cholesterol- induced atherosclerosis. 
Several studies indicate the roles of NADPH oxi-
dase isoforms in cardiac fi brosis, cardiac remod-
eling, post-MI, and angiotensin II-dependent 
cardiac hypertrophy [ 14 – 16 ]. Within the vascu-
lature, it may also contribute to atherosclerosis, 
aortic aneurysm formation, and the response to 
arterial injury [ 17 ].  

2.3     Xanthine 
Oxidase-Derived ROS 

 Xanthine oxidase or xanthine oxidoreductase 
catalyzes the conversion of hypoxanthine to xan-
thine and xanthine to uric acid and generates O 2•−  
and H 2 O 2 . Its function is upregulated by NADPH 
oxidase, and hence the factors regulating it also 
infl uence the activity of xanthine oxidase [ 18 ]. 
Xanthine oxidase has been implicated as a source 
of ROS after reperfusion of ischemic tissue in the 
cardiac system.  

2.4     Lipoxygenase-Derived ROS 

 They are nonheme, iron-containing enzymes 
which catalyze the incorporation of molecular 
oxygen into polyunsaturated fatty acids thereby 
modifying the fatty acids, and ROS is generated 
as a by-product during the lipoxygenase activity. 
Some lipoxygenase isoforms promote athero-
sclerosis by generating ROS and oxidatively 
modifying lipids and lipoproteins such as LDL. In 
the period from early to advanced atherosclero-
sis, the quantity of 5-lipoxygenase (5-LO) posi-
tive cells is increased in human atherosclerotic 
plaque specimens, and elevated 5-LO activity has 
been linked to plaque instability [ 19 ]. In human 
abdominal aortic aneurysm tissue, 5-LO is 
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expressed in macrophage-rich adventitial areas 
and associated with intraluminal thrombus.  

2.5     Nitric Oxide Synthases 

 They catalyze the conversion of L-arginine to 
L-citrulline with the production of NO, and its 
isoforms are constitutively present in most car-
diovascular tissues. Under specifi c circum-
stances, nitric oxide synthases may become 
uncoupled and reduce molecular oxygen rather 
than transferring electrons to L-arginine, thereby 
generating oxygen free radicals and hence act as 
an important source of ROS. In the pressure over-
load induced by aortic constriction, eNOS, an 
isoform of nitric oxide synthases, leads to more 
severe left ventricular (LV) hypertrophy, LV dys-
function, and myocardial fi brosis [ 20 ].   

3     Free Radical-Mediated 
Responses in Cardiovascular 
Complications 

3.1     Initiation of Endothelial 
Dysfunction 

 Endothelial dysfunction (ED) is a strong predic-
tor of future cardiovascular events in patients 
with cardiovascular risk factors. Increased ROS 
has been implicated as an important mechanism 
that contributes to ED by modulating the cellu-
lar pathways. Oxidative stress is a major cause 
of ED in experimental and clinical atherosclero-
sis, as observed in many studies [ 21 ,  22 ]. 
Polymorphism has been observed in a variety of 
genes whose products have been implicated in 
ED, for example, in the genes of methylenetet-
rahydrofolate reductase, angiotensin-converting 
enzyme, glutathione S-transferase, cytochrome 
P450, and nitric oxide synthase gene [ 23 ]. 
Various pro-atherogenic stimuli increase oxida-
tive stress in endothelial cells resulting in endo-
thelial dysfunction. This may include the 
activation of MMPs by ROS, proinfl ammatory 
signaling in vascular smooth muscle cells, and 
enhanced expression of oxidative stress marker 

NF-κB [ 24 ,  25 ]. Few studies demonstrate that 
oxidative stress is one of the most potent induc-
tors of endothelial dysfunction and is involved 
in all stages of atherosclerotic plaque evolution 
[ 26 ,  27 ].  

3.2     Atherosclerosis 

 Atherosclerosis generates from ED and infl am-
mation and characterized by elevated plasma 
cholesterol levels, smooth muscle cell prolifera-
tion, and alteration in arterial walls. Transport of 
oxidized low-density lipoprotein (LDL) across 
the endothelium into the artery wall may be an 
important initiating event for atherosclerosis and 
likely to occur at the sites of endothelial damage 
which are caused by oxidized LDL. The involve-
ment of ROS in atherosclerotic heart disease is 
very well accepted which results in the rupture of 
a lipid-rich atherosclerotic plaque and may lead 
to MI or sudden death [ 28 ].  

3.3     Oxidation of Low-Density 
Lipoprotein 

 LDL, also known as “the bad cholesterol,” gets 
easily oxidized by the free radicals produced 
and results in the formation of oxidized LDL 
which is a critical factor of atherogenesis and 
has many proinfl ammatory properties [ 29 ]. 
Peroxidation of long-chain polyunsaturated 
fatty acids within LDL in the presence of 
hydroxyl radicals gives rise to conjugated 
dienes and lipid hydroperoxy radicals. These 
radicals further attack the next fatty acid in a 
self-propagating manner, and the fragmentation 
of whole chains takes place. As    a result of this, 
the accumulation of highly reactive products 
like malondialdehyde and lysophosphatides in 
LDL takes place and modifi es the LDL. These 
modifi ed oxidized LDL is readily ingested and 
scavenged by subendothelial macrophages and 
forms fatty streaks in the arterial endothelium, 
the earliest histopathological evidence for the 
development of atherosclerotic plaque and 
fi brosis [ 30 ].  
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3.4     Oxidative Stress 
and Mitochondrial 
Dysfunction 

 As we know, intracellular ROS is derived from 
the mitochondria primarily from complex I and 
complex III of the electron transport chain; under 
pathophysiological conditions, the electron trans-
port chain may become uncoupled and result in 
the increase of ROS inside the cells. First and 
foremost, mitochondrial DNA gets affected by 
this ROS as it is in close proximity of the newly 
produced ROS and lacks histone proteins [ 31 ]. 
This DNA damage can lead to several functional 
changes in the pathways associated with the 
mitochondria. Increased mitochondrial DNA 
damage has been observed in the vascular tissues 
of CVD patients. 8-oxoG, a product of oxidative 
DNA damage, is highly immunogenic and has 
been found present in the plaques of the carotid 
artery [ 32 ].  

3.5     Oxidative Stress 
in Hypertension 

 Increased production of ROS in hypertension has 
been demonstrated in many studies [ 33 ]. 
Hypertension is associated with elevated superox-
ide anion and H 2 O 2  production as well as decreased 
antioxidant capacity. Also, increased levels of lipid 
peroxides and decreased concentrations of antiox-
idant vitamin E has been observed in the plasma of 
hypertensive patients. ROS has dual adverse effect 
in hypertensive patients.  Firstly , free radicals inac-
tivate NO and convert it into peroxynitrile   , thereby 
causing arteriolar vasoconstriction and elevation 
of peripheral hemodynamic resistance;  secondly , 
ROS initiate the mechanism for the oxidative 
damage of numerous macromolecules including 
LDL. Increased peroxynitrile causes cytokine- 
induced myocardial contractile failure by inacti-
vating sarcoplasmic Ca 2+  ATPase and dysregulating 
Ca 2+  homeostasis. This condition may further lead 
to heart failure. Endothelial cells, the source of 
NO, are considered as the primary source of ROS 
in hypertension [ 34 ]. Also, activation of the renin–
angiotensin system is a major mediator of NAD(P)

H oxidase activation and ROS production in 
human hypertension [ 35 ].  

3.6     Heart Failure 

 Increased oxidative stress has been observed in 
heart failure and plays a critical role in the patho-
physiology of cardiac dysfunction. This may 
contribute many changes that characterize the 
disease progression. The increased level of malo-
ndialdehyde, the end product of lipid peroxida-
tion, is present in the plasma of patients with 
heart failure. The mitochondria is considered as a 
major source of ROS production in the failing 
heart, which may further decrease the NO bio-
availability and impair diastolic functions [ 36 ]. 
Xanthine oxidase and NADPH oxidase activity is 
increased in the failing heart and results in ROS 
generation in the myocardium and plasma, 
respectively [ 37 ].  

3.7     Ischemia–Reperfusion 
Myocardial Injury 

 Ischemia occurs when myocardial oxygen 
demand exceeds the oxygen supply, and reperfu-
sion of an ischemic myocardium restores oxygen 
which in turn may lead to reperfusion injury. This 
reperfusion injury induced by the cycles of isch-
emia and reperfusion may be, in part, due to the 
generation of ROS. The involvement of ROS in 
the ischemia–reperfusion damage has been stud-
ied by measuring the end products of free radical- 
mediated damages like malondialdehyde and the 
cellular antioxidant capacity. In patients undergo-
ing cardiopulmonary bypass, a prominent 
increase in ROS levels has been observed, fol-
lowing aortic declamping suggesting an impair-
ment of antioxidant mechanisms in the ischemic 
tissues. Reperfusion leads to the burst of ROS 
generation which contributes to oxygen tension 
in the myocardium [ 38 ]. ROS can also be formed 
as a result of increased intracellular Ca 2+  levels as 
it leads to the conversion of xanthine dehydroge-
nase to xanthine oxidase and leads to tissue 
 damage by ROS-mediated events. As the cardiac 
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muscles are exposed to ischemia–reperfusion, 
mitochondrial dysfunction may also lead to 
increased ROS levels. Superoxides either inacti-
vate NO and decrease its bioavailability or react 
with NO and form peroxynitrile which is an 
important determinant of postischemic myocar-
dial function [ 39 ]. ROS-mediated complications 
worsen the effi ciency of interventions used in the 
treatments of coronary heart diseases.   

4     Biomarkers of Oxidative 
Stress and Their Role 
in Cardiovascular Diseases 

 Oxidative species are highly active and short- lived 
but leave a detectable trace of modifi ed oxidative 
products at the site of atherosclerotic lesions [ 40 ]. 
These modifi ed oxidative products are measured 
as biomarkers of oxidative stress and help estab-
lish that ROS and oxidative events are part of the 
pathophysiology of CVD. Various biomarkers 
have been studied and summarized in Fig.  3 .

4.1       Biomarkers for Lipid 
Peroxidation 

 Isoprostanes and malondialdehyde are two well- 
studied biomarkers for lipid peroxidation. Other 
lipid oxidation products that have been explored 
as biomarkers include lipid hydroperoxides, 
fl uorescent products of lipid peroxidation, and 
oxysterols. Isoprostanes are generated from the 
peroxidation of arachidonic acid of cellular 
membranes. Isoprostane levels are increased in 
human atherosclerotic lesions and may partici-
pate in the actual pathogenesis of atherosclerosis 
through its harmful effects on vasoconstriction, 
platelet aggregation, and proliferation of vascular 
smooth muscle cells [ 41 ]. Malondialdehyde, on 
the other hand, is generated by the peroxidation 
of polyunsaturated fatty acids, and it itself is 
potentially atherogenic. It promotes atherosclero-
sis by forming lysine–lysine cross-links with the 
oxidized LDL and impairs its interaction with 
the macrophages [ 42 ]. Various studies suggest 
the potential role of lipid oxidation in predicting 

  Fig. 3    Biomarkers of ROS and Oxidative stress generated in various cardiovascular abnormalities       
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the progression of CVD. Malondialdehyde is 
quantifi ed with the colorimetric assay known as 
thiobarbituric acid reactive substances (TBARS) 
assay and has been applied as an indicator of oxi-
dative stress in a number of CVD models.  

4.2     Biomarkers for Oxidative 
Protein Modifi cations 

 Nitrotyrosine and S-glutathionylation are the two 
commonly used biomarkers for studying oxidative 
protein modifi cations. Free nitrotyrosine corre-
sponds to nitrated proteins and can be measured by 
tandem mass spectrometry coupled with HPLC as 
the current gold standard technique [ 43 ]. Its pres-
ence has been observed in the vascular and myo-
cardial tissue in both healthy individuals and those 
with CVD. Nitration of proteins and lipoproteins 
plays a direct  pathophysiological role, for exam-
ple, nitrated LDL is taken up by macrophages 
leading to plaque formation [ 44 ]. Despite the 
importance of nitration, there are several chal-
lenges in applying nitrotyrosine as a CVD bio-
marker because circulating nitrated proteins and 
lipoproteins may not accurately refl ect the degree 
of nitration of key proteins in the case of athero-
sclerosis. Hence another marker used is 
S-glutathionylation, which is the formation of a 
disulfi de bridge between a reactive cysteine resi-
due and the abundant cellular tripeptide glutathi-
one. Quantifi cation of S-glutathionylation of target 
proteins with important functional consequences 
is a promising biomarker for CVD processes. The 
impact of glutathionylation of various membrane 
proteins has been reported in the myocardium and 
vascular tissue with altered function resulting in 
alterations in intracellular Na +  and Ca 2+  handling 
and other key signaling pathways particularly rel-
evant to cardiovascular function [ 45 ].  

4.3     Enzymatic Biomarkers 
for Oxidative Stress 

 Myeloperoxidase is a key enzyme in ROS gen-
eration by catalyzing the conversion of hydrogen 

peroxide to various free radical species 
including ˙OH, ONOO − , hypochlorous acid, and 
NO 2 . Myeloperoxidase-derived ROS can then 
modify lipids, lipoproteins, and proteins which 
promote ED by reducing the bioavailability of 
NO and generating atherogenic oxidized LDL 
[ 46 ]. The activity of this enzyme can be mea-
sured by peroxidase activity assays and quanti-
fi ed spectrophotometrically. Myeloperoxidase is 
enriched within atheromatous plaques and hence 
implicated in the pathogenesis of atherosclero-
sis. Elevated circulating myeloperoxidase levels 
have been found to be associated with the pres-
ence of coronary artery diseases, and its mea-
surement can help us in predicting the risk of 
developing coronary artery disease in healthy 
individuals and myocardial infarction. These 
applications make myeloperoxidase levels one 
of the most promising biomarkers of oxidative 
stress for clinical cardiologists [ 47 ]. The activity 
of other antioxidant enzymes like catalase, glu-
tathione  peroxidase 1, and SOD is also measured 
for assessing the antioxidant status. Patients with 
suspected coronary artery disease have shown to 
have elevated levels of catalase and glutathione 
peroxidase and hence inversely associated with 
the incidence of cardiovascular events [ 48 ]. The 
commercial availability of antioxidant enzyme 
assay kits allows us to use these potential bio-
markers to be evaluated in a large-scale high- 
throughput screening.  

4.4     Oxidized LDL 
and Phospholipids 

 The oxidation of LDL and phospholipids plays a 
central role in the pathogenesis of atherosclerosis 
[ 49 ]. Oxidized LDL is generally measured by 
using specifi c monoclonal antibodies that directly 
recognize unique oxidation-specifi c epitopes 
known as OxLDL ELISA. Levels of oxidized 
LDL are higher in patients with CVD. Also, the 
increasing levels of LDL correlate with increas-
ing severity of disease and appear to be a tool for 
the prediction of future CAD in apparently 
healthy men [ 50 ].  
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4.5     Change in the Genetic 
Expression 
of ROS-Sensitive Genes  

 ROS infl uence the expression of various genes 
involved in regulating critical cellular and sys-
temic oxidative stress in different pathophysi-
ological conditions. Major ROS-sensitive 
genes include genes for nuclear factor like 
Nrf-2 which results in increased expression of 
cellular antioxidant enzymes, peroxisome 
proliferator- activated receptor gamma coacti-
vator 1-alpha (PGC-1α) gene, and matrix 
metalloproteinase genes [ 51 ]. Profi ling the 
expression of these ROS-sensitive genes by 
high-throughput methods like microarray tech-
nology may be a helpful tool, particularly rel-
evant to assessing the cardiovascular redox 
status. Low level of expression of these genes 
may refl ect a low level of oxidative stress in the 
relevant system or individual variation in 
response and may result in a higher level of 
oxidative cellular damage. This approach 
remains to be further explored for clinical 
applicability of ROS-responsive genes as bio-
markers in various diseases.   

5     Antioxidant Therapies Used 
in Cardiovascular Oxidative 
Stress 

 Attempts have been made to decrease the oxi-
dative stress produced in different cardiovascu-
lar abnormalities by the application of different 
antioxidants and free radical scavengers 
in vitro. Studies have implicated the role of 
antioxidants in decreasing the ROS levels as 
well as bringing potentially atheroprotective 
changes in biochemical and functional disease-
specifi c markers [ 52 ]. Antioxidant therapies for 
heart failure in animal models also suggest a 
benefi t from reduced generation of free radi-
cals, improves cardiac function after reperfu-
sion, attenuates remodeling and cardiomyopathy 
[ 53 ]. Observational studies of vitamin E sup-
plementation suggest that vitamin E is associ-

ated with a lower risk of coronary heart diseases 
[ 54 ]. Theoretically, antioxidant therapies are 
expected to be most effective in secondary pre-
vention of CVD but there is no consistent evi-
dence of benefi t for prevention of Coronary 
heart disease from the meta analysis of the tri-
als. There have been multiple justifi cations for 
the fact including that the ROS effects are com-
plex and make the outcome predictions diffi cult 
and that the types of antioxidants, their dosage 
and duration of action have been inadequate. It 
is also known that genetic factors infl uence the 
response to antioxidants raising the possibility 
that only some patients get benefi ts from anti-
oxidant treatments [ 55 ].  

6     Conclusions 

 There are substantial data linking oxidative stress 
and its role in the physiology and pathophysiol-
ogy of CVD. There are several sources of reac-
tive oxygen species that are known to be active in 
the cardiovascular system, and there is an evident 
linking of each of the sources with CVD pathol-
ogy. With the discovery of specifi c ROS bio-
markers in CVD, the assessment of oxidative 
stress has become a very helpful method in 
assessing an individual’s response to oxidative 
challenges. Initial attempts to improve manifesta-
tions of CVD with simple antioxidant strategies 
have not proven helpful, probably because ROS 
have important and diverse physiological roles. 
Clearly, atherosclerosis is a complex multifacto-
rial and multicellular disease, and oxidative stress 
responds to antioxidant therapy differently in dif-
ferent cell types and at different stages of disease 
progression. Thus, correct trial design is required 
for the assessment of the potential of different 
antioxidants in reducing atherosclerosis and 
other CVDs.     
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    Abstract  

  Oxidative stress (OS) leading to free radical attack on neural cells contrib-
utes calamitous role to neurodegeneration. Free radicals are produced 
either endogenously (by metabolism and antioxidant system of the body) 
or exogenously (by environmental sources) by imbalance between anti-
oxidant and prooxidant in the body. In-built antioxidant system of body 
plays critical role in prevention of any loss due to free radicals. However, 
imbalanced defense mechanism of antioxidants, overproduction, or incor-
poration of free radicals from environment to living system leads to seri-
ous penalty leading to neurodegeneration. This chapter discusses the role 
of free radicals in pathophysiology of some common neurodegenerative 
disorders like Alzheimer’s disease, Parkinson’s disease, Huntington’s dis-
ease, and amyotrophic lateral sclerosis.  
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1        Introduction 

 Neurodegenerative diseases are heterogeneous 
group of central nervous system and peripheral 
nervous system disorders with different etiolo-
gies. Neurodegenerative diseases affect many 
physiological functions of the human body, such 

as balance, movement, breathing, talking, etc. 
Cellular antioxidants are known to change the 
redox state, and they can be targeted for destruc-
tion, regulate oxidative processes involved in sig-
nal transduction, and effect gene expression and 
pathways of cell proliferation and death. The 
increased incidence of neurodegenerative diseases 
may be attributed to a prooxidative environment 
caused by UV and γ irradiation, smoking, 
alcoholism, air pollution, toxins, drugs, viruses 
as well as inappropriate nutrition [ 1 ,  2 ]. 
Neurodegeneration is the progressive loss of 
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structure or function of neurons, including death 
of neurons. Many diseases including Parkinson’s, 
Alzheimer’s, Huntington’s, amyotrophic lateral 
sclerosis, Friedreich’s ataxia, Lewy body disease, 
and spinal muscular atrophy occur as a result of 
neurodegenerative processes. Neurodegeneration 
may be found in many different levels of neuro-
nal circuitry ranging from molecular to systemic. 
These diseases have many similarities on a sub-
cellular level [ 3 ,  4 ]. These similarities offer hope 
for therapeutic advances that could ameliorate 
many diseases simultaneously. 

1.1     Pathogenesis 
of Neurodegenerative 
Disorders 

1.1.1    Genetics 
 Pathogenesis of several neurodegenerative dis-
eases is genetic mutations. Most of these muta-
tions are located in completely unrelated genes. In 
many of different neurodegenerative diseases, the 

mutated gene has a common feature, for example, 
a repeat of the CAG tri nucleotide (encodes for 
the amino acid glutamine) and results in a poly-
glutamine (polyQ) tract. Diseases showing this 
feature are known as polyglutamine diseases. 
Extra glutamine residues exert toxic effects in 
many ways, including irregular protein folding 
and degradation pathways, altered subcellular 
localization, and abnormal interactions with other 
cellular proteins. Nine inherited neurodegenera-
tive diseases, for example, Huntington’s disease, 
spinocerebellar ataxia, and others, are caused by 
the expansion of the CAG nucleotide triplet [ 5 ,  6 ].  

1.1.2    Protein Misfolding 
 In several neurodegenerative diseases, aggrega-
tion of misfolded proteins (proteopathies or pro-
teinopathies) occurs, some of which are as 
follows (see Table  1 ).

1.1.2.1.      Alpha-Synuclein 
 α-Synuclein is the primary structural protein of 
insoluble Lewy bodies formed in pathological 

   Table 1    Some neurodegenerative disorders caused by aggregation of abnormal proteins   

 Neurodegenerative disorders  Aggregated protein  Lesion and accumulated sites  Reference 

 Alzheimer’s disease  Amyloid-β peptide  Amyloid plaques extracellularly  [ 19 ] 
 Tau  NFT in intracytoplasmic neurons 
 α-Synuclein  Lewy bodies variants in 

intracytoplasmic neurons 
 Parkinson’s disease  α-Synuclein  Lewy bodies in intracytoplasmic 

neurons 
 [ 7 ] 

 Huntington’s disease  Huntingtin (polyglutamine 
repeats) 

 Neuronal inclusions in nuclei 
of neurons 

 [ 20 ] 

 Amyotrophic lateral sclerosis  SOD1  Hyaline inclusions in 
intracytoplasmic neurons 

 [ 21 ] 

 Dementia with Lewy bodies  α-Synuclein  Lewy bodies in intracytoplasmic 
neurons 

 [ 22 ] 

 Multiple system atrophy  α-Synuclein   Glial cytoplasmic inclusions in 
cytoplasm of oligodendrocytes 

 [ 23 ] 

 Supranuclear palsy  Tau  Tau inclusions in intracytoplasmic 
neurons, astrocytes, and 
oligodendrogliocytes 

 [ 10 ] 

 Spinocerebellar ataxia  Ataxin (polyglutamine 
repeats) 

 Neuronal inclusions in nuclei 
of neurons 

 [ 6 ] 

 Prion diseases  Protease-resistant prion 
proteins 

 Prion plaques extracellularly  [ 24 ] 

 Pick’s disease  Tau  Pick bodies in intracytoplasmic 
neurons 

 [ 11 ] 
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conditions such as in Parkinson’s disease, 
dementia with Lewy bodies, and multiple system 
atrophy. α-Synuclein fragment, known as the 
non-abeta component (NAC), is also found in 
amyloid plaques in Alzheimer’s disease [ 7 ,  8 ].  

1.1.2.2.    Tau 
 Tau is a microtubule-associated protein. 
Hyperphosphorylated tau protein is the main 
component of neurofi brillary tangles present in 
intracytoplasmic neurons in Alzheimer’s disease. 
It is also found in progressive supranuclear palsy 
and Pick’s disease [ 9 – 11 ].  

1.1.2.3.      Beta-Amyloid     
 It is an abnormal protein-polysaccharide com-
plex deposited extracellularly in various tissues 
or organs. It is the major component of senile 
plaques in Alzheimer’s disease [ 12 ].   

1.1.3    Mitochondrial Dysfunction 
 The intrinsic mitochondrial apoptotic pathway 
is the most common form of cell death in neu-
rodegeneration. This pathway regulates the 
activation of caspase-9 by release of cyto-
chrome c from the mitochondrial intermem-
brane space. Reactive oxygen species (ROS) 
are usually generated during electron transport 
chain (ETC) process whose concentration is 
mediated by mitochondrial antioxidants such as 
manganese superoxide dismutase (SOD2) and 
glutathione peroxidase. Excess production of 
ROS (or oxidative stress) is a key feature of all 
neurodegenerative disorders. In addition to the 
ROS generation, mitochondria play signifi cant 
role in calcium homeostasis, programmed cell 
death, mitochondrial fi ssion and fusion, main-
taining lipid contents of mitochondrial mem-
branes, and alteration in mitochondrial 
permeability [ 13 ,  14 ].  

1.1.4    Membrane Damage 
 Misfolded proteins cause damage to the mem-
branes of cell organelles and may also contribute 
to neurodegenerative diseases. For example, 
α-synuclein may damage membranes by induc-
ing membrane curvature, and extensive vesicula-
tion and tubulation were observed when these 

proteins were incubated with artifi cial phospho-
lipid vesicles [ 15 ].  

1.1.5    Axonal Transport 
 Axonal swelling has been observed in many neu-
rodegenerative diseases due to accumulation of 
organelles. Axonal transport may be disrupted by 
a variety of mechanisms including damage to 
motor proteins such as kinesin and dynein, micro-
tubules, cargoes, and mitochondria. When axonal 
transport is severely disturbed, a degenerative 
pathway which is known as Wallerian-like degen-
eration is triggered [ 16 ].  

1.1.6    Protein Degradation Pathways 
 There are two main pathways by which abnormal 
proteins or organelles are removed: 

1.1.6.1.    Ubiquitin–Proteasome 
 This is the primary route to degrade cellular 
proteins. Protein ubiquitin along with enzymes 
is important for the degradation of many pro-
teins that cause proteinopathies including polyQ 
expansions and α-synucleins. If these irregular 
proteins are not correctly cleaved by protea-
some enzymes, then they may possibly result in 
a more toxic species which may in turn cause 
neurodegeneration [ 17 ,  18 ].  

1.1.6.2.    Autophagy–Lysosome Pathways 
 It is a form of programmed cell death (PCD); this 
becomes the favorable route when a protein is a 
poor proteasome substrate. This may be divided 
into two forms of autophagy: macroautophagy 
and chaperone-mediated autophagy (CMA). 
Macroautophagy is involved with nutrient recy-
cling of macromolecules under conditions of star-
vation. If it is absent, this leads to the formation of 
ubiquitinated inclusions. CMA pathway receptors 
present on lysosomal membrane binds to mutant 
proteins and block their own degradation as well 
as the degradation of other substrates [ 25 ,  26 ].   

1.1.7    Programmed Cell Death 
 Programmed cell death (PCD) is death of a cell in 
any form, mediated by an intracellular program. 
These PCD pathways may also be artifi cially 
stimulated due to injury or disease. 
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1.1.7.1.    Type I PCD 
 Type I PCD or apoptosis is one of the main types 
of programmed cell death (PCD). Apoptosis is 
triggered by intrinsic or extrinsic stress signals. 
In extrinsic apoptotic pathway, a series of bio-
chemical events leads to cell death through 
activation of cell surface death receptors (e.g., 
Fas, TNF-R1). This results in the activation of 
caspase- 8 or caspase-10. In intrinsic pathway, 
death signals trigger mitochondria to release 
cytochrome c or endoplasmic reticulum malfunc-
tions both of which lead to the activation of cas-
pase-9. The nucleus and Golgi apparatus are 
other organelles that have damage sensors (intrin-
sic apoptotic pathway) [ 26 – 28 ].  

1.1.7.2.    Type II PCD 
 Type II PCD or autophagy is basically a form of 
intracellular phagocytosis in which a cell 
actively consumes damaged organelles or mis-
folded proteins by enclosing them into an 
autophagosome, which fuses with a lysosome to 
degrade the autophagosomal contents. Defect in 
autophagy shows unusual protein aggregates 
which are common in many neurodegenerative 
diseases [ 26 ].  

1.1.7.3.    Type III PCD 
 Type III or cytoplasmic cell death, a non- 
apoptotic process, is the least understood PCD 

mechanism. Type III PCD either might be caused 
by hyperactivation of trophic factor receptors 
(trophotoxicity) or by other cytotoxins that 
induce PCD at low concentrations but act to 
cause necrosis or aponecrosis (the combination 
of apoptosis and necrosis) when in higher con-
centrations [ 29 ].     

2     Role of Free Radicals 
and Oxidative Stress 
in Neurodegenerative 
Disorders 

 Many neurodegenerative diseases are late onset. 
Neurons gradually lose function as the disease 
progresses with age. Mitochondrial DNA muta-
tions and oxidative stress both contribute to aging. 
The mitochondrial electron transport chain con-
tinually generates ROS by which mitochondrial 
DNA is exposed leading to mutations. This may 
accumulate exponentially with age (Fig.  1 ). The 
simultaneous increase in oxidation of mitochon-
drial lipids and proteins adds to the oxidative 
stress effects and initiates the vicious cycle of 
molecular degeneration [ 13 ,  14 ,  30 ]. All aerobic 
organisms including humans consume apprecia-
ble amount of O 2  for various metabolic processes. 
It readily reacts with other radicals because O 2  is 
a diradical. Free radicals and partially reduced 

  Fig. 1    Interplay of reactive species with proteolysis and mitochondrial function in neurodegenerative disorders       
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species are often generated from O 2  itself during 
normal metabolism in the body. The most com-
mon cellular free radicals are hydroxyl radical 
(OH • ), superoxide anion radical (SAR) (O 2  •− ), and 
nitric oxide (NO•). Other molecules, such as 
hydrogen peroxide (H 2 O 2 ) and peroxynitrite anion 
(ONOO¯), are not free radicals but may lead to the 
generation of free radicals through various chemi-
cal reactions. Due to the presence of an unpaired 
electron, free radicals are highly unstable and tend 
to react with cellular elements [ 31 ,  32 ].

   The brain is susceptible to oxidative stress due 
to its high-energy demand and the specialized 
redox activities of neurons. Free radicals and 
other purported reactive species are constantly 
produced in the brain in vivo. Some arise acciden-
tally and may be the leakage of electrons from the 
mitochondrial electron transport chain to generate 
SAR. Other radicals are generated to carry out 
normal physiological activities, such as the role of 
nitric oxide in neurotransmission and the produc-
tion of SAR by activated microglia. Other sources 
of the SAR include the short electron chain in the 
endoplasmic reticulum, cytochrome P450, and 
the enzyme nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidase, which generates 
substantial quantities especially during early 
pregnancy, and other oxidoreductases. The brain 
contains multiple antioxidant defenses, out of 
which the mitochondrial manganese-containing 
superoxide dismutase and reduced glutathione are 
important [ 31 – 33 ]. 

 Oxidative stress occurs when the balance 
between ROS generation and antioxidant activity 
is disturbed or the rate of formation of free radi-
cals exceeds the antioxidant capacity of the 
 system and complicates the underlying disease 
[ 32 ]. It is reported in literature that the best- 
characterized cellular damage caused by •OH is 
its ability to stimulate the free radical chain reac-
tion known as lipid peroxidation. Unsaturated 
lipids are predominantly susceptible to oxidative 
modifi cation. Lipid peroxidation is the result of 
attack by free radicals on double bond of unsatu-
rated fatty acid and arachidonic acid. It leads to 
generation of highly reactive lipid peroxyl radi-
cals that initiate a chain reaction of further attacks 

on other unsaturated fatty acid [ 34 ]. Transition 
metal ions also affect lipid peroxidation by 
decomposing peroxides. The transition metal 
ions, when added to lipid systems containing per-
oxides, decompose these peroxides into alkoxyl 
(LO•) and peroxyl (LOO•) radicals which in turn 
abstract hydrogen and propagate the chain reac-
tion of lipid peroxidation. Lipid hydroperoxides 
formed in membrane of nerve cell alter its fl uid-
ity causing infl ux of various ions as Ca 2+  in neu-
rons and disrupts normal functioning of cell. In 
addition to polyunsaturated fatty acids of mem-
brane lipids, the free radicals attack proteins. 
Neurofi laments and proteins constituting the 
cytoskeleton of the nerve cell are particularly rich 
in lysine residues. In the oxidative stress, the 
amino groups of these residues react with alde-
hydes derived from lipid oxidation and lose their 
electric charge. This leads to distortions of its 
tertiary and quaternary structure, and a number of 
enzymes in the neurons lose their activity [ 35 ]. 

 Increased levels of oxidative damage to 
DNA, lipids, and proteins have been detected in 
autopsy tissues from patients with Parkinson’s 
disease, Alzheimer’s disease, Huntington’s dis-
ease, amyotrophic lateral sclerosis, and many 
others neurodegenerative disorders [ 36 – 39 ]. 
Some of these changes may occur early during 
progression of these diseases. The accumulation 
and precipitation of proteins that occur in these 
diseases may be aggravated by oxidative dam-
age and may in turn cause more oxidative dam-
age by interfering with the function of the 
proteasome. Proteasomal inhibition increases 
levels of oxidative damage not only to proteins 
but also to other biomolecule [ 26 ]. 

2.1     Alzheimer’s Disease 
and Oxidative Stress 

 Alzheimer’s disease (AD) is a neurodegenerative 
disease in which progressive impairment of cog-
nitive function occurs and is accompanied by 
behavioral dysfunctions. AD is the commonest 
cause of dementia (a progressive decline in intel-
lectual functions that substantially interferes with 
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individual’s activities). The usual onset age is 
over 65 years, but AD can also appear in the early 
40s [ 40 ]. 

 AD often results in the clinical manifestations 
including impaired memory, impaired thought 
processes that involve visual and spatial aware-
ness, behavior changes, confusion, restlessness, 
impaired judgment, unable to recognize friends 
and family members, and impaired communica-
tion. Motor function is often unaffected in 
AD. Alzheimer’s disease is characterized by loss 
of neurons and synapses in the certain areas of 
the brain (cerebral cortex and hippocampus). 
This loss results in degeneration of temporal lobe 
and parietal lobe and parts of the frontal cortex 
and cingulate gyrus regions [ 40 ]. 

 Two principal characteristic features of AD 
are extracellular senile plaques (cluster of nerve 
endings surrounding the core of extracellular 
beta-amyloid peptide) [ 12 ,  41 ] and intracellular 
neurofi brillary tangles (fi lamentous protein 
aggregates mainly composed of hyperphosphory-
lated microtubule-associated protein, tau) [ 9 ]. 
Many genes involved with the disease have been 
identifi ed including amyloid precursor protein 
( APP ) gene located on chromosome 21 and pre-
senilin genes 1 and 2 ( PS1  and  PS2 ) located on 
chromosomes 14 and 1, respectively.  PS1  and 
 PS2  genes are responsible for early onset of the 
disease [ 42 ]. The apolipoprotein E ( apoE ) gene 
located on chromosome 19, the α2-macroglobulin 
gene located on chromosome 12, and many 
unidentifi ed genes may determine susceptibility 
in late- onset forms. Mutations on the  APP ,  PS1 , 
or  PS2  gene all feature increased production of 
beta- amyloid peptide. The majority of cases are 
sporadic, involving both genetic and environ-
mental factors [ 43 – 45 ]. 

 Senile plaques are made up of small peptides 
of 39–43 amino acid residues called beta- amyloid 
(Aβ). A transmembrane neuronal protein, APP, is 
divided enzymatically into smaller fragments 
through proteolysis by an unknown process. One 
of these fragments gives rise to Aβ fi brils, which 
form clumps and deposit outside neurons in 
dense formations known as senile plaques. 
Various complementary factors, including cyto-
kines, transforming growth factor β1, and inter-

leukin 1, seem to be involved in triggering the 
process of amyloidogenesis. APP is also impor-
tant for neuronal growth and post-injury repair 
[ 46 ,  47 ]. 

2.1.1     Role of Free Radicals 
and Oxidative Stress in AD 

 The oxidation of mitochondrial DNA (lesser 
extent of nuclear DNA) has been observed in the 
parietal cortex of AD patients. Protein oxidation 
has also been observed in AD patients in the 
cerebral cortex and hippocampal regions of the 
brain. These oxidations are related to the apoE 
genotype. Individuals with E4 allele are likely 
to be more susceptible to peroxidation than are 
those without this allele [ 44 ]. Moreover, within 
the brains of AD patients, particularly in the 
neurofi brillary tangles, malondialdehyde, per-
oxynitrite anions, carbonyls, advanced glyco-
sylation end products (AGEs), superoxide 
dismutase-1, and heme oxygenase-1 (a cellular 
enzyme that are upregulated in the brain and in 
other tissues in response to an oxidative stress or 
other harmful stimuli) levels are high [ 48 – 50 ]. 
ROS causes alterations to membrane phospho-
lipids which may be specifi c to the pathogenesis 
of AD. Lipid peroxidation is a major cause of 
depletion of membrane phospholipids in 
AD. One of the products of lipid peroxidation 
4-hydroxynonenal (4-HNE) found in high con-
centrations in hippocampal cells of AD patients 
is a highly reactive aldehyde and is thought to 
cause neuronal death by altering the ATPases 
involved in ionic transfers and calcium homeo-
stasis [ 51 ]. The increased intracellular calcium 
ion concentration could cause a cascade of 
intracellular events. It results in increased ROS 
and cell death. The glutamate- dependent fl ux of 
calcium is associated with the production of free 
radicals by the mitochondria [ 52 ]. Nitric acid 
and peroxynitrite play a crucial role in the exci-
totoxicity related to  N -methyl-D- aspartate glu-
tamate receptor activation [ 53 ]. It has been 
reported that cerebrospinal fl uid F2-isoprostane 
concentrations are elevated in AD patients. It is 
produced by free radical-catalyzed peroxidation 
of arachidonic acid (independent of the cyclo-
oxygenase enzyme) [ 54 ]. 
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 β-Amyloid is also crucial for the generation of 
oxidative stress. It interacts with vascular endo-
thelial cells and produces excess of SAR that can 
scavenge the endothelium-derived relaxing factor 
and produce oxidizing agents which causes lipid 
peroxidation. Mass spectrometric and electron 
paramagnetic resonance spin trapping indicate 
that in aqueous solution, β-amyloid fragments 
and generates free radical peptides. Some of 
these free radical peptides have a potent lipoper-
oxidizing effect on the synaptosomal membranes 
in the neocortex [ 55 ]. β-Amyloid also activates 
protein tyrosine kinase-dependent signaling and 
superoxide production in the microglia [ 56 ].  

2.1.2     Role of Metals in Free Radicals 
Generation in AD 

 Iron, copper, aluminum, and zinc play a major 
catalytic role in the production of free radicals in 
AD [ 57 ,  58 ]. The concentration of iron is ele-
vated in the brain of AD patient. Iron is involved 
in the formation of the free hydroxyl radical by 
Fenton’s and Haber–Weiss’s reactions, which 
has deleterious effects. Iron, transferrin, and fer-
ritin have been found in senile plaques and neu-
rofi brillary tangles. The iron-binding protein p97 
is elevated in blood and cerebrospinal fl uid in 
AD patients. p97 protein concentrations could 
be used as a marker of the disease for following 
the course of the disease [ 59 ]. Aluminum has 
been suggested as a causal factor in AD, in part 
because of reports showing the toxicity of alumi-
num. The aluminum content is not elevated in 
the brain regions of AD patients that are selec-
tively vulnerable to the neuropathologic changes 
associated with the disease [ 60 ]. Copper may act 
as a catalyst in the production of ROS. The APP 
molecule contains a copper-binding site. The 
binding of Cu(II) leads to the modifi cation of 
APP via the oxidation of cysteines 144 and 158, 
which leads to the  formation of cysteine and 
Cu(I) [ 61 ]. This metal is essential for many 
enzyme activities, including cytochrome  c  oxi-
dase and Cu/Zn superoxide dismutase [ 62 ]. 
Contrary to this, lower concentrations of copper 
in fi ve zones of the brains of AD patients, par-
ticularly in the hippocampus, are observed [ 57 ]. 
Possible role of zinc has also been observed in 

AD. Zinc induces a rapid amyloid formation. 
APP binds with Zn(II) which modulates the 
functional properties of APP by inhibiting the 
cleavage of APP by α-secretase and increases 
binding to heparin [ 63 ,  64 ]. Zinc, the most abun-
dant trace metal in the brain, has numerous func-
tions, both in health and in disease. Zinc is 
released into the synaptic cleft of glutamatergic 
neurons along glutamate from where it interacts 
and modulates NMDA and AMPA receptors 
(both are glutamate receptors) and causes 
increased infl ux of calcium as discussed earlier 
in this chapter. In addition, zinc has multifacto-
rial functions in Alzheimer’s disease (AD). Zinc 
is critical in the enzymatic nonamyloidogenic 
processing of the APP and in the enzymatic deg-
radation of the β-amyloid peptide. Zinc binds to 
Aβ promoting its aggregation into neurotoxic 
species, and zinc dyshomeostasis in the brain 
results in synaptic and memory defi cits [ 65 ].   

2.2     Parkinson’s Disease 
and Oxidative Stress 

 Parkinson’s disease (PD) is the second most com-
mon degenerative disorder (old age) of the cen-
tral nervous system after AD and manifests as 
bradykinesia, rigidity, tremor at rest, and postural 
instability. Parkinson’s disease is characterized 
by the loss of dopaminergic neurons that arise in 
the substantia nigra, a region of the midbrain 
(mesencephalon), and project to the putamen and 
caudate regions (the striatum) of the brain (the 
areas concerned with the control of motor move-
ments) [ 66 ]. Ninety to ninety-fi ve percent of PD 
cases are sporadic form, and the rest is familial 
cases [ 35 ]. 

 Two principal hallmarks of PD are intracellu-
lar inclusion bodies called Lewy bodies [ 7 ] and 
accumulation of neuromelanin pigment [ 67 ]. An 
abnormal accumulation of the protein α-synuclein 
is bound to ubiquitin in the damaged cells. The 
alpha-synuclein–ubiquitin complex cannot be 
directed to the proteosome. This is due to a defect 
in the machinery that transports proteins between 
two major cellular organelles, the endoplasmic 
reticulum and the Golgi apparatus. These proteins 
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accumulate and form proteinaceous 
cytoplasmic inclusions [ 68 ]. Lewy bodies    are 
abnormal intracytoplasmic neuronal inclusions 
that consist of neurofi laments (intermediate cyto-
skeletal fi laments) and other amorphous material 
(vesicular and granular materials). They are also 
seen in pigmented brain stem nuclei in various 
disorders and in normal aging brain. Lewy bodies 
occur in two characteristic forms. The fi rst is 
classical or subcortical (brain stem) type consist-
ing of a single or multiple round or oval eosino-
philic structures with a central core surrounded 
by a less dense peripheral zone and an outermost 
pale halo that is sharply demarcated from 
the neuronal cytoplasm. The cortical type is 
not sharply delineated from the cytoplasm, and 
the outline of the central part is rather indistinct 
[ 7 ,  38 ]. 

 The second characteristic feature of the neu-
rons within the substantia nigra is the age- 
dependent accumulation of neuromelanin, an 
insoluble polymer related to melanin of skin. 
Neuromelanin is a dark brown pigment that 
accumulates metal ions, particularly iron. In 
PD, these neuromelanin-containing cells are 
most likely to be lost [ 69 ]. Dopamine is a pre-
cursor of neuromelanin. Neuromelanin is pres-
ent in pigment- bearing dopaminergic neurons 
of four deep brain nuclei. These are the sub-
stantia nigra pars compacta region, the locus 
coeruleus, the dorsal motor nucleus of the 
vagus nerve, and the median raphe nucleus of 
the pons. In addition to the degeneration of the 
nigrostriatal dopaminergic pathway, a variety 
of other neuronal systems are involved, causing 
complex patterns of functional defi cits in PD 
[ 70 ]. This degeneration also affects the dopami-
nergic neurons containing areas of the brain 
including mesolimbic and mesocortical system, 
the noradrenergic locus coeruleus (oral parts) 
and motor vagal nucleus, the serotonergic raphe 
nuclei, the cholinergic nucleus basalis of 
Meynert, pedunculopontine nucleus, Westphal–
Edinger nucleus, and many peptidergic brain 
stem nuclei containing somatostatin, cholecys-
tokinin, substance P, neuropeptide Y, and met- 
enkephalin [ 70 ,  71 ]. 

2.2.1     Role of Free Radicals 
and Oxidative Stress 
in Parkinson’s Disease 

 In Parkinson’s disease, oxidative stress induced 
by free radicals damages neuronal membrane lip-
ids, proteins, and other components of brain tis-
sue. Oxidative stress is implicated as a major 
factor for nigral neuronal cell death. The biologi-
cal targets of oxidants include membrane pro-
teins, unsaturated lipids, and DNA. Oxidative 
stress promotes aggregation and accumulation of 
α-synuclein in sporadic PD. There are several 
potential sources of the increased free radical 
production in Parkinson’s disease including 
increased dopamine metabolism, formation of 
neuromelanin, mitochondrial dysfunction, 
increased free iron levels, and low ferritin con-
centration. These sources are specifi c only for 
Parkinson’s disease, and not found in other neu-
rodegenerative diseases associated with degener-
ation of dopaminergic neurons [ 36 ,  72 ].  

2.2.2     Increased Oxidation 
of Dopamine and Formation 
of Neuromelanin 

 Catecholamines and particularly dopamine 
(DA) are an important source of free radicals 
in the brain. As long as dopamine is stored in 
synaptic vesicles, it is stable. DA is an essen-
tial neurotransmitter, and as it is a catechol, it 
is also a good metal chelator [ 70 ]. However, 
when it is in excess in cytosol, it is oxidized 
either enzymatically by monoamine oxidase 
(MAO) (see reaction 1) or autoxidized to gen-
erate hydrogen peroxide (see reaction 2). 
Autoxidation of dopamine or L-dopa via qui-
none formation generates free radicals such as 
superoxide radical and hydrogen peroxide. DA 
reduces the oxidation state of the transition 
metals such as Cu 2+  and Fe 3+  and subsequently 
stimulates production of H 2 O 2  [ 73 ]. By Fenton 
reaction, hydrogen peroxide and reduced 
metal ions produce hydroxyl radicals (see 
reaction 3) [ 3 ].

    Reaction 1:     DA + O 2  + H 2 O →3,4 dihydroxy-
phenyl acetaldehyde + NH 3 + H 2 O 2    
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   Reaction 2:     DA + O2 → semiquinone radical+ 
O 2  •−  + H +   DA + O 2  •−  + 2H + → semiquinone radical 
+ H 2 O 2    
   Reaction 3:     H 2 O 2  + Fe 2+ / Cu + → •OH + OH −  + 
Fe 3+ /Cu 2+    

   Moreover, dopamine and L-dopa quinone are 
easily oxidized to aminochromes and fi nally 
polymerize to form melanin. In PD patients, 
metabolism of dopamine is greatly enhanced and 
in unaffected dopaminergic neurons tyrosine 
hydroxylase activity is increased. This may be 
the compensatory mechanism to fi ll dopamine 
defi ciency [ 74 ]. 

 The cause for degeneration of dopamine neu-
rons is not well understood. However, it can be 
assumed that the interactions between external 
toxins arise from environmental, dietary, and life-
style factors, and internal toxins arising from nor-
mal metabolism, genetic factor, and epigenetic 
(mitochondria, membranes, and proteins) com-
ponents of neurons occur continuously [ 75 ,  76 ]. 

 In PD, the dopaminergic neurons containing 
the largest quantities of neuromelanin are dam-
aged fi rst. Although, the exact function of neu-
romelanin in the brain is unknown, but the 
pigment is made from oxyradical metabolites of 
neurotransmitters including dopamine and nor-
epinephrine. Neuromelanin may also be seen as a 
kind of free radicals, which is able to catalyze the 
dismutation of superoxide radical to hydrogen 
peroxide. In addition, neuromelanin may bind 
with free radicals (such as superoxide anion radi-
cals and hydroxyl radicals) and some metal ions 
(such as iron ions). At low iron concentrations, 
neuromelanin is known to have antioxidant prop-
erties and protects against dopamine-induced 
free radical generation, but at high metal burden, 
melanins are prooxidant [ 73 ]. However   , neu-
romelanin is an iron storage molecule in substan-
tia nigra and  has both high- and low-affi nity 
Fe 3+ -binding sites [ 76 ]. 

 ROS may also a cause of DNA damage and 
altered expression of susceptible genes including 
α-synuclein, leucine-rich repeat kinase 2 (LRRK- 
2), and glucocerebrosidase. This shows that 
genetic predisposition is another important factor 
of PD [ 77 ].  

2.2.3     Increased Iron Concentration 
and Low Concentration 
of Ferritin 

 Iron is found in high concentrations in several 
parts of the basal ganglia including the sub-
stantia nigra, the globus pallidus, and the puta-
men. Iron contributes to generate free radicals 
and may therefore increase the vulnerability of 
dopaminergic neurons to toxic oxygen radi-
cals, especially in the substantia nigra of par-
kinsonian patients where iron content is 
increased. Iron is important for developing the 
activity of tyrosine hydroxylase and mono-
amine oxidase enzymes [ 74 ]. The tyrosine 
hydroxylase catalyzes the conversion of 
L-tyrosine to L-dihydroxyphenylalanine, and 
the monoamine oxidase catalyzes the oxidative 
degradation of dopamine. The translocation of 
iron across the blood–brain barrier is mediated 
by specifi c transferrin receptors located on the 
brain microvasculature. In the cells most of the 
iron binds to ferritin, others formed chelate com-
pounds with phosphate groups of membrane 
components and some included in iron micronu-
trient enzymes. Ferritin serves to store iron (Fe 3+ ) 
in a nontoxic form, to deposit it in a safe form, 
and to transport it to areas where it is required. 
By linking the iron from some biochemical reac-
tions, the ferritin limited its ability to stimulate 
oxidative processes [ 78 ,  79 ]. Iron mediates oxi-
dative damage to cellular components through 
the one-electron transfer called the Fenton reac-
tion, which leads to production of the unstable 
hydroxyl radical (OH•) that oxidizes lipid, pro-
tein, nucleic acid, and carbohydrate, whichever is 
proximate [ 30 ,  80 ]. Furthermore, dopaminergic 
neurons may express transferrin receptors on 
their cell surface to facilitate the uptake of iron 
bound to transferrin. If the intracellular iron pool 
is regulated by receptor-mediated transferrin 
uptake, then an upregulation of transferrin recep-
tor number may play a role in the pathogenesis of 
nigral cell damage in Parkinson’s disease. Early 
in the disease process, surviving dopaminergic 
neurons may increase the number of transferrin 
receptors in order to meet the increased meta-
bolic demand associated with compensatory 
changes in dopamine synthesis and turnover. 
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The uptake of ferrotransferrin by dopaminergic 
neurons may result in a progressive elevation in 
the cellular iron load that exceeds the regulatory 
capacity for increased ferritin expression in the 
aging brain. Increased iron stimulates the forma-
tion of free radicals, and changes in the ratio of 
Fe 2+ /Fe 3+  confi rmed the presence of oxidative 
stress [ 81 ,  82 ]. 

 Antioxidant protection of the brain is provided 
by superoxide dismutase (SOD), catalase (CAT), 
and glutathione peroxidase (GSH-Px). 
Glutathione peroxidase is one of the most potent 
enzymes that protects from ROS-mediated toxic-
ity by scavenging H 2 O 2  generated during cellular 
metabolism [ 83 ,  84 ]. GSH-Px is detected exclu-
sively in glial cells of the midbrain. Under nor-
mal conditions, there is a balance between the 
rate of formation and decomposition of H 2 O 2 , 
which prevents the occurrence of oxidative stress. 
It is assumed that the amount of reduced glutathi-
one (GSH) is the limiting factor for the removal 
of H 2 O 2  and other obtained by membrane oxida-
tion phospholipid peroxides. The recovery of 
reduced glutathione is performed by reduction of 
oxidized glutathione (GSSG) by glutathione 
reductase (GSSG-R) [ 81 ]. The level of GSH in 
substantia nigra is decreased and of GSSG level 
is high [ 84 ,  85 ]. The depletion of reduced gluta-
thione in the substantia nigra in Parkinson’s 
disease could be the result of neuronal loss. 
A decrease in the availability of reduced glutathi-
one would impair the capacity of neurons to 
detoxify hydrogen peroxide and increase the risk 
of free radical formation and lipid peroxidation. 
Indeed, the nigra contains increased levels of 
malondialdehyde and hydroperoxides. An 
increase in the activity of mitochondrial SOD in 
the substantia nigra in Parkinson’s disease may 
indicate a compensatory mechanism to nullify 
the augmented oxidative stress which is not 
observed in other tissues [ 81 ,  84 ].   

2.3     Huntington’s Disease 
and Oxidative Stress 

 Huntington’s disease (HD) or Huntington chorea 
is an autosomal-dominant inherited progressive 

neurodegenerative disorder, characterized by 
brief involuntary movements (chorea) and pro-
gressive deterioration of higher neural functions 
including cognition along with the development 
of psychological symptoms [ 86 ]. Although the 
disease has the potential to present itself at any 
time from childhood to old age, it usually begins 
between 35 and 50 years of age and progress 
relentlessly. Symptoms include weakening of 
mental abilities leading to a change in personality 
such as depression and suicidal tendencies. Loss 
of psychomotor functions due to lack of muscle 
coordination and abnormal jerky involuntary 
movements, violent behavior, and development 
of dementia are rare symptoms of HD [ 87 ,  88 ]. 

 HD is caused by an abnormal expansion of 
normal CAG trinucleotide polyglutamine repeats 
(polyQ repeats) on the N-terminus of the IT 15 
( HTT ) gene, as it codes for the protein huntingtin 
(Htt) and is located near the tip of chromosome 4 
(4p16.3), close to the telomere [ 20 ]. Normally, 
Htt is abundantly expressed in the brain and is 
tested with moderate expression observed in 
other organs such as the liver, heart, and lungs. 
Although the complete function of Htt is yet to be 
discovered, it has been observed to be involved in 
embryogenesis and development (cytoskeletal 
anchoring and transport of mitochondria along 
with vesicle traffi cking to mediate endocytosis). 
Htt is also important during the postembryonic 
development of some brain regions and in the 
survival of neurons. The active participation of 
Htt in brain development and maintenance there-
fore illustrates the importance of Htt in the CNS 
[ 89 ,  90 ]. In HD patient, the abnormally amplifi ed 
CAG repeats in the  HTT  gene lead to transcrip-
tion of the mutant huntingtin. In a normal person, 
the number of CAG repeats is approximately 
10–30, whereas in patients with HD have 38–120 
repeats. The intensity of the disease progression 
and earlier onset is directly related to the number 
of these CAG repeats. The CAG repeat may 
result in aggregation of proteins within the stria-
tal neurons which further gets broken up into 
long and short pieces. When short toxic pieces 
misfold and clump together and accumulate in 
the nerve cells, they disrupt cell function in a 
number of ways which appear to be the main 
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cause of neurodegeneration in the disease [ 20 , 
 91 ]. A wide range of possible mechanisms for 
neurotoxicity have been suggested, including 
inhibition of proteasome activity, caspase activa-
tion, dysregulation of transcriptional pathways, 
and increased production of ROS [ 92 – 95 ]. 

 The areas affected in HD are mainly in the 
corpus striatum (caudate nucleus and putamen) 
and cortex (frontal and temporal cortices). 
However, many other nuclei including the globus 
pallidus, thalamus, hypothalamus, subthalamic 
nucleus, substantia nigra, and cerebellum also are 
affected [ 88 ,  94 ,  96 ,  97 ]. The neuropathological 
hallmark of HD is the degeneration of the cau-
date nuclei of the basal ganglia situated in the 
lateral ventricle brain, while it is less prominent 
in the putamen. As    the disease progresses, there 
is an increase in neuronal loss from caudate, and 
they are partly replaced by both astrocytes and 
microglia (called gliosis) in the gray matter of the 
caudate. In early stages, no signifi cant gliosis is 
observed [ 88 ]. In the neostriatum, mutant Htt is 
found in the cell bodies and synaptic processes of 
surviving neurons and glial cells [ 92 ]. The weaker 
signals from striatum’s subthalamic nuclei thus 
cause reduced initiation and modulation of move-
ment, resulting in the characteristic movements 
of the disorder [ 91 ,  93 ]. 

 Biphasic changes in DA function may occur in 
HD, with early increase followed by late 
decreases. Presynaptic activation of the nigros-
triatal DA pathway induces chorea, while loss of 
DA inputs induces akinesia [ 98 ]. Overactivity in 
the nigrostriatal region might arise from a defi -
ciency in GABA. Normally, GABA inhibits DA 
release by activating GABA receptors on nigros-
triatal somata and terminals [ 99 ]. 

2.3.1     Role of Free Radicals 
and Oxidative Stress 
in Huntington’s Disease 

 The neurodegeneration initially caused by 
mutant Htt may be further exacerbated by free 
radical production followed by oxidative stress. 
Like in AD and PD, disruption of iron regulation 
also plays a key role in the etiology of HD. The 
most frequent is the toxic role of iron linked with 
the catalytic production of OH• from H 2 O 2  by 

Fenton reaction and causing damage to various 
biomolecules [ 3 ,  31 ,  32 ,  100 ]. 

 Expression of mutant huntingtin results in 
early impairment of mitochondrial function and 
axonal transport. Glutamate binds a variety of 
metabotropic and ionotropic receptors. Among 
these receptors, NMDA receptor plays a key role 
in mediating neuronal toxicity. Overactivity of 
the NMDA-type glutamate receptors (NMDA) 
causes excitotoxicity, especially neuronal dys-
function and death particularly in the striatum 
region of brain which is an early effect of mutant 
Htt. Excitotoxicity stands for neuronal death due 
to prolonged exposure to the neurotransmitter 
glutamate. This leads to overactivation of gluta-
mate receptors with depolarization of neuronal 
membrane, Ca 2+  infl ux, and mitochondrial energy 
depletion. Mutant Htt destabilizes the mitochon-
drial outer membrane, which increases the per-
meability of mitochondria to calcium ions and 
other apoptotic stimuli [ 101 ,  102 ]. Studies on 
transgenic mouse model R6/2 suggest complex 
IV defi ciency in mitochondria and elevated nitric 
oxide and superoxide anion radical generation 
followed by neuronal death which contributes to 
pathogenesis of HD [ 103 ]. It has been observed 
that nuclear localization and proteolysis of 
mutant Htt occur in early stage, whereas the tran-
scriptional dysregulation and ubiquitinated 
aggregates of mutant Htt appear as later stage of 
HD [ 102 ].   

2.4    Amyotrophic Lateral Sclerosis 

 Amyotrophic lateral sclerosis (ALS) or Lou 
Gehrig’s disease is a devastating neurodegenera-
tive disorder characterized by death of motor 
neurons leading to muscle wasting, dyspnea (dif-
fi culty in breathing), dysphagia (diffi culty in 
swallowing), and dysarthria (diffi culty in speak-
ing), and death occurs usually within 2–3 years 
of symptom onset [ 104 ]. The causes of ALS are 
not completely understood as the neurodegenera-
tive processes involved in disease progression are 
diverse and complex. There is substantial evi-
dence implicating oxidative stress as a central 
mechanism by which motor neuron death occurs. 
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It includes elevated markers of oxidative damage 
in ALS patient’s spinal cord and cerebrospinal 
fl uid and mutations in the antioxidant enzyme 
Cu/Zn superoxide dismutase (SOD1) causing 
approximately 20 % of familial ALS cases. 
However, the precise mechanism by which 
mutant SOD1 leads to motor neuron degenera-
tion has not been defi ned with certainty in litera-
ture [ 105 ]. 

2.4.1     Role of Free Radicals 
and Oxidative Stress 
in Amyotrophic Lateral 
Sclerosis 

 SOD1 is a powerful antioxidant enzyme that pro-
tects the body from damage caused by SAR gen-
erated in the mitochondria. Mutations of the SOD 
gene may reduce its superoxide dismutase activ-
ity, thereby elevating free radical levels that cause 
damage to both mitochondrial and nuclear DNA 
as well as proteins within cells. In addition, the 
mutant SOD protein may function as a peroxi-
dase to oxidize cellular components, and it may 
also react with peroxynitrite to form nitrate pro-
teins [ 38 ]. However, other reports documented 
that the levels of hydrogen peroxide and the 
hydroxyl radical are signifi cantly higher, and the 
level of the SAR is signifi cantly lower in ALS 
implying that the mutant enzyme detoxifi es O 2  •-  
into H 2 O 2  to further trigger formation of OH •  by 
Fenton’s reaction. Furthermore, free radicals trig-
ger oxidative damage to proteins, membrane lip-
ids, and DNA, followed by destroying neurons. 
The selective degeneration of motor neurons in 
ALS may be caused by the high level of SOD1 
present in large number of glutamatergic syn-
apses projecting to these motor neurons [ 39 ]. 

 More than 110 different mutations in SOD1 
have been linked with ALS. The primary cellular 
sites where SOD1 mutations act are located in 
astrocytes which exert toxic effects on the motor 
neurons. Autopsy and laboratory studies in ALS 
indicate that oxidative stress plays a major role in 
motor neuron degeneration and astrocyte dys-
function. As the disease progresses, nutritional 
defi ciency, wasting syndrome (cachexia), and 
psychological stress respiratory failure may fur-
ther increase oxidative stress [ 106 ].    

3    Conclusion 

 The maintenance of redox balance within cells is a 
primary component of homeostasis underlying 
neuronal survival. Any process that leads to a dis-
ruption of the redox balance can extremely inter-
fere with several biochemical processes and result 
in neuronal defi cits and dysfunction. The brain is 
more vulnerable to oxidative stress due to its high 
oxygen consumption, high content of polyunsatu-
rated fatty acids, and low levels of antioxidant 
enzymes than other organs of the body. Despite 
that neuronal cells are endowed with a range of 
protective mechanisms, when additional oxidative 
load overwhelms, a failure of protective mecha-
nisms may allow endogenous oxidative processes 
to damage cells and result in the pathophysiology 
of neurodegenerative disorders. There is growing 
evidence supporting increased oxidative stress in 
neurodegenerative disorders in addition to envi-
ronmental, genetic, and immunological factors. 
However, the exact molecular mechanisms are yet 
to be determined. The evidence to date for oxida-
tive stress in PD, AD, ALS, HD, and other neuro-
degenerative diseases is more convincing. Increase 
in energy metabolism by aerobic pathways 
increases the intracellular concentration of free 
oxygen radicals, which in turn enhance the rate of 
the autocatalytic process of lipid peroxidation, 
inducing damage to brain structures, especially 
when physiological defenses become insuffi cient 
or depleted. In AD, amyloid plaques are deposited 
by binding of transition metal ions such as Fe 3+ , 
Cu 2+ , and Zn 2+  with β-amyloid peptide. This pro-
duces H 2 O 2  catalytically in the presence of transi-
tion metals and fi nally gives toxic OH •  radicals. 
PD is characterized by deposition of inclusion 
bodies (Lewy bodies) of α-synuclein in substantia 
nigra that is ubiquitously expressed in brain. 
Dopamine is a neurotransmitter as well as very 
potent metal chelator and electron donor that set 
in vivo conditions for redox metal chemistry to 
generate toxic free radicals. It has high tendency to 
coordinate with Cu 2+  and Fe 3+  and reducing metals 
to initiate Fenton’s chemistry to generate H 2 O 2 . 
HD is characterized by involuntary movements 
and progressive deterioration of cognition along 
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with the development of psychological symptoms. 
It is caused by an abnormal expansion of normal 
CAG trinucleotide polyglutamine repeats in  Htt  
gene and formation of mutant huntingtin. The neu-
rodegeneration is initially caused by mutant Htt 
that may be further exacerbated by free radical 
production followed by oxidative stress and exci-
totoxicity caused by glutamate. In ALS, lower 
motor neurons from spinal cord and cerebral cor-
tex are lost due to deposition of a misfolded pro-
tein in neuronal tissue in relation with toxic gain of 
function by mutated SOD1 that leads to conver-
sion of SOD itself in prooxidant protein that par-
ticipates in ROS generation.     
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    Abstract  

  This oxidative stress has been  implicated in a variety of pathological 
conditions such as diabetes mellitus, infl ammation, cancer, ageing, ischemia, 
atherosclerosis, liver damage, etc. The present study revealed that all the 
stressors invariably increase oxidative stress in all the tissues as evident 
from the markers of oxidative stress, i.e., LPO, SOD, CAT, and GSH, in 
various tissues like blood, muscle, and liver. It was also found that chemical 
stress produces maximum oxidative stress as compared to physiological 
and psychological stress. Similarly, changes in the markers of oxidative 
stress in blood parallel with changes in muscle and liver. In all the stressed 
conditions, there was an increase in T 3  and T 4  and decrease in TSH. There 
was a concurrent increase in LPO and decrease in the SOD and CAT 
activity and reduction in the reduced glutathione content in blood. The data 
on oxidative stress and blood levels of thyroid hormones T3 and T4 condi-
tion exhibited a linear correlation. The changes in thyroid hormone levels 
correlate with the parameters of oxidative stress. Hence, it can be contem-
plated that thyroid hormones may play a pivotal role in the induction of 
oxidative stress in stress-exposed subjects.  
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 Generalized oxidative stress is a common 
consequence of most stressful conditions, and 
prolonged oxidative stress is known to cause 
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degenerative changes in the body leading to a 
pathological state. Despite the fact that many 
research articles have been written about stress, 
stress-related diseases, oxidative stress, etc., very 
little work has been done indicating the role of 
thyroid in induction of oxidative stress. 

1.1     Stress 

 Stress is a force that disrupts equilibrium and 
affects homeostasis. Therefore, it is also defi ned 
as a state of threatened homeostasis. Stressor 
may be viewed as a stimulus for a classical 
stress response particularly when a person 
cannot handle stress. Prolonged and repeated 
exposure to stress had been shown to produce a 
variety of pathological conditions ranging 
from diabetes to cardiovascular diseases. During 
stress, an adaptive compensatory specifi c 
response of the organism is activated to sustain 
homeostasis. The adaptive response refl ects the 
activation of specifi c neuronal circuits. It is 
genetically programmed and constantly modified 
by environmental factors. The neuropeptide – 
CRH – is a central regulator of the hypothalamic-
pituitary- adrenal (HPA) stress response and is 
implicated in various stress-related conditions 
[ 1 ,  2 ]. 

 The commonly identifi ed stress conditions 
can be classifi ed as follows:
    1.    Psychological stress due to anxiety, fear, 

frustration, restrain, isolation, etc.   
   2.    Physiological stress or metabolic stress due to 

abnormal metabolism   
   3.    Environmental stress due to pollution, radiation, 

electromagnetic fi eld, etc.   
   4.    Physical stress due to cold, heat, intense 

radiation, noise, vibration etc.   
   5.    Chemical stress due to poisons, chemicals, 

drugs, medicines, etc.     
 The literature has demonstrated that most 

of the above stressors and subsequent stress 
generate free radicals [ 3 – 6 ] and produce oxidative 
stress, the underlying cause of degenerative type 
of pathological conditions.  

1.2     Oxidative Stress 

 Oxidative stress arises when highly reactive free 
radicals produce oxidative damages to the macro-
molecular structures of the cell. When generation 
of free radicals and other reactive oxygen species 
overwhelms the endogenous antioxidant defense 
of the body, then such condition is called as 
oxidative stress. Oxidative stress is a general 
term used to describe the steady-state level of 
oxidative damage in a cell, tissue, or organ, 
caused by the reactive oxygen species (ROS). 
This damage can affect a specifi c molecule or the 
entire organism. ROS, such as free radicals and 
peroxides, represent a class of molecules that are 
derived from the metabolism of oxygen and exist 
inherently in all aerobic organisms. Oxidative 
stress is imposed on cells as a result of one of 
three factors such as an increase in oxidant gen-
eration, a decrease in antioxidant protection, and 
a failure to repair oxidative damage. Cell damage 
is induced by ROS. ROS are either free radicals, 
reactive anions containing oxygen atoms, or 
molecules containing oxygen atoms that can either 
produce free radicals or are chemically activated 
by them. The main source of ROS in vivo is aero-
bic respiration, although ROS are also produced 
by peroxisomal oxidation of fatty acids, micro-
somal cytochrome P450 metabolism of xenobi-
otic compounds, stimulation of phagocytosis 
by pathogens or lipopolysaccharides, arginine 
metabolism, and tissue-specifi c enzymes. In normal 
conditions, ROS are cleared from the cell by the 
action of superoxide dismutase, catalase, or 
glutathione peroxidase [ 7 – 9 ].  

1.3     Free Radicals 

 Radicals are molecules that are over-reactive 
because they are unbalanced electronically. 
Radicals are mainly generated in the mitochon-
dria with a purpose to provide energy to activate 
the intracellular enzymes that they can act on 
their substrate. However, mitochondria, if exces-
sively stimulated, generate the radicals in excess. 
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The additional unpaired electron on radical often 
makes it highly unstable and reactive, and hence 
it tries to gain stability by capturing an additional 
electron from the molecule of the surrounding 
structures, so that the unpaired electron can 
become paired. The process of capturing an elec-
tron involves reacting with “donor” molecule, 
which loses an electron and is said to have been 
“oxidized.” This oxidized donor molecule then 
has a capacity to oxidize other molecules, which 
sets up a chain reaction that potentially leads to 
damaging surrounding tissues. The unutilized 
radical is scavenged by intracellularly available 
antioxidants. However, in the event of over-
whelming generation of radicals, the antioxidants 
fall short and the unscavenged    radicals remain 
free. Such radical is called as “free radical.” 

 A free radical can be defi ned as a chemical 
species possessing an unpaired electron. It can 
also be considered as a fragment of a molecule. 
As such, free radical can be formed in three ways:
    1.    By homolytic cleavage of a covalent bond of a 

normal molecule, with each fragment retain-
ing one of the paired electrons   

   2.    By the loss of a single electron from a normal 
molecule   

   3.    By the addition of single electron from a nor-
mal molecule     
 The latter, electron transfer, is a far more com-

mon process in biological system than is homo-
lytic fi ssion, which generally requires high-energy 
input from either high temperature, UV light, or 
ionizing radiation. Heterolytic fi ssion, in which 
the electrons of the covalent bond are retained by 
only one of the fragments of the parent molecule, 
does not result in free radical but in ions, which 
are changed. Free radical can be positively 
charged, negatively charged, or electrically neu-
tral. The unpaired electron and the radical nature 
of a species are conventionally indicated by writ-
ing it with a heavy superscript dot. 

 Since free radical generation is the outcome of 
imbalanced metabolism, and thyroid gland 
 secretions are known for activating the basal met-
abolic rate, it was contemplated that the same 
may be playing a central role in the induction of 
generalized oxidative stress.   

2     Thyroid Gland 

 The thyroid gland consists of two lobes that lie 
on each side of the trachea, just below the Adam’s 
apple. It is the largest and most sensitive endocrine 
glands in the body (Fig.  1 ). It produces the thyroid 
hormones thyroxine (T 4 ) and triiodothyronine (T 3 ). 
Both hormones are classifi ed as biogenic amines 
and are derived from the amino acid tyrosine. 
The thyroid gland is the only gland, which stores 
its secretory product in large quantities, normally 
about a 10-day supply. The synthesis of the thyroid 
hormones requires the amino acid tyrosine and the 
trace mineral iodine. T 3  and T 4  are synthesized by 
attaching iodines to the amino acid tyrosine, 
stored for some period of time and then secreted 
into the blood. Thyroid- stimulating hormone 
(TSH) stimulates most of the steps. The thyroid 
secretes about ten times as much T 4  as T 3 ; how-
ever, T 3  is roughly two to three times more potent. 
Thyroxine is converted into the more active 
triiodothyronine with the selenium-dependent 
enzyme 5′-deiodinase. T3 and T4 are lipid soluble 
and combine with special transport proteins upon 
release into the blood serum, called thyroxine-
binding globulins (TBG). Less than one percent 
of thyroid hormones travel unattached in their 
free state.

  Fig. 1    Thyroid gland       
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2.1       Oxidative Stress 
and Thyroid Gland  

 Oxidative stress has been thought to contribute to 
the general decline in cellular functions that are 
associated with many human diseases. Increased 
cellular level of ROS due to oxidative stress can 
result in an increased steady-state level of oxida-
tive DNA damage. The oxidative stress has been 
implicated in a variety of pathological conditions 
such as diabetes mellitus, infl ammation, cancer, 
ageing, ischemia, atherosclerosis, liver damage, 
etc. [ 10 ,  11 ]. 

 The thyroid gland is the body’s primary regu-
lator of metabolism. Because it controls the 
body’s metabolic rate and the rate at which 
energy is produced, imbalances of thyroid hor-
mones can have a profound effect on an individu-
al’s energy levels. Thyroid hormones accelerate 
cellular reactions and increase oxidative metabo-
lism. By stimulating enzymes that control active 
transport pumps, demand for cellular oxygen 
increases, and as ATP production goes up, heat is 
produced. This creates a thermoregulatory effect, 
which increases body temperature. Basal meta-
bolic rate (BMR) is directly infl uenced by thyroid 
hormone chemistry. Thyroid hormones can 
target, infl uence, and alter the metabolism of 
virtually every cell in the body. Thyroid hormones 
are among the most important humoral factors 
involved in setting the basal metabolic rate on a 
long-term basis in target tissues such as liver, 
heart, kidney, and brain [ 12 ]. Oxygen free radi-
cals can develop during several steps of normal 
metabolic events. Although free radicals have the 
potential to damage the organism, their genera-
tion is inevitable for some metabolic processes. 
The main endogenous sources of free radicals are 
the mitochondrial electron transport chain, the 
microsomal membrane electron transport chain, 
reactions of oxidant enzymes, and auto-oxidation 
reactions [ 12 ,  13 ]. Both hydrogen peroxide and 
superoxide anion produce highly reactive 
hydroxyl radical (OH) by the Haber-Weiss reac-
tion. The hydroxyl radical can initiate lipid per-
oxidation, which is a free radical chain reaction 
leading to damage of membrane structure and 
function [ 14 ,  15 ]. 

 Thyroid hormones are key regulators of 
growth, development, and metabolism. The 
development of a hyperthyroid state in verte-
brates leads to an enhancement in their basal 
metabolic rate (BMR) due to an increase in the 
rate of O 2  consumption in most tissues, excluding 
the spleen, testis, and adult brain [ 16 ]. Current 
available data indicate that thyroid calorigenesis 
is achieved by both:
    1.    A short-term signaling mechanism mediated 

by 3,5-diiodothyronine (3,5-T 2 ) and 
3,3,5- triiodothyronine (T 3 ) with the allosteric 
activation of cytochrome c oxidase ([ 17 ,  18 ]   

   2.    A long-term pathway inducing nuclear and 
mitochondrial gene transcription through T 3  
signaling [ 19 ,  20 ], thus stimulating basal 
thermogenesis    

The T 3 -dependent long-term signaling mecha-
nism induces the synthesis of the enzymes 
involved in energy metabolism and the compo-
nents of the respiratory chain apparatus, leading 
to a higher capacity of oxidative phosphorylation 
[ 21 ,  22 ]. The consequent increase in ATP pro-
duction is partially balanced by the concomitant 
diminution in the effi ciency of ATP synthesis due 
to intrinsic uncoupling, afforded by induction of 
uncoupling proteins (UCPs) by T 3  [ 23 ], with the 
consequent enhancement in mitochondrial O 2  
uptake. Although these short- and long-term 
pathways are mainly responsible for the increased 
cellular respiration induced by hyperthyroid 
state, other processes may also play a role, 
namely:
    1.    Energy expenditure due to higher active cation 

transport   
   2.    Loss of energy from futile cycles due to 

increases in catabolic and anabolic pathways 
of intermediary metabolism   

   3.    Higher activity of membrane-bound enzymes 
associated with electron transfer and metabo-
lite carriers due to changes in the lipid compo-
sition of mitochondrial membranes [ 21 ]   

   4.    O 2  equivalents related to oxidative stress [ 22 , 
 24 ], a redox imbalance that leads to various 
pathophysiological events in the liver [ 25 ,  26 ]    
  The relation between thyroid calorigenesis 

and oxidative stress has been studied extensively 
[ 22 ] in line with the signifi cant correlation 
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established for BMR and the lipid peroxidative 
potential of tissues from several mammalian 
species [ 27 ]. Experimental animals made hyper-
thyroid by T 3  administration and exhibit a ther-
mogenic response that coincides with increases 
in the rate of O 2  consumption by the liver [ 28 ]. 
Acceleration of hepatic respiration during thyroid 
calorigenesis leads to a marked elevation in the 
rate of superoxide production by liver submito-
chondrial particles in the presence of NADH 
(142 %) or succinate (152 %), with higher rates 
of hydrogen peroxide (H 2 O 2 ) generation, either 
under basal conditions or in the succinate-
supported process, both in the absence and 
presence of antimycin-A [ 29 ,  30 ]. Enhancement 
in liver mitochondrial H 2 O 2  production also 
occurs in the transition from hypothyroid to 
hyperthyroid state as a function of the content of 
auto-oxidizable electron carriers [ 31 ], an effect 
that is mimicked by cold- induced hyperthy-
roidism [ 32 ]. Development of a hyperthyroid state 
in rats results in the proliferation of the smooth 
endoplasmic reticulum, with higher activities of 
NADPH-cytochrome P 450  reductase [ 33 ] and 
NADPH oxidase [ 28 ]. The latter enzymatic activity 
represents the oxidase activity of cytochrome P 450  
responsible for O 2  and H 2 O 2  production [ 34 ], 
which has been recently related to the induction 
of the highly prooxidant cytochrome P 4502E1  
isoform by T 3  [ 35 ]. These changes, and the 
increase in the activity of the NADPH-generating 
system glucose-6-phosphate dehydrogenase [ 36 ], 
are likely to determine high rates of cytochrome 
P 450  reduction in hyperthyroid state, thus explain-
ing the increase in:
    1.    NADPH-dependent antioxidant-sensitive rates 

of O 2  uptake [ 37 ].   
   2.    NADPH-supported O 2  generation [ 28 ]. and   
   3.    The biotransformation of a variety of xenobi-

otics [ 22 ]. In addition to the T 3 -induced liver 
mitochondrial and microsomal capacity of 
reactive oxygen species (ROS) generation, 
cytosolic enzymatic mechanisms are also 
increased, namely, the well-known ROS gen-
erator xanthine oxidase [ 38 ] and the reactive 
nitrogen species (RNS) producing system 
nitric oxide synthase (NOS) [ 39 ].    

  These changes are presumed to occur primarily 
at the parenchymal cell level, with Kupffer cells 
playing a secondary role, as evidenced by the 
enhancement in the respiratory burst activity 
after T 3  administration [ 40 ]. The latter process is 
mainly due to the activity of NADPH oxidase, 
with a smaller contribution by NOS [ 41 ] being 
the T 3 -induced increase in liver NOS activity par-
tially inhibited by the Kupffer cell inactivator 
gadolinium chloride (GdCl3) [ 39 ]. T 3 -induced 
liver free radical generation occurs in concomi-
tance with enhanced respiratory burst activity 
and chemiluminescent response in polymorpho-
nuclear leukocytes, both in experimental and 
human hyperthyroidism [ 42 ]. Thyroid hormone- 
induced liver free radical activity is associated 
with a diminution in antioxidant defenses, namely:
    1.    Reduction in the activity of superoxide dis-

mutase (SOD) and catalase [ 43 ], probably due 
to enzyme inactivation by the ROS/RNS 
produced   

   2.    Depletion of reduced glutathione (GSH) [ 38 , 
 43 ,  44 ], α-tocopherol, β-carotene, and lyco-
pene [ 36 ]    
  In conclusion, a higher prooxidant activity is 

developed in the liver as result of the functional 
interdependence established between thyroid 
calorigenesis, hepatic respiration, and ROS/RNS 
generation, which accounts for 16–25 % of the 
net increase in the total rate of O 2  consumption 
by T 3  [ 30 ], including O 2  equivalents used in the 
oxidation of hepatic biomolecules. This T 3 - induced 
liver free radical activity is paralleled by a 
decrease in antioxidant defenses, leading to oxida-
tive stress [ 24 ] in liver, as well as in extrahepatic 
tissues exhibiting a calorigenic response [ 22 ]. 

 At the cellular level, oxidative stress leads to a 
wide spectrum of responses, depending on the 
cell type, the level of ROS achieved, and the 
duration of the exposure [ 45 ]. Under conditions 
of thyrotoxicosis, T 3 -induced liver oxidative 
stress triggers different molecular changes asso-
ciated with either cell dysfunction or adaptive 
responses to injury. As a consequence of the 
enhanced oxidative stress imposed on the liver by 
thyroid calorigenesis, damages to polyunsatu-
rated fatty acids, proteins, and DNA have been 

Thyroid Gland in Free Radical-Induced Oxidative Stress



164

evidenced by the increases in biochemical 
indicators of:
    1.    Lipid peroxidation [thiobarbituric acid reactants 

(TBARs)] [ 28 ,  31 ,  46 ,  47 ], hydroperoxide for-
mation, and chemiluminescence [ 28 ,  37 ,  48 ]   

   2.    Protein oxidation [   content of protein hydra-
zone derivatives] [ 40 ]   

   3.    DNA oxidation [8-oxo-deoxyguanosine levels] 
[ 49 ], in experimental animals    
  In man, hyperthyroidism is characterized by 

signifi cant changes in circulating parameters 
related to oxidative stress, including:
    1.    Increased levels of TBARs [ 50 – 57 ] and con-

jugated dienes [ 54 ,  56 ]   
   2.    Elevated levels of H 2 O 2  and lipid hydroperox-

ides [ 57 ]   
   3.    Reduced levels of thiols [ 54 ,  58 ], ascorbic 

acid, α-tocopherol [ 52 ], and coenzyme Q [ 52 ]     
 The above changes are either reduced or nor-

malized by thyrostatic therapy or antioxidant 
supplementation, correlate with the elevation in 
urinary TBARs levels [ 50 ] and chemilumines-
cent response [ 59 ], and occur concomitantly with 
a higher susceptibility of erythrocytes to an oxi-
dant challenge [ 50 ]. In the liver, T 3 -induced oxi-
dative stress exacerbates hepatic injury caused by 
other harmful stimuli, probably due to potentia-
tion of the prooxidant state and increased Kupffer 
cell functioning due to macrophage hyperplasia 
and hypertrophy [ 22 ,  40 ]. 

 Variations of the levels of thyroid hormones 
can be one of the main physiological modulators 
of in vivo cellular oxidative stress due to their 
known effects on mitochondrial respiration [ 11 ]. 
In particular, it has been suggested that the 
increase in reactive oxygen species induced by 
thyroid hormones can lead to an oxidative stress 
condition in the liver and in the heart and some 
skeletal muscles with a consequent lipid 
 peroxidative response [ 12 ,  60 ]. 

 Both oxygen consumption and free radical 
production take place in mitochondrial mem-
branes. The sensitivity to oxidative damage of 
these membranes is strongly dependent on their 
unsaturated fatty acid content (PUFAs) which are 
among the more susceptible cellular macromole-
cules to oxidative stress. At the same time, the lipid 
environment can directly affect membrane function, 

including mitochondrial electron transport and 
possibly oxygen free radical production. Moreover, 
changes in lipid composition of cellular mem-
branes appear to be well-established features of 
altered thyroid states in rat tissues [ 61 ]. 

 In aerobic cells, active oxygen species, e.g., 
superoxide and hydrogen peroxide, are generated 
as by-products of oxidative metabolism in mito-
chondria. These species are toxic to biomem-
branes and eventually lead to peroxidation of 
lipids unless they are removed by free radical 
scavenging enzymes, such as superoxide dis-
mutase (SOD), glutathione peroxidase (GPx), 
and catalase. Antioxidant enzymes act to scavenge 
free radicals by converting them to less harmful 
molecules [ 62 ]. 

 Thyroid hormones stimulate protein synthesis 
and increase the rate at which triglycerides 
are broken down (lipolysis). This is why they are 
sometimes taken by athletes in sports where 
physical appearance is judged, especially during 
the fi nal stages of pre-contest dieting. At appro-
priate levels, these hormones help to preserve 
muscle and reduce body fat, but when used incor-
rectly or excessively, they are highly destructive 
to muscle (catabolic). Low levels of T 3  stimulate 
the hypothalamus to secrete thyrotropin- releasing 
hormone (TRH) and the anterior pituitary to 
secrete TSH. TRH also stimulates the anterior 
pituitary to secrete TSH. Then TSH stimulates 
virtually all aspects of thyroid gland activity. 
The thyroid gland releases T 3  and T 4  until the 
metabolic rate returns to normal. 

 During growth, thyroid hormones provide an 
anabolic infl uence on protein metabolism. This is 
due to their infl uence on insulin secretion. T4 and 
insulin also connect in the liver, where they 
mutually affect IGF activity. IGF (insulin growth 
factors) are powerful muscle-building control 
agents. In the absence of adequate levels of thy-
roid hormones, human growth hormone (hGH) 
also loses its growth-promoting action and is not 
secreted normally. 

 Thyroid hormones are associated with the oxi-
dative and antioxidative status of the organism. 
Thyroid hormones regulate oxidative metabolism 
and thus play an important role in free radical 
production [ 63 ]. In hypothyroidism, a decrease in 
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free radical production is expected because of the 
metabolic suppression brought about by the 
decrement in thyroid hormone levels [ 63 ,  64 ]. 
However, there are some studies reporting 
oxidative stress in hypothyroidism [ 65 – 67 ]; 
paraoxonase (PON1) is an antioxidant enzyme 
that hydrolyzes lipid peroxides in oxidized lipo-
proteins [ 68 ]. PON1 exerts paraoxonase and 
arylesterase activities, since the enzyme hydro-
lyzes both organophosphates (such as paraox-
onase) and aromatic esters (such as phenyl 
acetate). Paraoxonase activity was suggested to 
be inversely associated with oxidative stress in 
serum and macrophages [ 69 ]. Reduced paraox-
onase activities have been reported in several 
groups of patients with diabetes, hypercholester-
olemia, and cardiovascular disease who are under 
increased oxidative stress [ 70 ,  71 ]. Vitamin E is a 
fat-soluble vitamin that exists in eight different 
forms. It is also a powerful biological antioxi-
dant. Vitamin E has also been shown to play a 
role in immune function, in DNA repair, and in 
other metabolic processes. Vitamin E is the major 
fat-soluble free radical chain-breaking antioxi-
dant found in plasma, red blood cell, and tissues 
[ 72 ]. Vitamin E is a widely studied antioxidant 
molecule and several authors have proposed that 
vitamin-E supplementation could be useful in 
disturbances that are associated with oxidative 
stress [ 73 ]. 

 Thyroid hormones play a crucial role in the 
regulation of mitochondrial oxidative metabo-
lism; the synthesis and degradation of proteins 
and vitamins, such as vitamin E, vitamin A, and 
β-carotene; the sensitivity of tissues to catechol-
amines; and the regulation of antioxidant enzyme 
levels [ 61 ]. Hyperthyroidism and hypothyroid-
ism represent opposite clinical conditions char-
acterized, respectively, by enhanced oxidative 
metabolism and by reduced oxidative metabo-
lism. The hypermetabolic state that characterizes 
hyperthyroidism accelerates free radical produc-
tion in the mitochondria and induces changes in 
the antioxidant defense system [ 63 ,  74 ]. In con-
trast, the metabolic suppression brought about by 
hypothyroidism is associated with a decrease in 
free radical production, and it has also been 
suggested that hypothyroidism protects tissues 

against acceleration of lipid peroxidation [ 63 ,  64 ]. 
Increasing experimental and epidemiological 
evidence shows that high oxidative stress status 
favors oxidative modifi cations of LDL and plays 
an important role in the development of athero-
sclerosis [ 75 ,  76 ]. Nevertheless, hypothyroidism 
but not hyperthyroidism represents an important 
risk factor for atherosclerosis and coronary heart 
disease. 

 High concentrations of thyroid hormones may 
change the metabolism of oxygen in the cells and 
stimulate the production of free radicals [ 77 ]. 
In the course of hyperthyroidism, oxidative stress 
and the peroxidation of lipids can be generated 
[ 47 ]. Acceleration of the mitochondrial respira-
tion [ 78 ] and basal metabolic rate and the energy 
metabolism of tissues in several mammalian spe-
cies represent some of the major functions of thy-
roid hormones [ 79 ]. Accumulating evidence has 
suggested that the hypermetabolic state in hyperthy-
roidism is associated with increase in free radical 
production and lipid peroxide levels [ 28 ,  74 ], 
whereas the hypometabolic state induced by 
hypothyroidism is associated with a decrease in 
free radical production [ 80 ] and in lipid peroxi-
dation products [ 64 ]. The changes in the levels of 
the scavengers α-tocopherol [ 81 ], glutathione 
[ 37 ,  82 ] and coenzyme Q [ 81 ], and activities of 
antioxidant enzymes [ 74 ] in various tissues were 
found to be imbalanced and often opposite. It is 
worth mentioning that some of the antithyroid 
drugs have antioxidant effects [ 83 ,  84 ]. It was 
shown that both methimazole and propylthioura-
cil abolished or reduced the oxygen radical pro-
duction by complement-attacked thyroid cells 
and decreased cytokine production [ 77 ]. The role 
of thyroid hormones in metabolic pathways is 
well known. However, their involvement in lipid 
peroxidation and antioxidant enzyme activities is 
not known. 

 Reports suggest that high concentration of 
thyroid hormones can affect the metabolism of 
oxygen in aerobic condition and stimulate free 
radical generation in mitochondria [ 85 ]. Oxidative 
stress produces immunosuppression [ 86 ]. 
Reactive oxygen types play an important role in 
physiological mechanism; however, extremely 
reactive oxygen types lead to oxidative stress [ 87 ]. 
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Reports suggest that hypothyroidism reduces 
oxidative stress in kidney and testis tissue, but 
short-term, high dose of thyroxine administration 
in addition to hypothyroidism increased oxidative 
stress in same tissue of rats [ 88 ]. Other studies 
showed that hypothyroidism reduced oxidative 
damage in cerebral, hepatic, and cardiac tissues 
of rats and high dose of thyroxine increased 
oxidative damage in tissues [ 89 ]. It has been 
proposed that hypothyroidism provides in vivo 
protection against free radical- induced damage, 
and this cellular defense mechanism may be 
acting differently from antioxidant defense 
system [ 47 ]. Basedow disease patients exhibited 
increased T3 and T4, and their treatment with 
propylthiouracil resulted in decreased catabolism 
and lowered oxidant generation [ 73 ]. These evi-
dences suggest that oxidative stress in any dis-
eased condition or in infected condition or in 
stressed condition may be mediated through 
thyroid gland. Hence, it is contemplated that 
thyroid gland plays a central role in generating 
generalized oxidative stress in diseased condi-
tion. There are merits and demerits of free radical 
generation. Thyroid hormones play a crucial role 
in the regulation of mitochondrial oxidative 
metabolism [ 61 ]. 

 Despite the fact that extensive research has 
been conducted about stress, stress-related dis-
eases, oxidative stress, etc., very little work has 
been done indicating the role of thyroid in induc-
tion of oxidative stress. The body generates free 
radical by cellular mechanisms and/or endocrine 
mechanism. Many scientifi c studies suggest that 
corticotropin-releasing factor (CRF) supports 
neuronal system; increasing the neuronal effects 
may generate more free radicals. Most scientists 
view stress as the situation when the hypothalamo-
pituitary- adrenocortical (HPA) axis, represented 
mainly by elevated adrenocorticotropic hormone 
(ACTH) levels, is activated [ 90 ]. Others suggest 
that activating other systems with or without an 
elevation in ACTH may refl ect stress-induced 
disturbed homeostasis [ 2 ]. Apart from other fac-
tors, the role of neuroendocrine response in cop-
ing with stress is well recognized. During stress 
response the physiological processes are playing 
a vital role to redirect energy utilization among 

various organs. The thyroid gland is the body’s 
primary regulator of metabolism. Thyroid- 
stimulating hormone (TSH) affects metabolism 
and may be affected by the thyroxin secretions. 
Therefore, it is postulated that thyroxin may play 
an important role in induction of oxidative stress 
[ 91 ]. Variations of the levels of thyroid hormones 
can be one of the main physiological modulators 
of in vivo cellular oxidative stress due to their 
known effects on mitochondrial respiration [ 92 ]. 
The thyroid hormones may play a crucial role in 
inducing the generation of generalized oxidative 
stress. 

 It is known that stress causes the release of 
corticotropin-releasing factor, which activates the 
sympathetic system as well as adrenals glands. 
This characteristic component of stress response 
infl uences several organs, which consequently 
affects the equilibrium and eventually disturbs 
the homeostasis. Therefore, it is also defi ned as a 
state of threatened homeostasis. A stress response 
particularly appears when a person cannot handle 
stress. Psychological stress, physiological or 
metabolic stress, environmental stress, physical 
stress, and chemical stress conditions implicate 
degenerative changes in many organs leading to 
variety of pathological conditions. It is believed 
that the degeneration of the tissues is subsequent 
to the cytotoxic effects of the free radicals, the 
underlying cause for the oxidative stress. 
Oxidative stress is a condition when the cell- 
bound macromolecular structures such as DNA, 
proteins, and lipids undergo oxidative damages 
due to chemical infl uences of the free radicals. 
Radicals are electronically unbalanced moieties 
and, hence, extremely reactive. Radicals are 
mainly generated in the mitochondria with a pur-
pose to provide energy to activate the intracellu-
lar enzymes. However, in the event of excessive 
stimulation of mitochondria, the radicals are gen-
erated in excess. Due to an unpaired electron, the 
radical tries to gain an additional electron or 
donate same to any molecule in its surrounding. 
The molecule which loses an electron gets oxi-
dized. This oxidized donor molecule sometimes 
sets up a chain reaction which potentially causes 
tissue damages. The unutilized radical is normally 
inactivated by intracellular available antioxidants. 
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However, in the event of overwhelming generation 
of radicals, the antioxidants fall short and the 
unscavenged radicals remain free. Such radicals 
are called as “free radicals.” 

 The free radicals are oxygen or nitrogen 
derived, leading to formation of reactive oxygen 
species (ROS) and reactive nitrogen species 
(RNS), respectively. Chief danger of free radicals 
comes from the oxidative damages to the cellular 
component such as DNA, lipids, and protein. 
Probably, therefore, increased lipid peroxidation 
has been seen in a wide range of tissue injuries 
and diseases. Lipids appear more susceptible to 
radical attacks as their oxidation leads to forma-
tion of lipid peroxides. When free radicals exces-
sively oxidize the intracellular components, the 
ensuing state of cell is called as “oxidative stress.” 
This oxidative stress has been implicated in a 
variety of pathological conditions. Plethora of 
evidences has demonstrated the generation of 
oxidative stress on exposure to the stressor, and 
in addition, an antioxidant therapy has been 
shown to prevent the same. Probably, therefore, 
antioxidants are clinically found effective in 
many stress-related pathologies, which suggest 
that they are subsequent to the oxidative stress. 
Why prolonged induction of stress leads to 
oxidative stress is not yet properly delineated. 

 As mentioned earlier, exposure to any stressor 
initiates release of CRF from hypothalamus 
which increases the metabolic and functional sta-
tus of many organs via sympathetic system and 
adrenal steroids. The glucocorticoids are known 
to mobilize the metabolic substrates so that cells 
can perform more work, as demanded by neuro-
nal stimulus. The activation is normally propor-
tional to the intensity of stressor. However, why 
should it produce oxidative stress is unclear 
because mobilization of metabolic substrates does 
not lead to free radicals generation. As mentioned 
earlier, the primary site for radical generation is 
the mitochondria, and this cell structure and its 
processes are more infl uenced by thyroxin. 

 Incidentally, it is important to note that hypo-
thalamus also causes the release of thyrotrophic 
releasing hormones (TRH) during the stress 
response so that the mitochondria can provide 
the radicals to activate the enzymes required to 

derive the energy from the metabolic substrates, 
mobilized indirectly by CRF via glucocorticoids. 
In view of these evidences, it is likely that thyroxin, 
released in higher amount in response to stress, 
would activate the mitochondria to generate more 
radicals which could lead to oxidative stress. 

 The literature suggests the basic purpose of 
the endocrine component of stress response is to 
derive energy from the metabolic substrates for 
the increased organ functions. Plethora of evi-
dences suggests that free radicals are often 
generated in stress-exposed subjects. However, it 
is not clear whether radical generation is the 
cause of enhanced metabolic activities or they are 
subsequent due to increased metabolic rate. It is 
known that:
    (a)    Stress causes the release of CRF and TRH 

from hypothalamus.   
   (b)    Thyrotropin-releasing hormone (TRH) causes 

the release of thyroxin.   
   (c)    Thyroxin infl uences the mitochondria to 

generate the radicals.   
   (d)    Overdose of thyroxin generates the oxidative 

stress.   
   (e)    Oxidative stress is often evident in stress- 

related pathologies.    
These evidences suggest that the thyroid hor-
mones released in response to stress may be 
playing a pivotal role in generation of oxidative 
stress. Hence, it was proposed to fi nd experimen-
tal evidences to support the probable involvement 
of thyroid hormones in the oxidative stress 
generated by exposing rats to various types of 
stressors. 

 Hence, the investigations were carried out to 
defi ne the role of thyroid hormones in the genera-
tion of oxidative stress. In vivo studies were con-
ducted, in which the generalized oxidative stress 
was generated by a stress exposure, which initi-
ated a supraspinal stress response involving the 
role of thyroid hormones. The literature has 
documented several models, which can induce 
stress response. However, there is no equivocal 
agreement on their abilities to generate general-
ized oxidative stress. Therefore, experiments 
were conducted on a number of models to test 
their ability to generate oxidative stress in various 
tissues such as liver, muscle, and blood. 
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 The study revealed that all the stressors 
invariably increase oxidative stress in all the tis-
sues as evident from the markers of oxidative 
stress, i.e., LPO, SOD, CAT, and GSH, in various 
tissues like blood, muscle, and liver. It was also 
found that chemical stress produces maximum 
oxidative stress as compared to physiological and 
psychological stress. Similarly, changes in the 
markers of oxidative stress in blood parallel with 
changes in muscle and liver. Hence, it appears 
that mere estimation of markers in blood can rep-
resent generalized oxidative stress which prevails 
all over the body. In all the stressed conditions, 
there was an increase in T3 and T4 and decrease 
in TSH. There was a concurrent increase in LPO 
and decrease in the SOD and CAT activity and 
reduction in the reduced glutathione content in 
blood. The data on oxidative stress and blood 
levels of thyroid hormones T3 and T4 condition 
exhibited a linear correlation. The changes in 
thyroid hormone levels correlate with the param-
eters of oxidative stress. In unstressed condition, 
there was a decrease in T3 and T4 levels and 
increase in TSH in hypothyroid state and the 
levels of LPO decreased, whereas the SOD and 
CAT activity and the reduced glutathione content 
increased signifi cantly as compared to normal. In 
all the stressed conditions, there were an increase 
in T3 and T4 levels and a decrease in TSH in 
hyperthyroid state and levels of LPO increased, 
whereas SOD and CAT activity and the reduced 
glutathione content decreased signifi cantly as 
compared to normal. It was further observed that 
the oxidative stress was higher in those rats which 
received exogenous thyroxin. The study revealed 
an intense oxidative stress in hyperthyroid state 
on exposure to any one of the employed stressor 
where in the chemical stress was found to be 
most effective. In hypothyroid state there was no 
indication of any oxidative stress on exposure to 
either of the stressors. Daily Vitamin-E treatment 
significantly prevented oxidative stress as 
compared to vehicle-treated rats in control 
(unstressed) as well as in experimental (stressed) 
group of rats having different functional states of 
thyroid. Vitamin-E treatment did not affect the 
levels of T3, T4, and TSH in any of the groups 
(Tables  1  and  2 ).

    Thus, the investigations have provided an 
experimental evidence to show that the exposure 
to stressor implicates thyroid hormones in the 
generation of oxidative stress and antithyroid 
treatment in such situation prevents the same 
whereas the antioxidant treatment attenuates the 
oxidative stress more effectively in hypo- or nor-
mal functional state of thyroid, but its activity is 
lowered in hyperthyroid state. Hence, assessing 
the thyroid function in stressed individuals and 
then using antithyroid agents appear to be a better 
therapeutic approach to prevent the generation of 
stress-induced oxidative stress and prevent the 
oxidative degeneration of the body. The present 
study demonstrated that the subjection of the rats 
to either of the stressor caused the rise in the 
levels of thyroid hormones and also produced 
signifi cant oxidative stress in all tested tissues. 
The oxidative stress was however not seen in rats, 
which were treated with methimazole and had 
low levels thyroid hormones. On the contrary, 
those who received exogenous thyroxin exhibited 
further rise in the oxidative stress. This shows 
that thyroid hormones play a pivotal role in the 
generation of oxidative stress on exposure to 
stressor. It was further observed that vitamin-E 
treatment eliminated the stress-induced oxidative 
stress while the raised levels of T 3  and T 4  
remained unaffected.   

3     Conclusion 

 The present study demonstrated that the subjec-
tion of the rats to either of the stressors caused the 
rise in the levels of thyroid hormones and also 
produced signifi cant oxidative stress in all tested 
tissues. The oxidative stress was however not 
seen in rats, which were treated with methima-
zole and had low levels of thyroid hormones. On 
the contrary, those who received exogenous thy-
roxin exhibited further rise in the oxidative stress. 
This shows that thyroid hormones play a pivotal 
role in the generation of oxidative stress on expo-
sure to stressor. It was further observed that vita-
min- E treatment eliminated the stress-induced 
oxidative stress while the raised levels of T 3  and 
T 4  remained unaffected. The present investigations 
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provided enough evidence to show that the 
supraspinal response to stress basically elevates 
the thyroid hormone levels, which onward causes 
the oxidative stress. Such conclusion further sug-
gests the use of antithyroid agent to prevent the 
stress-induced oxidative stress and subsequent 
tissue degeneration. However, it is cautioned that 
the levels of thyroid hormones must be fi rst 
assessed in stressed-exposed subjects before any 
antithyroid agent is used to prevent the oxidative 
stress as the hypothyroidism after the inappropri-
ate dose of antithyroid agent is likely to impair 
the stress-sustenance ability.     
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    Abstract  

  Alzheimer’s disease (AD) is an important public health problem which 
affects millions of people worldwide. The major pathological hallmarks 
associated with AD are the accumulation of amyloid beta (Aβ) in senile 
plaques and neurofi brillary tangles (NFT) made up of hyperphosphory-
lated tau proteins. New fi ndings suggest that oligomeric Aβ is a more toxic 
species than fi brillar Aβ relevant to AD pathology. Although the molecular 
mechanism(s) underlying the disease is not identifi ed completely, various 
factors have been implicated in the development of AD. Accumulating evi-
dences point towards the role of oxidative stress and mitochondrial dys-
function in the pathogenesis of AD and recognise them as an early event in 
AD development. Ageing is considered the greatest risk factor for AD and 
is linked to oxidative stress which causes accumulation of somatic muta-
tions in mitochondrial DNA (mtDNA) over time and leads to genome 
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instability and mitochondrial dysfunction. Recent studies on AD patients 
and transgenic mouse models suggest that amyloid precursor protein 
(APP) and Aβ localise to mitochondria, interact with mitochondrial pro-
teins, disrupt electron transport chain (ETC), increases reactive oxygen 
species (ROS) level, impair axonal mitochondrial traffi cking, thus leading 
to synaptic damage and cognitive decline associated with AD. It is not 
known whether accumulation of Aβ is the cause or outcome of declining 
mitochondrial function in AD. In order to counteract oxidative stress and 
maintain genome integrity, various DNA repair pathways exist, base exci-
sion repair (BER) pathway being the predominant pathway for repairing 
oxidised base lesions in neuronal cells. APE1 is the central enzyme of the 
BER pathway, having both repair and redox activities and shown to 
enhance neuronal survival after oxidative stress. Newer studies are reveal-
ing the role of APE1 in maintenance of mitochondrial genome repair and 
function. In this scenario, antioxidant-based therapy, which could reduce 
oxidative stress and modulate the activities of APE1, can serve as effective 
treatment providing neuroprotection in AD. This book chapter summarises 
some recent developments in understanding the pathogenesis of AD link-
ing Aβ-induced oxidative stress, mitochondrial dysfunction, role of APE1 
and phytochemicals toward AD therapeutics.  

  Keywords  

  Alzheimer’s disease   •   Oxidative stress   •   Amyloid beta   •   Mitochondria   • 
  APE1/Ref-1   •   Phytochemicals  

1         Introduction 

 In 1907, Alois Alzheimer, a German psychiatrist 
and neuropathologist, described the hallmark 
lesions associated with ‘presenile dementia’, 
which later came to be known as Alzheimer’s 
disease AD [ 1 ], a progressive and always fatal 
disorder characterised clinically by memory 
loss and behavioural abnormalities. The hall-
marks described were extracellular plaques 
composed of amyloid beta (Aβ) and intracellu-
lar neurofi brillary tangles (NFTs) made up of a 
protein called tau (τ). Since then, it has been 
more than 100 years that the neuropathological 
hallmarks of the disease have been described, 
the underlying molecular mechanism(s) of the 
pathogenesis of AD are yet to be elucidated. 
Since 1992, the ‘Aβ cascade hypothesis’ has been 
the main model describing the pathogenesis of 
AD. According to it, accumulation of Aβ, owing 
to increased processing of amyloid precursor 

protein (APP), induces biochemical, histological 
and clinical changes associated with the disease 
[ 2 ]. Various modifi cations of the model have 
taken place over the time and currently, oligo-
mers, the soluble form of Aβ, rather than insolu-
ble fi brillar Aβ, are considered to be the more 
toxic species and relevant to AD pathogenesis 
[ 3 ]. Many studies have proposed that oxidative 
stress plays an important role in the pathogenesis 
of AD and consider it to be one of the early 
changes associated with AD [ 4 ]. Also, mitochon-
drial dysfunction is seen as an early event in the 
pathogenesis of AD [ 5 ]. Thus, these studies    have 
led to the formulation of a new hypothesis, viz. 
‘mitochondrial cascade hypothesis’, indicating 
the role of the mitochondria and its dysfunction 
initiating late-onset AD pathologies particularly 
in relation to sporadic AD [ 6 ]. 

 Ageing is considered to be the greatest risk 
factor for AD. Linking ageing with neurodegen-
erative diseases, the free radical theory of ageing 
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suggests that oxidative imbalance, i.e. elevated 
levels of reactive oxygen species (ROS), has a 
role in the pathogenesis of many neurodegenera-
tive diseases like AD [ 7 ]. The brain is particu-
larly vulnerable to oxidative stress due to a low 
level of antioxidant system and high consump-
tion of oxygen [ 7 ]. There are a number of exog-
enous and endogenous sources of ROS, which 
increase the oxidative stress and lead to genome 
instability. Mitochondria are considered to be the 
major internal source of ROS. One study has 
showed that overexpression of antioxidant cata-
lase, targeted to the mitochondria reduces oxida-
tive damage, thus highlighting the role of the 
mitochondria as a source of these radicals [ 8 ]. In 
line with this evidence, many studies have shown 
the mitochondria as a source as well as a target of 
ROS. The link between Aβ and free radical gen-
eration ultimately leading to increased ROS in 
neuronal cells has been well established [ 9 – 12 ]. 
There is an emerging body of evidence revealing 
that Aβ enters the mitochondria and induces gen-
eration of free radicals causing oxidative dam-
age, thus providing a link between Aβ and 
mitochondrial dysfunction in the pathogenesis of 
AD [ 13 ]. 

 Postmitotic cells like neurons are terminally 
differentiated cells which cannot be replaced. 
Neurons are particularly sensitive to oxidative 
damage. Accumulation of DNA base modifi ca-
tions especially 8-oxo-7,8-dihydro-2′-
deoxyguanosine (8-OHdG) are the major factors 
leading to genome instability [ 14 ,  15 ]. Base exci-
sion repair (BER) is the predominant pathway in 
the nucleus as well as in the mitochondria that 
removes these oxidised base lesions [ 16 ,  17 ]. 
Amongst the BER enzymes, apurinic/apyrimi-
dinic endonuclease (APE1) is a multifunctional 
enzyme involved in DNA repair and redox regu-
lation of various transcription factors (TFs), thus 
is also known as redox effector factor 1, Ref-1 
[ 17 – 19 ]. Elevated nuclear expression of APE1/
Ref-1 in cerebral cortical regions of AD patients 
highlights the role of APE1 in neurons in response 
to oxidative stress [ 20 ]. But mitochondrial 
APE1’s function is still not clear. Recently, it was 
shown that nuclear APE1 regulates nuclear-
encoded mitochondrial-related genes by 

 modulating the DNA-binding activity of nuclear 
respiratory factor-1 (NRF1) in a redox-dependent 
manner [ 21 ]. This indicates that APE1 regulates 
the expression of some nuclear-encoded mito-
chondrial constitutive genes and consequently 
modulates mitochondrial functions in response to 
oxidative stress. 

 There are a number of phytochemicals which 
have shown their neuroprotective abilities in 
 rescuing the Aβ-induced oxidative stress in vitro 
and in vivo. Some of them have also shown 
 modulation of APE1/Ref-1’s repair and redox 
activities, making them effective molecules for 
prevention and treatment of cancers and degen-
erative diseases [ 22 – 24 ]. Thus, phytochemicals 
may serve as effective treatments providing neu-
roprotection in AD. This book chapter  summarises 
the available literature in the fi eld and suggests a 
link between oxidative stress, mitochondrial 
 dysfunction, APE1 and phytochemical-based 
interventions towards AD therapeutics.  

2     Neurodegenerative Diseases 

 Neurodegenerative diseases represent a range of 
diseases affecting the central nervous system 
(CNS) characterised by selective neuronal vul-
nerability and degeneration in specifi c regions of 
the brain. This causes disabling and debilitating 
conditions involving either impairment of mem-
ory (dementia) or movement-related disabilities 
(ataxia), ultimately leading to death. The degen-
eration is caused due to abnormal accumulation 
and aggregation of proteins in specifi c parts of 
the brain intracellular or extracellular as insolu-
ble or soluble forms. These diseases are also 
known as protein conformational diseases as the 
aggregated proteins bear a β-sheet conformation 
that aid in protein aggregation and fi bril forma-
tion [ 25 ,  26 ] which are the pathological hall-
marks associated with these diseases. The exact 
reason as to why these proteins begin to accumu-
late is not known but research has revealed that 
this may happen due to a number of reasons, 
majorly due to disruption of ubiquitin- proteosome 
machinery, autophagy failure and oxidative 
stress. Some of the common neurodegenerative 

Oxidative Stress Events and Neuronal Dysfunction in Alzheimer’s Disease…



178

diseases include AD, Parkinson’s disease (PD), 
Huntington’s disease (HD) and amyotropic lat-
eral sclerosis (ALS). Although the mechanism of 
the pathogenesis of these diseases is not under-
stood to date, some genetic and environmental 
factors have been implicated which confer sus-
ceptibility to these diseases. 

2.1     Alzheimer’s Disease 

 AD is the most common neurodegenerative dis-
ease and leading cause of dementia in people 
above 65 years of age. It is a progressive brain 
disorder in which a person’s memory, thinking 
ability and behaviour is affected with the deterio-
ration worsening with time. Around 27 million 
people are estimated to be affected by this dis-
ease [ 27 ]. AD is characterised by the presence of 
two major neuropathological hallmarks which 
are extracellular Aβ plaques and intracellular 
NFTs composed of tau causing neuronal dys-
function [ 28 ]. Ageing is the greatest risk factor 
for AD with majority of patients above 65 years 
of age [ 29 ]. But cases of early-onset of AD are 
also present in those 35–60 years of age [ 30 ]. 

 Genetic mutations are the known cause of 
early-onset familial AD with a prevalence of less 
than 1 % [ 29 ]. Thus, three forms of early-onset 
AD which are inherited as autosomal dominant 
traits involving three genes, viz. APP on chromo-
some 21, presenilin 1 (PS1) on chromosome 14 
and presenilin 2 (PS2) on chromosome 1 [ 30 ], 
are recognised. Mutations in any of these three 
genes can make an individual susceptible to 
AD. Apolipoprotein E, type ϵ4 (APO ϵ4), is a risk 
factor for late-onset familial and sporadic AD, 
which accounts for majority (>99 %) of the AD 
cases [ 31 ]. Several genome-wide association 
studies (GWAS) have identifi ed and implicated 
many genes in the aetiology of AD [ 32 – 34 ]. 

 Accumulating evidences have shown that 
oxidative stress and mitochondrial dysfunction 
are important events occurring during the devel-
opment of AD. In relation to this, decline in 
mitochondrial function with advancing age 
owing to accumulation of somatic mutations in 
mtDNA is reported [ 35 ]. Aβ is also known to 

induce free radicals [ 10 ,  11 ,  36 ] and cause 
decline in mitochondrial function. Oligomeric 
Aβ is considered to be more toxic than the insol-
uble fi brillar Aβ [ 3 ], which localises to the mito-
chondria and interacts with a number of 
mitochondrial proteins, causing synaptic dam-
age and leading to memory impairment and cog-
nitive decline, associated with AD [ 37 ,  38 ]. But 
the underlying mechanism(s) of the pathogene-
sis of AD is not known as yet. At present, there 
is no cure for AD but symptomatic treatments 
are available to relieve the symptoms and slow-
down the impairment of memory associated 
with AD.  

2.2     Factors Governing/
Responsible for AD Pathology 

 AD, a disabling and fatal disease, has become an 
important public health problem and poses an 
enormous economic and social burden for 
affected individuals, their caregivers and society. 
Though the neuropathological hallmarks of AD 
are known, the etiological factors involved in the 
pathogenesis of the disease are unknown. A num-
ber of studies have indicated some risk factors for 
onset of disease, advancing age being the most 
important risk factor. Other potential risk factors 
for AD are described in the following sections. 

2.2.1     Genetic Factors 
 First, an individual having a family history of 
AD, is susceptible to develop it, especially if he is 
a fi rst-degree relative of an affected person [ 29 ]. 
In comparison to males, females are more prone 
to develop AD. Persons with Down’s syndrome 
(trisomy 21) are at a greater risk of developing 
AD [ 39 ]. Additionally, an individual’s chance for 
developing AD increases if he inherits an  APOE  
ϵ4 allele, one of the three common alleles (ϵ2, ϵ3, 
ϵ4) of  APOE  gene, from his parents and has an 
increased risk if two  APOE  ϵ4 alleles are inher-
ited [ 29 ]. Mutations in  APP ,  PS1  and  PS2  genes 
are recognised to make a person susceptible to 
early-onset of familial AD [ 30 ]. Apart from the 
 APOE  gene, a number of new genes are impli-
cated in the pathogenesis of late-onset AD 
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(LOAD). Bridging integrator 1 (BIN1), also 
known as amphiphysin 2, is now recognised as an 
important genetic risk factor after  APOE4  for 
LOAD [ 40 ]. BIN1 transcripts levels were 
observed to be elevated in AD brains, showing 
BIN1 as a genetic susceptibility locus in AD [ 32 ]. 
Also, decreased expression of drosophila BIN1 
ortholog  Amph  suppressed tau-mediated neuro-
toxicity, highlighting the role of BIN1 in mediat-
ing AD risk and its role in modulating AD 
pathogenesis at the level of the tau pathway [ 32 ]. 
Thus, BIN1 can be thought of as a target for treat-
ment of AD. In addition to  APOE  and  BIN1 , 
other susceptibility gene loci identifi ed include 
phosphatidylinositol-binding clathrin assembly 
protein ( PICALM ), ATP-binding cassette trans-
porter ( ABCA7 ), CD2-associated protein 
( CD2AP ), clusterin ( CLU ), complement receptor 
1 ( CR1 ), CD33 antigen ( CD33 ), ephrin receptor 
Eph-A1 ( EPHA1 ) and a cluster of membrane- 
spanning 4A ( MS4A ) genes [ 33 ,  34 ,  40 ,  41 ].  

2.2.2     Vascular Factors 
 Drinking alcohol poses a threat of developing 
AD at a later life. Heavy drinkers who are 
 APOE4  ϵ4 allele carriers are at a greater risk of 
developing AD at a later life than moderate alco-
hol drinkers [ 42 ]. Many studies have found asso-
ciation between AD and cigarette smoking. For 
example,  APOE4  noncarriers are at a greater risk 
of developing AD [ 43 ]. People with high blood 
pressure in middle age are more susceptible to 
develop AD at a later stage in their life [ 44 ]. 
Obesity is also a risk factor for AD [ 45 ]. Higher 
body mass index (BMI) or obesity in middle age 
can increase the risk of developing AD at a later 
life [ 46 ]. Higher serum cholesterol levels are 
also associated with development of AD at a 
later stage [ 47 ,  48 ]. Use of statins, i.e. choles-
terol lowering drugs, poses a lower risk of AD 
[ 49 ]. In line with this, it was seen that people 
having a diet rich in polyunsaturated fatty acids 
and fi sh have a lower risk of AD [ 50 ] as com-
pared to those consuming saturated fatty acids in 
their diet [ 51 ,  52 ]. An association between dia-
betes and AD has been observed. Diabetic peo-
ple are more prone to develop AD, with an 
increased risk if diabetes occurs in middle age 

[ 53 ]. All these factors are modifi able risk factors 
that can be modulated by adopting healthy eat-
ing habits and an active life thus, lowering the 
risk of dementia and AD.  

2.2.3     Head Trauma and Head Injury 
 Increased risk of AD development is associated 
with head injury and head trauma [ 29 ]. People 
with moderate head injuries are at an increased 
risk of developing dementia than those without 
any head injuries. Those with severe head inju-
ries are at the greatest risk of developing demen-
tia at a later life. Susceptibility of developing AD 
increases if a person carries an APOE ϵ4 allele 
and has suffered any head injury [ 54 ]. Thus, box-
ers and football players are at greater risk of AD 
at a later life [ 29 ].  

2.2.4     Mild Cognitive Impairment 
 Mild cognitive impairment (MCI) is said to be a 
transitional stage between ageing and develop-
ment of AD [ 55 ]. It is a condition in which a per-
son has memory impairment though it doesn’t 
affect a person’s daily activity. It is shown that 
those who have MCI are at a greater risk of devel-
oping AD at a later life [ 55 ].  

2.2.5     Autophagy Failure 
 Accumulation of Aβ plaques and tau protein in 
neurons shows that the neuronal housekeeping 
and protein quality control systems are impaired 
in AD. One of these is autophagy, which is a lyso-
somal degradative process involving removal of 
toxic proteins and preventing protein aggregation. 
Recent studies have indicated beclin-1 to be 
involved in autophagy regulation and modulation 
of APP metabolism [ 56 ]. Beclin-1 expression was 
also seen to be reduced in the AD brain [ 57 ]. 
Rapamycin is emerging as a potential neuropro-
tective agent for AD and functions via enhance-
ment of autophagy [ 58 ]. A recent study has shown 
that Aβ(1-42)-induced beclin-1 expression was 
upregulated by rapamycin and that the beclin-
1-dependent autophagy can prevent neuronal cell 
death before occurrence of AD in PC12 cells [ 59 ]. 
Inhibition of beclin-1-dependent autophagy 
was shown to speed up neuronal cell death. 
Thus, beclin-1 dysfunction is associated with 
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AD. Therefore, autophagy failure is a potential 
factor leading to accumulation of toxic Aβ plaques 
and tau in AD.  

2.2.6     Brain Infl ammation 
 Chronic brain infl ammation is associated with 
AD. Activated microglia and reactive astrocytes are 
seen in close proximity to neuritic Aβ plaques 
in the AD brain [ 60 ]. Studies have shown that 
 complement system is activated in the AD brains 
[ 61 ,  62 ]. The microglia, astrocytes along with com-
plement system components, cytokines and che-
mokines are involved in infl ammatory responses 
against Aβ. Microglias are cells of CNS involved in 
the protection of the brain as fi rst-line defence 
against any invading pathogen and pathological 
conditions. On the other hand, astrocytes provide 
trophic support to neurons and are involved in Aβ 
clearance [ 63 ]. In order to    clear Aβ, the activated 
microglia and astrocytes secrete ROS, nitric oxide 
(NO) and proteolytic components which further 
increase APP production and proteolytic process-
ing of APP, thus causing neuronal dysfunction [ 63 ]. 
β-site APP- cleaving enzyme 1 (BACE1), a mem-
brane-bound aspartic proteinase, is primarily 
expressed by the neurons and is associated with the 
generation of Aβ peptides from APP owing to its 
β-secretase activity [ 64 ]. BACE1 expression has 
been observed in reactive astrocytes in the AD 
brains while resting astrocytes do not display 
BACE1 at detectable levels, thus showing that acti-
vation of astrocytes may lead to the development of 
AD [ 65 ]. Another study showed that the TF NF-κB 
acts as a repressor in neuronal and nonactivated 
astrocytes, while NF-κB acts as activator of BACE1 
transcription in activated astrocytes and Aβ-exposed 
neuronal cells. Also, the presence of increased level 
of activated astrocytes with ageing is well demon-
strated, which may lead to increased processing of 
BACE1 causing increased Aβ resulting into chronic 
infl ammation and subsequently astrocyte activa-
tion ending up forming a feedback loop [ 66 ]. Thus, 
infl ammation plays a major role in AD pathology.  

2.2.7     Hormones 
 Levels of reproductive hormones change with 
advancing age and are considered as risk factors 
for AD. Studies have shown that an elevated level 

of luteinising hormone (LH) increases the risk 
for developing AD [ 67 ]. Subsequently, using a 
transgenic mouse model of AD, it was shown that 
leuprolide {a gonadotropin-releasing hormone 
(GnRH) agonist} lowered serum LH levels, 
improved working memory and decreased Aβ 
deposition [ 68 ]. A study has also suggested that 
spatial memory impairment observed in post-
menopausal women or female rats after ovariec-
tomy is attributed to high LH levels [ 69 ]. Thus, 
reduction in LH levels may serve as potential 
therapeutics for AD. Also, in males there is a sig-
nifi cant reduction in testosterone and elevation in 
LH levels with ageing. This is a potential risk fac-
tor for development of AD in males. A study 
showed that gonadectomised (GDX) mice had 
increased levels of Aβ, and the levels of Aβ were 
signifi cantly lowered on treatment with testoster-
one [ 70 ]. This suggests potential of androgen 
therapy for treating AD in hypogonadal men.  

2.2.8     Pathogens 
 Intracellular bacterial pathogen  Chlamydophila  
( Chlamydia )  pneumoniae  is a risk factor for 
AD. Studies have shown presence of  Chlamydia  
in the brains of LOAD patients [ 71 ]. Also, the 
presence of herpes simplex virus type 1 (HSV1) 
in the brain of  APOE4 -ϵ4 carriers is a risk factor 
for development of AD [ 72 ]. In a recent fi nding, 
association between periodontal disease and AD 
was established by the presence of elevated 
serum antibodies against periodontal infection, 
caused by bacteria, in individuals who later 
developed AD as compared to serum antibody 
levels in control individuals [ 73 ]. The mecha-
nisms leading to the pathogenesis of AD due to 
the presence of these pathogens in the brain need 
to be understood to a greater extent.  

2.2.9     Metal Exposure 
 Exposure to metals has been linked to AD from a 
very long time. A recent study has shown that 
elevated magnesium (Mg 2+ ) in the brain has a 
synapto-protective effect and improves cognition 
defi cits by reducing Aβ plaques and stabilising 
BACE1 expression in a transgenic mouse model 
of AD [ 74 ]. An earlier study had shown that 
reduced Mg 2+  levels are present in AD patients 
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[ 75 ]. This shows that restoring brain Mg 2+  levels 
has a potential to treat AD. Elevated levels of alu-
minium (Al) are seen in the serum of AD patients 
[ 76 ]. In line with this study, recently it was shown 
that Al may mediate liver toxicity in AD patients 
and lead to free copper (Cu 2+ ) in serum, as seen in 
AD patients [ 77 ]. This study has put forward a 
likely mechanism showing that Al toxicity to 
liver leads to abnormal synthesis of ceruloplas-
min and ATPase7B causing increase in Cu 2+  lev-
els in serum, and these free Cu 2+  may cause 
accumulation of Aβ and neuronal dysfunction 
associated with AD [ 77 ]. Thus, reducing Al lev-
els and reviving normal liver function can be 
thought of as a treatment for AD. Another signifi -
cant study has showed that drinking silicon (Si)-
rich mineral water reduced Al levels, leading to 
the removal of Al via urine and thus improved 
cognition in AD patients [ 78 ]. Lead (Pb) expo-
sure has also been linked to the pathogenesis of 
AD. Pb is shown to increase APP expression and 
change methylation patterns of  APP  gene, mak-
ing it hypomethylated in PC12 cells [ 79 ]. Another 
study showed that Pb exposure facilitates Aβ 
fi bril formation and increases Aβ deposition in a 
transgenic mouse brain [ 80 ]. Another evidence 
supporting the role of Pb in the pathogenesis of 
AD showed increased fi brillisation of tau protein 
on exposure to Pb via interaction with His330 
and His362, the His mutants of wild-type tau 
[ 81 ]. Inorganic Cu 2+ , present in drinking water 
and Cu 2+  supplements, has also been linked to 
AD and cognitive impairment in the elderly [ 82 ]. 
A recent study has demonstrated that exposure to 
iron (Fe 2+)  leads to upregulation of a disintegrin 
and metalloproteinase 10 (ADAM10) and 
increased transcription levels of BACE1, and 
these were reported to be associated with 
increased expression of APP-α-CTF and APP-β- 
CTF, respectively, in PC12 cells, suggesting that 
Fe 2+  induces enhanced expression of ADAM10/
BACE1 leading to altered APP carboxyl-terminal 
processing [ 83 ]. Increased intracellular calcium 
(Ca 2+ ) levels brought about by oligomeric Aβ are 
associated with impaired synaptic plasticity. A 
study pointed towards the synaptic loss of phos-
phorylated (active) Ca 2+ /calmodulin-dependent 
protein kinase II-α[p(Thr286)CaMKII], a critical 

enzyme mediating synaptic events, in the MCI 
and AD hippocampal regions. The loss of 
p(Thr286) CaMKII was also observed in mice 
hippocampal regions on treatment with oligo-
meric Aβ. This was shown to be prevented by 
inhibiting the phosphatase calcineurin (CaN). 
Thus, dysregulated Ca 2+  signaling is associated 
with AD and MCI [ 84 ]. Altered Zinc (Zn 2+ ) 
homeostasis is implicated in AD. Higher concen-
trations of releasable Zn 2+  are present in synaptic 
vesicles as compared to extracellular fractions in 
AD hippocampus [ 85 ]. In line with this, 
Bjorklund et al. also showed that in the case of 
non-demented with AD neuropathology (NDAN) 
individuals, Aβ oligomers are absent in hippo-
campal postsynapses along with lower total Zn 2+  
levels, thus leading to intact cognitive function in 
NDAN individuals [ 86 ]. Excess exposure to Zn 2+  
leads to enhanced APP processing, Aβ accumula-
tion and memory impairment as seen in trans-
genic mice and SH-SY5Y human neuroblastoma 
cells overexpressing the Swedish mutant form of 
human  APP  ( APPsw ). Thus, Zn 2+  overload has a 
toxic role in AD pathogenesis [ 87 ].  

2.2.10     Air Pollution 
 There is a possible association between air pollu-
tion and development of AD. Studies have shown 
that air pollution causes accumulation of Aβ(1- 
42), increase in cyclooxigenase-2 (COX-2) 
expression and brain infl ammation that cause 
neuronal dysfunction leading to pathological 
hallmarks that are associated with AD [ 88 ]. 
Damage to olfactory bulb, olfactory mucosa and 
frontal regions of the brain, as observed in AD 
brains, is associated with exposure to air pollu-
tion [ 89 ]. Ozone (O 3 ) is a powerful gaseous air 
pollutant and oxidising agent. It is shown that 
memory impairment, motor defi ciency and lipid 
peroxidation are caused by exposure to different 
doses of O 3  in rats [ 90 ]. Dysregulation of infl am-
matory processes, progressive neurodegenera-
tion, chronic loss of brain repair in the 
hippocampus and brain plasticity changes 
occurred in rats on exposure to low doses of O 3  
[ 91 ]. Thus, air pollution is an important environ-
mental hazard which may play a role in develop-
ment of AD. Additional studies are needed at the 
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population level to clearly understand the role of 
air pollution in pathophysiology of AD.   

2.3     Amyloid Proteins (Oligomers 
and Fibrils) 

 The Aβ protein is central to the amyloid cascade 
hypothesis, the prevailing hypothesis for more 
than 20 years, which explains the pathogenesis of 
AD. Though it does not pinpoint towards a spe-
cifi c Aβ species in the aetiology of AD, several 
studies have implicated soluble oligomers of Aβ, 
rather than monomers or insoluble amyloid 
fi brils, in causing neuronal dysfunction in AD 
[ 2 ,  92 ,  93 ]. 

 Abnormal processing of APP in the neurons 
leads to generation and accumulation of Aβ. APP 
is a type I, single-pass transmembrane protein with 
large extracellular domains and belongs to a fam-
ily of proteins which include amyloid precursor- 
like proteins (APLP1 and APLP2) in mammals 
and the amyloid precursor protein-like (APPL) in 
drosophila [ 94 ]. APP contains a 40- or 42-amino 
acid sequence, i.e. Aβ(1-40) or Aβ(1- 42), and 3 
sites for cleavage by various proteinases, which 
are designated as α, β and γ secretases [ 95 ]. APP is 
expressed in all tissues ubiquitously and present 
on the plasma membrane, majority of which local-
ises to endoplasmic reticulum (ER), Golgi appara-
tus (GA) and mitochondria [ 96 ]. Two pathways 
exist for processing of APP, viz. amyloidogenic 
pathway and non-amyloidogenic pathway as illus-
trated in Fig.  1 . In the amyloidogenic pathway, the 
activity of β-secretase (also known as BACE1) at 
the beginning of Aβ domain of APP results into a 
soluble N-terminal fragment (sAPPβ) and an 
amyloidogenic C-terminal fragment of 99 amino 
acids (CTF99). Further γ-secretase cleaves this 
C-terminal fragment to mainly Aβ(1-40) and 
Aβ(1-42), which may accumulate in the mitochon-
dria and other cellular compartments affecting the 
cellular functions and leading to mitochondrial 
dysfunction and hyperphosphorylation of tau. 
Non-amyloidogenic pathway is the major APP 
processing pathway in which the activity of 
α-secretase generates a large soluble N-terminal 
fragment (sAPPβ) and a non- amyloidogenic 

C-terminal fragment of 83 residues (CTF83) 
owing to the cleavage within the Aβ domain. This 
C-terminal fragment is then cleaved by γ-secretase 
resulting into non- amyloidogenic peptide (P3) and 
APP intracellular domain (AICD) which are non-
toxic and degraded rapidly and occurs in majority 
of individuals including non-demented and healthy 
individuals [ 97 ]. In case of early-onset AD, muta-
tions in  APP, PS1  and  PS2  are known to activate 
β- and γ-secretases leading to generation of Aβ, 
but in case of sporadic AD, it is proposed that oxi-
dative stress activates β-secretase which increases 
the production of Aβ [ 97 ]. Although the mecha-
nism of APP traffi cking is not known, APP is 
said to be axonally transported, endocytosed and 
sorted to different compartments of the cell, thus 
leading to Aβ generation and accumulation in 
 different cellular compartments thus, impairing 
normal cellular function. A recent study pointed 
towards the role of  huntingtin- associated protein 
1 in regulating APP traffi cking to the non-amy-
loidogenic pathway resulting into reduced Aβ lev-
els [ 98 ]. As excessive BACE1 expression and APP 
processing can lead to uncontrolled production of 
Aβ, different regulatory mechanisms are present 
[ 99 ,  100 ]. Apart from the transcriptional control, a 
complex network of neurotransmitter systems and 
translational regulation is present. Amongst the 
different systems, viz. glutamatergic, adrenergic, 
serotonergic, cholinergic and dopaminergic sys-
tems, cholinergic system is known to be affected 
in the early stages of AD. A study showed that 
downregulation of M2 acetylcholine receptor in 
the brains of AD patients affects a number of 
AD-relevant genes including BACE1 [ 99 ].

   In the amyloidogenic pathway, different 
lengths of Aβ are produced ranging from 37 to 43 
amino acids. Aβ(1-40) is the most dominant spe-
cies produced from the processing of APP. In 
comparison to Aβ(1-40) ,  only a small amount of 
Aβ(1-42) is produced in the human brain in the 
ratio of approximately 99 to 1. But Aβ(1-42) is 
the main component of the amyloid deposits 
associated with AD and has a tendency to form 
aggregates spontaneously and, thus, may form 
oligomers. Therefore, Aβ(1-42) is considered 
more neurotoxic than Aβ(1-40) [ 101 ] .  While both 
Aβ(1-40) and Aβ(1-42) are capable of forming 
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  Fig. 1    APP processing leads to the generation of cleavage 
products via the amyloidogenic and non-amyloidogenic 
pathways. Both oligomerisation and aggregation of Aβ lead 
to the formation of senile plaques, a hallmark of AD pheno-
type. APP processing occurs via two pathways: amyloido-
genic and non-amyloidogenic pathway. In the amyloidogenic 
pathway, β-secretase cleaves APP at the beginning of Aβ 
domain generating a soluble N-terminus fragment ( sAPPβ ) 
and amyloidogenic C-terminal fragment of 99 residues ( CTF 
99 ). Next, γ-secretase acts on CTF 99 and generates Aβ and 
APP intracellular domain ( AICD 50 ). While in the 
α-secretase-based non-amyloidogenic pathway, α-secretase 
cleaves within the Aβ domain of APP and generates a soluble 

N-terminal fragment ( sAPPα ) and a non- amyloidogenic 
C-terminal fragment of 83 amino acid residues ( CTF 83 ). 
This C-terminal fragment, i.e. CTF 83, is further cleaved by 
γ-secretase and generates a non-amyloidogenic peptide ( P3 ) 
and APP intracellular domain ( AICD 50 ). The amyloido-
genic pathway, which generates the toxic Aβ, occurs in 10 % 
of individuals who have chances of developing AD in the 
later life. The generated Aβ(1-40) or Aβ(1-42) may further 
undergo different conformations including oligomerisation 
resulting into generation of oligomers which are considered 
to be the most toxic species of Aβ implicated in AD. Further 
fi brillisation may take place leading to fi bril formation and 
deposition in the neurons, a characteristic feature of AD       
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amyloid fi brils, Aβ(1-42) is said to make the 
fi brils much faster than Aβ(1-40) .  Using ion- 
mobility spectrometry, it was shown that when 
Aβ(1-40) and Aβ(1-42) are present together in a 
solution, the Aβ(1-40) and Aβ(1-42) monomers 
form dimers, trimers and tetramers. But, when 
present alone, Aβ(1-42) tends to form pentamers 
and hexamers (paranuclei) which on self- 
association form dodecamers, protofi brils and 
fi brils. Aβ(1-40) alone produces oligomer distri-
bution up to tetramer level only. This pointed out 
that when present together, Aβ(1-40) inhibits the 
oligomerisation of Aβ(1-42) and inhibits protofi -
bril and fi bril formation by Aβ(1-42). Thus, as 
Aβ(1-40) is the predominant species present in 
the human brain in ~10 times the level of Aβ(1- 
42) in a healthy human brain, the former inhibits 
the oligomerisation of Aβ(1-42) and prevents the 
development of AD [ 102 ]. Studies have shown 
that mutations in  APP ,  PS1  and  PS2  may lead to 
enhanced accumulation of the more toxic Aβ(1- 
42) species [ 101 ,  103 – 105 ]. 

 It is reported that some NDAN individuals 
have signifi cant amounts of amyloid plaques 
without displaying cognitive decline. A study 
pointed towards a resistance mechanism contrib-
uting towards the maintenance of cognitive func-
tion in these individuals. This study showed that 
oligomeric Aβ is absent in hippocampal postsyn-
apses in NDAN brains. In addition, normal levels 
of phosphorylated (active) CREB, a transcription 
factor important for synaptic plasticity, are pres-
ent in NDAN individuals advocating for the nor-
mal functionality of synapses in these in these 
individuals [ 86 ]. A number of studies have indi-
cated that amyloid plaque formation does not 
correlate with AD pathogenesis [ 106 ]. Studies 
have also shown that deleterious changes associ-
ated with AD occur very early before the accu-
mulation of amyloid plaques [ 107 ]. Accumulating 
evidences reveal that oligomers, the soluble form 
of Aβ, are the more toxic species and associated 
with cognitive decline in AD, rather than the 
insoluble fi brillar deposits [ 108 ]. Further, differ-
ent approaches have been employed which have 
supported the above fi ndings and implicated sol-
uble Aβ in AD. Hippocampal long-term potentia-
tion (LTP) is one such approach, which is 

correlated with learning and memory, and is 
shown to be inhibited by synthetic and naturally 
secreted human Aβ oligomers. Behavioural stud-
ies performed on living wild-type rats showed 
that rats developed learning and memory defi -
ciency after human oligomers were infused in the 
hippocampus, which were readily observed in 
morris water maze models [ 101 ]. Recently, a pos-
sible role of cellular prion protein (PrPc) acting 
as a neuronal receptor for oligomeric Aβ was 
speculated. It was shown that there was no inhibi-
tion of LTP after treatment with oligomeric Aβ in 
mice lacking PrPc, thus pointing towards the role 
of PrPc in Aβ neurotoxicity [ 109 ]. 

 Oligomeric Aβ(1-42) is also demonstrated to 
be involved in inducing toxicity in cholinergic 
neurons leading to cholinergic dysfunction and 
progressive basal forebrain cell loss, assumed to 
be an early event in the pathogenesis of 
AD. Heinitz et al. showed that on treating SN56.
B5.G4 cells with oligomeric Aβ(1-42), many 
genes of the ER and GA involved in protein mod-
ifi cation and degradation were affected. This 
indicated a possible role of ER-mediated stress in 
oligomeric Aβ(1-42) toxicity in cholinergic neu-
rons and leading to cholinergic dysfunction in 
AD [ 110 ]. In line with this, another study by 
Joerchel et al. showed that SN56.B5.G4 cells 
when treated with oligomeric Aβ(1-42) affects 
the expression of a number of proteins, viz. calre-
ticulin, MAPK kinase 6c, γ-actin, Rho-GDP dis-
sociation inhibitor (Rho-GDI), ubiquitin 
carboxyl-terminal hydrolase-1 (UCHL-1) and 
α6-tubulin, which are known to be affected in the 
brains of AD patients, thus pointing towards the 
role of Aβ in affecting the integrity of the pro-
teome in AD [ 111 ]. 

 The amyloid cascade hypothesis has reached 
another level of complexity with recent studies 
revealing the appearance of multiple types of Aβ 
oligomers and their role in the pathogenesis of 
AD [ 2 ,  112 ,  113 ]. Various studies have recog-
nised four endogenously produced Aβ oligo-
meric assemblies, viz. dimers, trimers, Aβ*56 
and APFs (annular protofi brils), which may 
alter neuronal function in human and transgenic 
mice and have different consequences on neuro-
nal survival [ 114 ]. In case of AD, soluble Aβ 
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monomers may form higher-order assemblies 
ranging from low- molecular weight oligomers 
(dimers and trimers) to Aβ*56, then to APFs and 
fi brils, which are the primary components of 
amyloid plaques, characteristic of AD. 

 Taken together, recent studies provide the evi-
dence that Aβ oligomers are the more toxic spe-
cies than insoluble fi brillar deposits relevant to 
AD pathology (Fig.  1 ). Also, soluble monomers 
can form higher-order assemblies fi nally leading 
to fi bril formation which is the characteristic 
component of amyloid plaques. Thus, develop-
ment of antibodies against specifi c oligomeric 
species can be an effective approach for 
treating AD.  

2.4     Role of Mitochondria in AD 
Pathology 

 The ‘Mitochondrial cascade hypothesis’ was 
formulated in 2004, which provides an explana-
tion of the aetiology of sporadic AD [ 115 ]. 
According to the ‘mitochondrial cascade 
hypothesis’, ageing and sporadic AD are two 
convergent events, and the etiological factors 
for autosomal dominant and sporadic AD are 
not the same. Also, mitochondrial dysfunction 
has been viewed as the common element 
between autosomal dominant and sporadic AD 
forms. In addition to sporadic AD, this hypoth-
esis also predicts the aetiology of autosomal 
dominant AD forms. In case of autosomal domi-
nant forms, it points out that excessive Aβ 
causes mitochondrial dysfunction and this 
Aβ-induced dysfunction further initiates histo-
pathologies associated with AD. For sporadic 
AD cases, it is believed that age-related mito-
chondrial changes cause mitochondrial dys-
function and activate downstream cellular 
changes as observed in sporadic AD which 
include processing of APP to Aβ, tau phosphor-
ylation, synaptic loss and fi nally neurodegener-
ation [ 6 ]. Thus, mitochondrial cascade believes 
Aβ accumulation as a downstream event in the 
cascade. 

 Mounting evidences are present which point to 
an association between ageing and mitochondrial 

dysfunction. An earlier study pointed out that 
somatic mutations in mtDNA can lead to prema-
ture onset of ageing phenotypes [ 116 ]. But it is 
not known whether the decline in mitochondrial 
function is a cause or outcome of ageing. 

 Of particular interest, a large number of evi-
dences from studies involving experimental mod-
els and human samples suggest an association of 
APP and Aβ with the mitochondria. In particular, 
a study involving a mouse model showed that Aβ, 
particularly Aβ (1-42), accumulates in the mito-
chondria in the presence of a mutant  APP  gene 
and there is a decline in the activity of respiratory 
complexes III and IV. Also, Aβ was shown to 
accumulate in the mitochondria very early before 
the extensive extracellular deposition takes place 
[ 117 ]. These point towards the involvement of 
the mitochondria in the pathogenesis of AD 
(Fig.  2 ).

   In addition, it is reported that age-related 
accumulation of somatic mutations in mtDNA 
causes an increase in ROS production in the 
mitochondria [ 118 ,  119 ]. It is known that oxida-
tive stress induces an increased expression of 
BACE1 [ 120 ,  121 ]. Thus, it is speculated that 
with advanced age, an increase in ROS levels 
occur which increases Aβ levels owing to 
increased processing of APP by BACE1. Also, 
this generated Aβ induces an increased produc-
tion of free radicals (ROS and RNS), causing 
decline in mitochondrial function. Thus, a feed-
back loop exists in which age-related ROS levels 
cause increased production of Aβ, and this Aβ 
further leads to increased production of ROS, 
resulting in memory impairment and cognitive 
decline associated with AD [ 36 ]. 

 Several evidences point out that Aβ interacts 
with mitochondrial proteins and increase ROS 
levels, fi nally leading to synaptic damage. 
Mounting evidences show that Aβ, in its soluble 
oligomeric form, disrupts the axonal mitochon-
drial transport and disturbs the mitochondrial fi s-
sion-fusion balance [ 122 ,  123 ]. Mitochondrial 
traffi cking/transport is a phenomenon in which 
synaptic mitochondria, synthesised in the cell 
body, are transported down the axon/dendrite to 
areas of high energy demand, thus serving cellular 
energy demands [ 97 ]. During the transport, the 
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  Fig. 2    Aβ induces mitochondrial dysfunction that results 
in neurodegeneration and AD. A mitochondrion is sur-
rounded by two lipid membranes: outer membrane and 
inner membrane. The outer membrane is porous, while the 
inner membrane restricts ionic fl ow and harbours the elec-
tron transport chain ( ETC ). ETC is composed of com-
plexes I–V and is responsible for the generation of 
mitochondrial ATP via oxidative phosphorylation. Electron 
leaks in complexes I and III are responsible for the genera-
tion of free radicals in the mitochondria. Components of 
tricarboxylic acid cycle ( TCA ), viz. α-ketoglutarate dehy-
drogenase and beta oxidation, are present in the mitochon-
drial matrix and generates superoxide radicals. These 
generated radicals thus cause lipid peroxidation and pro-
tein and DNA oxidation. In case of early-onset AD, genetic 
mutations in  APP ,  PS 1  and  PS 2  activate beta- and 
gamma-secretase and lead to increased processing of APP 
to Aβ. This Aβ is found to accumulate in the outer, inner 
mitochondrial membrane and the matrix. When associated 

with the outer membrane, it causes blockage of the entry of 
nuclear-encoded mitochondrial proteins. On being local-
ised to inner membrane, it directly induces free radical 
production, decreases cytochrome oxidase activity, inter-
feres with complex activities and impairs ATP production. 
Once inside, Aβ interacts with mitochondrial matrix pro-
teins (ABAD and cyclophilin D) which increases the oxi-
dative stress and worsens the mitochondrial damage. In 
case of late-onset AD, ageing is one of the major factors 
contributing to increased free radical production owing to 
mutations in mtDNA. APP is also said to be localised to 
mitochondrial outer membrane and forms complexes with 
the translocases of outer ( TOM ) and inner membrane 
( TIM ). But the importation of C-terminus of APP is 
blocked due to the AICD domain of APP and thus blocks 
the mitochondrial pores. This prevents the entry of nuclear-
encoded mitochondrial proteins causing impairment of 
mitochondrial enzyme activities, increased oxidative 
stress, neuronal damage and cognitive decline       
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mitochondria can encounter each other, leading to 
fusion (aided by fusion proteins) and subsequently 
resulting in exchange of mitochondrial content. 
This is necessary to maintain genome stability as 
it allows exchange of highly pathogenic mtDNA 
and helps to maintain mitochondrial function 
[ 124 ]. Mitochondrial fi ssion plays an important 
role in apoptosis. Unbalanced fi ssion and fusion 
results in disruption of mitochondrial dynamics, 
causing mitochondrial fragmentation and contrib-
uting to mitochondrial dysfunction [ 125 ], which 
has been speculated to be the underlying 
mechanism(s) causing synaptic degeneration in 
AD. Recently, it was shown that both monomers 
and oligomers of Aβ interact with mitochondrial 
fi ssion protein, dynamin- related protein 1 (Drp1) 
and may be involved in abnormal mitochondrial 
dynamics causing mitochondrial fragmentation 
leading to neuronal dysfunction in AD. Also, 
expression levels of mitochondrial fi ssion 
genes  Drp1  and  Fis1  (Fission 1) were increased 
and those of mitochondrial fusion genes  Mfn1  
(mitofusin 1),  Mfn2  (mitofusin 2),  Opa1  
(optic atrophy 1) and  Tom40  were decreased in 
AD patients [ 37 ]. This study also provided evi-
dence that mitochondrial fragmentation may be 
initiated by interaction of Aβ with Drp1 causing 
abnormal mitochondrial dynamics, which 
increases as AD progresses. Thus, targeting these 
abnormal interactions can serve to minimise the 
neuronal damage caused by AD. 

 It has been shown that interaction of Aβ with 
Aβ-binding alcohol dehydrogenase (ABAD) in 
the mitochondria causes enhanced ROS produc-
tion and apoptosis in AD patients and transgenic 
mice [ 126 ]. Some recent studies have implicated 
mitochondrial permeability transition pore 
(mPTP) formation in Aβ-mediated mitochondrial 
dysfunction [ 127 ]. The mPTP consists of 
cyclophilin D (CypD) in the mitochondrial matrix, 
voltage-dependent anion channel (VDAC) in outer 
mitochondrial membrane and adenine nucleotide 
translocase (ANT) in inner mitochondrial mem-
brane. CypD has a role in opening of mPTP by 
binding with ANT and VDAC after its release 
from the matrix [ 38 ]. In relation to VDAC1, a 
recent study has shown that interaction of Aβ and 
phosphorylated tau with VDAC1 blocks mito-
chondrial pore leading to mitochondrial dysfunc-
tion in AD patients and transgenic APP mice [ 12 ]. 

Another mitochondrial protein CypD is shown to 
enhance mitochondrial and neuronal stress by 
interacting with Aβ. This interaction promotes 
ROS which leads to recruitment of CypD to the 
inner mitochondrial membrane and results in 
opening of mPTP causing cell death [ 128 ]. In 
addition, this study showed that CypD defi ciency 
improved learning and memory in a mouse model 
of AD. A recent study has provided a new insight 
into the role of CypD in the disruption of axonal 
mitochondrial transport [ 38 ]. It was shown that 
depletion of CypD protects the Aβ-induced axonal 
 mitochondrial transport damage and improves 
mitochondrial motility and dynamics. An increase 
in axonal mitochondrial density and bidirectional 
transport of the axonal mitochondria was observed 
on CypD depletion. CypD in the presence of Aβ 
promoted the opening of mPTP and, thus, dis-
rupted Ca 2+  homeostasis and increased accumula-
tion of ROS, further activating P38 MAPK signal 
transduction pathway, causing synaptic injury. It 
was also demonstrated that CypD-mediated mPTP 
blockade improved synaptic function against Aβ 
toxicity using CypD- defi cient mice. This study 
suggests a relation between CypD-mediated dis-
ruption of axonal mitochondrial traffi cking and 
Aβ-induced mitochondrial dysfunction leading to 
synaptic injury, thus speculates a mechanism of 
mitochondrial dysfunction involved in the patho-
genesis of AD (Fig.  2 ). 

 Another study has shown that age-related 
accumulation of Aβ occurs to a larger extent in 
the synaptic mitochondria as compared to the 
non-synaptic mitochondria and this accumula-
tion in the synaptic mitochondria occurs very 
early as compared to its accumulation in the non- 
synaptic mitochondria. This led to altered mito-
chondrial transport in murine primary axons 
[ 129 ]. Thus, it can be ascertained that the synap-
tic mitochondria are more probable targets of 
Aβ-induced oxidative stress. Sirtuin 3 (SIRT3), a 
deacetylase has an essential role in maintaining 
mitochondrial function. Studies have highlighted 
its neuroprotective role and its role in energy 
homeostasis by maintaining basal ATP levels for 
survival of the cells [ 130 ,  131 ]. A recent study 
has shown upregulation of SIRT3 in relation to 
Aβ-accumulation in AD patients and transgenic 
AD mouse model. Also, it was shown that mito-
chondrial ROS levels regulated SIRT3 expression 
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[ 132 ]. This speculates that upregulation of 
SIRT3, seen in AD patients and mouse model, 
may be due to Aβ-induced mitochondrial oxida-
tive stress. This suggests that in response to 
Aβ-induced oxidative stress in the mitochondria, 
upregulation of SIRT3 occurs to promote neuro-
nal survival. 

 Recently, the RanBP9-cofi lin pathway has 
been implicated in AD when it was shown that 
RanBP9, a scaffolding protein, generates Aβ and 
promotes Aβ-induced neurotoxity along with 
activating cofi lin, having a key role in regulating 
actin dynamics and mitochondria-mediated 
apoptosis in a mouse model of AD pathology 
[ 133 ]. Also, suppression of Aβ and RanBP9- 
induced apoptosis by siRNA knockdown of 
cofi lin confi rmed the role of RanBP9-cofi lin 
pathway in AD and can be the probable therapeu-
tic target for lowering Aβ-induced neurotoxicity. 

 A study by Kopeikina et al. showed that solu-
ble tau species are more toxic than tau aggregates 
and cause mitochondrial distribution defi ciencies 
in a mouse model of tautopathy and in the human 
AD brains, possibly due to axonal transport defi -
ciencies resulting in mitochondrial and neuronal 
dysfunction [ 134 ]. This suggests that soluble tau 
like the oligomeric Aβ are more toxic than aggre-
gated form and involved in neuronal dysfunction 
associated with AD. 

 Poly (ADP-ribose) polymerase-1 (PARP-1), a 
predominantly nuclear enzyme responsible for 
genome stability and transcriptional regulation, is 
thought to be involved in the pathogenesis of 
AD. Activation of PARP-1 by oxidative stress 
(induced by Aβ) is believed to be an early event in 
the pathogenesis of AD. Enhancement of PARP-1 
activity and accumulation of PAR is observed in 
the brains of AD patients [ 135 ]. A recent study has 
established the role of PARP-1 in microglial activa-
tion by its interaction with NF-kB [ 136 ]. Recently, 
the mitochondrial localisation of PARP-1 and its 
interaction with mitochondrial protein, mitofi lin, 
has been established [ 137 ]. It was shown that in the 
absence of PARP- 1, there is an accumulation of 
mtDNA damage, suggesting that mitochondrial 
PARP-1 has a role in mtDNA damage repair/sig-
naling. Overexpression of PARP-1   , Bax and p53 
and altered mitochondrial function in the presence 

of oxidative stress induced by Aβ has also been 
shown recently [ 138 ]. Additional studies are 
needed to ascertain the role of PARP-1 and mito-
chondrial dysfunction in AD pathogenesis. 

 Taken together, these studies suggest that 
mitochondrial dysfunction is associated with 
ageing and AD. Along with Aβ, age-related accu-
mulation of somatic mutations in mtDNA 
increases mitochondrial ROS levels leading to a 
decline in mitochondrial function. Recent studies 
have pointed out the role of oligomeric Aβ in the 
pathogenesis of AD. Oligomeric Aβ and APP are 
said to localise to mitochondria, mainly synaptic 
mitochondria, interact with mitochondrial pro-
teins and disrupt axonal mitochondrial traffi ck-
ing, causing synaptic injury and cognitive 
impairment. In relation to this, the use of 
mitochondria- targeted antioxidants can be seen 
as important approaches to treat AD.   

3     Apurinic/Apyrimidinic 
Endonuclease (APE1): 
An Emerging 
Neuroprotective Enzyme 

 There are many external and internal agents, 
which bring human genome under stress and 
fi nally bring modifi cation in the genomic stabil-
ity. These threats are mainly produced internally 
from mitochondrial electron transport chain 
(ETC) or externally by different biological, 
chemical and physical agents like ultraviolet 
(UV) rays, ionising radiation (IR), chemothera-
peutic agents, pollutants and heavy metals 
[ 139 ]. ROS attacks DNA readily and generates a 
variety of DNA base lesions [ 140 ]. DNA dam-
age is a continuous process and ~10 4  DNA 
lesions are estimated to be produced in a mam-
malian genome each day as a result of spontane-
ous decay, errors in replication and cellular 
metabolism. To maintain genomic integrity, a 
cell has an internal regulatory mechanism which 
maintains DNA damage and repair in a balanced 
condition. There are two pathways by which 
cells maintain genome integrity: (i) antioxidants 
which quench the ROS/RNS, nonenzymatic 
antioxidants (e.g. α-tocopherol, β-carotene, 
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lycopene and ascorbic acid) and enzymatic 
antioxidants (e.g. superoxide dismutase (SOD), 
glutathione (GSH), peroxidases and catalase) 
and (ii) DNA repair by different processes. The 
DNA repair system comprises of base excision 
repair (BER), transcription- coupled repair 
(TCR), global genome repair (GGR), mismatch 
repair (MMR), homologous recombination 
(HR) and nonhomologous end joining [NHEJ] 
[ 141 ]. 

 In mammals and higher organisms, different 
organs consist of various cell types; some of 
them are dividing while others are nondividing. 
In adults, cell types such as myocytes, adipo-
cytes, skin cells and neurons are nondividing 
cells, i.e. terminally differentiated [ 142 ,  143 ]. 
BER is the major pathway for oxidative DNA 
base damage caused by ROS/RNS as well as for 
abasic (AP) sites and single-strand breaks 
(SSBs). Apurinic/apyrimidinic endonuclease 
(APE1) is a primary BER enzyme and responsi-
ble for repair and removal of AP sites and strand 
breaks [ 16 ,  17 ,  144 ]. 

 Human  APE gene  (~3 kb in size) is localised 
on chromosome 14q11.2-12 and consists of four 
introns and fi ve exons [ 145 ]. The human APE 
 cDNA  is about 1.4 kb in length and encompasses 
a coding region of 954 nucleotides and encodes a 
protein comprising of 318 amino acids. APE1 is 
abundant (~10 5  copies per cell) in eukaryotic 
cells and has a relatively long half-life [~8 h] 
[ 146 ]. APE1 is a dual function protein. Its 
C-terminus displays repair activity and its 
N-terminal contains a bipartite nuclear localisa-
tion signal, NLS [ 18 ,  147 ,  148 ] and displays 
redox activity responsible for transcriptional reg-
ulation through redox-based mechanisms [ 18 , 
 149 ,  150 ]. 

3.1     Role of APE1 in Oxidative DNA 
Damage Repair 

 The ROS-induced damage to the DNA is impli-
cated in a number of human diseases including 
neurodegenerative diseases like AD, PD, HD 
and cancers [ 16 ,  17 ,  151 ]. It is thus very impor-
tant to repair the ROS-induced DNA damage in 

order to maintain the genomic integrity. BER, 
an evolutionarily conserved process, is respon-
sible for repairing most endogenous lesions like 
oxidised bases, AP sites and SSBs in both 
nuclear DNA and mitochondrial DNA. The 
basic BER pathway involves enzymes, viz. 
DNA glycosylase, APE1, DNA polymerase and 
DNA ligase. APE1 is involved in the repair of 
oxidised base lesions generated in the DNA as a 
result of oxidative damage. Attempts to generate 
APE1-null mice were not successful and lead to 
an early embryonic death [ 152 ,  153 ]. Further 
attempts to generate cell lines from APE1-null 
embryos failed, showing the essentiality of 
APE1 in maintaining cell viability. A study 
pointing towards the role of APE1 in neuronal 
cell survival showed that overexpression of 
APE1 in hippocampal and sensory cells exposed 
to H 2 O 2  lead to an increase in cell viability 
[ 154 ]. Upregulation of APE1 in cerebral cortical 
region of AD patients was also seen [ 155 ]. An 
immunohistochemical study pointing towards 
the role of APE1/Ref-1 in regulating cellular 
response towards oxidative stress showed that 
increased nuclear expression of APE1/Ref-1 is 
present in cerebral cortical regions of AD 
patients [ 20 ]. Another study showed the colo-
calisation of APE1/Ref-1 with Aβ in the senile 
plaques in AD hippocampus [ 156 ]. This study 
also showed that varying concentrations of 
Aβ(1- 42) regulates APE1/Ref-1 expression, 
thus pointing towards the neuroprotective role 
of APE1/Ref-1 in response to oxidative stress. A 
number of evidences point towards the role of 
cyclin- dependent kinase 5 (Cdk5) in mediating 
neuronal loss. In line with this, it was shown 
that Cdk5 complexes with p35 and phosphory-
lates APE1 at Thr232, causing reduction in 
APE1’s endonuclease activity and leading to 
accumulation of DNA damage and neuronal 
loss [ 157 ]. It can be interpreted that APE1 has a 
major role in overcoming the oxidative stress 
and maintaining neuronal cell viability and 
integrity. 

3.1.1     Nuclear BER Pathway 
 A number of DNA repair pathways operate in the 
nucleus. Amongst them, BER pathway is the most 
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versatile repair pathway operating in the nucleus 
in response to oxidative damage for repairing 
alkylated and oxidised DNA lesions, AP sites and 
SSBs. Two models of BER are present: short-
patch BER (SN-BER) and long-patch BER 
(LP-BER). SN-BER involves removal of a DNA 
lesion and incorporation of a single nucleotide, 
while a patch size of 2–8 nucleotides is associated 
with LP-BER [ 17 ,  144 ,  158 ]. The choice of the 
pathway depends on factors like type of lesions, 
AP sites and nature of 5′ terminus. The fi rst step 
of the BER pathway is recognition and excision of 
a damaged base by DNA glycosylase. Two types 
of DNA glycosylases are present: monofunctional 
and bifunctional. Monofunctional DNA glycosyl-
ases    (M-DG) include thymine DNA glycosylase 
(TDG), uracil-DNA glycosylase 1 (UDG1) and 
MutY homolog (MUTYH) and excise the sub-
strate base, e.g. alkylated bases and uracil, gener-
ating an AP site which is later processed by APE1. 
Bifunctional DNA glycosylases (B-DG) which 
include 8-oxoguanine DNA glycosylase (OGG1) 
and  Nei -like-1 (NEIL1),  Nei -like-2 (NEIL2) and 
endonuclease III-like 1 (NTH1) have an addi-
tional lyase activity specifi c for oxidised bases 
and incise the DNA backbone 3′ to the AP site via 
β or β,γ elimination [ 144 ,  159 – 161 ]. The second 
step of BER involves processing of the generated 
AP site by APE1 that generates a nick containing 
a 3′OH residue and dRP at 5′ end, by cleaving the 
phosphodiester bond 5′ to the AP site. During the 
third step of the BER pathway, repair of the AP 
site is catalysed by polymerase (pol) β. If an unal-
tered group in deoxyribose is present, then pol β 
owing to its dRP lyase activity can carry 
SN-BER. The LP-BER occurs when AP sites are 
further oxidised by ROS and pol β cannot remove 
the 5′ blocking groups. 5′ fl ap-endonuclease-1 
(FEN1), part of DNA replication machinery, is 
shown to displace and cleave this 5′ blocking 
group along with 4–6 nucleotides as a single-
stranded DNA fl ap. PCNA also has a role to play 
by acting as a sliding clamp in LP-BER. The last 
step of BER involves nick sealing by DNA ligase 
which in case of LP-BER involves DNA pol ϵ/δ 
and DNA ligase I, and in case of SN-BER involves 
DNA ligase IIIα/XRCC1 complex [ 144 ,  160 ]. 
PARP-1 is known to modulate the capacity of 

BER and effi ciently recognise and repair SSBs, 
thus acts as a DNA damage sensor and signal 
transducer [ 17 ,  162 ]. It was shown that Aβ is 
involved in the activation of PARP-1 through NO 
cascade in adult hippocampus [ 163 ]. Another pro-
tein XRCC1 also acts a SSB sensor protein and 
acts as a scaffold for BER proteins for SSB repair 
[ 144 ]. XRCC1 also interacts and stimulates APE1 
[ 164 ]. Thus, it can be said that BER pathway is 
indeed a versatile pathway involved in  maintaining 
genome integrity and involving a number of 
enzymes and interactions.  

3.1.2     Mitochondrial BER Pathway 
 It is well known that the mitochondria have a 
role in the ageing process. Mitochondrial DNA 
(mtDNA) is more prone to oxidative DNA dam-
age due to its close proximity to the site of ATP 
production in the inner mitochondrial membrane 
[ 165 ]. Thus, DNA damage repair in the mito-
chondria appears to be very important for main-
taining proper functioning of the cell, especially 
during ageing. Various studies have shown that 
DNA repair actively takes place in the mitochon-
dria, which was earlier thought to be present 
only in the nucleus. Recent studies have identi-
fi ed new DNA repair enzymes that participate in 
the DNA repair pathways operating in the mito-
chondria. Amongst the different repair pathways, 
BER is considered to be the major DNA repair 
pathway taking place in the mitochondria 
(Fig.  3 ). BER in the mitochondria helps to cope 
up with the oxidised DNA lesions generated due 
to the presence of free radicals and thus main-
tains mtDNA stability. The basic mechanism by 
which mitochondrial BER acts remains the same 
as the nuclear BER, but some specifi c BER 
enzymes are present in the mitochondria and 
these are coded by nuclear genes [ 166 ]. For a 
very long time, it was considered that only 
SN-BER occurs in the mitochondria which 
include removal of a DNA lesion and incorpora-
tion of a single nucleotide. But now it is believed 
that owing to the rate at which oxidised base 
lesions are generated in mtDNA, LP-BER may 
also take place in the mitochondria [ 17 ,  160 , 
 167 ,  168 ]. The fi rst step of the mtBER pathway 
involving recognition of a damaged base is 

N. Kaur et al.



191

  Fig. 3    Mitochondrial BER has more or less similar repair 
machinery as nuclear BER. DNA damage repair in the mito-
chondria is believed to be important in maintaining genomic 
integrity, especially during ageing. The basic mechanism of 
mitochondrial BER ( mtBER ) remains the same as nuclear-
BER pathway, but some specifi c enzymes are present in the 
mtBER pathway. Both SN-BER and LP-BER are believed to 
take place in the mitochondria. Two M-DG   , i.e. UDG1 and 
MYH, and four B-DG, viz. OGG1, NTH1, NEIL1 and 

NEIL2, are present in the mitochondria. APE1 in the mito-
chondria is found to be an N-terminal truncated product of 
APE1. In the mitochondria, DNA polγ is the only poly-
merase both in LP-BER and SN-BER pathways. Ligation 
of single-strand nick is performed by DNA ligase III. In 
addition, EXOG is an essential component of BER/SSBR 
pathway unique to the mitochondria and forms complex 
with APE1, DNA polγ and DNA ligase III and is involved 
in repairing endogenous SSBs in the mtDNA       
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 performed by DNA glycosylase. Two M-DG, i.e. 
   UDG1 and MYH, and four B-DG, viz. OGG1, 
NTH1, NEIL1 and NEIL2 are present in the 
mitochondria [ 169 ,  170 ]. Next step of the mtBER 
pathway involves processing of the AP site by 
APE1, which is the main AP endonuclease of the 
mammalian cell, and this mtAPE1 is believed to 
be an N-terminal truncated product of APE1. It 
is also shown that deletion of the 33 N-terminal 
residues increases the specifi c activity of 
mtAPE1 by threefold [ 171 ]. The next step 
involves insertion of correct nucleotides by DNA 
polγ which is followed by ligation of single- 
strand nick by DNA ligase III (Fig.  3 ). This 
mitochondrial ligase III is derived from  LIG3  
gene and is known to be independent of XRCC1 
while the nuclear variant of DNA ligase III inter-
acts with XRCC1 [ 165 ,  172 ]. A recent study has 
shown that EXOG is an essential component of 
BER/SSBR pathway unique to the mitochondria 
and forms complex with APE1, DNA polγ and 
DNA ligase III and is involved in repairing 
endogenous SSBs in the mtDNA. Also, it was 
shown that depletion of EXOG increases ROS 
levels and induces apoptosis in normal cells 
[ 173 ]. FEN1 is involved in repairing oxidative 
DNA damage via LP-BER in the mitochondria 
[ 174 ]. Cellular death and embryonic lethality in 
presence of gamma radiation-induced DNA 
damage was observed in  FEN1  gene knockout 
mice [ 175 ]. The hDNA2, possessing nuclease, 
helicase and ATPase activities, is also involved 
in DNA replication and repair in the mitochon-
dria. The hDNA2 forms a complex with polγ and 
stimulates the polymerase activity. It is also 
involved in RNA primer removal during mtDNA 
replication. The hDNA2, owing to its nuclease 
property, can also process fl ap LP-BER interme-
diates. This points towards the synergistic roles 
of FEN1 and hDNA2 to process the 5′fl ap inter-
mediates during DNA replication and repair in 
the mitochondria [ 176 ]. Thus, all through these 
years we have gained knowledge about some of 
the repair pathways occurring in the mitochon-
dria and identifi ed different repair enzymes pres-
ent in the mitochondria but much more needs to 
be understood towards establishing pathophysi-
ologies which overtakes these repair processes.

3.2         Role of APE1 in Redox 
and Transcriptional 
Regulation 

 Owing to APE1’s N-terminal domain which 
contains the NLS and redox regulatory domain, 
APE1/Ref-1 is considered to be an important 
mammalian redox regulator of transcription. It 
is identifi ed that Cys65 is the redox active site in 
APE1/Ref-1 and that Cys93 interacts with 
Cys65 via disulphide bond formation and thus 
these two Cys residues contribute to alter the 
redox state of a number of TFs [ 177 ]. A number 
of studies have shown that APE1/Ref-1 modifi es 
the DNA- binding ability of several TFs, such as 
activator protein-1 (AP-1), Fos and Jun, NF-κB, 
p53, Myb, early growth response-1 (Egr-1), 
polyoma virus enhancer-binding protein-2 
(PEBP-2), activating transcription factor/cAMP 
response element- binding protein (ATF-CREB), 
hypoxia-inducible factor (HIF-1α) and HIF-like 
factor [ 18 ,  149 ,  178 ]. The reduction of Cys in 
the DNA-binding domains of the TFs by APE1/
Ref-1 enhances the DNA-binding ability of TFs. 
It was earlier shown that reduction of the con-
served Cys residue in the DNA-binding domain 
of c-Jun by APE1/Ref-1 enhances the DNA-
binding activity of AP-1 in vitro [ 179 ]. Also, the 
ability to reactivate Fos- Jun DNA-binding 
declines on oxidation of APE1, which can be 
restored on treatment with thioredoxin, TRX 
[ 177 ]. Thus, it can be said that alterations in the 
redox state could lead to alterations in gene 
expression of key cellular signaling and other 
regulatory proteins. While APE1 is considered 
as a redox activator of several TFs like AP-1, 
p53, HIF-1α, it also acts as a trans-acting factor 
which causes Ca 2+ -dependent repression of 
parathyroid hormone (PTH) and renin genes 
[ 180 ,  181 ]. An increase in extracellular Ca 2+  
causes binding of APE1 to negative Ca 2+  
response element (nCaRE: nCaRE-A and 
nCaRE-B) in the respective gene promoters 
causing repression of PTH and renin gene 
expression. Acetylation of APE1 is also shown 
to modulate APE1’s transcriptional regulatory 
function. In addition, APE1 interacts stably with 
other trans-acting factors like HIF 1-α, STAT 3 
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and CBP/P300 [ 18 ,  153 ,  182 ]. Thus, it points 
towards the redox- independent functions of 
APE1 in regulating transcription.  

3.3     Other Functions 

 Apart from being the major DNA repair enzyme 
of the BER pathway and redox activator of sev-
eral TFs, newer studies have shown that APE1 
serves some other important functions as dis-
cussed below. 

3.3.1     APE1 as Endoribonuclease 
 For a very long time, RNA decay in eukaryotes 
was considered to be an exoribonucleolytic pro-
cess, while in prokaryotes it was considered to 
be an endoribonucleolytic process. But numer-
ous evidences in the recent past have demon-
strated that endoribonucleases also have a 
signifi cant role in eukaryotic RNA metabolism 
and contribute to RNA turnover in eukaryotes 
[ 183 ]. Recently, APE1 was identifi ed as an 
endoribonuclease that cleaves within the UA and 
CA dinucleotides of  c - myc  (a proto-oncogene) 
mRNA and regulates the  c - myc  mRNA levels [ 7 , 
 147 ]. It was shown that APE1 knockdown in 
HeLa cells led to increased  c - myc  mRNA levels 
and its half-life [ 147 ]. In line with this, a study 
identifi ed the active site of APE1 and found that 
common active site is shared for endoribonucle-
ase and nuclease activities of APE1 but the 
mechanisms of cleavage of RNA and DNA are 
not identical [ 184 ]. Thus, the role of APE1 in 
controlling the levels and turnover of other 
mRNAs in the neuronal as well as other cell 
types need to be understood.  

3.3.2     Maintenance of Cellular 
Homeostasis 

 Maintenance of proper cellular redox balance 
is an essential prerequisite for proper function-
ing of biological systems. An increase in the 
ROS/RNS levels beyond the normal physio-
logic limits could disturb the redox homeosta-
sis leading to cell death and disease 
development. To cope up with the increased 
oxidative stress build-up in the cell, different 

enzymatic/nonenzymatic antioxidant systems 
are present. APE1/Ref-1 is known to act as an 
important redox regulator of the cell which 
helps in maintaining proper levels of ROS/
RNS for cell survival and proliferation. An ear-
lier study showed that APE1/Ref-1 helps in 
 regulating oxidative stress by inhibiting ROS 
production and NF-κB activation by modulat-
ing the activation of rac1 GTPase and inhibits 
apoptosis [ 185 ,  186 ]. Overexpression of APE1/
Ref-1 was shown to increase SH-SY5Y cell 
viability following exposure to H 2 O 2  [ 150 ] .  A 
recent study of Mantha et al. has identifi ed sev-
eral key neuronal proteins those are involved in 
various cellular functions are interacting with 
APE1 in response to Aβ(25-35)-induced stress 
in PC12 and SH-SY5Y cells [ 187 ]. Thus, it can 
be interpreted that APE1/Ref-1 has a role in 
providing protection against oxidative stress 
and helps to maintain cellular redox balance.    

4     Importance 
of Phytochemicals 
in Modulating Functions 
of APE1/Ref-1 Towards AD 
Therapeutics 

 Human beings have used plant extracts for cen-
turies for treating various types of ailments. For 
the last few years, scientists are trying to fi gure 
out the active ingredients present in the plant 
extracts responsible for the specifi c action and 
decipher the molecular mechanism(s) by which 
these phytochemicals exert their action (Fig.  4 ). 
Phytochemicals like resveratrol, isofl avones, 
curcumin, decursin, EGCG, L-carnitine and 
 Ganoderma lucidum  extract have shown potent 
properties against neuronal disorders. In addi-
tion, some of them have also shown their effect 
on modulation of APE1/Ref-1 repair as well as 
redox activity in relation to cancer. Limited 
studies warrant additional studies to see how 
these phytochemicals may affect APE1/Ref-1 
functions in neurodegenerative diseases like 
AD. The following sections describe these phy-
tochemicals as having potential therapeutic 
effect against AD.
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4.1       Resveratrol 

 Resveratrol (3,5,4′-trihydroxy- trans -stilbene) is 
a phytoalexin and a polyphenolic compound 
found in the seeds and wine made from grape 
cultivars which provides natural protection to the 
plant against environmental stresses such as UV 
radiation and fungal infections. Resveratrol is the 
possible explanation for the French Paradox. 
According to French Paradox, France has a low 
rate of coronary heart disease (CHD) in spite of 

high intake of saturated fats, thus presents a situ-
ation which is paradoxical when compared with 
other countries having comparable diet rich in 
saturated fats and subsequently high CHD [ 188 ]. 
Wine intake is highest in France and studies have 
pointed out that drinking red wine confers cardio- 
protection and this is attributable to resveratrol 
present in it along with other polyphenols [ 189 , 
 190 ], thus explaining the paradox. Therefore, res-
veratrol has assumed a great importance over 
time. The protective abilities of resveratrol have 

  Fig. 4    Phytochemicals regulate different cellular 
interactions and modulates APE1/Ref-1 activity 
towards AD therapeutics. The phytochemical resvera-
trol triggers apoptosis through ceramide accumulation. 
Resveratrol activates SIRT1 and inhibits the transcrip-
tion regulator p53 and FOXO3. Curcumin and decursin 
activate Nrf and rescue cell from oxidative stress. 

EGCG is an active polyphenol in green tea and inhibits 
multiple signal transduction pathways, including AP-1 
and NF-κB, whereas curcumin and resveratrol activate 
different cellular factors like IL-6, Cox-2, SOD and 
Bcl-2. Curcumin, genistein and resveratrol also induce 
apoptosis and cell cycle arrest via functionally acti-
vated p53       
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been attributable to its antioxidant properties 
[ 191 ]. Several lines of studies have shown that 
drinking red wine also confers neuroprotection 
and reduces the incidence of neurological dis-
eases like AD [ 192 ,  193 ]. It has been shown that 
resveratrol exerts protective effects against 
Aβ-induced neurotoxicity in rat hippocampal 
cells with the involvement of PKC [ 194 ]. 
Resveratrol showed anti-apoptotic effect and 
interference in cell cycle progression in SH-SY5Y 
neuroblastoma cells [ 195 ]. The anti-Aβ potential 
of resveratrol in clearing Aβ via a mechanism 
involving activation of proteasome was also iden-
tifi ed [ 196 ]. In addition, resveratrol oligomers 
from  V. amurensis  were shown to rescue 
Aβ-mediated oxidative stress in PC12 cells by 
inhibiting ROS production [ 197 ]. Resveratrol 
was found to stimulate NO production and reduce 
the oxidative stress after a focal cerebral isch-
aemia (FCI) injury in rats [ 198 ]. Downregulation 
of iNOS and enhancement of HO-1 expression 
by resveratrol rescues the Aβ-induced neurotox-
icity [ 199 ]. Upregulation of iNOS is associated 
with Aβ levels [ 200 ], indicating a connection 
between iNOS and Aβ in the progression of 
AD. Resveratrol is also shown to be a SIRT-1 
activator protecting the neuroblastoma cells from 
oxidative damage caused by Aβ [ 201 ]. 

 SIRT-1 has an important role in maintaining 
genome integrity through regulation of BER 
pathway. An increase in association of APE1 
with XRCC1 under genotoxic stress is reported, 
while the knockdown of SIRT-1 decreases this 
association. Resveratrol has been shown to pro-
mote binding of APE1 to XRCC1 by a mecha-
nism involving activation of SIRT-1 [ 202 ]. 
Resveratrol is also shown to regulate the redox 
activity of APE1/Ref-1 and is identifi ed as a 
potent APE1/Ref-1 inhibitor [ 24 ]. In this study, 
an increase in expression of Ref-1 was seen in 
human melanoma cells which may be partly due 
to mitochondrial dysfunction owing to high ROS 
levels and presence of oxidised melanin in these 
cells. Overexpressing Ref-1 led to increase in 
basal NF-κB transcription activities. In addition, 
in response to APE1/Ref-1 antibody, reduced 
AP-1 and NF-κB DNA-binding activities were 
observed. Thus, resveratrol seems to act as an 

APE1/Ref-1 inhibitor upregulating AP-1 and 
NF-κB DNA-binding activities, highlighting its 
anti-melanoma potential [ 24 ]. In a recent fi nding, 
it was shown that resveratrol mitigates the AlCl 3 - 
induced direct neuroinfl ammation in rats [ 203 ]. 
Also, an increase in APE1 level and decrease in 
β-secretase and Aβ levels were observed. In addi-
tion, a decrease in expression of TNF-α, IL-6 and 
iNOS in the rat brain was seen on treatment with 
resveratrol, thus revealing the anti-infl ammatory 
effects of resveratrol [ 203 ]. Taken together, these 
fi ndings suggest resveratrol as a potent phyto-
chemical for treating oxidative stress-induced 
mitochondrial dysfunction and infl ammation in 
neurodegenerative diseases like AD and which 
might alter the APE1/Ref-1 function to mediate 
neuronal cell viability to counter AD.  

4.2     Curcumin 

 Curcumin is the main active fl avonoid derived from 
the rhizome of  Curcuma longa  (Zingiberaceae). 
Curcumin has potent anti- infl ammatory property 
due to its antioxidant activity resulting in the scav-
enging of the ROS generated inside the body under 
stress conditions [ 204 ]. Curcumin owing to its anti-
oxidant and anti-infl ammatory action suppresses 
the oxidative damage and decreases amyloid depo-
sition [ 205 ]. 

 Curcumin acts as a strong metal chelator and 
has the ability to repress the inhibition of DG, 
NEIL1 caused by divalent metals like Cu and Fe 
in SH-SY5Y neuroblastoma cells [ 206 ,  207 ]. 
Curcumin acts as a potential therapeutic agent 
owing to its two effects – reduction of oxidative 
stress and acting as a metal chelator [ 160 ,  207 ]. 
Curcumin is shown to increase the heme oxygen-
ase1 (HO-1) expression in cultured hippocampal 
neurons in response to glucose oxidase (GO)-
mediated oxidative damage [ 208 ]. Curcumin has 
also shown to reduce the formation of Aβ and 
decrease plaque burden in transgenic AD mice 
[ 209 ]. Moreover, curcumin has a strong ability to 
cross blood-brain barrier (BBB) and shown to 
reduce aggregation of Aβ(1-40) and cause disag-
gregation of Aβ(1-40). In addition, curcumin pre-
vented Aβ(1-42) oligomer formation and toxicity, 
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making it an effective molecule for prevention 
and treatment of AD [ 210 ]. Thus, this curry spice 
has a great potential in alleviating oxidative stress 
and improving cognitive decline in AD.  

4.3     Decursin 

 Decursin (D) and decursinol angelate (DA) are 
the major coumarins present in the roots of 
 Angelica gigas  Nakai (Umbelliferae). The roots 
of  Angelica gigas  Nakai have been used in tradi-
tional Korean medicine for treating anaemia and 
as a sedative and an anodyne agent [ 211 ]. Many 
reports highlight the antitumour [ 211 ], antibacte-
rial [ 211 ], anti-nematodal [ 212 ] and antioxidant 
[ 213 ] properties of  Angelica gigas  Nakai, mainly 
due to the presence of D and DA. A study demon-
strated the anti-amnesic property of D which res-
cued the impairment induced by scopolamine 
through the inhibition of acetylcholinesterase 
(AChE) in the hippocampus of treated mice 
[ 211 ]. Decursin was shown to cross the BBB 
[ 212 ], thus showing a potential to intervene the 
CNS to treat disorders like AD. The neuroprotec-
tive role of D and DA in rescuing the glutamate- 
induced oxidative stress in primary cortical cells 
was highlighted in a study [ 214 ]. Another study 
showed the neuroprotective ability of D and DA 
and its role in nuclear factor erythroid 2-related 
factor (Nrf2) activation and elevation of antioxi-
dant levels in rescuing Aβ-mediated oxidative 
stress in PC12 cells [ 213 ]. Both D and DA were 
shown to inhibit Aβ fi brillation. This study indi-
cated that D and DA can be utilised as an impor-
tant antioxidant to help reduce the oxidative 
stress induced by Aβ in AD. In a recent fi nding, it 
was shown that in response to Aβ(23-35)-induced 
oxidative stress, treatment with D leads to 
decreased ROS levels and activation of mitogen- 
activated protein kinases (MAPK) signal path-
ways, leading to Nrf2 activation and upregulation 
of HO-1 expression, thus protecting the PC12 
cells from Aβ-mediated neurotoxicity [ 215 ]. 
Taken together, these fi ndings suggest that D and 
DA can protect neurons from Aβ-mediated oxi-
dative stress. Further studies are needed to show 
the potential of D and DA in modulating APE1/

Ref-1’s functions to limit neurodegeneration and 
increase cell survival in AD.  

4.4     Soy Isofl avones 

 Soy isofl avones are the major fl avonoids found 
in soybean, which have been a traditional food in 
Asia for a very long time. Apart from isofl a-
vones, soy is also rich in phytic acid, trypsin 
inhibitors and saponins [ 216 ]. But soy isofl a-
vones have dragged attention in the recent past 
due to its numerous health benefi ts particularly 
its neuroprotective effects. Soy isofl avones are 
also referred to as phytoestrogens due to their 
benefi cial effects on estrogenic problems [ 217 ]. 
Soy isofl avones include genistein, daidzein and 
glycitein [ 218 ]. An earlier study showed that 
genistein could attenuate the oxidative stress 
induced by Aβ(25-35) and reduce the ROS levels 
and inhibit cell apoptosis possibly through Nrf/
HO-1signal pathway in PC12 cells [ 219 ]. 
Another study showed that genistein improves 
the short-term spatial memory in rats by mitigat-
ing Aβ(1-40)-induced impairment via an estro-
genic pathway [ 219 ]. Soy isofl avones suppressed 
the production of infl ammatory cytokines and 
downregulated NF-κB activity, which was 
induced by Aβ(1-42) and improved the learning 
and memory impairment in rats [ 220 ]. Another 
study showed that isofl avones, specifi cally 
genistein and glycitein, have an anti-fi brillisa-
tion, anti- oligomerisation and fi bril-destabilising 
potential on Aβ(1-40) and Aβ(1-42) in vitro and 
that glycitein, in particular, binds directly to Aβ 
monomers, oligomers and fi brils and exhibit 
highest affi nity for Aβ(25-35) [ 221 ]. Thus, iso-
fl avones can be employed towards effective ther-
apy to directly target amyloid assemblies for the 
treatment of AD. In addition, genistein showed 
neuroprotection and increased cell viability and 
protein kinase C (PKC) activity in PC12 cells 
which were treated with Aβ(25-35) and this 
involved PKC signaling pathway, which is 
known to regulate neuronal survival in AD [ 222 ]. 
In addition, downregulation of  PS1 , involved in 
Aβ generation, by treatment with genistein was 
shown [ 223 ]. A recent fi nding showed that soy 
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isofl avones reduced the oxidative stress in the 
mitochondria induced by Aβ(1-42) in the rat 
brain and increased the mitochondrial membrane 
potential (MMP) and antioxidant function [ 217 ]. 
As a result, isofl avones help to maintain redox 
balance in the brain. Together, these fi ndings 
show that isofl avones with potential can improve 
mitochondrial function and maintain redox bal-
ance for neuronal survival.  

4.5     Epigallocatechin-3-Gallate 
(EGCG) 

    Epigallocatechin-3-gallate (EGCG) isolated from 
the leaves of green tea ( Camellia sinensis ) 
and a type of catechin [ 224 ]. It has a number of 
benefi cial health effects owing to its neuropro-
tective, anticarcinogenic and anti-infl ammatory 
property [ 225 ,  226 ]. The consumption of green 
tea and incidence of dementia, AD and PD are 
inversely correlated [ 227 ,  228 ]. Numerous animal 
model studies have suggested that EGCG exerts 
neuroprotective effects against age-related cog-
nitive decline and neurodegenerative diseases. 
An earlier study using in vitro and in vivo mod-
els has shown that EGCG elevates the levels of 
soluble APP-α (an N-terminal cleavage product) 
and promotes the cleavage of α-C-terminal 
fragment of APP. This shows that EGCG pro-
motes α-secretase activity leading to decreased 
Aβ levels and plaque formation [ 229 ,  230 ]. 
EGCG is shown to bind to the β-sheet-rich 
aggregates and bring about a conformational 
change remodelling mature α-synuclein and Aβ 
fi brils into smaller amorphous nontoxic protein 
aggregates and reduce cellular toxicity [ 231 ]. 
Another in vivo study involving passive avoidance 
and water maze tests showed that EGCG reduces 
the Aβ(1-42)-induced memory dysfunction 
dose- dependently and suppresses the activities 
of β- and γ-secretase. In addition, an inhibition 
in the activation of extracellular signal-regulated 
protein kinase (ERK) and NF-κB by EGCG was 
observed in the Aβ(1-42)-injected mouse brains 
[ 232 ]. EGCG has also emerged as a mitochondrial 
restorative compound which was demonstrated 

to restore MMP, ROS levels and ATP levels in a 
double-transgenic mouse model of AD. Thus, 
EGCG was shown to lessen the Aβ-induced 
mitochondrial dysfunction, which is implicated 
during the onset and progression of AD [ 230 ]. 
These studies point out that EGCG, owing to its 
anti-amyloidogenic and mitochondrial restorative 
property, has a tremendous potential in AD therapy.  

4.6     L-Carnitine 

 L-carnitine is a derivative of the amino acid, 
lysine. Its name is derived from the fact that it 
was fi rst isolated from meat ( carnus ). Acetyl 
L-carnitine (ALCAR), an L-carnitine ester of 
acetic acid, crosses the BBB and modifi es ace-
tylcholine production in the brain [ 233 ]. 
ALCAR is involved in regulation of mitochon-
drial energetics and oxidative stress associated 
with ageing [ 234 ]. An earlier study pointed 
towards induction of HO-1 and upregulation of 
Nrf-2, a redox- sensitive TFs, on treating astro-
cytes with ALCAR [ 235 ]. ALCAR was also 
shown to increase the synthesis of nerve growth 
factor receptors (NGFR) in PC12 cells and thus 
elicits neurite outgrowth by stimulating NGF 
uptake in these cells [ 236 ]. ALCAR is a physi-
ological activator of the mitochondrial fatty acid 
metabolism and has been reported to improve 
cognitive defi cits in aged animals and to slow 
deterioration in AD patients [ 237 ]. A study 
showed that ALCAR promotes α-secretase 
activity and physiological APP metabolism by 
facilitating the delivery of ADAM10 to the post-
synaptic compartment regulating α-secretase 
activity towards APP, leading to release of a 
non-amyloidogenic product [ 238 ]. A study by 
Abdul et al. showed that ALCAR displayed neu-
roprotective effect towards Aβ(1-42)-induced 
oxidative stress in cortical neurons by upregu-
lating the levels of glutathione (GSH) and heat 
shock proteins [HSPs] [ 239 ]. Thus, ALCAR 
displays neuroprotection and modulates mito-
chondrial function and oxidative stress, thus has 
a potential and can be employed in AD therapy 
upon further studies.  
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4.7     Ganoderma Lucidum 

  G. lucidum  is a medicinal fungus used clinically 
in many Asian countries for health and longevity. 
A study showed the neuroprotective effect of 
 G. lucidum  in which the extract induced the neu-
ronal differentiation of PC12 cells and prevented 
NGF-dependent PC12 neurons from apoptosis. 
This effect was thought to be mediated by the 
activation of ERK and CREB signaling pathways 
that maintained the survival of the NGF- 
dependent neurons [ 240 ]. An earlier study by 
Pillai et al. had demonstrated that an aqueous 
extract of  G. lucidum  protected against the 
radiation- induced nuclear DNA damage [ 241 ]. 
 G. lucidum  polysaccharides (GLP) was shown to 
reduce the expression of Caspase-3 and FasL 
leading to improved cognition and learning abil-
ity in Aβ(25-35)-injected mice [ 242 ]. Another 
study provided evidence that  G. lucidum  
increased the non-amyloidogenic protein secre-
tion, i.e. sAPPα secretion, in SH-SY5Y cells 
involving phosphatidylinositol 3 kinase (PI3K) 
and ERK signaling pathways [ 243 ]. A study 
pointing towards the antioxidant properties of 
 G. lucidum  has shown that the activities of heart 
TCA enzymes and mitochondrial complex (I-IV) 
improved on treating aged mice with an ethanolic 
extract of  G. lucidum  [ 244 ]. In line with    this, 
another study showed that  G. lucidum  elevated 
the activities of mitochondrial dehydrogenases, 
i.e. succinate dehydrogenase (SDH), malate 
dehydrogenase (MDH), α-ketoglutarate dehydro-
genase (α-KGDH) and pyruvate dehydrogenase 
(PDH), as well as complex I and II activities in 
the mitochondria of aged Wistar rat brains. Also, 
the level of lipid peroxidation was decreased 
in the  G. lucidum -treated rats [ 245 ]. A recent 
in vivo study involving Sprague-Dawley rats 
showed that  G. lucidum  spore (GLS) improved 
mitochondrial functioning, alleviated oxidative 
stress and protected the hippocampal neurons 
from apoptosis, improving cognition in these 
rats [ 86 ]. Another recent study showed that 
 G. lucidum  promoted neurite outgrowth in differ-
entiating N2a cells [ 246 ]. Thus,  G. lucidum  seems 
to have a great therapeutic importance in reviving 
brain and cognitive health in AD patients. 

 Although some of    the phytochemicals 
described here are not studied directly with rela-
tion to APE1/Ref-1’s functions, their benefi cial 
effects as discussed further suggest testing them 
to understand their role in modulating repair, 
redox and other newly discovered roles of APE1/
Ref-1 towards neuronal cell survival. It is a pre-
requisite for the neuronal cell to counter the oxi-
dative stress responses elicited by different agents 
and mechanisms as discussed in this review and, 
further, APE1-/Ref-1-mediated intervention 
along with phytochemicals, thus, emerges a new 
fi eld of study to tackle the AD.   

5     Conclusions and Future 
Perspectives 

 AD is a disabling and debilitating disease affecting 
millions worldwide and is projected to affect many 
more. The pathological hallmarks of the disease are 
known from a very long time, but the molecular 
mechanism(s) underlying the AD is not known to 
date. Researchers have tried to understand the vari-
ous factors responsible for the progression of this 
fatal disease. Some risk factors have been associ-
ated with the disease. These are mutations in the 
 APP ,  PS1  and  PS2  genes, which are responsible for 
the accumulation of Aβ, the main culprit, in the neu-
rons leading to development of early-onset AD. A 
signifi cant number of studies pointing out that Aβ 
oligomers are the more toxic species rather than the 
insoluble fi brillar deposits. Other risk factors for 
AD include the presence of  APOE  ϵ4 allele. Ageing 
is the greatest risk factor for AD. In the recent past, 
studies have implicated oxidative stress and mito-
chondrial dysfunction in the pathogenesis of AD. It 
is also observed that mitochondrial dysfunction 
occurs very early in AD pathogenesis. Studies have 
pointed out that accumulation of somatic mtDNA 
mutations over time causes genome instability and 
mitochondrial dysfunction. It is well established 
that Aβ causes oxidative stress. Recent studies have 
shown that Aβ and APP localise to the mitochon-
dria, interact with mitochondrial proteins, increase 
ROS/RNS levels and cause mitochondrial dysfunc-
tion. Recent studies have provided evidence that Aβ 
accumulates more in the synaptic terminals of neu-
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rons and interferes with the axonal mitochondrial 
 transport, leading to synaptic damage and cognitive 
decline associated with AD. During the mitochon-
drial traffi cking, fusion process occurs which is 
essential for exchange of pathogenic 
mtDNA. Unbalanced fusion/fi ssion has been impli-
cated in various neurodegenerative diseases like 
AD. BER is the predominant pathway responsible 
for repairing oxidised base lesions in the nucleus as 
well as in the mitochondria, with APE1 being the 
central repair enzyme of this pathway. Importance 
of APE1/Ref-1 for the cell can be discerned by the 
fact that attempts to generate APE1-null mice failed 
as it led to their early embryonic death. APE1/Ref-1 
has been shown to play a major role in overcoming 
the oxidative stress and maintaining neuronal cell 
viability and integrity owing to various roles played 
by it, viz. as a redox and transcriptional regulator, as 
an endoribonuclease and as a regulator of cellular 
homeostasis. Phytochemicals like soy isofl avones, 
resveratrol and curcumin have been shown to mod-
ulate APE1/Ref-1 activity both in vitro and in vivo. 
In addition to these, decursin, L-carnitine, 
 Ganoderma lucidum  and EGCG have shown to 
lower the oxidative stress induced by Aβ in various 
studies. Thus, these phytochemicals have a poten-
tial to reduce the oxidative stress and modulate 
functions of APE1/Ref-1 and can be used as an 
effective approach to treat AD by protecting APE1/
Ref-1’s functions.     
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    Abstract  

  Equilibrium between the cell proliferation and cell death helps in main-
taining cell number within a tissue and the imbalance between the two 
leads to cancer. Both endogenous and exogenous factors infl uence DNA 
damage, cell growth, and cell death and contribute to carcinogenesis. 
There are experimental evidences to support the role of reactive oxygen 
species in the cancer process. Increase in reactive oxygen species in the 
cell, through either biological modifi cation or chemical exposure to car-
cinogen, contributes to the process of carcinogenesis. As already stated, 
reactive oxygen species can arise through a variety of factors and path-
ways. Oxidative stress due to these can directly lead to production of sin-
gle- or double-stranded DNA breaks, purine, pyrimidine, or deoxyribose 
modifi cations, and DNA cross-links. Persistent DNA damage can result in 
either arrest or induction of transcription, induction of signal transduction 
pathways, replication errors, and genomic instability, all of which are seen 
in carcinogenesis. Oxidative stress also plays a dual role in inducing toxic-
ity due to administration of drugs given to treat cancer aggregation which 
further lead to toxicity in various organs and tissues such as cardiotoxicity, 
neurotoxicity.  
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      ROS in Carcinogenesis 
and Anticancerous Drug-Induced 
Toxicity 

           Vibha     Rani      and     Khushboo     Gupta   

1         Introduction 

 Cancer is one of the leading causes of death in 
most developed countries. Excess generation of 
reactive oxygen species can be associated with 
the process of carcinogenesis. Oxidative stress 
leads to DNA damage and modifi cations, leading 
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to changes in the genomic information, which is 
the most critical aspect of cancer progression. 
Several studies suggested that ROS can act as 
secondary messengers controlling various signal-
ing cascades. Reactive oxygen species can be 
involved in initiation and promotion of carcino-
genesis via activation of proto-oncogenes and 
inactivation of tumor-suppressing genes. The 
unregulated and prolonged production of free 
radicals can lead to mutations as well as modifi -
cation of gene expression by stimulation of signal 
transduction pathways and activation of key tran-
scription factors such as Nrf2 and NF- k B. The 
induction of cancer by chemicals is a multistep 
process which involves multiple molecular and 
cellular events that transform a normal cell to a 
malignant one. Firstly, the initiation process 
occurs when a normal cell sustains DNA muta-
tion, and after a round of DNA synthesis, fi xation 
of mutation occurs which forms an initiated cell. 

This  mutation can be induced by genotoxic 
agents such as UV radiation and other chemical 
carcinogens present in the environment. 
Progression of these tumor cells occurs during 
normal cell proliferation and DNA synthesis 
wherein mutations may be acquired through mis-
repair of damaged DNA resulting in spontaneous 
initiated mutated cells. Drug- induced oxidative 
stress is implicated as a mechanism of toxicity in 
numerous tissues and organ systems, including 
the liver, kidney, ear, and cardiovascular and ner-
vous systems. This chapter highlights the various 
mechanisms like oxidative DNA damage, mito-
chondrial DNA damage, modulation of DNA 
methylation, production of lipid peroxides, and 
changes in cell growth and gene expression 
which occur during the process of carcinogenesis 
induced by reactive oxygen species (Fig.  1 ). The 
role of oxidative stress in Drug-induced toxicity 
has also been discussed in the chapter.

MUTATION

Activation of new signaling
Pathways for proliferationAltered cell function

Free radical
damage

Oxidative stress

Lipid and Protien Damage

Cell proliferation

Mitochondrial DNA damage

CANCER
PROGRESSION

INITIATION

PROMOTIO
N

  Fig. 1    The overall mechanism of oxidative stress-induced 
toxicity leading to cancer. Free radicals lead to deteriorat-
ing effects like mitochondrial DNA damage, damage to 
lipids and proteins, changes in cell function, and  ultimately 

cell proliferation. All these effects lead to changes in 
 signaling pathways. This mutation and altered cellular 
function leads to initiation followed by progression of 
cancer       
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2        Oxidative DNA Damage 
and Carcinogenesis 

 Oxidative DNA damage is a major cause of 
 mutation in living organisms, with more than hun-
dred oxidative DNA adducts (purine, pyrimidine, 
and the deoxyribose backbone) identifi ed [ 1 ]. The 
estimated frequency of oxidative DNA damage in 
human cells is 10 4  lesions/cell/day [ 1 ]. Reactive 
nitrogen species, such as peroxynitrites and nitro-
gen oxides, have been implicated in cancer forma-
tion. Many forms of reactive oxygen species are 
capable of forming oxidized bases such as 
hydroxyl radical which in particular has been 
shown to produce a number of oxidized DNA 
lesions [ 2 ]. For the hydroxyl radical to react and 
oxidize DNA, it must be generated adjacent to the 
nucleic acid material. H 2 O 2 , a precursor to 
hydroxyl radical, being less reactive and readily 
diffusible is more likely to be involved in the for-
mation of oxidized bases [ 3 ,  4 ]. Peroxynitrite is a 
strong cellular oxidant, which is formed from the 
coupling of nitric oxide and superoxide and is 
easily diffusible between cells and taken up by 
active transport mechanisms into cells [ 5 ]. Nitric 
oxide and superoxide are produced in activated 
macrophages, and it is likely that peroxynitrite 

may be formed in proximity to these cells so thus  
they are equally important to the induction of 
mutation. The DNA-damaging capability of per-
oxynitrite therefore helps to explain the associa-
tion between infl ammation and mutation [ 2 ]. 

 Oxidized DNA bases appear to be mutagenic 
and capable of inducing mutations that are com-
monly observed in neoplasia. Neoplasia is a mul-
tistep process involving DNA damage and cell 
proliferation. Chemical carcinogens control vari-
ous stages of this process and function through 
modifi cation of cellular and molecular events. 
Genotoxic agents are the chemicals that directly 
damage genomic DNA, which in turn can result 
in mutation and/or clastogenic changes. These 
chemicals when frequently activated in the target 
cell produce a dose-dependent increase in neo-
plasm formation. A second category of carcino-
genic compounds (nongenotoxic) appears to 
function through non-DNA-reactive or indirect 
DNA-reactive mechanisms. Although much less 
is known about the exact mode of action of non-
genotoxic carcinogens, they modulate cell growth 
and cell death. Changes in gene expression and 
cell growth parameters are paramount in the 
action of nongenotoxic carcinogens. These 
agents frequently function during the promotion 
stage of the cancer process [ 6 ,  7 ] (Fig.  2 ).

  Fig. 2    Process of tumor formation. ROS induces muta-
tion in normal cell which leads to formation of an initiated 
cell. DNA damage occurs in this cell and further progres-

sion leads to proliferation of these cells and formation of 
neoplasia. Further proliferation results in the formation of 
tumor at various stages       
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3        Mitochondrial DNA Damage 
and Carcinogenesis 

 Although the role of oxidative nuclear DNA 
 damage has been implicated in the formation of 
neoplasia, there are some evidences that show the 
involvement of mitochondrial oxidative DNA 
damage in the carcinogenesis process [ 8 ]. The sus-
tained oxidative burden in mitochondria has been 
linked to the induction of mutation. It has been 
found that tumor cells appear to be more glyco-
lytic than the normal cells as the mitochondria are 
under the burden of sustained oxidative stress and 
increased mutation frequency [ 9 ]. Mitochondrial 
DNA mutations and alterations in mitochondrial 
genomic function appear to be causally related to 
the development of neoplasia. Mitochondrial 
DNA mutations have been identifi ed in a number 
of cancers [ 10 ]. Altered expression and/or muta-
tions in mitochondrial genes encoding for com-
plexes I, III, IV, and V, and in the hypervariable 
regions of mitochondrial DNA, have been identi-
fi ed in human tumors. Mutagenesis occurs more 
rapidly in rodents as compared to humans 
although mitochondrial genes have been found in 
human tumors [ 11 ]. Compared to the nuclear 
genome, the mitochondrial genome appears to be 
more susceptible to oxidative base damage [ 12 , 
 13 ]. Furthermore; the mutation rate in mitochon-
drial DNA has been reported to be at least two 
orders of magnitude higher than that of the nuclear 
DNA [ 11 ]. Increased susceptibility of the mito-
chondrial genome to oxidative damage can be 
because of the following three factors: 
    (a)    Mitochondrial DNA and the electron trans-

port system, a major source of reactive oxy-
gen species, are in close proximity to each 
other. Under physiological conditions, mito-
chondria convert 4–5 % of oxygen consumed 
into superoxide anion and subsequently 
hydrogen peroxide [ 14 ].   

   (b)    Mitochondrial DNA is not protected by 
histones.   

   (c)    Due to lack of nucleotide excision repair, 
DNA repair capacity is limited in the mito-
chondria [ 15 ,  16 ].    

  Collectively, these fi ndings may help in explain-
ing the increased frequency of mitochondrial 
mutations seen in tumor cells. 

 Although the extent to which mitochondrial 
DNA alterations participate in the cancer pro-
cess and the portion of tumor cells that possess 
mutated mitochondrial DNA has not been fully 
recognized, signifi cant information exists that 
supports the involvement of the mitochondria 
in carcinogenesis. Cellular ATP production and 
an overall cellular energy balance can be 
affected by mutations in genes encoding oxida-
tive phosphorylation. Decreases in ATP can dis-
turb the cell cycle by delaying progression 
through the cell cycle [ 17 ]. Fragments of mito-
chondrial DNA have been found to be inserted 
into nuclear DNA, and it has been suggested as 
a mechanism for activation of oncogenes [ 18 ]. 
Hydrogen peroxide and other reactive oxygen 
species have been associated with the activation 
of nuclear genes that can lead to mitochondrial 
biogenesis, transcription, and replication of the 
mitochondrial genome. The stimulation of 
mitochondrial biogenesis may be a cellular 
response to compensate dysfunctional oxida-
tive phosphorylation associated with mutated 
mitochondrial DNA. Low levels of hydrogen 
peroxide appear to cause stimulation of mito-
genesis in a variety of mammalian cell types [ 19 ]. 
As observed with oxidative genomic DNA 
modifi cation, oxidative damage and the induc-
tion of mutation in mitochondrial DNA may 
participate at multiple stages of the process of 
carcinogenesis, involving mitochondria- 
derived reactive oxygen species, induction of 
mutations in mitochondrial genes, and perhaps 
the insertion of mitochondrial genes into 
nuclear DNA [ 20 ].  

4     Cell Growth Regulation 
and Carcinogenesis 

 Production of reactive oxygen species and oxi-
dative stress play a role both in the stimulation 
of cell proliferation and cell removal by apoptosis 
[ 22 ,  23 ]. The mechanisms for the involvement 
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of oxidative stress in the induction of cell 
 proliferation and apoptotic processes are not 
known. The effects of reactive oxygen species 
and oxidative stress are cell specifi c and depen-
dent upon the form as well as the intercellular 
concentration of reactive oxygen species. Thus, 
the involvement of reactive oxygen species in 
cell growth regulation is a complex process 
which depends on a number of cellular and bio-
chemical parameters. Reactive oxygen species 
function to induce cell proliferation during the 
tumor promotion stage of carcinogenesis [ 24 ]. 
Both H 2 O 2  and superoxide anion have been 
found to induce mitogenesis and cell prolifera-
tion in several mammalian cell types [ 25 ]. 
Oxidative stress also has a role in inducing 
apoptosis. High concentrations of reactive oxy-
gen species trigger an apoptotic signaling path-
way which results in cell loss [ 26 ]. A number of 
endogenous substances (prostaglandins and 
lipid hydroperoxides), redox cycling com-
pounds (quinones, adriamycin), and growth fac-
tors (transforming growth factor-β and tumor 
necrosis factor-α) induce apoptosis via the gen-
eration of reactive oxygen species [ 27 ,  28 ]. 
Antioxidants such as  N -acetyl cysteine (NAC), 
glutathione, and dithiothreitol help in scaveng-
ing the reactive oxygen species thereby inhibit-
ing the apoptotic process [ 28 ]. Xenobiotics may 
differentially interact within the cell to elicit 
biological responses. Lipophilic and esterifi ed 
compounds can freely cross the plasma mem-
brane and yield effects within a cell; other com-
pounds gain entry to the cell only through 
specifi c channels or energy-dependent pumps, 
whereas membrane-impermeable chemicals 
may stimulate cellular responses by acting on 
receptors that initiate signaling cascades in the 
cell. As a result, each chemical may provide a 
unique stimulus that sets in motion specifi c sig-
naling pathways. Although no single mecha-
nism explains the increased cell proliferation 
and/or inhibition of apoptosis observed follow-
ing conditions that favor increased cellular oxi-
dants, mounting evidence is emerging that links 
reactive oxygen species with altered expression 
of growth regulatory genes [ 21 ].  

5     Cellular Transformation 
and Carcinogenesis 

 Cellular transformation in cancer biology is a 
process whereby normal cells acquire properties 
of malignant cells and start behaving in a differ-
ent manner. Gain-of-function mutations in onco-
genes and the loss-of function mutations in tumor 
suppressor genes are the main causes of malig-
nant transformation of cells [ 29 ]. Oxidative stress 
has a very important role in both genotoxic and 
nongenotoxic mechanisms. Accordingly, rather 
than structural molecular changes in a specifi c 
gene or gene cluster, there are “hallmarks of can-
cer” that enable a cell to change its transcription 
machinery, become malignant, and metastasize. 
The reason for these early changes is closely 
related to aberrant DNA methylation, which is 
considered to be amongst the earliest changes to 
occur in carcinogenesis. Aberrant DNA methyla-
tion is extensively present in cancer cells as 
global hypomethylation and focal, specifi c hyper-
methylation in promoters of tumor suppressor 
genes, leading to their silencing [ 30 ]. The muta-
tions lead to agitations of a number of signaling 
molecules, including p53, Raf, retinoblastoma 
(Rb), protein phosphatase 2A, telomerase, Ral- 
GEFs, phosphatidylinositol 3-kinase (PI3K), Ras, 
Rac, cellular v-myc myelocytomatosis viral onco-
gene homolog (c-Myc), STAT3, NF-jB, and 
HIF-1a (Fig.  3 ). Chemicals, viruses, radiation, 
hypoxia, and nutrient deprivation can also induce 
mutations in these genes, thereby giving rise to 
cancer cells [ 31 ]. Evidences accumulated over 
the past several years have indicated an associa-
tion between reactive oxygen species and malig-
nant transformation [ 32 – 34 ]. The mechanism 
behind raised ROS levels leading to oncogene 
activation is still not clearly understood, but DNA 
damage is known to play a role. For instance, the 
oncogenic transformation of ovarian epithelial 
cells with  H -Ra v12  or tyrosine kinase  Bcr - Abl  in 
hematopoietic cells was associated with an 
increase in reactive oxygen species [ 35 ]. In 
another study, transformation of fi broblasts with 
constitutively active isoforms of Rac and Ras was 
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associated with production of superoxide; further 
study revealed that transformation could be sup-
pressed by treatment with antioxidants [ 36 ]. 
Mox1 is a phagocytic NOX, the overexpression 
of which has been shown to increase superoxide 
generation in mouse fi broblasts [ 37 ]. The cells 
expressing Mox1 exhibited a transformed appear-
ance and produced tumors in athymic mice [ 37 ]. 
In a study, cells genetically transformed to 
express the cancer phenotype were able to gener-
ate ROS in response to the small-molecule piper-
longumine; normal cells, on the other hand, could 
rarely be induced to generate ROS [ 38 ]. The 
infl ammatory cytokine tumor necrosis factor-α 
(TNF-α) has been shown to play a role in the 
transformation of mouse fi broblasts into malig-
nant cells; this effect was partially suppressed by 
antioxidants [ 39 ]. Apurinic/apyrimidinic endo-
nuclease/redox effector factor- 1 (APE/Ref-1) is a 
multifunctional protein involved in both DNA 
repair and redox regulation. Ref-1 was shown to 
induce malignant transformation in JB6 mouse 
epithelial cells through the mediation of reactive 
oxygen species [ 40 ]. Matrix metalloproteinase 
(MMP)-3, a stromal enzyme that is upregulated in 
many breast tumors, has been shown to induce 

ROS, DNA damage, genomic instability, and the 
transformation of mouse mammary epithelial 
cells into malignant cells [ 41 ]. Therefore, it can 
be said that reactive oxygen species appear to 
play a role in the transformation of normal cells 
into cancer cells, wherein transformed cells seem 
to have greater ROS levels than normal cells. 
However, how ROS transform normal cells is not 
exactly known.

6        Lipid Damage 
and Carcinogenesis 

 Damage to lipid bilayer due to oxidative stress 
also plays an important role in chemical carcino-
genesis. Damage to cellular biomembrane gen-
erates a variety of products including reactive 
electrophiles such as epoxides and aldehydes [ 42 ]. 
Malondialdehyde (MDA), a by-product of lipid 
degradation, is both highly electrophilic and 
nucleophilic. This characteristic allows not only 
the reaction with cellular nucleophiles but also 
the formation of MDA oligomers [ 43 ]. MDA was 
shown to induce thyroid tumors in chronically 
treated rats [ 44 ]. MDA reacts with several nucleic 

  Fig. 3    Altered cellular signaling leads to changes in the function of various transcription factors which further leads to 
changes in cell functionality       
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acid bases to form dG, dA, and dC adducts [ 45 ]. 
The identifi cation of MDA-DNA adducts in 
humans may be signifi cant as MDA-DNA adducts 
have been detected in the genome of healthy 
humans in quantities comparable to those gener-
ated by exogenous chemicals in rodent carcino-
genesis studies. The observed MDA-DNA 
adducts appear to be promutagenic as they induce 
mutations in oncogenes and tumor suppressor 
genes seen in human tumors. MDA- DNA adduct 
levels also appear to correlate with altered cell 
cycle control and gene expression in cultured 
cells [ 46 ].  

7     Gene Modulation 
and Carcinogenesis 

 Besides understanding the effects of ROS on 
DNA damage and induction of mutations, the 
role of ROS on epigenetic effects should also be 
considered [ 47 ]. An upregulation of genes in 
response to stress is most commonly seen in 
mammalian cells upon exposure to oxidants or 
oxidative stress-inducing agents. While high lev-
els of ROS production may lead to the induction 
of apoptosis or necrosis, increasing evidence 
demonstrates that low or transient ROS exposure 
increases cell proliferation likely through altered 
expression of growth factors and proto- oncogenes 
[ 48 ,  49 ]. Hence there are many chemical and bio-
logical agents that increase cellular levels of ROS 
through varied mechanisms. ROS-induced altera-
tion of gene expression can occur through a mod-
ulation of a host of signaling pathways including 
cAMP- mediated cascades, calcium-calmodulin 
pathways, and intracellular signal transducers 
such as nitric oxide [ 50 – 52 ]. Studies have also 
shown that ROS-induced release of calcium 
stored inside the cells results in the activation of 
kinases, such as protein kinase C (PKC), which 
regulates a variety of cell functions including 
proliferation, cell cycle, differentiation, cytoskel-
etal organization, cell migration, and apoptosis 
[ 53 ]. It is interesting to know that the activation 
of PKC seems to be differentially regulated by 
cellular oxidants: oxidation at the NH2-terminal 
regulatory domain activates PKC, whereas 

 oxidation at the COOH terminal inactivates PKC 
[ 54 ]. Similarly, H 2 O 2  activates protein kinases 
such as extracellular signal-regulated kinase 
(ERK) 1/2 [ 55 ], phosphoinositide 3-kinase/ser-
ine-threonine kinase (P13K/Akt) [ 56 ], protein 
kinase B (PKB) [ 57 ], and protein tyrosine phos-
phatases (PTPs) [ 53 ]. Because these pathways 
regulate cellular migration, proliferation, sur-
vival, death responses, their irregular activation 
have been suggested to be a possible mechanism 
of ROS-induced carcinogenesis. The upregula-
tion of free radicals has also led to activation of 
transcription factors such as nuclear factor ery-
throid 2-related factor 2 (NF-E2/rf2 or Nrf2) 
[ 58 ], mitogen- activated protein (MAP) kinase/
AP-1 [ 59 ], and NF-kB pathways [ 60 ] as well as 
hypoxia-inducible transcription factor HIF-1a 
[ 61 ]. The level of ROS can trigger the upregula-
tion of these transcription factors which may help 
to determine that either cell death or cell prolifer-
ation may result from exposure to oxidative stress. 

 AP-1 is a collection of dimeric basic region- 
leucine zipper (bZIP) proteins that belong to the 
Jun (c-Jun, JunB, JunD), Fos (FosB, Fra-1, Fra- 2), 
Maf, and ATF subfamilies, all of which can bind 
TPA or cAMP response elements [ 62 ]. c-Jun, an 
important transcriptional regulator, often forms 
stable heterodimers with Jun proteins, which assist 
the binding of Jun to DNA [ 63 ]. AP-1 activity is 
triggered in response to H 2 O 2  as well as several 
cytokines and other physical and chemical stresses. 
In addition, in vitro transcriptional activity of 
AP-1, regulated by the redox state of a specifi c 
cysteine located at the interface between the two 
c-Jun subunits, highlight the importance of redox 
status on gene transcription [ 64 ]. The free radicals 
invoke a signal cascade that begins with the stimu-
lation of MAP kinases [ 65 ]. 

 MAP kinases, a family of serine/threonine 
kinases, have been seen to regulate processes 
important in carcinogenesis including prolifera-
tion, differentiation, and apoptosis. Three major 
subfamilies of MAP kinases, extracellular signal- 
regulated kinases (ERK), c-Jun N-terminal kinases 
(JNK), and the p38 kinases, have been identifi ed 
[ 66 ]. MAP kinases are involved in modulation of 
gene expression through phosphorylation of a 
wide array of transcription factors. The ERK 
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 pathway among the three subfamilies has most 
commonly been associated with the regulation of 
cell proliferation. Activation of the ERK, JNK, and 
p38 subfamilies has been observed in response to 
changes in the cellular redox balance. The balance 
between ERK and JNK activation is a key determi-
nant for cell survival as both a decrease in ERK 
and a rise in JNK are required for the initiation of 
apoptosis [ 67 ]. The induction of AP-1 by H 2 O 2 , 
cytokines, and other stressors is mediated mainly 
by JNK and p38 MAP kinase cascades [ 65 ]. Once 
activated, JNK proteins translocate to the nucleus 
and phosphorylate c-Jun and ATF2, enhancing 
transcriptional activities [ 68 ]. H 2 O 2  can activate 
MAP kinases and thereby AP-1 in several man-
ners, one of which involves an MAP kinase kinase, 
apoptosis signal regulating kinase (ASK1) [ 69 ]. It 
has been seen that ASK1 activity is inhibited by 
thioredoxin and oxidation of thioredoxin by H 2 O 2  
interrupts ASK1 inhibition, resulting in ASK1 
activation [ 69 ]. The other mechanism involves 
oxidant-mediated inhibition of MAP kinase phos-
phatases, which leads to increased MAP kinase 
activation. In either mechanism, activation of 
MAP kinases directly leads to increased AP-1 
activity. The signifi cance of AP-1 activation, and 
the role of cellular oxidants in the activation in the 
carcinogenesis, has been supported by a number of 
observations. 

 Increased cell proliferation is a common con-
sequence of AP-1 activation. In particular, sev-
eral evidences have demonstrated that c-fos and 
c-jun are positive regulators of cell proliferation 
[ 70 ]. One of the genes regulated by AP-1 is cyclin 
D1. AP-1 binding sites have been identifi ed in the 
cyclin D1 promoter and AP-1 activates this pro-
moter, resulting in activation of cyclin-dependent 
kinase, which helps in the entry into the cell divi-
sion cycle [ 71 ]. c-Jun also stimulates the progres-
sion into the cell cycle by both induction of cyclin 
D1 and suppression of p21waf, a protein that 
inhibits cell cycle progression [ 72 ]. JunB, con-
sidered a negative regulator of c-jun-induced cell 
proliferation, represses c-jun-induced cyclin D1 
activation by the transcription of p16  INK4a , a pro-
tein that inhibits the G1 to S phase transition [ 73 ]. 
Expression of c-jun and c-fos can be induced by 
a variety of compounds including nongenotoxic 

and tumor-promoting compounds (carbon 
 tetrachloride, phenobarbital, TPA, TCDD, cad-
mium, alcohol, ionizing radiation, asbestos), 
many of which generate reactive oxygen species 
[ 74 ]. In addition to affecting cell proliferation, 
AP-1 proteins also function as positive and nega-
tive regulators of apoptosis. Whether AP-1 
induces or inhibits apoptosis depends upon the 
balance between the pro- and antiapoptotic target 
genes, and this may vary from one cell type to 
another, the stimulus used to activate AP-1, the 
developmental stage, and the duration of the 
stimulus [ 67 ]. Finally, important to neoplastic 
development, through increased production of 
growth factors as well as modulation of cell cycle 
regulators, AP-1 proteins participate in onco-
genic transformation through interaction with 
activated oncogenes such as Ha-ras [ 75 ]. 

 NF· k B is an inducible and ubiquitously 
expressed transcription factor for genes involved 
in cell survival, differentiation, infl ammation, and 
growth [ 76 ]. Active NF· k B complexes are dimers 
of proteins from the Rel family of proteins consist-
ing of p50 (NF· k B1), p52 (NF· k B2), c-Rel, v-Rel, 
Rel A (p65), and Rel B [ 77 ]. NF· k B are present in 
inactive state in the cytoplasm because of binding 
to inhibitory I· k B proteins. Response to an extra-
cellular stimuli leads to activation of NF· k B by 
dissociation of I· k B, which exposes the nuclear 
localization sequence thereby allowing the entry 
of NF· k B into the nucleus and binds  k B-regulatory 
elements [ 78 ]. The presence of free radicals has 
also been shown to infl uence NF· k B regulation. 
Besides experimental evidence for redox regula-
tion of transcription factors that has been demon-
strated in vitro, in vivo evidence has also been 
suggested in vivo. It was seen in a study that oxi-
dative stimuli promoted the oxidation of p53 to a 
mixed disulfi de with GSH and that this modifi ca-
tion inhibited transcriptional activity and nuclear 
localization of NF· k B [ 79 ]. Activation of NF· k B 
has been linked to the process of carcinogenesis 
through its role in infl ammation, differentiation, 
and cell growth. NF- k B regulates several genes 
which play important part in cell transformation, 
proliferation, and angiogenesis [ 80 ]. Carcinogens 
and tumor promoters including UV radiation, 
phorbol esters, NNK, asbestos, alcohol, and 
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benzo(a)pyrene are among the external stimuli 
that activate NF· k B [ 81 ]. Through complex path-
ways that are still being clarifi ed, NF· k B activation 
is involved in cell survival. The expression of sev-
eral genes like bcl-2, bcl-x L , TRAF1, TRAF2, 
SOD, and A20, regulated by NF· k B, is related to 
cell survival to some extent through inhibition of 
apoptotic pathways. Expression of NF· k B has 
been shown to promote cell proliferation, whereas 
inhibition of NF· k B activation blocks cell prolif-
eration [ 82 ]. Additionally, tumor cells from blood 
neoplasms and colon, breast, pancreas, and squa-
mous cell carcinoma cell lines have all been 
reported to constitutively express activated NF· k B 
[ 83 ]. The mechanism for activation of NF· k B by 
reactive oxygen species is not clear, but they have 
been implicated as second messengers involved in 
activation of NF· k B via tumor necrosis factor 
(TNF) and interleukin-1 [ 83 ]. Suppression of TNF 
and interleukin-1 was shown to downregulate the 
expression of active NF· k B and inhibit prolifera-
tion of lymphoma and myelogenous leukemia 
cells [ 84 ]. 

 The fact that protein kinases are also involved 
in cell response mediated by the TNF superfamily 
should be noted. In fact, the binding of TNF to its 
receptor is associated with protein-protein disul-
phide bond formation [ 85 ]. Oxidative changes 
may augment the TNF receptor- mediated signal, 
H 2 O 2 , and can function either to activate protein 
kinases (e.g., stress- activated protein kinase 
(SAPK), extracellular signal-regulated kinase 
(ERK), and p38) or inhibit transcription factors, 
such as AP-1 and NF· k B [ 86 ]. Therefore, cell 
death or cell survival will in part depend on the 
strength and duration of oxidant exposure and on 
the cell type involved. The importance of reactive 
oxygen species on NF· k B activation is further sup-
ported by studies demonstrating that activation of 
NF· k B by nearly all stimuli can be obstructed by 
antioxidants, including L-cysteine, NAC, thiols, 
green tea polyphenols, and vitamin E [ 87 ]. NF· k B 
activation appears to be selectively mediated by 
peroxides as activation was observed only follow-
ing exposure to H 2 O 2  or butyl peroxide, and not 
superoxide or hydroxyl radicals [ 88 ]. Likewise, 
NF· k B activity was increased in cells that had 
higher levels of superoxide dismutase and 

decreased in cells  overexpressing catalase [ 89 ]. 
Collectively these fi ndings support the linkage of 
NF· k B activation with reactive oxygen species and 
the carcinogenesis process. Activation of tran-
scription factors is clearly triggered by signal 
transduction pathways and activated by H 2 O 2  and 
other cellular oxidants. Transcription factors can 
mediate effects of both physiological and patho-
logical exposure to reactive oxygen species 
through their ability to  stimulate cell proliferation 
and regulation of apoptosis.  

8     DNA Methylation 
and Carcinogenesis 

 Modulation of DNA methylation in the cell often 
infl uences gene expression [ 90 ]. Altered methyla-
tion process does not involve a modifi cation or 
miscoding of DNA base-coding sequence, but 
rather leads to abnormal gene expression, in part, 
by affecting the ability of methylated DNA- 
binding proteins to interact with  cis  elements 
[ 91 ]. Under normal conditions, DNA is methyl-
ated symmetrically on both strands. Immediately 
following DNA replication, the newly synthe-
sized double-stranded DNA contains hemimeth-
ylated sites that signal for DNA maintenance 
methylases to transfer methyl groups from 
S-adenosylmethionine to cytosine residues on the 
new DNA strand [ 92 ]. If a cell is signaled to 
undergo DNA synthesis prior to maintenance 
methylation, then double-stranded DNA with 
hypomethylated regions will be disseminated in 
subsequent cell division cycles, giving rise to 
possibly heritable genetic changes. 5 mC in DNA 
is known to affect gene expression and alteration 
of cellular processes such as development and 
 differentiation and appears to be an important 
mechanism in carcinogenesis [ 93 – 95 ]. During 
the carcinogenesis process, both hypomethyl-
ation and hypermethylation can occur [ 93 ,  94 ]. 
Hypermethylation of genes may inhibit transcrip-
tion of tumor suppressor genes [ 96 ] and is associ-
ated with decreased gene expression or gene 
silencing. Important to the cancer process, tumor 
suppressor genes are known to be hypermethyl-
ated and subsequently inactivated [ 93 – 95 ]. 
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The degree of methylation within a gene inversely 
correlates with the expression of that gene. 
Progressive increases in methylation of CpG 
islands have been observed in bladder cancer, and 
specifi c tumor suppressor genes have been 
reported to be methylated in tumors, e.g., the reti-
noblastoma gene, p16  ink4a , and p14  ARF  [ 92 – 95 ]. 
Inactivation of p16  ink4a  by hypermethylation [ 97 ] 
of the promoter region appears to be an early 
event in lung cancer [ 98 ]. Furthermore, in nickel 
carcinogenesis, hypermethylation of p16 ink4a  is 
apparently induced by reactive oxygen species 
and MAP kinase pathways [ 99 ]. Regional hyper-
methylation may impart molecular changes asso-
ciated with genetic instability and may participate 
in the progression of neoplasia. Conversely, hypo-
methylation is considered an early and frequent 
event in the carcinogenesis process [ 100 ]. A 
hypomethylated gene is considered to possess an 
increased potential for expression as compared to 
a hypermethylated gene [ 101 ]. In addition, hypo-
methylation has been associated with increased 
mutation rates. Most metastatic neoplasms in 
humans have signifi cantly lower 5 MeC than nor-
mal tissue [ 102 ]. Oncogenes gets hypomethylated 
as a result their expression is amplifi ed [ 98 ]. 
Dietary constituents containing choline and 
methionine provide the methyl groups used in 
methylation reactions. Exposure of rats to a cho-
line-/methionine- defi cient diet results in hepato-
cellular proliferation and neoplasia [ 103 ,  104 ]. 
The induction of cell proliferation by a methyl-
defi cient diet appears to function through 
decreased hepatic levels of S-adenosyl methio-
nine and, thus, promotes hypomethylation and 
subsequent expression of oncogenes. Prolonged 
administration of a diet defi cient in choline or 
methyl donor groups resulted in hypomethylation 
of c-myc, c-fos, and c-H-ras proto-oncogenes and 
was associated with the induction of hepatocar-
cinogenesis in rodents [ 103 ,  104 ]. Also consistent 
with the role of methylation of DNA in the pro-
motion stage of carcinogenesis process, the 
induction of hepatocarcinogenesis by methyl-
defi cient diets was shown to be reversible by the 
administration of S-adenosyl methionine [ 105 , 
 106 ]. Among the agents and situations that can alter 
methylation status, reactive oxygen species can 

modify DNA methylation patterns. In particular, 
oxidative DNA damage [ 106 ] can result in 
decreased DNA methylation. Several chemical 
carcinogens modify DNA methylation, methyl-
transferase activity, and chromosomal structure. 
Of particular importance, the formation of oxida-
tive DNA lesions has been linked to changes in 
DNA methylation profi les and the carcinogenesis 
process. Oxidative DNA damage can interfere 
with the ability of methyltransferases to interact 
with DNA, thus resulting in a generalized hypo-
methylation of cytosine residues at CpG sites. 
Hence, oxidative DNA damage may be an impor-
tant contributor to the carcinogenesis process 
brought about by the loss of DNA methylation, 
following the expression of normally inactive 
genes [ 107 ]. The abnormal methylation pattern 
observed in cells transformed by chemical oxi-
dants may contribute to an overall anomalous 
gene expression and promote the tumor process. 
The roles of oxidative DNA damage, mutation, 
and altered gene expression induced by cellular 
oxidants and/or altered methylation status have 
been discussed in relation to the carcinogenesis 
process.  

9     Tumor Proliferation 
and Carcinogenesis 

 Uncontrolled proliferation is one of the chief 
characteristics of tumor cells [ 108 ,  109 ]. A spe-
cifi c set of cell cycle regulators such as cyclins 
and cyclin-dependent kinases (CDKs) control the 
progression of cell cycle events. CDK activity is 
controlled by the opposing effects of cyclins and 
CDK inhibitors. CDK inhibitors such as p21 and 
p27 negatively regulate CDK activity, whereas 
cyclins are required for CDK activity and cell 
cycle progression. Another protein, c-Myc, is 
required for the G-to-S-phase transition [ 109 ]. 
The expression of c-Myc, in turn, is regulated 
by cdc25, a phosphatase that activates CDKs. 
Intracellular ROS produced by extracellular stim-
uli as well as exogenous administration of ROS 
have been shown to enhance cell proliferation. In 
a study, administration of H 2 O 2  was shown to 
enhance the proliferation of hepatoma cells by 
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increasing protein kinase B and extracellular 
signal- regulated kinase (ERK) activities [ 110 ]. In 
another study, transformed bladder urothelial 
cells were found to be hyper-proliferative and 
produced elevated ROS levels in the presence of 
monomethylarsonous acid; the upregulation in 
cyclooxygenase-2 (COX-2) expression observed 
in these cells was found to be ROS dependent 
[ 111 ]. ROS produced by low concentrations of 
arsenite has been shown to enhance the prolifera-
tion of breast cancer cells by recruiting cells into 
the S phase of the cell cycle, enhancing the 
expression of c-Myc and heme oxygenase-1 and 
increasing NF- k B activity [ 112 ]. ROS produced 
by endogenous sources can also enhance cancer 
cell proliferation. For example, ROS produced by 
Romo1, a mitochondria-localized protein [ 113 , 
 114 ], was shown to be indispensable to the prolif-
eration of lung cancer cells [ 115 ]. Such an induc-
tion in cell proliferation was found to be ERK 
dependent [ 115 ]. Endogenous production of 
superoxide has also been shown to enhance tumor 
proliferation in hepatoma cells that was mediated 
through AKT8 virus oncogene cellular homolog 
(AKT) phosphorylation [ 116 ]. Similarly, an 
increase in endogenous ROS due to reduction in 
the antioxidant defense system has been correlated 
with an increase in the proliferation of breast [ 117 ] 
and ovarian [ 118 ] cancer cells. In breast cancer 
cells, ROS-mediated tumor proliferation was 
found to be dependent on the activation of PI3K 
pathway and reduction of PTEN activity [ 117 ]. 

 The role of ROS in promoting tumor prolifera-
tion is further supported by observations that cer-
tain agents that have the potential to inhibit ROS 
generation can also inhibit tumor cell prolifera-
tion. In another study, exogenous catalase inhib-
ited the proliferation of numerous cancer types 
[ 119 ]. Consistent with these observations, stable 
expression of human catalase in MCF-7 cells 
inhibited proliferation and reverted malignant fea-
tures [ 119 ]. Curcumin has been shown to inhibit 
the proliferation of lymphoma cells by increasing 
endogenous antioxidant enzyme activity and by 
inhibiting NF- k B activity [ 120 ]. Inhibition of 
ROS generation by N-acetyl-L- cysteine (NAC), 
one of the most widely used ROS scavengers, has 
been correlated with decreased proliferation of 

cancer cells. For example, treatment of glioma 
cells with NAC inhibited cell proliferation by 
arresting cells in the G phase; this inhibition was 
correlated with a decrease in the activities of 
AKT, ERK1/2, and NF- k B [ 121 ].  

10     Anticancerous Drug-Induced 
Oxidative Stress 

 Drug-induced oxidative stress has been associated 
with mechanism of toxicity in numerous tissues 
and organ systems, including the liver, kidney, 
ear, and cardiovascular and nervous systems. The 
level to which mechanisms of drug- induced oxi-
dative stress have been characterized varies 
among different types of drugs. Metabolism of a 
drug may generate a reactive intermediate that can 
reduce molecular oxygen directly to generate 
ROS thus triggering its production and leading to 
oxidative stress. Chlorpromazine is an interesting 
example as photoactivation in the skin is consid-
ered likely to cause cutaneous phototoxicity 
(sunburn-like reaction and hyperpigmentation), 
which is a well-known adverse event associated 
with this compound [ 122 ]. Photodechlorination 
converts chlorpromazine to an excited state with 
subsequent energy transfer to molecular oxygen 
and generation of both excited singlet oxygen and 
superoxide species. These species may then react 
with DNA and macromolecules as described 
above and trigger adaptive or toxic responses in 
the skin. For other drugs, there is evidence of 
increase in cellular ROS in response to the expo-
sure to anticancerous drugs, and this indicates 
association of ROS and oxidative stress with tox-
icity even if the mechanisms by which ROS are 
generated are not fully characterized. In this sec-
tion, we discuss further the evidence for involve-
ment of oxidative stress in drug-induced toxicities, 
using the examples of doxorubicin. 

10.1     Doxorubicin 

 Doxorubicin (DOX   ) is an anthracycline drug used 
in numerous chemotherapy regimens to treat 
hematological and solid tumors. Though effective 
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as an anticancer drug, dose-dependent cardiotox-
icity is a well-described side effect of DOX therapy 
and is a major limitation to its use. Considerable 
research has been conducted to explore the 
mechanism(s) of DOX-induced cardiomyopathy 
[ 123 ]. The drug has been demonstrated to cause 
a number of potentially pathological effects. 
However, it is still uncertain what role these var-
ied events play in the pathogenic process. Despite 
the fact that the precise mechanism(s) of toxicity 
is unknown, it is widely accepted that the drug 
stimulates the generation of oxygen free radicals 
and that oxidative stress is a central feature of 
DOX-induced cardiac toxicity [ 124 ,  125 ]. It is not 
known, however, whether oxidative injury is the 
cause or a consequence of the toxicity. 

 The mechanisms underlying effects on cardiac 
tissue have been investigated intensively. Free 
radical formation, lipid peroxidation, mitochon-
drial dysfunction, altered calcium handling, DNA 
damage, p53 accumulation, and activation of pro-
apoptotic signaling cascades/inhibition of sur-
vival signaling have all been implicated. Although 
these mechanisms are not fully elucidated and 
are multifactorial, there is substantial evidence to 
support a key role for DOX-induced oxidative 
stress in clinically relevant cardiotoxicity.  

10.2     Formation of ROS by DOX 

 DOX may generate ROS by more than one mecha-
nism [ 126 ,  127 ]. Reduction of DOX by one elec-
tron via mitochondrial reductases may generate 
anthracycline semiquinone free radicals [ 128 ]. 
Under aerobic conditions, these are unstable and 
readily reduce molecular oxygen to the ROS super-
oxide anion and H 2 O 2  [ 129 ]. Reactions between 
iron and DOX may also generate ROS. Redox 
reactions subsequent to interaction of DOX with 
iron (III) may generate an iron II-DOX free radical, 
capable of reducing molecular oxygen. 

 The oxidative stress resulting from increased 
free radical generation in cardiomyocytes may 
lead to multiple adverse effects including ener-
getic imbalance, perturbations in mitochondrial 
function, activation of stress-related signaling 
pathways (such as p38 and JNK), p53 accumula-

tion, and, ultimately, cell death. To illustrate, studies 
in mice have shown that DOX induces elevations 
in ROS, DNA damage, activation of ataxia telangi-
ectasia-mutated (ATM) kinase  signaling, accumu-
lation of p53, and cardiomyocyte death. Similar 
DOX-induced events, when measured in cultured 
mouse cardiomyocytes, are not seen in the pres-
ence of a free radical scavenger. It is interesting to 
note that inhibition of ATM kinase (which signals 
DNA damage) reduces DOX-induced accumula-
tion of p53, suggesting a link between DNA dam-
age and apoptosis in response to DOX. 
Furthermore, in transgenic mice defi cient in p53 or 
overexpressing Bcl-2 in cardiac tissue, DOX car-
diac damage, including contractile dysfunction 
and myocyte apoptosis, was attenuated [ 130 ]. 
Mitochondrial swelling, depolarization, perturba-
tions of energetics, and dysregulation of mito-
chondrial calcium signaling have all been reported 
following exposure to DOX in vitro  or  in vivo 
[ 131 – 133 ]. The consequent disruption of calcium 
signaling pathways and calcium-dependent ATP 
synthesis that could result from perturbations in 
mitochondrial structure and function may be key 
contributors to toxicity in cardiomyocytes, via 
induction of apoptosis [ 134 ] (Fig.  4 ).

11         Conclusion 

 It can be elucidated that cellular reactive oxygen 
radicals are linked with the pathogenesis of several 
chronic diseases including cancer. When the inter-
nal antioxidant fails to combat the excessive pro-
duction of exogenous free radicals, condition of 
oxidative stress occurs which in turn leads to dam-
age of cellular nucleic acids, lipid, or protein. 
Unrepaired damage to DNA may result in muta-
tion which leads to cancer progression. Although 
signifi cance of the role of oxidative nuclear DNA 
damage in the formation of neoplasia has been 
established, mitochondrial DNA damage, muta-
tion, and alteration of the mitochondrial genomic 
function also appear to contribute to the process of 
carcinogenesis. ROS are important components of 
cell signaling pathways and have been shown 
to regulate cellular transformation, survival, pro-
liferation, invasion, angiogenesis, and metastasis. 

V. Rani and K. Gupta



221

Besides role in cancer progression, toxicity due to 
reactive oxygen species is also considered as an 
implication induced by anticancerous drugs. 
Further antioxidative strategies should be devel-
oped to scavenge these free radicals, stabilize the 
redox state to avoid the mechanisms leading to 
cancer, and also to minimize the toxic effects of 
anticancerous drugs. In this regard, exogenous, 
natural antioxidants can play a positive role by 
scavenging ROS and stabilizing redox status being 
less toxic and safe.     
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    Abstract  

  Free radical damage has been recognized to be a common pathogenic 
mechanism of many neonatal diseases. An excessive and/or sustained 
increase in free radical production associated with diminished effi cacy of 
the antioxidant defense systems results in oxidative stress, which occurs in 
many pathologic processes and contributes signifi cantly to disease and can 
be the key link between size at birth and increased morbidity later in life. 
Low birth weight is closely associated with fetal and neonatal mortality 
and morbidity, inhibited growth and cognitive development, and chronic 
diseases later in life. Low birth weight is considered the primary factor 
associated with a poor perinatal outcome of maternal preeclampsia/
eclampsia and premature birth. High oxidative stress and low level of 
enzymatic antioxidants and antioxidant nutrients such as vitamins A, E, and 
C, zinc, copper, and selenium and antioxidant status might be increasing the 
risk of pathogenesis of major complications in low birth weight newborns.  
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1         Introduction 

 Reactive oxygen species (ROS) and nitrogen 
species are considered to play a major role in the 
pathogenesis of a wide range of neonatal dis-
eases. Delivery constitutes a signifi cant oxidative 
stress, and the gestation of the newborn and 
circumstances of delivery will affect the overall 
burden. The medical signifi cance of oxidative 
stress has become increasingly recognized to the 
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point that it is now considered to be a component 
of virtually every disease process. There is equi-
librium between a free radical (FR)/reactive oxy-
gen species (ROS) formation and endogenous 
antioxidant defense mechanisms, but if this bal-
ance is disturbed, it can produce oxidative stress. 
This state of oxidative stress can result in injury 
to all the important cellular components like 
proteins, DNA, and membrane lipids which can 
cause cell death. Free radicals have a very short 
half-life and are therefore diffi cult to measure. 
Direct means of measuring free radicals include 
electron spin resonance and spin trapping 
methods [ 1 ]. Most commonly ROS have been 
tracked by measuring stable metabolites (e.g., 
nitrate/nitrite) and/or concentrations of their 
oxidation target products, including lipid 
peroxidation/DNA oxidation end products and 
oxidized proteins [ 2 – 4 ]. Emphasis is now being 
placed on biomarkers of oxidative stress, which are 
objectively measured and evaluated as indicators 
of normal biological processes, pathogenic 
processes, or pharmacologic responses to thera-
peutic intervention. 

 An antioxidant constitutes “any substance that 
delays, prevents or removes oxidative damage to a 
target molecule.” Numerous antioxidants exist to 
counteract the oxidative stress and maintain cell 
and tissue homeostasis. Enzymatic antioxidants – 
superoxide dismutase (SOD), catalase, and gluta-
thione peroxidase (GPx) – are important parts of the 
defense system. Antioxidant vitamins (A, E, C), 
with the ability to stabilize highly reactive free 
radicals, act as the fi rst line of defense against 
free radical attack. Cells differ profoundly in 
their resistance to oxidative stress, which may be 
due to differences in their antioxidant capacity or 
in the balance between oxidants and antioxidants 
in these cells. 

 Many antioxidant defense systems depend on 
micronutrients [ 5 ]. Another way is to identify 
trace element defi ciencies via compromised 
activities of dependent enzymes. SOD contains 
as cofactors Zn and Cu and GPx depends on 
selenium (Se). Selenium regulation of GPx activity 
is mediated by selenium (Se) regulation of GPx 
mRNA [ 6 ].  

2     Clinical Implications 
of Oxidative Stress in Low 
Birth Weight Newborn 

 The low birth weight (LBW) newborns are 
predisposed to a number of neonatal problems. 
LBW has been associated with a higher risk of 
chronic conditions such as hypertension, diabetes 
mellitus, hypercholesterolemia, and other cardio-
vascular diseases later in life [ 7 ]. In normal-term 
pregnancies, the newborn weighs ≥2,500 g. 
Ninety-fi ve percent of fetal weight gain occurs 
during the last 20 weeks of gestation, mainly 
during the third trimester [ 8 ]. Thus, it follows 
that low birth weight is a potential outcome of 
maternal risk factors such as oxidative stress 
during the fetal period. 

 An association between oxidative stress and 
low birth weight has been indicated [ 9 ]. Risk of 
oxidative stress in the fetus depends upon the 
mother antioxidant state [ 10 ] which highly 
protects the fetus by increasing the intrauterine 
growth rate and birth weight. The newborn infant 
is extremely vulnerable to oxidative stress and to 
the toxic effect of free radicals [ 11 ,  12 ]. At birth, 
the newborn is exposed to a relatively high hyper-
oxic environment caused by increased oxygen 
bioavailability [ 13 ,  14 ], which results in greatly 
enhanced free radicals generation, especially 
when supplemental oxygen is used for resuscita-
tion and mechanical ventilation [ 15 ,  16 ]. 

2.1     LBW/Prematurity 

 Low birth weight in a newborn infant results 
due to intrauterine growth restriction (IUGR) or 
prematurity. LBW is the most signifi cant factor 
contributing to neonatal mortality and morbidity. 
The basic underlying feature of the preterm 
LBW infant is immaturity of their organ systems. 
A delicate oxidant–antioxidant balance exists in 
the fetus and newborn. This balance can tip 
toward oxidant injury in the setting of preterm 
birth. This is due to the immature antioxidant 
enzyme system that is still underdeveloped in the 
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early third trimester and the premature infant’s 
limited capacity to clear oxygen free radicals 
during the transition to extrauterine life. Therefore 
oxidative stress-related diseases mostly affect 
neonates with preterm low birth weight. 

2.1.1     Oxidative Stress 
 The maternal or fetal oxidative stress plays an 
important role in the pathophysiology of low 
birth weight [ 17 ]. Low birth weight newborns 
and especially preterm infants are probably more 
prone to oxidative stress than are children and 
young adults. There are some special reasons for 
this. These infants very often (1) are exposed to 
high oxygen concentrations, (2) have infections 
or infl ammation, (3) have reduced antioxidant 
defense, and (4) have free iron which enhances 
the Fenton reaction leading to production of 
highly toxic hydroxyl radicals [ 18 ,  19 ]. In the 
perinatal period, there are many mechanisms 
leading to free radicals overproduction, including 
ischemia–reperfusion, arachidonic acid cascade, 
free iron, nitric oxide cascade, phagocyte activa-
tion, hypoxia, and hyperoxia [ 20 ,  21 ]. 

 Oxidative stress is an imbalance between free 
radicals (FRs) production and antioxidant systems 
which plays a key role in pathogenesis of so-called 
free radical diseases such as retinopathy of 
prematurity (ROP), bronchopulmonary dysplasia 
(BPD), necrotizing enterocolitis (NEC), and 
intraventricular hemorrhage (IVH). 

 Post hypoxic reoxygenating injury caused by 
ROS may be a key factor [ 22 ]. Ischemia–reperfusion 
injury is now recognized as a probable contributing 
factor to much of the morbidity of premature 
infants. Very low birth weight (VLBW) infants 
have an increased susceptibility to brain damage 
as 5–15 % develop cerebral palsy and an addi-
tional 25–50 % have less severe neurological 
defi cits [ 23 ] due to higher partial pressure of 
oxygen (pO 2 ) dissolved in blood. Furthermore, 
due to the developmental immaturity of their 
free radical defenses, the brain appears to be 
susceptible to oxidative stress [ 24 ]. 

 Lung injury and eye damage due to hyperoxia 
and free radical-mediated damage are well 
established. Respiratory distress due to ROS 

occurs because of a surfactant defi ciency at the 
gas–liquid interface. About 14 % of all infants 
<2,500 g at birth and 60 % of infants born at 
29 weeks or less develop respiratory distress 
syndrome. Chronic lung disease (CLD) or 
bronchopulmonary dysplasia (BPD) is a form of 
chronic lung disease that usually occurs in pre-
term infants receiving respiratory support with 
mechanical ventilation or prolonged oxygen 
supplementation [ 25 ]. 

 Necrotizing enterocolitis (NEC) is an infl am-
mation of the small intestine and bowel surface, 
with infi ltration of epithelial cells by bacteria. While 
its etiology is unclear, it may be precipitated by 
ischemia–reperfusion injury [ 13 ]. 

 Intraventricular–periventricular hemorrhage 
(IVH-PVH) is a brain injury, usually occurring 
within 24–48 h after birth (95 % occur by 3 days) or 
may occur later. It is believed to be an ischemic 
injury followed by reperfusion injury. IVH- PVH 
in its severest form carries a high risk of poor 
neurodevelopmental outcome (>50 %). 
Retinopathy of prematurity (ROP) is oxygen- 
induced damage to blood vessels in the retina 
that are undergoing neovascularization. It is 
 characterized by abnormal vascularization of the 
retina, causing a range of vision impairment, and 
remains a major cause of morbidity for prema-
ture neonates [ 26 ]. It has been proposed that the 
above diseases are expressions of an inability to 
cope with an overexposure to ROS [ 13 ].  

2.1.2     Oxidative Damage Markers 
in Preterm LBW Newborns 

 Estimation of lipid peroxidation in cord blood 
has been proposed as a reliable marker of 
reactive oxygen species (ROS) activity in the 
fetus and a measure of perinatal outcome [ 27 ]. 
Malondialdehyde (MDA) appears to be a useful 
measure to continue to explore the role of free 
radical-mediated disease in the LBW infant. 
Urinary malondialdehyde concentration was also 
found highest in the extremely low birth weight 
newborns in previous study [ 28 ]. The oxygen- 
derived free radical damage resulting in lipid per-
oxidation is widely believed to play a role in the 
etiology of many of the “diseases of prematurity.” 

Oxidative Stress in Low Birth Weight Newborns
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Oxidative injury is associated with the development 
of the long-term complications of the preterm 
infant. Previous study proves that there is a strong 
evidence of oxidative stress in the small for 
gestational age (SGA) babies as evidenced by 
increased lipid peroxidation and reduced free 
oxygen radical scavenger system. The protective 
mechanisms against oxidative damage are more 
effi cient in appropriate for gestational age (AGA) 
babies of healthy mothers [ 29 ]. Other investigators 
have noted the presence of lipid peroxidation 
among SGA neonates [ 30 ,  31 ]. Both mothers 
and babies are exposed to oxidative stress dur-
ing and after delivery, which is more pronounced 
and persistent in the perinatal period of the SGA 
group, while lipid peroxidation in placenta could 
play a role in SGA pathophysiology [ 32 ]. 

 Oxidative protein damage measured as plasma 
carbonyl levels was increased in preterm low birth 
weight newborns [ 33 ] and could be interpreted as 
indicating increased oxidative stress associated 
with prematurity. Higher levels of circulating protein 
carbonyl in small for gestational age (SGA) at 
birth than average weight babies was reported [ 34 ]. 
Oxidative stress was induced both in small for 
gestational age (SGA) newborns and their mothers 
which is manifested as increased protein oxidant 
damage [ 31 ]. 

 Urinary 8-OHdG, taken as a marker of oxidative 
DNA damage, was also reported to be increased in 
infants with very low birth weight [ 17 ]. It indicates 
that low birth weight (LBW) infants can be sub-
jected to oxidative stress. The preterm newborns 
had higher level of 8-OHdG compared to full-term 
newborns [ 35 ]. There are limited studies of 
oxidative DNA damage in low birth weight 
newborns. Previous studies have described the 
relation between prematurity and urinary 8-OHdG 
concentrations in low birth weight infants [ 36 ]. 
Signifi cant increase in urinary 8-OHdG excretion 
in women giving preterm birth (<37 completed 
weeks) or giving birth to a child with a body 
weight below 2,500 g or growth restriction 
(<10th percentile) was also reported [ 37 ]. The 
levels of urinary 8-OHdG in pregnant women 
with fetal growth retardation have been reported 
higher in women with normal pregnancies [ 38 ]. 
The concentration of 8-OHdG in cord blood can 

be considered as momentary steady- state levels 
of oxidative DNA damage, which is sustained by 
many factors like nature and concentration of 
ROS, the overall effi ciency of the antioxidant 
defense systems, and the effi ciency of the DNA 
repair system directed against 8-OHdG [ 39 ]. 

 Even though it does not indicate a cause–
effect relationship, oxidative stress in intrauterine 
life strongly represents a risk factor for the devel-
opment of neonatal free radical diseases in pre-
term low birth weight newborns [ 40 ,  41 ]. Preterm 
infants are more exposed to oxidative damage 
than term infants; this is due to different reasons: 
organ’s structural and functional immaturity, 
overloading of aerobic tissue metabolism with 
rapidly growing energy demand, conditions leading 
to excessive free radicals production, and lack of 
antioxidant system.  

2.1.3     Antioxidant Defense System 
in Preterm LBW Newborns 

 Antioxidant capacity of blood has shown a more 
variable result in relation to the development of 
oxygen radical diseases of the preterm infant. 
The body on account of susceptibility to oxida-
tive insult is naturally provided with an effi cient 
antioxidant system. The intracellular oxidative 
defense seems to be lowered in preterm babies. 
Thus, the more premature the infant, the lower 
the defense [ 42 ]. It was speculated that preterm 
babies have prompter involvement of antioxidant 
defenses than term babies [ 43 ]. On the other 
hand, a highly reductive intracellular environ-
ment implies a decline in the output of free 
radicals to extracellular space. This effect con-
tributes to prevent the endothelial dysfunction 
associated with oxidative stress [ 44 ] and its 
impaired effects on maternal–fetal blood fl ow in 
pregnancies complicated by IUGR and low birth 
weight [ 45 ]. Appropriate for gestational age (AGA) 
newborns possess antioxidant defense capable of 
resisting the physiological oxidative stress at 
birth [ 10 ]. 

 The body has developed a complex defense 
strategy to minimize the damaging effects of 
various oxidants. Central to this defense are the 
antioxidant enzymes of the blood, which include 
SOD, GPx, and catalase. A reduction in SOD, 

R. Negi et al.



231

the primary enzyme that inactivates the superoxide 
radical, and in the glutathione peroxidase and 
catalase activity, which is involved in the detoxi-
fi cation of H 2 O 2 , would lead to increased num-
bers of free radicals, and this could thereafter be 
responsible for the increased levels of MDA, 
protein carbonyl, 8-OHdG, and reactive nitrogen 
species in preterm low birth weight newborns. 

 Nonenzymatic antioxidant components con-
sist of various molecules such as vitamin A, E, 
and C that react with activated oxygen species and 
thereby prevent the propagation of free radical 
chain reactions. Low levels of these vitamins 
(A, E, C) could refl ect low intake, which results in 
decreased antioxidant defense system in preterm 
low birth weight newborns. 

 The presence of an association between oxida-
tive stress markers and enzymatic/nonenzymatic 
antioxidants in preterm low birth weight newborns 
suggests that increased oxidative stress may be 
the result of changes in the level of antioxidants 
due to the cause or the effect of oxidative damage 
occurring at the molecular level [ 40 ,  41 ].   

2.2     Low Birth Weight Neonates 
Born to Preeclamptic/
Eclamptic Mothers 

 Preeclampsia/eclampsia is a disorder that occurs 
during only pregnancy and affects both the 
mother and the fetus. Preeclampsia (PE) is a great 
challenge to obstetricians because its cause is 
unknown, its pathophysiology is complex and 
incompletely understood, its diagnosis may be 
diffi cult to determine, there are no effective 
treatments, and antenatal care involves a diffi cult 
balance between the risks for women to continue 
pregnancy and those for the baby’s early birth. 

 Affecting at least 5 % of all pregnancies, it is a 
rapidly progressive condition characterized by 
high blood pressure, swelling of lower extremi-
ties, and protein in the urine. According to the 
World Health Organization, preeclampsia is a 
major cause of both maternal and fetal/neonatal    
morbidity and mortality [ 46 ]. 

 Worldwide   , approximately 3 % of all pregnant 
women develop preeclampsia, of whom 1.9 % 

will develop eclampsia, although its greatest 
impact is in the developing world, where >90 % 
of the most serious preeclampsia-related maternal 
and fetal morbidity and mortality occurs [ 47 ]. 
Preeclampsia is responsible for ≤15 % of preterm 
births and consequently increases infant mortality 
and morbidity [ 48 ]. 

 Preeclampsia is a two-stage disorder that 
begins with poor placentation and reduced 
uteroplacental blood supply, resulting in placental 
hypoxia. This fi rst stage, with silent placental 
events, is followed by the release of several medi-
ators: growth factors and their soluble receptors, 
infl ammatory cytokines, placental debris, and 
products of placental oxidative stress. Such 
mediators cause endothelial cell dysfunction and 
the systemic infl ammatory syndrome, leading to the 
clinical manifestation of PE (second stage) [ 49 ]. 
Thus, there is increasing evidence that oxidative 
stress plays an important role in the pathogenesis 
of preeclampsia, perhaps acting as the link in the 
two-stage model of preeclampsia [ 50 ]. 

 Epidemiologic studies have reported alarm-
ingly high rates of preterm births, predominantly 
due to increasing indications for preterm delivery, 
and PE is one of the most common of these indi-
cations [ 51 ,  52 ]. Preterm newborns of women 
who have PE are of great concern because strong 
evidence shows that they are exposed to increased 
oxidative stress, which has been implicated in the 
pathogenesis of serious diseases in neonates [ 53 ]. 
Thus, an unfavorable outcome could be expected 
in infants of women who have PE [ 54 ]. Several 
studies indicate that PE is associated with a 
higher incidence of newborns with low birth 
weight [ 55 ,  56 ]. 

2.2.1    Oxidative Stress 
 The oxidative stress theory suggests that these 
stresses in the fetus lead to increased lipid peroxi-
dation but, more importantly, to modifi cations in 
gene expression that lead to adverse perinatal 
programming. The susceptibility of an individual 
fetus will depend on the time during gestation 
when metabolic programming occurs and on the 
genetic susceptibility of the fetus. Thus, the effect 
of preeclampsia could extend beyond the mother 
to involve the fetus [ 57 ].  
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2.2.2    Oxidative Damage Markers 
 Although a limited number of studies have been 
carried out on fetal oxidative status and umbilical 
cord blood, the results have consistently shown 
an upregulation of oxidative stress markers and 
altered antioxidant status in fetal circulation [ 58 ]. 
   The fetus is affected by oxidative stress in PE, 
and this raises a concern about fetal and neonatal 
outcomes [ 59 ,  60 ]. The level of lipid peroxidation 
product (MDA) in blood is elevated in preeclamptic 
pregnancy, and it has been suggested that it plays 
a role in the etiology of the disease [ 61 ,  62 ]. 
This provides further evidence that appropriate or 
excessive lipid peroxidation may play an impor-
tant role in the pathophysiology of preeclamptic/
eclamptic pregnancies. Signifi cant elevation of 
MDA levels in cord blood of pair- matched 
preeclamptic mother has been reported [ 63 ,  64 ]. 
This may result in a greater potential for endo-
thelial damage ultimately leading to enhanced 
diastolic pressure [ 65 ] which further aggravates 
the condition of preeclamptic/eclamptic patients. 

 The direct damage of proteins during oxida-
tive stress can give rise to the formation of protein 
carbonyls, which may serve as biomarkers for 
general oxidative stress, in addition to data pro-
vided by lipid peroxidation. This is an indication 
of oxidative stress in preeclampsia/eclampsia. 
Signifi cant elevation of protein carbonyl level in 
maternal circulation [ 66 ,  67 ] and cord blood [ 60 ] 
of preeclamptic mothers has been reported. The 
previous study showed higher plasma protein 
carbonyl levels that are markers of oxidative pro-
tein damage in preeclamptic pregnant women 
than those in healthy pregnant women [ 68 ]. 

 Oxygen free radical-induced DNA damage 
may be particularly deleterious because it can 
produce mutations [ 69 ]. There are only few 
reports on the oxidative DNA damage in pre-
eclamptic/eclamptic pregnancies. According to 
one such studies, the concentration of 8-OHdG 
was signifi cantly higher in the placental DNA 
from preeclampsia-complicated pregnancies [ 70 ]. 
In preeclamptic women, serum levels of 8-OHdG, 
a well-established marker of oxidative DNA 
damage, are increased [ 71 ,  72 ]. The generation of 
8-OHdG (8-hydroxy-2-deoxyguanosine) is one 
of the results of DNA damage induced by oxygen 
free radicals [ 73 ].  

2.2.3    Antioxidant Status 
 Signifi cantly decreased enzymatic activities of 
superoxide dismutase (SOD), glutathione 
peroxidase (GPx), and catalase (CAT) have been 
reported [ 74 ,  75 ] in cord blood of the full-term 
newborns of preeclamptic mothers as compared 
to their pair-matched maternal blood. In normal 
pregnancy, by 10–12 weeks of gestation, the 
onset of maternal blood fl ow in the placenta 
results in a local increase in oxygen tension and 
parallel elevation in the expression and activity of 
the antioxidant enzymes [ 76 ]. 

 The increased concentration of superoxide in 
the placental tissue of preeclamptic women [ 77 ] 
was found associated with decreased SOD 
activity and mRNA expression, for CuZn-SOD 
in trophoblast cells isolated from preeclamptic 
placentas [ 78 ]. Also, it was recently found that 
these women show a decrease in plasma levels of 
SOD [ 65 ]. Therefore, a decreased degradation of 
superoxide anion should be expected. 

 Many studies have reported signifi cant 
 reduction in maternal plasma [ 79 ,  80 ] and pla-
cental GPx activities in preeclamptic women 
[ 81 ,  82 ]. Various and sometimes confl icting 
results were reported for total GPx activities in 
the pathology of preeclampsia. For example, total 
GPx activity in whole maternal blood was found 
higher in the previous study [ 83 ], and the total 
erythrocyte GPx activity was shown to be higher 
[ 84 ,  85 ] in preeclampsia. 

 Defi ciency in antioxidant vitamins would be 
associated with the development of preeclampsia 
[ 86 ]. Vitamin E, vitamin C, and beta-carotene 
(provitamin A) are known to be powerful antioxi-
dants [ 87 ,  88 ], while some reports documented 
an increase in vitamin levels in preeclampsia and 
eclampsia [ 89 ,  90 ].   

2.3     Newborn with Respiratory 
Distress Syndrome (RDS) 

 Infant respiratory distress syndrome (IRDS), also 
called neonatal respiratory distress syndrome or 
respiratory distress syndrome of newborn, previ-
ously called hyaline membrane disease (HMD), 
is a syndrome in premature infants caused 
by developmental insuffi ciency of surfactant 
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production and structural immaturity in the lungs. 
IRDS affects about 1 % of newborn infants and is 
the leading cause of death in preterm infants [ 91 ]. 
The incidence decreases with advancing gesta-
tional age, from about 50 % in babies born at 
26–28 weeks to about 25 % at 30–31 weeks. 

2.3.1    Oxidative Stress 
 Neonatal respiratory distress syndrome is 
accompanied by infl ammatory processes with 
free radical generation and oxidative stress [ 92 ,  93 ]. 
The imbalance between the oxidative forces and 
the antioxidant defense systems was suggested to 
predispose the lungs to the development of RDS 
[ 94 ,  95 ]. 

 When phagocytes such as neutrophils are 
stimulated by microorganisms or other means, 
they become activated and increase their oxida-
tive metabolism; as a result, toxic oxygen and 
nitrogen derivatives, i.e., ROS/RNS, are formed. 
If these toxic products are not inactivated, their 
high chemical reactivity leads to damage to a 
variety of cellular macromolecules including 
proteins, carbohydrates, lipids, and nucleic acid. 
This results in cell injury and may induce respira-
tory cell death [ 96 ]. Under these conditions, a 
surfactant defi ciency may be aggravated by 
inactivation of the small amount of endogenous 
surfactant that is produced [ 97 ]. Furthermore, if 
exogenous surfactant is given, this may also be 
destroyed [ 98 ,  99 ]. 

 Many studies have shown increased oxidative 
stress markers and/or reduced antioxidant defense 
in preterm infants with RDS [ 100 ,  101 ]. In vitro 
studies have shown surfactant protein SP-A and 
SP-D to have potent, direct antioxidant proper-
ties. The surfactant proteins protect unsaturated 
phospholipids and growing cells from oxidative 
injury at physiological concentrations [ 102 ]. 
Dani et al. [ 103 ] demonstrated superoxide dis-
mutase (SOD) and catalase activities in four 
natural surfactants, as well as scavenger activity 
against hydrogen peroxide. 

 Hyperoxic exposure itself, although essential 
for survival of RDS infants, probably induces 
excessive production of ROS/RNS in the respira-
tory system. There exist, however, several potential 
causes of intra- and extracellular oxidant stress in 
the preterm newborns with RDS. The high 

inspiratory concentrations of oxygen required to 
achieve adequate arterial oxygenation, prooxi-
dant drugs, and infections or extrapulmonary 
infl ammation can all promote ROS accumulation 
and the utilization and depletion of antioxidative 
factors [ 104 ]. ROS/RNS also have been impli-
cated in the molecular damage seen in the bron-
choalveolar lavage (BAL) fl uid of patients with 
RDS [ 105 ,  106 ]. 

 A defi cit in the precise balance between 
exposure to oxidants and endogenous antioxidant 
results obviously leads to elevated oxidative 
damage. The molecular damage caused by oxida-
tive stress appears to be involved in the pathogen-
esis of a growing number of diseases, including 
RDS of the newborn [ 107 ].  

2.3.2    Oxidative Damage Markers 
in Neonates with RDS 
 Oxidative damage is important in the pathogenesis 
of respiratory distress syndrome (RDS). It can be 
assumed that these newborns might be at risk of 
an oxidative stress. Singh found elevated lipid 
peroxidation product in respiratory disorders 
[ 108 ]. Some studies reported that prematurely 
born babies with RDS showed high concentra-
tions of protein carbonyls [ 109 ,  110 ]. The amount 
of oxidatively modifi ed protein may provide a 
quantitative assessment of oxygen toxicity and of 
pulmonary antioxidant defenses [ 111 ]. Lung pro-
teins are attacked by oxygen reactive species. 
When RDS is present, pulmonary edema occurs 
because of increased permeability of cell mem-
branes. The fl uid in the edema is rich in proteins, 
which represent the ideal target for oxygen 
reactive species. In order to initiate the oxidative 
attack, oxygen reactive species inactivates 
alpha-1 protease thus causing an imbalance in the 
lung protease – antiprotease system [ 112 ]. 
Reactive oxygen species also interact with pul-
monary surfactant as well as with other protein 
and lipid structures thus delaying the normal 
functioning of the lung. Therefore, surfactant 
administration before the initiation of mechanical 
ventilation diminishes the severity of lung lesions 
by providing consistent ventilation [ 113 ]. This 
protein oxidation process activated by oxygen 
reactive species has been proven to contribute to 
pathogenesis in newborns with RDS [ 114 ]. 
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Oxidative DNA damage could be the crucial 
mechanism in the pathogenesis of respiratory 
disorder [ 115 ]. 

 Oxidative damage is important in the patho-
genesis of respiratory distress syndrome (RDS). 
It can be assumed that these newborns might be 
at risk of an oxidative stress. One previous study 
[ 116 ] also observed oxidative stress in neonates 
with respiratory distress syndrome. Reactive 
oxygen is generated by several infl ammatory and 
structural cells of the airways. These oxidant spe-
cies have important effects on a variety of lung 
cells as regulator of signal transduction, activa-
tors of key transcription factors, and modulators 
of gene expression and apoptosis. Thus, increased 
oxidative stress accompanied by reduced antioxi-
dant defenses may play a role in the pathogenesis 
of a number of infl ammatory pulmonary diseases 
including RDS in the newborn [ 117 ].  

2.3.3     Antioxidant Defense System 
in Neonates with RDS 

 Antioxidant defenses of the immature lung will 
be prepared neither for the hyperoxic environ-
ment nor the infl ammation found in association 
with respiratory distress. 

 The increase in SOD has clinical signifi cance 
in the prevention of respiratory distress syndrome 
in preterm newborns [ 118 ]. Preterm birth is very 
likely to lead to severe respiratory distress syn-
drome (RDS). One study concluded that the 
majority of preterm infants with severe RDS do 
not have protective superoxide dismutase activity 
in tracheal fl uid [ 119 ]. Depletion of glutathione, 
a key antioxidant, accelerates lung injury. 
Glutathione concentrations are reduced signifi -
cantly in premature infants with respiratory 
distress syndrome, leaving them at greater risk of 
bronchopulmonary dysplasia [ 91 ,  120 ]. 

 Catalase was expressed only during the later 
stages of lung development; catalase was the 
only antioxidant enzyme that increased at the 
level of mRNA and specifi c activity throughout 
the period of human lung development [ 121 ]. 
Catalase may play an important role against 
oxidant stress of lung and that a lack of catalase 
may also predispose the preterm lung of newborn 
with RDS to oxidant-related injury. 

 Many preterm infants are defi cient in vitamin 
A at birth, and failure to correct this defi ciency 
may contribute to the development of respiratory 
distress disorder. Inadequate vitamin A status 
could intuitively be expected to predispose to 
respiratory problems. Most preterm infants are 
born with low vitamin A stores and low plasma 
concentrations [ 122 ]. Vitamin E acts as a free 
radical scavenger, reducing peroxidation of 
membrane polyunsaturated fatty acids. In present 
study, low concentration of vitamin E was 
observed in the newborn with RDS compared 
to healthy newborns. The decrease in plasma 
vitamin E level was observed in infants with 
RDS [ 123 ]. The previous study confi rmed that 
low plasma selenium and vitamin E levels in pre-
mature infants were signifi cantly associated with 
an increased respiratory distress disorder [ 124 ]. 
Premature infants with RDS might need more 
supplemental vitamin E than premature infants 
without RDS [ 125 ]. Vitamin C is the most impor-
tant aqueous phase chain-breaking antioxidant in 
plasma [ 126 ] and makes a major contribution to 
antioxidant protection in the lung, particularly 
the lower respiratory tract. This is likely to be 
mainly due to the direct radical scavenging 
properties of vitamin C but also to its capacity to 
recycle vitamin E [ 127 ]. Therefore, low levels of 
vitamin A, E, and C in premature babies with 
RDS may compromise antioxidant mechanisms 
and exacerbate oxidant damage in newborns.    

3     Antioxidant Therapy 
in Newborns 

 Oxidative stress occurs at birth in all newborns as 
a consequence of the hyperoxic challenge after 
the transition from the hypoxic intrauterine envi-
ronment to extrauterine life. During the perinatal 
period, oxidative stress can be magnifi ed by 
others predisposing conditions such as premature 
delivery, preeclamptic/eclamptic pregnancy, and 
respiratory distress syndrome. 

 Nutrients can affect oxidative stress by 
increasing or decreasing free radicals or antioxi-
dants or by providing substrate for the formation 
of free radicals. Poor maternal nutrition has 
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been implicated as one of the key “adverse 
environmental infl uences in utero” which could 
lead to compromised placental and fetal growth 
and adverse long-term consequences [ 128 ]. 

 The antioxidant defenses rely heavily on vita-
mins and minerals in the diet as well as essential 
amino acids required to synthesize glutathione 
and antioxidant proteins such as albumin. There 
have been few direct studies on the relationship 
between micronutrient defi ciencies and oxidative 
stress. Administering intravenous lipid emulsions 
containing monounsaturated and saturated fatty 
acids also could minimize the risk of peroxida-
tion [ 129 ]. The neonatal oxidant load could be 
further reduced by the use of low-dose multivita-
mins mixed with lipid emulsions, which would 
allow a gradual introduction of ascorbic acid 
and prevent excessive plasma concentrations of 
vitamin C [ 130 ]. 

 Another strategy with which to protect babies 
from oxidative stress is to promote their antioxi-
dant defenses, especially as regards the glutathi-
one system. Because of physiological glutathione 
defi ciency, loss of glutathione caused by a 
reduced capacity of cellular conservation at a low 
gestational age increases demand and consumption 
during hyperoxia and oxidative stimulation; the 
cell would need to synthesize more glutathione to 
achieve a positive balance. Moreover, hyperoxia 
is associated with lower cysteine concentrations 
in infants with acute respiratory failure [ 131 ]. 
The availability of cysteine appears to be the 
rate-limiting step in glutathione synthesis. It could 
therefore be necessary to provide the baby with 
adequate amino acid substrates for cellular 
glutathione synthesis through parenteral or 
enteral administration of adequate doses of amino 
acids immediately after birth [ 130 ]. 

 There are diverse clinical and therapeutic pos-
sibilities of limiting oxidative damage, including 
the administration of corticoids (superoxide 
dismutase, catalase, etc.) to the mother in order to 
hasten the maturation of the antioxidant defense 
systems of the fetus, the provision of antioxidant 
enzymes to the neonate (these have been used to 
prevent bronchopulmonary dysplasia), and even 
nutritional intervention. Breast milk plays an 
important role in protecting the newborn from 

oxidative stress; it contains many antioxidant 
molecules that probably are vital for antioxidant 
defense at early stages of life [ 132 ]. It is conceiv-
able that these antioxidants in breast milk help to 
eliminate free radicals in infants.     
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    Abstract  

  Increase in oxidative stress (OS) has been found to be linked with various 
disease conditions, including diabetes and post- diabetic complications. 
If there is any imbalance between the reactive oxygen species (ROS) and 
antioxidant species inside cells, ROS damage cellular functions directly or 
indirectly. Besides oxidizing the major biomolecules inside the cells, they 
also alter the cell signaling mechanism, cell permeability, basic genetic 
mechanism, etc. In case of diabetes, different types of stresses (emotional, 
physical, chemical, or infectious) can lead to damage to the pancreatic 
cells and may result in decreased production/secretion (by β-cells) or 
utilization (by adipocytes, skeletal muscles, hepatocytes, etc.) of insulin 
and so, can result into hyperglycemic conditions. For    the cells, which are 
not insulin dependent for their glucose uptake and metabolism (retinal 
cells, nephrons, nerve cells, etc.), their intracellular glucose concentration 
rises, and as a result, an increase in oxidative stress occurs by various 
mechanisms. This further triggers the onset of post-diabetic complications. 
This chapter describes the causes and mechanisms for the onset of diabetes 
and post-diabetic complications.  
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1         Introduction 

 There are many reports suggesting the direct link 
between oxidative stress and onset of diabetes 
and associated complications [ 1 – 3 ]. In case of 
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type 1 diabetes, ROS are shown to be involved in 
the destruction of pancreatic β-cells and further 
development of insulin-dependent diabetes mel-
litus (IDDM) [ 2 ]. Oxidative stress arises when a 
cell is unable to quench the reactive oxygen spe-
cies (ROS) through the antioxidant mechanism, 
and when there is antioxidant defi ciency, either 
genetically or induced by environmental factors, 
including infections [ 3 ]. The general mechanism 
of action in this pathogenesis by ROS is via 
oxidizing the major biomolecules in the cells and 
so affecting their basic structure and/or functions. 
Proteins get modifi ed by oxidized or nitrosylated 
products of free-radical attack. These altered prod-
ucts lose their function and are also targeted for 
proteosome degradation, which further decreases 
their cellular functions. Damaged proteins    have an 
effect on cell signaling, membrane permeability, 
transport of various molecules, and also on the 
energy metabolism inside the cells [ 4 ], and these 
ultimately lead to malfunctioning and cell death. 
Nucleic acids (DNA and RNA), both from the 
cytoplasm and nucleus, also get oxidized [ 1 ,  2 ], 
and the modifi ed/mutated products also cannot 
play their normal function [ 5 ]. Similarly, lipid 
products also get modifi ed and they being the 
main structural components of the membranes of 
different cellular compartments and the cell itself 
affect their integrity [ 3 ]. Accumulations of such 
injuries ultimately lead the cells to die through 
necrotic or apoptotic mechanisms and thus cause 
onset of various infl ammatory reactions [ 6 ]. This 
chapter describes the role of reactive oxygen 
species (ROS) and linked pathways which might 
be involved in both the onset and post-diabetic 
complications. The entire pathway involved is 
shown in Fig.  1 .

1.1       Effect of OS on Onset 
of Diabetes 

 For the two types of diabetes (1 and 2), the ori-
gins for the disease are different, but ultimately 
they result in hyperglycemia. In the fi rst case, it is 
the lack of insulin in blood because of β-cell 
destruction or due to lack of insulin secretion 
caused by OS and infl ammation [ 7 ]. On the other 

hand, in case of type 2 diabetes, it is the lack of 
insulin sensitivity in glucose-utilizing cells 
(adipose tissue, skeletal muscle, and liver cells, 
etc.) due to OS [ 8 ]. Following are the descriptions 
about the onset of both types of diabetes involving 
events led by oxidative stress. 

1.1.1     Type 1 Diabetes 
 Type    1 diabetes is commonly known as “insulin- 
dependent” or “Juvenile-onset” diabetes as it is 
genetic and the onset of this disease can occur 
during childhood itself [ 7 ]. It is actually an auto-
immune disorder which is involved in the recog-
nition of β-cells by the T cells which are against 
them. This attack leads to the increase in ROS 
and production of many types of cytokines and 
hence infl ammation. These further lead to the loss 
of β-cells present in the islets of Langerhans [ 9 ]. 
It has been proposed that both genetic and 
environmental factors might account for an 
increased susceptibility of β-cells to be attacked 
by the immune system and to dysfunction in the 
face of an increasing infl ammatory response [ 10 ], 
but their exact role is still little understood. It is 
seen that the children, as diabetics, suffer from a 
rapid β-cell destruction, whereas it might be 
slower in case of adults [ 7 ]. 

 It can be seen from the above discussion that 
type 1 diabetes is not associated with any exter-
nal cause directly, but even in this case also, the 
onset of the disease can occur early in life if there 
is an increase in any type of stress/OS in the 
external environment by any reason.  

1.1.2     Type 2 Diabetes 
 Type 2 diabetes is also known as the “Adult-onset 
diabetes.” This type of diabetes is implicated 
with resistance to insulin with very little defi -
ciency. It affects almost 90–95 % of patients with 
diabetes [ 8 ]. The patients are not required to 
undergo insulin treatment as β-cell destruction 
does not take place in the initial stages. Type 2 
diabetes is often reported to be associated with the 
modern lifestyle which actually results in having 
an increase in oxidative stress [ 11 ]. The cause 
for this increase in OS can vary from physical, 
mental, psychological, chemical, to infectious 
load [ 12 ].   
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1.2     Post-diabetic Complications 

 Chronic increase in blood glucose level in both 
type 1 and type 2 diabetes leads to various post- 
diabetic complications. The major symptoms of 
various diabetic complications are: pain, numb-
ness, development of Charcot’s joint, diffi culty in 
focusing objects with the eyes, paralysis in distal 
parts of the limbs, problem in controlling muscle 
while urinating, etc. [ 13 ]. Diabetic complications 
increase when patients are not able to control 
their blood glucose and have sedentary lifestyle 
and stressful life. Most of these complications are 

reported to be the result of increase in oxidative 
stress in the body system [ 14 ]. Increased concen-
tration of glucose leads to increase in oxidative 
stress, which further deteriorates the condition of 
diabetes by affecting pancreatic cells for insulin 
secretion and insulin targets like: the skeletal 
muscle, for glucose uptake and its further 
metabolism. 

 In a large population-based survey for glucose 
intolerance, an association between stressful expe-
riences and the diagnosis of type 2 diabetes has 
also been demonstrated [ 15 ]. The cells in the retina, 
nerves, and kidney are more fragile in comparison 
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  Fig. 1    OS and diabetes. Diabetes are of two types: insulin 
dependent and insulin independent. Type 1 or insulin 
dependent is due to destruction of β-cells and is prevalent 
in patients who already have risk of diabetes through 
family history and type 2 or insulin independent which is 
found in patients who are overweight or have sedentary. 
Hyperglycemia sets forth the activation of various pathways 
in the target cells. AGEs and polyol pathway changes the 
redox capacity of the cell by generation of oxidative stress. 

PARP, hexosamine, and PKC pathway leads to infl amma-
tion which ultimately leads to oxidative stress. Thus, there 
is a direct link between diabetic condition and oxidative 
stress. This stress then leads to diabetic complications and 
in turn leads to more oxidative stress. ( F-6-P ) fructose 6 
phosphate,  PKC  protein kinase C,  DAG  diacyl glycerol, 
 PARP  poly ADP ribose polymerase,  ROS  reactive oxygen 
species,  AGE  advanced glycation end products,  RAGE  
receptor for advanced glycation product       
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to other body cells as they have a very weak 
antioxidative state, and with the increase in sugar 
concentration, they lose the fi ght against oxidative 
stress [ 16 ]. This further leads to related post- 
diabetic complications like retinopathy, neuropa-
thy, nephropathy, etc. This chapter also describes 
various causes and pathways which lead to worsen-
ing of the condition of diabetes and also towards 
post-diabetic complications. Causes and pathways 
involved in this process are shown in Fig.  1 .   

2     Mechanism of Action of OS 
on Onset of Diabetes 

2.1     General Mechanism of Action 
for β-Cell Damage and/or 
Function 

 Stressful experiences have been implicated in the 
onset of diabetes in individuals already predisposed 
to develop the disease [ 16 ]. As early as the beginning 
of the seventeenth century, the onset of diabetes 
was linked to “prolonged sorrow” by an English 
physician [ 17 ]. Events like family losses and work-
place stress are reported to be factors triggering the 
onset of diabetes – both type 1 and type 2. It is sug-
gested that negative stressful experiences in the 
fi rst 2 years of life may increase the risk of develop-
ing type 1 diabetes in children. Other factors, such 
as high family chaos and behavioral problems, 
were also implicated [ 18 ]. All these events 
ultimately result in increase in oxidative stress via 
different pathways/mechanisms. 

 In some other cases, where ROS production or 
suppressed antioxidant function is due to infec-
tions, the cells are much more prone to damage 
than that incurred due to genetic problems and 
also more prone to damage than any other tissue 
in the body [ 19 ]. 

 Mitochondria of β-cells have very low levels 
of superoxide dismutase and glutathione per-
oxidase which results in its being an easy tar-
get for disruption by oxidative stress in 
individuals with risk to the disorder [ 20 ]. ROS 
derived from the mitochondria and nitrogen 
 oxygen species (NOX) are responsible for 
destroying β-cells and initiating diabetes [ 21 ]. 

 Not only the decrease in the number of β-cells 
but also the decrease of insulin production from 
the normal number of β-cells may lead to type 1 
diabetic condition [ 20 ]. There are experimental 
evidences showing the deleterious effects of ROS 
on β - cell function. Maechler et al. [ 22 ] have 
shown that oxygen stress generated by short 
exposure of β-cell preparations to H 2 O 2  increases 
production of p21 (an inhibitor of cyclin- 
dependent kinase); decreases insulin mRNA, 
cytosolic ATP, and calcium fl ux in the cytosol 
and mitochondria; and causes apoptosis [ 22 ]. 

2.1.1     Damage to the Macromolecules 
 It has been discussed earlier that ROS are known 
to damage the macromolecules in almost all 
types of cells including β-pancreatic cells. 
Modifi cations of protein, DNA damage, and 
peroxidation of lipids are seen when oxidative 
stress and ROS increase in cells of patients with 
diabetes [ 1 ]. Hyperglycemia or increased blood 
sugar level is responsible for not only generating 
ROS and oxidative stress but also responsible for 
the weakened antioxidant mechanisms in the 
cells. This happens when ROS destroys antioxi-
dant enzymes and other substances helpful in the 
antioxidant activity [ 23 ]. 

  Protein damage . Protein molecules are found 
in the cell membrane and cytosol of all cells. The 
function of each protein is based on the type of 
folding it undergoes, and if it is changed the 
whole function of the proteins changes. Proteins    
could be modifi ed to some alternate form due to 
increase in ROS [ 24 ] as they can oxidize the 
amino acid residue side chains, modifying the 
cross-links between molecules of protein and 
also resulting in the fragmentation of proteins by 
oxidizing their backbone. The most susceptible 
amino acids for change are cysteine and methio-
nine by ROS. Besides ROS, reactive nitrogen 
species (RNS) is also responsible for the damage 
seen in protein structure and their mutated func-
tions. Studies have shown that cysteine and 
methionine residues of proteins as well as aro-
matic residues have high probability of getting 
modifi ed through RNS [ 25 ]. 

 Moreover, apart from just modifying protein 
molecules, ROS also reacts with them to form 
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highly reactive products like ketones and 
aldehydes [ 26 ]. It also results in partial unfolding 
of proteins as surface hydrophobicity increases. 
Oxidation of lysine results in the formation of 
aminoadipic semialdehyde, and the oxidation of 
arginine forms glutamic semialdehyde [ 27 ]. 

  Nucleic acid damage . NO and other ROS have 
been shown to damage nuclear DNA and mito-
chondrial DNA in β-cells [ 28 ]. In general, mito-
chondrial DNA is more sensitive to oxidative 
stress than nuclear DNA [ 29 ]. The ROS and 
reactive nitrogen species (RNS) cause breakage 
of the DNA strands and can also convert guanine 
to 8-oxo, 2′-deoxyguanosine (8-oxodG) which is 
an oxidized nucleoside and results in base substi-
tution. This new substance 8-oxodG has been 
considered to be a very important biomarker of 
oxidative DNA damage and is important in muta-
genesis. When cells of diabetic patients were 
investigated, a high concentration of 8-oxodG 
was seen in the mitochondrial DNA in islet and 
mononuclear cells [ 30 ]. 

  Lipid damage . Similar to proteins and nucleic 
acid, ROS also oxidize lipids via lipid peroxida-
tion. This gives rise to mutagenic lipids: epoxides, 
hydroperoxides, alkoxyl and peroxyl radicals, 
and enals (4-unsaturated aldehydes). Singlet 
oxygen, a high-energy and mutagenic form of 
oxygen, can also be produced by transfer of 
energy during respiratory burst from neutrophils 
or lipid peroxidation [ 30 ]. 

 In addition to their ability to directly infl ict 
macromolecular damage, ROS have also been 
reported to have an effect to work as signaling 
molecules and to activate a number of cellular 
stress-sensitive pathways that cause cellular 
damage and are also ultimately responsible for 
the late complications of diabetes. Furthermore, 
these same pathways are linked to insulin resis-
tance and decreased insulin secretion [ 31 ].  

2.1.2     Poor Antioxidative Potential 
of β-Cells 

 β-cells are responsible for sensing glucose level 
and secreting appropriate amount of insulin 
accordingly. Type 1 diabetes, or insulin- dependent 
diabetes mellitus (IDDM), is an autoimmune dis-
ease, but there are evidences that even if the cen-

tral cause of this kind of β-cell damage is genetic 
and has an immunological base [ 16 ], the onset of 
diabetes may also be accelerated if the person is 
facing stressful conditions and so increase ROS in 
his/her life as described above. Excess production 
of both, ROS and NO, has been implicated to be 
cytotoxic to the β-cells [ 32 ]. Increase in ROS for 
any reason further leads to damage of β-cells, 
which are sensitive to ROS and RNS specifi -
cally as they are low at their antioxidative state 
[ 33 ]. The level of free-radical quenching (anti-
oxidant) enzymes such as catalase, glutathione 
peroxidase, and superoxide dismutase is low in 
β pancreatic cells [ 34 ]. There are evidences for 
these facts as overexpression of the antioxidant 
enzymes in islets or transgenic mice has been 
shown to prevent many of the deleterious 
effects on the cells [ 35 ]. 

 As the OS rises due to any of the above-said 
reasons, infl ammatory processes are initiated and 
β-cell function is further affected as a result of 
exposure to infl ammatory products [ 36 ]. Immune 
cells like macrophages infi ltrate the islets of 
Langerhans. They are known to generate reactive 
oxygen species such as hydrogen peroxide 
(H 2 O 2 ), nitric oxide, etc. [ 33 ]. So, again, as a con-
sequence of infi ltration of the immune cells, 
the oxidative stress increases further. Both of 
these are known to exert deleterious actions 
on the β-cells and its mitochondrial oxidative 
metabolism [ 29 ]. 

 Imbalanced mitochondrial oxidative metabo-
lism also causes type 1 diabetes as secretion of 
insulin is affected and might also result in 
decreased blood insulin level [ 31 ]. Nitric oxide 
(NO), the free-radical precursor, has been shown 
to suppress mitochondrial activity leading to a 
defective insulin release in response to nutrient 
secretagogues [ 37 ].  

2.1.3     Triggers to Infl ammatory 
Pathways 

 As described above, increase in ROS leads to 
infl ammatory conditions. Recently, Tersey et al. 
[ 10 ] have reported on how the pathogenesis of 
type 1 diabetes can involve an orchestrated inter-
play between cell types of the immune system and 
the β-cell. They worked on nonobese diabetic (NOD) 
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mice and found that the prediabetic phase of the 
disease can be characterized by infi ltration of 
islets by macrophages and T cells, resulting in 
insulitis. Cytokines    seem to have a major role in 
prediabetic situation as prior to overt β-cell death; 
the local release of cytokines interleukin 1β (IL- 1β), 
γ-interferon (IFN-γ), and tumor necrosis factor-α 
(TNF-α) by infi ltrating cells seems to get activated 
and then induces the inflammatory pathways 
in the β-cell leading to insulin defi ciency and 
hyperglycemia [ 10 ].  

2.1.4     ER Stress Pathway 
 ER stress has also been shown to be associated 
with the predisposal of diabetic condition in case 
of type 1 diabetes. Tersey et al. [ 10 ] also showed 
that upon exposure to a mixture of proinfl amma-
tory cytokines that mimic the microenvironment 
of type 1 diabetes, MIN6 β-cells have been shown 
to display evidence for polyribosomal runoff, a 
fi nding consistent with the translational initiation 
blockade characteristic of ER stress [ 10 ]. It has 
been suggested that β-cells of prediabetic NOD 
mice display dysfunction and overt ER stress that 
may be driven by NF-kB signaling and strategies 
that attenuate pathways leading to ER stress may 
preserve β-cell function in type 1 diabetes. The 
activation of these pathways may accelerate 
β-cell death in the prediabetic phase of the dis-
ease and thus promote further antigen exposure 
and T-cell activation [ 38 ]. 

 It has been also suggested that release of a cer-
tain set of cytokines may lead to increase in ER 
stress; however, how it leads to cause ER stress, 
is not clear. Some studies suggest that nitric 
oxide generated via iNOS, downregulates 
SERCA2B [ 39 – 41 ] which is an ATP-dependent 
Ca 2+  pump that is partially responsible for trans-
port of Ca 2+  into the ER lumen, thereby maintain-
ing a steep ER:cytosolic Ca 2+  gradient [ 42 ,  22 ].   

2.2     Mechanism of Action 
for Decrease in Insulin 
Secretion 

 Along with the damage caused to β-cells, ROS 
also affect the process of insulin secretion [ 43 ]. 

This process is regulated by a combination of 
many events, but ultimately it is the mitochon-
drial glucose metabolism which links the stimu-
lus to secretion by generating ATP to raise 
cytosolic Ca 2+  concentration and many other 
pathways [ 44 ]. 

 The other mechanism involved in insulin 
secretion is through membrane depolarization 
and additional mitochondrial factor(s), triggering 
insulin exocytosis. In the pancreatic    β-cells of the 
mouse, H 2 O 2  hyperpolarizes the cell membrane 
coupled with an increase of cell membrane 
 conductance [ 29 ]. Moreover, it has recently been 
shown that H 2 O 2  increases intracellular Ca 2+ , 
decreases the ATP/ADP ratio, and inhibits 
glucose- stimulated insulin secretion from isolated 
mouse islets in response to a glucose stimulus 
[ 44 ]. Although, this process is complex and 
dependent on many factors [ 45 ], the critical 
importance of mitochondrial glucose metabolism 
in linking stimulus to secretion, is well estab-
lished. Therefore, the ability of oxidative stress 
(H 2 O 2 ) to damage the mitochondria and mark-
edly blunt insulin secretion is not surprising [ 29 ]. 

 ER stress has also been shown to be associated 
with insulin secretion. It can activate NF-κB which 
promotes defects in insulin secretion. A study 
conducted by Maechler et al. [ 29 ] correlates the 
extent of ER stress with the severity of β-cell 
secretory defi ciency in prediabetic NOD mice [ 29 ].   

3     Mechanism of Action 
of OS on Post-diabetic 
Complications 

 Diabetes mellitus has become a great challenge 
when considering health issues in the twenty-fi rst 
century [ 14 ] due to its link with post-diabetic 
complications. There are considerable amount of 
data indicating that the chronic elevation of 
plasma glucose causes many of the major micro-
vascular and macrovascular complications of dia-
betes. Recently, numerous authors have suggested 
that excess generation of highly reactive oxygen 
and nitrogen species is the key component in 
the development of complications invoked by 
hyperglycemia. However, detailed molecular 
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mechanism remains uncertain. As said earlier the 
production of ROS is under tight control in 
healthy cells, but their overproduction during 
metabolic dysfunction leads to cellular injury. 
ROS has this ability to directly oxidize and dam-
age DNA, protein, and lipids and so diminishing 
their natural metabolic functions. In addition to 
their ability to directly infl ict macromolecular 
damage, ROS can function as signaling mole-
cules to activate a number of cellular stress- 
sensitive pathways that cause cellular damage 
and are ultimately responsible for the late 
complications of diabetes [ 31 ]. Oxidative phos-
phorylation, glucose auto-oxidation, increased 
lipoxygenase expression, changes in the regula-
tion and expression of nitric oxide synthase 
(NOS) isoforms (endothelial NOS, eNOS; induc-
ible NOS, iNOS; neuronal NOS, nNOS) and 
ONOO −  production, are some of the mechanisms 
by which hyperglycemia can generate reactive 
oxygen nitrogen species (RONS) [ 5 ]. The follow-
ing are few mechanisms of action which are stated 
to be responsible for post- diabetic complications. 

3.1     General Mechanism 

 Mesangial cells of the kidney, endothelial cells of 
the vascular system, neurons and neuroglia of the 
nervous system, and pancreatic β-cells are the 
types of cells which are directly linked to compli-
cations raised due to hyperglycemia. These cells 
are especially vulnerable to hyperglycemic con-
ditions. These are the kind of cells which are not 
able to downregulate the infl ux of high dose of 
glucose in cell and thus are more exposed to 
hyperglycemic conditions. This condition then 
induces the phenomenon known as oxidative 
stress, this being the basic cause of diabetic com-
plications. Studies also suggest that the increase 
in the level of free radicals during hyperglycemic 
conditions is the central reason for the complica-
tions. Thus, production of mitochondrial free 
radical and oxidative damage to molecular path-
ways, are main causes for onset, progression, and 
morbidity. This fact is also evident from the 
examination of the data from animal and cell 
culture models of diabetes, as well as clinical 

trials of antioxidants, which strongly implicate 
hyperglycemia- induced oxidative stress in diabetic 
complications such as neuropathy in diabetic 
patients [ 46 ]. 

3.1.1     Modifi cation of Proteins 
 The interaction between OS and proteins may 
lead to oxidation of protein molecules, and due to 
which there may be change in confi rmation and 
so modifi cation in their cellular function. The 
general mechanism of ROS towards protein 
 modifications has been discussed in earlier 
section. Besides this the following are few more 
specialized mechanisms of action responsible. 

3.1.1.1    Modifi cations of Enzymes 
 ROS while interacting with proteins/enzymes 
may perturb the electron transfer among them 
also, thus leading to the formation of abnormal 
products (e.g., uncoupled endothelial nitric oxide 
synthase, eNOS, etc.). This is a wide concept, 
which directs us to imagine the complexity of 
such regulatory redox mechanisms pointing to an 
infi nite number of damage pathways, since 
diverse redox reactions in human biological sys-
tems exist [ 14 ]. It has been reported that highly 
reactive peroxynitrite, when attacking proteins 
and lipids, inhibits their function. These can also 
attack iron-sulfur centers of enzymes and other 
proteins, to release iron atoms and consequently 
inhibit enzyme/protein activities. Few very 
important proteins are exquisitely sensitive to 
this type of inhibition including, complexes I–III 
of the electron transfer chain, aconitase of the tri-
chloroacetic acid cycle, and biotin synthase [ 47 ].  

3.1.1.2    Nonenzymatic Glycation 
 Metal-catalyzed glucose autoxidation is sug-
gested to be one more mechanism for glucose 
toxicity [ 48 ]. It is a nonenzymatic protein glyca-
tion which takes place due to high glucose con-
centration in blood and cells. It is reported to be 
dependent on ROS (superoxide and hydroxyl) 
formation through transition.  

3.1.1.3    Modifi cation of Transcription Factors 
 ROS can attack transcription factors also, and 
then it can change their normal genetic mechanism 
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in any type of cell. Oxidative modifi cation of 
transcription factors not only leads to decreased 
expression of many proteins such as apoptosis 
inhibitory factor, complex I, and Bcl-2 but also 
results in increased expression of stress proteins 
that may be proapoptotic, including cyclooxy-
genase 2, poly-ADP ribose polymerase, and Jun 
kinase (JNK). This ultimately leads towards 
apoptotic cell death [ 49 ].   

3.1.2     Modifi cation of DNA 
 Understanding the DNA modifi cations is the 
most signifi cant consequence of oxidative stress 
in dividing cells and may lead to genomic insta-
bility and mutations. The number of DNA strand 
breaks has been observed to be signifi cantly 
higher in cells of diabetic patients than in cells of 
the control (Comet Assay and SCGE assay) [ 1 ]. 
Along with this, the comet tail length was found 
to be signifi cantly increased in diabetic patients. 
Serum 8-OHdG (a modifi ed nucleic acid due to 
oxidation) was found to be signifi cantly increased 
in diabetic patients. 

 The cells which do not divide after a certain 
stage/age like neurons, may suffer less from 
oxidative damage of DNA, but it is also true that 
the mitochondria remain at a low antioxidant 
state and mitochondrial DNA is particularly sen-
sitive to oxidative damage which further would 
impair energy regulation and would defi nitely 
affect the functionality of the nerve cells [ 47 ]. 

 In a similar manner, increased oxidative stress 
plays an important role in the progression of dia-
betic nephropathy. In general, as nephrons are 
dividing    cells, oxidative stress can affect nucleic 
acids and generate various modifi ed bases in 
DNA. 8-OHdG is one of the most abundant oxi-
dative products of DNA and appears to play a 
crucial role in mutagenesis. Once it is modifi ed, 
cells do excrete it out to avoid the mutations, and 
it is released into the blood and urine after being 
excised from DNA by the repair enzyme; thus, 
urinary 8-OHdG can be used as biomarker for 
diabetic nephropathy. Various studies have 
revealed that cells like mononuclear cells, urine, 
pancreatic islet, and mitochondrial DNA of dia-
betic patients have higher levels of 8-OHdG. 
   Kakimoto et al. [ 50 ] showed that the levels of 

8-OHdG are increased in kidney tissues of 
streptozotocin- induced diabetic rats [ 50 ]. A similar 
increase in 8-OHdG in the urine and mononu-
clear cells is observed with the patients with 
either retinopathy or nephropathy.  

3.1.3     Modifi cation of Lipids 
 In general, in patients with type 2 diabetes, there 
is a signifi cant inverse correlation between the 
fasting plasma free fatty acids (FFA)  concentration 
and ratio of reduced/oxidized glutathione (the major 
endogenous antioxidant). It is evidenced by the 
studies where infusion of FFAs (as Intralipid) to 
healthy subjects causes increased oxidative stress, 
as judged by increased malondialdehyde levels 
and a decline in the plasma reduced/oxidized 
glutathione ratio [ 51 ]. Elevated    FFA levels have 
numerous adverse effects on mitochondrial func-
tion evidenced by various in vitro experiments, 
and it includes the uncoupling of oxidative 
phosphorylation [ 52 ], which generates ROS, 
including superoxide [ 53 ]. It is suggested that 
generation of SOD exacerbated the situation 
because FFAs not only are capable of inducing 
oxidative stress but also impair endogenous 
antioxidant defenses by reducing intracellular 
glutathione [ 54 ,  55 ]. 

 It has been reported that elevated FFA level 
has a link with the development of microvascular 
complications. It has been positively correlated 
with both insulin resistance [ 56 ,  57 ] and the 
deterioration of β-cell function in the context of 
concomitant hyperglycemia; however, their exact 
role in microvascular complications remains to 
be established [ 58 ,  59 ].  

3.1.4     Decrease in Antioxidant 
Content 

 It is a vicious cycle in which decrease in antioxi-
dant leads to oxidative stress and increase in oxi-
dative stress can lead to decrease in antioxidant 
level in the cells. Various molecular events such 
as increase in FFA level lead to decrease in GSH 
content of the cells. GSH is maintained at a 
concentration of 0.2–10 mM in all mammalian 
cells [ 60 ]. GSH can be synthesized by many cells 
de novo or by γ-glutamylcysteine synthetase. 
Neurons do not contain the γ-glutamylcysteine 
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synthetase enzyme and so require the dipeptide 
to be secreted from glial cells [ 61 ,  62 ], and 
depletion of GSH in the cell renders it susceptible 
to oxidative injury [ 63 ]. 

 Direct in vitro experiments using agent 
3-hydroxy-4-pentenoate to deplete mitochondrial 
GSH were shown to increase cell death induced 
by pro-oxidants such as  tert -butyl hydroperoxide 
[ 64 ]. Similarly   , by increasing the GSH by artifi -
cial loading particularly in the mitochondria, neu-
ronal apoptosis was seen to be prevented which 
was induced by ischemia [ 65 ] and excitotoxicity 
[ 66 ]. Besides this, overexpression of glutathione- 
S   -transferase in neuroblastoma cells has shown to 
increase their resistance to oxidative stress [ 67 ].   

3.2     Pathways Involved: General 

 As mentioned earlier, the major diabetic compli-
cations are: neuropathy, nephropathy, retinopathy, 
and vascular disorders. All these complications 
are the result of the progression of diabetes if 
there is no control taken over hyperglycemia by the 
patient [ 4 ]. There are several molecular pathways 
involved which are common to most of the dia-
betic complications. These pathways are polyol 
pathway, hexamine, NF-kB, JNK/SAPK and p38 
MAPK pathway, and Protein kinase C (PKC) etc. 
which act while glucose and FFA levels are high 
and lead to both insulin resistance and impaired 
insulin secretion [ 13 ]. So, ultimately when there 
is an increase in glucose level, it activates several 
major, well-characterized biochemical pathways 
that play a signifi cant role in the etiology of dia-
betic complications. Data now indicate that acti-
vation of these pathways is linked not only to the 
development of the late complications of diabetes 
but also to insulin resistance and β-cell dysfunc-
tion, like a vicious cycle [ 31 ]. 

3.2.1     Polyol Pathways 
 When there is an increase in glucose level in the 
cells, polyol pathway gets activated. Usually, this 
enzyme reduces cellular toxic aldehyde into 
inactive alcohols. However, in the presence of 
high concentrations of intracellular glucose, 
aldose reductase (AR) reduces glucose to 

sorbitol, which is further converted to fructose 
through oxidation. The cell membrane is imper-
meable to sorbitol, and the increase in osmolality 
is compensated by moving the cell’s osmolytes 
such as myoinositol, adenosine, etc. out [ 68 ]. 
The absence of myoinositol in the cytoplasm 
reduces formation of ATP due to exhaustion 
of phosphatidylinositol, and so the Na+/K+ 
-ATPase activity is also reduced. The conversion 
of glucose to sorbitol depletes NADPH which 
besides serving as a cofactor of this pathway is 
also essential to regenerate glutathione (GSH), 
an important cellular antioxidant [ 69 ]. 

 Polyol pathway is also found to be the main 
source for RONS induced by hyperglycemia in 
the retina [ 70 ]. The involvement of AR in post- 
diabetic complication has been proved experi-
mentally when morphological abnormalities of 
peripheral nerves of diabetic mice with and with-
out AR defi ciency were verifi ed. OS was found to 
be less in the fi rst group, suggesting the involve-
ment of this pathway in the pathogenesis of acute 
diabetic neuropathy [ 71 ].  

3.2.2    Hexosamine Pathway 
 The excessive fl ux of glucose or FFAs into a 
variety of cell types results in the activation of the 
hexosamine biosynthetic pathway. Recent data 
have implicated a hyperglycemia-induced increase 
in ROS formation in the activation of the hexos-
amine pathway [ 72 ]. 

 Fructose generated through polyol pathways 
may get converted to fructose 6-phosphate. 
Fructose 6-phosphate, which is also the interme-
diate product of glycolysis, shifts to enter into the 
hexosamine pathway and gets converted to 
glucosamine- 6-phosphate by the enzyme 
glutamine-fructose-6-phosphate aminotransferase 
   (GFAT) [ 73 ]. This in turn leads to the formation 
of uridine diphosphate-N-acetylglucosamine, 
which attaches to serine and threonine residues 
of transcription factors, and is responsible for the 
increased level of expression on transcription 
factor Sp1. Activated Sp1 results in overexpres-
sion of transforming growth factors (TGF-α and 
TGF-β) and plasminogen activator inhibitor-1 
(PAI-1) which increases the complications in 
diabetes [ 74 ].  
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3.2.3    NF-ƙB Pathway 
 NF-ƙB plays a critical role in mediating immune 
and infl ammatory responses and apoptosis. 
NF-ƙB regulates the expression of a large num-
ber of genes, including several of those linked to 
diabetes, e.g., vascular endothelial growth factor 
(VEGF) and receptor for advanced glycation end 
products (RAGE) [ 75 ]. Many of the gene prod-
ucts regulated by NF-ƙB (e.g., VEGF, RAGE, 
etc.) in turn activate NF-ƙB, leading to a vicious 
circle. The aberrant regulation of NF-ƙB is asso-
ciated with a number of chronic diseases, includ-
ing diabetes and atherosclerosis. 

 NF-ƙB pathway is the most extensively studied 
intracellular pathway as the target of hypergly-
cemia, ROS, and oxidative stress [ 76 ]. NF-ƙB 
induction may be mediated with increase in FFA 
in the patient’s blood. Numerous in vitro studies 
have reported the FFA-mediated activation of 
NF-κB, a likely consequence of the ability of 
FFAs to increase ROS formation and reduce 
glutathione [ 55 ]. FFA-mediated reduction of 
glutathione level might also be linked to FFA-
mediated activation of PKC-θ [ 77 ], which has the 
unique ability among PKC isoforms to activate 
NF-ƙB [ 78 ]. FFA-induced activation of NF-κB 
can be prevented by vitamin E, suggesting that 
the alteration in cellular redox status is a contrib-
utory component of the proinfl ammatory effects 
of FFAs. 

 The activation of NF-ƙB involves the 
phosphorylation- induced, proteosome-mediated 
degradation of the inhibitory subunit, inhibitory 
protein κB (IκB). IκB is phosphorylated by an 
upstream serine kinase, IκB kinase β (IKK-β), 
which is phosphorylated and activated by addi-
tional upstream serine kinases [ 76 ]. 

 In a healthy situation, there is a balance 
between the two transcription factors NF-κB and 
Nrf2, where Nrf2 is involved in the regulation of 
antioxidant defense systems [ 79 ]. During patho-
logical conditions, the control slips in the form of 
over-activation of NF-κB and simultaneous sup-
pression of Nrf2. Although Nrf2 is briefl y acti-
vated by oxidative stress, extracellular related 
kinase (ERK) activation restrains permanent 
Nrf2 activation [ 80 ]. Waning in Nrf2 activity and 
an insistent increase in NF-κB activity can lead to 
enhanced nitrosative and oxidative stress [ 81 ].  

3.2.4    JNK/SAPK and p38 MAPK 
Pathway 
 JNK/SAPK and p38 MAPK, the members of the 
complex superfamily of MAP serine/threonine 
protein kinases, are known as stress-activated 
kinases and are responsive to a variety of 
 exogenous and endogenous stress-inducing 
stimuli, including hyperglycemia, ROS, oxidative 
stress, osmotic stress, proinfl ammatory cyto-
kines, heat shock, and ultraviolet irradiation [ 82 ]. 
It has been shown that H 2 O 2  generation, JNK/
SAPK activity, and subsequent apoptosis induced 
by hyperglycemia could be suppressed by 
vitamin C. JNK/SAPK are reported to induce 
apoptosis in hyperglycemia- induced oxidative 
stress conditions in human endothelial cell [ 83 ]. 

 Although the role of p38 MAPK pathway is 
not known, it is also shown to get activated in 
response to hyperglycemia via oxidative stress in 
vascular smooth muscle cells, rat aortic smooth 
muscle cells   , glomeruli of rats (streptozotocin- 
induced diabetes), and nerve tissue of patients 
(type 1 and type 2 diabetes) [ 84 ].  

3.2.5    PKC Pathway 
 The role of PKC has been described earlier to be 
linked with various other pathways. PKC is a 
family of 11 isoforms, out of which 9 are linked 
with the production of oxidative stress [ 85 ]. 
Hyperglycemia stimulates the formation of di- 
acyl glycerol (DAG) which activates these nine 
isoforms [ 86 ]. These isoforms lead to stimulation 
of the expression of signaling pathways involving 
PAI-1, NF-κB, and TGF-β [ 87 ] which have 
shown to be involved in complications as above. 
They then lead to overproduction of cytokines 
and induce infl ammatory response. Also, it leads 
to inhibition of Na+/K+ ATPase. PKC also actu-
ates stress genes, phosphorylating transcription 
factors; affects the balance of gene expression; 
and induces oxidative stress [ 88 ].  

3.2.6    Infl ammation 
 All the above pathways ultimately are linked to 
apoptosis and infl ammation. Two main infl am-
matory agents are C-reactive protein and TNF-α 
(tumor necrosis factor-α). As mentioned above, 
NF-κB is one of the transcription factors which 
upregulates many genes involved in inducing 
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infl ammation such as TNF-α. It also upregulates 
other factors such as TGF-α and TGF-β and is 
produced during hyperglycemia [ 86 ]. There is a 
two-way relation between ROS and infl ammation 
where ROS leads to infl ammation which further 
adds up to increase in ROS. 

 There are certain enzymes which get upregu-
lated, when the factors like NF-kB are activated. 
Cyclooxygenase-2 is an enzyme which is upreg-
ulated by NF-κB generating prostaglandin E2 
and further ROS [ 89 ]. An additional infl ammatory 
enzyme, which is also catalyzed by NF-κB, is 
iNOS (inducible nitric oxide synthetase) [ 74 ]. 
NF-κB is the central point of activation and is the 
center of infl ammatory response in hyperglyce-
mic conditions. Along with it, NF-κB induces the 
production of cytokines in endothelial cells, 
Schwann cells, and neurons.    

4     Few Specifi c Mechanisms 
for Specifi c Complications 

 The overall mechanism of action remains the 
same in all the cases of post-diabetic complica-
tions, but due to a specialized environment for/in 
a particular cell, the end result may vary from one 
to another. A sustained increase in ROS and RNS 
and a decrease in endogenous antioxidant 
defenses contribute to the establishment and 
maintenance of OS, leading to endothelial dys-
function (ED), insulin resistance (IR), alterations 
of pancreatic β-cells, and damage to all other sus-
ceptible cells. There is a cyclic relationship 
between DM and OS, therefore triggering delete-
rious cellular processes. The following are 
descriptions of few more specifi c mechanisms of 
action in a particular complication. 

4.1     Effect on β-Cell 

4.1.1    β-Cell Dysfunction 
 Many studies have suggested that, β-cell dys-
function is the result of prolonged exposure to 
high glucose, elevated FFA levels, or a combina-
tion of the two [ 45 ]. There is considerable 
evidence that chronic hyperglycemia in patients 

with type 2 diabetes contributes to impaired 
β-cell function (insulin production and/or release) 
and cell death [ 90 ].  

4.1.2    Defect in Insulin Secretion 
 The effect of high glucose level has been 
described earlier to generate ROS which affects 
the number of β-cells and so the amount of insu-
lin in blood. In    addition to this high cell glucose 
inhibits insulin secretion in β-cells even if their 
number remains the same. It is shown by many 
scientists that in patients with type 2 diabetes, 
controlling sugar level with diet, insulin, or sulfo-
nylureas results in improved insulin release [ 91 ]. 
The reverse is also reported where, in healthy 
individuals, high glucose infused as a clamp 
reduces insulin release. There are many in vitro 
experiments which indicate that long-term cul-
ture of pancreatic cells (e.g., HIT-T15) with ele-
vated glucose decreases insulin release, insulin 
mRNA, and binding of insulin mRNA transcrip-
tion factors [ 92 ,  93 ]. 

 Not only at cellular or enzymatic level, glu-
cose concentration has an effect at gene expres-
sion level also via ROS. Oxidative radicals and 
other species generated due to high glucose level 
are shown to affect indirectly on preventing glu-
cotoxic effects on insulin gene activity [ 94 ]. 
When the cells are treated with the antioxidants 
like NAC and aminoguanidine, it is shown to 
markedly affect the glucose toxicity. Along with 
this, these antioxidants have been shown to par-
tially prevent glucose-induced decreases in insu-
lin mRNA, DNA-binding of pancreatic duodenal 
homeobox-1, insulin content, and glucose- 
stimulated insulin secretion [ 94 ].   

4.2     Neuropathy 

 Around 10 % of the cases of neuropathy are 
associated with abnormal sensations and pain. 
The incidence of neuropathy increases with dura-
tion of diabetes and is accelerated by poor control 
of glucose level. Neurons not only are lost in 
diabetes, but their ability to regenerate is also 
impaired, particularly for the small-caliber nerve 
fi bers [ 4 ]. 
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 The damage of lipids and proteins is more 
important in case of neurons as they are nondi-
viding cells, and so their DNA is less susceptible 
to damage, and proteins as well as lipids are 
majorly responsible for their structural and func-
tional aspects. Modifi ed proteins are unable to 
perform their axonal transport and signaling and 
can be correlated with the alterations in brain 
function [ 95 ]. Loss of function in neurons rapidly 
promotes necrotic or apoptotic mechanisms [ 96 , 
 97 ]. Neuropathy is suggested to be very dynamic 
as the process of degeneration and regeneration 
of the nerves both takes place simultaneously. 
With time, the balance between the two gets 
shifted towards the former, and nerves lose their 
function. Majorly, the Schwann cells are involved 
in the regeneration process, and they are reported 
to get affected in increased oxidative stress 
due to hyperglycemia. Loss of regeneration is also 
suggested to include lack of insulin, impairing 
the decrease in specifi c types of PKC activity and 
loosing the growth factor system [ 4 ].  

4.3     Nephropathy 

 As discussed earlier oxidative stress has a major 
role towards the pathogenesis of diabetic 
nephropathy. However, detailed molecular mech-
anism remains uncertain [ 1 ]. One of the mecha-
nisms suggested involved in nephropathy 
conditions is increase in advanced glycation end 
products (AGEs). It was postulated that the 
chemical pathways leading to advanced glyca-
tion end product formation and the renin- 
angiotensin systems may interact through the 
generation of free radicals. The renin-angiotensin 
system is known to block both upstream and 
downstream pathways leading to tissue injury 
in case of nephropathy [ 98 ]. AGE-dependent 
pathways may play a role in the development of 
tubulointerstitial fi brosis in the diabetic kidney. 
This effect is mediated through RAGE and is 
TGF-β and CTGF dependent [ 99 ]. AGEs and their 
receptors co-localize in the kidney. It is also 
shown that AGE binding sites are present in rat 
renal proximal tubules [ 100 ]. 

 AGEs have a cross talk with other pathways 
also, such as VCAM-1, TGF-β, and CTGF. These 
molecules might mediate the effects of AGEs and 
angiotensin II, predominantly on the glomerulus 
leading to mesangial expansion. Other molecules 
such as RANTES and MCP-1 mediate the effects 
of fi ltered protein predominantly on renal tubules. 
This ultimately leads to tubulointerstitial fi brosis 
and infl ammation. The enzyme protein kinase C 
is likely to be the mediator of altered intrarenal 
albumin processing which contributes to 
diabetes- related albuminuria, and its effects are 
exerted on both the glomerulus and the renal 
tubules. Both extracellular and intracellular 
proteins are shown to bind to AGEs. Extracellular 
proteins such as ezrin, radixin, and moesin 
(ERM) bind AGEs with their amino-terminal 
domain [ 101 ]. It is important to mention here that 
these ERM proteins function as a link between 
the cytoplasmic tail of membrane proteins and 
cytoplasmic actin fi laments and also regulate 
kinases (such as: rho kinase, focal adhesion 
kinase, and phosphatidylinositol 3-kinase). 
Another important function of ERM proteins is 
that they also modulate membrane ion transport 
proteins. In addition, preliminary evidence sug-
gests that endogenous ligands for RAGE such as 
the S100/calgranulin polypeptides promote 
infl ammatory reactions in the diabetic kidney 
through a separate and additional mechanism to 
that described for AGEs [ 102 ]. There are evi-
dences that the processes like increased carbonyl 
modifi cation of proteins might be involved in 
diabetic glomerular lesions.  

4.4     Retinopathy 

 As the number of diabetic patients is increasing, 
patients suffering from diabetic retinopathy are 
also increasing in number. According to a report 
published by the WHO, fi ve million people 
suffer from diabetic retinopathy, and retinopathy 
is responsible for 5 % of blind people in the 
world [ 103 ]. 

 The complications are rarely seen in early stages 
of diabetes, but after 20–25 years of diabetes, 
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patients suffer different degrees of retinopathy. 
There are reports indicating that ROS formation 
in retinal mitochondria is a direct consequence of 
hyperglycemia. More recent studies have sug-
gested that increased FFA levels may also result 
in ROS formation [ 31 ]. 

 The mitochondria, being the main site for the 
generation of ROS, can damage their own DNA, 
as it remains in the free fl oating their “naked” con-
dition. Hence, it is the fi rst victim of increased 
level of ROS in the mitochondria. Mitochondrial 
DNA is responsible for encoding 13 subunits of 
ETC, and so damage to the DNA can compro-
mise the functioning of ETC [ 104 ]. 

 Although the cells of the retina try to reverse 
the damage by initiating gene expressions for the 
formation of repair enzymes, but generally, the 
enzymes fall short as compared to the multitude 
oxidant species [ 105 ]. 

 The increase in reactive oxygen species and 
reactive nitrogen species (ROS/RNS) production 
in the intramitochondrial environment is deleteri-
ous to cellular functioning also as molecules like 
hydrogen peroxide (H 2 O 2 ) and peroxynitrite 
(ONOO − ) may cross mitochondrial membranes 
and damage macromolecules in other cellular 
regions as well (Fig.  1 ) [ 14 ]. 

 Additionally, as eyes are the most vascular-
ized tissue in the body and full of capillaries. The 
capillaries are made up of endothelial cells which 
maintain the blood-retinal barrier. These cells are 
destroyed by repeated attacks of high blood glu-
cose that results in gradual loss of sight [ 106 ].  

4.5     Diabetes and Macrovascular 
Dysfunction 

 Two- to threefold increase in the incidences of 
macrovascular complications is found to be asso-
ciated with diabetes, and most patients with dia-
betes develop evidence of microvascular diseases 
also. Despite current methods of treatment, if the 
duration of follow-up exceeds 10 years [ 99 ], the 
number of incidences also increases. The role of ROS 
is reported to be a major cause in this complication. 
Nishikawa et al. [ 107 ] showed that blockade of 
hyperglycemia-induced ROS production reverses 

the pathways implicated in diabetic angiopathy in 
cultured endothelial cells [ 107 ]. 

 As depicted in the earlier section, functioning 
of endothelial cells is affected in high glucose 
concentration. The endothelial cell lining the 
arterial vasculature actively balances between 
thrombosis and fi brinolysis by modulating the 
relationship between the cellular elements of the 
blood and the vascular wall. This balance is 
linked to NO production by eNOS [ 108 ]. Any 
imbalance between the two results in peripheral 
arterial disease (PAD), a major risk factor for 
lower-extremity amputation, and is also accom-
panied by a high possibility for symptomatic car-
diovascular and cerebrovascular disease. 
Hyperglycemia is reported to disturb the activity 
of eNOS. Diabetes and smoking are the strongest 
risk factors for PAD. An elevated C-reactive pro-
tein (CRP) level has been considered to be a bio-
marker of PAD. CRP binds to endothelial cell 
receptors and promotes apoptosis as well as co- 
localizes with oxidized LDL in atherosclerotic 
plaques [ 108 ]. It also catalyzes the production of 
procoagulant tissue factor, leukocyte adhesion 
molecules, and chemotactic substances and 
inhibits endothelial cell nitric oxide (NO) syn-
thase (eNOS), resulting in abnormalities in the 
regulation of vascular tone. CRP is also reported 
to impair fi brinolysis as it increases the local pro-
duction of compounds, such as plasminogen acti-
vator inhibitor (PAI)-1. 

 In addition to hyperglycemia, insulin resis-
tance also plays a role in the loss of normal NO 
homeostasis [ 109 ] via excess liberation of FFAs 
which activate protein kinase C (PKC), inhibit 
phosphatidylinositol (PI)-3 kinase (an eNOS 
agonist pathway), and also produce reactive 
oxygen species. 

 High glucose concentration also disturbs vas-
cular smooth muscle cell (VSMC) function via 
stimulating pro-atherogenic activity through 
mechanisms similar to that in endothelial cells 
and in addition linking RAGE and NF-κB. These 
events accelerate atherosclerosis and are also 
associated with plaque destabilization and pre-
cipitation of clinical events. 

 Improper functioning of platelets in diabetic 
patients are also reported to be involved as there 
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is an increased expression of glycoprotein Ib and 
IIb/IIIa receptors by platelets, which are impor-
tant in thrombosis via their role in adhesion and 
aggregation.   

5     Concluding Remarks 

 The increase in glucose concentration, insulin 
resistance, release of large number of FFA, and 
ultimately increased production of ROS and RNS 
can be explained to be responsible for the onset 
and post-diabetic complications. The treatment of 
diabetes is contained by strict glycemic control 
and balanced lifestyle, but is not shown to be suf-
fi cient to treat it. Insulin therapy can only work in 
case of insulin-dependent diabetes, and it can also 
lead to insulin resistance later in life if the blood 
sugar level is not controlled by diet maintenance 
and regular exercise. Although many drugs target-
ing metabolic sites in the pathways have been 
identifi ed and researched upon, crucial advances 
are still required to look for better and newer sites 
aiming for reversal of diabetes. Many antioxi-
dants have also been reported to have positive 
effects, but drugs continue to be the main factor in 
curbing the disorder. The future aspects can be 
seen in the advent of therapeutic targets at the 
mitochondrial metabolic control level, and infl am-
matory pathways are most likely to diminish the 
incidence of diabetic complications. Other than 
this, there are various herbs ( Salacia ,  Syzygium , 
and  Momordica , etc.) which are reported to be antidia-
betic. They are reported to contain strong antioxi-
dants and may help to fi ght the complications. 
They also are reported to have specifi c mecha-
nisms which may help to secrete more amount of 
insulin and may also decrease insulin resistance.     
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    Abstract  

  Globally, the major cause of long- term disability and death is an 
“epidemiologic transition” from infectious diseases and malnutrition 
complications to non-communicable chronic diseases like cardiovascular 
disease (CVD), cancer and diabetes. CVD accounts for major global mor-
tality. Imbalance due to the generation of reactive oxygen species (ROS) 
levels above normal baseline levels and decreased antioxidant defence 
reserve makes the cardiovascular system (cardiac and vascular cells) sus-
ceptible to oxidative stress and damage. Growing evidences support the 
notion that oxidative stress plays a crucial role in the development and 
progression of CVD by altering normal functions such as inactivation of 
nitric oxide (NO) leading to endothelial dysfunction, intracellular Ca 2+  
overload and others. Oxidative stress also mediates infl ammation through 
various signalling cascades such as the activation of infl ammatory tran-
scription factors (TFs) namely NF-κB, AP-1 and Nrf-1. A vicious cycle of 
oxidative stress-mediated infl ammation and infl ammation- induced oxidative 
stress makes the CVD-related complications worse. Therefore, it is also 
very important to clearly understand the role of enzymatic sources of ROS, 
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mechanisms underlying pathological conditions and link between 
oxidative stress and infl ammation during each stage of CVD. The present 
chapter will elucidate the role of oxidative stress and infl ammation in 
CVD development and progression. It is important to fi nd the remedial 
measures, to develop the effi cient biomarkers and to design the therapeutic 
strategies for CVD in the near future.  

  Keywords  

  Cardiovascular diseases   •   Reactive oxygen and nitrogen species (ROS/RNS)   
•   Infl ammation   •   Oxidative stress  

1         Introduction 

 Cardiovascular diseases (CVDs) are disorders 
involving the heart and the blood vessels or both. 
CVD includes acute coronary syndrome, angina, 
arrhythmia, cardiomyopathy, congenital heart 
disease, coronary heart disease, heart failure, 
inflammatory heart disease, ischemic heart 
disease, rheumatic heart disease and valvular 
disease, brain-related cardiovascular diseases 
(such as cerebrovascular disease), haemorrhagic 
stroke/ischemic stroke and peripheral circulatory 
system- related cardiovascular diseases [deep 
vein thrombosis, hypertensive heart disease, 
peripheral artery disease (PAD) and pulmonary 
embolism] [ 1 ]. More than 80 % of the deaths 
from CVD occur in low- and middle-income 
countries, and the economic burden due to CVD 
remains high in developing countries [ 2 ]. Many 
modifi able (environment, diet and exercise) and 
non-modifi able (genetic, gender, age, early 
menopause and ethnic group) causal risk factors 
are involved in CVD [ 3 ]. Current preventive and 
treatment strategies are inadequate to prevent and 
cure CVD. This raises an urgent need for effec-
tive therapeutic strategies which in turn require 
extensive fundamental understanding of key 
processes involved in the development of CVD. 

 The human heart is an obligate aerobic organ 
with very high metabolic energy demand and 
relatively lower levels of antioxidant defence as 
compared to other organs. The metabolic energy 
generation involves the use of oxygen thereby 
resulting in signifi cant production of reactive 

oxygen species (ROS) which in turn is implicated 
in processes affecting cardiac function. 
Atherosclerosis and hypertension are the most 
common causes of CVD. Atherosclerosis is the 
thickening of the arterial wall due to Ca 2+  and 
cholesterol, which reduces the elasticity of arte-
rial wall, reduces the blood fl ow and thus 
increases blood pressure. It is due to chronic 
infl ammatory response elicited by the accumula-
tion and rupture of white blood cells (T cells and 
macrophages) in response to cholesterol-carrying 
oxidised low-density lipoprotein (oxLDL) 
molecules, which prompts endothelial cells to 
produce adhesive substances that snag monocyte/
macrophage precursor cells from the blood [ 4 ]. 

 The conventional view of CVD as altered lipid 
storage is now changing, as the role of key mech-
anistic pathways of oxidative stress and infl am-
mation in the initiation, development and 
progression of CVD is becoming clearer. Studies 
advocate the involvement of oxidative stress and 
infl ammation in endothelial dysfunction and 
atherosclerosis. Blood vessels consist of three main 
layers—the outer layer is the connective tissue 
and provides structure to the layers beneath, the 
middle layer is the smooth muscle and controls 
the blood fl ow, and the inner lining is the thin 
layer of endothelial cells. The underlying cause 
of all vascular diseases is the dysfunction of 
endothelial cells that occur much before the 
appearance of clinical symptoms. Endothelial cells 
prevent entry of harmful blood-borne substances 
into the smooth muscle of the blood vessel. 
The oxidative damage to the inner layer can result 
into the modulation of endothelial permeability, 

M. Dhiman et al.



261

thus allowing the movement of lipids and toxins 
across the endothelial layer and smooth muscle 
cells into the sub-endothelial space [ 5 ]. The normal 
endothelium resists adhesion by white blood cells. 
However, exposure to risk factors may result in 
the expression of vascular cell adhesion molecule 
(VCAM-1) on the surface of endothelial cells. 
These adhesion molecules mediate adhesion of 
monocytes to endothelial cells [ 6 ]. These mono-
cytes then mature into macrophages which then 
form the cholesterol-laden foam cells in arterial 
wall forming “atheroma” plaques. Exploration of 
the role of infl ammation and oxidative stress in 
CVD will not only increase our understanding of 
diseases but also have applications in risk stratifi -
cation and the development of targeted therapeutics 
to control these diseases [ 7 ] (Fig.  1 ).

2        Pathophysiological Agents 
Associated with CVD 

2.1     Role of ROS in CVD 

 ROS are highly reactive free radicals derived 
from molecular oxygen (O 2 ) that can readily oxidise 
other molecules. ROS have vital role in normal 

physiological cellular signalling pathways in 
various cells of the cardiovascular system (CVS) 
and other systems. However, pathological levels 
of ROS can alter structure and vital functions of 
cellular proteins, lipids and nucleic acids. The 
site and extent of ROS production have important 
consequences and thus determine the ultimate 
cell/tissue fate (Fig.  2 ). ROS can be formed in the 
heart, vascular tissue, splenocytes and blood leu-
kocytes through the action of specifi c oxidases 
and oxygenases (xanthine oxidase, NADPH 
oxidase and NOX) and peroxidases (myeloper-
oxidase); through the Fenton reaction; and as 
by-products of the electron transport chain (ETC) 
of the mitochondria [ 8 ]. Further, cyclooxygenase, 
lipoxygenase and cytochrome P-450 enzymes 
produce ROS during arachidonic acid metabo-
lism [ 9 ]. Nitric oxide (NO) is produced by the 
enzymatic activity of nitric oxide synthases 
(NOSs), which oxidises L-arginine, transferring 
electrons from NADPH [ 10 ]. The endothelium 
has been identifi ed as a major source of ROS in 
the human blood vessels, and endothelial func-
tion is closely linked to the homoeostasis of ROS 
formation within the vascular wall [ 11 ]. The 
human system has enzymatic and nonenzymatic 
systems to get rid of increased ROS. Imbalance 

Endothelial Cells (blood vessel lining)

Atherosclerotic Lesions

Oxidative stress 

Endothelial Cell Dysfunction

Increased Movement of Lipids and Toxins VCAM and Other Adhesion Molecules

Inflammation 

Monocytes/WBCs Layer on Endothelial Cell Layer

Foam Cells Formation 

ROS

  Fig. 1    Effect of oxidative stress on endothelial cell functions. 
Oxidative stress makes the endothelial cells dysfunctional 
by altering their permeability, thus allowing the entry 
and movement of lipids and toxins across the endothelial 
layer and smooth muscle cells into sub-endothelial space. 

It also stimulates the expression of vascular cell adhesion 
molecule (VCAM) and other adhesion molecules, which 
leads to the recruitment of monocyte/WBC layer on endo-
thelial layer that leads to infl ammation-induced foam cells 
and atherosclerotic lesion formation       
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between ROS production and antioxidant defence 
of the cell can result in oxidative stress which in 
turn may cause tissue injury and diseased condi-
tion [ 12 ], which is summarised in Table  1 .

2.2         Role of Mitochondrial 
Electron Transport Chain 
in CVD 

 The mitochondrial electron transport chain is the 
major endogenous source of ROS. In the mito-
chondria, the partial reduction of O 2  occurs as a 
result of leakage of electrons from the ETC, con-
tributing one, two or three electrons to form O 2  · , 
H 2 O 2  or HO·, respectively. As much as 2–4 % of 
the reducing equivalents escape the respiratory 
chain, leading to O 2  ·−  formation. O 2  ·−  is dis-
mutated by manganese superoxide dismutase 
(MnSOD) to H 2 O 2  that may then be converted to 
highly reactive and deleterious HO· radicals. 
Generally, the leakage of electrons at CI fl avo-
protein generates O 2  ·−  in mitochondrial matrix 
while CIII ubisemiquinones (UQ−) generated 

at Q1 (UQ − 1) and Q o  (UQ − 0) sites release 
O 2  ·−  in the matrix and intermembrane space of the 
mitochondria, respectively. Superoxide anions 
can give rise to other reactive species such as per-
oxynitrite (ONOO − ), H 2 O 2 , OH −  radicals and 
hypochlorous acid (HOCl). Increased O 2  ·−  levels 
are the result of electron loss from ETC or dimin-
ished activity of mitochondrial ROS scavengers 
such as MnSOD [ 8 ]. Monoamine oxidase (MAO) 
present in outer mitochondrial membrane 
contributes to oxidative stress via generation of 
NO or H 2 O 2 , thus contributing to oxidative 
stress [ 34 ]. Altered mitochondrial DNA as result 
of oxidative stress affects vital mitochondrial 
functions, leading to the production of more 
ROS [ 35 ]. 

 The heart is highly dependent on the mito-
chondria for the energy required for its contractile 
and other metabolic activities. The mitochondria 
represent 30 % of the total volume of cardiomyo-
cytes and provide >90 % of the cellular ATP 
energy through oxidative phosphorylation [ 36 ]. It 
is now documented that myopathic heart sustains 
mitochondrial dysfunction at gene, protein and 
biochemical levels. Global microarray profi ling 
of gene expression has identifi ed alterations in 
several of the mitochondrial function- related 
transcripts in the myocardial biopsies of humans 
[ 37 ] and experimental animals [ 38 ]. Further stud-
ies documented a decline in the activities of 
respiratory complexes and NADH-ubiquinone 
reductase (CI), ubiquinol- cytochrome c reduc-
tase (CIII) and ATP synthase (CV) complexes in 
diseased hearts [ 39 ]. 

 A study showed that MnSOD-defi cient mice 
developed progressive congestive heart failure 
with specifi c molecular defects in mitochondrial 
respiration. Studies have revealed the role of per-
oxiredoxin- 3, a mitochondrial H 2 O 2  scavenger, in 
the prevention of heart failure after experimental 
myocardial infarction (MI) in mice [ 40 ]. 
Numerous studies have shown that physiological 
stimuli such as vasoactive agents angiotensin II 
[ 41 ], epidermal growth factor (EGF), transform-
ing growth factor-β (TGF-β) and tumour necrosis 
factor-α (TNF-α) that are involved in pathogene-
sis of vascular diseases can lead to the production 
of mitochondrial ROS. Studies have also shown 

-

-

-

- -

a

b

  Fig. 2    ( a ) Pathophysiological ROS levels result as a 
consequence of imbalance between pro-oxidants and 
antioxidants; and ( b ) where as physiological ROS levels 
cause/result in balance between pro-oxidants and 
antioxidants       
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that mitochondrial ROS in hypoxia induces 
signalling which in turn is closely associated 
with infl ammation. Mitochondrial H 2 O 2  is linked 
with fl ow-mediated dilatation in human coronary 
resistance arteries [ 42 ]. 

 In our recent study, in which we utilised 
genetically modifi ed mice, we found that cha-
gasic MnSOD transgenic mice equipped with a 

variable capacity to scavenge mitochondrial and 
cellular ROS had low infl ammatory infi ltrate and 
showed signifi cant myocardial remodelling 
when compared to the chronic chagasic wild-
type mice [ 43 ]. Collectively, it is indicative that 
the mitochondria are an important source of 
ROS that has implications for the cardiovascular 
system (CVS).  

   Table 1    Major sources of ROS and their respective functions in different cell types of CVS   

 Cell type  Major source of ROS  Functions  References 

 Cardiomyocytes   Mitochondrial enzymes  
 1. P66shc  Catalyses electron transfer from 

cytochrome c to oxygen 
 [ 13 – 16 ] 

 2. Nicotinamide adenine 
dinucleotide phosphate oxidases 
2 and 4 (NOX2 and 4) isoforms 

 Associates with subunit p22 phox  for 
its activation upon stimulation by 
G protein- coupled receptor (GPCR) 
agonists and TGF-β, generates 
superoxide and H 2 O 2  

 [ 17 – 21 ] 

 3. Monoamine oxidases (MAOs)  MAO metabolises serotonin, 
releases H 2 O 2  

 [ 22 ] 

 Endothelial cells  1. Nicotinamide adenine 
dinucleotide phosphate 
oxidase 4 (Nox4) 

 Constitutively active at low level, 
levels increase in response to pressure 
overload, generates H 2 O 2 , triggers further 
ROS generation 

 [ 19 ] 

 2. Endothelial nitric oxide 
synthase (eNOS) 

 Generates NO, which affects cell 
functions by post- translational 
modifi cation of effector proteins or by 
stimulating guanylate cyclase 

 [ 23 – 25 ] 

 3. Heme oxygenase I (HO-1)  Upregulation of HO-1 in the endothelium 
protects it against infl ammation 
via enzymatic degradation of the 
pro-oxidant and pro-infl ammatory 
molecule heme and via the generation 
of its anti-infl ammatory products 
bilirubin and CO 

 [ 26 ] 

 Vascular smooth muscle 
cells (VSMCs) and 
fi broblast cells 

 1. NADP(H) oxidase  Produce O 2  −. , leads to the production 
of peroxynitrite, involved in the growth 
response of VSMCs and fi broblasts, 
VSMC migration and cell apoptosis 

 [ 27 – 30 ] 

 2. Mitochondria  ANG II-stimulated mitochondrial 
reactive oxygen species production in rat 
cardiac fi broblasts is accompanied by a 
reduction in the expression of the 
mitochondrial antioxidant 
peroxiredoxin-3 (Prx-3) 

 [ 31 ] 

 Infi ltrating immune cells  1. Myeloperoxidase  Neutrophils and monocytes secrete 
myeloperoxidases and NOXs which 
initiates lipid peroxidation via tyrosyl 
radical and nitrogen dioxide 

 [ 32 ,  33 ] 

 2. NADP(H) oxidase  NOXs which initiate lipid peroxidation 
via tyrosyl radical and nitrogen dioxide 
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2.3     Role of Oxidases 
and Oxygenases in CVD 

 Numerous oxidases and oxygenases expressed in 
different cell types and locations within the cell 
contribute to the formation of ROS. By defi ni-
tion, oxidases reduce O 2 , whereas oxygenases 
(oxidoreductases) transfer O 2  to substrates. ROS 
produced by activated phagocytes such as macro-
phages and neutrophils from NADPH oxidase 
and/or by myeloperoxidase activity is termed as 
“oxidative burst” [ 44 ,  45 ]. This ROS production 
is critical to antimicrobial function, contributing 
either directly or indirectly to the killing of intra-
cellular organisms. NADPH oxidase, produced 
by many types of phagocytes, reduces O 2  to O 2  ·−  
[ 46 ]. Subsequently, O 2  ·−  and HOCl further can 
react to form HO· [ 47 ]. 

2.3.1     NADPH Oxidase (NOX) 
 The NADPH oxidase (nicotinamide adenine 
dinucleotide phosphate oxidase, NOX) is a 
membrane- bound enzymatic complex that 
remains present as a transmembrane complex 
and transfers electrons to oxygen across the bio-
membrane that converts into superoxide anion, 
referred as respiratory burst, that serves as the 
fi rst line of host defence against microbes [ 48 ]. 
The prototypic NOX (gp91phox), renamed as 
NOX2, was fi rst identifi ed in phagocytes (neutro-
phils, macrophages). Presently, seven mamma-
lian NOX homologues have been identifi ed, 
namely, NOX1–NOX5 and dual oxidases 1 and 2 
(DUOX1 and DUOX2). In the cardiovascular 
system, NOX1, NOX2, NOX4 and NOX5 have 
been identifi ed. NOX1 is expressed mainly in 
vascular smooth muscle cells (VSMCs). NOX2 
and NOX4 are expressed in endothelial cells, car-
diomyocytes, fi broblasts and VSMC [ 49 ]. NOX5 
has been reported in human endothelial cells and 
smooth muscle cells but is absent in rodents [ 50 ]. 
It has been found that some NOX family  members 
preferred NADPH or NADH, but some can’t dis-
criminate between NADPH and NADH. NOX2 
generally remains present in phagocytic cells such 
as neutrophils and macrophages [ 48 ] and helps 
vascular endothelial growth factor (VEGF) to 

induce angiogenesis mediating through NOX3 [ 51 ]. 
NOX4 protects the vasculature against infl ammatory 
stress [ 52 ]. NOX-derived ROS plays a physiolog-
ical role in the regulation of endothelial function 
and vascular tone and a pathophysiological 
role in endothelial dysfunction, infl ammation, 
hypertrophy, apoptosis, migration, fi brosis, 
angiogenesis, rarefaction, important processes 
underlying cardiovascular and renal remodelling 
in hypertension and diabetes [ 53 ,  54 ]. It has been 
reviewed that monocyte/macrophage extravasa-
tion through NOX into the vessel wall is a critical 
step in the development of atherosclerosis. Upon 
activation, NOX complex of monocytes produces 
a burst of superoxide anion. This superoxide 
anion develops oxidative stress at the infl amma-
tory sites. ROS thus generated activate an enzyme 
that makes the macrophages adhere to the arterial 
wall by polymerising actin fi bres [ 54 ]. 

 In a study by Liu and co-workers, antioxidant 
as a peptide inhibitor of NOX has been shown to 
reduce blood pressure and forestall macrophage 
accumulation in rats during angiotensin II infu-
sion [ 55 ]. Similarly, work on chagasic cardiomy-
opathy showed that NOX-dependent ROS is a 
critical regulator of the splenic response (phago-
cytes, T cells and cytokines) which effects the 
heart-infi ltrating phagocytes and CD8 +  T cells 
resulting in cardiac remodelling [ 56 ].  

2.3.2     Xanthine Oxidase 
 Both xanthine oxidase and xanthine dehydroge-
nase, derived from xanthine oxidoreductase 
(XOR), produce H 2 O 2  and O 2  ·−  while metabolis-
ing hypoxanthine and xanthine to uric acid [ 57 ]. 
ROS due to XOR has been implicated in endothe-
lial dysfunction, atherosclerosis, hypertension 
and heart failure. Further inhibitors of xanthine 
oxidase such as febuxostat, allopurinol and oxy-
purinol showed diminished ROS, improved con-
tractile function and myocardial effi ciency [ 58 ]. 
Understanding of the mechanism(s) of action of 
XOR in CVD development can lead to the devel-
opment of therapies targeting XOR. Enhanced 
xanthine oxidase has been shown to be associated 
with vascular dysfunction in animal models of 
hypercholesterolemia [ 59 ]. Overexpression of 
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renin and angiotensinogen has been linked with 
increased xanthine oxidase activity in endothelial 
malfunction in transgenic rats [ 60 ].  

2.3.3     Lipoxygenase 
 Lipoxygenase (LO) is an important enzyme 
involved in the conversion of arachidonic acid to 
leukotrienes which are pro-infl ammatory lipid 
mediators [ 61 ]. The role of leukotrienes (LTs) as 
mediators in asthma is well known [ 62 ]; conse-
quently, leukotriene inhibitors are used for treat-
ment of asthma. Now, researchers are trying to 
elucidate the role of 5-lipoxygenase and leukotri-
enes in other chronic infl ammatory diseases 
including atherosclerosis [ 63 ]. 5-LO is abundant 
in monocytes/macrophages, dendritic cells, mast 
cells and neutrophilic granulocytes of 5-LO +  
cells markedly increased in advanced lesions. 

 Lipoxygenase or cyclooxygenase metabolised 
products such as eicosanoids and LTs are associ-
ated with several pathogenesis in human beings 
such as cancer, CVD, asthma and others [ 62 ,  64 ]. 
LTs play important role in immunity as well as 
infl ammation [ 63 ]. Lipoxygenase induces/attracts 
various leukocytes including macrophages, cir-
culatory monocytes, mast cells and foam cells. 
But lipoxygenase remains non- functional until 
5-lipoxygenase-activating protein (FLAP) is not 
associated with it. Lipoxygenase products like 
leukotriene B4 (LTB4) is the most powerful 
infl ammatory product, while the products of 
12/15-LOs have both pro-infl ammatory and anti-
infl ammatory responses. This infl ammatory 
response promotes atherosclerosis, abdominal 
aortic aneurysm and myocardial infarction/reper-
fusion injury via increased leukocyte chemotaxis 
and vascular infl ammation, enhanced permeabil-
ity and subsequent tissue/matrix degeneration. 
Some recent studies have shown that LTB4 is a 
signal-relay molecule secreted by neutrophils [ 61 ] 
which promotes atherosclerotic initiation by 
infl ammation through various mechanism(s) 
including the release of pro-infl ammatory cyto-
kines IL-6 and TNF-α. 

 The expression of 5-LO by activated macro-
phages in symptomatic plaques leads to LTB4 
accumulation and enhanced synthesis and release 

of matrix metalloproteinases (MMPs) that can 
promote plaque rupture [ 65 ]. From studies on 
animal models, it has been observed that 12/15- 
LOs play a crucial role during late-phase infl am-
mation and atherosclerosis by fi xing the 
interactions between monocytes and endothelial 
tissues in vivo [ 66 ]. It has been found that 15-LOs 
in monocytes generate superoxide that leads to 
the oxidation of LDL [ 67 ]. This 15-LO protein 
has been observed to be localised in atheroscle-
rotic lesions in rabbit and humans [ 68 ,  69 ].  

2.3.4     Heme Oxygenase-1 
 Heme oxygenase-1 (HO-1) catalyses the oxida-
tion of heme to generate carbon monoxide, bili-
verdin and iron. These reaction products of HO-1 
have potent anti-infl ammatory and anti-oxidative 
functions. Although HO-1 is expressed at low 
levels in most tissues under normal basal condi-
tions, it is highly inducible in response to various 
pathophysiological stresses. The role of HO-1 in 
infl ammation and several CVDs such as athero-
sclerosis, myocardial infarction, graft survival 
after heart transplantation and abdominal aortic 
aneurysm has been reported. HO-1 is emerging 
as a great potential therapeutic target for treating 
CVD [ 70 ]. Experimental evidence from various 
cell culture and animal models suggests an asso-
ciation of HO-1 with the complex sequence of 
events that cause atherosclerosis [ 26 ]. It has been 
demonstrated that HO-1-defi cient mice develop 
cardiac abnormalities, thus suggesting its role in 
CVD [ 71 ,  72 ].  

2.3.5     Myeloperoxidase 
 Myeloperoxidase (MPO) is a heme peroxidase 
enzyme abundantly expressed in monocytes, 
macrophages and activated neutrophils. It utilises 
co-substrate to generate other ROS/RNS [ 73 ]. 
MPO oxidises tyrosine to tyrosyl radical and also 
produces HOCl during phagocytosis from H 2 O 2  
and Cl -  by neutrophil respiratory bursts to kill 
bacteria and infectious pathogen [ 74 ]. Therefore, 
MPO is an enzyme that plays an important role in 
innate immune system. The oxidants produced 
by MPO are also associated with CVD in the 
coronary circulation or in peripheral arterial 
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vasculature. High plasma MPO is reported to be 
a risk factor for early adverse cardiac events in 
patients with chest pain [ 73 ]. 

 In the vascular system, MPO remains present 
in endothelial cells attached with cytokeratin 1 
[ 75 ]. It has been elucidated that MPO-generated 
oxidants are one of the major causes of vascular 
damage during infl ammation [ 76 ] and also act as 
biomarker of vasculitis [ 77 ], cardiac dysfunction 
and left vascular ejection fraction (LVEF) and a 
risk marker in acute coronary syndrome [ 78 ]. 
MPO functions as a survival signal for neutro-
phils and thereby contributes to prolonged 
infl ammation [ 79 ]. The resultant infl ammatory 
response induced by MPO leads to endothelial 
dysfunction, atheroma initiation and propaga-
tion, subsequent complications of plaque rupture, 
thrombosis and ventricular remodelling [ 80 ] 
which makes MPO a major player contributing 
to CVD. 

 Elevated plasma MPO levels lead to infl am-
matory diseases like dermatitis herpetiformis, 
systemic infl ammatory response syndrome and 
anti-neutrophil cytoplasmic autoantibody 
(ANCA)-mediated glomerulonephritis [ 76 ]. 
MPO suppresses the vascular dilation and pro-
motes smooth muscle cell proliferation, which is 
a major reason of endothelial dysfunction [ 76 ]. 
Chronic infl ammatory process leads to oxidative 
damage of the arterial wall and its subsequent 
outcome is atherosclerosis [ 81 ]. The foam cells 
(hallmark of atherosclerosis) formed by the accu-
mulation of cholesterol and lipids during athero-
sclerosis arise from oxidised LDL by MPO [ 40 ]. 
High levels of oxLDL are associated with 
increased risk of future myocardial infarction [ 82 ]. 

 MPO, a major granule enzyme in neutrophils, 
accounts for 5 % of the total neutrophil proteins 
and is responsible for the production of oxidant 
HOCl [ 61 ]. The release of ROS and HOCl by 
neutrophils may cause damage to important bio-
logical structures, such as proteins carbohydrates, 
lipids and nucleic acids, and may enhance 
 infl ammatory responses. Dityrosine-containing 
protein cross-linking products, designated as 
advanced oxidation protein products (AOPPs), 
are formed by HOCl-induced chlorination of 
amines and constitute an excellent marker of 

MPO activation. AOPPs are found in the 
extracellular matrix of human atherosclerotic 
plaques, and increased levels of AOPP have 
been described as an independent risk factor 
for coronary artery disease [ 57 ] and in several 
infectious infl ammatory diseases [ 83 ].   

2.4     Role of Nitric Oxide in CVD 

 During aerobic respiration, ROS are generally 
produced, while in hypoxic condition, NO are 
produced and that in turn form RNS. Some more 
reactive species have been noticed such as 
reactive aldehydes, i.e. malondialdehyde (MDA) 
product of lipid peroxidation [ 84 ]. NO synthase 
is an enzyme that helps in the synthesis of NO 
from L-arginine in various types of cells and 
tissues. In mammals, there are three distinct 
types of isozymes of NOS, neuronal (nNOS or 
NOS- 1), inducible (iNOS or NOS-2) and endo-
thelial (eNOS or NOS-3) [ 84 ]. iNOS and nNOS 
are soluble and found predominantly in the 
cytosol, while eNOS is membrane associated. 
eNOS and nNOS are constitutively expressed 
while the expression of iNOS is activated during 
infection [ 85 ]. 

 NO is a soluble gas that delivers signalling as 
paracrine hormones in vasorelaxation, vascular 
haemostasis, neurotransmission and cytotoxicity 
[ 86 ]. It protects blood vessel from injurious 
consequence of platelets and cells circulating in 
the blood. The NOS catalyses an NADPH- and 
O 2  ·− -dependent oxidation of arginine to generate 
NO and citrulline, with the formation of 
N-hydroxyarginine (NOHA) as an intermediate 
[ 87 ]. iNOSs in the macrophages are different 
from the others, as it is Ca 2+  independent. 
Different NOSs synthesise NO in response to 
different stimuli such as eNOS synthesising NO 
in a vascular endothelial cell in response to ace-
tylcholine, nNOS synthesising NO in a neuron in 
response to glutamate, and iNOS synthesising 
NO in macrophages following its induction by 
IFN-γ [ 88 ]. 

 In the endothelium vessels, some major func-
tions such as blood pressure, platelet aggrega-
tion, leukocyte adherence and vascular smooth 
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muscle cell mitogenesis are regulated by eNOS. 
eNOS is acutely activated by agonists of diverse 
G protein-coupled cell surface receptors and by 
physical stimuli such as haemodynamic shear 
stress and varying oxygenation. Mutational stud-
ies have proved that unlike other NOS isoforms, 
eNOS shows N-myristoylation which targets its 
localisation to the plasma membrane [ 89 ]. 
Diminished NO availability contributes to sys-
temic and pulmonary hypertension, atherosclero-
sis and airway dysfunction [ 90 ]. It has been seen 
that C-reactive protein (CRP), a prototypic 
marker of infl ammation, decreases the eNOS 
level in endothelial tissues leading to CVD and 
atherogenesis [ 91 ]. 

 From pharmacological studies in cultured 
cells, it has been observed that increased cAMP 
can exert opposite effects on the endotoxin- or 
cytokine-induced expression of NOS-2, being 
either stimulatory or inhibitory in macrophages; 
stimulatory in adipocytes, smooth muscle, 
skeletal muscle and brain endothelial cells; and 
inhibitory in pancreatic, liver and brain glial 
cells. The regulation of NOS-2 gene transcription 
appears to be the primary mechanism of action of 
cAMP and, whether it is stimulatory or inhibi-
tory, hinges on the cell-specifi c regulation of 
transcription factors (TFs) including CREB, 
NF-κB and C/EBP. cAMP must therefore be 
considered a modulator rather than a suppressor 
of NOS-2 expression [ 92 ].  

2.5     Role of Fenton Reaction 
in CVD 

 Besides oxidases and oxygenases, the “Fenton 
reaction” is another mechanism of ROS forma-
tion which forms the basis for CVD. The reaction 
results in the Fe +2 - or Cu + -mediated conversion of 
H 2 O 2  to HO· [ 41 ]. The relationship between iron 
and CVD was proposed in 1981 by Jerome 
Sullivan. Since then, numerous epidemiologic 
studies have been conducted to test this hypothe-
sis. Increased iron levels in the body after meno-
pause in women and adolescence in men are 
associated with the development of atherosclerosis 
and ischemia [ 93 ]. Further, reduction of iron in 

the body via phlebotomy may be used in the 
treatment of CVD. The administration of defer-
oxamine, a potent iron chelator, resulted in a 
decrease in myocyte necrosis in a random study 
of ischemia/reperfusion in dogs, thus indicating 
the role of Fenton reaction [ 94 ]. 

 Study on the association between oxidative 
stress markers and iron nutrition status in humans 
revealed signifi cantly higher concentrations of 
serum ferritin than control group. Also these 
subjects showed signifi cantly lower levels of 
the transferrin receptor than control group. 
Further, signifi cantly higher levels of oxidative 
stress markers including heme oxygenase activity, 
oxLDL and thiobarbituric acid reactive substances 
were reported in individuals with metabolic syn-
drome than in the control group. DePalma and 
group found a positive correlation between ferritin 
levels, infl ammatory biomarker interleukin-6, 
CRP levels and mortality in patients with symp-
tomatic PAD. This study suggested the role of 
iron-induced oxidative stress in the initiation and 
development of infl ammation in PAD patients. 
Further, statins were found to suppress ferritin 
levels which were in turn associated with 
improved clinical outcomes [ 95 ]. On the other 
hand, the increased intake of vegetables, fruits, 
tea and coffee is associated with lower levels of 
oxidative stress.   

3     Role of Oxidative Stress 
and Infl ammation: 
Development 
and Progression of CVD 

3.1     Oxidative Stress in CVD 

 Various studies have demonstrated the role of 
oxidative stress in the development and progres-
sion of CVD [ 96 ,  97 ]. It is well known that imbal-
ance between raised ROS levels and antioxidant 
systems creates oxidative stress, which makes the 
cells prone to the damage. Antioxidant defence 
systems such as catalase (CAT), superoxide dis-
mutase (SOD) and glutathione peroxidase 
(GPx) scavenge ROS and inhibit degradation of 
NO. Prostacyclin and endothelium-derived 
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hyperpolarizing factor (EDHF) and NO are 
vasodilators which help in maintaining vascular 
homoeostasis via regulating vascular tone, reac-
tivity and vascular smooth muscle cell prolifera-
tion [ 98 ,  99 ]. Oxidative stress inactivates NO 
inducing decreased NO bioavailability and fur-
ther production of ROS species such as ONOO − . 
Decreased NO bioavailability leads to imbalance 
of vessel wall, impaired endothelial-dependent 
vasodilation and thus endothelial dysfunction. 
Studies have suggested the role of ROS-mediated 
accelerated inactivation of NO in endothelial 
dysfunction in CVD [ 100 ]. Apart from reduced 
NO bioavailability, endothelial dysfunction also 
results from lipid peroxidation and infl ammatory 
responses. ROS-mediated altered endothelial 
permeability prompts the entry of LDL into sub- 
endothelial space and its subsequent oxidation to 
form oxLDL. oxLDL molecules are seized by 
macrophages and transformed macrophages 
(i.e. foam cells) and are then added to the athero-
sclerotic lesion development [ 101 ]. Elevated 
abnormal ROS also activates infl ammatory TFs 
such as NF-κB, AP-1 and Nrf1 involved in immune 
system and infl ammatory processes [ 102 ]. 

 Clinical studies have also demonstrated the 
role of oxidative stress in the development and 
progression of CVD. Oxidative stress-mediated 
increased lipid peroxidation has been shown to 
correlate with the severity of heart failure and has 
been found to be reduced by free-radical scaven-
ger [ 103 – 105 ]. Elevated free-radical activity and 
low SOD/GPx levels have been reported in 
patients with congestive heart failure [ 106 ]. It has 
been observed that risk factor-stimulated enzymatic 
sources generate ROS leading to hypertension 
[ 107 ,  108 ]. Altogether, these studies advocate 
for the role of oxidative stress in CVD. Further 
investigations delineating the role of enzymatic 
sources of ROS and oxidative stress can help to 
develop specifi c therapeutic strategies to prevent 
the development and progression of CVD.  

3.2     Infl ammation in CVD 

 Till now, it is not well understood whether infl am-
mation is responsible for CVD or not. But it has 
been found that many heart diseases and stroke 

are related to infl ammation and it also promotes 
atherogenesis (formation of atheromatous lesions 
in arterial walls) that can directly lead to CVD. In 
Atlanta, on March 14 and 15, 2002, a workshop 
titled “CDC/AHA Workshop on Infl ammatory 
Markers and Cardiovascular Disease: Applications 
to Clinical and Public Health Practice” was held, 
whose main purpose was to illustrate some poten-
tial markers in pro- infl ammatory or infl ammatory 
condition [ 109 ]. 

 As discussed earlier, oxidative stress can 
enhance infl ammation, and this infl ammation 
promotes many diseases along with coronary 
diseases including the initiation and progression 
of atherogenesis characterised by atherosclerotic 
plaque, plaque rupture and thrombosis [ 2 ]. 
Collagen and some other factors strengthen 
the formation of a tough cap over plaques. 
Infl ammatory mediators can weaken this cap 
by inhibiting collagen synthesis and also by 
enhancing the production of collagen-breaking 
enzymes. Infl ammation is therefore responsible 
for not only the initiation of atherosclerosis but 
also the promotion of other complications. 
Macrophages, another potent mediator of infl am-
mation, in the later stage of plaque rupturing, 
break down the clotting factors [ 10 ]. oxLDL in 
endothelial tissue initiates a cascade of events to 
cholesterol-laden macrophages and accumulates 
them in the arterial wall during atherosclerotic 
plaques [ 10 ]. CRP is a traditional infl ammatory 
marker observed during infl ammation and also 
independently (genetically). Its high levels have 
been linked with incidences of CVD and coro-
nary heart diseases through IL-6 [ 110 ,  111 ]. 
Infl ammation raises cytokine IL-6 level that has 
been also found to relate with MI and CVD [ 112 ]. 
A well-recognised signalling molecule such as 
NF-κB also contributes in infl ammation and 
atherosclerosis [ 113 ]. 

 Some common physiological behaviour such 
as hypertension is also associated with an 
increased risk of infl ammation and, consequently, 
development of carotid heart disease [ 7 ]. Several 
infl ammatory cytokines have been shown to 
contribute to cardiac dysfunction under various 
pathophysiological conditions associated with heart 
failure, including I/R injury, MI, atherosclerosis, 
hypertrophy and acute viral myocarditis [ 114 ]. 
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Cytokines and chemokines implicated in the 
progression of heart failure include TNF-α, IL-1, 
IL-6, IL-8, IL-13, IL-18, IFN-γ, cardiotrophin- 1, 
monocyte chemotactic peptide-1 (MCP- 1) and 
macrophage infl ammatory protein-1 alpha 
(MIP-1α), anti-infl ammatory mediators trans-
forming growth factor beta (TGF-β), IL-10 and 
other pro-infl ammatory mediators [ 114 ]. 
Previously, most of the studies related to infl am-
mation and CVD were performed in experimental 
animals, and there was no proof that infl amma-
tion contributes to human heart diseases until, 
recently, when studies by various groups started 
to report the role of infl ammation in heart diseases. 
A correlation was found between infl ammation, 
oxidative stress and persistent platelet activation in 
android obese women [ 115 ]. A review summarising 
the results from clinical studies indicated the role 
of vascular infl ammation in CVD, and a positive 
correlation between upregulated infl ammatory 
markers and cardiovascular risk has been 
reported [ 116 ]. 

 All of these observations support the idea that 
antioxidant depletion and ineffi cient scavenging 
of ROS, resulting in sustained oxidative stress, 
are of pathological importance in human 
CVD. The reexpression of foetal genes (ANP, 
BNP, α-actin and β-MHC) is a hallmark of hyper-
trophic remodelling, and a considerable body of 
evidence shows the redox regulation of various 
signalling cascades and remodelling responses in 
cardiac diseases of various aetiologies. Current 
evidence supports the involvement of the follow-
ing pathways: (i) ERK-1/ERK-2 [ 117 ] and the 
small GTPase Ras [ 118 ] in response to adrener-
gic agonist and angiotensin II stimulation [ 119 , 
 120 ], (ii) MAPKs in pressure-overload hypertro-
phy and (iii) NF-κB and apoptosis signal- 
regulating kinase 1 (ASK-1) in response to 
angiotensin II infusion. ASK-1 is the upstream of 
p38 MAPK and JNK in the MAPK signalling 
cascade, and both of these have been shown to be 
activated by NOX/ROS [ 121 ]. The inhibition or 
scavenging of free radicals has been shown to 
modulate the ERK signalling and hypertrophic 
responses in neonatal and adult cardiomyocytes. 
Besides ROS, experimental studies have shown 
that the infl ammatory cytokines (e.g. TNF-α, 
IL-1 β , and MCP-1) also promote myocardial 

hypertrophy and contribute to the development 
and progression of heart failure [ 122 ]. Several 
recent studies have supported the concept that 
cytokines produced by T cells and other infl am-
matory cells contribute to hypertension. More 
recently, it has been found that the novel, pro- 
infl ammatory cytokine IL-17 contributes to 
hypertension. This cytokine is produced by TH 17  
cells, a subset of CD4 +  cells, which are distinct 
from TH1 and TH2 cells [ 123 ].  

3.3     Relationship Between 
Oxidative Stress 
and Infl ammation 

 ROS enhances infl ammation directly via the 
activation of certain infl ammatory TFs such as 
AP-1, NF-κB and Nrf2 [ 102 ,  124 ], modifying the 
expression of gene coding for chemokines and 
adhesion molecules, causing accumulation of 
infl ammatory cells [ 125 – 127 ]. On the other way, 
ROS-mediated oxidative injury augments endo-
thelial permeability, which prompts the lipopro-
teins to enter sub-endothelial space, gets oxidised 
and intensifying infl ammation [ 5 ]. These oxi-
dised lipoproteins also interact with Toll-like 
receptors (TLRs) to foster vascular disease [ 128 ]. 
Infl ating infl ammatory cells further release ROS, 
strengthening the oxidative environment and 
continuing the series of events of oxidative stress-
infl ammation- oxidative stress. 

 There is substantial evidence to show that 
ROS modulate T-cell function and can affect 
T-cell polarisation and cytokine secretion [ 114 ]. 
Exogenously generated ROS cause apoptosis and 
suppression of T-cell proliferation and produc-
tion of IL-2. Of note, T cells also produce ROS 
endogenously via a NOX2-based NADPH oxi-
dase, promoting a TH2 phenotype. 

 Infl ammation and oxidative stress are involved 
in atherosclerosis right from initiation through 
development to thrombotic stage. Therefore, 
clearance of the clogged vessels via surgery and 
standard medical treatments cannot be the prime 
treatment option. Instead, infl ammatory pro-
cesses and oxidative stress pathways involved in 
cardiac diseases need to be targeted [ 109 ]. 
Reckoning with the studies advocating the 
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relationship between oxidative stress and 
inflammation in the matter of CVD and the 
general fact that overall level of cellular ROS is 
determined by the relative rate of generation and 
the rate of reduction by antioxidants, enzymatic 
and nonenzymatic antioxidants, scavenging 
myocardial ROS can decrease infl ammation 
and thus can demote CVD.   

4     Are There Ways 
to Prevent CVD? 

 Numerous clinical trials have been performed to 
examine the potential for preventing CVD using 
antioxidant therapies. Some antioxidant studies 
have focused on the primary prevention of CVD, 
meaning the prevention of CVD in patients that 
do not already have the disease. β-Carotene, vita-
min C and vitamin E have been investigated and 
randomised trials of this antioxidant failed to 
show any effect on the risk of death from 
CVD. Thus, it has been diffi cult to demonstrate 
that antioxidant supplementation has signifi cant 
impact in CVD. 

 Secondary prevention refers to inhibiting the 
manifestations of CVD in those patients who 
already have the disease. Because the risk of a 
second cardiovascular event (MI, stroke, angina) 
is high in patients that have already had a fi rst 
event, established prevention measures (e.g. cho-
lesterol lowering, smoking cessation and others) 
are the most effective in secondary prevention. 

4.1     Enzymatic Antioxidants 

 Enzymatic antioxidants are expressed in response 
to ROS production and display function as cata-
lyst in reactions that convert specifi c ROS to 
 different and, presumably, less harmful species. 
The principal enzymatic antioxidants are SOD, 
CAT, peroxiredoxin (Prx) and GPx [ 129 ]. SOD 
converts O2 ·−  to H 2 O 2 . MnSOD, the mitochon-
drial isoform, makes up to ∼70 % of the SOD 
activity in heart and 90 % in cardiomyocytes. The 
remaining fraction consists primarily of cytoplasmic 
CuZnSOD with <1 % extracellular SOD (ECSOD). 

The importance of MnSOD in regulating O 2  ·−  in 
the myocardium is demonstrated by the fact that 
MnSOD −/−  mice die soon after birth with dilated 
cardiomyopathy [ 130 ]. GPx (isoforms GPx1–
GPx5), using glutathione (GSH), reduces H 2 O 2  
or ROOH to H 2 O or alcohols (ROH), respec-
tively. GPx1 and GPx3 are the most abundant 
intracellular isoforms and GPx4 is a mitochon-
drial isoform. Unlike MnSOD mice defi cient in 
GPx develop normally and show no marked path-
ological changes under normal physiological 
conditions and exhibit a pronounced susceptibility 
to myocardial ischemia- reperfusion injury [ 131 ]. 
CAT, located in peroxisomes, is highest in the 
liver and erythrocytes and converts H 2 O 2  to H 2 O 
and O 2 . Prx reduces peroxides, including H 2 O 2  
and alkyl hydroperoxides (ROOH). 

 The importance of removing mitochondrial 
O 2  ·−  is emphasised by observations that animals 
null for the MnSOD allele exhibit perinatal 
lethality due to cardiac dysfunction, and cardiac- 
specifi c MnSOD deletion/depletion produces 
progressive congestive heart failure with specifi c 
molecular defects in mitochondrial respiration. It is 
also important to realise that MnSOD generates 
H 2 O 2 , another ROS with pathophysiological 
importance, as overexpression of Prx3 (a mito-
chondrial H 2 O 2  scavenger) prevents heart failure 
after experimental MI in mice [ 132 ].  

4.2     Nonenzymatic Antioxidants 

 The role of glutathione (GSH) in maintaining 
cellular redox state is complex. GSH cooperates 
with GPx in the detoxifi cation of H 2 O 2  to 
2H 2 O. In addition, GSH participates in reactions 
with glutathione S-transferase (GST) to bind 
ROS such as attachment of NO to form 
S-nitrosoglutathione adducts. Glutathione reduc-
tase (GR) functions to regenerate antioxidant 
capacity, converting from glutathione disulphide 
(GSSG) to GSH. Vitamins and other chemical 
antioxidants play an important role in the control 
of ROS cascades. Vitamin E (α-tocopherol) is 
active in membranes where it functions to reduce 
ROS and lipid peroxy radicals. Vitamin C (ascor-
bate) serves predominantly as an antioxidant in 
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plasma due to its water solubility. It functions by 
reducing α-tocopherol lipid peroxide radicals to 
normal form [ 129 ]. Uric acid, found in extracel-
lular fl uids, detoxifi es HO· metal ions (Fe +2  or 
Cu + ) contributing to ROS-mediated peroxidation 
of lipids via the Fenton reaction that produces 
H 2 O 2 . Additionally, a study by Ku and group has 
shown that the relationship of vitamin D (calcif-
erol) defi ciency with diabetes, hypertension, 
infl ammation and increased cardiovascular risk 
and also analysed the association between 
vitamin D supplementation and the reduction in 
CVD [ 133 ].  

4.3     Phytochemicals 

 Consumption of fruits and vegetables has been 
associated with lower risk of CVD [ 134 ], and 
their cardioprotective role is not attributable to 
any of the macro- and micronutrients, thus 
indicating role of other plant components 
in CVD. Plant sterols, fl avonoids and sulphur- 
containing compounds are three categories of 
compounds in fruits and vegetables that may 
have important roles which prevent the cardiac 
diseases in some way. Non-nutritional bioactive 
compounds including isofl avones, diosgenin, res-
veratrol, quercetin, rosmarinic acid, catechin, 
sulphoraphane, tocotrienols and carotenoids 
comes under these three classes of compounds 
and are proven to reduce the risk of CVD and aid 
in cardioprotection [ 135 ,  136 ]. These compounds 
further need to be characterised as their mecha-
nisms of action are not yet understood. Apart 
from these, vitamins, phytoestrogens and trace 
minerals may also have roles in cardioprotection. 
Most of the CVD consist of multiple events. 
Hence, a single cardioprotectant may not be 
enough to combat the CVD. These phytochemi-
cals nowadays are greatly used in various phar-
macological medicines in curing of CVD as well 
as cardioprotective due to their properties and 
mechanisms involved including antioxidative, 
anti-hypercholesterolemic, anti-angiogenic, anti- 
ischemic, inhibition of platelet aggregation and 
anti-infl ammatory activities that reduce the risk 
of CVD. 

 Low to moderate consumption of red wine is 
associated with decreased incidence of CVD 
[ 137 ,  138 ]. Resveratrol and quercetin, polyphenols 
present in red wine, are anti-proliferative, anti-
mitogenic, anti-platelet and anti- infl ammatory [ 139 ]. 
The therapeutic action of resveratrol has been 
reported in animal models of arterial injury [ 140 ]. 
Resveratrol increases vascular NO production 
through an oestrogen receptor modulation and 
also inhibits NF-κB activation [ 141 ]. Quercetin 
and other wine polyphenols have been shown to 
prevent cardiac cells from apoptosis, oxidative 
stress and endothelial dysfunction both in vitro 
and in vivo studies [ 142 ]. 

 Organosulfi des, present mainly in garlic and 
onion, possess antioxidant and anti-infl ammatory 
properties. The effi cacy of experimental and clin-
ical effects of garlic preparations and constituents 
in CVD complications have been well studied 
[ 143 ]. Garlic extract prevents oxidative stress via 
NOX and lipid peroxidation in experimental 
model of metabolic syndrome [ 144 ]. The systolic 
blood pressure decrease is associated with intake 
of garlic extract and allicin in fructose-induced 
hyperinsulinemic, hyperlipidemic and hyperten-
sive rats [ 144 ,  145 ]. The action of garlic extracts 
against hypertension may be exerted via 
prostaglandin- like effects [ 146 ] or by increasing 
the bioavailability of NO or scavenging oxidants 
[ 147 ] or by inhibiting angiotensin-converting 
enzyme in vitro [ 148 ]. The effect of garlic against 
hypertension has been demonstrated in high 
blood pressure human cases in randomised con-
trolled trials and meta-analysis trial [ 149 ,  150 ]. 
Garlic exerts anti-infl ammatory action via the 
inhibition of the expression of intercellular cell 
adhesion molecule 1 (ICAM1) through the down-
regulation of AP-1 and c-Jun N-terminal kinase 
(JNK) pathway [ 151 ]. The mechanism and role 
of garlic and its active constituents in cardiopro-
tection need to be verifi ed in humans through 
more experimental and clinical studies, so that 
they can be utilised as better therapeutic agents. 

 Higher intake of fruits and vegetables is linked 
with a decrease in risk of MI in prospective 
cohort study of women, thus increase in con-
sumption of fruits and vegetables may protect 
against CVD. Increased total flavonoid and 
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flavone intake is associated with lower risk of 
mortality due to CVD in large cohort of 38,180 
men and 60,289 women, while long-term supple-
mentation with β-carotene has been proved inef-
fective in preventing CVD in a randomised, 
double-blind, placebo-controlled trial [ 152 ]. 
Additionally, the combination of β-carotene and 
vitamin A showed no positive effect on the risk of 
CVD [ 153 ]. Tea and coffee consumption is asso-
ciated with the risk of CVD [ 154 ]. Phytochemicals 
present in tea and coffee may exert their cardio-
protective action through the regulation of vascular 
tone by infl uencing endothelial function, 
enhanced reverse cholesterol transport, amelio-
rated glucose metabolism, restrained foam cell 
formation, immunomodulation, inhibition of oxi-
dative stress and effects on platelet function or by 
altering gene expression [ 155 ]. Further research 
is required to identify the role of constituents of 
tea and coffee in CVD [ 155 ]. 

 Another phytochemical that showed the capa-
bility of having therapeutic potential in the treat-
ment of CVD is cannabidiol (CBD). CBD is an 
abundant constituent of  Cannabis sativa , which 
have been reported to have anti-infl ammatory 
effect in various disease models including multi-
ple sclerosis in humans. A study investigated the 
effects of CBD on cardiac dysfunction, elevated 
oxidative stress and amplifi ed infl ammatory cell 
signalling pathways in a mouse model with type 
I diabetic cardiomyopathy. It was observed that 
CBD remarkably attenuates myocardial dysfunc-
tion, oxidative stress, cardiac cell death, infl am-
matory and other interrelated cell signalling 
pathways. It was also found to inhibit high-
glucose- mediated elevated ROS production as 
well as NF-κB activation in primary human 
cardiomyocytes [ 156 ].   

5     Conclusions and Future 
Perspectives 

 Till date CVD remains the principal cause of 
long-term disability and death worldwide. 
Numerous studies have been performed, but its 
effi cient prevention and treatment management 
are still failing off. For better understanding of 

the pathophysiology of CVD, for identifying 
specifi c biomarkers and for determining effective 
therapeutic targets, it is important to resolve the 
complexity of biochemistry of involved impor-
tant pathophysiological factors such as oxidative 
stress and infl ammation, displaying association 
between, which promotes the development and 
progression of CVD. 

 Oxidative stress is the disturbance of physio-
logical balance between oxidants (ROS/RNS 
generation) and antioxidant defence systems. 
Oxidative stress is the fundamental mechanism 
of cell damage, and ROS is the damaging factor 
leading to the onset and progression of 
CVD. Increased ROS production in the vascular 
wall promotes endothelial dysfunction, infi ltra-
tion and accumulation of infl ammatory cells. 
ROS are also involved in redox activation of 
certain TFs responsible for expression of genes 
for infl ammatory responses. Elevated levels of 
pro- infl ammatory cytokines in circulation such 
as CRP, TNF-α and IL-6 have been shown to 
be associated with CVD. Accumulating evidence 
shows that increased ROS-mediated oxidative 
damage coupled with downstream infl ammatory 
pathways augments pathological complications 
associated with CVD. 

 Therapeutic interventions involving diet, 
nutrition and pharmacology may target enzy-
matic sources of ROS, activates antioxidant 
defence systems in vasculature and can prevent 
oxidative stress and infl ammation in 
CVD. Evidences from studies suggest that anti-
oxidants hold the potential to act as therapeutic 
intervention against CVD by reducing ROS gen-
eration, thus attenuating oxidative stress and 
downstream infl ammatory processes. Results 
from various studies also indicate that phyto-
chemicals may have therapeutic potential against 
CVD, by reducing oxidative stress and oxidative 
stress-mediated infl ammation. The motive of this 
book chapter was to make understand the role of 
excessive oxidative stress and chronic infl amma-
tion in CVD and to summarise the recent sce-
nario displaying the perspectives of antioxidant 
and anti-infl ammatory therapeutic interventions 
in CVD (Fig.  3 ). Future studies aimed at inferring 
the biochemical and molecular links concerning 
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oxidative stress and infl ammation and mechanisms 
underlying phytochemical-induced cardioprotection 
in CVD need to be elucidated in CVD to develop 
more new effective therapeutic interventions.
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  Fig. 3    Role of oxidative stress and infl ammation in the 
development and progression of CVD. Specifi c enzymes 
of cells of the cardiovascular system, such as NADPH 
oxidases, xanthine oxidases and myeloperoxidases (MPO) 
of cardiomyocytes and endothelial cells, generate patho-

physiological levels of ROS/RNS which cause oxidative 
stress- induced damage, promote endothelial dysfunction and 
accumulation of infl ammatory cells and further involved 
in the activation of infl ammatory response signalling 
pathways. Altogether leads to the severity of CVD       
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Abstract

Oxidative stress-mediated damage to functional macromolecules followed 
by their accumulation has been reported as a major factor behind aging 
and related consequences. Excessive generation of reactive oxygen spe-
cies and/or depleted cellular defense impairs the balance between prooxi-
dants and antioxidants causing shift in cellular redox state which leads to 
physiological dysfunctions making the body prone to external deleterious 
agents. In the present chapter, we have discussed the aging process and 
have focused on novel markers of oxidative damage that reflect the cellular 
redox status relevant to age-related studies incorporating the previously 
well-established markers of the aging process.
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1  Introduction

Aging is characterized by deteriorative altera-
tions in the post-reproductive phase cumulatively 
lowering the level of fitness and the ability to 
maintain redox state [1, 2]. Studies performed on
large variety of aging model systems demon-
strate that the main molecular characteristic of 
aging is macromolecular damage in the cells 
making them susceptible to various untoward 
changes [1, 3]. Thus, broadly aging may be 

defined as an inherent biological process that 
manifests within an organism at genetic, molecu-
lar, cellular, and systemic level [4].

To date, more than 300 theories are in existence
to explain the mechanisms involved in the aging 
process; however, none of them exactly describes 
the cause of aging and associated attritions in 
functional capacity. Neither there is an explanation 
for the vast variations in the maximum life span of 
different species [5, 6]. Among all the theories, the
“free radical theory of aging” proposed by Harman 
in 1956 is the most accepted which describes most
of the physiological alterations responsible for cell 
senescence followed by decline in physiological 
fitness during aging [4, 5, 7]. According to this
hypothesis, the endogenously generated oxygen 
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free radicals are the agents of stochastic damage. 
In the context of aerobic biological systems,  
free radicals are frequently referred to as reactive 
oxygen species (ROS) since most of the free radi-
cals in these systems contain oxygen in their struc-
ture [8].

ROS are produced inside the cell as a by-
product during normal metabolic process includ-
ing mitochondrial respiration and detoxification 
reactions. ROS are highly reactive and can cause
damage to vital biomolecules of the cell. Normally 
ROS exist in the cell in balance with inherent anti-
oxidants; however, a condition of oxidative stress 
occurs when this critical balance is disrupted due 
to excessive generation of ROS or weakened
endogenous defense mechanisms or both [9]. 
Oxidative stress causes detrimental consequences 
and in the context of the aging resulting in the 
age-dependent accrual of macromolecular struc-
tural damage [4, 10].

ROS production and accumulation has been
reported as a common denominator in many dis-
eases and can lead to severe cellular damage 
leading to physiological dysfunction and cell 
death in virtually all aerobes [8]. When oxida-
tive stress occurs, cells function to counteract 
the damaging effects of oxidants and to restore 
redox balance by resetting critical homeostatic 
parameters. Such cellular activity results in
overexpression or silencing of genes encoding 
defensive enzymes, transcription factors, and
structural proteins [11]. According to the free
radical theory of aging, oxidative stress 
increases with increasing age; this condition 
leads to accumulation of oxidation products of 
lipids, proteins, nucleic acids, sugars, and ste-
rols followed by disturbance in redox state of 
the cell/tissue, causing cellular dysfunction and 
making the body prone to external deleterious 
agents [2, 3] (Fig. 1).

There is mounting realization that the struc-
tural and functional damage-based hypothesis 
of aging process actually involves shift in cel-
lular redox state since most of the antiaging 
interventions have reported to reconstruct the 
overall cellular redox state [2, 12, 13]. Many 

studies have reported that oxidative stress causes 
a prooxidizing shift in the thiol redox state and
the resulting dysfunction of the redox-sensitive 
proteins [14, 15].

In this chapter, we have described the novel 
markers of oxidative stress-mediated damages 
that reflect the cellular redox status relevant to 
age-related studies. The chapter also incorporates 
the other well-established markers of aging 
process.

2  Age-Associated Changes 
in Redox State 
of Macromolecules

2.1  Glutathione System 
During Aging

Cellular redox state is collectively determined 
by the reduction potentials and reducing capaci-
ties of the redox duos, such as glutathione 
reduced (GSH)/glutathione oxidized (GSSG),
nicotinamide adenine dinucleotide phosphate 
reduced (NADPH)/nicotinamide adenine dinu-
cleotide phosphate oxidized (NADP+), nicotin-
amide adenine dinucleotide reduced (NADH)/
nicotinamide adenine dinucleotide oxidized
(NAD+), cysteine/cystine, etc.; nonetheless, the 
GSH/GSSG couple is regarded as the primary
arbiter of the tissue redox state since it covers 
about fourfold higher concentration than the 
other redox couples [15]. Besides this, GSH/
GSSG couple is metabolically linked to the
other redox couples directly or indirectly 
through donations of reducing equivalents for 
the reduction of their oxidized forms. Another
unique feature of GSH oxidation/reduction
reactions is the involvement of two-electron 
transfers; other redox couples involve single 
electrons [2].

GSH is the major endogenous nonprotein
antioxidant molecule in the cell that plays various 
vital roles including neutralization of ROS by
direct reactions, providing reducing equivalents 
for the enzyme-mediated removal of H2O2 and 
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lipid peroxides, maintenance of protein thiol 
groups, and conjugation and excretion of xenobi-
otics [16]. The key functional component of GSH
is the thiol group on the cysteinyl residue, which 
can act both as a reductant and as a nucleophile. 
In the presence of an oxidant, GSH is oxidized to

glutathione disulfide (GSSG) (Reaction-1) which
is later reconverted to GSH by the NADPH-
dependent glutathione disulfide reductase 
(Reaction-2). The change in the amounts and
ratios of GSH and GSSG represents the redox
potential of the cell [15].

Fig. 1 Diagrammatic representation of relationship 
among diminished endogenous defense system, increased 
reactive oxygen species (ROS)/oxidative stress, preva-
lence of physiological complications, and aging. 
Excessive generation of ROS due to weak antioxidant sys-
tems or exposure to radiations, pesticides, xenobiotics, or 

malnutrition originates condition of oxidative stress. 
Oxidative stress is deleterious in many ways; it damages 
cellular biomolecules and thus disturbs cellular redox 
state followed by physiological complications which ulti-
mately results in aging and related events

 H O GSH GSSG H Oglutathioneperoxidase
2 2 22 2+  → +  (1)

  GSSG NADPH H GSH NAglutathione disulfide reductase+ + + →+ 2 DDP+
 (2)
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An age-dependent depletion in GSH level and
GSH:GSSG ratio has been reported in many clin-
ical as well as laboratory studies [17–19]. Study
on mice from 4 to 26 months of age revealed that
GSH:GSSG ratios decreased in almost all tissues
examined. Glutathione redox potential decreased
from −11 to −25 mV in the tissue homogenates
and −4.5 to −15 mV in the mitochondria during
the same period [20]. The largest decline in the 
tissue redox potential was observed in the brain 
(−22 mV) and the eye (−25 mV). Age-dependent
decline of glutathione redox potential in studies 
from insects to mammals establishes GSH as a
potent marker of cellular redox status during 
aging [2].

2.2  Status of Proteins 
During Aging

Among various classes of ROS-induced struc-
tural modifications in biomolecules in the cell, 
protein oxidation is considered to be the most 
consequential functionally, since proteins act as 
transporters, enzymes, receptors, transcription
factors, and cytoskeleton components [21]. 
Attack of ROS can lead to oxidation of amino
acid residue side chains, formation of protein- 
protein cross linkages, and oxidation of protein 
backbone resulting in their fragmentation [22].

Since proteins are the much sophisticated bio-
molecule in the cell, even a slight alteration in 
their structure can result in impairment of various 
cell functions. It has been estimated that 30–50 %
of cellular proteins are altered or dysfunctional in 
cells of older animals due to free radical damage 
[22, 23]. Many markers of protein oxidative dam-
age are used by different laboratories including 
lipofuscin and branched-chain amino acids; how-
ever, not all of them mark age-dependent changes, 
and some lack reproducibility. We have only 
described here the potent biomarkers of oxidative 
damage to protein during aging.

2.2.1  Protein Carbonyls
Protein carbonyls are the most frequently mea-
sured biomarker of protein oxidation during aging 
and age-related pathologies [22–24]. Oxidation of 

proteins can lead to generation of protein 
 carbonyls, which are most often formed on the 
amino acids lysine, arginine, proline, and threo-
nine and by the fragmentation products of peptide 
bond cleavage reactions. In addition, protein 
 carbonyls are also produced by the addition of 
carbonyl groups such as aldehydes and ketones, 
as side chains on these amino acids [21, 25].

Estimation of protein carbonyls gets superior-
ity over the other markers to estimate oxidative 
damages in proteins due to the fact that protein 
carbonyls are chemically stable and can be 
stored at −80 °C for 3 months without changes
in detectability [26]. The amount of protein 
carbonyls in tissue homogenates has been widely 
reported to increase with age in variety of spe-
cies including humans [24, 27]. In addition, 
experimental regimens that are known to pro-
long life span, such as caloric restriction in 
rodents and reduction of metabolic rate in insects 
and other poikilotherms, have been reported to 
cause a decrease in the amounts of protein car-
bonyls in tissue homogenates, thus providing a 
direct evidence for consideration of protein car-
bonyls as a reliable marker of the aging process 
[3, 27]. Several studies have shown age-related
increase in protein carbonyl level in healthy 
human subjects [28, 29].

2.2.2  Advanced Oxidation Protein 
Products

Advanced oxidation protein products (AOPPs)
are defined as dityrosine containing cross-linked 
protein products and are considered as reliable 
marker to estimate the degree of protein oxida-
tion [30]. The action of chloraminated oxidants, 
mainly hypochlorous acid and chloramines, is 
produced by myeloperoxidase in activated neu-
trophils which lead to the formation of AOPPs.

AOPPs are considered as the novel biomarker to
estimate the extent of protein oxidation in the sam-
ples [30]. Biochemical characterization has
revealed that AOPPs are carried by plasma pro-
teins, especially albumin [31]. AOPPs can be
formed in vitro by exposure of serum albumin to 
hypochlorous acid (HOCl). Thus, AOPPs might be
formed during oxidative stress by reaction of 
plasma proteins with chlorinated oxidants and have 
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been well known to mark the oxidant- mediated 
protein damage. Elevated levels of AOPPs during
aging and age-induced disease have been reported 
in recent studies [29, 31–33]. In our study, carried 
out on 80 normal healthy subjects of both sexes
between the ages of 18 and 85 years, we have
observed an age-dependent increase in plasma 
AOPP level which correlated significantly with the
total antioxidant capacity of the plasma [29]. Study
performed by Cakatay and coworkers [33] on 
hepatic tissues of D-galactose-induced aged rats 
demonstrated greater susceptibility to oxidative 
protein damage as evidenced by elevated level of 
AOPPs. They concluded that this alteration in pro-
teins may be operative in the many age-related liver 
diseases, which are pertinent to increased oxidative 
stress and altered redox homeostasis [33].

2.2.3  Advanced Glycation End 
Products

Advanced glycation end products (AGEs) are
formed inside the cell by a nonenzymatic reac-
tion of protein with carbohydrates [34]. AGEs are
reported to be involved in the pathogenesis of 
many life-threatening diseases including diabe-
tes, cancer, and many neuro disorders [34, 35]. 
Initially described by L. Maillard, it was known 
that AGEs are only derived from the reaction of
carbonyl and amino compounds; however, recent 
findings have established that AGEs are hetero-
geneous group of compounds which are gener-
ated nonenzymatically by the reaction of reducing
sugars and other α-carbonyl compounds with 
amino groups, not only present on proteins but 
also on lipids and nucleic acids [34].

In addition to in vivo formation, AGEs are
also generated by heating of foods. The prepara-
tion of most meals is associated with heating, 
which accelerates the formation of glycation 
adducts [36]. Contribution of food-derived AGEs
in disease pathophysiology is still under investi-
gation; however, it has been reported that AGEs
from food are able to cross the intestinal border 
or at least able to affect enterocytes/immune cells 
in the gut [36].

AGEs critically influence structural as well as
functional properties of proteins. Many enzymes
have been reported to reflect altered activities due 

to the presence of AGEs [37, 38]. The occurrence 
of AGEs cross-linking with other vital molecules
of the cell results into compromised organ func-
tion including heart and kidney dysfunction [39]. 
Age-dependent accumulation of AGEs has been
reported in many tissues including cartilage, 
peripheral fluids, and skin collagen [34, 35]. 
Increased deposition of AGEs in kidney is
reported as one of the basic causes of diabetic 
nephropathy in aged individuals [34]. AGE-
mediated tissue stiffness is a side effect of 
reduced protein flexibility associated with ath-
erosclerosis during aging [40]. Elevated level 
of AGEs has been reported during aging in the
lens [41]. Summarizing, AGEs are the major
contributor of initiation and development of 
many age- related events.

2.3  Lipid Peroxidation 
During Aging

Peroxidation of lipids is the most extensively
studied ROS-induced reactions in the body.
ROS-induced lipid peroxidation occurs when a
reactive hydrogen atom is extracted from the 
methylene group of an unsaturated fatty acid. 
Interestingly, once this process begins, lipid per-
oxidation spreads as an ROS-induced chain reac-
tion until the levels of peroxidation are sufficiently 
high to result in the production of a non-radical 
molecule [42].

Cell membranes are highly influenced by lipid 
peroxidation because of high concentration of lip-
ids in their structure. Lipids are the important con-
stituent of the cell which function as steroid 
hormones, retinoic acids, and prostaglandins. 
Their peroxidation affects the cell in various ways 
[8, 42]. The first oxidation products of lipids are 
limited in their function as they are either volatile 
or highly reactive. Some of them can easily react
to generate secondary oxidation products like 
malondialdehyde, 4-hydroxy-2-,3-trans-nonenal
(HNE), isoprostanes, or oxysterols [43]. These 
secondary oxidation products influence gene 
expression and protein synthesis, and these can 
lead to further damage by cross-linking proteins. 
The secondary oxidation products of lipids can be 
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both mutagenic and carcinogenic and play an 
important role in aging and disease progression. 
We have explained here only the most prominent 
and reproducible markers of lipid peroxidation 
relevant in the aging process.

2.3.1  Malondialdehyde
Malondialdehyde (MDA) is a well-established
marker used to investigate the oxidative damage 
on lipids during many degenerative human dis-
eases [3, 19, 44]. MDA can react with the free
amino group of proteins, phospholipids, and 
nucleic acids leading to their structural modifi-
cation that can induce dysfunction of the 
immune system. A high level of MDA can be
detected in cell degradation after cell injury or 
disease [45, 46].

The cell membranes are prone to lipid peroxi-
dation under oxidative stress that involves cleav-
age of polyunsaturated fatty acids at their double 
bonds leading to the formation of MDA. Studies
on different model systems of aging and associ-
ated diseases have shown increased level of MDA
in older population [24, 47]. Studies carried out
on normal healthy young-, middle-, and old-aged 
subjects of both sexes in Indian and European 
population show a significant positive correlation 
between the erythrocyte MDA level and human
age [18, 19]. Since the measurement of MDA is
easy and fast to perform and the results are very 
reproducible, it is one of the most important 
biomarkers for the evaluation of the status of 
lipid peroxidation during aging.

2.3.2  Isoprostanes
Isoprostanes are other potent marker of lipid per-
oxidation [3]. Isoprostanes are prostaglandin-like 
substances produced in vivo by esterification of 
arachidonic acid. Isoprostanes have been mea-
sured in clinical trials and observational studies 
to determine the role of lipid peroxidation in 
aging and disease. It is noted that oxidative stress 
induces the production of prostaglandins in 
human cells [48] and that some prostaglandins 
can produce intracellular stress [49].

Among the many forms of the isoprostanes, the
F2-isoprostanes are considered the best avail-
able biomarkers of lipid peroxidation and oxidative 

stress in vivo [50]. The use of F2-isoprostanes as
biomarker of lipid peroxidation gets significance 
because F2-isoprostanes are detectable in liquid
form in all body fluids and in their esterified form 
in biological tissues, indicating physiological 
levels of oxidative stress [50, 51]. Besides this,
determination of F2-isoprostanes as an index of
lipid peroxidation and extent of oxidative stress 
has many advantages over other potential bio-
markers of oxidative stress including its chemical 
stability, a specific product of oxidation formed 
in vivo being unaffected by diet [51, 52]. 
Elevated level of F2-isoprostane has been
reported in many age-related diseases including 
atherosclerosis, arthritis, diabetes, and renal 
failure [53–55].

2.3.3 4-Hydroxynonenal
Specific aldehyde product of lipid peroxidation,
4-hydroxynonenal (HNE), has recently been
recognized as a reliable marker of lipid peroxi-
dation during oxidative stress. HNE is a nine 
carbon amphiphilic product formed during lipid 
 peroxidation when n-6-polyunseturated fatty 
acids such as arachidonic acid and linoleic acid 
are attacked by peroxidative free radicals [56]. 
Besides this, HNE is also reported to form
enzymatically in microsomes [57].

The lipophilic property of HNE makes it mov-
ing inside the cell and also moving to other cells. 
During an encounter with proteins, HNE interact 
with their amino and thiol groups and form cova-
lent bond with amino acids and thus modifying 
them. Many proteins have been showing impaired 
functions due to the modification with HNE 
including membrane-bound transporters, protein 
chaperons, and proteins of electron transport 
chain [56, 58].

Accumulating evidence suggests that HNE
contributes a major role in pathogenic cellular 
changes that cause aging and other age-induced 
diseases such as diabetes and coronary dis-
eases [56, 58, 59]. Age-dependent increase in
HNE level has been reported in most of the 
studies in which HNE have been measured [60, 
61]. In human as well as in animal models, 
elevated levels of HNE in atherosclerosis 
lesions have been reported [61]. Stroke is the
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major cause of morbidity and mortality in 
elderly. HNE is reported to cause dysfunction 
of cardiac myocytes by disruption of the actin 
cytoskeleton and deregulation of cellular cal-
cium homeostasis [62]. Alzheimer’s and
Parkinson’s diseases are the most common
neuro disorders in aging population. HNE are 
believed to contribute to the dysfunction and 
death of neurons [59].

3  Age-Associated Damages 
in Nucleic Acids

3.1  DNA Damage During Aging

DNA damage represents a critical threat to cell
function. If DNA damage is severe or its accumu-
lation exceeds its elimination by DNA repair
mechanisms, cellular senescence or apoptosis 
will occur, and this may contribute to the aging 
process [63].

ROS oxidize DNA bases and the ribose sugar
ring leading to sites of base loss and strand 
breaks. It is estimated that the rate of damage to 
DNA by free radicals is about 1,000–1,000,000
hits per day in a single cell [64]. There are well- 
established reports that an increased baseline 
level of DNA oxidation is associated with several
age-related diseases including cardiovascular 
diseases, diabetes, cancer, and many neurodegen-
erative and renal diseases [63, 65–67]. We have 
described and explained the most potent bio-
markers of DNA damages that may be implicated
in the aging process.

3.1.1  8-Oxo-7,8-dihydroguanine 
and 8-Oxo-7,8-dihydro- 
2′deoxyguanosine

Attack of ROS to DNA generates lesions in DNA
that are highly mutagenic. Among the many
lesions generated by ROS, 8-oxo-7,8-
dihydroguanine (8-oxoGua) is considered the
most prominent and degenerative [3]. 8-OxoGua
is generated by oxidative damage of DNA at the
C-8 position of guanine, with an estimated num-
ber of 100–500 8-oxoGua bases arising daily in
the genome [68]. Interestingly, it is observed that 

if left unrepaired, this lesion can result in G-to-T
transversion. Oxidation of DNA can also result in
8-oxo-7,8-dihydro-2’deoxyguanosine (8-oxodG)
lesions, an alteration to the guanine nucleoside; 
however, it is reported that 8-oxoGua levels are
approximately ten times higher than those of 
8-oxodG [69]. Studies done at different laborato-
ries in different countries have reported increased 
level of 8-oxoGua and 8-oxodG in aging popula-
tions [70].

3.1.2 Double-Stranded DNA Breaks
Double-stranded DNA breaks (DSBs) are other
most toxic lesions to DNA which are generated
by free radical attack. Though DSBs can be
generated as a consequence of normal cellular 
processes like oxidative respiration, however, 
this rate increases manyfold in case of severe 
oxidative attack. DSBs are formed when both
DNA strands encounter DNA damage, within
10–20 base pairs of each other, resulting in a
break of the phosphodiester bond [3]. DSBs are
so toxic that the presence of only 1–10 DSBs
may induce p53-dependent G1 arrest followed
by cell death [71]. Determination of DSBs as
marker of DNA damage gets significance since
DSBs cannot be repaired by the numerous tem-
plate-directed repair systems, as both DNA
strands are broken [3].

DSBs influence the cellular responses in many
ways. It causes phosphorylation of histone 
H2AX. It is calculated that thousands of H2AX
molecules adjacent to the break site become 
phosphorylated within minutes of the generation 
of a DSB, resulting in the formation of gamma-
H2AX (g-H2AX) foci [72]. Detection of g-H2AX
foci has been used as a biomarker for cancer and 
its development [73], and detection of foci at 
eroded telomere ends has been used as a marker 
of aging [74]. Recent studies claim positive rela-
tionship between levels of g-H2AX and age.
Sedelnikova et al. in 2002 found that levels of
endogenous g-H2AX foci increased with age
[75]. In a recent report compiled by Schurman
and coworkers using lymphocytes from individu-
als in the Baltimore Longitudinal Study of Aging,
an increase in g-H2AX foci with age was docu-
mented [76].
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4  RNA Damage During Aging

4.1  ROS-Mediated RNA Damage 
During Aging

Similar to DNA, RNA are also potentially tar-
geted by ROS. There are several reports in
humans which document that RNA are more
severely attacked by free radicals and are more 
prone to persistent oxidative damage than DNA
since RNA are mainly single stranded, leaving it
easily accessible to ROS, and there is no identi-
fied active repair mechanism for oxidized RNA
[77, 78]. Besides this, RNA are less protected by
proteins compared to DNA, and cytoplasmic
RNA are near to the mitochondria, the main
source of ROS production [78].

Increased RNA oxidization products are
reported in many age-associated consequences 
such as in dementia with Lewy bodies and 
Alzheimer’s disease [79–81]. Since RNA oxida-
tion is influenced by environment and not by 
genetics [82], measurement of RNA damage pro-
vides better understanding toward influence of 
oxidative stress during aging.

4.1.1  7,8-Dihydro-8-oxo-guanosine 
(8-OHG)

There are many RNA oxidation products that
indicate the RNA damage occurs in the cell fre-
quently; however, most of them lack the indica-
tion of the extent of damage and reproducibility. 
It was proposed that since RNA molecules are
very similar to DNA, the oxidative lesions
observed in DNA could also be observed on the
corresponding bases in RNA [83], and these 
lesions may serve as marker of oxidative damage 
in RNA with increased accuracy.

In the past years, the oxidized product of gua-
nosine, 7,8-dihydro-8-oxo-guanosine (8-OHG),
has been actively investigated [84]. 8-OHG is the
most examined oxidation products of the RNA
due to its similarity to the 8-oxoG lesion in DNA
and the ability to use many of the same method-
ologies verified on DNA substrates for the analy-
sis of RNA oxidation products. Determination of

8-OHG in aging cell may mark the oxidative
stress-mediated damage in RNA.

5  Plasma Membrane Redox 
System During Aging

Plasma membrane of the cell plays an important
role in many cellular functions including nutri-
tional transport, signal transduction, and regula-
tion of cellular ion homeostasis [85]. Since the
plasma membrane is composed of proteins and 
lipids and these biomolecules are susceptible to 
oxidative modifications, the plasma membrane is 
always under threat of oxidative damage that 
leads to impairments in its deformability, fluidity, 
and activities of membrane transporters which 
actively contribute in aging and related cellular 
consequences [86].

Recent studies suggest that each eukaryotic
cell contains a group of oxide reductases, collec-
tively known as plasma membrane redox system 
(PMRS), which play a very dynamic role in
maintaining the redox state of cell [87, 88]. This 
PMRS transfers electrons from intracellular
donors such as nicotinamide adenine dinucleo-
tide reduced (NADH) and/or ascorbate (ASC) to
extracellular acceptors. Although the exact phys-
iological function through which PMRS main-
tains redox state is under investigation, proposed 
functions include maintenance of redox state of 
sulfhydryl residues in membrane proteins, neu-
tralization of oxidative stressors outside the cells,
stimulation of cell growth, recycling of vitamin 
E, reduction of lipid hydroperoxides, and reduc-
tion of ferric ion prior to iron uptake by a 
transferring- independent pathway [89, 90].

It has been investigated that the PMRS along
with ascorbate free radical (AFR) reductase
works to maintain the extracellular concentration 
of ASC by using an electron derived from intra-
cellular ASC or other donors [90]. The concerted 
action of PMRS and AFR reductase seems very
significant since ASC is the primary antioxidant
present in the plasma, providing a first line of 
defense against stressors. It also serves as a 
cofactor in many enzyme reactions, including
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those involved in the synthesis of catecholamines 
and peptide hormones [91]. Despite such crucial 
functions of ASC, humans are unable to synthe-
size ASC in the body due to lack of functional
L-gulonolactone oxidase, the final enzyme of the
ASC biosynthetic pathway in mammals [92]. In 
the presence of an oxidant, ASC is oxidized first
to AFR and then to dehydroascorbate (DHA),
which is unstable and undergoes irreversible 
hydrolysis to 2,3-diketo-L-gulonic acid, resulting
in decreased level of the vitamin. Two molecules 
of AFR can react with each other to form one
each of ASC and DHA.

It has been reported that activities of PMRS
and AFR reductase increase with increase in age
and that the activation of PMRS along with AFR
reductase is a protective mechanism that oper-
ates to maintain the ASC level in the plasma,
and thereby minimizing oxidative stress during
aging [13, 90, 93]. Hyun and coworkers have 
reported that the enhancement of the PMRS is 
a mechanism by which caloric restriction  
may counteract mitochondrial dysfunction and  

oxidative stress in the brain during aging [88]. 
All these documentations emphasize that PMRS
plays a very significant role in maintaining the 
redox state and may be considered as novel bio-
marker of aging. It may be summarized that the
oxidative stress- mediated damage to the vital 
biomolecules followed by their impaired func-
tions plays a major role in progression and 
development of aging and related pathological 
events (Fig. 2).

6  Conclusion

Oxidative stress-mediated shift in redox state 
plays a very crucial role in the aging process and 
other related consequences. Various biochemical
parameters that reflect the balance between oxi-
dant and prooxidant stage get directly affected 
and altered during aging. Many parameters mark 
the extent of oxidative damages; however, not all 
of them can be used as biomarker of aging pro-
cess due to influence of various factors including 
sex and types of tissues incorporated in the study. 
In this context, there is a need for identification of 
novel biomarkers to represent age-related impair-
ments. Parameters included in the chapter are
reproducible and least affected by other factors 
and may be successfully used to assess aging- 
related changes in redox state.
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    Abstract  

  The role of antioxidant compounds against harmful effect of free radical is 
acknowledged widely. In 1980s, antioxidants had emerged as a “miracle 
substance” and have come to public attention. Subsequently, the use of 
antioxidant supplements has increased signifi cantly among the common 
people in the hope of preventing acute/chronic diseases. A number of both 
recent and previous investigations primarily epidemiological and observa-
tional studies have reported the benefi cial effect of antioxidant supple-
ments. Similar effect of antioxidant supplements was also confi rmed by 
different randomized controlled trials (RCTs). However, the previous 
reports were not consistent, and potential clinical benefi t derived from 
supplemental antioxidants for the general population is still under wide 
debate. Though to some extent, antioxidant supplementation did not seem 
to confer clinical benefi t, it may increase the risk of particular disease. The 
reliance on antioxidant supplements for preventing disease is a concern. 
Although existing information does not allow a fi nal and conclusive 
assessment of the relevance of regular intake of antioxidant supplementa-
tion for health, it does provide the basis for its rational consideration. This 
chapter addresses the specifi c aspects of antioxidant supplementation in 
health and disease in light of epidemiological evidences particularly RTCs, 
highlighting that foods rich in antioxidant compounds are generally safe 
than the regular intake of antioxidant supplements, exhibiting interesting 
health favorable effects.  
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1         Introduction 

 Oxidative stress, a condition associated with 
the production of excess of free radical beyond 
the capacity of the antioxidant cascade. 
Imbalance between oxidants and antioxidants 
leads to many physiological/biochemical 
changes and may contribute to different dis-
eases. Reactive oxygen species (ROS) and 
reactive nitrogen species (RNS) are the by-
products of cellular redox process and are 
responsible for both benefi cial and harmful 
effects. The delicate balance between these two 
opposite effects is certainly a key feature of life 
[ 1 ,  2 ]. When the generation of ROS/RNS is 
increased, the risk of biological damage can 
also be increased, resulting in the development 
of many pathological conditions [ 3 ]. Pollution, 
cigarette smoking, chemicals, drugs, illness, 
stress, radiation, and unhealthy lifestyle can 
aggravate the generation of free radicals. 
Antioxidants scavenge ROS/RNS and suppress 
free radical generation, resulting in improved 
redox balance. Endogenous enzymatic or non-
enzymatic antioxidant system acts along with 
exogenous antioxidants that function interac-
tively and synergistically to neutralize the 
excess free radicals and protect the cells against 
oxidative stress [ 1 ,  3 ]. 

 A healthy diet provides numerous vitamins, 
abundant micronutrients, and trace elements that 
are indispensable for good health. Several obser-
vational studies have found the positive relationship 
between higher intake of fruits and vegetables 
and reduced risk of chronic diseases. It is com-
monly established that fruits and vegetable which 
contain several vitamins and micronutrients can 
also act as antioxidant and free radical scaveng-
ing effect of those antioxidant substance may be 
benefi cial for health. However, exactly which 
mechanism and which specifi c dietary constituents 

of fruits and vegetables might be helpful is not 
clear [ 4 ,  5 ]. Three decades back in the 1980s, 
antioxidant had emerged as “miracle substance,” 
when scientists have recognized the role of free 
radical in the pathogenesis of different diseases 
and aging. Thus antioxidants have received 
considerable public attention, and intake of anti-
oxidants either through healthy diet (fruits and 
vegetables) or as supplements became apparent 
in general people. Currently, there has been a 
strong general belief that intakes of antioxidant 
supplements beyond the daily intake of food/
vegetable may have a role in the prevention of 
many diseases. In contrast to the hypothesis 
“antioxidant supplements offer only positive 
effect,” several randomized controlled trials 
(RCTs) have been carried out. But many of these 
studies have failed to confi rm any effect of anti-
oxidant supplements on hard endpoints such as 
morbidity and mortality [ 4 – 6 ]. 

 The previous overoptimistic attitude has 
obviously called for a more realistic and long-
term assessment to fi nd out the benefi cial/harmful/
no effect of antioxidant supplements. In this 
chapter, the necessity of antioxidant supplements 
to maintain optimal health and prevent chronic 
diseases is discussed based on the current evi-
dences. However, causal inferences are hard to 
establish from observational investigations, but 
conclusive scientifi c understanding on the role of 
antioxidant supplements in health promotion and 
mechanisms underlying the interplay between 
antioxidant and health in relation to disease 
prevention are also briefl y reviewed.  

2     Antioxidants in Supplements 
and Their Role 

 Since 1990s, the fi eld of antioxidant research is 
moving rapidly due to its potential as promising 
preventive agents. In this light, efforts have been 
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made to confi rm the effects of natural and synthetic 
antioxidants on the development and preven-
tion of diseases. Fruits and vegetables are sources 
of numerous vitamins and micronutrients like 
vitamin C, vitamin E, β-carotene, fl avonoid, and 
selenium, etc. [ 5 – 8 ]. There are thousands of dif-
ferent natural substances that can act as antioxi-
dants. The most common are vitamin C, vitamin E, 
β-carotene, fl avonoids, phenols, polyphenols, 
phytoestrogens, and several carotenoids, along with 
the minerals like selenium, zinc, manganese, glu-
tathione, coenzyme Q10, lipoic acid, and many 
more. Along with natural antioxidants, several 
synthetic phenolic antioxidants (i.e., butylated 
hydroxyanisole, butylated hydroxytoluene, and 
propyl gallate) have also come to the attention of 
pharmaceutical and food processing industries as 
they effectively prevent the formation of free 
radicals, inhibit oxidation, and act as chelating 
agents [ 9 ]. These synthetic antioxidants are gen-
erally used in processed fruits and vegetables, 
soft drinks, margarine, and canned shellfi sh. But 
benefi cial interactions of antioxidant substances 
with physical and chemical noxae are compared 
to those leading to adverse effects, for example, 
radiosensitization, increased toxicity of other 
chemicals, increased mutagen activity, and 
increased tumor yield from chemical carcino-
gens [ 1 ]. Natural compounds are generally preferred 
in comparison with synthetic one with the hope 
of safety and less toxicity. Since the mid-1990s, 
food industries have increased the sales of natural 
and organic foods as consumers have expressed 
fear about the safety of preservatives and additives 
in the food [ 9 ]. In vitro and in vivo experiments 
have shown that natural antioxidants confer the 
protection against free radical-mediated lipid 
peroxidation, DNA and protein oxidation, and 
oxidative stress- related mitochondrial dysfunc-
tion [ 1 ]. Table  1  discusses the general antioxidant 
mechanism of different dietary supplements.

   While there is no doubt that the correct redox 
balance as well as optimum balance between 
endogenous and exogenous antioxidant capacity 
is crucial to life, the curative power of antioxi-
dants has often been overestimated (Figs.  1  and  2 ) 
[ 9 ]. Some studies have shown that people with 
low intakes of antioxidant-rich foods were at 

greater risk for developing chronic diseases than 
other people who ate plenty of these foods. Two 
decades back, clinical trials began with testing 
the effi cacy of single substances, like β-carotene 
and vitamin E, as weapons against heart disease, 
cancer, etc. [ 10 ]. Subsequently, clinical trials of 
different antioxidant supplements alone and in 
combination have started in a large scale. Even 
before the results of these trials, there was a huge 
hype describing the benefi ts of “antioxidant sup-
plements,” mostly as a business strategy. 
Unfortunately, the trials were mixed, but most 
have not observed the hopes for benefi t. These 
mostly disappointing results haven’t stopped the 
business and popularity of antioxidants. Indeed, 
antioxidant supplements represent a $500 
million industry which is still increasing. 
Antioxidants are consumed by people in addi-
tion to their normal diet or added to the breakfast 
cereals, sports bars, energy drinks, and other 
processed foods without the advice of healthcare 
professionals, with the hope that they can promote 
the health and prevent the diseases [ 10 ,  11 ]. This 
section describes the fi ndings of clinical or 
large-scale trials and meta-analysis of RCTs 
when the antioxidant supplements were used 
alone and in combination and possible explana-
tions for the differences.

2.1        Vitamin C 

 Vitamin C is considered as a potent antioxidant, 
and small amount of vitamin C can protect the 
indispensable biomolecules from oxidative 
stress. Several disorders like high blood pressure, 
atherosclerosis, stroke, gallbladder disease, and 
different cancers have been associated with low 
level of vitamin C [ 6 ,  12 ,  13 ]. The optimum 
quantity of vitamin C intake, status of plasma 
level, and defi ciency of vitamin C remain a mat-
ter of controversy. The recommended dietary 
allowances (RDA) of vitamin C for adults 
(>19 years) are 90 mg/day for men and 75 mg/
day for women. The intake of 100 mg/day of 
ascorbic acid is found to be enough to saturate 
the body pools (neutrophils, leukocytes, and 
other tissues) in healthy individuals, which 
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   Table 1    Different dietary antioxidants and their general mechanism   

 Antioxidants  General mechanism 

 Vitamin E  Quenches or neutralizes the excited triplet states of oxygen and different 
radicals like superoxide anion, hydroxyl, alkoxyl, peroxyl, hydroperoxyl, 
nitrogen dioxide, nitroxide, peroxynitrite radicals 
 Beaks lipid peroxidation chain reactions 
 Upregulates the antioxidant enzymes and regenerate several other 
antioxidants such as α-tocopheroxyl, urate, and β-carotene radical cation 
from their respective radical species 

 Vitamin C  Scavenges superoxide, hydroxyl radicals 
 Neutralizes oxidants from stimulated neutrophils 
 Mediates electron transfer to ascorbate- dependent peroxidases or 
regenerating membrane bound vitamin E. Thus, indirectly reduce lipid 
peroxidation in cell membranes 
 Reducing power ability 
 Recycles oxidized glutathione to reduce glutathione 

 Coenzyme Q 10   It inhibits lipid peroxidation 
 Reduces mitochondrial oxidative stress 
 Recycles vitamin E 

 Selenium  Scavenging active oxygen species as an essential constituent of 
glutathione peroxidase, thioredoxin reductase 

 Carotenoids [ i.e., β-carotene, lycopene, 
lutein, zeaxanthin ] 

 Quench singlet oxygen 
 α-Carotene and β-carotene and β-cryptoxanthin can be converted to 
vitamin A 
 Lutein and zeaxanthin can stabilize the membrane integrity and can 
competently act as secondary antioxidants 
 Neutralize reactive radicals via electron transfer and generating carotenoid 
radical cations 
 May interact with peroxyradicals to form a large resonance stabilized 
radical 
 May scavenge free radicals through hydrogen atom mechanism transfer, 
resulting in alkyl radicals 
 Lycopene can interact with superoxide anions and may produce 
carotenoid radical anion 
 Carotenoids act as lipophilic antioxidants and prevent the oxidative 
damage on polyunsaturated fatty acids 
 They can act as chain-breaking antioxidants by inhibiting the propagation 
of lipid peroxidation 
 Can scavenge lipid peroxyl radicals 
 Inactivation of lipoxygenase activity 

 Flavonoids [ i.e., quercetin, catechins, 
proanthocyanidins, etc. ] and 
nonfl avonoid polyphenolics [ i.e., 
chlorogenic acid, secoisolariciresinol, 
resveratrol ] 

 Act by chelating prooxidant transition metal ions (Fe 2+ ) 
 Scavenge hydroxyl radical, superoxide anions, alkoxyl radicals, lipid 
peroxyl, and lipid alkoxyl radicals 
 Act as singlet oxygen quenchers and scavenge of free radicals directly 
 Inhibit lipid peroxidation processes 
 Inhibiting the catalytic activity of several enzymes (i.e., xanthine oxidase, 
lipoxygenase, cyclooxygenase, and NADPH oxidase) eliciting ROS 
formation 
 Interfere with inducible nitric oxide synthase activity 
 Decrease the number of immobilized leukocytes during reperfusion 
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  Fig. 1    Different endogenous antioxidants used as supplements       

  Fig. 2    Double-edged effects of exogenous antioxidants       
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results optimal vitamin C level in plasma of 
70 mmol/l [ 6 ,  14 ,  15 ]. It was recently reported 
that more than 20 % of Canadians do not get suf-
fi cient vitamin C from their diet and about one 
third of the population takes vitamin C in the 
form of supplements [ 16 ]; similar condition may 
persist in other countries also. 

 Several preclinical and preliminary studies 
have reported the benefi cial effect of vitamin C in 
certain pathological condition like cold, wound, 
atherosclerosis, cancer, lung damage, and oxida-
tive stress in CNS, sperm [ 13 ,  14 ]. Some investi-
gations have suggested that the ingestion of 
ascorbic acid (1–2 g) effectively prevents/amelio-
rates common cold. But the benefi cial effect of 
ascorbic acid supplement remains controversial, 
as most of RCTs did not fi nd an overall signifi -
cant effect of ascorbic acid supplement [ 14 ,  15 ]. 
A number of studies have demonstrated that large 
dose of vitamin C after onset of cold did not 
reduce the duration or severity of cold symptoms. 
Though some past trials have found that ascorbic 
acid reduced the severity and duration of cold 
symptoms during the period of infection or may 
avert it, this effect may link with the stimulation 
of immune response by ascorbic acid [ 14 ,  15 ]. A 
meta-analysis of available RCTs found that vita-
min C supplementation signifi cantly lowers 
serum uric acid, but authors have suggested for 
further study to establish the role of vitamin C in 
the treatment of gout [ 17 ]. 

 The role of vitamin C in cardiovascular diseases 
(CVDs) is also a matter of concern. A number of 
animal studies have suggested that vitamin C 
confers benefi cial effect against oxidative stress-
related diseases. Several short-term studies on 
human also have supported the phenomena that 
vitamin C supplements improve the lipid profi le 
and antioxidant capacity in patient with CVDs 
[ 12 ]. However, most of the long-term studies 
where myocardial infarction (MI), stroke, and 
CVD death were considered as ultimate outcome 
have failed to fi nd any benefi cial effect of vitamin 
C [ 12 ,  13 ]. The hypothesis regarding the protec-
tive effect of vitamin C against CVDs is sup-
ported by different mechanisms/researches like 
vitamin C protects oxidation of isolated LDL 
against oxidative stress, inhibits lipid oxidation, 

inhibits leukocyte–endothelial cell interactions 
induced by cigarette smoking, etc. [ 12 ,  18 ]. Some 
cross-sectional and longitudinal studies have 
reported that the risk of CVDs is inversely related 
to vitamin C intake and plasma vitamin C con-
centration [ 18 ]. But few observational studies 
have found the negative correlation between the 
risk of cardiovascular complications and dietary 
intake of vitamin C alone or in combination of 
other antioxidants, though most of the RCTs did 
not support this phenomenon [ 12 ,  18 ]. However, 
contradictory results have also been reported by 
different investigations carried out in different 
parts of the world. It was reported that high 
consumption of vitamin C reduced the risk of 
death from CVDs in Finnish and American 
women only, while another cohort study found 
benefi cial effects of vitamin C on cardiovascular 
mortality in both sexes [ 12 ,  13 ,  18 ]. Majority of 
recent cohort studies did not fi nd any impact of 
vitamin C supplementation in coronary heart dis-
ease mortality. However, a follow-up study of 
NHANES-I found that regular use of a vitamin C 
supplement decreased the standardized mortality 
ratio for cardiovascular mortality by 48 % and 
for all-cause mortality by 26 %. However, the 
results and conclusions of these studies are not 
consistent [ 19 ]. 

 Vitamin C works against mutation of deoxyri-
bonucleic acid (DNA), and this might be a key 
reason for the expected clinical value of vitamin 
C in the treatment of certain cancers. The con-
sumption of vitamin C much higher than the 
RDA may decrease the risk or risk factors for 
certain types of cancer and may lengthen the life 
span of cancer patients. In several existing 
population- based studies, the incidence of cancer 
(like skin, cervical, and, possibly, breast cancer) 
may be prevented by the consumption of foods 
rich in vitamin C [ 6 ,  15 ]. The Department of 
Agriculture and the National Cancer Institute, 
USA, recommended the consumption of fi ve 
fruits and vegetables daily, which may be useful 
in cancer prevention. These foods are rich in vita-
min C, and if these advices are followed, daily 
vitamin C intake will be 210–280 mg, depending 
on food cofactors [ 15 ,  20 ]. Though this discussion 
indicated that vitamin C is essential in cancer 
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prevention, fruits/foods with high level of vitamin 
C also contain many other benefi cial nutrients 
and antioxidants. Therefore it is quite diffi cult to 
say that only vitamin C is responsible for cancer 
preventive effect. Nobel laureate Pauling and 
Cameron suggested that ascorbic acid in high 
dose may be benefi cial in the treatment of cancer. 
Experimental animal studies and in vitro experi-
ments have extrapolated the promising anticancer 
effect of ascorbic acid as it inhibited human 
mammary tumor growth in mice, decreased the 
incidence of kidney tumors in hamsters, inhibited 
the growth of a number of malignant and nonma-
lignant cell lines, exerted cytotoxic effect onto 
some human tumor cells (neuroblastoma, osteo-
sarcoma, and retinoblastoma), etc. [ 14 ]. 
Unfortunately long-term RCTs with vitamin C 
alone or with other antioxidant supplements in 
cancer patients were discouraging. A recent study 
reported that the incidence of melanoma was 
higher only in women who received antioxidant 
supplement but not in men [ 21 ]. Thus, conclusive 
evidence or precise mechanism on the possible 
protective/benefi cial effect of ascorbic acid 
supplementation is lacking. 

 Prooxidant versus antioxidant property, inter-
action with other dietary substances, and concen-
tration of ascorbic acid are the key aspect to 
explain the possible harmful effects of vitamin 
C. In vitro studies have shown that low concen-
trations of ascorbic acid act as a prooxidant, but 
as an antioxidant at higher levels [ 22 ]. However, 
at elevated oral intake, vitamin C (e.g., 500 mg/
day over 6 weeks) is found to produce prooxidant 
effects by increasing oxidative lymphocyte DNA 
damage in healthy human volunteers. In high 
concentration vitamin C can negatively impact 
the intactness of the gastrointestinal lining [ 23 ]. 
Several in vitro and in vivo animal experiments 
have demonstrated that high intake of iron along 
with ascorbic acid could promote in vivo lipid 
peroxidation of LDL and therefore could enhance 
the risk of atherosclerosis, though some litera-
tures are also available suggesting the reverse 
effect [ 14 ]. Agus et al. have found that the tumor 
cells hold large amounts of vitamin C, and it is 
speculated that high amount of vitamin C in 
cancer cells may impede with chemotherapy or 

radiotherapy since these therapies induce cell 
death by oxidative mechanism. Thus, supple-
mentation with ascorbic acid might make cancer 
treatment less effective [ 14 ,  24 ]. Several other 
characteristics upon the administration of vita-
min C also need detail study. One of the key 
mechanisms of vitamin C in relation to its anti-
cancer activity is the formation of H 2 O 2 . It was 
reported that the concentration of H 2 O 2  induced 
by pharmacologic vitamin C is much more than 
those concentrations that regulate normal cellular 
processes. Whether transient changes in H 2 O 2  
level have long-term effects on human body is 
still unknown [ 25 ]. Recently, it has been reported 
that ascorbic acid causes decomposition of lipid 
hydroperoxide in the presence of transition met-
als to DNA-reactive bifunctional electrophiles, 
suggesting that ascorbic acid may enhance muta-
genesis and risk of cancer [ 14 ]. The data of vita-
min C inducing harmful effect on human are 
confl icting and inconsistent. However, in this 
regard more mechanistic and human in vivo 
studies are warranted.  

2.2     Vitamin E 

 Vitamin E comprises a group of potent, lipid- 
soluble, chain-breaking antioxidants, which is 
considered fi rst line of defense against lipid per-
oxidation. α-Tocopherol is the most abundant 
form of vitamin E in nature. The effect of vitamin 
E supplement on different human disease condi-
tions like cancer and CVDs was investigated by 
several small and large-scale long-period studies. 
The most recent RDA for vitamin E is 15 mg [22 
international units (IU) RRR or 33 IU all-rac] 
α-tocopherol [ 26 ]. Some studies have reported 
that vitamin E supplement was associated with a 
decreased risk of CVD mortality and nonfatal 
CVD events. In the all-female Nurses’ Health 
Study, 37 % reduction in major coronary heart 
disease (CHDs) was observed when vitamin E 
supplement was used after 8-year follow-up, 
while in all-male Health Professionals Follow-Up 
Study (after 4 years), 25 % reduction was observed 
for incident coronary disease. But the use of vita-
min E supplement with a minimum dose of 
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100 IU/day for not less than 2 years is required for 
these benefi cial effects [ 19 ]. However, majority of 
RTCs have failed to prove the benefi cial effect for 
vitamin E supplementation in CVD disease and 
mortality. Schurks et al. investigated the infl uence 
of vitamin E supplementation on total incident of 
ischemic and hemorrhagic stroke using a meta-
analysis (nine trials, total 118,765 participants), 
and it was found that vitamin E supplementation 
results in a signifi cant increase of the risk of hem-
orrhagic stroke by 22 %, but reduce the risk of 
ischemic stroke by 10 %. The effect of vitamin E 
supplementation on nonfatal myocardial infarc-
tion in patients with preexisting coronary artery 
disease was  investigated, and it was found that 
supplementation decreased the disease by 3 %. 
Thus, vitamin E supplementation was not associ-
ated with reduction in the incidence of total car-
diovascular or all- cause mortality. Researchers 
did not fi nd any serious adverse effects associated 
with prophylactic use of vitamin E and have sug-
gested that vitamin E supplementation could be 
helpful for secondary prevention of nonfatal myo-
cardial infarction [ 27 – 29 ]. 

 The relationship between cancer and vitamin E 
supplements is quite complex. Alkhenizan and 
Hafez have investigated 12 RCTs and correlated 
the effect of vitamin E supplements alone and with 
other supplements with total mortality, cancer 
mortality, total incidence of cancer, and incidence 
of lung, stomach, esophageal, pancreatic, prostate, 
breast, and thyroid cancers. They have proposed 
that vitamin E supplementation was not benefi cial 
in the reduction of total mortality, cancer inci-
dence, or cancer mortality, but may be helpful in 
the reduction of prostate cancer incidence. Some 
of the RCTs have reported opposite phenomenon. 
A Selenium and Vitamin E Cancer Prevention 
Trial which includes 35,533 men from 427 study 
sites in the United States, Canada, and Puerto Rico 
has found that dietary supplementation with vita-
min E and selenium in combination did not pro-
duce any effect on prostate cancer risk, but the risk 
of prostate cancer among healthy men was signifi -
cantly increased by vitamin E supplementation 
(400 IU/day) [ 30 ,  31 ]. 

 There is evidence that high dose of vitamin E 
(>400 IU/day) supplements may increase all- cause 

mortality compared to placebo. Miller and 
colleagues documented 12,504 deaths from 19 
RCTs, though few limitations restrict the wide 
acceptance of the meta-analysis [ 27 ]. Abner and 
colleagues also conducted a similar meta- analysis 
of 57 trials (sample sizes vary 28–39,876, duration 
varies 1–10.1 years, total 246,371 subjects and 
29,295 all-cause deaths), but they did not fi nd any 
relationship between dose and risk of mortality, 
and proposed that vitamin E supplementation up to 
dose 5,500 IU/day has no effect on all-cause mor-
tality [ 32 ]. Berry et al. in their research (Bayesian 
meta-analysis) also have proposed similar phe-
nomenon [ 33 ]. Recommendations for vitamin E 
supplementation are not consistent in different 
observational studies. Data from clinical trials are 
also limited, and many of them did not fi nd consis-
tent benefi cial effect of vitamin E supplements in 
the prevention of chronic diseases and mortality. 

 Source and bioavailability of vitamin E along 
with the food habit during vitamin E supplemen-
tation is also important while discussing its 
effect. Thus, for a valid assessment of vitamin E 
supplements, it would be important to measure 
the circulating amount of vitamin E and to select 
people who have moderately low α-tocopherol 
and elevated oxidative stress status for inclusion 
in RCTs [ 26 ]. Recently, several non-   antioxidant 
activities of vitamin E have attracted the atten-
tion. Vitamin E interferes with vitamin K and 
decreases the likelihood of clot formation. The 
consumption of vitamin E in excess may increase 
the risk of bleeding. Several clinical trials have 
found that vitamin E supplementation may 
reduce the risk of cardiovascular events and death 
from cardiovascular disease. Therefore, anti-
thrombotic activity of vitamin E also may have 
important role in this regard along with the anti-
oxidant potential of vitamin E [ 26 ]. Recently, a 
metabolite of a vitamin E, namely, 2,7,8-trimethyl- 
2-(β-carboxyethyl)-6-hydroxychroman, has gained 
much attention due to its strong natriuretic effect. 
This effect is an important determinant in hyper-
tension, congestive heart failure, and cirrhosis 
[ 34 ]. Prooxidant effect of tocopherol is well 
established which is also responsible for the for-
mation of free radicals by initiating the reduction 
of transition state metals. This prooxidant effect 
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of tocopherol is responsible for worsening the 
fatal myocardial infarctions in a clinical study 
with vitamin E supplements [ 34 ]. Vitamin E gen-
erates quinones (as a metabolite) when it pro-
duces its antioxidant effect. These metabolites 
are known to generate oxygen radicals and oxi-
dize cellular components. Quinones also produce 
Michael adducts with cellular thiols, depending 
upon the nature, the number, and the position of 
substituents on the quinine. The toxicity varies 
with the ability of these different quinines to 
form Michael adducts [ 34 ]. Tocopherols and sev-
eral tocopherol esters restrain glutathione 
S-transferase P 1-1 (GSTP1-1) which is present 
in the skin. A laboratory experiment has con-
fi rmed that mice lacking GSTP1-1 have a greater 
risk for skin tumorigenesis. Vitamin E has also 
been reported to be a complete tumor promoter in 
mouse skin. Thus it is quite possible that 
“GSTP1-1 inhibiting effect” of vitamin E may be 
responsible for abovesaid carcinogenic activity. 
This urges to confi rm the potential risk of the 
application of vitamin E, and another mecha-
nism relates to it [ 34 ]. Thus diverse biological 
effects of vitamin E advocate a reevaluation 
including the dose, kinetics, metabolism, interac-
tion of vitamin E, and the biological effects of 
the metabolites.  

2.3     Selenium 

 Selenium (Se), an essential trace element, is 
required to retain optimal human health and 
provide protection against oxidative damage. 
Foods are foremost natural source of Se, but the 
benefi cial and detrimental effect of Se depends 
on a narrow exposure window. Se is an important 
component of several antioxidant enzymes, such 
as glutathione peroxidase (GPx), thioredoxin 
reductase (TrxR), and iodothyronine deiodinases 
(IDD) [ 35 ]. Selenium defi ciency is associated 
with an increased risk of cancer, infection, male 
infertility, and some neurologic conditions [ 36 ]. 
Epidemiological studies have suggested positive, 
negative, as well as no association between 
selenium supplementation and the risk of differ-
ent types of cancer. Positive effect of selenium 

supplement on cancer was reported by different 
RCTs. Cancer preventive effect of Se supplemen-
tation alone was investigated by a meta-analysis 
of 9 RCTs in populations with a low baseline 
serum Se level and in high-risk populations for 
cancer [ 36 ]. A recently updated Cochrane review 
examined the association between Se supplemen-
tation and cancer risk and concluded that higher 
intake of Se might help to decrease the risk of 
bladder cancer, prostate cancer, and cancer mor-
tality; but no relation was found between Se 
intake and risk of breast cancer. Most of the 
RCTs have reported that Se might help to prevent 
gastrointestinal and prostate cancers, but these 
results need to be confi rmed in more appropri-
ately designed RCTs. A large-scale RCT in 
35,533 men (age ≥50 years) from different coun-
tries was discontinued after 5.5 years when no 
association between Se supplementation (200 μg/
day) with or without vitamin E and prostate 
cancer risk was observed [ 36 ,  37 ]. 

 The role of Se in cardiovascular disease has 
also yielded confl icting conclusions. Some 
observational studies have reported that poor Se 
concentration increases the risk of hypertension 
and coronary heart disease. However, these con-
clusions have not been supported by most of the 
observational studies. Most of these researches 
have suggested that there is no appreciable rela-
tion between the level of Se intake and risk of 
heart disease or cardiac death. Few of the investi-
gations also have highlighted that the risk of 
CVDs increases with increase level of Se. Flores- 
Mateo et al. examined the association of Se sup-
plements with CVDs/CHDs using 14 cohort 
studies, 11 case control studies, and 6 random-
ized trials. Association between Se concentra-
tions and the risk of CHDs was reported usually 
in observational studies, though the validity of 
this association is uncertain. Some RCTs have 
found the benefi cial effect of Se supplement in 
CVDs, but the fi ndings are largely inconclusive. 
Thus authors have suggested that Se supplements 
should be avoided for cardiovascular disease 
prevention until the effect of Se supplementation 
is properly established [ 37 ,  38 ]. 

 A randomized trial found that Se supplemen-
tation (200 μg/day) may increase risk for diabetes 
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[ 39 ]. Inverse relationship between serum Se level 
with thyroid volume, risk of goiter, and risk of 
thyroid tissue damage in people with mild iodine 
defi ciency was also investigated, though RCTs of 
Se supplementation in patients with thyroid 
disease had mixed result. Se supplementation 
with other antioxidants was found to increase 
episodic memory, but selenium’s independent 
role in this regard was unclear [ 39 ]. 

 GPx (a selenoprotein) is considered as an 
important endogenous antioxidant found in 
human, which converts H 2 O 2  into water, protect-
ing the cell from oxidative damage, while another 
selenoprotein, thioredoxin reductase, is involved 
in the reduction of oxidized thioredoxin in a 
NADPH-dependent manner, serving a key role in 
regulating the cellular redox status [ 40 ]. The role 
of Se in respect to the risk of heart diseases and 
mortality is still uncertain and controversial. Se 
as antioxidant selenoenzymes and selenoproteins 
may be benefi cial to decrease the production of 
oxidized LDL, and thioredoxin reductase was 
also found to play an important role in preventing 
oxidative stress and increasing NO bioavailabil-
ity and, therefore, would reduce the incidence of 
heart diseases. However, non-oxidative mecha-
nisms like downregulation of the LDL receptor 
have also been reported in animal studies [ 35 ]. 
Some researchers proposed that the recom-
mended daily level of Se consumption in humans 
should be between 50 and 200 μg/day. But if the 
intake is increasing as little as 850–900 μg/day, it 
may lead to selenium toxicity [ 40 ]. Forms of 
selenium, concentrations, species, and its interac-
tion with other dietary supplements are responsi-
ble for complexities observed in selenium 
toxicity. For example, in adult animals, inorganic 
selenium was found to be more toxic, and it was 
also reported that selenium toxicity was increased 
by dietary supplementation with methionine and 
vitamin E in rats [ 40 ]. Selenocysteine was found 
to induce apoptosis in human cancer cells by 
increasing ROS, and this can be considered as 
one of the important mechanisms of anticancer 
properties of Se. But several other mechanisms 
like anticancer effect mediated through p53, 
altering the sensitivity to chemotherapy and 
radiotherapy, enhancement of immunity, interactions 

of Se that affect protein synthesis and the cycle 
of cell division, and formation of anticancer 
selenium metabolites are also important in this 
regard [ 40 ,  41 ]. Thioredoxin reductases and three 
iodothyronine deiodinases are also responsible 
for controlling a variety of metabolic processes 
by regulating the activation and inactivation of 
thyroid hormones [ 40 ]. However,, the exact 
mechanism of selenium toxicity remains unclear, 
but there are many literatures which have found 
that in in vitro conditions, Se compounds may 
generate active oxygen species and this may be 
considered as a possible mechanism of selenium 
toxicity [ 42 ,  43 ]. Prooxidant effect particularly in 
the form of selenite has also been investigated. 
Se in its inorganic form reacts with tissue thiols 
(i.e., glutathione) to form selenotrisulphides, 
which reacts with other thiols to generate oxygen 
free radicals, such as superoxide anion. Organic 
diselenides are transformed into selenols in the 
presence of thiols to produce ROS. Methyl sel-
enide formation is responsible for the formation 
of superoxide radicals that is also considered 
as important mechanism of selenium toxicosis. 
Besides these mechanisms selenium can have 
inhibitory effects on thiol proteins, for instance, 
those which have antioxidant effect [ 43 ]. Thus it 
is rational to believe that the use of Se supple-
ments should be reevaluated in light of this grow-
ing knowledge.  

2.4     Coenzyme Q10 

 Coenzyme Q10 (CoQ10) is a vitamin-like sub-
stance which is produced by the tissues in small 
quantities. CoQ10, also known as ubiquinone, 
primarily works as a vital intermediate of the 
electron transport system in the mitochondria. 
Adequate quantity of CoQ10 is essential for cel-
lular respiration and ATP production. CoQ10 
protects biomolecules from oxidative damage 
and is capable of recycling and regenerating other 
antioxidants such as vitamins E and C, thus con-
ferring some benefi ts under certain circumstances 
when ingested [ 44 ,  45 ]. Recently, low levels    of 
CoQ10 have been reported in several disease 
conditions, including cardiovascular diseases 
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(cardiomyopathy, congestive heart failure, 
angina, acute myocardial infarction, arrhythmias, 
and mitral valve prolapse), neurological disorders 
(Parkinson’s disease, Huntington’s disease), 
cancers such as breast cancer, diabetes mellitus, 
male infertility, thyroid disorders, migraine, renal 
failure, periodontal disease, muscular dystrophy, 
acquired immunodefi ciency syndrome (AIDS), 
and asthma [ 44 ], and thus CoQ10 supplementa-
tion can be helpful in these disease conditions. 

 A meta-analysis of different clinical trials (3 
RCTs, 1 crossover study, and 8 open label stud-
ies) concluded that CoQ10 supplements have a 
benefi cial effect on hypertensive patients, as 
CoQ10 decreases systolic blood pressure by up 
to 17 mm Hg and diastolic blood pressure by up 
to 10 mm Hg without signifi cant side effects. The 
association of CoQ10 (150–300 mg/kg) with 
endothelial function was investigated, and it was 
found that CoQ10 supplement signifi cantly 
improved the endothelial function. A recent 
meta-analysis of 13 RCTs concluded that there 
was a signifi cant improvement in the ejection 
fraction in patients with congestive heart failure 
following CoQ10 supplementation (60–300 mg/
day). Authors have suggested for further well- 
designed studies [ 46 – 48 ]. 

 Infl uence of CoQ10 supplements in other dis-
ease conditions was also investigated. Coenzyme 
Q10 supplementation was found to improve gin-
gival health, immune response in gum tissues, 
diseased gum conditions, migraine headache, and 
glycemic control in different human clinical trials. 
Coenzyme Q10 effects on sperm have also been 
reported in oligoasthenoteratozoospermia infer-
tile men. Coenzyme Q10 supplementation for 
3 months can attenuate oxidative stress in semi-
nal plasma, which result in the improvement of 
semen parameters and antioxidant enzyme activ-
ity. Shults et al. have reported that CoQ10 was 
safe and well tolerated up to 1,200 mg/day and 
found that CoQ10 supplement slows down the 
progressive deterioration of functions in 
Parkinson’s diseases [ 49 – 51 ]. But most of the 
RCTs have some limitations including the study 
duration, number of people, etc. Thus large, pro-
long RCTs are essential to reconfi rm the clinical 
benefi t of CoQ10 supplements. 

 CoQ10 was found to attenuate the oxidized 
low-density lipoprotein (oxLDL)-induced pro-
duction of ROS and improve the antioxidant 
capacity. The attenuation of oxLDL-mediated 
downregulation of endothelial nitric oxide syn-
thase (eNOS) and upregulation of inducible 
nitric oxide synthase (iNOS) by CoQ10 was also 
reported [ 52 ]. Current understandings are    also 
suggesting that in addition to the antioxidant 
activity, CoQ10 also improves cardiac bioener-
getics, endothelial function, and vasodilatory 
effect, exerts direct membrane-stabilizing activ-
ity, preserves myocardial Na + -K +  ATPase 
activity, stabilizes the integrity of Ca 2+ -dependent 
slow channels, and rectifi es mitochondrial “leak” 
of electrons during oxidative respiration [ 53 ]. 
Thus, it will not be right to say that only antioxi-
dant mechanism of CoQ10 is responsible for its 
benefi cial effect and increased quantity of 
CoQ10 than its normal level may also produce 
adverse effect. 

 Some investigations have reported that lyco-
pene and CoQ10 supplementations increase the 
concentration of glutathione peroxidase. Another 
research has found that CoQ10 is responsible for 
increased levels of extracellular superoxide 
dismutase [ 54 ,  55 ]. The observed safety level of 
CoQ10 is 1200 mg/day/person. Overall, evi-
dences from preclinical and clinical studies indi-
cate that CoQ10 is highly safe for use as a dietary 
supplement. But at the same time higher level of 
CoQ10 in postmenopausal women may be con-
nected with increased breast cancer risk. Some 
in vitro studies have found that CoQ10 can pro-
mote the survival of tumor cells treated with anti-
cancer drugs. Theoretically, antioxidant effect of 
CoQ10 can diminish the effect of chemothera-
peutic agents and radiotherapy as these therapies 
act by inducing oxidative stress in tumor cell. 
Some researchers have found that CoQ10 is con-
traindicated for pregnant or lactating women and 
those with diabetes and high blood pressure. It 
was also advised to avoid excessive exercise 
while taking CoQ10. CoQ10 may possibly inter-
fere with warfarin and thus increase the risk of 
blood clotting or bleeding [ 56 ]. The clinical ben-
efi t with CoQ10 supplements is nothing short of 
dramatic, and only antioxidant activity is not 
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responsible for its favorable effect. Thus more 
attention and awareness is essential before con-
sumption of CoQ10 supplements without pro-
fessional advice.  

2.5     Flavonoids 

 Dietary fl avonoids represent a wide range of 
polyphenolic compounds that are found in fruits, 
vegetables, grains, herbs, and beverages. 
Different types of fl avonoids include fl avonols 
(i.e., quercetin, kaempferol), fl avones (i.e., 
 apigenin, luteolin), fl avanones (i.e., naringenin), 
fl avan-3-ols (i.e., catechin, epicatechin), isofl a-
vones (i.e., phytoestrogens), and anthocyanidins 
(i.e., cyanidin, delphinidin). Flavonoids exhibit a 
potent antioxidant activity and are responsible 
for several biological effects [ 57 ]. 

 Effects of multi-fl avonoid supplement on vas-
cular and hemodynamic parameters in older pre-
hypertensive patients were investigated, and it 
was found that fl avonoid supplementation for 
2 weeks in a double-blind, counterbalanced 
design results in a signifi cant decrease in systolic 
blood pressure and mean arterial pressure in the 
treatment group with no changes in vascular 
parameters [ 58 ]. A meta-analysis has investi-
gated the effect of food containing fl avonoid on 
cardiovascular disease and its risk factors. 
Authors have observed that chocolate increases 
fl ow-mediated dilatation after acute or chronic 
intake and reduces systolic, diastolic blood pres-
sure, while isolated soy protein signifi cantly 
decreases the diastolic blood pressure and LDL 
cholesterol. Acute black tea intake was found to 
enhance systolic and diastolic blood pressure, 
while green tea was found effective in reducing 
LDL. Effects of several other fl avonoid- 
containing products have already been investi-
gated, but investigators failed to fi nd their 
effi cacy due to insuffi cient evidence [ 57 ]. 
Blostein-Fujii et al. investigated the infl uence of 
citrus fl avonoid supplementation on the vulner-
ability of lipoprotein for oxidation in type II dia-
betic women using a short-term study and 
concluded that citrus fl avonoid supplementation 
(about 1 g/day, 3 weeks) has no benefi cial 

effect [ 59 ]. Neuroprotective properties, neuronal 
function enhancing and neurogenesis- stimulating 
effect of fl avonoid have been reported which 
indicated that fl avonoids may enhance cognitive 
function. Overall evidences are suggesting a 
positive association between fl avonoid con-
sumption and cognitive function. Most of the 
RCTs have reported the positive association, and 
few studies have also found the negative effect, 
but most of the studies had null fi ndings [ 60 ]. 
Although general animal experiments, some epi-
demiological, longitudinal, and observational 
studies have suggested that fl avonoid consump-
tion may have benefi cial effect on cardiac health, 
cognitive performance, and others, but a lot of 
researches and clinical trials are required to fi nd 
the exact mechanism and to establish the posi-
tive effect of fl avonoid supplements. 

 Interest in the possible health benefi ts of fl avo-
noid supplements has increased owing to potent 
in vitro antioxidant and free radical scavenging 
activities of fl avonoid. Vegetables, fruits, spices, 
tea, and cocoa are rich in natural sources of fl avo-
noids. But in the recent past, dietary supplements 
of fl avonoids have become increasingly popular 
as an alternative source. Flavonoids in vegetables 
and fruits contain a complex mixture of second-
ary plant metabolites and not only fl avonoids per 
se. Thus, replacing these complex mixtures of 
secondary plant metabolites by single purifi ed 
compounds as dietary supplements will not be 
wise [ 61 ]. If fl avonoids are given as dietary sup-
plements, the dose and interactions need to be 
taken into account. For example, the fl avonol 
quercetin has been marketed by different indus-
tries as a dietary supplement with recommended 
daily doses of up to 1 g and more, whereas the 
daily consumption of quercetin from foods has 
been estimated to be 10–100 mg only. Higher 
dose of fl avonoid may affect trace element, folate, 
and vitamin C status [ 61 ]. There is increasing 
evidence from human clinical studies that the 
absorption and bioavailability of specifi c fl avo-
noids is greatly higher than originally believed 
[ 62 ]. However, the upper limit for plasma con-
centrations of polyphenols before the elaboration 
of adverse effects is unknown for many polyphe-
nols [ 63 ]. Thus supplements containing such 
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supraphysiological fl avonoid levels may be 
responsible for harmful effects through prooxida-
tive action. At high concentration under certain 
specifi c environment (high pH, presence of iron), 
phenolic antioxidants can start an auto-oxidation 
process and behave like prooxidants. Some stud-
ies have reported that phenolic acids in high con-
centration endorse carcinogenicity through 
H 2 O 2 -induced DNA damage and resultant geno-
toxicity. Thus, diet-derived fl avonoids are gener-
ally considered as safe, based on their long 
history of use [ 63 ]. The overall benefi cial effect 
of fl avonoid supplements on health is uncertain, 
and intake of large quantities of them should not 
yet be encouraged.  

2.6     Carotenoids 

 More than 600 carotenoids are available in 
nature, as complex with proteins or as crystalline 
carotenoid complexes. β-Carotene is the most 
abundant form of provitamin A, found in vegeta-
bles and fruits. β-Carotene effectively quenches 
singlet oxygen and reduces peroxyl free radical 
reactions [ 64 ]. It is one of the major antioxidant 
supplements that has been investigated widely to 
fi nd its effect on health and diseases. 

 Druesne-Pecollo et al. after reviewing the 
results of nine RCTs have concluded that 
β-carotene supplementation did not produce any 
signifi cant effect on the incidence of all cancers 
combined, pancreatic cancer, colorectal cancer, 
prostate cancer, breast cancer, melanoma, and 
nonmelanoma skin cancer. However,, β-carotene 
supplementation (20–30 mg/day) has been found 
to increase the incidence of lung and stomach 
cancers in smokers and asbestos workers signifi -
cantly compared to placebo group. Another simi-
lar type of meta-analysis (six RCTs and total 
participants 40,544) has revealed that β-carotene 
supplements had no preventive effect on either 
cancer incidence or mortality, even though the 
risk of urothelial cancer, especially bladder can-
cer, had increased. A marginally increase in 
cancer risk with β-carotene supplements was 
observed among current smokers [ 65 ,  66 ]. 
Gallicchio et al. have reported that β-carotene 

supplementation did not have any infl uence on 
the risk of developing lung cancer. Thus,, several 
cohort studies have reported the inverse associa-
tions between different carotenoids and lung can-
cer, but most of the results are small and not 
statistically signifi cant [ 67 ]. 

 Investigators have also    analyzed the effect of 
other carotenoids and reported inverse associa-
tion with lung cancer risk, comparing the lowest 
with the highest intake except for lutein [pooled 
RR: 0.89 (0.79, 1.00), 0.80 (0.72, 0.89), 0.86 
(0.77, 0.97), and 0.89 (0.79, 1.00) for α-carotene, 
β-cryptoxanthin, lycopene, and lutein–zeaxan-
thin, respectively] [ 67 ]. Protective effect of 
β-carotene supplementation on sunburn was 
reported, though the duration of supplementation 
had a signifi cant infl uence on the effect size [ 68 ]. 
Positive protective effect of antioxidant supple-
ments on health was demonstrated when 
β-carotene was given along with other antioxi-
dants. However, most of the RCTs and clinical 
evidences did not support the fact that β-carotene 
supplementation has preventive effect on cancer; 
instead some have reported the negative effect of 
β-carotene supplementation on cancer risk. 

 Prooxidant effect of carotenoids in high 
concentrations or in case of tocopherol defi cien-
cies has been investigated in in vitro and animal 
studies [ 64 ]. β-Carotene was found to scavenge 
nitrogen oxides in cigarette smoke, which 
results generation of β-apo-carotenals and other 
carotene oxidation products. If these products 
are not effectively neutralized by other antioxi-
dants such as tocopherol and ascorbate, it may 
begin cell damage that could lead to neoplasm. 
On one hand, it is diffi cult to say that prooxidant 
effect of β-carotene is responsible for the 
enhancement of lung cancer in smokers taking 
the supplement. On the other hand, some studies 
have proposed that prooxidant effect of 
β-carotene may be responsible for its cytotoxic 
effect in tumor cells [ 64 ]. Environmental differ-
ences are also able to modify the effect of carot-
enoids. For example, carotenoids act as 
chain-breaking antioxidants at relatively low-
oxygen concentration, but at higher oxygen 
level, carotenoid radical could react with oxy-
gen to produce a carotenoid peroxyl radical 
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which acts as a prooxidant and induces lipid 
peroxidation [ 69 ]. In this point, fi nding out the 
mechanism for benefi cial/toxic effect of carot-
enoids will be the task of ongoing and future 
studies. At the same time to fi nd the proper 
doses and combination, lengths of treatment, 
and effect of metabolites is more advantageous.   

3     Antioxidant Supplements 
in Pathological Conditions 

3.1     CVDs and Antioxidant 
Supplements 

 In vitro studies and in vivo animal studies have 
reported the benefi cial effect of different antioxi-
dant compounds against CVDs. This information 
was supported by several early in vivo observa-
tional studies, particularly for vitamin E in the 
prevention of coronary artery disease. On the 
basis of these studies, the consumption of anti-
oxidant supplements by the general population 
increased substantially and became a multibillion 
dollar industry [ 70 ]. Dietary antioxidants like 
vitamins C and E, coenzyme Q10, and fl avonoids 
are thought to play an important role in CVDs. 
But the use of supplements alone or in combina-
tion results varied clinical endpoint in different 
individuals. A meta- analysis of 50 RCTs which 
include 294,478 participants has not found any 
evidence which can support the use of vitamin 
and antioxidant supplements for the prevention 
of CVDs. But researchers have suggested that 
vitamin and antioxidant supplementation may be 
associated with a marginally increased risk of 
angina pectoris, while vitamin E supplementa-
tion is associated with a decreased risk of myo-
cardial infarction (MI), but these effects are not 
consistence throughout the trials [ 71 ,  72 ]. Katsiki 
and Manes have reviewed 22 RCTs, to fi nd the 
role of vitamins E, C, and A alone and in combi-
nation in the prevention of atherosclerosis. The 
authors did not fi nd any effect of these supple-
ments. It was also reported that vitamin E alone 
and in combination with other antioxidants does 
not confer any benefi t in relation to the preven-
tion of all-cause mortality or cardiovascular 

mortality. Similar phenomena have also been 
reported by several other meta-analyses [ 73 ]. A 
meta-analysis has investigated the effect of 
β-carotene and reported that β-carotene has no 
benefi cial effect on all- cause mortality and car-
diovascular mortality, but exerts little harmful 
effect on patients who were at high risk of lung 
cancer due to smoking [ 73 ]. Ye and Song in their 
meta-analysis proposed that vitamin E supple-
mentation alone and in combination with vitamin 
C increases the risk of CHD risk, though vitamin 
C had no signifi cant connection with CHD risk. 
No association was observed between β-carotene 
(1 mg/day) or vitamin C (30 mg/day) intake and 
the risk of CHD. Knekt et al. in their pooled anal-
ysis (nine cohort studies) have found that higher 
overall intakes of vitamin C for 10 years were 
associated with lower CHD rates [ 72 – 74 ]. The 
effect of ROS is tremendous in intracellular level. 
ROS acts as a cellular second messenger that 
induces hypertrophy, mitogenic effect, vasocon-
striction, decreased NO availability, and stimula-
tion of the production of multiple cytokines and 
chemokines. All these effects take place before 
the ROS is moved to the extracellular space and 
to the blood to induce oxidation of the LDL. The 
dietary antioxidant supplement targets the extra-
cellular antioxidant rather than the intracellular 
mechanism of generating ROS. These observa-
tions to some extent may be helpful to explain the 
no effect antioxidant supplements in clinical out-
come of patients with CAD [ 71 ]. Of course there 
is strong evidence which supports the fact that 
different effects (like scavenging ROS/RNS 
directly, inhibiting xanthine oxidase, inhibiting 
lipid peroxidation) of natural antioxidants could 
be benefi cial in the prevention or treatment of 
CVDs/CHDs. But several other non-antioxidant 
mechanism also need to be considered, like quer-
cetin also can act as reducing, vasodilatory, anti-
platelet, and anti-atherogenic compound which is 
responsible for its vasoprotective effect [ 23 ]. 
Researches concerning nutritional regimens have 
shown that the consumption of large amounts of 
fruits and vegetables results decrease in the inci-
dences of CVDs. Although the precise mecha-
nisms for this benefi cial effect are elusive, 
one of the possible explanations includes the 
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consumption of antioxidants present in fruits 
and vegetables.  

3.2     Antioxidant Supplements 
and Cancer 

 Experimental studies using animal models and 
in vitro cancer cell lines have found that antioxi-
dants such as vitamin E, vitamin C, β-carotene, 
and Se could be useful to prevent different types 
of cancers. More than 200 epidemiologic studies 
published in this area have also indicated that low 
dietary intake of antioxidant-rich fruits and veg-
etables may increase the risk of cancer [ 75 ]. 
However, currently available evidence from dif-
ferent RCTs was insuffi cient to prove whether 
antioxidant supplements were benefi cial toward 
the prevention of cancer. 

 Authors of a meta-analysis of 22 RCTs (total 
subjects 161,045) have reported that antioxidant 
supplements do not confer effect on overall pri-
mary and secondary prevention of cancer. They 
also found that the use of antioxidant supple-
ments signifi cantly increased the bladder cancer 
risk and cautioned that the effects of antioxidant 
supplements on human health, particularly in 
relation to cancer, should not be overemphasized. 
Bjelakovic et al. in their meta-analysis have 
investigated eight RCTs and found that antioxi-
dant supplements (β-carotene; vitamins A, C, and 
E; and Se alone or in combination) may increase 
the development of colorectal adenoma in three 
low-bias risk trials (1.2, 0.99–1.4), but signifi -
cantly reduced its development in fi ve high-bias 
risk trials (0.59, 0.47–0.74). Thus authors con-
cluded that antioxidant supplements may not 
confer any benefi cial effect on primary or sec-
ondary prevention of colorectal adenoma and 
suggested for further research. Another meta- 
analysis (14 RCTs,  n  = 170525) by author 
reviewed the effect of antioxidant supplements 
on gastrointestinal cancers and concluded that 
antioxidant supplementation does not produce 
any signifi cant effect on esophageal, gastric, 
colorectal, pancreatic, and liver cancer incidences 
compared to placebo. But they have analyzed that 
Se may confer benefi cial effect. Investigators 

have also reported that β-carotene alone or with 
vitamin A/vitamin E may increase mortality 
[ 75 – 77 ]. Similar phenomenon has also been 
reported by others where β-carotene at doses of 
20–30 mg/day was associated with increased risk 
not only for lung cancer but also for gastric can-
cer, in smokers and asbestos workers [ 65 ]. The 
effect of antioxidant supplementation on chemo-
therapeutic effi cacy is also doubtable and needs 
large, well-designed studies. Block et al. have 
reviewed several researches to fi nd the effect of 
glutathione, melatonin, vitamin A, an antioxidant 
mixture, vitamin C, NAC, vitamin E, and ellagic 
acid, but failed to draw any conclusive evidence 
regarding the benefi cial effect of antioxidant sup-
plementation during chemotherapy. Several trails 
have reported that antioxidant supplementation 
increased survival times or increased tumor 
responses, or both. Recent researches and clinical 
trials indicated that high-dose antioxidant sup-
plements (particularly β-carotene and vitamins A 
and E) may increase the risk of mortality in can-
cer, rather than reduce it [ 78 ,  79 ]. 

 Some of the recent evidences strongly dis-
courage the consumption of antioxidants during 
chemotherapy and radiotherapy. One of the prob-
able mechanisms in this regard is that antioxi-
dants may protect cancer cells against oxidative 
stress-induced apoptosis. Although some pilot 
studies in humans have reported that high-dose 
multiple dietary antioxidants along with radio-
therapy or chemotherapy may increase the effi -
cacy of cancer treatments, the mechanism 
remains unknown [ 80 ]. Prooxidant mechanism of 
several dietary antioxidants may also be respon-
sible for the harmful effect as discussed in earlier 
section. Furthermore, certain categories of 
patients display own unique responses to endog-
enous ROS production and exogenous antioxi-
dants. Several reports have indicated that people 
with low levels of ROS may become more sus-
ceptible to cancer by taking antioxidant supple-
ments. The probable mechanism is that defi cient 
ROS generation further suppressed in those sub-
jects, thereby numbing the rate of protective 
apoptosis [ 80 ]. Evidences from different trials 
are indicating that antioxidant supplementation 
may have a favorable effect on cancer incidence 
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only in healthy subjects who are not exposed to 
cancer risk and who have a particularly low base-
line status, but not in healthy subjects with 
adequate antioxidant status. On the other hand, 
antioxidant supplements in high dose may have 
harmful effect in high-risk subjects without any 
clinical symptoms in whom the initial phase of 
cancer development has already started [ 81 ]. 
Thus a lot of high-quality RCTs and researches 
are still required in this regard.  

3.3     Liver Diseases 
and Antioxidant Supplement 
Innervations 

 The association of oxidative stress and several 
liver diseases has been well reported. Accordingly, 
antioxidant supplements are viewed as a poten-
tial treatment strategy for various liver diseases. 
But the evidence supporting these suggestions is 
equivocal and needs further clarifi cation. 

 Benefi cial interaction of vitamin E supple-
mentation and other putative free radical scaven-
gers has been proposed for nonalcoholic 
steatohepatitis. This observation is based on ini-
tial observational studies and preclinical stud-
ies. Several RCTs have failed to fi nd any positive 
effect of vitamin E in this regard. Lirussi et al. 
systematically examined the effects of antioxi-
dant supplements on patients with nonalcoholic 
fatty liver disease or nonalcoholic steatohepati-
tis and proposed that antioxidant supplements 
may have variable effect on different enzyme 
levels. However, limited radiological and histo-
logical data warrant large prospective RCTs to 
fi nd any defi nite conclusion [ 82 ,  83 ]. The con-
sumption of antioxidant supplementation 
(vitamin E, 800 mg; vitamin C, 500 mg; and 
zinc, 40 mg) for 6 months is found benefi cial for 
hepatitis C-infected patients. The intake of sup-
plements provided an antioxidant protection, 
thus attenuating oxidation processes related to 
the disease. An RTC found that innervations with 
daily dose of ascorbic acid (500 mg), D-alpha-
tocopherol (945 IU), and Se (200 μg) for 
6 months had no effects on alanine aminotrans-
ferase, viral load, or oxidative markers [ 84 ,  85 ]. 

Bjelakovic et al. in their meta- analysis did not 
fi nd any evidence which can support or refute 
antioxidant supplements (β-carotene; vitamins 
A, C, E; and Se) in patients with liver diseases 
like autoimmune liver diseases, viral hepatitis, 
alcoholic liver disease, and cirrhosis (any etiol-
ogy). The authors have reported that antioxidant 
supplements signifi cantly increased the activity 
of gamma glutamyl transpeptidase and sug-
gested for more RCTs [ 86 ]. 

 Intake of large amount of vitamin A beyond 
RDA is responsible for liver toxicity. When 
vitamin A is consumed in higher amount, the 
potential toxic form of Vitamin A is generates 
of retinol and retinoic acid in the absence of fat, 
both of which are known to be potentially toxic 
forms of vitamin A. β-Carotene is a precursor to 
vitamin A. Several reports also confi rmed that 
supplements of beta-carotene are thought to 
accelerate the progression of alcoholic liver 
disease and may be responsible for other liver 
problems [ 87 ,  88 ]. High dose of zinc found to 
associate with liver problems. High-dose inges-
tion of zinc may be responsible for transient 
increase in the activities of liver enzyme [ 89 ]. 
Prooxidant effect of other antioxidant supplements 
also may be responsible for liver problem. Several 
advance researches are still required to establish 
the toxic/benefi cial effect of different antioxidant 
supplements on hepatocyte.  

3.4     Antioxidant Supplements 
in Diabetes Mellitus and Its 
Complications 

 Exogenous antioxidants can reimburse the lower 
plasma antioxidant levels which were observed in 
diabetic and in prediabetic individuals. Several 
investigators have suggested that dietary supple-
mentation with antioxidants is associated with 
decreased risk of diabetes and its complications in 
animal and human. Antioxidants can also induce 
some changes that could be benefi cial in reducing 
insulin resistance and protecting vascular endo-
thelium. Few prospective epidemiological studies 
demonstrated that high serum vitamin E levels are 
connected with decreased risk of diabetes [ 90 ]. 
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 A cohort study on 4,304 people has found that 
the consumption of vitamin E (α-tocopherol, 
β-tocopherol, δ-tocopherol, and β-tocotrienol), 
carotenoids, and β-cryptoxanthin signifi cantly 
reduced the risk of type 2 diabetes, though no 
association between intake of vitamin C and type 
2 diabetes risk was observed. Akbar et al. in their 
systemic review and meta-analysis have found that 
dietary antioxidant supplementation did not affect 
on plasma glucose or insulin levels, suggesting 
that supplements do not have any role in the patho-
genesis of insulin resistance. However, antioxidant 
supplementation results in a signifi cant decrease in 
HbA1C levels, suggesting that antioxidant supple-
ment may confer some benefi t in the prevention of 
type 2 diabetes complications [ 90 ,  91 ]. 

 The effect of antioxidant supplements against 
neuropathic ulcer of diabetic foot when adminis-
tered with polarized light treatment was investi-
gated and concluded that supporting therapy with 
CoQ10, α-lipoic acid, and vitamin E was effective 
to control the type 2 diabetes complications. 
Although the exact benefi cial interaction of lipoic 
acid is unknown, in vitro studies have suggested 
that lipoic acid maintains the intracellular reduced 
glutathione level and blocks the activation of ser-
ine kinases that are related with insulin resistance 
[ 92 ,  93 ]. In another study, it was reported that anti-
oxidant supplement (vitamin C 1,000 mg/day and 
vitamin E 400 IU/day) when given to 50 non-
insulin- dependent diabetes patients for 10 days 
reduces the oxidative damage produced by nitric 
oxide and other free radicals, improving the ocular 
surface milieu. Garcia-Medina et al. in their 5-year 
follow-up study have found that oral antioxidant 
supplementation could be a benefi cial adjunctive 
long-term therapy in the treatment of nonprolifera-
tive diabetic retinopathy [ 94 ,  95 ]. Several current 
researches have suggested that dietary α-tocopherol 
or other tocopherols, tocotrienols, carotenoids, fl a-
vonols, fl avones, and vitamin C were not con-
nected with the risk of type 2 diabetes. 
Kataja-Tuomola has also found that the intake 
of antioxidant supplement (α-tocopherol or 
β-carotene) did not prevent type 2 diabetes, macro-
vascular complications in diabetes, or mortality 
among diabetic subjects [ 96 ]. Interference with the 
chain reaction of lipid peroxidation, scavenging of 

the free radicals, and increase in the intracellular 
glutathione levels are considered as a key mecha-
nism for the benefi cial effect of vitamin E and vita-
min C [ 93 ]. Natural β-carotene is found to affect 
on glutathione and part of its redox cycle enzymes 
by probable augmentation of its regeneration. 
Thus improving the antioxidant status may slow 
the rate of progress of vascular complications in 
diabetes mellitus [ 96 ]. The effect of zinc supple-
mentation on diabetic individual was evaluated 
from different clinical trial evidences and con-
cluded that zinc supplementation has benefi cial 
effects on glycemic control and promotes healthy 
lipid parameters. Signifi cant decrease in systolic 
and diastolic blood pressures after zinc supple-
mentation was also observed in that study [ 97 ,  98 ]. 
Pancreatic exocrine cells and pancreatic ß-cells 
secrete zinc, which plays a key role as ionic signal-
ing in large number of cells and tissues. Some 
researchers have confi rmed that zinc also may be 
responsible for gastrointestinal hemorrhage and 
acute pancreatitis. Zinc excretion mainly is via the 
pancreas under normal circumstances. Prolonged 
intake of supplements may cause accumulation of 
zinc, thus resulting in impairment of the pancreatic 
function [ 89 ]. It was well established that exercise 
improves insulin action and reduces diabetes risk. 
In general, exercise causes generation of excessive 
free radicals, which are responsible for the activa-
tion of molecular defense systems against stress, 
and metabolizes carbohydrates more effi ciently. 
Both of these effects are required to prevent diabe-
tes and possibly other diseases. Therefore some 
scientists cautioned to choose appropriate antioxi-
dant supplement in proper dose to the individuals 
at risk for diabetes or suffering from type 2 diabe-
tes, especially if they exercise regularly to improve 
their health [ 99 ].  

3.5     Effect of Antioxidant 
Supplements 
in the Prevention/Treatment 
of Other Disorders 

 Cataract is one of the foremost causes of blind-
ness among the elderly. Epidemiological investi-
gations have recommended that intake of foods 

Antioxidant Supplements: Friend or Foe?



310

containing antioxidant potential may be useful to 
prevent cataract, but the role of individual anti-
oxidant micronutrient or antioxidant supplement 
on the cataract is still not investigated properly. 
Effects of several antioxidants like vitamin C, 
vitamin E, β-carotene, lycopene, lutein, zeaxan-
thin, α-carotene, β-cryptoxanthin, zinc, and Se 
were investigated in different RCTs. So far, clini-
cal trials provided little evidence to benefi cial 
effect of antioxidant supplements on cataract 
development, as most of the investigators did not 
fi nd any benefi cial effect of these supplements. A 
meta-analysis has reported that current evidences 
from RCTs do not support the use of antioxidant 
vitamin supplements (vitamin E, β-carotene) to 
prevent age-related macular degeneration 
(AMD). Moreover, people suffering from AMD, 
or early signs of the disease, may get some ben-
efi t from supplements (vitamin E, vitamin C, 
β-carotene, zinc), but potential adverse effect of 
high-dose antioxidant supplementation must be 
considered [ 100 ,  101 ]. It was also reported that 
the consumption of zinc supplements >50 mg/
day may depress the immune response, while 
chronic exposure to selenium compounds may be 
responsible for several adverse health effects [ 102 ]. 

 A systemic review was performed to evaluate 
the benefi ts of antioxidant treatment in schizophre-
nia and concluded that antioxidant supplementa-
tion may confer benefi cial effect on symptomatic 
schizophrenia patients, especially those suffering 
from positive symptoms [ 103 ]. Effect of CoQ10 
was reviewed from different RCTs and found that 
CoQ10 may provide some minor treatment bene-
fi ts in Parkinson’s disease. Allen et al. have 
reviewed 40 investigations and suggested that com-
paratively low dietary intakes of vitamins A and C 
result in signifi cant increased odds of asthma and 
wheeze, but vitamin E intake does not appear to be 
associated with asthma status [ 104 ].  

3.6     Effect of Antioxidant 
Supplements on Aging 
and Mortality 

 The hypothesis of free radical theory in relation 
of aging is based on the fact that ROS/RNS are 

responsible for the age-related damage at the cel-
lular and tissue levels. Attention toward the con-
sumption of antioxidant supplementation mainly 
in Western countries is still growing, but the sup-
porting evidence is still scarce and equivocal. 
The discrepancy exists between observational 
data and the clinical trials, which could also be 
due to the variation between lifelong exposures 
to an antioxidant-rich diet versus a limited expo-
sure to antioxidant supplements. Several epide-
miological investigations have shown that 
antioxidant supplementation may decrease the 
risk of several clinical conditions; however these 
types of observations are generally not universal 
[ 102 ]. Current evidences do not support the blind 
use of antioxidant supplementation to prevent 
age-related pathophysiological modifi cations and 
clinical conditions. Several issues like effi cacy, 
safety, underlying mechanism, and interactions 
are still needed to be addressed properly. 

 Several investigators have studied the effect 
of antioxidant supplements on mortality, and 
some of them are discussed here. Macpherson 
and colleagues in their meta-analysis (21 arti-
cles on RCT of antioxidant vitamin/mineral 
supplement and mortality) have proposed that 
multivitamin–multimineral has no effect on all-
cause mortality (RR, 0.98; 95 % CI, 0.94, 1.02). 
However, authors have found a trend for a 
reduced risk of all-cause mortality across pri-
mary prevention trials (RR, 0.94; 95 % CI, 
0.89, 1.00). Treatment with antioxidant multi-
vitamin-multimineral also had no effect on 
mortality due to vascular causes (RR, 1.01; 
95 % CI, 0.93, 1.09) or cancer (RR: 0.96; 95 % 
CI: 0.88, 1.04). Bjelakovic et al. have reviewed 
68 RCTs which include a total of 232,606 par-
ticipants (385 publications) to fi nd the effect of 
β-carotene, vitamin A, vitamin C, vitamin E, 
and Se either alone or in combination with mor-
tality. Authors have concluded that there was no 
signifi cant effect of antioxidant supplements on 
mortality (RR, 1.02; 95 % CI, 0.98–1.06) when 
all low- and high-bias risk trials were pooled 
together. But overall analysis has suggested 
that β-carotene, vitamin A, and vitamin E sup-
plement may increase mortality. Authors did 
not fi nd any effect of vitamin C and Se on mortality 
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and proposed for further study. The reexamined 
66 RCTs used in previous study has reported 
that among the RCTs 24 had a positive outcome, 
39 had a null outcome, and 3 had a negative 

outcome [ 102 ,  105 – 107 ]. We have examined 
the literature on describing the effect of differ-
ent antioxidant supplements; some of them are 
described below and given in Table  2 .

   Table 2    Effect of antioxidant supplements on human health (compliance of some population-based/randomized 
trials)   

 Treatment  Outcome evaluated  Sample 
 Final outcome 
and references 

 Vit. E (400 IU every other 
day) and vit. C (500 mg/
day) separately for long 
term [synthetic source] 

 Major cardiovascular events 
(nonfatal MI, stroke, and 
CVD death) 

 14,641 US male physicians (initial age 
≥50 years) 

 No effect [ 108 ] 

 Prostate and total cancer  14,641 US physicians, among them 
1,307 have a history of prior cancer 

 No effect [ 109 ] 

 Vit. C (500 mg) + vit. E 
(400 mg) for 2 months 
daily 

 Lipid profi les and 
antioxidant capacity in CVD 
patients 

 40 CVD patients with age 
57.7 ± 10.6 years in Iran 

 Benefi cial 
[ 110 ] 

 Vit. C (1 g) + vit. E 
(400 IU) daily for 
11 weeks 

 Muscle performance, blood 
redox biomarkers, 
hemolysis after exercise 

 28 healthy men of the United Kingdom  No effect [ 111 ] 

 Vit. C (500 mg/day), vit. 
E (600 IU every other 
day), β-carotene (50 mg 
every other day) [long 
term] in different 
combinations 

 Secondary prevention of 
cardiovascular events 

 8,171 female aged ≥40 with self-
reported history of CVD, or at least 
three cardiac risk factors 

 No effect [ 112 ] 

 Primary prevention of type 
2 diabetes 

 No effect [ 113 ] 

 Cancer risk  7627 females (≥40 years) with a history 
of CVD or ≥3 CVD risk factors 

 No effect [ 114 ] 

 Se (200 μg/day) or vit. E 
(400 IU/day) or Se + vit. 
E [3 years] 

 Prostate cancer and 
prespecifi ed secondary 
outcomes, including lung, 
colorectal, and overall 
primary cancer 

 35533 men from 427 participating sites 
in the United States, Canada, and 
Puerto Rico 

 No effect [ 115 ] 

 Se (200 μg/day) or vit. E 
(400 IU/day) or Se + vit. 
E [7–12 years] 

 Prostate cancer incidence  34887 men from the United States, 
Canada, and Puerto Rico 

 Negative for 
vit. E, no effect 
for other s[ 31 ] 

 Vit. E (600 IU) of natural 
source on alternate days 
[long term] 

 Risks of major 
cardiovascular event and 
total invasive cancer 

 39,876 healthy US women (age at least 
45 years 

 No effect [ 116 ] 

 Age-related macular 
degeneration 

 No effect [ 117 ] 

 Vit. C (120 mg), vit. E 
(30 mg), β-carotene 
(6 mg), Se (0.1 mg), zinc 
(20 mg) in combination 
[nearly 7 years] 

 Change in vascular structure 
and function 

 13,017 healthy men (aged 45–60) and 
women (aged 35–60) of France 

 No effect [ 118 ] 

 120 mg vit. C, 30 mg vit. 
E, 6 mg β-carotene, 
100 mg Se, and 20 mg 
zinc in combination 
[7.5 years] 

 Risk of skin cancers  French adults (7,876 women and 5,141 
men) 

 Negative in 
women, null 
for men [ 21 ] 

 Low, moderate, and high 
quantity of micronutrients 
(zinc and folate) and 
antioxidants (vit. C, vit. E, 
and β-carotene) 

 Semen quality  97 healthy nonsmoking male volunteers 
of California 

 Positive [ 119 ] 

(continued)
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Table 2 (continued)

 Treatment  Outcome evaluated  Sample 
 Final outcome 
and references 

 Quercetin + vit. C 
(166 mg + 133 mg/
capsule), α-lipoic acid 
(300 mg/capsule) 
[4 weeks with 2 weeks of 
washout period] 

 Blood level of infl ammatory 
mediators and severity in 
rheumatoid arthritis patients 

 20 patients, Korea  No effect [ 120 ] 

 Low dose of lycopene, 
lutein, β-carotene, 
α-tocopherol, Se in 
different combinations for 
12 weeks 

 Parameters related to skin 
structure 

 39 volunteers with healthy (normal skin 
of skin type 2) 

 Positive [ 121 ] 

 Mixture of 120 mg vit. C, 
30 mg vit. E. 6 mg 
β-carotene, 100 μg Se and 
20 mg zinc for 2 years 

 Pathogenesis of thrombosis 
and arteriosclerosis 

 186 presumably healthy volunteers of 
France 

 Positive [ 122 ] 

 Mixture of β-carotene 
(15 mg), lutein (15 mg), 
lycopene (15 mg) for 
3 months 

 Biological markers of 
oxidative stress and LDL 
oxidizability 

 175 healthy male volunteers from 
European country 

 No effect [ 123 ] 

 Fruits and vegetables 
(nutrient value: 272 mg 
vit. C, 31 mg all-rac-α- 
tocopherol, 400 μg folic 
acid, for 90 days 

 In vivo lipid and protein 
oxidation (oxidative 
biomarker) 

 77 healthy men (39 nonsmokers and 38 
smokers) 

 No effect [ 124 ] 

 Vit. C (100 mg/day), vit. 
E (100 mg/day), 
β-carotene (6 mg/day) and 
Se (50 μg/day) for 
3 months 

 Chromosomal damage  86 (28 myocardial infarction survivors 
and 58 healthy people), from Bolivia 

 Benefi cial 
[ 125 ] 

 Vit. E (75 mg), vit. C 
(650 mg), β-carotene 
(15 mg) for 6 months 

 Respiratory functions of 
workers exposed to high 
levels of ozone 

 47 street workers of Mexico City  Benefi cial 
[ 126 ] 

 Vit. C (500 mg), vit. E 
(200 IU), co-enz Q10 
(60 mg), and Se (100 
mcg) for 6 months 

 Arterial compliance, 
humoral factors, and 
infl ammatory markers 

 70 patients with at least two 
cardiovascular risk factors 

 Benefi cial 
[ 127 ] 

 Vit. C (120 mg), vit. E 
(30 mg), β-carotene 
(6 mg), Se (100 μg), zinc 
(20 mg) (nearly 
76 months) 

 Health-related quality  8,112 healthy French adults  No effect [ 128 ] 

 Vit. C (120 mg), vit. E 
(30 mg), β-carotene 
(6 mg), Se (100 μg), zinc 
(20 mg), follow-up time 
was 7.5 years 

 Metabolic syndrome  5,220 men and women, France  No effect [ 129 ] 
 Fasting plasma glucose 
(FPG) and its association 
with dietary intakes or 
plasma antioxidants 

 3,146 people, France  No effect on 
FPG, Negative 
effect of 
dietary 
β-carotene and 
FPG [ 130 ] 

 β-carotene (50 mg on 
alternate days) [for 
12 years] 

 Age-related maculopathy 
incidence 

 22,071 healthy male US physicians 
(age 40–84 year) 

 No effect [ 131 ] 

 Nonmelanoma skin cancer  No effect [ 132 ] 
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Table 2 (continued)

 Treatment  Outcome evaluated  Sample 
 Final outcome 
and references 

 Vit. E (300 mg/day) for 
about 3 years 

 Biomarker of lipid 
peroxidation (cardiovascular 
risk factors) 

 144 participants with at least one major 
CVD risk factor (aged ≥50 years) 

 No effect [ 133 ] 

 Vit. E 500 IU [for 4 years]  Incidence or rate age-related 
macular degeneration 

 1,193 healthy volunteers (age 
55–80 years) 

 No effect [ 134 ] 

 91 mg (136 IU) of 
d-α-tocopherol + 250 mg 
of slow release vitamin C 
(twice daily for 3 years) 

 Progression of carotid 
atherosclerosis 

 520 smoking and nonsmoking men and 
postmenopausal women (45–69 years) 
with serum cholesterol ≥5.0 mmol/L 

 Benefi cial 
[ 135 ] 

 Natural source vitamin E 
(400 IU/day) 

 Cancer incidence and 
deaths, major cardiovascular 
events (myocardial 
infarction, stroke, and 
death), heart failure, angina, 
and revascularizations 

 9,541 patients at high risk for 
cardiovascular events (≥55 years) 

 Negative effect 
on heart 
failure, no 
effect on other 
events [ 136 ] 

 Se (200 μg/day) 
[follow-up of 7.7 years] 

 Incidence of type 2 diabetes  1,202 persons who did not have type 2 
diabetes at baseline 

 Negative [ 39 ] 

 Lutein [20 mg/day for fi rst 
3 months and 10 mg/day 
for next 3 months] 

 Macular pigment optical 
density, visual acuity, and 
macular function 

 126 patients with age-related macular 
degeneration, Austria 

 Benefi cial 
[ 137 ] 

 Quercetin (500 mg) + vit. 
C (250 mg), quercetin 
(500 mg), vit. C (250 mg), 
8 weeks 

 Markers of infl ammation 
and oxidative stress 

 60 men with systematic and regular 
exercise 

 Benefi cial for 
combined 
group, other 
groups no 
effect [ 138 ] 

 Lutein esters (6 mg) + 
retinol (750 mg) + vit. C 
(250 mg) + vit. E (34 mg) 
+ zinc (10 mg) + copper 
(0.5 mg) [9 months] 

 Contrast sensitivity in 
people with age-related 
macular disease 

 25 patients with age-related 
maculopathy and atrophic age-related 
macular degeneration 

 No effect [ 139 ] 

 Se (100 μg, 200 μg, or 
300 μg/day) [min. 
6 months] 

 Thyroid function  501 elderly UK volunteers  No effect [ 140 ] 

 Long-term Se (200 μg 
daily) 

 Preventing the recurrence of 
nonmelanoma skin cancer 

 1,312 residents of the Eastern United 
States (with a history of ≥2 basal cell or 
squamous cell carcinoma) 

 Benefi cial in 
males with low 
plasma Se 
[ 141 ] 

 Lutein and zeaxanthin 
(0.5 mg + 0.02 mg/kg/
day) [7th day of life until 
40th week of 
postmenstrual age or until 
discharge] 

 Total antioxidant status  77 preterm infants (gestational age 
≤34 weeks) 

 No effect [ 142 ] 

 Lutein/zeaxanthin 
(10 mg/2 mg), omega-3 
long-chain 
polyunsaturated fatty 
acids (1 g) or combination 
[follow-up of 4.7 years] 

 Risk for cataract surgery  4,203 patients (age 50–85 years, at risk 
for progression to advanced age-related 
macular degeneration) 

 No effect [ 143 ] 

 Coenzyme Q10 (200 mg/
day) for 3 months 

 Catalase, superoxide 
dismutase, F(2)-isoprostanes 
in seminal plasma 

 60 infertile men with idiopathic 
oligoasthenoteratozoospermia 

 Benefi cial [ 50 ] 
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4         Issues Associated with the 
use of Antioxidant 
Supplements 

    Randomized, placebo-controlled trials have 
offered little support that, consumption of anti-
oxidant supplements provides substantial protec-
tion against CVDs, cancer, neurodegenerative 
diseases, or other chronic conditions. The results 
of the largest such trials have been mostly con-
cluded with negative or null effect. Overall 
effects are really confusing and warrant further 
investigations. But some of the points in this 
regard are needed to be considered in explaining 
these variable results. 

4.1     Who Needs Antioxidant 
Supplements 

 It was well established that ROS-induced oxida-
tive stress is involved in pathogenesis of different 
diseases and exogenous antioxidants play a vital 
role in maintaining the delicate balance 
between oxidation and antioxidation in living 
systems [ 1 ,  147 ]. But who needs the antioxidant 
supplements? It was suggested that people con-
suming healthy diet rich in antioxidant compo-
nents don’t require antioxidant supplements. 

Antioxidants might help to avert diseases in 
individuals who are under increased oxidative stress 
even if they don’t prevent them in other people.  

4.2     Excessive Consumption 
of Antioxidant Supplements 

 High dose of supplements may be responsible 
for several physiological adverse effects. The 
consumption of high dose of Se beyond the rec-
ommended daily level may lead to selenium 
toxicity [ 40 ]. Higher dose of fl avonoid was 
found to alter the trace element, folate, and vita-
min C status [ 61 ]. In high concentration pheno-
lic acids may exert carcinogenic, genotoxic 
effect through H 2 O 2 -induced DNA damage [ 63 ]. 
Epigallocatechin-3-gallate, a dietary antioxi-
dant existing in green tea at its pharmacological 
dose (30 and 60 mg/kg), produced antianxiety 
effect in mice; however at 150 mg/kg, this tea 
polyphenol caused 100 % mortality probably 
due to its high hepatotoxic effect. Several inves-
tigations have suggested that green tea can be 
used as a healthy drink which has chemopreven-
tive potential against cancer development, but if 
consumed very frequently (>11/day), it has been 
connected with increased frequency of esopha-
geal cancer in some countries [ 147 ]. So before 
the consumption of supplements, people should 

Table 2 (continued)

 Treatment  Outcome evaluated  Sample 
 Final outcome 
and references 

 α-Tocopherol (50 mg), 
β-carotene (20 mg), or 
combination [for 
5–8 years] 

 Incidence of lung cancer  29,133 men aged 50–69 years who 
smoked fi ve or more cigarettes daily 

 Negative effect 
for β-carotene 
group, no 
effect for 
α-tocopherol 
group [ 144 ] 

 Flavonoid extract 
(Colladeen, 320 mg 
oligomeric procyanidins) 
daily 

 Premenstrual fl uid retention 
and leg health 

 30 subjects  Benefi cial 
[ 145 ] 

 natural vitamin E 
(500 mg) for 6 weeks 

 Effect on bronchial 
hyperresponsiveness 

 Patient taking at least one dose of 
inhaled corticosteroid/day with a 
positive skin prick test to one of three 
common allergens, and bronchial 
hyperresponsiveness to methacholine 

 No effect [ 146 ] 
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know about the daily recommended level and 
whether he/she is suffering from the defi ciency 
of that antioxidant supplements.  

4.3     Pro-antioxidant Activity 

 “Prooxidant versus antioxidant property” of 
antioxidant supplements is one of the important 
determinants for the toxic effect of supplements. 
Several antioxidant supplements like vitamin C, 
vitamin E, β-carotene, phenolic antioxidants, 
etc., were found to possess prooxidant activity 
in higher concentration as discussed earlier. 
This prooxidant effect can enhance the generation 
of free radical, thus producing harmful effects. 
The prooxidant and possible harmful effects of 
an antioxidant depend on the concentration of 
antioxidant, redox potential, interaction with other 
antioxidants, existence of transition metals, and 
activity and level of endogenous antioxidants [ 148 ].  

4.4     Interactions 

 Interaction with drugs, other supplements, or any 
other endogenous/exogenous substance should 
need active consideration. For example, vitamin 
E interferes with vitamin K which can impair clot 
formation [ 26 ], high intake of iron along with 
ascorbic acid may induce lipid peroxidation of 
LDL [ 14 ], certain fl avonoids may cause fl avo-
noid–drug interactions [ 149 ], and CoQ10 may 
possibly interfere with warfarin and thus increase 
the risk of blood clotting or bleeding [ 56 ]. Thus 
the effect of antioxidant supplements is also 
needed to be addressed.  

4.5     Pharmacokinetic Variation 

 Absorption, distribution, metabolism, and excre-
tion may differ from an individual to an individ-
ual. In the gastrointestinal tract, if nutrients and 
phytochemicals are available in soluble and bio-
accessible form, they may produce antioxidant 
activity after being taken up by the epithelium. 
To be bioactive in other organs, other factors of 

bioavailability such as absorption from gut 
mucosa, transportation in place of action, metab-
olite produced by phase I and phase II, and excre-
tion do play a role [ 147 ]. Excretion plays a vital 
role, for example, prolonged intake of supple-
ments may cause accumulation of zinc in pan-
creas and thus results impairment of the pancreatic 
function [ 89 ]. Thus a reevaluation including the 
dose, metabolism, and kinetics is required.  

4.6     Metabolite 

 Most of the investigations don’t measure or con-
sider the metabolite generates. Some of the metab-
olites if produced in excess quantity can produce 
toxic effect. For example, quinines are the metabo-
lite of vitamin E known to generate oxygen radicals 
and oxidize cellular components [ 34 ]. Thus the 
estimation of the metabolites is also required to 
explain the effect of supplements.  

4.7     Physiological Condition, 
Disease, and Therapy 

 CoQ10 may contraindicate for pregnant or lactat-
ing women, those with diabetes and high blood 
pressure [ 56 ]. It was also advised to avoid exces-
sive exercise while taking CoQ10. Some studies 
have also suggested that the consumption of anti-
oxidant supplements can interfere with chemo-
therapy/radiotherapy as these therapies kill the 
cancer cell by producing oxidative stress [ 4 ,  24 ]. 
At high pH and in the presence of iron, phenolic 
antioxidants when consumed in large dose can 
start an auto-oxidation process and behave like 
prooxidants [ 63 ]. Even though not yet well 
proved, the genetic background could also be 
responsible for the harmful effects of antioxi-
dants [ 148 ]. 

 Gender differences also may be responsible 
for variable effects of antioxidant supplements. 
Plasma levels of β-carotene and vitamin C were 
found more in women than in men after antioxidant 
supplement therapy (vitamin C, vitamin E, 
β-carotene, Se, and zinc) for 7.5 years [ 81 ]. 
Signifi cant reduction in serum ferritin and 
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hematocrit level was observed in especially 
women after competitive interaction between 
zinc and iron [ 89 ].   

5     Perspectives and Future 
Directions 

 The consequences resulting through the use of 
antioxidant supplements are uncertain. 
Antioxidant supplements may play dual roles, 
performing as double-edged swords. The initial 
promising effects of antioxidant supplements 
against CVDs, cancer, and other oxidative stress- 
related diseases can be derived from observa-
tional studies, followed by generally “no effect” 
or “harmful effect” reported from a large number 
of RCTs. Although the role of oxidative stress in 
different acute and chronic diseases is largely 
established, the value of antioxidant supplement 

strategies is still controversial. This chapter has 
highlighted the misconception regarding “only 
benefi cial effect of antioxidant supplements” and 
“antioxidant supplements are not associated with 
any adverse effect.” Important point of criticism 
is the prospect to get experimental results “from 
the bench to the bedside.” The risks which are 
associated with dietary supplements on the basis 
of observational studies have been documented. 
The use of antioxidant supplements in the treat-
ment/prevention of human disease states has not 
been as successful as might have been predicted 
due to intrinsic pharmacokinetic or pharmacody-
namic limitations. Implying health benefi ts of 
antioxidant supplementation in the general popu-
lation is contrary to the evidence; furthermore, 
inappropriate use or surplus use of antioxidant 
supplements will put people at risk and will ben-
efi t only to the people involved in producing or 
selling of supplement products. In Table  3 , we 

   Table 3    Some major limitation and few recommendations related to research on antioxidant supplements   

 Limitations  Recommendations 

 1. Majority of the RCTs are short term with less 
number of subjects 

  Recommendations for future investigations  

 2. When multicomponent supplements are 
used, the function of each component or 
synergistic effects of the components 
is not discussed properly 

 1. Perform RCTs with high methodological quality 

 3. When antioxidant supplement used for certain 
disease – no data available on other organ effect 

 2. Effect of genetic factor, environmental factor, and sociological 
factors should be investigated 

 4. “Concentration response relationship” not 
described thoroughly 

 3. More consideration should be given on RCTs rather than 
observational studies 

 5. Limited comparative reports on the benefi cial 
effect of normal foods (mixture of antioxidants) 
vs. particular antioxidant supplement 

 4. Interaction of antioxidant supplement with current therapy or 
diet is also needed to be investigated 

 6. Effect of same antioxidant supplement on 
different group of populations (i.e., smokers vs. 
nonsmoker, Asian vs. African, poor vs. rich) 
was not investigated properly 

 5. “Supplement intake–plasma concentration–clinical endpoint 
relationship” should be investigated 
 6. Changes in oxidative stress followed by the use of supplements 
should be monitored using appropriate, reliable, and sensitive 
biomarkers, and the actual benefi ts should be assessed 
  Recommendations for people/health professionals  
 1. People should be educated about the exact outcome of 
antioxidant supplement use 
 2. In case of specifi c reason, specifi c antioxidant supplements 
should be taken but with the advice of health professionals 
 3. General people should avoid regular intake of antioxidant 
supplements till the proper conclusion was reached 
 4. In present condition, intake of foods rich in antioxidant 
compounds should be preferred than the supplements 
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pointed out some major drawbacks and few 
recommendations related to research on antioxi-
dant supplements.

   New strategies are needed to clarify the exact 
role of antioxidant supplements in light of different 
variables which may have impact on health effect 
of supplements. Although it is possible that some 
population groups may benefi t from antioxidant 
supplementation, the evidence is so equivocal 
that it is inappropriate to make the sweeping rec-
ommendation for antioxidant supplementation. 
At the moment, currently available data are insuf-
fi cient to recommend the routine use of antioxi-
dant supplements. Factors responsible for 
unsatisfactory and discrepant results from obser-
vational, randomized, and clinical studies may 
include differences in the gender, age, body 
weight, duration of treatment, interaction, dos-
ages, and dietary habits. Based on recent meta-
analysis of RCT, including the current studies, it 
may be imperative to reevaluate the selection of 
antioxidant supplements. Thus indiscriminate 
widespread use of antioxidant supplements 
should be cautioned. Governments and regulat-
ing agencies also should strictly evaluate their 
effi cacy and safety, before the marketing of anti-
oxidant supplements as medicinal products. A 
balanced diet including fruits and vegetable is a 
complex combination of antioxidant as well as 
other potentially valuable  micronutrients and 
macronutrients, which may, thus, work with sev-
eral kinetics and dynamics. Well- defi ned long-
term clinical trials are essential to assess the 
effi cacy of the use of antioxidant supplements. 
Meanwhile, a well-balanced diet rich in fruits 
and vegetables is highly recommended until the 
remaining riddles in the antioxidant supplement 
puzzle are solved.     
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    Abstract  

  Infl ammation either promotes host defense or damages organs. Endogenous 
molecules generated upon oxidative damage can activate TLRs (toll-like 
receptors) that ultimately alert the innate immune system of danger. 
Although role of TLRs in the regulation of tissue injury is well estab-
lished, however, their role in carcinogenesis is still obscure. In this chapter 
the main emphasis is to open new roads concerning the role of TLRs in 
devising new opportunities for drug development in cancer through 
manipulating immune responses.  
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1         Introduction 

 TLRs are a family of proteins involved in the rec-
ognition of pathogen-associated molecular motifs 
that activate both innate (nonspecifi c) and adap-
tive (specifi c) immune responses and contribute 

to the immune system’s capacity to effi ciently 
combat pathogens [ 1 ]. TLRs derive their name 
from their similarity to the protein coded by 
the toll gene identifi ed in  Drosophila  in 1985 by 
Christiane Nüsslein-Volhard [ 2 ] as a maternally 
derived factor necessary for dorsal–ventral axis 
formation of the developing zygote [ 3 ]. In verte-
brates, TLRs were initially found to be expressed 
in all lymphoid tissues, but it is now becoming 
apparent that TLRs are widely expressed through-
out the body and most highly expressed in periph-
eral blood leukocytes, including monocytes, B 
cells, T cells, granulocytes, and DCs (dendritic 
cells) [ 4 ]. Several members of the TLR family 
have been identifi ed: 11 in humans and 13 in mouse 
[ 5 ]. Each TLR contains extracellular domain 
with leucine-rich repeats (LLR) motif, and these 

mailto: hdkhanna@yahoo.co.in


324

LLR comprise a binding domain for recognition 
of their respective pathogens. The TLR receptors 
have many structural similarities both extracellu-
lar and intracellular, but they differ from each 
other in ligand specifi cities and expression pat-
terns, and presumably they have some variability 
in the signaling pathways and target genes they 
can activate [ 6 ]. TLRs can sense a broad range of 
microbial pathogen signatures (pathogen-associ-
ated molecular patterns) including surface com-
ponents and nucleic acids. Upon binding of 
microbial ligands, TLRs activate signaling path-
ways and stimulate cytokine production and 
other parts of the innate immune response. TLRs 
that mainly serve to detect bacterial LPS and 
lipoproteins are located on the cell surface 
(TLR1, TLR2, TLR4, TLR5, TLR6, and TLR11), 
whereas those that mainly recognize viral RNA 
and bacterial DNA are located in late endosome–
lysosome compartments (TLR3, TLR7, TLR8, 
and TLR9). TLR11 is present in mice, but not in 
humans. TLR1, TLR2, TLR4, and TLR6 initiate 
signaling by heterodimerization. TLR2 forms 
heterodimers with TLR1 or TLR6 which recog-
nize bacterial triacylated and diacylated lipopro-
teins, respectively [ 7 ]. 

 With time, data began to emerge showing that 
reactive oxygen species (ROS) and nitric oxide 
(NO) can cause tissue damage and generate a wide 
range of molecules including heat shock proteins, 
high-mobility group box 1 (HMGB1) and uric 
acid crystals, collectively called as DAMPs (dam-
age-associated molecular patterns) or (CDAMPs) 
cell death-associated molecular patterns [ 8 ,  9 ], can 
also trigger PRRs (pattern recognition receptors) 
such as TLRs, and may signal or propagate alarm, 
recruit professional cells to clear the offending 
trigger, or promote immune activation in various 
tumor cells, tissues, or tumor cell lines (Table  1 ). 
For these functional features, DAMPs are also 
called “alarmins” [ 33 ,  34 ]. Proteins, lipids, and 
nucleic acids have all been shown to act as DAMPs 
that can activate TLR signaling when presented in 
the appropriate context [ 35 ,  36 ].

   TLRs activate antigen-presenting cells (APCs) 
such as DCs and stimulation of both T-cell- and 
B-cell-mediated immune responses. TLRs have 
also a crucial role in maintaining tissue homeo-

stasis by regulating tissue repair and regeneration. 
Moreover, TLR signaling has also been shown to 
regulate apoptosis with the expression of anti-
apoptotic proteins or inhibitors of apoptosis [ 37 ]. 
On the one hand, evidences from genetic, clinical, 
and basic science studies support that elevated 
expression of some TLRs has been reported in 
many tumor cells, tissues, or tumor cell lines [ 10 , 
 11 ,  13 ,  15 ,  16 ,  20 ,  22 – 25 ,  27 ,  30 ,  32 ,  38 – 41 ]. On 
the other hand, TLR signaling in tumor cells was 
also shown to reduce the proliferative capacity of 
tumor cells [ 42 ]. This is done by means of the 
induction of signaling cascades. The result of this 
process leads to an infl ammatory response and 
activates the adaptive immune system both in 
infectious and noninfectious disease scenarios 
[ 43 ]. That is the reason why TLR- dependent path-
ways are considered relevant pharmacological 
targets for the treatment of different pathological 
conditions. 

 In this chapter an attempt has been made to 
understand the connection between oxidative 
stress, TLR cell signaling, and carcinogenesis and 
highlight how our improved understanding of 
these connections may provide novel preventive, 
diagnostic, and therapeutic strategies to reduce 
the health burden of cancer.  

2     Association of TLRs 
with “Danger Model” 

 Two theories have been proposed to explain the 
activation of the immune system: “Infectious- 
nonself” or “stranger” model proposed by Charles 
Janeway [ 44 ] and “danger” model proposed by 
Polly Matzinger [ 45 ]. Charles Janeway proposed 
that the immune cells might recognize pathogen-
associated molecular patterns. Years later, this 
model found support in the discovery of TLRs, 
which act as pattern recognition receptors that 
detect “infectious-nonself” molecules conserved 
in pathogens. However, the model was not able to 
explain autoimmune diseases [ 44 ]. To explain 
this, Polly Matzinger proposed a “danger” model, 
in which the immune system might be activated 
by alarm or “danger” signals from injured tissues 
upon exposure to pathogens, toxins, mechanical 
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damage, etc. These factors drive TLR activation 
during the progression of diseases, collectively 
called PAMPs and DAMPs [ 45 ]. TLR ligands in 
this case can be either microbial (exogenous) or 
host derived (endogenous). This model has been 
supported by the identifi cation of uric acid and 
HMGB1, host- derived ligands that activate an 
immune response to dying cells by way of TLR4 

activation [ 46 ,  47 ]. Host-derived molecule, e.g., 
HMGB1, released after tissue damage could acti-
vate the innate immune response through TLRs 
[ 17 ], even in the absence of pathogens, or cooper-
ate with “infectious-nonself” molecules [ 47 ]. 
Thus, these studies enable to explain the molecu-
lar basis of some infl ammatory diseases, autoim-
munity, atherosclerosis, carcinogenesis, etc.  

   Table 1    Endogenous activators of several TLRs and their association with various tumors   

 DAMPs  Activation of TLR 

 Biglycan 
(proteoglycan) 

 TLR 4 [ 10 ], 
TLR2 [ 9 ] 

 Gastric [ 11 ]  Analysis of biglycan mRNA and protein 
concentrations in gastric cancer tissues 
confi rms that biglycan-positive patients 
were strongly associated with lymph 

 Fibrinogen 
(protein peptide) 

 TLR 4 [ 12 ]  Breast [ 13 ]  The MCF-7 human breast cancer 
epithelial cell line has the ability to 
synthesize, secrete, and deposit FBG into 
the extracellular matrix (ECM) 

 Heparin sulfate  TLR 4 [ 14 ]  Lung [ 15 ], colon, 
bladder, breast [ 16 ] 

 Heparan sulfate (HS) cleavage by 
heparanase (endo-beta-D glucuronidase) 
undergoes continuous remodeling during 
development of cancer 

 HMGB1  TLR2, TLR4 [ 17 , 
 18 ], TLR9 [ 19 ] 

 Breast, lung, colorectal, 
pancreatic, melanoma 
[ 20 ,  21 ], leukemia [ 22 ] 

 Necrotic cell death, resulting in massive 
HMGB1 release. HMGB1 stimulates the 
expression of vascular endothelial 
growth factor and platelet-derived growth 
factor signaling and helps to sustain this 
proangiogenic gene expression 

 Hsps  TLR2, TLR4 
[ 13 ,  23 ] 

 Breast [ 24 ], lung [ 25 ]  Small molecule Hsp90 inhibitors bind to 
the ATP-binding pocket, inhibit 
chaperone function, and could potentially 
result in cytostasis or cell death. 
Inhibition of Hsp90 function has also 
proven effective in killing cancer 

 Hyaluronic acid  TLR2, TLR4 [ 26 ]  Pancreatic acid [ 27 ]  MIA PaCa-2, a human pancreatic 
carcinoma cell line, secreted 
hyaluronidases abundantly and generated 
readily detectable levels of LMW-HAs 
ranging from approximately 10 to 40 
mers. The tumor-derived HA 
oligosaccharides were able to enhance 
CD44 cleavage and tumor cell motility 

 A100A8/A9  TLR4 [ 18 ,  28 ]  Breast, lung, colorectal 
[ 28 ] 

 S100A8-, S100A9-, and S100A12- 
abundant cell types 

 Tenascin-C  TLR4 [ 29 ]  Brain, breast, lung, skin, 
prostate, kidney, bladder, 
lymphoma, ovarian [ 30 ] 

 Tenascin-C is an adhesion modulatory 
extracellular matrix molecule that is 
highly expressed in the 
microenvironment of most solid tumors 

 Versican  TLR2 [ 31 ]  Bone, lung [ 32 ]  Depending on the cancer type, versican 
is expressed by either the cancer cells 
themselves or by stromal cells 
surrounding the tumor 
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3     Toll-Like Receptors 
Signaling Pathways 

 There is a dramatic difference between the TLR 
signaling in response to DAMPs released by oxi-
dative stress and PAMPs released by infective 
stress [ 17 ]. HMGB1 protein, a DAMP, activates 
IKKα and IKKβ, but lipopolysaccharide (LPS), a 
PAMP, increases activity of only IKKβ in cultured 
neutrophils and macrophages [ 31 ]. MD2 medi-
ates TLR4 recognition of PAMPs, but CD14 
mediates TLR4 recognition of DAMPs released 
by necrotic cells [ 29 ]. TLR signaling pathway has 
best been characterized in immune cells. The toll-
like receptor signaling is mediated by a number of 
distinct pathways [the NF-kB (nuclear factor of 
kappa light polypeptide gene enhancer in B cells) 
pathway, p38 pathways, CREB pathway, JNK 
(c-Jun N-terminal kinase) pathway, IRF3 (inter-
feron regulatory factor 3) and IRF7 (interferon 
regulatory factor 7) pathways] [ 18 ,  48 ]. After bind-
ing of TLR ligands, TLRs dimerize and transmit 
signals throughout the cell through one or more of 
four adaptor proteins: myeloid differentiation 
primary response gene 88 (MyD88), toll/interleu-
kin-1 receptor domain- containing adaptor induc-
ing interferon-β (TRIF), toll/interleukin-1 receptor 
domain-containing adaptor protein (TIRAP), and 
TRIF-related adaptor molecule (TRAM), where 
MyD88 is part of the signaling cascade of all 
TLRs except for TLR3. TLR3 follows TRIF-
dependent pathway exclusively, while TLR4 follows 
both of these pathways [ 49 ]. TLR ligand binding 
stimulates MyD88 facilitation of phosphorylation 
of interleukin- 1 (IL-1) receptor-associated kinase 
(IRAK)-1 [ 48 ,  50 ,  51 ]. Phosphorylated IRAK1 
recruits and activates tumor necrosis factor 
receptor (TNFR)-associated factor 6 (TRAF6). 
TRAF6 can then activate transforming growth 
factor (TGF)-β-activated kinase 1 (TAK1). TAK1 
is a mitogen-activated protein kinase (MAPK). 
This kinase is able to phosphorylate major tran-
scription factors NF-kB and JNK. Activation of 
these molecules leads to transcription of genes 
associated with TLR activation. TLR signaling 
mediated via TRIF interacts with TRAF6 which 
stimulates interferon regulatory factors 3 and 7 to 

activate interferon-β (IFN-β) and thereby leads to 
activation of signal transduction and transcription 
of genes associated with this pathway. Subsequent 
activation of these pathways promotes the expres-
sion of oxidant-generating inducible nitric oxide 
synthase (iNOS) and a wide variety of proinfl am-
matory cytokines, chemokines, and their receptors, 
including tumor necrosis factor alpha (TNF-α), 
interleukins (ILs), and macrophage infl ammatory 
proteins (MIPs) [ 51 ,  52 ]. These factors initiate the 
infl ammatory response, increase vascular perme-
ability, direct DC and macrophage migration from 
the periphery to the central lymphoid organs, and 
regulate various aspects of adaptive immunity 
development (Fig.  1 ) [ 54 ].

4        Oxidative Stress and Toll- 
Like Receptor Signaling 
as a Key Pathway 
of Tumorigenesis 

 It is now generally accepted that cancer can be 
exacerbated by infl ammation induced by biologi-
cal, chemical, and physical factors. Free radicals 
are directly involved in the oxidative destruction 
of macromolecules such as lipids, proteins, and 
nucleic acids [ 34 ]. In order to counteract intracel-
lular damage by oxidative stress molecule such 
as reactive oxygen species (ROS) and nitric oxide 
(NO), cells have developed a so-called intracel-
lular antioxidant system. Antioxidants which are 
backbone of this cellular defense system regulate 
oxidative reactions by inhibiting, delaying, or 
hampering the oxidation of the substances [ 4 ,  8 ]. 

 Infl ammation and cancer are intimately related 
[ 55 ]. It is well known that persistent infl ammatory 
conditions can induce cancer formation because 
cytokines and chemokines play a crucial role pro-
moting angiogenesis, cancer cell survival, che-
moresistance, and therefore tumor progression. 
   Infl ammatory cells release proangiogenic growth 
factors, which facilitate neovascularization that 
ultimately enhance infl ammatory cell recruitment 
and promote chronic infl ammation [ 56 ]. On the 
one hand, the increase of ROS is benefi cial for the 
development and for the successful outcome of 
infl ammation, tissue repair, and signal transduc-
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tion, leading to angiogenesis and cytokine pro-
duction, and for the elimination of pathogenic 
agents by phagocytosis [ 35 ,  57 – 59 ]; however, on 
the other hand the consequences of infl ammation 
persist with structural and functional alterations 
of tissues that are collectively referred to as 
chronic infl ammatory processes [ 34 ]. In addition, 
these processes can contribute directly or indi-
rectly to inactivate additional tumor suppressor 
genes within tumor cells or further increase 
expression of proto- oncogenes. In spite of its 
ideal outcome of infl ammation, genetic instability 

due to persistent carcinoma cell oxidative stress 
therefore increases the malignant potential of 
the tumor [ 60 ]. The apoptotic cell death hinders 
infl ammation and immune activation possibly 
because it inhibits the release of active DAMPs. 
Indeed, a DAMP, such as HMGB1, is preferen-
tially released by necrotic rather than by apoptotic 
cells [ 61 ]. Moreover, in apoptotic cells, HMGB1 
undergo oxidation-mediated inactivation due to 
cysteine residues which makes it unable to work 
as a DAMP [ 62 ]. As a further control of DAMP 
release, apoptotic cells are engulfed by scavenger 

  Fig. 1    Schematic representation of TLR signaling path-
ways [ 53 ]. TLRs localize to different subcellular compart-
ments according to the molecular nature of the relevant 
ligands. TLR3, TLR7/8, and TLR9 are located at endoly-
sosomal compartment and recognized dsRNA or ssRNA 
or unmethylated CpG DNA, respectively. In contrast, 
TLR2, TLR4, TLR5, and TLR11 are mainly displayed on 
plasma membrane and recognize indicated ligands. 
TLR2/1 heterodimers respond to triacyl lipopeptide, 
while TLR2/6 heterodimers recognize diacyl lipopeptide. 
CD14 and MD2 are accessory proteins required for LPS/
TLR4 ligation. Following ligation with their respective 
ligands, TLRs recruit downstream adaptor molecules, 
such as MyD88 (all TLRs except TLR3) and TRIF (TLR3 
and TLR4), to activate IRAK4, TRAF6, and IKKƐ/TBK1. 

These sequentially activate signaling pathway of NF-kB, 
p38, MAPK, and JNK, leading to a series of specifi c cel-
lular responses related to cell survival, proliferation, and 
infl ammation. IRF3 and IRF7 are also activated down-
stream of TLR3, TLR7, TLR8, and TLR9. These signal-
ing mediate the production of type 1 interferon and 
antiviral immune responses.  MyD88  myeloid differentia-
tion primary response protein 88,  IRAK  IL-1R-associated 
kinase,  TRAM  TRIF- related adaptor molecules,  TIRAP  
TIR domain-containing adaptor protein,  TRAF  TNF 
receptor-associated factor,  TAB  TGF-β-activated kinase 1/
MAP3K7-binding protein,  TAK  TGF-β-activated kinase, 
 IKK  inhibitor of kappa light polypeptide gene enhancer in 
B-cell kinase,     MAPK  mitogen-activated protein kinase       
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cells before they reach a secondary necrotic state 
with delivery of intracellular content and possible 
trigger of an autoimmune reaction [ 63 ]. However, 
in the tumor setting, unscheduled necrotic death 
[ 64 ] results in a concomitant and unimpeded 
expression of DAMPs, such as HMGB1 and S100 
protein family [ 65 ]. Studies have also examined 
that tumor cells may also contribute to maintain 
DAMPs bioactive. 

 Recent studies reported that TLRs are the cel-
lular receptors that can sense these danger signals 
and represent a key molecular link between tissue 
injury, infection, and infl ammation, e.g., a study 
reported that v-(2-carboxyethyl)pyrrole (CEP), 
end products of lipid oxidation generated during 
infl ammation, and wound healing are recognized 
by toll-like receptor 2 (TLR2) [ 66 ]; versican, a 
breakdown product of oxidative stress, may acti-
vate fi broblasts and tumor-infi ltrating myeloid 
cells through TLR2 and its coreceptors TLR6 and 
TLR1. These receptors and coreceptors are 
involved in the activation of the multiple types of 
chemokines and cytokines including TNF-α and 
IL-8 having tumorigenic properties and hence 
enhance tumor metastasis [ 65 ,  67 ,  68 ]. These 
fi ndings suggest a new function of TLR2 as a 
sensor of oxidation-associated molecular pat-
terns, and this mechanism can emerge as an 
important mechanism underlying numerous pro-
cesses from tissue healing and remodeling to 
cancer progression. 

 Reactive    oxygen species (ROS) produced by 
NADPH oxidase can function as defense (bacte-
ricidal) and signaling molecules related to innate 
immunity but, as previously mentioned when it 
occurs in excessive amount, promote a vicious 
cycle of various cellular responses and ultimately 
lead to cell death [ 69 ]. There are also some evi-
dences associating TLR activation with 
membrane- associated and oxidant-generating 
enzyme complex NADPH oxidase in various 
infl ammatory conditions. Interestingly, recent 
fi ndings suggest that there may be a direct inter-
action between TLR4 and NADPH oxidase in 
mediating LPS-induced production of ROS [ 69 ]. 
Recent studies showed that reactive oxygen may 
also augment tumor cell migration, increasing the 
risk of invasion and metastasis in cancer cells 

[ 70 ,  71 ]. TLRs can activate NADPH oxidase, 
resulting in ROS production [ 69 ] and providing 
evidence that TLR and NADPH oxidase activi-
ties may be linked in various infl ammatory 
conditions. 

 Besides that recently, naturally arising regula-
tory T cells (Tregs), originating from the thymus, 
have also been shown to express TLRs. Activation 
of TLRs in Tregs can increase or decrease their 
activity; it shows that the presence of CD4/CD25 
Treg cells inhibits the generation of tumor antigen- 
specifi c cytotoxic responses. Removal of Treg 
cells with either anti-CD25 monoclonal antibodies 
(mAb) or low-dose cyclophosphamide enhanced 
tumor-specifi c cytotoxic responses. Using a cyto-
kine-expressing cell-based vaccine results in sig-
nifi cant antitumor effects against a transplantable 
tumor [ 50 ,  72 ]. HMGB1 directly enhances 
immune inhibitory functions of Tregs via receptor 
for advanced glycation end products (RAGE)-
mediated mechanisms. HMGB1 effects on Treg 
may alter immune reactivity in the setting of 
chronic infl ammatory states such as cancer [ 73 ]. 
Therefore, we may modulate infl ammatory path-
ways for maintaining their pivotal role of immuno-
logical self-tolerance. 

 Mammalian microRNAs (miRNAs) are non-
coding RNA oligonucleotides that have been 
highly conserved during evolution and have 
recently emerged as potent regulators of gene 
expression. MiRNAs regulate gene expression at 
posttranscriptional level and may function either 
as oncogenes or tumor suppressors. This link 
between miRNAs and TLR function has potential 
association with oxidative stress, infl ammation, 
and cancer formation. MiR-155, related to 
infl ammation and cancer, is highly expressed in 
B-cell lymphoma, breast cancers, lung cancers, 
and pancreatic adenocarcinomas [ 74 ]. Several 
miRNAs have been shown to be upregulated in 
response to TLR ligands, and many directly tar-
get components of the TLR signaling system 
[ 75 ]. A recent study showed that ligands for 
TLR2, TLR3, TLR4, and TLR9 could all induce 
the upregulation of miR-155 expression, through 
MyD88- and TRIF-dependent pathways. Mir- 
146 is also highly expressed in breast cancer [ 69 , 
 70 ] and is a target of NF-kB signaling pathway. 
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Therefore,    there is an essential need to reveal 
TLR signaling pathways for NF-kB depend regu-
lation of unregulatory function of microRNAs.  

5     Targeting TLRs in the Clinic 

 Conventional cancer treatments rely on four 
treatment modalities, namely, surgery, radiother-
apy, cytotoxic chemotherapy, and hormone ther-
apy. Most of these therapies are believed to 
directly attack and eliminate tumor cells. Now 
researchers are focusing on immunotherapy of 
cancer. Cancer immunotherapy has been the 
focus of intense research since the late nineteenth 
century when Dr. William Coley, pioneer of can-
cer immunotherapy, demonstrated that bacterial 
components can contribute to cancer regression 
by eliciting an antitumor immune response [ 76 ]. 
Immunotherapy of cancer has become a more 
promising approach in the past decade [ 77 ]. 

 One strategy in clinical development for TLR 
therapeutics includes global blockade or enhance-
ment of individual TLR function using neutral-
izing antibodies, soluble TLR extracellular 
domains (ECDs), natural agonist or antagonists, 
and small molecule inhibitors. Several studies 
reported that a number of TLR agonists or antag-
onists can be successfully used as an immuno-
therapeutic agent in many types of cancers. 
Unlike cytokines, induced by TLR function 
which are well validated in these diseases and are 
successfully being targeted in the clinic, TLR- 
targeted drugs are still in preclinical develop-
ment. There are currently approximately twenty 
drugs in preclinical development, with a further 
dozen or so in clinical trials [ 78 – 83 ]. TLRs occur 
early in pathways, and so inhibiting them might 
be more potent than inhibiting their downstream 
cytokine targets [ 83 ]. TLR4 and MyD88 play an 
important role in antitumor responses following 
chemotherapy and irradiation. The study of 
Apetoh et al. revealed that TLR4-defi cient mice 
have signifi cantly larger tumors after doxorubicin 
and oxaliplatin treatment or irradiation than wild- 
type mice [ 47 ]. Cell    death induction by chemo-
therapy or irradiation induces the release of 
HMGB1 to subsequently trigger TLR4 activation 

in DC, enhance antigen presentation, and pro-
mote cytotoxic T-cell responses. It has been 
shown that high doses of TLR agonists can lead 
to apoptosis and directly kill both tumor cells and 
ancillary cells of the tumor microenvironment, 
whereas low doses of TLR agonists promote can-
cer growth [ 42 ]. Activation of different TLRs 
might exhibit antitumor effects by increasing 
vascular permeability and by recruiting leuko-
cytes, resulting in tumor lysis by natural killer 
cells and cytotoxic T cells [ 84 ]. This proves that 
TLRs act as a double-edged sword for cancer 
treatment. 

 Agonists of TLR9 (CpG ODN), TLR3 (poly 
I:C), and TLR4 (endotoxin analogues) have been 
used to increase the innate immune response and 
activate antigen-presenting cells of the host. The    
TLR2/4 agonist, OM-174, and  Mycobacterium 
bovis  bacillus Calmette–Guerin (BCG) are prom-
ising molecules against cancer metastasis. OM-174 
induces TNF-α secretion, and BCG is effective 
against superfi cial bladder tumors [ 78 ]. OK-432, 
a TLR4 agonist, has been successfully used as an 
immunotherapeutic agent in many types of malig-
nancies, including oral squamous cell carcinoma 
and head and neck cancer [ 79 ]. MPLA is also a 
TLR4 agonist that has been clinically tested as an 
adjuvant for cancer vaccines. Imiquimod, a syn-
thetic agonist of TLR7, has been proven very 
effective as monotherapy for basal cell carcinoma. 
TLR3 activation inhibits nasopharyngeal carci-
noma metastasis via downregulation of chemo-
kine receptor CXCR4 [ 80 ]. Oral administration of 
polysaccharide krestin (PSK), a selective TLR2 
agonist, in neu transgenic mice signifi cantly inhib-
its breast cancer growth [ 81 ]. Peptides have also 
been used in combination with TLR agonists for 
effective treatment and prevention of spontaneous 
breast tumors [ 85 ]. 

 Agonists    of TLR3, poly I:C (polyinosinic 
acid–polycytidylic acid) and poly A:U (polyade-
nylic–polyuridylic acid) and analogues of dsRNA 
(double-stranded RNA) can lead to apoptosis in 
human cancer cells and have been used as an 
adjuvant to treat cancer patients. Poly A:U has 
been safely used for treating breast or gastric can-
cers as a monotherapy. Poly I:C could activate 
and mature human DC and induce apoptosis [ 86 ] 
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and has been found to directly prolong CD4+ T 
cell survival via interactions with TLR3 in mice 
[ 87 ]. It was recently reported that activation of 
TLR3 by serial poly I:C treatment could strongly 
suppress the growth of prostate cancer in a mouse 
model of prostate tumors [ 88 ]. The combination 
of poly I:C, 5-fl uorouracil, and IFN-a induced the 
highest level of apoptosis in colon carcinoma 
cells [ 89 ]. In addition, combination of poly I:C 
and ATO (arsenic trioxide) exerted a synergistic 
anticancer effect that provides the basis for the 
applicability of these agents for tumor therapy. 
Poly I:C could induce apoptosis in HCC (hepato-
cellular carcinoma cells) by the activation of 
mitochondrial death pathway that required ROS 
generation and TLR3 signaling activation [ 90 ]. 
These data demonstrated that poly I:C and poly 
A:U treatment alone or combined with activated 
TLR3 pathway synergistically induced apoptosis 
and improved the resultant antitumor activity. 

 Another aspect of study is excessive activation 
of TLR signaling pathways that may lead to 
unwarranted infl ammation with hazardous out-
comes, including septic shock or infl ammatory 
diseases and carcinogenesis [ 10 ,  11 ,  13 ,  15 ,  16 ,  20 , 
 22 – 25 ,  27 ,  30 ,  32 ,  38 – 41 ]; therefore, there is an 
essential need for clinical development of TLR 
antagonist-based therapeutic drugs. TLR4AsiRNA, 
TLR4BsiRNA, and TLR4CsiRNA were found 
to signifi cantly inhibit TLR4 expression in 
MDA-MB-231 breast cell lines at both mRNA and 
protein levels. Knockdown    of TLR4 gene in 
MDA-MB-231 resulted in a dramatic reduction of 
breast cancer cell viability and could inhibit prolif-
eration and survival of breast cancer cells [ 56 ]. A 
novel anti- infl ammatory aminosaccharide com-
pound DFK1012 inhibits immune responses 
caused by TLR and NLR (NOD-like receptor) 
activation via proteolysis of proinfl ammatory 
cytokines induced by TLR and NLR stimulation in 
macrophages [ 91 ]. DFK1012 may represent a 
novel class of potential therapeutic agents aimed at 
the treatment of infl ammatory disorders. Therefore, 
when different TLRs are used in combination with 
their agonist or antagonist or antigen isolated from 
tumor, it may increase the effect of vaccination 
and may evoke specifi c innate immunity against 
cancer [ 53 ].  

6     Blockade of DAMP 
Activation 

 Suppressing DAMP activation of TLRs or block 
coreceptors or accessory molecules essential for 
DAMP activation offers a host of new potential 
targets for treating infl ammatory diseases that may 
be viable alternatives to current approaches. 
Evidence that blockade of these mediators can 
ameliorate disease in human studies is beginning 
to emerge [ 92 ]. Antagonist of TLR cell signaling 
has been already mentioned above. However, cur-
rent knowledge about the kinetics of expression or 
release of DAMPs and their turnover during dis-
ease progression is also very essential for develop-
ment of immunotherapeutic drugs. Chen et al. [ 93 ] 
showed that CD24, a heat-stable antigen and a 
GPI-anchored protein, binds to DAMPs such as 
HMGB1, hsp70, and hsp90 and suppresses their 
activation of infl ammatory signaling pathways. 
Dysfunction of this pathway might contribute to 
the etiology of autoimmune diseases and likewise 
may offer means to selectively inhibit DAMP 
activity [ 93 ,  94 ]. Various techniques targeting 
HMGB1 are subjected to trial. HMGB1 in the can-
cer initiates TLR4-dependent responses that con-
tribute to neovascularization [ 95 ]. Technical 
breakthroughs in targeting HMGB1-TLR4 signal-
ing cascade are urgently required for a potential 
therapeutic technique against cancer development, 
progression, and especially metastasis. It may con-
stitute a novel therapeutic approach to angiogene-
sis-related diseases [ 96 ,  97 ].  

7     Conclusions 
and Perspectives 

 These studies strongly suggest that TLR activa-
tion is essential for provoking the innate immune 
response and enhancing the adaptive immunity 
against pathogens, but TLR family members are 
also involved in carcinogenesis. Therefore, the 
intensity and duration of TLR responses must be 
tightly controlled. Recently, immunotherapy tar-
geting TLRs against human malignancies is draw-
ing attention.    Using TLRs in combination with 
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their agonist or antagonist, we can evoke specifi c 
innate immunity against cancer, but the picture of 
using either agonist or antagonist for TLRs is 
somewhat complicated in cancer therapy and can-
not be decided immediately because of the scar-
city of suffi cient information. Hence, it is essential 
to improve our understanding of the mechanisms 
by which infl ammatory cascades are activated as 
a result of oxidative damage. Important compo-
nents of these connections are DAMPs released 
from damaged cells. DAMPs play various func-
tions in tumors: They mediate endothelial cell 
activation, angiogenesis, and stem cell migration 
and contribute to recruit and activate innate 
immune cells to release cytokines that stimulate 
tumor growth and progression. Collectively they 
orchestrate a tumor-supporting microenvironment 
that is an indispensable participant in the neoplas-
tic process. 

 Taking systematic review of the current litera-
ture into consideration, we can conclude that tar-
geting these pathways can be one of the 
breakthroughs for diagnosis of specifi c cancer 
and for devising strategies to limit the detrimen-
tal consequences of the infl ammatory response 
to tumorigenesis.     
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    Abstract  

  The interactions between reactive oxygen species (ROS) and intracellular 
protein machinery have become increasingly important in the study of 
both normal and pathological processes. Further, several investigators 
have reported that cellular redox status plays an important role in the regu-
lation of immune responses, especially in T cell signal transduction, gene 
expression, and functions. Glutathione, cysteine, and thioredoxin are three 
key regulators of cellular redox homeostasis, and the cellular redox bal-
ance is maintained by interconvertible oxidized and reduced form of these 
redox couples that exist in a dynamic equilibrium. Any change in this 
equilibrium can signifi cantly modulate the crucial signaling pathways and 
thus alter cellular functions. Although it is well accepted that infl amma-
tory and immune responses are highly susceptible to changes in redox 
status, contrasting reports showing differential effects of oxidative stress 
have resulted in incongruity over its role in immune activation and signal-
ing. A growing body of evidence in the literature indicates that cellular 
oxidative stress and redox status are central to the signaling and expression of 
infl ammatory genes involving NF-κB activation. Further, the area of oxi-
dant and redox control of infl ammatory processes and the immune system 
is relatively unexplored and a lot need to be accomplished. Addition or 
administration of exogenous/endogenous redox-active agents (which can 
either restore or perturb the existing redox status of the cells) is one of the 
means to unravel the link between oxidative stress and infl ammation. This 
chapter focuses on our current understanding of the role of cellular redox 
status in infl ammatory responses using biological response modifi ers. It also 
emphasizes the need for future research on the impact of local changes in 
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the redox environment in different cellular compartments on gene regula-
tion brought about by redox-sensitive transcription factors.  

  Keywords  

  Reactive oxygen species   •   Infl ammation   •   Endogenous redox-active 
molecules   •   Exogenous redox-active molecules  

1         Introduction 

 The term immunity is derived from the Latin 
word  Immunis  meaning “to make safe.” The col-
lection of cells, tissues, and molecules that mediate 
resistance to infections is called the immune sys-
tem, and the coordinated reaction of these cells 
and molecules to infectious microbes is called the 
immune response. Infl ammation (Latin,  infl am-
mare , to set on fi re) is the body’s protective reac-
tion to injurious stimuli like infections, ionizing 
radiation, harmful chemicals, foreign particles, 
trauma, autoantibodies, and physical or thermal 
stress. Acute infl ammation involves pathogen 
killing as well as tissue repair processes and helps 
to restore homeostasis at infected or damaged 
sites. Acute infl ammatory response is normally 
well regulated so that it does not cause excessive 
damage to the host and is self-limiting due to the 
involvement of negative feedback mechanisms. 
However, infl ammatory responses that fail to 
regulate themselves can become chronic and 
contribute to the development and progression of 
disease. Chronic infl ammation is implicated in 
development of several degenerative diseases 
such as rheumatoid arthritis, atherosclerosis, 
congestive heart failure, Alzheimer’s, and asthma. 
Hence, suppression of chronic infl ammation may 
prevent occurrence of infl ammation-associated 
disorders. The  immunosuppressive regimens cur-
rently employed involve the use of multiple drugs 
such as corticosteroids, cyclosporin A, tacrolimus, 
sirolimus, azathioprine, etc. [ 1 ,  2 ]. Each of these 
drugs targets a discrete site in the lymphocyte 
activation cascade, but all of them exhibit distinct 
side effects on normal tissues which limits their 
long-term usage. 

 Reactive oxygen species (ROS) have been 
implicated as important regulators of T cell sig-

nal transduction, gene expression, and functions. 
They serve as signaling messengers to mediate 
various biological responses including cell 
proliferation, angiogenesis, innate immunity, 
programmed cell death, and senescence. Addition 
of antioxidants has been shown to inhibit 
mitogen- induced proliferation and production of 
IL-2, which is required for optimal T cell expan-
sion [ 3 ,  4 ]. Also, studies carried out using 
alloantigen- stimulated cultures have suggested 
that antigen- mediated T cell activation requires 
ROS production [ 5 ]. In contrast to these studies, 
other reports show that exposure to exogenous 
oxidative stress suppresses mitogen or antigen-
induced T cell activation. Such contrasting 
reports underscore the critical role of cellular 
redox balance in regulating immune responses. It 
may be argued that the level of exogenous 
oxidative stress is higher than endogenous levels 
of ROS. Alternatively, this exogenously induced 
oxidative stress may act in a coordinated fashion 
with endogenous ROS in eliciting a particular 
biological response. Further, determining the 
threshold of ROS for generation of a particular 
response beyond which it may become deleteri-
ous is critical under these conditions. It is well 
understood and documented that the redox 
balance of a cell is maintained by interconvert-
ible oxidized and reduced forms of intracellular 
redox couples including GSH/GSSG, cysteine/
cystine, and oxidized/reduced thioredoxin [ 6 ]. 
Under normal physiologic conditions, cells 
maintain redox balance through generation and 
elimination of reactive oxygen/nitrogen species. 
ROS include radical species such as superoxide 
(O 2  .− ) and hydroxyl radical (HO·), along with 
non-radical species such as hydrogen peroxide 
(H 2 O 2 ). Reactive nitrogen species (RNS) include 
nitric oxide (NO · ) and peroxynitrite (ONOO − ) 
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[ 7 ]. Both exogenous sources (like UV irradiation, 
X-rays, gamma rays, pollutants, and chemicals) 
and endogenous sources (like NAD(P)H oxidase 
(Nox), cytochrome c oxidase, nitric oxide syn-
thase (NOS), xanthine oxidase, and mitochon-
drial electron transport chain) contribute to the 
formation of intracellular ROS. In order to main-
tain redox homeostasis, cells are equipped with 
enzymatic and nonenzymatic antioxidant systems 
that scavenge the ROS/RNS. Perturbation of 
these mechanisms can alter the delicate intracel-
lular redox balance leading to oxidative stress. 

 Therapeutic targeting of the infl ammatory 
response pathways is one of the thrust areas of 
current research and has signifi cant clinical appli-
cation in prevention of chronic infl ammatory and 
autoimmune diseases, including atherosclerosis, 
type 2 diabetes, multiple sclerosis, and Alzheimer’s 
disease. While several approaches including use 
of neutralizing antibodies against cytokines, che-
mokines, and their receptors and small molecule 
inhibitors of proinfl ammatory signaling proteins 
like IκB kinase (IKK), nuclear factor-κB (NF-
κB), activator protein 1 (AP-1), mitogen-acti-
vated protein kinases (MAPK), and janus kinases 
(JAK) have been employed in the past, efforts are 
ongoing to develop complementary strategies to 
suppress infl ammation. In this direction, ROS, 
which now have a well- recognized role as modi-
fi ers of innate and adaptive immunity, can be 
considered as potential targets for management 
of infl ammation using cellular redox modifi ers. 
Further, recent advances that highlight the role of 
cellular redox balance in regulating infl ammatory 
signaling offer promise in this area of transla-
tional biomedical research (Fig.  1 ). Therefore, 
this chapter focuses on the role of endogenous 
and exogenous redox active molecules to act as 
anti-infl ammatory agents. There are very few 
endogenous agents which have been reported to 
modify infl ammatory responses. Among them we 
have selected agents that act via modulating the 
cellular redox balance. Although there are several 
exogenous molecules that have been explored 
to restrain infl ammation, we preferred molecules 
that have been used in our laboratory or have 
been extensively studied for their anti-infl ammatory 
activities (Tables  1  and  2 ).

2          Endogenous Redox-Active 
Molecules 

2.1     Bilirubin 

 One of the key metabolic pathways in the mam-
malian system is the degradation of protoheme 
derived from heme-containing proteins such as 
hemoglobin and cytochrome P450 protein. During 
this process, heme oxygenase-1 (HO-1) converts 
heme to biliverdin, carbon monoxide, and iron, 
and biliverdin reductase reduces biliverdin to bili-
rubin (BR) at the cost of NADPH. Nanomolar 
concentrations of bilirubin have been shown to 
inhibit ROS generation in vitro [ 8 ]. Several 
researchers, including our laboratory, have dem-
onstrated the powerful anti- infl ammatory proper-
ties of BR in vitro and in vivo. The 
anti-infl ammatory effects of bilirubin have been 
shown to be mediated via its ability to modulate 
the costimulatory pathway, suppress immune 
transcription factors, and downregulate expres-
sion of MHC class II, nitric oxide (NO), TNF-α, 
and iNOS [ 9 ,  10 ]. Reports show that clinically 
relevant concentrations of unconjugated bilirubin 
(UCB) induce apoptosis and necrosis in immune 
cells by depleting cellular GSH are critical in 
understanding the immunosuppression associated 
with hyperbilirubinemia [ 11 ]. Further, bilirubin 
also modulates the expressions of proinfl amma-
tory and proapoptotic genes and increases 
Foxp3(+) T regulatory (Treg) cells at the site of 
transplantation [ 12 ]. The ability of bilirubin in 
improving the survival and attenuating liver injury 
in response to lipopolysaccharide (LPS) infusion 
demonstrates its potent in vivo effi cacy [ 13 ].  

2.2     Hydrogen Sulfi de 

 Hydrogen sulfi de (H 2 S) is a colorless, water- 
soluble, fl ammable gas that has the characteristic 
smell of rotten eggs. In mammalian systems, H 2 S 
production is carried out by three endogenous 
enzymes, namely, cystathionine β-synthase 
(CBS), cystathionine γ-lyase (CGL or CSE), and 
3-mercaptopyruvate sulfurtransferase (3MST). 
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H 2 S is produced in tissue homogenates at a rate in 
the range of 1–10 pmoles per second per mg pro-
tein, resulting in micromolar extracellular 
concentrations [ 14 ]. H 2 S has also been reported to 
protect neurons from oxidative stress by increas-
ing the production of the antioxidant glutathione. 
Literature suggested that H 2 S reduces oxidative 
stress through two distinct mechanisms: it can act 
as a direct scavenger of ROS and also upregulate 
antioxidant defense through a nuclear-factor-
E2-related factor-2 (Nrf-2)-dependent signaling 
pathway [ 15 ]. H 2 S administration increases 
nuclear localization of Nrf-2 and expression of 
antioxidants (heme oxygenase-1 and thioredoxin 
1), Bcl-2, and Bcl-xL and inactivates proapoptotic 
protein Bad [ 16 ]. The exact role of H 2 S during 
infl ammation is not very clear, and there is a great 

deal of discrepancy in the reports pertaining to the 
anti-infl ammatory effects and the proinfl amma-
tory effects of endogenous and pharmacological 
H 2 S. Studies on the effects of NaHS (sodium 
hydrosulfi de) and a slow-releasing H 2 S donor 
(GYY4137) showed that GYY4137 inhibited 
IL-1β, IL-6, TNF-α, NO, and PGE-2 and increased 
the synthesis of the anti-infl ammatory cytokine 
IL-10. On the contrary, NaHS elicited a biphasic 
effect on proinfl ammatory mediators. It decreased 
the synthesis of IL-1β, IL-6, NO, PGE-2, and 
TNF-α at low concentrations but increased them 
at higher doses [ 17 ]. Importantly, lack of avail-
ability of enzyme- specifi c inhibitors and use of 
physiologically irrelevant H 2 S donors have ham-
pered signifi cant and rapid progress in studying 
the biological activities of H 2 S.  
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   Table 1    Molecular targets of endogenous cellular redox modifi ers       

NR – No report;      NE – No effect  - Decreased activity; - Increased activity

MOLECULE

TARGET

Bilirubin Hydrogen
sulfide

Hydrgen 
peroxide

Glutathione Nitric 
oxide

15d-
PGJ2

IMMUNOREGULATORY SIGNALING PROTEINS

AP-1 NR NR

NF-KB

Nrf-2

JAK/STAT3 NR

ERK

IKK NR

PI3K/AkT NR

FoxP3 NR NR NE

NFAT NR NR

INFLAMMATORY MEDIATORS

CRP NR NR NR

Pro-inflammatory
cytokines
(TNF-α, IL-6, IL-1β)

Anti-
inflammatory
cytokines (IL-10) 

NR

iNOS

Cox NR

ADHESION MOLECULES 

ICAM-1

2.3     Hydrogen Peroxide 

 Hydrogen peroxide (H 2 O 2 ) was fi rst isolated by 
Thenard in 1818, and it was quickly recog-
nized that high concentrations of H 2 O 2  result in 
cell injury by damaging key cellular molecules 
such as DNA and lipids [ 18 ]. Enzymes involved 

in increasing H 2 O 2  levels include the family of 
NADPH oxidases [ 19 ] and other oxidases such 
as xanthine oxidase [ 20 ], 5-lipoxygenase, and 
superoxide dismutase [ 21 ]. Apart from regulat-
ing several cellular events, H 2 O 2  is also 
involved in controlling transcription factors, 
cell proliferation, and apoptosis [ 22 ]. Hydrogen 
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peroxide alone and in conjunction with the 
amplifi cation activity of myeloperoxidase 
(MPO) is responsible for bacterial killing [ 23 ]. 
The role of H 2 O 2  in either promoting or inhibit-
ing infl ammation is still contentious. Hydrogen 
peroxide inhibits the response of human 
peripheral blood mononuclear cells (PBMCs) 
to phytohemagglutinin, concanavalin A, and 
also in mixed lymphocyte culture assays as 

measured in terms of T cell activation and pro-
liferation, IL-2 secretion, and cytotoxic T cell 
generation [ 24 ]. Further, Oliveira-Marques 
et al. [ 25 ] proposed that H 2 O 2  has a fi ne-tuning 
regulatory role, comprising both a proinfl am-
matory control loop that increases pathogen 
removal and an anti-infl ammatory control 
loop, which avoids an exacerbated harmful 
infl ammatory response [ 25 ]. H 2 O 2  at low extra-

MOLECULE

TARGET

Curcumin Plumbagin gamma-
tocotrienol

Resveratrol Epigallo-
catechin 
Gallate

Chlorophyllin

IMMUNOREGULATORY SIGNALING PROTEINS

AP-1

NF-KB

Nrf-2

JAK/STAT3

ERK

IKK NR

PI3K/AkT

FoxP3 NR

NFAT NR NR

INFLAMMATORY MEDIATORS

CRP NR NR

Pro-
inflammatory
cytokines
(TNF-a, IL-6,
IL-1b) 

Anti-
inflammatory 
cytokines (IL-10)

NR NE NR

iNOS

Cox

ADHESION MOLECULES 

ICAM-1 NR NR

NR – No report;      NE – No effect  - Decreased activity; - Increased activity - Dual activity

   Table 2    Molecular targets of exogenous cellular redox modifi ers       

R. Checker et al.



341

cellular concentrations (up to 25 μM) stimu-
lates NF-κB nuclear translocation induced by 
TNF-α, whereas at higher doses, it inhibits 
NF-κB activation. Further, exposure of bone 
marrow or peritoneal neutrophils to H 2 O 2  is 
associated with reduced nuclear translocation 
of NF-κB and decreased production of the 
NF-κB-dependent cytokines TNF-α and mac-
rophage inhibitory protein- 2 [ 26 ]. Recent 
reports demonstrate that H 2 O 2  also has anti-
infl ammatory effects on neutrophil activation 
and infl ammatory processes, such as hyperoxia-
induced acute lung injury, in which activated 
neutrophils play a major role [ 27 ].  

2.4     Glutathione 

 Glutathione (gamma-glutamyl-cysteinyl-gly-
cine; GSH) is the most abundant low-molecular-
weight thiol present in the cytoplasm. It is an 
important intracellular antioxidant and a redox-
potential regulator that plays a vital role in drug 
detoxifi cation and cellular protection against 
oxidative damage by eliminating free radicals, 
peroxides, and toxins. Upon oxidation, GSH 
forms GSH disulfi de (GSSG) which can be 
reduced by a specifi c enzyme, glutathione reduc-
tase. The key role of GSH as an antioxidant is 
demonstrated by many studies showing that 
GSH depletion using chemicals like buthionine 
sulfoximine (BSO) (inhibitor of GSH synthesis) 
has an aggravation effect in many disease mod-
els. On the other hand, replenishing GSH levels 
with precursors of its synthesis such as N-acetyl-
cysteine (NAC) or 2- oxothiazolidine-4-carboxylic 
acid has protective effects. Antioxidants [ 28 ] and 
glutathione precursors [ 29 ,  30 ] have been shown 
to downregulate cytokine synthesis, immune 
activation, and downstream processes. Among 
several agents that are used to replenish or 
deplete GSH, NAC, and BSO are of particular 
importance as they exhibit antagonistic effects 
on a proinfl ammatory signal. NAC, an antioxi-
dant and a GSH precursor [ 31 ], suppresses cyto-
kine production [ 32 ] and ameliorates 
ROS-mediated injury [ 31 ]. In contrast, BSO, 
which depletes GSH by irreversibly inhibiting 

γ-glutamyl cysteine synthetase (γ-GCS), the 
rate-limiting enzyme in the biosynthesis of glu-
tathione [ 33 ], enhances secretion of cytokines 
like TNF-α, IL-6, and IL-8 and induces intracel-
lular accumulation of GSSG, but reduces the 
concentration of GSH [ 34 ,  35 ]. Besides inhibit-
ing infl ammation, GSH also acts as a regulatory 
mediator during an immune response usually in 
a direction benefi cial to the host [ 36 ]. Apart from 
being a powerful antioxidant, the GSH/GSSG 
couple also acts as a redox buffer, regulating 
the redox state of “redox- sensitive proteins.” 
This regulatory mechanism is based on the fact 
that many cysteine residues in proteins that are 
physiologically in their reduced state can in fact 
exist in various oxidation states. These include 
interchain disulfi des, mixed disulfi des with small 
molecular mass thiols (e.g., GSH, glutathionyl-
ation or with cysteine, cysteinylation), 
S-nitrosylation, and oxidation to sulfi nic, 
sulfenic, or sulfonic acids. The ability of cells to 
reverse these oxidations (with the possible 
exception of sulfonic acids) makes these modifi -
cations likely mechanisms of protein regulation 
which is similar to other posttranslational modi-
fi cations like protein phosphorylation. Protein 
glutathionylation can be either anti- infl ammatory 
or proinfl ammatory depending on the protein 
that is undergoing S-thiolation. For instance, 
various proteins in the NF-κB pathway are 
regulated by glutathionylation. Glutathionylation 
of p65-NF-κB leads to its inactivation [ 37 ] and 
glutathionylation of p50-NF-κB inhibits its DNA 
binding [ 38 ] and thus glutathionylation would be 
anti-infl ammatory. The ability of glutaredoxin 
(a thioltransferase that catalyzes specifi c and 
effi cient deglutathionylation of proteins) to both 
decrease [ 39 ] and augment [ 40 ] production of 
infl ammatory cytokines, depending on the 
experimental model, further confi rms the con-
trasting role of glutathionylation.  

2.5     Nitric Oxide 

 Nitric oxide (NO) is a gaseous signaling mole-
cule that regulates various physiological and 
pathophysiological responses in the human body 
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including circulation and blood pressure, platelet 
function, host defense, and neurotransmission. 
NO is synthesized from L-arginine in a reaction 
catalyzed by a family of nitric oxide synthase 
enzymes. Three different NOS isoforms have 
been characterized. The neuronal NOS (nNOS) 
is predominantly expressed in neurons in the 
brain and peripheral nervous system [ 41 ]. 
Endothelial NOS (eNOS) is mainly expressed in 
endothelial cells [ 42 ]. Both nNOS and eNOS are 
constitutively expressed and are inactive in rest-
ing cells. The third isoform of the NOS family is 
the inducible NOS (iNOS). iNOS is not 
expressed in most resting cells. Upon exposure to 
microbial products, such as LPS and dsRNA or 
proinfl ammatory cytokines, iNOS expression is 
induced which can constantly produce high lev-
els of NO for prolonged periods [ 43 ]. NO has a 
biphasic action on oxidative killing of isolated 
cells: low concentrations protect against oxida-
tive killing, while higher doses enhance killing, 
and these two effects occur by distinct mecha-
nisms [ 44 ]. 

 During an infl ammatory response, NO is 
involved in several functions like regulation of 
signaling cascades and transcription factors, reg-
ulation of leukocyte rolling, migration, cytokine 
production, proliferation, and apoptosis [ 43 , 
 45 – 47 ]. Specifi c iNOS inhibitors have been 
shown to be anti-infl ammatory in various forms 
of experimentally induced infl ammation, such as 
arthritis and colitis [ 47 – 49 ], and selective iNOS 
inhibitors are under development for treatment 
of infl ammatory diseases. NO has been shown to 
regulate NF-κB-mediated gene transcription by 
S-nitrosylation of p50 subunit [ 50 ]. Mazzoni 
et al. [ 51 ] showed that myeloid suppressor cells 
secrete NO in response to signals from activated 
T cells, including IFN-γ and a contact-dependent 
stimulus, and inhibit T cell proliferation via 
NO-dependent inhibition of JAK1 and JAK3 
[ 51 ]. Thus, NO, like many other infl ammatory 
mediators, seems to have both pro- and 
 anti- infl ammatory effects depending on the con-
centration of NO and the physiological 
environment.  

2.6     15-Deoxy-Δ12,14- 
Prostaglandin J2 

 The prostaglandins (PGs) are a family of structur-
ally related molecules that are produced by cells 
in response to a variety of extrinsic stimuli and 
regulate cellular growth, differentiation, and 
homeostasis. The J series of cyclopentenone pros-
taglandins such as 15-deoxy-Δ12,14-PGJ2 (15d-
PGJ2) are electrophilic lipid-signaling mediators 
derived from the nonenzymatic dehydration of 
PGD2, a major product of the cyclooxygenase 
pathway. Prostaglandins (PGs) are autacoids 
synthesized from 20 carbon-containing polyun-
saturated fatty acids, principally arachidonic acid 
(AA) generated from membrane phospholipids 
and derived from dietary sources [ 52 ]. PGs 
contribute to infl ammation, smooth muscle tone, 
hemostasis, thrombosis, parturition, and gastroin-
testinal secretion [ 53 ]. 

 Prostaglandin J2 (PGJ 2 ) is a major cyclooxy-
genase product formed in a variety of tissues and 
cells and has marked effects on a number of bio-
logical processes, including platelet aggregation, 
relaxation of vascular and nonvascular smooth 
muscle, and nerve cell function. It also acts as an 
endogenous ligand for peroxisome proliferator- 
activated receptor γ (PPARγ) via covalent binding 
to the cysteine residue within the ligand-binding 
domain of the receptor, thus promoting adipocyte 
differentiation [ 54 ]. 15d-PGJ2 can also form 
covalent adducts with cysteine residues of other 
signaling proteins via Michael addition, leading 
to the activation of important redox-sensitive sig-
naling pathways such as the antioxidant response 
pathway regulating the expression of phase II 
enzymes. 15d-PGJ2 induces multiple phase II 
enzymes and other antioxidant proteins via 
Nrf-2-dependent mechanism and also induces 
expression of anti- infl ammatory and cytoprotec-
tive protein, HO-1, in various cell types, such as 
mouse macrophages [ 55 ], human mesangial cells 
[ 56 ], and rat pheochromocytoma (PC12) cells 
[ 57 ]. The anti- infl ammatory action of 15d-PGJ2 is 
via suppression of IκB kinase activity leading to 
inhibition of IκBα degradation and reduction of 
p65 nuclear translocation [ 58 ].   
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3     Exogenous Redox-Active 
Molecules 

3.1     Curcumin 

 Curcumin (CR), a yellow pigment from  Curcuma 
longa , is a major component of turmeric and is 
commonly used as a spice and food-coloring 
material. The pleiotropic biological properties of 
curcumin have also been considered to be asso-
ciated with its antioxidant property. Since free 
radical- mediated peroxidation of membrane lip-
ids and oxidative damage of DNA and proteins 
are believed to be associated with a variety of 
chronic pathological complications such as can-
cer, atherosclerosis, neurodegenerative diseases, 
and aging, curcumin is being tried for protection 
against oxidative-stress-mediated pathological 
conditions. Curcumin has been shown to inhibit 
lipid peroxidation and effectively scavenge 
superoxide and peroxyl radicals [ 59 ]. The pres-
ence of the phenolic, β-diketone, as well as the 
methoxy groups contribute to the free radical- 
scavenging activity of curcumin. A few reports 
showing curcumin as prooxidant indicated that 
the prooxidant and antioxidant effects of cur-
cumin are dependent on dose and the chemical 
environment (e.g., availability of free redox 
metal ions) [ 60 ]. The free radical-scavenging 
and antioxidant characteristics of curcumin are 
mediated through induction of the Nrf-2 signal-
ing pathway [ 61 ]. Curcumin has also been shown 
to possess potent anti-infl ammatory properties 
via inhibiting the production of proinfl ammatory 
cytokines (IL-8, MIP-1α, MCP-1, IL-1β, and 
TNF-α) [ 62 ] and suppression of important 
molecular targets involved in infl ammation such 
as NF-κB, AP-1, and signal transducer and acti-
vator of transcription (STAT) proteins [ 63 ,  64 ]. 
Curcumin also suppresses the expression of the 
infl ammatory mediators like COX-2, TNF-α, 
5-LOX, IL-1β, IL-6, IL-8, MIP-1α, adhesion 
molecules, C-reactive protein (CRP), CXCR-4, 
and others [ 65 – 68 ]. The direct binding of cur-
cumin to IkBα kinase was reported as the mech-
anism of its NF-κB-suppressing activity [ 63 ]. 
Thus curcumin could suppress infl ammation by 

modulating the expression and activation of 
multiple proteins and transcription factors 
involved in infl ammation. Further, the benefi cial 
effects of oral curcumin on infl ammatory dis-
eases have been investigated in a number of 
clinical studies [ 69 ]. The modern age data on 
multiple cellular targets of curcumin substanti-
ates grandma’s recipe for control of acute and 
chronic infl ammation.  

3.2     Plumbagin 

 Plumbagin (PG), a naphthoquinone (5-hydroxy- 
2-methyl-1,4-naphthoquinone), is found in the 
plants of Plumbaginaceae, Droseraceae, 
Ancestrocladaceae, and Dioncophyllaceae fami-
lies. The root of  Plumbago zeylanica  (also called 
Chitrak), a major source of plumbagin, has been 
used in traditional Indian medicine since 750 BC 
as an antiatherogenic, cardiotonic, hepatoprotec-
tive, and neuroprotective agent. Plumbagin has 
been shown to exert several therapeutic biological 
effects including anticancer, antiproliferative, 
chemopreventive, chemotherapeutic, and radio-
sensitizing properties in experimental animals as 
well as in tumor cells in vitro [ 70 ]. Recently, sev-
eral investigators have shown its potent anti- 
infl ammatory properties in vitro and in vivo. 
Plumbagin inhibits T cell proliferation, cell cycle 
progression, cytokine secretion, and expression of 
early and late activation markers CD69 and CD25 
respectively via modulation of cellular redox and 
inhibition of IκBα degradation and NF-κB activa-
tion and prevents Graft Versus Host Disease-
induced mortality in mice [ 71 ,  72 ]. Similar 
anti-infl ammatory effects of plumbagin in human 
PBMNCs have also been reported in both allergic 
and non-allergic individuals [ 73 ]. In vivo also, 
plumbagin is effective as shown by prevention of 
encephalitogenic T cell responses, suppression of 
experimental autoimmune encephalomyelitis 
(EAE), and decreased T cell proliferation and 
IL-2 production in arthritic mice [ 74 ,  75 ]. 
Plumbagin has been used as a part of a multicom-
ponent plant-based formulation which it was 
found to be effective in the management of 
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chronic obstructive pulmonary disease without 
any side effects [ 76 ]. The strong anti- infl ammatory 
effect of plumbagin also provides clues for its 
possible use as a cancer chemopreventive agent.  

3.3     Gamma-Tocotrienol 

 Vitamin E is a well-known antioxidant and is an 
important nutrient in the human diet that is 
readily available in lipid-rich plant products. 
Tocopherols are predominant in olive, sunfl ower, 
corn, and soya beans oils, and tocotrienols are the 
major vitamin E components of palm oil, barley 
oil, and rice bran oil [ 77 ]. The tocopherols are 
saturated forms of vitamin E, whereas the tocot-
rienols are unsaturated and possess an isoprenoid 
side chain. The unsaturated side chain present on 
tocotrienols facilitates their better cellular uptake 
than tocopherols. This higher cellular uptake has 
been attributed to their superior biological activi-
ties as compared to tocopherols. Palm oil repre-
sents one of the most abundant natural sources of 
tocotrienols [ 78 ]. The distribution of vitamin E in 
palm oil is 30 % tocopherols and 70 % tocotri-
enols [ 79 ]. Like tocopherols, tocotrienols exhibit 
antioxidant activities, and most of their effects 
can be linked to its antioxidant function [ 80 ]. 
Studies have also reported that tocotrienols pos-
sess lipid-lowering, antiatherogenic, blood-
pressure- lowering, antidiabetic, neuroprotective, 
and anti-infl ammatory effects. Tocotrienols 
exhibit antioxidant effects by scavenging the 
chain-propagating peroxyl radical [ 81 ]. Several 
investigators have shown that γ-tocotrienols 
exhibit potent anti-infl ammatory activity by 
inhibiting NF-κB activation [ 82 ,  83 ]. Further, 
γ-tocotrienol has been shown to suppress the 
expression of TNF-α [ 82 ], IL-1β [ 84 ], IL-6 [ 85 ], 
iNOS [ 86 ], and Cox-2 [ 82 ], all of which mediate 
infl ammation. γ-Tocotrienol (GT) is more effec-
tive in suppressing T cell proliferation and cyto-
kine production compared to α-tocotrienol (AT) 
when present continuously in the culture. Cellular 
uptake studies with tocotrienols showed higher 
accumulation of GT compared to AT which 
might be responsible for the superior biological 
activity of GT [ 87 ]. The data on tocotrienols 
clearly demonstrate that the dual responses in 

terms of anti-infl ammatory or immunostimula-
tory actions depend on the duration for which 
cells are incubated with this molecule.  

3.4     Resveratrol 

 Resveratrol (3,4,5-trihydroxystilbene; RT) is a 
phytoalexin, with established health potential due 
to its antioxidant, anticancer, and  anti- infl ammatory 
properties. It is found in variety of dietary sources 
including grapes, plums, peanuts, and wines, 
especially red wines and to a much lesser extent in 
white wines. Resveratrol research gained momen-
tum following the paradoxical observation that a 
low incidence of cardiovascular diseases may 
coexist with a high-fat diet intake and moderate 
consumption of red wine [ 88 ], a phenomenon 
known as the French paradox. One of the impor-
tant biological activities ascribed to resveratrol 
involves its antioxidant potential. The antioxidant 
activity of resveratrol is mediated via multiple 
mechanisms, including inhibiting production of 
reactive oxygen species by infl ammatory cells 
[ 89 ], scavenging free radicals, and enhancing the 
levels of endogenous antioxidants by activation of 
Nrf-2 pathway [ 90 ]. Resveratrol is known to 
increase the levels of several antioxidant enzymes, 
including glutathione peroxidase, glutathione 
S-transferase, and glutathione reductase [ 91 ]. 
Similar to a variety of dietary antioxidants, resve-
ratrol also possesses anti-infl ammatory effects 
that are mediated through inhibition of transcrip-
tion factors such as NF-κB and AP-1 [ 92 ]. 
Resveratrol also suppresses the expression of 
several important infl ammatory mediators includ-
ing TNF-α, IL-1β, IL-6, iNOS genes, and cyclo-
oxygenases [ 93 ,  94 ].  

3.5     Epigallocatechin Gallate 

 Green tea ( Camellia sinensis ) is an extremely 
popular beverage worldwide by virtue of its char-
acteristic aroma, fl avor, and multiple health ben-
efi ts [ 95 ]. The major catechins in green tea are 
epigallocatechin-3-gallate (EGCG), epicatechin-
3- gallate, epigallocatechin, and epicatechin. 
EGCG is the major catechin in green tea and 

R. Checker et al.



345

accounts for 50–80 % representing 200–300 mg/
brewed cup of green tea [ 96 ]. The presence of 
phenolic groups that are sensitive to oxidation 
and can generate quinone is responsible for the 
biological activities of EGCG [ 97 ]. EGCG has 
been shown to be anti-infl ammatory and protective 
in several studies using animal models. EGCG 
supplementation inhibits splenocyte prolifera-
tion, T cell division, cell cycle progression, IL-2 
receptor expression, and IL-2 accumulation, sug-
gesting an impeded IL-2/IL-2 receptor signaling 
[ 98 ]. Mice fed with EGCG showed reduced 
ex vivo T cell division and cell cycle progression, 
and this effect was more pronounced in CD4+ 
than in CD8+ T cells. EGCG diet (1 %) produces 
more proinfl ammatory cytokines TNF-α, IL-6, 
IL-1β, and PGE-2 in their splenocytes and 
macrophages and less IL-4 in splenocytes [ 99 ]. 
Administration of EGCG to EAE (experimental 
autoimmune encephalomyelitis) mice reduces 
clinical symptoms, brain infl ammation, and neu-
ronal damage [ 100 ], and EGCG was also able to 
reduce the incidence of CIA (collagen-induced 
arthritis) together with a reduced expression of 
IFN-γ, TNF-α, and Cox-2 [ 101 ]. EGCG inter-
feres with both T cell growth and effector func-
tion via blockade of the catalytic activities of the 
20S/26S proteasome complex, resulting in intra-
cellular accumulation of IκBα and subsequent 
inhibition of NF-κB activation [ 100 ].  

3.6     Chlorophyllin 

 Chlorophyllin (CHL) is a water-soluble mixture 
of sodium-copper salts of green plant pigment 
chlorophyll, the ubiquitous photosynthetic 
green pigment present in the plants as well as in 
nutritional supplements such as extracts from 
 Spirulina  and  Chlorella vulgaris . Chlorophyll 
has been credited with several benefi cial proper-
ties, and CHL has been shown to be better than 
the parent compound as evident from antimuta-
genic studies. It has chemopreventive, antimuta-
genic, and anticarcinogenic properties. It has 
been distinctly demonstrated that CHL is a good 
scavenger of OH and deoxyribose peroxyl radi-
cals [ 102 ]. ESR (Electron Spin Resonance) 
experiments also confi rmed that CHL has potent 

antioxidant ability involving scavenging of vari-
ous physiologically important ROS. Several 
studies showed the potent antioxidant effect of 
CHL in vitro and in vivo [ 103 ]. The immuno-
modulatory properties of CHL have also been 
reported, and it was shown to inhibit in vitro 
lymphocyte proliferation and activation-induced 
cell death. Chlorophyllin treatment of mice led 
to splenomegaly with an increase in the T cells, 
B cells, and macrophage numbers and also 
increased the number of peritoneal exudate cells 
(PEC). Increased phagocytic activity was seen 
in PEC obtained from CHL-treated mice, and 
CHL administration to mice immunized with 
sheep red blood cells (SRBC) augmented both 
humoral and cell-mediated immune responses 
[ 104 ]. Further, CHL treatment was also able to 
inhibit the homeostatic proliferation of CD4   + T 
cells in lymphopenic mice [ 105 ].   

4     Conclusion 

 The concept that cellular redox status plays a 
central role as regulator of cellular functions 
and signaling pathways has gained signifi cant 
recognition over the past several years. It is 
widely accepted that oxidative stress and 
infl ammation go hand in hand, and antioxidants 
can be employed as anti-infl ammatory media-
tors. The evidence supporting this concept is 
based largely on the fi nding that H 2 O 2  activates 
the transcription factor NF-κB which has many 
infl ammatory cytokines among its target genes, 
while thiol antioxidants inhibit its activation. 
Several studies have reported that thiol antioxi-
dants, including GSH or NAC, inhibit cytokine 
production. However, considering the complex 
nature of biological systems and the intricate 
network of signaling pathways involved during 
an immune response, a unidirectional approach 
of implicating oxidative stress in disease patho-
genesis is outdated. This is further supported by 
the fact that despite many clinical trials using a 
large number of molecules, the inhibitors of 
oxidative stress (both synthetic and plant-
derived antioxidants) are confi ned to their use 
as dietary supplements or as alternative medi-
cine and have failed to make the impact as far 
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as their clinical use is concerned. Hence, the 
progression toward a concept of a more promi-
nent role of cellular redox balance, as opposed 
to a one-way view, is desirable for development 
of novel strategies for management of infl am-
mation and immune disorders.  

5     Future Directions 

 A major gap in our understanding of redox sig-
naling is the mechanisms by which these mole-
cules transduce their cellular signals. The 
emerging evidence of reversible oxidation of 
protein cysteines as a means of redox regulation 
during conditions of low oxidative stress pro-
vides one of the more acceptable mechanisms 
for such signaling. It is now widely accepted 
that depending on the level of ROS, different 
redox-sensitive transcription factors are acti-
vated/inhibited and regulate distinct biological 
responses. The area of redox-based signaling 
has reached an exciting juncture, bolstered by 
the notion that oxidative processes can be pre-
cisely orchestrated to evoke diverse functional 
responses. As described in the previous sec-
tions, both endogenous and exogenous modula-
tors of oxidative stress have proved to be potent 
modulators of immune responses. Many of the 
above-described molecules have been shown to 
attenuate infl ammation and immune disorders 
via modulation of cellular redox status leading 
to oxidative modifi cation of proteins of physio-
logical and pathophysiological importance. 
However, the challenges ahead involve under-
standing of how oxidative stress activates/inac-
tivates specifi c molecules accurately without 
affecting other redox-sensing molecules. It is 
also desirable to investigate the pleiotropic 
effects of redox modifi ers other than the pur-
pose for which they are employed. These pleio-
tropic effects may directly or indirectly infl uence 
(inhibit or exacerbate) the overall outcome of 
the study. The other important aspect of this 
upcoming area of research is the time of appli-
cation of these redox modifi ers, i.e., prior to 
infl ammation or during the peak of infl amma-
tory response or during the resolving phase of 

infl ammation as this might again greatly infl u-
ence the clinical outcome. Further, it is required 
to study the modulation of redox status by these 
molecules in vivo using different disease models 
and identify novel approaches to fi ne-tune the 
redox alterations induced by these molecules to 
achieve the desired outcome.     
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Abstract

An increase in ROS production or a decrease in ROS-scavenging capacity 
due to exogenous stimuli or endogenous metabolic alterations can disrupt 
redox homeostasis, leading to an overall increase of intracellular ROS 
levels or oxidative stress. Oxidative stress promotes damage to the cell 
structure including proteins, lipids, membranes, and DNA, strongly impli-
cating such damage in the etiology of cancer. The extent to which oxida-
tive damage contributes to the process of carcinogenesis is not yet clear. 
Besides the role of oxidants in the induction of mutations, it is apparent 
that ROS mediate cell-signaling pathways that are involved in cell growth 
regulatory pathways and are thus instrumental in the process of carcino-
genesis. The activation of transcription factors including MAP- kinase/
AP-1 and NF-κB pathways has a direct effect on cell proliferation and 
apoptosis. Thus damage, mutations, and altered gene expression are all 
key players in the process of carcinogenesis. The involvement of oxidants 
appears to be the common denominator to all these events supporting the 
idea that tumor microenvironment plays an important role in cancer initia-
tion and progression. An altered pro-oxidant–antioxidant balance may 
lead to an increased oxidative damage and consequently play an important 
role in the carcinogenesis. Significantly raised NF-κB activation, VEGF 
level, and cell proliferation index in carcinoma indicate definite correla-
tion of oxidative stress and carcinogenesis. Biomarkers of oxidative stress 
have the potential to help establish pathogenic stage and risk for disease.
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1  Introduction

Oxygen is an important element that plays 
significant role in many processes of the human 
body including cellular metabolism and intercel-
lular and intracellular signaling and acts as a key 
component for an effective immune system and 
response [1]. Although beneficial, it is accepted 
that oxygen, through ROS generation, can react 
with DNA, proteins, and other cellular compo-
nents resulting in their damage. ROS can induce 
direct cellular injury, which may trigger a cascade 
of radical reactions enhancing secondary ROS 
generation. Cells attempt to neutralize these 
ROS cascades with antioxidants. There is a criti-
cal balance between oxidants and antioxidant 
defenses [2]. Oxidative stress-induced cell injury 
has been reported to have a role in the pathogen-
esis of a number of diseases, including cancer, 
atherosclerosis, diabetes mellitus, epilepsy, radi-
ation damage, cellular aging, reperfusion dam-
age, inflammatory diseases, and parkinsonism 
[3]. Considerable evidence has emerged in recent 
years implicating ROS as having an important 
role in the initiation of cellular injury which can 
lead to cancer development. Alterations in oxi-
dant–antioxidant profile are known to occur in 
cancer.

1.1  Reactive Oxygen 
Species (ROS)

Reactive oxygen species (ROS) are derived from
the metabolism of molecular oxygen [4]. ROS 
include superoxide anion radicals (O2

−), singlet 
oxygen (O2), hydrogen peroxide (H2O2), and 
highly reactive hydroxyl radical (OH−). The del-
eterious effects of oxygen are said to result 

from its metabolic reduction to these highly 
reactive and toxic species [5].

ROS normally exist in all aerobic cells in balance 
with biochemical antioxidants. Oxidative stress 
occurs when this critical balance is disrupted 
because of excess production of ROS, antioxi-
dant depletion, or both. To counteract the oxidant 
effects and to restore redox balance, cells must 
reset important homeostatic parameters. ROS are 
not always harmful metabolic by products, when 
tightly regulated ROS can act as intracellular sig-
naling molecules [6, 7]. When a free radical 
reacts with a non-radical molecule, the target 
molecule is converted to a radical, which may 
further react with another molecule. The primary 
formation of most of the ROS is the reduction of 
molecular oxygen with the formation O2

−• [8, 9]. 
Superoxide radicals may also serve as precursors 
for other reactive oxygen species.

Superoxide undergoes a dismutation to form 
H2O2 spontaneously or enzymatically (I).
Superoxide can also react with nitric oxide (NO•) 
to form peroxynitrite (ONOO−) [10].

 
I O O H H O O( ) + + → +− − +

2 2 2 2 22• •

 

Hydrogen peroxide is more stable than O2
−•. It

can diffuse through the plasma membrane and if 
not scavenged locally by catalase or glutathione 
peroxidase, can promote radical reactions far 
from its origin. The most reactive and potentially 
harmful radical has been considered to be OH• 
because the lifetime of OH• is extremely short; it 
can thus be expected to react at or close to its site 
of formation. Most of the toxicity of free radicals 
in vivo is thought to arise from reactions cata-
lyzed by metal ions, such as Cu(II) and Fe(III)
[11]. The hydroxyl radical is generated from 
H2O2 through the Fenton reaction catalyzed by 
the transition metals iron or copper (II):
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II Fe H O Fe OH OH( ) + → + ++ +2

2 2
3 • •

 

Or from O2
−• and H2O2 through the Haber–Weiss

reaction catalyzed by iron or copper (III)

 
III O H O O OH OH

Catalyst

Metal

( ) + → + +−
2 2 2 2

• • •

 

In living cells, the major sources of endogenous
ROS are hydrogen peroxide and superoxide anion, 
which are generated as by-products of cellular 
metabolism such as mitochondrial respiration 
[12]. Alternatively, hydrogen peroxide may be 
converted into water by the enzyme catalase or 
glutathione peroxidase. Variability or inductive 
changes in the expression of these enzymes can 
significantly influence cellular redox potential. 
ROS can cause tissue damage by reacting with 
lipids in cellular membranes, nucleotide in DNA 
[13], sulfhydryl groups in proteins [14], and 
cross-linking/fragmentation of ribonucleoproteins 
[15]. The relatively unreactive superoxide anion 
radical is converted by superoxide dismutase 
(SOD) into H2O2 [16].

ROS generation results from exposure to 
numerous exogenous agents and events including 
pollution, sunlight, X-rays, smoking and alcohol 
[17] ionizing radiation, cytokines, growth factors, 
chemotherapeutic drugs, environmental toxins, 
hyperthermia, and macrophages during the inflam-
matory response [18, 19].

Typically, low concentration of ROS is essential 
for normal physiological functions like gene 
expression, cellular growth, and defense against 
infection. Sometimes they also act as the stimu-
lating agents for biochemical processes within 
the cell [20, 21]. Cells communicate with each 
other and respond to extracellular stimuli through 
biological mechanisms called cell signaling or 
signal transduction [22]. Signal transduction is a 
process enabling information to be transmitted 
from the outside of a cell to various functional 
elements inside the cell. Signal transduction is 
triggered by extracellular signals such as hormones, 
growth factors, cytokines, and neurotransmitters 
[23]. Signals sent to the transcription machinery 
responsible for expression of certain genes are 
normally transmitted to the cell nucleus by a 
class of proteins called transcription factors. 

By binding to specific DNA sequences, these 
factors regulate the activity of RNA polymerase 
II. These signal transduction processes can
induce various biological activities, such as 
muscle contraction, gene expression, cell growth, 
and nerve transmission.

While ROS are predominantly implicated 
in causing cell damage, they also play a major 
physiological role in several aspects of intracel-
lular signaling and regulation [21]. It is a well-
known feature that cells are capable of generating 
endogenously and constitutively ROS which 
are utilized in the induction and maintenance 
of signal transduction pathways involved in cell 
growth and differentiation.

Most cell types have been shown to elicit a 
small oxidative burst generating low concentrations 
of ROS when they are stimulated by cytokines, 
growth factors, and hormones, e.g., interleukin-
1b (IL-1b), interleukin-6 (IL-6), interleukin-3
(IL-3), tumor necrosis factor-α (TNF-α), angio-
tensin II (ANGII), platelet-derived growth factor
(PDGF), nerve growth factor (NGF), transforming
growth factor-b1 (TGF-b1), granulocyte–macro-
phage colony-stimulating factor (GM-CSF), and
fibroblast growth factor (FGF-2) [23]. ROS exert 
their effects through the reversible oxidation of 
active sites in transcription factors such as nuclear 
factor-kappa B (NF-κB) and activator protein-1 
(AP-1) leading to gene expression and cell
growth [24]. ROS can also cause indirect induc-
tion of transcription factors by activating signal 
transduction pathways [25]. ROS also appear to 
serve as secondary messengers in many pathways. 
This led to the assumption that the initiation and/
or proper functioning of several signal transduc-
tion pathways relies on the action of ROS as sig-
naling molecules which may act on different 
levels in the signal transduction cascade. ROS 
can thus play a very important physiological role 
as secondary messengers [26, 27].

1.2  Oxidative Stress

Oxidative stress is defined as an imbalance 
between pro-oxidants (free radical species) and
the body’s scavenging ability (antioxidants) [28]. 
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It may be due to either increased production of
reactive oxygen species (ROS) or decreased levels
of antioxidants (enzymatic and nonenzymatic) or
both [29]. Most of these oxygen-derived species 
are produced at a low level by normal aerobic 
metabolism, and the damage they cause to cells is 
constantly repaired. However, under the severe
levels of oxidative stress that cause necrosis, the 
damage causes ATP depletion and prevents con-
trolled apoptotic death [30]. Oxidative stress 
could be considered as a large increase (becoming
less negative) in the cellular reduction potential, 
or a large decrease in the reducing capacity of the 
cellular redox couples, such as glutathione [31]. 
Many biochemical compounds, namely, nucleic 
acid, amino acid, protein, lipid, lipoprotein, car-
bohydrate, and macromolecules of collagen 
tissue, can be damaged irreversibly or reversibly 
by free radicals [32].

1.3  Oxidative Damage to DNA

Oxidative DNA damage is a major source of the 
mutation load in living organisms, with more 
than 100 oxidative DNA adducts having been 
identified [33–36]. The estimated frequency of 
oxidative DNA damage in human cells is 104 
lesions/cell/day [37]. Being highly reactive, the 
hydroxyl radical is the predominant ROS that 
targets DNA [33]. Hydrogen peroxide, a precur-
sor to hydroxyl radical, is less reactive and more 
readily diffusible and thus more likely to be 
involved in the formation of oxidized bases 
through Fenton and Haber–Weiss reactions [38, 39]. 
ROS-induced DNA damage can result in single- 
or double-strand breakage, base modifications, 
deoxyribose modification, and DNA cross- linking. 

Cell death, DNA mutation, replication errors, and 
genomic instability can occur if the oxidative 
DNA damage is not repaired prior to DNA repli-
cation [40–43]. The most extensively studied and 
most abundant oxidative DNA lesion produced is 
8-hydroxydeoxy guanosine (8-OHdG), which is
mutagenic in bacterial and mammalian cells [44].

Numerous studies have demonstrated that 
8-OHdG levels are elevated in various human
cancers [45–48] and in animal models of tumors 
[49, 50]. 8-OHdG in its stable syn conformation
can pair with both cytosine and adenine. If the
A:G mismatch is not repaired, a G:C to T:A 
transversion will occur, commonly found in 
mutated oncogenes and tumor suppressor genes 
[44, 51, 52]. During DNA replication, ROS can 
also react with dGTP in the nucleotide pool to 
form 8-OHdG. Therefore, in addition to the G:C
to T:A caused by 8-OHdG in the DNA template,
it is postulated that during DNA replication, 
8-OHdG in the nucleotide pool can be incorporated
into DNA opposite dC or dA on the template 
strand, resulting in A:T to C:G transversions [36, 
44] (Fig. 1).

Based on this evidence, 8-OHdG has been
widely used as a biomarker of oxidative DNA 
damage, and measurement of 8-OHdG level is
applied to evaluate the load of oxidative stress 
[53, 54]. In addition, RNS, produced during the
process of chronic inflammation, can cause 
nitrative DNA damage to form 8-nitroguanine. 
The formation of 8-nitroguanine has been observed 
in various human samples, and experimental 
evidence has suggested that 8-nitroguanine is a 
mutagenic DNA lesion, which preferentially 
leads to G:T transversions [55]. The assessment 
of oxidative DNA damage products in various 
biological matrices, such as serum and/or urinary 

Fig. 1 Formation of 8-OHdG
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8-OHdG or 8-nitroguanine, could be important
to understanding the role of oxidative stress in 
cancer development and disease intervention.

1.4  Oxidative Damage to Lipids

Lipid peroxidation is a form of oxidative damage
in cell membranes determined as free radicals 
reacting with polyunsaturated fatty acids [56]. 
Polyunsaturated fatty acids (PUFAs) are abundant
in cellular membranes and also in low- density 
lipoproteins (LDL). They comprise mainly n-3
and n-6 PUFAs and are especially sensitive to
free radicals [57, 58].

The interaction of ROS and lipids consists of 
three different steps: initiation, propagation, and 
termination. In the initiation phase, conjugated
dienes are formed as hydrogen atom is abstracted 
from a lipid methylene group. Conjugated dienes 
absorb ultraviolet light at 230–235 nm, and their 
measurement is regarded as an accurate and 
repeatable marker of lipid peroxidation [59]. The 
molecular oxygen reacts with carbon-centered 
free radicals, and thus lipid hydroperoxides 
(LOOH) are formed [60]. LOOH may cause
alterations in membrane structure and function 
which, however, may be reversible [56]. LOOH
are formed earlier in the pathway leading to the 
formation of malondialdehyde (MDA) and are
the source of highly reactive aldehydes [61]. 
The aldehydes, for example, MDA and 
4-hydroxynonenal (HNE), have the potential to
modify DNA and proteins. They are also capable 
of inducing apoptosis or necrosis in various cells 
[56]. Measuring MDA levels in the plasma or 
serum provides a suitable in vivo index of lipid 
peroxidation [62]. TBA (thiobarbituric acid)
reacts with numerous chemical species (including
nucleic acids, amino acids, proteins, phospho-
lipids, and aldehydes) when heated under 
acidic conditions and produces a typical pink 
chromophore which can be measured by UV or
fluorescence detection [63]. Numerous in vivo 
studies have supported the view that lipid peroxi-
dation has a key role in carcinogenesis [64]. Also 
the production of ROS by circulating inflamma-
tory cells in tumor tissues might promote lipid 

peroxidation, which also additionally gives rise 
to active oxygen species [65].

1.5  Oxidative Damage to Proteins

Proteins are major targets for ROS/RNS because 
of their high overall abundance in biological 
systems; they are primarily responsible for most 
functional processes within cells. It has been esti-
mated that proteins can scavenge the majority 
(50–75 %) of reactive species (ROS/RNS) gener-
ated [66]. Exposure of proteins to ROS/RNS may 
alter every level of protein structure from primary 
to quaternary, causing major physical changes in 
protein structure. Oxidative damage to proteins is 
induced either directly by ROS/RNS or indirectly 
by reaction of secondary by-products of oxidative 
stress and can occur via different mechanisms, 
leading to peptide backbone cleavage, cross-linking, 
and/or modification of the side chain of virtually 
every amino acid [66–68]. Most protein damage 
is irreparable, and oxidative changes of protein 
structure can have a wide range of downstream 
functional consequences, such as inhibition of 
enzymatic and binding activities, increased suscep-
tibility to aggregation and proteolysis, increased 
or decreased uptake by cells, and altered immu-
nogenicity [69–73]. Individual proteins may display
different susceptibilities to oxidative attack, linked 
to the variable proportions and distributions of 
sulfhydryl groups, Fe–S clusters, reduced heme 
moieties, copper prosthetic groups, sequence 
motifs, and residues exposed on the molecular 
surface. Oxidative damage to proteins may be 
important in vivo not only in its own right (affecting,
e.g., the functions of receptors, enzymes, and 
transport proteins) but also because it can contrib-
ute to secondary damage to other biomolecules, 
for example, inactivation of DNA repair enzymes 
and loss of fidelity of damaged DNA polymerases 
in replicating DNA. The major fate of oxidized 
proteins is catabolism by proteasomal and lyso-
somal pathways, but some functionally inactive 
proteins appear to be poorly degraded, form protein 
aggregates, and accumulate in separate compart-
ments within cells or the extracellular environ-
ment [67, 69]. The accumulation of such damaged 
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material increases during the normal aging process 
may contribute to a range of human pathologies 
and is able to act as an inhibitor of the protea-
some [69, 74, 75]. Because of this decreased 
capacity for removal of oxidized proteins, the 
accumulation of misfolded and damaged proteins 
is accelerated. The vicious circle of decreased 
proteolysis and accumulation of increasing 
amounts of oxidatively damaged proteins contin-
ues until the protein aggregates cause metabolic 
dysfunctions or the initiation of apoptotic or 
necrotic events. Protein carbonyls may be generated 
by the oxidation of several amino acid side chains 
(e.g., in Lys, Arg, Pro, and Thr) by the formation
of Michael adducts between Lys, His, and Cys
residues and unsaturated aldehydes, forming 
ALEs and by glycation/glycoxidation of Lys
amino groups, forming advanced glycation end 
products [67, 68, 72, 73, 76]. The formation of 
carbonyl compounds is the most general and 
widely used marker of severe protein oxidation 
both in vitro and in vivo, with several assays 
developed for the quantification of these species 
[76]. The chemical stability of protein carbonyls 
makes them suitable targets for laboratory mea-
surement and is also useful for their storage [73]. 
As a marker of oxidative damage to proteins, car-
bonyls have been shown to accumulate during 
aging, ischemia–reperfusion injury, chronic inflam-
mation, cystic fibrosis, and many of age- related 
diseases in a variety of organisms [77, 78].

1.6  Antioxidant System

According to the commonly accepted definition 
by Halliwell and Gutteridge [11], an antioxidant 
is “any substance that delays, prevents or removes 
oxidative damage to a target molecule”. 
Antioxidants are molecules or compounds that 
act as free radical scavengers. The effect of 
reactive oxygen and nitrogen species is balanced 
by the antioxidant action of nonenzymatic anti-
oxidants, as well as by antioxidant enzymes. 
Under normal conditions, there is a balance
between both the activities and the intracellular 
levels of these antioxidants. This balance is 
essential for the survival of organisms and their 

health. Such antioxidant defense is extremely 
important as they represent the direct removal of 
free radicals (pro-oxidants), thus providing maximal
protection for biological sites [2, 79].

Antioxidants may be synthesized in the body 
or obtained from the diet [68]. The most efficient 
enzymatic antioxidants involve superoxide 
dismutase, catalase, and glutathione peroxidase 
[80]. Nonenzymatic antioxidants involve vitamin 
C, vitamin E, carotenoids, thiol antioxidants 
(glutathione, thioredoxin, and lipoic acid), natural
flavonoids, and other compounds [81]. Some 
antioxidants act in a hydrophilic environment, 
others in a hydrophobic environment, and some 
act in both environments of the cell. Certain anti-
oxidants are able to regenerate other antioxidants 
and thus restore their original function. The redox 
cycles of vitamins E and C form such an antioxi-
dant network [82]. The capacity to regenerate 
one antioxidant by another is driven by the redox 
potentials of the (reduction/oxidation) couple.
There is a link between increased levels of ROS 
and disturbed activities of enzymatic and nonen-
zymatic antioxidants in tumor cells.

2  Enzymatic Antioxidant

2.1  Superoxide Dismutase (SOD)

Superoxide dismutase (SOD) is one of the most
effective intracellular enzymatic antioxidants. 
It catalyzes the dismutation of O2

•−to O2 and to 
the less-reactive species H2O2. SOD destroys 
O2

•− with remarkably high reaction rates, by suc-
cessive oxidation and reduction of the transition 
metal ion [80].

Superoxide dismutase exists in several iso-
forms, differing in the nature of the active metal 
center and amino acid constituency, as well as 
their number of subunits, cofactors, and other 
features. In humans there are three forms of SOD:
cytosolic Cu–Zn-SOD, mitochondrial Mn-SOD, 
and extracellular SOD (EC-SOD) [83].

Cu–Zn–SOD specifically catalyzes the dismu-
tation of the superoxide anion to oxygen and 
water [80]. Mitochondrial Mn-SOD cycles from 
Mn(III) to Mn(II) and back to Mn(III) during the
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two-step dismutation of superoxide. Mn-SOD is 
one of the most effective antioxidant enzymes 
that has antitumor activity [84]. In line with this
is the fact that the concentrations of transition 
metal ions have been found to be significantly 
reduced in some tumors. For certain tumor 
cells the activity of total SOD (Cu–Zn-SOD
and Mn-SOD) has also been found to be reduced 
[83].Extracellular superoxidedismutase (EC-SOD)
is a secretory, tetrameric, copper- and zinc-con-
taining glycoprotein, with a high affinity for 
certain glycosaminoglycans such as heparin and 
heparin sulfate [80]. Its regulation in mammalian
tissues occurs primarily in a manner coordinated 
by cytokines, rather than as a response of indi-
vidual cells to oxidants.

2.2  Glutathione Peroxidase (GPx)

Glutathione peroxidase [80] is a selenium- 
containing tetrameric glycoprotein, that is, a mol-
ecule with four selenocysteine amino acid 
residues. As the integrity of cellular and subcel-
lular membranes depends heavily on glutathione 
peroxidase, the antioxidative protective system of 
glutathione peroxidase, itself, depends heavily on 
the presence of selenium. All GPx enzymes are 
known to add two electrons to reduce peroxides 
by forming selenoles (Se–OH). The antioxidant
properties of these seleno-enzymes allow them to 
eliminate peroxides as potential substrates for the 
Fenton reaction. GPx acts in conjunction with the 
tripeptide glutathione (GSH), which is present in
cells in high (micromolar) concentrations. The
substrate for the catalytic reaction of GPx is H2O2 
or organic peroxide ROOH. GPx decomposes
peroxides to water (or alcohol) while simultane-
ously oxidizing GSH:

 2 22 2 2GSH H O G PxGSSG H O+ − → +  

 2 2GSH ROOH G PxGSSG ROH H O+ − → + +  

Significantly, GPx competes with catalase for 
H2O2 as a substrate and is the major source of 
protection against low levels of oxidative stress.

2.3  Catalase

Catalase is an enzyme present in the cells of 
plants, animals, and aerobic (oxygen-requiring)
bacteria [80]. Catalase is located in a cell organelle 
called the peroxisome. The enzyme very efficiently 
promotes the conversion of hydrogen peroxide to 
water and molecular oxygen. It is a tetrameric
240 KD antioxidant enzyme; each monomer con-
tains a hem as prosthetic group at the catalytic 
center [85]. Catalase can oxidize different toxins, 
such as formaldehyde, formic acid, and alcohols. 
In doing so, it uses hydrogen peroxide according
to the following reaction [86]:

 H O H R H O R2 2 2 22+ → +  

The significantly decreased capacity of a variety 
of tumors for detoxifying hydrogen peroxide is 
linked to a decreased level of catalase. The 
Michaelis–Menten constant (Km) of catalase is
higher than the Km of glutathione peroxidase
(GPx), which suggests that catalase scavenges
H2O2 efficiently at high H2O2 concentrations [87].

3  Nonenzymatic Antioxidant

3.1  Vitamin E (α-Tocopherol)

Vitamin E is the major lipid-soluble antioxidant 
present in lipid membranes and human plasma 
lipoproteins. It exists in 8 different isoforms, of
which alpha-tocopherol is biologically the most 
important. Vitamin E is a strong inhibitor of 
apoptosis and a stabilizer of biological membranes 
and is known to act on all steps of membrane 
oxidative damage [64, 88]. Alpha-tocopherol 
functions in vivo as a strong protector against 
lipid peroxidation and also blocks nitrosamine 
formation [89, 90]. Erhola et al. [91] reported 
that it is the final main antioxidant consumed 
after exposure to oxidants. Even though alpha-
tocopherol is the major or even the only lipid-
soluble chain-breaking antioxidant in human 
plasma, it is responsible for only 2–3 % of the
total peroxyl radical trapping capacity (TRAP) of
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plasma [92, 93]. Depending on the circumstances, 
alpha-tocopherols can either initiate or inhibit 
apoptosis [94]. In the presence of iron, alpha-
tocopherol may exert pro-oxidant effects, this, 
however, not being likely to occur in the human 
body since most transition metals are bound 
to proteins [95]. Other functions of vitamin E 
include inhibition of cell adhesion, proliferation 
and protein kinase activity, as well as enhance-
ment of immunity and modulation of gene 
expression.

3.2  Vitamin C

Vitamin C, ascorbic acid, is a water-soluble 
chain-breaking antioxidant, known to be the most 
effective aqueous phase antioxidant in human 
plasma [95]. It plays a vital role in various
biological processes [96]. Ascorbic acid also 
inhibits lipid peroxidation, oxidation of low-den-
sity lipoproteins, and protein oxidation [95, 97]. 
The concentrations of ascorbic acid are much 
lower in plasma than in human tissues. Studies 
suggest that ascorbic acid is the first plasma 
antioxidant to be consumed after exposure to 
oxidants. Ascorbic acid is easily oxidized to 
dehydroascorbic acid, which is known to have 
effects similar to those of ascorbic acid in vivo. 
Ascorbic acid can react directly with superoxide, 
hydroxyl radicals, and singlet oxygen. Vitamins 
C and E can also spare glutathione and prevent 
its oxidation [96]. Vitamin C is important in recy-
cling the tocopherol radical of vitamin E to an 
active reduced state [98]. Of note, ascorbic acid 
may display pro-oxidant effects in the presence 
of free transition metal catalysts.

3.3  Vitamin A

Vitamin A plays an important role in cellular 
function, development, and maintenance of 
normal visual acuity [99]. In addition, vitamin A
is known as an important natural antioxidant 
[100]. Vitamin A is a fat-soluble vitamin present 
in many lipid substances. β-carotene, present in 
membranes, is converted into vitamin A when the 

body needs it. Although the mechanism of its 
in vivo action is unclear, β-carotene is suggested 
to deactivate ROS (in particular singlet oxygen
and lipid radicals) and to reduce lipid peroxidation 
[101, 102]. Although less important than vitamin 
E inside the system, β-carotene and vitamin A act 
with vitamin C and vitamin E in order to protect 
cells against ROS [103].

3.4  Trace Elements

Through ROS-mediated reactions, metals cause 
DNA damage, lipid peroxidation, and protein 
modification. Metals also cause activation of 
nuclear transcription factors, activation of various 
signaling proteins, cell cycle arrest, and apopto-
sis. Metal-induced oxidative stress explains 
some, but not all of the carcinogenic effects of 
metals. Metals affect growth receptors, tyrosine 
and serine/threonine kinases, and nuclear 
transcription factors by ROS-dependent and 
ROS-independent mechanisms. Previous studies 
of the effects of metals and metal-induced ROS 
on signaling and carcinogenesis have focused on 
a single biological pathway, enzymes, or genes.

Zinc antioxidant function may be related to 
several factors. First, zinc is an essential compo-
nent of Cu–Zn-SOD, one of the cell’s first lines 
of defense against reactive oxygen species (ROS),
which functions to remove the superoxide anion 
(O2−). The second potential mechanism for zinc 
antioxidant effects is the antagonism of redox- 
active transition metals, such as iron or copper, 
and the prevention of oxidation of sulfhydryl 
groups within proteins. In chemically defined
systems, zinc can prevent hydroxyl radical for-
mation by transition metals. Most biological 
molecules cannot be damaged at a significant 
rate by direct reactions with oxygen, superoxide, 
or hydrogen peroxide. However, they can be
oxidized by hydroxyl radicals (OH−). Although 
the precise mechanism by which zinc acts as an 
antioxidant is unclear, compromised zinc status 
clearly has a significant impact on the antioxidant 
capacity of the cell. Increased oxidative stress is
associated with low cellular zinc. Zinc status may 
affect redox-sensitive signals and ultimately may 
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alter signal pathways involved in stress response, 
DNA repair, chromosome breaks, and apoptosis 
[104–108]. Cancer patients have low zinc status 
as compared to healthy controls [109].

Magnesium (Mg) is the second most prevalent
intracellular cation and is involved in the metabolic 
activity of the cell. Because copper is an essential 
component of several endogenous antioxidant 
enzymes, and that free radicals have been proposed 
to play a role in the process of carcinogenesis, the 
effects of dietary copper levels on the development 
of cancer have been investigated [110].

The weight of evidence from in vitro and 
in vivo assays indicates that copper is not geno-
toxic [111]. However, in vitro studies have shown
that cancer cells in a high copper environment 
find it easy to proliferate into tumor [112, 113]. 
Therefore, it has been proposed that copper- 
lowering drug may stabilize advanced cancer. 
Similarly to iron, copper is a well-known pro- 
oxidant and may participate in metal-catalyzed 
peroxidation of lipids.

Selenium appears to function as an antimuta-
genic agent, preventing the malignant transforma-
tion of normal cells. These protective effects of Se 
seem to be primarily associated with its presence 
in the glutathione peroxidases (GSH-Pxs) and
thioredoxin reductase, which are known to protect 
DNA and other cellular components from 
oxidative damage [114, 115]. Generally, seleno-
enzymes are known to play roles in the control of 
cell division, oxygen metabolism, detoxification 
process, induction of apoptosis in cancer cells, 
and functioning of the immune system. Other 
modes of actions involve inactivation of onco-
genes. Additionally, in vitro studies have shown 
that selenium compounds are able to inhibit oxi-
dative stress-induced DNA damage, and carcino-
gen-induced covalent DNA adducts formation.

Further in vitro studies have shown that sele-
nium is able to induce apoptosis and inhibits cell 
growth in transformed cells [116]. This implies 
that selenium compounds are able to induce the 
p53 gene. Selenium is involved in signal trans-
duction via activation of MAPKs and transcrip-
tion factors such as AP- 1, NF-κB which 
influences gene expression and cell growth [117]. 
Selenium has been shown to regulate p53. In

addition, it has been suggested that the activity of 
p53 is selenium dependent and redox influenced. 
The molecular basis for selenium in inducing 
apoptosis in cancer cells occurs via mediation of 
cell-signaling targets.

Premalignant human breast cancer cells incu-
bated with methylselenic acid exhibited growth 
inhibition and induction of apoptosis. The effect 
of selenium on molecular processes involving 
cell signaling and apoptosis occurs mainly via a 
redox-dependent mechanism. Selenium and 
GSH-Px levels have been found to be decreased
in patients with carcinoma of the uterine cervix. 
Two clinical intervention trials on the protective 
effect of selenium against cancer performed in 
the USA have shown that selenium intake did
not reduce the risk of skin cancer; however, sig-
nificant reductions in the secondary end points 
in lung, colon, and prostate cancer incidence 
were observed.

From a compilation of biochemical, animal, 
and human data, links have been proposed 
between increased levels of iron in the body 
and an enhanced risk of a variety of diseases 
including vascular disease, cancer, and certain 
 neurological conditions [118, 119]. Iron-
mediated formation of ROS leading to DNA and 
lipid damage appears to result from an exaggera-
tion of the normal function of iron, which is to 
transport oxygen to tissues. Iron excess is
believed to generate oxidative stress, understood 
as an increase in the steady-state concentration of 
reactive oxygen and nitrogen species. The “free” 
or “catalytic” form of iron mediates the produc-
tion of reactive oxygen species via the Fenton 
and Haber–Weiss reactions, thereby inducing
oxidative stress [120]. The toxicity of superoxide 
anion and hydrogen peroxide arises from their 
iron-dependent conversion into the extremely 
reactive hydroxyl radical (OH) (Haber–Weiss
reaction) that causes severe damage to mem-
branes, proteins, and DNA. Free iron is essen-
tial in initiating and sustaining the chain reaction 
of lipid peroxidation [121]. Iron-induced free
radical damage to DNA appears to be impor-
tant for the development of cancer, and cancer 
cells are known to grow rapidly in response to 
iron [122].
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4  ROS and Carcinogenesis

Oxidative stress plays a role in various clinical 
conditions such as malignant diseases, diabetes 
mellitus, atherosclerosis, chronic inflammation, 
viral infection, and ischemia–reperfusion injury 
[3]. Carcinogenesis is associated with various epi-
genetic mechanisms, which can alter intra- and 
intercellular communications and gene expres-
sion, affecting cell proliferation, differentiation, 
and apoptosis. In addition to classical epigenetic
events such as DNA methylation and histone acet-
ylation, the major mechanisms include changes in 
the concentrations of signal molecules (hormones,
growth factors, fatty acids, etc.); modulation of 
cell receptors; drug-, hormone-, and fatty acid-
metabolizing enzymes; and interference with 
intracellular signal transduction pathways [123].

Damage to DNA by ROS has been widely 
accepted as a major cause of cancer [124]. In
patients with diseases associated with a risk of 
cancer indicates an increased rate of oxidative 
DNA damage [15, 125]. ROS can damage DNA, 
and division of the cells with unpaired or misre-
paired damage leads to mutations [126, 127]. 
Indeed these species can act at several steps, and
in multistage carcinogenesis, it is now assumed 
that ROS are involved both in the initiation and 
progression of cancer [128]. ROS can cause oxi-
dative DNA and protein damage, damage to 
tumor suppressor genes [129, 130], and oxidative 
stress has been shown to induce malignant trans-
formation of cells in culture [131].

While ROS are predominantly implicated in 
causing cell damage, they also play a major phys-
iological role in several aspects of intracellular 
signaling and regulation [132]. The abnormal 
behavior of neoplastic cells can often be traced to 
an alteration in cell signaling mechanisms, such 
as receptor or cytoplasmic tyrosine kinases, 
altered levels of specific growth factors, intracel-
lular processes for conveying membrane signals 
to the nucleus, portions of the transcription appa-
ratus, and genes involved in the cell cycle and the 
regulation of DNA replication (Fig. 2). It has
been clearly demonstrated that ROS interfere 
with the expression of a number of genes and sig-

nal transduction pathways [23]. Because ROS are 
oxidants by nature, they influence the redox sta-
tus and may, according to their concentration, 
cause either a positive response (cell prolifera-
tion) or a negative cell response (growth arrest or
cell death). As already mentioned above, while 
high concentrations of ROS cause cell death or 
even necrosis, the effects of ROS on cell prolif-
eration occurred exclusively at low or transient 
concentrations of radicals. Low concentrations of
superoxide radical and hydrogen peroxide in fact 
stimulate proliferation and enhanced survival in a 
wide variety of cell types. ROS can thus play a 
very important physiological role as secondary 
messengers [26].

The “two-faced” character of ROS is substan-
tiated by growing body of evidence that ROS 
within cells act as secondary messengers in intra-
cellular signaling cascades, which induce and 
maintain the oncogenic phenotype of cancer 
cells; however, ROS can also induce cellular 
senescence and apoptosis and can therefore func-
tion as antitumorigenic species. Oxidative stress 
induces a cellular redox imbalance which has 
been found to be present in various cancer cells 
compared with normal cells; the redox imbalance 
thus may be related to oncogenic stimulation. 
DNA mutation is a critical step in carcinogenesis, 
and elevated levels of oxidative DNA lesions 
(8-OHdG) have been noted in various tumors. It
appears that the DNA damage is predominantly 
linked with the initiation process. On the other 
hand, iron, copper, chromium, cobalt, vanadium, 
cadmium, arsenic, or nickel can mediate the for-
mation of free radicals (e.g., Fenton chemistry),
evoking DNA damage (both mitochondrial and
nuclear) and damage to lipids and proteins [43]. 
Therefore, ROS play a key role during both 
growth factor and receptor signaling, and these 
second messengers are recognized to have a  
synergistic function for anchorage-dependent 
growth signaling. Many findings support a role of 
ROS as key second messengers, through redox 
regulation of several downstream targets. 
Deregulation of these redox pathways may  
help to transform the cells to elude the native 
apoptotic response and to activate cancer cell 
growth [133].
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ROS also activate activating protein-1 (AP-1)
and nuclear factor-kappa B (NF-κB) signal trans-
duction pathways which in turn lead to the tran-
scription of genes involved in cell growth 
regulatory pathways [43]. NF-κB pathway plays 
important roles in the control of cell prolifera-
tion, differentiation, apoptosis, stress response, 
cell signaling transduction, and other physiologi-
cal processes. P53 is a gene whose disruption is 
associated with more than half of all human can-
cers [134]. The p53 protein guards a cell cycle 
checkpoint, and inactivation of p53 allows 
uncontrolled cell division.

Tumor promotion can be attributed to cellular 
proliferation, differentiation, and apoptosis, 
which could be secondary to alteration in the 
activity of tumor suppressor gene and oncogene 
products. The cumulative production of ROS 
through either endogenous or exogenous insults 
is common for many types of cancer cell that are 
linked with altered redox regulation of cellular 
signaling pathways. NF-κB is a nuclear transcrip-
tion factor that was first identified by Sen and 

Baltimore in 1986. It is ubiquitously expressed
and participates in a wide range of biological pro-
cesses involved in cell survival, differentiation, 
inflammation, and growth [135]. This dimeric 
transcription factor is composed of different 
members of the Rel family, consisting of p50 
(NF-κB1), p52 (NF-κB2), c-Rel, v-Rel, Rel A 
(p65), and Rel B [136]. Normally, NF-κB dimers 
are sequestered in the cytoplasm in an inactive 
state through binding to inhibitory IκB proteins. 
Activation of NF-κB occurs in response to a wide 
spectrum of extracellular stimuli that promote the 
dissociation of IκBs by sequential phosphoryla-
tion and proteolytic degradation, a process that 
depends on the IκB kinase (IKK) complex.
Degradation of IκB proteins allows the entry of 
NF-κB into the nucleus where it binds 
κB-regulatory elements [137]. All NF-κB pro-
teins are capable of homodimerization or het-
erodimerization with the other NF-κB proteins 
with the exception of RelB, which can only form 
heterodimers. Though most NF-κB dimer combi-
nations result in the regulation of similar sets of 

Fig. 2 Reactive oxygen species and their role in the development of human cancer
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genes, the ability to interact in various homo- and 
heterodimer configurations contributes to their 
ability to bind with varying affinities to κB sites 
in distinct DNA sequences, and they thus regulate 
unique, as well as overlapping, gene sets (Fig. 3).

The transcription of NF-κB-dependent genes 
influences the levels of ROS in the cell, and in 
turn, the levels of NF-κB activity are also regu-
lated by the levels of ROS, but the exact molecu-
lar mechanism involved in this regulation is not 
known. NF-κB is a direct target for oxidation, 
which can affect its ability to bind to DNA [138]. 
Depending on the context, ROS can both activate 
and inhibit NF-κB signaling. A high degree of 
complexity characterizes ROS interactions with 
NF-κB pathways owing to the capability for ROS 

to act in many ways and at numerous places 
simultaneously. In addition, NF-κB activation 
has been linked to the carcinogenesis process 
through promotion of angiogenesis and tumor 
cell invasion and metastasis [135].

5  Stress Signals that Regulate 
p53 into the Route 
to Carcinogenesis

ROS, the principal mediators of oxidative stress, 
induce responses such as apoptosis or permanent 
growth arrest/senescence in normal cells. The 
p53 protein is a zinc-binding protein containing 
several reactive cysteines, and its key biochemical 

Fig. 3 Schematic diagram representing activation of NF-κB
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property sequence-specific DNA binding is 
dependent upon redox regulation in vitro [139]. 
The p53 plays an important role in protecting 
cells from tumorigenesis. It is categorized as a
tumor suppressor because of its ability to halt the 
cell cycle or initiate apoptosis if cells are dam-
aged beyond repair. As a tumor suppressor, p53 is 
essential for preventing inappropriate cell prolif-
eration and maintaining genome integrity follow-
ing genotoxic stress [140, 141]. p53 is activated 
and emerges as a pivotal regulatory protein which 
triggers diverse biological responses, both at the 
level of a single cell as well as in the whole organ-
ism [78, 139–141].

Mutational inactivation of p53 has been found 
to be involved in 50 % of human cancers, which
indicates the importance of p53 in human carci-
nogenesis [142]. p53 is activated in response to a 
variety of stimuli, such as UV radiation, hypoxia,
and nucleotide deprivation. Redox modification 
at a posttranslational level often occurs by reduc-
tion or oxidation of disulfide bonds. Because of 
this, p53 is considered one of the oxidative stress 
response transcription factors [143]. p53 activa-
tion involves an increase in overall p53 protein 
level as well as qualitative changes in the protein 
through extensive posttranslational modification, 
thus resulting in activation of p53-targeted genes 
[144]. The primary role of p53 in tumor suppres-
sion can be attributed to its ability to act as a 
sequence-specific transcription factor which 
regulates expression of different cellular genes to 
modulate various cellular processes [145], 
although protein–protein interactions may also 
play a role. In response to various types of stress,
p53 is accumulated in the nucleus and binds to 
specific sites in the regulatory regions of 
p53-responsive genes and then strongly promotes 
the transcription of such genes [140]. The p53 
downstream targets are differentially activated 
depending on the cell type, extent of the damage 
which has influenced p53 activation, and various 
other as yet unidentified parameters [146]. There 
is clear evidence on the role of p53 as a trans- 
activator or trans-repressor of genes involved in 
the production and control of ROS. Therefore, 
this redox sensitivity may be one of the biochem-
ical mechanisms by which p53 acts as a sensor of 

multiple forms of stress [147]. Reactive species 
can increase p53 activity either indirectly by 
producing DNA damage or directly by promot-
ing p53 phosphorylation. Angiogenesis and the 
development of metastasis are intrinsically 
connected. The cancer cell invasion is a critical 
point for cancer metastasis. The tumor microen-
vironment, which is highly heterogeneous in 
terms of nutrient supply, pH, and oxygenation,
plays a major role in the ability of tumor cells to 
resist stress by altering gene expression and cel-
lular functions of cancer cells [148, 149]. The 
presence of inflammatory cells, myofibroblasts, 
and endothelial cells in the tumor microenviron-
ment supports not only the growth of tumor cells 
but also its ability to resist stress and therefore 
facilitates metastasis [148]. In this context, the
growth factors and cytokines that facilitate 
communication between the tumor cells and the 
stromal compartment are particularly important. 
The  process results from an imbalance between 
positive and negative angiogenic regulators 
released by both tumor cells and host cells [150]. 
Angiogenesis essentially involves endothelial 
cells and is regulated by several stimuli (hypoxia,
growth factors, cytokines, and oxidative stress), 
which contribute to the modulation of vascular 
endothelial growth factor (VEGF), angiopoietin
(ANG), EGF, fibroblast growth factor (FGF),
transforming growth factor (TGF), platelet-
derived growth factor (PDGF), and their recep-
tors [151].

Among these angiogenic factors, VEGF is a 
potent angiogenic peptide [152, 153]. It stimulates
angiogenesis and increases vascular permeability. 
It is a soluble dimeric 34–46 kDa protein which
has been implicated in endothelial cell prolifera-
tion and migration [154, 155]. VEGF expression 
has been demonstrated in human malignancies 
including breast, lung, colorectal, bladder, ovar-
ian, renal, and stomach cancer [156–158]. VEGF 
has been found to be upregulated by conditions 
associated with the generation of free radicals 
and reactive oxygen intermediates. Free radicals 
have been suggested as a possible cause of endo-
thelial damage in a variety of situations including 
pathogenesis of atherosclerosis, reperfusion injury, 
endotoxic shock, cancer, aging, and several other 
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conditions, including inflammatory diseases 
[159–162]. Oxidative stress is a potent factor in 
vascular cell proliferation and is considered to be 
involved in pathophysiology of cancers [160].

ROS may promote cell survival and prolifera-
tion, thus contributing to cancer development [163]. 
ROS can coordinate a variety of redox- sensitive 
transcription factors, such as NF-κB, Nrf2, HIF,
and p53 [164]. A moderate increase of ROS often 
leads to NF-κB activation, with subsequent induc-
tion of genes encoding for proteins that inhibit 
apoptosis, including Bcl-xL, cellular inhibitors of
apoptosis (cIAPs), and TNFR-associated factors
(TRAF) [165]. NF-κB promotes cell survival 
mainly through the regulation of several oxidative 
stress-inducible genes, like those encoding for heme 
oxygenase-1, catalase, GPx, SOD, and TRX 
[166]. Under basal or low oxidative stress, p53
exerts antioxidant effects, thereby protecting 
cells from the accumulation of DNA damage and 
favoring repair mechanisms and thus allowing 
cell survival [167]. If the cell lacks p53, damaged
DNA continues to replicate and is transmitted to 
the daughter cells. Apoptosis and cell cycle arrest 
may be reduced when p53 is mutated, allowing 
tumor development and progression. Increased
generation of reactive oxygen species (ROS) and
an altered redox status have long been observed 
in cancer cells, and recent studies suggest that 
this biochemical property of cancer cells can be 
exploited for therapeutic benefits. Cancer cells in 
advanced-stage tumors frequently exhibit multi-
ple genetic alterations and high oxidative stress.
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    Abstract  

  Nosocomial infections are leading threat as 5–10 % of hospitalised 
patients ensue to approximately 90,000 deaths per year. Implanted medi-
cal devices and procedures accrue to higher rates of infection and add to 
considerable socio-economic burden. The problem gets compounded by 
the increased risk of biofi lm formation on indwelling medical devices. 
Bacteria within biofi lm are much more resistant to antibiotic treatment 
as compared to planktonic cultures. Surface adhesion molecules keep 
the bacteria tethered to the surface and molecular changes within bacte-
ria and its complex structure contribute towards development of resis-
tance. Reactive oxygen species (ROS) are the last product of various 
metabolic pathways of bacterial cells which help the bacteria in the 
development of biofi lm and antibiotic resistance. Certain bactericidal 
drugs have shown bacterial killing by internal production of 
ROS. Bacteria mediate SOS repair response to ROS which can intro-
duce mutations in their genome leading to development of resistance. 
Thus, ROS plays an important role in the generation of resistance in 
bacterial biofi lm towards antibiotics.  
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1         Introduction 

 Nosocomial infection or hospital-acquired infection 
(HAI) refers to the infection occurring in patients 
during hospital visit favoured by its environment. 
Nosocomial infections are mainly caused by 
bacterial, fungal and viral pathogens enhanced 
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by the use of instrumentation or devices for incu-
bation, delivery of therapeutic agents or drainage 
of body fl uids during patient care as supportive 
measures. These nosocomial infections occur 
among 7–12 % of the hospitalised patients globally 
with more than 1.4 million people suffering 
from the infectious complications acquired in the 
hospital [ 1 ]. 

 Bacterial nosocomial infections can be deadly 
at times especially in immunocompromised 
patients. Advancement in medical sciences has 
led to increased use of invasive devices that have 
also resulted in high rates of infection [ 2 ]. 
According to International nosocomial infection 
control consortium (2010) both gram-positive 
( Staphylococcus  spp.) and gram-negative bacteria 
( Pseudomonas ,  Klebsiella  spp.  Escherichia coli ) 
could be deadly and acquire antibiotic resistance. 
Gram-positive bacteria are the most frequent 
reasons for hospital-acquired infection, and cur-
rently, coagulase-negative staphylococci (CoNS) 
especially  Staphylococcus epidermidis  has been 
shown to contribute signifi cantly to nosocomial 
bacteraemia. Staphylococcus species cause a wide 
variety of lung, bone, heart and bloodstream 
infections and are frequently resistant to antibiot-
ics. Beta-haemolytic streptococci form a part of 
mouth, skin, intestine and upper respiratory tract 
and thus in cases of infection can cause complete 
haemolysis of red blood cells. The gram-negative 
bacteria Enterobacteriaceae (e.g.  Escherichia 
coli ,  Proteus ,  Klebsiella ,  Enterobacter ,  Serratia 
marcescens ) may colonise sites when the host 
defences are compromised (catheter insertion, 
bladder catheter, cannula insertion) and cause 
serious infections [ 3 – 5 ]. 

 Rampant usage of antibiotics has resulted in 
drug-resistant strains of bacteria which are the 
leading causes of nosocomial infection. The 
majority (over 70 %) of bacterial pathogens 
that cause fatal infections are likely to be resistant 
to at least one of the drugs commonly used in the 
treatment for bacterial infections [ 6 ,  7 ]. Moreover, 
it has been reported that certain bacteria thrive in 
our system as biofi lm and become increasingly 
resistant to antibiotic treatment. It has been com-
monly observed that in medical device-related 
infections, bacteria adhere to the surface of devices 
conditioned by biological fl uids and develop into 

biofi lm. Biofi lm are much more challenging to 
treat as they show increased resistance to bacteria. 
It has been postulated that oxidative stress results 
in the production of reactive oxygen species 
(ROS) and reactive nitrogen intermediates (RNI) 
which changes the atmospheric conditions for 
biofi lm. Drug-induced oxidative stress can lead 
to SOS response in bacterial cells which can 
contribute towards resistance to antibiotic. Thus, 
oxidative stress can mediate the bacterial patho-
genesis by affecting antibiotic resistance and 
biofi lm formation.  

2     Biofi lm 

 Biofi lm is formed when the bacterial community 
attaches to the surface of adherent and forms a 
polymeric matrix. Bacterial biofi lm formation 
and maintenance is highly dependent on the 
extrapolymeric substances secreted by these 
structured cells. These substances differ with 
respect to bacteria and alter the surrounding 
localised environment. The matrices formed by 
different bacteria are very diverse in nature. 
These differences can result due to small changes 
in the composition of extracellular matrix. 

 Different stages in biofi lm formation have 
been characterised and certain common features 
across the bacterial species are initiation, accu-
mulation, maturation and biofi lm detachment and 
dispersal (Fig.  1 ). Biofi lm initiation involves the 
direct attachment of cells on abiotic surface or 
interface by electrostatic and hydrophobic inter-
action and also cell-cell interaction. The second 
stage is accumulation of bacterial cells. Once 
bacterial cell gets adhered to the solid surface, it 
starts further accumulating through intercellular 
aggregation and fi nally results in a multilayered 
biofi lm. During biofi lm formation, fl uid-fi lled 
channels are formed and the biofi lm gets a spe-
cifi c 3D structure. Extracellular polysaccharide, 
protein and recently studied extracellular DNA 
constitute the extracellular polymeric substance 
matrix. Once a mature biofi lm gets established, 
individual cells or cell aggregates get released. 
Many factors like mechanical force, nutrient 
depletion, waste products and pH changes are 
responsible for disassembly of bacterial biofi lm. 
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Biofi lm cluster detachment in turn results in 
systemic spread of biofi lm fragments [ 8 – 10 ]. The 
cells within the biofi lm are more resistant to anti-
biotics than planktonic cells. The reasons attrib-
uted to this resistance could be low growth rate 
of cells, expression of certain resistant genes and 
inability of antibiotics to penetrate the biofi lm. 
Persister cells which survive the antimicrobial 
treatment have been shown to specifically 
contribute towards recurrent infections attributed 
to biofi lm. Biofi lm formation is controlled by 
several genes and factors in bacterial cells. Here 
we have discussed biofi lm formation and genetic 
structure of two model organisms,  Pseudomonas 
aeruginosa  for gram-negative bacteria and  S. epider-
midis  for gram-positive bacteria.

2.1        P. aeruginosa  Biofi lm 
Formation 

  P. aeruginosa  biofi lm formation is mainly infl u-
enced by small signals known as quorum sensors 
which are produced and secreted by bacteria. 
Quorum-sensing (QS) signals which include 
N-acylhomoserine lactones (AHL) and the 
4- quinolones act as auto-inducers for biofi lm 
differentiation. Various quinolones have been 
studied till date, out of which Pseudomonas 
quinolone signal (2-heptyl-3-hydroxy-4-quino-

lone) is the most studied. Quorum sensing is 
regulated by two main pathways, las and rhl. The 
las system includes LasR and LasI genes and rhl 
system encompasses RhlR and Rhl1 genes. LasR 
and RhlR genes encode transcription activator 
proteins and LasI and Rhl1, auto-inducer synthase 
genes, help in the synthesis of N-(3- oxododecanoyl) 
homoserine lactone (3OC12- HSL) and N-butyryl-
homoserine lactone, respectively. The Las 
signalling system regulates the expression of 
extracellular toxins which help in  P. aeruginosa  
virulence. Both las and rhl system help in the 
maturation and differentiation of biofi lm [ 11 ]. 

 The matrix rich in secreted extracellular poly-
meric substances (EPS) consists of Pel, Psl and 
Alginate polysaccharides, proteins, lipids and 
extracellular DNA (eDNA).  P. aeruginosa  exo-
polysaccharides, alginate and Psl are encoded by 
12 gene operon each from PA3540 to PA3551 (on 
PAO1 genome) and PA2231 to PA2242, respec-
tively. Pel is encoded by a seven gene operon from 
PA3058 to PA3064. The polysaccharides formed 
by three separate gene clusters provide mesh-like 
matrix which connects the biofi lm cells and helps 
in pellicle formation and gives distinct wrinkled 
appearance. Another component, eDNA, plays an 
important role in the initial stages of biofi lm 
formation by holding the cells together. The cells 
growing in these “slime matrix” are resistant to 
antibiotics (   e.g. aminoglycosides, ß-lactam anti-
biotics, fl uoroquinolones) [ 12 ]. 

 Recently, it has been shown that phenazine, 
electrochemically active compounds, controlled 
by QS system, regulates the production of pyo-
cyanin which interacts with molecular oxygen. It 
results in production of ROS which can lead to 
cellular injury and release of DNA. Subsequent 
studies reported eDNA in biofi lms formed by 
 P. aeruginosa  results from lysis of small population 
of cells. Lysis and release of eDNA are gulated 
by two different pathways. One pathway is linked 
to quorum sensing and is responsible for relarge 
amount of eDNA release and second pathway is 
quorum-sensing independent and releases basal 
level of eDNA. It was experimentally observed 
that biofi lms formed by QS mutants with decreased 
eDNA levels were more susceptible to SDS 
treatment indicating that eDNA plays a crucial 
role in stabilising the biofi lm matrix. 

Primary
attachment

Accumulation
Biofilm

detachment &
dispersal

Biofilm
structuring &
maturation

  Fig. 1    Various steps involved in the biofi lm development       
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 In summary, the process of  P. aeruginosa  
biofi lm development involves the attachment of 
planktonic cells to a solid surface which forms 
microcolonies. QS-regulated rhamnolipid produc-
tion aids in microcolony formation. Cells migrate 
and spread over substratum, resulting into a fl at, 
uniform mat; the microcolonies later grow forming 
stalk and mushroom-like structure. Rhamnolipids 
are responsible for maintaining open channels 
and mushroom cap formation. EPS matrix is 
produced aided by eDNA release and Pel poly-
saccharide production which are under QS control. 
Cells disperse from biofi lm with the help of 
rhamnolipid during various stages of biofi lm 
maturation and can resume planktonic mode of 
growth [ 13 – 19 ].  

2.2      S. epidermidis  Biofi lm 
Formation 

 The initial attachment of the planktonic cells to 
the surface is controlled by various physiochemi-
cal features like hydrophobic interactions and 
van der Waals forces. The staphylococcal surface 
proteins, SSP-1 and SSP-2, and the major autoly-
sin, AtlE protein help in attachment to the surface 
apart from other identifi ed proteins like the 
fi brinogen-binding Fbe and SdrG, SdrF and SdrH 
cell-surface-associated proteins. Another nonpro-
tein component teichoic acid binds to fi bronectin 
and mediates binding of  S. epidermidis  to the sur-
face. The cells start piling on each other and 
extracellular molecules especially polysaccha-
ride intercellular adhesin (PIA) and the biofi lm 
associated proteins – Aap (accumulation-associ-
ated protein) and Bhp (Bap homologue protein) 
play a crucial role in the development phase of 
biofi lm. PIA is involved in the haemagglutinating 
activity and is encoded by enzymes synthesised 
by intercellular adhesion (ica) operon. The  ica  
operon has one regulatory gene  icaR  and four 
structural proteins are encoded by  ica ADBC. 

 The mature form of biofi lm has mushroom- 
like structure and fl uid-fi lled channels that help in 
delivery of nutrients and oxygen to all cells in the 
biofi lm and also enable the removal of metabolic 
waste. The mature form has gelatinous matrix, 

glycocalyx, which aids the stability and robustness 
of biofi lm. This slimy layer plays an important 
role in imparting resistance to antibiotics. Finally, 
the bacterial cells can detach from biofi lm and 
disseminate and colonise in distant areas. Biofi lm 
formation is facilitated by the luxSQS system and 
the accessory gene regulator (agr) system. QS 
system helps the biofi lm to adapt under the 
altered condition of growth and nutrient require-
ment. It regulates gene expression and coordi-
nates the functioning of well- organised bacterial 
community [ 27 ]. 

 These sessile communities make cells more 
resistant to conventional antibiotics. There are 
many hypotheses that relate the biofi lm resistance 
nature to conventional therapies. One states that 
antibiotics are unable to penetrate bacterial bio-
fi lm; the second indicates towards the nutritional 
limitation of biofi lms so they can survive in star-
vation condition and the third mechanism is the 
development of protective biofi lm phenotype [ 8 ,  28 ]. 
The various genes required for biofi lm formation 
for selected bacteria are listed in Table  1 .

3         Bacterial Resistance 

 Antibiotics have been used very effectively to 
combat the infections caused by bacteria. Major 
antibiotic mechanisms are listed in Table  2 . The 
development of resistance towards antibiotics has 
been a major hurdle in treatment of infections 
caused by these bacteria. Many factors responsible 
for the bacterial resistance against the antibiotics 
are discussed.

3.1       Antibiotic Inactivation 

 Bacterial cells are able to produce several enzymes 
which are hydrolytic in nature. The classical 
hydrolytic amidases are the β-lactamases that 
cleave the β-lactam ring of the penicillin and 
cephalosporin antibiotics. These enzymes act on 
the functional site of antibiotic and make it 
nonfunctional. Many gram-negative and gram- 
positive bacteria produce such enzymes, and 
more than 200 different types of β-lactamase 
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   Table 1    Key genetic players in biofi lm formation for selected organisms   

 S. No.  Organism 
 Genes for biofi lm 
formation  Functions  Reference 

 1   E. coli    omp ,  rcs , s lp   Initial steps of  E. coli  biofi lm formation 
on abiotic surfaces 

 [ 20 ] 

 2   S. mutans    comC ,  comD , 
 comE  and  comX  

 Initiation of biofi lm formation  [ 21 ] 

 3   Campylobacter jejuni    cdtB ,  cst - II ,  ggt  and 
v irB11  

 Adherence, invasion, colonisation, 
molecular mimicry and cytotoxin 
production 

 [ 22 ] 

 4   P. aeruginosa    alg ,  pel ,  psl   Extracellular matrix production for biofi lm 
formation 

 [ 23 ] 

 5   S. epidermidis    icaA ,  icaD ,  icaB , 
 icaC ,  aap ,  bhp  

 For production of full slime synthesis, 
biofi lm accumulation 

 [ 24 ] 

 6   Enterococcus faecalis    esp ,  fsr ,  gelE ,  sprE   Genes are closely related to the biofi lm 
formation 

 [ 25 ] 

 7   Listeria monocytogenes    sigB ,  lbrA   Biofi lm synthesis  [ 26 ] 

   Table 2    Various mode of action of conventional antibiotics   

 S. No.  Antibiotic action  Examples  Mode of action  Reference 

 1  Inhibition of cell wall 
synthesis 

 Penicillins  Mainly inhibit peptidoglycan biosynthesis 
required for cell wall synthesis 

 [ 29 ,  30 ] 
 Cephalosporins 
 Telavancin 

 2  Inhibition of protein 
synthesis 

 Macrolides  Bind with the 30S or 50S subunit of 
ribosome to inhibit protein synthesis 

 [ 29 ,  31 ] 
 Chloramphenicol 
 Glycylglycines 

 3  Interference with 
nucleic acid synthesis 

 Rifampicin  Block the essential enzymes like DNA- 
directed RNA polymerase, type II 
topoisomerases DNA gyrase and 
topoisomerase IV for DNA synthesis 

 [ 29 ] 
 Quinolones 

 4  Inhibition of a metabolic 
pathway 

 Sulfonamides  Inhibit the main metabolic activities like 
folate synthesis 

 [ 29 ] 
 Trimethoprim 

 5  Disorganisation of the cell 
membrane 

 Polymyxins  Increase bacterial membrane permeability by 
effl ux of potassium from the bacterial cell 

 [ 32 ,  33 ] 
 Daptomycin 

have been identifi ed. β-lactamases are classifi ed 
into four groups on the basis of functional char-
acteristics, including preferred antibiotic sub-
strate. Extended-spectrum β-lactamases (ESBLs) 
mediate resistance to all penicillins, third- 
generation cephalosporins (e.g. ceftazidime, 
cefotaxime, ceftriaxone) and aztreonam, but not 
cephamycins (cefoxitin and cefotetan) and car-
bapenems. ESBLs are very diverse: more than 
180 different ESBLs have been identifi ed. They 
are most commonly detected in  Escherichia coli , 
 Klebsiella pneumonia  and  Proteus mirabilis , but 
have also been found in other  Enterobacteriaceae . 
Other hydrolytic enzyme examples include ester-

ases that have been linked to macrolide antibiotic 
resistance and ring-opening epoxidases causing 
resistance to fosfomycin [ 34 – 37 ].  

3.2     Antibiotic Inactivation 
by Group Transfer 

 The most diverse family of resistant enzymes is 
the group of transferases. These enzymes inacti-
vate antibiotics (aminoglycosides, chloramphen-
icol, streptogramin, macrolides or rifampicin) by 
chemical substitution (adenylyl, phosphoryl or 
acetyl groups are added to the periphery of the 
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antibiotic molecule). The modifi ed antibiotics 
are affected in their binding to a target. Chemical 
strategies include  O -acetylation and 
 N -acetylation,  O -phosphorylation,  O -nucleoti-
dylation,  O -ribosylation,  O -glycosylation and 
thiol transfer. These all covalent modifi cation 
strategies require a co- substrate for their activity 
(ATP, acetyl-CoA, NAD+, UDP-glucose or 
glutathione), and consequently these processes 
are restricted to the cytoplasm [ 38 – 40 ].  

3.3     Antibiotic Inactivation by 
Redox Process 

 The oxidation or reduction of antibiotics has 
been frequently exploited by pathogenic bacteria. 
Few examples include the oxidation of tetracycline 
antibiotics by the TetXenzyme;  Streptomyces 
virginiae , producer of the type A streptogramin 
antibiotic virginiamycin M1, protects itself from 
its own antibiotic by reducing a critical ketone 
group to an alcohol [ 37 ,  38 ].  

3.4     Target Modifi cation 

 Target modifi cation is the second major cause of 
antibiotic resistance. Due to alteration in the 
binding site (target), the antibiotics are unable to 
bind and hence result in resistance.  MecA  gene- 
encoded Penicillin- binding protein 2a (PBP2a) 
transpeptidase in  S. aureus  is responsible for 
developing methicillin resistance (methicillin- 
resistant  S. aureus , MRSA). Penicillin-binding 
proteins catalyse the transglycosylase and trans-
peptidase activities necessary for cell wall syn-
thesis. In the presence of β-lactam antibiotic, the 
transpeptidase activity is lost, whereas PBP2A of 
MRSA is resistant to β-lactam acylation and can 
catalyse the transpeptidation necessary for cell 
wall synthesis [ 39 – 41 ].  

3.5     Peptidoglycan Structure 
Alteration 

 Peptidoglycan is the one of the essential compo-
nents of cell wall of bacterial cell which remains 

a major target for many of antibiotics. The presence 
of mutations in the penicillin-binding domain 
of penicillin-binding proteins (PBPs) results in 
decreased affi nity to β-lactam antibiotics. 
Vancomycin (glycopeptide) inhibits cell wall 
synthesis of gram-positive bacteria by binding 
C-terminal acyl-D-alanyl-D-alanine (acyl-D- 
Ala-D-Ala)-containing residues in peptidoglycan 
precursor. Resistance is achieved by altering 
the target site by changing the D-Ala-D-Ala to 
D-alanyl-D-lactate (D-Ala-D-Lac) or D-alanyl- 
D-serine (D-Ala-D-Ser) at the C-terminus, which 
inhibits the binding of vancomycin, and thus the 
resistance is developed [ 42 – 44 ].  

3.6     Protein Synthesis Interference 

 Mutations in 23S rRNA close to the sites of 
methylation have also been associated with resis-
tance to the macrolide group of antibiotics in 
a range of organisms. In addition to multiple 
mutations in the 23S rRNA, alterations in the L4 
and L22 proteins of the 50S subunit have been 
reported in macrolide-resistant  S. pneumonia . 
Mutations in the 16S rRNA gene confer resis-
tance to the aminoglycosides [ 45 – 47 ].  

3.7     DNA Synthesis Interference 

 Some antibiotics like fl uoroquinolones interact 
with the DNA gyrase and topoisomerase IV 
enzymes and prevent DNA replication and tran-
scription. Resistance is conferred by mutations 
in specifi c regions of the structural genes that 
suffi ciently alter these enzymes preventing the 
binding of antibiotics. The most common muta-
tions in this region cause resistance through 
decreased drug affi nity for the altered gyrase–
DNA complex [ 48 ,  49 ].  

3.8     Effl ux Pumps and Outer 
Membrane (OM) Permeability 

 The effl ux pumps are the membrane proteins 
which play a role in exporting out the proteins 
and maintenance of intracellular concentrations 
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of the cell. Mutation in MexAB-OprM effl ux pump 
of  P. aeruginosa  provides resistance against 
β-lactams antibiotics. Gram-positive as well as 
gram-negative bacteria can have either single-
drug and/or multiple-drug effl ux pumps [ 50 – 57 ].   

4     ROS in Antibiotic Resistance 
and Biofi lm 

 Biofi lm is affected by several factors like tem-
perature, pH and medium composition. Genetic 
variation in bacterial cells thriving in biofi lm can 
help them to adapt to different environmental 
conditions. It is now being reported that oxidative 
stress infl uences the diversity in biofi lm forma-
tion. Oxidative stress induced inside biofi lm 
results in generation of ROS, including superox-
ide (O 2 •−), hydrogen peroxide (H 2 O 2 ), hydroxyl 
radical (OH•), peroxyl radical (ROO•) and singlet 
oxygen (1O 2 ). These oxidants could be produced 
due to aerobic bacterial respiration though 
limited in biofilm but sufficient to produce 
oxidants. The other reasons could be reduced 
production of antioxidants, alteration of electron 
transport chain or induction by metabolites such 
as phenazine. 

 Bacteria are also subjected to oxidative stress 
response inside the phagocytic cell as a part of 
innate immunity to combat the infection. ROS 
such as H 2 O 2  and hydroxyl radical help in con-
taining the infection. Bacteria generally have 
comprehensive defence system encoded by genes 
like superoxide dismutases (sod) and catalases 
(kat) that can scavenge reactive oxygen, stress 
regulators like perR and sigB and recA encoding 
DNA repair genes [ 58 ]. 

 In  S. epidermidis , oxidation-sensing regulator, 
AbfR (aggregation and biofi lm formation regula-
tor) has been identifi ed. Oxidative stress such as 
H 2 O 2  mediates the up-regulation of  abfR  gene 
which not only controls response to oxidative 
stimuli but also helps in bacterial aggregation and 
biofi lm formation. OxyR, PerR and OhrR are 
three well-studied sensing transcriptional regula-
tors for peroxide. Out of these three, OxyR and 
PerR respond to H 2 O 2 , whereas OhrR senses 
organic peroxide. OhrR is a member of MarR 

family proteins which is a widely distributed 
protein family of bacteria and archaea. MarR 
family proteins MgrA, SarZ and SarA of some 
gram- positive bacteria  Staphylococcus aureus  
have also been reported to utilise cysteine oxida-
tion to sense the oxidative stress which regulates 
antibiotic resistance and virulence [ 59 ]. 

 A new oxidative stress-sensing and response 
 ospR  (oxidative stress response and pigment 
production Regulator) gene has been identifi ed in 
 P. aeruginosa. OspR  has been shown to sense 
oxidative stress and regulate β-lactam resistance 
and genes involved in quorum sensing and 
tyrosine metabolism. A highly conserved Cys 
residue, Cys-24, has been shown to be responsible 
for sensing oxidative stress [ 60 ]. 

 Bactericidal antibiotics like quinolones, ami-
noglycosides and β-lactams induce production of 
hydroxyl radicals which help in the killing of 
both gram-negative and gram-positive bacteria. 
The bacteria compensate by increasing the 
expression of TCA-cycle genes which lead to 
enhanced NADH consumption followed by burst 
in superoxide production. ROS has the capability 
to damage nucleic acids, proteins and cell mem-
brane (Fig.  2 ). The breaks in the double-stranded 
DNA activate DNA repair by recombinatorial 
DNA repair genes. SOS activates the expression 
of error-prone polymerases which may carry out 
the repair via nucleotide excision, base excision 
or recombination pathways. Error-prone repair 
results in hypermutability which helps the cells 
to adapt to altered conditions and generates diver-
sity. This generation of diversity aids in survival 
of antibiotic-resistant strains and poses fresh 
challenges in combating the infection [ 61 ].

5        Therapeutics 

 Due to rampant use of antibiotics, bacteria 
develop resistance towards antibiotics and noso-
comial infection further gets complicated by the 
formation of biofi lm for which treatment is 
increasingly becoming diffi cult. So, researchers 
are focusing towards the identifi cation and dis-
covery of novel therapeutics for treating nosoco-
mial infection. About 350 genes mainly play a 
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role in quorum-sensing system, designing of 
agonist against these QS system helps in the 
disruption of biofi lm at a very nascent stage. 
Both natural and synthetic compounds are being 
explored to treat bacterial infections. Various 
medicinal plants and their active compounds like 
Baicalin, isothiocyanate rich plant named 
Horseradish and ajoene from garlic have recently 
been reported as QS inhibitors [ 62 ,  63 ]. Various 
molecules involved in biofi lm formation are 
potential targets for generation of monoclonal 
antibodies (mAb). MAb have been developed 
against accumulation-associated protein (AAP) 
expressed on S.  epidermidis  cell wall which helps 
in the adhesion and accumulation of bacterial cells 
as biofi lm [ 64 ]. MAb have also been identifi ed 

against different epitopes of Psl which is required 
for the formation and maintenance of biofi lm in 
 P. aeruginosa  [ 65 ] and screened for their effi ciency. 
Enzymes like DNase I and DNase 1L2 exhibit 
potential antibiofi lm activity against eDNA which 
helps in biofi lm formation [ 66 ]. Bacteriophages 
have the ability to infect bacterial cells and PAK-
P3 and P3-CHA bacteriophages from Myoviridae 
family have been reported for degradation of  P. 
aeruginosa  polysaccharides [ 67 ]. Photodynamic 
therapy (PDT), a non-antibiotic therapy using 
photosensitising compounds which gets activated 
by low power laser, has been shown to be effec-
tive against gram-positive and gram-negative 
resistant bacteria [ 68 ]. Nanoparticles because of 
controlled and sustained release and effective 

  Fig. 2    Role of ROS in biofi lm formation       
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killing of microorganism are being explored as 
novel delivery system against biofi lm and ROS 
system. Small antimicrobial peptides, Peptoids 1 
and 1-C13, LL-37, other cathelicidins of bovine 
origin (BMAP-27, BMAP-28) and the artifi cial 
peptide P19 (9/B), have also exhibited potential 
antibiofi lm activity against  P. aeruginosa  [ 69 ].  

6     Conclusion 

 Nosocomial infections are the most common 
infections during hospital visit. The most common 
types of nosocomial infections are surgical wound 
infections, respiratory infections, genitourinary 
infections, as well as gastrointestinal infections. 
These infections are often caused by breaches of 
infection control practices and procedures, unclean 
and non-sterile environmental surfaces and/or ill 
employees. Causative microorganisms usually 
attach to surfaces of abiotic substances and pro-
duce extracellular polysaccharides, resulting in the 
formation of a biofi lm. Biofi lms are becoming a 
serious threat for public health because of the 
increase of their resilient nature to treatment and 
development of resistance and alteration in genetic 
structure which incurs the biofi lm more resistant 
to treatment.    Though the fi rst antibiotic was dis-
covered in the 1940s, but till date the infectious 
disease due to developing resistance nature of 
bacteria is a surmountable challenge. The frequent 
as well as overuse of antibiotics leads to antibiotic 
resistance among bacteria and to problems in 
treatment. Increasingly, oxidative stress has also 
been shown to play an important role in biofi lm 
formation. Oxidative stress leads to the generation 
of various reactive oxygen species (ROS), 
including superoxide (O 2 •−), hydrogen peroxide 
(H 2 O 2 ), hydroxyl radical (OH•), peroxyl radical 
(ROO•) and singlet oxygen (1O 2 ) which can 
cause DNA damage. Repair machinery can 
introduce the mutations in DNA which further 
alters the genetic makeup of cell and can result in 
resistant bacteria. The identifi cation of genes and 
proteins involved in the process can help to 
develop the new therapeutic strategies to combat 
the infection, especially due to resistant and bio-
fi lm forming bacteria.     
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Abstract

Oxidative stress (OS) has been considered a major contributory factor 
to the male infertility. It is the result of imbalance between the reactive 
oxygen species (ROS) and antioxidants in the body which can lead to 
sperm damage, deformity, and eventually male infertility. Although high 
concentrations of the ROS cause sperm pathology (ATP depletion) leading 
to insufficient axonemal phosphorylation, lipid peroxidation, and loss 
of motility and viability, but many evidences demonstrate that low and 
controlled concentrations of these ROS play an important role in sperm 
physiological processes such as capacitation, acrosome reaction, and 
signaling processes to ensure fertilization. ROS are also generated during 
cryopreservation of spermatozoa for AI practices. To reduce the oxidative 
stress, there are certain compounds and reactions which dispose, 
scavenge, and suppress the formation of ROS or oppose their actions are 
called antioxidants. Currently, many antioxidants are under investigation. 
The supplementation of a cryopreservation extender with antioxidant 
has been shown to provide a cryoprotective effect on mammalian sperm 
quality. This chapter explains the impacts of oxidative stress and reactive 
oxygen species on spermatozoa functions, causes of ROS generation, and 
antioxidative strategies to reduce this OS. This study also suggests that 
antioxidant supplementation could be of clinical importance in prolonging 
the spermatozoal storage for assisted reproductive techniques (ARTs) like 
artificial insemination (AI), in vitro fertilization (IVF), and intrauterine 
insemination (IUI) purposes.
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1  Introduction

The importance of antioxidants in the preserva-
tion of sperm functions under in vitro conditions 
is indicated by a large number of studies [1]. 
Antioxidants are the main defense mechanisms 
against the oxidative stress, induced by free radi-
cals [2]. A variety of biological and chemical 
antioxidants that attack reactive oxygen species 
(ROS) and inhibit lipid peroxidation (LPO) are 
presently under investigation. In semen, antioxi-
dants are present in seminal plasma, as well as 
in sperm cells. Seminal plasma contains three 
important enzymatic antioxidants such as 
superoxide dismutase (SOD), catalase (CAT), 
and glutathione peroxidase/reductase (GPX/
GRD) system and a ray of nonenzymatic antioxi-
dants such as ascorbate, urate, vitamin E, vitamin 
C, pyruvate, glutathione, albumin, taurine, and 
hypotaurine (Fig. 1) [2].

Researchers studying the markers of male 
fertility/infertility focused their attention on the 
oxidative stress in mammalian spermatozoa. 
Most of the recent data published on the ROS and 
antioxidant therapies are limited to human sper-
matozoa [3–7]. This chapter emphasizes the 
impacts of oxidative stress and antioxidants on 

various functions of sperm and their utility in 
reproduction. It is also suggested that antioxidant 
supplementation could be of clinical importance 
in prolonging the spermatozoal storage for 
artificial insemination (AI), in vitro fertilization 
(IVF), and intrauterine insemination (IUI) pur-
poses. Further studies are required to understand 
the antioxidant strategies or the mechanisms, 
whereby ROS and endogenous antioxidants pro-
duced in sperm cells influence the reproductive 
processes and thereby, promoting the fertility of 
crossbred cattle bull spermatozoa.

1.1  Free Radicals

Free radicals are major types of ROS. They induce 
cellular damages when they pass an unpaired 
electron to the nearby cellular structures, resulting 
in oxidation of cell membrane lipids, amino acids, 
and nucleic acids [8, 9]. Free radicals are also 
known as a necessary evil for intracellular signaling 
involved in the normal process of cell prolifera-
tion, differentiation, and migration [10–12]. In the 
reproductive tract, free radicals also play a dual 
role and can modulate various reproductive 
functions [13]. Excess of free radicals generation 
frequently involves an error in spermiogenesis, 

Fig. 1 Causes of oxidative stress and various antioxidants to reduce its level
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resulting in the release of spermatozoa from the 
germinal epithelium, exhibiting abnormally high 
levels of cytoplasmic retention [14].

1.2  Reactive Oxygen 
Species (ROS)

Reactive oxygen species such as hydrogen peroxide 
(H2O2), the superoxide anion (O2

−), the hydroxyl 
radical (•OH), the hypochlorite radical (•OHCl), 
etc., have been shown to influence the gamete 
functions and embryo development. ROS are 
formed as necessary by-product during normal 
enzymatic reactions of inter- and intracellular 
signaling pathways [15].

Although controlled generation of ROS may 
have physiological functions such as signaling 
molecules (second messengers) in many different 
cell types, however, their uncontrolled production 
is considered an important factor in aging, 
diet, and health and in the etiology of pathologic 
conditions, such as myocardial infarction, 
cataract, or rheumatoid arthritis [15].

1.2.1  Classification of ROS
ROS represent a broad category of molecules 
that indicate the collection of radicals (hydroxyl 
ion, superoxide, nitric oxide, peroxyl, etc.), non- 
radicals (ozone, single oxygen, lipid peroxides, 
hydrogen peroxide), and oxygen derivatives [16]. 
Recently reactive nitrogen species (RNS) such as 
nitrous oxide, peroxynitrite, nitroxyl ion, and free 
nitrogen radicals are also considered a subclass 
of ROS [17, 18]. In mammalian sperm, nitric 
oxide (NO) inhibits both motility and sperm 
competence for zona binding [19].

1.2.2  Causes of ROS Generation 
in Semen

There are many causes of ROS production in 
semen, but important ones are the following:
• In male, a hypothetical NADH oxidase at the 

level of sperm membrane and low sperm 
diphorase (mitochondrial NADH-dependent 
oxidoreductase) are the two main ROS-
producing systems [20].

• In bovine semen, ROS are generated primarily 
by dead spermatozoa via an aromatic amino 
acid oxidase catalyzed reaction [21].

• Under normal physiological conditions, 
seminal plasma and normal spermatozoa do 
not produce ROS, but morphologically abnormal 
spermatozoa can produce [15].

• Leukocytes and immature spermatozoa are 
also the main sources of ROS [29]. Leukocytes 
particularly neutrophils and macrophages 
have been associated with excessive ROS 
production, and they ultimately cause sperm 
dysfunction [9, 22–28].

• Absence of endogenous defense mechanisms 
and exposure of gametes and embryos to 
various manipulation techniques are also 
the causes of ROS generation under in vitro 
 conditions [13].

1.2.3  Beneficial and Adverse Effects 
of ROS in Reproduction

Mammalian spermatozoal membranes are rich in 
polyunsaturated fatty acids (PUFAs) and thus are 
sensitive to oxygen-induced damage mediated by 
ROS. When ROS attack the sperm membranes, 
it results in decreased sperm motility, rapid loss 
of intracellular ATP leading to axonemal damage, 
decreased sperm viability, and increased mid- 
piece sperm morphological defects with deleteri-
ous effects on sperm capacitation and acrosome 
reaction (Fig. 2) [15, 29].

ROS cause adverse effects on the sperm 
plasma membrane, DNA, and physiological 
processes, thereby, affecting the quality of sper-
matozoa. In some instances, ROS beneficially 
affect few marine species such as sea urchin. In 
case of sea urchin, hydrogen peroxide (H2O2) 
plays a pivotal role in the formation of fertiliza-
tion envelope, which prevents polyspermy and 
protects the embryo from oxidative insult from 
its environment [15].

The assumption that ROS can influence male 
fertility has received substantial scientific support 
[30]. In humans, the amount of ROS have been 
used in semen specimens prepared for in vitro 
fertilization (IVF) to assess the degree of damage 
to spermatozoa. With the great understanding of 
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the critical role played by the ROS in fertilization 
process, researchers have attempted to associate 
and, thus, predict IVF success rate using ROS 
level [2].

The relationship between ROS and sperm 
motion parameters is controversial [15]. It is well 
established that excess ROS cause peroxidative 
damage of sperm membrane. As sperm mem-
brane lipids are very susceptible to peroxidation, 
therefore, their peroxidation alters the architec-
ture of lipid matrix, changes viscosity, stimulates 
phospholipase A2 (PLA2) activity, etc. [31]. In 
human sperm, the peroxidative damage appears 
to be initiated by an excessive generation of ROS 
and results in loss of membrane fluidity and 
integrity so that the spermatozoa are no longer 
able to exhibit the biological response [32].

Excess ROS formation is positively correlated 
with the abnormal sperm concentration, mor-
phology, and motility. In humans, ROS formation 
decreases when motility is greater than 60 %, 
suggesting that in infertile men, a sperm suspen-
sion with a high concentration of immotile sper-
matozoa has a greater probability of production 
of ROS than a highly motile sperm suspension 
[15]. Role of ROS has been implicated in over a 
hundred of diseases such as arthritis, connective 
tissue disorder, carcinogenesis, aging, toxin 
exposure, physical injury, infection, and acquired 
immunodeficiency syndrome, and method for 

counteracting ROS impacts on reproductive 
tissues with antioxidants is still in its infancy.

In addition, in humans, ROS may also affect 
the sperm axoneme, inhibit mitochondrial 
functions, and affect the synthesis of DNA, RNA, 
and proteins. The principal cytotoxic reactive 
oxygen intermediates in ROS associated damage 
is probably hydrogen peroxide (H2O2), generated 
by intracellular dismutation of superoxide anion 
(•O2

−) [33]. ROS are important mediators of 
sperm functions. These may have been shown to 
influence gamete functions and embryo develop-
ment. Evidences have been presented to support 
the contention that ROS and especially superoxide 
anion (•O2

−) are required for late stage of embryo 
development such as two germ cell layers and 
egg cylinder [34].

1.3  Lipid Peroxidation and Its 
Effect on Semen

1.3.1  Lipid Peroxidation (LPO) 
in Sperm Membranes

The mechanism of ROS-induced damage to 
spermatozoa includes an oxidative attack on the 
sperm membrane lipids leading to initiation of 
lipid peroxidation (LPO) cascade [15].

Mammalian spermatozoa are known to be 
susceptible to loss of motility in the presence of 

Fig. 2 Effects of excessive ROS production
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exogenous oxidant, as a consequence of LPO 
[35]. The susceptibility of ruminant spermatozoa 
to oxidative attack is due to abundance of PUFAs 
in sperm plasma membrane. The presence of 
PUFAs is responsible for membrane fluidity and 
flexibility, which helps the sperm to engage in 
membrane fusion events associated with the fer-
tilization. Unfortunately, the presence of double 
bonds in these molecules makes them vulnerable 
to free radicals attack and the initiation of LPO 
cascade. This results in subsequent loss of mem-
brane and morphological integrity, impaired cell 
functions, and induction of sperm apoptosis [36].

Concerning with the chemistry of LPO in 
spermatozoa, it implies that once this process 
has been initiated, its propagation is impeded, 
leading to accumulation of lipid peroxides 
(LOO.) in the sperm plasma membrane [15]. 
Supplementation of transition metal ions such as 
Fe2+ to the sperm suspension results in a sudden 
acceleration of LPO and loss of sperm functions 
such as motility and viability [37]. The key inter-
mediates in spontaneous LPO are the lipid hydro-
peroxides (LOOH.)

1.3.2  Lipid Peroxidation: Detrimental 
Effects on Sperm Functions

Lipid peroxides are spontaneously generated in 
the sperm plasma membrane and are released by 
the action of phospholipase A2. They are capable 
of inducing DNA damage and decrease in fertil-
ity during storage of semen [38]. The peroxides 
are generally associated with decreased sperm 
functions and viability but also have a significant 
enhancing effect on the ability of spermatozoa to 
bind with homologous and heterologous zona 
pellucida [39].

2  Oxidative Stress in Semen 
Health

2.1  Oxidative Stress and Its 
Impacts on Semen

One of the most important factors contributing to 
poor quality semen has been reported to be oxi-
dative stress [36]. Oxidative stress is a condition 

associated with an increased rate of cellular 
damage induced by oxygen and oxygen-derived 
oxidants commonly known as ROS [40]. 
Uncontrolled production of ROS that exceeds the 
antioxidant capacity of the semen leads to oxida-
tive stress (OS), which is harmful to spermatozoa 
[41]. When the balance between the production 
of ROS and availability of antioxidants in semen 
gets disturbed, it results in oxidative stress. 
Continuous interaction of the animal physiological 
system with the free radicals leads to cumulative 
damage of proteins, lipids, DNA, carbohydrates, 
and membranes [29].

The presence of high concentration of long 
chain polyunsaturated fatty acids (PUFAs) within 
the lipid structure of sperm cells requires  efficient 
antioxidant systems to defend against peroxidative 
damages. The protective antioxidant system within 
the spermatozoa is primarily of cytoplasmic 
origin. The axosome and associated dense fibers 
of the middle piece in sperm are covered by mito-
chondria that generate energy from intracellular 
stores of ATP. These are responsible for sperm 
motility. It is hypothesized that additives/antioxi-
dants displayed cryoprotective effects on the func-
tional integrity of the axosome and mitochondria, 
thereby improving the post- thawed motility.

Oxidative stress plays a major role in etiology 
of defective sperm functions via mechanisms 
involving the induction of peroxides damage to the 
plasma membrane [42]. Increase in oxidative 
stress may inhibit/alter the action of antioxidant 
enzymes, which culminates in increased LPO, 
decreased sperm motility, and viability functions 
and ultimately leads to infertility (Fig. 2) [29]. 
Oxidative stress is also known to affect the integ-
rity of sperm genome inducing high frequency of 
single and double DNA breaks [38]. The oxidative 
stress induced by white blood cells has a damaging 
effect on PUFAs of the sperm phospholipids 
resulting in decreased membrane fluidity [14].

2.2  Cryopreservation/Freezing 
Thawing: Oxidative Stress

The cryopreservation of spermatozoa has allowed 
specific opportunities for the conservation of 

Antioxidants and Other Potent Strategies to Reduce Oxidative Stress in Semen



386

genetic resources through sperm banks, the 
guarantee of constant commercial supply of 
semen, and collaboration in breed improvement 
programs by means of the artificial insemination 
(AI) techniques [43]. Semen cryopreservation is 
an important procedure which allows specific 
advantages to livestock industry [44]. The low 
success rates of the cryopreserved semen, as 
compared to natural breeding, due to sublethal 
damage that is not completely understood, 
withhold its wider acceptability in the field. The 
basic studies on semen preservation and cryo-
preservation understand the male fertility factors 
for effective fertilization.

Freezing/thawing of sperm sample is routinely 
performed in cattle breeding industries in order to 
perform artificial insemination. These procedures 
are known to produce ROS in sperm samples. 
During cryopreservation, semen is exposed to 
cold shock and atmospheric oxygen, which in 
turn increases the susceptibility to lipid peroxida-
tion due to higher production of ROS [45]. As the 
sperm plasma membrane is one of the key struc-
tures affected by cryopreservation [46, 47], sperm 
cryopreservation and thawing is associated with 
increased ROS production and decreased antioxi-
dant level. Both freezing and thawing cause 
tremendous alterations in cell water volume. 
Spermatozoa discard most of their cytoplasm 
during the terminal stages of differentiation and 
lack the significant cytoplasmic component con-
taining antioxidants that counteract the damaging 
effect of ROS and LPO [43]. Due to this, spermato-
zoa are susceptible to LPO during cryopreserva-
tion and thawing [43], which confers considerable 
mechanical stress on the cell membrane [47]. It 
has been noted in humans that ROS level has a 
positive correlation with the extent of apoptotic 
sperms [48]. Despite recent morphological 
advances, cryopreservation exerts detrimental 
effects on spermatozoa that lead to significant 
decrease in sperm viability and motility and 
ultimately in decreased cryopreserved sperm 
rates (CSR). The fertility potential of cryopre-
served mammalian spermatozoa is lower than 
that of fresh sperm [49]. Frozen-thawed ram 
sperm has shown serious cryopreservation 
damages and thus a highly reduced fertilizing 

capacity [50]. Long-term (freezing) and short-term 
(liquid) storage of sperm may lead to membrane 
deterioration due to membrane phase transition 
occurring in the regions of highly specialized 
sperm plasma membrane [44]. Antioxidant 
capacity of semen may, however, be insufficient 
in preventing LPO during the freezing-thawing 
processes. The improvement of cryopreservation 
technique requires depth knowledge of the gam-
ete physiology and the biochemical processes 
occurring during semen collection, processing, 
and freezing and thawing. Cryopreservation 
induces extensive biophysical and biochemical 
changes in the membrane of spermatozoa that 
ultimately decrease the fertility potential of 
the cells [51]. Procedure of cryopreservation 
increases premature capacitation of spermatozoa 
[52]. These alterations may not affect only the 
motility but also reduce the life span, ability to 
interact with the female reproductive tract, and 
fertility potentials of the spermatozoa. Freezing 
and thawing processes also lead to the generation 
of reactive oxygen species (ROS) [45]. Excessive 
production of ROS during cryopreservation 
has been associated with the reduced post-thaw 
motility, viability, membrane integrity, antioxi-
dant status, fertility, and sperm functions. The 
post-thaw motility of the cryopreserved buffalo 
semen is poor and the success rate of IVF with 
buffalo sperm is only 10–20 % as compared to 
cattle which is 30–35 % [50].

Damage due to oxidative stress may be 
reduced or bypassed by the inclusion of antioxi-
dants prior to freezing processes [45]. Tris-based 
extenders are frequently used for semen cryo-
preservation in domestic animals [53]. In recent 
years, cryoprotectants like taurine and trehalose 
were supplemented to the freezing extender of 
bull [54], boar [55], ram [43, 45], goat [56], and 
dog [57] spermatozoa to improve the semen 
characteristics after cryopreservation. The sulfonic 
amino acid, taurine, acts as an antioxidant and 
can traverse the sperm plasma membrane and 
inhibits lipid peroxidation and protects the cells 
against the accumulation of ROS [54]. Trehalose, 
a nonreducing disaccharide, has a protective role 
against osmotic effect and forms specific interac-
tions with membrane phospholipids, rendering 
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hypertonic media, causing cellular osmotic 
dehydration before freezing, and hence decreasing 
the amount of cell injury by ice crystallization.

3  Strategies to Reduce 
Oxidative Stress in Semen

3.1  Antioxidants

Spermatozoa are protected by various antioxi-
dants and antioxidant enzymes in the seminal 
plasma or in spermatozoa itself to prevent oxida-
tive damages (Fig. 3) [58]. An antioxidant that 
reduces oxidative stress and improves sperm 
motility could be useful in the management of 
male infertility [59]. Antioxidants are the agents, 
which break the oxidative chain reaction, thereby, 
reduce the oxidative stress [8, 60]. Vitamin E 
(antioxidant) may directly quench the free radi-
cals such as peroxyl and alkoxyl (ROO.) gener-
ated during ferrous ascorbate-induced LPO; thus, 
it is suggested a major chain-breaking antioxi-
dant [61]. Antioxidants, in general, are the com-
pounds and reactions, which dispose, scavenge, 
and suppress the formation of ROS or oppose 
their actions. Mn2+ enhances sperm motility, 

viability, capacitation, and acrosome reaction by 
decreasing the oxidative stress [62, 63]. Thiol 
groups also play an important role in detoxifica-
tion and antioxidation of ROS, besides maintain-
ing the intracellular redox status. These groups 
serve as defense mechanisms of sperm cells to 
fight against oxidative stress [62]. A variety of 
biological and chemical antioxidants that attack 
ROS and LPO are presently under investigation 
[64]. Diluter supplemented with antioxidant or 
combination of antioxidants prior to the cryo-
preservation process may be recommended to 
facilitate the enhancement of sperm cryopreser-
vation technique for the goat breeding industry 
[36]. Supplementation of antioxidants to the 
media during IVF procedures may enhance 
sperm quality, normal pronuclear formation, and 
embryo development to the blastocyst stage [65].

3.1.1  Enzymatic Antioxidants
Enzymatic antioxidants are also known as natural 
antioxidants; they neutralize the effect of ROS 
and thus prevent the damages of the cellular 
structures. Enzymatic antioxidants are composed 
of superoxide dismutase (SOD), catalase, gluta-
thione peroxidase (GPx), and glutathione reduc-
tase (GR) [66]. SOD spontaneously dismutase 

Fig. 3 Schematic representation of enzymatic and nonenzymatic antioxidants
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superoxide anion (O−
2
•) to form O2 and H2O2, 

while catalase converts H2O2 to O2 and H2O as 
shown in following equation [64].

 
2 22 2 2 2O H H O O

SOD
− +( ) + → +•

 

 
H O H O O

Catalase

2 2 2 2
1
2→ +

 

SOD protects spermatozoa against spontaneous 
O2 toxicity and LPO [64]. SOD and catalase also 
remove O−

2
• generated by NADPH oxidase in 

neutrophils and play a major role in decreasing 
LPO and protecting spermatozoa against oxida-
tive damage [64]. Catalase is mainly found in 
ram and cattle spermatozoa, and its potential role 
is to control oxidative stress caused by H2O2,, and 
thus, it prevents aging process in sperm [43].

Glutathione peroxidase (GSHPx), a selenium- 
containing antioxidant enzyme with glutathione 
as the electron donor, removes peroxyl (ROO.) 
radicals from various peroxides including H2O2 
and results in conversion of glutathione reduced 
(GSH) to glutathione peroxide(GSSG) in sperm. 
On the other hand, glutathione reductase (GR) 
regenerates reduced GSH from GSSG as shown 
in the following equation [29]:

 2 22 2 2GSH H O GSSG H O
GSHPx

+ → +  

 GSSG NADPH H GSH NADP
GR

+ + → ++ +2  

GSH peroxidase and GSH reductase may directly 
act as antioxidant enzymes involved in the inhibition 
of sperm lipid peroxidation (Fig. 4). GSH has a 
likely role in sperm nucleus decondensation. 
Thus, in view of the great number of mitochon-
dria in spermatozoa, these antioxidant mecha-
nisms are important in the maintenance of sperm 
motility, rate of hyperactivation, and the ability of 
sperm to undergo acrosome reaction during 
sperm preparation techniques especially in the 
absence of seminal plasma. A high GSH/GSSG 
ratio will help spermatozoa to combat oxidative 
stress. It seems that the role of these GSH enzymes 
and their associated mechanisms are related 
to infertility in men and is an important area for 
further investigation [29].

3.1.2 Nonenzymatic Antioxidants
Nonenzymatic antioxidants are also known as 
synthetic antioxidants or dietary supplements. 
The body’s complex antioxidant system is 
influenced by dietary intake of antioxidants and 
vitamins and minerals such as vitamin C, vitamin 
E, zinc, taurine, hypotaurine, and glutathione 
(Fig. 3) [2].

3.1.2.1 Glutathione
It is a molecule found at mM level in a number of 
cells and is able to react with many ROS directly 
[45]. GSH is also a cofactor for GSHPx that 
 catalyzes the reduction of toxic H2O2 and other 
hydroperoxides, protecting the mammalian cells 
from oxidative stress [45]. Glutamine (5 mM) has 
been provided a cryoprotective effect by improving 
post-thaw motility, membrane integrity, and 
catalase enzyme activity in ram semen [44].

Glutathione in the reduced form is a tripeptide 
(GSH, γ glutamyl cysteinyl glycine) and is 
widely distributed in living organisms and often 
presents in high concentration in plants and animal 
cells [67, 68]. It participates in numerous 
metabolic processes including the respiration of 
germinating seedlings and transport of amino 
acids [68]. Glutathione (GSH) is the major non-
protein sulfhydryl compound in mammalian cells 
that is known to have numerous biological 
functions [69]. It plays a prominent role in detox-
ification and antioxidation of exogenous and 
endogenous compounds, as well as maintaining 
the intracellular redox status. Glutathione is a 
natural reservoir of reducing power, which can be 
quickly used by the cells as a defense against 
oxidative stress [69].

The sulfhydryl groups (-SH) of glutathione 
confers its protective action against oxidative 
damages. Glutathione exists in two forms: the 
reduced form (GSH) and the oxidized form 
(GSSG) [69]. Glutathione is widely distributed 
thiol in animal organism, not only in somatic 
cells but also in the gametes [69]. It is an essential 
cofactor of number of enzymes that serve to 
preserve the -SH group of protein in the reduced 
state by means of disulfide interchange [68]. 
Thiol groups in both spermatozoa and seminal 
plasma are almost protein associated [68].
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Evidences have shown that membrane 
 sulfhydryl groups play regulatory role in mem-
brane modulation. It is, therefore, suggested that 
these sulfhydryl groups play a very important 
role in sperm motility and metabolism. These 
groups used as infertility assessment in unex-
plained male infertility and can be targeted for 
contraceptive research [70].

The basic function of GSH in mammalian 
semen is related to its interaction with other 
systems, as a preventive mechanism against ROS. 
This scavenging function of GSH helps the sper-
matozoa to counteract many deleterious effects 
such as lipid peroxidation of plasmalemma, loss of 
motility, leakage of intracellular enzymes, and 
damage of chromatin [69].

3.1.2.2 Inositol
Supplementation of inositol to the extender can 
improve the motility of frozen-thawed bull sperm 
[36]. Inositol has cryoprotective and antioxida-
tive properties, resulting in higher antioxidant 
activity, acrosome integrity, and intact morpho-
logical rates [36].

3.1.2.3 Cysteine
It is a low molecular weight amino acid contain-
ing thiol (-SH); it is a precursor of intracellular 
glutathione (GSH) [50]. It has been shown to 
penetrate the cell membrane easily, enhancing 
the intracellular GSH biosynthesis both in vivo 
and in vitro and protecting the membrane lipids 
and proteins due to indirect radical scavenging 

Fig. 4 Glutathione cycle and other antioxidants in protecting sperm against lipid peroxidation
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properties [25]. It is also thought that GSH 
synthesis under in vitro conditions may be 
impaired, because of deficiency of cysteine in the 
media, due to its high instability and autoxidation 
to cysteine [50]. Cysteine has cytoprotective 
effect on the functional integrity of axosome and 
mitochondria improving post-thawed sperm 
motility [50]. Cysteine has been shown to prevent 
the loss in motility of frozen-thawed bull, ram, 
and goat semen. It has also improved the viabil-
ity, the chromatin structure, and membrane integ-
rity of boar sperm during liquid preservation [50] 
and has enhanced porcine oocytes maturation 
and fertilization under in vitro conditions [25].

3.1.2.4 Trehalose or Taurine
It is a sulfonic amino acid and acts as nonenzymatic 
scavenger that plays an important role in the 
protection of spermatozoa against ROS [52]. 
Trehalose performs better cryoprotective role by 
improving post-thaw fertilizing ability in ram, 
bull, and mouse sperm [43]. Recent study has 
demonstrated that, in ram, trehalose shows its 
antioxidant property when semen is incubated at 
37 °C for 3 h [43]. Tuarine displayed antioxida-
tive properties by elevating catalase level in close 
association with superoxide dismutase concentra-
tion in ram, rabbit, and bull spermatozoa [52].

3.1.2.5 Hyaluronan
Hyaluronan is an essential component of the 
extracellular matrix and non-sulfated glycosami-
noglycan and is involved in important physiolog-
ical functions such as motility, capacitation of 
spermatozoa, and preserve post-thaw spermato-
zoa viability and in vitro membrane stability [43]. 
Hyaluronan improves sperm motility, viability, and 
membrane integrity after freezing and thawing 
procedures and decrease polyspermy with declin-
ing motility in humans and boars [43].

3.1.2.6 Bovine Serum Albumin (BSA)
BSA is known to eliminate free radicals generated 
by oxidative stress and the protection of membrane 
integrity of sperm cells from heat shock during 
freezing and thawing of canine semen [50]. Albumin 
used in sperm washing procedure is likely to serve 

as antioxidant by providing thiol groups required 
for “chain-breaking” antioxidant activity.

3.1.2.7 Carotenoids
Carotenoids such as beta carotene and lycopene 
are also important components of antioxidant 
defense. Beta carotene protects the plasma 
membrane against LPO in rat [50].

3.1.2.8 Vitamin E
Vitamin E appears to be the first line of defense 
against the peroxidation of PUFAs contained in 
the cellular and subcellular membrane phospho-
lipids, because of its lipid solubility [71]. The 
phospholipids of mitochondria, endoplasmic 
reticulum, and plasma membrane possess high 
affinity for α-tocopherol, and the vitamin E 
appears to be concentrated at these sites.

It protects sperm membrane against oxidative 
damage (Fig. 4) [72]. It is a well-documented 
antioxidant and has been shown to inhibit free 
radical-induced damage to sensitive cell mem-
brane [73]. The antioxidant action of α-tocopherol 
is effective at higher oxygen concentration, and 
thus, it is not surprising that it tends to be concen-
trated in those lipid structures that are exposed to 
the higher O2 partial pressure. Vitamin E is the 
major chain-breaking antioxidant in membrane by 
directly neutralizing superoxide anion (•O2

−), 
hydrogen peroxide (H2O2), and hydroxyl radical 
(OH•) [15]. α-Tocopherol is classified as a chain- 
breaking antioxidant because of its ability to break 
the lipoperoxidative chain reaction through its 
interaction with lipid peroxyl and alkoxyl radicals 
[74]. It is a powerful antioxidant and has been 
shown to afford some protection to mammalian 
cells from oxidative attack generated both under 
in vivo and in vitro conditions [74]. Damage 
caused by iron-catalyzed peroxidation can be 
prevented by including α-tocopherol (vitamin E) 
to the medium [15]. It breaks the free radical chain 
reaction by forming a relatively stable radical 
tocopheroxy at a concentration of 10 mM [15].

3.1.2.9 Trace Metal Ions
The antioxidant and/or pro-oxidant potential of 
three trace metal ions, namely, aluminum (Al), 
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manganese (Mn), and selenium (Se), has been 
studied [75]. The effects of Al and Mn have been 
found to be anion dependent, and manganese 
proved to be the trace metal ion of choice [75]. It 
is well known that Mn2+ is a potent inhibitor of 
in vitro LPO in variety of systems [76]. However, 
the inhibitory mechanisms of Mn2+ on LPO have 
not been fully elucidated [76]. The action of Mn2+ 
at high concentration is not due to scavenging of 
lipid radicals; but rather Mn2+ inhibited the LPO 
by counteracting LOO• (lipid peroxyl radicals), 
which are water soluble, resulting in inhibition of 
LPO [76]. Probably, Mn2+ ions compete with iron 
(Fe2+) at anionic oxygen of phosphate groups in 
phospholipids to inhibit LPO [76]. It is reported 
that 1 μM Mn2+ significantly inhibited MDA 
production in LPO of brain homogenates, which 
may contain a trace amount of endogenous 
iron [77].

4  Role of Antioxidants 
in Sperm Capacitation 
and Acrosome Reaction

The following model for the role of vitamin E in 
sperm capacitation and acrosome reaction is sug-
gested, based on the study by Bansal [78] and the 
relevant literature [24, 79–82]. ROS initiates a 
cascade of events to promote capacitation and 
acrosome reaction. These events can be inhibited 
by the antioxidative nature of vitamin E. By 
quenching the superoxide anion and H2O2, vita-
min E inhibits the generation of ROS which lead 
to inactivation of membrane-bound enzyme 
adenylate cyclase (AC). Thus, vitamin E interferes 
with the first step of the ROS mediating capaci-
tation and acrosome processes, thereby, inacti-
vating the whole signal transduction cascade. On 
inactivation of adenylate cyclase, cAMP generation 
from the ATP gets slowed down, thus decreasing 
the level of cAMP. But high concentrations of 
cAMP and H2O2 are required for phoshorylating 
tyrosine receptors and activating the enzyme 
phospholipase C (PLC). This enzyme further 
cleaves the peroxidized chain to unesterified fatty 
acids which are removed later to promote the 
fusion events. Increase in level of cAMP is also 

required to stimulate Na2+/Ca2+ or Ca2+ channel 
receptors or openings, which lead to increases in 
intracellular calcium (Cai

2+) level by enhancing 
Ca2+ uptake by the sperm. Cai

2+ enters the sperm 
cell and activates the enzyme phospholipase C 
(PLC). This enzyme catalyzes the cleavage of 
protein phosphatidylinositol bisphosphate (PIP2) 
into two products diacyl glycerol (DAG) and ino-
sitol triphosphate (IP3). DAG activates protein 
kinase C (membrane-bound enzyme), which in 
turn catalyzes the removal of unesterified fatty 
acids from the sperm membrane, thus promoting 
the acrosome reaction. Therefore, it is suggested 
that vitamin E inhibits or decreases the rate of 
acrosome reaction through its  antioxidative 
property. It is concluded that vitamin E has nega-
tive effect on the acrosome reaction, although it 
improves other functions of sperm such as motility, 
viability, and membrane integrity.

Following model of signal transduction for the 
role of Mn2+ in enhancing % hyperactivity is sug-
gested based on the study by Bansal [77] and 
relevant literature [83–86]. Messenger systems 
such as adenylate cyclase, guanylate cyclase, and 
calamodulin are highly affected by intracellular 
salts, such as Mn2+, Mg2+, and Ca2+. Out of these, 
Mn2+ is a well-known potent stimulator of ade-
nylate cyclase activity, which in turn enhances 
the level of cAMP. Increase in the level of cAMP 
with the Mn2+ supplementation phosphorylates 
many proteins that are involved in the movements 
or flagellar beating of spermatozoa. Increase in 
the level of cAMP also stimulates the Ca2+ uptake 
by the cell, thus, increasing the level of intracel-
lular calcium (Cai

2+). At a higher level, Cai
2+ 

increases the membrane integrity and viability. 
These properties of the sperm are required for its 
optimal functioning under normal and oxidative 
stress conditions. Elevation of Cai

2+ in flagellum 
of spermatozoa drives hyperactivation in rat [87] 
and bull [88] spermatozoa. It is thought that the 
intake of Ca2+ is slow during capacitation but 
rapid at the time of acrosome reaction. Guraya 
et al. suggested that adequate level of Ca2+ is 
required in sperm, once the capacitation gets 
completed [89]. Larsen [90] found that high 
concentration of Cai

2+ is related to the cell death. 
Based on the present and above studies, it is 
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suggested that supplementation of Mn2+ to the 
bull spermatozoa permits adequate rise in Cai

2+ 
level without decreasing their viability. Further, 
Mn2+ has beneficial effects on sperm survival 
and % hyperactivity during capacitation and 
acrosome reaction.

Sidhu et al. [91] found that production of ROS 
during storage of semen at 4 °C or incubation at 
37 °C for capacitation caused deleterious effects 
on sperm. Bansal [92] postulated that Mn2+ play 
an important role in improving the quality of 
 cattle bull semen by its scavenging property 
i.e., reduction in production of ROS during 
 storage and capacitation of spermatozoa. She 
also suggested that Mn2+ may be used as a potent 
antioxidant/additive to sperm samples to be used 
for assisted reproductive techniques (ARTs).

Since long it has been known that supplemen-
tation of culture media with antioxidants such as 
ROS scavengers, disulfide reducing, or divalent 
chelators prolongs the motility of reactivated bull 
spermatozoa after freezing and thawing [93]. It 
has been suggested that antioxidant therapy 
appears to be efficient not only in vitro but also 
in vivo [93]. Numerous antioxidants have proven 
beneficial in protecting damaging effects of ROS 
on sperm movement and against oxidative 
damages [47].

5  Conclusions

Evaluation of OS and the use of antioxidants are 
not routine in clinical practice. The immediate 
need is to simplify and validate the evaluation of 
ROS and OS status so that it can be performed 
routinely without the use of sophisticated equip-
ments. Also, it is important to establish reference 
values for ROS above which antioxidants could 
be used for male infertility treatment. The dose 
and duration of these antioxidants should also be 
determined and standardized. This study suggests 
that antioxidant supplementation could be of clini-
cal importance in prolonging the spermatozoal 
storage for artificial insemination (AI), in vitro 
fertilization (IVF), and intrauterine insemination 
(IUI) purposes. Further studies are required to 
understand the antioxidant strategies or the 

mechanisms whereby ROS and endogenous 
antioxidants produced in sperm cells influence 
the reproductive processes and thereby, promoting 
the fertility of crossbred cattle bull spermatozoa.
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    Abstract  

  Emanating from extensive research carried out all over the globe, green tea 
has been acknowledged for plethora of pharmacological activities like 
anti-infl ammatory, antimicrobial, antitumor, antiaging, and many more. 
This wide array of health effects have been attributed to green tea cate-
chins (GTCs). These GTCs correspond to the class of antioxidants which 
scavenge the precarious free radicals in the body and, thus, prevent the 
progression of various diseases. However, poor bioavailability, short half-
life, stability issues, and short shelf life hamper its use as a therapeutic 
agent. To address these limitations, various encapsulation techniques have 
been explored by the scientists. The encapsulation techniques employed 
for green tea and its catechins range from microparticles, microcapsules, 
nanoparticles, and lipid nanocapsules to self assembly approaches like 
liposomes, micelles, and microemulsions. Encapsulation not only helps 
in enhancing the aqueous solubility and stability of the GTCs but also 
provides for controlled and sustained release thus protecting their biological/
pharmacological activity in systemic circulation. At the same time, 
sustained release is likely to enhance bioavailability and thus can reduce 
the likelihood of repeated use. The aim of this chapter is to discuss the role 
of green tea as an antioxidant and various nano-encapsulation strategies to 
enhance the effi cacy of related products. It also provides an insight into 
some of the commercial and patented green tea- based products.  
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1         Introduction 

 Free radical is an oxygen-containing molecule 
that has one or more unpaired electrons, making 
it highly reactive with other molecules. High 
level of free radicals can cause indiscriminate 
damage to biological molecules such as DNA, 
protein, or lipid, leading to loss of biological 
functions and even cell death. The imbalance 
between the production of free radicals and the 
ability of body to detoxify their harmful effects 
leads to a condition known as oxidative stress [ 1 ]. 
Oxidative stress is now believed to be one of the 
major causes of harmful diseases like cancer, 
neurodegenerative diseases such as Parkinson’s 
disease and Alzheimer’s disease, chronic fatigue 
syndrome, fragile X syndrome, heart and blood 
vessel disorders, atherosclerosis, heart failure, 
heart attack, and infl ammatory diseases [ 2 – 6 ]. 
Superoxide anion (O 2  • ̄ ), hydroxyl ion (OH •¯ ), 
alkoxy (RO • ) and peroxy radicals (ROO • ), and 
peroxynitrite (ONOO • ̄) are considered to be the 
most common free radicals responsible for the 
various pathophysiological conditions [ 7 ]. The 
human body produces endogenous molecules 
both  enzymatic  and  nonenzymatic  to combat the 
effects of increase in free radicals. The enzymes 
superoxide dismutase (SOD) catalase and 
glutathione peroxidase (GP X ) have a transition 
metal at their core, which is capable of taking on 
different valences as they transfer electrons dur-
ing the detoxifi cation process [ 8 ]. Nonenzymatic 
defenses including ascorbate (vitamin C), 
α-tocopherol (vitamin E), bilirubin, etc. act as 
scavengers of free radicals directly or prevent the 
production of free radicals through sequestration 
of redox-active metals like iron and copper [ 9 ]. 

 A variety of plants have shown activity against 
free radicals due to the presence of polyphenols 
and other antioxidants present in them. These 
plant polyphenols are comprised of fl avonoids, 
cinnamic acid derivatives, curcumin, caffeine, 
catechins, gallic acid derivatives, anthocyanins, 
and tannins [ 10 ]. 

 GTCs have been well reported for their anti-
oxidative potential. Numerous studies on green 
tea have highlighted its role in the prevention or 

treatment of various diseases [ 11 ]. Green tea has 
proved to be highly effective as anticarcinogenic 
[ 12 ], antimicrobial [ 13 – 15 ], antiviral [ 16 – 18 ], 
anti-infl ammatory, antidiabetic, and hypocholes-
terolemic agent [ 19 ] in the few recent years. 
Studies have reported green tea to be effective in 
preventing atherosclerosis and cardiovascular 
diseases and modulate cholesterol metabolism 
[ 20 – 22 ]. These pharmacological properties of 
green tea are ascribed to the presence of major 
polyphenol components known as catechins [ 23 , 
 24 ]. There are four types of catechins, namely, 
epicatechin (EC), epicatechin gallate (ECG), epigal-
locatechin (EGC), and epigallocatechin gallate 
(EGCG). Out of these EGCG is the most abun-
dant and potent catechin [ 25 ] and has proved to 
be as effective as synthetic antioxidants with less 
harmful effects [ 26 ]. 

 Non-phenolic secondary metabolites such as 
allicin, carotenoids, thiols, jasmonic acid, 
eicosapentaenoic acid, ascopyrones, retinal, and 
melatonin have also shown excellent antioxidant 
activity [ 27 ,  28 ]. A list of various plants, their 
antioxidants, and the parts from which these 
antioxidants are derived is shown in Table  1 .

   The challenges faced by the effective delivery 
of GTCs and other natural compounds can be 
addressed by different nano- encapsulation 
approaches. Nanocarriers are delivery systems 
in the nanometer size range (50–500 nm) 
containing encapsulated, dispersed, adsorbed, or 
conjugated drugs. Nanoscale drug delivery systems 
have the ability to improve the pharmacokinetics 
and increase biodistribution of therapeutic agents 
to target organs and have the desirable advantage 
of improving solubility of hydrophobic compounds 
in aqueous medium to render them suitable for 
administration [ 51 ].  

2     Green Tea as a Natural 
Antioxidant 

 Green tea ( Camellia sinensis ) originated thousands 
of years back in China and is the second most 
consumed beverage in the world. Green tea or 
the non-fermented type is obtained from the 
young leaves and terminal apical buds by drying 
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   Table 1    Selected plants and plant based products exhibiting antioxidant activity   

 Plant name 
 Plant part 
used  Antioxidant  Pharmacological action  References 

  Camellia sinensis  L. 
(green tea) 

 Leaves  Polyphenols and fl avonoids  Antimicrobial, anticancer, anti-
infl ammatory, antidiabetic, etc. 

 [ 25 ] 

  Punica granatum  L. 
(anar) 

 Peels  Tannins and phenolic 
compounds 

 Protection against carbon 
tetrachloride induced hepatotoxicity 

 [ 29 – 31 ] 

  Cinnamomum cassia  
L. (dalchini) 

 Bark  Cinnamaldehyde, 
cinnamon, and other 
cinnamic acid derivatives 

 Glucose intolerance, diabetes, 
antimicrobial activity, anticancer, 
quench hydroxyl radical, and 
hydrogen peroxide 

 [ 32 ,  33 ] 

  Vitis vinifera  L. (grape 
seed) 

 Seeds  Catechin, epicatechin, 
dimeric, trimeric, and 
tetrameric 
proanthocyanidins 

 Hepatic fi brosis, ischemia–
reperfusion injury, cancer, reduces 
free radical production 

 [ 34 – 36 ] 

  Ginkgo biloba  L. 
(maidenhair tree) 

 Leaves  Flavonoids glycoside 
(myricetin and quercetin) 
and phenolic compounds 

 Inhalation of leaves decoction is 
helpful in bronchial asthma, cerebral 
insuffi ciency, Alzheimer’s disease, 
and schizophrenia 

 [ 37 – 39 ] 

  Phyllanthus emblica  
L. (amla) 

 Fruits  Vitamin C, emblicannin 
A and B 

 Anti-stress, immunomodulatory 
effects, infl ammation, cancer, 
age-related renal disease, and 
diabetes 

 [ 40 ] 

  Curcuma longa  L. 
(turmeric, haldi) 

 Roots, 
leaves 

 Curcumin, eugenol, 
camphene 

 Blood purifi er, antifungal, 
antibacterial, anticancer, 
anti-infl ammatory 

 [ 41 ,  42 ] 

  Daucus carota  L. 
(carrot) 

 Root  Carotenoids, fl avonoids, 
glycosides 

 Piles, jaundice, leprosy, urinary 
problems, and bronchitis 

 [ 43 ] 

  Foeniculum vulgare  L. 
(fennel, saunf) 

 Fruit  Anethole, limonene, 
anisaldehyde, volatile oil 

 Carminative, throat infections, 
bronchitis, purgative, diuretic, and 
kidney disorders 

 [ 44 ] 

  Glycyrrhiza glabra  L. 
(mulethi) 

 Roots  Glycyrrhizin, fl avonoids, 
liquiritin, isoliquiritin, 
2-methyl isofl avones 

 Bronchitis, asthma, diuretic, ulcers  [ 45 ] 

  Psoralea corylifolia  L. 
(babchi) 

 Seed  Fixed oils, essential oils, 
bakuchiol 

 Aphrodisiac, scabies, protect 
mitochondria against oxidative stress 

 [ 46 ] 

  Ocimum sanctum  L. 
(tulsi) 

 Leaves  Volatile oils, eugenol, 
thymol 

 Carminative, protect against throat 
infections, expectorant, and other 
stomach and throat disorders 

 [ 47 ] 

  Withania somnifera  L. 
(ashwagandha) 

 Leaves, 
seeds 

 Steroidal compounds like 
withanolide, withanine 

 Increase immunity, hepatoprotective  [ 48 ,  49 ] 

  Solanum nigrum  L. 
(nightshade) 

 Leaves  Phenolic compounds 
and fl avonoids 

 Hepatoprotective, diuretic, laxative, 
gonorrhea 

 [ 50 ] 

and steaming the fresh leaves, whereas the 
traditional black tea also includes postharvest 
fermentation step in preparation [ 52 ]. The number 
of free hydroxyl groups, the presence of ortho- 
hydroxylation on B-ring of fl avonoid molecules, 
a C2-C3 double bond in C-ring, and the presence 
of 3-hydroxyl groups are reported as the 
main conditions of antiradical and antioxidant 
properties [ 26 ]. 

2.1     Chemical Composition 
of Green Tea 

 Green tea has a complex chemical composition, 
containing proteins (15–20 % dry weight) and 
amino acids (1–4 % dry weight) such as theanine, 
glutamic acid, tryptophan, glycine, serine, aspartic 
acid, tyrosine, valine, leucine, threonine, arginine, 
and lysine; carbohydrates (5–7 % dry weight) 
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such as cellulose, pectins, glucose, fructose, and 
sucrose; minerals and trace elements (5 % dry 
weight) such as calcium, magnesium, chromium, 
manganese, iron, copper, zinc, molybdenum, 
selenium, sodium, phosphorus, cobalt, strontium, 
nickel, potassium, fl uorine, and aluminum; and 
trace amounts of lipids (linoleic and α-linolenic 
acids), sterols (stigmasterol), vitamins (B, C, E), 
xanthene bases (caffeine, theophylline), pigments 
(chlorophyll, carotenoids), and volatile compounds 
(aldehydes, alcohols, esters, lactones, hydrocar-
bons) [ 53 ]. 

 Green tea contains polyphenols (30 % of the 
dry weight), which include fl avonols   , fl avondiols, 
fl avonoids, and phenolic acids. Most of the green 
tea polyphenols (GTPs) are fl avonols, commonly 
known as catechins which are found in greater 
amounts in green tea than in black or Oolong tea 
[ 54 ]. Table  2  provides the chemical constituents 
of green tea.

2.2        Antioxidative Potential 
of Green Tea: Central 
Functioning Factor 

 As depicted in Fig.  1 , green tea acts as a multifac-
eted agent that is responsible for various mecha-
nisms involved in free radical formation and their 
detoxifi cation inside the human body.
•      Free radical scavengers : GTCs and poly-

phenols act as scavengers of physiologically 
harmful free radical such as superoxide anion 
(O 2  • ̄ ), hydroxyl ion (OH •¯ ), alkoxy (RO • ) and 
peroxy radicals (ROO • ), and peroxynitrite 
(ONOO • ̄). The antioxidant activity is attrib-

uted to the presence of free hydroxyl groups in 
the structure of catechins [ 55 ,  56 ].  

•    Inhibition of transcription factors : Green tea 
inhibits the activation of redox-sensitive tran-
scription factors such as activation protein-1 
(AP-1) and nuclear factor-κB (NF-κB) [ 57 ].  

•    Chelators : Transition metals such as iron and 
copper catalyze the free radical formation; 
green tea has the ability to chelate these metal 
ions and thus inhibit the formation of free 
radicals [ 58 ].  

•    Inhibition of prooxidant enzymes : Peroxynitrite 
(ONOO • ̄ ) and other NO derivatives are 
capable of damaging DNA and proteins. Green 
tea polyphenols effectively inhibit the forma-
tion of peroxynitrite (ONOO • ̄) radical [ 59 ].     

2.3     Green Tea in Lab and Market: 
Current Scenario 

 Though a large number of studies have proved 
the benefi ts of green tea, a vast difference was 
observed in the effi ciency exhibited by free form 
of green tea in vitro as compared to in vivo results 
[ 60 ]. The less effi ciency of green tea in vivo was 
attributed to the chemically unstable catechins 
[ 61 ]. Catechins have shown to readily undergo 
oxidation in solution, causing the loss of hydrogen 
atoms, formation of a semiquinone radical inter-
mediate, and quinone oxidized products [ 62 ]. pH 
and oxygen concentration was found to be the 
most crucial factor infl uencing the stability of 
catechins, and it has been shown that the rate of 
oxidation increases as the pH increases [ 63 ]. 
Su and associates showed that the half-life of a 
mixture of catechins reduced from 24 h at pH 5.0 
to approximately 1 h at pH 7.4 [ 64 ]. The short 
half-life was also reported to be due to rapid 
systemic clearance resulting in poor oral bio-
availability of <2–5 % [ 65 ,  66 ]. Catechins were 
reported to show apparent permeability (P app ) of 
0.8–3.5 × 10 −7  cm/s when permeability studies 
were done using Caco-2 [ 67 ] which are exception-
ally low considering the classic poorly permeable 
compound mannitol, which exhibits P app  values 
in the range of 6–10 × 10 −6  cm/s [ 68 ]. Moreover, 
environmental conditions like exposure to high 

   Table 2    Chemical contents of green tea   

 Constituent  Content (% dry weight) 

 Proteins  15–20 
 Amino acids  1–4 
 Carbohydrates  5–7 
 Mineral and trace elements  5 
 Lipids  7 
 Polyphenols  30 
 Fibers  26 
 Pigments  2 
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humidity and light also resulted in oxidation/deg-
radation of green tea and its active constituents [ 69 ]. 

 Thus, both crude green tea extract and cate-
chins have been encapsulated in various formula-
tions which can be administered in the body via 
several routes like oral and transdermal for tar-
geting different disease conditions [ 70 ]. These 
formulations are used to improve the stability and 
bioavailability of green tea and are either applied 
locally or consumed orally for systemic action. 
They address the problems associated with con-
ventional consumption of green tea. 

 Various formulations composed of green tea 
extract or its constituents are under patent protec-
tion and already available commercially. Tables  3  
and  4  summarize some of the patents and com-
mercial products, respectively.

    Though these products have shown marked 
response commercially, the effi cacies are hindered 
largely due to poor bioavailability. To overcome 

these limitations, nano-encapsulation strategies 
have been explored.   

3     Advanced Dosage Forms 
for Green Tea Extract 
and Its Catechins 

 Hydrogen peroxide generation ability of GTCs is 
a central component with respect to its role in 
combating various diseases. GTCs play an impor-
tant role in scavenging free radicals, and while 
doing so they themselves might get oxidized. 
Therefore, nano-encapsulation of these catechins 
could sustain their antioxidative potential and 
functional stability, as described in the following 
section. Furthermore, sustained release of GTCs 
from a nanoformulation would lead to a lower 
dose requirement due to decreased plasma fl uc-
tuations and, therefore, could be a valuable tool 

  Fig. 1    Mechanism of free radical generation and their 
detoxifi cation by endogenous enzymes superoxide dis-
mutase ( SOD ), catalase, and glutathione peroxidase 
( GP   X  ). Fatty acid ( LH ) is converted to fatty acid free radi-

cals ( L ̇ ) causing lipid peroxidation. Green tea acts as a 
scavenger for superoxide free radical, hydrogen peroxide, 
and hydroxyl ion       
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   Table 3    Some of the patents related to green tea and its catechins   

 Formulations  Summary of invention  Patent no.  Inventors [ 71 – 88 ] 

 Nanoparticles  Stabilized, biocompatible gold nanoparticles 
encapsulating ECGC having high affi nity toward 
cancer cells 

 US0129618  Katti et al. (2013) 

 Capsule  Composition for weight reduction comprising 
capsaicin, green tea extract, L-tyrosine, and caffeine 

 US7867526  Astrup and Toubro 
(2011) 

 Capsule  Soft gel capsules containing polymethoxylated 
fl avones and palm oil tocotrienols for maintaining 
cardiovascular health 

 US7887852  Udell (2011) 

 Tablet/suspension  Composition comprising an effective amount of 
epicatechin for treating hypertension 

 US7875651  Romanczyk and 
Schmitz (2011) 

 Tablet/capsule  Composition for treating prostate cancer, 
comprising therapeutically effective amounts of 
supercritical extracts 

 US7744934  Newmark et al. 
(2010) 

 Tablet/capsule  Composition for modulating cytokines to regulate 
an infl ammatory or immunomodulatory response 

 US7758903  Randolph and 
Roh-Schimdt 
(2010) 

 Gel  Improved topical medicaments useful in the 
treatment of conditions that are ameliorated by 
increased cell metabolism, circulation, and nerve 
function 

 US7704522  Morgan (2010) 

 Gel  Composition and method for eliminating foreign 
bodies from a host 

 US7807190  Kingsley (2010) 

 Dye  Composition for dyeing keratin fi bers, comprising 
of pure plant dye and active metal in a mineral 
acting as a moderating agent 

 US7749286  Greaves and 
Greaves (2010) 

 Food bar  Nutritional supplement to enhance learning, 
academic, and behavioral functioning 

 US7771756  Schlesser (2010) 

 Emulsions  Bioactive complex composition having enhanced 
oxidative stability, emulsion stability, mineral-rich 
transparent beverages, and a wide range of 
functional health benefi ts 

 US7780873  Mora-gutierrez and 
Gurin (2010) 

 Resin  Chinese herb extract for treating dementia and 
preparation method 

 US7824714  Wu et al. (2010) 

 Powders/tablets  Composition for the treatment of obesity, 
comprising a catechol-rich extract of green tea 

 US6830765  Rombi (2004) 

 Liquid  Combination of nondigestible oligosaccharides and 
the green tea catechin, EGCG for the restoration and 
the maintenance of colon health 

 WO2004000045  Simmons and 
Dong (2003) 

 Emulsion  Use of a content of catechins or a content of green 
tea extract in cosmetic preparations for tanning the 
skin 

 US6399046  Schonrock and 
Max (2002) 

 Tablet/powder  Methods and compositions of treating cancer or 
solid tumors comprising the administration of a 
therapeutically effective amount of catechins 

 US6428818  Morre et al. (2002) 

 Effervescent tablet  Natural product formulation containing a 
concentrated green tea extract which increases the 
formulations absorption rate and bioavailability 

 US6299925  Xiong et al. (2001) 

 Powder  Process for preparing green tea extracts having the 
color and fl avor suitable for incorporation into 
non-tea beverage matrixes 

 US5427806  Ekanayake et al. 
(1995) 
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   Table 4    Some of the commercially available green tea formulations and their applications   

 Product name  Formulation  Company 
 Green tea 
volume 

 Indications (web reference: 
[ 128 – 144 ]) 

 Balance Point for men  Capsule  Progressive Health 
Nutraceuticals 
(Colorado, USA) 

 150 mg  Multivitamin and natural 
rejuvenator made for men 

 Balance Point for women  Capsule  Progressive Health 
Nutraceuticals 
(Colorado, USA) 

 150 mg  Potent nutritional health 
protection for women 

 Hydroxycut Hardcore  Capsule  MuscleTech (USA)  –  Increases the fat-burning 
neurotransmitter 
norepinephrine 

 Methyl Ripped  Capsule  NxLabs Inc. 
(Wilmington, USA) 

 –  Fat burner while 
maintaining muscles 

 Men’s SuperVites  Capsule  Heaven & Earths  10 mg  Broad spectrum nutritional 
support for men 

 Diet Rx  Capsule  Diet Rx (USA)  50 %  Natural appetite control 
 Mega-T  Capsule  Mega-T Ltd. (London, 

UK) 
 600 mg  Dietary supplement 

stimulating metabolism 
 TeaCare  Capsule  TeaCare Ltd. (UK)  150 mg  Maintains a healthy heart 

condition and also supports 
weight management 

 SNS Green Tea  Capsule  Serious Nutrition 
Solutions (New York, 
USA) 

 500 mg  Burn fat, suppresses 
appetite, enhances immune 
function, and maximizes 
performance 

 LifePak Nano  Capsule  Nu Skin (USA)  45 mg  Nutritional antiaging 
program 

 Slenderite  Pill  Natrol (Chatsworth, 
USA) 

 –  Slimming pills 

 Green Fusion Fat Burner  Soft gels  Sports Research  444 mg  Controls appetite and 
boosts the metabolism 

 Polyphenon E  Ointment  Mitsui Norin Co., Ltd. 
(Japan) 

 15 %  For treating genital warts 

 Veregen  Ointment  Veregen (New Jersey, 
USA) 

 15 %  Treatment of warts on the 
outside of the genitals and 
around the outside of the 
anus 

 Optivegetol Green Tea  Extract  Gattefosse (Berkshire, 
UK) 

 –  Antiaging/anti-wrinkle 
product and for sun and 
after-sun lines 

 GreenTea  Extract  Himalaya Healthcare  –  Weight reduction, lowers 
blood pressure and 
strengthens the walls of 
blood vessels, promotes 
gastric secretion and aids 
digestion 

 Green Tea Herbasol® 
Extract PG PF 

 Extract  Lipoid Kosmetik AG 
(Switzerland) 

 –  UV protectant, antioxidant, 
free radical scavenging 
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to limit the toxicity associated with a high dose of 
active natural products. This section summarizes 
all such formulation techniques which have been 
used to encapsulate green tea or isolated com-
pounds, discussing their advantages (Fig.  2 ) and 
future developments and trends.

3.1       Nanoparticles 

 Novel drug delivery approach could be based on 
its encapsulation in nanoparticles. This would 
protect drugs against chemical and enzymatic 
degradation and potentially enhance the selective 
uptake of these particles [ 89 ]. Consequently, 
many researchers successfully attempted to 
encapsulate green tea and its catechins to enhance 
their therapeutic activity. 

 Siddiqui and his associates used polylactic 
acid–polyethylene glycol nanoparticles for the 
encapsulation of EGCG. In vitro and in vivo 
(performed in athymic nude mice) studies sug-
gested that nano-encapsulation of chemopreventive 
agents like EGCG helps in retaining its biological 
activity due to increased half-life. Moreover, use 
of biodegradable polymers for nano- encapsulation 
of EGCG limited its toxicity [ 90 ]. 

 In order to improve its pharmacokinetic profi le, 
Italia and his associates modifi ed double- emulsion 
method for the encapsulation of EGCG into 
poly(lactic-co-glycolic acid) polymer for oral con-
sumption. The particles were of approximately 
130 nm size with encapsulation effi ciency of 
70 %. In vivo studies were performed on a rat 

model of cyclosporine A-induced chronic 
nephrotoxicity. Results indicated that nanoparticu-
late formulation of EGCG administered orally or 
intraperitoneally was equally effi cacious at one 
third dose and thus enhanced effi cacy of EGCG 
after nano-encapsulation [ 91 ]. 

 Chitosan exhibits various favorable characteristics 
like chemical inertness, thermal stability, biocompat-
ibility, biodegradability, and non- toxicity [ 92 ]. 

 Due to these features, chitosan is abundantly 
used as an effective polymer for nano- encapsulation 
purposes and also serves for sustained delivery of 
encapsulated agents when applied topically [ 93 ]. 
Therefore, Bing and his co-workers investigated 
the polyanion-initiated gelation process using 
chitosan–tripolyphosphate nanoparticles for the 
delivery of tea catechins through epithelial/
mucosal lining. Chitosan was dissolved in acetic 
acid solution with sonication to form the homo-
geneous solution. The aqueous solution of tea 
catechins was added into chitosan solution for an 
appropriate time.    The addition of tripolyphos-
phate to chitosan solution initiated ionic gela-
tion, thereby resulting into spontaneous 
formation of tea catechin  encapsulated into poly-
meric nanoparticles. It was observed that higher 
chitosan concentration led to larger nanoparticles, 
higher surface charge, and lower membrane perme-
ability. This resulted in reduced burst effect and 
provided a means of controlled release [ 94 ]. 

 Reducing agents are known to stabilize cate-
chins by getting preferentially oxidized in their 
place [ 95 ]. In order to protect the catechin and 
EGCG encapsulated in chitosan–tripolyphosphate 

  Fig. 2    Strategies to encapsulate green tea and its catechins       
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nanoparticles from degradation in potassium 
hydrogen phosphate buffer (pH 7.4), Dube and 
his associates compared the effectiveness of 
reducing agents like ascorbic acid, dithiothreitol, 
and tris(2-carboxyethyl)phosphine. The remain-
ing levels of catechin and EGCG after 24 h incu-
bation in the presence of reducing agents were 
high. Encapsulated catechin was degraded to 
50 % of its initial level in 24 h while nonencapsu-
lated catechin took only 8 h. Thus encapsulated 
catechin took thrice the time to degrade as com-
pared to the nonencapsulated catechin. Similarly, 
encapsulated and nonencapsulated EGCG were 
degraded to 50 % of their initial levels in 40 and 
10 min, respectively. These results demonstrate 
that ascorbic acid and tris(2-carboxyethyl)phos-
phine in combination provide the highest protec-
tion to catechins, and encapsulation in polymeric 
nanoparticles possibly plays an important role in 
enhancing the stabilization of catechins during 
oral administration [ 96 ]. 

 Many edible products such as citrus juice and 
ascorbic acid have been formulated into tea 
beverages to increase the post digestion recovery 
of EC, ECG, EGC, and EGCG [ 97 ]. 

 Poly(g-glutamic acid) (g-PGA) is an anionic, 
nontoxic, and edible polypeptide that has been 
used in foods, medicine, and cosmetics [ 98 ]. 
Tang and associates encapsulated tea catechins 
in chitosan: g-PGA (1.5:1.0) nanoparticles. 
Nanoparticles were prepared by dissolving tea 
catechins in deionized water. Tea catechin 
solutions were mixed with the aqueous g-PGA to 
obtain tea catechin/g-PGA mixtures. The tea 
catechin/g-PGA mixtures were added into an 
aqueous chitosan under magnetic stirring at room 
temperature. The self-assembled nanoparticles 
were formed by electrostatic interaction between 
g-PGA and chitosan, as depicted through FT-IR 
analysis. The nanoparticles of mean particle size 
of 134.5–147.8 nm were obtained with the loading 
effi ciency of 13.8–23.5 %. Paracellular permea-
bility of encapsulated tea catechins was predicted 
by measuring the TEER of Caco-2 cell monolayer. 
The permeability was found to increase to 24 % 
at pH 6.6 suggesting them to the suitable carriers 
in the transmucosal delivery of tea catechins in the 
area of the intestinal lumen [ 99 ]. 

 Use of biocompatible and biodegradable 
polymers helps in protection of food ingredients 
against oxidation and other enzymatic reactions 
[ 100 ]. Chen and group prepared self-assembled 
tea catechin/gelatin nanoparticles for oral delivery. 
Aqueous gelatin was added into aqueous catechin 
in different concentrations under magnetic stirrer 
for approximately 10 min at room temperature. 
The self-assembled nanoparticles were collected 
by centrifugation, freeze-dried, and stored at room 
temperature. The mean particle size was less than 
200 nm, and at 1:1 ratio of catechins and gelatin, 
more than 96 % entrapment was achieved. FT-IR 
spectral analysis indicated that phenomenon of 
self-assembly of nanoparticles occurs due to 
hydrogen bonding between aliphatic and aromatic 
hydroxyl groups of gelatin and catechins, respec-
tively. Free radical scavenging assays showed 
that tea catechins could be protected by the 
nanoparticles and antioxidant activity of tea 
catechins was retained even after 3 weeks of 
storage. The results suggested that the more the 
content of catechin/gelatin ratio in the nanopar-
ticles, the higher was the antioxidant activity. The 
tea catechin/gelatin nanoparticles exhibited 
around 40 % inhibition of degradation of gelatin 
by trypsin. The stability is attributed to specifi c 
interaction between gelatin and polyphenolic 
catechins due to which the active site recognized 
by trypsin is protected [ 101 ]. 

 Gomes and his associates introduced a novel 
system that consisted of maltodextrin and gum 
arabic nanoparticles coated with egg yolk  L -Α-
 phosphatidylcholine to encapsulate and protect 
EGCG. Polysaccharide core was prepared by 
homogenization and spray dried. This polysac-
charide core was found to be responsible for resis-
tance against mechanical stress. The lipid coating 
was applied by the lipid fi lm hydration method 
that resulted in increased size of particles as 
observed by dynamic light scattering. Results 
showed that the particle assemblies exhibited high 
retention effi ciency of EGCG, even at physiolog-
ical pH, hence opening the possibility of their 
use for intact delivery and controlled release of 
tea catechins [ 102 ]. 

 In another study, Ma and group prepared solid 
lipid nanoparticles based on the phase behaviors 
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of hot microemulsions. The pseudoternary phase 
diagram was constructed for the system of 
glyceryl monostearate (oil phase), mixed surfactants 
(polyoxyethylene stearate and poloxamer 188), 
and water at 60 °C until the mixture becomes 
transparent. Tea polyphenol solution was added 
gradually to the oil phase under mild vortexing to 
obtain thermodynamically stable water-in-oil 
microemulsion. Finally, the microemulsion was 
dispersed in cold aqueous polyoxyethylene 
stearate solution (0.8 %) and ultrasonicated for 
2 h to obtain solid lipid nanoparticles of tea 
polyphenols. The mean particle size was less 
than 150 nm with polydispersity index of 0.5. A 
sustained transdermal penetration with the perme-
ation coeffi cient approximately 3 μg.cm 2 /h was 
achieved [ 103 ]. 

 Smith and group investigated the ability of 
nanolipidic formulation of EGCG in improving 
its oral bioavailability for the treatment of neuro-
degenerative diseases including Alzheimer’s 
disease and HIV-associated dementia. In vitro 
studies performed on SweAPP N2a (neuronal 
cells) showed that nanolipidic EGCG particles 
improved α-secretase enhancing ability up to 
91 %. Oral bioavailability of nanolipidic EGCG 
particles in mouse models in vivo was found to be 
more than two fold as compared to free EGCG [ 104 ]. 

 Manea and her associates developed a new 
method of encapsulating green tea extract in 
nanostructured lipid carriers (NLC) to check its 
antimicrobial against  Escherichia coli  K 
12-MG1655 and antioxidant activity. They were 
obtained by loading green tea extract in three 
types of vegetable oils—grape seed oil (GSO), 
St. John’s wort oil (HPO), and sea buckthorn 
oil (SBO)—using high-shear homogenization 
method (HSH). NLC made by GSO exhibited 
least Z-avg of 125.6 nm as compared to other two 
vegetable oils whose particle size increased as 
the concentration of green tea extract increased. 
SBO showed the least antibacterial activity 
whereas HPO showed the highest antibacterial 
activity (SBO < GSO < HPO). The antioxidant 
activity of NLCs–green tea extract was 
enhanced in comparison with that of pure green 
tea extract. NLC produced by Tween20 had less 
Z-avg than Tween80 [ 105 ]. 

 The antitumor effects of green tea polyphenols 
were studied by Liang and group by encapsulat-
ing tea polyphenol (TP) extract (93 % pure) in 
chitosan nanoparticles (CNPs) using two types of 
chitosan biomaterials:  N - carboxymethyl chitosan  
(Mv = 61 kDa, degree of deacetylation 83 %) and 
 chitosan hydrochloride  (Mv = 90 kDa, degree of 
deacetylation 85 %). The nanoparticles were pro-
duced by dissolving TP (10.94 mg) in chitosan 
hydrochloride solution (1.19 mg/mL) and then 
adding the carboxymethyl chitosan solution 
(3.63 mg/ml) dropwise into the chitosan hydro-
chloride and TP mixed solution under stirring at 
room temperature for 30 min. Results showed the 
drug content and encapsulation rate of    TP-CNPs 
to be 16 % and 83 %, respectively. The cytotoxic 
effects of TP-CNPs were evaluated through MTT 
assays on HepG2 cells which showed that the 
TP-CNPs were effective in inhibiting the prolif-
eration of cells and the inhibition increased 
with increasing concentration of TP-CNPs. The 
fl uorescence microscopic studies showed the 
TP-CNPs to be causing less degree of cell apop-
tosis than TPs which was attributed to the slow 
release of TP in CNPs; however, the TEM images 
of HepG2 cells showed microvilli disappearance, 
margination, intracytoplasmic vacuoles, and 
mitochondrial swelling with the formation of 
apoptotic bodies which are the features of 
apoptosis, inferring TP-CNPs permeation into 
the cells, releasing TP and causing apoptosis. 
The cell apoptosis was detected by annexin V/PI 
double stain assay; TP-CNPs can inhibit the pro-
liferation of HepG2, through necrosis and apop-
tosis induction in cancer cells as compared to 
TP, the CNPs which showed only tumor cell 
necrosis [ 106 ].  

3.2     Micelles 

 Distinctive properties of a micelle lie in its unique 
structural composition. It forms aggregate in 
aqueous solution with hydrophilic head regions 
in contact with surrounding solvent, sequestering 
the hydrophobic tail regions in the micelle center 
in which sparingly soluble drugs can be encapsu-
lated. Micelles can be used for targeted drug 
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delivery due to their ability to form conjugates 
with a variety of surface ligands that confer 
specifi city and signal them toward the target site. 
Moreover, corona part of micelles provides an 
impermeable shell to external proteins and enzymes 
and hence prevents hydrolysis and enzymatic 
degradation during transport to the target [ 107 ]. 

 Researchers from the Institute of Bioen-
gineering and Nanotechnology (Singapore) used 
chemically modifi ed EGCG oligomers to serve 
as carrier for fl avonoids, drugs, and proteins. 
They developed core-shell micellar nanocom-
plexes using self-assembly system in a gentle 
aqueous solution at room temperature. EGCG 
oligomers formed the inner core of micellar 
system and an outer shell of    polyethylene glycol 
conferred stability, prolonged circulation half- 
life in the bloodstream, and controlled biodistri-
bution. These micelles are targeted toward cancer 
cells due to selective expression of EGCG recep-
tors on cancer cells (Web Reference: [ 143 ]). 

 EGCG is highly sensitive to oxidation thus 
limits its usage as the preventive medicine. 
Shpigelmann and his associates used thermally 
modifi ed β-lactoglobulin (protein) to form co- 
assembled nanoparticles for the intact delivery of 
EGCG. Optimal nano-entrapment was obtained 
when EGCG was added to preheated (~80 °C) 
β-lactoglobulin solution during cooling and 
vortexing. Particle size analysis confirmed 
the size of thermally induced protein-EGCG co- 
assemblies to be smaller than 50 nm. A 33-fold 
lower initial degradation rate and a 3.2-fold 
slower degradation over 8 days were observed 
for nano-entrapped EGCG as compared to free 
EGCG. These results demonstrated that nano- 
encapsulation of EGCG conferred protection 
against oxidative degradation [ 108 ].  

3.3     Liposomes 

 Pharmaceutical formulations in the form of lipo-
somes can be used to deliver the intact drug to a 
targeted site. Liposomes allow spatial and tempo-
ral distribution of encapsulated compound and 
reduced cytotoxicity thereby increasing effi ciency 
of the treatment [ 109 ]. They are amphipathic in 

nature and have been extensively used for 
entrapping both hydrophilic and hydrophobic 
compounds [ 110 ]. 

 Fang and group developed liposomal formula-
tions encapsulating tea catechins for transdermal 
delivery. This study demonstrated that the use of 
anionic surfactants such as deoxycholic acid and 
dicetyl phosphate in the presence of ethanol 
increased the catechin permeation from the lipo-
somes by fi ve- to seven fold as compared to the 
nonencapsulated EGCG. Among all the catechins, 
EGCG showed the highest encapsulation rate and 
in vivo skin deposition level in liposomes carried 
out in nude mouse model. Results suggested that 
the transdermal delivery of catechins can be 
enhanced by their encapsulation in liposomes [ 111 ]. 

 Calcium pectinate gel beads are nontoxic, 
mechanically strong, biocompatible, and acid 
stable and, thus, have been widely used to encap-
sulate drugs. For the sustained delivery of cate-
chins orally, Lee and his associates used external 
ionotropic gelation method for the preparation of 
calcium pectinate gel beads entrapping catechin- 
loaded liposomes. Lipid mixture of L-alpha- 
phosphatidylcholine and cholesterol was mixed 
with organic solvent and evaporated in a rotary 
evaporator to obtain a lipid fi lm. The fi lm was 
mixed with an aqueous catechin solution by 
rotary shaking to encapsulate catechins into lipo-
somes. This suspension of liposomes was added 
to the pectin. This mixture was added dropwise 
to 100 ml of calcium chloride solution with gen-
tle agitation to form the beads. Beads were 
washed with deionized water and then dried at 
37 °C for 12 h. In vitro release of catechin-loaded 
liposomes entrapped within the beads was deter-
mined in simulated gastric fl uid and simulated 
intestinal fl uids. Liposome loaded with catechins 
showed low amount of release as compared to 
free catechins. However, when catechin-loaded 
liposomes were given hydroxypropyl methyl 
cellulose coating, maximum encapsulation was 
achieved and gave the best control over release 
initially in an hour, reaching a plateau phase, and 
after that a slow steady phase was observed in 
simulated intestinal fl uid for up to 3 h [ 112 ]. 

 Elastic liposomes are composed of undeformable 
vesicles and have been investigated to combine 
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the advantages of two types of carrier into a 
single system, by obtaining drug-in-lipid-in-elastic 
liposomal formulation. Huang and co-workers 
prepared the liposomes containing soy phospha-
tidylcholine, cholesterol, and Tween 80 in the 
presence of ethanol by a thin-fi lm method and 
subsequent sonication and extrusion. More than 
80 % of the catechin was entrapped in the aque-
ous core of liposomes produced with Tween 80. 
Liposomes entrapping catechin remained stable 
in the presence of gastrointestinal fl uid and in 
simulated intestinal fl uid. The liposomes showed 
sustained release of catechin compared to that 
of an aqueous solution. In this study of brain 
distribution, these liposomes showed 2.9- and 
2.7-fold higher catechin accumulation in the 
cerebral cortex and hippocampus as compared to 
the aqueous solution. These results indicated that 
oral bioavailability and brain regional distribution 
of catechin could be improved by utilizing elastic 
liposomes [ 113 ]. 

 A novel formulation known as “phenolipids” 
was introduced by Ramadan, who incorporated 
phenolic compounds into phospholipids, such 
as soy lecithin, and provided a potential new appli-
cation for encapsulated phenolics in the food and 
pharmaceutical industries [ 114 ]. 

 Rashidinejad and associates similarly encap-
sulated GTCs and EGCG in soy lecithin lipo-
somes. They used a hard fat cheese as a vehicle 
for inclusion of liposomes and to increase the 
antioxidant activity. Liposomes were prepared 
by simple method of high-shear homogenization. 
The catechins and EGCG were dissolved in 
0.25 M acetate buffer, in which soy lecithin was 
dispersed with magnetic stirring followed by 
high-shear homogenization. The control groups 
were also subjected to same process conditions, 
one containing only catechins and EGCG with 
acetate buffer and second containing only soy 
lecithin in acetate buffer. Gel-fi ltered liposomes 
were obtained using Sephadex column and stored 
at 4 °C. The dynamic light scattering results 
showed the particle size to increase in the loaded 
liposomes from 133 to 169.7 nm in case of cate-
chin and upto 173 nm in case of EGCG. The 
encapsulation effi ciency >70 % with encapsula-
tion yield of ~80 % was obtained. The zeta poten-

tial of the liposomes were studied which revealed 
that the polyphenols were located inside the lipo-
somal structure rather than coating the surfaces. 
The loaded liposomes containing either polyphe-
nol showed better stability compared to the empty 
liposomes  suggesting that lecithin liposomes to 
be a promising encapsulating technique to pro-
tect and deliver tea catechins to the gut [ 115 ].  

3.4     Microparticles 

 Microparticles have a much larger surface-to- 
volume ratio than at the macroscale and therefore 
can be used as effective drug delivery systems 
[ 116 ]. They have several advantages including sus-
tained and controlled drug release and active as well 
as passive targeting of drugs by easy manipulation 
of particle size and surface characteristics [ 117 ]. 

 To overcome the limitations of other drug dos-
ages (low entrapment effi ciency and requirement 
of high temperature), Wisuitiprot and group devel-
oped novel polymer-based microparticles using 
water-in-silicone emulsion method with green tea 
extract. Chitosan microparticles of diameter less 
than 5 μm were obtained by mixing chitosan with 
tripolyphosphate solution. Entrapment effi ciency 
of chitosan microparticles was found to be 
improved at acidic pH of the tripolyphosphate 
solution thus resulted in slow release of catechins. 
At neutral pH, the release of catechins depended 
on their molecular stabilities, and increased degra-
dation was observed with temperature. These 
results suggested that the degradation of tea 
catechins loaded in polymeric microparticles was 
less than that of free catechins [ 118 ]. 

 Lee and co-workers investigated the optimal 
conditions for the preparation of calcium pectinate 
microparticles (reinforced with liposome and 
hydroxypropyl methylcellulose). They optimized 
various parameters including calcium chloride 
concentration (5.2 %), hydroxypropyl methylcel-
lulose concentration (0.08 %), and hardening 
time (12.63 min) for the sustained- release of 
catechins. These microparticles released about 
50 % of the entrapped catechin into simulated 
gastric fl uid after 24 h, whereas complete catechin 
release was observed in simulated intestinal fl uid 
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after 8 h. Release studies performed in rat plasma 
confi rmed that antioxidative effect of encapsulated 
catechin was maintained effectively as compared 
to free catechin. This study indicated that catechins 
encapsulated into microparticles can be used as 
sustained drug delivery carriers [ 119 ]. 

 Fu and his associates prepared EGCG micropar-
ticles by using low-temperature spray- drying 
method. The diameter of EGCG microparticles 
obtained was approximately 30 μm, and that of 
lactose-added EGCG was found to be 40 μm   . EC 50  
(half maximal effective concentration) value of 
spray- dried EGCG microparticles obtained at dif-
ferent temperatures was found to be approximately 
same to that of untreated EGCG. Using the drying 
temperatures ranging between 70 °C and 130 °C 
showed a little effect on antioxidant activity of 
EGCG since NMR spectrum studies indicated that 
EGCG did not undergo chemical structural change 
during encapsulation process. These results con-
fi rmed that low-temperature drying method is 
favorable for the maintenance of optimized che-
mopreventive activity of EGCG [ 120 ]. 

 Sosa and group coprecipitated green tea poly-
phenols with a biodegradable polymer, polycap-
rolactone by a semicontinuous supercritical 
antisolvent process to improve the oral bioavail-
ability. For the coprecipitation experiments, the 
above mentioned polymer was added to the extract 
in different concentration ratios and dissolved in 
an ultrasonic bath to obtain a solution. Afterward, 
the solution (approx. 350 ml) was fed to the pre-
cipitator until the liquid pump stops and pure CO 2  
was fed during a period long enough to ensure the 
complete removal of organic solvent from the pre-
cipitator. After the decompression, a sample of the 
particles retained in the frit and vessel wall was 
collected. HPLC results showed that almost 90 % 
of polyphenols were retained in the coprecipi-
tates. Drug release profi le showed that 30 % of 
polyphenols were relatively rapidly released by 
diffusion, while the majority of them were encap-
sulated within the crystalline domains of polymer 
matrix. These results showed that to increase the 
drug release, polymers of low molecular weight 
and lower crystallinity should be tested [ 121 ]. 

 Kafi rin particles are the protein microspheres 
used for targeted and controlled drug delivery. 

Taylor and his associates used kafi rin micropar-
ticles to encapsulate catechins. Catechin was 
dissolved separately in 70 % aqueous acetone. 
Polyphenol solution was mixed with freeze-dried 
kafi rin microparticles by stirring. Samples were 
dried overnight at 25 °C. The resultant material 
was ground to a fi ne powder using a mortar and 
pestle to obtain catechin encapsulated into kafi rin 
microparticles. Results indicated that release of 
antioxidant activity from kafi rin microparticles 
encapsulating catechin was approximately 70 %. 
These results suggested a possibility of cross-
linking between polyphenols and proteins (kafi -
rin), hence protecting against enzymatic 
degradation under simulated gastric conditions. 
Kafi rin microparticles have potential for encap-
sulating phenolic antioxidants to confer delayed 
and controlled release of the antioxidant activity 
over a prolonged period of time [ 122 ].  

3.5     Microcapsules 

 Microcapsules are designed to release its contents 
when broken by pressure, dissolved, or melted. 
These microcapsules are stable against chemical 
attack when administered through various routes 
[ 123 ]. Microcapsules with dense or porous mem-
branes can be produced by various techniques 
such as interfacial polymerization, in situ polym-
erization, and interfacial precipitation. 

 Shutava and his associates prepared polyphenol 
microcapsules carrying EGCG and gelatin by 
using the layer-by-layer assembly method. Films 
were assembled by sequential dipping of quartz 
slides into aqueous solutions of gelatin and 
EGCG for 15 min per layer with three intermediate 
washings in deionized water. MnCO 3  microcores 
were dispersed in deionized water using a bath 
sonicator; water was changed twice using centrifu-
gation to precipitate the microparticles. EGCG in 
the layer-by-layer assemblies retained its antioxi-
dant activity. Results suggested that the EGCG 
content in the polyphenol fi lm material was as 
high as 30 % and these microcapsules protect 
encapsulated polyphenols against reactive oxygen 
species thereby prolonging their life and antioxi-
dative effi ciency [ 124 ]. 
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 Ethanol extracts of green tea (core material) 
were encapsulated as microcapsules using beta- 
cyclodextrin (wall material) by Liang and co- 
workers. The formulation was optimized by RSM 
using SAS software. Combined effect of four 
independent variables—core material/wall mate-
rial ratio, cyclodextrin content, stirring time, and 
stirring temperature—were studied using a Box–
Behnken design.    The responses measured were 
encapsulation percentage and effects of green tea 
on bone mineral density (BMD); bone mineral 
content (BMC) was studied in 60 Kunming mice 
for 30 days. Ca, P, Zn, and Cu contents in blood 
and bone were measured by atomic absorption 
spectrophotometry. Results showed that the encap-
sulation yield of tea extract increased up to 96 % 
with the increase in core material/wall material 
ratio and beta-cyclodextrin content. A further 
increase in both of them caused the decline in the 
encapsulation yield. The animal studies showed 
that when cyclodextrin encapsulated tea extract    
was fed to young mice of 2 months, there was no 
change in BMD and BMC; however, there was a 
marked increase in both BMD and BMC in mice 
of 15 months. These indicated that beta- 
cyclodextrin encapsulation tea extract could mark-
edly improve bone quality in aged animals [ 125 ].  

3.6     Emulsion System 

 An emulsion presents a unique delivery system due 
to its ability to encapsulate both hydrophilic and 
hydrophobic compounds, induces rapid absorp-
tion, and also acts as a penetration enhancer [ 126 ]. 

 In order to develop biocompatible carriers for 
oral delivery, Ru et al. prepared an oil-in-water 
emulsion of EGCG by high-pressure homogeni-
zation method. For the further stabilization 
of this emulsion system, ι-carrageenan and 
β-lactoglobulin were used. EGCG was fi rst dis-
solved in polyethylene glycol–water (1:2) solution 
and then diluted with water. This mixture was 
added dropwise into 5 % canola oil (composed of 
0.6 % ι-carrageenan and 0.4 % β-lactoglobulin) 
under high-speed homogenization. Finally, the 
emulsion was homogenized at ~15,000 psi pres-
sure for three cycles to form stable and homoge-
neous oil-in-water emulsion. Cell proliferation 

inhibition studies showed a signifi cant difference 
in the effi ciency of EGCG in free form and emul-
sion system. About 50 μg/ml of free EGCG was 
able to inhibit cell proliferation, while the submi-
crometer emulsion of EGCG showed stronger 
anticancer effect at concentrations of 25 and 50 μg/
ml. This result suggested that emulsion system 
enhanced the bioactivity of EGCG and further the 
pressure and the number of cycles applied during 
high-pressure homogenization infl uence the struc-
ture, size, and viscosity of emulsion system [ 127 ]. 

 With an aim of improving the bioavailability 
of green tea extract, Kim and group prepared 
nano-emulsifi ed green tea extract and investi-
gated its antioxidant and hypolipidemic effects. 
Nanoemulsions were prepared by heating mixture 
A (cholesterol 2.5 %, phytosterol 2.5 %, Cetech-3 
2.0 %, Cetech-5 2.0 %) and mixture B (cetyl 
phosphate 0.4 %, glycerine 7.0 %, water 92.6 %), 
mixing and homogenizing at 1,500 rpm for 
5 min, followed by cooling at 45 °C. 10 % green 
tea extract and 15 % medium-chain fatty acid 
triglyceride (MCT) were added to the mixture 
and sprayed through a high-pressure microemul-
sifi er at 13,500 psi. Mean particle size of 300 nm 
was obtained. In vivo analysis was carried out on 
the two identical groups of 57BL/6 mice. First 
group was fed on green tea extract and the other 
on nano-emulsifi ed green tea extract for 4 weeks. 
Total and low-density lipoprotein cholesterol 
concentrations were signifi cantly reduced after 
nano-emulsifi ed green tea extract treatment in 
comparison with green tea extract, while antioxi-
dative effect of green tea extract was found to be 
comparable with that of nanoemulsion. Protein 
expression of low-density lipoprotein receptor 
was signifi cantly increased in the livers of nano- 
emulsifi ed green tea extract-treated group as 
compared to the green tea extract-treated group. 
The results of in vivo studies suggested that the 
expression of 3-hydroxy-3-methylglutaryl coenzyme 
A reductase (a key enzyme involved in cholesterol 
biosynthesis) was signifi cantly downregulated by 
nano-emulsifi ed green tea extract. The expression 
of mRNA of sterol regulatory element-binding 
protein 2 (regulates the expression of HMG-CoA 
reductase gene) was reduced more in nano-emulsifi ed 
green tea extract-treated group as compared to 
the green tea extract-treated group [ 19 ].   
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4     Conclusion 

 Oxidative stress is the major cause of a number of 
pathophysiological diseases in human body. 
Catechins present in green tea which are an 
important class of fl avonoids due to their antioxi-
dant property and other benefi ts are able to fi ght 
against therapeutic conditions including heart 
disease, hypercholesterolemia, dead brain cells, 
cancer, and microbial infections. Therefore, an 
effi cient delivery system to stabilize and prolong 
the shelf life of green tea and its active compo-
nents is needed. This chapter has summarized 
various nanocarrier-based delivery systems for 
encapsulation of green tea and its catechins, and 
results have demonstrated enhanced stability and 
bioavailability through oral and transepidermal 
route. The results of various studies prove pri-
marily through in vitro results and cell line work 
that encapsulation of green tea and its active 
catechins enhances the antioxidant activity, 
stability against enzymatic degradation, and sol-
ubility issues. Higher encapsulation effi ciencies 
were achieved via encapsulation in nanoparticles 
as compared to liposomes, micelles, or other 
systems. Nanoparticles using biodegradable 
polymers have been explored exhaustively for 
encapsulating catechins via various modes of 
preparation and show promising results in terms 
of enhancing the encapsulation, effi cacy, and 
retention at the site of action. Some studies have 
even shown the possibility of targeting nano- 
encapsulated catechins to the regions of the brain 
for the treatment of central nervous system- 
related disorders. But more advanced in vivo 
work needs to be done to substantiate the results 
of the in vitro work in the future.     
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    Abstract  

  The search for natural antioxidants is an ongoing endeavour as an aid to 
combat the harmful effects of free radicals. Research advances in the past 
few decades have shown that, by controlled enzymatic hydrolysis, natural 
antioxidants can be produced from food proteins. In this chapter, the role 
of certain antioxidative peptides derived from food proteins is discussed in 
relation to their prospect in the prevention of oxidative stress. The molecu-
lar diversity of these food peptides is described together with their phar-
macological effects and mechanisms of action in relation to antioxidation. 
The production of these peptides and the elucidation of their antioxidative 
peptides are also presented. Owing to their therapeutic potential, antioxi-
dative peptides derived from food proteins can be incorporated as ingredi-
ents in functional foods, nutraceuticals and pharmaceuticals, where their 
biological activities may inhibit product oxidation or assist in the control 
and prevention of diseases induced by free radicals. However, further 
insightful research is needed to overcome certain scientific challenges 
and thereby increase and promote consumer acceptance of these natural 
antioxidants.  

  Keywords  

  Oxidative stress   •   Food proteins   •   Bioactive antioxidative peptides   • 
  Bioprocessing applications   •   Human health  

        D.   Agyei    
  Department of Chemical Engineering ,  Monash 
University ,   Clayton ,  VIC   3800 ,  Australia     

    M.  K.   Danquah    
  Department of Chemical Engineering ,  Monash 
University ,   Clayton ,  VIC   3800 ,  Australia    

  Department of Chemical and Petroleum Engineering , 
 Curtin University of Technology , 
  Miri ,  Sarawak   98009 ,  Malaysia     

      Antioxidative Peptides Derived 
from Food Proteins 

           Dominic     Agyei    ,     Michael     K.     Danquah    , 
    Indira     P.     Sarethy     , and     Sharadwata     Pan   

    I.  P.   Sarethy      (*) 
  Department of Biotechnology ,  Jaypee Institute of 
Information Technology , 
  Noida ,  Uttar Pradesh   201307 ,  India   
 e-mail: indirap.sarethy@jiit.ac.in   

    S.   Pan    
  Department of Chemical Engineering ,  Indian Institute 
of Technology Bombay , 
  Mumbai ,  Powai   400076 ,  India    

mailto: indirap.sarethy@jiit.ac.in


418

1         Introduction: Oxidative 
Stress and Effects 
on Human Health 

 Free radicals (atoms with an unpaired electron) 
play an important role in biology. They are 
mainly derived from oxygen (as reactive oxygen 
species/ROS) and nitrogen (as reactive nitrogen 
species/RNS). The production of free radicals 
can be due to normal endogenous metabolic 
processes and pathophysiological states or via 
exposure to external physicochemical conditions 
(such as pollutants, smoke, xenobiotics and radi-
ation) [ 1 ]. Free radicals are necessary for the 
body because they play crucial roles in cellular 
redox signalling and homeostasis. Thus, the body 
monitors and inhibits the production of high 
levels of free radicals by using a plethora of 
mechanisms for minimising free radical-induced 
damages and/or for repairing damages that occur. 
Endogenous enzymes (such as superoxide 
dismutase, catalase, glutathione peroxidase and 
glutathione reductase) and antioxidants from 
dietary sources (vitamin A, vitamin C and vita-
min E) play a key role in the defence mechanism 
against free radicals [ 2 ]. The failure of these 
mechanisms to counteract the harmful effects of 
free radicals (ROS) results in tissue injury and is 
termed oxidative stress [ 1 – 3 ]. Free radical chem-
istry in the body is of much concern because the 
reaction of a radical with a non-radical (such as 
lipid, protein, carbohydrate and nucleic acid) 
results in a free radical chain reaction and the for-
mation of new radicals which in turn can react 
with new macromolecules [ 3 ,  4 ]. Some of the 
harmful effects of free radical action include lipid 
peroxidation; protein carbonylation, oxidation 
and cross-linking; DNA base conversion and 
strand breaks; and protein/DNA cross-linking [ 4 ]. 
All these disrupt normal cellular metabolic and 
signalling mechanisms. Thus, oxidative stress 
has been implicated in the process of ageing and 
also in the aetiology of over a hundred major 
diseases such as neurodegenerative diseases (Lou 
Gehrig’s disease, Parkinson’s disease, Alzheimer’s 
disease, Huntington’s disease), cardiovascular 

diseases (myocardial infarction, strokes), sickle 
cell disease and chronic fatigue syndrome [ 1 ,  4 ,  5 ].  

2     Signifi cance of Antioxidants 

2.1     Role of Antioxidants 

 Given the potential for tissue damage by free 
radicals, antioxidants are used to prevent and/or 
improve different diseased states. Endogenous 
antioxidant defences of the body can be classifi ed 
into enzymatic and nonenzymatic types [ 2 ]. They 
can either be in the intracellular or extracellular 
medium or include enzymes such as superoxide 
dismutase (SOD), catalase (CAT), glutathione 
peroxidases (GPx), glutathione reductase (Gred), 
peroxiredoxins, etc. In connection with this, there 
are some chemical elements which have no 
antioxidant action themselves and are instead 
required for the activity of some antioxidant 
enzymes. These are called antioxidant nutrients 
and include selenium, copper, zinc, iron and 
manganese. The nonenzymatic antioxidants 
include glutathione (GSH), melatonin, uric acid, 
ubiquinol (coenzyme Q), α-tocopherol and toco-
trienols (vitamin E), ascorbic acid (vitamin C), 
lipoic acid and carotenes (including retinol, vitamin 
A and β-carotene) among others [ 6 ]. Generally, 
the action of antioxidants is at the levels of pre-
vention (where formation of ROS is stopped by 
enzymatic antioxidants), interception (via radical 
scavenging) and repair (via the action of repair 
enzymes) [ 1 ,  7 ].  

2.2     Synthetic and Natural 
Antioxidants 

 Nonenzymatic antioxidants are obtained from 
supplements or antioxidant-containing foods 
and have been known to help reduce oxidative 
damage and reduce the risk in development of 
chronic diseases such as cancer and cardiovascular 
diseases [ 2 ,  6 – 8 ]. 

 Synthetic and natural food antioxidants 
are also used as additives to protect food and 
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medicine quality by preventing oxidative 
deterioration such as lipid oxidation. Examples 
of these include butylated hydroxytoluene 
(BHT), butylated hydroxyanisole (BHA), tert-
butylhydroquinone (TBHQ), ethylene diamine 
tetraacetic acid (EDTA) and gallates such as pro-
pyl gallate, dodecyl gallate and octyl gallate. 
However, in recent years, preference for natural 
antioxidants is escalating as most synthetic anti-
oxidants are disadvantaged with high toxicity 
and carcinogenic or mutagenic effects [ 2 ,  7 ]. For 
example, although BHT and BHA have a history 
of use as in food industry, cosmetics and thera-
peutic industry, they have recently been reported 
to be dangerous for human health, especially 
when used at high concentration. BHA and BHT 
are highly volatile and unstable at elevated 
temperatures [ 7 ]. As such, it is feared that their 
degradation products might exert toxic effects 
[ 9 ]. Moreover, legislation requirements are being 
tightened regarding the use of synthetic food 
additives because of recent toxicological studies 
and the increasing interest among consumers 
for ‘natural’ approaches to disease prevention or 
management. Natural antioxidants are of low 
cost and highly compatible with dietary intake 
and exert no harmful effects inside the human 
body. These make them promising alternatives 
to the use of synthetic antioxidants in food, 
cosmetic and therapeutic products [ 7 ]. The use of 
dietary natural antioxidants has been practised 
for centuries and refl ects beliefs and practices of 
the age old saying of Hippocrates ‘let food be thy 
medicine and thy medicine food’.  

2.3     Bioactive Peptides in Disease 
Control 

 Bioactive peptides and hydrolysates derived from 
food protein sources have shown promising 
functions in modulating several endogenous 
physiological processes in living body systems. 
The biological activities exhibited by these prod-
ucts are due to the presence of special peptides in 
forms and quantities that trigger benefi cial health 
effects in vitro and in vivo. These peptides trigger 
physiological responses such as antihypertensive, 

immunomodulatory, anticancer, antimicrobial and 
antioxidant activities [ 10 – 18 ]. Aside phytochem-
icals, several food-derived proteins and protein 
hydrolysates have been shown to exhibit various 
antioxidant activities [ 19 ,  20 ], and recent litera-
ture has identifi ed several antioxidative food 
protein hydrolysates of plant, marine and animal 
origin which are utilised in health, pharmaceuti-
cal and food products as well as in the control of 
oxidative stress.   

3     Antioxidative Peptides: 
Functionalities 
and Mechanism 

 Phenolic groups in plant-derived antioxidants allow 
the ‘deactivation’ of oxidant species, and this is 
the subject of intense research [ 21 ]. Similarly, 
due to their three-dimensional structure, proteins 
and peptides are able to perform certain physio-
logical roles such as antioxidative activities 
in vitro and in vivo. Over the past few decades, 
research has unravelled a number of antioxidative 
peptides from a wide range of food proteins (see 
Table  1 ). Some examples of these are presented 
below.

3.1       Sources of Antioxidative 
Peptides 

3.1.1     Plant Protein Derived 
 The classic source of nonenzymatic antioxidants 
is plant-derived polyphenols obtained from a 
wide array of plant-based foods and medicinal 
plants. However, in recent years, some plant pro-
tein hydrolysates have been shown to exhibit 
potent antioxidative properties. 

  Sweet Potato ( Ipomoea batatas ):   Mu and Sun [ 35 ] 
have recently identifi ed potent antioxidative 
preparations from an alcalase    hydrolysate of sweet 
potato. Fractions of molecular weight below 3 kDa 
showed protective effects against DNA damage 
via hydroxyl radical- scavenging activity (50 % 
inhibitory concentration, IC 50  = 1.74 mg mL −1 ) and 
Fe 2+ -chelating ability (IC 50  of 1.54 mg mL −1 ). 
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These antioxidative properties were attributed to 
the presence of amino acids such as histidine, 
methionine, cysteine, tyrosine and phenylalanine, 
as well as other hydrophobic amino acids, all of 
which have antioxidant properties.  

 Aside the biological application, the production 
of antioxidative peptides from sweet potato is also 
an important environmental remediation strategy. 
This is because commercial production of sweet 
potato starch generates huge quantities of waste 
water rich in protein, sugars and minerals. These 
nutrients increase the economic cost of disposal of 
the waste water due to the high biochemical oxy-
gen demand (BOD) and chemical oxygen demand 
(COD). Therefore, the recovery of bioactive sweet 
potato hydrolysates from starch waste water also 
assists in lowering pollution and reduces the 
wastage of protein resources [ 35 ]. 

  Soybean ( Glycine max ):   Soybean is one of the 
most protein-rich cultivated plants in the world. 
It has been known to possess multiple health-
promoting functions due to the presence of 
several nutrients including bioactive proteins 
and peptides [ 36 ,  37 ]. Park and others [ 22 ] have 
reported a potent antioxidant hydrolysate 
fraction obtained by alcalase treatment of 
defatted soy proteins. Low molecular mass 
hydrolysate fractions (NMWCO <3 kDa) 
showed strong antioxidant properties when 
assayed with the thiobarbituric acid reactive 
substances assay. The potent antioxidant peptide 
was rich in the hydrophobic amino acids 
(phenylalanine, alanine and proline). In another 
study, Roblet and others [ 38 ] observed that 
ultrafi ltration of soy protein hydrolysates 
obtained from a double enzymatic action of 
pepsin and pancreatin yielded peptides with 
antioxidant capacity (as assayed by oxygen 
radical absorbance capacity assay). Soy protein 
hydrolysates with enhanced antioxidant activity 
therefore have potential for use as a functional 
ingredient in food and medicinal products. Other 
well-studied plant protein sources of antioxidative 
peptides include rice endosperm proteins, yam 
tuber proteins, defatted peanut kernels, chickpea 
proteins, corn proteins (zein), alfalfa leaf proteins, 
sunfl ower proteins and wheat gluten [ 20 ,  39 ].   

3.1.2     Animal Protein Derived 
3.1.2.1    Marine Animal Foods 
 The biodiversity of the sea and marine life is 
huge and enormous. The marine environment is 
home to a wide range of organisms that contain 
natural compounds with medicinal properties. 

  Oyster:   Recently, very potent antioxidative 
peptides have been isolated from alcalase 
hydrolysates of proteins from the Akoya pearl 
oyster ( Pinctada fucata ). When the peptides 
were formulated into cosmetic cream and applied 
topically, the preparation slowed down the 
process of lipid peroxidation (as evaluated by 
TBARS assay) [ 40 ]. In the same study, female 
Kunming mice were used as models for studying 
stimulated photo-ageing and response of skin 
elasticity, water content, wrinkling and histology 
of mice skin to UVB irradiation.  P. fucata  
antioxidant peptides in the cosmetic cream were 
able to slow down the progress of wrinkle 
development and UVB irradiation- induced 
decrease in skin elasticity [ 40 ]. Such preparations 
could therefore be useful ingredients for non-
invasive topical skin treatments to retard or reverse 
the effects of photo-ageing on human skin.  

  Fish:   In another study, pepsin, trypsin and 
α-chymotrypsin, in an in vitro simulated gastro-
intestinal digestion, were used to hydrolyse the 
skins of two marine fi shes – horse mackerel 
(    Megalaspis cordyla ) and croaker ( Otolithes 
ruber ). After purifi cation, two peptides 
(NHRYDR and GNRGFACRHA) were obtained, 
and both peptides exhibited high Fe 2+  chelation 
comparable to EDTA, as well as anti- peroxidation 
of polyunsaturated fatty acid (PUFA) that was 
greater in activity than that of the natural 
antioxidant α-tocopherol [ 30 ]. Horse mackerel 
and croaker skin therefore have a potential as 
nutraceutical and bioactive foods wherein, upon 
consumption, they may be expected to protect 
against oxidative damage in living systems.  

 It has been estimated that the fi sh processing 
industry produces over 60 % by-product waste in 
the forms of skins, head, viscera, trimmings, 
liver, frames, bones and roes [ 41 ]. These by- 
products are rich in proteins and can therefore be 
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processed into high-market-value products such 
as bioactive peptides. Chalamaiah and others 
[ 41 ] have reviewed the antioxidative properties 
of fi sh protein hydrolysates prepared from differ-
ent parts of fi sh. A great variety of other marine 
fi sh protein hydrolysates have also been screened 
for their antioxidant properties [ 41 – 43 ], and the 
possible applications of these biomolecules are 
limitless.  

3.1.2.2    Milk and Dairy Products 
 Milk and dairy proteins constitute the most 
widely studied and most abundant source of 
bioactive peptides, and these peptides can be 
encrypted in the caseins or whey proteins [ 10 ]. 

  Casein:   Peptides derived from a peptic digest of 
casein have been isolated and characterised for 
their free radical-scavenging activities [ 44 ]. These 
peptides were purifi ed by a range of chroma-
tographic methods (ion exchange, gel fi ltration and 
reversed-phase HPLC) yielding peptides with 
strong scavenging affi nity for superoxide, hydroxyl 
and DPPH radicals. The peptides identifi ed 
included EL, YFYPEL, FYPEL, YPEL and 
PEL. This demonstrates that a Glu-Leu sequence is 
important for the activity [ 44 ].  

  Whey:   Whey proteins are important dietary 
source of branched-chain amino acids which 
have been shown to stimulate protein synthesis 
[ 45 ]. Additionally, from the results of preclinical 
studies in rodents, whey proteins have been 
shown to possess several health functions such 
as anti- infl ammatory or anticancer and anti-
hypertensive properties [ 46 ].  

 Antioxidant properties of whey protein hydro-
lysates and peptides have also been demonstrated. 
In their studies, Peña-Ramos and others [ 47 ] were 
able to purify peptides with lipid anti- peroxidation 
activities by reacting whey protein isolates with 
the commercial enzymes Alcalase, Protamex and 
Flavourzyme. The peptide fractions were purifi ed 
by size exclusion  chromatography and showed 
that higher-molecular-weight fractions (>45 kDa) 
possessed a higher TBARS inhibition effect than 
lower-molecular-weight fractions and hydroly-
sate mixtures. Amino acid composition assay 

revealed that the prevalence of histidine and 
hydrophobic amino acids was responsible for the 
antioxidative activities [ 47 ]. In another study, a 
range of different antioxidative activities were 
displayed by Alcalase-treated fractions of whey 
protein isolates. Compared with non-hydrolysed 
whey protein isolates (WPI), the hydrolysates 
showed greater radical- scavenging ability, Cu 2+ -
chelating effects and improved reducing power. 
When compared with the standard antioxidants 
BHA and sodium ascorbate, the WPI hydrolysates 
were superior in sequestering Cu 2+  [ 27 ]. Antioxidant 
peptides have also been isolated from several 
commercial fermented milk products [ 48 ]. These 
studies show that enzyme-hydrolysed whey pro-
teins have the potential as effective antioxidants 
that can act as a hydrogen donor, metal-ion chela-
tor and radical stabiliser to inhibit lipid oxidation 
in foods. Whey protein wastes are an environmental 
nuisance in the dairy industry [ 49 ]. The conversion 
of whey proteins to useful natural antioxidants 
could therefore be a viable valorisation tool for 
making value out of whey waste, thereby providing 
a sustainable solution to the problem of whey 
protein disposal faced by the dairy industry. 

 A number of antioxidative peptides have also 
been identifi ed in meat and egg proteins. These 
have not been discussed here in detail but are 
captured in Table  1 .   

3.1.3     Mycoproteins Derived 

  Edible Mushrooms:   A signifi cantly huge number 
of mushroom species have been used over the 
years as food and additives of nutraceutical and 
pharmaceutical preparations [ 6 ]. The antioxidant 
properties of most edible mushroom species are 
based on several compounds including proteins 
and peptides [ 2 ].  

 Sun et al. [ 31 ] isolated a potent peptide from 
fermented medical mushroom ( Ganoderma 
lucidum ). The major antioxidant fraction was a 
peptide designated as  G. lucidum  peptide (GLP) and 
exhibited a number of antioxidative properties. 
In soybean oil system, GLP showed higher 
antioxidant activity than BHT. Furthermore, GLP 
possessed hydroxyl radical-scavenging property 
(IC50 value of 27.1 μg/ml) and superoxide anion 
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radical quenching abilities in a dose-dependent 
manner (IC50 value of 25 μg/ml). GLP also 
displayed substantial antioxidant activity in the 
rat liver tissue homogenates and mitochondrial 
membrane peroxidation systems. Auto- haemolysis 
of rat red blood cells was blocked by GLP in a 
dose-dependent manner. These demonstrate that 
the antioxidative properties of  G. lucidum  are 
mainly due to peptides [ 31 ].  

3.1.4     Algae Derived 
 In terms of nutrition, algae are an unconventional 
source of dietary proteins, oils and antioxidants. 
However, they act as a useful source of these 
nutrients particularly to individuals with dietary 
restrictions such as vegetarians and patients with 
fi sh allergies [ 50 ]. 

   Spirulina :   In recent years, the microalga  Spirulina  
is gaining rapid attention as a major health food 
among researchers and consumers. This is largely 
as a result of its high protein content (60–70 % by 
dry weight).  Spirulina  has been shown to possess 
hypolipidemic, antioxidant and anti- infl ammatory 
bioactivities in a number of preclinical and clinical 
studies [ 51 ], and these activities have been due to 
the presence of specifi c bioactive protein and 
peptide sequences [ 52 ]. A number of antioxidative 
peptides have also been obtained from algae 
species such as  Chlorella vulgaris  [ 53 ],  Chlorella 
ellipsoidea  [ 32 ] and  Pavlova lutheri  [ 33 ].    

3.2     Effects of Amino Acid 
on Antioxidative Properties 

 It has been observed that the biological function 
of antioxidative peptides is based on the amino 
acid composition and sequence. In fact, the 
 levels, compositions and properties of free amino 
acids (FAAs) and peptides have been correlated 
to the antioxidant activities of protein hydroly-
sates [ 54 ]. Certain structural characteristics such 
the nature, charge, basicity, aromaticity and 
hydrophobicity of key amino acids in the primary 
sequence infl uence the three-dimensional (3D) 
conformation of a peptide and therefore affect the 

biological function [ 10 ,  55 ]. A strong structure- 
function relationship can be used to explain the 
antioxidative properties of most amino acids. 
Met and Cys possess a thiol group each, Tyr and 
Phe possess phenolic groups, while His has an 
imidazole ring which has been shown to be 
responsible for certain antioxidant properties 
involving chelating and lipid radical-trapping 
abilities [ 56 ]. Summarised in Table  2  are key 
roles played by some amino acids in peptides 
with antioxidative properties.

3.3        Perspectives in the Production 
of Antioxidative Peptides 

 As discussed earlier, bioactive peptides are 
obtainable from protein biomolecules which in 
themselves do not trigger any physiological 
response but are only made ‘bioactive’ after 
enzymatic hydrolysis. Direct wet production of 
bioactive peptides can be due to gastrointestinal 
digestion, in vitro enzymatic digestion and 
whole cell fermentation of food proteins [ 10 ] 
(see Fig.  1 ).

   Table 2    Effects of amino acid on antioxidative properties   

 Amino acid type  Examples and effect 

 Electrically 
charged amino 
acids 

 H: imidazole group of histidine 
increases metal-ion chelation, 
scavenging of hydroxyl radical 
and quenching of active oxygen 
radicals 

 Hydrophobic 
amino acids 

 W: has scavenging ability 
 V, L, G: when present at about 
55 % of the sequence, they 
increase solubility of peptides in 
lipid phase. Peptides are therefore 
able to inhibit lipid peroxidation at 
the water-lipid interface 

 Sulphur- 
containing amino 
acids 

 C: acts as precursors for the 
synthesis of glutathione 
(γ-L-glutamyl-L-cysteinylglycine) 

 Acid amino acids  E, D: change redox cycling 
capacity and improve metal-ion 
binding 

 Aromatic amino 
acids 

 F, Y: aromatic rings enables the 
chelation of pro-oxidant metal 
ions 

  Adapted from [ 22 ,  56 ,  57 ]  
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   A growing body of evidence suggests that bio-
active peptides are produced naturally from 
dietary proteins during gastrointestinal transit of 
the protein. However, the demerit of this produc-
tion pathway is that the generation of bioactive 
peptides is uncontrolled. Also, peptides gener-
ated may be insuffi cient to trigger the necessary 
physiological response in adult humans [ 58 ]. 

 The production of bioactive peptides by the 
action of enzymes on whole proteins is the most 
popular and widely studied approach. Enzymes 
employed include pepsin, trypsin, chymotrypsin, 
pancreatin, alcalase and thermolysin. Enzymes 
from bacterial and fungal sources have also been 
utilised in the production of bioactive peptides 
from various proteins [ 11 ,  46 ]. The production 

of bioactive peptides by exploiting the proteo-
lytic properties of microbial proteases has been 
argued as cost-effective, economic and scalable 
[ 10 ,  16 ]. 

 Microbial fermentation is also a widely used 
pathway for the production of bioactive peptides. 
This is because several microbial species, partic-
ularly the dairy starters, are highly proteolytic 
and therefore can generate peptides during the 
fermentation of proteins in dairy products such as 
cheese and yogurt. The proteolytic system of sev-
eral lactic acid bacteria has been studied [ 59 ,  60 ], 
and this presents a plethora of live proteolytic 
microorganisms and their proteolytic enzymes 
which can be used in peptide production from 
food proteins [ 10 ]. 

In silico pathway

From protein sequence
databases, select protein
substrates and enzyme(s)
that will yield the peptide of

interest    

Select peptide sequence
with bioactivity of interest

from literature

In silico digestion

In silico identification and
characterization of peptide

of interest 

Direct wet production pathway

Food
Protein 

Direct Wet
Production 

Gastro-
intestinal
digestion 

Enzymatic
hydrolysis 

Microbial
fermentation  

Bioactive
Peptides 

Fractionation and
Purification 

  Fig. 1    Production of bioactive peptides       
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 In recent years, a number of in silico and 
‘omic’ techniques have been employed in the 
production and studies of bioactive food protein 
peptides. Some of these ‘omic’ tools that are of 
primary interest to the study and applications of 
bioactive peptides derived from food proteins are 
nutrigenomics, food proteomics and food pepti-
domics. Advancement in ‘omic’ techniques has 
been served greatly by the amalgamation of high- 
throughput mass-spectrometry-based methodol-
ogies [ 61 ] and computational achievements in the 
development of new algorithms to analyse huge 
and bulky data in a quick and effective manner. 
These computational peptidomics and in silico 
techniques allow bioactive peptides of interest to 
be predicted from food proteins of known amino 
acid sequence by using enzymes of known cata-
lytic specifi city that will yield the peptide of 
interest (Fig.  1 ). Another area of advancement is 
the use of models such as the quantitative structure 
activity relationship (QSAR). QSAR works on 
the principle that the biological activity of a 
molecule can be predicted, often mathematically, 
based on its physicochemical or structural prop-
erties [ 62 – 65 ]. In silico, prediction and QSAR 
have been used to identify bioactive peptides 
from several common food proteins [ 66 ,  67 ].   

4     Antioxidant Capacity 
Evaluation 

 In many ways, the estimation of antioxidant 
capacity of biomolecules is based on the biochemi-
cal pathways or mechanism of action exhibited 
by antioxidants. It can be observed from Table  1  
that a large number of different methods are used 
to evaluate antioxidant  capacity. This diversity 
makes it diffi cult to compare the antioxidant 
properties of one system with another. Also, in 
complex systems like foods or cells, no single 
assay is able to accurately refl ect the mechanism 
of action of all radicals and antioxidants [ 57 ]. 

 In most studies, an antioxidant assay could be 
one of two approaches. The fi rst involves measur-
ing the extent to which the preformed free radical 
is scavenged. The second approach involves 
estimating the presence of antioxidant against the 

generation of the radical [ 68 ]. Several techniques 
and assays have been used to estimate antioxi-
dant properties (Table  3 ), but it must be borne in 
mind that specifi c methods have not yet been 
developed to determine the antioxidative capacity 
of peptides [ 20 ]. A number of other methods have 
also been discussed [ 69 ].

5        Potential Applications 
of Antioxidative Peptides 

 Broadly, since antioxidative peptides are of ‘natu-
ral’ origin, they can be used as functional ingredi-
ents in food, nutraceutical, pharmaceutical and 
cosmeceutical products, where they will help to 
control deterioration caused by oxidation and also 
control oxidative stress in living body systems. 

5.1     Antioxidative Peptides 
in Food Industry 

 The potential for antioxidative peptides to 
contribute to a healthier nutrition via ingesting 
has been widely discussed in the scientifi c 

   Table 3    Some antioxidant estimation assays   

 Assay approach  Antioxidant estimation assays 

 Free radical 
scavenging 

 Oxygen radical absorbance capacity 
(ORAC) assay 
 Hydroxyl radical-scavenging 
activity (HRSA) assay 
 Superoxide radical-scavenging 
activity (SRSA) assay 
 2,2-Diphenyl-1-picrylhydrazyl 
(DPPH) radical-scavenging activity 
assay 
 2,2′-Azinobis 
(3-ethylbenzothiazoline-6-sulfonic 
acid) (ABTS) 

 Inhibition 
of free radical 
generation 

 Fe 2+  chelating (FC) activity 
 Copper-chelating (CC) activity 
assay 
 Lipid peroxidation inhibition 
activity (LPIA) assay 
 Ferric reducing/antioxidant power 
(FRAP) assay 
 Thiobarbituric acid reactive 
substances (TBARS) assay 
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community and is the subject of interest in the 
context of health-promoting functional foods 
[ 46 ]. There is an increasing belief in the benefi ts 
of using natural approaches for disease control 
and prevention. The result is a rapid growth in 
commercial markets for the sale of dietary 
supplements and functional foods. This is evi-
denced by the fact that the marketing of food 
products with health claims is a well-established 
industry in most developed countries. There is a 
booming market for antihypertensive and anti- 
hypercholesterolaemic peptides through products 
like BioZate (USA), Festivo (Finland), PeptoPro 
(Netherlands) and other products classifi ed as 
Food for Specifi ed Health Uses (FOSHU, Japan). 
However, no such strides have been made in the 
investment and marketing of antioxidative 
peptides [ 57 ]. The absence of large-scale produc-
tion and purifi cation technologies for bioactive 
peptides is another limiting factor to the com-
mercialisation of bioactive peptides [ 18 ]. To cir-
cumvent this, whole protein hydrolysates with 
unpurifi ed bioactive peptide mixtures are used 
to fortify functional foods. However, for the pur-
poses of pharmaceutical applications, purifi ed 
peptides must be used [ 57 ].  

5.2     Antioxidative Peptides 
as Pharmaceutical 
and Dermatological Products 

 Proteins and peptides are native in living body 
systems where they are responsible for a host of 
physiological functions. The diverse physiologi-
cal roles of food peptides make them suitable 
candidates for the development of therapeutic 
agents. In purifi ed forms, food-derived peptides 
can be used as active pharmaceutical ingredients 
(APIs) in therapeutic products [ 16 ]. The rationale 
for the use of bioactive peptides in therapeutic 
and dermatological products hinges on the fact 
that these peptides are very diverse in nature and 
have a wide spectrum of therapeutic action. 
They have high absorption profi le and biological 
activities, have high specifi cities, are low in 
toxicity and also have ‘generally regarded as 
safe’ (GRAS) status [ 70 ].   

6     Some Research Challenges 

 It has been argued that the use of natural antioxida-
tive peptides should be encouraged due to their 
toxicological safety (compared with synthetic com-
pounds) and the better intestinal absorption profi le. 
However, before this can be achieved, a number of 
research-related bottlenecks must be removed. 

6.1     Allergenicity 

 One major concern associated with the use of 
antioxidants from food proteins is the potential 
for allergenic reactions – especially when the 
peptides are obtained from dairy, soy, nuts and 
eggs. All the constituents that are responsible for 
both pollen and food allergies are proteinaceous 
in nature. Also, several native proteins (such as 
cow milk) act as precursors for both bioactive 
peptides and allergenic peptides – giving both 
toxic and non-toxic effects. This may account for 
the reason why cow milk constitutes the leading 
cause of food allergies in infants and young chil-
dren under 3 years [ 71 ,  72 ]. It has also been 
shown that some protein hydrolyses can also be 
considered as allergens because they may retain 
part of the allergenicity of the native protein [ 73 ]. 
It is therefore important that food-derived 
bioactive peptides be subjected to comprehensive 
safety assessment in order to identify any poten-
tial cytotoxic and allergenic properties.  

6.2     Safety and Undesirable 
Organoleptic Properties 
of Peptide-Fortifi ed Foods 

 Another issue of concern is the potential of 
peptides to impart undesirable organoleptic and 
functional properties such as bitterness and 
changes in product textures and colour. Aside 
the production of bioactive peptides, enzymatic 
treatment of most food proteins also results in 
the undesirable outcome of bitter peptides [ 74 ]. 
Peptides could also alter the texture (i.e. viscosity 
or gelation) and colour (due to Maillard reaction) 
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of the fi nal product [ 19 ]. These may be undesirable 
in functional food products that may need to be 
fortifi ed with bioactive peptides. Further, certain 
products of Maillard reaction have been shown 
to be potentially carcinogenic [ 75 ]. Other factors 
that have impact on the biological effi cacy of 
antioxidative peptides and therefore need to be 
studied and monitored include activity at low 
concentration, compatibility with food and 
nutraceutical matrices, bioavailability, fate of the 
peptides during gastrointestinal transit as well as 
permeability through cellular membranes [ 57 ].   

7     Conclusion and Future 
Projections 

 Free radical damage contributes to the aetiology 
and aggravation of many chronic health condi-
tions and ageing. Antioxidants have been used to 
control free radical formation and propagation, 
thereby controlling free radical-induced tissue 
damage. Although synthetic antioxidants have a 
long history of use in food and other systems, 
they are being phased out due to reports about 
their effect on human health. On the other 
hand, some peptides have been isolated from 
several food proteins and shown to have potent 
 antioxidative activities. These peptides derived 
from food proteins serve as natural, effective and 
non-toxic alternatives to synthetic antioxidants. 
The antioxidative properties of food peptides 
have been well established in terms of their 
radical- scavenging properties, oxidant ion 
chelation properties and free radical production 
inhibition. These peptides therefore have the 
prospects of being incorporated as ingredients 
in functional foods, nutraceuticals and pharma-
ceuticals where their biological activities may 
assist in the control and prevention of diseases 
caused by oxidative stress and free radical dam-
age. However, further insightful research on the 
safety, undesirable side reactions, stability 
and allergenicity is needed to fi rmly establish 
their therapeutic potency and justify their future 
use as ingredients in food and pharmaceutical 
products.     
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