IOSR Journal Of Pharmacy And Biological Sciences (IOSR-JPBS)
e-1SSN:2278-3008, p-1SSN:2319-7676. Volume 14, Issue 2 Ser. Il (Mar — Apr 2019), PP 57-64
www.losrjournals.Org

Free Radicals as Mediators of oxidative Damage and Disease

Abiodun Olusoji Owoade *, Adewale Adetutu’, and

Olubukola Sinbad Olorunnisola®
! Department of Biochemistry, Ladoke Akintola University of Technology, Ogbomosho, Nigeria
*Corresponding Author:Abiodun Olusoji Owoade
Department of Biochemistry,
Ladoke Akintola University of Technology,Ogbomosho,Nigeria

Abstract:Reactive oxygen species (ROS) and reactive nitrogen species (RNS) areknown to play a dual role in
biological systems, since they can be either harmful or beneficial to living systems.The cumulative production of
ROS/RNS through either endogenous or exogenousinsults is termed oxidative stress. Oxidative stress determines
structure modifications and function modulation in nucleic acids,lipidsand proteins which has been found to be
present in various disease cells when compared with normal cells. This reviewexamines the evidence for
involvement of the oxidative stress in disease process. Attention is focused on endogenous and exogenous
sources of free radicals generation, the metal (iron,copper)-mediated formation of free radicals (e.g. Fenton
chemistry), theDNA damage, the damage to lipids and proteins by free radicals. Theoxidative damage in the cell
resulted in over-expression of oncogene genes, generation ofmutagen compounds, promotion of atherogenic
activity, senile plaque occurrence or inflammation. Thisleads to cardiovascular diseases, carcinogenesis,
neuronal diseases, diabetes and inflammatory diseases.
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I.  Reactive Oxygen And Nitrogen Species

There has been an ‘explosive’ interest in the biological role of free radicals, more generally known as
“reactive oxygen species,” (ROS) and of “reactive nitrogen species” (RNS) in experimental and clinical
medicine in the last two decades(Halliwell and Gutteridge, 1999). ROS and RNS are generated in vivo from
incomplete reaction of oxygen during aerobic metabolism, stimulated host phagocytes, or from exposure to
environmental agents such as radiation and redox cycling agents(Park et al., 2003). ROS include free radicals
(which are defined as molecules or molecular fragments containing one or more unpaired electrons) such as
superoxide (O,7), hydroxyl (OH"), peroxyl (ROO"), hydroperoxyl (HROO") as well as non-radical species such
as hydrogen peroxide (H,O,) and hypochlorous acid (HOCI)(Evans et al., 2002; Turko and Murad, 2002). RNS
include free radicals like nitric oxide (NO’) and nitrogen dioxide (NO,), as well as nonradicals such as
peroxynitrite (ONOQO"), nitrous oxide (HNO;) and alkyl peroxynitrates (RONOQO)(Evans et al., 2002; Turko and
Murad, 2002). Reactive oxygen and nitrogen species are products of normal cellular metabolism and they are
known to play a dual role in biological systems, since they can be either harmful or beneficial to living
systems(Valko et al., 2006). Beneficial effects of ROS which occur at low/moderate concentrations include (a)
physiological roles in cellular responses to stress, as for example in defence against infectious agents and in the
function of a number of cellular signalling systems and (b) the induction of a mitogenic response(Valko et al.,
2006). The harmful effect of ROS includes widespread damage to macromolecules leading to lipid peroxidation,
protein oxidation and DNA base modification and strand breaks(Poli et al., 2004; Stocker et al., 2004). This
damage effect is termed oxidative and nitrosative stress(Kovacic and Jacintho, 2001; Ridnour, et. al., 2005)

Il. Oxidative And Nitrosative Stress

Oxidative and nitrosative stress is defined in general as excess formation and/or insufficient removal of
highly reactive molecules such as reactive oxygen species (ROS) and reactive nitrogen species (RNS)(Turko et
al., 2001; Maritim et al., 2003). This occurs in biological systems when there is an overproduction of ROS/RNS
on one side and a deficiency of enzymatic and non-enzymatic antioxidants on the other(Valko et al., 2007). The
excess ROS are harmful because they can damage cellular lipids, proteins, and DNA which are the most
important biomolecules in the human body(Orhan et al., 2006). Because of this, oxidative stress has been
implicated in the development of many ageing-related diseases, like cancer, cataract and heart diseases (Dalle-
Donne et al., 2006). The delicate balance between beneficial and harmful effects of free radicals is a very
important aspect of living organisms and is achieved by mechanisms called “redox regulation”. The process of
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“redox regulation” protects living organisms from various oxidative stresses and maintains “redox homeostasis”
by controlling the redox status in vivo. (Droge, 2002).

2.1 Hypochlorous (HOCI) — Induced Oxidative Stress

The heme enzyme myeloperoxidase (MPO; EC 1.11.1.7), which is released from activated
polymorphonuclear leukocytes and monocytes at sites of inflammation, plays a key role in the generation of
oxidants by the human immune system(Klebanoff et al., 2005).

MPO
H,O,+CIT ——» HOCI+ OH™

The HOCI generated is thought to play an important role in defence against micro-
organisms(Klebanoff et al., 2005). However, the properties that make it such a useful antimicrobial agent also
places the host at considerable risk, because HOCI has the potential to damage host tissue through the same
processes used in the destruction of invading microorganisms(Klebanoff et al., 2005). Clinical studies have
shown that a myeloperoxidase deficiency, or a low level of blood myeloperoxidase, had beneficial effects
against cardiovascular damage in patients presenting with this deficiency(Kutter et al., 2000; Zhang et al.,
2001). The oxidation of LDL by myeloperoxidase mainly leads to modifications of apolipoproteins with the
formation of chlorotyrosine, dityrosine, and nitrotyrosine(Heinecke, 2003), 3-chlorotyrosine is therefore use as a
marker of HOCI generation, and it has been found to be elevated in human atherosclerotic intima(Imran et al.,
2006). Therefore, HOCI produced by neutrophils and other phagocytic cells in vivocould form significant
oxidative stress on host cells and tissues.

2.2. Metal-Induced Oxidative Stress

Many studies have focused on metal-induced toxicity emphasising their role in the generation of
reactive oxygen and nitrogen species in biological systems, and the significance of this therein(Chen et al.,
2001; Leonard et al., 2004; Valko et al., 2005). Metal-mediated formation of free radicals may cause various
modifications to DNA bases, enhanced lipid peroxidation, and changes in calcium and sulphydryl
homeostasis(Valko et al., 2006).

2.2.1. Iron

Iron, in virtue of its ability to participate directly as a donor or acceptor in electron transfer reactions, is
an essential trace element for cell function. This property makes iron the most common cofactor within the
oxygen handling biological machinery(Beard, 2003; Aracena et al., 2006). However, if iron is not handled
properly by the cell, it interacts with molecular oxygen, generating reactive oxygen species (ROS) through
Haber-Weiss and Fenton reactions(Halliwell and Gutteridge, 1999). Uncontrolled ROS production leads to
oxidative damage of cellular components, a condition termed ‘oxidative stress’(Droge, 2003). Both animal and
human studies, have established the links 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(Berg et al., 2001; Siah
et al., 2005). Iron-induced free radical damage to DNA appears to be important for the development of cancer
and cancer cells are known to grow rapidly in response to iron(Petersen et al., 2005). These effects are more
pronounced in metal overloading conditions (Kontoghiorghes et al., 2005). Correspondingly, pre-menopausal
women and children are believed to have a lower risk of common diseases because amounts of iron in the body
are unlikely to be excessive at these times(Nelson, 2001). Occupational exposure to asbestos containing about
30% (weight) of iron is related to an increased risk of asbestosis — the second most important cause of lung
cancer after smoking(O’Reilly et al., 2007). It is generally accepted that asbestos-induced carcinogenesis is
linked with formation of free radicals.

2.2.2. Copper

Several mechanisms have been proposed to explain Cu-induced cellular toxicity. Free Cu ions
participate in the formation of reactive oxygen species (ROS). Cu*" in the presence of superoxide (O,”) or
reducing agents such as ascorbic acid or GSH, can be reduced to Cu”, which is capable of catalysing the
formation of hydroxyl radicals (OH") from hydrogen peroxide (H,0,) via the Haber-Weiss reaction(Dikalov et
al., 2004; Nakamura et al., 2007). The hydroxyl radical is a powerful oxidizing radical and can initiate oxidative
damage by abstracting the hydrogen from an amino-bearing carbon to form a carbon centred protein radical and
from an unsaturated fatty acid to form a lipid radical(Powell, 2000). The weight of evidence from in vitro and in
vivo studies indicates that copper is capable of producing ROS and inducing DNA strand breaks and oxidation
of bases(Keyhani et al., 2006; Hadi et al., 2007). It is also a powerful catalyst of LDL oxidation and may be
involved with oxidative modification of LDL to an atherogenic form(Xu et al., 2007). Copper has been
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implicated in the pathogenesis of neurodegenerative disorders, such as Alzheimer’s disease, Parkinson’s disease,
and amyotrophic lateral sclerosis(Choi et al., 2005; Boll et al., 2008). Also, it has been implicated in the process
of carcinogenesis(Daniel et al., 2004) in vitro studies have shown that cancer cells in a high copper environment
find it easy to proliferate into tumours(Wu et al., 2004; Hayashi et al., 2007). Therefore, it has been proposed
that copper-lowering drug may stabilize advanced cancer.

I11. Oxidative Damage To Biomolecules

3.1. DNA Damage

It was estimated that approximately 2% of inhaled oxygen was converted to reactive oxygen by various
biological reactions with the potential to induce protein and DNA damage(Campa et al., 2004). It has also been
estimated that one human cell is exposed to approximately 1.5x10° oxidative hits a day from hydroxyl radicals
and other such reactive species (Beckman and Ames, 1997). Permanent modification of genetic material
resulting from these “oxidative damage” incidents represents the first step involved in mutagenesis,
carcinogenesis and ageing. ROS can induce a number of covalent modifications to DNA, which encompass
single-nucleobase lesions, strand breaks, inter and intrastrand cross-links, along with protein-DNA cross-
links(Evans et al., 2004). DNA damage can result either in arrest or induction of transcription, induction of
signal transduction pathways, replication errors and genomic instability, all of which are associated with
carcinogenesis (Marnett, 2000; Cooke et al., 2003). In addition to ROS, reactive nitrogen species (RNS), such as
peroxynitrites and nitrogen oxides, have also been implicated in DNA damage (Azad et al., 2008). Both
peroxynitrites and nitrogen oxides can induce guanine nitration, producing G:C to T:A transversions, and thus
are involved in inflammation-induced carcinogenesis(Ohshima et al., 2005; Terasaki et al., 2006). While the
stability of this lesion in DNA is low, in RNA, however, this nitrogen adduct is stable.
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Figure 1. Guanine oxidation by hydroxyl radical. Modified from Valko et al., (2006)

quanine (G)

3.2. Lipid Damage

Stress-induced lipid peroxidation could play a role in the development of atherosclerosis,
neurodegeneration, cancer, and other disorders(Halliwell and Gutteridge, 1999). Lipid damage can be triggered
by reactive oxygen species (ROS) such as hydroxyl radical (OH"), hydroperoxyl radical (HROQ"), and singlet
molecular oxygen (*O,), or by reactive nitrogen oxide species such as peroxynitrite (ONOO™) and nitrogen
dioxide (NO,)(Halliwell and Gutteridge, 1999). The overall process of lipid peroxidation consists of three
stages: initiation, propagation and termination. Both (OH’), and (ONOQ") can trigger free-radical-mediated
(chain) lipid peroxidation via abstraction of an allylic hydrogen from an unsaturated lipid (LH). The resulting
lipid radical (L") with free electron delocalized over several carbons reacts rapidly with O, to give a peroxyl
radical (LOO"). Once formed, peroxyl radicals (LOO") can be rearranged via a cyclisation reaction to
endoperoxides (precursors of malondialdehyde) with the final product of the peroxidation process being
malondialdehyde (MDA)(Marnett, 1999). The major aldehyde product of lipid peroxidation other than
malondialdehyde is 4-hydroxy-2-nonenal (HNE). Peroxidation of lipids is an autocatalytic process which can be
terminated by the recombination of radicals (L + L — non-radical product) or depletion of the substrate(Valko,
2006).
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Table 1. Elementary Reactions of Lipid Peroxidation

Initiation: LH + X — L"+ XH
Oxygen Addition L + O, — LOO’
Chain Propagation LOO" + LH — LOOH + L’
Inhibition by antioxidants LOO" + AH — LOOH + A’

LH: lipid containing a PUFA; L": Carbon centred PUFA radical; X": initiating free radical; LOO": lipid peroxyl radical; LOOH:
lipid hydroperoxide; AH: antioxidant
Modified from Klatt and Esterbauer, 1996

3.3. Proteins Damage

Radical-mediated oxidation of proteins leads to fragmentation of the polypeptide chain, oxidation of
amino acid side chains, and generation of protein—protein cross linkages(Stadtman, 2004). Unlike other types of
modification (except cysteine oxidation), oxidation of methionine residues to methionine sulfoxide is reversible;
thus, cyclic oxidation and reduction of methionine residues leads to consumption of ROS and thereby increases
the resistance of proteins to oxidation.

Table 2. Oxidation of methionine residues

Met + ROS — Met O + IRS

Met O + Th (SH), — Met + ThS-S
Ths-S + NADPH + H" — Th(SH), + NADP*
ROS + NADPH +H"* — IRS + NADP*

Met: Methionine; Met O: oxidized Methionine; ROS: reactive oxygen species; IRS; inactive form of ROS; Th (SH),:
Thioredoxin; Ths-S: oxidized thioredoxin. Modified from Stadtman, 2004

The side chains of all amino acid residues of proteins are susceptible to oxidation by ionising radiation
and by the action of ROS/RNS(Stadtman, 2004). The products formed by most vulnerable amino acid are
presented in Table 1.1. Oxidation of proteins is associated with a number of age-related diseases and
ageing(Stadtman, 2001; Levine and Stadtman, 2001). The importance of protein oxidation in aging is supported
by the observation that levels of oxidized proteins increase with animal age. The age-related accumulation of
oxidized proteins may reflect age-related increases in rates of ROS generation, decreases in antioxidant
activities, or losses in the capacity to degrade oxidized proteins(Stadtman, 2004)

Table 3. Products of oxidation of various amino acids. Modified from Stadtman, 2004

Amino Acid Products

Arginine Glutamic semialdehyde

Cysteine CyS-SCy; CyS-SG; CySOH; CySOOH; CysO2H

Glutamic acid Oxalic acid; pyruvate adducts

Histidine 2-Oxohistidine; 4-OH-glutamate

Leucine 3-OH-leucine; 4-OH-leucine; 5-OH-leucine

Lysine a-aminoadipicsemialdehyde; Nc-(carboxymethyl)lysine

Methionine Methionine sulfoxide; methionine sulfone

Phenylalanine 2-, 3-, and 4-Hydroxyphenylalanine; 2,3-

Dihydroxyphenylalanine

Proline Glutamylsemialdehyde; 2-pyrrolidone, 4- and 5-OH-proline;

Threonine 2-Amino-3-keto-butyric acid

Tryptophan 2-, 4-, 5-, 6-, 7-Hydroxy tryptophan; formylkynurening;
3-OH-kynurenine; nitrotryptophan

Tyrosine 3,4-Dihydroxyphenylalanine; tyr-tyr crosslinks;

3-nitrotyrosine; 3-chlorotyrosine; 3,5-dichlorotyroxine

IV. Oxidative Damage and Disease Implications
Oxidative stress has been implicated in various pathological conditions involving cardiovascular
disease, cancer, neurological disorders, diabetes, ischemia/reperfusion, other diseases and ageing(Dhalla et al.,
2000; Sayre et al., 2001; Jenner, 2003; Dalle-Donne et al., 2006). Oxidative damage to important biomolecules
is a deleterious pathway, but also influences of ROS on gene regulation or the immune system might impair
bodily functions. There is increasing evidence that antioxidants might prevent or delay the development of
disease states.

4.1. Cardiovascular Disease

The primary cause for most cardiovascular diseases is thought to be atherosclerosis, a multifactorial
disease of the artery wall. Arteriosclerosis is characterized with deposition of lipid, otherwise called fatty streaks
in the subendothelial space(Davidson, 2007). ROS-induced oxidative stress plays a role in various
cardiovascular diseases such as atherosclerosis, ischemic heart disease, hypertension, cardiomyopathies, cardiac
hypertrophy and congestive heart failure(Madamanchi et al., 2005). ROS have particularly been implicated in
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the oxidation of LDL(Touyz, 2004). LDL oxidation is due to a lipid peroxidation reaction initiated by free
radicals. Oxidative stress is associated with increased formation of ROS that modifies phospholipids and
proteins leading to peroxidation and oxidation of thiol groups (Molavi and Mehta, 2004). ROS such as
superoxide O,™, and peroxynitrite are known to initiate lipid peroxidation and lipoproteins oxidation, both
important events in the incidence of atherosclerosis(Valko et al., 2007). Also, metal ion (Ca*" and Fe?") have
been demonstrated to play critical role in the development of atherosclerosis. Yuan and Li,(2003) observed
significant amounts of iron pool in atherosclerotic lesions which indicate that the iron-catalysed formation of
free radicals (e.g. Fenton chemistry) may take place in the process development of atherosclerosis. Increased
levels of intracellular level of Ca®* were observed in human endothelial cells, suggesting that Ca**-overload
induced oxidative stress is another factor participating in atherosclerosis(Podrez et al., 2000). Increased amounts
of superoxide radical and hydrogen peroxide have been reported in hypertensive patients, indicating that ROS-
induced oxidative stress play a vital role in the pathogenesis of hypertension(Touyz, 2004). ROS-induced
oxidative stress in hypertensive patients is accompanied by decreased levels of antioxidants such as Vitamin E,
GSH, and SOD, all good scavengers of free radicals.

4.2. Carcinogenesis

Carcinogenesis is a complex multistep process including initiation, promotion and progression. The
generation of ROS is thought to be linked to tumorigenesis at different levels. ROS-induced DNA damage
involves single- or double-stranded DNA breaks, purine, pyrimidine, or deoxyribose modifications, and DNA
cross-links. DNA damage can result in arrest or induction of transcription, induction of signal transduction
pathways, replication errors, and genomic instability, all of which are associated with carcinogenesis(Marnett,
2000; Valko et al., 2006). Also, reactive nitrogen species (RNS), such as peroxynitrites and nitrogen oxides,
have been implicated in DNA damage(Hehner et al., 2000). In addition to ROS/RNS, various redox metals, due
to their ability to generate free radicals, or non-redox metals, due to their ability to bind to critical thiols, have
been implicated in the mechanisms of carcinogenesis and ageing(Leonard et al., 2004; Waalkes et al., 2004;
Santos et al., 2005; Valko et al., 2005). Iron-induced oxidative stress is considered to be a principal determinant
of human colorectal cancer(Valko et al., 2001). Further, ROS are capable of deactivating detoxifying enzymes
responsible for the scavenging of potent carcinogens. Data from epidemiological studies support the idea that
antioxidants are preventive in carcinogenesis by scavenging ROS(Karihtala and Soini, 2007).

4.3. Neuronal Diseases

The brain is particularly vulnerable to oxidative damage because of its high oxygen utilisation, its high
content of oxidizable polyunsaturated fatty acids, and the presence of redox-active metals (Cu, Fe)(Valko et al.,
2007). Growing data from experimental models and human brain studies add evidence that oxidative stress
plays a role in the development of neuronal degeneration related to diseases such as Parkinson’s disease,
amyotrophic lateral sclerosis, and Alzheimer’s disease(Loh et al., 2006). ROS are capable of inducing both
necrosis and apoptosis. As a consequence of lipid peroxidation membrane rupture might occur or ion gradients,
operative over compartments which are separated by membranes, might be disturbed. Neurons might undergo
necrotic cell death as has been demonstrated in cell culture following depletion of intracellular GSH, the major
endogenous antioxidant thiol NO has been hypothesized to be an important mediator of neuronal death under
pathological conditions. The ultimate species responsible for NO toxicity may be peroxynitrite which is formed
by the reaction of the NO-radical with the superoxide radical(Calabrese et al, 2004)

4.4 Diabetes

Cell damage caused by enhanced oxidative stress mayaffect the pancreatic b cell function, which, given
the impairedexpression of antioxidant enzymes, is outstandingly sensitive toreactive oxygen and nitrogen
species (Bandeira et al., 2012; Valko et al., 2007).The reactive oxygenated species are able to interact with
thesubstrates involved in the insulin intracellular signalling (Evans et al., 2005). It has been suggested that under
deficient glycaemic control, thatcan arise in spite of the use of pharmaceuticals, oxidative stress maybe
promoted via NADPH oxidase activity enhancement, with subsequentsuperoxide radical anion production.
Studies assessingenzymatic and non-enzymatic markers of oxidative stress in diabetesmellitus condition showed
that total superoxide dismutaseactivity and the lipid peroxidation were higher in diabetics whencompared to
healthy controls. Moreover, the total superoxide dismutaseactivity differed for the hypertensive diabetics in
comparisonwith the prediabetics and normotensive controls. Lipidperoxidation was considerably increased in
both groups of diabetics(hypertensive and normotensive) as compared with prediabeticgroups and hypertensive
and normotensive controls (Bandeira et al., 2012).
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4.5. Inflammatory diseases

The imbalance between the oxidativespecies' activity, and the antioxidantdefence, is involved in
asthma and allergic rhinitis (Sequeira et al., 2012; Marple, 2010; Ercan et al., 2006). Theenhanced occurrence of
hydroxyl radicals, superoxide radical anionsand peroxides, may initiate a series of alterations in nasal andairway
mucusas: lipid peroxidation, marked airway reactivity, nasalmucosal sensitivity and secretions, as well as
generation of chemoattractantmolecules and high vascular permeability (Sequeira et al., 2012). Basically, it has
been noticed that reactive species and antioxidantsinfluence the immune system. Oxidative stress
causesdisruption in cell signalling and impairs arachidonic acid metabolism,enhances airway and systemic
inflammation (Moreno-Macias and Romieu, 2014).The involvement of oxidative stress in allergic rhinitis
isbelieved to be identical to that manifested in asthma (Russel and James, 2002). Themarker of lipid
peroxidation as average thiobarbituricreactivesubstances level evaluated in allergic rhinitis patients was
higher,with respect to healthy controls. The susceptibility to undergoenhanced lipid peroxidation (as result of
the oxidative damage) andthe mean superoxide dismutase enzyme activity were significantlyincreased in the
erythrocytes of patients with allergic rhinitis (Aguirre et al., 1998; Sequeira et al., 2012). The increase
inceruloplasmin levels noted in allergic rhinitis was considered areaction to the inflammation of airways, as well
a component of theincreased antioxidant response occurring after cell injury (Sequeira et al., 2012).Oxygen
metabolism and increased ROS production causingtissue damage, and associated with inflammation, have
animportant role in the pathogenesis of rheumatoid arthritis (Mirshafiey andMohsenzadegan, 2008).

V. Conclusions

Oxidative stress results from an excessive reactive oxygen speciesgeneration, and consists in an
imbalance of oxidative toreducing species, being also better defined as a perturbation ofredox signalling. The
action of reactive oxygenated/nitrogenatedspecies (superoxide anion radical, hydroxyl, alkoxyl, lipid
peroxylradicals, nitric oxide and peroxynitrite) results in alterations andfunction modulations of key
biomolecules. The marker of DNA damage is represented by 8-hydroxydeoxyguanosine. The oxidative attack on
lipids also resultsin reactive aldehydes, such as malondialdehyde and 4-hydroxynonenal. Oxidation of thiol
groupstakes mainly account on protein oxidative damage, along withcarbonylation that leads to advanced
glycation end products. Sidechainoxidation, backbone fragmentation, unfolding and misfolding,with activity
loss, may also occur in protein structure.The oxidative insults of the components of lipid membranes
areinvolved in the mechanism of neurodegeneration, cancer, cardiovascularor inflammatory diseases. It has been
confirmed thatexcessive reactive oxygenated species production may lead to overexpressionof oncogene genes
or to formation or mutagen compounds,can promote pro-atherogenic activity, and is related tosenile plaque
occurrence or inflammation.
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