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Abstract 
Stroke is a devastating disease with a complex pathophysiology; it ranks 
second to ischemic heart disease as a cause of death and long-term disability. 
Tissue damage results from diverse mechanisms with central involvement of 
free radicals’ overproduction that results in oxidative stress and hence con-
tributes to brain damage. Free radicals [Reactive oxygen species/Reactive ni-
trogen species] play central a role in the diverse normal physiological processes 
and as defense mechanisms against harmful substances. When the rate of 
their production exceeds the antioxidant capacity of the body, oxidative stress 
occurs. Oxidative stress is implicated in the pathogenesis of various diseases 
including hypertension, atherosclerosis, diabetes mellitus and cancer; they 
mediate damage to cell structures, lipid peroxidation, protein denaturation, 
nucleic acid and DNA damage. 
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1. Introduction 

Stroke is the second leading cause of death and the third leading reason of per-
manent disability in adults worldwide [1] [2]. The predominance affected group 
is over the age of 65 years, but all ages are at a risk of having a stroke even child-
ren and infants [3]. According to the World Health Organization (WHO), stroke 
has globally affected a total of 15 million people each year. Five million suffer 
from permanent disability, and 5.5 million people accede to varying levels of 
stroke-related disabilities [4]. The prevalence rate of stroke is assessed to be 
about 400 - 800 per 100,000 persons [5]. Incidence rates for stroke ranged from 
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41 per 100,000 population per year in Nigeria (1971-74) to 316/100,000 per year 
in urban Dares-Salaam (Tanzania) [6]. For native Indians, the overall age-adjusted 
prevalence rate for stroke is between about 84 - 262 per 100,000 persons in rural 
areas and between about 334 - 424 per 100,000 persons in urban areas [7] with 
an average prevalence rate of 90 - 222 per 100,000 persons.  

The WHO describes a stroke as an interruption to the supply of blood to the 
brain, with “rapidly developing clinical signs of focal or global disruption of ce-
rebral function, with signs lasting 24 hours or longer, or leading to death with no 
apparent cause other than vascular origin”. There are two major mechanisms 
causing brain damage in stroke patients: Hemorrhage and Ischemia which 
represents about 70% to 80% of all strokes’ cases. It has been reported that up to 
30% of all ischemic strokes will ultimately undergo hemorrhagic transformation 
[8]. More than any other organ of the body, the brain integrity highly depends 
on the continuous blood supply of oxygen and glucose for covering its energy 
demands. Thus, low respiratory reserve and complete dependence on aerobic 
metabolism make brain tissue particularly vulnerable to effects of ischemia [3]. 
The pathophysiology of ischemic stroke is complex and recent molecular, cellular, 
and animal models and postmortem brain studies have revealed that multiple cel-
lular changes have been implicated, including oxidative stress/mitochondrial dys-
function, inflammatory responses, micro RNA alterations, and marked changes 
in brain proteins [1]. Recent researches have suggested link between an excessive 
generation of reactive oxygen species [ROS] and the development of neuronal 
death in acute brain injury like brain trauma and cerebral ischemia [9]. Exces-
sive ROS generation can induce the functional and structural damage of neuron-
al cells and may play an important role in the pathophysiology of cerebral 
ischemia [10] [11]. 

2. Mechanisms of Ischemic Brain Injury 

Cerebral ischemia results in a number of hemodynamic, biochemical, and neu-
rophysiologic alterations that can be linked clinically to behavioral and patho-
logic disturbances. The pathophysiological mechanisms of stroke are complex, 
and the ischemic cascade is rapidly initiated which comprises a series of subse-
quent biochemical events that may be neuroprotective or detrimental to the 
brain [12]. The ischemic incident begins with reduced blood flow to the areas 
supplied by the obstructed arteries. Neuronal tissues are mainly affected by dep-
letion of high-energy phosphate compound adenosine triphosphate (ATP). 
Consequently, in cerebral ischemic cells no ATP produced due to hypoxia and 
lack of glucose supply hence maintenance of Ca2+ homeostasis is lost due to in-
sufficient ATP to fuel extrusion pumps, while the resting membrane potential is 
also disrupted due to dysfunction of the Na+/K+ ATPase pumps, leading to 
“anoxic depolarisation” [13]. The resulting ionic imbalance within the neuronal 
and glial cells manifests in the development of tissue acidosis, cytotoxic edema 
and ultimately cell necrosis [3]. The cellular events leading to ischemic neuronal 
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death have been widely studied in animal models of stroke [14] [15] and the 
probable sequence of events involved in ischemic neuronal death is demonstrat-
ed in Figure 1 which emphasis the detrimental effects of oxidative/nitrosative 
stress in cerebral ischemia. 

3. Role of Reactive Oxygen Species in the Normal Brain  
Physiology 

Hence all cells use oxygen to produce energy; free radicals are formed as a result 
of ATP production by the mitochondria and known as reactive oxygen species 
(ROS). ROS play a dual role as toxic and beneficial substances. At low or mod-
erate concentration, ROS had beneficial effects while at high concentrations, 
they result in oxidative stress, a harmful process that can damage the cellular 
structure [16]. 

In the nervous system ROS are mainly produce by microglia and astrocytes. 
They play important role in regulation of neuronal signaling. Periphery; ROS 
result in ATP inhibiting acetylcholine release from motor nerve endings, while 
centrally may enhance or depress synaptic transmission in the central nervous 
system. In the hippocampus, ROS promote protein kinase C-dependent; hence 
increases the excitatory postsynaptic potentials [17]. Moreover; ROS can induce 
synaptic long term potentiation (LTP) that required for memory formation [18]. 

4. Oxidative/Nitrosative Stress in Cerebral Ischemia 

Oxidative/Nitrosative stress generally describes as a condition in which cellular  
 

 
Figure 1. Major processes and mediators involved in the pathophysiology of focal 
cerebral ischemia reperfusion, excitotoxicity, ionic imbalance, oxidative and apoptotic 
mechanisms. 

https://doi.org/10.4236/jbm.2019.73003


H. A. Awooda 
 

 

DOI: 10.4236/jbm.2019.73003 23 Journal of Biosciences and Medicines 
 

antioxidant defenses are inadequate to completely inactivate the reactive oxygen 
species (ROS) and reactive nitrogen species (RNS) generated because of exces-
sive production of ROS/RNS, loss of antioxidant defenses, or both [19]. A major 
consequence of oxidative/nitrosative stress is damage to nucleic acid bases, li-
pids, and proteins, which can severely compromise cell health and viability or 
induce a variety of cellular responses through generation of secondary reactive 
species, ultimately leading to cell death by necrosis or apoptosis [20]. 

Oxidative stress leading to ischemic cell death involves the formation of ROS 
including superoxide anions (O2

−), hydroxyl radicals (OH−), hypochlorous acid 
(HOCl), hydrogen peroxide (H2O2), and nitric oxide–derived peroxynitrite (NO 
and ONOO−). During oxidative stress, rapid overproduction of free radicals 
overwhelms the detoxification and scavenging capacity of cellular antioxidant 
enzymes like superoxide dismutase (SOD); catalase (CAT); glutathione perox-
idase (GPx) and non-enzymatic antioxidants like vitamin E, vitamin C and glu-
tathion resulting in a severe and immediate damage to cellular proteins, DNA 
and lipids [21]. 

Following cerebral ischemia/reperfusion there is increased production of 
ROS/RNS which one of the major causes of neuronal injury. Particularly, the 
brain is highly susceptible to free radical mediated insult owing to its high lipid 
content [21]. ROS levels are elevated in the cerebral vasculature during reperfu-
sion period [22], and suspected to be an underlying cause of post-ischemic en-
dothelial dysfunction, however, their enzymatic source(s) is yet to be defined 
[11]. The (nicotinamide adenine dinucleotide phosphate) NADPH oxidases are 
the only enzymes yet discovered with the primary function of generating supe-
roxide and ROS in the cerebral vasculature under physiological conditions [23]. 

Oxygen radicals are also produced during enzymatic conversions, such as the 
cyclooxygenase-dependent conversion of arachidonic acid to prostanoids and 
the degradation of hypoxanthine, especially upon reperfusion. Furthermore, free 
radicals are also generated during the inflammatory response after ischemia. 
Moreover, oxidation of xanthine and hypoxanthine by xanthine oxidase is ac-
companied with generation of 2O−  and H2O2 that contributes to neuronal in-
jury during reperfusion [24]. 

Oxidative/nitrosative stresses are modulated by enzyme systems such as SOD 
and the nitric oxide synthase (NOS) family [25]. Mice with enhanced expression 
of SOD show reduced injury after cerebral ischemia, whereas those with a defi-
ciency show increased injury, proving that excessive oxygen radical production 
is fundamental to ischemic brain injury, while in case of NOS activation during 
ischemia, superoxide reacts avidly with NO leading to decrease NO bioavailabil-
ity and the formation of peroxynitrite a highly reactive and damaging species 
that causes nitration of tyrosine residues on proteins [11] [26]. 

ROS/RNS provoke inflammatory responses resulting in the release of proin-
flammatory cytokines and chemokines. Moreover, it stimulates leukocyte adhe-
sion molecule and cytokine gene expression via activation of transcription fac-
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tors such as Nuclear Factor Kappa-β (NF-κβ). Thus ROS/RNS not only cause 
direct cell injury but also increase leukocyte activation, chemotaxis, and leuko-
cyte—endothelial adherence after reperfusion [27] [28]. 

5. Consequence of Oxidative/Nitrosative Stress in Cerebral  
Ischemia 

ROS/NOS result in significant cellular destructive effects, that eventually result-
ing in tissue destruction and cell death; these effects include: lipid peroxidation, 
protein denaturation, nucleic acid and DNA damage, damage to the cytoskeletal 
structure, and chemotaxis [25]. 

6. Lipid Peroxidation and Malondialdehyde 

Lipid peroxidation is one of the major consequences of ROS/NOS mediated in-
jury to the brain. It produces structural and functional damage to membranes as 
well as several secondary products [29]. 

Oxidative stress induced peroxidation of membrane lipids can be very da-
maging because it leads to alterations in the biological properties of the membrane, 
such as the degree of fluidity, and can lead to inactivation of membrane-bound 
receptors or enzymes, which in turn may impair normal cellular function and 
increase tissue permeability. Moreover, lipid peroxidation may contribute to and 
amplify cellular damage resulting from generation of oxidized products, some of 
which are chemically reactive and covalently modify critical macromolecules 
[29]. 

There are many toxic aldehydes generated during lipid peroxidation: α, β un-
saturated reactive aldehydes, such as malondialdehyde (MDA), 4-hydroxy-2- 
nonenal (HNE), and 2-propenal (acrolein), and isoprostaness, 4-hydroxynonenal 
(4-HNE), which damages a variety of ion channels, transporter, and cytoskeletal 
proteins. These products of lipid peroxidation have therefore commonly been 
used as biomarkers of oxidative stress/damage [11] [22]. 

Malondialdehyde (MDA) is a physiologic ketoaldehyde generated by the at-
tack of free radicals on polyunsaturated fatty acids of cell membranes; its mea-
surement provides information of oxidative injury in vivo. The excess MDA 
produced as a result of tissue injury; can combine with free amino groups of 
proteins producing MDA modified protein adducts. Modification of proteins by 
MDA could alter their biological properties [25]. Moreover, MDA modified 
proteins are immunogenic, and autoantibodies against MDA have been detected 
in the sera of rabbits and humans, some studies have reported that the titer of 
these autoantibodies is associated with the pathogenesis and may predict pro-
gression of atherosclerosis and myocardial infarction and strokes [19]. In addi-
tion, it has been shown to exhibit facile reactivity with various biomolecules, in-
cluding proteins, DNA, and phospholipids, generating stable products at the end 
of a series of reactions that are thought to contribute to the pathogenesis of 
many diseases [30]. 
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Quantification of lipid peroxidation end products is considered to be a meas-
ure of whole-body oxidative damage. MDA correlated very well with the size of 
ischemic stroke and clinical outcome, despite its relevant methodological limita-
tions; MDA is one of the most frequently used indicators of lipid peroxidation 
[31]. Compared with free radicals, the aldehydes are relatively stable and can 
diffuse within or even escape from the cell and attack targets far from the site of 
the original event. They therefore are not only end products and remnants of li-
pid peroxidation processes but also may act as “second cytotoxic messengers” 
for the primary reactions [32]. 

7. DNA Oxidation 

It has been reported that the damage of nuclear DNA during cerebral ischemia 
may occur with two different mechanisms: oxidative modification and endo-
nuclease mediated DNA fragmentation. DNA degradation would take place in 
the late stage of cell death; oxidative DNA damage is likely to represent an early 
event [33]. It may activate repair enzymes leading to a rapid depletion of intra-
cellular energy [34] [35]. 

Different types of oxidative DNA damage were reported such as: DNA base 
lesions, particularly 8-hydroxy-2-deoxy-guanosine (8-OHdG), DNA strand 
breaks, and DNA-protein cross-links. 8-OHdG is the most commonly studied 
biomarker for oxidative DNA damage due to its high specificity and relative ab-
undance in DNA. Plasma levels of 8-OHdG were found to be increased in an 
animal model of ischemic stroke, with a significant association with brain con-
tent of 8-OHdG [36]. 

8. Conclusion 

Free radical production is increased in ischemic and hemorrhagic stroke, leading 
to oxidative stress that contributes to brain damage. However, it is important to 
identify the functions of ROS as signaling molecules and in the normal regula-
tion of cerebrovascular structure. A balanced between level of ROS/NOS and an-
tioxidant system is required for normal physiological functioning and to hinder 
the mechanisms triggering the progression of apoptosis or necrosis following 
ischemia reperfusion. Further studies are needed to explore the molecular me-
chanisms by which antioxidants prevent the harmful effects of oxidative stress in 
cerebral ischemia to be implicated in management of stroke patients. 
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