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Oxidative stress and antioxidative parameters in patients
with spinal cord injury: implications in the pathogenesis
of disease
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Study design: Oxygen-derived free radicals have been implicated in the pathogenesis of spinal cord injury (SCI) after trauma.

Objective: In this review we will elucidate the importance of oxidative stress and antioxidants and its possible relationship with SCI.

Methods: Literature analysis of oxidative stress, antioxidative parameters based on its implications in the pathogenesis along with

devastating effect of oxidative stress parameters on SCI patients and its suggested proposed treatment by antioxidants have been

performed.

Results: SCI remains a major health problem despite advances in neurotechnology. Previous studies have reported oxidative stress in

SCI patients, but the results were inconsistent. Furthermore, increased free radical levels are reported in SCI. Moreover, we have also

mentioned in this review that oxidative stress is supposed to be increased in patients with SCI, which is related to the severity of

SCI pain.

Conclusion: Oxidative stress was commonly seen in SCI patients, which may provide useful information to augment the understanding

of pathophysiology of SCI patients. However, complete understanding of the biochemical events occurring at a cellular level that

influence oxidative damage is required to guide future therapeutic advances. Furthermore, supplementation of antioxidants may also be

considered in these patients.
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INTRODUCTION

Spinal cord injuries (SCI) cause myelopathy or damage to nerve roots

or myelinated fiber tracts that carry signals to and from the brain. The

prevalence of SCI is not known in India and many other countries.

According to the known data, about 450 000 people in the United

States live with SCI (1 in 670), and there are about 11 000 new SCI

every year (1 in 30 000). The events occurring immediately after SCI

include neuronal fiber damage, mass ischemic, neural cell necrosis and

apoptosis, the destruction of microvasculature, inflammation, lipid

peroxidation (LP), free radical production, demyelination and glial

scar formation, leading to extensive secondary tissue injuries.1 Robust

cell death in the injured region happens from seconds to weeks after

SCI, which results in the formation of the cavities or cysts that blocks

ascending and descending neurotransmission.2 In response to local

inflammation after SCI microglia and central nervous system (CNS)-

resident macrophages are activated, which then exacerbate the

inflammatory reaction in the injured center.3 Accordingly, it is

thought that the inflammatory reactions could take place over weeks

after SCI, which induce the recruitment of neutrophils, macrophages

and T cells from hours to weeks after injury.4

Most of the body’s energy is produced by the enzymatically

controlled reaction of oxygen with hydrogen in oxidative phosphor-

ylation occurring within the mitochondria during oxidative metabo-

lism. During this enzymatic reduction of oxygen to produce energy, a

small amount of free radicals are formed.5 Radicals can provide signals

to the cell for growth, immune response and regulatory redox

reactions, but excessive amounts may damage proteins, lipids and

DNA via oxidative reactions. In the normal condition there is a

balance between reactive oxygen species (ROS) and antioxidants

within the cell, in the membranes and in the extracellular space.

Endogenous free radical scavengers, namely antioxidants, are over-

whelmed by excessive production of ROS. The ROS attack the

polyunsaturated fatty acids in the membrane lipids, thereby leading

to LP resulting in the loss of fluidity of the membranes, changes in

membrane potentials and eventually rupture leading to the release of

cell and organelle contents.6 Therefore, increased oxidative stress

results from an imbalance between products of oxidation and

antioxidant defenses. These toxic molecules (molecules of ROS)

become highly reactive in their formation because of their altered

number of unpaired valence electrons. There are several inflammatory

clinical conditions associated with increased oxidative stress, data also

suggest a relationship between oxidative stress and pain perception.

However, free radicals have an important role in the pathogenesis of

SCI.7

There is little information about oxidative stress in SCI. Moreover,

there are several disorders associated with oxidative stress that are

manifested by LP, protein oxidation and other markers. Studies have

shown evidence that oxidative stress may have a role in the
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pathophysiology of SCI. Attempts have not been made on establishing

oxidative and antioxidative association in SCI patients, which is

essential for understanding the development of SCI. Therefore, in

this review, we will try to elucidate the complex network of oxidative

and antioxidative imbalance in SCI patients.

OXIDATIVE STRESS

Oxidative and nitrosative stress could be defined as an imbalance

between the presence of high levels of ROS and reactive nitrogen

species, and the antioxidative defense mechanisms. These toxic

molecules are formed via oxidation–reduction reactions and are highly

reactive as they have an odd number of electrons. ROS generated

under physiological conditions are essential for life, as they are

involved in bactericidal activity of phagocytes, and in signal trans-

duction pathways, regulating cell growth and reduction–oxidation

(redox) status.8 ROS includes free radicals, such as hydroxyl and

superoxide radicals, and nonradicals, including hydrogen peroxide and

singlet oxygen. Oxidative stress and generation of free radicals, as

primary or secondary event, have been related in a great number of

diseases.9 Like ROS, reactive nitrogen species could also have a

significant role in the pathogenesis of many diseases, and have drawn

significant attention in recent years. Nitric oxide (NO), generated by

the enzyme inducible NO synthase, is one of the most important and

widely studied reactive nitrogen species. Therefore, oxidative stress,

arising as a result of an imbalance between free radical production and

antioxidant defenses, is associated with damage to a wide range of

molecular species including lipids, proteins and nucleic acids. Oxida-

tive damage to proteins and nucleic acids similarly gives rise to a

variety of specific damage products as a result of modifications of

amino acids or nucleotides.10 Such oxidative damage might also lead

to cellular dysfunction, and it might contribute to the pathophysiology

of a wide variety of diseases including SCI.

OXIDATIVE STRESS AND SCI

Oxidative stress means an alteration in the delicate balance between

free radicals and the scavenging capacity of antioxidant enzymes in

favor of free radicals in the body systems. Recent studies have shown

that oxidative stress may have a role in the pathophysiology of SCI.

Further, one of the most investigated molecular mechanisms involved

in the secondary pathophysiology of acute SCI is free radical-induced,

iron-catalyzed LP and protein oxidative/nitrative damage to spinal

neurons, glia, and microvascular cells. The reactive nitrogen species

peroxynitrite (PN) and its highly reactive free radicals are key initiators

of LP and protein nitration in the injured spinal cord.11 Oxidant,

antioxidant parameters have been studied in rats model induced with

SCI in which the oxidative stress markers such as malondialdehyde

(MDA) and advanced oxidation protein products (AOPP) were

measured along with antioxidants such as glutathione (GSH) perox-

idase, superoxide dismutase (SOD), catalase (CAT) and reduced GSH

where they reported, significant increase in MDA, AOPP, SOD and

GSH peroxidase and decrease in the GSH and CAT activities, and in

conclusion they found that oxidative stress evidenced by increased

MDA, AOPP and decreased GSH and CAT support the generation of

ROS in rat model induced with SCI.12

Free radical-induced LP NO level and the level of oxidized protein

products is believed to have an important role in the pathogenesis of

secondary injury. In addition, free radicals cause the most destructive

effect on the CNS with LP. NO is a highly diffusible and labile, gaseous

messenger molecule, involved in various biological functions such as

modulation of nociception, immune function and neurotransmission.

Moreover, NO has a physiological role in neuronal signal transmission

and vessel dilation and is also involved in the secondary injury that

occurs following SCI. Furthermore, the NO in patients with SCI

correlates with neurologic severity and recovery rate postoperatively,

or with conservative treatment.13 An excessive NO production has

cytotoxic effects and induces neuronal apoptosis secondary to neural

degeneration and neurodysfunction.14

Several disorders are associated with oxidative stress that are

manifested by LP, protein oxidation and other markers. A study by

Liu et al.15 reported that oxidative stress levels increase markedly

during the first weeks of strict immobilization after the onset of an

SCI. In parallel, also 2–3 months of strict bed rest in healthy subjects

causes an increase in oxidative stress, whereas returning to initial a

priori physical activity normalizes (anti) oxidative status.16 ROS-

induced oxidative damage is a well-documented secondary injury

mechanism after CNS injury, PN, formed by the diffusion rate-limited

combination of NO and superoxide (O2
−) free radicals, has been

proposed to be a key contributor to posttraumatic oxidative damage.17

LP is the main cause of the further secondary damage that starts after

mechanical destruction of tissues. LP products increase immediately

after SCI, and the peak concentrations of ROS and nitrogen species

occur within the first 24 h.18 A study by Hall et al.,19 has proposed that

the most effective approach to interrupt posttraumatic oxidative brain

damage after traumatic brain injury might involve the combined

treatment with mechanistically complementary antioxidants thatsi-

multaneously scavenge LP-initiating free radicals, and inhibit LP

propagation, and finally remove neurotoxic LP byproducts. NO is a

highly diffusible and labile, gaseous messenger molecule, involved in

various biological functions such as vasodilatation or vascular regula-

tion, modulation of nociception, immune function, neurotransmission

and excitation–contraction coupling.20 NO also acts as a metabolic

regulator during exercise.20 Recently, NO has been shown to modulate

levels of ROS in a variety of cells.21

Mitochondrial dysfunction has a critical role in the posttraumatic

cell death cascade in the injured spinal cord. It is clear that this is

directly related to the intracellular accumulation of calcium (Ca++)

ions, which compromise mitochondrial function and increase ROS

production. Following SCI, there is a loss of mitochondrial homeostasis

together with increased mitochondrial ROS production and LP-

induced disruption of synaptic homeostasis.22 Evidence has accumu-

lated, which shows a particularly important ROS that is being formed

by Ca++ stressed mitochondria is PN. NO has been shown to be

present in mitochondria derived from a mitochondrial NO synthase

isoform. The relationship of PN generation to mitochondrial dysfunc-

tion in the injured spinal cord has been recently documented by studies

that have shown that the timing of post-SCI mitochondrial dysfunction

(that is, respiratory and Ca++ buffering impairment) is correlated with

an increase in PN induced 3-nitrotyrosine (3-NT), 4-hydroxynonenal

(4-HNE) and protein carbonyl content in mitochondrial proteins.23

The loss of mitochondrial function and the increase in oxidative

damage markers, including 3-NT, is antagonized by early in vivo post-

SCI treatment with the PN radical scavenger tempol.24

Other studies have demonstrated that the exposure of normal CNS

mitochondria to 4-HNE rapidly impairs their respiratory function and

that spinal cord mitochondria are 10-fold more sensitive to this effect

than brain mitochondria.25 But, from a physiological point of view,

what relationship exists between oxidative stress and the symptoms of

SCI? It is known that ROS are involved in the etiology of one of the

major symptoms of SCI, and that is pain. A more novel factor is

oxidative stress and/or decreased antioxidative capacity in the vascular

wall.26 Possibly, an imbalance in (anti) oxidative status may contribute

to the increased prevalence of cardiovascular diseases in SCI.
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These results suggest that ROS production in mitochondria may be

involved in oxidative stress, and CoQ10 deficiency and that mito-

chondrial dysfunction may be also involved in the pathophysiology of

SCI. These results confirm that the oxidative stress background of SCI

is probably due to a defect in the antioxidant system (SOD, CoQ10)

and a high production of ROS. Finding the origin of oxidative stress

could help us to offer new therapeutic strategies for SCI patients.

ANTIOXIDANTS

Antioxidants are substances that can buffer or neutralize all ROS

species. The physiological role of antioxidants, as this definition

suggests, is to prevent damage to cellular components arising as a

consequence of chemical reactions involving free radicals. In recent

years, a substantial body of evidence has been developed supporting a

key role for free radicals in many fundamental cellular reactions and

suggesting that oxidative stress might be important in the pathophy-

siology of common diseases including atherosclerosis, chronic renal

failure and diabetes mellitus. Nature has endowed each cell with

adequate protective mechanisms against any harmful effects of free

radicals: SOD, GSH peroxidase, GSH reductase, thioredoxin, thiols

and disulfide bonding are the buffering systems in every cell. α-

Tocopherol vitamin E (vit E) is an essential nutrient that functions as a

chain-breaking antioxidant, which prevents the propagation of free

radical reactions in all cell membranes in the human body. Ascorbic

acid (vit C) is also part of the normal protective mechanism. Other

non-enzymatic antioxidants include carotenoids, flavonoids and

related polyphenols, α-lipoic acid, GSH and so on.

ANTIOXIDANTS IN SCI TREATMENT

ROS, such as superoxide radical anion, hydroxyl radical and hydrogen

peroxide, are produced in metabolic and physiological processes. The

oxidative effects of ROS are controlled by exogenous antioxidants such

as vit E and C, and also by endogenous antioxidants such as scavenger

enzymes (SOD and GSH peroxidase), bilirubin and uric acid.27 When

the production of damaging free radicals exceeds the capacity of the

body’s antioxidant defenses to detoxify them, a condition known as

oxidative stress occurs, such that increase in oxidants and decrease in

antioxidants cannot be prevented, and the oxidative/antioxidative

balance shifts towards the oxidative status. Cellular injury can be

caused by oxidative stress, which has been implicated in over a

hundred disorders, including SCI.28 Interception of free radicals is

mainly by radical scavenging, whereas at the secondary level scaven-

ging of peroxyl radicals are affected. The effectors include various

antioxidants like vit C and E, GSH, other thiol compounds,

carotenoids, flavonoids and so on. At the repair and reconstitution

level, mainly repair enzymes such as SOD and quinine reductase are

involved.

It is believed that compounds that could interrupt the LP process

after it has begun would be able to exert a more practical

neuroprotective effect (that is, possess longer antioxidant therapeutic

window). On the other hand, high-dose oral vit E supplementation for

5 days before SCI acts to attenuate the progressive posttraumatic

decrease in white matter spinal cord blood flow together with a

significant enhancement in hind-limb motor function compared with

non-vit E supplemented animals, this effect has been replicated in a rat

compression SCI model.29 In contrast, vit E deficiency has been shown

to increase post-SCI LP and to attenuate motor functional recovery.30

However, despite these effects, the value of vit E as an acute treatment

for SCI is limited by the fact that it requires weeks to achieve a

significant increase in parenchymal CNS tissue levels.

On the other hand, long-term, oral high-dose supplementation with

vit E may provide effective prophylactic neuroprotection against SCI.

Unfortunately, none of the experimental SCI studies have defined the

dose response for prophylactic vit E neuroprotection. As a possible

guide for human use of vit E supplementation to limit post-SCI

neurological impairment, it has been shown that the dose required to

lessen baseline LP product levels in human plasma after 20 weeks of

daily supplementation is 800 IU per day.31 The author’s laboratory

tested whether the early administration of high-dose glucocorticoid

methylprednisolone (MP) might be able to inhibit posttraumatic

spinal cord LP. In an initial set of experiments in cats, it was observed

that the administration of an intravenous bolus of MP could indeed

inhibit posttraumatic LP in spinal cord tissue,32 but that the doses

required for this effect were surprisingly high (30mg kg− 1). Further

experimental studies, also conducted in cat SCI models, showed that

the 30 mg kg− 1 dose of MP not only prevented LP, but in parallel, it

inhibited posttraumatic spinal cord ischemia and supported aerobic

energy metabolism (that is, reduced lactate and improved ATP levels),

improved recovery of extracellular calcium (that is, reduced intracel-

lular overload), and attenuated calpain-mediated neurofilament

degradation.33

Further pharmacological validation of the neuroprotective benefits

of inhibition of oxidative damage in the injured spinal cord is

indicated by several compounds, which have been reported to

attenuate oxidative damage in SCI models. These include methylene

blue, mexilitine, thiopental, β-glucan, cyclosporine A, erythropoietin

and α-lipoic acid.34 Although some of these are probably true chemical

antioxidants (for example, methylene blue, edaravone, α-lipoic acid),

others may work indirectly by induction of endogenous antioxidant

defenses (for example, N-acetylcysteine), reduction of mitochondrial

dysfunction and its associated free-radical leakage (for example,

cyclosporine A) or by enhancement of cell membrane repair mechan-

isms (for example, polyethylene glycol). All these data support the idea

that antioxidant therapy may be beneficial in SCI patients. Antioxidant

therapies have been proven effective in many pathological processes in

which oxidative stress has an important role in CoQ10, vit E, vit C,

melatonin, SOD, vit A, GSH, N-acetylcysteine and so on, are some of

the antioxidants used in randomized trials of patients with a variety of

diseases. However, in the case of SCI, there are still no proven double-

blind and placebo-controlled trials in which the possible mechanisms

demonstrate the benefits of these therapies in general and of CoQ10 in

particular. Therefore, further studies are necessary in this regard, as

well as the design of controlled trials on the therapeutic effect of

antioxidants.

CONCLUSION

Free radical-induced oxidative damage is arguably one of the best-

validated mechanisms involved in the complex secondary injury

cascade, which occurs following acute SCI. Although free radical-

mediated damage can occur in all types of biomolecules, LP appears to

have a dominant role owing to the high concentration of

peroxidation-sensitive polyunsaturated fatty acids and high levels of

the LP catalyst iron. Most convincingly, various LP-inhibiting com-

pounds and other antioxidants have been shown to be neuroprotective

in acute SCI models. Free radicals have been implicated in the etiology

of large number of major diseases including SCI. They can adversely

alter many crucial biological molecules leading to the loss of form and

function. Such undesirable changes in the body can lead to diseased

conditions. Antioxidants can protect against the damage induced by

free radicals acting at various levels. Dietary and other components of

plants form major sources of antioxidants. The relationship between
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free radicals, antioxidants and functioning of various organs and organ

systems is highly complex, and the discovery of ‘redox signaling’ is a

milestone in this crucial relationship. Thus, a clear understanding on

the oxidative stress and antioxidant parameters in patients with SCI

may provide useful information to augment the understanding of

pathophysiology and may also help in routine diagnosis of the

patients. However, complete understanding of the biochemical events

occurring at a cellular level to influence oxidative damage is required

to guide future therapeutic advances. Furthermore, supplementation

of the regular treatment with antioxidants, such as vit C and E may

also be considered in these patients.
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