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It is important for the anesthesiologist to understand the etiology of free radical damage and how free-radical scavengers 
attenuate this, so that this knowledge can be applied to diverse neuro-pathological conditions. This review will concentrate 
on the role of reactive species of oxygen in the pathophysiology of organ dysfunction, specifically sub arachnoid hemorrhage 
(SAH), traumatic brain injury (TBI) as well as global central nervous system (CNS) hypoxic, ischemic and reperfusion states. 
We enumerate potential therapeutic modalities that are been currently investigated and of interest for future trials. Antioxidants 
are perhaps the next frontier of translational research, especially in neuro-anesthesiology.
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Introduction

Oxygen acts like a double-edged sword; it can be lifesaving 
or destructing. Oxidation reactions involve transfer of an 
electron from a substance to an oxidizing agent producing 
highly reactive and unstable free radicals.[1] Produced in 
response to a variety of stimuli, these reactive oxygen species 
(ROS), can cause oxidative damage to the cell structure and 
disrupt function through lipid peroxidation of cell membranes, 
degradation of nucleic acids and attraction/activation of 
neutrophils.[2] Thus they play a pivotal role in the mechanism 
of cell injury, cell death, and organ dysfunction. The role of 
ROS as a contributor to the overwhelming inflammatory 
response has been emphasized in adult respiratory distress 
syndrome (ARDS), traumatic and hypoxic central nervous 
system (CNS) states, and ischemic neurological deficits after 
sub arachnoid hemorrhage (SAH).

Free-radical scavengers, the protective systems operating in the 
mammalian cells, either prevent these ROS from being formed, 
or remove them before they can damage vital components of 
cells. Some antioxidants present in the body are catalases, 
glutathione peroxidase, superoxide dismutase (SOD); 
cofactors, like selenium, zinc, copper, iron and manganese; 
non-enzymatic antioxidants such as α-tocopherol, ascorbic 
acid, β-carotene; heme-binding proteins like ceruloplasmin, 
transferrin, albumin and haptoglobin.[3]

“Oxidative stress” (OS) defines an imbalance between 
production of oxidizing chemical species and their effective 
removal by protective antioxidants and scavenger enzymes.[4] 

Evidence of massive OS is established in adult critical illness 
characterized by tissue ischemia — reperfusion (I/R) injury 
and by an intense systemic inflammatory response such as 
during sepsis and ARDS. About 4000 antioxidants, including 
Vitamin E and C, carotenoids, phenolic/polyphenolic 
compounds (present as non-nutrient food substances) have 
been identified. 

This review explores the role of ROS in various 
neurological conditions including global CNS hypoxic, 
ischemia — reperfusion (I/R) states, SAH, as well as 
traumatic brain injury (TBI). We provide a review of literature 
concerning endogenous and exogenous antioxidants being 
currently investigated at molecular level, animal studies, and 
human trials. This may be the time for elaborate translational 
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studies unraveling the untapped potential of antioxidants in 
neurocritical care.

Materials and Methods

A thorough Pubmed and Medline literature search was 
conducted for studies investigating the use of antioxidants 
in neurocritical care. We utilized the following key words: 
Antioxidants, neurocritical care, ‘name of the antioxidant’ 
plus at least one of the following additional terms: SAH, 
ischemia — reperfusion injury, TBI, clinical trials, and 
clinical outcome. Complete manuscripts were studied and only 
those that reported on original studies with human subjects 
or preclinical studies and were published between 1990 and 
2013 were included.

The Physiology of Oxidative Stress

Reactive oxygen species are constantly produced in small 
amounts as the result of cellular metabolism of oxygen. 
Tissue damage due to trauma, ischemia or infection leads to 
increased production of ROS and reactive nitrogen species 
(RNS). This complicated by an increased consumption, 
subsequent reduced stores and decreased activity of 
antioxidants, leads to OS and cell death. It is the major cause 
of increased morbidity and mortality among the critically 
ill.[5] At the cellular level, increased production of ROS 
and RNS during critical illness is related to Ca++ overload 
and excitotoxicity; activation of nitric oxide synthase (NOS) 
and production of NO; activation of phagocytes; release of 
iron, copper, and metalloproteins; conversion of xanthine 
dehydrogenase to xanthine oxidase; activation of eicosanoid 
pathway and inflammatory response ultimately culminating 
in mitochondrial failure.[6]

High levels of ROS and intracellular Ca++ overload leads 
to structural alteration of mitochondria and electron transport 
chain, resulting in further increase in ROS generation. ROS 
oxidize fatty acids in the cell membrane by lipid peroxidation 
causing direct cell damage or attack the DNA through 
self-perpetuating chain reactions and toxic byproducts.[7,8] 

They form cytotoxic aldehydes and alkoxy radicals which 
diffuse through the cell membrane destroying adjacent cells.[8]

ROS damages the DNA by attacking either the deoxyribose 
molecule, purine or pyrimidine bases, leading to sugar 
fragmentation, base loss, and strand breaks. They may alter 
DNA polymerases activity and decrease its fidelity.[9]

At the vascular endothelial level, NO· is normally produced 
by enzyme NOS from arginine and molecular oxygen. Nitric 

oxide (NO) produces vasodilation by relaxing smooth muscles 
in vessel.[10] During OS, an ‘inducible’ form of NOS is 
induced by cytokines and endotoxins. The higher level of 
NO· produced leads to hypotension, increase in intestinal 
epithelial permeability, and shuts down cellular respiration 
by inactivating mitochondrial cytochromes and effect cellular 
proliferation by inhibiting ribonucleotide reductase.[10] NO· 
rapidly reacts with ·O2 to form cytotoxic peroxynitrite.[11] This 
ends with depression of mitochondrial enzymes, change in 
the conformation of proteins, oxidative damage to lipids and 
DNA damage.[12]

The phagocytic cells of immune system require ROS to destroy 
bacteria and other ingested material.[13] ROS are formed 
as a result of “respiratory burst” following cell activation 
in the presence of a highly efficient enzyme ‘nicotinamide 
adenine dinucleotide oxidase’. Activation of large number of 
phagocytic cells results in OS.[7] The release of ·O2 activates 
chemotaxis, and cause tissue injury via oxidative and hydrolytic 
enzymes.[14] Peroxidases, in the phagocytic cells generate 
hypochlorous acid[13] causing cell lysis in vitro.[15]

Several metal ions including iron and copper are promoters 
of free radical reactions in vitro and are responsible for 
ROS production, but the presence of transferrin, lactoferrin, 
ceruloplasmin, and albumin, in healthy persons causes 
sequestration of these transition metal ions avoiding excessive 
ROS formation.[7,8] Toxins cause ruptured cells to release 
their contents into blood. The released free iron induces 
tissue injury and cell death by a sequence of reaction known 
as Haber-Weiss reaction [Fe++ + H2O2→ Fe+++ + OH· + 
OH·] in which superoxide and H2O2 are converted to highly 
reactive and toxic hydroxyl radicals.[8,16] I/R injury induces 
OS during circulatory shock, resulting in lysis of endothelial 
cells, which leads to microvascular thrombosis and loss of 
organ function.[7,17]

Oxidative Stress in Various Neurological 
Conditions

Brain is one of the most sensitive organs vulnerable to OS 
mediated injury following increased production of ROS 
because of its high oxidative metabolic activity, low antioxidant 
capacity, high content of polyunsaturated fatty acids and 
regional iron and high surface to membrane ratio.[6] Therefore, 
the discussion of the role of OS in conditions encountered in 
neurocritical care settings and a review of the clinical studies 
providing a rationale to support a potential therapeutic role 
of antioxidants in patients with ischemic and hemorrhagic 
strokes, SAH, TBI is important.
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Ischemic stroke
Lower plasma concentrations of α- and β-carotene were 
found in patients with ischemic stroke as compared to 
healthy controls.[18] Significantly increased serum levels of 
NO, malondialdehyde (MDA) and glutathione along with 
worsening of neurological scale score has been observed in 
stroke patients[19] suggesting that changes in NO metabolism 
may be a marker of brain injury following ischemic stroke.

ROS are produced during ischemia and subsequent 
reperfusion leads to neuronal injury due to oxidative 
modification of DNA, protein and lipids. This suggests 
that OS enhances the deleterious effect on stroke severity 
and clinical outcome. Ischemia and vasospasm induced 
Delayed Ischemic Neurological Injury (DIND), if followed 
by reperfusion activates several deleterious pathways including 
cytochrome-C release, caspase induction and expression of 
matrix metalloproteinase (MMP) leading to blood brain 
barrier (BBB) injury and associated reduction of DNA-
repair enzymes.[20]

Intracerebral hemorrhage
Iron induced neurotoxicity and delayed cerebral edema following 
intracerebral hemorrhage (ICH) has been implicated in release 
of hemoglobin containing red blood cells into brain parenchyma. 
This occurs through the release of iron containing heme 
yielding ferric ion by heme-oxygenase and subsequent OH· 
radical formation through Haber-Weiss reaction.[8,16] There is 
increased brain edema and up-regulation of heme-oxygenase 
after stereotactic infusion of ferric chloride, hemoglobin or 
hemin into basal ganglia.[21] Iron induced neurotoxicity and 
OS mediated injury was confirmed by Goldstein et al.,[22] who 
found hemin, the ferric ion oxidation product of heme toxic in 
human neuron like cells when compared to protoporphyrin IX 
exposure. The role of OS, investigated in a small study of 13 
patients with spontaneous ICH and 15 patients with traumatic 
ICH compared to 40 healthy controls, observed that ICH 
patients had significantly lower plasma levels of vitamin C. 
The severity of neurological impairment inversely correlated 
with vitamin C levels as assessed by Glasgow Coma Scale, the 
National Institute of Health Stroke Scale (NIHSS) score and 
diameter of hematoma.[23]

Clinical studies in ICH have identified genome associations 
between Apo-lipoprotein ε (APO ε) variants ε2, ε4 and 
ICH. The APO ε4 allele amplifies inflammatory responses, 
increasing cerebral edema and hence worsening outcome after 
ICH.[24] COG1410, an APO ε analogue when studied in 
rat models showed decreased concentration of inflammatory 
proteins, reduced functional deficit and decreased cerebral 
edema.[25]

Subarachnoid hemorrhage
In one study, where rats were fed with a high salt diet for 
3 months in addition to a lysyl oxidase inhibitor, ROS have 
been related to aneurysm formation. This led to up-regulation 
of ROS producing genes, suppression of ROS-eliminating 
genes and production of many highly oxidative species such 
as heme oxygenase, NOS, MMP and a 47 KDa portion of 
NADPH oxidase as examined using reverse transcriptase 
polymerase chain reaction (PCR) analysis, western blot, 
and immunohistochemistry. [26] They also observed decreased 
aneurysm size and production of oxidizing agents within the 
aneurysm in rats pretreated with Edavarone, a free-radical 
scavenger. [26] Further p47 NADPH oxidase knocked out 
mouse made Edavarone induced effects, indicating that it 
may be one of the key oxidizing agents required in aneurysm 
signaling cascade. Another rodent study, on the models 
of SAH demonstrated increase in superoxide anion and 
NADPH. However, pretreatment in these models with 
α lipoic acid alleviated OS and improved neurological 
outcome.[27]

Traumatic brain injury
Cat models with induced TBI revealed significantly 
more superoxide anion production after TBI compared 
to controls.[28] Persistent cerebral arteriolar dilation and 
reduced responsiveness to hypocapnic vasoconstriction after 
TBI have been attributed to OS (supported by reduced 
arteriolar dilation in animal models pretreated with SOD 
and catalase).[29] In rat models of TBI, administration 
of progesterone before the insult reduced isoprostane 
levels and improved neurological recovery.[30] The phase 
II, randomized double-blind placebo controlled study 
in 100 adult trauma patients showed moderate to good 
outcome in moderate TBI survivors with progesterone.[31] 
Progesterone for Traumatic Brain Injury: Experimental 
Clinical Treatment (ProTECT III), a phase III clinical 
study is currently enrolling patients to determine whether 
or not progesterone will be the first experimentally vetted 
treatment for TBI.

Apo E is another possible target for ameliorating 
neurological injury after TBI. Apo E reduces ROS and 
other inflammatory markers after different insults.[32] When 
Apo E or its analogues are given to rats before TBI; 
improved neurological outcome and reduced size of contusion 
was observed, compared to controls.[33] Conversely, as in 
ICH patients, the Apo E ε4 allele predisposes to worse 
outcomes after neurological injury, including TBI.[34] Thus, 
the use of Apo E or its analogue in the treatment of TBI is 
still controversial.
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Use of Antioxidants in Neurocritical Care

Antioxidants are either exogenous or endogenous substances 
that inhibit oxidation. For antioxidants to achieve high 
efficacy, like other neuro protectants, they must penetrate 
the BBB and be given as early as possible preempting a 
massive OS. The natural antioxidants are classified in 
Table 1.

The potential antioxidant strategies would be restoring the 
naturally occurring endogenous substances, supplementation 
with exogenous antioxidants and administration of a few 
synthetic free radical scavengers. The utility of antioxidants in 
neuroanesthesiology for preventive and therapeutic purposes 
is reviewed below.

Vitamins and micronutrients
Preexisting low levels of antioxidants in brain, complicated 
by reduction during critical illness supports the rationale of 
supplementing antioxidant vitamins and nutrients during 
precarious illness.[23] Vitamin E and C, β-carotene and 
selenium act as free-radical scavengers contributing to 
prevention and helping in therapy of head injury and stroke. 
Supplementation of these antioxidant vitamins and nutrients 
either alone or in combination is referred to as “immune 
nutrition”.

Vitamin E, acts by breaking the propagation of free-radical 
chain reaction in the lipids of biological membranes. Deficiency 
of Vitamin E leads to peripheral neuropathy and ataxia[35] 

and influences the activity of antioxidant enzymes SOD, 
catalase and glutathione peroxidase.[36] β-carotene, a best 
known lipid soluble carotenoid due to its importance as a 
vitamin A (retinol) precursor possesses antioxidant properties 
analogous to that of vitamin E and C (ascorbic acid). It is a 
water soluble antioxidant with the brain concentration of 10 
fold higher than its plasma levels.[37] High concentrations 
in the brain indicate its role as a cerebroprotective agent 
(inhibiting peroxidation of membrane phospholipids and 
free-radical scavenging action). It also possesses an important 
role in the regeneration of vitamin E.[38] Vitamin B12 use as 
a micronutrient in critical illness has been encouraged due 

to its glutathione sparing antioxidant properties along with 
NOS inhibition and decrease in nuclear factor-κB (NF-κB )
activation.[39]

Selenium improves antioxidant capacity by increasing activity 
of glutathione peroxidase, and reducing plasma isoprostane 
and thiobarbituric acid reacting substances.[40] It also improves 
phagocytosis and immunoglobin synthesis, thus reducing 
infectious complications.

The results of the randomized, placebo-controlled trials[41,42] 
for the use of “immune nutrition” were encouraging but were 
not clearly recognized because of the inadequate sample 
size, uncertainties regarding the correct dose, appropriate 
timing, and route of administration (enteral vs parenteral). 
A meta-analysis of 11 studies of early immune nutrition in 
886 well-defined intensive care patients found significant 
reduction in mortality and concluded that since none of 
the trials using immune nutrition reported any deleterious 
effect, supplementation with antioxidant trace elements 
and vitamins in intensive care patients is safe and possibly 
beneficial.[43] They asserted on very early start of immune 
nutrition at high dose parenterally to have a strong impact 
on outcomes.

The conflicting results on the efficacy of the use of vitamins 
to prevent stroke is explained by the fact that vitamin 
C and E may be oxidized to form ascorbyl radical and 
α-tocopherol radical which may act as toxic pro-oxidants in 
some ischemic circumstances.[44,45] Thus, vitamins may reduce 
stroke complications only if they are given at a specific dose 
and within a specific time window. Moreover, vitamins are 
beneficial only when the severity of stroke is mild with a low 
OS level in the ischemic zone.

Coenzyme Q10
Coenzyme Q10 (ubiquinone), is a lipid soluble, essential 
cofactor of the electron-transport chain, primarily present in 
mitochondria generating energy in form of ATP.[46] Recently, 
the use of coenzyme Q10 in treating OS in cardiovascular 
diseases, diabetes, and cancer has been reviewed.[47] The 
effect of coenzyme Q10 in mongolian gerbils with unilateral 

Table 1: Naturally occurring antioxidants

Enzymes Low Molecular Weight Antioxidants (LMWA)
Superoxide Dismutase (SOD) Directly acting antioxidants (scavengers) Indirectly acting antioxidants

(chelating agents)Catalase 
Peroxidase Endogenous compounds found in diet. i.e. 

tocopherols (Vit E), ascorbic acid (Vit C), 
carotenoids (β-carotene)

Desferoxamine
Desferal
Nitrone based free radical traps e.g. lipoic acids.

Others: Glutathione, Glutathione precursor (cysteine), 
Coenzyme Q10, Melatonin, Uric acid, and Creatine 
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carotid ligation induced stroke exhibited a 45% survival 
improvement at four weeks.[48] Rabbit model of SAH 
induced symptomatic vasospasm showed that coenzyme 
Q10 prevented the development of ischemic brain lesions. [49] 
In TBI model of rats, coenzyme Q10 administration was 
protective because of significantly lesser increase of MDA 
levels. Neuronal degenerative findings and secondary brain 
damage caused by OS are decreased by its use in rats with 
TBI.[50]

α-Lipoic acid
α-Lipoic acid is found in every cell of our body and converts 
glucose into energy. α-Lipoic acid is both fat and water soluble, 
hence can easily cross the BBB.[51] Intracellularly, it is reduced 
to dihydrolipoate which is exported to extracellular medium. 
Both α-Lipoate and dihydrolipoate are potent antioxidants, 
and help in reducing lipid peroxidation, scavenging hydroxyl 
radicals, singlet oxygen and nitric oxide. In addition, α-lipoic 
acid chelates transition metals, recycles other antioxidants 
(such as vitamin C and E), raises intracellular glutathione 
levels and modulates transcription factor activity, especially 
that of NF-κB.[52]

In rat models, with MCA occlusion reduction in infarct size 
was seen with dihydrolipoate but not with α-lipoic acid[53] 

whereas a protective effect of α-lipoate against I/R injury 
in mongolian gerbil models were observed.[54] α-Lipoate 
was effective only when given subcutaneously but not 
intraperitoneally or into the cistern magna.[55] Similarly, few 
studies have found lipoic acid to be protective against cell death 
when administered 30 minutes prior to ischemia. However, 
reduction in infarct volume was not seen if lipoic acid was 
administered immediately prior to reperfusion.[56]

Melatonin
Melatonin is known as a biological modulator that contributes 
to the regulation of circadian rhythms, induces sleep and has 
a strong antioxidant action. It appears to influence aging 
and contribute to protection from age- related processes and 
disease state.[57]

A study on stroke model in rats with MCA occlusion found that 
animals treated with three daily doses of 5 mg/kg melatonin, 
intraperitoneally, started one hour after the onset of ischemia, 
had significantly inhibited induced NOS activity, resulting 
in decreased total NOS activity and tissue nitrite levels.[58] 
Oral administration of melatonin one hour before MCA 
occlusion in rats significantly enhanced glial cell survival.[59] 
Injection of melatonin (4 mg/kg) in pinealectomized rats 
before both ischemia and reperfusion reduced infarct volume 
by 40% and significantly improved neurological deficit 
scores.[60] Currently, melatonin appears to be a potent neuro-

protectant due to its versatile antioxidative, anti-nitrosative, 
and immunomodulatory actions.[61] 

Human Superoxide Dismutase (SOD)/
Superoxide Dismutase like Molecules

SOD catalyzes dismutation of superoxide into oxygen 
and hydrogen peroxide, thus, representing the first line of 
defense against oxygen toxicity. Three forms of SOD are 
present in humans: SOD1 (located in cytoplasm), SOD2 
(mitochondria) and SOD3 (extracellular). SOD1 and 
SOD3 contain copper, zinc, whereas SOD2 has manganese 
in its reactive centre. Traces of copper, zinc, and manganese 
metals are essential for maintaining the antioxidant activity.[62]

Ye N et al., in 100 male Sprague Dawley rats found protective 
effect of intraperitoneal injection of TAT-SOD (a protein 
transduced across the cell membrane to scavenge superoxide) 
against focal I/R injury. TAT-SOD effectively enhanced 
cerebral antioxidant ability, decreased MDA content, reduced 
lipid peroxidation and inhibited nerve cell apoptosis in an 
effective treatment window extending from two hours before 
and two hours after I/R. However, it had no influence if 
treatment was instituted four hours after I/R.[63] A multicentre 
randomized controlled clinical study in patients with severe 
head injury, given polyethylene glycol conjugated SOD 
therapy (pegorgotein) failed to improve outcome. The 
relatively long therapeutic time window of eight hours in the 
administration of the drug may explain the failure of SOD to 
exhibit protective effect in this clinical trial.[64]

Glutathione
Glutathione (GSH) is a ubiquitous tripeptide synthesized by 
two ATP-dependant enzymatic reactions.[65] It is generated 
by metabolism of N-acetyl cysteine. The sulfhydryl group 
of cysteine serves as a proton donor and is responsible for 
the major intracellular antioxidant activity. It plays a critical 
role in detoxification of peroxides and electrophilic toxins as 
a substrate for GSH peroxidase and GSH transferase.[66]

GSH depletion enhances the cerebral ischemic injury in 
rats.[67] Rapid restoration of thiol homeostasis in the brain 
during reperfusion may help the brain to recover from I/R 
injury.[68] GSH analogue YM737 given immediately after 
ischemia in cerebral ischemic rats reduced lethality, increased 
brain water levels and decreased MDA levels suggesting its 
anti-ischemic effects are due, in part, to inhibition of lipid 
peroxidative responses.[69] Glutathione monoethyl ester, in rat 
model of stroke increased cellular GSH and was particularly 
effective in increasing the mitochondrial pool. This increase 
in GSH levels following the glutathione monoethyl ester 
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administration into the third ventricle during two hours of 
MCA occlusion and 48 hours of  reperfusion decreased the 
infarct size by 46%.[70] More recently reduction of ischemic 
brain damage and increase of GSH by a liposomal preparation 
of quercetin in permanent focal ischemia was found in rats 
suggesting that endogenous brain GSH is critical in defense 
mechanisms after ischemia.[71] Though, GSH undoubtedly is 
a powerful antioxidant, the short therapeutic time windows for 
intervention with GSH system makes reproduction of these 
results in clinical trials more difficult.

Metal Ion Chelators

Free-metal ions are associated with the pathophysiology of 
various neurodegenerative diseases (e.g. copper in Wilson’s 
disease and iron in Parkinson’s disease). Their role in the 
mediation of OS following hemorrhage is well-known, 

therefore, proteins that are involved in the binding of metal 
ions were suggested as antioxidants.[8,16] These may include 
transferrin (binds iron), ceruloplasmin (binds copper) and 
hemopexin (binds heme, a catalyst in oxidative reactions).

Deferoxamine, decreases the availability of free iron by 
forming a stable complex with ferric ions. It attenuates the 
production of ROS, reduces brain MDA concentration 
and induces recovery of sodium-potassium pump activity.[72] 

However, the beneficial effects of deferoxamine may be partly 
related to its iron chelating abilities, because deferoxamine 
alters iron regulatory genes and protein binding activity; 
prevents apoptosis induced by glutathione depletion and OS 
by activating a signal transduction pathway; it exerts anti-
inflammatory effects by stimulating cyclooxygenase; blocks 
glutamate mediated exicito-toxicity and exerts antiphagocytic 
effects.[73] Deferoxamine alleviates reperfusion induced injury 
following ischemia,[74] exert diverse protective effect after 
ICH,[75] and some evidence exists supporting the potential 
therapeutic role following intraventricular[76] and subarachnoid 
hemorrhage in experimental models.[77]

Owing to the potential therapeutic effects seen in the animal 
studies, clinical investigations of deferoxamine in stroke 
have gained attention in the recent years. A phase I, small 
open label safety and dose finding study of deferoxamine, 
enrolling 20 subjects divided into 5 dose tiers of deferoxamine 
started within 16 hours of ICH symptom onset was recently 
completed.[78] Analysis of clinical and radiological data from 
this study showed encouraging results; deferoxamine seemed 
to slow down the rate of peri-hematoma edema progression as 
compared to historic controls. Half (50%) of the deferoxamine 
treated patients had a modified Rankin Scale (mRS) score 
0 to 2 at three months. Phase-II trial identified maximum 

tolerated dose of deferoxamine mesylate (62 mg/kg/day up to 
max daily dose of 6000 mg/day) given by a continuous I.V. 
infusion for 5 consecutive days beginning within 24 hours 
of ICH symptom onset is expected to complete in 2017. 
Similarly, phase II double blind, placebo, dose finding study 
to evaluate the safety and pharmacokinetics of deferoxamine 
in patients treated with I.V. recombinant tissue Plasminogen 
Activator (rt-PA) (The Thrombolysis and Deferoxamine 
in Middle Cerebral Artery Occlusion (TANDEM I) is 
complete and results awaited. Bipyridyl, a liposoluble iron 
chelating agent shows beneficial effects both in vitro by 
preventing death of cerebral endothelial cells and in vivo by 
diminishing BBB disruption after focal cerebral ischemia.[79]

Nitrones
Nitrones (X-CH = NO-Y) react with oxygen-free radicals 
and form nitroxyl-free radicals (more stable than oxygen-free 
radicals).[80] These spin trap scavenging agents have been 
studied in experimental animals and have shown to protect 
them from pathology associated with I/R injury, physical 
trauma and aging.[81] Phenyl-α-tert-butyl nitrone (PBN) is a 
synthetic antioxidant capable of scavenging oxygen and carbon 
based free radicals.[82] Various animal studies found that PBN 
administration before or within one hour after I/R, reduced 
infarct size, enhanced post ischemic reperfusion and significantly 
improved survival.[83,84] However, no benefit was observed if 
administered more than six hours after ischemic event.[85]

NXY-059 (2,4-disufophenyl-N-tert-butylnitrone) is a PBN, 
developed for treatment of ischemic stroke. Stroke-acute 
Ischemic NXY Treatment I (SAINT I) was a large clinical 
trial conducted on 1771 patients suffering from acute ischemic 
stroke (AIS). NXY-059 or placebo was administered 
intravenously to patients within 6 hours after the onset of 
stroke for 72 hours. Though NXY-059 significantly reduced 
disability after 90 days, it was not able to significantly change 
other neurological parameters and mortality.[86] SAINT II 
was a larger trial recruiting 3306 patients with AIS to further 
investigate the effect of NXY-059, but, this trial too did not 
find any efficacy for any of the end points.[87] Unfortunately, 
inappropriate treatment window of 6 hours, inclusion of 
disparate patients and issues related to the design of the 
SAINT II trial are a matter of concern.[88]

Ebselen
Ebselen (2-phenyl-1,2-benzisoselenazol-3(2H)-one), mimics 
glutathione peroxidase which reacts with peroxynitrite to 
inhibit enzymes such as lipooxygenases, NO synthetases, 
NADPH oxidase, Protein Kinase C and H+-K+ ATPase. 
Ebselen has low toxicity as its metabolism does not liberate 
the selenium moiety.[89] Safety and tolerability are virtuous 
with no apparent adverse effects.
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Experimental studies in animals revealed that ebselen inhibits 
both vasospasm and tissue damage in stroke models, correlating 
with its inhibitory effect on oxidative processes.[90] Results 
from randomized, placebo controlled, double blind studies 
on the neurological consequences of AIS, SAH and acute 
MCA occlusion, revealed that ebselen significantly enhanced 
outcome in patients experiencing occlusive cerebral ischemia 
of limited duration.[91-93] The benefits with ebselen are closely 
related to the promptness with which the treatment is initiated, 
following the onset of stroke.

N-AcetylCysteine (NAC)
NAC is recommended for several OS related diseases.[94] 

NAC’s multiple putative antioxidant properties stem from its 
ability to decrease NF-κB activation and cytokines production, 
regenerate NO as a sulfhydryl donor, replenish glutathione 
and scavenge ROS especially OH· and H2O2. NAC has 
been extensively studied in critically ill patients with ARDS, 
organ failure,[95] septic shock,[41] for prevention of exacerbation 
of COPD,[96] prevention of radiographic contrast induced 
nephropathy[97] and many others but the results have been 
inconsistent and inconclusive.

Rodent studies indicate the beneficial effect of NAC in 
treatment of I/R induced oxidant injury in stroke models 
and in experimental models with closed head trauma.[98,99] 

NAC is not synthesized endogenously and cannot cross 
the BBB after exogenous administration. This limits the 
efficacy of NAC in vivo. We found no studies in humans 
of use of NAC in neurocritical care but because NAC 
was helpful in various non neurological diseases, its brain-
penetrated derivatives could be evaluated for use in patients 
with stroke.

Flavanoids
Flavanoids are a large group of naturally occurring phenolic 
compounds, present in high levels in human diet and have 
recently been reported to possess therapeutic potential in 
ischemic stroke. They have been studied for their vast antioxidant 
properties in-vitro[100] and many other biological activities 
including anti-tumor, cardio-protective and anti-inflammatory 
properties.[101] There role in cerebral protection from ischemia 
are promising.[102] Galangin, a naturally occurring flavanoid 
from the rhizome of Alpina offcinarum hances is widely 
used antioxidant. Administration of Galangin in rats (with 
MCA occlusion induced focal cerebral ischemia) exhibited 
a protective role through improvement in regional cerebral 
blood flow, attenuating mitochondrial dysfunction with 
decreased production of mitochondrial ROS and inhibiting 
caspase-dependent mitochondrial cell death pathway.[103] 

Similar neuroprotective effect of other potent flavanoids: 
Quercitin,[104] Luteolin,[105] Soy Isoflavone (Genistein),[106] 

Xanthohumol[107] and many others have been seen in ischemic 
stroke experimental models.

Minocycline
Minocycline is a second generation tetracycline derivative 
with established anti-inflammatory and anti-apoptotic use. It 
effectively crosses the BBB and demonstrates neuroprotective 
qualities in experimental models of CNS trauma, stroke, 
spinal cord injury and neurodegenerative diseases.[108] The 
main effects of minocycline include inhibition of microglial 
activation, attenuation of apoptosis and suppression of 
ROS generation. It is thus, an effective antioxidant and 
radical scavenger.[108] It inhibits polyadenosine diphosphate 
ribose polymerase I and MMP, chelates iron and prevents 
the neuronal death induced by ferrous sulphate.[109] In an 
open label, evaluator blinded study; oral administration of 
200 mg/day of minocycline for 5 days, in patients after acute 
CNS infarction significantly decreased NIHSS and mRS 
score, signifying better clinical outcome.[110] However, this 
study had several limitations including open label design 
and small sample size. Fagan et al.,[111]in their open label, 
dose escalation, safety and dose finding study (Minocycline 
to Improve Neurological Outcome in Stroke (MINOS), 
concluded that minocycline may be an ideal agent to use 
with tissue plasminogen activator(tPA.) They found that 
minocycline was well tolerated up to doses of 10 mg/kg 
intravenously alone or in combination with tPA. They also 
found that half-life of minocycline was 24 hours, allowing once 
a day dosing.[111] Interestingly, in the MINOS trial authors 
found lower plasma MMP-9 levels (which predict post tPA 
hemorrhage) among tPA-treated subjects. Thus, combining 
minocycline with tPA may prevent adverse consequences of 
thrombolytic therapy.[112]

Edavarone
Edavarone (3-Methyl-1-phenyl-pyrazolin-5-one, MCI-186, 
Radicut®) is an antioxidant, approved for treatment of 
patients in AIS in Japan.[113] Edavarone scavenges ROS 
and inhibits pro-inflammatory responses after brain ischemia. 
In particular, post ischemic inflammation, leading to brain 
edema and infarction due to neuronal damage and endothelial 
cell death, is ameliorated by edavarone.[114] It also improves 
functional outcome in ischemic stroke patients.[115] Fifty 
percent of edavarone exists in an anionic form at physiological 
pH, which strongly reacts with ROS in brain. Byproducts 
formed after edavarone reacts with free radicals are stable 
and do not cause oxidation.[116] The mechanisms for reducing 
brain edema in acute ischemic stroke possibly are; inhibition 
of vascular endothelial growth factor,[117] or inhibition of 
aquaporin-4 (a membrane water channel) expression.[118] It 
has shown improvement in nerve growth factor expression in 
human astrocytes subjected to hypoxia-reoxygenation. This 
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suggests edavarone’s neurotrophic therapeutic effect in brain 
injury (ischemia-reperfusion).[119] It does reduce the oxidative 
damage in rodent brain after ischemic injury.[120]

Clinical studies on patients with acute lacunar infarction have 
shown efficacy of edavarone in improving functional outcome 
(especially motor palsy).[121] Though edavarone is a safe drug, 

some studies have reported nephrotoxicity which ultimately 
recovered in 45% of patients.[114]

Lazaroids
Lazaroids (21 amino steroids derived from glucocorticoids) 
specifically inhibits lipid peroxidation and act as membrane 
stabilizer without glucocorticoid and mineralocorticoid 
receptor dependant activity.[122] They are 100 times more 
potent antioxidants, than corticosteroids and therefore may 
be efficacious in management of acute CNS injury.

Tirilazad mesylate (U-74006F), one of the lazaroids has 
been clinically developed as a parental neuroprotective 
drug. It is a lipophilic compound with high affinity for 
vascular endothelium.[62,122] It has shown to protect the 
BBB against traumatic and SAH induced permeability. 
The penetration of tirilazad into brain parenchyma is 
enhanced after acute CNS injury and disruption of 
BBB.[62] Functional outcome studies in animal models of 
closed head injury,[123] I/R[124] and SAH[125] demonstrated 
beneficial effects of tirilazad.

However, there is a disparity between the beneficial effects 
of tirilazad in animal studies when compared with clinical 
trials, where tirilazad as a cerebroprotectant had inconclusive 
results. The randomized trial of Tirilazad For Acute Stroke 
(RANTTAS I and II) in stroke patients failed to show 
statistically significant reduction in mortality or improvement 
in functional outcome.[126,127] Another study however, showed 
better functional recovery at 3 months and overall reduction 
in mortality in patients receiving Tirilazad.[128] Similar study 
where anticonvulsant usage was much higher,[129] failed to 
reproduce the same. Evidence from a clinical trial in women 
given higher dosage of Tirilazad following aneurysmal SAH 
showed improvement in outcome.[130]

Several reasons like a single mechanism of action (i.e. lipid 
peroxidation), use of enzyme inducers (anticonvulsants), 
lack of bioavailability due to inability to cross BBB and 
suboptimal dosages might make it difficult to extrapolate 
the results of pre-clinical trials in humans. At present the 
clinical evidence is not strong enough to justify the routine 
use of tirilazad in the management of CNS trauma, ischemia, 
SAH. 

Conclusions and Future Strategies

Antioxidants have a vital role in human physiology with 
several therapeutical implications in pathological states. 
Research in this field is evolving. Hence, better understanding 
of use of these antioxidants is likely to open a full spectrum 
of possibilities to make them an integral component of the 
treatment strategy. The role of OS in pathophysiological 
mechanism underlying acute CNS injury is established and 
is aggravated by reduction in endogenous antioxidants either 
due to genetic or environmental factors. Antioxidants have 
shown efficiency in animal models, but beneficial effects 
have not materialized in clinical trials. Several reasons have 
been advocated, which include wide variability of the nature 
and severity of illness in neurointensive care patients, low 
bioavailability of the antioxidant at desired site, lack of 
penetration through the BBB or suboptimal drug dosages 
and poor target specificity; and narrow therapeutic “time 
window”. Thus, to achieve the efficacy, antioxidants must be 
disease specific.

Future research demands improvement in the molecular 
design of antioxidants, increasing potency, site specificity and 
with better BBB penetration. Studies need to be designed to 
evaluate the efficacy and application of antioxidant cocktails 
with neuroprotectants; optimizing time and duration of therapy 
to achieve drug levels during the vascular event and irreversible 
neuronal loss along with the use of biomarkers to identify and 
assess the severity of OS along with monitoring the response 
to antioxidant therapy.
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