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Abstract

During ischemic stroke, neurons and glia are subjected to damage during the acute and 

neuroinflammatory phases of injury. Production of reactive oxygen species (ROS) from calcium 

dysregulation in neural cells and the invasion of activated immune cells are responsible for stroke-

induced neurodegeneration. Scientists have failed thus far to identify antioxidant-based drugs that 

can enhance neural cell survival and improve recovery after stroke. However, several groups have 

demonstrated success in protecting against stroke by increasing expression of antioxidant enzymes 

in neural cells. These enzymes, which include but are not limited to enzymes in the glutathione 

peroxidase, catalase, and superoxide dismutase families, degrade ROS that otherwise damage 

cellular components such as DNA, proteins, and lipids. Several groups have identified cellular 

therapies including neural stem cells and human umbilical cord blood cells, which exert 

neuroprotective and oligoprotective effects through the release of pro-survival factors that activate 

PI3K/Akt signaling to upregulation of antioxidant enzymes. Other studies demonstrate that 

treatment with soluble factors released by these cells yield similar changes in enzyme expression 

after stroke. Treatment with the cytokine leukemia inhibitory factor increases the expression of 

peroxiredoxin IV and metallothionein III in glia and boosts expression of superoxide dismutase 3 

in neurons. Through cell-specific upregulation of these enzymes, LIF and other Akt-inducing 

factors have the potential to protect multiple cell types against damage from ROS during the early 

and late phases of ischemic damage.
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1.1 Oxidative Stress in Ischemic Stroke

1.1.1 Production of Reactive Oxygen Species

Oxidative stress is characterized by the excess production of reactive oxygen species (ROS), 

which may cause irreversible damage to cellular components. Although neural cell damage 

during stroke is partially triggered by hypoxia, oxidative stress plays an instrumental role 

during the initial and later phases of ischemic stroke pathophysiology. During the initial 

phase of injury, energy failure interferes with the activity of ATP-dependent ion channels 

and the maintenance of the electrochemical gradient (Shenoda, 2015). As a result, neurons 

experience an increase in excitatory neurotransmission (Khanna et al., 2014). The increase 

in intracellular Ca2+ triggered by glutamatergic activity activates calmodulin, which is 

responsible for neuronal nitric oxide synthase activity. Although nitric oxide is not directly 

neurotoxic, it may react with superoxide anions to form peroxynitrite, an extremely toxic 

reactive nitrogen species (Dawson et al., 1991). Protein Kinase C, which may be activated 

by Ca2+ and diacylglycerol, increases activity of NAPDH oxidase, which generates 

additional ROS (Noh and Koh, 2000).

During the secondary wave of neuroinflammation, ROS are produced by activated microglia/

peripheral immune cells. Activated microglia and peripheral macrophages generate nitric 

oxide via inducible nitric oxide synthase (Merrill et al., 1993). In addition to the release of 

ROS from activated microglia, these cells also release matrix metalloproteinases that break 

down the blood-brain barrier (del Zoppo et al., 2007; Shi et al., 2016). Increased blood-brain 

barrier permeability renders the ischemic hemisphere vulnerable to invading immune cells 

from the spleen and peripheral immune system (Pennypacker, 2014; Seifert and 

Pennypacker, 2014). Invading phagocytic cells contribute to oxidative damage in the brain 

via myeloperoxidase, an enzyme responsible for producing hypochlorous acid, a strong 

oxidant (Beray-Berthat et al., 2003). NADPH oxidase, which contributes to neural cell 

damage during the acute phase of stroke pathophysiology, also contributes to ROS 

production in phagocytic leukocytes such as macrophages and neutrophils (Walder et al., 

1997)

Generation of ROS may cause cellular necrosis by damaging mitochondria and activating 

pro-apoptotic signaling. Astrocytes facilitate endogenous protection of vulnerable cells, 

mainly neurons and white matter-forming oligodendrocytes by increasing activity and 

expression of antioxidant enzymes (Murphy et al., 2001). Since oxidative stress is a key 

factor behind excitotoxic cell death and neuroinflammation, decreasing ROS remains a focus 

for research. Some of the mechanisms for ROS-mediated damage during stroke are shown in 

Figure 1.

1.1.2 Failure of Exogenous Antioxidants in Stroke Clinical Trials

Despite the role of oxidative stress in neural cell damage during stroke, the performance of 

exogenous antioxidants in clinical trials has been inconsistent. Some pro-antioxidant drugs 

have yielded positive results in clinical trials. Ebselen, a glutathione peroxidase (GSH-PX) 

mimetic that improved outcomes after transient FCI in rodents, was used in a double blind 

clinical trial for acute ischemic stroke patients. According to the results of the study, patients 
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that received oral Ebselen within 24 hr of stroke onset showed improvement on the Glasgow 

Outcome Scale at 1 month after injury compared to patients who received the placebo. 

Unfortunately, there was no significant improvement at 3 months post-stroke (Dawson et al., 

1995; Yamaguchi et al., 1998). Clinical trials for “free radical scavengers” have yielded 

more negative results compared to successful treatments. Arguably the most notable failed 

trial was for α-(2-disulfophenyl)-N-tertbutylnitrone, also known as NXY-059. NXY-059 is a 

nitrone compound that prevents the formation of peroxynitrite by mimicking NO. This drug 

performed extremely well in rodent and primate models of FCI, and produced significant 

improvements on the Rankin scale compared to placebo during its initial phase III clinical 

trial. However, NXY-059 produced no significant improvement compared to placebo in an 

expanded phase III trial.

Several reasons were given as to why NXY-059 failed in the expanded study. For instance, 

the drug used in the second trial may have been older than the lot used in the first trial. As a 

result, this older lot may have undergone oxidation prior to administration, rendering the 

drug less effective. Secondly, NXY-059 induces vasodilation of cerebral vessels, but does 

not directly promote survival of neural cells. Pharmacokinetic issues, such as the short half-

life of the drug and its inability to easily cross the BBB may have also contributed to its lack 

of efficacy (Shuaib et al., 2007; Strid et al., 2002; Zivin, 2009). In order to confer longer 

lasting neuroprotection during ischemic stroke, researchers have begun focusing on 

therapeutics that enhances of the activity the brain’s endogenous antioxidant enzymes. In 

fact, tPA has been shown to increase oxidative stress that compromises the blood brain 

barrier and antioxidants have been utilized to block these effects (Lukic-Panin et al., 2010). 

Therefore, antioxidant enzyme expression has become a novel target for ischemic stroke 

treatment and to inhibit adverse effects caused by tPA treatment.

1.2 Endogenous Antioxidant Protection

1.2.1 Glutathione Metabolism

Under physiological and pathophysiological conditions, several enzymes are responsible for 

regulating redox balance in neurons. Some of these enzymes protect neurons from oxidative 

stress by maintaining adequate expression levels of the antioxidant glutathione. Glutathione, 

an oligopeptide containing a cysteine residue, acts as a nucleophile by donating electrons to 

break the disulfide bonds of oxidized proteins. Once reduced, these proteins are unable to 

react with other cellular components and cause further damage. Oxidized glutathione 

molecules will form disulfide bonds with each other until they are converted to reduced 

glutathione by glutathione reductase (Kidd, 1997; Pompella et al., 2003). GSH may also 

reduce the accumulation of pro-oxidant xenobiotic agents via the glutathione-S-transferase-

dependent conjugation (Friling et al., 1990). Although glutathione is low in neurons, 

astrocytes may protect neurons by synthesizing and secreting high levels of glutathione in 

vitro. In addition, neuronal glutathione synthesis is largely dependent upon the release of a 

cysteine-glycine dipeptide from astrocytes (Dringen et al., 1999; Raps et al., 1989).

In addition to its endogenous antioxidant capabilities, glutathione serves as a cofactor for the 

GSH-PX family of enzymes. GSH-PX enzymes contain the amino acid selenocysteine, 

which contains selenium in the space normally occupied by sulfur. Although debate has 
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occurred regarding the function of selenocysteine vs. cysteine, studies suggest that the 

higher reactivity of selenium allows selenoproteins to scavenge peroxides more efficiently 

(Brigelius-Flohe, 1999). Some members of the GSH-PX family that are expressed in 

mammalian tissues include classical GSH-PX, gastrointestinal GSH-PX, plasma GSH-PX, 

and phospholipid hydroperoxide GSH-PX. All GSH-PX enzymes possess the ability to 

catalyze the breakdown of organic hydroperoxides, but some isoforms such as plasma GSH-

PX are able to reduce more complex hydroperoxides. Phospholipid hydroperoxide GSH-PX 

and classical GSH-PX are highly stable in brain tissue, and preclinical studies show that 

upregulation of GSH-PX may occur in response to oxidative damage in animal models of 

neurodegeneration, including Parkinson’s Disease and Alzheimer’s Disease (Aksenov et al., 

1998). GSH-PX activity is also neuroprotective in animal models of stroke. In rodent models 

of transient middle cerebral artery occlusion (MCAO), overexpression of GSH-PX enzymes 

as well as treatment with a GSH-PX mimetic (Ebselen) aided in protection against oxidative 

injury (Dawson et al., 1995; Ishibashi et al., 2002; Weisbrot-Lefkowitz et al., 1998).

1.2.2 Catalase

Catalase, a normal component of cellular peroxisomes, is responsible for converting H2O2 

into water and molecular oxygen. Catalase is ubiquitously expressed by neurons and glia of 

the CNS, and is among the most efficient enzymes found in nature (Vainshtein et al., 1981). 

A study looking at the antioxidant enzymes in human patients with neurodegenerative 

diseases demonstrated that patients who had experienced an ischemic stroke or had PD 

showed lower levels of catalase activity in the brain (Rosario de la Torre et al., 1996). As a 

result, increasing catalase activity has been examined as a potential therapeutic strategy for 

ischemic stroke. Neurons in the striatum that overexpress catalase are less susceptible to 

damage following transient MCAO (Gu et al., 2004). Two independent groups demonstrated 

that injecting catalase conjugated to polyethylene glycol reduces total infarct size as well as 

BBB dysfunction after transient MCAO (Liu et al., 1989). However, both of these studies 

showed that conjugated catalase is most efficacious when administered in conjunction with a 

polyethylene glycol-conjugated form of another antioxidant, superoxide dismutase.

1.2.3 Superoxide Dismutase

Superoxide dismutase (SOD) family enzymes are responsible for converting superoxide 

(O2
−) anions to H2O2 and H2O. Mammalian cells express three isoforms of SOD: SOD1, 

SOD2, and SOD3. SOD1, alternatively known as copper/zinc-dependent SOD (Cu/Zn-

dependent SOD) is a 32 kDa homodimeric enzyme that is ubiquitously expressed and 

localized in the cytosol. SOD2, or manganese-dependent SOD, is an 88 kDa homotetrameric 

enzyme that is localized in the mitochondria. Similar to SOD1, SOD2 exhibits a ubiquitous 

pattern of expression. SOD3, or extracellular SOD, is also dependent upon copper and zinc 

and contains a signaling peptide sequence for localization to the endoplasmic reticulum and 

eventual secretion into the extracellular environment. SOD3 exists as a homotetramer of 135 

kDa in humans and mice, but it is primarily dimeric in rats (Carlsson et al., 1996; Zelko et 

al., 2002). In contrast to the ubiquitous expression of SOD1 and SOD2, levels of SOD3 

expression vary greatly between organs. Under physiological conditions, SOD3 mRNA 

levels are highest in the heart, lung, and pancreas, but low in brain tissue (Folz and Crapo, 

1994).
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Since oxidative stress is a pathological hallmark of neurodegeneration, SOD dysfunction is 

implicated in diseases characterized by neuronal loss. Mutations in SOD1 contribute to the 

development of familial amyotrophic lateral sclerosis (ALS), and multiple studies suggest 

that reduced SOD2 activity may be associated with Alzheimer’s and Parkinson’s diseases 

(Azari et al., 2001; Belluzzi et al., 2012; Wiener et al., 2007). However, preclinical studies 

demonstrate that increased activity of all three SOD enzymes may reduce brain damage after 

FCI. As previously mentioned, treatment with polyethylene glycol-conjugated catalase and 

SOD effectively reduced ischemic brain damage. EUK-134, a selenium -manganese 

complex that acts as a mimetic for SOD and catalase, decreased brain damage when 

administered 3 h after stroke, a comparable time point to administration of tPA (Baker et al., 

1998). Since H2O2 is a product of the reduction of O2
−, combination therapy with both 

enzymes would allow for scavenging of both ROS and better protection against ischemic 

damage.

Targeting SOD enzyme expression has also shown considerable success in animal models of 

stroke. Davis et al. showed that delivery of the SOD1 gene using herpes simplex viral 

vectors protected mice against striatal damage induced by transient MCAO compared to the 

vector alone (Davis et al., 2007). Unfortunately, the neuroprotective effect of SOD1 

overexpression appears to be limited to models of cerebral ischemia/reperfusion injury, since 

SOD1 overexpressing mice did not show a significant decrease in infarct volume compared 

to wild-type mice after permanent MCAO. The authors of the latter study suggest that the 

protective effect of SOD1 overexpression is minimal due to high basal levels of SOD1 in the 

brain tissue of wild-type mice (Chan et al., 1993). Several independent groups reported that 

SOD2 knockout mice show greater susceptibility to oxidative stress after permanent and 

transient MCAO (Kim et al., 2002; Mehta et al., 2011; Mikawa et al., 1995; Murakami et al., 

1998). Increasing SOD3 is also an effective strategy in protecting against oxidative damage 

in models of ischemic stroke. Sheng et al. demonstrated that mice that overexpress the 

SOD3 gene have smaller infarct volumes compared to wild-type mice (Sheng et al., 1999).

1.3 Factors Affecting Antioxidant Enzyme Expression

1.3.1 Sex-specific Antioxidant Expression

Preclinical and clinical studies indicate that high levels of estrogen protect younger females 

against the risk of ischemic stroke. In addition to decreasing inflammation, estrogen 

increases the expression and activity of several antioxidant enzymes in the brain. In a study 

by Borras et al., female rats were less prone to mitochondrial damage compared to male rats 

due to higher basal expression of GSH-PX and SOD2 (Borrás et al., 2003). Strehlow et al. 

showed that 17β-estradiol administration upregulated expression of SOD2 and SOD3 

(Strehlow et al., 2003). Reduction of estrogen via ovariectomy reduced expression of these 

enzymes. In another independent study, removal of the ovaries increased levels of lipid 

peroxidation in the brain (Özgönül et al., 2003). Among aged females, the incidence of 

stroke is comparable to that of older males due to lower estrogen production after 

menopause (Koellhoffer and McCullough, 2013). However, other evidence demonstrates that 

aged females still have a higher antioxidant capacity compared to aged males. Aged female 
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rats had higher numbers of differentiated mitochondria and uncoupling proteins, which 

protect mitochondria against ROS (Guevara et al., 2009).

1.3.2 Antioxidant Enzymes Compensate for Increased ROS Production in Aged Brains

According to a study by Driver et al., basal production of ROS in brain tissue increases with 

age. Using the ROS-sensing dye 2,7-dichlorodihydrofluorescin, the authors showed that 

there is a significant elevation in ROS production between 21-day old rat brains and adult 

(3–6 months) rat brains. Among aged rat brains (24 months), there is a significant elevation 

in ROS production compared to the brains of adult rats (Driver et al., 2000). Higher rates of 

ROS production in aged brains may be attributed to increased mitochondrial dysfunction 

that occurs with age (Petrosillo et al., 2008).

Several groups have reported conflicting results regarding the age-related change in brain 

antioxidant activity. Benzi et al. reported that activities of GSH-PX, glutathione reductase, 

and SOD decrease in the parieto-temporal cortex, striatum, substantia nigra, and thalamus in 

rats aged 15–30 months of age compared to younger rats (Benzi et al., 1988).

Other studies show that antioxidant activity is higher in aged brains to compensate for 

increased ROS production. According to Hussain et al., antioxidant enzyme activity increase 

with age to compensate for excess generation of ROS. In this particular study, the authors 

demonstrated that SOD and GSH-PX activity increased in the brain of 2 year old mice 

compared to young mice (Hussain et al. 1995). In addition to the aging alone, antioxidant 

activity may be increased by age-related conditions such as Alzheimer’s disease. Lovell et 

al. demonstrated that higher levels of lipid peroxidation in the brains of Alzheimer’s patients 

resulted in higher levels of catalase, SOD, and GSH-PX/glutathione reductase activity 

(Lovell et al., 1995).

Despite the overall increase in brain antioxidant activity with age, studies show that the 

magnitude of increased enzyme activity varies between sexes. For instance, aged male rats 

(28–30 months) had significantly elevated SOD activity in several regions of the brain, 

including the substantia nigra, hippocampus, striatum, and certain regions of the cerebral 

cortex; compared to young rats (7 months). Although SOD1 activity was significantly higher 

in the parieto-temporal and occipital regions of the cortex in aged males compared to young 

males, upregulation of SOD2 activity was primarily responsible for higher total SOD 

activity in the brains of aged males. Aged female rats showed significant increases in SOD 

activity in the substantia nigra and cortical regions compared to young females as well as 

higher SOD2 activity in the hippocampus and occipital cortex. However, elevations in SOD 

activity were less pronounced in aged females compared to aged males, and SOD1 activity 

remained unchanged in female rats. Aged female rats had significantly higher catalase 

activity in the cerebellum, whereas aged male rats showed no significant changes in brain 

catalase activity compared to their younger counterparts (Carrillo et al., 1992). Sobocanec at 

al. verified that catalase activity increases with age in female mice, but not in males. 

Moreover, this study showed that females experience higher levels of GSH-PX activity at 18 

months of age compared to 18 month males. These data demonstrate that while aging favors 

an increased antioxidant profile in the brain, the activities of individual enzymes vary 

between the sexes (Sobočanec et al., 2003).
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1.4 Therapeutic Strategies that Upregulate Antioxidant Enzymes

1.4.1 Human Umbilical Cord Blood Cells

Although these therapies contain mesenchymal stem cells, cells isolated from autologous 

peripheral and umbilical cord blood also contain a large fraction of mononuclear cells, 

which consist of monocytes/macrophages, lymphocytes, and neutrophils. Similar to NSCs, 

these cell populations have been shown to exert protective effects via released factors that 

activate survival signaling. HUCB treatment 48 h after stroke increases PI3K/Akt signaling 

and induces the expression of antioxidant enzymes. The cerebroprotective potential of 

cellular therapies lies in their ability to turn on pro-survival signaling in neural cells via 

paracrine mechanisms. Through the activation of Akt, these factors increase the activity of 

TFs such as MZF-1 and Sp1 and promote increased expression of protective genes. Among 

oligodendrocytes, several of these protective genes included enzymes that reduce the 

production of ROS during in vivo and in vitro ischemia. HUCB treatment increased the 

expression of peroxiredoxin IV (Prdx4) and metallothionein III (Mt3), two antioxidant 

enzymes (Rowe et al., 2010; Rowe et al., 2012).

1.4.2 Neural Stem Cell Therapy

Among preclinical rodent studies, neural stem cells (NSCs) contributed to brain repair 

through several mechanisms. These cells, which are derived from neurogenesis sites in the 

subventricular and subgranular zones, facilitate tissue repair by proliferating and 

differentiating into neurons and glia (Zhang et al., 2004). Preclinical studies indicate that 

NSCs confer neuroprotection through the release of neurotropic and anti-inflammatory 

factors as well. NSC lines may be readily manipulated to release higher quantities of 

neuroprotective factors. Various factors released by NSCs have been shown to promote 

neural repair in models of SCI (Lu et al., 2003), EAE (Laterza et al., 2013), and ICH (Lee et 

al., 2007). According to Martinez-Serrano, grafted NSCs that produced higher levels of 

BDNF and NGF protect GABAergic striatal neurons from excitotoxic death, thus giving 

these cells promise as a treatment for HD (Martínez-Serrano and Björklund, 1996). Since 

NGF and BDNF are potent inducers of Akt signaling, NSCs that overexpress these two 

factors could protect other types of neurons against cytotoxicity through Akt-dependent gene 

expression (Nguyen et al., 2010).

Despite the neurotrophic actions of factors released from NSCs, the ability of these cells to 

upregulate antioxidant genes has not been widely explored. However, there is evidence that 

certain NSC populations induce expression of SOD2. Madhaven et al. demonstrated that 

NSCs produced high levels of CNTF, VEGF, and BDNF following stimulation with 3-

nitropropionic acid, a mitochondrial toxin that has been used to induce degeneration of 

striatal neurons (Beal et al., 1993; Madhavan et al., 2008). These neurotrophic factors and 

cytokines significantly upregulated SOD2 expression in neurons, which reduced subsequent 

3-nitropropionic acid-induced death in vitro. Other studies demonstrate some of the factors 

produced by NSCs can reproduce the protective effects of cellular treatment while avoiding 

the inconsistencies associated with these types of therapies. One such factor that confers 

protective gene expression in neural cells is leukemia inhibitory factor (LIF) (Chen et al., 

2010).

Davis and Pennypacker Page 7

Neurochem Int. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1.4.3 Leukemia Inhibitory Factor

LIF is a glycoprotein in the IL-6 family of cytokines that inhibits self-renewal of murine 

leukemia cell lines and promotes self-renewal of embryonic stem cells. This particular study 

identified several other cell types that participate in LIF signaling including osteoblasts, 

adipocytes, hepatic parenchymal cells, and neurons (Tomida et al., 1984). LIF exerts its 

signaling through LIF receptor/glycoprotein 130 (LIFR/gp130) complex and activates the 

following downstream signaling cascades: Raf/MEK/ERK (Arthan et al., 2010), JAK/STAT 

(Stahl et al., 1994), and PI3K/Akt (Oh et al., 1998). Similar to other cytokines, LIF has a 

short terminal half-life of approximately 2 h (Segrave et al., 2004). Therefore, the long-term 

effects of LIF signaling primarily occur through changes in genes that regulate 

differentiation, survival, and self-renewal (Graf et al., 2011).

In addition to controlling stem cell fate, the effects of LIF extend to neural cell development 

in the CNS/PNS. Several groups reported that LIF is identical to a myocardium-derived 

protein that promotes the survival and development of cholinergic motor neurons in vivo and 

in vitro (Curtis et al., 1994; Martinou et al., 1992; Yamamori et al., 1989). NSC populations 

also require LIF for self-renewal. In a study performed by Bauer and Patterson, adenoviral 

vectors were used to overexpress LIF in the brain. Mice that received the adenoviral-LIF 

construct showed lower rates of neurogenesis in the subventricular zone compared to mice 

that received the adenoviral-LacZ construct. LIF overexpression also increased numbers of 

cells that stained positive for bromodeoxyuridine (BrdU) and the glial cell markers S100 and 

Oligo2, while decreasing the number of cells staining positive for DCX, a marker of 

immature neurons. These results demonstrate that LIF inhibits neurogenesis in the 

subventricular zone, but helps increase the brain’s capacity to repair it by maintaining high 

populations of NSCs and glial progenitor cells. (Bauer and Patterson, 2006). By contrast, 

CNTF, another IL-6 family cytokine that depends on the LIFR subunit for signaling, 

promotes neurogenesis in the forebrain and hypothalamus (Emsley and Hagg, 2003; 

Kokoeva et al., 2005).

1.5 Antioxidant Enzymes upregulated by LIF

Since LIF is among the factors produced by HUCB cell (Seo et al., 2011), LIF does promote 

antioxidant expression and reduce white matter damage after permanent FCI in a manner 

similar to HUCB therapy. Rats were administered either LIF or PBS at 6, 24, and 48 h after 

undergoing permanent MCAO and euthanized at 72 h. According to the results of this study, 

LIF treatment increased motor skill recovery and reduced stroke volume at 72 h post-

MCAO. White matter showed considerably lower levels of damage in vivo and significantly 

lower levels of cytotoxicity following in vitro ischemia. Not only were the in vitro protective 

effects of LIF (200 ng/mL) dependent upon Akt signaling, but mRNA levels of the 

antioxidant genes peroxiredoxin IV (Prdx4) and metallothionein III (Mt3) were significantly 

higher among oligodendrocytes that received LIF prior to OGD compared to those that 

received PBS (Rowe, 2011; Rowe et al., 2014).
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1.5.1 Peroxiredoxin IV

Peroxiredoxin (Prdx) family enzymes, or “thiol-specific antioxidants,” were initially 

identified due to their ability to reduce oxidized proteins in the presence of dithiothreitol, 

which reduced molecular O2 to form several ROS species (Chae et al., 1993). Similar to 

GSH-PX, Prdx enzymes are able to form disulfide linkages following oxidation, and return 

to their active form following reduction by an additional enzyme, thioredoxin (Rhee et al., 

2001). During each redox cycle, Prdx enzymes catabolize the conversion of H2O2 into H2O 

and O2. However, a study by Bryk et al. indicated that Prdx isoforms in bacteria have the 

capacity to scavenge peroxynitrite (ONOO−) (Bryk et al., 2000). Six Prdx isoforms are 

expressed in mammals; the cytosolic isoforms Prdx1, Prdx2, and Prdx6; the mitochondrial 

isoform Prdx3; the secreted isoform Prdx4; and Prdx5, which is localized in multiple 

organelles (Rhee et al., 2012). In the brain, neurons express Prdx2-5 while Prdx1, 4, and 6 

are localized to glial cells (Goemaere and Knoops, 2012). Currently, the role of Prdx 

enzymes in neural cell protection remains controversial. Studies have identified pro-survival 

mechanism for Prdx 2, 4, and 5 during in vivo and in vitro ischemia. Shichita et al. 

demonstrated that antibodies against Prdx 1, 2, 5, and 6 decreased infarct volume and 

decreased the release of IL-23 from macrophages after transient MCAO (Shichita et al., 

2012). This paradoxical role for Prdx enzymes in stroke pathology may be explained by 

several factors. The protective role for Prdx4-5 during stroke was demonstrated using rodent 

models of permanent MCAO, suggesting that differences between permanent and transient 

FCI pathology may determine whether Prdx enzymes contribute to neuroprotection vs. 

neuroinflammation (Rowe et al., 2010; Shahaduzzaman et al., 2015). In addition, the time 

point at which the anti-Prdx antibodies are administered may determine whether or not 

blocking their activity is neuroprotective. The studies showing the neuroprotective role of 

Prdx2 were performed in vitro, meaning that this isoform may only be neuroprotective in the 

absence of invading leukocytes (Boulos et al., 2007; Rowe et al., 2010; Rowe et al., 2012; 

Rowe et al., 2014; Shichita et al., 2012; Vendrame et al., 2005).

Under resting conditions, Prdx4 is localized to the endoplasmic reticulum. Within the ER, 

Prdx4 is involved with protein disulfide isomerase (PDI)-mediated protein folding. When 

oxidized by hydrogen peroxide, Prdx4 forms a homodimer via disulfide linkages. This Prdx4 

homodimer is reduced by PDI, which transfers the disulfide linkage to proteins undergoing 

folding in the ER [88]. In addition to its role in the endoplasmic reticulum, several 

pathophysiological conditions can trigger the upregulation and release of Prdx4. Some of 

these conditions include excess production of ROS/RNS, inflammatory mediators, and 

stimuli that trigger apoptosis. Furthermore, Rowe et al. determined that Prdx4 is upregulated 

specifically through Akt signaling.

During disease states, Prdx4 is secreted into the extracellular environment to scavenge 

peroxides. Okado-Matsumoto et al. demonstrated that Prdx4 easily binds to heparin in its 

reduced form [96]. This characteristic of Prdx4 allows it to reduce tissue damage in a 

manner similar to other extracellular enzymes such as plasma GSH-PX and SOD3 (Okado-

Matsumoto et al., 2000). Prdx4 can also exist in a decameric form, which allows it to be 

transported in the systemic circulation (Cao et al., 2011). However, studies suggest that 

increased expression of intracellular or membrane-bound Prdx4 are preferable to high 
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expression levels of Prx4 in the serum. For instance, Nickel et al. showed that emergency 

room patients who had increased expression of serum Prdx4 were more likely to present 

symptoms of severe disease compared to patients with lower expression (Nickel et al., 

2011). One explanation for this phenomenon is that higher expression of Prdx4 in the serum 

correlates with lower cellular levels. Lower expression of Prdx4 in the cell could lead to 

compromised antioxidant protection, even with the presence of other Prdx isoforms in the 

cell (Nickel et al., 2011).

Prdx4 is induced by LIF and HUCB therapy. Considering the oligoprotective effects of LIF 

and upregulation of Prdx4 were blocked by inhibitors of Akt, it is likely that other Akt-

activating drugs may upregulate Prdx4 as well (Leonardo et al., 2012; Rowe et al., 2010; 

Rowe et al., 2014).

1.5.2 Metallothionein III

Metallothionein III (Mt3) is another antioxidant enzyme induced by HUCB cell treatment 

and LIF during FCI. Mt3 is a member of the Zn2+-containing metallothionein family that is 

expressed exclusively in neural tissue (Masters et al., 1994). According to Lee et al., Mt3 

regulates several processes including Zn2+ sequestration, inhibition of neurite formation, and 

autophagy. Due to its ability to inhibit neurite outgrowth in the presence of brain extracts 

from AD patients, it is alternatively called growth inhibitory factor (GIF). However, Mt3 is 

not able to perform this function in the absence of these extracts (Lee et al., 2003). Although 

Mt1 and Mt2 are upregulated in AD, Mt3 is downregulated in the brain of AD patients (Yu 

et al., 2001). High concentrations of ions such as Cu2+ and Zn2+ are present at synapses in 

the AD brain. Cu2+ ions bind to and facilitate Aβ aggregation. However, Meloni et al. 

showed that Mt3 reduces Cu2+ found in these aggregates and reduces amyloid beta (Aβ)-

mediated cytotoxicity and ROS production (Meloni et al., 2008). Therefore, lower 

expression of Mt3 exacerbate Aβ plaque formation in the AD brain.

In addition to its ability to prevent plaque formation, Mt3 also directly protects against 

superoxide, hydroxyl radicals, and hydrogen peroxide (Thornalley and Vašák, 1985). You et 

al. demonstrated that Mt3 protected neurons in vitro against ROS-mediated DNA strand 

breaks and deoxyribose degradation (You et al., 2002). Since DNA damage from ROS 

generation is a key cause of death during the excitotoxic phase of ischemic stroke, increased 

Mt3 in the white matter would protect oligodendrocytes against apoptosis (Li et al., 2011). 

Other studies show that Mt3 also scavenges ROS in the extracellular environment. Although 

Mt3 does not contain a signal peptide, El Ghazi et al. discovered that astrocytes secrete Mt3 

via a multi-protein complex (El Ghazi et al., 2006).

1.5.3 Superoxide Dismutase 3

LIF protects neurons during permanent FCI in addition to oligodendrocytes via upregulation 

of antioxidant enzymes. Rats that were administered LIF after MCAO showed significantly 

elevated levels of total SOD activity in tissue from the ipsilateral hemisphere compared to 

rats that received PBS. This increase in SOD activity did not correspond to upregulation of 

SOD1 or SOD3, but rats with elevated SOD activity in the brain showed significantly higher 

levels of SOD3 expression in brain tissue and neurons of the ipsilateral cerebral cortex. LIF 
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(200 ng/mL) significantly reduced death in an Akt-dependent manner and increased SOD3 

mRNA after OGD among primary cortical neurons. Transfection with siRNA against SOD3 

prior to treatment with LIF counteracted the decrease in LDH release and caspase-3 cleavage 

seen with LIF treatment alone (Davis et al., 2016).

The effectiveness of SOD3 overexpression as neuroprotective strategy stems from its low 

levels of basal expression in the brain. While SOD1 and SOD2 are highly expressed under 

basal conditions, SOD3 is only induced in neurons during injury (Fukui et al., 2002). 

However, SOD3-overexpressing mice show significantly lower levels of brain damage after 

transient stroke compared to wild-type mice (Sheng et al., 1999). The difference in 

antioxidant capacity between SOD3 transgenic mice and wild-type mice might be greater 

than the difference between SOD1/SOD2 transgenic mice and wild-type mice. These data 

and studies by other groups demonstrate that SOD3 upregulation may confer potent 

neuroprotective effects during permanent FCI. In addition, several studies have shown that 

SOD3 gene expression is regulated by MZF-1 and Sp1, two TFs implicated in the protective 

effects of HUCB treatment (Zelko and Folz, 2003; Zelko and Folz, 2004).

SOD3, similar to the LIF-inducible enzyme Prdx4, protects tissue against damage from ROS 

when it is secreted into the extracellular environment. SOD3 contains a signaling peptide 

that allows for its secretion into the extracellular space (Zelko et al., 2002). SOD3 also 

contains a heparin-binding domain that allows it to attach to the extracellular matrix 

(Antonyuk et al., 2009). Prdx enzymes catalyze the breakdown of hydrogen peroxide to 

water and oxygen, but cannot break down superoxide. Even with increased Prdx4 

expression, oligodendrocytes are still vulnerable to superoxide-mediated damage during 

cerebral ischemia. Likewise, SOD3 breaks down superoxide but is unable to process 

hydrogen peroxide. Prdx4 and Mt3 prevent buildup of hydrogen peroxide that is produced as 

a product of the SOD reaction.

Since superoxide reacts with free NO to form peroxynitrite, SOD3 indirectly increases NO 

bioavailability in the cerebral vasculature. NO promotes tissue repair via several 

mechanisms. NO production activates protein kinase G by increasing cGMP synthesis by 

guanylate cyclase. PKG increases cerebral blood flow in the ischemic hemisphere by 

promoting vasodilation of large cerebral vessels (Moncada and Higgs 1993). In the cerebral 

microvasculature, endothelial NO synthase activity increases synthesis of vascular 

endothelial growth factor, which promotes angiogenesis (Lee et al., 1999). The synthesis of 

new blood vessels improves perfusion of the infarct by diverting blood flow around the 

occluded vessel. In addition to its effects on vascular tone and angiogenesis, NO also 

promotes synthesis of brain-derived neurotrophic factor (BDNF), a protective growth factor. 

In a study by Chen et al., endothelial NO synthase knockout mice had larger infarct volumes 

at 24 h post-MCAO, decreased neurogenesis in the subventricular zone, and impaired 

angiogenesis compared to their wild-type counterparts (Chen et al., 2005).

The increased SOD activity and SOD3 expression in neurons observed after LIF treatment 

differ from the reduction in SOD activity observed in oligodendrocyte after LIF treatment. 

Blocking Prdx4 not only increased LDH release, but it returned SOD activity to levels 

similar to the cells treated with PBS prior to OGD. The decrease in SOD activity coincides 
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with increased antioxidant protection from Prdx4, but inhibiting Prdx4 did not significantly 

increase SOD activity compared to the OGD alone treatment group. While oligodendrocytes 

increase SOD activity in response to oxidative stress, they aren’t able to increase activity to 

compensate for decreased Prdx4. By contrast, neurons treated with LIF had significantly 

higher levels of SOD3 siRNA compared to neurons treated with PBS. Cells transfected with 

SOD3 siRNA and treated with LIF showed no significant decrease in cell death compared to 

neurons transfected with scrambled siRNA and treated with PBS. Therefore, the 

upregulation of SOD3 after LIF treatment is a phenomenon that is unique to neurons, but not 

observed in oligodendrocytes. While Increased Prdx4 and Mt3 expression are a hallmark of 

LIF-mediated oligoprotection, SOD3 upregulation is a neuron-specific mechanism of 

protection (Davis et al., 2016; Rowe, 2011; Rowe et al., 2014).

1.6 Antioxidant Effects of Other IL-6 Family Cytokines

Despite the failures of exogenous agents, focusing research efforts on drugs that confer long-

lasting changes in antioxidant expression have shown great potential in treating animal 

models of stroke. Anti-inflammatory cytokines provide a unique benefit to stroke patients: 

they exert their signaling quickly before being cleared from the body, thus lessening the 

potential for adverse side effects. However, the downstream effects of these signaling 

pathways confer long-lasting protection by increasing the antioxidant capacity of neural 

cells. Rowe et al. demonstrated that Akt-inducible antioxidant genes are regulated by several 

common TFs (Rowe et al., 2010). Identifying drugs that increase the activity of Akt and 

these TFs could provide multifaceted protection against ischemic oxidative damage (Figure 

2).

Several therapeutic agents reduce neural cell damage through induction of antioxidant 

enzymes. In addition to LIF, other cytokines in the IL-6 family activate similar signaling 

pathways. For instance, Alonzi et al. demonstrated that LIF and CNTF promote the survival 

of sensory neurons in the nodose ganglion through PI3K/Akt and STAT3 signaling (Alonzi 

et al., 2001). Cardiotrophin-1 (CT-1), another cytokine in the IL-6 family, protects cultured 

neurons against pro-oxidant agents including ferrous sulfate and 3-morpholinosydnonimine 

(SIN-1). This neuroprotective effect of CT-1 mirrors its protective effects on cardiomyocytes 

during ischemia/reperfusion injury, which occur through simultaneous activation of PI3K/

Akt, MAPK, and JAK/STAT signaling. Although the authors of this study did not measure 

quantitative changes in the expression of antioxidant genes, the activation of Akt-dependent 

transcription factors by CNTF contributes to protection against SIN-1 and ferrous sulfate 

(Wen et al., 2005). One common factor shared by LIF, CNTF, and Cardiotrophin-1, in 

addition to being in the IL-6 family of cytokines, is that they require LIFR for downstream 

signaling. According to Arce et al., LIF, CNTF, and CT-1 increase the survival of motor 

neurons derived from wild-type mouse embryos. However, derived from homozygous Lifrβ
−/− knockout mice are immune to the protective signaling of these cytokines. These data 

provide a case for enhancing endogenous antioxidant protection through LIFR-dependent 

factors (Arce et al., 1999).
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1.7 Conclusion

One of the current shortcomings of clinical stroke treatments stems from the inability to 

address both phases of stroke pathophysiology. Increased expression of enzymes such as 

Prdx4, Mt3, and SOD3 would not only protect neural cells against ROS that are generated 

during the acute cytotoxic phase of damage, but also against ROS produced by activated 

microglia and peripheral leukocytes. Moreover, these antioxidant enzymes can be modified 

(polyethylene glycol) to increase their stability thus allowing exogenous application as a 

stroke treatment. In addition, several of the therapies discussed in this review have larger 

therapeutic windows compared to intravenous tPA therapy, which would allow them to 

efficiently protect the brain in stroke patients that could not receive thrombolytic therapy 

within its therapeutic window. These promising results pre-clinical studies will hopefully 

open the door for clinical trials involving agents that increase antioxidant expression. By 

increasing the antioxidant capacity of the brain during stroke, these drugs have the potential 

to reduce brain damage and mortality among patients while improving recovery of stroke 

survivors.
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Highlights

Overview of antioxidants as treatment for stroke

Explanation of failed attempts to develop exogenous antioxidant treatment

Overview of endogenous antioxidant systems

Use of agents that activate these endogenous antioxidant systems to develop stroke 

therapeutic
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Figure 1. ROS-Mediated Damage During the Early and Late Phases of Stroke Pathophysiology
(A) Acute energy failure is primarily responsible for oxidative damage during the cytotoxic 

phase of stroke pathophysiology. During the first few minutes to hours after the onset of 

ischemic stroke, neurons experience a shortage of oxygen and glucose, which interferes with 

ATP production. Without ATP to maintain the electrochemical gradient, excitotoxic 

neurotransmission increases and neurons experience an influx of calcium. Enzymes such as 

NAPDH oxidase and neuronal nitric oxide synthase are activated either directly or indirectly 

by calcium signaling. High levels of calcium trigger mitochondrial dysfunction, which 

contributes to ROS production and apoptosis. This phase primarily affects cells in the 

umbra, which are directly fed by the occluded vessel. (B) From approximately 18 to 96 h 

after the onset of stroke, the activation of microglia and peripheral leukocytes facilitates 

neural cell damage. Pro-inflammatory microglia and phagocytic cells (neutrophils/

macrophages) produce ROS via enzymes such as inducible nitric oxide synthase, NADPH 

oxidase, and myeloperoxidase. This “respiratory burst” damages cells adjacent to the 

ischemic core (the penumbra) and increases the volume of the infarct.
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Figure 2. The Synergistic Effects of Pro-Antioxidant Therapeutics
Cellular therapies, including HUCB cells and NSCs, exert their protective actions via the 

release of soluble factors which activate pro-survival signaling cascades. Through the release 

of these factors, NSCs are able to increase expression of SOD2 while HUCB cells are able 

to increase expression of Prdx4/Mt3 in oligodendrocytes and Prdx5 in neurons. LIF, and 

possibly other IL-6 family cytokines, exerts similar effects on pro-survival signaling and 

increases expression of SOD3 in neurons and Prdx4/Mt3 in oligodendrocytes. In addition to 

the direct effect on antioxidant expression, LIF reduces oxidative stress during ischemic 

stroke by promoting the self-renewal of NSCs and preventing the formation of peroxynitrite 

(ONOO-) by reacting with superoxide. By decreasing the formation of peroxynitrite, nitric 

oxide increases angiogenesis and promotes vasodilation in the infarct. Both of these 

processes increase perfusion of ischemic tissue and contribute to brain repair.
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