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Abstract: Stroke is the second-leading cause of death and a leading cause of serious long-term disability world-
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wide, with an increasing global burden due to the growing and aging population. However, strict eligibility crite-
ria for current treatment opportunities make novel therapeutic approaches desirable. Oxidative stress plays a
pivotal role during cerebral ischemia, eventually leading to neuronal injury and cell death. The significant correla-
tion between redox imbalance and ischemic stroke has led to various treatment strategies targeting the endoge-
nous antioxidant system in order to ameliorate the adverse prognosis in patients with cerebral infarction. One of

the most extensively investigated cellular defense pathway in this regard is the Nrf2-heme oxygenase-1 (HO-1)
axis. In this review, our aim is to focus on the potential clinical relevance of targeting the HO-1 pathway in
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ischemic stroke.
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1. INTRODUCTION

Ischemic stroke is an episode of neurological dysfunction
caused by focal cerebral, spinal, or retinal infarction [1]. Accounted
for over 6 million deaths worldwide per year, stroke is the second-
leading global cause of death and a leading cause of serious long-
term disability [2]. Due to the growing and aging population, the
global burden of cerebral infarction increases, in spite of a signifi-
cant decline in age-standardized stroke rates [3, 4]. At the current
state of the art, the only evidence-based acute treatment opportuni-
ties remain intravenous thrombolysis (within 4.5 hours after symp-
tom onset) with alteplase and, in selected cases, endovascular inter-
vention with mechanical thrombectomy [5]. However, due to the
very narrow therapeutic time-window and various exclusion crite-
ria, estimates of eligibility for systemic treatment within the popula-
tion of ischemic stroke patients range only from 6% to 8% [6]. Fur-
thermore, even if recanalization is achieved, the activation of a
multi-step cascade, involving inflammatory immune responses,
disruption of calcium homeostasis and enhanced production of
Reactive Oxygen Species (ROS), can result in reperfusion injury
[7]. Oxidative stress - with ROS causing damage to cellular compo-
nents, including lipids, proteins and nucleic acids - plays a pivotal
role during cerebral ischemia, eventually leading to neuronal injury
and cell death [8-10]. The significant correlation between oxidative
stress and ischemic stroke has led to various treatment strategies to
ameliorate the adverse prognosis in patients.

Among transcription factors, nuclear factor erythroid 2-related
factor 2 (Nrf2) plays a central role in cellular defense against oxida-
tive stress [11]. Under conditions of redox imbalance, Nrf2 acti-
vates various detoxifying and antioxidant enzymes, such as
NAD(P)H:quinone oxidoreductase (NQO1), glutathione S-
transferases (GSTs), heme oxygenase-1 (HO-1) and y-
glutamylcysteine synthetase (y-GCS), by binding to antioxidant-
response elements (AREs) and thereby inducing gene expression
[12]. Among abovementioned phase 2 enzymes, HO-1 has been
reported to have the most AREs on its promoter [13], making it a
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promising therapeutic target against brain injury in cerebral infarc-
tion. While HO-2 (expressed predominantly in the central nervous
system) and the poorly characterized HO-3 are constitutive iso-
forms [14, 15], HO-1 - also referred to as heat shock protein 32 [16]
- is the inducible type of heme oxygenase. It can be activated by
various stimuli, including infections, heavy metals, ultraviolet irra-
diation, fever, inflammatory cytokines and oxidized Low-Density
Lipoprotein (LDL) [17]. HO-1 catalyzes heme degradation, produc-
ing equimolar amounts of ferrous iron (Fe?"), Carbon Monoxide
(CO) and biliverdin-IXa. Liberated free iron ultimately induces
ferritin expression leading to Fe** sequestration and thereby limit-
ing iron-mediated cell injury [18, 19], whereas biliverdin-IXa is
rapidly converted to bilirubin-IXa by biliverdin reductase [20].
Among downstream products of HO-1, CO has emerged to have
vasorelaxant, anti-inflammatory and antiapoptotic properties [21],
while biliverdin and bilirubin are known as potent endogenous anti-
oxidant and anti-inflammatory molecules [20]. Furthermore, ferritin
has also been demonstrated to exert anti-inflammatory effects [22].
The protective role of the Nrf2-HO-1 pathway in ischemic stroke is
summarized in Fig. 1.

In this review, our aim is to focus on the potential clinical rele-
vance of targeting the HO-1 pathway in ischemic stroke.

2. THE HO-1 PATHWAY AND ISCHEMIC STROKE: PRE-
CLINICAL RESULTS

Among various animal stroke models, intra-arterial suture oc-
clusion of the Middle Cerebral Artery (MCAO) has been used in
more than 40% of the approximately 2,800 ischemic stroke experi-
ments [23, 24]. The MCAO model is considered to be suitable for
imitating human ischemic stroke with consecutive neuronal cell
death, cerebral inflammation and blood-brain barrier damage [23,
24].

An early experiment using permanent MCAO in transgenic
mice demonstrated that overexpression of HO-1 significantly re-
duces infarct volume [25]. On the other hand, HO-1 knockout mice
showed significantly larger infarct size as compared to their wild-
type counterparts [26].

In addition to genetically modified rodents, gene transfer vec-
tors offer a further genetic strategy in preclinical experimental
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Fig. (1). The protective role of the Nrf2-HO-1 pathway in ischemic stroke. The redox imbalance in ischemic and reperfusion injury results in brain damage but
also in an increase of HO-1. The increase in HO-1 together with ferritin, CO, biliverdin and bilirubin exert antioxidant, antiapoptitic, antiinflamatory and
vasorelaxant effects, resulting in a protective effect against brain damage in ischemic stroke.

stroke. In a rat MCAO model using stereotaxic instrumentation,
treatment with an adenoviral vector overexpressing HO-1 resulted
in decreased infarct volume and attenuation of neurologic deficits
[27]. Because of the deleterious side effects of viral vectors, such as
immunogenicity and oncogenicity [28], non-viral gene carriers have
been investigated and were shown to induce site-specific HO-1
gene expression and therapeutic effect when applied as stereotaxic
injection into the rat ischemic brain [29]. HO-1 gene transfer into
injured carotid arteries of ApoE-null mice led to earlier thromboly-
sis with decreased plasminogen activator-1 expression [30].

Inducers of HO-1 have also demonstrated promising results in
preclinical studies. Numerous natural compounds that activate the
Nrf2-HO-1 pathway, such as sulforaphane [31], the standardized
Ginkgo biloba extract EGb761 [26], curcumin [32], polyphenols
[33, 34] and triterpenoids [35, 36] exert neuroprotective effects
against stroke in animal models. Among pharmaceutical inducers of
the Nrf2-HO-1 pathway, dimethyl fumarate (DMF) - approved for
clinical use in the treatment of patients with relapsing forms of
multiple sclerosis [37] - showed dose-dependent neuroprotection in
a mouse MCAO model resulting in significant reduction of infarct
volume, neurological deficits, brain edema and cell death [38]. In
another study in mice, DMF was able to prevent blood-brain barrier
hyperpermeability during ischemic stroke if given as pretreatment
before ischemia-reperfusion injury [39]. Other drugs on the market
with the ability to increase HO-1 expression include aspirin [40],
statins [41], candesartan [42] and metformin [43]. However, regard-
ing statins, two recent human studies did not confirm HO-1-
induction in subjects treated with clinically relevant doses of sim-
vastatin and atorvastatin [44, 45] which could at least partially be
explained by the discrepancy in concentrations used in experimen-
tal situations and those detected in humans [46].

In addition to genetic and pharmacologic strategies in order to
enhance HO-1 expression or activity, direct application or HO-1
endproducts offers the additional potential to harness the therapeu-
tic potential of the HO-1 pathway. In a permanent MCAO model,

mice exposed to low-concentration CO after permanent ischemia
had significantly reduced infarct size, an effect which was abol-
ished in Nrf2-knockout species suggesting that CO-exposure after
stroke can provide protection by activating the Nrf2 pathway [47].
Of note is that delaying CO-exposure resulted in weaker protection
suggesting a therapeutic time window. In another mouse MCAO
model, Zeylanov et al. showed that inhalation of CO attenuated
infarct volume significantly, limited brain edema formation and
improved neurological deficit scores [48]. In a further study, intra-
venously applied PEGylated COHb in a transient focal cerebral
ischemia model in rats resulted in reduced infarct volumes and
better neurologic deficit scores [49]. Besides CO, biliverdin treat-
ment has also been shown to ameliorate oxidative injury on neurons
and decrease infarct size in rat MCAO models [50, 51].

A novel therapeutic approach to cerebral infarction is the use of
stem cells. In a rat model of Hypoxic-Ischemic Brain Damage
(HIBD), where placenta-derived mesenchymal stem cells (PD-
MSCs) were injected with a stereotaxic apparatus, subjects receiv-
ing PD-MSCs showed significant improvement in HIBD along with
a pronounced elevation in HO-1 and Nrf2 levels [52]. In an in vitro
study, neural stem cells (NSCs) were pretreated with the polyphe-
nol resveratrol prior to oxygen-glucose deprivation/reoxygenation.
The authors found that resveratrol markedly increased NSC sur-
vival and proliferation, whilst upregulating expression levels of
Nrf2 and HO-1 [53].

3. THE HO-1 PATHWAY IN HUMANS - CARDIOVASCU-
LAR RISK FACTORS

3.1. HO-1 Gene Polymorphisms and Cardiovascular Risk

In humans, HO-1 expression shows a broad variability due to a
highly polymorphic promoter, which has been correlated with car-
diovascular risk factors. The most extensively studied variant is the
length of the (GT)n-repeat region, which has been inversely related
to HO-1 expression [54]. In a prospective, population-based survey,
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Pechlaner et al. found that subjects with longer (>32) repeats on
both HO-1 alleles had increased cardiovascular disease risk, en-
hanced atherosclerosis progression, and a trend toward higher levels
of oxidized phospholipids on apolipoprotein B-100 [55]. A recent
systematic review of the epidemiological literature on HO-1 (GT)n-
polymorphisms found that the short (<24-27) repeat SS genotype
(higher HO-1 activity) was represented in a higher proportion
among subjects without known cardiovascular disease. Interest-
ingly, the review also found that racial disparities exist in the
(GT)n-repeat length distribution with proportions of the protective
SS genotype being 11% and 22% in Caucasian and Asian popula-
tions, respectively [56]. Among cardiovascular risk factors, a meta-
analysis found that persons carrying the (GT)n L (long) allele had
an increased odds ratio for type 2 diabetes as compared with those
with S (short) allele [57]. Besides the abovementioned dinucletoide
repeat polymorphism, one single nucleotide polymorphism (SNP)
in the proximal promoter region of HO-1 (T[-413]A) has also been
evaluated with the “A” allele promoter having higher activity than
the “T” allele, however, data are scarce and conflicting. The AA
genotype of the T(-413)A polymorphism has been associated with a
lower incidence of coronary artery disease [58]. However, it has
also been demonstrated that in women with AA genotype, the inci-
dence of hypertension was increased [59].

3.2. Atherosclerosis

Oxidized low-density lipoproteins along with ROS play a cen-
tral role in atherogenesis and can induce HO-1 [60, 61]. The role of
HO-1 in the protection of the vascular wall from atherosclerosis
was unraveled by the first reported HO-1 deficient patient, whose
autopsy report revealed fatty streaks and fibrous plaques in the
aorta at the age of six [62]. LDL isolated from the plasma of this
child showed practically no oxidative resistance [63]. The presence
of HO-1 was found in human atherosclerotic plaques with no HO-1
expression in normal arteries [64]. Also, expression increases with
the severity of atherosclerosis [65]. The prooxidant environment in
the advanced atheromatous lesion precipitates erythrocyte lysis and
the oxidation of liberated hemoglobin to ferri- and ferrylhemoglo-
bin, while the released heme and iron promote further oxidation of
lipids [66]. These events amplify endothelial cell cytotoxicity of
plaque components which is inhibited by HO-1. Induction of HO-1
was found to be a stabilizing factor of vulnerable plaques by reduc-
ing necrotic core size and intraplaque lipid accumulation, whereas
increasing cap thickness and vascular smooth muscle cells [67]. In
coronary arteries obtained from Japanese autopsy cases, the preva-
lence of HO-1 expression increased as the lesion type and grade of
stenosis progressed and was significantly higher in diabetic patients
[68]. A study examining carotid artery plaques removed during
endarterectomy found a strong association between Helicobacter
pylori infection and expression of HO-1, predominantly in speci-
mens obtained from asymptomatic patients. The authors concluded
that oxidative stress elicited by the Helicobacter pylori infection
may have been inhibited by HO-1, resulting in the stabilization of
the atherogenic process [69]. Among downstream products of HO-
1, a reciprocal relationship between serum bilirubin levels and ca-
rotid atherosclerosis has already been reported in prior studies [70,
71]. Furthermore, in a meta-analysis of 11 studies, increased serum
bilirubin levels were found to be a decreased risk for the develop-
ment of atherosclerosis [72].

3.3. Hypertension

Data regarding the relationship between HO-1 expression and
hypertension are based on animal experiments using spontaneously
hypertensive rats. Using chronic angiotensin-II infusion in a hyper-
tensive rat model, pressure overload upregulated HO-1 expression
and activity in the aorta [73]. Furthermore, it has also been shown
that transferring human HO-1 into spontaneously hypertensive rats
resulted in attenuation of the development of hypertension attrib-
uted to the vasodilatory effects of CO [74]. In human studies, lung
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tissues of newborns suffering from congenital diaphragmatic hernia
and pulmonary hypertension showed reduced expression of HO-1
[75]. The blood pressure lowering effect of a 3-month treatment
with olmesartan in essential hypertension, was, in part, attributed to
an increase in plasma HO-1 levels [76]. Among the catabolic me-
tabolites of HO-1, concentrations of bilirubin have been shown to
be significantly decreased in patients with untreated hypertension,
whereas not differing between normotensive and treated hyperten-
sive subjects [77]. Furthermore, in a 10-year health monitoring
Korean study with normotensive subjects, serum bilirubin levels
and the incidence of developing hypertension were found to be
correlating negatively [78]. In women with gestational hypertension
or pre-eclampsia, end-tidal breath CO levels were significantly
lower than in healthy controls [79].

3.4. Diabetes Mellitus

HO-1 expression and diabetes have been shown to be recipro-
cally related in animal experiments, e.g. overexpressing HO-1
slowed the progression of diabetes in NOD mice or induction of
HO-1 in Zucker diabetic rats improved insulin sensitivity [80, 81].
In humans, HO-1 expression was found to be reduced in peripheral
blood mononuclear cells of diabetic patients [82], whereas high
expression levels of HO-1 in early pregnancy has been associated
with reduced risk of gestational diabetes [83]. Furthermore, ele-
vated plasma HO-1 concentrations were affiliated with higher odds
ratios for developing type Il diabetes mellitus [84]. The HO-1 in-
ducer Nrf2 has been shown to be lower in pre-diabetic and diabetic
patients, suggesting that attenuated antioxidant mechanisms due to
decreased Nrf2 might be involved in the development of diabetes
[85]. Individuals with higher serum levels of bilirubin were associ-
ated with odds of having a lower incidence of diabetes mellitus
[86]. In patients with Gilbert syndrome and diabetes, hyperbili-
rubinaemia is correlated with a lower prevalence of vascular com-
plications compared with patients having diabetes alone [87]. Based
on abovementioned results, atazanavir-induced experimental hy-
perbilirubinemia in type II diabetic patients over a 3-day treatment
in a double-blind, placebo-controlled study, was associated with a
significant improvement of endothelial function [88].

3.5. Obesity

Increased expression of HO-1 was observed in adipocytes ob-
tained from patients with morbid obesity [89, 90]. Furthermore,
nonsmoking bariatric patients were shown to have increased car-
boxyhemoglobin concentrations, as an indicator of HO-1 upregula-
tion [91]. Data regarding HO-1, obesity and insulin resistance are
controversial with one study indicating that diminished upregula-
tion of HO-1 in visceral adipose tissue correlated with waist-to-hip
ratio and insulin resistance in humans [89], whereas other authors
demonstrated increased HO-1 expression in insulin-resistant obese
patients with increased waist-hip-ratio when compared to insulin-
sensitive obese controls [92]. A reverse correlation between biliru-
bin concentrations and abdominal obesity has been found in two
studies [93, 94]. Moreover, Andersson et al. presented a linear re-
ciprocity between weight loss and increase in serum bilirubin con-
centrations [95].

3.6. Cigarette Smoking

As a further risk factor for cardiovascular disease, cigarette
smoking has been shown to increase HO-1 expression [96].

The relationship between cardiovascular risk factors and HO-1
expression is summarized in Fig. 2.

4. THE HO-1 PATHWAY IN PATIENTS WITH ISCHEMIC
STROKE

Current American acute ischemic stroke treatment guidelines
do not recommend the use of any neuroprotective agents [5]. Nev-
ertheless, edaravone (MCI-186), a free-radical scavenger implicated



2232

Current Pharmaceutical Design, 2018, Vol. 24, No. 20

Bereczki Jr. et al.

. | HO-1 GENE PROMOTER POLYMORPHISMS |
¢ v v
1 | (GT)n REPEAT POLYMORPHISM |[ T(-413)A POLYMORPHISM (sNP) |
CIGARETTE v v
SMOKING [ sHORTER (GT)n RePEATS || LONGER (GT)n REPEATS | A-ALLELE
!
oBESIY | [ Ho-1expression & || Ho-1ExpRESSION 4 | RISK OF CORONARY
T / ARTERY DISEASE
ATHEROSCLEROSIS RISK OF GESTATIONAL RISK OF TYPE 2 1
PROGRESSION 4 DIABETES DIABETES 4 RISK OF
[ : : HYPERTENSION IN
OXIDIZED LDL + STROKE RISK IN OXIDIZED WOMEN 1
ROS NORMOLIPEMICS PHOSPHOLIPIDS 4 [
| | l OUTCOME IN
| HEME BLOOD PRESSURE \ | APOLP B-100 4 HUMAN STROKE

[

VULNERABLE PLAQUE
STABILITY 4

RISK OF STROKE (IF
HDL-CY)

[

ATHEROSCLEROSIS
PROGRESSION

ATHEROSCLEROSIS
PROGRESSION 4

Fig. (2). The relationship between cardiovascular risk factors and HO-1 expression. HO-1 expression is higher in patients with shorter (GT)n repeats, and
higher levels of HO-1 are found in the presence of some stroke risk factors like hypertension, cigarette smoking, obesity and atherosclerosis. Higher HO-1
expression on the other hand decreases the risk of diabetes, decreases blood pressure, and protects against the progression of atherosclerosis.

to exert neuroprotection through the HO-1 pathway [97], is recom-
mended by the Japanese guidelines for acute ischemic stroke within
24 h from symptom-onset [98].

A prospective cohort study in an Asian population investigated
the association between HO-1 gene T(-413)A polymorphism and
clinical prognosis in patients with atherosclerotic stroke, concluding
that patients with at least one A allele had significantly better out-
comes than patients with TT genotype, possibly due to the high
expression level of HO-1 [99]. Two studies in ischemic stroke pa-
tients evaluated (GT)n repeat-polymorphisms in the HO-1 promoter
region. In the first one, authors found that carriers of short (<25)
GT-repeats in the HO-1 gene promoter exhibited a reduced risk for
stroke or TIA but only in the absence of elevated plasma lipids,
implying that genetic polymorphisms have moderate effects com-
pared to traditional risk factors like hyperlipidaemia [100]. The
second study concluded that patients carrying longer (>26) GT-
repeats may have greater susceptibility to develop ischemic stroke,
but only in the presence of low HDL-C, implying that the insuffi-
cient antioxidant effect of low HDL-C levels may be compensated
by shorter GT-repeats and thus, higher HO-1 induction [101]. It is
of note, however, that the HO-1 inducer heme arginate was able to
increase HO-1 in humans irrespective of the (GT)n phenotype
[102]. A further study showed that stroke patients had higher serum
levels of HO-1 compared to patients with transient ischemic attack
(TIA), which was explained by the exposure to a high degree of
oxidative stress caused by atherosclerosis, infection and hyperten-
sion leading to an upregulation of HO-1 [15].

Downstream metabolites of HO-1 may also exert protective
functions in human ischemic stroke. The abovementioned study by
Li et al. showed that stroke patients also had lower levels of total
and direct bilirubin compared to patients with TIA [15]. A prospec-
tive Korean study suggested that elevated serum bilirubin might
offer some protection against stroke risk in men [103]. In a large,
community-based sample, however, higher exhaled CO was associ-
ated with a greater burden of subclinical cerebrovascular disease
and with increased risk of stroke/TIA. It remains unknown, whether
elevated endogenous CO concentration serves as a causative factor

of cerebrovascular adverse events, or represents a result of oxida-
tive stress and thus, upregulated HO-1 activity [104].

Alpha-lipoic acid, a thiol antioxidant has been shown to exert
neuroprotective effects and promote recovery after ischemic stroke
in animal studies by attenuating oxidative stress, partially mediated
by the HO-1 pathway [105]. In a retrospective clinical study of
patients with diabetes who were treated with thrombolysis due to
acute ischemic stroke, among those who were using alpha-lipoic
acid at the acute stage of stroke, favorable outcomes occurred at
significantly higher rates both at 3 months and 1 year [106].

While neuroprotective agents are generally considered to be
well-tolerated and safe, the phase III trial for the Nrf2/HO-1 inducer
triterpenoid bardoxolone-methyl (BARD) designed for the treat-
ment of patients with type II diabetes and stage 4 chronic kidney
discase (BEACOM trial) has failed due to adverse cardiovascular
events [107].

CONCLUSION

While the desire to find or develop effective neuroprotectants is
high, to date, none of the numerous neuroprotective agents tested in
preclinical research has yielded any positive outcomes in human
studies [108, 109]. Main challenges to adapt experimental findings
to human research include age-related issues, safety concerns, op-
timal dosage and delivery, and cell/tissue-specific expression.
Based on abovementioned hurdles resulting in unsatisfactory trans-
lational power, the Stroke Therapy Academic Industry Roundtable
(STAIR) has been established to improve the quality of preclinical
stroke studies [110], thereby ultimately extending the currently
narrow treatment palette of ischemic stroke and eventually improv-
ing the life quality of stroke patients.
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