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Abstract

Stroke is the second leading cause of death in the world. Stroke occurs when blood flow stops, and
that stoppage results in reduced oxygen supply to neurons in the brain. The occurrence of stroke
increases with age, but anyone at any age can suffer from stroke. Recent research has implicated
multiple cellular changes in stroke patients, including oxidative stress and mitochondrial
dysfunction, inflammatory responses, and changes in mRNA and proteins. Recent research has
also revealed that stroke is associated with modifiable and non-modifiable risk factors. Stroke can
be controlled by modifiable risk factors, including diet, cardiovascular, hypertension, smoking,
diabetes, obesity, metabolic syndrome, depression and traumatic brain injury. Stroke is the major
risk factor for vascular dementia (VaD) and Alzheimer’s disease (AD). The purpose of this article
is to review the latest developments in research efforts directed at identifying 1) latest
developments in identifying biomarkers in peripheral and central nervous system tissues, 2)
changes in microRNAs (miRNAS) in patients with stroke, 3) miRNA profile and function in
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animal brain, and 4) protein biomarkers in ischemic stroke. This article also reviews research
investigating circulatory miRNAs as peripheral biomarkers of stroke.
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1. Introduction

Stroke is a common neurological disease that occurs when the blood supply to the brain is
interrupted, resulting in a shortage of oxygen and nutrients to brain tissue (Fig. 1). The
traditional definition of stroke by the World Health Organization (WHO) is “rapidly
developing clinical signs of focal or global disturbance of cerebral function, with symptoms
lasting 24 hours or longer, or leading to death with no apparent cause other than vascular
origin” [1]. The acute disruption of blood flow is usually caused by a clot blocking a blood
vessel (ischemic stroke; 1S) or by a ruptured blood vessel (hemorrhagic stroke; HS). The
effects of ischemic and hemorrhagic strokes depend on the part of the brain that is injured
and the severity of the injury. Patients having the same type of stroke can have differing
clinical symptoms. Similarly, patients with the same clinical symptoms can have different
etiopathologies. Due to its multifactorial nature, stroke may be classified as a syndrome, not
as a single disease. Modern neuroimaging, typically with computed tomography (CT) or
magnetic resonance imaging (MRI), is now used to accurately diagnose a stroke.

ISs, sometimes called ’cerebral infarctions,” are caused by either cerebral thrombosis or
embolism, and account for 50-85% of all strokes worldwide [2]. HSs are caused by
subarachnoid hemorrhage or intracerebral hemorrhage, and account for 1-7% and 7-27% of
all strokes worldwide, respectively [3].

According to Trial of Org 10172 in Acute Stroke Treatment (TOAST) diagnostic criteria [4],
stroke can be classified into five subtypes: large-vessel disease, small vessel disease, cardio-
embolic stroke, stroke of other determined etiology, and stroke of undetermined etiology.
The subtypes are based on risk factor profiles, clinical features, and results from diagnostic
tests, including CT and MRI scans, vascular imaging, electrocardiograms, echocardiography
assessment, and assessment of prothrombotic syndromes.

Stroke is the third leading cause of disability-adjusted life years (DALY) worldwide [5, 6].
According to the WHO, stroke affects 15 million people worldwide. Of these, about 5
million patients suffer from permanent disability and about 5.5 million patients succumb to
their disabilities [7]. The occurrence of stroke increases with age, but anyone at any age can
suffer a stroke. Globally, the prevalence rate of stroke is about 400-800/1,000,000 persons
[8]. In many developed countries, the incidence of stroke is declining, largely as a result of
the better control of high blood pressure and reduced levels of smoking. However, the
absolute number of strokes continues to increase worldwide because people are living
longer, especially in regions of rapid economic growth.
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Stroke accounts for about 5.7 million (16.6%) deaths in the world, with 87% of these deaths
occurring in low- and middle-income counties. Sixteen million new cases of stroke have
occurred every year worldwide [9, 10] and 3 million women and 2.5 million men have died
every year, worldwide from stroke [11].

Dementia syndromes established after stroke were typically considered to be vascular in
origin, and post-stroke dementia might be the consequence of the effects of stroke and
degenerative changes [12]. Research linking stroke and dementia has focused on shared
vascular risk factors, ameliorated by lifestyle activities or medication. Vascular dementia
(\VVaD) and Alzheimer’s disease (AD) are important because these results may be due to a
variety of causes, including cerebrovascular dysfunction, but the evidence for their
association with other neurodegenerative disorders is limited [13]. VaD, AD, and stroke
share some common risk factors. There is no clear evidence linking stroke, VaD and AD.

In the recent years, hundreds of genes were examined and it may have an impact on stroke
pathogenesis or genes that are associated with clinical risk factors such as hypertension,
diabetes, hyperlipidemia and vascular disease [14-16]. But only a few were fully proven to
influence the susceptibility to the disease and have generated negative or conflicting results.
Stroke is both a heterogeneous and a multifactorial disease, in which heritable (genetic) and
environmental factors equally contribute [17, 18]. The cellular changes and pathophysiology
of stroke are complex and involve numerous processes, including oxidative stress and
mitochondrial dysfunction, energy failure, increased intracellular calcium levels, cytokine
mediated cytotoxicity, inflammatory responses, disruption of the blood-brain barrier (BBB),
activation of glial cells, and miRNA changes [19]. The purpose of this article is to 1) latest
developments in identifying biomarkers in peripheral and central nervous system tissues, 2)
changes in microRNAs (miRNAS) in patients with stroke, 3) miRNA profile and function in
animal brain and, 4) protein biomarkers in ischemic stroke.

2. Biomarkers and Stroke

A biomarker — such as a protein, nucleic acid, or metabolite — is a quantification of a definite
biological state, typically one relevant to the risk, occurrence, severity, prognosis or
projected therapeutic response of disease. Biomarkers may be useful in identifying different
diseases, such as stroke, AD, cancer, and diabetes, and disease severity. Identification of
biomarkers can inform researchers in their attempts to develop early detectable peripheral
biomarkers. Identification of biomarkers can contribute to a better understanding of the
etiologies and mechanisms underlying particular diseases, such as stroke.

To identify peripheral biomarkers of stroke, multiple approaches have been developed,
including circulatory miRNAs, blood based protein markers, coagulation and thrombosis
biomarkers (Fig. 2).

3. MiRNAs as Biomarkers in Stroke

MiRNAs are composed of a group of endogenous and small non-protein coding genes
present in virtually all animals, plants and some viruses. MiRNAS are important regulators
of several biological processes, such as cell growth, apoptosis, cell proliferation, embryonic
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development, and tissue differentiation [20]. According to the miRbase-21 database released
in June 2014, 1881 precursor and 2588 mature miRNAs have been identified
(www.mirbase.org/) in such human diseases as cancer, viral infection, diabetes, immune-
related diseases, and neurodegenerative disorders. miRNAS tend to be transcribed from
several dissimilar loci in the genome. Many miRNAs were found to be highly conserved
[21]. These genes encode long RNAs with a hairpin structure of 17-25 nucleotides and act as
an antisense regulator of other RNAs [22]. It is copied from genes that lie inside recognized
exons and introns or other intergenic regions of the genome [23]. Sequence variations in
miRNAs are known to alter miRNA regulations, have been associated with human disorders.
MiRNAs have also been found to improve the gene-regulatory processes in cerebrovascular
diseases [24]. Given the structure and localization of miRNAs, it has been suggested that
miRNAs might be useful in determining peripheral biomarkers and treating human diseases
[25].

MiRNAs have also been found to be important regulators of leukocyte gene expression in
acute IS cases [26]. Clinical approaches accessible for the diagnosis and prognosis of stroke
were restricted to radiological imaging, which was with limited availability and higher cost.
Diagnosis of early stage of stroke and its development could be improved through the
finding of new biomarkers. Many studies have shown that miRNAs altered after central
nervous system injury moderate processes that stimulate neuronal death with inflammation,
apoptosis and oxidative stress. Furthermore, miRNAs can act as sensitive biomarkers of
secondary brain damage [27]. Several studies have found circulating miRNAs change
following stroke in humans (Fig. 3). Table 1 summarizes human studies investigating the
role of miRNAs in the progression of IS patients.

3.1. Whole blood as sources of circulatory miRNAs

Tan et al. (2009) conducted the first study to identify the expression of miRNAs in normal
healthy persons (n=5) and in patients between 18 and 49 years of age (n=19) diagnosed with
IS according to WHO clinical criteria and TOAST classifications. Using microarray analysis
of blood specimens and selective TagMan qPCR of miRNAs, the researchers evaluated each
patient’s functional status at the time of blood sampling. They found that among the 836
miRNAs present on the array chip, 157 miRNAs were differentially regulated in the stroke
subjects. Among those miRNAs, 138 miRNAs were highly expressed, and 19 were poorly
expressed. Of the highly expressed miRNAs, 17 were upregulated (miR-25, -181a, -513a-5p,
-550, -602, -665, -891a, -923, -933, -939, - 1184, -1246, -1261, -1275, -1285, -1290, let-7e),
and of the poorly expressed miRNAs, 8 were down regulated (miR-15b, -126, -142-3p, -186,
-519¢, -768-5p, -1259, -let-7f). The researchers found that analysis of miRNA profiling
revealed the following key events that occur during stroke recovery: regulation of hypoxia,
angiogenesis, and erythropoiesis/hematopoiesis. They concluded that these miRNAs could
be used to differentiate large artery, small artery, and cardio embolic strokes from each other
[28].

In 2013, the Tan research group characterized miRNA profiles in patients with low/no risk
IS, who did not have pre-existing risk factors for stroke. They correlated the expressions of
miRNAS to cerebrovascular lesions caused by cerebral ischemia. They found that 21
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miRNAs exhibited similar expression levels in all IS patients (hsa-miR-1258, -125a-5p,
-1260, -1273, -149, -220b, -23a*, -25*, -26b*, -29b-1*, -302¢, -34b, -483-5p, -488, -490-3p,
-498, -506, -659, -890, -920, -934). Among the 21, 17 were up-regulated and 4, down-
regulated (miR25, 34b, 483-5p, miR-498). They also found that miR25 was down-regulated
in all IS patients, and even the expression level of miR25 was found to be up-regulated in
their previous study [28], suggesting that miR25 might be specific for stroke pathogenesis in
low-risk stroke patients and might present a different molecular mechanism for its stroke
pathogenesis [29].

In investigations of circulatory mRNAs in peripheral blood samples, using a customized
TagMan Low Density Array, Sepramaniam et al. (2014) examined a panel of 32 miRNAs
that were hypothesized to distinguish stroke etiologies during the acute phase of stroke. Five
miRNAs were consistently altered in blood specimens from acute stroke patients,
irrespective of age at the time of stroke, severity of the stroke, and confounding metabolic
complications: miR-125b-2*, miR-125b-27a*, miR-125b-422a, miR-125b-488, and
miR-125b-627. These five miRNAs were found to be possible biomarkers for diagnosis of
stroke [30].

MiRNA levels from peripheral blood cells of 48 patients with IS and 48 patients with a risk
factor for IS (controls) were compared [26] using Affymetrix Gene Chip miRNA 3.0 arrays.
Expression levels of six miRNAs were down-regulated (miR-122, miR-148a, let-7i,
miR-19a, miR-320d, and miR-4429), and two were up-regulated (miR-363 and miR-487b)
in the IS patients. These two miRNAs might be important regulators of leukocyte gene
expression in acute IS.

Gan et al. (2012) also studied the role of circulatory miRNA-145 expression in IS patients (n
= 32) and 14 healthy control subjects (n = 14) who had no identifiable risk factors for stroke
and no history of cardiovascular and cerebrovascular diseases. Using TagMan Real-Time
PCR, they found that circulatory miRNA-145 expression was up-regulated in the IS patients
but not in the controls. This finding argues for miRNA-145 being a possible biomarker for
IS and useful to elucidate mechanotransduction of IS in stroke patients [31].

Zeng and colleagues. (2011) conducted the study to evaluate whether miRNA-210 could be
a blood biomarker for acute cerebral ischemia because miRNA-210 is a master and
pleiotropic hypoxia-miRNA, and it plays multiple roles in brain ischemia [32]. Using
quantitative PCR, they measured miRNA-210 in blood samples from stroke patients (n=112)
and healthy controls (n= 60). They found that, compared to healthy controls, miRNA-210
was significantly decreased in stroke patients, especially at 7 days and 14 days after stroke
onset (0.56 vs. 1.36; P=0.001, respectively, and 0.50 vs. 1.36; P=0.001, respectively). They
also found that the level of miR-210 in blood drawn from stroke patients was significantly
higher than in blood samples from patients who never had a stroke. These findings suggest
that miR-210 in blood samples from acute IS patients might be useful in diagnosing and
prognosing stroke, and it might also be useful in predicting the response of stroke patients.
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3.2. Plasma as sources of circulatory miRNAs

Wang et al. (2014) studied circulating miRNAs in blood plasma from subjects with acute
stroke and control subjects to determine whether circulating miRNAs can serve as possible
biomarkers for acute stroke in humans [33]. Using miRNA microarrays and real-time PCR
analyses, they found that hsa-miR-106b-5P and hsa-miR-4306 were present in high
abundance in patients of acute stroke, whereas hsa-miR- 320e and hsa-miR- 320d were
present in low abundance in control subjects. The following four miRNAs were up-regulated
in acute stroke patients compared to the control subjects: hsa-miR-106b-5P (3.63-fold in
MRI(-) patients and 23.90-fold in MRI(+) patients), hsa-miR-4306 (3.19-fold in MRI(-)
patients) and 5.30-fold in MRI(+) patients hsa-miR-320g, 0.33-fold in MRI(-) patients and
0.13-fold in MRI(+) patients and hsa-miR-320d, .23-fold in MRI(-) patients and .07-fold in
MRI(+) patients. Based on the up regulation of these miRNAs, Wang et al. suggested that
circulatory miRNAs in blood plasma might be promising biomarkers for the early detection
of acute stroke in humans [33].

Three miRNAs were identified as possible peripheral biomarkers of IS: miR-30a, miR-126,
and let-7b [34]. Expression levels of circulating miR-30a and miR-126 levels were down-
regulated in IS patients until 24 weeks. The level of circulating let-7b was up-regulated in
comparison to lower in patients with large-vessel atherosclerosis than healthy volunteers,
whereas circulating let-7b had higher level in patients with other kinds of IS till 24 weeks
[34].

In a recent study, Zhang et al. (2016) analyzed the circulating miRNA profile expression in
patients with early onset post-stroke depression [35]. They randomly selected cases for
miRNA microarray analysis and found 25 differentially expressed circulating miRNAs with
fold change >2 and p<0.05 between both subject groups. In the microarray analysis, four
miRNAs were upregulated (hsa-miR-22-3p, miR-4476, miR-486-5p, and miR-92a-3p) and
21 miRNAs were down regulated (hsa-miR-187-5p, 5571-5p, 4310, 3202, 133a, 548ai,
4769-5p, 4716-3p, 4738-3p, 1247-3p, 183-3p, 3615, 629-3p, 887, 3184-3p, 665, 4714-5p,
636, 1234-5p, 3667-5p, and 1185-1-3p). Using microarray analysis of has-miR133, -92a-3p
and 187-5p, they validated their microarray results [35].

Overall, findings from the above studies are useful and provide new information about
circulating miRNAs, indicating that miRNAs are potential peripheral biomarkers for stroke.

4. MiRNA profile and function in animal brain

Recently several studies found differentially expressed miRNAs with ischemic brain
damage, which were identified using miRNA profiling techniques in mice and rat MCA
occlusion (MCAQ) models [36, 37]. MiRNAs are a newly discovered non-coding small
RNA molecules that negatively regulate target gene expression and are involved in the
regulation of cell proliferation and cell apoptosis [37].

The mechanisms of neuroprotection induced by fastigial nucleus stimulation (FNS) were not
entirely understood. Huang et al. (2015) investigated the association between miR- 29¢
expression and neuroprotective effects using a stroke animal model. MiR-29c was decreased
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after FNS and it attenuates ischemic neuronal apoptosis by negatively regulating apoptotic
proteins Birc2 and Bak1. Therefore, miR- 29¢c might be involved in apoptosis processes of
neuroprotection induced by FNS in stroke [38].

Liu and coworkers (2015) investigated the role of miR-424 in transient cerebral ischemia in
mice with a focus on oxidative stress—induced neuronal injury. MiR-424 levels in the peri-
infarct cortex increased at 1 and 4 hours then decreased 24 hours after reperfusion. Further,
they have concluded that miR-424 protects against transient cerebral ischemia/reperfusion
injury by inhibiting oxidative stress [39].

Chi and colleagues studied the role of miR-134 in an ischemic mouse model [36]. They
found miR-134 expression levels were increased in mouse brain from 12 h to 7day
reoxygenation/reperfusion after 1h MCAQ treatment. MiR-134 overexpression endorsed
neuronal cell death and apoptosis by decreasing HSPA12B protein levels. Conclusively,
miR-134 might impact neuronal cell survival against ischemic injury in mouse brain with 1S
by negatively modulating HSPA12B protein expression in a posttranscriptional manner [36].

Vinciguerra et al. (2014) studied the neuroprotective effects of miRNAs in stroke and also to
set up a valid therapeutical approach able to contrast the role of specific miRNAs that
regulate NCX expression under experimental conditions imitating stroke. NCX1
physiological expression was dramatically reduced when cortical neurons were treated with
mir-103-1. AntimiR-103-1 prevented NCX1 protein down regulation induced by the increase
in miR 103-1 after brain ischemia, thereby reducing brain damage and neurological deficits.
Further they concluded that blocking mir-103-1 by microRNA inhibitors was a reasonable
strategy to stop neuro detrimental regulation of NCX occurring during ischemic conditions
[40].

MiR-124 is the most abundant miRNA in the brain. Studies have shown that miR-124 is
clearly reduced in the ischemic brain after stroke. MiR-124 was an endogenous regulator of
Ku70 that improves ischemia/reperfusion (I/R)-induced brain injury and dysfunction [41].
Sun and colleagues studied the role and underlying mechanism of miR-124 in stroke. The
level of miR-124 was significantly increased in ischemic penumbra as compared with that in
non-ischemic area of MCAO mice. Further, they have concluded that miRNA-124 protects
neurons against apoptosis in cerebral ischemic stroke [42].

Several studies reported that miRNAs can regulate amyloid precursor protein (APP) and -
site APP cleaving enzyme 1 (BACEL1) expressions. Ai et al. (2013) evaluated the effect of
microRNA on memory impairment in rats induced by chronic brain hypoperfusion (CBH).
They found that miR-195 was down regulated in both the hippocampal and cortical tissues
of rats following CBH, and in the plasma of dementia patients. APP and BACE1 proteins
were down regulated by miR-195 overexpression, upregulated by miR-195 inhibition, and
unchanged by binding-site mutation or miR-masks, indicating that APP and BACEL were
two potential targets for miR-195 and might be a potentially valuable anti-dementia
approach [43].

Selvamani and coworkers studied the neuroprotective function of an antagomir to
microRNAs which involved in the conserved IGF (insulin like growth factor) regulatory
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pathway [44]. They hypothesized miRNAs that target the IGF-1 signaling family for
translation repression could be alternatively suppressed to promote IGF-1-like
neuroprotection. An antagomir to miRNA let7f promotes neuroprotection in an IS model.
Further, they have concluded that gender-specific role for miRNA, where anti-Let7f
mediated neuroprotection was only seen in ovary-intact females, underscoring the
importance of the endocrine environment for miRNA actions [44].

MiR-223 is also expressed in the nervous system and controls the expression and function of
GIluR2 and NR2B subunits of the glutamate receptor. Harraz et al. (2012) showed that
miR-223 is a neuroprotective miRNA using /n vivo and /n vitro models of ischemic
reperfusion brain injury and excitotoxic neuronal death. Further, concluded that a therapeutic
role for miR-223 in stroke and other excitotoxic neuronal disorders [45].

5. Protein Biomarkers in Ischemic Stroke

A single biomarker might not be adequate to identify underlying complexities known to
underlie cellular changes linked to disease and to discriminate diseased from healthy
individuals. A biomarker panel that reflects diverse pathophysiological characteristics of a
disease or syndrome might be needed to capture the complexities of a particular disease. For
example, a biomarker panel for stroke could provide information about inflammation,
atherosclerosis, cerebral ischemia, blood—brain barrier disruption, thrombus formation,
oxidative stress, and endothelial injury. Biomarker panels have been sought to improve the
diagnosis of stroke and its cause. A biomarker needs to identify a particular feature of
disease state as accurately and specificity as possible and to be presented as clearly as
possible for use by clinicians [46]. Some methods have been combined to identify protein
biomarkers, such as western blot, enzyme-linked immune sorbent assay,
immunohistochemical staining, and mass spectrometry.

Use of these procedures facilitates the identification of a wide variety of proteins as possible
biomarkers for IS. Such proteins include: Heart-type Fatty Acid Binding Protein (H-FABP),
Malondialdehyde (MDA), Low-Density Protein Oxidized (LDL-oxidized), Brain-Derived
Neurotrophic Factor (BDNF), S100 Calcium Binding Protein B (S100B), Neuron-Specific
Enolase (NSE), Glial Fibrillary Acidic Protein (GFAP), N-Methyl D-Aspartate Receptor
Antibody (NMDA-R-AD), Myelin Basic Protein (MBP), C-Reactive Protein (CRP), Vascular
Cell Adhesion Protein 1 (VCAM-1), Matrix Metallopeptidase 2 (MMP-2), Matrix
Metallopeptidase 9 (MMP-9), Apolipoprotein A2 (ApoA2), Apolipoprotein C1 (ApoC1l),
Apolipoprotein C3 (ApoC3), D-dimer, von Willebrand Factor (vWF), Parkinson Protein 7
(PARKTY), Nucleoside Diphosphate Kinase A (NDKA), Brain-Derived Neurotrophic Factor
(BDNF), Intercellular Adhesion Molecule 1 (ICAM-1), Interleukin-6 (IL-6), Tumor
Necrosis Factor-a. (TNF-a), Lipoprotein-Associated Phospholipase A2 (Lp-PLA2),
Fibrinogen, Ubiquitin Fusion Degradation 1 (UFD-1), Inhibitor of Meristem Activity (IMA),
and Insulin-Like Growth Factor Binding Protein 4 (IGFBP4). These proteins have a crucial
role in Central Nervous System (CNS) tissue injury, inflammatory and coagulation/
thrombosis biomarkers for IS (Table 2).
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5.1. Biomarkers for Coagulation and Thrombosis in Stroke

Biomarkers identifying the coagulation cascade have been linked to IS and severe thrombus
in cerebral circulation; such biomarkers include the fibrogens VWF, D-Dimer, Lp-PLAZ2,
ApoA2, ApoC1, and ApoC3. Among these fibrinogens, Lp-PLA2 and Apo CI/I11 have been
described the most in recent years. Fibrinogen, a blood-borne glycoprotein, is a coagulation
factor responsible for blood clotting. Fibrinogen has been significantly associated with
stroke, coronary heart disease, and other diseases that cause vascular and nonvascular
mortality [47].

The CardioVascular Disease Risk Factors Two-township Study, a community-based follow-
up study, focused on identifying biomarkers for cardiovascular diseases and their risk
factors. In one such study, a dose—response relationship was associated with the risk of 1S
and tertiles of fibrinogen (hazard ratio 3.73; 2.19-1.00). A 72% increase (hazard ratio, 1.72;
1.02-2.90) in the risk of 1S was found in individuals with fibrinogen at least 8.79 umol/L
compared with those individuals with fibrinogen less than 7.03 pmol/L [48].

In one study of first IS or transient ischemic attack patients (n = 124) and healthy control
subjects (n = 125) aged 18 to 75 years old, fibrinogen -y/total fibrinogen ratio was higher in
patients than in control subjects during the patients’ acute phase of stroke and lower in the
convalescent phase (3 months after stroke [49]. A number of studies were also documented
that found elevated levels of fibrinogen in patients with risks of recurrent IS events, but the
elevated levels were not as high as in previous studies of fibrinogen [49, 50].

Lp-PLA2, Apo CI/INI were reported to be associated with increased risk for stroke. Lp-
PLAZ2, 45-kDa protein of 441 amino acids catalyzes the degradation of platelet-activating
factor to biologically inactive products. Lp-PLAZ2 is an enzyme expressed primarily by
leukocytes that is active in the metabolism of low density lipoprotein to pro-inflammatory
mediators. It is also a vascular specific inflammatory biomarker extremely expressed in the
necrotic core of atherosclerotic plaque and is linked to plaque inflammation and variability.

The Atherosclerosis Risk in Communities Study found that the level of Lp-PLA2 might be a
risk factor to identify middle-aged individuals at increased risk for their first IS event and the
might be complementary beyond traditional risk factors in identifying middle-aged
individuals at increased risk for IS. Further, they have concluded that future studies should
regulate whether discriminating inhibition of Lp-PLAZ2 reduces IS and whether statins
and/or fibrates were more effective for stroke prevention in patients with elevated levels of
Lp-PLA2 [51].

Similarly, in a study to determine protein markers, Oei et al. (2005) conducted a prospective
population based cohort study comprising 7983 men and women at least 55 years of age.
They found that Lp-PLAZ is an independent predictor of IS in the general population.
Further, the results suggested that the effect of Lp-PLAZ2 on cardiovascular disease was
independent of a subject’s total cholesterol level and markers of inflammation [52].

Elkind et al. (2009) found that Lp-PLA2 (adjusted hazard ratio, 2.08; 95% confidence
interval, 1.04-4.18) might be a stronger predictor of recurrent stroke risk [53]. A few years
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later, Elkind et al. (2009) conducted a population-based Northern Manhattan Stroke Study
with first IS patients at least 40 years of age to determine protein markers and found that
stroke patients with Lp-PLA2 activity levels in the highest quartile had an increased risk of
another stroke after their first 1S [54].

In a recent study to identify protein markers, specifically the protein Apo CI/I11, Allard et al.
(2004) found that apo C-1 and Apo C-I11 were the potential markers in blood plasma to
discriminate between IS and HS [55]. In a recent study, Lopez et al. (2012) used a reaction
monitoring assay to a panel of nine apolipoproteins. They found that the plasma levels of
specific apolipoproteins, including apo C-1 and apo C-lIl, distinguished (with high
sensitivity and specificity) 1S, HS, and normal patient sample groups from each other [56].

Findings from the above studies are useful and provided new insights in understanding
coagulation and thrombosis involvement in ischemic stroke.

5.2. Biomarkers for Central Nervous System Tissue Injuries in Stroke

Numerous biomarkers have been associated with central nervous system tissue injury,
including S-100B, GFAP, NSE, NMDA-R-Ab and MBP. These might also be valuable in
forecasting clinical consequences in patients with 1S. The CNS tissue injury biomarkers
were limited by some factors as markers for IS. They were not more detailed to IS, as
numerous illness developments could harm the brain. BBB limits discharge of CNS
biomarkers into systemic flow. As an outcome, biomarker levels might not associate with
infarct volume or stroke severity given that the breakdown of the BBB is flexible between IS
and the anatomic site of stroke and has dissimilar clinical impressions. NMDA is a
glutamate-gated ion channel protein family. NMDA receptors are both ligand-gated and
voltage-dependent and involve long-term potentiation, an activity-dependent increase in the
efficiency of synaptic transmission that supposedly triggers definite classes of memory and
learning [57].

In 2003, Dambinova et al. investigated the diagnostic accuracy of serum auto antibodies
(aAbs) to NR2A/2B, a subtype of NMDA receptors, in evaluating transient ischemic attack
(TIA) and IS and its ability to discriminate IS from ICH in 105 T1A/stroke patients and 255
age and sex matched healthy controls [58]. NR2A/2B aAbs were independent and sensitive
serologic markers capable of detecting TIA with a high post-test probability and, in
conjunction with neurologic observation and neuroimaging, ruling out ICH. Further, they
demonstrated that some NMDA receptors were able to differentiate acute IS from ICH
patients [58].

Stanca et al. (2015) sought to determine protein markers, using 49 subjects with IS, 23
subjects who had ICH, and 52 controls. Their data revealed that NMDA have significantly
higher levels during an entire IS episode at all time-points, and a quantification of NMDA in
IS patients might sufficiently distinguish IS patients from ICH patients. When these
researchers used NMDA in combination with GFAP, also a marker, they could differentiate
between ischemic and hemorrhagic, at 12 hours after stroke with a sensitivity and specificity
of 94% and 91%, respectively [59].
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Another possible biomarker to identify the onset of IS is myelin basic protein (MBP), a
hydrophilic protein found in myelin sheaths. Higher serum levels of MBP were found in a
range of acute neurological disorders. Hill et al. designed a preliminary prospective cohort
study to determine whether a panel of biochemical markers could distinguish acute IS cases.
They found elevated levels of MBP in only 39% patients, and peak level of MBP did not
significantly correlate with discharge of modified Ranking Scale (MRS) [60].

Jauch et al. (2006) sought to determine protein markers. They used an NIH stroke scale to
determine stroke markers. They found that a higher 24-hour peak concentration of MBP was
associated with higher National Institutes of Health Stroke Scale baseline scores (/=0.186,
£<0.0001) and also that MBP became elevated within the first 24 hours after stroke,
although they did not peak until some days after stroke [61].

S110B is an astroglial protein that has been studied as a serum marker for cerebral injury
and disruption of the BBB. The quantity of S100B varies under normal conditions, but
during an ischemic injury, S100B increases [62]. S100B has also been used as an
independent predictor and diagnostic marker for stroke.

Lynch et al. [2004] sought to determine protein markers. They enrolled 65 IS patients and
157 control subjects and analyzed 26 blood-borne biochemical markers that were
hypothesized to play a crucial role in the IS cascade. Out of these 26 markers, S100B
correlated highly with stroke and with other inflammation and thrombosis biomarkers [63].
Similar findings were documented in other studies as well [60, 61, 64, 65].

Foerch et al. (2004) conducted a retrospective study with 275 patients with IS (mean age
69+13 years; 46% female) who had received thrombolytic therapy within 6 hours of
symptom onset. They found elevated S100B serum levels before thrombolytic therapy
constituted an independent risk factor for hemorrhagic transformation (HT) in patients with
acute stroke [66].

Overall, these studies suggest that markers derived from brain injuries can be used as
biomarkers for stroke.

5.3. Biomarkers of Inflammatory Responses in Stroke

There is extensive literature supporting the role of inflammatory responses playing a central
role in IS pathogenesis. Key factors in the inflammatory responses are the transcriptional
regulators, and adhesion and signaling molecules. These biomarkers are used in stroke
diagnosis to differentiate clinical subtypes of stroke. TNF-a., an acute phase protein, is
involved in systemic inflammation and regulation of immune cells.

According to Tuttolomondo et al. (2008) cytokines are involved in pathogenesis of IS.
Furthermore, they found that TNF-a was activated in experimental ischemia. They also
observed increased levels of TNF-a in patients who had been diagnosed with experimental
brain ischemia [67].

Using IS patients (n = 39), HS patients (n = 38), and healthy controls (n = 47), Bokhari et al.
[2014] studied the role of TNF-a in identifying protein marker. They found plasma TNF-a
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levels (p<0.001, r=0.503, CI: 18.197-1672.950) to be significantly elevated in stroke
patients, in IS and HS subtypes, indicating that TNF-a. is a promising protein marker for IS
and HS patients [68].

In a recent study, Greisenegger et al. (2015) studied 15 biomarkers to determine protein
markers for 1S. Of the 15 biomarkers, TNF-a,, IL6 were independently predictive of all-
cause death. They found that IL-6 could become a pro-inflammatory cytokine and anti-
inflammatory cytokine. High levels of 1L-6 were observed in stroke patients, and served the
vital role of a messenger molecule among leucocytes, the vascular endothelium, and
parenchyma resident cells [69].

In a cross-sectional descriptive study, Shaafi et al. (2014) measured serum IL-6 levels in
patients with acute IS (n=45). They found a significant positive correlation among IL-6,
NIHSS, and mRS (P<0.001, r=0.6), and a significant correlation between IL-6 and infarction
size, as determined by an MRI scan of the brain. They concluded that IL-6 is associated with
the severity of IS as well as clinical outcomes [70].

Smith et al., (2004) sought to determine inflammatory response protein markers in stroke
patients. They found that the concentration of IL-6 in the blood plasma significantly
correlated (p<0.001) with the infarct volume of CT brain infarct volume (r=0.75) and MRS
at 3 months post stroke (r=0.72) [71]. A series of studies from different populations have
also revealed that IL-6 was associated with stroke [72-74].

Another protein that has been studied as a possible biomarker for IS is the protein CRP. CRP
has already been identified as a strong biomarker for inflammation in various diseases, such
as stroke, cancer, diabetes, and coronary artery disease. It is produced mainly by the liver
and is regulated by inflammatory cytokines. CRP is also associated with measures of clinical
stroke severity, as a major predictor of both death and functional outcomes after stroke.

To investigate protein markers, Alvarez-Perez et al. (2011) conducted a prospective
controlled clinical study of 200 IS patients and 50 control subjects. They found an
association between raised levels of CRP and atherothrombotic and cardio embolic strokes,
suggesting that CRP might be characteristic of both the response at the acute phase of stroke
and endothelial inflammatory processes [75].

Singh et al. (2014) sought to determine protein markers in stroke patients. They studied the
serum CRP levels in IS patients and concluded that the level of CRP level is a good
prognostic indicator of IS patients at the time of discharge and exhibits increased utility as a
biomarker to identify. They also found that increased levels of CRP might predict future
outcome of stroke in terms of mortality and morbidity [76]. These findings were in
agreement with many other studies that sought to determine protein markers [77-81].

Overall, findings from the above studies clearly suggest that inflammatory responses can be
used as biomarkers of stroke. However, further research is needed to identify precise protein
markers linked to inflammatory responses, in the early stages of stroke.
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6. Conclusions and Future Directions

Stroke is the second leading cause of death and the third leading cause of disability-adjusted,
life-ears worldwide. The risk of having a stroke increases with age of 55 but it can occur at
any age. Stroke is an interruption to the supply of blood to the brain, with developing

clinical signs of disruption of cerebral function leading to death with no apparent cause other
than vascular origin. Cerebral abnormalities in stroke, particularly ischemic stroke, may lead
to biochemical dysfunction in the brain, ultimately leading to VaD and AD. Recent research
revealed that stroke can be controlled by modifiable risk factors, including diet,
cardiovascular, hypertension, smoking, diabetes, obesity, metabolic syndrome, depression
and traumatic brain injury.

Multiple approaches have been developed to identify biomarkers, including circulatory
miRNAs, blood based protein markers, coagulation and thrombosis biomarkers. Among
these, circulatory miRNAs are reported to be promising peripheral biomarkers in stroke and
stroke linked VaD and AD. Although much research has been done on ischemic stroke and
its molecular and cellular links with VaD, 1) we still do not know whether stroke-associated
circulatory miRNAs can be used for VaD and AD and 2) we still do not have complete
understanding of the genetic basis of ischemic stroke leading to VaD and AD. Further
research is needed to answer these important questions.
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NMDA-R-Ab
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VCAM-1
MMP-2
MMP-9
ApoA2
ApoC1
ApoC3
VWF
PARKY
NDKA
BDNF
ICAM-1
IL-6
TNF-a
Lp-PLA2
CNS
aAbs
MRS

TIA

microRNA

Heart-type Fatty Acid Binding Protein
Malondialdehyde

Low-Density Protein Oxidized
Brain-Derived Neurotrophic Factor
S100 Calcium Binding Protein B
Neuron-Specific Enolase

Glial Fibrillary Acidic Protein
N-Methyl D-Aspartate Receptor Antibody
Myelin Basic Protein

C-Reactive Protein

Vascular Cell Adhesion Protein 1
Matrix Metallopeptidase 2

Matrix Metallopeptidase 9
Apolipoprotein A2

Apolipoprotein C1

Apolipoprotein C3

D-dimer, von Willebrand Factor
Parkinson Protein 7

Nucleoside Diphosphate Kinase A
Brain-Derived Neurotrophic Factor
Intercellular Adhesion Molecule 1
Interleukin-6

Tumor Necrosis Factor-a
Lipoprotein-Associated Phospholipase A2
Central Nervous System

auto antibodies

modified Ranking Scale

transient ischemic attack
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Highlights
1. Stroke is the major risk factor for vascular dementia and Alzheimer’s disease.
2. Stroke occurs when blood flow stops, and that stoppage results in reduced
oxygen supply to neurons in the brain.
3. The occurrence of stroke increases with age, but anyone at any age can suffer

from stroke.
4, Stroke is associated with modifiable and non-modifiable risk factors.

5. Circulatory microRNAs can be used as peripheral biomarkers of stroke.
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Ischemic area at risk (Area of Blood clot in middle
brain deprived of blood) cerebral artery (MCA) Plaque formation

Reduced blood flow
to parts of the brain

Normal blood flow to
parts of the brain

Figure 1.
Schematic representation of ischemic stroke. The shaded area (in yellow) shows the

formation of plaques and reduced blood supply/flow to an area of brain leading to ischemia.
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Biological Markers for Ischemic Stroke

Inflammatory
Response
Biomarkers

Magnetic Resonance Computerized

Imaging/Spectroscopy Tomography

(MRI/MRS)

Central Nervous

Coagulation & System Tissue

. Injury
Thrombosis -
3 biomarkers
Biomarkers

Figure 2.
Clinically translatable biological markers for stroke. MRI/MRS/CT and inflammatory

response biomarkers may provide the link needed to branch the basic and clinical research
areas.
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Acute ischemic stroke cases

Upregulated

hsa-let-7e, miR-125b-2, 1261, 129-5p,
1321, , 135b, 145, 184, 187, 196a, 198,
200b, 210, 214, 220c, 25, 26b, 27a,
34b, 370, 381, 422a, 483-5p, 488, 490-
3p, 494, 498, 525-5p, 549, 552, 553,
585, 602, 611, 617, 623, 627, 637, 638,
659, 668-671-5p, 675, 920, 933, 943,
99a, miR363, miR-487b

Figure 3.

Downregulated

miR124, miR9, hsa-let-7a, 7b, 7c, 7d, 7f,

7g, 7i, 106b, 126, 1299, 130a, 151-5p,
18a, 182, 183, 186, 192, 20a, 208a, 22,

222, 23a, 23b, 26b, 30b, 30e, 320b, 320d,
324-5p, 331-3p, 335, 340, 342-3p, 342-5p,

361-5p, 362-5p, 363, 423-3p, 493, 500,

500%, 501-5p, 502-5p, 502-3p, 505, 532-

5p, 574-5p, 574-3p, 576-5p, 625, 629,
652, 7, 886-5p, 92a, 93, 96, miR-122,
148a, let-7i, miR-19a,320d

Page 23

Ischemic stroke cases in
different time scale

Upregulated

hsa-miR-1258, -125a-5p, -1260, -1273,
-149, -220b, -23a, -26b, -29b-1, -302e,
-488, -490-3p, -506, -659, -890, -920, -
934, miR-25, -181a, -513a-5p, -550, -
602, -665, -891a, -923, -933, -939, -
1184, -1246, -1261, -1275, -1285, -
1290, let-7e, miR145, hsa-miR-22-3p,
miR-4476, miR-486-5p, miR-92a-3p

Downregulated

miR25, 34b, 483-5p, miR-498, miR-
15b, -126, -142-3p, -186, -519e, -
768-5p, -1259, -let-7f, miR30a, miR-
126, hsa-miR-187-5p, 5571-5p,
4310, 3202, 133a, 548ai, 4769-5p,
4716-3p, 4738-3p, 1247-3p, 183-
3p, 3615, 629-3p, 887, 3184-3p,
665, 4714-5p, 636, 1234-5p, 3667-
5p, 1185-1-3p

Differentially regulated miRNAs in ischemic stroke patients with different conditions i.e.,
acute ischemic stroke cases and ischemic stroke cases in different time scale with respect to
normal healthy controls.
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Ischemic stroke protein biomarkers and their proposed clinical applications in humans

Name of Origin and Description of Biomarker Association Proposed Clinical References
Protein Application

Biomarker

MBP myelin sheath of oligodendrocytes and CNS tissue Diagnosis, infarct 60, 61, 83
Schwann cells in the nervous injury volume and stroke
system/myelination of CNS and PNS severity

NMDA-R- | glutamate-gated ion channel protein/ CNS tissue Diagnosis, infarct 58, 59, 84

Ab efficiency of synaptic transmission and injury volume and stroke
autoantibodies to the NMDA receptor severity

S100B cytoplasm, nucleus of a wide range of cells CNS tissue Diagnosis, infarct 60, 61, 63-65
and astrocytes/ cell cycle progression and injury volume and stroke
differentiation, calcium binding protein from severity
glial cells

Fibrinogen | blood-borne glycoprotein/ platelet activation Coagulation Stroke risks 49, 50, 85, 86
and blood coagulation /thrombosis

Lp-PLA2 inflammatory cells/ hydrolyze phospholipids | Coagulation Stroke risks 51-54, 87, 88
into fatty acids and other lipophilic /thrombosis
molecules

ApoC-I/1ll expressed in the liver, lipoproteins/ lipid Coagulation Diagnosis 55, 56
metabolism /thrombosis

TNF-a macrophages, cytokines/ cell proliferation, inflammatory | Infarct volume, stroke 67-69, 72
differentiation, apoptosis, lipid metabolism, responses severity
inflammation and coagulation

IL-6 T cells and macrophages/ inflammation and inflammatory | Infarct volume, stroke 70-74, 89
the maturation of B cells, acute phase responses severity
response

CRP liver synthesis/ acute phase response to tissue | inflammatory | Diagnosis, stroke risk 75-81
injury, infection or other inflammatory responses
stimuli
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