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Abstract
Stroke is a leading cause of death and serious long-term disability. Ischemic stroke is the major
subtype of stroke. Currently, its diagnosis is mainly dependent upon clinical symptoms and
neuroimaging techniques. Despite these clinical and imaging modalities, often strokes are not
recognized after initial onset. As early intervention of medical or surgical therapy is often
associated with improved outcomes, there is an urgent need to improve the speed and accuracy of
stroke diagnosis. Stroke is a complex pathophysiological process involving; energy failure,
imbalance of ion homeostasis, acidosis, intracellular calcium overload, neuronal excitotoxicity,
free radical-mediated lipid oxidation, inflammatory cell infiltration, and glial cell activation. These
events ultimately lead to neuronal apoptotic cell death or necrosis. In this review, we have
summarized the serum biomarkers according to the pathophysiological processes of stroke, which
have been intensively studied in clinical trials of stroke over the past five years, and also used
Medline’s ‘related article’ option to identify further articles. We focused on the potential
biomarkers pertaining to vascular injury, metabolic changes, oxidative injury, and inflammation,
and newly studied biomarkers, and discussed how these biomarkers could be used for the
diagnosis or determining the prognosis of stroke.

Keywords
biomarkers; cerebral ischemia; clinical trial; pathophysiology; stroke

Stroke is a leading cause of death and long-term disability worldwide [1]. It is estimated that
750,000 new strokes occur annually in the USA, resulting in 150,000–200,000 deaths. There
are two major types of stroke: ischemic and hemorrhagic stroke. Ischemic strokes, which
include cryptogenic, lacunae and thromboembolic strokes, are caused by obstruction of
blood flow to an area of the brain and account for 87% of all strokes [2]. Hemorrhagic
strokes, which account for the remaining 13% of all strokes, are due to a lack of blood flow
to an area of the brain that is triggered by a rupture or break in blood vessels [2]. Because
ischemic strokes account for most of all strokes, the diagnosis and medical treatment of
strokes have focused predominantly on ischemic stroke.

Ischemic stroke is a multifactorial disease. Risk factors for ischemic stroke include diabetes,
atherosclerosis and hypertension. However, some patients with ischemic stroke have little or
no risk factors. Thrombolytic therapy is currently the only approved acute treatment for
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ischemic stroke. As the treatment window is limited to 4.5 h or less after the onset of acute
ischemic stroke, relatively few patients could actually benefit from recombinant tissue
plasminogen activator (tPA) therapy. Thus, the rapid and accurate diagnosis of ischemic
stroke is imperative if stroke outcome is to be improved.

Pathophysiology of ischemic stroke
Blockage of cerebral vessels trigger a cascade of ischemia-induced pathological events,
including disturbance of ion homeostasis, neuronal excitotoxicity and intracellular calcium
overload, peri-infarct depolarization, free radical generation, lipid peroxidation and altered
protein synthesis that ultimately lead to irreversible neuronal injury. Some of these events
occur within minutes of stroke onset, and in a time-dependent manner, are followed
sequentially by other events. For example, neuronal excitotoxicity occurs within minutes,
followed by a robust inflammatory response within hours, eventually leading to
programmed cell death (apoptosis) that is maintained for several hours to days after stroke
onset [3]. Because some of these pathological events in ischemic stroke occur in a sequential
manner, the measurement of several serum biomarkers, which may reflect these
pathophysiological events, offers promise for the early diagnosis of ischemic stroke.

Potential use of biomarkers in ischemic stroke
The monitoring trends and determinants of cardiovascular disease criteria for the diagnosis
of stroke depends on typical presenting symptoms and signs in addition to at least one
positive finding as determined by necropsy, CT scan or cerebrospinal fluid (CSF) analysis.
Although brain CT scan is a very accurate method for diagnosing hemorrhagic stroke, it is
only about 85% accurate in diagnosing ischemic stroke [4]. The main issue is that brain CT
scan often cannot detect ischemic strokes within 6 h of stroke onset, and infarct lesions may
not be evident until 12–24 h.

As mentioned, only a small number of stroke patients (1–2%) benefit from recombinant tPA
treatment [5]. This is due, in part, to the delayed diagnosis of ischemic stroke and
accompanying risks for hemorrhagic transformation. Thus, serum biomarkers, if validated,
may help improve the early diagnostic certainty of stroke and/or be a good indicator of
prognostic outcome. A good diagnostic biomarker should be sensitive and specific, and
could also be used to help distinguish between different stroke subtypes, and potentially be
used to exclude other neurological symptoms that mimic stroke such as conditions due to
hypoglycemia, focal seizure, migraine, functional hemiparesis, psychogenic spells and other
toxic metabolic conditions.

Potential serum biomarkers in stroke
Previous studies have examined the utility of several serum biomarkers in stroke. According
to the pathological mechanism of stroke, these biomarkers are classified into markers related
to vascular injury, metabolic changes, oxidative stress and inflammation. We also
summarized some biomarkers recently intensively studied, such as miRNA and copeptin
(Table 1).

Vascular injury-related markers
Ischemic stroke patients often have endothelial dysfunction due to underlying
atherosclerosis in their carotid and cerebral arteries. Endothelial dysfunction could also be
caused by elevated asymmetric dimethylarginine (ADMA), which inhibits the release of
endothelium-derived nitric oxide (NO). In addition, dysfunctional endothelium releases
endothelin-1 (ET-1), which along with decreased NO release, leads to vasoconstriction and
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further reduction of cerebral blood flow. Vascular injury could also lead to the degradation
of the basal lamina by matrix metalloproteinases (MMPs) and the release of cellular-
fibronectin (c-Fn). Subsequent clot formation from injured vessels could also activate the
fibrinolytic and coagulation pathways. These potential serum biomarkers in response to
vascular injury in ischemic stroke are shown in Figure 1.

Asymmetric dimethylarginine
ADMA, a circulating endogenous inhibitor of endothelial NO synthase, has been shown to
cause endothelial dysfunction and atherosclerosis [6]. Increased concentration of ADMA has
been found in several vascular-related diseases, such as diabetes, Alzheimer’s disease, heart
failure and stroke. In clinical trials, serum ADMA concentration was found to be
substantially higher in ischemic stroke patients than control subjects, and in particular, in
stroke patients with cardioembolic or large-artery atherosclerotic etiologies [7]. An increase
in plasma levels of both ADMA and its analog, symmetric dimethylarginine within the first
72 h after the onset of ischemic stroke predicts a poor outcome [8]. Similarly, another
clinical trial found that ADMA was higher in patients with fatal strokes and was an
independent predictor of all-cause mortality after stroke [9]. In some studies, a 0.15 µmol/l
increase in baseline ADMA levels was associated with approximately 30% increase in
cardiovascular risk in women [10]. In another study, increased concentrations of ADMA
were observed in cardioembolic stroke and transient ischemic attacks (TIA), but not in non-
cardioembolic stroke or hemorrhagic stroke. Interestingly, ADMA levels in the CSF were
also increased in patients with ischemic stroke or TIA within 24 h after stroke onset. The
ADMA levels, however, were found to be higher in patients with stroke than TIA [11].
Interestingly, in a small trial of about 13 patients with subarachnoid hemorrhage, CSF
ADMA levels were also higher than those in the control group, suggesting that the increase
in CSF ADMA levels may be due to endothelial dysfunction and vasospasm [12]. Despite
these promising studies suggesting that ADMA may be a good biomarker for stroke, a recent
multicenter study showed that there were no differences in plasma ADMA concentrations
between stroke patients and control subjects [13]. Thus, it remains to be determined whether
ADMA is a useful biomarker for ischemic stroke.

Endothelin-1
ET-1 is a potent and long-acting vasoconstrictor peptide, which is released from endothelial
cell-specific storage granules in response to external physiological or pathophysiological
stimuli [14]. Increased ET-1 expression reflects damages to endothelial cells within the
ischemic tissue, causing vasoconstriction of collateral vessels, which further damages brain
tissue. However, the use of ET-1 as a biomarker for ischemic stroke is somewhat
controversial. Most clinical trials showed that ET-1 level is increased by 1.3- to 5.4-fold
after ischemic stroke [15,16]. Furthermore, some studies suggest that plasma ET-1 level
correlate with stroke size but not neurological deficit. However, one study of about 101
patients with ischemic stroke showed that ET-1 was not different from those of control
subjects at any time point during stroke evolution [17]. Furthermore, a small study found
that plasma ET-1 level was increased in hemorrhagic but not ischemic stroke [18]. In these
studies, blood samples were collected between 18 and 72 h after onset of ischemic stroke,
and different methods were used to measure ET-1 level. Because clinical trials in ischemic
stroke have yielded conflicting results with ET-1 as a serum biomarker, future studies using
ET-1 as a biomarker for stroke should adopt a more stringent and standardized protocol for
enrolling patients, collecting samples, assaying for ET-1 and determining clinical follow-up.

von Willebrand factor
von Willebrand factor (vWF) is a plasma glycoprotein that plays critical roles in platelet
adhesion and aggregation. Plasma vWF is mostly synthesized and secreted by endothelial
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cells under conditions of endothelial cell activation and damage. It also is associated with
the occurrence of arterial thrombotic disease [19]. High vWF in young women is associated
with an increased risk of ischemic stroke [20]. Some studies reported that vWF level is
increased in ischemic stroke patients and higher plasma level of vWF is associated with a
higher risk for ischemic stroke [21]. By contrast, some case–control and prospective studies
did not find an association between vWF and ischemic stroke [22]. Recently, a large case–
control study comprising 600 patients with 600 matched controls studied the relationship
between vWF and etiologies and subtypes of ischemic stroke. The report showed that during
the acute phase of stroke, vWF levels were significantly increased in all four subtypes of
stroke: large vessel disease (LVD), cardioembolic (CE), cryptogenic stroke and small vessel
disease (SVD). There were significant subtype-specific differences in vWF, with the highest
levels in LVD and CE stroke after 3 months [23]. However, more studies are needed to
determine whether vWF level is a useful predictor of stroke subtype.

tPA & plasminogen activator inhibitor type-1
The tPA is a serine protease found in endothelial cells. It catalyzes the conversion of
plasminogen to plasmin, the major enzyme responsible for clot breakdown, and is also, an
initiator of the fibrinolytic system. By contrast, plasminogen activator inhibitor type-1
(PAI-1) functions as the principal inhibitor of tPA by combining with tPA to inactivate tPA.
Because of their roles in fibrinolysis and coagulation, tPA and PAI-1 are considered markers
of clot formation and fibrinolysis [24]. Thrombolytic therapy in acute stroke is a first-line
therapy since it accelerates clot lysis, which leads to the rapid restoration of blood flow. In
several studies, high levels of tPA and PAI-1 antigen in acute ischemic stroke patients were
observed. Furthermore, tPA concentrations were higher among men who later developed
strokes than in control subjects. High tPA antigen in acute stroke patients was also
associated with a worsening prognosis [25]. However, the levels of tPA or PAI-1 in mild-to-
moderate ischemic stroke do not appear to be altered [26,27]. Thus, tPA and PAI-1 have not
been shown to be definitive biomarkers of ischemic stroke.

D-dimer
D-dimer is a fibrin degradation product, which is not normally detected in healthy
individuals, except when the coagulation system has been activated. Patients with various
strokes and stroke-related diseases have increased plasma levels of D-dimer. In recent years,
clinical trials showed that the sensitivities of D-dimer for predicting ischemic stroke
tendency were very low of about 3.29%, but with a specificity of 100% [28]. D-dimer levels
were significantly higher in CE stroke patients than in those with other etiologies [29–31].
D-dimer levels correlate with infarct volume in acute ischemic stroke patients [32],
especially in CE stroke in non-valvular atrial fibrillation (AF) patients [33], and in-hospital
death [34]. Low D-dimer levels are associated with an early improvement in AF-related
stroke [35]. However, a total of 382 patients included in the Heparin in Acute Embolic
Stroke trial found that D-dimer and other markers of hemostatic activation were not
associated with stroke progression, recurrent stroke or death in patients with acute ischemic
stroke and AF [36]. A systemic review published in 2009 about D-dimer in stroke patients
suggests that plasma D-dimer levels are neither sensitive nor specific enough to be utilized
in stroke diagnostics and cannot replace either clinical or radiological evaluation [37].
However, current available data suggest that D-dimer level in combination with AF may be
useful for distinguishing cerebral infarction subtypes during the acute stage [38].

Matrix metalloproteinase-9
MMPs, a family of zinc-dependent proteolytic enzymes, are capable of degrading certain
extracellular matrix proteins. MMPs-mediated extracellular matrix degradation is one of
pathophysiological mechanisms in atherosclerotic plaque progression and vulnerability.
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MMP-9 is responsible for degradation of type IV collagen, laminin and fibronectin, which
are the major components of the basal lamina. The loss of integrity of the basal lamina is
considered to be the primary cause of edema after focal cerebral ischemia and hemorrhagic
transformation [39]. Several studies have examined MMP-9 level in ischemic stroke
patients. MMP-9 level in blood of ischemic stroke patients was increased within 6 h after
onset of stroke. Furthermore, MMP-9 levels of greater than 140 ng/ml before tPA
administration were associated with significant hemorrhagic transformation [40]. Because
tissue destruction in cerebral ischemia appears to be related to MMP expression, increased
MMP-9 level has been shown to correlate with acute lesion volume [41] and neurological
symptoms caused by unstable carotid plaques or atherosclerotic changes in other vessels
[42]. Baseline MMP-9 was also a significant predictor of the hyperintense acute reperfusion
injury marker at 24-h follow-up in acute ischemic cerebrovascular syndrome patients,
supporting the hypothesis that MMP-9 is associated with blood–brain barrier (BBB)
disruption [43]. These studies suggest that MMP-9 could be a good biomarker for
hemorrhagic transformation after tPA treatment and a relatively good predictor of outcomes
after ischemic strokes.

Cellular-fibronectin
c-Fn, another component of the basal lamina, is synthesized and secreted by endothelial
cells. When the basal lamina is disrupted, c-Fn is released into the plasma, which leads to
the recruitment of polymorphonuclear leukocytes to sites of vascular injury. Plasma c-Fn
level is increased in acute ischemic stroke patients. Furthermore, high plasma c-Fn levels are
independently associated with tPA-induced hemorrhagic transformation. In a retrospective
study, plasma levels of c-Fn of equal or greater than 3.6 µg/ml have been associated with
parenchymal hematoma after treatment with tPA in patients with acute ischemic stroke. c-Fn
levels of greater than 6 µg/ml were independently associated with intracerebral hemorrhage
enlargement [44]. Finally, plasma c-Fn levels of greater than 16.6 µg/ml were associated
with the development of massive middle cerebral artery infarction [45]. As a marker of
vascular integrity, c-Fn was shown to be an accurate predictor of hemorrhagic
transformation. Thus, the combination of c-FN and MMP-9 levels may be a good indicator
of hemorrhagic transformation in acute ischemic stroke patients receiving tPA.

Precursor neuropeptides proenkephalin A & protachykinin
Precursor neuropeptides proenkephalin A (PENK-A) and protachykinin are potential
markers of BBB integrity. Both of these neuropeptides are active as neurotransmitters and
are involved in nociception and immune stimulation. Previous study reported elevated
plasma levels of methionine-enkephalin in patients after acute cerebral infarction, suggesting
that these neuropeptides may play an important role in the evolution of stroke. Recently, in a
prospective observational study with 189 acute stroke patients, plasma PENK-A, but not
protachykinin, was significantly elevated in patients with ischemic stroke compared with
patients with TIA and control subjects. Elevated PENK-A concentrations were associated
with ischemic stroke and the severity of cerebral injury. Furthermore, PENK-A level was
different between ischemic stroke patients and TIA patients, although there was substantial
overlap between the maximum value and minimum levels of PENK-A between these two
groups of patients [46]. Although PENK-A may be a biomarker for BBB disruption in stroke
similar to c-Fn and MMP-9, it has not been shown to be useful in distinguishing stroke
subtypes. More clinical trials are needed to determine whether PENK-A is a useful marker
for hemorrhagic transformation.
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Metabolism-related markers
Abnormal metabolism often occurs after the onset of stroke. Patients with ischemic stroke
often exhibit increased levels of lactate, pyruvate, glycolate, formate and decreased levels of
glutamine and methanol, which are suggestive of anaerobic glycolysis [47]. Metabolic
products, therefore, may provide useful information regarding stroke prevention and/or
prognosis.

Cholesterol
Several clinical trials have reported that serum total cholesterol (TC) levels are associated
with increased risk of stroke [48]. However, TC level was not different in ischemic stroke
subtypes in a study of Japanese general population [49]. In a recent large prospective
Japanese population study, serum TC levels of less than 160 mg/dl were found to be a risk
factor for hemorrhagic stroke, whereas TC levels of greater than 280 mg/dl were associated
with an increased risk of ischemic stroke. Although high blood pressure was the strongest
risk factor for any subtype of stroke, high blood pressure and low TC (<160 mg/dl) were
highly predictive of hemorrhagic stroke [50]. Another large study reported that excess risk
of ischemic stroke was observed in men, but not in women, with serum TC levels of greater
than 240 mg/dl than those with TC levels of less than 180 mg/dl. Furthermore, a very high
serum TC level is also a risk factor for ischemic stroke, especially in large-artery occlusive
infarction in Japanese men [51]. However, average or moderately high serum TC level is a
relatively weak marker for ischemic stroke in the Framingham Heart Study, suggesting that
TC alone may not be a good biomarker in predicting stroke risks.

Albumin
Serum albumin functions as a shuttle for transporting drugs and endogenous compounds in
the bloodstream. It also exerts anticoagulant and antioxidant effects, while maintaining
microvascular integrity and supporting acid–base balance. Albumin is also involved in the
scavenging of oxygen free radicals, which have been implicated in the pathogenesis of
inflammatory diseases. In addition, serum albumin level is one of the biochemical markers
of nutritional status, and malnutrition after acute stroke is a risk factor for poor outcome.
Although hypoalbuminemia is commonly observed in critically ill patients, it is strongly
associated with increased morbidity and mortality in patients with and without neurological
conditions [52]. Many stroke studies indicate that patients with low serum levels of albumin
have worse clinical outcomes. For example, patients with cardioembolic stroke showed
lower albumin level and higher risk of mortality than non-cardioembolic stroke [53,54]. By
contrast, high serum albumin level is associated with improved outcome and lower mortality
in ischemic stroke patients. Some studies have suggested that high serum albumin may not
only be a biomarker, but also, could be neuroprotective in ischemic stroke [55]. Indeed,
albumin supplementation to near normal concentrations has been shown to improve
outcomes in stroke patients [52]. An ongoing multicenter clinical trial investigating the
effects of albumin in acute stroke will help address whether albumin is a biomarker or
therapy for stroke patients [56].

Cortisol
Stroke could alter endocrine metabolism. The adrenal glucocorticoid stress reaction
increases blood glucose and heart rate to protect the body from injury. However, these
reactions could also aggravate ischemic damage to neurons. A recent study found that low
serum albumin level in patients with ischemic stroke was associated with higher serum
cortisol level [57]. Hypercortisolism was associated with cognitive dysfunction early after
ischemic stroke. Furthermore, high circulating cortisol levels were associated with increased
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severity and mortality after stroke [58]. Cortisol, therefore, may be a good prognostic
marker of functional outcome and mortality of patients with ischemic stroke.

Homocysteine
Homocysteine (Hcy) is a thiol-containing amino acid formed during methionine metabolism.
Increased plasma concentrations of Hcy in patients seem to indicate dysfunction of brain
metabolism. Hyperhomocysteinemia has been considered to be an independent risk factor
for stroke. Women with total Hcy values in the highest tertile were almost three-times as
likely to have lacunar infarcts compared with those in the lowest tertile [59].
Hyperhomocysteinemia (Hcy level ≥15.90 µmol/l) was more common in patients with large-
vessel atherosclerotic stroke and CE stroke in the Turkish population [60]. By contrast, a
study found that Hcy level was associated with SVDrelated stroke more strongly than LVD-
related stroke [61]. Hyperhomocysteinemia was an independent risk factor for SVD [62].
Many studies reported that mean plasma Hcy levels were significantly higher in ischemic
stroke patients [63,64]. High serum total Hcy levels were associated with increased
mortality from ischemic stroke, which was reported by a large nested case–control study
[65]. However, it has also been reported that Hcy levels do not have any correlations with
functional disability at the third month after ischemic stroke [66]. A long-term observation
found that acute phase elevated Hcy correlated with severity and prognosis in patients with
atherothrombotic stroke [67]. Hcy is associated with risk of stroke, but whether Hcy affects
stroke severity and prognosis remains controversial.

Oxidative stress-related markers
Superoxide dismutase

Superoxide dismutase (SOD) is an important antioxidant enzyme that limits oxidative stress.
Oxidative stress is one of the mechanisms involved in neuronal damage induced by ischemia
and reperfusion injury. However, clinical studies linking serum Cu/Zn SOD level with
stroke are inconsistent. Some studies report that Cu/Zn SOD activity was reduced in red
blood cells and serum of patients with acute stroke and that reduced Cu/Zn SOD levels were
related to an enhancement and progression of cerebral infarctions. Other studies, however,
reported that Cu/Zn SOD levels increased or was not changed in red blood cells after
cerebrovascular events [68]. These studies suffer from small sample sizes, which preclude a
definitive conclusion regarding the effects of Cu/Zn SOD in stroke. Other antioxidant
enzymes such as glutathione peroxidase and products of lipid peroxidation such as
malondialdehyde were increased after acute stroke. These studies suggest that oxidative
stress is induced during stroke. Whether antioxidant enzyme level and/or activity could be a
good serum biomarker for stroke remains to be determined.

Endothelium-dependent NO
NO is a multifunctional molecule, produced in neurons, glial, endothelial cells and
macrophages. In the presence of oxygen, L-arginine is converted to NO and citrulline by
endothelial NO synthase. NO plays an important role in homeostatic the regulation of blood
flow. The half-life of NO is relatively short, making the detection of NO somewhat difficult.
To circumvent this issue, stable NO metabolites (NO-m, nitrates and nitrites) have been
measured instead of NO. In a recent clinical trial, NO-m was increased in the CSF of stroke
patients. CSF NO-m concentrations were also significantly higher in stroke patients who
subsequently suffered early neurologic worsening than in those with a stable course.
Increased NO-m in CSF was also associated with greater cerebral injury and early
neurological deterioration. In a small study, plasma NO in ischemic stroke patients was
decreased compared with that of control subjects. But peroxynitrite (ONOO-), which is the
product of the rapid reaction between NO and superoxide anion, was increased in ischemic
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stroke patients [69]. Although a large stroke trial recently showed that plasma NO-m (nitrate
and nitrite) was increased after stroke, NO levels were not associated with either the
outcome or severity in stroke patients. However, there was a significant association between
elevated levels of the inflammatory biomarker, C-reactive protein (CRP) and NO with stroke
[70]. Because NO can be produced by different NO synthase isoforms under different
conditions, the measurement of serum NO levels may not correlate with neuroprotection or
neurotoxicity. Furthermore, it is not know whether administration of NO could be beneficial
in acute stroke. Thus, the role of NO as a biomarker for stroke requires further study.

Bilirubin
Bilirubin is a metabolic end product of heme degradation by heme-oxygenase. However, it
could also serve as an important antioxidant, anti-inflammatory and neuroprotective
molecule. Indeed, bilirubin has emerged as a possible endogenous defense mechanism
against stroke. The function of bilirubin has been broadly investigated in cardiovascular
disease, including stroke. For example, an increment in bilirubin level of 1.71 µmol/l (0.1
mg/dl) is associated with a 9% decrease in stroke incidence among, and is associated with a
10% decrease in adverse stroke outcome among patients with stroke. Higher serum total
bilirubin level is associated with reduced stroke prevalence and improved stroke outcomes
[71]. Another large prospective study showed that participants with a higher level of
bilirubin showed lower hazard ratios for ischemic stroke in men, as well as all other stroke
subtypes [72]. These findings suggest that serum bilirubin may exert some protective actions
against stroke. However, when serum bilirubin was measured in patients after the onset of
stroke, higher direct bilirubin levels were associated with greater stroke severity and poorer
outcome at discharge, although there was no relationship between total bilirubin and stroke
severity or outcome [73]. Similar results were observed in a study of acute ischemic stroke
patients in China [74]. These findings suggest a relationship between serum bilirubin and
ischemic stroke, but the relationship appears to differ whether the serum bilirubin levels
were measured before or after stroke.

Inflammation-related marker
Inflammation is a key event in the ischemic cascade after cerebral ischemia and could play
an important pathophysiological role in ischemic stroke. Some inflammatory-related
molecules are produced and secreted in the neurovascular unit, which could activate immune
system in response to cell damage. These inflammatory factors accumulate in the
extracellular space and/or enter the bloodstream and CSF. These factors, therefore, could
easily be detectible after brain ischemic stroke.

Lipoprotein-associated phospholipase A2
Lipoprotein-associated phospholipase A2 (Lp-PLA2) is produced by inflammatory cells and
hydrolyzes oxidized phospholipids in low-density lipid. Lp-PLA(2) may participate in the
development of atherosclerosis and plaque rupture. The Lp- PLA(2) blood test has been
recently approved by the US FDA for assessing the risk of ischemic stroke and coronary
artery disease. Indeed, the role of Lp-PLA2 as a biomarker of atherosclerosis and other
cardiovascular disease has been extensively studied [75]. Some prospective studies support
the role of Lp- PLA2 as a risk predictor, conferring about a twofold increase in stroke risk in
patients with high Lp-PLA2 plasma level [76,77]. High mRNA expression level of Lp-
PLA(2) in peripheral blood mononuclear cells is correlated with major adverse clinical
outcome in patients with ischemic stroke [78]. Higher mass and activity of Lp-PLA2 were
also found among patients who did not achieve complete recanalization with tPA treatment.
Lp- PLA2 mass and the existence of a proximal occlusion at baseline were the most
powerful predictors for persistent occlusions. Lp-PLA2 mass is associated with early arterial
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recanalization in intravenous tPA-treated stroke patients [79]. Overall, Lp-PLA2 appears to
be a good risk predictor for both primary and secondary strokes, and is associated with
worse outcome after tPA treatment.

Human C-reactive protein
Human CRP is a member of the pentraxin family, which plays a major role in the human
innate immune response. Elevated CRP is associated with endothelial cell dysfunction and
progression of atherosclerosis possibly by decreasing NO synthesis. Elevated plasma CRP
concentration correlates with increased risk of cerebro- and cardiovascular events. For
example, previous studies found high plasma levels of high-sensitivity CRP (hsCRP) in
acute ischemic stroke patients and demonstrated that increased hsCRP level is a good
predictor of first ever or recurrent cerebrovascular events. CRP also serves as a prognostic
factor for functional outcome in the early phase of stroke. Indeed, a large clinical trial
showed that elevated levels of hsCRP correlated with all stroke subtypes except for lacunar
stroke, and was an independent prognostic factor of poor outcome at 3 months after stroke
[80]. However, not all studies have found an association between elevated CRP levels and
death or dependency after stroke [81]. In transient ischemic attack or patients with minor
strokes, CRP and other biomarkers of inflammation such as IL-6, IL-1 and fibrinogen were
not associated with recurrent vascular events [82]. Furthermore, genetic variants of CRP,
which leads to changes in serum CRP levels, were not associated with ischemic stroke [83].
Thus, the role of CRP as a predictor of ischemic stroke is still uncertain.

Pentraxin 3
Pentraxin 3 (PTX3) is another member of the pentraxin superfamily. PTX3 is rapidly
produced and released by several cell types in response to primary inflammatory signals
[84]. PTX3 activates the complement pathway and facilitates pathogen recognition by
macrophages and dendritic cells. Therefore, the release of PTX3 may reflect vascular
damage. Recently, several studies suggested that PTX3 might be associated with increased
mortality in patients with vascular diseases [85]. A recent study in 376 patients with
ischemic stroke showed that higher levels of PTX3 were independently associated with
increased mortality in ischemic stroke patients [86]. PTX3, therefore, appears to be a
promising prognostic biomarker of ischemic stroke.

IL-6 & TNF-α
IL-6 and TNF-α are well-known inflammatory markers, which can be secreted by activated
macrophages to stimulate immune response. Previous clinical studies showed that plasma
concentrations of IL-6 and TNF-α were higher in patients with enlarging intracerebral
hemorrhage. For ischemic strokes, IL-6 showed the strongest univariate association
(>twofold increase) in a large sample study [87]. Higher plasma levels of TNF-α, IL-6 and
IL-1β in acute ischemic stroke were associated predominantly with cardioembolic subtype,
whereas lacunar subtype showed significantly lower plasma levels of these cytokines [21].
IL-6 and TNF-α are not sensitive and specific biomarkers for predicting the outcome of
stroke.

S100B proteins
S100B belongs to a multigenic family of calcium-binding proteins (S100 proteins). In the
CNS, S100B is expressed primarily in astrocytes, and to some extent, in Schwann cells,
melanocytes, adipocytes and chondrocytes. The concentration of S100B is 40-fold higher in
CSF than in serum. S100B is assumed to be a marker of generalized BBB dysfunction rather
than specific glial damage [88]. S100B is stable in the bloodstream and is not affected by
hemolysis. Therefore, S100 has been considered as a promising biomarker for acute
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ischemic stroke. Beer et al. reported that S100B is a good system inflammatory marker in
acute ischemic stroke. Furthermore, S100B concentration is associated with the degree of
systemic inflammation, independent of the size of the ischemic lesion [89]. Serum S100B
levels were also significantly increased following ischemic stroke from 10 h to 2–3 days
after stroke onset and correlated well with volume of infarction and outcome. Indeed, higher
S100 values suggest significantly larger infarction volumes, more severe strokes and
worsening functional outcome [90]. In a recent study, serum S100B level was higher in
patients with large artery, cortical infarcts than that in patients with lacunar infarcts. The
serum S100B level peaked earlier in traumatic brain injury (on day 1 or 2 after injury) than
in stroke (on day 3 or 4 after stroke). These results also suggest that inflammation can
aggravate tissue injury during cerebral ischemia. Altogether, these results suggest that
S100B may have a role as a predictor of functional outcome after ischemic stroke. However,
because S100B is also increased in brain trauma and other types of brain injury, its lack of
specificity limits its utility as a diagnostic biomarker for stroke.

Cellular adhesion molecules
The expression of cellular adhesion molecules (CAMs) is induced under inflammatory
conditions and mediates leukocyte recruitment, transendothelial migration and adhesion to
the vascular endothelium. Thus, CAMs, which are shed into the bloodstream, may be a
useful biomarker of stroke. Previous studies showed that serum levels of soluble
intercellular adhesion molecule-1 (sICAM-1) and soluble vascular cell adhesion molecule-1
(sVCAM-1) in stroke patients on admission were significantly higher than those in control
subjects. In recent reports, serum levels of sICAM-1 on admission of stroke patients were
found to be significantly higher than those of healthy controls, and sICAM-1 and sVCAM-1
levels were significantly higher in stroke patients who died compared with those who
survived. Only sICAM-1 levels, but not sVCAM-1 levels, were independently associated
with early death [91,92]. A multicentered prospective observational study in patients with
ischemic stroke not receiving anticoagulation therapy reported that baseline values of
VCAM-1, but not sICAM-1, of greater than 1350 ng/ml increased the risk of new vascular
event or death in patients with ischemic stroke by fourfold [93]. Although soluble CAMs
appear to correlate with stroke and stroke severity, some studies do not find this association.
Thus, the lack of consistency of plasma concentrations of CAMs in predicting stroke or
stroke severity limits its clinical application.

Other new intensively studied markers
miRNA

miRNA is a small non-coding RNA that participates in posttranscriptional regulation of
gene expression via degradation or translational inhibition of their target mRNAs. One of
the features of miRNA regulation is combinatorial regulation. As an miRNA can bind to
multiple mRNAs and most mRNAs contain sequences for multiple miRNAs, a handful of
miRNAs could effectively control a multitude of mRNAs. Consequently, alteration of
miRNA expression could have profound effects on cellular transcription as well as
translation. Recently, miRNA have been shown to be involved in multiple pathological
processes including excitotoxicity, oxidative stress, inflammation and apoptosis [94]. For
example, miRNA29 acts as a proapoptotic miRNA in the heart; miRNA145 acts as a
proapoptotic miRNA in the brain; and miRNA494 is anti-apoptotic in the heart. In
experimental ischemia/reperfusion injury, the expression of miR-290, miR-145 and miR-26
is upregulated, while the expression of miR-137, miR-27a and miR-18 is downregulated.
Furthermore, miRNA shows different expression patterns in astrocytes and neurons after
ischemic injury. For example, in neurons, the expression of miR-21 and miR-29b is
upregulated, whereas the expression of miR-30b, miR-107 and miR-137 remains unaffected.
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However, in astrocytes, the expression of miR-21 and miR-29b is upregulated as in neurons,
but the expression of miR-30b, miR-107 and miR-137 is also upregulated [94]. In addition,
miRNA could play an important role in the pathogenesis of stroke such as atherosclerosis,
hyperlipidemia, hypertension and plaque rupture [95]. Indeed, miRNA has served as useful
biomarkers in cancer and diabetes.

Recent studies suggest that miRNAs may be promising biomarkers in stroke. By miRNA
chip analyses of young ischemic stroke patients (18–49 years), there were 157 miRNAs
associated with stroke with 138 miRNAs upregulated and 19 miRNAs downregulated.
These expression patterns of miRNAs are reproducible and indicative of the disease state. In
addition, the expression patterns of miRNAs were different in different types of stroke and
were associated with stroke prognosis [96]. miRNA polymorphisms were also found in 678
patients with ischemic stroke and were associated with stroke prevalence and pathogenesis
[97]. In particular, the level of miRNA-210 was significantly higher in patients with good
outcome than in patients with poor outcome [98]. The sensitivity of miR-210 in predicting
stroke outcome was 82.5% in patients with acute ischemic stroke. When other biomarkers
such as FDP and IL-6 were used in conjunction with miR-210, the sensitivity of miR-210 in
predicting ischemic stroke increased to 95.2% [99]. Thus, serum miRNA-210 appears to be
a sensitive biomarker for the clinical diagnosis of acute cerebral ischemia. It remains to be
determined whether other miRNA used alone or in combination could help increase the
diagnostic accuracy for stroke. It should be noticed that the clinical trial about the role of
miRNA remains very small, and lack validation.

Copeptin
The hypothalamic stress hormone copeptin is a stable byproduct of arginine-vasopressin
synthesis and reflects its secretion. Copeptin is a novel, independent prognostic marker in
acute ischemic stroke. A Swiss research group found that acute ischemic stroke patients with
an unfavorable outcomes and non-survivors had significantly increased copeptin levels on
admission [100]. Furthermore, Copeptin levels can predict functional outcome and mortality
1 year after stroke [101]. Additionally, copeptin levels were higher in ischemic stroke
patients with a re-event compared with patients without re-event, suggesting copeptin levels
predict the reoccurrence of stroke [102]. The observations from other groups also showed
the consistent role of copeptin in predicting outcome and mortality of acute ischemic stroke
[103–106]. Therefore, copeptin appears to be a promising new and accurate blood marker
for prediction prognosis.

Expert commentary
In the past decade, considerable effort has been expended to find suitable serum biomarkers
for stroke in order to enhance its diagnostic and prognostic accuracy. However, few, if any,
of these biomarkers appear to be ready for clinical application. Stroke is a complex disease
with different etiologies, which are affected by multiple risk factors. These differences, in
turn, could affect the expression of biomarkers in plasma. Nevertheless, some of these
biomarkers such as ADMA, vWF, MMP-9 and c-Fn appear to have some correlation with
stroke subtype, stroke severity and hemorrhagic transformation. By contrast, some
biomarkers such as ET-1 and S100B are inconsistent in their relationship to stroke. It is
important to note that clinical trials using serum biomarkers have not been standardized to
patient biases and blood sample collections. Thus, variation in the results using biomarkers
in stroke could be due to these differences. Because the pathophysiology of stroke often
involves temporal changes in neuronal excitotoxicity within minutes to inflammatory
response within hours, and neuronal apoptosis in days, specific biomarkers, which reflect
specific steps in this process may only be transiently useful. Furthermore, differences in
results using biomarkers may be merely due to differences in assays used for their
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measurements. Thus, a standardized protocol use to measure biomarkers may help lessen the
variability observed in clinical trials. Finally, it should be noted that stroke is a
heterogeneous disease and that one should not expect one specific biomarker to reflect the
complex process involved. It is likely that a combination of serum biomarkers in
conjunction with physical examination and imaging studies will yield the greatest accuracy
for predicting stroke and stroke outcome.

Five-year view
In recent years, epigenetic analysis and gene profiling are used as diagnostic tools in
cardiovascular disease and cancer. Similar research tools are now beginning to be used for
the diagnosis of stroke. In particular, miRNA has emerged as a potential biomarker for
stroke as miRNAs could affect conditions that increase the risk of stroke such as
atherosclerosis, hypertension, hyperlipidemia and inflammation. miRNAs could also play a
role in BBB disruption and apoptosis which are pathological processes of ischemic stroke.
Because miRNAs target multiple processes in the pathophysiological of stroke, it is likely
that miRNA profiling will lead to the identification of specific miRNAs as useful
biomarkers in stroke. Further studies are needed to determine whether miRNAs could
predict stroke risks, subtypes and outcomes. It is also possible that miRNAs may not only be
biomarkers for stroke, but also, could be used as therapeutic agents to decrease cerebral
injury and improve stroke recovery. It is hoped that with standardized clinical trials using an
accepted protocol for measuring biomarkers, the diagnosis and treatment of stroke will be
considerably improved.
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Key issues

• Cellular-fibronectin and matrix metalloproteinase-9 may be more indicative of
hemorrhage transformation in acute ischemic stroke, especially in patients
treated with tissue plasminogen activator.

• Precursor neuropeptides proenkephalin A is a new inflammatory marker, which
could also serve as a marker of blood–brain barrier disruption in stroke.

• Markers of oxidative stress are not specific markers for stroke.

• The lipoprotein-associated phospholipase A2 blood test has been approved by
the US FDA for assessing the risk of ischemic stroke and coronary artery
disease. There is considerable agreement among clinical trials that lipoprotein-
associated phospholipase A2 is a good predictor of primary and secondary
strokes, stroke outcome and recanalization after tissue plasminogen activator
treatment.

• A multiple biomarker strategy should increase the sensitivity and specificity for
stroke diagnosis and prognosis.

• miRNAs may potentially be a good biomarker for stroke, because miRNAs
could regulate processes that affect cerebral injury after stroke.

• Copeptin is an accurate blood marker for predicting stroke prognosis.

• Biomarkers, to date, lack sensitivity or specificity to be of clinical use in stroke.
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Figure 1. Potential biomarkers in stroke
At an early stage after stroke onset, the vascular endothelium becomes dysfunctional. The
basal lamina is degraded by matrix metalloproteinases and cellular-fibronectin is released.
The elevation of asymmetric dimethylarginine leads to endothelial NO synthase inhibition
and decreased nitric oxide release. In addition, endothelin-1 is released by dysfunctional
endothelium leading to vasoconstriction and reduction of blood flow. Thrombosis in vessels
leads to the activation of both coagulation (PAI-1) and fibriolytic system (tPA). Increased
von Willebrand factor (vWF) corresponds to injured endothelium. Thus, MMPs, c-Fn,
ADMA, ET-1, NO, tPA, PAI-1 and vWF are potential biomarker of vascular injury in
stroke.
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Table 1

Potential biomarkers in stroke.

Biomarker Changes in plasma level Association Ref.

Vascular markers

ADMA Increased in IS and HS Poor outcome [8–10]

ET-1 Increased in IS and HS Lesion size [15,16]

No change in IS None [17]

vWF Increased in IS Risk of stroke [21,23]

No change in IS None [22]

tPA and PAI-1 Increased in IS Poor prognosis and re-occurrence [25]

No change in mild or moderate None [26,27]

D-dimer Higher in CE stroke Poor outcome [32–34]

No effect [36]

MMP-9 Increased in IS and HS Hemorrhage transformation and poor prognosis [40–42]

c-Fn Increased in IS Hemorrhagic transformation [40,44,45]

PENK-A Increased in IS Severity of cerebral injury [46]

Metabolic markers

Cholesterol <160 mg/dl in population Risk factor for hemorrhagic stroke [50]

TC >280 mg/dl Risk of cerebral infarction [50,51]

Albumin Reduced in IS Poor outcome [53]

Cortisol Increased in IS Poor outcome [57,58]

Hcy Increased in IS Poor outcome [65,67]

No effect [66]

Oxidative markers

SOD Reduced in IS Poor outcome [68]

NO Increased in IS Poor outcome [69]

Increased in IS None [70]

Bilirubin High in population Reduced risk of stroke [71,72]

Increased in IS Poor outcome [73,74]

Inflammatory markers

Lp-PLA2 High in population Risk of stroke occurrence [76,77]

Increased in IS Poor outcome [78]
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Biomarker Changes in plasma level Association Ref.

High level after tPA treatment Fail to re-canalize [79]

CRP Increased in IS Poor outcome [80]

No change None [81,82]

PTX3 Higher in IS Increased mortality [85,86]

IL-6, TNF-α Increased in IS and HS Poor outcome [87]

S100B Increased in IS Lesion size and poor outcome [90]

sICAM-1 and sVCAM-1 Increased or no change Early death or not [91–93]

Newly intensively studied markers

miRNA-210 Higher in IS Good outcome [100]

Copeptin Higher in IS Poor outcome [101–106]

CE: Cardioembolic; c-Fn: Cellular-fibronectin; CRP: C-reactive protein; Hcy: Homocysteine; HS: Hemorrhagic stroke; IS: Ischemic stroke; Lp-
PLA2: Lipoprotein-associated phospholipase A2; MMP: Matrix metalloproteinase; PAI-1: Plasminogen activator inhibitor type-1; PENK-A:
Precursor neuropeptides proenkephalin A; PTX3: Pentraxin 3; SOD: Superoxide dismutase; TC: Total cholesterol; tPA: Tissue plasminogen
activator.
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