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Abstract

Ischemic stroke, as one of the leading causes of global disability and mortality,
has witnessed significant advances in research on prognostic biomarkers in recent
years. This study reviews the mechanisms of action and research progress in
prognostic assessment of various biomarkers in ischemic stroke, including blood
cell analysis indices (such as red cell distribution width), omega-3 polyunsatu-
rated fatty acids, cytokines (such as interleukin-6, tumor necrosis factor-alpha),
microRNAs (miRNAs, such as miR-21, miR-155, miR-126), and exosomes. Re-
search findings indicate that concentrations of blood cell analysis-related indices,
omega-3 polyunsaturated fatty acids, interleukin-6, and tumor necrosis factor-
alpha are closely associated with the severity and prognosis of ischemic stroke.
Specifically, higher baseline red cell distribution width is associated with an
increased risk of recurrent ischemic stroke and is negatively correlated with the
time to recurrence of ischemic stroke. Specific miRNAs such as miR-21 improve
neurological functional recovery by inhibiting apoptosis and promoting neuronal
survival; whereas miR-~155 exacerbates brain injury by regulating inflammatory
responses, and its expression level can predict the recurrence of ischemic stroke;
furthermore, miR-126 plays a critical role in angiogenesis and neuroprotection.
Exosomes significantly attenuate inflammation and injury induced by ischemia-
reperfusion by carrying anti-inflammatory factors, neurotrophic factors, antiox-
idant enzymes, and heat shock proteins, thereby influencing the prognosis of
ischemic stroke. Although these biomarkers demonstrate substantial potential
in prognostic evaluation of ischemic stroke, their clinical application still faces
numerous challenges, including inter-individual variability, insufficient research
on long-term effects and safety, and issues of technical standardization. Future
research should further investigate the mechanisms of action of these markers,
develop standardized detection methods, and conduct large-scale clinical valida-
tion, with the aim of applying them in clinical practice to improve the prognosis
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and quality of life of patients with ischemic stroke.

Full Text

Review and Monograph

Recent Advances in Prognostic Biomarkers After Cerebral Infarction:
Mechanisms and Clinical Applications

Jingtang Nong',2,3, Chengmin Yang?, Shenglong Mo?, Zhicheng

Lu',2, Lina Tang',?, Chongdong Jian?,**, Jingwei Shang?,**

!Graduate School of Youjiang Medical College for Nationalities, Baise 533000,
China

2Department of Neurology, Affiliated Hospital of Youjiang Medical College for
Nationalities, Baise 533000, China

3Key Laboratory of Metabolic Diseases in Baise City, Baise 533000, China

*Corresponding authors: Chongdong Jian, Professor; E-mail: jianchong-
dong@163.com

Jingwei Shang, Associate Researcher; E-mail: jw_ {shang}@aliyun.com

Nong Jingtang and Yang Chengmin are co-first authors

Abstract Ischemic stroke (IS) is one of the leading causes of disability and
mortality worldwide. In recent years, significant progress has been made in re-
search on prognostic biomarkers for ischemic stroke. This review examines the
mechanisms and prognostic value of various biomarkers, including hematological
indices (such as red cell distribution width), w-3 polyunsaturated fatty acids, cy-
tokines (e.g., interleukin-6, tumor necrosis factor-ar), microRNAs (miRNAs such
as miR-21, miR-155, miR-126), and exosomes. Studies demonstrate that hema-
tological indices, w-3 polyunsaturated fatty acids, and concentrations of IL-6 and
TNF-« are closely associated with stroke severity and prognosis. Specifically,
elevated baseline red cell distribution width correlates with increased risk of re-
current ischemic stroke and is inversely associated with time to stroke recurrence.
Particular miRNAs, such as miR-21, improve neurological recovery by inhibiting
apoptosis and promoting neuronal survival, while miR-155 exacerbates brain in-
jury by regulating inflammatory responses, with its expression level predicting
stroke recurrence. Additionally, miR-~126 plays a crucial role in angiogenesis and
neuroprotection. Exosomes significantly mitigate ischemia-reperfusion-induced
inflammation and injury by carrying anti-inflammatory factors, neurotrophic
factors, antioxidant enzymes, and heat shock proteins, thereby influencing is-
chemic stroke prognosis. Despite the tremendous potential of these biomark-
ers in prognostic assessment, clinical application faces numerous challenges,
including interindividual variability, insufficient research on long-term effects
and safety, and issues with technical standardization. Future research should
further investigate the mechanisms of these markers, develop standardized de-
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tection methods, and conduct large-scale clinical validation to facilitate their
clinical application and improve outcomes and quality of life for ischemic stroke
patients.

[Keywords] Brain Infarction; Prognosis; Biomarkers; Cytokines; MicroRNAs;
Exosomes; Review

Stroke, or cerebrovascular accident, is classified into ischemic and hemorrhagic
types, both of which can cause various neurological deficits that severely impact
patients’ language, motor function, and daily living activities [1]. Ischemic
stroke, also known as cerebral infarction, accounts for approximately 85% of all
stroke cases [2]. According to the 2019 Global Burden of Disease (GBD) report,
there were 12.2 million incident cases, 101 million prevalent cases, and 6.55
million deaths from stroke globally [3]. In China, the situation is particularly
severe, with 3.94 million incident cases, 28.76 million prevalent cases, and 2.19
million deaths [4]. Stroke has become the second leading cause of death and the
third leading cause of disability worldwide, representing a major public health
challenge [3]. It is estimated that 33-42% of stroke patients require assistance
with daily living activities within six years of onset, while 36% remain disabled
five years after onset [5], imposing a heavy burden on families and society.

Current treatments for ischemic stroke primarily include intravenous thrombol-
ysis, mechanical thrombectomy, and antiplatelet therapy. Intravenous throm-
bolysis using recombinant tissue plasminogen activator (rt-PA) is limited by
a 4.5-hour time window and carries hemorrhage risk. Although mechanical
thrombectomy can extend the treatment window to 6-24 hours, it is only suit-
able for patients with large vessel occlusion and carries risks of vascular injury
and re-thrombosis. Antiplatelet therapy is mainly used for secondary preven-
tion rather than acute treatment. Despite significant advances in secondary
prevention and treatment over recent decades, the disability and mortality rates
of ischemic stroke remain high due to treatment time window limitations and
ischemia-reperfusion injury risks. Therefore, early diagnosis and timely treat-
ment are crucial for improving prognosis.

Good prognosis can alleviate patients’ physical and psychological suffering, im-
prove quality of life, and reduce economic burden on families and society. In
recent years, research on prognostic biomarkers for ischemic stroke has become
a focus for scholars worldwide. These markers have important clinical reference
value for predicting stroke progression and prognosis. Blood cell analysis, a
rapid and convenient clinical test, provides valuable information. Inflammatory
responses play an indispensable role in the pathogenesis of ischemic stroke, with
inflammatory cytokines being key mediators. Additionally, recent studies have
found that w-3 polyunsaturated fatty acids (w-3 PUFA), microRNAs (miRNA),
and exosomes are closely associated with ischemic stroke prognosis.

Given the broad scope of biomarkers, this review focuses on recent advances in
prognostic markers including hematological indices [such as red cell distribution
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width (RDW)], w-3 PUFA, miRNA, and exosomes, aiming to provide reference
for their application in prognostic assessment. These biomarkers were selected
because they play important roles in pathogenesis and prognosis assessment,
and have been extensively studied. The review first discusses well-validated
biomarkers with strong evidence that have been applied clinically or validated
in large cohort studies, then explores findings from smaller studies, to provide
new insights for prognostic assessment and clinical treatment of ischemic stroke.

Literature Search Strategy: Computer searches were conducted in CNKI,
VIP, Wanfang Data, Web of Science, and PubMed for studies on prognostic
biomarkers after cerebral infarction, from database inception to March 2024.
Search terms included subject headings and free text. Chinese search terms:
“cerebral infarction AND blood cell analysis,” “cerebral infarction AND inflam-
matory factors,” “cerebral infarction AND polyunsaturated fatty acids,” “cere-
bral infarction AND microRNA,” “cerebral infarction AND exosomes.” English
search terms: “(cerebral infarction OR ischemic stroke) AND red cell distri-
bution width,” “(cerebral infarction OR ischemic stroke) AND neutrophil to
lymphocyte ratio,” “(cerebral infarction OR ischemic stroke) AND platelet to
lymphocyte ratio,” “(cerebral infarction OR ischemic stroke) AND inflammatory
factors,” “(cerebral infarction OR ischemic stroke) AND PUFA,” “(cerebral in-
farction OR ischemic stroke) AND miRNA,” “(cerebral infarction OR ischemic
stroke) AND exosomes.” Inclusion criteria: (1) Chinese or English literature
only; (2) studies on prognostic biomarkers after cerebral infarction; (3) research
including mechanisms and clinical applications. Exclusion criterion: inability
to obtain full text.

1. Hematological Indices and Their Potential Mechanisms in Cerebral
Infarction

1.1 Red Cell Distribution Width (RDW) RDW is an index measuring
the variability in red blood cell volume in peripheral blood, with increased values
indicating greater heterogeneity in red cell size [6]. Elevated pro-inflammatory
cytokine levels in plasma may inhibit erythropoietin (EPO)-induced red cell
maturation and proliferation while reducing EPO receptor expression, thereby
increasing RDW [6-7]. Traditionally used for anemia classification and differen-
tial diagnosis [8], recent research has revealed its important role in stroke prog-
nosis assessment [7]. Although the exact mechanisms remain unclear, they may
be related to hemodynamic changes. Elevated RDW leads to anisocytosis, af-
fecting peripheral circulation function and potentially serving as an independent
or synergistic factor for increased circulatory resistance and vascular occlusion
[9].

Xue et al. [10] conducted a retrospective analysis of 629 acute ischemic stroke
patients and found through multivariate analysis that higher RDW was
significantly associated with moderate to severe stroke (OR=2.21, 95%CI=1.30-
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3.75, P=0.003), modified Rankin Scale scores of 3-6 at 3 months (OR=1.86,
95%CI1=1.02-3.41, P=0.044), and Barthel Index scores <85 (OR=2.27,
95%CI=1.25-4.12, P=0.007). Multiple logistic regression analysis further
confirmed the association between RDW and stroke severity as well as poor
functional outcomes. Li et al. [11] performed a retrospective analysis of 606
acute ischemic stroke patients aged $ $80 years and found that higher RDW
was significantly positively correlated with in-hospital mortality (HR=3.31,
95%CI=2.47-4.45, P<0.001). Additional studies have reported that elevated
baseline RDW is not only associated with increased risk of recurrent ischemic
stroke but also inversely correlated with time to stroke recurrence [12-13].
Therefore, RDW shows promise as a reliable and economical indicator for
assessing prognosis and recurrence risk in ischemic stroke patients, providing
important evidence for clinical management and prognostic evaluation.

1.2 Neutrophil-to-Lymphocyte Ratio (NLR) Neutrophils, derived from
granulocyte-monocyte progenitors in bone marrow, are terminally differentiated,
short-lived phagocytic cells that play important roles in various diseases includ-
ing trauma, infectious diseases, metabolic disorders, and autoimmune conditions
[14]. Inflammatory responses are key factors causing cerebral ischemic injury
[15], with neutrophils directly damaging neurons through release of proteolytic
enzymes (such as neutrophil elastase) and causing microvascular mechanical
obstruction through aggregation [16]. Cai et al. [17] conducted a case-control
study of 225 Chinese Han patients with acute ischemic stroke and found that in
patients with infarct area >1.5 cm, both neutrophil count (R2=0.07, P=0.0208)
and NLR (R?=0.07, P=0.0447) were positively correlated with infarct size, re-
vealing that elevated peripheral blood neutrophil levels in the early stage of
stroke predict poor prognosis.

As a composite parameter, NLR more accurately reflects immune cell activity
and offers higher stability, sensitivity, and specificity [18]. NLR has been
validated as a prognostic marker for cardiovascular diseases, immune disorders,
tumors, and infections [19-20]. Kocaturk et al. [21] found that in acute is-
chemic stroke, NLR was significantly correlated with infarct volume in anterior
circulation stroke (ACS) and served as an independent predictor of 3-month mor-
tality. In ACS patients, infarct volume showed significant correlation with NLR,
(r=0.482, P$ 0.001). M ultivariateanalysisrevealed N L Rastheonlyindependentpredictoro f3—
monthmortality(OR = 1.186,95 $4.7. Another case-control study showed NLR
was an independent predictor of in-hospital gastrointestinal bleeding in acute
ischemic stroke patients receiving dual antiplatelet therapy, with predictive sen-
sitivity of 87.8% and specificity of 85.7% [22]. Similarly, Xu et al. [23] conducted
a prospective study of 341 ischemic stroke patients and demonstrated that NLR
was closely associated with stroke progression (SP) and poor outcomes, with an
area under the ROC curve (AUC) of 0.6117 (95%CI1=0.5341-0.6893, P=0.0032)
for predicting poor functional outcomes, an optimal cutoff value of 4.2139, and
predictive sensitivity and specificity of 52.7% and 72.0%, respectively. As a
low-cost, easily accessible biomarker, NLR holds significant value in stroke
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diagnosis and prognostic evaluation.

1.3 Platelet-to-Lymphocyte Ratio (PLR) Platelets, derived from mature
megakaryocytes in bone marrow, are essential for maintaining vascular integrity
and hemostasis. In cerebral ischemia, inflammatory responses damage endothe-
lial cells, activating and aggregating platelets to form thrombi that obstruct
vessels and cause cerebral tissue ischemia and infarction [24]. PLR, as a novel
inflammatory index reflecting both thrombotic and inflammatory responses, is
closely associated with the occurrence, severity, and prognosis of acute ischemic
stroke.

Tsalta-Mladenov et al. [25] conducted a prospective study of 141 acute ischemic
stroke patients and found PLR was significantly associated with poor functional
outcomes (P<0.001) and could predict hemorrhagic transformation (HT) in
young acute ischemic stroke patients. ROC curve analysis showed that when
the optimal cutoff value for predicting 3-month poor outcomes was 122.6, sen-
sitivity was 77.8% and specificity was 61.5% (AUC=0.613, P=0.031). Another
prospective observational study indicated PLR was associated with stroke sever-
ity and may serve as a prognostic marker for ischemic stroke, helping prevent
potential complications [26]. Wen et al. [27] performed a retrospective study
of 157 young patients with first-ever acute ischemic stroke and found PLR was
associated with independent risk factors for hemorrhagic transformation. ROC
analysis revealed that when the cutoff value for predicting hemorrhagic trans-
formation was 109.073, sensitivity and specificity were 80.6% and 67.4%, re-
spectively. Li et al. [28] conducted a retrospective study of 158 acute ischemic
stroke patients and found PLR was significantly associated with recurrent is-
chemic stroke (P<0.001). ROC analysis showed PLR>115.9 provided optimal
prediction of recurrent stroke with sensitivity of 78.9% and specificity of 57.2%
(AUC=0.72, P=0.021). Additionally, Sun et al. [29] found that PLR at 24
hours after rtPA thrombolysis was significantly increased in patients with poor
outcomes and mortality, independently associated with increased risk of poor
prognosis and death. Therefore, PLR may serve as a simple yet effective in-
dicator for ischemic stroke prognosis, offering high predictive value for disease
outcomes.

[Figure 1: see original paper] shows the potential mechanisms of hemato-
logical indices and PUFA in predicting disease progression and outcomes during
cerebral infarction.

2. Inflammatory Factors and Their Correlation with Ischemic Stroke
Prognosis

Inflammatory responses are crucial in the pathogenesis of ischemic stroke [30],
with microglia (MG) playing a key role. The M1 phenotype of MG produces
various pro-inflammatory and cytotoxic factors, including IL-13, IL-6, 1L-23,
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and TNF-« [32]. M1 polarization exacerbates brain injury by releasing inflam-
matory mediators, reactive oxygen species (ROS)7 and proteases, upregulat-
ing C-reactive protein (CRP) expression, inducing neuronal excitotoxicity, and
damaging the blood-brain barrier (BBB) [33]. Additionally, matrix metallopro-
teinases (MMPs) further compromise BBB integrity by degrading extracellular
matrix (ECM) and tight junction proteins (TJs) [34]. Given the importance
of inflammatory responses in ischemic stroke pathology, inflammatory factor
concentrations may be key determinants of disease progression and thus have
potential as prognostic biomarkers. [Figure 2: see original paper] illustrates
the key mechanisms of inflammatory factors in predicting disease outcomes after
cerebral ischemia.

2.1 C-Reactive Protein (CRP) CRP is a non-glycosylated protein synthe-
sized by hepatocytes that significantly increases during various inflammatory
processes, serving as a sensitive marker of inflammation [35]. However, due to
limited sensitivity of CRP, detection of high-sensitivity CRP (hs-CRP) is par-
ticularly important in clinical practice and has become a key tool for predicting
disease progression and prognosis. Pu et al. [36] measured pre-admission serum
hs-CRP levels in 119 acute ischemic stroke patients and found that patients
with good prognosis had significantly lower median hs-CRP and NIHSS scores
than those with poor prognosis (P<0.001), indicating that serum hs-CRP lev-
els are closely associated with prognosis in acute ischemic stroke, with higher
levels predicting worse outcomes. When the hs-CRP cutoff was set at 11.835
mg/L, sensitivity for predicting 90-day outcomes was 95% and specificity was
92.5% (AUC=0.986), demonstrating the efficacy of hs-CRP in predicting acute
ischemic stroke prognosis. Chen et al. [37] further confirmed that admission
hs-CRP levels were significantly positively correlated with mortality, recurrence
risk, and poor prognosis in ischemic stroke patients. High hs-CRP levels indicate
poor prognosis and may increase stroke recurrence and mortality rates. Cheng
et al. [38] conducted a retrospective study of 212 acute ischemic stroke patients
and found through logistic regression analysis that hs-CRP>1.60 mg/L was neg-
atively correlated with good thrombolytic response (OR=0.496, 95%CI=0.266-
0.927, P=0.028). Therefore, hs-CRP>1.6 mg/L can serve as a predictor of poor
prognosis in acute ischemic stroke patients receiving intravenous thrombolysis.
This finding provides important reference for evaluating thrombolytic efficacy
and predicting prognosis. In summary, hs-CRP, as a sensitive inflammatory
marker, demonstrates significant value in predicting prognosis in acute ischemic
stroke patients and may become an important tool for prognostic assessment
and clinical decision-making.

2.2 Matrix Metalloproteinase-9 (MMP-9) MMPs are key regulators of
vascular injury after stroke, primarily derived from activated macrophages, as-
trocytes, and extravasated neutrophils, with the ability to degrade various pro-
tein components in the extracellular matrix including collagen, elastin, and fi-
bronectin [34]. Among them, MMP-2, MMP-9, MMP-3, and MMP-12 have been
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implicated in BBB damage after stroke [39]. Regarding the role of MMP-9 in
ischemic stroke prognosis prediction, Yuan et al. [40] conducted a case-control
study including 168 ischemic stroke patients and 40 healthy controls, using
enzyme-linked immunosorbent assay (ELISA) to measure plasma MMP-9 con-
centrations and brain CT or MRI at 3-14 days after stroke onset to diagnose
spontaneous hemorrhagic transformation (sHT). The results showed that when
MMP-9 concentration >181.7 ng/mL, it demonstrated high sensitivity (82.9%)
and specificity (81.3%) for predicting hemorrhagic transformation, with posi-
tive predictive value of 48% and negative predictive value of 95.8%. Additional
studies have reported that MMP-9 expression levels are significantly positively
correlated with stroke severity [41]. Li et al. [42] further found that MMP-9 and
brain-derived neurotrophic factor (BDNF) show time-dependent associations in
predicting prognosis in acute ischemic stroke patients. Specifically, gradual de-
crease in MMP-9 levels combined with increasing BDNF levels often predicts
better prognosis. Notably, dynamic changes in MMP-9 and BDNF are superior
to baseline measurements for predicting outcomes in acute ischemic stroke. In
summary, MMP-9 shows significant potential in ischemic stroke prognosis pre-
diction, with its level changes associated with post-stroke BBB damage, hemor-
rhagic transformation risk, and stroke severity, making it a promising biomarker
for acute ischemic stroke prognosis assessment.

2.3 Interleukin-6 (IL-6) IL-6 is an immunomodulatory and chemotactic in-
flammatory cytokine that plays an important role in post-stroke inflammatory
responses [43]. Elevated serum IL-6 concentration after stroke causes neuronal
death and BBB disruption, exacerbating brain injury [44]. Multiple studies
have shown close associations between IL-6 concentration and stroke severity
and prognosis. Shaafi et al. [45] conducted a cross-sectional study of 45 acute
ischemic stroke patients, assessing NIHSS and modified Rankin Scale scores
on days 1, 5, 90, and 365, and measuring serum IL-6 levels on days 1 and 5
by ELISA. The results showed IL-6 was significantly positively correlated with
NIHSS and modified Rankin Scale scores, with higher levels in deceased pa-
tients, indicating that higher IL-6 levels predict worse outcomes. Li et al. [46]
conducted a prospective study of 180 patients with first-ever acute ischemic
stroke and found that I1-6 levels were significantly elevated in the poor progno-
sis group, identifying IL-6 as an independent risk factor for functional outcome,
with higher levels indicating worse prognosis. Additionally, IL-6 can serve as
a marker for futile reperfusion after mechanical thrombectomy. Mechtouff et
al. [47] performed a cohort study of 164 acute ischemic stroke patients undergo-
ing mechanical thrombectomy (MT), collecting peripheral blood samples before
IV thrombolysis, and at 6h, 24h, 48h, and 3 months after admission. Using
ELISA kits to detect IL-6, CT scans on day 1, and follow-up MRI on day
6, multivariate analysis showed that high IL-6 levels within 24h of admission
(OR=6.15, 95%CI=1.71-22.10) were associated with futile reperfusion. In con-
clusion, IL-6 has important value in predicting ischemic stroke prognosis, with
serum IL-6 levels useful for predicting stroke severity, functional outcomes, and

chinarxiv.org/items/chinaxiv-202507.00332 Machine Translation


https://chinarxiv.org/items/chinaxiv-202507.00332

ChinaRxiv [$X]

futile reperfusion after MT.

2.4 Other Inflammatory Factors TNF-a plays a key role in neurotoxic
substance generation and local inflammatory responses, and is considered an
important indicator for predicting stroke prognosis [48]. Studies have shown
that TNF-a levels within 24h of ischemic stroke onset are closely related to
infarct size [49]. In patients with lacunar infarction, blood TNF-« levels are
independently associated with poor outcomes at 3 months [50]. Additionally,
lipoprotein-associated phospholipase A2 (Lp-PLA2), as a vascular-specific in-
flammatory marker, is considered an independent predictor of ischemic stroke
[61]. Research shows that elevated Lp-PLA2 levels are significantly associated
with poor functional outcomes at 3 months and 1 year after ischemic stroke [52].
Li et al. [53] further demonstrated that elevated serum Lp-PLA2 levels are signif-
icantly correlated with incidence, severity, and recurrence rate of acute ischemic
stroke. In summary, TNF-a and Lp-PLA2 have important value in predicting
ischemic stroke prognosis and may serve as key biomarkers for clinical diagno-
sis and assessment, providing new perspectives for prognostic prediction and
clinical treatment.

3. Correlation Between PUFA and Ischemic Stroke Prognosis

Fatty acids are classified as saturated and unsaturated, with unsaturated fatty
acids further divided into monounsaturated and polyunsaturated fatty acids
(PUFA), including w-3 and w-6 types. w-3 PUFA includes o-linolenic acid
(ALA), docosahexaenoic acid (DHA), and eicosapentaenoic acid (EPA). Studies
indicate that w-3 PUFA plays an important role in reducing neurological damage
caused by ischemic stroke, providing neuroprotective effects [54], and effectively
reducing the risk of ischemic stroke [55]. Lin et al. [56] revealed that w-3 PUFA
inhibits microglial release of TNF-a by suppressing a disintegrin and metallo-
proteinase 17 (ADAMI17) activity, and promotes microglial release of exosomal
nerve growth factor while activating the neuroprotective TNF-«/nuclear factor
B (NF- B) pathway. These two mechanisms work synergistically to achieve
neuronal protection.

Recent advances further confirm the value of w-3 PUFA in predicting and im-
proving prognosis in ischemic stroke patients. Suda et al. [57] conducted a ret-
rospective study of 281 Japanese patients diagnosed with acute ischemic stroke
within 24h of onset and found that early neurological deterioration (END) was
negatively correlated with EPA/AA ratio (OR=0.18, P=0.003), DHA/AA ra-
tio (OR=0.045, P=0.001), and (EPA+DHA)/AA ratio (OR=0.45, P=0.002),
revealing that low serum w-3 PUFA /w-6 PUFA ratio at admission may predict
neurological deterioration in acute ischemic stroke. Song et al. [58] performed
a prospective study showing that w-3 PUFA was negatively correlated with
admission stroke severity and 3-month poor outcomes, suggesting w-3 PUFA
as a potential blood biomarker for prognosis in acute non-cardiogenic ischemic
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stroke patients. Another cross-sectional study also showed EPA was negatively
correlated with ischemic stroke prevalence [59]. Shojima et al. [60] further con-
firmed that low EPA/AA ratio at admission was associated with poor long-term
prognosis and increased mortality in ischemic stroke patients. In summary, w-3
PUFA, as a potential blood biomarker for ischemic stroke prognosis, has impor-
tant roles in prognosis assessment and treatment, with its concentrations and
ratios offering valuable predictive information.

4. Correlation Between miRNA and Ischemic Stroke Prognosis

miRNAs are non-coding RNAs that play critical roles in gene expression regu-
lation and exhibit important regulatory functions in multiple aspects of acute
ischemic stroke pathology, including energy failure, inflammatory responses, and
apoptosis [61]. Consequently, miRNAs hold promise as reliable blood biomark-
ers for risk prediction, precise diagnosis, and prognosis assessment in acute is-
chemic stroke. Numerous studies have confirmed that many miRNAs are closely
associated with the development and clinical course of acute ischemic stroke [62].

4.1 miR-21 miR-21 has been clearly identified as a key factor that effectively
inhibits apoptosis and strongly promotes neuronal survival during the initia-
tion and progression of ischemic stroke [63]. Zhou et al. [64] revealed in an
oxygen-glucose deprivation (OGD) model that miR-21 significantly inhibited
apoptosis in mouse neuroblastoma (N2A) cells after oxygen-glucose depriva-
tion/reperfusion (OGD/R) treatment. Additionally, Yan et al. [65] showed in
a middle cerebral artery occlusion (MCAQO) mouse model that downregulating
miR-21 expression significantly upregulated p53 and Bax expression while down-
regulating Bcl-2, exacerbating ischemic neuronal injury, demonstrating the cen-
tral role of the miR-21/p53/Bcl-2/Bax signaling pathway in regulating ischemic
injury. Notably, miR-21 expression levels are closely related to prognosis in is-
chemic stroke patients. Specifically, high miR-21 expression often predicts bet-
ter prognosis, likely due to its ability to inhibit apoptosis, reduce brain injury,
and promote neural tissue repair and regeneration, thereby effectively improving
patient outcomes [66]. Yuan et al. [67] further noted that post-stroke cognitive
impairment (PSCI) patients had significantly higher miR~21 expression than
cognitively normal (PSCN) patients, suggesting that higher serum miR-21 lev-
els at admission correlate with higher risk of post-stroke cognitive impairment.
Therefore, miR-21 alone or combined with specific indicators (such as FA val-
ues) may serve as an important diagnostic biomarker for distinguishing PSCI
from PSCN.

4.2 miR-155 miR-155 is an immune regulatory miRNA that plays a piv-
otal role in ischemic brain injury by precisely regulating downstream signaling
pathways [68]. Studies show that upregulated miR-155 expression can activate
inflammatory signaling pathways in macrophages and T lymphocytes (TC), pro-
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moting release of inflammatory cytokines such as TNF-a and IL-18 and exac-
erbating inflammatory responses and brain tissue damage [62,69]. Additionally,
miR-155 can regulate NF- B and MAPK signaling pathway activity, profoundly
affecting inflammatory mediator release and regulation [70,71]. Notably, knock-
ing down miR~155 expression significantly alleviates inflammatory responses
and brain injury after cerebral ischemia [68]. Therefore, miR-155 plays an im-
portant role in regulating inflammatory responses and ischemic brain injury,
holding promise as a potential prognostic biomarker and novel therapeutic tar-
get for ischemic stroke.

Yang et al. [72] found in a transient middle cerebral artery occlusion (tMCAO)
mouse model that miR-155-5p expression in choroid plexus epithelium (CPE)
was significantly increased after OGD/R treatment, while inhibiting miR-155-
5p markedly reduced autophagy levels in mouse brain tissue. Zhang et al. [73]
conducted a case-control study of 93 ischemic stroke patients and 70 non-stroke
controls, revealing that plasma endothelial microparticles (EMV) and EMVs-
miR-155 levels were significantly elevated in acute and subacute phases of is-
chemic stroke and positively correlated with infarct volume and NIHSS scores.
Multivariate logistic regression analysis further identified plasma EMVs and
EMVs-miR-155 as important independent risk factors for ischemic stroke. The
study also noted that EMVs-miR-155 could serve as a predictor of ischemic
stroke occurrence in non-stroke individuals. Chen et al. [74] found that miR-
155 expression was elevated in acute ischemic stroke patients and decreased after
treatment. ROC curve analysis showed that when miR-155>2.665, sensitivity
and specificity for predicting acute ischemic stroke were 77.05% and 65.75%, re-
spectively. Follow-up results showed that recurrent patients had higher miR-155
expression than non-recurrent patients, and when miR-155>2.630, sensitivity
and specificity for predicting recurrence were 88.89% and 69.77%, respectively.
Therefore, serum miR-155 has good predictive value for both onset and progno-
sis of acute ischemic stroke.

4.3 miR-126 miR-126 is an endothelial cell-specific miRNA involved in reg-
ulating angiogenesis. Under cerebral hypoxic conditions, miR-126 effectively
inhibits ischemia-hypoxia-induced oxidative stress and inflammatory responses
by regulating endothelial cell function [61,63]. miR-126 reduces BBB disruption
by inhibiting MMPs expression and preventing degradation of junction proteins
(such as zonula occludens-1, claudin-5, and occludin) [75]. Additionally, up-
regulating miR-126 expression can stimulate vascular endothelial growth factor
(VEGF) and PI3K/Akt signaling pathways, promoting angiogenesis and neural
repair [75,76].

miR-126 expression levels in ischemic stroke are closely related to infarct size,
disease severity, and prognosis. Specifically, upregulated miR-126 expression
promotes neurovascular repair and regeneration, making it a positive prognos-
tic factor for ischemic stroke. Pan et al. [77] established a cerebral ischemia-
reperfusion (MCAO) mouse model and confirmed that miR-126-3p/miR-126-5p
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significantly reduced ischemic stroke volume, alleviated brain edema, decreased
tight junction protein degradation and IgG leakage, and markedly improved
prognosis in mice with ischemic stroke. Furthermore, upregulated miR-~126-3p
and miR-126-5p expression inhibited pro-inflammatory cytokine expression such
as IL-15, TNF-«, and adhesion molecules [74]. These results suggest miR-126
may play roles in angiogenesis and neuroprotection, thereby reducing brain in-
jury and improving prognosis. Other studies have shown that plasma miR-126
levels are lower in acute ischemic stroke patients than in controls and negatively
correlated with NTHSS scores and TNF-a, IL-15, and IL-6 levels, suggesting
that higher plasma miR-126 levels indicate lower disease risk, less severity, and
better prognosis [78]. Additionally, Qi et al. [79] found that miR-126 expres-
sion levels correlate with neurological function, self-care ability, and prognosis
in ACI patients, holding important value for predicting patient outcomes.

miRNAs play key regulatory roles in cell differentiation, biological development,
and disease processes. Currently, more than 2,000 human miRNAs have been an-
notated in databases [80]. In addition to miR-21, miR-~155, and miR-126, many
other miRNAs are closely associated with ischemic stroke prognosis [60,62,66].
For example, the neuroprotective role of miR-124 in cerebral ischemia injury
has been extensively studied and recognized. Research shows miR-124 can ef-
fectively promote neuronal survival and regeneration by regulating inflammatory
responses and apoptosis, playing important neuroprotective roles after stroke.
Additionally, studies have found miR-223 has significant effects in regulating
inflammatory responses and reducing brain injury, with high expression levels
closely associated with better functional outcomes. Furthermore, miR-181 fam-
ily members play important roles in cell death and inflammatory responses after
cerebral ischemia. Specifically, inhibiting miR-181a expression significantly re-
duces brain injury and improves neurological function, demonstrating its great
potential in post-stroke neuroprotection. Similarly, miR-30d exerts protective
effects after cerebral ischemia by regulating autophagy-related gene expression,
with high expression levels closely associated with better prognosis. In conclu-
sion, multiple miRNAs play vital roles in the pathophysiological processes of
ischemic stroke and are closely related to patient prognosis. In-depth investiga-
tion of these miRNAs’ mechanisms and regulatory networks may provide novel
biomarkers and therapeutic targets for precise diagnosis, effective treatment,
and prognostic assessment of stroke.

5. Correlation Between Exosomes and Ischemic Stroke Prognosis

Exosomes are membrane-bound vesicles 30-150 nm in diameter secreted by var-
ious cells through exocytosis, carrying bioactive molecules including proteins,
lipids, RNA, and DNA. Exosomes enter target cells by binding to receptors
on the target cell membrane or through endocytosis, thereby playing central
roles in intercellular signal transduction and material exchange, profoundly in-
fluencing numerous physiological and pathological processes including immune
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regulation, apoptosis, angiogenesis, and neural repair [81]. In the pathologi-
cal process of ischemic stroke, exosomes exhibit multiple mechanisms: carrying
anti-inflammatory factors to alleviate inflammation induced by ischemic stroke,
promoting neural protection and repair in damaged areas; transporting neu-
rotrophic factors (such as BDNF and nerve growth factor) to assist neuronal
survival and axonal regeneration; delivering antioxidant enzymes and heat shock
proteins to effectively relieve oxidative stress induced by ischemia-reperfusion;
and strengthening BBB integrity to reduce brain edema and secondary injury
after ischemic stroke [82-83].

In recent years, research on exosomes in ischemic stroke prognosis assessment has
attracted increasing attention [84]. Multiple studies have revealed that specific
miRNAs in exosomes (such as miR-124, miR-21) are closely associated with
prognosis in ischemic stroke patients [85]. These miRNAs significantly influence
neurological recovery by finely regulating inflammatory responses and apoptosis.
Specifically, miR-21 improves post-stroke neurological function by inhibiting
apoptosis and promoting neuronal survival [63], while miR-124 plays a key role
in neuroprotection and regeneration, helping reduce tissue damage caused by
ischemic stroke [86]. Additionally, protein markers carried by exosomes, such as
heat shock protein 70 (HSP70) and tissue plasminogen activator (tPA), are also
considered potential biomarkers for predicting ischemic stroke prognosis [87].
These proteins play important roles in neuroprotection and repair. Studies
have found that HSP70 in exosomes reduces cell damage caused by ischemia-
reperfusion through anti-inflammatory and anti-oxidative mechanisms, while
tPA effectively alleviates ischemic stroke severity by dissolving thrombi and
restoring blood flow [88]. [Figure 3: see original paper] illustrates the
mechanisms of miRNA and exosomes in predicting cerebral infarction prognosis.

Despite the tremendous potential of exosomes as prognostic biomarkers for is-
chemic stroke, their clinical translation faces several challenges. The primary
issue is significant interindividual variability in exosome composition and func-
tion, which challenges their reliability as uniform biomarkers. Secondly, the
long-term effects and safety of exosomes in humans have not been fully elu-
cidated, limiting their clinical feasibility and effectiveness. Finally, exosome
extraction, purification, and detection technologies lack standardization, hin-
dering their widespread clinical application. Therefore, future research should
focus on developing standardized technologies, exploring mechanisms of action,
and conducting large-scale clinical validation to effectively apply this emerging
biomarker in ischemic stroke prognostic assessment and treatment strategies,
ultimately improving patient outcomes and quality of life.

This review has summarized the importance and potential mechanisms of var-
ious biomarkers in ischemic stroke prognostic assessment, including hemato-
logical indices, cytokines (IL-6, TNF-«, and Lp-PLA2), w-3 PUFA, miRNAs
(miR-~21, miR~155, and miR-~126), and exosomes. Blood cell analysis, as a rou-
tine clinical test, provides crucial information for prognosis judgment due to
its rapid and convenient nature. Inflammatory cytokines IL-6, TNF-«, and
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Lp-PLA2 significantly influence ischemic stroke prognosis by regulating inflam-
matory responses. Notably, hematological indices such as RDW are also asso-
ciated with ischemic stroke prognosis, with elevated baseline RDW correlating
with increased recurrent stroke risk and inversely associated with time to re-
currence. Additionally, w-3 PUFA demonstrates important value in predicting
and improving prognosis, while specific miRNAs play key roles by regulating
apoptosis, inflammatory responses, and angiogenesis. Exosomes, as a research
hotspot in recent years, show great potential in stroke prognosis assessment
through their carried miRNAs and proteins.

Although current research has preliminarily revealed the application prospects
of these biomarkers, their clinical promotion still faces numerous challenges. For
each marker, this review elaborates on its clinical advantages and limitations,
and points out that future research should focus on: first, developing standard-
ized extraction and analysis techniques to ensure consistent and reliable results;
second, deeply investigating the specific roles of exosomes and miRNAs in stroke
pathology and repair mechanisms; third, conducting large-scale, rigorously de-
signed preclinical and clinical studies (including cross-sectional, case-control, co-
hort, and randomized controlled trials) with clear specification of sample types,
sample sizes, ethnic distributions, and collection methods to validate the appli-
cation effects and reliability of these biomarkers in different patient populations;
and finally, systematically evaluating their long-term effects and safety in vivo
to provide solid scientific evidence for clinical application. Through further in-
depth research and clinical validation, these biomarkers are expected to play
more precise roles in stroke prognosis assessment and treatment, advancing the
development of personalized diagnosis and treatment strategies. In particular,
if these biomarkers are established, specific application strategies in disease as-
sessment and therapeutic target selection should be strengthened to significantly
improve stroke patient outcomes, enhance quality of life, and reduce economic
burden on families and society.
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