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Abstract

Hemorrhagic cerebrovascular disease, encompassing intracerebral hemorrhage and subarachnoid hemorrhage,
represents one of the most severe forms of stroke and is associated with disproportionately high mortality, morbidity,
and long-term neurological disability. Unlike ischemic stroke, effective disease-modifying therapies for hemorrhagic
stroke remain limited, largely due to the complex and evolving nature of secondary brain injury following the initial
vascular rupture. Accumulating evidence indicates that hemorrhage triggers a cascade of interrelated molecular
mechanisms, including neuroinflammation, blood-brain barrier disruption, oxidative and metabolic stress, and
dysregulated coagulation and thromboinflammatory signaling. These processes collectively drive hematoma expansion,
perihematomal edema formation, neuronal and glial cell death, and delayed neurological deterioration. In recent years,
substantial progress has been made in identifying circulating biomarkers that reflect these underlying pathological
pathways. Proteins such as matrix metalloproteinases, inflammatory mediators, neuronal injury markers, and iron-
handling proteins, along with regulatory microRNAs and metabolic by-products, provide dynamic and minimally
invasive indicators of ongoing brain injury. These biomarkers not only correlate with disease severity and clinical
outcome but also offer insight into individual pathophysiological profiles. This mini-review summarizes current
knowledge on the key molecular pathways driving hemorrhagic cerebrovascular injury and critically examines
circulating protein, microRNA, and metabolic biomarkers associated with hemorrhagic stroke. It highlights the potential
of integrating biomarker signatures with genetic, epigenetic, and imaging data to enable precision medicine approaches,
improve prognostication, and guide the development of targeted therapeutic strategies for hemorrhagic cerebrovascular
disease.
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1. Introduction

Hemorrhagic cerebrovascular disease (HCD) accounts for approximately 10%-20% of all stroke cases worldwide, yet it
contributes disproportionately to stroke-related mortality, long-term disability, and healthcare burden [1]. Among its
major subtypes, intracerebral hemorrhage (ICH) most commonly arises from rupture of small penetrating arteries
weakened by chronic hypertension or cerebral amyloid angiopathy, leading to bleeding within the brain parenchyma. In
contrast, subarachnoid hemorrhage (SAH) is typically caused by rupture of intracranial aneurysms or vascular
malformations, resulting in blood accumulation within the subarachnoid space. Although these conditions differ in
vascular origin and anatomical distribution, they share convergent pathophysiological cascades that extend well beyond
the initial bleeding event and evolve dynamically over hours to days following hemorrhage [2].

Unlike ischemic stroke where reperfusion therapies, such as thrombolysis, and mechanical thrombectomy have
fundamentally transformed clinical outcomes—therapeutic options for hemorrhagic stroke remain largely supportive,
with limited disease-modifying interventions available [3-5]. This persistent therapeutic gap reflects the complex,
multifactorial nature of secondary brain injury following hemorrhage. After vascular rupture, blood components trigger
a cascade of pathological processes, including robust inflammatory activation, disruption of the blood-brain barrier
(BBB), oxidative and metabolic stress, and dysregulation of coagulation and thrombotic pathways [6]. These
mechanisms do not act in isolation; rather, they interact synergistically, creating self-amplifying feedback loops that
exacerbate perihematomal edema, neuronal death, and neurological deterioration beyond the primary hemorrhagic
insult [7,8]. Despite advances in understanding the pathophysiology of hemorrhagic stroke, several critical challenges
remain unresolved. Clinically, there is a lack of reliable tools to predict hematoma expansion, perihematomal edema
progression, and delayed neurological deterioration in the early stages of disease. Current imaging techniques provide
structural information but are limited in capturing the dynamic molecular and cellular processes that drive secondary
injury. Furthermore, there is a lack of validated biomarkers that can accurately reflect underlying pathophysiological
mechanisms and guide individualized therapeutic strategies. This gap between mechanistic insight and clinical
application represents a major barrier to improving outcomes in HCD. In contrast to ICH, SAH is characterized by
distinct secondary injury mechanisms, including delayed cerebral ischemia, cerebral vasospasm, and cortical spreading
depolarizations, which contribute substantially to neurological deterioration [9]. Aneurysm rupture triggers a
pronounced inflammatory response within the subarachnoid space, involving endothelial dysfunction, oxidative stress,
and microvascular dysregulation [10]. Biomarkers such as cerebrospinal fluid bilirubin, inflammatory cytokines, netrin-
1, and specific microRNAs have been investigated in SAH cohorts, particularly in relation to vasospasm risk and
delayed ischemic complications [11]. These processes highlight important pathophysiological and biomarker
differences between SAH and ICH that warrant distinct consideration.
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In recent years, increasing attention has been directed toward the identification of biomarkers that reflect these ongoing
pathological processes in real time. Circulating biomarkers detected in blood or cerebrospinal fluid provide a minimally
invasive means to interrogate molecular events occurring within the injured brain. Such biomarkers can capture
dynamic changes in inflammation, BBB integrity, oxidative stress, and neuronal injury, offering insights that are not
readily apparent through neuroimaging alone. When integrated with genetic and epigenetic information, circulating
biomarkers hold promise for early risk stratification, prediction of hematoma expansion, and identification of patients
most likely to benefit from targeted or pathway-specific therapeutic interventions. A comprehensive understanding of
the molecular pathways that generate and regulate these biomarkers is essential for advancing translational research and
precision medicine strategies in HCD [1,12]. This review aims to provide a concise yet integrative overview of the key
molecular pathways driving secondary injury in HCD, including neuroinflammation, BBB dysfunction, oxidative stress,
and thromboinflammatory signaling. In parallel, we systematically examine major classes of circulating
biomarkers—proteins, microRNAs, and metabolic indicators—and their relevance to disease severity, progression, and
clinical outcomes. Importantly, this review seeks to bridge the gap between mechanistic insights and clinical application
by highlighting how biomarker signatures reflect underlying pathophysiology and can be leveraged for risk
stratification and therapeutic targeting. Furthermore, we identify current limitations in biomarker research, including
heterogeneity, lack of longitudinal data, and limited clinical translation, and discuss future directions emphasizing
multi-omics integration and precision medicine approaches. Overall, this mini-review aims to synthesize current
evidence linking molecular mechanisms with circulating biomarkers to support improved prognostication and the
development of targeted, pathway-specific therapies in HCD.

To enhance methodological transparency, a structured literature search was conducted to identify relevant studies on
molecular pathways and circulating biomarkers in HCD. Electronic databases including PubMed, Scopus, and Web of
Science were systematically searched for articles published primarily within the last five years (2019-2025), with
additional inclusion of seminal earlier studies where necessary. Search terms included combinations of “intracerebral
hemorrhage,” “subarachnoid hemorrhage,” “biomarkers,” “MMP-9,” “neuron-specific enolase,” “microRNA,” “blood-
brain barrier,” and “oxidative stress.” Studies were included if they investigated molecular mechanisms, circulating
biomarkers, or clinical associations in hemorrhagic stroke. Exclusion criteria comprised studies unrelated to
cerebrovascular disease, non-English publications, case reports, and articles lacking mechanistic or clinical relevance.
Priority was given to clinical studies, systematic reviews, and high-impact experimental research to ensure the
reliability and relevance of the included evidence. While this review is narrative in nature, efforts were made to ensure
comprehensive coverage and minimize selection bias. While this review is narrative in nature, these structured search
criteria were applied to improve comprehensiveness, reproducibility, and transparency of the literature selection process.

2. Molecular Pathways in Hemorrhagic Cerebrovascular Disease

2.1 Inflammatory Pathways

Inflammation is a central driver of secondary injury following cerebral hemorrhage. Blood extravasation into the brain
parenchyma or subarachnoid space leads to rapid activation of resident microglia and recruitment of peripheral immune
cells, particularly neutrophils and monocytes. These cells release pro-inflammatory cytokines, such as interleukin-1
(IL-1PB), interleukin-6 (IL-6), and tumor necrosis factor-a (TNF-a), which correlate with neurological deterioration and
poor outcome [13,14].

A growing body of evidence highlights the role of neutrophil extracellular traps (NETs) in hemorrhagic stroke. NETs,
composed of DNA, histones, and granular enzymes, promote endothelial injury, exacerbate BBB disruption, and
contribute to thromboinflammatory signaling [15,16]. Microglia-neutrophil crosstalk further amplifies inflammation,
creating a sustained neurotoxic environment that promotes edema and neuronal death [17,18].

Beyond NETSs, both innate and adaptive immune responses play critical roles in shaping secondary brain injury
following hemorrhage. Innate immune activation is initiated rapidly after vascular rupture, with microglia adopting pro-
inflammatory (M1l-like) phenotypes that release cytokines, chemokines, and reactive oxygen species, thereby
amplifying neuronal injury and BBB disruption [19]. In parallel, infiltration of peripheral immune cells—including
neutrophils, monocytes, and macrophages—further sustains the inflammatory milieu through cytokine production and
phagocytic activity. Adaptive immune responses are increasingly recognized as important contributors to hemorrhagic
brain injury [11,20]. T lymphocytes, particularly CD4" and CD8" T cells, infiltrate the injured brain and modulate
inflammation through cytokine secretion and cell-cell interactions. Regulatory T cells (Tregs) may exert protective
effects by suppressing excessive inflammation and promoting tissue repair, whereas pro-inflammatory T cell subsets
can exacerbate neuronal damage [21,22]. The balance between these immune populations is likely a key determinant of
disease progression and recovery.

2.2 Blood-Brain Barrier Dysfunction

Blood-brain barrier breakdown is a hallmark of hemorrhagic brain injury and a major determinant of perihematomal
edema. Mechanical stress from the hematoma, combined with inflammatory signaling, induces endothelial activation
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and degradation of tight junction proteins. Matrix metalloproteinases (MMP-2, MMP-9, and MMP-12) play a key role
in this process by cleaving extracellular matrix and basal lamina components.

Endothelial-derived mediators, such as vascular endothelial growth factor and angiopoietin-2 further increase vascular
permeability. In parallel, endothelial-to-mesenchymal transition a process in which endothelial cells lose their
characteristic junctional and barrier properties and acquire mesenchymal, fibroblast-like phenotypes with increased
migratory and extracellular matrix-producing capacity which contributes to loss of vascular integrity and impaired
repair mechanisms [23-25]. BBB dysfunction not only facilitates vasogenic edema but also allows peripheral immune
cells and circulating toxins to access the injured brain, perpetuating secondary injury [6].

2.3 Oxidative Stress and Iron Toxicity

Oxidative stress is a defining feature of hemorrhagic stroke pathology. Following erythrocyte lysis, hemoglobin
degradation releases heme and free iron, which catalyze the generation of reactive oxygen species through Fenton
reactions. This oxidative burden damages lipids, proteins, and DNA, impairing mitochondrial function and accelerating
neuronal death [26,27].

Upregulation of heme oxygenase-1 (HO-1) and accumulation of ferritin reflect cellular attempts to detoxify excess iron.
However, these responses may be insufficient or, in some contexts, even maladaptive. Oxidative stress interacts closely
with inflammatory signaling and promotes regulated cell death pathways, such as ferroptosis and necroptosis, further
expanding tissue injury [28-33].

2.4 Thromboinflammatory and Hemostatic Dysregulation

Although hemorrhagic in origin, HCD is paradoxically associated with local thrombotic activity. Platelet activation,
fibrin deposition, and microvascular thrombosis occur within perihematomal regions, impairing microcirculatory flow.
NETs and damaged endothelium provide a scaffold for coagulation activation, linking inflammation and thrombosis
[2,34]. Emerging evidence also highlights the role of platelet-derived microvesicles as mediators of
thromboinflammatory signaling. These vesicles, released from activated platelets, carry procoagulant factors and
inflammatory mediators that can amplify both coagulation cascades and vascular injury, thereby contributing to
secondary brain damage [26,35]. In parallel, elevated D-dimer levels reflect ongoing fibrin degradation and have been
associated with both hematoma expansion and thrombotic complications, suggesting their utility as dual biomarkers of
bleeding and thrombosis risk.

This dysregulated hemostatic environment complicates therapeutic strategies, as interventions aimed at limiting
bleeding may increase thrombotic risk, while anti-thrombotic approaches may exacerbate hemorrhage. Understanding
this balance is critical for biomarker-guided therapy [36].

3. Circulating Biomarkers in Hemorrhagic Cerebrovascular Disease

3.1 Protein Biomarkers

Circulating biomarkers provide a minimally invasive means to monitor disease progression and may support early risk
stratification and personalized therapeutic approaches . Elevated plasma or CSF levels of MMP-9 and MMP-12 reflect
BBB disruption and are associated with edema formation and hematoma expansion. Quantitative analyses from clinical
studies further support this association; for example, elevated MMP-9 levels have been linked to significantly increased
risk of adverse outcomes, with reported odds ratios (ORs) reaching up to ~29.5 in patients with high circulating levels,
and statistically significant associations (p < 0.05) after multivariate adjustment. C-reactive protein (CRP), particularly
its monomeric form, serves as an indicator of inflammation, and metabolic dysfunction particularly impaired energy
metabolism—further complements protein and RNA biomarkers (Figure 1) [37,38]. These metabolic signatures reflect
the oxidative and bioenergetic collapse characteristic of hemorrhagic brain injury and may enhance multimodal
biomarker panels for clinical use (Table 1) [39,40].
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Figure 1. Circulating biomarkers reflecting secondary injury pathways in HCD. Schematic overview illustrating the major
circulating biomarkers released following intracerebral or SAH and their association with key secondary injury pathways. Vascular
rupture leads to BBB disruption, neuroinflammation, oxidative stress, and metabolic failure. BBB breakdown is reflected by elevated
matrix metalloproteinases (MMP-9, MMP-12) and endothelial activation markers. Neuroinflammatory activation induces systemic
and local release of CRP and cytokine-regulated microRNAs. Neuronal and glial injury results in increased circulating levels of
S100B and neuron-specific enolase. Erythrocyte lysis and iron overload promote oxidative stress, reflected by ferritin and HO-1.
Importantly, all listed biomolecules are detectable as circulating (fluid) biomarkers in blood or cerebrospinal fluid, linking molecular
injury pathways to measurable clinical indicators. Circulating microRNAs (miR-21, miR-124, miR-155, miR-223) integrate
inflammatory, oxidative, and BBB repair pathways, while metabolic biomarkers indicate mitochondrial dysfunction and bioenergetic
collapse [41]. Together, these biomarkers provide a mechanistic link between molecular injury cascades and clinical outcomes in
HCD.
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Table 1. Circulating biomarkers in HCD: associated pathways, biological sources, and clinical relevance.
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3.2 Biomarker Profiles in Intracerebral Hemorrhage and Subarachnoid Hemorrhage

Biomarker profiles in HCD vary depending on the anatomical location and underlying pathophysiology of the
hemorrhage. ICH, characterized by parenchymal bleeding and perihematomal injury, is more strongly associated with
biomarkers reflecting BBB disruption, neuronal injury, and iron-mediated toxicity. These include matrix
metalloproteinases (MMP-9), Neuron-specific enolase, S100B, ferritin, and HO-1, which correlate with hematoma
expansion, edema formation, and neuronal damage [57]. In contrast, SAH is associated with blood accumulation in the
subarachnoid space and a high risk of delayed cerebral ischemia and vasospasm. Accordingly, biomarkers related to
vascular dysfunction and inflammation, such as inflammatory cytokines, CRP, and specific microRNAs—are
particularly relevant in SAH, where they may reflect vasospasm risk and delayed neurological deterioration [58,59].

Several biomarkers, including MMPs, CRP, and circulating microRNAs, are shared between ICH and SAH, reflecting
common secondary injury pathways, such as neuroinflammation, oxidative stress, and BBB disruption [14,60,61].
However, their relative clinical significance and temporal dynamics may differ between these conditions. This
distinction highlights the importance of context-specific biomarker interpretation in advancing precision medicine
approaches for hemorrhagic stroke.
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4. Genetic and Epigenetic Markers in Hemorrhagic Cerebrovascular Disease

Genetic and epigenetic factors represent distinct but interconnected layers of biological regulation in HCD. While
genetic variants influence baseline susceptibility to vascular rupture, epigenetic mechanisms dynamically regulate gene
expression in response to injury. In addition, microRNAs serve as key post-transcriptional regulators linking genetic
predisposition with environmental and pathological signals.

4.1 Genetic Susceptibility to Hemorrhagic Stroke

Genetic factors play a critical role in determining vascular integrity, susceptibility to vessel rupture, and the biological
response to hemorrhagic injury. Unlike ischemic stroke, where polygenic risk scores are increasingly established,
genetic determinants of HCD tend to cluster around pathways regulating vessel wall structure, amyloid deposition, and
coagulation balance [62,63].

Among the most well-characterized genetic risk factors are APOE €2 and €4 alleles, which are strongly associated with
lobar ICH and cerebral amyloid angiopathy. APOE &2 is linked to vessel wall fragility and increased risk of hematoma
expansion, whereas APOE &4 promotes amyloid-p deposition and chronic vascular dysfunction [64,65]. These alleles
not only influence hemorrhage risk but also affect recurrence rates and long-term cognitive outcomes.

Inherited mutations affecting vascular development and stability contribute to hemorrhage in younger populations [66-
68]. Variants in genes involved in endothelial signaling, smooth muscle cell function, and extracellular matrix
maintenance are implicated in arteriovenous malformations and cavernous malformations. In these conditions, genetic
predisposition interacts with inflammatory and oxidative stress pathways, lowering the threshold for rupture. While
genetic variants define baseline susceptibility, they do not fully explain the dynamic molecular responses observed after
hemorrhagic injury, highlighting the importance of epigenetic regulation.

4.2 Epigenetic Regulation of Secondary Injury

Epigenetic mechanisms—including DNA methylation, histone modifications, and non-coding RNAs—have emerged as
key regulators of gene expression following hemorrhagic stroke. Unlike genetic variants, epigenetic changes are
dynamic and responsive to injury-related stimuli, such as inflammation, oxidative stress, and metabolic failure [69,70].
DNA methylation patterns in endothelial and immune cells influence BBB repair, immune cell polarization, and
angiogenic responses after hemorrhage. Injury-induced hypomethylation of pro-inflammatory genes can sustain
cytokine production, while hypermethylation of protective genes may impair recovery. Aging further modifies these
epigenetic signatures, potentially explaining worse outcomes in elderly patients [71,72]. Although multiple studies
consistently demonstrate the involvement of DNA methylation and histone modification in regulating inflammatory and
vascular pathways, variability exists in the direction and magnitude of these changes, likely reflecting differences in
disease stage, patient heterogeneity, and methodological approaches. Epigenetic regulation in HCD is inherently shaped
by complex gene-environment interactions, in which inflammatory signaling, oxidative stress, and metabolic
disturbances dynamically influence gene expression patterns. These interactions are highly nonlinear, with feedback
loops that can amplify or attenuate injury responses depending on temporal and cellular context.

Histone acetylation and deacetylation regulate transcriptional responses involved in oxidative stress resistance and
neuronal survival. Dysregulation of histone deacetylases has been linked to enhanced inflammation and neuronal death,
positioning epigenetic modifiers as potential therapeutic targets. Among epigenetic mechanisms, microRNAs have
emerged as particularly important regulators due to their dual role in gene expression control and their detectability as
circulating biomarkers.

4.3 MicroRNAs as Epigenetic Regulators

As a specialized class of epigenetic regulators, circulating microRNAs bridge genetic predisposition and environmental
response by fine-tuning gene expression at the post-transcriptional level. In HCD, miRNAs regulate pathways involved
in BBB integrity, immune activation, iron metabolism, and oxidative stress. For example, miR-21 modulates endothelial
survival and inflammatory signaling, while miR-124 promotes anti-inflammatory microglial phenotypes and neuronal
protection. Conversely, miR-155 amplifies pro-inflammatory responses and BBB breakdown [37,73]. The dual role of
miRNAs as biomarkers and regulators underscores their importance in both disease monitoring and therapeutic
development. While several microRNAs, such as miR-21 and miR-124, are consistently associated with neuroprotective
and anti-inflammatory effects, others like miR-155 show context-dependent roles, suggesting that their functional
impact may vary across disease stages and cellular environments [54].
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5. Clinical Translation and Precision Medicine

5.1 From Single Biomarkers to Multimodal Panels

Despite extensive biomarker discovery, translation into clinical practice has been limited by biological heterogeneity
and temporal variability. Single biomarkers rarely capture the complexity of hemorrhagic brain injury. Current evidence
supports a shift toward multimodal biomarker panels that integrate markers of inflammation, BBB dysfunction,
oxidative stress, and neuronal injury [74-76].

Combining circulating biomarkers with neuroimaging parameters, such as hematoma volume, perihematomal edema,
and imaging markers of BBB permeability—improves prediction of hematoma expansion, neurological deterioration,
and mortality. Biomarker trajectories over time, rather than absolute values, may provide the most clinically relevant
information [77,78].

5.2 Biomarkers for Risk Stratification and Prognosis

Early identification of patients at high risk for secondary injury is a major unmet need in hemorrhagic stroke care.
Elevated inflammatory and BBB-related biomarkers within the first 24 hours may identify patients prone to rapid
edema formation or delayed neurological decline. For instance, increased MMP-9 levels have been associated with
higher odds of hematoma expansion and poor functional outcome (reported ORs ranging from ~2 to >20, p < 0.05),
while elevated neuron-specific enolase concentrations have shown independent predictive value for mortality and
unfavorable neurological outcomes in multivariate models. Oxidative stress markers and iron-related proteins may help
stratify patients who could benefit from iron-chelation or antioxidant strategies [37,79,80] (Table 2).

Table 2. Diagnostic performance of selected circulating biomarkers in HCD.

. Sample Sensitivity  Specificity -
Biomarker Type (%) (%) Cutoff Value  Clinical Context Ref.
MMP-9 Plasma ~70-85 ~65-80 ~14(.) ng/mb Hematoma expansion, poor outcome [81,82]
(variable)
NSE Serum ~65-80 ~60-75 ~20-25 ng/mL.  Mortality, neurological outcome [83]
S100B Serum ~70-85 ~65-80 ~0.1-0.3 pg/L  BBB disruption, functional outcome [46]
D-dimer Plasma ~60-80 ~55.75 Variable Thromboinflammatory activity,  gg
prognosis
CRP Serum ~60-75 ~55-70 Variable Inflammation, mortality risk [74]

Importantly, genetic and epigenetic markers may inform long-term risk assessment, including hemorrhage recurrence
and cognitive decline, particularly in conditions, such as cerebral amyloid angiopathy.

5.3 Toward Precision Therapeutics

Precision medicine in HCD aims to match patients with therapies targeting their dominant injury pathways. Patients
with strong inflammatory signatures may benefit from anti-inflammatory or immunomodulatory approaches, whereas
those with pronounced oxidative stress profiles may respond better to iron-handling or mitochondrial-targeted
interventions. Emerging machine-learning models that integrate clinical variables, imaging data, circulating biomarkers,
and genetic information represent a promising avenue for individualized decision-making. Such approaches could guide
patient selection for clinical trials and accelerate the development of targeted therapies.

6. Future Directions

Despite substantial advances in understanding the molecular and biomarker landscape of HCD, translation into effective
therapies remains limited. Future research must move beyond descriptive biomarker studies toward mechanism-driven,
integrative, and patient-centered approaches. Several priority directions are outlined below.

6.1 Longitudinal and Time-Resolved Biomarker Profiling

One of the major limitations in current biomarker research is the reliance on single time-point measurements [85].
Hemorrhagic stroke is a dynamic disease, with molecular processes evolving from acute bleeding to subacute
inflammation and chronic neurodegeneration [1,2,4]. Future studies should prioritize longitudinal sampling of blood
and cerebrospinal fluid to capture biomarker trajectories rather than static levels.
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Time-resolved profiling may improve prediction of hematoma expansion, delayed cerebral edema, and secondary
neurological deterioration. Identifying early biomarker patterns that precede clinical worsening could enable preemptive
intervention and more accurate prognostication.

6.2 Integration of Multi-Omics Approaches

Single-layer biomarker strategies are unlikely to fully capture the biological complexity of HCD. Future research should
integrate multi-omics approaches, including proteomics, transcriptomics (including miRNAs), metabolomics, and
epigenomics [39,86-90]. Such integrative analyses can uncover regulatory networks linking inflammation, BBB
dysfunction, oxidative stress, and cell death.

Multi-omics datasets, particularly when paired with neuroimaging and clinical phenotypes, may identify novel
molecular subtypes of hemorrhagic stroke. These subtypes could explain interindividual variability in outcomes and
treatment responses, paving the way for biologically informed classification systems.

6.3 Genetic and Epigenetic Risk Stratification

Genetic susceptibility and epigenetic regulation remain underexplored in hemorrhagic stroke compared with ischemic
stroke. Large-scale genome-wide association studies and epigenome-wide association studies focused specifically on
ICH and SAH are needed to identify novel risk loci and regulatory mechanisms [91].

Importantly, epigenetic markers, such as DNA methylation patterns and histone modifications—offer the advantage of
potential reversibility [92,93]. Future work should explore whether epigenetic signatures can serve not only as
prognostic biomarkers but also as therapeutic targets, particularly in modulating inflammation and BBB repair [94-96].
However, emerging evidence suggests that epigenetic responses may vary substantially depending on hemorrhage
subtype, anatomical location, and disease stage, highlighting the need for more stratified and longitudinal analyses.

6.4 Biomarker-Guided Therapeutic Targeting

A critical next step is the development of biomarker-guided interventions. Rather than applying uniform treatments to
heterogeneous patient populations, future clinical trials should stratify patients based on dominant molecular pathways
[97,98]. For example: Patients with strong inflammatory signatures may benefit from targeted anti-inflammatory or
immunomodulatory therapies. Those with pronounced oxidative stress and iron overload may respond better to iron-
chelation or antioxidant strategies. BBB-focused biomarkers could guide therapies aimed at vascular stabilization.

Such precision-based trial designs may improve therapeutic efficacy and reduce negative or inconclusive trial outcomes
that have historically hindered progress in hemorrhagic stroke treatment. Notably, reported effect sizes for biomarkers,
such as MMP-9 vary substantially across studies (e.g., ORs ranging from ~2 to >20), reflecting heterogeneity in study
design, timing of measurement, and patient populations.

6.5 Artificial intelligence in Epidemiology: Opportunities and Challenges

Artificial intelligence (AI) has emerged as a powerful tool in epidemiological analysis, enabling large-scale integration
of behavioral, environmental, and clinical data to identify disease patterns and risk factors. For instance, Al-driven
models can improve behavioral intervention strategies by identifying high-risk populations and predicting disease
trajectories. However, these benefits are closely intertwined with important limitations, as such models often rely on
heterogeneous and incomplete datasets, which may introduce bias and reduce generalizability across different
populations [99,100]. Similarly, Al-based analysis of environmental exposures, such as pollution, climate variables, and
socioeconomic determinants offers enhanced resolution in understanding disease distribution and triggers. Nevertheless,
the accuracy of these insights depends heavily on data quality and representativeness, and disparities in data availability
across regions may contribute to the digital divide, limiting applicability in low-resource settings.

Al also holds promise for real-time epidemiological surveillance and public health policy support by enabling rapid data
processing and predictive modeling. At the same time, these applications raise critical concerns regarding data privacy,
ethical governance, and algorithmic transparency, particularly when sensitive health data are involved. The potential for
algorithmic bias further underscores the need for careful validation and regulatory oversight. Taken together, these
examples illustrate that the advantages of Al in epidemiology cannot be considered in isolation from their associated
challenges. A balanced, context-specific evaluation is essential to ensure that Al-driven approaches are both
scientifically robust and ethically responsible [60].

6.6 Translational and Clinical Challenges

For biomarkers to enter routine clinical use, several practical challenges must be addressed, including assay
standardization, cost-effectiveness, and rapid turnaround times [101,102]. Future studies should focus on clinically
feasible biomarker platforms, such as point-of-care assays or standardized multiplex panels.
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International collaboration and harmonization of biomarker protocols will be essential to ensure reproducibility and
accelerate regulatory approval.

6.7 Current Evidence Limitations

Despite growing interest in circulating biomarkers and molecular pathways in HCD, several limitations remain [1,4].
Current evidence is characterized by substantial heterogeneity in study design, patient populations, and timing of
biomarker sampling, which complicates direct comparison across studies. In addition, many biomarkers lack
standardized assay methods and validated clinical thresholds, limiting their translational applicability. The majority of
studies are observational and cross-sectional, with relatively few longitudinal investigations assessing biomarker
dynamics over time. Furthermore, differences between ICH and SAH are not consistently addressed, contributing to
variability in reported findings. Addressing these limitations will be essential for advancing biomarker validation and
clinical implementation.

7. Conclusion

HCD remains a major cause of mortality and long-term disability, largely due to complex secondary injury mechanisms
that extend beyond the initial vascular rupture. Inflammation, BBB dysfunction, oxidative stress, and
thromboinflammatory processes interact dynamically to drive neuronal injury and clinical deterioration. Advances in
circulating biomarkers including proteins, microRNAs, and metabolic indicators have provided valuable insight into
these molecular pathways and offer promising tools for prognosis and therapeutic stratification. Genetic and epigenetic
factors further contribute to disease susceptibility and heterogeneity, highlighting the need for individualized
approaches.

Future progress in hemorrhagic stroke care will depend on the successful integration of multi-omics biomarkers,
longitudinal profiling, advanced analytics, and precision medicine frameworks. By aligning molecular mechanisms with
clinical decision-making, biomarker-guided strategies have the potential to transform HCD from a largely untreatable
condition into one managed through targeted, personalized interventions.
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