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Abstract 

Ischemic stroke triggers a dynamic immune response that influences both acute damage and long-

term recovery. This review synthesizes a decade of evidence on immunological and inflammatory 

biomarkers in ischemic stroke, emphasizing their prognostic and therapeutic significance. Following 

ischemic insult, pro-inflammatory cytokines such as interleukin-1β (IL-1β), IL-6, tumour necrosis 

factor-α (TNF-α), and chemokines like IL-8 rapidly rise, promoting blood-brain barrier disruption, 

leukocyte infiltration, and neuronal death. Conversely, anti-inflammatory mediators such as IL-10 

and TGF-β facilitate repair, neurogenesis, and immune regulation in later phases. The balance 

between these pathways determines outcomes and is reflected in circulating biomarkers. Composite 

hematological indices including neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio 

(PLR), and systemic immune-inflammation index (SII) offer accessible and cost-effective prognostic 

tools. Several biomarkers correlate with infarct size, neurological deterioration, and mortality, and 

may predict complications like hemorrhagic transformation or infection. Therapeutic strategies 

targeting cytokines, especially IL-1 and IL-6, have shown promise in modulating inflammation and 

improving outcomes. Future directions include personalized immune profiling, real-time cytokine 

monitoring, and combining immunotherapy with neurorestorative approaches. By integrating 

immune biomarkers into stroke care, clinicians may enhance risk stratification, optimize treatment 

timing, and identify candidates for novel interventions. This review underscores inflammation’s dual 

role and evolving therapeutic and prognostic relevance in ischemic stroke. 

Keywords: ischemic stroke; inflammation; cytokines; biomarkers; immune response; prognosis; 

prevention; outcome 
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1. Introduction 

Ischemic stroke remains a global health burden and a leading cause of disability and death. 

While its acute management has advanced, particularly with the advent of mechanical thrombectomy 

and thrombolytics, the long-term functional outcome varies widely between patients. Traditional 

prognostic tools rely heavily on clinical scales and imaging, but in recent years, biomarkers reflecting 

systemic and neuroinflammation have gained substantial attention [1]. The immune system plays a 

dual role in stroke. On one hand, inflammation exacerbates blood–brain barrier (BBB) breakdown, 

oxidative stress, and neuronal death [2–4]. On the other, immune-regulated processes also facilitate 

neurorepair, angiogenesis, and debris clearance in subacute and chronic phases. This duality 

positions inflammatory mediators not just as mechanistic components, but also as potential 

biomarkers and therapeutic targets [5,6]. 

Key cytokines such as interleukin-6 (IL-6), interleukin-1β (IL-1β), tumour necrosis factor-α 

(TNF-α), and chemokines like IL-8 are rapidly released after stroke onset and are strongly associated 

with infarct size, neurological deterioration, and poor functional recovery [7–10]. Meanwhile, anti-

inflammatory cytokines such as IL-10 and TGF-β rise in the resolution phase and are linked to tissue 

repair—but also with stroke-induced immunosuppression and increased infection risk [11,12]. 

Composite biomarkers such as the neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte 

ratio (PLR), and systemic immune-inflammation index (SII = platelet count × neutrophil count / 

lymphocyte count) provide a cost-effective means of assessing immune balance and have shown 

predictive value for stroke severity and outcomes in large cohorts [13–15]. At the same time, 

immunogenetic variants and peripheral inflammatory signatures offer further granularity to 

individual prognosis. Inflammation is not only a consequence but also a modifiable driver of stroke 

outcomes . Trials with agents like IL-1 receptor antagonists (IL-1Ra), tocilizumab (IL-6R antibody), 

and colchicine ((NLRP3 (NOD-like Receptor Family Pyrin Domain-Containing 3) inflammasome 

inhibitor)) suggest that immune-targeted interventions could enhance neuroprotection or prevent 

recurrence [16,17]. 

Despite this progress, translation into routine clinical practice remains limited. The evidence is 

fragmented across cytokine families, outcome timepoints, and stroke subtypes [1,18,19]. Thus, this 

review synthesizes a decade of literature on immunological and inflammatory biomarkers in 

ischemic stroke. Our objective is to identify and classify key biomarkers, examine their associations 

with clinical outcomes, and explore emerging therapeutic strategies grounded in immune 

modulation. 

2. Inflammation and Immune Response in Ischemic Stroke 

The brain’s immune privilege is challenged during stroke, as cell injury and necrosis release 

damage-associated molecular patterns (DAMPs) that activate innate immune pathways [20,21]. 

Within minutes of an ischemic insult, resident microglia become activated and begin producing pro-

inflammatory cytokines such as interleukin-1β (IL-1β) and tumour necrosis factor-α (TNF-α) [22,23]. 

Microglial activation is an early and dual-edged event, initially beneficial in debris clearance and 

trophic support, but ultimately harmful due to production of inflammatory mediators and neurotoxic 

substances [23,24]. 

As the blood–brain barrier (BBB) becomes compromised, peripheral immune cells infiltrate the 

brain parenchyma. Neutrophils are among the earliest responders, reaching the infarct zone within 

hours and peaking around 24 hours post-insult. They release matrix metalloproteinases (MMPs), 

including MMP-9, and reactive oxygen species (ROS), which exacerbate BBB breakdown and worsen 

neuronal damage [25,26]. Monocytes and lymphocytes follow in a temporally distinct pattern: 

monocyte-derived macrophages accumulate over days 3–7, while T lymphocytes infiltrate around 

day 2–3, secreting additional cytokines that propagate the inflammatory milieu. The sustained 

invasion of leukocytes contributes to secondary injury and neurological worsening [27–29]. IL-8 

(CXCL8) and the acute-phase protein C-reactive protein (CRP) rise slightly later, with CRP peaking 
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at approximately 48 hours post-stroke [30,31]. In contrast, IL-10—a key anti-inflammatory cytokine—

peaks between 24–72 hours as part of the immune system’s counter-regulatory response [30]. IL-17, 

produced primarily by infiltrating T-helper 17 (Th17) and γδ T cells, shows a delayed elevation 

beginning around 48–72 hours, coinciding with later-stage T-cell infiltration and extended 

inflammation [32]. Figure 1 illustrates the time-course of key inflammatory mediators in the systemic 

circulation after an ischemic stroke. 

 

Figure 1. Temporal Profile of Cytokines Post-Stroke. Figure 1. (Interleukin-1 beta), IL-6 (Interleukin-6), TNF-α 

(Tumour Necrosis Factor-alpha), IL-8 (Interleukin-8), IL-10 (Interleukin-10), IL-17 (Interleukin-17), CRP (C-

reactive protein). 

Once recruited to the ischemic territory, immune cells engage in complex interactions. DAMPs 

such as HMGB1 (High-Mobility Group Box 1) and extracellular ATP (Adenosine Triphosphate) 

released from necrotic cells bind to pattern recognition receptors ((e.g., TLRs (Toll-Like Receptors), 

RAGE (Receptors for Advanced Glycation End-products), P2X7 (Purinergic Receptor P2X, Ligand-

Gated Ion Channel, 7)) on microglia and other immune cells, amplifying inflammatory signaling and 

transmigration across the BBB [26,33,34]. This facilitates the orchestrated recruitment of immune cells 

and establishes a dynamic interplay between innate and adaptive immunity. While the infiltration of 

leukocytes can contribute to debris clearance and subsequent tissue repair, excessive or prolonged 

invasion aggravates inflammatory signaling and disruption of neurovascular integrity [35]. Pro-

inflammatory cytokines such as IL-1β, IL-6, and TNF-α aggravate neuronal apoptosis via activation 

of death receptor pathways, destabilization of mitochondrial function, and exacerbation of 

excitotoxicity, which further promotes immune cell recruitment [9,22,36]. Figure 2 illustrates the key 

components of the inflammatory cascade after stroke, where an initial wave of cytokine release 

triggers a cycle of immune cell recruitment and further cytokine production, leading to expansion of 

tissue injury. 

 

Figure 2. Schematic illustration of the inflammatory cascade after an ischemic stroke. 
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Figure abbreviations: DAMPs (Damage-Associated Molecular Patterns), HMGB1 (High-

Mobility Group Box 1), ATP (Adenosine Triphosphate), IL-1β (Interleukin-1 beta), TNF-α (Tumour 

Necrosis Factor-alpha), IL-6 (Interleukin-6), CCL2 ((C-C motif chemokine ligand 2, also historically 

known as MCP-1 (Monocyte Chemoattractant Protein-1)), CXCL8 (C-X-C motif chemokine ligand 8, 

more commonly known as Interleukin-8), ICAM-1 (Intercellular Adhesion Molecule-1), VCAM-1 

(Vascular Cell Adhesion Molecule-1), ROS (Reactive Oxygen Species), NO (Nitric Oxide) 

Neurons themselves, particularly in the ischemic penumbra, become an active source of 

cytokines release, amplifying tissue damage. IL-10, an anti-inflammatory cytokine, is upregulated as 

a compensatory response to counteract this pro-inflammatory surge but often fails to fully neutralize 

acute neurotoxicity if the inflammatory response is overwhelming [37,38]. Despite this, inflammation 

is not inherently deleterious; its role is highly phase dependent. In the subacute and chronic phases, 

microglia and macrophages can polarize toward an anti-inflammatory phenotype, secreting trophic 

factors and cytokines that support tissue remodelling and axonal sprouting. IL-10 and TGF-β are 

central to this reparative shift, promoting immune resolution and neurovascular stabilization. 

Interestingly, IL-1β, typically associated with acute injury, also contributes to later regenerative 

processes by stimulating angiogenesis and remodelling of endothelial cells during the repair phase 

[19,33]. 

As immune cells continue to accumulate, adhesion processes become central. Endothelial cells 

upregulate intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-

1), and selectins in response to cytokine stimulation and hypoxia. These molecules interact with 

leukocyte integrins, including LFA-1 (Lymphocyte Function-Associated Antigen 1) ((CD (Cluster of 

Differentiation) 11a / CD 18), Mac-1 (Macrophage-1 Antigen, also known as CD11b/CD18 or Integrin 

αMβ2), and VLA-4 (Very Late Antigen-4, also known as integrin α4β1 or CD49d/CD29), to mediate 

firm adhesion and transmigration into the ischemic tissue. The balance of T cell responses further 

shapes post-stroke neuroinflammation. Conversely, Th2 and Treg cells produce IL-4, IL-5, IL-13, IL-

10, and TGF-β, contributing to immune suppression and repair. CD8+ cytotoxic T cells can directly 

induce neuronal death through perforin- and granzyme-mediated pathways, exacerbating tissue 

injury [15,17,35,39,40]. Although adaptive immunity intensifies the inflammatory response initially, 

it also plays a role in post-stroke immunosuppression, a clinically recognized phenomenon 

characterized by lymphocyte depletion and increased vulnerability to infections. 

Acute ischemic stroke also triggers the release of DAMPs like ATP and HMGB1, which activate 

inflammasomes such as NLRP3 in microglia via P2X7 receptors. In response, activated microglia 

secrete pro-inflammatory cytokines including interleukin-1β (IL-1β) and TNF-α, which stimulate 

endothelial cells of the cerebral vasculature to upregulate adhesion molecules (ICAM-1, VCAM-1) 

and to release chemokines like interleukin-8 (IL-8/CXCL8) [17,22,33]. This signalling cascade 

promotes neutrophil adhesion to the endothelium and their extravasation into the brain parenchyma. 

Once inside, neutrophils release ROS, elastases, and proteolytic enzymes such as MMP-9, leading to 

degradation of the extracellular matrix and disruption of the BBB [26,35]. Monocytes are 

subsequently recruited through chemokines such as CCL2 (MCP-1), secreted by activated astrocytes. 

These monocytes differentiate into macrophages that participate in both propagation of inflammation 

and phagocytic clearance of necrotic debris [27]. 

Astrocytes also undergo reactive gliosis, releasing IL-6 and various chemokines that further 

amplify immune cell infiltration during the acute phase. However, in later stages, astrocytes 

contribute to scar formation and help restore tissue integrity by secreting structural matrix proteins 

and regulatory cytokines [11,41]. In the subacute phase (approximately 2–3 days post-stroke), T 

lymphocytes infiltrate the ischemic brain. CD4+ Th (T helper) cells differentiate into Th1 and Th17 

subsets, producing interferon-gamma (IFN-γ) and interleukin-17 (IL-17), respectively, which sustain 

local inflammation and modulate innate immune cells. CD8+ cytotoxic T cells can directly induce 

neuronal apoptosis via perforin- and granzyme-mediated pathways, exacerbating tissue injury 

[18,32,42]. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 July 2025 doi:10.20944/preprints202507.1049.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202507.1049.v1
http://creativecommons.org/licenses/by/4.0/


 5 of 19 

 

This intricate sequence of events, featuring crosstalk among microglia, astrocytes, neutrophils, 

macrophages, and lymphocytes, governs the extent of neuroinflammation, BBB compromise, and 

ultimately neuronal survival in the ischemic penumbra. While early and excessive inflammation 

promotes irreversible damage, controlled immune activation in the later stages is essential for 

clearing debris, modulating angiogenesis, and guiding neural repair [2,23,24,33]. Therefore, the 

timing, magnitude, and cellular context of immune activation are critical determinants of stroke 

progression and recovery. Specific biomarkers that reflect the evolving phases of immune activity, 

such as IL-6, IL-10, IL-17, MMP-9, and NLR, are being increasingly recognized for their prognostic 

value and therapeutic relevance in clinical practice and trials [21,29,30,43]. Interactions between key 

immune cells in the post-ischemic brain are illustrated in Figure 3. 

 

Figure 3. Key immune cells and their interactions in the post-ischemic brain.Figure abbreviations: DAMPs 

(Damage-Associated Molecular Patterns), HMGB1 (High-Mobility Group Box 1), ATP (Adenosine 

Triphosphate), IL-1β (Interleukin-1 beta), TNF-α (Tumour Necrosis Factor-alpha), ICAM-1 (Intercellular 

Adhesion Molecule 1), IL-8 (Interleukin-8), ROS (Reactive Oxygen Species), MMP-9 (Matrix Metalloproteinase-

9), IL-1 (Interleukin-1), IL-6 (Interleukin-6), T-lymphocytes (CD4+ helper and CD8+ cytotoxic T cells), IFN-γ 

(Interferon gamma), IL-17 (Interleukin-17). 

2.1. Key Inflammatory Biomarkers in Ischemic Stroke 

2.1.1. Interleukin-1β (IL-1β) 

IL-1β is one of the most pivotal pro-inflammatory cytokines involved in the acute phase of 

ischemic stroke. It is rapidly produced by activated microglia and infiltrating macrophages in 

response to necrotic cell debris and DAMPs. IL-1β contributes significantly to BBB disruption, 

leukocyte adhesion, and infiltration by upregulating adhesion molecules on endothelial cells and 

activating astrocytes and microglia. Experimental studies showed mice lacking IL-1α and IL-1β 

exhibit smaller infarct volumes after middle cerebral artery occlusion, underscoring the cytokine’s 

neurotoxic role in stroke pathophysiology [6,16,22]. 

Conversely, therapeutic blockade of IL-1 has demonstrated neuroprotective effects in preclinical 

models. Administration of IL-1 receptor antagonist (IL-1Ra) reduces infarct size, suppresses 

microglial activation, and attenuates neutrophil infiltration. IL-1β’s pro-inflammatory loop amplifies 

local damage by inducing IL-6 and TNF-α expression, forming a positive-feedback circuit of 

neuroinflammation. Clinically, elevated plasma IL-1β levels within the first 24 hours after stroke 

correlate with stroke severity, larger infarct volumes, and poorer neurological outcomes. Genetic 

polymorphisms in IL1RN (the gene encoding IL-1Ra) have also been associated with increased stroke 

susceptibility, although findings have varied across populations [16,44,45]. 

Therapeutically, recombinant human IL-1Ra (anakinra) has been tested in clinical settings. Phase 

II studies demonstrated that anakinra administered within 6 hours of stroke onset was safe and led 

to reductions in circulating neutrophils, CRP, and IL-6 levels, suggesting systemic anti-inflammatory 

effects. The subsequent SCIL-STROKE trial using subcutaneous IL-1Ra confirmed downregulation of 

inflammatory biomarkers and indicated possible improvements in functional outcomes, although 

larger trials are needed for validation. Despite the absence of phase III efficacy data, IL-1β remains a 
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strong candidate for targeted intervention and a valuable biomarker reflecting acute 

neuroinflammatory activation after stroke [22,46]. 

2.1.2. Tumour Necrosis Factor-α (TNF-α) 

TNF-α is a pivotal early mediator of inflammation following ischemic stroke. It is rapidly 

released by activated microglia and further amplified as circulating immune cells infiltrate the 

ischemic brain tissue [23,33,37]. TNF-α exerts diverse effects, including induction of neuronal 

apoptosis via TNF receptor 1 (TNFR1) signalling, generation of oxidative stress, and disruption of 

the BBB through upregulation of endothelial adhesion molecules and MMP-9. While these actions 

contribute to infarct expansion and oedema, TNF-α also exhibits context-dependent neuroprotective 

functions. For example, it participates in synaptic plasticity, neurogenesis, and cell survival via TNF 

receptor 2 (TNFR2)-mediated pathways, particularly during the recovery phase. This dual nature has 

been confirmed in preclinical studies showing that TNF-α inhibition administered acutely may 

reduce infarct volume and neurological deficits, while delayed blockade can impair recovery by 

suppressing reparative processes [9,23]. 

In clinical settings, elevated TNF-α levels in the acute phase have been associated with larger 

infarcts and worse functional outcomes, although results are not entirely consistent. Some studies 

highlight that high TNF-α levels independently predict poor prognosis, while others suggest the 

association weakens after adjusting for confounders. Circulating levels of soluble TNF receptors 

(sTNFR1 and sTNFR2) have emerged as more stable markers, with elevated sTNFR levels linked to 

recurrent strokes and early post-stroke seizures. Chronic elevation of TNF-α has also been implicated 

in stroke risk, particularly in individuals with pro-inflammatory conditions such as diabetes or 

autoimmune disease. Polymorphisms in the TNF gene and persistently elevated TNF-α are 

associated with increased susceptibility to ischemic stroke in multiple populations [23,47,48]. 

Despite its established pathogenic role, TNF-α has not become a clinical target in stroke therapy. 

Trials involving systemic TNF inhibition (e.g., with etanercept or infliximab) have not shown benefit 

and may carry risk. Observational data suggest that patients with autoimmune disease on anti-TNF 

agents might even experience a slight increase in cerebrovascular events, possibly due to impaired 

vascular repair mechanisms or thrombogenic side effects [1,2,8]. Nevertheless, ongoing research is 

investigating more selective approaches to modulate TNF-α signalling. For example, targeting 

TNFR1-mediated necroptosis in cerebral endothelial cells—while preserving TNFR2-dependent 

protective functions—could offer a refined therapeutic strategy that mitigates inflammation without 

hindering post-stroke recovery. TNF-α thus remains a critical biomarker reflecting the magnitude of 

acute inflammation, with complex therapeutic implications [9,23]. 

2.1.3. Interleukin-6 (IL-6) 

IL-6 is a multifunctional cytokine with a central role in the acute phase response to ischemic 

stroke. It is rapidly upregulated in both brain tissue and systemic circulation within hours of vessel 

occlusion, and its levels correlate with infarct size, stroke severity, and prognosis [49,50]. IL-6 signals 

through two major pathways: classical signalling via membrane-bound IL-6 receptors (which may be 

regenerative or anti-inflammatory) and trans-signalling via soluble IL-6 receptors, which 

predominantly promote inflammation . In the early phase of stroke, IL-6 is induced by IL-1β and 

TNF-α and amplifies the inflammatory cascade. It contributes to leukocyte recruitment, upregulation 

of endothelial adhesion molecules, and stimulation of hepatic acute-phase responses, including CRP 

synthesis [50]. However, IL-6 also plays a role in tissue repair during later phases by supporting 

neurogenesis, astrogliosis, and angiogenesis—highlighting its dual role in injury and recovery [51]. 

Clinically, IL-6 is among the most studied biomarkers in ischemic stroke. Elevated serum levels 

within the first 24–48 hours post-onset are associated with larger infarcts, higher NIHSS (National 

Institutes of Health Stroke Scale) scores, and poorer functional outcomes on the modified Rankin 

Scale (mRS) at 3 months [14,51,52]. Persistently elevated IL-6 levels beyond the acute phase may also 

predict stroke recurrence and long-term disability. Due to these associations, IL-6 is being explored 
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as a therapeutic target. Tocilizumab, an anti-IL-6 receptor monoclonal antibody, has shown promise 

in preclinical stroke models, and the ongoing IRIS trial is currently evaluating its utility in patients 

undergoing mechanical thrombectomy. High IL-6 levels may help identify patients at risk of 

extensive injury who could benefit from targeted anti-inflammatory strategies [48,51,53,54]. 

2.1.4. C-Reactive Protein (CRP) 

CRP, a well-known acute-phase reactant produced in the liver under the stimulation of IL-6, is 

widely used in clinical practice as a systemic inflammatory marker. In ischemic stroke, CRP levels 

rise within 6–24 hours post-onset, often peaking between 48 and 72 hours. High-sensitivity CRP (hs-

CRP) assays allow detection of subtle elevations that are clinically meaningful [31]. Meta-analyses 

and large cohort studies have confirmed that elevated admission CRP is associated with increased 

risk of early neurological deterioration, mortality, and worse functional outcomes at 3 months. 

Indeed, patients with CRP levels in the top quartile upon admission have roughly double the risk of 

30-day mortality compared to those in the lowest quartile and are also at higher risk for recurrent 

vascular events [55–57].  

While CRP may have a direct pathophysiological role in endothelial dysfunction and 

thrombosis, it is also a reliable surrogate marker for the overall inflammatory burden. CRP levels 

reflect infarct size, systemic immune activation, and infection status, all of which influence prognosis 

[31]. Persistently elevated CRP during hospitalization (for example, after thrombolysis) has been 

linked to poor recovery, even in patients with initially mild strokes. From a preventive standpoint, 

chronically elevated CRP is a risk factor for ischemic stroke, analogous to its role in coronary artery 

disease. Therapies such as high-dose statins, anti-IL-1β agents, and colchicine may reduce CRP and 

improve outcomes in high-risk populations. As such, CRP remains an accessible, cost-effective, and 

integrative biomarker in stroke care [26,31]. 

2.1.5. Interleukin-10 (IL-10) 

IL-10 is a potent anti-inflammatory cytokine secreted by monocytes, macrophages, and 

regulatory T cells in response to tissue injury. In stroke, IL-10 modulates the immune response by 

inhibiting the synthesis of pro-inflammatory cytokines (e.g., IL-1β, IL-6, TNF-α), suppressing antigen 

presentation, and downregulating adhesion molecules on endothelial cells. It promotes neuronal 

survival by preventing apoptosis and limiting oxidative damage. Experimental studies have shown 

that IL-10 overexpression or exogenous administration reduces infarct volumes and improves 

neurological outcomes in animal models of ischemic stroke. However, its clinical significance is 

complex and time dependent [47,58,59]. A low IL-10 response in the acute phase (<24 h) is associated 

with unopposed inflammation, haemorrhagic transformation, and early neurological deterioration. 

Conversely, elevated IL-10 levels in the subacute phase (days 2–7) may indicate stroke-induced 

immunosuppression (SIS), increasing the risk of infections such as pneumonia and urinary tract 

infections [11,21,30]. 

This duality underscores the importance of context in interpreting IL-10 levels. While protective 

in moderation, excessive IL-10 may suppress systemic immunity and contribute to adverse outcomes. 

Some studies propose that IL-10 or IL-10/IL-6 ratios could serve as biomarkers to predict post-stroke 

complications, including infections or haemorrhagic conversion [6,26]. Although IL-10 is not 

currently a direct therapeutic target due to concerns about immunosuppression, strategies to 

modulate endogenous IL-10 or deliver it locally to the brain are being investigated. Ultimately, IL-10 

serves as both a marker of immune balance and a potential indicator of whether inflammation is 

being adequately regulated in the aftermath of stroke [30,39,40]. 

2.2. Other Important Inflammatory Biomarkers  

In addition to major cytokines like IL-1β, IL-6, TNF-α, and IL-10, several other inflammatory 

mediators play significant roles in ischemic stroke. Two that have received increasing attention are 
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interleukin-8 (IL-8) and interleukin-17 (IL-17), representing innate and adaptive immune responses, 

respectively [22,32]. 

2.2.1. Interleukin-8 (CXCL8)  

CXCL8 is a neutrophil-attracting chemokine secreted by activated microglia, endothelial cells, 

and astrocytes in response to ischemia. Blood IL-8 levels rise within hours after stroke onset and 

correlate with neutrophil infiltration into the brain. Elevated IL-8 levels have been linked to larger 

infarcts, greater early neurological deterioration, and poor functional outcomes [6]. Mechanistically, 

IL-8 promotes neutrophil adhesion to endothelium and entry into the brain, where these cells release 

proteases and reactive oxygen species, worsening BBB disruption. Experimental models show that 

blocking IL-8 signalling or deleting IL-8 receptors reduces infarct volume and neutrophil infiltration. 

Moreover, IL-8 may contribute to angiogenesis via stimulation of VEGF, implying a dual role in both 

injury and repair [42,48,60]. 

2.2.2. Interleukin-17 (IL-17). IL-17, predominantly produced by Th17 cells and γδ T cells, rises 

slightly later, typically 24–72 hours post-stroke, as part of the adaptive immune response. IL-17 

amplifies inflammation by stimulating the release of IL-1β, TNF-α, and chemokines that recruit 

neutrophils [20,42,61]. It also directly impairs endothelial function and contributes to BBB 

disruption. Elevated IL-17 in plasma or CSF has been observed in patients with more severe 

strokes, and preclinical studies demonstrate that blocking IL-17 or IL-23 reduces infarct size and 

improves outcomes [6,30]. 

2.2.3. Other relevant biomarkers: 

IL-18 and IL-12, both pro-inflammatory cytokines that are elevated after stroke and associated 

with worse clinical outcomes due to their role in enhancing Th1 responses and innate immune 

activation; 

IL-4 and IL-13, which promote M2 macrophage polarization and may facilitate repair by 

resolving inflammation and supporting tissue remodelling; 

TGF-β and endogenous IL-1 receptor antagonist (IL-1Ra), which act as regulatory cytokines in 

later stages, limiting immune activation and supporting recovery [6,30,62]. 

Table 1 Main pro- and anti-inflammatory molecules involved in the pathophysiology of ischemic 

strokes. 

Table 1. illustrates the main pro- and anti-inflammatory molecules involved in the pathophysiology of ischemic 

strokes, their main functions, timing and clinical and prognostic implications. 

Cytokine / 

Interleukin 
Classification Main Functions 

Clinical / Prognostic 

Implications 

Timing of 

Elevation Post-

Stroke 

Interleukin-1β 

(IL-1β) 

Pro-

inflammatory 

Initiates 

inflammatory 

cascade; activates 

microglia and 

endothelial cells 

Elevated levels 

associated with larger 

infarct size and worse 

neurological outcomes 

Peaks within 6–24 

hours 

Interleukin-6 (IL-

6) 

Pro-

inflammatory 

Modulates acute 

phase response; 

promotes leukocyte 

recruitment 

High levels correlate 

with increased stroke 

severity and poor 

functional outcomes 

Rises within 

hours; remains 

elevated for days 

Tumour Necrosis 

Factor-α (TNF-α) 

Pro-

inflammatory 

Promotes apoptosis; 

disrupts blood-brain 

barrier 

Elevated levels linked to 

increased infarct size 

and neurological 

deterioration 

Peaks within 6–24 

hours 
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Interleukin-10 (IL-

10) 

Anti-

inflammatory 

Suppresses pro-

inflammatory 

cytokine production; 

limits immune 

response 

Higher levels associated 

with reduced infarct size 

and better outcomes; 

excessive levels may 

increase infection risk 

Increases within 

24–72 hours 

Transforming 

Growth Factor-β 

(TGF-β) 

Anti-

inflammatory/ 

Regulatory 

Regulates immune 

response; promotes 

tissue repair 

Contributes to 

neuroprotection and 

recovery; exact 

prognostic value in 

stroke is under 

investigation 

Elevation timing 

varies; involved 

in later stages 

Interleukin-17 (IL-

17) 

Pro-

inflammatory 

Recruits neutrophils; 

amplifies 

inflammatory 

response 

Elevated levels may 

exacerbate 

neuroinflammation and 

tissue damage 

Peaks within 24–

72 hours 

Interleukin-8 (IL-

8) 

Pro-

inflammatory 

Attracts neutrophils; 

promotes 

inflammation 

Higher levels associated 

with increased infarct 

volume and poorer 

outcomes 

Rises early; peaks 

within 24 hours 

Interleukin-1α 

(IL-1α) 

Pro-

inflammatory 

Acts as an alarmin; 

initiates sterile 

inflammation 

Early release may 

contribute to initial 

inflammatory response; 

specific prognostic 

implications in stroke 

require further study 

Released 

immediately 

upon cell injury 

In summary, IL-8, IL-17, and related markers broaden our understanding of the inflammatory 

response in stroke. Their temporal dynamics, early for IL-8, delayed for IL-17, reflect distinct phases 

of immune activation. Together with IL-1β, IL-6, and TNF-α, these molecules contribute to acute 

injury, while IL-10, TGF-β, and IL-1Ra offer counter-regulatory effects. Accurate profiling of these 

mediators may enhance prognostication and guide immunomodulatory therapies [6,9,32]. 

Several non-cytokine markers also reflect inflammatory burden and vascular injury. These 

include soluble ICAM-1, VCAM-1, E-selectin, and MMP-9. Among them, MMP-9 is particularly 

important for its association with haemorrhagic transformation and BBB degradation due to its 

proteolytic activity on extracellular matrix proteins [26,37,39,59]. 

 

Figure 4. Comparison of a pathological inflammatory response versus a regulated recovery phase after stroke. 

In the pathological inflammation scenario (left), there is an excessive production of pro-inflammatory cytokines 

(IL-1β, IL-6, TNF-α) and insufficient anti-inflammatory activity (low IL-10, TGF-β). This imbalance leads to 

uncontrolled inflammation and exacerbated tissue injury. By contrast, in the regulated recovery phase (right), 

anti-inflammatory mediators (IL-10, TGF-β) are prevalent and help keep pro-inflammatory cytokines in check, 
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promoting resolution of inflammation and tissue repair.Figure abbreviations: IL-10 (Interleukin-10), TGF-β 

(Transforming Growth Factor-beta), IL-1β (Interleukin-1 beta), IL-6 (Interleukin-6), TNF-α (Tumour Necrosis 

Factor-alpha). 

3. Prognostic Value of Immune Biomarkers in Stroke 

Inflammation-related biomarkers offer significant prognostic value beyond traditional clinical 

predictors in ischemic stroke. Elevated levels of pro-inflammatory cytokines, particularly IL-6, IL-1β, 

TNF-α, and IL-8, are consistently associated with worse neurological outcomes [1–3]. For example, 

increased IL-6 and TNF-α levels during the acute phase correlate with larger infarct volumes and 

higher disability scores at three months post-stroke. IL-6 levels measured upon admission have been 

shown to significantly correlate with both initial stroke severity and long-term functional status. 

Similarly, higher early concentrations of TNF-α and IL-1β are predictive of more severe neurological 

deficits and poorer outcomes. These cytokines thus serve as early warning markers of a more 

aggressive and damaging neuroinflammatory response [7,9].  

Among circulating inflammatory markers, C-reactive protein (CRP) has emerged as a 

particularly robust prognostic biomarker due to its stability, reproducibility, and clinical accessibility. 

Elevated CRP levels during the subacute phase have been consistently linked with increased 

mortality, risk of stroke recurrence, and poor functional recovery [31]. Meta-analyses have shown 

that patients with CRP levels in the top quartile upon admission have approximately double the risk 

of 30-day mortality compared to those in the lowest quartile and are also at higher risk for recurrent 

vascular events. As a result, CRP is increasingly used in clinical settings for early risk stratification. 

A markedly elevated CRP may also prompt clinicians to consider more aggressive secondary 

prevention or to closely monitor for post-stroke complications such as infection [48,55]. 

On the other hand, anti-inflammatory cytokines such as IL-10 provide a more nuanced 

prognostic picture. A blunted IL-10 response in the acute phase suggests unopposed inflammation 

and has been associated with haemorrhagic transformation and early neurological deterioration [6]. 

Conversely, excessive IL-10 elevation may indicate compensatory immunosuppression and 

predispose patients to infectious complications such as pneumonia or urinary tract infection [4,21]. 

Thus, IL-10 serves as a dual-purpose biomarker: insufficient levels may signal heightened injury risk, 

while elevated levels may forecast immune suppression and secondary complications. 

Beyond individual cytokines, composite inflammatory indices derived from routine blood 

counts have gained traction as prognostic tools. Indices such as the neutrophil-to-lymphocyte ratio 

(NLR), platelet-to-lymphocyte ratio (PLR), and systemic immune-inflammation index (SII) provide 

integrative markers of systemic immune activation and stress [63,64]. These values rise when 

neutrophils and platelets are elevated and lymphocyte counts are suppressed, patterns typical of 

acute inflammation and stress-induced immunosuppression. Clinical studies have demonstrated that 

higher NLR, PLR, and SII levels are independently associated with worse outcomes after stroke 

[65,66]. In a 2024 cohort study involving over 500 patients, six haematological inflammatory indices, 

including NLR, PLR, SII, and the systemic inflammation response index (SIRI), were all linked to 

poor 30-day prognosis, with multivariate models identifying NLR, PLR, and SIRI as independent 

predictors of early functional decline [14,67,68]. These indices are particularly appealing due to their 

low cost, ease of use, and their ability to reflect cytokine dynamics—e.g., a high NLR may indirectly 

indicate IL-8- and TNF-driven neutrophilia along with cortisol-mediated lymphopenia [15,69]. 

In summary, immune and inflammatory biomarkers offer valuable prognostic insights 

following ischemic stroke. Elevated pro-inflammatory cytokines (IL-6, IL-1β, TNF-α) are associated 

with worse clinical trajectories, while the presence of regulatory cytokines like IL-10 and integrative 

markers such as CRP provide additional layers of prognostic clarity [9,70,71]. Incorporating these 

biomarkers into clinical prediction models, alongside established factors such as age and NIHSS 

score, is an active area of research, with the potential to identify high-risk patients who may benefit 

from closer monitoring, early intervention, or enrolment in trials of targeted immunomodulatory 

therapies. 
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4. Therapeutic Modulation of Inflammation: Implications for Treatment and 

Prevention 

The central role of inflammation in stroke pathophysiology raises the possibility that 

immunomodulation could improve outcomes or reduce the risk of recurrence. This strategy has 

gained traction particularly considering repeated failures of traditional neuroprotective agents 

targeting excitotoxicity. Several inflammatory mediators, especially IL-1β, IL-6, and TNF-α, are now 

under investigation as therapeutic targets [8,22,23]. 

One of the most advanced approaches involves targeting the IL-1 axis. Given IL-1β’s established 

role in acute neuroinflammation and BBB disruption, pharmacologic blockade using IL-1 receptor 

antagonist (IL-1Ra, anakinra) has shown promise in clinical trials [5,22,24]. Phase II studies 

demonstrated that IL-1Ra administration in acute ischemic stroke was biologically active, reduced 

inflammatory cytokine levels, and was well tolerated, though sample sizes were insufficient to 

confirm functional benefit. Further trials are warranted, especially in subgroups with elevated 

inflammatory markers. Moreover, IL-1 blockade may help limit secondary injury such as 

haemorrhagic transformation and reperfusion damage, particularly if administered peri-

thrombectomy [16]. Ongoing investigations are also exploring IL-1β neutralizing antibodies (e.g., 

canakinumab) for potential neuroprotection and secondary prevention [38,61]. 

IL-6 signalling is another compelling target. The IRIS trial is currently evaluating tocilizumab, 

an IL-6 receptor (IL-6R) blocker, as an adjunct to reperfusion therapy. The rationale stems from 

evidence that IL-6 mediates reperfusion injury even after successful mechanical thrombectomy, 

contributing to infarct expansion. Tocilizumab, already in use for cytokine release syndromes, may 

mitigate this response when administered acutely. However, careful monitoring is essential due to 

potential side effects, including transient immunosuppression and hepatotoxicity [52–54]. 

Efforts to inhibit TNF-α have produced more ambiguous results. While etanercept (a soluble 

TNF decoy receptor) has shown benefit in animal models, reducing infarct size and inflammation, it 

has not yet demonstrated efficacy in clinical trials. Concerns also persist that long-term TNF 

suppression could increase vascular risk. Consequently, interest has shifted to downstream pathways 

such as TNF-induced necroptosis, which may be selectively targeted to prevent endothelial injury 

without broadly impairing TNF function [9]. 

Findings from cardiovascular trials provide a strong rationale for inflammation-targeted stroke 

prevention. The CANTOS trial in post-myocardial infarction patients demonstrated that 

canakinumab (an IL-1β neutralizing antibody) reduced major vascular events, including stroke, 

independent of lipid levels. These results support the concept that anti-inflammatory therapy alone 

can reduce vascular risk. While canakinumab remains costly and is associated with neutropenia, 

other more accessible agents are being investigated. Low-dose colchicine, which suppresses NLRP3 

inflammasome activation and neutrophil recruitment, has reduced cardiovascular events in coronary 

disease and is currently being tested in patients with TIA (transient ischemic attacks) or minor stroke 

[6,17,22]. Its actions include inhibition of IL-1β production and downstream inflammatory signalling, 

making it a promising candidate for both primary and secondary prevention. 

Beyond pro-inflammatory suppression, attention has also turned to post-stroke 

immunosuppression, a major contributor to infectious complications such as pneumonia. Trials using 

prophylactic antibiotics like moxifloxacin have had mixed results, though targeted approaches in 

patients with evidence of immune exhaustion (e.g., high IL-10 levels or lymphopenia) may prove 

more effective. An alternative strategy involves using granulocyte colony-stimulating factor (G-CSF) 

to boost immune cell production. G-CSF not only promotes leukocyte recovery but also has 

neurotrophic properties; however, clinical trials in stroke have so far shown variable results, and its 

role in routine practice remains unclear [11,30,37]. 

Ultimately, a multi-faceted approach to immunomodulation may be necessary. Combining anti-

inflammatory therapies (to limit acute injury) with strategies that prevent or reverse post-stroke 

immunosuppression could yield the best outcomes [60,72]. Personalized medicine approaches, such 

as tailoring treatments based on a patient’s inflammatory profile or genetic background (e.g., IL-1 or 
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IL-6 polymorphisms), are on the horizon. As our understanding of the immune mechanisms in stroke 

deepens, it opens the door to innovative therapies that complement existing reperfusion and 

neuroprotective strategies. 

5. Discussion and Future Directions 

Over the past decade, mounting evidence has firmly established that immunological and 

inflammatory biomarkers are integral to predicting and understanding outcomes after ischemic 

stroke. These biomarkers not only reflect the intensity and duration of the immune response but also 

offer valuable insight into the potential for injury, recovery, and complications [20,60]. As stroke care 

increasingly moves toward precision medicine, several future directions are emerging for integrating 

immune biomarkers into both clinical practice and research frameworks. 

5.1. Personalized Inflammatory Profiling 

Rather than relying on isolated cytokine measurements, future studies will likely employ multi-

biomarker panels, encompassing cytokines, chemokines, acute-phase proteins (e.g., CRP), and 

leukocyte-derived indices (e.g., NLR, PLR), to construct patient-specific inflammatory signatures. 

These immune profiles, analysed using machine learning or clustering algorithms, could stratify 

patients by prognosis or therapeutic responsiveness [14,20,31]. Large-scale initiatives and biobanks 

are already collecting longitudinal blood samples to correlate inflammatory dynamics with 

functional outcomes and infarct evolution. 

5.2. Real-Time and Point-of-Care Inflammation Monitoring 

Technological advances in rapid bioassay platforms may soon enable bedside monitoring of key 

cytokines such as IL-6 or IL-1β, providing real-time assessment of inflammatory status [22,49]. This 

would support dynamic treatment decisions, such as the timing of intensive care de-escalation or 

early rehabilitation initiation. Additionally, serial inflammatory tracking could help identify patients 

at risk for delayed deterioration, haemorrhagic transformation or post-stroke infection. 

5.3. Biomarker-Guided Immunotherapy Trials 

Encouraging results from exploratory trials support the need for larger randomized controlled 

studies evaluating anti-inflammatory agents in stroke. Prominent candidates include IL-1 blockers 

(e.g., anakinra, canakinumab), IL-6R inhibitors (e.g., tocilizumab), and NLRP3 inflammasome 

inhibitors [9,16,17]. Another emerging approach involves cell-based immunotherapy, such as 

regulatory T cell or mesenchymal stem cell infusions, aimed at promoting resolution of inflammation 

and neurorepair. Future trials may adopt biomarker-enrichment strategies, treating only patients 

with elevated CRP, IL-6, or SII levels, thereby maximizing therapeutic efficiency and minimizing 

unnecessary exposure. 

5.4. Synergy with Neurorestorative Interventions 

Post-stroke inflammation extends beyond the acute phase and modulates repair mechanisms 

such as neurogenesis, synaptic remodelling, and remyelination. This opens the door for 

combinatorial approaches that align immunomodulation with neurorestorative therapies. For 

instance, early anti-IL-17 therapy could reduce lesion volume and secondary damage, while late-

phase immune stimulation might enhance plasticity and functional recovery [32,73]. Temporal 

precision will be crucial, suppressing inflammation during the hyperacute phase and boosting repair-

associated immunity during convalescence. 
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5.5. Inflammation as a Target for Primary Prevention 

Growing evidence suggests that chronic low-grade inflammation contributes to stroke risk, 

independent of traditional vascular factors. Biomarkers such as CRP and IL-6 may soon be 

incorporated into risk prediction models alongside blood pressure, cholesterol, and smoking status. 

This raises the possibility of using anti-inflammatory agents (e.g., statins, colchicine) for primary 

prevention in high-risk populations [34,48,48,54]. However, the safety of long-term immune 

modulation must be carefully evaluated, as immunosuppression may predispose to infections or 

malignancies. 

5.6. Translational and Clinical Challenges 

Despite clear associations between inflammatory markers and outcomes, causality remains 

difficult to prove, and therapeutic translation faces several hurdles. Stroke is a heterogeneous 

condition, and not all patients with elevated inflammatory biomarkers will benefit from 

immunosuppression. Moreover, precision is essential: excessive suppression may impair recovery or 

promote infection, while inadequate modulation may be ineffective. Future trials must identify the 

right patient subsets, timing of intervention, and optimal targets to ensure safety and efficacy [19,58]. 

6. Conclusions 

Immunological and inflammatory biomarkers, including IL-1β, IL-6, TNF-α, IL-10, IL-8, IL-17, 

and CRP, have become indispensable tools in stroke research, offering insight into how the immune 

system shapes both the extent of brain injury and the trajectory of recovery [6,8,9,30]. These molecules 

are not merely reflections of damage but active participants in the pathophysiological cascade, and 

they hold considerable prognostic value. Elevated pro-inflammatory markers generally correlate 

with larger infarct volumes, higher rates of disability, and poorer functional outcomes, while anti-

inflammatory signals such as IL-10 convey a more regulated immune response and may predict 

better recovery [74]. 

These biomarkers are paving the way for a new class of stroke therapies aimed at modulating 

the immune response. From IL-1 blockade to IL-6 receptor inhibition and inflammasome targeting, 

clinical trials are now leveraging our growing understanding of neuroinflammation to guide 

therapeutic strategies. In parallel, haematological indices such as NLR, PLR, and SII are being 

validated as cost-effective, readily available proxies for immune activity, offering clinicians practical 

tools for early risk stratification and management decisions [13,61,68,69]. 

The interaction between the immune and nervous systems in stroke is intricate and dynamic, 

influenced by time, comorbidities, and genetic background. Yet, untangling these relationships offers 

a transformative opportunity: to move toward personalized, pathophysiology-guided stroke care 

[36,47]. As we integrate biomarkers into clinical workflows, their use may extend from prognosis to 

therapy selection, rehabilitation planning, and secondary prevention. 

Ultimately, by monitoring and modulating the inflammatory response, clinicians may be able to 

reduce secondary brain injury, enhance repair mechanisms, and prevent recurrent events. This 

strategy has the potential to improve survival, optimize functional recovery, and reduce the overall 

burden of stroke, a critical goal in the face of aging populations and rising global incidence. The next 

decade of research will be crucial in translating these insights into standard-of-care tools and 

treatments, marking a paradigm shift in how stroke is managed at both the individual and population 

level. 
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Abbreviations 

The following abbreviations are used in this manuscript: 
ATP Adenosine Triphosphate 

BBB Blood–Brain Barrier 

BDNF Brain-Derived Neurotrophic Factor 

CD Cluster of Differentiation 

CRP C-Reactive Protein 

CXCL8 C-X-C Motif Chemokine Ligand 8 (also known as IL-8) 

DAMPs Damage-Associated Molecular Patterns 

G-CSF Granulocyte Colony-Stimulating Factor 

HMGB1 High-Mobility Group Box 1 

hs-CRP High-Sensitivity C-Reactive Protein 

ICAM-1 Intercellular Adhesion Molecule-1 

IFN-γ Interferon-Gamma 

IL Interleukin 

IL-1β Interleukin-1 Beta 

IL-6 Interleukin-6 

IL-8 Interleukin-8 (CXCL8) 

IL-10 Interleukin-10 

IL-17 Interleukin-17 

IL-18 Interleukin-18 

IL-21 Interleukin-21 

IL-23 Interleukin-23 

LFA-1 Lymphocyte Function-Associated Antigen-1 

Mac-1 Macrophage-1 Antigen 

MMP-9 Matrix Metalloproteinase-9 

mRS Modified Rankin Scale 

NLR Neutrophil-to-Lymphocyte Ratio 

NLRP3 NOD-, LRR- and Pyrin Domain-Containing Protein 3 

NO Nitric Oxide 

PLR Platelet-to-Lymphocyte Ratio 

ROS Reactive Oxygen Species 

SII Systemic Immune-Inflammation Index 

SIRI   Systemic Inflammation Response Index 

SIS  Stroke-induced Immunosuppression 

TGF-β Transforming Growth Factor-Beta 

Th1 T Helper Type 1 

Th2 T Helper Type 2 

Th17 T Helper Type 17 

TIA  Transient Ischemic Attack 

TNF-α Tumour Necrosis Factor-Alpha 

TNFR1/2 Tumour Necrosis Factor Receptor 1/2 

Treg Regulatory T Cell 

VCAM-1 Vascular Cell Adhesion Molecule-1 

VEGF Vascular Endothelial Growth Factor 

VLA-4 Very Late Antigen-4 
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Table 1. Main roles pro- and anti-inflammatory molecules involved in the pathophysiology of ischemic 

strokes. 

Cytokine / 

Interleukin 

Classification Main Functions Clinical / Prognostic 

Implications 

Timing of 

Elevation Post-

Stroke 

Interleukin-1β (IL-

1β) 

Pro-

inflammatory 

Initiates inflammatory 

cascade; activates 

microglia and 

endothelial cells 

Elevated levels associated 

with larger infarct size and 

worse neurological 

outcomes 

Peaks within 6–24 

hours 

Interleukin-6 (IL-6) Pro-

inflammatory 

Modulates acute phase 

response; promotes 

leukocyte recruitment 

High levels correlate with 

increased stroke severity 

and poor functional 

outcomes 

Rises within hours; 

remains elevated 

for days 

Tumour Necrosis 

Factor-α (TNF-α) 

Pro-

inflammatory 

Promotes apoptosis; 

disrupts blood-brain 

barrier 

Elevated levels linked to 

increased infarct size and 

neurological deterioration 

Peaks within 6–24 

hours 

Interleukin-10 (IL-

10) 

Anti-

inflammatory 

Suppresses pro-

inflammatory cytokine 

production; limits 

immune response 

Higher levels associated 

with reduced infarct size 

and better outcomes; 

excessive levels may 

increase infection risk 

Increases within 

24–72 hours 

Transforming 

Growth Factor-β 

(TGF-β) 

Anti-

inflammatory/ 

Regulatory 

Regulates immune 

response; promotes 

tissue repair 

Contributes to 

neuroprotection and 

recovery; exact prognostic 

value in stroke is under 

investigation 

Elevation timing 

varies; involved in 

later stages 

Interleukin-17 (IL-

17) 

Pro-

inflammatory 

Recruits neutrophils; 

amplifies inflammatory 

response 

Elevated levels may 

exacerbate 

neuroinflammation and 

tissue damage 

Peaks within 24–72 

hours 

Interleukin-8 (IL-8) Pro-

inflammatory 

Attracts neutrophils; 

promotes inflammation 

Higher levels associated 

with increased infarct 

volume and poorer 

outcomes 

Rises early; peaks 

within 24 hours 

Interleukin-1α (IL-

1α) 

Pro-

inflammatory 

Acts as an alarmin; 

initiates sterile 

inflammation 

Early release may contribute 

to initial inflammatory 

response; specific prognostic 

implications in stroke 

require further study 

Released 

immediately upon 

cell injury 
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