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Abstract:

Ischemic stroke remains one of the leading causes of mortality and long-term
disability worldwide. Although timely reperfusion therapies, including intravenous
thrombolysis and mechanical thrombectomy, have significantly improved clinical
outcomes, many patients continue to experience poor neurological recovery due to
secondary brain injury. Neuroinflammation is increasingly recognized as a critical
contributor to both acute ischemic damage and post-stroke tissue repair. Following
cerebral ischemia, the activation of resident glial cells, disruption of the blood—brain
barrier, infiltration of peripheral immune cells, and release of inflammatory mediators
collectively shape the dynamic inflammatory microenvironment. Emerging evidence
indicates that neuroinflammation exerts both detrimental and protective effects
depending on the cellular context and temporal stage of ischemic injury. Recent
advances in single-cell sequencing, spatial transcriptomics, and multi-omics
technologies have further refined our understanding of immune cell heterogeneity and
intercellular communication after stroke, providing novel opportunities for precision
immunotherapy. This review summarizes the current understanding of the cellular and
molecular mechanisms underlying neuroinflammation in ischemic stroke, discusses
emerging therapeutic strategies targeting inflammatory pathways, and highlights
current challenges and future directions for translating experimental discoveries into
effective clinical interventions.
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1. Introduction

Ischemic stroke (IS) is the most common subtype of stroke, accounting for
approximately 80-85% of all stroke cases worldwide, and remains a leading cause of
mortality and long-term disability[1]. Although significant advances in reperfusion
therapies, including intravenous thrombolysis and mechanical thrombectomy, have
improved clinical outcomes, many patients continue to experience poor neurological
recovery due to secondary brain injury following cerebral ischemia. The
pathophysiology of ischemic stroke involves a complex cascade of events, including
excitotoxicity, oxidative stress, mitochondrial dysfunction, blood-brain barrier (BBB)
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disruption, programmed cell death, and neuroinflammation[2]. Among these
mechanisms, neuroinflammation has emerged as a critical contributor to both acute
ischemic injury and post-stroke recovery. Following cerebral ischemia, damaged
neurons release damage-associated molecular patterns (DAMPs), which activate
resident immune cells such as microglia and astrocytes and promote the recruitment
of peripheral immune cells into the ischemic brain. The subsequent release of
inflammatory cytokines, chemokines, and reactive oxygen species amplifies local
inflammatory responses and profoundly influences stroke progression. Importantly,
accumulating evidence suggests that neuroinflammation is a double-edged sword.
Excessive or prolonged inflammatory activation can exacerbate neuronal death, BBB
disruption, cerebral edema, and hemorrhagic transformation during the acute phase of
stroke, whereas appropriately regulated immune responses contribute to debris
clearance, angiogenesis, neurogenesis, and tissue repair during later stages[3].
Therefore, understanding the temporal and spatial dynamics of neuroinflammation is
essential for developing effective therapeutic strategies. Recent advances in single-
cell RNA sequencing, spatial transcriptomics, and multi-omics technologies have
substantially improved our understanding of immune cell heterogeneity and
intercellular communication within the ischemic microenvironment, revealing
previously unrecognized cellular subsets and signaling networks involved in stroke
pathology[4]. In this review, we summarize current advances in the cellular and
molecular mechanisms underlying neuroinflammation after ischemic stroke, discuss
emerging therapeutic targets and anti-inflammatory strategies, and highlight future
directions for translating mechanistic insights into effective clinical interventions.

2. Cellular Basis of Neuroinflammation After Ischemic Stroke

2.1. Microglial activation and functional heterogeneity

Microglia are the resident innate immune cells of the central nervous system (CNS)
and serve as the first responders to cerebral ischemic injury. Within minutes after
arterial occlusion, microglia rapidly detect danger-associated molecular patterns
(DAMPs) released from injured neurons and undergo profound morphological and
functional changes. Activated microglia migrate toward the ischemic core, where they
initiate innate immune responses through phagocytosis, antigen presentation, and the
secretion of inflammatory mediators[5].

Traditionally, activated microglia were classified into pro-inflammatory M1 and
anti-inflammatory M2 phenotypes. However, recent advances in single-cell RNA
sequencing have revealed that microglial activation is considerably more
heterogeneous than previously recognized. Distinct microglial subpopulations emerge
dynamically throughout different stages of ischemic stroke, exhibiting diverse
transcriptional profiles and functional properties that cannot be adequately described
by the classical M1/M2 paradigm[6]. This functional heterogeneity suggests that
microglia continuously adapt to the evolving ischemic microenvironment and may
simultaneously exert neurotoxic and neuroprotective effects.

Activated microglia produce numerous inflammatory mediators, including
interleukin-1p (IL-1p), tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6), nitric
oxide, and reactive oxygen species, which amplify local inflammation and promote
the recruitment of circulating immune cells. Conversely, microglia also release
neurotrophic factors and anti-inflammatory cytokines that facilitate debris clearance,
angiogenesis, synaptic remodeling, and neurological recovery during later stages of
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stroke. Therefore, therapeutic strategies aimed at modulating microglial function
should focus on restoring immune homeostasis rather than broadly suppressing
microglial activation.

2.2. Astrocyte-mediated inflammatory responses

Astrocytes are another major glial population involved in post-stroke
neuroinflammation. Following ischemic injury, astrocytes undergo reactive
astrogliosis characterized by cellular hypertrophy, proliferation, and marked
alterations in gene expression[7]. Although reactive astrocytes are often categorized
into neurotoxic Al and neuroprotective A2 phenotypes, recent studies suggest that
astrocytic responses exist along a dynamic spectrum rather than as two discrete states.

Reactive astrocytes contribute to the maintenance of BBB integrity by regulating
endothelial function and extracellular ion homeostasis. However, excessive astrocyte
activation may enhance inflammatory signaling through the secretion of cytokines,
chemokines, and matrix metalloproteinases, thereby aggravating leukocyte infiltration
and BBB disruption. In contrast, astrocytes also support neuronal survival by
producing neurotrophic factors, regulating glutamate metabolism, and promoting
tissue repair during the recovery phase, highlighting their context-dependent roles in
ischemic stroke.

2.3. Peripheral immune cell infiltration

Disruption of the BBB after ischemic stroke permits the infiltration of peripheral
immune cells into the injured brain, further amplifying local inflammatory
responses|8]. Neutrophils are among the earliest infiltrating leukocytes and contribute
to ischemic injury through the release of proteases, reactive oxygen species, and
neutrophil extracellular traps (NETs), which exacerbate endothelial damage and
microvascular obstruction.

Circulating monocytes subsequently infiltrate the ischemic tissue and differentiate
into macrophages that cooperate with resident microglia in phagocytosing cellular
debris and orchestrating inflammatory resolution. In addition, T lymphocytes play
complex immunomodulatory roles following stroke. While pro-inflammatory T helper
cells may aggravate neuronal injury through cytokine production, regulatory T cells
contribute to immune suppression, BBB stabilization, and tissue repair. These
findings underscore the importance of coordinated interactions between central and
peripheral immune systems in determining stroke outcomes.

2.4. Cellular crosstalk within the neurovascular unit

Neuroinflammation after ischemic stroke is not mediated by individual cell types
but rather by coordinated interactions within the neurovascular unit (NVU), which
comprises neurons, astrocytes, microglia, endothelial cells, pericytes, and extracellular
matrix components[9]. Ischemic injury disrupts the structural and functional integrity
of the NVU, resulting in BBB breakdown, vascular dysfunction, and extensive
immune cell infiltration. Endothelial cells regulate leukocyte adhesion and
transmigration, whereas pericytes contribute to microvascular stability and
inflammatory  signaling. Increasing evidence indicates that bidirectional
communication among glial cells, vascular cells, and infiltrating immune cells
orchestrates both injury progression and tissue repair. Therefore, understanding the

Submitted to Health Research, page 126-135 www.itspoa.com/journal/hr



Volume 10, Issue 3, 2026 ISSN: 2617-457X Irl-‘S
DOT: https://doi.org/10.31058/j.hr.2026.10315

cellular crosstalk within the NVU provides an essential foundation for the
development of targeted immunomodulatory therapies.

3. Molecular Mechanisms of Neuroinflammation After Ischemic
Stroke

Neuroinflammation after ischemic stroke is regulated by a complex network of
intracellular signaling pathways that integrate danger signals, immune activation,
oxidative stress, and cell death responses. Following cerebral ischemia, energy
depletion and cellular injury lead to the release of damage-associated molecular
patterns (DAMPs), including high mobility group box 1 (HMGBI1), extracellular ATP,
mitochondrial DNA, and heat shock proteins. These endogenous danger signals
activate pattern recognition receptors (PRRs) expressed by microglia, astrocytes,
endothelial cells, and infiltrating immune cells, subsequently triggering multiple
inflammatory cascades[10]. Among these pathways, Toll-like receptor (TLR)-
mediated NF-«B activation, NLRP3 inflammasome signaling, JAK/STAT pathway,
cGAS-STING activation, oxidative stress-related mechanisms, and ferroptosis have
emerged as important regulators of post-stroke neuroinflammation.

3.1. TLR4/NF-kB signaling pathway

The Toll-like receptor 4 (TLR4)/nuclear factor-kB (NF-«B) pathway represents one
of the best-characterized inflammatory signaling cascades involved in ischemic stroke.
Following cerebral ischemia, DAMPs released from damaged neurons activate TLR4
on microglia and other CNS-resident cells[11]. Activated TLR4 initiates downstream
signaling through adaptor proteins such as MyD88 and TRIF, resulting in the
phosphorylation and degradation of IkBa and subsequent nuclear translocation of NF-
kB.

Once activated, NF-kB regulates the transcription of numerous pro-inflammatory
genes, including interleukin-1p (IL-1p), tumor necrosis factor-o. (TNF-a), interleukin-
6 (IL-6), inducible nitric oxide synthase (iNOS), and cyclooxygenase-2 (COX-2).
Excessive activation of this pathway promotes microglial inflammatory polarization,
endothelial dysfunction, BBB disruption, and neuronal apoptosis. However, NF-kB
signaling is not exclusively detrimental, as transient activation may participate in
tissue repair and immune regulation during later phases of stroke. Therefore,
therapeutic strategies targeting TLR4/NF-kB require precise temporal modulation
rather than complete inhibition.

3.2. NLRP3 inflammasome activation

The nucleotide-binding oligomerization domain-like receptor protein 3 (NLRP3)
inflammasome is a critical intracellular inflammatory platform that regulates innate
immune responses after ischemic injury. NLRP3 activation requires two sequential
signals: a priming signal mediated mainly by NF-kB-dependent transcription of
NLRP3 and pro-IL-1p, followed by an activation signal induced by cellular stress
factors such as mitochondrial dysfunction, reactive oxygen species (ROS), potassium
efflux, and extracellular ATP.

Following activation, the NLRP3 inflammasome recruits apoptosis-associated
speck-like protein containing a CARD (ASC) and activates caspase-1, leading to the
maturation and release of IL-1p and IL-18. In addition, inflammasome activation can
induce pyroptotic cell death through gasdermin D cleavage, further amplifying
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inflammatory responses[12]. Increasing evidence indicates that excessive NLRP3
activation contributes to neuronal injury, BBB impairment, and neurovascular
inflammation after ischemic stroke. Consequently, targeting NLRP3 inflammasome
activation has become an attractive therapeutic strategy for limiting secondary brain

injury.
3.3. JAK/STAT signaling pathway

The Janus kinase/signal transducer and activator of transcription (JAK/STAT)
pathway plays a dual role in regulating inflammatory responses after ischemic stroke.
Cytokines such as IL-6, interferons, and other inflammatory mediators activate
membrane-associated receptors, leading to JAK phosphorylation and subsequent
STAT activation. Activated STAT proteins translocate into the nucleus and regulate
the expression of genes involved in immune responses, inflammation, and cell
survival[13].

Among STAT family members, STAT3 has received considerable attention in
stroke research. Excessive STAT3 activation in microglia and astrocytes promotes the
production of inflammatory mediators and contributes to glial activation. Conversely,
controlled STAT3 signaling may support neuronal survival, angiogenesis, and
recovery processes. The context-dependent effects of JAK/STAT signaling highlight
the complexity of inflammatory regulation and suggest that selective modulation of
specific STAT pathways may provide greater therapeutic benefits than broad pathway
inhibition.

3.4. cGAS-STING pathway

The cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING)
pathway has recently emerged as an important regulator of sterile inflammation after
ischemic stroke. Under ischemic conditions, mitochondrial damage and nuclear injury
result in the accumulation of cytosolic DNA, which is recognized by cGAS. Activated
cGAS generates cyclic GMP-AMP (cGAMP), which binds to STING and induces
downstream activation of interferon regulatory factors (IRFs) and NF-kB.

Activation of the cGAS-STING pathway promotes the production of type I
interferons and pro-inflammatory cytokines, contributing to microglial activation and
inflammatory amplification. Recent studies suggest that excessive STING activation
may aggravate ischemic brain injury, whereas pharmacological inhibition of this
pathway can reduce inflammatory responses and improve neurological outcomes[14].
Given its role in linking cellular damage signals with immune activation, cGAS-
STING represents a promising emerging target in stroke immunotherapy.

3.5. Oxidative stress and ROS-mediated inflammation

Oxidative stress is a major contributor to neuroinflammation following ischemic
stroke. During ischemia and subsequent reperfusion, mitochondrial dysfunction,
NADPH oxidase activation, and inflammatory responses lead to excessive production
of reactive oxygen species (ROS). Elevated ROS levels directly damage lipids,
proteins, and nucleic acids while simultaneously activating inflammatory signaling
pathways, including NF-«xB and NLRP3 inflammasome signaling.

Furthermore, oxidative stress disrupts BBB integrity by impairing endothelial cells
and increasing matrix metalloproteinase activity, thereby facilitating immune cell
infiltration. Although endogenous antioxidant systems, particularly the nuclear factor
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erythroid 2-related factor 2 (Nrf2) pathway, counteract oxidative injury, their
protective capacity may become insufficient during severe ischemic stress[15].
Therefore, restoring redox balance represents a potential strategy for controlling
neuroinflammation.

3.6. Ferroptosis and inflammatory regulation

Ferroptosis is a newly recognized form of regulated cell death characterized by iron
accumulation and lipid peroxidation. Unlike apoptosis, ferroptosis is primarily driven
by disturbances in iron metabolism and antioxidant defense systems, particularly the
glutathione (GSH)-glutathione peroxidase 4 (GPX4) pathway[16]. Increasing
evidence indicates that ferroptosis contributes to neuronal damage after ischemic
stroke and interacts closely with inflammatory responses.

Ferroptotic cells release intracellular danger signals that activate immune responses,
while inflammatory cytokines can further enhance oxidative stress and ferroptotic
susceptibility. The interaction between ferroptosis, microglial activation, and
inflammatory signaling represents an emerging area of stroke research. Targeting
ferroptosis-related pathways may provide new opportunities for reducing
inflammation-associated neuronal injury and improving functional recovery after
ischemic stroke.

4. Therapeutic Strategies Targeting Neuroinflammation After
Ischemic Stroke

Given the pivotal role of neuroinflammation in the progression and recovery of
ischemic stroke, targeting inflammatory responses has emerged as an attractive
therapeutic strategy[17]. However, unlike conventional neuroprotective approaches
aimed at suppressing injury pathways, successful modulation of neuroinflammation
requires maintaining a balance between inhibiting excessive inflammatory activation
and preserving immune functions necessary for tissue repair. Recent therapeutic
strategies have therefore shifted from broad immunosuppression toward selective
regulation of inflammatory pathways, cellular responses, and immune
microenvironments.

4.1. Pharmacological approaches targeting neuroinflammatory pathways

A variety of pharmacological agents have been investigated to modulate
neuroinflammation after ischemic stroke. Several compounds targeting inflammatory
mediators, immune signaling pathways, and oxidative stress responses have
demonstrated neuroprotective effects in experimental models[18].

Minocycline, a tetracycline derivative with anti-inflammatory properties, has been
extensively studied because of its ability to inhibit microglial activation, reduce
inflammatory cytokine production, and suppress matrix metalloproteinase activity.
Preclinical studies have demonstrated that minocycline can decrease infarct volume
and improve neurological outcomes; however, clinical evidence remains inconclusive,
highlighting the challenges of translating anti-inflammatory therapies into human
stroke treatment.

Inflammasome-related therapies have also attracted increasing attention. Because
excessive NLRP3 inflammasome activation contributes to IL-1B maturation,
pyroptosis, and BBB disruption, pharmacological inhibition of NLRP3 or downstream
inflammatory mediators represents a promising strategy[19]. In addition, IL-1
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receptor antagonists and agents targeting inflammatory cytokines have shown
potential in reducing ischemic injury by limiting excessive immune activation.

Beyond direct inflammatory inhibition, modulation of endogenous protective
pathways has emerged as another therapeutic approach. Activation of antioxidant
pathways, particularly the Nrf2 pathway, can reduce oxidative stress and indirectly
suppress inflammatory signaling. Similarly, regulation of NF-kB, JAK/STAT, and
other immune-related pathways may provide opportunities for controlling post-stroke
inflammation. Nevertheless, because these pathways also participate in physiological
immune regulation and tissue repair, future therapies require precise control of timing,
dosage, and target specificity[20].

4.2. Mesenchymal stem cell-based therapy

Mesenchymal stem cell (MSC)-based therapy represents one of the most promising
regenerative approaches for ischemic stroke. MSCs derived from bone marrow,
adipose tissue, and other sources possess immunomodulatory, neuroprotective, and
angiogenic properties. Rather than replacing damaged neurons directly, MSCs
primarily exert therapeutic effects through paracrine mechanisms, including the
secretion of growth factors, cytokines, and extracellular vesicles.

Following transplantation, MSCs can regulate immune responses by suppressing
pro-inflammatory macrophage activation, reducing microglial inflammatory responses,
and promoting anti-inflammatory immune phenotypes[21]. Furthermore, MSCs
enhance angiogenesis, neurogenesis, and synaptic remodeling, thereby contributing to
functional recovery after stroke.

Despite encouraging results from preclinical studies, several challenges limit
clinical application. These include variability among different MSC sources, optimal
administration routes, cell survival after transplantation, and potential immune-related
complications[22]. Therefore, further optimization of MSC-based therapies and
standardized clinical protocols are required before widespread clinical implementation.

4.3. Extracellular vesicles as cell-free therapeutic platforms

Extracellular vesicles (EVs), particularly exosomes, have recently emerged as
promising alternatives to cell transplantation[23]. EVs are nano-sized membrane-
bound vesicles released by various cell types and contain bioactive molecules,
including microRNAs, proteins, lipids, and messenger RNAs. These cargos enable
EVs to regulate recipient cell function and modulate inflammatory responses.

In ischemic stroke, MSC-derived extracellular vesicles have demonstrated
significant neuroprotective effects by reducing microglial activation, suppressing
inflammatory cytokine production, enhancing angiogenesis, and promoting neuronal
survival. Compared with direct cell transplantation, EV-based therapies offer several
advantages, including lower immunogenicity, improved safety profiles, and easier
storage and delivery[24].

However, challenges remain regarding EV isolation methods, characterization
standards, optimal dosage, and large-scale production. Future studies should focus on
improving EV engineering approaches to enhance targeting efficiency and therapeutic
potency.

4.4. Nanomedicine-based strategies for targeted immunomodulation
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Nanomedicine provides a novel platform for improving the delivery of anti-
inflammatory agents after ischemic stroke. Due to the complex inflammatory
microenvironment and limited drug penetration into the ischemic brain, conventional
systemic administration often results in insufficient therapeutic concentrations and
unwanted adverse effects[25].

Nanoparticle-based delivery systems can enhance drug stability, improve BBB
penetration, and provide targeted delivery to inflammatory cells such as activated
microglia and macrophages. Various nanomaterials, including lipid nanoparticles,
polymeric nanoparticles, and biomimetic nanoparticles, have been developed to
deliver anti-inflammatory drugs, nucleic acids, and antioxidant molecules.

For example, nanoparticles designed to target inflammatory macrophages or
reactive oxygen species-rich environments may selectively regulate pathological
immune responses while preserving beneficial repair processes[26]. Although
nanomedicine remains largely at the preclinical stage, its ability to achieve spatial and
temporal control of drug delivery makes it a promising direction for future stroke
immunotherapy.

4.5. Clinical translation and current challenges

Despite substantial progress in experimental studies, clinical translation of
neuroinflammation-targeted therapies remains challenging. Several factors contribute
to this gap. First, immune responses after stroke are highly dynamic, and therapeutic
interventions may have different effects depending on the disease stage. Early
suppression of inflammation may reduce tissue damage, whereas excessive inhibition
during later stages may interfere with repair processes[27].

Second, substantial heterogeneity exists among patients due to differences in age,
sex, stroke severity, comorbidities, and immune status. Therefore, identifying reliable
biomarkers for patient stratification will be essential for implementing personalized
immunomodulatory therapies.

Currently, several anti-inflammatory approaches have entered clinical evaluation,
including cytokine-targeted therapies, stem cell-based interventions, and immune-
modulating agents. However, consistent evidence supporting their efficacy remains
limited. Future clinical trials should incorporate advanced imaging, immune profiling,
and molecular biomarkers to identify appropriate patient populations and optimize
therapeutic timing[28].

Overall, the future of neuroinflammation-based therapy for ischemic stroke is likely
to  shift from nonspecific = immune suppression toward  precision
immunomodulation[29]. Combining molecular targets, advanced delivery systems,
and individualized patient characteristics may provide new opportunities to improve
neurological outcomes after stroke.

5. Future Perspectives

Although substantial progress has been made in understanding neuroinflammation
after ischemic stroke, several critical challenges remain before effective
immunomodulatory therapies can be successfully translated into clinical practice[30].
Future research should focus on developing more precise approaches that account for
the complexity, heterogeneity, and temporal dynamics of post-stroke immune
responses.
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Single-cell sequencing technologies have revolutionized the investigation of
cellular heterogeneity within the ischemic brain. Unlike traditional bulk sequencing
approaches, single-cell RNA sequencing (scRNA-seq) enables the identification of
distinct immune and glial cell populations and reveals their unique transcriptional
signatures during different stages of stroke[31]. Integration of single-cell sequencing
with spatial transcriptomics may further provide detailed information regarding the
spatial distribution and functional interactions of immune cells within the
neurovascular unit. These approaches are expected to facilitate the discovery of novel
therapeutic targets and biomarkers for patient stratification[32].

Artificial intelligence (AI) and machine learning approaches represent another
promising direction for advancing stroke immunotherapy. By integrating multi-omics
data, imaging information, and clinical parameters, Al-based models may help predict
inflammatory trajectories, identify patients who are most likely to benefit from
specific interventions, and optimize treatment timing[33]. Furthermore, Al-driven
drug discovery may accelerate the development of novel compounds targeting
inflammatory pathways.

The future of neuroinflammation-based therapy will likely shift toward precision
immunotherapy rather than generalized immune suppression. Because inflammatory
responses after stroke involve both detrimental and protective mechanisms, future
interventions should aim to selectively inhibit harmful immune activation while
preserving endogenous repair processes. Strategies combining immune profiling,
targeted drug delivery systems, extracellular vesicle engineering, and biomarker-
guided treatment may provide more effective therapeutic solutions[34].

Nevertheless, several obstacles remain, including the lack of standardized
biomarkers, insufficient understanding of long-term immune remodeling after stroke,
and limited clinical validation of experimental findings. Addressing these challenges
will require multidisciplinary collaboration among neuroscientists, immunologists,
bioengineers, and clinicians. Ultimately, integrating advanced technologies with
individualized therapeutic approaches may transform the management of ischemic
stroke from broad neuroprotection toward precise immune-based intervention[35].

6. Conclusions

Neuroinflammation represents a central component of ischemic stroke pathology
and plays a dual role in both brain injury and repair[4]. Following ischemic insult,
coordinated interactions among microglia, astrocytes, peripheral immune cells, and
the neurovascular unit determine the progression of inflammatory responses and
neurological outcomes[36]. Multiple molecular pathways, including TLR4/NF-kB,
NLRP3 inflammasome, JAK/STAT, cGAS-STING, oxidative stress-related signaling,
and ferroptosis, contribute to the regulation of post-stroke inflammation[37].

Although numerous therapeutic strategies targeting neuroinflammation have shown
promising results, successful clinical translation remains challenging due to immune
complexity and patient heterogeneity[38]. Future advances in single-cell technologies,
spatial transcriptomics, artificial intelligence, and precision immunotherapy may
provide new opportunities for developing individualized treatments[39]. A deeper
understanding of immune regulation after stroke will be essential for transforming
neuroinflammation from a therapeutic obstacle into a target for improving
neurological recovery[40].
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