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Abstract

Purpose of Review—This review aims to provide an overview of neuroinflammation in
ischemic and hemorrhagic stroke, including recent findings on the mechanisms and cellular
players involved in the inflammatory response to brain injury.

Recent Findings—Neuroinflammation is a crucial process following acute ischemic stroke
(AIS) and hemorrhagic stroke (HS). In AlS, neuroinflammation is initiated within minutes of the
ischemia onset and continues for several days. In HS, neuroinflammation is initiated by blood
byproducts in the subarachnoid space and/or brain parenchyma. In both cases, neuroinflammation
is characterized by the activation of resident immune cells, such as microglia and astrocytes,
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and infiltration of peripheral immune cells, leading to the release of pro-inflammatory

cytokines, chemokines, and reactive oxygen species. These inflammatory mediators contribute
to blood-brain barrier disruption, neuronal damage, and cerebral edema, promoting neuronal
apoptosis and impairing neuroplasticity, ultimately exacerbating the neurologic deficit. However,
neuroinflammation can also have beneficial effects by clearing cellular debris and promoting
tissue repair. The role of neuroinflammation in AIS and ICH is complex and multifaceted, and
further research is necessary to develop effective therapies that target this process. Intracerebral
hemorrhage (ICH) will be the HS subtype addressed in this review.

Summary—Neuroinflammation is a significant contributor to brain tissue damage following
AIS and HS. Understanding the mechanisms and cellular players involved in neuroinflammation
is essential for developing effective therapies to reduce secondary injury and improve

stroke outcomes. Recent findings have provided new insights into the pathophysiology of
neuroinflammation, highlighting the potential for targeting specific cytokines, chemokines, and
glial cells as therapeutic strategies.

Keywords

Neuroinflammation; Ischemic stroke; Hemorrhagic stroke; Intracerebral hemorrhage; Glial cells;
Immune cells; Cytokines; Chemokines; Secondary injury; Microglia; Astrocytes; Inflammatory
response; Therapeutic targets; Pathophysiology; Brain damage; Edema

Introduction

Stroke is an acute neurologic injury caused by ischemia or hemorrhage that stems from
a wide range of pathologies. Ischemia is responsible for approximately 87% of strokes,
making it the most common etiology among stroke types [1]. In either stroke type,

the central nervous system’s (CNS) metabolic demands cannot be met, leading to brain
tissue injury and cell death. In acute ischemic stroke (AlS), this metabolic insufficiency
is due to impaired cerebral blood flow (CBF) due to blood vessel occlusion or systemic
hypoperfusion. In contrast, metabolic insufficiency is secondary to vascular rupture and
blood loss in hemorrhagic stroke (HS).

Regardless of stroke type, the role of inflammation cannot be overlooked.
Neuroinflammation has been recognized as a critical component of stroke pathophysiology,
affecting both the disease’s acute and chronic phases. The inflammatory process in stroke
involves activating various cells, including microglia, astrocytes, endothelial cells, and
leukocytes. It also causes the release of pro-inflammatory cytokines such as inflammatory
chemokines (e.g., CXCL8, CCL2, and CCL3) and adhesion molecules. The inflammatory
response can exacerbate brain damage leading to secondary injury, impeding tissue repair
and recovery, and contributing to post-stroke complications, such as motor and cognitive
impairment. Therefore, understanding the mechanisms and regulation of inflammation in
stroke is essential for developing effective prevention and treatment strategies. This review
provides an overview of the current knowledge on the role of inflammation in AIS and
intracerebral hemorrhage (ICH), one of the HS subtypes, including its causes, mediators,
and outcomes.
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Neuroinflammation in Ischemic Stroke: General Concepts

Cerebral ischemia occurs due to obstructed CBF. The lack of oxygen and glucose supply
required to meet the cerebral metabolic demand leads to the ischemic cascade, a complex
series of events resulting in cell death and neurodegeneration as neurons and glial cells are
unable to maintain their ionic homeostasis [2¢¢]. Neuroinflammation is the activation of the
brain’s innate immune system in response to an inflammatory challenge due to stimuli such
as cerebral ischemia, and it involves immune cells, blood vessels, and molecular mediators
[3]. This immune response aims to eliminate the initial cause of cellular injury [4], clear

out damaged necrotic cells, and initiate brain tissue repair. The inflammatory cascade is
initiated a few hours after stroke and can persist for days, weeks, or even months as a
delayed tissue reaction to injury [5¢¢]. The most effective approach to reducing cerebral
ischemic damage is the emergent restoration of CBF. However, this can evoke secondary
reperfusion injury caused by the inflammatory response [6]. Changes resulting from the

loss of cerebral glucose and oxygen lead to injury to microvasculature and the blood-brain
barrier (BBB), but the precise role of secondary inflammatory cells in the pathophysiology
of cerebral ischemia remains unclear [7]. Inflammatory mediators can have detrimental
effects on ischemic tissue, but they may also exert beneficial effects on stroke recovery. The
disruption of the cellular ionic gradients results in an excess release of glutamate, causing an
increase in intracellular calcium influx and excitotoxicity that initiates necrotic and apoptotic
cell death pathways [8] . Cellular ionic imbalances can generate reactive oxygen species
(ROS) during cell death processes, mediating membrane, mitochondrial, and DNA damage
and resulting in protein misfolding and inflammation. Importantly, reperfusion after cerebral
ischemia also increases the production of ROS and the inflammatory response, potentially
worsening neuronal injury. However, outside of the reperfusion with thrombolytics and
endovascular procedures limited by the studied time window, there is no known effective
treatment for cerebral ischemia once it occurs [9] . Although numerous neuroprotective
strategies have been developed, they have shown disappointing results in clinical trials due
to a lack of efficacy or undesirable side effects. Interestingly, evidence suggests that cerebral
ischemia can induce immune suppression in addition to the pro-inflammatory response [10].
This immune suppression may be a protective mechanism to limit excessive inflammation
and secondary tissue damage, mediated by the release of anti-inflammatory cytokines and
the activation of regulatory T-cells that can help dampen the immune response. However,
while immune suppression may be beneficial in the acute phase of cerebral ischemia, it can
also have long-term negative consequences. Studies have shown that immune suppression
can increase the risk of infection and impair tissue repair and regeneration [11, 12¢¢]. Table 1
provides a summary of essential factors related to neuroinflammation in stroke.

Pathomechanisms of Inflammatory Recruitment

Blood-Brain Barrier Breakdown

The BBB is a neurovascular unit component, and consists of pericytes, astrocytes, neuronal
processes, perivascular microglia, and the basal lamina [13, 14]. The BBB’s integrity is
maintained via tight junctions, protein complexes that seal the paracellular route between
opposing brain microvascular endothelial cells. The breakdown of the BBB occurs in
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multiple phases and is a dynamic process [15¢]. In the hyperacute stage, sudden hypoxia
initiates a loss of tight junction proteins, leading to cytotoxic edema, increased paracellular
permeability, and infiltration of immune cells into the brain. The neuroinflammatory
response worsens the BBB disruption in the acute stage, leading to a higher permeability.
This is followed by a basement membrane breakdown, allowing for an influx of larger
molecules and ultimately leading to vasogenic edema [3]. Repair mechanisms, particularly
neo-angiogenesis, occur in the subacute stage during the first 1-3 weeks [16]. BBB
dysfunction is one of the limiting factors for the narrow therapeutic time window of
thrombolytic therapy. During an ischemic event, microglia and astrocytes become activated
and produce cytokines, matrix metalloproteinases (MMPs), chemokines, and vascular
endothelial growth factor (VEGF) [17]. This inflammatory response leads to the breakdown
of the BBB and upregulation of cellular adhesion molecules, allowing for infiltration of
immune cells, such as neutrophils, into the brain tissue. The influx of immune cells further
activates the inflammatory cascade, specifically cytokines, leading to more activation of
glial and astrocyte cells and ultimately resulting in neuronal cell death. Tumor necrosis
factor-a (TNF-a) is one of the key cytokines involved in BBB breakdown. TNF-a disrupts
the BBB by stimulating the activation and proliferation of astrocytes and microglia and
regulating apoptosis factors, such as cysteine, leading to increased production of ROS

and pro-inflammatory cytokines. Studies have shown that the activation of microglia and
astrocytes during ischemia is harmful to the BBB and can also contribute to the development
of neuroinflammatory and neurodegenerative diseases such as Alzheimer’s and Parkinson’s
disease [18]. The mechanism of neuroinflammation and BBB breakdown is demonstrated in
Fig. 1.

The systemic inflammatory response triggered by lipopolysaccharides (LPS) can lead to the
disruption of BBB. This response involves activating immune cells, including macrophages
and microglia, which produce pro-inflammatory cytokines such as interleukin-1p (IL-1pB).
Pro-IL-1p, an inactive cytoplasmic precursor, is cleaved by caspase-1 to form IL-1p, which
can lead to BBB breakdown [19]. Studies have also demonstrated that the mechanism of
leukocyte infiltration into the CNS is induced by the relocation of stromal cell-derived
factor-1 (SDF-1), also known as CXCL12 [20]. The SDF-1 chemokine plays a crucial role
in leukocyte trafficking, and its expression is upregulated during neuroinflammation [21ee].
Increased levels of IL-1p can lead to the activation of astrocytes, which in turn release
SDF-1, causing the recruitment of leukocytes to the CNS [22].

Pericytes in Stroke Inflammatory Response

Following AlS, pericytes exert pro-inflammatory and immune-regulatory roles, while they
also protect the brain from leukocyte invasion and have phagocytic and migratory properties
following an ischemic attack [23<]. Pericytes differentiate into various cell types, including
microglialike cells with phagocytic capacity in AlS [24], meaning their loss worsens
leukocyte infiltration. Conversely, brain microvascular pericytes can also produce toll-like
receptor 4 (TLR4) and a pro-inflammatory response [25].
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Bloodborne Inflammatory Cells in Ischemic Stroke

After an AIS, various leukocyte subtypes infiltrate the brain parenchyma [26]. Neutrophils
are among the first leukocytes to arrive and can cause inflammation and secondary

injury by releasing pro-inflammatory proteins like nitric oxide synthase and MMPs.
Activated leukocytes can also damage blood vessels by producing ROS and other proteases.
Leukocytes can adhere to the endothelium, clogging the microvasculature and damaging
blood vessels [3].

In addition to neutrophils, other leukocytes, such as monocytes and lymphocytes, can also
infiltrate the ischemic brain. The expression of intracellular adhesion molecule (ICAM) and
vascular cell adhesion molecule-1 (VCAM-1) on the endothelial cell and the interactions
of the integrin proteins on the leukocyte cell surface further increases the aggregation
along the endothelial cell on the vessel wall. Expression of platelet and endothelial cell
adhesion molecule-1 (PECAM-1) and junctional proteins facilitate neutrophil diapedesis
across the BBB [3]. Understanding the role of leukocytes in ischemic stroke is important
for developing therapeutic strategies to minimize brain damage and promote recovery.
Targeting the adhesion molecules and integrin proteins involved in leukocyte-endothelial
cell interactions may provide a promising approach to reducing leukocyte infiltration and
preventing BBB disruption. Additionally, targeting the inflammatory molecules released
by leukocytes may help reduce neuroinflammation and potentially improve outcomes post-
stroke.

Monocytes adhere to the vascular wall and move into the ischemic region 4-6 h

after the neutrophil invasion [27]. This infiltration can lead to the differentiation of
monocytes into macrophages, which can contribute to tissue repair by phagocytosing
debris. However, macrophages can also exacerbate neuroinflammation by releasing pro-
inflammatory cytokines and MMPs. Macrophages are subcategorized into two subtypes
based on pro-inflammatory and anti-inflammatory properties. M1 macrophages produce
pro-inflammatory cytokines such as IL-1p and TNF-a, which can enhance ischemic injury.
M2 macrophages, also known as “healing macrophages,” promote the production of anti-
inflammatory cytokines, including IL-10, which may help reduce neuroinflammation [28].
Peripheral blood monocytes can also migrate into ischemic brain tissue and differentiate
into microglia and dendritic cells. Microglia are the resident immune cells in the brain, and
dendritic cells are antigen-presenting cells which activate T-cells.

Lymphocytes can also release cytokines and other molecules that modulate the immune
response. The role of lymphocytes in neuroinflammation is primarily related to T-cell
functions. T-cells are infiltrated from BBB to the ischemic area by their attachment to
endothelium with the help of adhesion molecules. IL-17 is secreted by infiltrated CD4
and CD8 cells into the brain parenchyma within hours after stroke onset, aggravating

the ischemic injury [3]. However, other T-cells, such as regulatory T-cells (T-regs), play
an important role in suppressing excessive immune responses and maintaining immune
tolerance. Studies have shown that T-regs can be activated and recruited to the site of
ischemic injury, where they can modulate the immune response and promote tissue repair
[29]. T-regs can suppress the function of other immune cells, such as microglia and T-cells,
by releasing anti-inflammatory cytokines, such as IL-10 and transforming growth factor
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beta (TGF-B) [30]. T-regs can also promote the production of neuroprotective factors, such
as brain-derived neurotrophic factor (BDNF) and VEGF, which can promote angiogenesis
and neuronal survival [31, 32¢¢]. Understanding the role of T-regs in ischemic stroke may
provide new therapeutic opportunities for modulating the immune response and promoting
tissue repair.

The entry points of peripheral immune cells into the brain following an ischemic stroke
are complex. The BBB is the primary entry site, and the first opening occurs within hours
after cerebral ischemia due to increased transcytosis [16]. The second opening occurs 24 to
48 h later and is characterized by proteolytic degradation of tight junctions and basement
membranes, resulting in the loss of vascular cells [33]. During this later phase, substantial
infiltration of peripheral immune cells is observed.

The glia limitans, or glial limiting membrane, a thin barrier of astrocytic endfeet is
associated with the parenchymal basal lamina that surrounds the brain and spinal cord,
serves as a delaying mechanism for the activation of new transcriptional programs that
enable entry into the brain parenchyma and can cause neutrophil accumulation around

blood vessels [34]. The scavenger receptors CD36 and colony-stimulating factor 3 in
cerebral endothelial cells allow peripheral immune cells to enter the brain parenchyma

[35]. Neutrophils are also found on the abluminal surface of leptomeningeal vessels within
hours after experimental stroke [36]. Accumulation of neutrophils in the meninges precedes
their appearance in the brain parenchyma. Whether meningeal neutrophils enter the ischemic
territory remains to be established. However, their entry is supported by the fact that they are
observed on leptomeningeal vessels.

Additionally, it has been proposed that leukocytes, particularly monocytes and neutrophils,
may enter the brain through vascular channels connecting the dura mater with the skull bone
marrow [37, 38]. Due to its fenestrated endothelium, the choroid plexus is an entry site for
patrolling lymphocytes, mostly CD4+ central memory T-cells, in the healthy brain [39]. The
choroid plexus epithelium upregulates ICAM-1 and VCAM-1, together with the mucosal
vascular adhesion molecule MAdCAM-1, in response to stroke to promote leukocyte
trafficking [40, 41]. The choroid plexus epithelial cells also express the chemokine CCL20,
which enables the entry of 1L-17-secreting lymphocytes into the cerebrospinal fluid (CSF)
through chemokine receptor 6 (CCR6). Monocytes enter the CSF through the choroid plexus
after ischemic stroke. CD73, an ecto-ATPase expressed on choroid plexus epithelial cells
and lymphocytes, mediates monocyte/macrophage trafficking across the choroid plexus. The
choroid plexus stroma contains brain-resident macrophages and dendritic cells expressing
MHC class Il molecules, which may present antigens to T-cells.

Understanding the dual functions of monocytes and macrophages and the role of T-cells
and other lymphocytes in neuroinflammation is crucial for developing effective therapeutic
strategies to minimize brain damage and promote recovery after ischemic stroke. Targeting
adhesion molecules and integrin proteins involved in leukocyte-endothelial cell interactions
may be a promising approach to reducing leukocyte infiltration and preventing BBB
disruption. Moreover, targeting the inflammatory molecules released by leukocytes, such as
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pro-inflammatory cytokines and MMPs, may help to reduce neuroinflammation and improve
outcomes after ischemic stroke.

The Role of Platelets in Cerebral Inflammation

During an ischemic event, the endothelial cells release von Willebrand factor (vVWF) stored
in Weibel-Palade bodies. These bodies function to store two principal molecules, P-selectin
and vVWEF, which are glycoproteins that play a crucial role in the coagulation process.

Under normal conditions, circulating metalloprotease ADAMTS13 cleaves VWF into smaller
fragments to prevent unwanted thrombus formation. However, during an ischemic event, the
release of VWF from the endothelial cells can contribute to platelet activation and thrombus
formation [42, 43¢]. In addition to its role in coagulation, VWF is also involved in recruiting
leukocytes to the site of ischemic injury.

ROS can form complexes with platelets, which are implicated in capillary no-reflow [44].
Capillary no-reflow is a phenomenon where erythrocytes clog the microvasculature due to
the adherence of leukocytes, leading to obstruction of microvascular circulation and further
tissue damage. Platelets also recruit leukocytes to the injury site by interacting with them
through cell surface receptors, such as P-selectin and CD40 ligand, promoting leukocyte
adhesion and activation. This interaction between platelets and leukocytes can contribute to
the progression of neuroinflammation and parenchymal damage.

When activated, platelets release alpha and dense granules, further increasing platelet
activation and acting as pro-inflammatory cytokines. Alpha granules are the most

common granule in platelets and contain several growth factors [45]. They also contain
proteins such as fibrinogen, VWF, and platelet factor 4. Upon platelet activation and
subsequent aggregation, platelets release various factors, including several pro-inflammatory
factors (these molecules include PF4, IL-8, PDGF, TGF-B, and VEGF) [46]. These pro-
inflammatory factors are recruiters and activators of leukocytes, aiding in platelets” immune
regulation and inflammatory function, which can exacerbate tissue damage and contribute to
the progression of ischemic injury [3].

In addition to their pro-inflammatory functions, platelets can release factors promoting
tissue repair and regeneration. These factors include growth factors, such as platelet-derived
growth factor (PDGF) and TGF-B, which can stimulate cell proliferation and extracellular
matrix deposition [47, 48]. Therefore, targeting platelet activation and the release of pro-
inflammatory factors while promoting the release of growth factors may provide a potential
therapeutic strategy to improve outcomes after ischemic events [49].

Inflammatory Cascade Initiation

The inflammatory response triggered by ischemic stroke involves a complex interplay
between various signaling pathways and cellular components. Several studies have shown
that the activation of the inflammatory cascade occurs within minutes of ischemia onset

and can continue for hours to days afterward [50e¢]. In addition, post-stroke inflammatory
responses show sex differences and can affect infarct size and recovery. These responses are
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influenced by various intrinsic and extrinsic factors, such as differences in gonadal hormone
exposure, sex chromosome complement, environmental, and social factors [51¢].

P-selectin is released from Weibel-Palade bodies in endothelial cells and a-granules in
platelets during an ischemic event. It appears on the cell surface and interacts with P-
selectin glycoprotein ligand-1 on leukocytes, attracting them to the endothelial surface and
promoting immune cell infiltration. This process contributes to the recruitment of immune
cells and inflammation in the affected area.

Additionally, acute hypoxia within the cell and glucose deprivation leads to the production
of ROS by cytosolic enzymes and mitochondria. The production of ROS leads to the
generation of pro-inflammatory cytokines, further promoting cerebral inflammation. This
cycle of inflammation and oxidative stress can contribute to the progression of ischemic
injury and worsen outcomes. This oxidative stress can harm neurons, including the
upregulation of Oa.-amino-3-hydroxy-5-methyl-4 isoxazole-propionic acid (AMPA) and
glutamate receptors. These receptors contribute to excitotoxicity, increasing intracellular
calcium concentrations within neurons and ultimately leading to apoptosis.

Cerebral Cellular Involvement in Ischemic Stroke

Microglia

Microglia are the primary resident macrophage-like cells in the CNS and the first line of
defense against stroke. When the brain experiences ischemia, microglia quickly become
activated and release pro-inflammatory cytokines, such as TNF-a and IL-p, worsening the
inflammatory response. In addition to their role in inflammation, microglia are also involved
in maintaining a healthy neural network during development and repair and removing
abnormal proteins [52].

Microglia have two distinct phenotypes that also play a role in neuroinflammation [46].
Similar to M1 and M2 macrophages, M1 microglia are pro-inflammatory, while M2
microglia are anti-inflammatory. Once activated, the microglia release TNF-a via the M1
phenotype, other pro-inflammatory cytokines, and ROS into circulation. M2 microglia
produce anti-inflammatory cytokines, which help in remodeling and repair as well as
angiogenesis. They also produce insulin-like growth factor, suppressing apoptosis and
increasing neuronal cell growth and repair [53¢e, 54]. However, in ischemic stroke, microglia
and macrophages switch from M2 to M1 phenotype in the acute stage, exacerbating
neuronal death. Microglia can control their own polarization through autocrine and paracrine
means, producing anti-inflammatory cytokines and promoting delayed microglia production
(M2 phenotype) levels, which are neuroprotective. However, if this response is interrupted,
chronic inflammation (M1 phenotype) can occur, exacerbating tissue damage [55-57].
Overall, the balance between M1 and M2 phenotypes plays a critical role in determining

the outcome of ischemic stroke.

When in their resting state, multiple cells and receptors, including CD200, colony-
stimulating factor 1 receptors, chemokines such as CX3CL1, and various neurotransmitters,
are in constant motion to monitor the microenvironment of the CNS. However, when
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stimulated by injury or infection, microglia extend their processes and adopt an amoeboid
shape. In response to ischemia, injured neurons release danger-associated molecular patterns
(DAMPs), high mobility group box-1 (HMGB1) protein, and ROS, which activate the
nuclear factor xp (NF-xp) pathway, resulting in the release of pro-inflammatory cytokines
such as TNF-a [3].

Astrocytes also play a crucial role in stroke pathophysiology. Increased glial fibrillary acidic
protein (GFAP) expression leads to increased astrocyte production, which produces several
pro-inflammatory mediators, such as IL-1p and TNF-a.. However, they also have a dual
function by means of activating anti-inflammatory cytokines by secreting co-stimulatory
cells, such as CD200, that interact with microglia to promote an anti-inflammatory
environment [58]. Moreover, astrocytes play a critical role in maintaining the homeostasis of
neurotransmitters, particularly glutamate [59].

In ischemia, the impaired expression of excitatory amino acid transporter 2 (EAAT?2),

a major glutamate transporter expressed predominantly in astrocytes, interferes with the
clearance of glutamate typically performed by astrocytes, leading to excitotoxicity and
neuronal death. However, glutamate uptake by astrocytes needs a large amount of energy,
which is challenging to provide in ischemic stroke [60]. In response to cytokines, astrocytes
undergo hyperplasia and activation, releasing of vimentin, IL-1p, monocyte chemotactic
protein-1, and MMPs, further weakening the BBB [3, 26].

Cytokine Involvement in AIS and ICH

Cytokines are small signaling polypeptides produced by cells within the body, particularly
activated lymphocytes and macrophages. These small proteins include chemokines,
interferons, lymphokines, and tumor necrosis factors. They play a significant role in the
inflammatory process and are key to regulating the balance between cellular immunity and
humoral immunity. They are divided into anti-inflammatory and pro-inflammatory types
[61, 62]. IL-6 is special in that it has both pro- and anti-inflammatory properties [63¢¢].

Chemokines primarily stimulate leukocyte exudation and regulate the distribution of
leukocytes in lymph nodes and other tissues. Astrocytes and microglia are the major sources
of chemokines in brain tissue. Various chemokine genes are upregulated, such as CXCL1,
2,5, IL-8, and CCL20 [6311]. Overactivation of microglia can lead to a prolonged and
excessive inflammatory response that causes further damage to the brain [64].

In ischemic stroke, cytokines such as IL-1, IL-6, and TNF-a are produced rapidly in
response to the ischemic insult. They promote inflammation and BBB disruption, which can
worsen stroke outcomes. IL-10 and TGF-B, on the other hand, have been shown to have
neuroprotective effects and may help in reducing inflammation and promoting tissue repair.
Overall, cytokines play a complex role in ischemic stroke pathology, and targeting their
activity may have therapeutic potential in stroke treatment.
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The role of inflammation in ICH is an evolving topic. After ICH, a type of sterile
inflammation can occur, similar to that observed after ischemic stroke. This inflammation
is triggered by molecules released from damaged or dead cells, such as HMGB1 protein.
Hemoglobin, heme, and iron released after red blood cell lysis can also aggravate ICH-
induced inflammatory injury [64]. This is because they promote oxidative stress and
inflammation.

The tissue damage caused by the hemorrhage in ICH triggers an inflammatory response
mediated by the release of DAMPs from damaged or dead cells. DAMPs are molecules
normally found inside cells but released into the extracellular space when cells are damaged
or die. Once released, they can activate immune cells and trigger an inflammatory response.
In addition to DAMPs, other molecules released after ICH can also contribute to the
inflammatory response. For example, when red blood cells lyse, they release hemoglobin,
heme, and iron. These molecules can aggravate ICH-induced inflammatory injury by
promoting oxidative stress and inflammation [64]. Microglia/macrophages are the first

cells of the innate immune system that are activated rapidly post-HS. They are activated
when toll-like receptors (TLRs), found on their membrane surface, bind to DAMPs. The
key function of DAMPs is triggering the inflammatory response by communicating with
microglia/macrophages that there is cellular damage. TLR4 is the predominant TLR found
on microglial cells and is upregulated shortly after ICH, which leads to the upregulation

of pro-inflammatory genes via the NF-x signaling pathway. Once activated, microglia
phagocytose (engulf and digest) damaged cells, tissue debris, and hematoma. This helps

to clear away damaged tissue and promote healing. However, if microglia become over-
activated, they can release pro-inflammatory mediators that exacerbate ICH-induced cerebral
injury. Pro-inflammatory mediators are molecules that promote inflammation and can
include cytokines, chemokines, and ROS [62].

Understanding the mechanisms of neuroinflammation in AIS and ICH could lead to the
development of new treatments to reduce secondary injury and improve outcomes.

Pro-inflammatory Cytokines in AIS and ICH

IL-1/1L-1B

The IL-1 family comprises eleven members [65]. The main sources in the CNS are
microglia, astrocytes, and neurons. After binding to IL-1R1, both IL-1a and IL-1p induce
further expression of IL-1. IL-1p is produced by microglia and monocytes, and its levels
increase rapidly following an insult, typically within 15-30 minutes and are significantly
elevated by 6 hours. Levels will only start to decline after 24—72 h. Following cerebral
ischemia, IL-1p stimulates nuclear factor NF-xp through TLRs and increases the production
of chemokines and cytokines, leading to BBB disruption and edema formation, thereby
exacerbating the ischemic injury. Microglia convert to the M1 type, which expresses IL-1p,
causing neurotoxic effects. Studies in rats have shown that higher levels of IL-1p are
associated with more significant cerebral injury [66]. Evidence also points towards both
central and peripheral IL-1f contributing to cerebral injury. IL-1Ra is a naturally occurring
protein that inhibits the activity of IL-1f by binding to its receptor. Preclinical studies have
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demonstrated that treatment with IL-1Ra reduces infarct size and BBB damage following
AIS [67].

There is a positive correlation between IL-1f levels and disease severity and brain edema
and a negative correlation with Glasgow Coma Scale (GCS) at 30 days in ICH [63e¢].
Rapid accumulation of DAMPs after ICH triggers an inflammatory response that involves
interaction with TLRs on multiple cells. This interaction triggers massive production of
IL-1pB via the NF-xB signaling pathway, mainly by microglia and macrophages.

The NLRP3 inflammasome is a protein complex that plays an important role in
inflammation following ICH. Following ICH, The NLRP3 inflammasome on microglia is
activated via several mechanisms, including the complement system and construction of

the MAC. Once activated, the NLRP3 inflammasome will activate caspase-1, which then
converts pro-1L1-p and pro-1L-18 into mature IL-1p and IL-18. This process leads to a form
of programmed cell death called pyroptosis, which leads to increases in pro-inflammatory
cytokines [63¢¢]. The NLRP3 inflammasome is an attractive therapeutic target in ICH due to
its key role in the inflammatory response.

Clinical trials of subcutaneous IL-1Ra use in AlS and subarachnoid hemorrhage showed
that it is safe and reduces plasma inflammatory markers such as IL-6 and C-reactive protein
[68]. Further studies are needed to evaluate its use in everyday stroke practice and other
hemorrhagic stroke types, such as ICH.

IL-6 plays a complex and bivalent role in the pathogenesis of cerebral ischemia. Its
production requires IL-1 and TNF-a to activate fibroblasts and endothelial cells. IL-6
enhances leukocyte recruitment by way of upregulating chemokines and adhesion molecule
expression. It can also disrupt the BBB by decreasing the trans-endothelial electrical
resistance value, thereby increasing BBB permeability.

However, IL-6 also demonstrates neuroprotective properties by promoting the repair of
endothelial cells in the CNS, activating the PI3BK/AKT and JAK-STAT pathways, facilitating
angiogenesis and revascularization, decreasing NMDA-mediated neuronal cell injury, and
protecting neurons against apoptosis. This bivalent action of IL-6 is dependent on the
ischemic phase. While it is a pro-inflammatory cytokine in the acute phase, it exhibits
neuroprotective properties in a subacute or chronic phase that may be exploited to develop
novel therapeutic strategies for treating ischemic stroke [13, 69], and the timing of I1L-6
targeting may be crucial for its therapeutic potential. IL-6 also produces acute-phase proteins
such as hepatic cell fibrinogen, C-reactive protein (CRP), hepcidin, and serum amyloid A.
These are now useful prognostic biomarkers in acute ischemic stroke [70].

IL-11 is produced by multiple cells of mesenchymal origins, such as keratinocytes, synovial
cells, bone cells, leukocytes, fibroblasts, and endothelial cells. In the CNS, IL-11 plays

a role in multiple sclerosis (MS), promoting CD4 T-cells to differentiate into Th17 cells,
thus increasing IL-17, among other cytokines. Oddly enough, activation of IL-11 reduces
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inflammatory demyelination, cleavage of caspase-9, and neuronal death. IL-11 levels are
generally low in the CSF and healthy people’s serum, likely due to its short half-life.
However, IL-11 levels increase after ICH, making it a potential marker of brain injury
severity. Acute increases in IL-11 lead to endothelial cell proliferation and fibrosis around
the cerebral aqueduct, which may contribute to brain edema and hydrocephalus. Most
research focuses on using IL-11 as a marker to determine the severity and prognosis of ICH
[63e°].

This pro-inflammatory cytokine is produced primarily by Th17 cells, and to a lesser extent,
by y8T and NK cells. The primary subtype is IL-17A, but subtypes range to IL-17F.
IL-17 binds to IL-17Rs found on epithelial cells, fibroblasts, endothelial cells, osteoblasts,
and, importantly, hematopoietic cells. Once the IL-17Rs are bound by IL-17, downstream
pathways are activated: NF-xp, Mitogen-activated protein kinase (MAPK), and C/EBP’s.
IL-17Rs recruit NF-xp activator-1 via the SEF/IL-17R (SEFIR) domain, activating the
NF-xp and MAPK pathways. NF-xp and MAPK pathways induce the production of
inflammatory cytokines. The C/EBP pathway’s function is to act as a negative signal,
inhibiting gene expression of pro-inflammatory cytokines. IL-17 receptors are expressed
abundantly in the brain, and their signaling contributes directly or indirectly to damaging
neurons and nerve function [63ee].

After ICH, IL-17 levels increase via two pathways. Destruction of neurons leads to increased
levels of peroxiredoxin. Peroxiredoxin and hemoglobin bind to TLR2/4 on macrophages,
which stimulates the production of IL-23. IL-23 induces the differentiation of CD4 cells into
Th17 cells, which greatly increases IL-17. This forms the IL-23/IL-17 inflammation axis.
IL-23 stimulates y8T cells to a lesser degree, which also produces IL-17. Several studies
suggest that IL-17 in the brain is mostly produced via y8T lymphocytes [71]. It was shown
that 8T lymphocytes and IL-17 levels peak on the fourth day after ICH [72, 73¢]. The
significant rise in IL-17 after ICH promotes inflammatory reactions that aggravate brain
injury [63ee].

IL-23 is a heterodimeric cytokine that belongs to the IL-12 family and is released by
macrophages and activated dendritic cells. While I1L-23 can induce the production of IFN-vy,
the induction level is drastically lower than the induction by IL-12. The main role of IL-23
is to increase the levels of IL-17 by promoting CD4 T cell differentiation into Th17 cells.
IL-23 can also contribute to increased levels of IL-17 through other pathways, such as the
activation of IL-1B, which plays a significant role. If T-cell receptors are not activated,
pathogen-associated molecular pattern molecules (PAMPs) activate IL-103B2; and 1L-23.
However, instead of T-cell differentiation to Th17, -y8T cells are induced and produce IL-17
and IL-21. IL-1B and IL-23 activated y&T cells can also interact directly with CD4 T-cells
and indirectly with dendritic cells to promote the production of IL-17. Current studies
suggest that y8T cells are the primary producers of IL-17 following ICH [63e¢].
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Interferon-y (IFN-v) is produced by various immune cells such as monocytes, natural killer
cells, macrophages, B-lymphocytes, and T-cells. It has been implicated in atherogenesis.
Following an ischemic insult, CD4+ T-cells can pass through the BBB and be activated

by microglia to form either Th1 (pro-inflammatory) or Th2 (anti-inflammatory) cells.
IFN-y has a complex role in ischemic stroke. On the one hand, it can exacerbate the
inflammatory response by inducing the expression of pro-inflammatory cytokines and
chemokines, activating microglia (M1 type), and promoting neuroinflammation [74]. On
the other hand, it can also have neuroprotective effects by promoting astrocyte activation
and inducing neurotrophic factor expression [75]. Additionally, IFN-vy has been implicated
in the pathogenesis of post-stroke depression (PSD) [76]. It has been shown that high levels
of IFN-y are associated with an increased risk of developing PSD [77¢e, 78]. Therefore,
targeting IFN-y signaling may be a potential therapeutic strategy for treating this common
post-stroke complication.

TNF-a, a cell-signaling pro-inflammatory protein, binds to receptors TNF-R1 and TNF-R2.
These are expressed in many different tissues throughout the body, but TNF-R2 is most
implicated in the immune system. The primary pathways involved are NF-xB and MAPK
pathways, which can result in apoptosis.

During cerebral ischemia, TNF-a mRNA is upregulated. In addition, multiple cell types,
including mast cells, monocytes, neutrophils, macrophages, and fibroblasts, can upregulate
its production. There are two types of TNF-a.: the precursor transmembrane form, which
produces local inflammation between cells, and the soluble form, which is the biologically
active form. A TNF-converting enzyme produces the soluble form and has been shown

to induce IL-1 and IL-6 production and initiate phagocytosis [17]. MMPs also produce
soluble TNF-a, which contributes to BBB breakdown. It has been studied that there is an
overexpression of TNF-a following both definitive and temporary occlusion of the middle
cerebral artery.

TNF-a is one of the first cytokines to populate after ischemic stroke and has the first peak
within 1-3 h and a successive peak around 24-36 h. Its levels decrease about 72-144 h
post-stroke, associated with clinical improvement during the acute phase. Although TNF-a
is a pro-inflammatory cytokine, it also has neuroprotective effects. Its exact mechanism is
still being studied [13], but findings have shown that administering TNF-a before stroke
induction significantly reduces infarct size and improves neurological function in rats [79,
80]. TNF-a can also induce the expression of neurotrophic factors such as BDNF and glial
cell line-derived neurotrophic factor (GDNF), which promote neuroprotection and neuronal
survival [81].

Following ICH, TNF-a is secreted by neurons and activates microglia and astrocytes.

Their levels increase shortly after ICH. Once released, it decreases BBB stability by

altering the cytoskeleton, tight junction protein expression, and serine protease production. It
downregulates claudin-5 expression via the NF-xp pathway and upregulates the expression
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of VCAM-1 via the MAPK pathway, thus contributing to leukocyte adhesion. It also causes
neuronal cell death following ICH. Once TNF-a is released by activated microglia, it
induces necroptosis of neurons and initiates neuronal apoptosis via the caspase-3 pathway.
TNF-a also causes excitotoxicity by increasing the expression of AMPA receptors on
synapses. TNF-a inhibitors have been shown to reduce the degree of brain edema,
inflammation, and neurologic impairment; however, they do not alter hematoma volume.
TNF-a inhibitors may have a role in ICH management in the future; however, more research
is required in both animal and human models [63¢¢].

Anti-inflammatory Cytokines

IL-4

IL-10

IL-4 is important for humoral and adaptive immunity. It has several functions that

contribute to its anti-inflammatory properties. It can induce the differentiation of naive ThO
lymphocytes into Th2 cells. It is produced by lymphoid cells and mast cells. It also promotes
the activation of anti-inflammatory M2-type microglia and macrophages.

IL-4 is produced not only by immune-mediated cells, but it is also hypothesized that
neurons produce IL-4 in response to cerebral ischemia. This cytokine is vital during the
Th2 differentiation and can produce M2-type (“healing”) macrophages/microglia with anti-
inflammatory properties. The neuroprotective effect of IL-4 is achieved through the STAT6
signal pathway, which belongs to the Spinal Transducer and Activator of Transcription
family of proteins, leading to the inhibition of pro-inflammatory cytokines and stimulation
of the PPARy pathway [69]. These processes will help promote the phagocytosis of dead
cells and the proteolysis of specific proteins that could support neuro-rehabilitation.

IL-4 treatment reduces infarct size and improves neurological deficits in animal models
of ischemic stroke [82]. Additionally, IL-4 has been found to enhance neurogenesis in

the subventricular zone and the dentate gyrus of the hippocampus, leading to improved
functional recovery after stroke [83]. These findings suggest that IL-4 could be a potential
therapeutic target for ischemic stroke, as it promotes anti-inflammatory responses and
enhances neuroprotective and neuro-rehabilitative processes. Studies investigating the
relationship between IL-4 and ICH have revealed that promoter polymorphisms of the I1L-4
gene are closely related to ICH but not ischemic stroke. This suggests that IL-4 may be
involved in the pathogenesis of ICH and that genetic variation in the 1L-4 gene may be a
potential indicator of disease severity. Further research is needed to understand the role of
IL-4 in ICH fully and to explore its potential as a therapeutic target [63¢].

IL-10 is produced by monocytes, Th2 lymphocytes, CD4 regulatory T-cells, and mastocytes.
Its expression in brain tissue promotes glial survival and inhibits the inflammatory

pathway through different signaling pathways. IL-10 has potent and diverse effects on

all hematopoietic cells infiltrating the brain after injury [84]. The neuroprotective effect

is achieved by inhibiting the inflammatory cytokines through PI3K and STAT3 activation
pathways. I1L-10 also inhibits the effect of NF-xp [85]. Increased IL-10 levels decrease
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CD11b cells related to infarct expansion via the nitric oxide pathway. It is important in

the balance of Thl and Th2 cell types. IL-10 is also an immensely powerful suppressor

of lipopolysaccharide-induced TNF production. B7-H1 functions to suppress T-cell immune
function through modulation of IL-10/IL-12 production and T-reg generation.

Several studies have investigated the potential therapeutic use of IL-10 in treating stroke.
For example, treatment with 1L-10 reduced brain injury and improved neurological function
in rats with ischemic stroke [84]. Another study found that 1L-10 gene therapy improved
functional recovery and reduced inflammation in a mouse stroke model [86]. Overall,

these findings suggest that IL-10 has potential as a therapeutic target for ischemic stroke

by promoting anti-inflammatory responses and inhibiting neuroinflammation. However,
elevated levels of IL-10 have also been found to contribute to post-stroke infection,
particularly urinary tract infection in women, leading to poorer recovery [69]. Thus, the
immunosuppressive effects of IL-10 may contribute to an increased risk of infections in
stroke patients.

In ICH animal models, increasing the release of IL-10 by boosting T-reg cells reduced
ICH-induced brain injury [72], and intraventricular injection of IL-10 reduced hematoma
volume within 3 days after ICH [87]. Therefore, increasing the level of IL-10 is a potential
target for neuroprotection in patients with ICH; however, learning the cellular mechanism by
which it is regulated is necessary to help establish new therapeutic targets [63¢].

IL-33 has a trefoil structure that resembles other IL-1 cytokines. In the CNS, IL-33 is
primarily produced by endothelial cells and astrocytes, with IL-33 receptors located mostly
on astrocytes and microglia. While IL-33 has been shown to increase the production of
pro-inflammatory cytokines, more evidence points to a larger role in anti-inflammatory
processes. Primarily, it can facilitate macrophage differentiation into M2 macrophages,
protecting the nervous system from further damage. It also plays a role in slowing
Alzheimer’s disease (AD) progression by facilitating amyloid-p peptide uptake by activated
microglia. This anti-inflammatory property also occurs after spinal cord injury.

After ICH, increases in pro-inflammatory cytokines and elevation of TNF-a induce the
release of 1L-33 by astrocytes. This essentially functions as a negative regulator by reducing
the levels of pro-inflammatory cytokines and increasing anti-inflammatory cytokines and
tissue repair by facilitating T-cell conversion to Th2 cells. Another neuroprotective feature
of IL-33 is its role in increasing levels of the anti-apoptotic Bcl-2 and decreasing levels of
cleaved caspase-3 expression, ultimately reducing neuronal apoptosis. The specific role of
IL-33 in ICH is still under investigation, and its potential use in management is yet to be
determined [63¢¢].

TGF-p has been shown to promote the survival of neurons and facilitate the recovery

of cerebral parenchyma following ischemic stroke. Among the five subtypes of TGF-,
subtypes B1 and B2 are particularly prominent after stroke [8]. TGF-B1 is produced by
activated microglia and M2 macrophages, while TGF-B2 is produced by astrocytes. These
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subtypes of TGF-B can directly inhibit the pro-inflammatory cytokines, reducing cerebral
damage in ischemic stroke [13].

TGF-B has anti-inflammatory roles in ICH primarily through its action in promoting the
proliferation and differentiation of T-reg cells. In ICH, TGF-f levels decrease markedly at
first but increase over the next 14 days, reaching normal levels between days 10 and 14.
T-reg cells increase moderately during the first 3 days, increase markedly and peak on the
4th day, then decrease on the 7th day. TGF- also facilitates brain repair by macrophages
through the Smad2 and Smad3 pathways. T-reg cells promote the differentiation of
microglia into the M2-like subtypes via the 1L-10, GSK3-BPTEN axis.

Clinically, patients with early increases in plasma TGF-B1 levels had favorable outcomes 90
days after ICH, suggesting utility in recovery from ICH [88]. This finding is controversial
as other data have shown that TGF-p level is elevated in the CSF of patients with

severe traumatic brain injury and is associated with increased BBB permeability and
development of brain injury after germinal matrix hemorrhage [89]. Another study revealed
that chronically elevated TGF-f leads to microglia being less likely to differentiate from the
M1 to the M2 phenotype [90]. Based on the mixed results of TGF-f’s effects during ICH,
more research needs to be completed to delineate the mechanisms of this cytokine [63ee].

Pro-inflammatory and Anti-inflammatory (Mixed Effect) Cytokines

IL-6

IL-6 is a special cytokine that has both pro-inflammatory and anti-inflammatory properties.
It is a glycoprotein that balances the CD4 T-cells subsets and induces the production of
B-cell antibodies, effectively acting as a connection between innate and acquired immunity.
Its effects are achieved through membrane-bound receptors, and whether they are anti-
inflammatory or pro-inflammatory depends on cytokine concentrations, site of injury, target
cells, and stage of disease development.

In the CNS, IL-6 levels are very low unless an injury occurs. If the injury occurs, then IL-6
will be produced by neurons, microglia, and, most importantly, astrocytes. After ICH, IL-6
levels greatly increase, peaking 1 day following the inciting injury. IL-6’s role in secondary
ICH is a topic of debate. It primarily exerts its detrimental CNS effects via the trans-
signaling (pro-inflammatory) pathway. The anti-inflammatory effect via membrane-bound
receptors is found mostly in microglia. IL-4, known to increase macrophage/microglial M2
(anti-inflammatory) phenotype, has been shown to induce the production of IL-6 along
with other anti-inflammatory markers. IL-4 and IL-6 may act synergistically, playing a
neuroprotective role in patients with ICH [63e¢].

Complement System Activation in AlS and ICH

The complement system, also known as the complement cascade, a part of the innate
immune system, is also implicated in the pathophysiology of cerebral ischemia and stroke
[91, 92]. The complement system consists of more than 30 plasma and membrane-bound
proteins that interact with each other in a cascade-like manner. The complement system can
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be activated by three pathways: the classical, alternative, and lectin pathways, all of which
converge on the formation of the C3 convertase, leading to the cleavage of C3 into C3a

and C3b. C3a is a potent anaphylatoxin that activates immune cells, including microglia,
while C3b plays a critical role in opsonization, phagocytosis, and clearance of pathogens and
cellular debris [93]. The complement system also generates the membrane attack complex
(MAC), which can lyse cells by creating pores in their membranes [93, 94].

In AIS, the complement system is locally and systemically activated [91, 92]. Studies

have shown that cerebral ischemia leads to the activation of the classical and alternative
complement pathways, resulting in the deposition of complement components, including
Clq, C3, and MAC, in the ischemic brain tissue [95, 96]. The deposition of complement
components is associated with BBB dysfunction, neuronal damage, and neuroinflammation
[97]. In addition, the systemic activation of the complement system, as evidenced by
elevated levels of complement components in the plasma, has been reported in patients
with acute ischemic stroke and is associated with worse clinical outcomes [91, 98].

Endothelial cell activation and ROS production are key triggers of the complement system
activation in AIS [97]. Endothelial cells, which line the cerebral vasculature, play a critical
role in maintaining the integrity of the BBB and regulating cerebral blood flow. However, in
response to ischemic injury, endothelial cells become activated, leading to the expression of
adhesion molecules and the release of cytokines and chemokines, which recruit leukocytes
and complement components to the site of injury. In addition, ROS, which is produced

by activated endothelial cells, can directly activate the complement system, leading to the
generation of C3a and C5a, which further amplify the inflammatory response [97].

The activation of the complement system in cerebral ischemia has numerous downstream
effects on various immune and neuronal cells. Microglia express complement receptors and
are activated by C3a and C5a, producing pro-inflammatory cytokines and chemokines [99].
In addition, microglia can phagocytose complement-opsonized cells and debris, leading to
the generation of ROS and further complement activation [100, 101]. Astrocytes, another
glial cell type, also express complement receptors and can be activated by complement
components, producing pro-inflammatory cytokines and chemokines [100].

In addition to microglia and astrocytes, infiltrating neutrophils and peripheral macrophages
also produce C1q and activate the complement cascade in the ischemic brain tissue. In

the context of ischemic brain tissue, the presence of infiltrating neutrophils and peripheral
macrophages can lead to the production of C1q, which can activate the complement cascade.
This activation can result in the formation of the MAC, which can destroy cells, including
neurons. The complement cascade can also be activated by DAMPs released by dying
neurons, which can directly activate the alternative pathway of complement [102].

Activation of the complement system results in the formation of complement components,
including C3a, C5a, and the MAC. The C3a and Cba fragments, known as anaphylatoxins,
are potent inflammatory mediators that recruit and activate immune cells, including
neutrophils, macrophages, and T-cells to the injury site. C5a also activates microglia

and astrocytes, producing pro-inflammatory cytokines, such as TNF-a,, IL-1, and IL-6.
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Furthermore, the MAC can directly damage neurons and glial cells, leading to cell death
[97].

Several studies have suggested that complement activation exacerbates ischemic brain injury
and worsens functional outcomes in stroke patients [91]. Inhibition of the complement
system has been shown to reduce brain injury and improve outcomes in animal models

of stroke [103]. For example, C5a receptor antagonists have been shown to reduce infarct
volume, improve neurological deficits, and decrease neutrophil infiltration in the ischemic
brain [104].

In addition, studies have shown that genetic deficiencies or pharmacological inhibition of
complement components, such as C3, C5, and C6, can reduce brain injury and improve
outcomes in animal models of stroke [96, 105-107]. Furthermore, administration of
complement inhibitors, such as complement receptor 1-related protein-y, a soluble inhibitor
of the classical and alternative complement pathways, or complement receptor 2-C3d fusion
protein, which blocks the interaction between C3d and complement receptor 2, has been
shown to reduce ischemic brain injury and improve functional outcomes in animal models of
stroke [108].

In addition to promoting inflammation and neuronal damage, the complement system has
also been implicated in promoting angiogenesis and tissue repair after AlS. For example,

a study in a mouse model of stroke found that C3-deficient mice exhibited impaired
angiogenesis and increased neuronal damage compared to wild-type mice [109]. In another
study, inhibiting C5aR1 by PMX53 treatment reduced cell injury and inflammation and
promote brain function recovery by inhibiting the TLR4 and NF-xB signaling pathway and
reducing the production of TNF-a, IL-1pB, and IL-6 in the middle cerebral artery occlusion/
reperfusion rats [110].

In the context of ICH, several studies have shown that complement activation occurs rapidly
following hemorrhage and is associated with significant tissue damage. For example, in a
rat model of ICH, it was shown that complement activation occurs within minutes following
hemorrhage and is associated with the infiltration of neutrophils and microglia into the
brain tissue [111]. Similarly, it was shown that complement proteins are present in the
hemorrhagic brain tissue and that the expression of complement proteins is increased in the
perihematomal area [112].

The mechanisms by which complement activation contributes to the pathogenesis of ICH
are complex and multifactorial. One of the main ways complement activation contributes

to tissue damage in ICH is through the formation of the MAC, which can cause direct
damage to the cell membrane and lead to cell lysis [113¢]. In addition, the MAC can also
activate microglia and astrocytes, leading to the production of pro-inflammatory cytokines
and chemokines. These cytokines and chemokines can recruit additional immune cells to the
injury site and exacerbate tissue damage.

Another way in which complement activation contributes to the pathogenesis of ICH is
through the production of ROS. Several studies have shown that complement activation
leads to the production of ROS, which can cause oxidative damage to cellular components.
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This oxidative damage can lead to further tissue damage and exacerbate the inflammatory
response [114].

In addition to causing tissue damage, complement activation also plays an important role

in the recruitment and activation of immune cells following ICH. For example, complement
activation can produce of chemotactic factors that recruit neutrophils and monocytes to

the site of injury [111]. Once recruited, these immune cells can exacerbate tissue damage
through the production of pro-inflammatory cytokines and the phagocytosis of damaged
cells.

In summary, complement activation plays a significant role in the pathophysiology of both
AIS and ICH and is a potential therapeutic target for these conditions. However, the clinical
efficacy of complement inhibitors in stroke has yet to be determined. There are concerns
regarding the potential for increased risk of infection and impaired clearance of cellular
debris. Further preclinical and clinical studies are needed to determine the safety and
efficacy of complement inhibitors in stroke and to identify the optimal timing and dosage of
these agents.

Transcription Factors in Post-ischemic Brain and ICH

Transcription factors are crucial in regulating neuroinflammation and can promote recovery
and regeneration after injury by inducing endogenous stem cell proliferation. After ischemic
stroke, different types of cells promote astrocyte activation by secreting various factors,
including activated microglia, dead neurons, endothelial cells, and other cells [115]. These
factors act by entering the cell via multiple pathways. One of these pathways is the NF-

xP pathway. NF-xp regulates the transcription of a range of pro-inflammatory factors.
After ischemic stroke, NF-xp is activated in activated microglia and translocates from

the cytoplasm into the nucleus, which induces the production of inflammatory cytokines
and results in secondary brain injury after stroke [116<¢]. NF-xf also induces microglia
activation and polarization of the M1 phenotype [115]. Ischemia/reperfusion injury can
activate transcription factors such as AP-1 and MAP kinase cascades, leading to cell death
and inflammation [3]. However, there is also evidence that intravenous hedgehog agonist
administration can induce endogenous stem cell proliferation after cerebral ischemia [117],
suggesting the potential for transcription factors to play a role in promoting recovery

and regeneration after injury [118]. AP-1 is a transcription factor that is activated by
ischemia and reperfusion injury in the brain. It has been shown to promote neuronal cell
death and inflammation by upregulating the expression of pro-inflammatory cytokines such
as TNF-a and IL-6 [119]. Inhibition of AP-1 has been shown to reduce brain injury

and improve functional recovery after ischemic stroke in animal models. MAP kinase
cascades are also activated by ischemia/reperfusion injury in the brain. They play a role in
promoting neuronal cell death and inflammation. Inhibition of MAP kinase cascades has
been shown to reduce brain injury and improve functional recovery after ischemic stroke in
animal models [120]. Hypoxia-inducible factor-1a (HIF-1a) is a transcription factor that is
activated in response to hypoxia, a common occurrence after ischemic stroke [121]. HIF-1a
regulates gene expression in cell death, inflammation, and angiogenesis. Peroxisome
proliferator-activated receptor gamma (PPAR-v) is another transcription factor that is
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involved in post-stroke injury [122]. PPAR-vy inhibits inflammation and oxidative stress

and promotes neuroprotection. Cyclic adenosine monophosphate response elementbinding
protein is a transcription factor that regulates neuronal survival and plasticity. Dysregulation
of these transcription factors can lead to neuroinflammation and cell death. Nuclear factor
erythroid 2-related factor 2 (Nrf2) and SRY-box 2 (Sox2) are transcription factors that have
been shown to promote recovery and regeneration after stroke [123-125]. In conclusion,
transcription factors play a significant role in the post-ischemic brain by regulating the
transcription of pro-inflammatory factors and inducing microglia activation and polarization.
Further research on these pathways may provide new ideas and directions for the diagnosis
and clinical treatment of ischemic stroke.

Transcription factors have also been shown to play a role in the pathogenesis of ICH

with neuroinflammation. NF-xB is a transcription factor that is activated by ICH [126].

It has been shown to promote neuroinflammation by upregulating the expression of pro-
inflammatory cytokines such as TNF-a and IL-6. Inhibition of NF-xB has been shown

to reduce brain injury and improve functional recovery after ICH in animal models. The
hedgehog signaling pathway has been shown to promote recovery and regeneration after
ICH restoring BBB function [127]. Nrf2 regulates gene expression in antioxidant defense
and anti-inflammatory pathways [128, 129¢]. Sox2 is a transcription factor involved in
neural stem cell proliferation and differentiation [130]. Dysregulation of Nrf2 and Sox2
can lead to neuroinflammation and cell death in ICH [128, 131]. However, dysregulation
of transcription factors can lead to neuroinflammation and cell death, highlighting the need
for further research to develop effective therapies targeting transcription factors for stroke
treatment and prevention.

Effect of Post-stroke Inflammation on Other Organs: Innate and Adaptive

Immunity

Research is also focused on not only inflammation within the CNS post-stroke, but also

on systemic inflammation and its effects on the rest of the body. The cytokines and
inflammatory cells mentioned throughout this chapter can reach other organ systems through
the breakdown of the BBB and through CSF and DAMPs that trigger the innate immune
system. This causes an initial appearance of systemic inflammatory response in stroke
patients that appears later in the course as depression of the immune system with leukopenia
and post-stroke infections.

AIS and HS result in the release of DAMPs that can activate immunocompetent cells like
microglia and astrocytes in the affected area [132-134]. Moreover, these DAMPs can also
circulate in the bloodstream and promote the recruitment of circulating immune cells to
the brain, resulting in a complex peripheral immune response to stroke [135]. Traditionally,
the immune response to stroke was studied in the context of subacute immunosuppression,
which is associated with increased susceptibility to bacterial infections in stroke patients
[136]. However, more recent findings have highlighted a multiphasic immune response to
stroke, with systemic inflammation occurring throughout all stages of the disease. During
the hyperacute phase, the peripheral immune system is rapidly activated in response to
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stroke-induced brain injury [137, 138¢]. This acute systemic response is followed by a state
of immunosuppression characterized by the loss and unresponsiveness of immune cells [139,
140]. In the chronic phase after stroke, there is a low-grade sustained residual inflammation
that could impact the long-term outcome of stroke patients. Understanding the different
phases of the immune response to stroke is crucial for developing effective therapeutic
strategies. For example, interventions aimed at reducing the acute systemic response could
help prevent the onset of immunosuppression, while approaches targeting sustained residual
inflammation could improve long-term outcomes.

Stroke also induces the mobilization of more leukocytes from the spleen and bone marrow
and the activation of neurogenic pathways during the acute phase [12¢¢]. In the subacute
phase, which occurs within hours to days after stroke onset, a state of immunosuppression
is triggered. The prolonged overactivation of neurogenic pathways, as well as the release
of DAMPs and other pro-inflammatory mediators, causes lymphopenia due to massive

cell death and a bias towards the monocyte differentiation pathway in bone marrow
hematopoiesis [12¢¢]. This leads to an imbalance between type 1 (Th1) and type 2 (Th2)
helper T-cells, and circulating monocytes become less capable of providing costimulatory
signals. Later, a long-term phase of compromised peripheral immunity is characterized

by chronic and sustained high levels of DAMPs and pro-inflammatory cytokines. This
sustained inflammation can potentially impact the long-term outcome of stroke patients,
prevent immunosuppression, and reduce sustained residual inflammation. More research is
needed to understand the mechanisms underlying the immune response to stroke fully and to
develop effective therapeutic strategies.

A peripheral immune response to stroke is initiated within minutes after stroke onset by
DAMPs that originate from dying or stressed cells within the ischemic brain or actively
secreted by immune cells [141]. DAMP levels rapidly increase in blood within the first hours
after stroke onset, including HMGBJ1, calprotectin, Prx-1 and Prx-5, heat shock proteins, and
cell-free DNA. The exact mechanisms whereby the injured brain sends out these first DAMP
signals to trigger acute systemic inflammation still remain unclear, but the opening of the
BBB, as well as the glymphatic and meningeal lymphatic systems, have been identified as
possible routes [142¢].

Circulating DAMPs are recognized by pattern recognition receptors (PRRs) such as TLRs or
the receptor for advanced glycation end products (RAGE), expressed by diverse immune
cell subpopulations [143]. Signaling through these PRRs activates diverse downstream
signaling pathways, including the NF-xB, MAPK, interferon regulatory factors (IRF),

or the inflammasome signaling pathways [144]. These signaling pathways induce the
production and release of pro-inflammatory cytokines by activated immune cells, which
amplify and perpetuate the inflammatory response. The acute inflammatory response to
stroke can contribute to the progression of brain damage by exacerbating BBB disruption,
oxidative stress, and neuroinflammation. However, the acute inflammatory response can
also play a beneficial role by promoting the clearance of cellular debris, the recruitment

of immune cells to the site of injury, and the activation of tissue repair mechanisms.
Therefore, therapeutic interventions that modulate the peripheral immune response to stroke
are promising strategies for reducing the severity and extent of brain damage after stroke.
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For example, inhibition of DAMP signaling, cytokine production, and the modulation

of immune cell polarization have shown neuroprotective effects in preclinical models of
ischemic stroke. However, clinical translation of these approaches remains challenging, and
further research is needed to identify safe and effective strategies for targeting the peripheral
immune response to stroke.

The acute phase of stroke is characterized by a massive immune response that involves the
release of pro-inflammatory cytokines, the mobilization of immune cells from peripheral
reservoirs, and the dysbiosis of the gut microbiota. The spleen and bone marrow,

two major reservoirs of immune cells, are rapidly exhausted within hours after stroke,
activating neurogenic pathways that play a major role in releasing immune cells [102,

145]. Norepinephrine and epinephrine levels contribute to spleen shrinkage and massive
exiting of immune cell populations from this organ. At the same time, the activation of
sympathetic innervation is observed by an increase in the levels of tyrosine hydroxylase and
norepinephrine within the first day after stroke [145, 146].

The gut has also been identified as an important reservoir of immune cells, from which
leukocytes are mobilized to the circulation following stroke and even recruited to the
ischemic brain [147]. The injured brain alters the gut microbiome, which can worsen

the inflammatory response and cause secondary brain injury [148-150]. The intestinal
microbiota also plays a role in modulating the phenotype of the immune cells within

the acute inflammatory response to stroke. Stroke-induced alterations in gut microbiome
composition have been associated with worse stroke outcomes, larger infarct volumes,
poorer scores in functional tests, and even reduced intestinal motility and intestinal barrier
dysfunction, leading to the translocation of intestinal bacteria into circulation and peripheral
organs [151, 152]. In this regard, the dissemination of selective bacterial species from the
gut microbiota after stroke has been proposed to be a plausible source of a post-stroke
infection and could contribute further to the systemic pro-inflammatory immune activation
after stroke. Moreover, activated endothelial and circulating innate immune cells after
stroke could also promote immunothrombosis, the inflammation-dependent activation of
coagulation that results in microvascular thrombosis and occlusion. Therefore, controlling
the inflammatory response after stroke and modulating the gut microbiota may effectively
reduce brain damage and improve stroke outcomes.

Given that the gut houses the largest portion of the human immune system, the bidirectional
brain-gut axis is of interest in stroke and ICH as a possible target for future therapies

that require further research to explore these possibilities [63+¢]. Microbiota diversity and
abundance vary dynamically during the development of ischemic stroke [153]. Stroke gives
rise to mucosal damage and bacterial translocation in the gut [154]. Brain injury made
specific changes in the cecal microbiota through altered autonomic activity and mucoprotein
production in mice [149]. Cerebral ischemia leads to gut-derived autonomic norepinephrine
transmission, decreasing the number and function of intestinal epithelial cells and mucus
secretion, giving rise to gut microbiota dysbiosis [155¢¢]. Conventional lymphocytes and
v6 T-cells can travel from the small intestine to the brain and meninges after stroke,
exacerbating ischemic injury [156]. Additionally, neurochumoral signals generated by the
ischemic brain can affect immune homeostasis, intestinal barrier function, and microbiota.
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Stroke patients often experience gastrointestinal complications, such as altered motility,
microbial dysbiosis, and intestinal bleeding, which are associated with impaired functional
recovery and increased mortality. In mice, p-adrenergic signaling disrupts intestinal mucin
production, increases gut permeability, and changes microbial composition after stroke
[157]. The gut barrier disruption is associated with increased bacterial translocation and
the spread of intestinal bacteria to the blood, liver, and lungs. Aged mice are more
susceptible to bacterial translocation and fail to clear bacteria due to more severe post-
stroke immunosuppression. A recent study identified TREM1 upregulation in intestinal
macrophages as a possible mediator of intestinal barrier disruption caused by p-adrenergic
signaling [158e].

After the immune system’s early activation, systemic immunodepression follows,
characterized by a reduction in circulating T, B, and NK cell counts and a shift from

Th1 to Th2 helper T-cell ratio [157]. This immunosuppressive state is thought to be

caused by the prolonged overactivation of the sympathetic nervous system (SNS) and

the hypothalamic pituitary adrenal (HPA) axis [159]. Activating adrenergic receptors in
splenocytes by circulating catecholamines triggers splenic atrophy and T-cell apoptosis. In
contrast, glucocorticoids promote the production of anti-inflammatory cytokines, suppress
the secretion of pro-inflammatory cytokines, and contribute to lymphocyte apoptosis in

the spleen [157]. The SNS also results in a substantial increase in the myeloid lineage
proliferation, a subsequent egress of myeloid cells to the circulation, and suppression of

the lymphoid lineage progression [160, 161]. Experiments blocking the SNS and HPA
pathways have reduced lymphocyte apoptosis and monocyte deactivation after experimental
stroke. The SNS also plays a role in this response, as p-adrenergic receptor inhibition
lowers bacteremia and lung colonization, increases survival rates, and preserves splenic and
circulating lymphocytes [157]. Activation of a.7-nicotinic acetylcholine receptor via vagus
nerve stimulation (VNS) as a neuroprotective strategy in focal cerebral ischemia has recently
attracted attention in the context of stroke treatment. It acts through various mechanisms
such as its anti-inflammatory properties [162, 163]. The use of the surgical VNS paired with
rehabilitation has been approved for use in moderate to severe upper extremity motor deficits
associated with chronic stroke, and clinical trials for the utilization of non-invasive vagus
nerve stimulation in acute stroke are being conducted [164, 165].

Post-stroke infection is one of the potentially life-threatening complications, affecting a
large subset of stroke patients [166, 167]. The most common types of post-stroke infections
are pneumonia and urinary tract infections [76, 167]. While current clinical strategies are
based on broad-spectrum antibiotics, preventive antibiotic therapies are being evaluated

to prevent the onset of these fatal complications, although beneficial effects have not

been demonstrated. Factors that increase susceptibility to post-stroke infections include
patients’ baseline characteristics, invasive devices and clinical procedures, and subacute
immunosuppression after stroke. Alterations in the blood profile of several cytokines

after stroke have been linked to an increased incidence of infections in stroke patients.

The autonomic nervous system and the HPA pathway have been proposed as the main
triggers of the cell-mediated loss of immunity. Mechanistically, an inflammasome-dependent
mechanism of T-cell apoptosis has been found to have a crucial role in lymphopenia and
the incidence of infections after stroke [12¢, 168]. While the causal relationship between
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the post-stroke stress response, the subsequent immunosuppression, and the development of
infections remains questionable, researchers are developing strategies to prevent post-stroke
infections and improve the clinical management of stroke patients.

Chronic inflammation is increasingly recognized as a major factor in developing long-

term stroke sequelae, including cognitive impairment, depression, and fatigue [76, 169e¢].
Inflammation contributes to ongoing damage to the brain and can lead to secondary injury
in the days, weeks, and months after the initial stroke. Chronic inflammation after stroke

is thought to be driven by several factors, including ongoing tissue damage, activation

of resident immune cells, and infiltration of peripheral immune cells into the brain. In

the chronic phase of stroke, peripheral tissues can become sensitized to the antigens they
experience during the acute stroke phase [170]. Several inflammatory markers, including
CRP, IL-6, and TNF-a. have been associated with worse outcomes after stroke [171].
Resident immune cells, including microglia and astrocytes, play a key role in initiating

and maintaining chronic neuroinflammation. These cells release pro-inflammatory cytokines
and chemokines, activate complement, and phagocytose debris from damaged cells [172]. In
addition, peripheral immune cells, including monocytes, lymphocytes, and neutrophils, can
infiltrate the brain after a stroke and contribute to ongoing inflammation [173].

A better understanding of the mechanisms driving chronic inflammation after stroke may
lead to new treatments to reduce the long-term sequelae of stroke. After a stroke, cellular
stress and damage generate novel brain antigens that stimulate B- and T-lymphocytes in
the spleen and lymph nodes [157, 174+¢]. Myeloid cells in the brain phagocytose dead
cells and upregulate the MHC class Il to become antigen-presenting cells, migrating

to lymph nodes and the spleen. This antigen presentation process occurs both inside

and outside the brain. T-cells migrate to the ischemic region or hematoma in an antigen-
independent fashion within days after stroke and are present in the lesion. T-regs with

a brain-specific signature accumulate during the chronic phase of stroke independently

of antigen presentation [175¢]. The T-regs expand locally and limit astrogliosis, suppress
the neurotoxic phenotype of astrocytes, and promote functional recovery without affecting
infarct volume. Similarly, although B-lymphocytes are not present in large numbers in the
brain early after stroke, regulatory B-cells are protective and may also increase beneficial
T-reg activity. Autoreactive CD4+ and CD8+ T-cells and B-cells increase four days after
stroke, leading to antigen-dependent autoimmunity.

In stroke survivors, peripheral blood lymphocytes demonstrate more activity against myelin
than those in controls or even people with MS [176, 177]. This autoimmunity, similar to
antigen-independent responses, can be harmful or beneficial depending on T-lymphocytes
polarization. Prior tolerization of T-regs specific to the brain antigen myelin oligodendrocyte
glycoprotein leads to IL-10-dependent neuroprotection after stroke. Conversely, a pro-
inflammatory stimulus after stroke will lead to a detrimental Thl response against brain
antigens and worse outcomes. Late B-lymphocyte responses also occur after stroke, and
CNS antibody production may increase over time, with about half of the stroke survivors
exhibiting intrathecal antibody synthesis after the first week. Chronic inflammation is
neurotoxic, and the glial scar surrounding it lacks tight junctions in humans and rodents
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[178]. It is permeable to albumin and antibodies, possibly causing neuronal injury in the
penumbra region.

Post-stroke atrophy has been attributed to the loss of network integrity that causes atrophy
of the connected region. Brain atrophy can also occur from stroke risk factors in the absence
of clinical stroke. Medial temporal atrophy, which may occur prior to stroke, is associated
with cognitive decline after stroke [179]. The pro-inflammatory cytokine osteopontin (OPN)
plays a role in neuroinflammatory diseases such as AD and mild cognitive impairment
(MCI) [180]. In mice, atrophy after stroke partially depends on OPN [181]. Stroke doubles
the risk of new dementia diagnosis, as stroke risk factors and recurrent stroke may contribute
to increased dementia risk [180]. In animal models, inflammation can cause cognitive
decline with or without stroke [180]. High-salt diets without stroke can increase peripheral
Th17 cells, leading to cognitive decline. TLR4 signaling promotes aberrant neurogenesis
causing cognitive decline after stroke [180]. B-lymphocytes can cause loss of long-term
hippocampal potentiation and cognitive decline, perhaps as part of an autoimmune response
triggered by a pro-inflammatory state [182]. An association between anti-MBP antibodies
and cognitive decline has been shown in humans. A pro-inflammatory state in the blood 2
days after stroke is associated with subsequent cognitive decline [180, 183¢].

Post-stroke fatigue (PSF) and post-stroke depression (PSD) are common and significant
barriers to stroke recovery and rehabilitation. However, disentangling them from post-stroke
cognitive impairment can be difficult [184]. Limited research exists on the links between
neuroinflammation and fatigue, and depression after stroke, but some studies have suggested
associations between PSD and inflammation, as well as certain immune cell activity

[184]. There is a complex interplay between adaptive immunity, chronic inflammation,

and long-term sequelae of stroke, including post-stroke dementia, atrophy, and PSF and
PSD. Targeting the immune system and inflammation potentially improve outcomes in
stroke survivors [184]. Research in this area is ongoing, and further investigation into the
immune response to stroke and its impact on long-term outcomes may lead to new treatment
strategies for stroke survivors [184-187].

Conclusion

This review highlights the importance of neuroinflammation in processes surrounding acute
ischemic stroke and ICH. Neuroinflammation is a crucial aspect of stroke pathophysiology
that has garnered increasing attention in recent years. After a stroke, the release of pro-
inflammatory cytokines, chemokines, and other immune mediators leads to an infiltration of
immune cells into the brain parenchyma. This neuroinflammatory response can have both
beneficial and detrimental effects on the damaged tissue.

Neuroinflammation can help clear away dead cells and debris, promote tissue repair, and
support neuroplasticity and neurogenesis. However, it can also exacerbate secondary injury
by contributing to BBB disruption, edema formation, and neuronal death. Inflammatory
cytokines can also impair the function of surviving neurons and promote the formation of
glial scars, which can impede functional recovery.

Curr Neurol Neurosci Rep. Author manuscript; available in PMC 2024 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Alsbrook et al.

Page 26

The immune response after stroke is complex and involves both innate and adaptive immune
cells, including microglia, macrophages, T-cells, B-cells, and NK cells. The phenotype of
these immune cells can shift from pro-inflammatory to anti-inflammatory over time, with

a temporal pattern that varies depending on the specific cell type and context of the injury.
Therapeutic interventions that target neuroinflammation in stroke are currently an active area
of research and hold promise for improving outcomes for stroke patients.

As discussed in this review, inflammation may start in the brain but certainly does not
remain there. After a stroke, there is often a systemic inflammatory response that occurs
throughout the body. This response is characterized by increased circulating cytokines,

such as IL-6 and TNF-a., and other markers of inflammation, such as CRP. This systemic
inflammatory response is thought to be triggered by releasing danger signals, DAMPs, from
the damaged brain tissue. These signals can activate immune cells throughout the body,
releasing pro-inflammatory cytokines and other mediators of inflammation. The systemic
inflammatory response after stroke has been associated with a poorer prognosis and an
increased risk of complications, such as infection and pneumonia. It is also thought to
contribute to the development of secondary brain injury by exacerbating the inflammation
and oxidative stress within the brain. As a result, there has been growing interest in targeting
the systemic inflammatory response after stroke as a potential therapeutic strategy. The
CNS and systemic inflammation should continue to be targeted for research and potential
therapies, as ample evidence supports their significant role in the secondary injury that
occurs after these neurologic emergencies.
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AD Alzheimer’s disease

ADPKD Autosomal dominant polycystic kidney disease
AlS Acute ischemic stroke

AMPA a-Amino-3-hydroxy-5-methyl-4 isoxazole-propionic acid
ASCVD Atherosclerotic cardiovascular disease

AVMs Arteriovenous malformations

BBB Blood-brain barrier

BDNF Brain-derived neurotrophic factor

CAA Cerebral amyloid angiopathy

CBF Cerebral blood flow

CCR6 Chemokine receptor 6
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CNS
CRP
CSF
CVD
DAMPs
EAAT2
GCS
GDNF
GFAP
HIF-1a
HMGB1
HPA
HS
ICAM
ICH
ICP

I FN-y
IL-1B
IRF
LAA
LPS
MAC
MAdCAM-1
MAPK
MCI
MMPs
MS
NETs

NF-KpB

Central nervous system

C-reactive protein

Cerebrospinal fluid

Cardiovascular disease
Danger-associated molecular patterns
Excitatory amino acid transporter 2
Glasgow Coma Scale

Glial cell line-derived neurotrophic factor
Glial fibrillary acidic protein
Hypoxia-inducible factor-1lalpha
High mobility group box-1
Hypothalamic pituitary adrenal
Hemorrhagic stroke

Intracellular adhesion molecule
Intracerebral hemorrhage

Intracranial pressure
Interferon-gamma

Interleukin-1beta

Interferon regulatory factor

Large artery atherosclerosis
Lipopolysaccharides

Membrane attack complex

Mucosal vascular adhesion molecule-1
Mitogen-activated protein kinase
Mild cognitive impairment

Matrix metalloproteinases

Multiple sclerosis

Neutrophil extracellular traps

Nuclear factor kappa beta
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Nrf2 Nuclear factor erythroid 2-related factor 2

OPN Osteopontin

PAMPs Pathogen-associated molecular pattern molecules
PDGF Platelet-derived growth factor

PECAM-1 Platelet and endothelial cell adhesion molecule-1
PPAR-y Peroxisome proliferator-activated receptor gamma
PRRs Pattern recognition receptors

PSD Post-stroke depression

PSF Post-stroke fatigue

RAGE Receptor for advanced glycation end products
ROS Reactive oxygen species

SDF-1 Stromal cell-derived factor-1

SEFIR SEF/IL-17R

SNS Sympathetic nervous system

Sox2 SRY-box 2

SvD Small vessel disease

TGF-B Transforming growth factor beta

TLR Toll-like receptor

TNF-a Tumor necrosis factor-alpha

T-regs Regulatory T-cells

VCAM-1 Vascular cell adhesion molecule-1

VEGF Vascular endothelial growth factor

VNS Vagus nerve stimulation

vVWF Von Willebrand factor
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Fig. 1.

Schematic representation of neuroinflammation after stroke. Following stroke, activated
microglia and astrocytes release proinflammatory cytokines and chemokines, leading to

the recruitment and activation of immune cells such as monocytes and T cells from the
periphery. This leads to further production of proinflammatory cytokines, perpetuating the
inflammatory response. The inflammatory response contributes to the progression of brain
damage, but also plays a role in tissue repair and neuroplasticity. Blood-brain barrier (BBB),
matrix metalloproteinases (MMPs), nitric oxide (NO), danger-associated molecular patterns
(DAMPSs), high mobility group box-1 (HMGB1), interleukin (IL), and tumor necrosis factor
(TNF). This figure is not exhaustive and only includes some of the main contributors and
pathophysiological processes involved in neuroinflammation in stroke
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