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Ischemia-induced brain neurodegeneration is a leading cause of mortality and permanent disability worldwide, with no definitive
cure. The development of neuroinflammation following ischemic events plays a dual role; it is essential for brain repair and
homeostasis and can also exacerbate post-ischemic damage and worsen neurological outcomes. Neuroinflammation represents
a complex process involving interactions between infiltrating immune cells from the bloodstream and resident immune cells
within the affected brain regions. This inflammatory response begins immediately after ischemia and can persist for years. This
review focuses on the intricate relationship between neuroinflammation, amyloid accumulation, tau protein pathology and glial
cells in the post-ischemic brain. Notably, it examines whether amyloid and tau protein amplify neuroinflammation and whether
neuroinflammatory responses influence the behavior and aggregation of these molecules. Understanding these interactions is
critical, as they contribute to the progression of post-ischemic brain neurodegeneration. Additionally, this review highlights
the role of neuroinflammation as a functionally complex immune response regulated by transcription factors and mediated by
cytokines. It explores how the presence of amyloid and modified tau protein may shape the inflammatory landscape. This review
aims to advance our understanding of post-ischemic neuroinflammation and its implications for long-term brain health and
neurodegenerative diseases.
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Introduction

The global increase in average life expectancy has led
to a rising prevalence of age-related diseases, such as brain
ischemia and its associated complications [1]. Brain is-
chemia is now recognized as a critical global health con-
cern, contributing significantly to socioeconomic burdens
and ranking among the leading causes of mortality and dis-
ability worldwide [2–5]. Among survivors, post-ischemic
brain damage is the secondmost common cause of dementia
and the third leading cause of disability, affecting approx-
imately 80% of cases [6–10]. Globally, brain ischemia af-
fects an estimated 17 million individuals annually, of whom
5 million are left with permanent disabilities, and 6 million
succumb to the condition [10–12]. Advanced age is a pri-
mary risk factor, with approximately 75% of brain ischemic
patients being over 65 years [4,12]. Current estimates place
the number of post-ischemic patients worldwide at approx-
imately 33 million, with this figure projected to rise to 77
million by 2030 [10,11,13].

Post-ischemic survivors frequently develop a wide
range of cognitive impairments, ranging from mild cogni-
tive impairment (affecting 40% of survivors) to advanced
dementia [5,14]. Notably, the risk of developing dementia
in brain ischemic survivors is twice as high as in individu-
als without a history of ischemic injury [14]. Evidence also

suggests that post-ischemic brain injury accelerates the on-
set of dementia by approximately 10 years [4,15,16].

Numerous mechanisms contribute to ischemic neu-
ronal death, including excitotoxicity, free radical release,
protein misfolding, apoptosis, necrosis, autophagy, mi-
tophagy, and neuroinflammation [17–21]. Recent attention
has focused on hallmark pathological features observed af-
ter ischemia, such as amyloid plaques and neurofibrillary
tangles, primarily in brain regions responsible for learn-
ing and memory [22–27]. Under physiological condi-
tions, amyloid is produced in small amounts and effectively
cleared from the brain to prevent its deposition [4,28]. This
clearance involves multiple mechanisms, including enzy-
matic metabolism, translocation across the blood-brain bar-
rier (BBB) [29,30], cellular uptake and phagocytosis by
neuroglial cells [31]. Low-density lipoprotein receptor-
related protein 1 (LRP1) facilitates amyloid efflux across
the BBB, a process that is impaired following ischemia [32–
34]. In contrast, the receptor for advanced glycation end-
products (RAGE) predominates in the post-ischemic brain,
promoting amyloid accumulation and the formation of amy-
loid plaques [33].

Amyloid accumulation also occurs within cerebral
blood vessels, a condition known as cerebral amyloid an-
giopathy (CAA) [35,36]. CAA is associated with neu-
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rovascular dysfunction, increased BBB permeability, and
chronic neuroinflammation, all of which contribute to neu-
rodegeneration [4,34]. Furthermore, amyloid production
induces neuroinflammatory reactions, primarily mediated
by astrocytes and microglial cells, which exacerbate sec-
ondary neuronal injury and accelerate neurodegeneration
[37]. Amyloid production is linked to the phosphorylation
and aggregation of tau protein [24–27], neuroinflammatory
responses, and the loss of synaptic and neuronal integrity
[23,34,38]. Hyperphosphorylated tau protein undergoes ab-
normal folding, forming neurofibrillary tangles [24,27]. In
its soluble form, tau protein acts as a transcellular transmis-
sion factor, spreading pathogenic effects between intercon-
nected cells and brain regions [39]. Recent findings reveal
that ischemia-induced brain damage is driven by a set of ge-
netic alterations that lead to neuronal death via amyloid- and
tau protein-dependent mechanisms [33,40–44]. These pro-
cesses are compounded by acetylcholine deficiency [45],
gradual progressive neuroinflammation [2,4], brain atrophy
[19,22,41], and the subsequent development of Alzheimer’s
disease-like dementia [46–49]. Extended neuroinflamma-
tion exacerbates neuronal injury, accelerates the deposition
of amyloid plaques, and promotes tau protein pathology
[50,51].

Ischemia also triggers the production of reactive oxy-
gen species (ROS) by neuronal and glial cells, deplet-
ing glutathione, a critical antioxidant that prevents DNA
damage by ROS [52,53]. Post-ischemic oxidative stress
and neuroinflammation further damage the BBB, facili-
tating the infiltration of systemic immune cells, including
platelets, neutrophils, and T-lymphocytes, into the post-
ischemic brain regions [54–56]. Following the infiltra-
tion, necrotic cell membranes release extracellular adeno-
sine triphosphate (ATP), activatingmicroglia and astrocytes
[57,58]. Activated glial cells release cytokines, which up-
regulate adhesion molecules on endothelial cells, further re-
cruiting platelets and leukocytes from the systemic circula-
tion to the ischemic brain regions [54–56]. Neuroinflam-
mation triggers brain tissue injury by inducing the death
of surviving ischemic neurons from the primary ischemic
episode. However, it also plays a beneficial role in glial
scar formation, which aids in the repair and stabilization of
damaged tissue [59–61].

A key target of current research into brain ischemia
is understanding the neuroinflammatory mechanism(s) that
begin withinminutes of an acute ischemic brain episode and
progress during recirculation [4,23,62]. Therefore, there
is rising interest in elucidating the role of inflammation in
neurodegenerative processes and diseases, including post-
ischemic brain injury. In this review, the author examined
the role of neuroinflammation in post-ischemic neurode-
generation, focusing on the cellular processes and inter-
actions involved. Specifically, the author discusses post-
ischemic neuroinflammation as a multifaceted immune re-
sponse regulated bymultiple transcription factors and influ-

enced by factors such as amyloid accumulation and altered
tau protein. A deeper understanding of the cellular contrib-
utors to post-ischemic neurodegeneration and their tempo-
ral dynamics could provide insights into strategies for mit-
igating this damage.

Transcription Factors and Cytokines in
Post-Ischemic Neuroinflammation

Neuroinflammation is a critical factor exacerbating
neurodegeneration following local and global brain is-
chemia [4,62,63]. The immune response in ischemic brain
tissue begins with the activation of resident microglia and
astrocytes, which facilitates the infiltration of peripheral
immune cells into the ischemic region [64–69]. Fol-
lowing brain ischemia, the expression of pro- and anti-
inflammatory genes is tightly regulated by transcription fac-
tors [70,71].

Transcription Factors
The regulation of neuroinflammation in the brain is

influenced by gene expression alterations triggered by is-
chemic injury. Numerous transcription factors are in-
volved in modulating neuroinflammatory responses, in-
cluding c-Fos protein (c-Fos), p53, interferon regulatory
factor-1 (IRF-1), cAMP response element-binding protein
(CREB), activating transcription factor-2 (ATF-2), peroxi-
some proliferator-activated receptor (PPAR) α and γ, nu-
clear factor kappa B (NF-κB), signal transducer and acti-
vator of transcription (STAT) isoforms, cytosine-cytosine-
adenosine-adenosine-thymidine (CCAAT)/enhancer bind-
ing protein (C/EBP)α and β, hypoxia-inducible factor-1
(HIF-1), early growth response-1 (Egr1), transcription fac-
tor (Sp3), transcription factor (JunD), and transcription fac-
tor AP-2α [72–74]. Among these, NF-κB, IRF-1, STAT3,
ATF-2, Egr1, and C/EBPβ are known to amplify neuroin-
flammation and neuronal loss following ischemic brain in-
jury [65,74]. Conversely, transcription factors such as
HIF-1, JunD, c-Fos, STAT5a/b, CREB, p53, and perox-
isome proliferator-activated receptor (PPAR)α/γ exhibit
anti-inflammatory properties that can mitigate neuronal and
brain injury after ischemia [65,75].

Post-ischemic injury activates NF-κB, which pro-
motes the release of chemokines and pro-inflammatory cy-
tokines, such as tumor necrosis factor (TNF)-α, interleukin
(IL)-1β, granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF), macrophage inflammatory protein-1α
(MIP-1α), IL-8, TNF receptor-associated factor (TRAF),
monocyte chemotactic protein-1 (MCP-1), and brain cell
death-promoting protein B-cell lymphoma 2 (Bcl-2) [65,
76]. These factors facilitate the recruitment of peripheral
immune cells into the ischemic brain. Additionally, mi-
croglial activation by NF-κB leads to the release of neu-
roinflammatory mediators such as IL-1β, TNF-α, and ROS
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[77]. Astrocytic NF-κB, activated by IL-1β, TNF-α, ROS,
IL-17, and Toll-like receptor signaling, further promotes the
release of chemokines that recruit leukocytes, amplifying
neuroinflammation [78].

The activator protein 1 (AP-1) transcription factor,
composed of heterodimers of the Fos, activating tran-
scription factor (ATF), and Jun subfamilies of basic-
region leucine-zipper (B-ZIP) proteins regulates cell sur-
vival, proliferation, and neuroinflammation [65]. AP-
1 activation during ischemia stimulates pro-inflammatory
gene expression, such as TNF-α and IL-1β, increasing
platelet aggregation through the receptor-interacting pro-
tein 1 (RIP1)/RIP3/AKT pathway and exacerbating is-
chemic brain injury [79,80]. On the other hand, AP-1
can be a double-edged sword by influencing the genera-
tion of IL-10 through α-ketoglutarate, which inhibits neu-
roinflammatory responses through the c-Fos/IL-10/STAT3
way post-ischemia [81]. Moreover, IRF-1, a nuclear tran-
scription factor responsible for regulating the expression of
interferon-α (IFN-α) and IFN-β genes, is also implicated in
post-ischemic neuroinflammation [82]. IRF-1 contributes
to increased neuroinflammation, apoptosis, and secondary
brain damage post-ischemia [83]. Notably, IRF-1 deletion
has been shown to reduce brain injury and enhance neuro-
logical outcomes in animal models of focal ischemic brain
injury [83].

Neuronal and neuroglial cells possess numerous iso-
forms of the STAT family of transcription factors, includ-
ing STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b,
and STAT6 [84]. Animal studies have demonstrated the
induction of various STAT isoforms following reversible
cerebral ischemia [85,86]. After reversible local brain is-
chemia, phosphorylated STAT3 (pSTAT3) and phospho-
rylated Janus kinase 2 (pJAK2) were predominantly ob-
served in macrophages and microglial cells [65]. No-
tably, the knockdown of STAT3 or inhibition of JAK2 in is-
chemic animal models exhibited neuroprotective properties
and improved neurological outcomes [65]. Homocysteine-
induced STAT3 activation in microglial cells post-ischemia
was associated with increased neuroinflammation [85],
while blocking STAT3 signaling through the nuclear local-
ization of the yes-associated protein (YAP) in astrocytes
confers neuroprotection against post-ischemic brain injury
[86]. These findings highlight the harmful role of STAT3
in post-ischemic neurodegeneration.

IRF-1 gene expression was significantly upregulated
in animal models of ischemia, peaking on the 4th day af-
ter reperfusion [83]. Similarly, NF-κB activation occurs
following focal brain ischemia, and its inhibition reduces
infarct size, suggesting its role in exacerbating neuronal in-
jury [65,87]. NF-κB deficient animals exhibited smaller in-
farcts, further supporting its deleterious effects in ischemic
injury [65]. Egr1-knockout mice demonstrated reduced in-
farct sizes, improved neurological outcomes, and decreased
expression of inflammatory genes, indicating the role of

Egr1 as a significant activator of inflammation and neuronal
injury following cerebral ischemia [87].

Post-ischemic STAT3-JAK2 signaling increases the
phosphorylation of these factors in macrophages and mi-
croglial cells. Treatment with a JAK2 phosphorylation in-
hibitor (AG490) or STAT3 siRNA reduces neuroinflamma-
tion and secondary brain tissue injury [65]. Moreover,
JAK-STAT pathway stimulation after focal ischemia en-
hances levels of cytokine signaling-3 suppressor (SOCS3),
a negative feedback regulator of IL-6 signaling [65]. In con-
trast, C/EBPβ knockout mice displayed reduced expression
of genes associated with neuroinflammation and neuronal
damage, indicating a negative role of C/EBPβ in ischemic
brain injury [65]. Conversely, treatment with the PPARα
antagonist WY14643 after transient ischemia reduced ox-
idative stress, intercellular adhesion molecule 1 (ICAM-1),
and inducible nitric oxide synthase (iNOS) levels, suggest-
ing that PPARα has neuroprotective effects [88]. PPARγ
agonists further inhibited the expression of inflammatory
genes, generated the expression of antioxidant genes, and
reduced infarct volume and neurological dysfunction fol-
lowing ischemia [65].

Transcription factors regulate the release of inflam-
matory mediators and modulate neuroinflammatory mech-
anisms through the control of non-coding RNAs (ncRNAs)
[65]. Numerous transcription factors, such as multifunc-
tional transcription factor (c-Myc), NF-κB, HIF-1α, and
p53, are involved in the redox-sensitive regulation of mi-
croRNAs (miRNAs) [89]. For instance, p53 influences mi-
croglial activity through miR-145 and miR-34a [90]. Simi-
larly, NF-κBmodulates the expression of pro-inflammatory
genes and miRNAs, such as miR-21, miR-9, miR-155, and
miR-146a, which, regulate inflammatory mRNA targets
[91–94]. The transcription factor early region 2 binding
factor 1 (E2F1) directly regulates the miR-122 expression
following ischemic brain injury [95].

Alterations in long non-coding RNAs (lncRNAs) and
circular RNAs (circRNAs) levels in the post-ischemic brain
are controlled by transcription factors [96,97]. Recent stud-
ies have revealed that NF-κBworsens ischemic brain injury
recovery by upregulating the pro-inflammatory lncRNA
FosDT [97,98].

Cytokines
Pro- and anti-inflammatory cytokines are small

polypeptides that regulate innate and adaptive immune re-
sponses. Under physiological conditions, they are present
in the brain at very low concentrations [99]. Following
brain ischemia, the release of cytokines is rapidly initiated,
leading to increased levels throughout the brain (Fig. 1)
[100,101]. Key cytokines involved in post-ischemic re-
sponses include IL-10, TNF-α, IL-6, IL-1β, transforming
growth factor-β (TGF-β), and IFN-β. These cytokines are
keymediators of BBB disruptions and brain tissue injury af-
ter brain ischemia [99,102]. Among these, IL-1β and TNF-
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Fig. 1. The role of microglia and astrocytes in post-ischemic neuroinflammation. M1 and M2 types of microglia, A1 and A2
types of astrocytes, blood-brain barrier (BBB). Thicker arrows indicate the dominant mechanism. IL, interleukin; TNF, tumor necrosis
factor; IFN-β, interferon-β; TGF-β, transforming growth factor-β. This figure was drawn usingMicrosoft Word (Microsoft Corporation,
Redmond, WA, USA).

α exacerbate post-ischemic brain damage, while TGF-β,
IFN-β, and IL-10 exhibit neuroprotective properties [102,
103]. After brain ischemia, activated macrophages and mi-
croglial cells are the primary sources of TGF-β1, while as-
trocytes and neurons primarily produce TGF-β2 [104].

IL-1β, derived from peripheral and central sources,
contributes to BBBdisruption and brain parenchymal injury
following ischemia [99,102,104]. Notably, IL-1β and TNF-

α mRNA levels rise within 3 hours post-ischemia, with
TNF-α protein levels peaking between 6 hours to 5 days
after the ischemia event [99]. Immunostaining studies of
IL-1β and IL-6 in astrocytes within the CA1 hippocampal
region, a site highly susceptible to ischemic episodes, re-
vealed significant loss of pyramidal neurons accompanied
by extensive gliosis [4,22,63]. The intensity and frequency
of astrocytic staining for IL-1β and IL-6 were highest on
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day 14 post-ischemia and remained elevated through day
28. These findings suggest that astrocyte-derived IL-6 and
IL-1β contribute to the neurodegeneration of CA1 pyrami-
dal neurons.

Targeting pro-inflammatory cytokines has demon-
strated therapeutic potential. For example, the inhibition
of TNF-α using antibodies significantly reduced the is-
chemic area following focal brain ischemia [99]. Similarly,
IL-10 is protective against ischemic brain damage, as evi-
denced by increased infarct size and worsened neurologi-
cal deficits in IL-10-deficient mice following focal brain is-
chemia [105]. Administration of adenoviral vectors encod-
ing the human IL-10 gene into the lateral ventricle after is-
chemia significantly reduced infarct size [106]. Interferon-
β has also shown neuroprotective properties, reducing in-
farct size and preventing the infiltration of inflammatory
cells into brain tissue post-ischemia [107]. TGF-β1 ex-
erts additional protective effects, including reducing infarct
size, improving neurological outcomes, and promoting neu-
rogenesis after focal brain ischemia [108]. These outcomes
were further enhanced through adenovirus-mediated TGF-
β1 expression, which significantly decreased inflammatory
responses and infarct size [109].

Amyloid and Tau Protein in Post-Ischemic
Neuroinflammation

Post-ischemia brain injury is an incurable, chronic,
and progressive neurodegenerative condition characterized
by gradual neuronal death [4], cognitive decline, and even-
tual progression to dementia [36,46–49]. A hallmark of
this condition is the slow and insidious accumulation of
misfolded protein aggregates, notably amyloid plaques and
neurofibrillary tangles [20,21,24,27]. These pathological
features develop over time, especially in the hippocam-
pus, disrupting its function, damaging neuronal networks,
and impairing memory [36,46–49]. The underlying mech-
anisms of these changes following brain ischemia involve
altered gene expression associated with amyloid precursor
protein (APP) metabolism. Dysregulation of APP process-
ing results in the accumulation of amyloid oligomers and
the formation of amyloid plaques [20,22,30,44].

Microglial cells have been shown capable of binding
soluble amyloid through cell surface receptors such as clus-
ter of differentiation 36 (CD36), CD14, CD47, and Toll-
like receptors [110]. This binding activates microglia, trig-
gering the production of pro-inflammatory cytokines and
chemokines [110]. Pro-inflammatory cytokines secreted by
activated microglia, including TNF-α and IL-1β, are ele-
vated in the ischemic brain [4,63]. These cytokines have
been shown to increase β-secretase activity, further ampli-
fying amyloid production [110].

The relationship between amyloidogenesis and neu-
roinflammation is well documented, with evidence link-
ing increased β- and γ-secretase activity to enhanced amy-

loid deposition [110]. Studies using a lipopolysaccha-
ride (LPS) model have demonstrated reduced microglial
amyloid clearance, elevated amyloid levels, and persistent
neuroinflammation associated with systemic inflammation
[110]. Moreover, pro-inflammatory cytokines in the brain
have been shown to elevate the APP levels in neurons [110].
Traditionally, amyloid accumulation and neuroinflamma-
tion have been considered independent pathological path-
ways. However, growing evidence supports a bidirectional
interaction between these processes, driving post-ischemic
neurodegeneration (Fig. 2) [4,22,110]. This interaction es-
tablishes a vicious cycle wherein amyloid accumulation ac-
tivates glial cells, releasing inflammatorymediators that ex-
acerbate amyloid deposition and perpetuate neuroinflam-
mation [4,22,111,112].

Reactive astrocytes and microglia are frequently ob-
served close to amyloid deposits in neurodegenerative
diseases and post-ischemic neurodegeneration [19,111,
112]. This phenomenon underscores the pro-inflammatory
properties of amyloid, which, in combination with its
neurotoxic effects, leads to sustained microglial activa-
tion, astrocyte proliferation, and the continuous release
of pro-inflammatory factors (Fig. 2) [4,22]. These pro-
cesses further amplify amyloid production, creating a self-
perpetuating cycle of neuroinflammation and neurodegen-
eration [112].

Amyloid is a critical inducer of microglial and astro-
cytic activation and neuroinflammation, making it a fun-
damental and unifying factor in the progression of post-
ischemic neurodegeneration (Fig. 2) [4,22]. In addition to
its direct neurotoxic effects, amyloid-induced neuroinflam-
mation promotes protein aggregation, a hallmark of neu-
rodegenerative diseases, which also plays a pivotal role
in the pathogenesis of post-ischemic neurodegeneration
[20,22,111,112].

In addition to amyloid, the accumulation of hyper-
phosphorylated tau protein is a key contributor to post-
ischemic brain neurodegeneration (Fig. 2) [24–27]. Tau
protein is located in cells in brain blood vessels, regulat-
ing cerebral blood flow and maintaining the integrity of the
BBB [39]. Following brain ischemia, pathological changes
in tau protein disrupt the blood supply to various brain struc-
tures during recirculation, and also affect the state of the
blood-brain barrier, leading to progressive neuronal neu-
rodegeneration (Fig. 2).

Emerging evidence suggests that extracellular tau pro-
tein significantly contributes to neuroinflammation in neu-
rodegenerative processes (Fig. 2) [39,113]. Tau protein
accumulation has been shown to activate microglial cells
in transgenic rats and mice [39,113]. It was also pre-
sented that in transgenic rats, neurofibrillary tangles are
associated with the accumulation of reactive microglial
cells and macrophages [39]. Additionally, truncated tau
protein has been implicated in the transformation of mi-
croglial cells from a resting to a reactive state [39]. This
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Fig. 2. Mechanisms of neuroinflammation following ischemic brain injury. The figure illustrates the roles of transcription factors
(NF-κB, IRF-1, STAT3, Egrl, AP-1), pro-inflammatory cytokines (IL-6, IL-1β, TNF-α), the BBB, microglia, astrocytes, amyloid, tau
protein, and peripheral immune cells in mediating post-ischemic neuroinflammation. NF-κB, nuclear factor kappa B; IRF-1, interferon
regulatory factor-1; AP-1, activator protein 1; STAT3, signal transducer and activator of transcription; Egr1, early growth response-1.
This figure was drawn using Microsoft Word (Microsoft Corporation, Redmond, WA, USA).
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transformation triggers the release of nitric oxide (NO)
and pro-inflammatory cytokines, including IL-6, TNF-α,
IL-1β, and tissue inhibitor of metalloproteinase-1 (TIMP-
1) in neuroglial cell cultures [39]. Specifically, stimula-
tion of microglia cultures with truncated tau protein leads
to significantly increased production of pro-inflammatory
cytokines, underscoring the critical role of microglia in
tau protein-induced neuroinflammation [39,113]. Further-
more, truncated tau protein elevates the mRNA expression
levels of extracellular signal-regulated kinase 1 (ERK1),
p38β, Jun N-terminal kinase (JNK), and transcription fac-
tors such as NF-κB and AP-1. This cascade ultimately re-
sults in heightened mRNA expression of NO, IL-1β, TNF-
α, and IL-6 [39]. These findings identify truncated tau pro-
tein operates as a powerful innate inflammatory stimulus.

Under physiological conditions, amyloid, tau protein,
and the secreted cytokines and chemokines facilitate the
activation of microglia and astrocytes to efficiently clear
misfolded protein aggregates and debris from degenerat-
ing neurons. However, as post-ischemic neurodegeneration
progresses, cytokines, chemokines, and transcription fac-
tors produced in response to amyloid and tau protein aggre-
gation impair the clearance mechanisms. This dysfunction
leads to further amyloid and tau protein accumulation, ex-
acerbating neuroinflammation and advancing the neurode-
generative process (Fig. 2) [4,111].

Cross-Talk between Amyloid and Tau Protein
Amyloid is proposed to initiate a cascade of events

that result in tau protein dysfunction [114]. Amyloid pro-
motes tau protein hyperphosphorylation, which destabi-
lizes microtubules, induces neuroinflammation and oxida-
tive stress, and impairs synaptic function [115]. Stud-
ies have demonstrated that exposure of neuronal cells to
amyloid activates the p38 mitogen-activated protein kinase
(p38 MAPK) signaling pathway, resulting in tau protein
hyperphosphorylation [116–118]. Activation of the p38
MAPK pathway disrupts tau protein function, contribut-
ing to the generation of neurofibrillary tangles and mi-
crotubule instability. Although the exact mechanisms by
which amyloid activates p38 MAPK action and induces tau
protein hyperphosphorylation remain under investigation, it
is hypothesized that amyloid activates intracellular signal-
ing processes involving specific receptors and/or oxidative
stress, ultimately leading to p38 MAPK activation. Once
activated, p38 MAPK directly phosphorylates tau protein
or triggers downstream kinases that promote tau protein
hyperphosphorylation. Hyperphosphorylated tau protein
loses its ability to bind and stabilize microtubules, lead-
ing to their destabilization and subsequent neuronal death
[119,120].

The above processes drive the transformation of tau
protein into neurofibrillary tangles, which compromise the
neuronal network through neuronal loss and worsen cogni-
tive decline. Additionally, tau protein has the capacity to

propagate through brain tissue, spreading pathological pro-
cesses from one region to another [121]. This interplay be-
tween amyloid and tau protein appears to have synergistic
effects, amplifying neuronal death and prolonging neurode-
generative processes in the post-ischemic brain [122].

Cerebral Amyloid Angiopathy
Brain tissue relies on multiple mechanisms for the

clearance of waste products, including amyloid and mod-
ified tau protein. These cleansing pathways often operate
in parallel or synergistically to maintain brain homeostasis.
However, impairment in amyloid clearance through one
or multiple processes may lead to its accumulation in the
brain, especially within cerebral vessels, leading to CAA
[3,35,36]. Amyloid deposition in cerebral vessels occurs
gradually. Initially, amyloid accumulates in the tunica me-
dia and adventitia of the vessels, causing vascular smooth
muscle cell damage and eventual cell death [35]. As de-
position advances, the tunica media is entirely replaced by
amyloid, leading to endothelial cell death and the break-
down of BBB [123]. This pathological process decreases
vascular reactivity, reduces vessel diameter, and triggers
chronic vascular inflammation [35,124]. Consequently,
vascular dysfunction is associated with secondary brain is-
chemia, exacerbated neuroinflammation, parenchymal de-
position of soluble amyloid, formation of neurofibrillary
tangles and amyloid plaques, and the progression of neu-
rodegeneration following ischemic events [4,20,24,27,35].

Amyloid transport across endothelial cell membranes
after ischemia is regulated by LRP1, which removes amy-
loid from brain tissue into the systemic circulation [33].
LRP1-mediated endocytosis controls cellular amyloid up-
take by binding amyloid directly or via co-receptors or
ligands. Conversely, the RAGE, located on the luminal
side of endothelial cells in the BBB, facilitates the trans-
port of amyloid from systemic circulation into brain tis-
sue [33,125]. RAGE is a receptor located on the luminal
side of endothelial cells of the blood-brain barrier. RAGE-
facilitated transport of amyloid through the blood-brain bar-
rier leads to amyloid accumulation in the brain, and fur-
ther stimulates neuroinflammatory processes [4,125]. The
pro-inflammatory effects of the amyloid-RAGE interac-
tions have been demonstrated in numerous animal and cell
models [33,123,125,126].

Amyloid, Tau Protein, and Neuroglial Cells
An increasing body of research investigates the re-

lationship between amyloid and neuroglial cells to deter-
mine whether inflammation triggers or sustains amyloid
dyshomeostasis. In vivo and in vitro studies have iden-
tified neuroinflammation as a significant pathogenic fac-
tor in post-ischemic neurodegeneration [2,4,53,65]. In the
ischemic brain, there is communication between different
amyloid forms and receptors located on microglial cells and
astrocytes, initiating an innate immune response. Amy-
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loid accumulation in the brain tissue activates a mecha-
nism known as microglia “priming”, rendering them more
susceptible to secondary neuroinflammation [127]. Con-
sequently, activated microglia become a distinguishing
neuropathological element of brain ischemia, surrounding
amyloid deposits to form protective barriers and aiding
amyloid clearance from the brain [128–130]. However,
when microglial function is impaired, pathological sub-
stances such as amyloid and tau protein accumulate, inten-
sifying neurodegeneration [130,131].

Amyloid aggregates, including protofibrils,
oligomers, and fibrils, promote neuroinflammation
[132–134]. Microglial cells, equipped with receptors capa-
ble of binding these aggregates, initiate neuroinflammation
that contributes to disease progression. Neurotrophic factor
TGF-β1 plays a central role inmicroglial-mediated amyloid
clearance by enhancing their phagocytic activity, thereby
reducing amyloid levels in the brain tissue and exerting
protective effects against neurodegeneration [31,135,136].
Conversely, TNF-α plays a pro-inflammatory role, and ele-
vated TNF-α levels in neurodegenerative brains contribute
to chronic neuroinflammation and progressive neuronal
damage [4,137–140].

It should be noted that the immune answer and neu-
roinflammation in neurodegeneration involve cumulated
interactions between different elements and cell kinds
[141–143]. Microglial activity is modulated by the trigger-
ing receptor expressed on myeloid cells 2 (TREM2), which
plays a pivotal role in responding to amyloid plaques, a
hallmark of post-ischemic brain neurodegeneration [20,21].
Upon recognizing amyloid plaques, TREM2 activation in-
duces the release of inflammatory cytokines. This response
is part of the innate immune response against amyloid de-
position. The regulation of microglial cell function via the
TREM2 and themaintenance of a balanced neuroinflamma-
tory response are critical areas of research for understand-
ing the underlying mechanisms of neurodegeneration [144–
146].

In addition to microglial cells, activated astrocytes
play a pivotal role in amyloid plaque dynamics. Astrocytes
encircle amyloid plaques and reduce the burden of amyloid
plaques [31,147]. Upon interaction with amyloid plaques,
astrocytes release pro-inflammatory mediators, sustaining
a chronic inflammatory environment within the brain tis-
sue [147–149]. As integral components of ischemic brain
response to amyloid accumulation in post-ischemic neu-
rodegeneration, astrocytes influence amyloid metabolism
through cellular mechanisms, including phagocytosis [4].
This neuroglia can promote and alleviate amyloid neurotox-
icity, playing a multifaceted role in post-ischemic brain in-
jury progression [150–152]. Astrocytes contribute to amy-
loid deposition primarily due to impaired clearance mech-
anisms. Under physiological conditions, astrocytes ex-
press amyloid-degrading enzymes such as neprilysin and
α-secretase. However, in post-ischemic neurodegenera-

tion, the expression and activity of these enzymes are of-
ten disrupted, resulting in reduced amyloid degradation and
subsequent deposition in the intra- and extracellular space
[30,37,153]. Furthermore, astrocytes internalize amyloid
via the LRP1, but this pathway becomes less efficient in
post-ischemic neurodegeneration, further influencing amy-
loid accumulation [33,154].

Reactive astrocytes that release pro-inflammatory cy-
tokines create a long-term neuroinflammatory state that dis-
rupts physiological amyloid clearance and normal brain
function [152,155–157]. Additionally, these astrocytes
produce ROS, contributing to oxidative stress and further
impairing the metabolism of amyloid precursor protein into
amyloid [158,159]. Astrocytes also promote the develop-
ment of amyloid plaques through scar formation, which acts
as a physical barrier that effectively stops the clearance of
amyloid from brain tissue [61,160]. Moreover, astrocytes
secrete apolipoprotein E (ApoE) after cerebral ischemia,
which accelerates amyloid aggregation, stabilizes amyloid
plaques, and aggravates amyloid toxicity [161,162].

The interplay between astrocytes and microglial cells
is central to the process of amyloid production, ac-
cumulation, and the accompanying neuroinflammation
in post-ischemic neurodegeneration [4,161]. Astrocytes
and microglial cells communicate extensively through
chemokines and cytokines, modulating the activity of each
other [163]. For example, astrocytes release chemokine CC
chemokine ligand 2 (CCL2), which attracts microglial cells
to sites of amyloid accumulation. Astrocyte-derived cy-
tokines, such as IL-1β and TNF-α, can activate microglial
cells, driving them into a reactive state. Once activated, mi-
croglia release their cytokines, establishing a feedback loop
that intensifies inflammation. This bidirectional signaling
supports a chronic neuroinflammatory environment, which
impedes amyloid clearance and stimulates its accumulation
[164–166].

Recruitment of Inflammatory Cells in
Post-Ischemic Brain

It is established that brain ischemia activates the im-
mune system within damaged brain regions. This neuroin-
flammatory response represents an intrinsic brain reaction
and involves complex interactions between infiltrating im-
mune cells from the bloodstream and resident immune cells
in the affected areas. The role of non-neuronal cells in
brain neurodegeneration following ischemia has been the
subject of numerous studies. Additionally, it is crucial to
consider the functional “neurovascular unit”, a collective
system comprising neuronal, neuroglial, and vascular cells,
as a central entity in the pathophysiological response to is-
chemia.

Initially, brain ischemia triggers the activation of neu-
roglial cells within the brain tissue. Subsequently, leuko-
cytes infiltrate the brain parenchyma, followed by mono-
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cytes and other immune cells. This immune cell recruitment
contributes to ischemic brain neurodegeneration, which is
characterized by cerebral edema, progressive neuronal cell
death, and brain atrophy. Numerous clinical and experi-
mental investigations have demonstrated the participation
of non-neuronal cells in the progression of post-ischemic
neurodegeneration [4,93,167]. Neuroinflammation follow-
ing cerebral ischemia engages various cell types, including
neuroglial cells, leukocytes, lymphocytes, macrophages,
and monocytes [2,4,53,65]. The specific role of these cells
in neurodegeneration is stage-dependent, with their effects
being beneficial or detrimental depending on whether they
act during the acute or chronic phase of post-ischemia [2,4].
To develop effective therapeutic strategies, it is imperative
to identify the cell types that contributemost significantly to
post-ischemic neurodegeneration and to determine the time
and mechanisms of their involvement.

Astrocytes
Astrocytes are vital in maintaining normal brain func-

tion and undergoing significant phenotypic changes post-
ischemia. These glial cells are a key component in the struc-
tural integrity of the brain, BBB function, and homeostatic
regulation. Astrocytes maintain water balance, secrete neu-
rotrophic mediators, clear excess neurotransmitters and cel-
lular debris, remove metabolic waste, and transport nutri-
ents to neurons. Under physiological conditions, astrocytes
take up excess glutamate from the extracellular space, con-
verting it into glutamine for neuronal reuse. However, dur-
ing post-ischemic brain injury, astrocytic damage impairs
their glutamate uptake capacity and exacerbates excitotox-
icity [2,17].

Cytokines from neuronal cells and neuroglia drive
gliosis and glial scar formation during post-ischemic neu-
rodegeneration [59–61,146]. Following ischemia, dysfunc-
tion of the sodium-potassium pump in astrocytes causes cell
swelling, leading to brain edema. This edema further re-
duces cerebral blood flow during the reperfusion period,
worsening tissue injury [168,169]. In rat models of local
brain ischemia, astrocyte activation occurs prominently in
the injury core within 4–24 hours, peaks around day 4, and
persists for up to 28 days [170]. Similarly, in global brain
ischemia models, astrocyte activation peaks at day 14 and
remains elevated for 28 days in hippocampal regions [63].
In long-term studies, rats surviving 2 years after global is-
chemia demonstrated robust astrocyte activation in the CA1
and CA3 regions of the hippocampus, dentate gyrus, so-
matosensory and motor cortex, thalamus, and striatum [4].

After 3 days following transient complete cerebral
ischemia, hippocampal astrocytes show increased expres-
sion of glial fibrillary acidic protein (GFAP), inducible ni-
tric oxide synthase (iNOS), and nicotinamide adenine dinu-
cleotide phosphate (NADPH) diaphorase [28]. An autopsy
study of individuals who succumbed seven days after stroke
revealed elevated IL-15 levels in astrocytes [2]. The ex-

perimental study has highlighted the dual role of IL-15 in
ischemic pathology. Knockdown of IL-15 in astrocytes re-
duced infarct size in reversible focal brain ischemia models
[32], while transgenic mice overexpressing IL-15 revealed
enlarged infarct size and more severe neurological deficits
[2]. Furthermore, GFAP and vimentin are crucial for astro-
cytic responses to ischemic injury. Double-knockout mice
lacking GFAP presented cortical hypoperfusion in the brain
and larger infarct sizes after focal ischemia, underscoring
the protective role of these intermediate filaments in main-
taining astrocytic integrity during ischemic events [171].

Microglial Cells
Microglial cells, comprising approximately 20% of

the glial cell population in the brain, undergo significant
phenotypic changes following ischemia [2]. Upon acti-
vation, microglia acquire macrophage-like functions, in-
cluding the ability to eliminate pathogens and clear cellu-
lar debris. Microglial cells are activated during ischemic
events, undergoing morphological and behavioral changes
[167,172–174]. In animal models of reversible local brain
ischemia, microglial activation has been observed in the
brain cortex of the ischemic hemisphere [175]. Activated
microglia migrate toward the injury site and form close as-
sociations with the neuronal cells through a process called
“capping”. This process facilitates the early recognition and
rapid phagocytic removal of neuronal cell debris following
cell death [176,177].

Microglial activation begins within minutes of an is-
chemic episode and increases over the following days,
peaking around the 10th day post-ischemic brain injury
[178]. In models of global cerebral ischemia, microglial
cells activation has been identified in regions such as the
hippocampus, striatum, lateral dorsal nuclei of the thala-
mus, and the subventricular zone, with inflammatory pro-
cesses in these areas persisting for up to one year post-
ischemia [4]. Interestingly, this prolonged activation was
also associated with increased neurogenesis markers and
neuroblast migration in the subventricular zone [4]. In an-
other study, significant microglial cell activation was ob-
served in the CA1 and CA3 hippocampal regions and motor
cortex of rats even two years after ischemia [22].

Upon activation, microglia release cytokines and ma-
trix metalloproteinases, which increase the leakage of BBB,
promoting early leukocyte infiltration from the systemic
circulation into the ischemic brain tissue. Once activated,
microglia can adopt two primary phenotypes: the pro-
inflammatory (M1) phenotype, which secretes cytokines
such as IL-6, TNF-α, IL-1β, and nitric oxide; and the
anti-inflammatory (M2) phenotype, which produces neu-
roprotective factors such as IL-10 and IL-4 and supports
tissue repair [179]. The M2 phenotype is crucial in mit-
igating ischemic damage and promoting recovery. Re-
cent studies highlight the critical roles of microglia in is-
chemic pathology [4,22,63]. For example, depletion of mi-
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croglial cells the dual colony-stimulating factor 1 inhibitor
PLX3397worsened infarct size and neurological outcomes,
as well as increased leukocyte infiltration, astrocytic in-
flammatory mediator release, and neuronal death follow-
ing reversible cerebral ischemia [69]. These findings sug-
gest that microglia play a protective role by modulating as-
trocytic inflammatory responses post-ischemia [69]. Ad-
ditionally, microglia secrete neurotrophic mediators that
stimulate plasticity and neurogenesis, further underscor-
ing their multifaceted role in the post-ischemic brain [65].
These findings demonstrate that different microglia subsets
perform distinct functions after ischemic brain injury.

Macrophages
Blood-borne macrophages play a pivotal role in the

development of neuroinflammation after brain ischemia.
Activated macrophages can be detected in brain tissue as
early as two hours post-ischemia [4]. Between 22 and
46 hours post-ischemia, systemic circulation-derived and
brain-resident macrophages infiltrate ischemic brain re-
gions and remain evident for up to one week in animals
[4]. Another study noted the presence of macrophages in
the brain four days post-ischemia, peaking around seven
days before gradually declining [4]. These findings align
with evidence that macrophages heavily infiltrate the in-
jured brain within 3–7 days post-ischemia, a period coin-
ciding with the chronic phase of post-ischemic neurodegen-
eration [4].

Lymphocytes
T lymphocytes contribute to the late stages of

ischemia-induced neurodegeneration. After focal brain is-
chemia, infiltrating lymphocytes encircle the ischemic area,
with their numbers increasing by day three, peaking around
one week post-ischemia, and subsequently declining [180].
Depletion of CD4+ lymphocytes in animal models exac-
erbated neuronal death and neurological dysfunction seven
days after acute focal cerebral ischemia [181]. Similarly,
the absence of γδ T lymphocytes or administration of an-
tibodies targeting their receptors reduced infarct size in is-
chemic models [182].

Another investigation identified an increase in
CD4+CD28null lymphocytes in individuals who survived
cerebral ischemia or succumbed to it [183]. Clinical
investigations have also shown a significant elevation in
peripheral CD4+ lymphocytes and CD4+CD28null lym-
phocytes in patients after acute stroke [56]. Additionally,
increased expression of killer cell immunoglobulin-like
receptor genes was observed in patients following local
ischemic infarction, likely contributing to the amplification
of neuroinflammation during the acute phase post-stroke
[184]. T lymphocytes infiltrating the ischemic brain can
persist for extended periods. Studies have shown that these
cells remain in the brain for years after acute stroke [185].
Within one month of the local ischemic event, a notable

increase in various T lymphocyte subtypes was observed
in the peri-infarct area [185]. Immunohistochemical
analyses of brain tissues one year post-ischemia revealed
that T helper (CD4+) cells predominantly localized to the
hippocampus and striatum [4].

Leukocytes
Leukocytosis serves as a biomarker of neuroinflam-

mation in response to brain ischemia. Elevated white blood
cell counts are predictors of ischemic stroke severity, poorer
neurological outcomes, and higher mortality rates [186].
Neutrophils are the primary leucocytes to infiltrate the post-
ischemic brain. Once in the brain, they are recruited to is-
chemic regions via chemokines, where they increase sec-
ondary injury by releasing pro-inflammatory factors [187].
These factors damage endothelial membranes and the basal
lamina, leading to leakage of BBB and the development
of brain edema following ischemia [34]. This pathologi-
cal process unfolds rapidly, beginning within 30 minutes
post-ischemia, peaking within three days, and gradually
resolving over the next five days [100,188,189]. Within
15 minutes of ischemia, neutrophils and macrophages acti-
vate molecules that allow interaction with endothelial cells.
By 6–8 hours post-ischemia, neutrophils accumulate within
vessel walls and surrounding the blood vessels, eventu-
ally spreading throughout brain tissue [190–192]. Mono-
cytes follow neutrophil infiltration, migrating to the post-
ischemic region with peak activity between days three and
seven post-ischemia [189]. Infiltrating neutrophils can per-
sist in the ischemic zones for over a month, though their
presence is often overshadowed after three days due to
macrophages and microglial activation at the site of neu-
roinflammation [193]. Neutrophils contribute to cerebral
microcirculatory dysfunction through mechanical obstruc-
tion and the secretion of vasoconstrictor substances, pro-
inflammatory factors, and hydrolytic enzymes, leading to
the “no reflow phenomenon” post-ischemia [124,194–196].
This phenomenon results in vasoconstriction and accu-
mulation of platelets within and around cerebral vessels
[54,124].

The extent of post-ischemic infarction and the sever-
ity of neurological deficits correlates strongly with ele-
vated neutrophil levels and activity, which significantly in-
crease the risk of mortality [189,197]. In contrast to neu-
trophils, lymphocyte levels decrease following cerebral is-
chemia, leading to an elevated neutrophil-to-lymphocyte
ratio (NLR), and high NLR is directly associated with larger
infarct volumes and increased patient mortality [197]. Fi-
nally, infiltrating leukocytes further intensify neuronal in-
jury in the ischemic penumbra and infarct core by releasing
pro-inflammatory factors, intensifying the damage caused
by ischemia [198].
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Innovations and Future Directions

Post-ischemic neuroinflammation, while essential for
the removal of amyloid, tau protein, and cellular debris
to prepare the brain for repair and plasticity, can be dele-
terious when prolonged. Chronic neuroinflammation ex-
acerbates secondary brain damage, impairs tissue repair,
and contributes to post-ischemic neurodegeneration. Fol-
lowing cerebral ischemia, activated endothelial cells re-
lease molecules that promote the adhesion and transmigra-
tion of peripheral immune cells across the BBB into the
brain parenchyma. Furthermore, the immune response in
ischemic tissue is initiated by immune effectors present in
the brain, such as glial cells. In addition, amyloid and
tau protein are involved in the above phenomena, which
enhance the process of neuroinflammation after ischemia.
This represents a novel finding, highlighting the interplay
between amyloid-tau protein pathways and neuroinflamma-
tion in promoting the pathology of post-ischemic neurode-
generation [10,22,41]. The resulting cascade of events ac-
tivates transcription factors, including AP-1, IRFs, NF-κB,
and STATs, which regulate gene expression, cytokine pro-
duction, neuronal survival and death, and neurological out-
comes. However, the activity of these factors in the brain is
modulated by their interactions with each other, accessibil-
ity to DNA binding sites, and the influence of ncRNAs and
other epigenetic regulators. ncRNAs, including miRNAs,
lncRNAs, and circRNAs, have emerged as essential regu-
lators of gene expression in post-ischemic neuroinflamma-
tion.

Biochemical modifications of RNA, collectively re-
ferred to as the epitranscriptome, impact gene expres-
sion and protein synthesis following ischemia, thereby
influencing neuroinflammation. For example, N6-
methyladenosine, the most common RNAmodification, af-
fects RNA stability, splicing, biogenesis, and translation
while modulating neuroinflammation by influencing mi-
croglial and astrocytic polarization. Targeting the epitran-
scriptome holds promise for regulating neuroinflammatory
responses, clearing amyloid and tau protein, promoting tis-
sue repair, and improving neurological outcomes following
cerebral ischemia.

In addition, differential DNA methylation, hydrox-
ymethylation, and histone modification are pivotal in reg-
ulating the expression of genes involved in post-ischemic
neuroinflammation and injury. Modulating transcription
factors, ncRNAs, and epitranscriptomic or epigenetic path-
ways offer potential therapeutic targets for post-ischemic
neurodegeneration. Epigenetic reprogramming represents
an innovative approach to mitigate ischemic damage. Acti-
vators and/or inhibitors of transcription factors, epigenetic
modulators, and RNA-based drugs should also be consid-
ered.

Efforts to develop RNA-based therapies have shown
promise over the past decade. For instance, targeting ncR-

NAs such as miRNA, miR-7, and lncRNA FosDT has
demonstrated improved outcomes in experimental mod-
els, offering a promising direction for future treatments
[65,70]. However, RNA-based therapies remain in their
infancy, facing delivery, specificity, and tolerability chal-
lenges. Moreover, further experimental studies are needed
to elucidate the role of RNAmodification, RNAprocessing,
RNA-RNA, and RNA-protein interactions in post-ischemic
neuroinflammation, paving the way for novel therapeutic
strategies.

Epigenetic DNA and epitranscriptomic RNA modifi-
cations respond to ischemia and thus influence functional
outcomes. Precise manipulation of these processes will
be critical in the development of effective therapies. In
summary, the interplay between transcription factors, ncR-
NAs, and epitranscriptomic and epigenetic changes under-
lies post-ischemic neuroinflammation, contributing to sec-
ondary ischemia-induced brain injury.

Considering the pivotal role of stem cells in brain
function, the stimulation or modulation of their behavior
presents a promising avenue for intervention in the brain-
immune axis following ischemia. Although consensus on
the exact mechanisms through which stem cells or their sig-
naling pathways influence neuroimmunology remains elu-
sive, advancing research in this segment could yield innova-
tive therapies and improve post-ischemic therapeutic moni-
toring. Promoting the integration of stem cell research into
brain ischemia projects is imperative to mitigate neuroin-
flammation and prevent the progression of neurodegenera-
tion and dementia. Gaining deeper insights into the under-
lying mechanisms governing stem cell behavior and neu-
roinflammatory responses will be crucial for identifying
novel therapeutic targets and developing strategies to en-
hance post-ischemic neurological recovery and functional
outcomes.

Conclusions

Neuroinflammation is a key driver of post-ischemic
brain neurodegeneration. Chronic neuroinflammation in-
creases neuronal damage, promotes the formation of amy-
loid plaques and tau protein dysfunction, and contributes to
cognitive impairment and dementia development. Target-
ing neuroinflammation offers a compelling opportunity for
medical intervention. However, translating findings from
preclinical animals into effective clinical therapies has been
challenging [199].

Current strategies focus on modulating the inflamma-
tory response to shift immune and glial cells towards an
anti-inflammatory phenotype, thereby promoting the sur-
vival of ischemic neurons [62,65]. This approach shows
promise as a therapeutic avenue for mitigating ischemia-
induced damage. A comprehensive understanding of the
role of neuroinflammation in experimental brain ischemia
is critical for identifying new treatment strategies. Such ad-
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vancements will enhance our ability to mitigate neuroin-
flammation and also alleviate the global burden of post-
ischemic brain neurodegeneration.
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