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Abstract

Ischemic stroke remains a major cause of mortality and persistent neurological deficits
worldwide, with its pathophysiology deeply intertwined with neuroinflammation and various cell
death mechanisms. This review focuses on the pivotal role of microglia in mediating the
neuroinflammatory response during ischemic stroke and highlights the complex interactions
between microglia and diverse programmed cell death pathways, including necroptosis,
autophagy, pyroptosis, and ferroptosis, and the newly proposed efferocytosis. Furthermore, we
discuss the significant influence of the gut microbiota on stroke outcomes through the gut-brain
axis. Recent advancements in understanding these interactions offer promising insights into novel
therapeutic approaches that could enhance neuroprotection and aid neurological recovery. The
review concludes with perspectives on future research directions, stressing the importance of
integrating advanced omics technologies and sophisticated animal models to explore the
underlying molecular mechanisms and develop rapid, effective therapeutic interventions within
the limited time window available post-stroke.

Keywords: Ischemic Stroke, Neuroinflammation, Microglia, Programmed Cell Death,
Efferocytosis, Gut-Brain Axis.
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1. Introduction

Stroke remains a leading cause of death and
disability worldwide, exerting a significant burden
on healthcare systems(1). Ischemic stroke,
accounting for approximately 75-80% of all stroke
cases, is particularly challenging due to its sudden
onset and the severe neurological deficits it can
cause(2,3). This type of stroke results from an
obstruction within a blood vessel supplying blood to
the brain, leading to a cascade of debilitating events
that can severely impact a patient's quality of life(3).
The primary treatment for acute ischemic stroke
involves the intravenous administration of tissue-
type plasminogen activator (t-PA), which can
restore cerebral perfusion by dissolving blood clots
and potentially rescuing dying cells within the
ischemic penumbra(4). However, the effectiveness
of t-PA is constrained by a narrow therapeutic
window of 3-4.5 hours post-onset, after which the
risk of hemorrhagic complications increases
significantly, limiting its widespread use(3,4). As an
alternative, intra-arterial thrombectomy has
emerged, offering promise but also presenting
significant challenges and potential
complications(5). These treatments, while critical,
are frequently hampered by their timing
requirements and the intricate pathophysiology of
the disease.

The development and progression of ischemic

stroke involve complex, interrelated
pathophysiological processes including
excitotoxicity, oxidative stress, mitochondrial

dysfunction, and extensive neuroinflammation, all
contributing to the disruption of the blood-brain
barrier (BBB) and  subsequent
damage(6,7). Prolonged and intense inflammatory
responses play a pivotal role in exacerbating brain

neuronal

damage. Extensive research has linked post-stroke
inflammation with BBB breakdown, vasogenic
edema, hemorrhagic transformation, and the
restoration of neurological functions(8-10).
Neuroinflammation is a pervasive feature at all
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stages of ischemic stroke, initiated by the activation
of damage-associated molecular patterns (DAMPs)
released from injured or dying cells(9,11). These
DAMPs, including adenosine, heat shock proteins,
high mobility group box 1 (HMGBI), and
interleukin-33, are recognized by immune cells,
triggering a variety of downstream signaling
pathways(6,9). During the inflammatory process,
various cells such as microglia,
macrophages, and T lymphocytes are activated,
producing inflammation-related cytokines,
interferons, and chemokines(6). The upregulation of

Immune

adhesion molecules promotes the adhesion of
leukocytes on the vascular surface, intensifying the
infiltration of immune cells. An abundance of pro-
inflammatory stimulates endothelial cells and
pericytes, leading to the disruption of the BBB(12).
These factors collectively facilitate the adhesion and
infiltration of immune cells into the CNS,
culminating in the breakdown of the BBB and the
formation of cytotoxic edema.

Microglia, central to the neuroinflammatory
response in ischemic stroke, are the principal
immune cells within the CNS and play pivotal roles
in its pathophysiology. They play multifaceted roles
not only in regulating neurogenesis, the fate of
oligodendrocyte precursor cells, and myelination
but also in influencing neuronal survival through
critical functions(7,13). Microglia phagocytose
cellular debris, release neurotrophic factors and
reactive oxygen species, and regulate synaptic
pruning controlled by the complement system.
Furthermore, microglia engage in
interactions with various neuronal and non-neuronal
cell types, such as astrocytes(14). Following
ischemic events, microglia are activated, releasing
pro-inflammatory ~ cytokines = that  enhance
phagocytosis and exhibit antigen-presenting
capabilities(7). While the activation of microglia
plays a beneficial role in clearing dead cells and
tissue debris and in promoting the release of growth
factors, it also exacerbates brain tissue damage
through the release of pro-inflammatory cytokines

complex



and oxidants(14—16). This dual role highlights the
complexity and significance of microglial function,
which is also a critical determinant of neuronal
death in cerebral ischemia.

In light of recent findings, our discussion explores
the complex dynamics of microglial activation in
ischemic stroke, examining their dual roles in both
exacerbating damage and facilitating repair. We
discuss the latest insights into microglial activation
and its modulation by various cell death
mechanisms, including necroptosis, autophagy,
pyroptosis, and ferroptosis. = Furthermore, we
explore emerging areas such as the influence of the
gut microbiome on microglial function, highlighting
how systemic factors can impact brain health. This
review seeks to illuminate the multifaceted roles of
microglia and research and
therapeutic enhance

suggest future

directions  that may

neuroprotection and aid neurological recovery.
1. Microglia
Overview

Microglia, which comprise about 5-20% of all glial
cells and 10% of total brain cells in adults, play an
essential role in maintaining brain homeostasis(17—
19).. In a healthy brain, microglia bolster neural
precursor cell proliferation and are instrumental in
sculpting neuronal circuits. They regulate synaptic
structures and prune non-functional synapses via the
complement system, interacting intricately with
various neuronal and non-neuronal cell types,
including astrocytes(12,19). Upon acute brain injury,
such as ischemic stroke, microglia transform rapidly
from a ramified resting state, characterized by
extensive branching processes, to an activated,
motile ameboid form(20). Known as brain
macrophages in this state, microglia clear cellular
debris through phagocytosis and emit a wide array
of signaling molecules, including cytokines,
neurotransmitters, and extracellular matrix proteins,
which regulate neuronal and synaptic activity and
their functional plasticity(9). Microglial activation
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is a hallmark of the stages  of
neuroinflammation in ischemic stroke; these cells
can be detected in affected areas as early as two
hours post-ischemia and up to one week after the

early

initial brain injury(21,22). Activated microglia
release cytotoxic factors such as superoxide, nitric
oxide (NO), TNF-q, IL-1p and IL-6 in both in vitro
and in vivo models, initiating shortly after the insult
and potentially exacerbating injury over the
following days(23,24). However, during the chronic
stage (several days post-onset), microglia can also
produce protective cytokines, such as the
neurotrophic factor IGF-1, which contributes
significantly to neural repair and survival(25,26).
This dual nature of microglia, both as a mediator of
damage and a facilitator of healing, underscores
their complex and critical role in the pathogenesis of
stroke.

Microglial Activation

Following an ischemic stroke, microglial activation
initiates the inflammatory response to brain injury.
Immediately after ischemia sets in, resident
microglia are rapidly mobilized to the site of injury.
At this location, they wundergo significant
morphological changes in response to decreased
cerebral blood flow and energy deprivation,
including hypertrophy of the cell body,
development of motile branches, and soma
migration(27,28)(28,29). The activation of
microglia post-ischemia is a complex process
influenced by various factors that disrupt the BBB.
Post-ischemia, changes in junctional proteins
increase BBB permeability, while microglia release
matrix metalloproteinase (MMP)-9, promoting
further breakdown(30,31). Additionally, microglia
produce cytokines and chemokines, enhancing
endothelial adhesion and leukocyte infiltration
which contribute to further BBB breakdown(12). As
reperfusion begins, activated microglia engage in
phagocytosis of endothelial cells, facilitating the
entry of serum components(32). Microglial
activation is largely driven by DAMPs such as



HMGBI1(33), Peroxiredoxin-1(34), and galectin-
3(35). These activate microglia through pathways
involving toll-like receptors, particularly TLR4(36),
and other receptors linked to signal transduction
pathways like MAPK(37) and NF-kB(38). However,
the continuum of microglial activation extends
beyond initial protective responses, evolving into a
phase that can exacerbate pathology(14). As the
ischemic environment persists, microglia adopt a
pro-inflammatory phenotype, secreting cytokines
and chemokines that, while essential for signaling
and recruiting peripheral immune support, also
amplify the inflammatory milieu, contributing to
secondary neuronal injury(39).

Microglial Polarization

Microglial polarization, akin to macrophages,
reflects their adaptive response to environmental
stimuli and is crucial in modulating the progression
and resolution of neuroinflammation(23). The
patterns of microglial activation vary substantially
between the infarcted core and peri-infarcted
area(40). Historically, microglial activation has
been categorized into two primary phenotypes:
classically activated (M1) and alternatively
activated (M2)(41). M1 microglia, induced by
factors like LPS and pro-inflammatory cytokines,
produce high levels of pro-inflammatory agents and
oxidative metabolites, exacerbating neuronal
damage(23,42,43). In contrast, the M2 phenotype,
associated with anti-inflammatory cytokines and
neurotrophic factors, promotes tissue repair and
inflammation resolution(23,44). The polarization of
microglia is regulated by pathways like the Nrf2,
which under oxidative stress conditions, favors an
anti-inflammatory M2 state by enhancing AMP-
activated protein kinase (AMPK) activity(45) (46).
However, recent insights from single-cell RNA
sequencing suggest a more complex spectrum of
microglial activation, revealing diverse subtypes
within the traditionally binary M1/M2 classification,
each playing unique roles in tissue repair and wound
healing(41). (47). (48).
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These insights underscore the potential for
modulating microglial activation and polarization to
alter their phenotypes, opening new research
avenues for how cell death mechanisms like
necroptosis, autophagy, pyroptosis, and ferroptosis
interact with microglial functions. Additionally, the
emerging roles of efferocytosis and the gut
microbiome in influencing microglial activity
present exciting new opportunities for research.

Cell Death Mechanisms
Overview

Physiologically, cell death is a highly regulated and
crucial homeostatic mechanism required to maintain
tissues, organ size, and function(49). Within the
CNS, programmed cell death (PCD) is pivotal in
developing functional circuitry, helping to regulate
neuron numbers and establish precise neural
connections(50,51). PCD encompasses
types, each with distinct molecular mechanisms and
functions, including apoptosis, necroptosis,
autophagy, and more recently recognized forms

several

such as pyroptosis and ferroptosis(50—53). The
brain tissue area affected by ischemic stroke can be
conceptually divided into the core and penumbra,
with the core being the central area experiencing the
most severe ischemia, and typically becoming
rapidly necrotic, whereas the penumbra is the
surrounding areas experiencing a lower level of
ischemia in which neurons are functionally
depressed but still viable. Initially, neurons in the
penumbra activate signaling pathways that promote
potentially lasting several hours to
days(50). Over time, however, neuronal density in
the penumbra adjacent to the infarct core decreases,
coinciding with the activation of glial cells and
potential expansion of infarct lesions at the expense
of the penumbra(29). Thus, salvaging penumbra

survival,

neurons is considered a crucial target for post-stroke
therapies. Apoptosis, the most common form of
PCD, is a non-inflammatory mode of cell death that
is characterized by the overexpression of both
apoptotic and anti-apoptotic proteins in the



penumbra(54). The fate of cells in this region is
influenced by the balance between these opposing
forces, with caspases playing a central role in both
regulating neuroinflammation and executing
apoptosis. Traditionally, caspases are classified
based on their function into apoptotic (caspase-2, -
3,-6,-7,-8, -9, and -10) or inflammatory categories
(caspase-1, -4, -5, -11, and -12)(55). This section of
the review will focus on exploring the various ways
in which these cell death mechanisms regulate the

inflammatory response in microglia.
Necroptosis

Necroptosis is identified as a lytic form of PCD,
orchestrated by the activation of the kinases RIPK1
and RIPK3(49). These kinases interact through their
RIP homotypic interaction motif (RHIM) domains
to form a cytosolic complex known as the
necrosome. Activation of the necrosome leads to the
phosphorylation of MLKL by RIPK3. Once
phosphorylated, MLKL forms a multimeric
complex that disrupts the plasma membrane,
causing cell lysis and the release of intracellular
contents(56), which starkly contrasts with apoptosis,
as it lacks the orderly packaging of cellular
components. In cells undergoing necroptosis,
RIPK1 and RIPK3 play crucial roles in
neuroinflammation by promoting the release of
DAMPs, which involves the nuclear translocation of
activated RIPK1 and its interaction with the BAF
complex, leading to upregulated chromatin
modification and inflammatory gene expression,
thereby triggering inflammation(57). As mentioned
above, DAMPs being one of the well-known
activators of microglia.

Multiple lines of evidence support a role for
necroptosis in ischemic stroke(58). For instance,
TNF-a derived from microglia mediates endothelial
necroptosis, which significantly exacerbates BBB
disruption  following  ischemic  events(59).
Specifically, this process is driven by perivascular
M1-like microglia, where the interaction of TNF-a
secreted by these microglia and its receptor is
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crucial for inducing endothelial necroptosis and
subsequent BBB disruption. Moreover, treatment
with anti-TNF-o agents significantly ameliorates
endothelial necroptosis, reduces BBB destruction,
and improves overall stroke outcomes. TRAF2 has
been identified as a key suppressor of necroptotic
cell death, which is significantly upregulated in
ischemic brains, particularly within neurons and
microglia. One study (60)reveals that knockdown of
TRAF2 exacerbates brain damage following
ischemic events by increasing infarction size and
enhancing microglial activation along with pro-
inflammatory responses. Furthermore, in vitro
experiments show that TRAF2 knockdown leads to
increased cell death in microglia and neuronal cells
under stress. The application of necrostatin-1, a
necroptosis inhibitor, has shown potential in
mitigating these effects, suggesting that strategies
targeting necroptosis pathways may offer new
therapeutic opportunities for managing ischemic
stroke.

Autophagy

Autophagy is a crucial cellular mechanism in
eukaryotes, characterized by a panel of autophagy-
related (ATG) gene products orchestrates the
formation of a double-membrane vesicle, known as
the autophagosome, which encapsulates cellular
cargo and fuses with lysosomes, resulting in the
degradation of its contents through the activities of
lysosomal hydrolases(61,62). Three forms of
autophagy have reported:
microautophagy and

macroautophagy,
chaperone-mediated
autophagy, each of these processes is distinct(63),
however, macro autophagy is the most widely
studied and well described of the three types, and
macroautophagy is the pathway of
intracellular degradation(64). Autophagy-related
processes is fundamental not only for modulating
the development, differentiation, and death of cells
and tissues but also for maintaining inflammation

main

and immune homeostasis, and adapting to metabolic
demands(62). Autophagy can be triggered by



various stress conditions including hypoxia,
starvation, oxidative stress, endoplasmic reticulum
stress, protein aggregation, and mammalian target
(mTOR) inhibitors(62). The
regulation of autophagy involves complex signaling
pathways, primarily through the mTOR and
adenosine-monophosphate activated protein kinase
(AMPK)(62). While mTOR serves as an inhibitor of
autophagy by phosphorylating Unc-51-like kinase
(ULK), AMPK promotes autophagy. It does this by
inhibiting mTOR activity and directly activating
ULK, thereby inducing autophagy. Notably,
ischemia propagates autophagy through AMPK
activation(65).

of rapamycin

Autophagy crosstalks with
inflammatory signaling cascades(62), numerous
studies have found that microglial autophagy can
regulate inflammatory responses by affecting their

extensively

functional ~ phenotypes in  cerebrovascular
diseases(66). The transformation from the M1 to the
M2 phenotype can protect the body from excessive
inflammatory injury, and one of the mechanisms

affecting macrophage polarization is autophagy(67).

In mammalian cells, microglial autophagy has been
demonstrated to be critical for microglial activation
in vitro, and the inhibition of microglial autophagy
results in the upregulation of proinflammatory
cytokines, increased M1 microglial
activation(68). In ischemic stroke, autophagy and
inflammation are intricately connected processes
that play crucial roles in microglial function,
displaying a finely balanced interaction. In studies
utilizing BV-2 cells to simulate the effects of
oxygen-glucose deprivation/reperfusion (OGD/R),
findings indicate dynamic changes in microglial

causing

activity over time(69). In the initial stages of
OGD/R, there is a simultaneous increase in both
pro-inflammatory and anti-inflammatory microglial
activities. However, as the condition progresses to
later stages, specifically by 72 hours post-OGD/R, a
notable shift occurs: autophagic activity within the
microglia is inhibited, leading to an increase in pro-
inflammatory microglia and a concurrent decrease
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in anti-inflammatory microglia. Nonetheless,
phagocytosis is a therapeutic target yet to be
explored in stroke and other brain disorders. Several
intracellular molecules such as PARP14 (a member
in the Poly (ADP-ribose) polymerase superfamily)
and PGC-la (peroxisome proliferator-activated
receptor-y coactivator-1a) have been demonstrated
to limit microglial activation and promote
neurological recovery after stroke by inducing
microglial autophagy(70,71).

Pyroptosis

Pyroptosis, also known as 'fiery death,' is a distinct
form of inflammatory PCD characterized by the
activation of caspase-1 through inflammasomes,
sharing features with both necroptosis and apoptosis
and  involving rapid cell lysis and
inflammation(53,72). Like necroptosis, pyroptosis
leads to plasma membrane pore formation and
cellular swelling, culminating in cell rupture and the
release of pro-inflammatory cytokines and
intracellular contents. However, it uniquely mirrors
apoptosis through mechanisms such as caspase
dependence, chromatin condensation, and DNA
fragmentation(73). Inflammasomes, central to
pyroptosis, are multiprotein complexes that detect
pathogenic microorganisms and damaged cell
signals through pattern recognition receptors (PRRs)
such as Toll-like receptors (TLRs) and Nod-like
receptors (NLRs). These complexes respond to
pathogen-associated molecular patterns (PAMPs)
and DAMPs, leading to the activation of caspase-1,
which then cleaves gasdermin D (GsdmD)(72).
Under both in vitro and in vivo ischemic conditions,
microglia release components and activation-
dependent pro-inflammatory cytokines via the
inflammasome, with the NLRC4 inflammasome
complex playing a pivotal role in mediating
pyroptotic cell death in BV2 microglial cells(74).
Pyroptosis distinguishes itself from necroptosis by
its reliance on GsdmD as the primary executor of
cell death(75). In the canonical pathway, pyroptosis
is triggered by the cleavage of gasdermin D at



D275—based on human GsdmD numbering—into
N- and C-termini by caspase-1. In the noncanonical
pathway, caspases 4, 5 in humans, and caspase 11 in
mice are responsible for this cleavage. The N-
terminus of GsdmD then forms a transmembrane
pore that facilitates the release of pro-inflammatory
cytokines such as IL-1f and IL-18. This pore
formation disrupts ion and water regulation, leading
to intense inflammation and cell death.

Like other forms of PCD, accumulating evidence
has suggested targeting microglia pyroptosis may
offer preventive and therapeutic benefits for stroke
management(76). Edaravone dexborneol is a
traditional prescription known for its synergistic
antioxidant and anti-inflammatory effects, and it
effectively inhibits the activation of the NLRP3
inflammasome-induced microglial pyroptosis in
experimental ischemic stroke by modulating the
NF-«B/NLRP3/GSDMD  signaling
Complementarily, studies involving CX3CL1 show
that its exogenous administration, particularly
recombinant CX3CL1 (rCX3CL1), not only reduces
neurological deficits and infarct size in mice post-
middle cerebral artery occlusion (MCAO) but also
diminishes GSDMD-dependent
microglia(77). Similarly,

pathway.

pyroptosis  in
bone marrow
mesenchymal stem cell-derived exosomes have
been shown to attenuate cerebral ischemia-
reperfusion injury by modulating microglial M1/M2
phenotypes, thus reducing neuroinflammation and
pyroptosis(78). Additionally, intermittent theta-
burst stimulation has demonstrated improvements in
motor function in cerebral ischemic mice by
inhibiting neuronal pyroptosis and regulating
microglial polarization through the

TLR4/NFxB/NLRP3 signaling pathway(79).
Ferroptosis

Ferroptosis refers to a distinct modality of PCD
driven by iron-dependent phospholipid
peroxidation(80). The research field of ferroptosis
has experienced exponential growth since the term
was first coined in 2012(81). Morphologically,
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exhibits smaller than normal

with condensed mitochondrial
membrane densities, reduction or vanishing of
mitochondria crista, and outer mitochondrial

ferroptosis
mitochondria

membrane rupture, yet lacks many of the defining
characteristics of other PCD, such as blebbing, lysis,
or DNA fragmentation(53,80). Ferroptosis,
predominantly occurring in the brain(81), is
primarily triggered by the generation of ROS from
various including iron metabolism,
mitochondrial electron transport chain activity, and
reactions involving the nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase (NOX)
protein family, all contributing to a continuous and
complex process of cellular oxidative stress and
lipid peroxidation(80). Additionally, the system xc—
glutathione (GSH)—glutathione peroxidase 4 (GPX4)
axis serves as a key regulatory mechanism for
cellular resistance against the formation of lipid
hydroperoxides, which are fundamental
characteristics of ferroptosis(82). Disruption of this

sources

axis can weaken cellular antioxidant defenses,
leading to increased ROS levels and heightened
sensitivity to ferroptosis(83).

The mechanisms of ferroptosis highlight its
potential roles and functional implications, ever
since iron is essential for catalyzing various redox
reactions vital to cellular metabolism. Increasing
evidence suggested that beyond regulating infection
responses through ferroptotic immune cells such as
T and B cells, ferroptosis-mediated sterile
inflammation also plays a pathological role in the
progression of ischemia-reperfusion injury across
various tissues(84). Notably, brain cells display
varying sensitivities to ferroptosis, with microglia
being the most susceptible, whereas neurons are less
affected. Interestingly, in a mixed-culture system,
cells exhibit greater resistance to ferroptosis
compared to when cultured individually(85,86). As
a result, targeting microglia has emerged as a
primary strategy to regulate ferroptosis in ischemic
conditions. Cui et al. (86) demonstrated that cell
ferroptosis-conditioned =~ medium  significantly



triggered inflammation in microglia and peritoneal
macrophages, and RSL3 inhibited LPS-induced
inflammation to protect cells from ferroptosis by
upregulating Nrf2 expression in microglia and
macrophages. Acyl-CoA synthetase long-chain
family member 4 (ACSL4), crucial for
polyunsaturated fatty acids metabolism, modulates
ferroptosis sensitivity. Knockdown of ACSL4 not
only protects against brain ischemia but also reduces
proinflammatory = cytokine  production  in
microglia(87). Moreover, recent studies underline
the protective roles of progranulin and caffeic acid
against cerebral ischemia-induced ferroptosis in
MCAO models(88,89). Progranulin not
reduces neuronal ferroptosis post-stroke but also
modulates inflammatory Similarly,
caffeic acid offers protection by engaging the Nrf2
pathway, renowned for its dual role in promoting
anti-oxidation and anti-inflammation. In summary,
these findings suggest that ferroptosis inhibition is a
viable therapeutic strategy for ischemic stroke.

only

responsces.

Developing specific ferroptosis inhibitors that have
minimal side effects on other organs remains a
crucial area for future research.

2. Efferocytosis

Dead cells can become secondarily necrotic,
potentially leading to autoimmunity, tissue necrosis,
and pathological inflammation(90,91). This raises a
crucial question: how do phagocytes that engulf
dead cells effectively manage the substantial
metabolic cargo resulting from the degradation of
these ingested cells to prevent such inflammatory
responses? Accumulating evidence suggests that
efferocytosis may address this issue through a
reciprocal interaction between dead or dying cells
and phagocytes(92). Phagocytes, both professional
(such as macrophages and dendritic cells) and non-
professional (like epithelial cells), are drawn to sites
of cell death by "Find-me" signals. They then
recognize and engulf dying cells via "Eat-me"
signals, leading to their internalization for
degradation and processing. Notably, genetic,
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biochemical, and imaging techniques have revealed
morphological and mechanistic  distinctions
between efferocytosis and classical forms of
phagocytosis(93). In the brain, efferocytosis is
mainly performed by microglia and is essential for
maintaining tissue homeostasis and
tolerance, as well as for resolving inflammation and
facilitating tissue repair(91). To effectively regulate
inflammation, efferocytosis not only sequesters
dead or dying cells but also reduces the release of
DAMP(94). Furthermore, this process involves
several key metabolic-sensing molecules, including
LXRa, LXRB, PPARy, PPARS, RXRa, and the
CD73—adenosine receptor A2a axis. These
molecules play crucial roles in modulating
inflammatory responses within phagocytes and
promote the resolution of inflammation(92,95).

immune

The mechanisms of efferocytosis outlined above
clearly demonstrate that dysregulated or impaired
efferocytosis could potentially contribute to the
etiology of a variety of inflammatory diseases.
However, the specific signaling pathways that
govern the phagocytic behavior of microglia and
macrophages in ischemic brains, and their
phenotypic transformation following efferocytosis,
are still not well understood. Addressing this gap,
Cai and colleagues have conducted studies
exploring these critical aspects(96). They have
identified the STAT6/Argl signaling axis as crucial
for regulating microglia/macrophage responses in
ischemic brains, showing that STAT6 activation is
essential for effective efferocytosis, reducing
inflammation, and improving stroke outcomes with
experiments demonstrating that STAT6 deficiency
leads to increased neuronal death and larger infarct
volumes, while adoptive transfer of wild-type
macrophages  into  STAT6-deficient  mice
significantly ameliorated these effects. Following
these findings, a recent study underscored the role
of the Sigma-1 receptor (Sig-1R) in
macrophage/microglia-mediated efferocytosis
during ischemic stroke. Using Sig-1R knockout
mice and bone marrow-derived macrophages,



researchers found that Sig-1R deficiency impaired
phagocytic function, exacerbating brain damage and
neurological deficits. However, adoptive transfer of
Sig-1R intact macrophages not only restored
neuronal  clearance  but  also  reduced
neuroinflammation and enhanced recovery, with
Racl activation identified as a key mechanism in
Sig-1R-mediated efferocytosis(97). Beyond these
foundational insights, additional studies have
revealed other factors influencing efferocytosis in
ischemic stroke. For example, research indicates
that a high-salt diet impairs the efferocytic
capabilities of  macrophages,
inflammation and neurological outcomes post-
stroke(98).  Additionally, osteopontin-derived
peptides, particularly those containing the RGD
motif, have been demonstrated to reduce brain
damage and promote recovery by enhancing anti-
inflammatory responses and the efferocytic activity
of microglia(99). Moreover, blocking the CD300a
receptor, highly expressed on myeloid brain cells,

worsening

significantly enhances efferocytosis, thereby
reducing inflammation and improving recovery
outcomes in stroke models(100). Although there
have been advances, a deeper understanding of the
molecular and cellular mechanisms and impacts of
efferocytosis is required in this emerging field.

3. Gut microbiome

Ischemic stroke initiates an inflammatory cascade
that leads to microglial activation and the
recruitment of peripheral immune cells to the
ischemic hemisphere (101). Studies have shown that
some of these immune cells originate from the
intestine and are influenced by the gut
microbiota(102,103). The gut microbiota, primarily
located in the large intestine, comprises tens of
trillions of microorganisms, including bacteria,
viruses, fungi, and archaea(104). This complex
ecosystem plays a crucial role in
physiological functions, such as digestion, vitamin

several

synthesis, and fortifying the gut barrier, which
protects against pathogens and maintains intestinal
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integrity(105). Functionally, the microbiome is vital
for the maturation and functioning of the host's
immune system, influencing the balance between
pro-inflammatory and anti-inflammatory
responses(106). Additionally, gut bacteria are
critical for the maturation and function of microglia
under both steady-state conditions and following
disturbances. For instance, mice raised in germ-free
environments, which lack all commensal bacteria,
display an immature microglial phenotype(107).

Studies have demonstrated that gut microbiota-
derived metabolites, particularly short-chain fatty
acids (SCFAs) such as acetate, butyrate, and
propionate, significantly influence microglial
activation(108). Produced by bacterial fermentation
of dietary fibers, SCFAs can cross the BBB and
enter systemic circulation. Once within the brain,
SCFAs impact microglial function by modulating
histone deacetylase activity, which in turn regulates
the expression of genes associated with
inflammation and immune response(109). Post-
stroke, SCFAs alter microglial morphology to a less
activated, more ramified state, shown by changes in

Iba-1 immunohistochemistry and morphology

analysis. This modulation reduces microglia
numbers and the expression of CD68, an activation
marker, thereby mitigating microglial

hyperactivation and decreasing the invasion of pro-
inflammatory lymphocytes into the brain(110).
These actions suggest SCFAs play a comprehensive
role in regulating both microglial response and
broader immune reactions post-stroke, highlighting
a critical aspect of the gut-brain connection.
Following ischemic stroke, significant reductions in
fecal SCFAs have been observed in both humans
and experimental animals(111,112), accompanied
by concurrent decreases in plasma SCFAs in
experimental animals(113). Post-stroke changes in
SCFAs have prompted studies on how dietary or
probiotic interventions targeting gut microbiota
might influence stroke outcomes. Pre-stroke
supplementation of drinking water with SCFAs for
four weeks significantly enhanced recovery and



cortical reorganization in mice, altering gene
expression related to microglial function and
activation in affected brain regions(113). SCFA-
treated mice also displayed reduced activation and
lower numbers of microglial cells and T
lymphocytes in the cortical tissue, with further
evidence of SCFAs' beneficial effects on post-stroke
recovery observed in aged mice transplanted with
SCFA-producing  bacteria  combined  with
inulin(114). Although these studies primarily
examined overall SCFA levels, one study found that
both in vivo and in vitro, butyrate induced
morphological and functional shifts in microglia
towards a homeostatic state and restrained
proinflammatory changes(115).

Additionally, other gut-derived metabolites like
Trimethylamine N-oxide (TMAO) have been
associated with adverse cardiovascular outcomes,
including stroke(116). A systematic review and
meta-analysis revealed a positive dose-response
relationship between TMAO levels and major
adverse  cardiovascular and cerebrovascular
events(117). However, research on TMAO's role in
inflammation, particularly its effect on microglial
regulation, is still sparse. One study demonstrated
that TMAO worsens ischemic stroke outcomes by
inducing the release of inflammatory cytokines in
the brains of MCAO/R mice and by activating the
OGD/R  microglial inflammasome via the
modulation of FTO/IGF2BP2 and NLRP3
inflammasome activation(118). As the gut
microbiota becomes increasingly central in
biomedical research, the deepening understanding
of the gut-brain axis is driving the development of
innovative research methods aimed at reducing
stroke severity and enhancing neurological recovery.

4. Conclusion and future perspectives

This review has elucidated the pivotal role of
microglia in mediating neuroinflammation during
ischemic stroke and highlighted the intricate
interactions between various cell death mechanisms,
including efferocytosis. It also emphasizes the
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significant impact of the gut microbiota through the
gut-brain axis on both systemic and CNS-specific
inflammation, underlining the potential of gut-
derived metabolites like SCFAs to modulate
microglial activation and promote neuroprotective
environments.

Recent insights into PANoptosis, a newly proposed
category of cell death, integrate molecules from
apoptosis, and necroptosis
complex PANoptosome structures(119),
representing a significant advancement in our
understanding of cellular death mechanisms. This
conceptual integration offers a comprehensive
perspective on the interconnections between various
forms of cell death and inflammation, particularly in
the context of ischemic stroke. Furthermore, the role
of metabolic reprogramming in immune cell
activation presents a valuable area for further

pyroptosis, within

research. Given the diverse metabolic requirements
of immune cells based on their phenotypes,
exploring these metabolic pathways could lead to
new methods for enhancing reparative functions
while mitigating harmful inflammation post-
stroke(120).

Looking ahead, advanced omics
technologies and sophisticated animal models will
be crucial for deepening our understanding of how
metabolic alterations and novel cell death pathways,
such as PANoptosis, impact the gut-brain axis and
influence stroke outcomes. Future research should
also focus on elucidating the specific molecular
mechanisms through which metabolic
reprogramming and PANoptosis affect microglial
functions and on identifying modifiable risk factors
within these pathways. Ischemic strokes can be
extremely acute, allowing only a short time window
for intervention. Therefore, it is essential to consider
how therapies based on advanced mechanisms such
as PCD, gut microbiota, the PANoptosome, or
metabolic reprogramming can be applied timely to

leveraging

exert their effects rapidly enough.

In summary, while significant progress has been



made in delineating the roles of microglia, PCD
mechanisms such as ferroptosis, efferocytosis, and
the gut microbiota in ischemic stroke, the
exploration of PANoptosis and metabolic

reprogramming is opening new therapeutic frontiers.

Comprehensive  clinical  studies and  the

[1] The GBD 2016 Lifetime Risk of Stroke
Collaborators.  Global, Regional, and
Country-Specific Lifetime Risks of Stroke,
1990 and 2016. N Engl J Med (2018)
379:2429-2437. doi:
10.1056/NEJMoal804492

[2] Benjamin EJ, Virani SS, Callaway CW,
Chamberlain AM, Chang AR, Cheng S,
Chiuve SE, Cushman M, Delling FN, Deo R,
et al. Heart Disease and Stroke Statistics—
2018 Update: A Report From the American
Heart Association. Circulation (2018) 137:
doi: 10.1161/CIR.0000000000000558

[3] Mendelson SJ, Prabhakaran S. Diagnosis
and Management of Transient Ischemic
Attack and Acute Ischemic Stroke: A
Review. JAMA (2021) 325:1088-1098. doi:
10.1001/jama.2020.26867

[4] Saver JL, Fonarow GC, Smith EE, Reeves
MJ, Grau-Sepulveda MV, Pan W, Olson
DM, Hernandez AF, Peterson ED,
Schwamm LH. Time to treatment with
intravenous tissue plasminogen activator
and outcome from acute ischemic stroke.
JAMA (2013) 309:2480-2488. doi:
10.1001/jama.2013.6959

[5] Krishnan R, Mays W, Elijovich L.
Complications of Mechanical
Thrombectomy in Acute Ischemic Stroke.
Neurology (2021) 97:S115-S125. doi:
10.1212/WNL.0000000000012803

[6] Qin C, Yang S, Chu Y-H, Zhang H, Pang X-
W, Chen L, Zhou L-Q, Chen M, Tian D-S,
Wang W. Signaling pathways involved in
ischemic stroke: molecular mechanisms and
therapeutic interventions. Signal Transduct
Target  Ther (2022) 7:215.  doi:

Page 11 of 19

development of innovative therapeutics based on
these insights are imperative to fully capitalize on
this knowledge for the benefit of stroke patients
worldwide.

REFERENCES

10.1038/s41392-022-01064-1

[7] Endres M, Moro MA, Nolte CH, Dames C,
Buckwalter MS, Meisel A.
Pathways in Etiology, Acute Phase, and
Chronic Sequelae of Ischemic Stroke. Circ
Res  (2022) 130:1167-1186.  doi:
10.1161/CIRCRESAHA.121.319994

Immune

[8] Maida CD, Norrito RL, Daidone M,
Tuttolomondo A, Pinto A.
Neuroinflammatory Mechanisms in

Ischemic Stroke: Focus on Cardioembolic
Stroke, Background, and Therapeutic
Approaches. Int J Mol Sci (2020) 21:6454.
doi: 10.3390/ijms21186454

[9] Jayaraj RL, Azimullah S, Beiram R, Jalal
FY, Rosenberg GA. Neuroinflammation:
friend and foe for ischemic stroke. J
Neuroinflammation (2019) 16:142. doi:
10.1186/s12974-019-1516-2

[10] Candelario-Jalil E, Dijkhuizen RM,
Magnus T. Neuroinflammation, Stroke,
Blood-Brain Barrier Dysfunction, and
Imaging Modalities. Stroke (2022) 53:1473—
1486. doi:
10.1161/STROKEAHA.122.036946

[11] Liesz A, Dalpke A, Mracsko E, Roth S,
Zhou W, Yang H, Na S-Y, Akhisaroglu M,
Fleming T, Eigenbrod T, et al. DAMP
Signaling is a Key Pathway Inducing
Immune Modulation after Brain Injury. J
Neurosci  (2015)  35:583-598.  doi:
10.1523/INEUROSCI.2439-14.2015

[12] Da Fonseca ACC, Matias D, Garcia C,
Amaral R, Geraldo LH, Freitas C, Lima FRS.
The impact of microglial activation on
blood-brain barrier in brain diseases. Front
Cell Neurosci (2014) 8: doi:



10.3389/fncel.2014.00362

[13] Matcovitch-Natan O, Winter DR, Giladi A,
Vargas Aguilar S, Spinrad A, Sarrazin S,
Ben-Yehuda H, David E, Zelada Gonzalez F,
Perrin P, et al. Microglia development
follows a stepwise program to regulate brain
homeostasis. Science (2016) 353:aad8670.
doi: 10.1126/science.aad8670

[14] Prinz M, Jung S, Priller J. Microglia
Biology: One Century of Evolving Concepts.
Cell (2019) 179:292-311. doi:
10.1016/j.cell.2019.08.053

[15] Borst K, Dumas AA, Prinz M. Microglia:
Immune and non-immune functions.
Immunity (2021) 54:2194-2208. doi:
10.1016/j.immuni.2021.09.014

[16] Qin C, Zhou L-Q, Ma X-T, Hu Z-W, Yang
S, Chen M, Bosco DB, Wu L-J, Tian D-S.
Dual Functions of Microglia in Ischemic
Stroke. Neurosci Bull (2019) 35:921-933.
doi: 10.1007/s12264-019-00388-3

[17] Ginhoux F, Greter M, Leboeuf M, Nandi S,
See P, Gokhan S, Mehler MF, Conway SJ,
Ng LG, Stanley ER, et al. Fate mapping
analysis reveals that adult microglia derive
from primitive macrophages. Science (2010)
330:841-845. doi:
10.1126/science.1194637

[18] Liu H, Wang X, Chen L, Chen L, Tsirka SE,
Ge S, Xiong Q. Microglia modulate stable
wakefulness via the thalamic reticular
nucleus in mice. Nat Commun (2021)
12:4646. doi: 10.1038/s41467-021-24915-x

[19] FrostJL, Schafer DP. Microglia: Architects
of the Developing Nervous System. Trends
Cell Biol (2016) 26:587-597. doi:
10.1016/j.tcb.2016.02.006

[20] Li T, Pang S, Yu Y, Wu X, Guo J, Zhang
S. Proliferation of parenchymal microglia is
the main source of microgliosis after
ischaemic stroke. Brain (2013) 136:3578—
3588. doi: 10.1093/brain/awt287

[21] Schilling M, Besselmann M, Miiller M,
Strecker JK, Ringelstein EB, Kiefer R.

Page 12 of 19

Predominant phagocytic activity of resident
microglia over hematogenous macrophages
following transient focal cerebral ischemia:
An investigation using green fluorescent
protein transgenic bone marrow chimeric
mice. Exp Neurol (2005) 196:290-297. doi:
10.1016/j.expneurol.2005.08.004

[22] Nakajima K, Kohsaka S.
Microglia:Neuroprotective and
Neurotrophic Cells in the Central Nervous
System. Curr Drug Target -Cardiovasc
Hematol Disord (2004) 4:65-84. doi:
10.2174/1568006043481284

[23] Hu X, Li P, Guo Y, Wang H, Leak RK,
Chen S, Gao Y, Chen J.
Microglia/macrophage polarization
dynamics reveal novel mechanism of injury
expansion after focal cerebral ischemia.
Stroke  (2012)  43:3063-3070.  doi:
10.1161/STROKEAHA.112.659656

[24] Jurcau A, Simion A. Neuroinflammation in
Cerebral Ischemia and
Ischemia/Reperfusion  Injuries:  From
Pathophysiology to Therapeutic Strategies.
Int J Mol Sci (2021) 23:14. doi:
10.3390/1jms23010014

[25] De Geyter D, Stoop W, Sarre S, De Keyser
J, Kooijman R. Neuroprotective efficacy of
subcutaneous insulin-like growth factor-I
administration in  normotensive  and
hypertensive rats with an ischemic stroke.
Neuroscience (2013) 250:253-262. doi:
10.1016/j.neuroscience.2013.07.016

[26] Wicks EE, Ran KR, Kim JE, XuR, Lee RP,
Jackson CM. The Translational Potential of
Microglia and Monocyte-Derived
Macrophages in Ischemic Stroke. Front
Immunol  (2022) 13:897022. doi:
10.3389/fimmu.2022.897022

[27] Masuda T, Croom D, Hida H, Kirov SA.
Capillary blood flow around microglial
somata determines dynamics of microglial
processes in ischemic conditions. Glia (2011)
59:1744-1753. doi: 10.1002/glia.21220



[28] Nimmerjahn A, Kirchhoff F, Helmchen F.
Resting microglial cells are highly dynamic
surveillants of brain parenchyma in vivo.
Science  (2005) 308:1314-1318. doi:
10.1126/science.1110647

[29] Stence N, Waite M, Dailey ME. Dynamics
of microglial activation: a confocal time-
lapse analysis in hippocampal slices. Glia
(2001) 33:256-266.

[30] Lenglet S, Montecucco F, Mach F. Role of
matrix metalloproteinases in animal models
of ischemic stroke. Curr Vasc Pharmacol
(2015) 13:161-166. doi:
10.2174/15701611113116660161

[31] Dudvarski Stankovic N, Teodorczyk M,
Ploen R, Zipp F, Schmidt MHH. Microglia-
blood vessel interactions: a double-edged
sword in brain pathologies. Acta

Neuropathol (Berl) (2016) 131:347-363. doi:

10.1007/s00401-015-1524-y

[32] Schifer MK-H, Schwaeble WJ, Post C,
Salvati P, Calabresi M, Sim RB, Petry F,
Loos M, Weihe E. Complement Clq Is
Dramatically Up-Regulated in Brain
Microglia in Response to Transient Global
Cerebral Ischemial 2. J Immunol (2000)
164:5446-5452. doi:
10.4049/jimmunol.164.10.5446

[33] Muhammad S, Barakat W, Stoyanov S,
Murikinati S, Yang H, Tracey KJ, Bendszus
M, Rossetti G, Nawroth PP, Bierhaus A, et
al. The HMGBI receptor RAGE mediates
ischemic brain damage. J Neurosci Off J Soc
Neurosci  (2008) 28:12023-12031. doi:
10.1523/JNEUROSCI.2435-08.2008

[34] Kim S, Lee W, Jo H, Sonn S-K, Jeong S-J,
Seo S, Suh J, Jin J, Kweon HY, Kim TK, et
al. The antioxidant enzyme Peroxiredoxin-1
controls stroke-associated microglia against
acute ischemic stroke. Redox Biol (2022)
54:102347. doi:
10.1016/j.redox.2022.102347

[35] Lalancette-Hébert M, Swarup V, Beaulieu
IJM, Bohacek I, Abdelhamid E, Weng YC,

Page 13 of 19

Sato S, Kriz J. Galectin-3 is required for
resident ~ microglia  activation  and
proliferation in response to ischemic injury.
J Neurosci Off J Soc Neurosci (2012)
32:10383-10395. doi:
10.1523/JNEUROSCI.1498-12.2012

[36] Rahimifard M, Magbool F, Moeini-Nodeh
S, Niaz K, Abdollahi M, Braidy N, Nabavi
SM, Nabavi SF. Targeting the TLR4
signaling pathway by polyphenols: A novel
therapeutic strategy for neuroinflammation.
Ageing Res Rev (2017) 36:11-19. doi:
10.1016/j.arr.2017.02.004

[37] Freitas-Andrade M, Wang N, Bechberger
JF, De Bock M, Lampe PD, Leybaert L,
Naus CC. Targeting MAPK phosphorylation
of Connexin43 provides neuroprotection in
stroke. J Exp Med (2019) 216:916-935. doi:
10.1084/jem.20171452

[38] Xu H, Qin W, Hu X, Mu S, Zhu J, Lu W,
Luo Y. Lentivirus-mediated overexpression
of OTULIN ameliorates microglia
activation and neuroinflammation by
depressing the activation of the NF-«xB
signaling pathway in cerebral
ischemia/reperfusion rats. J
Neuroinflammation (2018) 15:83. doi:
10.1186/s12974-018-1117-5

[39] Ma Y, Wang J, Wang Y, Yang G-Y. The
biphasic function of microglia in ischemic
stroke. Prog Neurobiol (2017) 157:247-272.
doi: 10.1016/j.pneurobio.2016.01.005

[40] Perego C, Fumagalli S, De Simoni M-G.
Temporal pattern of expression and
colocalization of microglia/macrophage
phenotype markers following brain ischemic
injury in mice. J Neuroinflammation (2011)
8:174. doi: 10.1186/1742-2094-8-174

[41] Ransohoff RM. A polarizing question: do
M1 and M2 microglia exist? Nat Neurosci
(2016) 19:987-991. doi: 10.1038/nn.4338

[42] LiuR, DiaoJ,He S,LiB, Fei Y, Li Y, Fang
W. XQ-1H protects against ischemic stroke
by regulating microglia polarization through



PPARy  pathway in  mice. Int
Immunopharmacol (2018) 57:72-81. doi:
10.1016/j.intimp.2018.02.014

[43] Jiang C-T, Wu W-F, Deng Y-H, Ge J-W.
Modulators of microglia activation and
polarization in ischemic stroke (Review).
Mol Med Rep (2020) 21:2006-2018. doi:
10.3892/mmr.2020.11003

[44] Chhor V, Le Charpentier T, Lebon S, Oré
M-V, Celador IL, Josserand J, Degos V,
Jacotot E, Hagberg H, Sdvman K, et al.
Characterization of phenotype markers and
neuronotoxic potential of polarised primary
microglia in vitro. Brain Behav Immun
(2013) 32:70-85. doi:
10.1016/5.bb1.2013.02.005

[45] Sun Y, Yang X, Xu L, Jia M, Zhang L, Li
P, Yang P. The Role of Nrf2 in Relieving
Cerebral Ischemia-Reperfusion Injury. Curr
Neuropharmacol (2023) 21:1405-1420. doi:
10.2174/1570159X21666221129100308

[46] Wang Y, Huang Y, Xu Y, Ruan W, Wang
H, Zhang Y, Saavedra JM, Zhang L, Huang
Z, Pang T. A Dual AMPK/Nrf2 Activator
Reduces Brain Inflammation After Stroke
by Enhancing Microglia M2 Polarization.
Antioxid Redox Signal (2018) 28:141-163.
doi: 10.1089/ars.2017.7003

[47] Masuda T, Sankowski R, Staszewski O,
Prinz M. Microglia Heterogeneity in the
Single-Cell Era. Cell Rep (2020) 30:1271-
1281. doi: 10.1016/j.celrep.2020.01.010

[48] Franco R, Fernandez-Suarez ~ D.
Alternatively activated microglia and
macrophages in the central nervous system.
Prog Neurobiol (2015) 131:65-86. doi:
10.1016/j.pneurobio.2015.05.003

[49] Newton K, Strasser A, Kayagaki N, Dixit
VM. Cell death. Cell (2024) 187:235-256.
doi: 10.1016/j.cell.2023.11.044

[50] Fricker M, Tolkovsky AM, Borutaite V,
Coleman M, Brown GC. Neuronal Cell
Death. Physiol Rev (2018) 98:813—880. doi:
10.1152/physrev.00011.2017

Page 14 of 19

[51] Moujalled D, Strasser A, Liddell JR.
Molecular mechanisms of cell death in
neurological diseases. Cell Death Differ
(2021) 28:2029-2044. doi: 10.1038/s41418-
021-00814-y

[52] Kuan CY, Roth KA, Flavell RA, Rakic P.
Mechanisms of programmed cell death in
the developing brain. Trends Neurosci (2000)
23:291-297. doi: 10.1016/s0166-
2236(00)01581-2

[53] Galluzzi L, Vitale I, Aaronson SA, Abrams
IM, Adam D, Agostinis P, Alnemri ES,
Altucci L, Amelio I, Andrews DW, et al.
Molecular mechanisms of cell death:
recommendations of the Nomenclature
Committee on Cell Death 2018. Cell Death
Differ (2018) 25:486-541. doi:
10.1038/s41418-017-0012-4

[54] Uzdensky AB. Apoptosis regulation in the
penumbra after ischemic stroke: expression
of pro- and antiapoptotic proteins. Apoptosis
Int J Program Cell Death (2019) 24:687—702.
doi: 10.1007/s10495-019-01556-6

[55] Shalini S, Dorstyn L, Dawar S, Kumar S.
Old, new and emerging functions of
caspases. Cell Death Differ (2015) 22:526—
539. doi: 10.1038/cdd.2014.216

[56] Murphy JM. The Killer Pseudokinase
Mixed Lineage Kinase Domain-Like Protein
(MLKL). Cold Spring Harb Perspect Biol
(2020) 12:a036376. doi:
10.1101/cshperspect.a036376

[57] XuY,LinF, Liao G, Sun J, Chen W, Zhang
L. Ripks and Neuroinflammation. Mol
Neurobiol (2024) doi: 10.1007/s12035-024-
03981-4

[58] Liao S, Apaijai N, Chattipakorn N,
Chattipakorn SC. The possible roles of
necroptosis during cerebral ischemia and
ischemia / reperfusion injury. Arch Biochem
Biophys  (2020)  695:108629.  doi:
10.1016/5.abb.2020.108629

[59] Chen A-Q, Fang Z, Chen X-L, Yang S,
Zhou Y-F, Mao L, Xia Y-P, Jin H-J, Li Y-N,



You M-F, et al. Microglia-derived TNF-a
mediates endothelial necroptosis
aggravating blood brain-barrier disruption
after ischemic stroke. Cell Death Dis (2019)
10:487. doi: 10.1038/s41419-019-1716-9

[60] LiJ, Zhang J, Zhang Y, Wang Z, Song Y,
Wei S, He M, You S, Jia J, Cheng J. TRAF2
protects against cerebral ischemia-induced
brain injury by suppressing necroptosis. Cell
Death Dis  (2019) 10:328.  doi:
10.1038/s41419-019-1558-5

[61] Nishimura T, Tooze SA. Emerging roles of
ATG proteins and membrane lipids in
autophagosome formation. Cell Discov
(2020) 6:32. doi: 10.1038/s41421-020-
0161-3

[62] Dikic I, Elazar Z. Mechanism and medical
implications of mammalian autophagy. Nat
Rev Mol Cell Biol (2018) 19:349-364. doi:
10.1038/s41580-018-0003-4

[63] Debnath J, Gammoh N, Ryan KM.
Autophagy and autophagy-related pathways
in cancer. Nat Rev Mol Cell Biol (2023)
24:560-575. doi:  10.1038/s41580-023-
00585-z

[64] Russell RC, Yuan H-X, Guan K-L.
Autophagy regulation by nutrient signaling.
Cell Res (2014) 24:42-57. doi:
10.1038/cr.2013.166

[65] Garcia D, Shaw RJ. AMPK: Mechanisms
of Cellular Energy Sensing and Restoration
of Metabolic Balance. Mol Cell (2017)
66:789-800. doi:
10.1016/j.molcel.2017.05.032

[66] Chen M, Zhang H, Chu Y-H, Tang Y, Pang
X-W, Qin C, Tian D-S. Microglial
autophagy in cerebrovascular diseases.
Front Aging Neurosci (2022) 14:1023679.
doi: 10.3389/fnagi.2022.1023679

[67] Ip WKE, Hoshi N, Shouval DS, Snapper S,
Medzhitov R. Anti-inflammatory effect of
IL-10 mediated by metabolic
reprogramming of macrophages. Science
(2017) 356:513-519. doi:

Page 15 of 19

10.1126/science.aal3535

[68] Su P, Zhang J, Wang D, Zhao F, Cao Z,
Aschner M, Luo W. The role of autophagy
in modulation of neuroinflammation in
microglia. Neuroscience (2016) 319:155—
167. doi:
10.1016/j.neuroscience.2016.01.035

[69] Xia C-Y, Zhang S, Chu S-F, Wang Z-Z,
Song X-Y, Zuo W, Gao Y, Yang P-F, Chen
N-H. Autophagic flux regulates microglial
phenotype according to the time of oxygen-
glucose deprivation/reperfusion. Int
Immunopharmacol (2016) 39:140-148. doi:
10.1016/j.intimp.2016.06.030

[70] Han B. Microglial PGC-1a protects against
ischemic brain injury by suppressing
neuroinflammation. (2021) doi:
10.1186/s13073-021-00863-5

[71] Tang Y, Liu J, Wang Y, Yang L, Han B,
Zhang Y, Bai Y, Shen L, Li M, Jiang T, et
al. PARP14 inhibits microglial activation
via LPARS5 to promote post-stroke
functional recovery. Autophagy (2021)
17:2905-2922. doi:
10.1080/15548627.2020.1847799

[72] McKenzie BA, Dixit VM, Power C. Fiery
Cell Death: Pyroptosis in the Central
Nervous System. Trends Neurosci (2020)
43:55-73. doi: 10.1016/5.tins.2019.11.005

[73] Jorgensen I, Miao EA. Pyroptotic cell
death  defends  against intracellular
pathogens. Immunol Rev (2015) 265:130-
142. doi: 10.1111/imr.12287

[74] Poh L, Kang S-W, Baik S-H, Ng GYQ, She
DT, Balaganapathy P, Dheen ST, Magnus T,
Gelderblom M, Sobey CG, et al. Evidence
that NLRC4 inflammasome mediates
apoptotic and pyroptotic microglial death
following ischemic stroke. Brain Behav
Immun (2019) 75:34-47. doi:
10.1016/5.bb1.2018.09.001

[75] Burdette BE, Esparza AN, Zhu H, Wang S.
Gasdermin D in pyroptosis. Acta Pharm Sin
B (2021) 11:2768-2782. doi:



10.1016/j.apsb.2021.02.006

[76] Long J, Sun Y, Liu S, Yang S, Chen C,
Zhang Z, Chu S, Yang Y, Pei G, Lin M, et
al. Targeting pyroptosis as a preventive and
therapeutic approach for stroke. Cell Death
Discov (2023) 9:155. doi: 10.1038/s41420-
023-01440-y

[77] Ge Y, Wang L, Wang C, Chen J, Dai M,
Yao S, Lin Y. CX3CL1 inhibits NLRP3
inflammasome-induced microglial
pyroptosis and improves neuronal function
in mice with experimentally-induced

ischemic stroke. Life Sci (2022) 300:120564.

doi: 10.1016/;.1£5.2022.120564

[78] Liu X, Zhang M, Liu H, Zhu R, He H, Zhou
Y, Zhang Y, Li C, Liang D, Zeng Q, et al.
Bone marrow mesenchymal stem cell-
derived exosomes attenuate cerebral
ischemia-reperfusion injury-induced
neuroinflammation and pyroptosis by
modulating microglia M1/M2 phenotypes.
Exp Neurol (2021) 341:113700. doi:
10.1016/j.expneurol.2021.113700

[79] Luo L, LiuM, Fan Y, Zhang J, LiuL, Li Y,
Zhang Q, Xie H, Jiang C, Wu J, et al.
Intermittent theta-burst stimulation
improves motor function by inhibiting
neuronal  pyroptosis and  regulating

microglial polarization via
TLR4/NFkB/NLRP3 signaling pathway in
cerebral ischemic mice. J

Neuroinflammation (2022) 19:141. doi:
10.1186/512974-022-02501-2

[80] Jiang X, Stockwell BR, Conrad M.
Ferroptosis: mechanisms, biology and role
in disease. Nat Rev Mol Cell Biol (2021)
22:266-282. doi:  10.1038/s41580-020-
00324-8

[81] Dixon SJ, Lemberg KM, Lamprecht MR,
Skouta R, Zaitsev EM, Gleason CE, Patel
DN, Bauer AJ, Cantley AM, Yang WS, et al.
Ferroptosis: an iron-dependent form of
nonapoptotic cell death. Cell (2012)
149:1060-1072. doi:

Page 16 of 19

10.1016/j.cell.2012.03.042

[82] LiuY, Wan Y, Jiang Y, Zhang L, Cheng W.
GPX4: The hub of lipid oxidation,
ferroptosis, disease and treatment. Biochim
Biophys Acta Rev Cancer (2023)
1878:188890. doi:
10.1016/j.bbcan.2023.188890

[83] Badgley MA, Kremer DM, Maurer HC,
DelGiorno KE, Lee H-J, Purohit V,
Sagalovskiy IR, Ma A, Kapilian J, Firl CEM,
et al. Cysteine depletion induces pancreatic
tumor ferroptosis in mice. Science (2020)
368:85-89. doi: 10.1126/science.aaw9872

[84] Chen X, Kang R, Kroemer G, Tang D.
Ferroptosis in infection, inflammation, and
immunity. J  Exp Med (2021)
218:€20210518. doi:
10.1084/jem.20210518

[85] Jiao L, Li X, Luo Y, Wei J, Ding X, Xiong
H, Liu X, Lei P. Iron metabolism mediates
microglia susceptibility in ferroptosis. Front
Cell Neurosci (2022) 16:995084. doi:
10.3389/fncel.2022.995084

[86] Cui Y, Zhang Z, Zhou X, Zhao Z, Zhao R,
Xu X, Kong X, Ren J, Yao X, Wen Q, et al.
Microglia and  macrophage  exhibit
attenuated inflammatory response and
ferroptosis resistance after RSL3 stimulation
via increasing Nrf2  expression. J
Neuroinflammation (2021) 18:249. doi:
10.1186/512974-021-02231-x

[87] Cui Y, Zhang Y, Zhao X, Shao L, Liu G,
Sun C, Xu R, Zhang Z. ACSL4 exacerbates
ischemic stroke by promoting ferroptosis-
induced brain injury and neuroinflammation.
Brain Behav Immun (2021) 93:312-321. doi:
10.1016/5.bb1.2021.01.003

[88] Li X-N, Shang N-Y, Kang Y-Y, Sheng N,
Lan J-Q, Tang J-S, Wu L, Zhang J-L, Peng
Y. Caffeic acid alleviates cerebral ischemic
injury in rats by resisting ferroptosis via
Nrf2 signaling pathway. Acta Pharmacol Sin
(2024) 45:248-267. doi: 10.1038/s41401-
023-01177-5



[89] Chen T, Shi R, Suo Q, Wu S, Liu C, Huang
S, Haroon K, Liu Z, He Y, Tian H-L, et al.
Progranulin released from microglial
lysosomes reduces neuronal ferroptosis after
cerebral ischemia in mice. J Cereb Blood
Flow Metab Off J Int Soc Cereb Blood Flow
Metab (2023) 43:505-517. doi:
10.1177/0271678X221145090

[90] Wallach D, Kang T-B, Kovalenko A.
Concepts of tissue injury and cell death in
inflammation: a historical perspective. Nat
Rev Immunol (2014) 14:51-59. doi:
10.1038/nri3561

[91] Boada-Romero E, Martinez J, Heckmann
BL, Green DR. Mechanisms and physiology
of the clearance of dead cells by
efferocytosis. Nat Rev Mol Cell Biol (2020)
21:398-414. doi:  10.1038/s41580-020-
0232-1

[92] Doran AC, Yurdagul A, Tabas 1.
Efferocytosis in health and disease. Nat Rev
Immunol  (2020)  20:254-267.  doi:
10.1038/s41577-019-0240-6

[93] Elliott MR, Ravichandran KS. The
Dynamics of Apoptotic Cell Clearance. Dev
Cell (2016) 38:147-160. doi:
10.1016/j.devcel.2016.06.029

[94] Elliott MR, Koster KM, Murphy PS.
Efferocytosis Signaling in the Regulation of
Macrophage Inflammatory Responses. J
Immunol Baltim Md 1950 (2017) 198:1387—
1394. doi: 10.4049/jimmunol.1601520

[95] Murphy PS, Wang J, Bhagwat SP, Munger
JC, Janssen WJ, Wright TW, Elliott MR.
CD73 regulates anti-inflammatory signaling
between apoptotic cells and endotoxin-
conditioned tissue macrophages. Cell Death
Differ (2017) 24:559-570. doi:
10.1038/cdd.2016.159

[96] Cai W, Dai X, Chen J, Zhao J, Xu M,
Zhang L, Yang B, Zhang W, Rocha M,
Nakao T, et al. STAT6/Argl promotes
microglia/macrophage efferocytosis and
inflammation resolution in stroke mice. JCI

Page 17 of 19

Insight (2019) 4:e131355, 131355. doi:
10.1172/jci.insight.131355

[97] Zhang G, Li Q, Tao W, Qin P, Chen J,
Yang H, Chen J, Liu H, Dai Q, Zhen X.
Sigma-1 receptor-regulated efferocytosis by
infiltrating circulating
macrophages/microglial ~ cells  protects
against neuronal impairments and promotes
functional recovery in cerebral ischemic
stroke. Theranostics (2023) 13:543-559. doi:
10.7150/thno.77088

[98] HuM, Lin Y, Men X, Wang S, Sun X, Zhu
Q,LuD, Liu S, Zhang B, Cai W, et al. High-
salt diet downregulates TREM2 expression
and blunts efferocytosis of macrophages
after  acute  ischemic  stroke. J
Neuroinflammation (2021) 18:90. doi:
10.1186/s12974-021-02144-9

[99] Davaanyam D, Kim I[-D, Lee J-K.
Intranasal Delivery of RGD-Containing
Osteopontin Heptamer Peptide Confers
Neuroprotection in the Ischemic Brain and
Augments Microglia M2 Polarization. Int J
Mol  Sei  (2021)  22:9999.  doi:
10.3390/1jms22189999

[100] Nakahashi-Oda C, Fujiyama S,
Nakazawa Y, Kanemaru K, Wang Y, Lyu W,
Shichita T, Kitaura J, Abe F, Shibuya A.
CD300a blockade enhances efferocytosis by
infiltrating myeloid cells and ameliorates
neuronal deficit after ischemic stroke. Sci
Immunol  (2021)  6:eabe7915.  doi:
10.1126/sciimmunol.abe7915

[101]  Gelderblom M, Leypoldt F, Steinbach
K, Behrens D, Choe C-U, Siler DA,
Arumugam TV, Orthey E, Gerloff C, Tolosa
E, et al. Temporal and spatial dynamics of
cerebral immune cell accumulation in stroke.
Stroke  (2009)  40:1849-1857.  doi:
10.1161/STROKEAHA.108.534503

[102]  Brea D, Poon C, Benakis C, Lubitz G,
Murphy M, ladecola C, Anrather J. Stroke
affects intestinal immune cell trafficking to
the central nervous system. Brain Behav



Immun (2021) 96:295-302. doi:
10.1016/5.bb1.2021.05.008

[103]  Singh V, Sadler R, Heindl S, Llovera
G, Roth S, Benakis C, Liesz A. The gut
microbiome primes a cerebroprotective
immune response after stroke. J Cereb Blood
Flow Metab Off J Int Soc Cereb Blood Flow
Metab  (2018)  38:1293-1298.  doi:
10.1177/0271678X18780130

[104]  Rajili¢-Stojanovic M, de Vos WM.
The first 1000 cultured species of the human
gastrointestinal microbiota. FEMS
Microbiol Rev (2014) 38:996-1047. doi:
10.1111/1574-6976.12075

[105]  Chakaroun RM, Olsson LM, Bickhed
F. The potential of tailoring the gut
microbiome to prevent and treat
cardiometabolic disease. Nat Rev Cardiol
(2023) 20:217-235. doi: 10.1038/s41569-
022-00771-0

[106] Bolte LA, Vich Vila A, Imhann F,
Collij V, Gacesa R, Peters V, Wijmenga C,
Kurilshikov A, Campmans-Kuijpers MJE,
Fu J, et al. Long-term dietary patterns are
associated with pro-inflammatory and anti-
inflammatory  features of the gut
microbiome. Gut (2021) 70:1287-1298. doi:
10.1136/gutjnl-2020-322670

[107]  Erny D, Hrab¢ de Angelis AL, Jaitin D,
Wieghofer P, Staszewski O, David E,
Keren-Shaul H, Mahlakoiv T, Jakobshagen
K, Buch T, et al. Host microbiota constantly
control maturation and function of microglia
in the CNS. Nat Neurosci (2015) 18:965—
977. doi: 10.1038/nn.4030

[108]  Erny D, Dokalis N, Mezo C, Castoldi
A, Mossad O, Staszewski O, Frosch M, Villa
M, Fuchs V, Mayer A, et al. Microbiota-
derived acetate enables the metabolic fitness
of the brain innate immune system during
health and disease. Cell Metab (2021)
33:2260-2276.¢7. doi:
10.1016/j.cmet.2021.10.010

[109]  Dalile B, Van Oudenhove L, Vervliet

Page 18 of 19

B, Verbeke K. The role of short-chain fatty
acids in microbiota-gut-brain
communication. Nat Rev Gastroenterol
Hepatol  (2019) 16:461-478. doi:
10.1038/s41575-019-0157-3

[110]  Sadler R, Cramer JV, Heindl S,
Kostidis S, Betz D, Zuurbier KR, Northoff
BH, Heijink M, Goldberg MP, Plautz EJ, et
al. Short-Chain Fatty Acids Improve
Poststroke Recovery via Immunological
Mechanisms. J Neurosci (2020) 40:1162—
1173. doi: 10.1523/JNEUROSCI.1359-
19.2019

[111]  Tan C, Wu Q, Wang H, Gao X, Xu R,
Cui Z, Zhu J, Zeng X, Zhou H, He Y, et al.
Dysbiosis of Gut Microbiota and Short-
Chain Fatty Acids in Acute Ischemic Stroke
and the Subsequent Risk for Poor Functional
Outcomes. JPEN J Parenter Enteral Nutr
(2021) 45:518-529. doi: 10.1002/jpen.1861

[112] Chen R, Xu Y, Wu P, Zhou H,
Lasanajak Y, Fang Y, Tang L, Ye L, Li X,
Cai Z, et al. Transplantation of fecal
microbiota rich in short chain fatty acids and
butyric acid treat cerebral ischemic stroke by
regulating gut microbiota. Pharmacol Res
(2019) 148:104403. doi:
10.1016/j.phrs.2019.104403

[113]  Sadler R, Cramer JV, Heindl S,
Kostidis S, Betz D, Zuurbier KR, Northoff
BH, Heijink M, Goldberg MP, Plautz EJ, et
al. Short-Chain Fatty Acids Improve
Poststroke Recovery via Immunological
Mechanisms. J Neurosci Off J Soc Neurosci
(2020) 40:1162-1173. doi:
10.1523/JNEUROSCI.1359-19.2019

[114]  LeeJ, d’Aigle J, Atadja L, Quaicoe V,
Honarpisheh P, Ganesh BP, Hassan A, Graf
J, Petrosino J, Putluri N, et al. Gut
Microbiota-Derived ~ Short-Chain  Fatty
Acids Promote Poststroke Recovery in Aged
Mice. Circ Res (2020) 127:453—465. doi:
10.1161/CIRCRESAHA.119.316448

[115] Wang P, Zhang Y, Gong Y, Yang R,



ChenZ, HuW,WuY,GaoM, Xu X, QinY,
et al. Sodium butyrate triggers a functional
elongation of microglial process via Akt-
small RhoGTPase activation and HDACs
inhibition. Neurobiol Dis (2018) 111:12-25.
doi: 10.1016/j.nbd.2017.12.006

[116] WangZ, Tang WHW, Buffa JA, Fu X,

Britt EB, Koeth RA, Levison BS, Fan Y, Wu
Y, Hazen SL. Prognostic value of choline
and Dbetaine depends on intestinal
microbiota-generated metabolite
trimethylamine-N-oxide. Eur Heart J (2014)
35:904-910. doi: 10.1093/eurheartj/ehu002

[117]  Schiattarella GG, Sannino A, Toscano

E, Giugliano G, Gargiulo G, Franzone A,
Trimarco B, Esposito G, Perrino C. Gut
microbe-generated metabolite
trimethylamine-N-oxide as cardiovascular
risk biomarker: a systematic review and
dose-response meta-analysis. Eur Heart J

Page 19 of 19

(2017) 38:2948-2956. doi:
10.1093/eurheartj/ehx342

[118] Ge P, Duan H, Tao C, Niu S, Hu Y,

Duan R, Shen A, Sun Y, Sun W. TMAO
Promotes NLRP3 Inflammasome Activation
of Microglia Aggravating Neurological
Injury in Ischemic Stroke Through
FTO/IGF2BP2. J Inflamm Res (2023)
16:3699-3714. doi: 10.2147/JIR.S399480

[119] Wang Y, Kanneganti T-D. From

pyroptosis, apoptosis and necroptosis to
PANoptosis: A mechanistic compendium of
programmed cell death pathways. Comput
Struct Biotechnol J (2021) 19:4641-4657.
doi: 10.1016/j.csbj.2021.07.038

[120] Liang J, Han R, Zhou B. Metabolic

Reprogramming: Strategy for Ischemic
Stroke Treatment by Ischemic
Preconditioning. Biology (2021) 10:424. doi:
10.3390/biology 10050424



