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Stroke is the second leading cause of death and the third
leading contributor to the loss of disability-adjusted life-
years. The fatality rate of all stroke patients ranges from
15% to 50% at 1 month to 5 years after stroke. Ischemic
stroke is the most common type of stroke and accounts for
87% of all stroke cases.[1]

Microglia are resident tissue macrophages in the central
nervous system (CNS) and survey the CNS every 2 to 3 h as
sentinels. When an ischemic stroke occurs, microglia are
rapidly recruited to damaged sites as the first line of defense
in the CNS. Microglial activation is dependent on different
brain stimuli induced by different factors, leading to tissue
damage or repair in stroke patients. Microglia acquire
diverse phenotypes in response to different types of
activation, exhibit specific biomarkers, and exert distinct
biological functions, including proinflammatory and anti-
inflammatory activities. In addition, the microglial pheno-
typic transition is common during the inflammatory
response.[1]
Microglial Polarization States

Similar to macrophages, microglia can be activated under
different circumstances and exhibit proinflammatory or
anti-inflammatory properties [Figure 1].

Microglia can be polarized into a proinflammatory state
(M1) by lipopolysaccharide (LPS) or interferon gamma
(IFN-g) stimulation or into an anti-inflammatory state
(M2) by interleukin 4 (IL-4)/IL-10/IL-13. M1 microglia
release proinflammatory factors and M2 microglia release
anti-inflammatory factors different polarization states
have different functions in ischemic stroke.[2]
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Signaling Pathways Involved in Microglial Activation in
Ischemic Stroke

Increasing evidence has suggested that multiple signaling
pathways are involved in the transition between the
different microglial activation states. Here we describe
some important signaling pathways.
Signal transducer and activator of transcription 3 (STAT3)
signaling pathway

STAT3 is a potential negative regulator of inflammatory
cytokine release, and phosphorylation of STAT3 (p-
STAT3) is associated with microglial polarization. STAT3
is activated through tyrosine residue (Tyr705) and serine
(Ser727) phosphorylation.[2] STAT3 activation/phosphor-
ylation is associated with both proinflammatory microglial
polarization and anti-inflammatory microglial polariza-
tion. Under some circumstances, STAT3 activation can
promote M2 polarization. The STAT3 signaling pathway
was activated during M2 polarization in BV-2 cells treated
with panaxatriol saponins, which are traditional Chinese
medicines, to treat stroke, while the inhibition of STAT3
activation by Stattic, a selective inhibitor of STAT3,
reversed the inhibitory effect of panaxatriol saponins on
the inflammatory response and apoptosis in microglia in
an oxygen-glucose deprivation/reperfusion (OGD/R) mod-
el.[3] The p-STAT3/STAT3 expression level was decreased
during proinflammatory microglial activation, and this
effect was reversed when microglia were polarized towards
the anti-inflammatory state.[4] Under some circumstances,
STAT3 activation may promote M1 polarization. p-
STAT3 was activated during OGD, while M2 microglial
polarization was inhibited.[5] p-STAT3 was also increased
by in vivo ischemic/reperfusion injury and in vitro OGD,
while this effect was decreased by DZNep, an EZH2
inhibitor, which could promote anti-inflammatory micro-
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Figure 1: Polarization states of microglia in ischemic stroke patients. Homeostatic
microglia can be activated towards the proinflammatory (M1) and anti-inflammatory (M2)
phenotypes. M1 microglia release proinflammatory cytokines, while M2 microglia produce
anti-inflammatory cytokines. Moreover, M1 can be converted into M2 microglia by various
inducers. Multiple signaling pathways (STAT3, STAT6, TLR4/NF-kB/MAPK, IRF5-IRF4) are
involved in this conversion. Arg1: Arginase 1; CCL2: Chemokine ligand 2; CD16: Cluster of
differentiation; COX2: Cyclooxygenase 2; IFN-g: Interferon gamma; IGF-a: insulin-like
growth-a; IL: Interleukin; iNOS: Inducible nitric oxide synthase; IRF: Interferon regulatory
factor; LPS: Lipopolysaccharide; STAT: Signal transducer and activator of transcription;
TNF-a: Tumor necrosis factor-a; Trem: Triggering receptor expressed on myeloid.
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glial polarization.[6] Milk fat globule-EGF factor 8, also
known as lactadherin, reduced OGD-induced neuronal
cell apoptosis and p-STAT3 levels, which enhanced M2
microglial polarization.[5] The phosphorylation of JAK1/
STAT3 was inhibited by Longxuetongluo capsule at
middle and high doses, which suppressed microglial
activation and increased neuronal cell viability.[7]
STAT6 signaling pathway

STAT6 activation is a significant factor in M2 microglial
polarization. STAT6 was activated in microglia in mouse
models of middle cerebral artery occlusion (MCAO) and in
stroke patients.[8] STAT6 facilitated efferocytosis, which
was essential for microglia-induced neuroprotection.[8]

STAT6 knockout increased the number of proinflamma-
tory microglia and reduced the phagocytosis of dead/dying
neurons.[8] Arg1, which is traditionally known to protect
against neuroinflammation in the ischemic brain, was
discovered to be a target of STAT6.[8] STAT6 activation
resulted in decreased expression of Arg1 and dysfunctional
phagocytosis.[8]
Toll-like receptor (TLR) 4/nuclear factor kappa-B (NF-kB)/
mitogen-activated protein kinase (MAPK) signaling pathway

The TLR4/NF-kB signaling pathway is responsible for M1
microglial polarization. Multiple studies have indicated
that alleviating LPS-induced inflammation is associated
with myeloid differentiation factor 88 (MyD88) expres-
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sion, MAPK and IkBa phosphorylation, and NF-kB P65
nuclear translocation. TLR4 on the microglial cell
membrane is the canonical receptor of LPS and other
damage-associated molecular patterns. After activation,
TLR4 recruits the adaptor protein MyD88, and the
downstream NF-kB and MAPK cascades are activated. In
an MCAO and reperfusion rat model, the increased levels
of the p65 subunit NF-kB and its inhibitor IkB were
significantly reduced, and the anti-inflammatory effect was
exerted through the TLR4/NF-kB signaling pathway.
In OGD-induced BV-2 cells, the TLR4/MyD88 signaling
pathway was suppressed by schaftoside, a natural
flavonoid compound, and the mRNA and protein levels
of proinflammatory cytokines (IL-1b, TNF-a, IL-6) were
significantly decreased.[9] Similar effects were also ob-
served by treating the cells with TAK242, a TLR4
inhibitor.[9]
Interferon regulatory factor (IRF) 5-IRF4 signaling pathway

The IRF5–IRF4 axis was discovered to be of importance in
neuroinflammatory responses. Overexpression of IRF-5
led to a proinflammatory microglial response, and over-
expression of IRF-4 correlated with anti-inflammatory
microglial activation. In addition, the expression of IRF-5
and that of IRF-4 had an inhibitory effect on each other.
After stroke, the time course of brain microglial cytokine
production, such as that of TNF-a, IL-1b, IL-10, and IL-4,
showed a correlation with the expression pattern of
IRF5/4.[10]
Therapeutic Interventions to Modulate Microglial Polarization
States in Ischemic Stroke

Accumulating evidence suggests that the transition from
proinflammatory M1 microglia to anti-inflammatory M2
microglia is a promising therapeutic approach to treat
ischemic stroke patients.

Bendavia, a mitochondria-targeting tetrapeptide, reduces
mitochondrial ROS and inhibits apoptosis.[11] In a
tMCAO mouse model, Bendavia exerted antioxidative
and anti-inflammatory effects, reduced matrix metal-
loproteinase (MMP)-9 and TNF-a protein expression
levels, and reduced inflammatory microglia/macrophage
activation.[11] Schisandrin B mitigated the increased levels
of TNF-a, IL-6, and IL-1b in MCAO and reperfusion rat
models.[12] Betaine, also known as N-trimethylglycine,
exerts an anti-inflammatory and neuroprotective effect.
Betaine shifted the microglial polarization state from M1
to M2 in LPS-treated microglial cells. Betaine also reduced
the expression of iNOS and CD16/32 and increased the
expression of CD206 and Arg1.[13] The compounds
involved in ischemic stroke treatment are similar in that
they either inhibit the M1 polarization state or promote
the M2 polarization state of microglia through some
compounds, inhibiting M1 cells and promoting M2 cells
simultaneously. The transition could reduce the release of
proinflammatory cytokines and facilitate the phagocytosis
of damaged cell debris, both of which result in improve-
ments, less damage to neurons, and a better prognosis of
ischemic stroke patients.
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Targetingmicroglial polarization provides a new avenue to
the ischemic stroke treatment. However, those key genes or
chemical compounds that may regulate microglial polari-
zation still need to be identified. In addition, manipulating
microglial polarization can also be a potential strategy in
the treatment of other neurological disorders, such as
Alzheimer’s disease, Parkinson’s disease, and multiple
sclerosis, as summarized in previous reviews.[14]
Future Perspectives

Microglial polarization has been extensively investigated
over the past few years and plays a critical role in ischemic
stroke. Manipulating the polarization of microglia is a
potential therapeutic strategy for ischemic stroke patients.
More fundamental work and additional clinical trials are
required to fully understand the underlying mechanisms of
microglial polarization in ischemic stroke.
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