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Microglia are considered core regulators for monitoring homeostasis in

the brain and primary responders to central nervous system (CNS) injuries.

Autophagy affects the innate immune functions of microglia. Recently some

evidence suggests that microglial autophagy is closely associated with brain

function in both ischemic stroke and hemorrhagic stroke. Herein, we will

discuss the interaction between autophagy and other biological processes in

microglia under physiological and pathological conditions and highlight the

interaction between microglial metabolism and autophagy. In the end, we

focus on the effect of microglial autophagy in cerebrovascular diseases.
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Introduction

Microglia originate from yolk-sac progenitors and reach the brain early in the
embryo to participate in the development of the CNS, such as synaptic pruning,
neurogenesis, and remodeling of neural circuits (Ginhoux et al., 2010; Sierra et al., 2010;
Paolicelli et al., 2011; Schafer et al., 2012). As the immune-competent cells in the brain,
microglia continuously remove dead cells, cellular debris, and toxic substance (Diaz-
Aparicio et al., 2020; Andoh and Koyama, 2021; Ding et al., 2021). Therefore, microglia
are considered to be an important component of the development, homeostasis, and
diseases of CNS. Parenchymal injuries promote the change of microglia from a steady
state to a reactive state (Li and Barres, 2018). Microglial activation derives from
alterations in their transcriptome, resulting in morphological and functional changes
depending on the molecular characteristics of microglia (Ladeby et al., 2005; Zrzavy
et al., 2017; Benmamar-Badel et al., 2020; Deng et al., 2020; West et al., 2022). Different
molecular features of activated microglia have generated different terms, such as disease-
associated microglia (DAM), microglial neurodegenerative phenotype (MGnD), and
activation-responsive microglia (ARM) (Keren-Shaul et al., 2017; Krasemann et al.,
2017; Anderson et al., 2019; Benmamar-Badel et al., 2020).

Autophagy is widespread in all mammalian cells as a highly conserved biological
mechanism (Yang and Klionsky, 2010; Xiang et al., 2019). Autophagy was first
thought to be used to degrade some macromolecules such as protein aggregates and
damaged organelles and to counteract harsh conditions such as nutrient deprivation
and genotoxic stress to promote cell survival (He and Klionsky, 2009; Su et al., 2016;
Levine and Kroemer, 2019). Three different forms of autophagy have been found to
exist in mammalian cells including microautophagy, chaperone-mediated autophagy
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(CMA), and macroautophagy (Klionsky, 2005). Although
differing morphologically, they all ultimately transport cargo to
lysosomes for degradation and recovery (Yang and Klionsky,
2010; Levine et al., 2011). Autophagy is a lysosomal degradation
pathway that provides metabolic substrates and energy by
recycling large molecules (Lum et al., 2005). Our review
will discuss macroautophagy in microglia and replace it
with “autophagy” below since current studies on microglial
autophagy have focused on macroautophagy. Autophagy in
microglia is essential for cellular homeostasis and energy
balance (Julg et al., 2020; Li G. et al., 2021). In recent
years, the phenomenon of microglial autophagy has been
observed in various CNS diseases including neurodegenerative
diseases, traumatic brain injury (TBI), infectious diseases, and
cerebrovascular diseases (Jin et al., 2017; Qin et al., 2018; Guo
and Buch, 2019; Pomilio et al., 2020). Meanwhile, numerous
studies have shown that the regulation of microglial autophagy
can play an important role in the progression and prognosis
of these diseases (Su et al., 2016; Plaza-Zabala et al., 2017; Li
et al., 2020; Mo et al., 2020; Estfanous et al., 2021; Zeng et al.,
2022). Some studies suggest that microglial autophagy belongs
to a part of its immune function (Lu et al., 2021). The regulation
and effect of microglial autophagy have attracted increasing
attention. The theme of the present review is to discuss the
interaction between microglial autophagy and other biological
processes, highlight the role of microglial autophagy in
cerebrovascular diseases, and explore the feasibility of microglial
autophagy as a therapeutic target for cerebrovascular diseases.

Interaction between microglial
autophagy and other biological
processes

Although autophagy has been found to regulate innate
and adaptive immune responses of the peripheral immune
system, such as inflammatory responses, phagocytosis, and
antigen presentation (Plaza-Zabala et al., 2017), autophagy
is not an independent biological process in microglia. It is
tightly linked to other biological processes through complex
molecular networks to achieve an organic dynamic balance
(Figure 1). Here, we will discuss the interaction of microglial
autophagy with other biological processes under physiological
and pathological conditions, particularly in cerebrovascular
diseases.

Autophagy and apoptosis

Apoptosis is required for normal CNS growth and
development. However, excessive or insufficient apoptosis
contributes to the development of various CNS diseases
especially neurodegenerative diseases (Rubinsztein, 2006;

FIGURE 1

Interactions between microglial autophagy and other biological
processes. Under both physiological and pathological
conditions, microglial autophagy is associated with other
biological processes including apoptosis, exosomes,
inflammation, phagocytosis, metabolism, and neural circuit.

Ghavami et al., 2014). As fundamental physiological processes
to maintain homeostasis, the balance between autophagy
and apoptosis is critical for cell fate. Normally, autophagy
can protect cells from apoptosis in the CNS since autophagy
degrades dysfunctional or damaged organelles, particularly
mitochondria, thereby reducing the release of the priming
signals for apoptosis such as cytochrome-c (Viscomi et al.,
2012). For example, neuron-specific knockout of autophagy-
related proteins Atg5 or Atg7 has been found to result in
neuronal apoptosis in vivo (Maiuri et al., 2007), while enhanced
autophagy can delay the neuronal apoptotic progression
(Viscomi et al., 2012). However, abnormal or disordered
autophagy promotes cell apoptosis. Studies revealed that
ischemia/reperfusion (I/R) injury significantly activated
ER stress-dependent autophagy thereby inducing neuronal
apoptosis in vivo (Feng et al., 2017). Besides, inhibition of
oxygen–glucose deprivation/reoxygenation (OGD/R)-induced
autophagy prevented neuronal apoptosis in primary microglia
in vitro (Zeng et al., 2022).

The interaction between autophagy and apoptosis in
microglia in cerebrovascular diseases is controversial. Huang
et al. found that primary microglia produced large amounts of
reactive oxygen species (ROS) due to oxidative stress in OGD/R
injury. Additionally, they revealed that enhanced autophagy
could reduce the level of ROS and reduce oxidative stress-related
apoptosis (Huang T. et al., 2021), whereas Chen et al. (2016)
found that inhibition of autophagy could reduce microglial
apoptosis/death in OGD/R injury in BV2 microglia. Yang
et al. (2014c) also demonstrated that autophagy promoted
hypoxia-induced cell death in primary microglia. It should
be noted that the current boundary between autophagic cell
death and apoptosis is not clear. Therefore, the interaction
and detailed mechanism between apoptosis and autophagy
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in microglia need more studies to elucidate. The balance
between autophagy and apoptosis determines the outcome
of microglia (Zhang et al., 2016). Adjusting the microglial
autophagy to keep it at an appropriate level is conducive for
microglia to play a neuroprotective role in the progression of
cerebrovascular diseases.

Autophagy and exosomes

Exosomes are nanoscale extracellular vesicles produced by
multivesicular bodies (MVB) that fuse with the cell membrane
(Xu et al., 2018). Exosomes were first recognized as a way for
cells to excrete waste products (Zhang et al., 2020). Current
studies have found that exosomes can serve as a new pathway for
information exchange between cells. Exosomes can participate
in intercellular communication by receptor-ligand interactions,
internalized by endocytosis and/or phagocytosis, or even fused
with the cell membrane of the target cell (Vlassov et al., 2012).
The autophagic process may be one of the downstream effects of
exosomes and exosome secretion is regulated by the autophagy
system (Fader and Colombo, 2006; Fader et al., 2008; Ojha et al.,
2017). Microglia, as innate immune cells in the CNS, can release
exosomes thereby regulating the autophagic function of other
cells such as neurons (Li P. et al., 2022). And the contents and
release of microglial exosomes may be affected by microglial
autophagy (Olanrewaju and Hakami, 2020; Zang et al., 2020).
Meanwhile, exosomes derived from other cells can act on
microglia thereby affecting the autophagic function of microglia.
For instance, exosomes containing α-Syn can spread mutually
between neurons and glial cells during the pathogenesis of
Parkinson’s disease (PD). When the exosomes are gradually
transported to microglia, aggregated α-Syn impairs mitophagy
and promotes secretion of proinflammatory cytokines, which
leads to deterioration of neuroinflammation (Zhao and Yang,
2021). Zhou et al. (2019) also have found that exosomes released
by neuronal cells transfected with α-Syn contain overexpressed
mir-19a-3p, which act on microglia and inhibit autophagy via
AKT/mTOR signaling pathway.

Cross-acting mechanisms of microglial autophagy and
exosomes play important roles in cerebrovascular diseases.
Recent studies have shown that exosome-mediated delivery
of miR-30d-5p inhibits microglial autophagy, promotes the
transition of microglia to an anti-inflammatory phenotype,
suppresses the inflammatory response after ischemia, and
significantly reduces the area of infarct brain injury (Jiang
et al., 2018). Exosomes derived from mesenchymal stem cells
were demonstrated to activate mitophagy in microglia, thereby
preventing the pyroptosis of OGD/R-exposed BV2 microglia
in vitro (Hu et al., 2021). It should be noted that Zang et al.
(2020) revealed Vinpocetine could change the exosome contents
of BV2 microglia by enhancing autophagic flux in OGD model,
thereby promoting neuronal survival under cerebral ischemic

conditions. Based on these, we hypothesized that the interaction
between microglial autophagy and exosomes might be a new
target for the treatment of cerebrovascular diseases.

Autophagy and inflammation

Microglia, as the main source of inflammatory factors
in CNS, are key mediators of neuroinflammation (Nayak
et al., 2014; Colonna and Butovsky, 2017). The functional
phenotype of microglia first followed the M1/M2 dichotomy
of macrophages (Hu et al., 2015). Pro-inflammatory microglia
are described as classically activated microglia (CAM),
characterized by the secretion of destructive proinflammatory
mediators such as ROS and proinflammatory cytokines, while
anti-inflammatory microglia are described as alternative
activated microglia (AAM), characterized by inflammatory
resolution and tissue repair (Hu et al., 2015; Sikkema et al.,
2018). However, this oversimplified classification that describes
only two extreme states is outdated. In fact, microglia exhibit
more dynamic and diverse functional phenotypes and there
is no clear cut between the phenotypes (Ransohoff, 2016).
Transcriptomic studies have shown that diverse functional
phenotypes of microglia are determined by their transcriptional
profiles (Song and Colonna, 2018), while microglia-mediated
inflammatory responses are determined by their functional
phenotypes. Numerous studies have found that microglial
autophagy can regulate inflammatory responses by affecting
their functional phenotypes in cerebrovascular diseases. Zhu
et al. revealed that inhibition of the ER stress-autophagy axis
could attenuate the deleterious activation of microglia in
in vivo and in vitro studies, thereby inhibiting I/R-induced
neuroinflammatory responses (Zhu et al., 2021). Wang et al.
also demonstrated that inhibition of autophagy via Akt/mTOR
pathway could attenuate OGD/R-induced inflammatory
responses in BV2 microglia (Wang H. et al., 2020). However,
He et al. (2020) found that restoring autophagic flux by
suppressing mTOR could help shift the functional phenotypes
of OGD/R-exposed BV2 microglia toward an anti-inflammatory
phenotype. The different explanations may be related to
multiple causes including the complex molecular networks
between microglial autophagy and inflammatory responses.
For instance, in addition to being a core molecule regulating
autophagy, mTOR has been shown to play an important role
in inflammatory responses of microglia in cerebrovascular
diseases (Xie et al., 2014; Li D. et al., 2016).

Inflammasomes are intracellular protein complexes that
serve as sensors for infective or traumatic stimuli and innate
immune responses (Mangan et al., 2018). They are increasingly
recognized as the core of the inflammatory responses.
Numerous studies have shown that inflammasomes play an
important role in various CNS diseases, particularly infectious
diseases, cerebrovascular diseases, and neurodegenerative
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diseases (Walsh et al., 2014). They regulate the activity of
inflammatory proteases in the caspase family by assembling
cytoplasmic macromolecular complexes after infective
or traumatic stimuli. The nod-like receptor protein 3
(NLRP3) inflammasome, as an important component of
the inflammasome, has been demonstrated to have direct
interaction with autophagy. Recent studies have shown that
autophagy inhibits inflammasome activation by sequestering
the NLRP3-binding protein ASC, which inhibits the activation
of caspase-1 and the maturation of pro-IL-1β and pro-IL-18
(Shibutani et al., 2015). Subsequently, emerging data suggested
that autophagy also negatively regulated NLRP3 inflammasome
in microglia in pathological situations (Su et al., 2016), such
as β-amyloid (Aβ)-mediated neuroinflammation in vivo (Cho
et al., 2014) and ischemic-mediated neuroinflammation in vitro
(Fu et al., 2020). It has been shown that activation of NLRP3
inflammasome is accompanied by impairment of autophagic
function following cerebral ischemia in vivo studies. Besides,
enhanced microglial autophagy has been demonstrated to
suppress the activation of NLRP3 inflammasome in LPS-treated
BV2 microglia (Espinosa-Garcia et al., 2020). Huang et al. also
verified that enhanced autophagy via AMPK/mTOR/ULK1
pathway could suppress NLRP3 inflammasome-mediated
neuroinflammation in LPS-treated BV2 microglia (Huang Z.
et al., 2021). The therapeutic promise of inhibiting NLRP3
inflammasome activation by regulating microglial autophagy in
cerebrovascular diseases has attracted increasing attention.

Autophagy and phagocytosis

Microglial phagocytosis is a process of removing debris
from healthy bodies, which can engulf apoptotic cells, myelin
sheath, Aβ, and other substances under pathological conditions
(Sierra et al., 2013). Microglial phagocytosis is considered an
important part of its immune function and is critical for
maintaining CNS homeostasis. On the one hand, microglial
autophagy can affect the phagocytic function by modulating the
activation of microglia; on the other hand, there are striking
similarities in morphology and function between autophagy and
phagocytosis. Both autophagy and phagocytosis are lysosomal
degradation pathways that engulf and transport cargo via
transient vesicular structures (autophagosomes and phagocytes,
respectively) (Zang et al., 2019). In addition, autophagy and
phagocytosis are the original forms of nutrient acquisition,
and two processes play an important role in maintaining cell
and tissue homeostasis through the degradation of intracellular
and extracellular harmful substances, respectively. There is
a complex network of interactions between the molecular
mechanisms of autophagy and phagocytosis (Plaza-Zabala et al.,
2017). LC3-associated phagocytosis (LAP), as a specialized kind
of autophagy, demonstrates the cross-talk between autophagy
and phagocytosis. Many autophagy-related proteins participate

in LAP such as Beclin-1, Atg3, Atg5, and so on (Martinez,
2020 #363). LC3 is recruited to phagocytes with a monolayer
membrane during LAP, which accelerates the maturation of
phagosomes and promotes the fusion of phagosomes with
lysosomes (Sanjuan et al., 2007). LAP is considered a non-
canonical form of autophagy in microglia and plays an
important role in the degradation of Aβ (Lee et al., 2019)
and myelin (Berglund et al., 2020). Notably, it is necessary to
distinguish autophagy or LAP when utilizing LC3 to refer to
autophagosomes (Julg et al., 2020).

Inhibition of autophagy impairs the phagocytic capacity
of microglia. The aforementioned study found that
lipopolysaccharide (LPS) treatment significantly suppressed
autophagic flux and expression of autophagy-related genes,
which contributed to the impaired phagocytic capacity of
microglia including LAP (Lee et al., 2019). Moreover, It has
been demonstrated that Beclin-1 is required for efficient
phagocytosis. Beclin-1-mediated phagocytic dysfunction was
found to be associated with impaired recruitment of reverse
transcriptase to the phagocytic membrane, decreased levels of
reverse transcriptase, and impaired circulation of phagocytic
receptors CD36 and Trem2 (Lucin et al., 2013). Impaired
phagocytic function and detrimental effects on Aβ clearance of
microglia in Alzheimer’s disease (AD) may due to this molecule
mechanism (Lucin et al., 2013; O’Brien and Wyss-Coray, 2014).
Nash et al. found that inhibition of autophagy reduced alpha-
synuclein (α-Syn) phagocytosis by microglia (Nash et al., 2017).
Induction of autophagy improves microglial phagocytosis,
which may be the mechanism of the anti-neuroinflammatory
effects of fluoxetine in stroke (Park et al., 2021). In conclusion,
inhibition of autophagy leads to impaired phagocytic function
of microglia, but the specific mechanism by which microglial
autophagy regulates phagocytosis remains to be elucidated.

Autophagy and metabolism

Brain consumes large amounts of oxygen and has high
energy requirements compared with other tissues or organs. It
needs an adequate energy supply and stable metabolic pathways
to maintain its normal physiological functions (Cunnane et al.,
2020). Therefore, various acute and chronic CNS diseases
such as stroke, TBI, and AD are generally accompanied by
disturbances in metabolic pathways (Dusick et al., 2007; Ding
et al., 2013; Robbins and Swanson, 2014; Gabbouj et al., 2019).
For example, stroke leads to impaired cerebral blood circulation
and hypoxia, resulting in impaired oxidative phosphorylation
pathways and enhanced glycolysis pathways (Kim et al., 2006;
Ham and Raju, 2017). AD is accompanied by metabolic
disorders of Aβ and Tau, and is associated with insulin resistance
(Gabbouj et al., 2019). Autophagy is a lysosomal degradation
pathway to obtain energy and metabolic substrates. Therefore,
autophagy is closely linked to metabolism, with mTOR being a
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key molecule linking cellular autophagy to metabolic networks
(Perluigi et al., 2015). On the one hand, mTOR is regulated by
glucose, amino acids, and cellular energy levels (AMP/ATP);
on the other hand, the mTOR signal regulates downstream
cellular metabolic pathways and autophagy induction (Laplante
and Sabatini, 2012; Shimobayashi and Hall, 2014; Switon et al.,
2017; Figure 2). In addition to mTOR, other autophagy-
related proteins have also been found to be associated with
cellular metabolic pathways. ULK1 can enhance glycolysis,
reduce gluconeogenesis, and maintain intracellular ATP levels
by directly acting on enzymes during glucose metabolism (Li T.
Y. et al., 2016 #367). The above illustrates the complex network
connection between autophagy and cellular metabolism.

Microglia have been found that the phenotypic transition
of microglia may be mediated by cellular metabolic
reprogramming, especially lipid and glucose metabolism
(Lauro et al., 2019; Chausse et al., 2021). Single-cell RNA
sequencing reveals a significant increase in the expression
of some genes associated with lipid metabolism in the DAM
phenotype, such as Trem2, Lpl, and ApoE (Keren-Shaul et al.,
2017; Deczkowska et al., 2018; Benmamar-Badel et al., 2020).
Li et al. found that enhanced glycolysis played an important
role in the over-activation of hypoxia-exposed microglia in
primary and BV2 microglia in vitro. And inhibition of enhanced
glycolysis by knockdown of HK2 (a key rate-limiting enzyme of
glycolysis) suppressed microglia-mediated neuroinflammatory
responses, thereby reducing transient middle cerebral artery
occlusion (MCAO) injury (Li et al., 2018). Song et al. found
that microglia-specific knockout of NHE1 (a key PH regulator)
shifted the microglial metabolic profile from glycolysis
to oxidative phosphorylation, which enhanced microglial
phagocytic activity and improved cognitive function following
stroke (Song et al., 2022). It was also demonstrated that
increasing oxidative phosphorylation-related gene expression
and reducing glycolysis-related gene expression prevented the
acquisition of a microglial pro-inflammatory phenotype in a
permanent MCAO model (Lauro et al., 2019). However, little is
known about the effect of microglial metabolism on autophagic
function in cerebrovascular diseases.

Recent studies of Trem2-deficient mice in AD have
revealed a link between microglial autophagy and cellular
metabolism (Ulland et al., 2017; Zheng et al., 2018; Zhou
et al., 2018). Trem2 is a surface receptor required by
microglia in response to neurodegeneration, which correlates
with microglial activation and metabolism. Trem2 can act
directly on Aβ, thereby affecting the ability of microglia to
respond to toxic amyloid plaques. Meanwhile, Trem2 can bind
to apolipoproteins and lipoproteins, thereby regulating the
uptake and metabolism of lipid in microglia. Subsequently,
Trem2 can regulate microglial autophagic function as well as
metabolic processes by activating the PI3K/Akt/mTOR pathway
via DAP12 (Zheng et al., 2018). Studies have found that
both mouse and human Trem2-deficient microglia exhibit

impaired mTOR signaling, which leads to enhanced autophagy,
decreased ATP levels, and impairment of biosynthetic metabolic
pathways. Notably, incubation of Trem2-deficient microglia
with cyclocreatine can produce a supply of ATP and rescue
metabolic abnormalities, which ultimately reduces autophagy
in microglia, suggesting that improving the metabolism of
microglia can affect autophagic function (Ulland et al., 2017).
Jia et al. found that the energy metabolism pathways of
chronic Aβ-tolerant microglia were significantly impaired in
the pathogenesis of AD, including oxidative phosphorylation
and aerobic glycolysis. The defect in metabolism severely
impairs the autophagic function of microglia and rescuing
this metabolic defect can improve the autophagic function of
microglia (Lu et al., 2021). Meanwhile, microglial autophagy
can in turn affect their metabolic status. It has been found
that cholesterol and neutral lipids accumulate in Atg7-deficient
microglia, indicating that microglial autophagic function can
affect their lipid metabolic homeostasis (Xu et al., 2021). Overall,
the tight link between autophagic function and metabolic status
of microglia, especially glucose and lipid metabolism, has been
revealed in neurodegenerative diseases. The interaction between
microglial metabolism and autophagy in cerebrovascular disease
may become an expectant therapeutic target.

Autophagy and neural circuit

It is well known that the functional remodeling of neural
circuits is largely dependent on the autophagy and clearance
mechanisms of cells. Microglia regulate synaptic remodeling,
neurotransmission, and neuroplasticity by selectively degrading
or adjusting pre- and post-synaptic components such as synaptic
proteins, organelles, neurotransmitters, and their receptors
(Paolicelli et al., 2011; Schafer et al., 2012). Cerebrovascular
diseases are often thought to cause synapse dysfunction in
formation or structure (Khatri and Man, 2013; Yan et al.,
2021). Previously, an H2S donor, L-cysteine, has been shown to
significantly alleviate brain damage after hypoxic-ischemic (HI)
injury in neonatal mice. The protective effect was associated
with enhanced autophagy flux of glia cells. L-cysteine attenuated
HI induced synaptic damage and behavioral defects, and these
effects were associated with up-regulation of synaptophysin
and postsynaptic density protein-95 (PSD-95) in the damaged
cortex (Xin et al., 2018). Similarly, studies have shown that
minocycline reduced cognitive impairment by inhibiting mTOR
signaling, enhancing autophagy process, and promoting the
expression of presynaptic and PSD-95 in the brain of MCAO
stroke rats (Wang S. et al., 2020). These above findings did
not focus on some specific glial cells. However, Chen Man
et al. first found that the autophagy process in microglia
was involved in synaptic pruning. Microglia lacking ATG7
showed impaired synaptic degradation and increased number of
immature synapses. Especially during early development, loss of
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FIGURE 2

Molecular network of mTOR between autophagy and metabolism. Growth factors and energy levels are major upstream regulators of mTOR.
Multiple growth factors can act on cell surface receptors to affect mTOR activation through various signaling pathways. Hypoglycemia and the
reduction of ATP/AMP inhibit mTOR by activating AMPK. Low amino acid levels inhibit mTOR via the Rag-Ragulator complex pathway.
Autophagy and metabolism are major downstream targets of mTOR. Activated mTOR inhibits nucleation and induction of phagophores by
inhibiting the ULK1 complex. Meanwhile, activated mTOR promotes cell growth and proliferation by enhancing the synthesis of basal
metabolites including proteins, nucleotides, and lipids through P70S6K, 4EBPs, and SREBP pathways.

autophagy in microglia impaired synaptic pruning and lead to
increased dendritic spine density, which providing new insights
into autism (Kim et al., 2017). More studies are still needed to
further clarify the specific effects of microglial autophagy on
neural circuits such as synaptic remodeling in cerebrovascular
diseases.

Effect of microglial autophagy in
cerebrovascular diseases

Cerebrovascular diseases, mainly caused by abnormal
cerebral blood flow and secondary neurological injury, serve as
major causes of death and disability worldwide. The common
feature of cerebrovascular disease is to cause acute and chronic
ischemia or hemorrhagic accidents in the brain (Moskowitz
et al., 2010; Ferrer and Vidal, 2017). Microglia, as resident innate
immune cells in the brain, are the main cells that respond to
pathophysiological changes caused by cerebrovascular diseases.
The interaction of microglial autophagy and other biological
processes demonstrates the unique role of autophagy in
microglial activation. Evidence has shown that the autophagic
flux of microglia can play an important role in cerebrovascular
diseases by regulating the phenotype and function of microglia

FIGURE 3

The relationship between microglial autophagy and
cerebrovascular diseases. In ischemia (A), intracerebral
hemorrhage (B), and chronic cerebral hypoperfusion (C),
microglial autophagy has different effects on the outcome of
the diseases.

(Su et al., 2016; Jiang et al., 2020). Next, we will discuss the
role of microglial autophagy in ischemic stroke, intracerebral
hemorrhage, and chronic cerebral hypoperfusion, respectively
(Figure 3 and Table 1).
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TABLE 1 List of outcomes after the interventions of autophagy in different cerebrovascular diseases.

Cerebrovascular
diseases

Vivo/
vitro

Patient/
animal/cell

Model Intervention Target Autophagy Molecular
mechanism

Outcome References

Ischemia stroke Vitro Primary microglia OGD Hypoxia Microglia Induction HIF-1α Bad Yang et al., 2014c

Vitro Brain microvascular
endothelial cells
(BMECs)

OGD/R Hydroxysafflor
yellow A

BMECs Inhibition PI3K/Akt/mTOR Good Yang et al., 2018

Vivo/vitro Rat/primary microglia MCAO/LPS SB216763 Microglia Induction GSK-3β Good Zhou et al., 2011

Vivo/vitro Mouse/primary
microglia

PT/OGD PARP14
overexpression

Microglia Induction LPAR5 Good Tang et al., 2021

Vitro BV2 OGD/R Hypoxia 24 h/72 h Microglia Induction/
inhibition

NF-κB/CREB Good/bad Xia et al., 2016

Vivo Rat MCAO Excessive
neuronal
autophagy

Microglia Induction Cx3CL1-
CX3CR1

Bad He et al., 2019

Vitro BV2 OGD/R Green Tea
Catechin

Microglia Inhibition PI3K/Akt/ mTOR Good Chen et al., 2016

Vivo/vitro Rat/primary astrocyte MCAO/OGD Autophagy
inhibitor/siRNA

Astrocyte Inhibition tBID Good Zhou et al., 2017

Intracerebral
hemorrhage

Vivo/vitro Mouse/primary
microglia

ICH/erythrocyte
lysis

Autophagy
inhibitor/siRNA

Microglia Inhibition / Good Yuan et al., 2017

Vivo/vitro Mouse/primary
microglia

ICH/IL-17A IL-17A Microglia Induction / Bad Shi et al., 2018

Vivo/vitro Mouse/primary
microglia

ICH/erythrocyte
lysis

ICH/erythrocyte
lysis

Microglia Induction TLR4 Bad Yang et al., 2015a

Vitro Primary microglia Hemoglobin Hemoglobin Microglia Induction miRNA-
144/mTOR

Bad Wang et al., 2017

Vivo Patient/mouse ICH PINK1 Microglia Induction PINK1 Good Li G. et al., 2021

Chronic cerebral
hypoperfusion

Vivo Mouse BCAS Wortmannin White matter Inhibition PI3K Good Zhang et al., 2019

Vivo/vitro Mouse/primary
microglia

BCAS/LPS, IL-4 TLR4−/− Microglia Inhibition STAT1/6 Good Qin et al., 2018

Vivo Mouse BCAS 3-MA Microglia Inhibition PI3K Good Yang et al., 2014a

Vivo Rat BCCAO URB597 Microglia Inhibition ROS Good Su et al., 2019

Vivo Rat BCCAO Resveratrol Neuron Induction Akt/mTOR Good Wang et al., 2019

Vivo Mouse UCCAO IMS-088 / Induction NF-κB Good Thammisetty et al., 2021

Vivo/vitro Rat/primary neuron 2VO Antagomir-96 Hippocampus Inhibition mTOR Good Liu et al., 2018

OGD/R, Oxygen-Glucose Deprivation/Reoxygenation; MCAO, Middle Cerebral Artery Occlusion; LPS, Lipopolysaccharide; PT, Photothrombotic stroke; ICH, Intracerebral Hemorrhage; BCAS, Bilateral Carotid Artery Stenosis; BCCAO, Bilateral
Common Carotid Artery Occlusion; UCCAO, Unilateral Common Carotid Artery Occlusion; 2VO, Two-Vessel Occlusions.
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Ischemia

Ischemic stroke is the most common and major
cerebrovascular disease. As the most important
pathophysiological feature of ischemic stroke, cerebral
blood flow occlusion results in the deficiency of oxygen
and glucose, ultimately leading to energy failure and
metabolic disorders, as well as a series of secondary
pathophysiological changes (Kunz et al., 2010 #368; Hossain
et al., 2014; #369). Stimulators in ischemic areas such as
ROS, extracellular ATP, and NO mediate the chemotaxis
and activation of microglia (Tian et al., 2016 #370; Jia et al.,
2022 #371; Li T. et al., 2022 #372). Reprogramming of
the microglial metabolic profile mediates changes in the
microglial phenotype, thereby affecting microglial immune
function during cerebral ischemia. After cerebral ischemia,
the mitochondrial oxidative phosphorylation pathway is
impaired and the synthesis of ATP is reduced in microglia.
The enhanced glycolytic pathway occupies a dominant
position in the glucose metabolism of microglia, which
activates the proinflammatory phenotype of microglia
(Li et al., 2018; Lauro et al., 2019). At the same time,
the lipid and lipoprotein metabolic profiles, especially
the fatty acid oxidation pathways, play an important
role in the phenotypic changes of microglia (Liao et al.,
2020; Yang et al., 2021). Under stressful conditions of
ischemia, a metabolic state with low energy levels enhances
microglial autophagy to degrade excess proteins and
organelles, which produces sufficient nutrients and energy.
Microglia autophagy can modulate microglial activation and
function, thereby affecting neuroinflammatory responses
during cerebral ischemia (He et al., 2020; Zhu et al., 2021;
Lin et al., 2022).

Traditionally, autophagy has a protective effect on ischemic
brain tissues. Studies have shown that hyperbaric oxygen
preconditioning or sublethal ischemic preconditioning
enhanced autophagy activity, leading to the neuroprotective
effect of cerebral ischemia injury (Yan et al., 2011; Mo et al.,
2020). Several intracellular molecules such as PARP14 (a
member in the Poly (ADP-ribose) polymerase superfamily)
and PGC-1α (peroxisome proliferator-activated receptor-γ
coactivator-1α) have been demonstrated to limit microglial
activation and promote neurological recovery after stroke
by inducing microglial autophagy (Han et al., 2021;
Tang et al., 2021). Some drugs such as SB216763 (the
serine/threonine kinase GSK-3β inhibitor) and Pien-Tze-
Huang (a patent formula in the Chinese Pharmacopoeia
for the treatment of inflammatory diseases) have also
been found to suppress microglial over-activation and
inflammatory response by inducing microglial autophagy
in ischemic stroke (Zhou et al., 2011; Huang Z. et al.,
2021; Tang et al., 2021). Xia et al. found that following
OGD/R injury, blocking autophagic flux induced the

transition of BV2 microglia toward a pro-inflammatory
phenotype, which increases the release of proinflammatory
cytokines and contributes to neuroinflammation (Xia
et al., 2016). However, increasing evidence shows that
microglial autophagy induced by ischemia aggravates
neuroinflammation and injury and autophagy inhibition
is beneficial for ischemia (Yang et al., 2015b; Zhu et al.,
2021). The autophagy inhibitor (3-MA) supports this idea.
3-MA inhibits the induction of autophagy via PI3K and
significantly alleviates the infarct area, edema formation
and nerve functional defect in ischemic stroke (Yang et al.,
2015b; He et al., 2019). Studies on microglial autophagy
in ischemia got different conclusions. The explanation for
these differences may be related to a number of reasons.
First, the autophagic flux of BV2 microglia changes at
different stages of OGD/R injury. In the early phase of
reoxygenation, autophagic flux of microglia is induced while
in the late phase of reoxygenation, the autophagic flux
is inhibited, which leads to the alternation of microglial
phenotypes during ischemia (Xia et al., 2016). Second,
the level of autophagic flux in microglia is difficult
to determine. And then, there are complex molecular
networks between microglial autophagy and functional
phenotypes (section “Autophagy and exosomes”). Finally,
these studies involve different animal models, cell types,
and treatments. In conclusion, microglia autophagy mainly
plays an important role in ischemic stroke by regulating the
microglial phenotypes and inflammation responses. And it
is generally accepted that regulating microglial autophagy
may become a new insight into the treatment strategies for
ischemic stroke.

Intracerebral hemorrhage

Intracerebral hemorrhage (ICH) has higher mortality
compared with ischemia (Krishnamurthi et al., 2014
#373). Blood–brain barrier (BBB) disruption is the main
pathophysiological change of ICH, leading to hematoma
formation and cerebral edema, accompanied by peripheral
blood circulation disorders, metabolic disorders, and
secondary neuroinflammatory damage (Wang, 2010; Yang
et al., 2014b). Besides, leaky blood components such as
thrombin, heme, hemoglobin, and cell debris can also cause
a secondary inflammatory response, which is characterized
by the accumulation and activation of inflammatory cells
including microglia and the release of proinflammatory
mediators (Shi et al., 2018). The secondary inflammatory
response is critical for the prognosis of ICH. Reduction of
pro-inflammatory mediators provides a potentially effective
approach to ICH therapy. Therefore, we focus on the role
of microglial autophagy on the inflammatory response
in ICH.
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Previous studies have shown that ICH motivated microglial
autophagy. Autophagy inhibition by drug inhibitors or RNA
interference with the necessary autophagy genes (BECN1 and
ATG5) decreased activation and inflammatory response of
microglia (Yuan et al., 2017). Shi et al. (2018) also found that
IL-17A, an inflammatory mediator in ICH, induced microglial
autophagy through ATG5 and ATG7, which promoted the
inflammatory response of microglia and inflammatory damage
to neurons. It has been reported that the erythrocyte lysates
after ICH promotes microglial autophagy via TLR4, which
results in microglial activation and promotes inflammatory
response. Both autophagy inhibitor (3-MA) and TLR4−/− mice
significantly reduced cerebral edema and neurological injury
in ICH compared with WT mice (Yang et al., 2015a). In
addition, Wang et al. found that miRNAs were key factors
in autophagy, which negatively and post-transcriptionally
regulated gene expression and function. After ICH, leaky
hemoglobin promoted the expression of miRNA-144. MiRNA-
144 has been involved in hemoglobin-mediated microglial
autophagic induction and inflammatory response through the
mTOR pathway, which exacerbated neurological symptoms and
led to brain function impairment after ICH (Wang et al.,
2017). Recent studies have found that PINK1, a key enzyme
in mitochondria, can promote mitophagy in microglia to
protect against ICH-induced brain injury (Li J. et al., 2021).
In summary, Microglial autophagy presents a bidirectional
role in ICH. Appropriate activation of mitophagy facilitates
maintenance of energy homeostasis in microglia, while excessive
autophagy leads to over-activation of microglia, exacerbating the
neuroinflammatory response.

Chronic cerebral hypoperfusion

Chronic cerebral hypoperfusion is a process of long-term
cerebral ischemia and hypoxia caused by a variety of etiologies,
and its typical pathological features are demyelination, axonal
injury, and white matter lesions (Shang et al., 2019). These
pathological features lead to cognitive dysfunction and even
vascular dementia, which has become the second leading cause
of dementia after AD (Rizzi et al., 2014). The specific mechanism
of chronic cerebral hypoperfusion remains unclear. In the past,
neuroinflammatory response was considered to be a critical
pathogenetic factor. Ischemia and hypoxia during chronic
cerebral hypoperfusion lead to mitochondrial dysfunction,
cellular metabolic energy failure and increased levels of
oxidative stress, thereby exacerbating the neuroinflammatory
response in the brain (Zhao et al., 2021 #375). Meanwhile,
microglia significantly transform into an proinflammatory
phenotype and release proinflammatory cytokines, thereby
causing white matter injury in the brain (Urabe, 2012). Recent
studies suggest that autophagy also plays an important role
in the vascular pathology of chronic cerebral hypoperfusion

(Wang X. X. et al., 2020). Cerebral hypoperfusion and impaired
blood-brain barrier clearance result in the accumulation of
a series of neurotoxic metabolites in the hypoperfusion area,
especially Aβ (Zlokovic, 2008) and myelin debris (Zheng et al.,
2022). Therefore, based on the important role of microglial
LAP in clearance and degradation of Aβ and myelin debris
(section “Autophagy and inflammation”), we hypothesize that in
addition to affecting functional phenotypes of microglia (Yang
et al., 2014a), microglial autophagy acts in the form of LAP in
chronic cerebral hypoperfusion.

Our previous studies have shown that autophagic activity
in white matter is activated early after chronic hypoperfusion
in a mouse model of bilateral common carotid artery stenosis
(BCAS), and it is suppressed slightly in the mid-ischemic
phase and reactivated late after ischemia (Zhang et al.,
2019). Besides, multiple studies have also demonstrated that
the autophagic activity of neurons or microglia is activated
following chronic cerebral hypoperfusion (Qin et al., 2018;
Liu et al., 2019). The autophagy inhibitor (3-MA) can reduce
white matter injury caused by chronic cerebral hypoperfusion
by suppressing microglial autophagy (Yang et al., 2014a).
We have previously shown that TLR4-dependent autophagy
induces ischemic white matter damage by promoting the over-
activation of microglia. Autophagy inhibitors wortmannin and
bafilomycin A1 inhibit autophagy by reducing the induction
of autophagy and blocking autophagic flux, respectively.
They decrease the expression of microglial pro-inflammatory
transcripts such as CD86, INOS, TNF-α, and IL-β, switching
microglia to anti-inflammatory phenotype (Qin et al., 2018).
Su et al. found that over-activation and pro-inflammatory
phenotype of microglia may be upstream regulators of
chronic cerebral hypoperfusion induced autophagy in vivo
studies (Su et al., 2019). Therefore, the causal relationship
between microglial autophagy and functional phenotypes is
in dynamic changes during chronic cerebral hypoperfusion.
At the initial stage of cerebral hypoperfusion, enhanced
autophagy can exert neuroprotective effects. With prolonged
ischemia and hypoxia, the exacerbated neuroinflammatory
response leads to autophagy dysfunction, which in turn acts
on microglia to further aggravate the neuroinflammatory
response.

Conclusion and future
perspectives

This review presents a comprehensive introduction to
the interaction between microglial autophagy and other
biological processes, especially metabolism, in physiological
and pathological situations, and focuses on microglial
autophagy in cerebrovascular diseases. Different studies
have provided different evidence for the effects of autophagy
on various biological processes of microglia such as apoptosis,
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phagocytosis, and inflammation. Microglial autophagy
promotes the phagocytosis and degradation of pathogenic
substances such as Aβ and α-Syn, which delays the progression
of primary neurodegenerative diseases such as AD and PD
(Nash et al., 2017 #182, Lee et al., 2019 #168). And microglial
autophagy promotes the clearance of myelin debris, which
contributes to remyelination and nerve repair in demyelinating
diseases (Berglund et al., 2020 #184). In cerebrovascular
diseases, ischemic stroke leads to metabolic changes and
structural damage in cells, resulting in cellular acidosis,
mitochondrial ROS generation, and intracellular calcium
overload (Mo et al., 2020); disruption of the BBB in ICH
triggers a series of pathological reactions, such as the formation
of cerebral hematoma, the cascade inflammatory response
of erythrocyte lysates and so on (Yang et al., 2015a). The
current studies show that microglial autophagy presents a
complex and bidirectional role in various cerebrovascular
diseases, which may be related to the type of cerebrovascular
diseases, the progression of the diseases, and the choices of
experimental models. Besides, it is necessary to accurately judge
the changes of autophagy in experiments since there is no
universal gold standard. Overall, microglial autophagy occupies
an important position in the pathogenesis of cerebrovascular
disease and is closely associated with many biological processes,
particularly the inflammatory response and metabolic state
of microglia.

Inspired by studies of the role of microglial autophagy
in cerebrovascular diseases, research on the treatment of
cerebrovascular disease through this pathway has recently begun
to emerge. Resveratrol inhibits NLRP3 inflammasome activation
by enhancing autophagy, thereby exerting neuroprotective
effects in I/R injury (He et al., 2017). Progesterone has also
been found to attenuate neuroinflammatory responses and
improve prognosis after cerebral ischemia by inhibiting stress-
induced activation of NLRP3 inflammasome, which is mediated
by enhancing autophagy (Espinosa-Garcia et al., 2020). Recent
studies have found that microglial ER stress-autophagy axis
can also become the target of treatment in ischemic stroke
(Zhu et al., 2021). Microglial autophagy has a positive research
prospect as a new target for the treatment of cerebrovascular
diseases. However, it must be emphasized that the role of
microglial autophagy in the pathogenetic mechanism and post-
injury repair of cerebrovascular diseases is not clear and requires

more detailed studies. A comprehensive understanding of the
key role of microglial autophagy in cerebrovascular diseases will
provide a novel direction for finding new therapeutic agents for
cerebrovascular diseases.
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