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Autophagy and inflammation in ischemic stroke

Introduction
Ischemic stroke is the second leading cause of preventable 
death and the third leading cause of long-term disability 
worldwide (Johnson et al., 2016; He et al., 2019; Wang et al., 
2019c). Ischemic stroke is caused by cerebral vascular oc-
clusion, which leads to decreased blood flow to brain tissue. 
Therefore, recombinant tissue plasminogen activator restores 
blood flow by blocking thrombosis. At present, the main 
method for the treatment of cerebral infarction is limited by a 
time window, which leads to only a finite number of patients 
receiving thrombolytic therapy. Although endovascular treat-
ment-thrombectomy has also increased the recanalization 
rate of obstructed blood vessels in recent years, the patho-
physiological mechanism of cerebral ischemia is unknown, 
and the damage caused by reperfusion remains unresolved.  

Autophagy refers to the phagocytosis of a cell’s own cyto-
plasmic proteins or organelles and their encapsulation into 
vesicles, which fuse with lysosomes to form autolysosomes, 
and then the encapsulated contents are degraded (Wang 
et al., 2018c). Autophagy is the main regulatory catabolic 
mechanism used by eukaryotic cells to degrade long-lived 
proteins and damaged organelles (Dikic and Elazar, 2018). 
Under stress conditions such as starvation, hypoxia, nutrient 
deficiencies, and infection, autophagy can be activated to 
provide nutrients and energy to the cells. In addition, auto-
phagy can also remove damaged intracellular organelles and 
abnormally folded proteins (Komatsu et al., 2005). Because 

of these effects of autophagy, researchers began to pay at-
tention to its connection with diseases. Many studies have 
found a role of autophagy in cardiovascular disease (Shirak-
abe et al., 2016), neurodegenerative diseases (Menzies et al., 
2015), infection, and immunity (Deretic et al., 2013). Studies 
of autophagy have found that it may be a target for the treat-
ment of these diseases. Autophagy has a two-way effect on 
ischemic stroke, and cerebral ischemic injury can be reduced 
by regulating autophagy.

Inflammation is another important factor during ischemic 
stroke. Cerebral ischemic injury and reperfusion of blood 
flow cause an inflammatory cascade, including oxidative 
stress, excitotoxicity, inflammatory cell infiltration, and re-
lease of toxic inflammatory mediators that further contribute 
to nerve tissue damage and cell death. However, the inflam-
matory response plays an important role in tissue remodel-
ing and repair during the recovery of nerve cells (Sakai and 
Shichita, 2018). Understanding the effects of inflammation 
on the nervous system after ischemia and reperfusion will 
provide a new direction for the treatment of stroke. Studies 
have found that targeting certain inflammatory cytokines 
has therapeutic potential, and some neuroprotective agents 
can counteract ischemic damage by inhibiting the inflam-
matory response of nerve tissue. In recent years, the cross-
talk between autophagy and inflammation has attracted the 
attention of researchers, and these processes have also been 
found to regulate each other in ischemic stroke. Exploring 
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the occurrence and regulation of autophagy and inflamma-
tion in neural tissue after ischemia may contribute to the 
diagnosis, prognosis, and treatment of stroke as well as the 
development of neuroprotective strategies for stroke. This 
study reviewed the research progress on autophagy and in-
flammation in ischemic stroke and the role of autophagy in 
the post-stroke inflammatory response. 

Retrieval Strategy
Studies on autophagy and inflammation with cerebral isch-
emia published from 2000 to 2019 were identified from the 
PubMed database. The search method was based on the 
following terms and words: “autophagy” AND “cerebral 
ischemia” OR “cerebral ischemia reperfusion” OR “cerebral 
I/R”; “inflammation” AND “cerebral ischemia” OR “cerebral 
ischemia reperfusion” OR “cerebral I/R”; “autophagy” AND 
“inflammation” AND “cerebral ischemia” OR “cerebral isch-
emia reperfusion” OR “cerebral I/R”. The results were further 
screened by title and abstract, and only studies including 
rats, mice, and nerve cells were included. Non-spinal cord 
injury experiments were excluded.

Autophagy under Normal Physiological 
Conditions: a Self-Phagocytic Mechanism
Autophagy achieves the metabolic needs of the cells them-
selves and the renewal of certain organelles, and these pro-
cesses involve multiple autophagy-related (ATG) genes and 
complex cellular signaling pathways. Activation of Unc-51-

like kinase 1 (ULK1) and class III-I phosphatidylinositol 
3-kinase (PI3KC3-C1) is currently thought to be involved 
in the induction of autophagy. The vacuolar protein sort-
ing 34 (VPS34)-Beclin-1 complex (consisting of Beclin-1/
ATG6, ATG/Barkor, and p150/VPS15) and the 200 kD 
focal adhesion kinase family interacting protein (FIP200)-
ULK1/ATG1 complex together promote autophagosome 
formation (He and Levine, 2010; Dikic and Elazar, 2018). 
Two ubiquitin-like proteins are involved in pre-autophago-
some elongation: the ATG12-ATG5 conjugate and micro-
tubule-associated protein 1/light chain 3 (MAP1-LC3/LC3/
ATG8) (Ravikumar et al., 2010). LC3 forms LC3-II under 
the action of ATG4, ATG7, and ATG3. LC3-II is localized to 
the autophagosome membrane and is a biological marker of 
autophagosome formation (Klionsky et al., 2016; Figure 1).

The serine/threonine protein kinase TOR kinase is one of 
the key targets for autophagy regulation (Glick et al., 2010). 
mTOR has catalytic components consisting of two different 
complexes, mTORC1 and mTORC2. The former is sensitive 
to rapamycin and is involved in cell growth, metabolism, 
and nutrient regulation; the latter is insensitive to rapamy-
cin and regulates actin cytoskeletal organization, protein 
kinase C-alpha, and protein kinase B (Akt) kinase activity 
(Wullschleger et al., 2006; Kim et al., 2015). In the absence 
of nutrients, dephosphorylation of the mTOR site dissociates 
ULK1, which undergoes autophosphorylation to phosphory-
late ATG13 and FIP200, thereby activating autophagy (Dikic 
and Elazar, 2018).

5′-Adenosine monophosphate-activated protein kinase 

Figure 1 Induction of autophagy.
Various stress conditions stimulate ULK1 complex phosphorylation of the VPS34-Beclin-1 complex, which recruits the cellular PI3P effector pro-
teins WIPI2 and DFCP1, promoting the formation of an isolated membrane. ATG7 activates ATG12 and is conjugated to ATG5 via E2-like ATG10, 
and activated ATG12-ATG5 interacts with ATG16L to form an ATG12-ATG5-ATG16 complex, which promotes phagophore extension. LC3 is 
processed by ATG4 to expose glycine residues. The resulting LC3-I is activated by the E1-like enzyme ATG7 and binds to PE on the phagophore by 
activation of ATG3 and is esterified to form LC3-II. After the formation of autophagosomes, the lysosomal fusion and degradation of the contained 
contents produces amino acids, lipids, nucleosides, and other substances that are reused by the cells. DFCP1: Protein 1 containing zinc finger FYVE 
domain; LC3: Light chain 3; PE: phosphatidylethanolamine; PI3P: phosphatidylinositol-3-phosphate; ULK1: Unc-51-like kinase 1; VPS34: Vacuolar 
protein sorting 34; WIPI2: WD-repeat domain phosphoinositide interaction protein.
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(AMPK), which is known as an energy receptor, activates 
autophagy by inhibiting mTORC1 and phosphorylating rap-
tor under glucose starvation. AMPK-mediated autophagy 
induction can also directly induce phosphorylation of ULK1, 
VPS34, and Beclin-1 independent of mTOR (Kim et al., 
2011). Beclin-1 promotes the esterification of LC3-I to form 
LC3-II. The action of Beclin-1 and Bcl-2 (an apoptosis-re-
lated protein) can disrupt the roles of Beclin-1 and VPS34, 
which belong to the PI3KC3 protein family and participate 
in the membrane sorting process of autophagy (Glick et al., 
2010). Hypoxia-inducible factor regulates autophagy under 
hypoxic conditions by expression of Bcl-2 19-kDa inter-
acting protein 3 (BNIP3) and BNIP3-like (BNIP3L) down-
stream of its target. BNIP3 induces autophagy by disrupting 
the interaction of Beclin-1 with Bcl-2 and Bcl-XL (Salminen 
et al., 2013). 

Autophagy and Ischemic Stroke
Acute occlusion of the cerebral blood vessels reduces the 
blood flow to the brain, resulting in a reduction in the oxy-
gen and glucose supply, followed by a series of acute meta-
bolic changes. Ischemia and hypoxia cause cell energy fail-
ure, leading to rapid disintegration of the cytoskeleton and 
loss of ion homeostasis. A series of ischemic cascades initiate 
the apoptotic pathway. Ischemia and hypoxia can also induce 
complex excitotoxic and inflammatory cascades, including 
free radical production, tissue acidosis, and destruction of 
the blood-brain barrier (BBB). Autophagy, a form of cell 
death, also known as type II programmed cell death, has 
been found to play an important role in ischemic stroke.

Neurons
The autophagy lysosomal pathway plays an important role 
in the clearance of protein aggregates caused by ischemia-in-
duced neuronal endoplasmic reticulum stress (Liu et al., 
2010). In ischemia/reperfusion (I/R) model rats, autophagy 
participates in the regulation of endoplasmic reticulum stress 
after cerebral I/R (Feng et al., 2017), inhibiting the accumu-
lation of subcellular organelles and causing organelle damage 
after transient cerebral I/R-induced autophagy (Wang et al., 
2013). In recent years, the results of studies on the role of au-
tophagy in ischemia-induced neuronal damage have indicat-
ed opposite results. Some studies suggest that autophagy has 
a protective effect against ischemic neuronal injury (Li et al., 
2019a; Yan et al., 2019), while others suggest that inhibition 
of autophagy is beneficial in protecting against ischemia-in-
duced neuronal damage (Tao et al., 2018; Cai et al., 2019; Shi 
et al., 2019). It is generally believed that moderate activation 
of autophagy may prevent ischemic neuronal damage to a 
certain extent, and excessive autophagy may be a factor of 
neuronal death in cerebral ischemia and hypoxia. The dual 
role of autophagy is still not very clear. The differences in 
these studies and the opposite results suggest that autophagy 
may vary according to the duration and intensity of brain 
tissue ischemia in different animal models. Some drugs, such 
as dexmedetomidine, protect against I/R-damaged neurons 
during reperfusion by promoting autophagy (Luo et al., 

2017). The protective effect of autophagy during reperfusion 
may be associated with the clearance of mitochondria and 
abnormally folded proteins (Wang et al., 2013), relief of en-
doplasmic reticulum stress (Zhang et al., 2018b), and inhi-
bition of apoptosis (Zhang et al., 2019). Recent studies have 
found that some non-coding RNAs can also regulate the role 
of autophagy in ischemic brain injury (Wang et al., 2018a; Yu 
et al., 2019). Some neuroprotective agents such as sirolimus 
and resveratrol also mediate ischemia-induced neuronal/
glial cell damage by regulating autophagy.

Glial and endothelial cells
Autophagy is induced not only in neurons but also in glial 
cells during ischemic stroke. Microglia act as resident im-
mune cells in the brain and become activated under patho-
logical stimulation. Hypoxia-inducible factor-1α levels were 
upregulated and promoted autophagic death of microglia 
after hypoxic treatment of microglia in vitro (Yang et al., 
2014). Autophagy activation via the reactive oxygen species 
(ROS)-regulated Akt/mTOR signaling pathway may mediate 
microglial apoptosis in I/R injury (Chen et al., 2016). These 
studies have found that autophagy is activated by microglial 
damage caused by ischemia/hypoxia.

Astrocytes, the most abundant cell type in the central 
nervous system, are components of the BBB and play an 
important role in maintaining normal brain function (Liu 
et al., 2016). Studies have shown that cerebral ischemia or 
oxygen glucose deprivation (OGD) induces activation of 
autophagy in astrocytes, and 3-MA treatment significant-
ly attenuates OGD-induced astrocyte death by inhibiting 
autophagy (Zhou et al., 2017). However, some studies have 
found that autophagy has a protective effect on astrocytes 
exposed to ischemic stress, and downregulation of auto-
phagy can result in reduced survival of astrocytes cultured 
under OGD. Kasprowska et al. (2017) found that after 
short-term treatment with OGD, 3-MA-treated astrocytes 
showed higher levels of cleaved caspase-3 than the control 
group, whereas long-term OGD treatment produced the 
opposite results. 

Ischemic stroke and its recanalization can cause damage 
to the BBB and increase vascular permeability, leading to the 
development of cerebral edema and poor clinical outcomes 
in patients with ischemic stroke (Date et al., 2006). On one 
hand, autophagy-lysosomal pathway activation following 
OGD treatment promotes degradation of the BBB compo-
nent claudin-5. On the other hand, during the reperfusion 
stage, I/R-induced damage to brain microvascular endothe-
lial cells leads to disruption of the BBB, while microRNA 
upregulation of autophagy protects brain microvascular en-
dothelial cells from OGD damage (Wang et al., 2019a). Brain 
microvascular endothelial cells were protected from OGD/
reperfusion-induced damage by inhibiting autophagy (Yang 
et al., 2018). After early reperfusion of OGD, caveolin-1 
mediated the intracellular autophagy-lysosomal pathway to 
degrade ZO-1 (Zhang et al., 2018a). Autophagy may contrib-
ute to endothelial damage and destruction of the BBB under 
ischemic conditions.
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Inflammatory Reaction and Cerebral Ischemic 
Stroke
Overview of the inflammatory response after stroke
An insufficient oxygen and glucose supply after cerebral 
blood flow disruption causes an imbalance of cellular ion 
homeostasis and depolarization of neurons and glial cells. 
Voltage-dependent Ca2+ channels are activated causing a 
large amount of Ca2+ to flow into the cell, activating proteo-
lytic enzymes and arachidonic acid to increase the formation 
of ROS in neurons (Kahlert et al., 2005). Membrane depo-
larization causes release of the excitatory neurotransmit-
ter glutamate and exacerbates intracellular Ca2+ overload. 
Simultaneously, the destruction of Na+/K+ ATPase on the 
plasma membrane of the neuron leads to an ion imbalance, 
resulting in brain edema. As ischemia and hypoxia further 
aggravate the decrease in brain tissue pH, acidosis promotes 
cell death. Free radicals can mediate mitochondrial dam-
age, increase mitochondrial swelling and permeability, and 
activate matrix metalloproteinases to disrupt the BBB by 
degrading the basal layer of collagen and laminin (Del Zop-
po et al., 2000). Endothelial permeability barrier destruction 
and the resulting increase in permeability, proinflammatory 
gene expression, release of inflammatory mediators, and in-
creased expression of endothelial cell surface adhesion mol-
ecules (such as intercellular adhesion molecule 1, P-selectin, 
and E-selectin) activate endothelial cells and cause them to 
become prothrombotic and proinflammatory. Infiltration of 
the brain parenchyma by leukocytes is mediated by selectins, 
immunoglobulins, and integrin. Neutrophils are the earliest 
leukocyte subtype to show significant upregulation during 
osmotic cerebral ischemia (Buck et al., 2008), and these cells 
aggregate and release inflammatory mediators such as in-
ducible nitric oxide synthase and matrix metalloproteinases, 
which exacerbate cerebral blood flow obstruction and pro-
mote damage to the BBB (Jickling et al., 2015). Monocytes/
macrophages can be recruited into ischemic brain tissue and 
have different subtypes that play dual roles.

Astrocytes and microglia mediate inflammatory respons-
es through related molecules in response to ischemic brain 
injury stress. Astrocyte hypertrophy and proliferation are ex-
tensive responses to neuronal damage, and astrocytes secrete 
several neurotrophic substances that regulate the viability 
of neurons after ischemia (Liu et al., 2016). Microglia, acti-
vated by ischemic injury, show different pro-inflammatory 
and anti-inflammatory phenotypes, namely M1 and M2, 
in the infarct core and surrounding areas (Li et al., 2018). 
The former is considered to produce classical activation and 
cause pro-inflammatory effects by the production of large 
amounts of cellular mediators such as proteases, cytokines, 
and ROS (Moehle and West, 2015). The latter is considered 
to cause alternative activation and has an anti-inflammatory 
phenotype that is involved in the phagocytosis of cell debris 
or damaged neurons and the release of various neurotrophic 
factors (Cherry et al., 2014). M1 microglia can be converted 
into M2 microglia in some cases (Wang et al., 2018b). The 
post-ischemic inflammatory response is a self-limiting pro-

cess and is coordinated by a large number of mediators that 
actively inhibit inflammatory responses, including removal 
of dead cells, development of an anti-inflammatory milieu, 
and generation of pro-survival factors fostering tissue recon-
struction and repair (Nathan and Ding, 2010). Microglia and 
infiltrating macrophages are the main phagocytic cells that 
remove dead cells. Microglia can phagocytose ischemic neu-
rons to promote ischemic repair (Figure 2).

Inflammasomes in cerebral ischemic stroke
The inflammasome, which is a multi-protein complex, is 
involved in glial cell-mediated inflammation of the nervous 
system, the assembly of intracytoplasmic pattern recognition 
receptors, which are an important part of the natural im-
mune system, and recruiting and activating pro-inflamma-
tory caspase caspase-1 and caspase-1, which further affect 
the secretion of cytokines and other inflammatory mediators 
(Schroder and Tschopp, 2010; Green et al., 2011). The in-
flammasomes discovered to date include NLRP1, NLRP2, 
NLRP3, IPAF, and AIM2. Membrane-associated toll-like 
receptors (TLRs) and cytoplasmic nucleotide binding and 
oligomerization domain (nod)-like receptors (NLRs) are as-
sociated with inflammatory processes (Martins et al., 2015). 
Inflammasome formation is induced after NLR activation. 
Studies have reported that impaired mitochondria and extra-
cellular ATP may be key factors in triggering inflammasome 
formation in acute sterile brain injury (Walsh et al., 2014). 
Increased inflammasome activity is associated with neuronal 
and glial cell death, which may occur because NLRP1 and 
NLRP3 activate caspase-1 to produce pro-inflammatory 
cytokines such as interleukin (IL)-1 and IL-18 (Vidale et al., 
2017). CD40 expression by microglia has also been reported 
to inhibit TLR4-induced NLRP3 inflammasome activation 
and IL-1β production in microglia (Gaikwad et al., 2017).

Inflammatory-related signaling pathways in ischemic 
stroke
TLR signaling pathway
TLR, a key component of the innate immune system, is a 
transmembrane protein expressed by a variety of immune 
cells and brain resident cells such as B lymphocytes, brain 
endothelial cells, microglia, and astrocytes (Marsh et al., 
2009). TLR binds to a cognate ligand to induce cell activa-
tion via a myeloid differentiation factor 88 (MyD88)-de-
pendent pathway and a MyD88-independent pathway. The 
former mainly produces inflammatory mediators and type 
I interferons, which mainly stimulate the production of 
nuclear factor-κB (NF-κB) and interferon regulatory factor 
(Sakai et al., 2017). Cerebral ischemic injury activates TLR 
signaling to induce an inflammatory response by modulating 
cytokines and chemokines. TLR2-related genes have pro-in-
flammatory and pro-apoptotic effects on post-ischemic 
induction (Ziegler et al., 2007). TLR4 contributes to the pro-
gression of cerebral ischemia, and recent studies have shown 
that blockade of TLR4 signaling has a neuroprotective effect 
after stroke (Parada et al., 2019).
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MAPK pathway
MAPK transduces cellular stress and mediates various in-
tracellular activities through a three-layer kinase cascade 
(MAPKKK, MPKK, and MPKS). The MAPK family includes 
extracellular signal-regulated kinases 1 and 2 (ERK1/2), c-Jun 
amino-terminal kinases 1 to 3 (JNK1 to 3), p38 (α, β, γ, and δ), 
and the ERK5 family (Cargnello et al., 2011). These pathways 
can all be activated after cerebral ischemia, and in particular, 
p38 MAPK plays an important role in inflammation-mediat-
ed ischemic injury. JNK, p38 MAPK, and ERK may play an 
adverse role in cerebral ischemia (Sun et al., 2016).

NF-κB pathway
NF-κB is a key regulator of various genes involved in cell 
survival and inflammation. Its activation is mediated by the 
upstream kinase inhibitor of κB kinase and is triggered by 
hypoxia, ROS, and inflammatory mediators. After cerebral 
ischemia, NF-κB is mainly activated in neurons and par-
ticipates in transcriptional induction of pro-inflammatory 
genes, such as cell adhesion molecules, cytokines, matrix 
metalloproteinases, and growth factors. Among the five sub-
units of NF-κB, RelA and p50 are thought to be responsible 
for the deleterious effects of cerebral ischemia (Lanzillotta et 
al., 2013).

Autophagy and Inflammation in Ischemic 
Stroke
Autophagy and inflammation: a short overview
Many studies have found a complex association between 
autophagy and inflammation. After lipopolysaccharide and 
TLR4 ligand stimulation, Atg16L1-deficient macrophages 
produced a large amount of the inflammatory cytokines IL-
1β and IL-18 (Hampe et al., 2007; Levine and Deretic, 2007). 
Tetracycline preconditioning relies on the NF-κB signaling 
pathway to inhibit the expression of the pro-inflammatory 
tumor necrosis factor-α and IL-6 and reduce microglial acti-
vation and phagocytosis, while the autophagy inhibitor 3-MA 
can also inhibit the NF-κB pathway and decrease the expres-
sion of its downstream genes (Jiang et al., 2012). Resveratrol 
from human umbilical vein endothelial cells cultured in vitro 
reduced endothelial inflammation by inducing autophagy, 
a process that relies on cyclic adenosine monophosphate, 
protein kinase A, AMPK, and SIRT1 (Chen et al., 2013). 
Autophagy-associated proteins are required for fusion of 
phagosomes containing TLR-ligand envelope particles with 
lysosomes in macrophages (Sanjuan et al., 2007). Nakahira 
et al. (2011) found that depletion of the autophagy proteins 
LC3B and Beclin-1 enhanced caspase-1 activation and se-
cretion of IL-1β and IL-18 induced by lipopolysaccharide in 
LC3B-deficient mice. Depletion of autophagy proteins can 
also promote dysregulation of mitochondrial accumulation 
and cytosolic transport of mitochondrial DNA (Nakahira 
et al., 2011). Damaged mitochondria produce ROS, which 
activate inflammasomes and NF-κB signaling (Green et al., 
2011; Morgan and Liu, 2011). The NLRP3 inflammasome 
and mitochondrial ROS affect the release of mitochondrial 

DNA into the cytosol and promote lipopolysaccharide and 
ATP-stimulated IL-1β and IL-18 secretion. Activation of the 
inflammasome is a key mechanism of inflammation (Green 
et al., 2011). Evidence suggests that autophagy processes 
can capture and degrade inflammasomes via inflammasome 
ubiquitination, and autophagy blockade can enhance IL-
1β production (Shi et al., 2012). In addition, the autophagy 
pathway can be regulated by cytokine signaling. Th1 cyto-
kines such as interferon-γ, tumor necrosis factor-α, IL-1, IL-
2, IL-6, and transforming growth factor-β have been shown 
to cause autophagy induction, while classical Th2 cytokines 
such as IL-4, IL-10, and IL-13 have an inhibitory effect (Qian 
et al., 2017; Figure 3).

An increasing number of studies have linked autophagy to 
inflammatory diseases (Luciani et al., 2010; Shi et al., 2013; 
Chen et al., 2019). ATG16L-deficient mouse models exhib-
it increased production of IL-1β and IL-18 and associated 
intestinal inflammation (Saitoh et al., 2008). Autophagic 
defects can cause vacuolar accumulation and trypsin activa-
tion, leading to the accumulation of active proteases in acute 
pancreatitis (Mareninova et al., 2009). Autophagy and en-
doplasmic reticulum stress were found to be associated with 
muscle fiber damage and dysfunction (Henriques-Pons et 
al., 2009). In atherosclerosis, excessive autophagy may result 
in autophagic death of smooth muscle cells associated with 
plaques and maintain the inflammatory status of plaques 
(Martinet and De Meyer, 2009). A deficiency in the cystic 
fibrosis transmembrane conductance regulator induces the 
production of ROS, and tissue transglutaminase (TG2) up-
regulates the cross-linking of Beclin-1 to mediate pulmonary 
inflammation (Luciani et al., 2010). In addition, microRNAs 
have been found to inhibit neuroinflammation in vivo and in 
vitro and downregulate neuropathic pain by increasing auto-
phagy activation in peripheral nerve injury (Shi et al., 2013). 
Inhibition of NLRP3 inflammasome activation after trau-
matic brain injury has protective effects on nerves, and this 
effect is enhanced by induction of mitochondrial autophagy 
(Chen et al., 2019). The role of autophagy in these diseases 
suggests that autophagy may be a promising therapeutic tar-
get for the treatment of inflammation-related diseases.

Autophagy in the inflammatory response to ischemic 
stroke
Autophagy acts as an intracellular protective mechanism, 
and inflammation acts as a cellular defense mechanism, both 
of which collectively respond to stimulation by cerebral isch-
emic injury. Zhou et al. (2011) treated rats with permanent 
middle cerebral artery occlusion (pMCAO) with glycogen 
synthase inhibitor-3β (GSK-3β) to reduce the inflammatory 
response induced by ischemic injury and detected high lev-
els of autophagy; however, inhibition of autophagy with Be-
clin-1 siRNA increased the primary microglial inflammatory 
response in vitro in cells cultured with GSK-3β inhibitors. 
This study suggested that GSK-3β inhibitors inhibit cortical 
neuroinflammation in rats induced by ischemic brain dam-
age via activation of autophagy, but the mechanism by which 
autophagy regulates neuroinflammation was not determined 
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(Zhou et al., 2011). A subsequent study found that GSK-3β 
inhibits NLRP3 activation by increasing autophagic activity 
and attenuates cerebral I/R injury in MCAO/reperfusion rats 
(Wang et al., 2019b). In addition, the use of ATG7 siRNA to 
disrupt microglial autophagy increased the inflammatory 
response, while promoting autophagy reduced IL-1β release 
in amyloid β-treated microglia (Cho et al., 2014). Yang et al. 
(2015) treated pMCAO mice with the autophagy inhibitor 
3-MA and found that the inflammatory response induced by 
ischemia was alleviated, while the autophagy inducer rapa-
mycin significantly promoted the inflammatory response. 
However, treatment of astrocytes cultured in vitro with the 
neurosteroid progesterone inhibited amyloid β-induced in-
flammatory responses through autophagic activation (Hong 
et al., 2018). These studies showed that autophagy is associ-
ated with inflammatory responses and damage following ce-
rebral ischemia. However, whether autophagy has positive or 
negative effects on the inflammatory response after cerebral 

ischemia is still unclear.

Autophagy regulates the possible inflammatory response 
mechanism after cerebral ischemia
Studies have found that the mTOR signaling pathway may 
be a key target for autophagy to regulate the inflammatory 
response of glial cells after ischemia (Dello Russo et al., 2009; 
Li et al., 2015, 2016). The autophagy inhibitor rapamycin in-
hibits autophagy through the mTOR signaling pathway and 
reduces the expression and activity of inducible nitric oxide 
synthase in microglial cultures activated by pro-inflamma-
tory factors (Dello Russo et al., 2009), and rapamycin may 
also affect the stability of inducible nitric oxide synthase in 
astrocytes (Lisi et al., 2011). However, it is worth noting that 
mTOR inhibitors do not inhibit lipopolysaccharide-induced 
nitric oxide synthase 2 activity. Li et al. (2016) found that 
the use of mTORC1 inhibitors to block mTOR signaling can 
transform MCAO rat microglia from the M1 phenotype to 

Figure 2 A mechanism of the cellular 
inflammatory response after cerebral ischemia.
BBB: Blood-brain barrier; DAMPs: damage-as-
sociated molecular patterns; ROS: reactive oxy-
gen species. 

Figure 3 The TLR-mediated NF-κB pathway 
has a negative effect on autophagy regulation. 
Mitochondrial dysfunction with increased ROS 
activates autophagy and the inflammasome. 
Upregulation of autophagy prevents an excessive 
inflammatory response by resisting the inflam-
masome. MAPK: Mitogen-activated protein 
kinase; NF-κB: nuclear factor-κB; ROS: reactive 
oxygen species; TLRs: membrane-associated toll-
like receptors. 
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the favorable M2 phenotype and produce anti-inflammatory 
effects. mTORC1 blockade can also reverse the phenotype of 
lipopolysaccharide-stimulated primary microglia cultured 
in vitro, transforming them to the M1 phenotype (Li et al., 
2016). PI3K inhibitors treat ischemia-induced microglial 
phenotypic changes and inhibit inflammatory responses, a 
process mediated through the PI3K/AKT/mTOR pathway 
(Wang et al., 2016). In addition, in astrocytes, rapamycin 
blockade of mTOR attenuates the release of OGD/reperfu-
sion-induced inflammatory factors, such as tumor necrosis 
factor-α and inducible nitric oxide synthase (Li et al., 2015). 
This evidence suggests that mTOR may be crucial for auto-
phagy-regulated inflammation and activation of glial cells.

Autophagy is involved in lipopolysaccharide-induced 
microglial inflammatory responses, a process that may be 
associated with NLRP3 inflammasomes and inflammatory 
mediators. In lipopolysaccharide-induced inflammatory 
responses in mice, levels of the cytokines IL-1β, tumor ne-
crosis factor-α and IL-6 were increased, accompanied by a 
decrease in Beclin-1, p62 and LC3-II as well as a decrease in 
p70S6K activation in the cortex and hippocampus (Francois 
et al., 2014). Lipopolysaccharide induces microglial inflam-
masomes and increases production of mature IL-1β in BV-2 
cells, a process that is blocked by a novel phosphodiesterase 
4 inhibitor, roflupram. Moreover, roflupram enhanced auto-
phagic activity and stimulated autophagic flux in BV-2 cells 
(You et al., 2017). Subsequent knockdown of phosphodies-
terase expression in primary microglia resulted in increased 
levels of LC3-II and decreased activation of inflammatory 
bodies. Blockade of microglial autophagy promoted NLRP3 
activation and neuroinflammation, and protein levels of 
NLRP3 and interleukin-1β precursor (pro-IL-1β) increased 
after treatment with 3-MA (You et al., 2017). Similar results 
were found in another study (He et al., 2017). Brain I/R pro-
moted NLRP3 activation in MCAO rats, increased caspase-1, 
IL-1β and IL-18 levels, and increased the LC3B-II/LC3B-I 
and p62/SQSTM1 ratios. Subsequent treatment with resver-
atrol, a specific Sirt1 agonist, attenuated I/R-stimulated in-
flammasome activation and upregulated autophagy to reduce 
cerebral infarct size and improve neurological scores in rats, 
while 3-MA could block the activation of inflammasomes 
by resveratrol via inhibition of autophagy (He et al., 2017). 
Lipopolysaccharide stimulates microglia and inhibits ULK1 
activity by direct phosphorylation of p38 MAPK to reduce 
the flux and autophagy level, thereby inducing inflammatory 
activity (He et al., 2018). In addition, inhibition of autoph-
agy flux in OGD/reperfusion-treated microglia promotes 
microglial phenotypic alternation by activating the NF-κB 
pathway (Xia et al., 2016). In turn, inflammation can also 
affect the activity of autophagy. Shi et al. (2012) found that 
the induction of inflammasomes in macrophages triggered 
the formation of autophagosomes and activated autophagy 
to alleviate the inflammatory response by eliminating active 
inflammasomes. 

Conclusions and Perspectives
Autophagy and inflammation are complex processes in-

volving physiological and pathological activities in the body 
and are regulated by a variety of factors. Mutual regulation 
between autophagy and inflammation in the pathologi-
cal process of ischemic stroke involves a variety of signal 
transduction pathways. The regulation of inflammation by 
autophagy may involve signaling pathways, such as mTOR, 
AMPK, and NF-κB. The mechanism may involve regulating 
the inflammatory response by affecting certain inflammatory 
mediators. Another important pathway involves inhibiting 
inflammasome activation, especially NLRP3, and release of 
IL-1 from the inflammatory mediators. This process may 
also be associated with autophagic degradation of damaged 
mitochondria, as ROS released by damaged mitochondria 
are important for activation of inflammasomes. In turn, 
inflammatory stimuli can also induce autophagy. A com-
plex feedback mechanism may exist between autophagy 
and inflammasome responses, which involves the induc-
tion of inflammasomes accompanied by the formation of 
autophagosomes. Upregulation of autophagy controls the 
inflammatory response by eliminating the inflammasome. In 
conclusion, examining the balance between autophagy and 
how inflammation responds to cellular responses to specific 
stresses is an extremely important area of research because it 
is associated with disease and is unresolved. 

Inspired by studies of the interaction between inflamma-
tion and autophagy, research on the treatment of ischemic 
stroke via this pathway has recently begun to emerge. Res-
veratrol has been found to significantly attenuate brain I/R 
injury, and this effect is mediated by Sirt1-dependent auto-
phagy, which inhibits NLRP3 inflammatory activation. This 
finding indicates the presence of beneficial therapeutic tar-
gets in the pathogenesis of brain I/R injury (He et al., 2017). 
Although few reports have examined treatment of ischemic 
stroke through this pathway, we have observed its prospects 
in studies of neurological and other diseases. A study on 
spinal cord injury showed that chloroquine promotes the 
recovery of spinal cord injury by regulating the crosstalk 
mechanism among autophagy, inflammation, and endoplas-
mic reticulum stress (Wu et al., 2018). Metformin has re-
cently been found to attenuate the inflammatory response of 
nonalcoholic liver disease by activating transcription 3-me-
diated autophagy (Li et al., 2019b). An increasing number 
of studies on autophagy-inflammatory molecular pathways 
have been reported, and this pathway has shown positive 
research prospects as a new mechanism for treating diseases. 
However, it must be emphasized that there are many ques-
tions about the pathogenesis of ischemic stroke that require 
more detailed research. A comprehensive understanding of 
the pathophysiological mechanisms of ischemic stroke and 
the key roles of autophagy and inflammation would provide 
a novel direction in the search for new therapeutic drugs for 
ischemic stroke.
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